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PREFACE

Considerable efkrt has hitherto been devoted to crash avoidance, but relatively little to crash survivability. In certain
regimes the risk of accident remains high. e.g. the low-altitude low-speed regime. There is a strong incentive tot increase the
prospects for occupant survival through improvements in airframe design. Information about structural behaviour and
characteristics under these conditions is very sparse and an exchange of information between the NATO nations i~s long
overdue.

To facilitate an exchangc of experience and development results, the AGjARI) Structures and Materials Panel
sponsored a Specialists' Meeting in the Spring of 1 988 in L-uxembourg. The Meeting included live sessions:

Session 1: Accident Scenarios and Crash Safety Requirements.
Chairman: Dr W.Elber. NASA. Hampton. US

Session If: Crashworthy Design Procedures and Limitations.
Chairman: RiLabourdette. ONERA. Chiitillon. France

Session III: Materials and Structures Testing and Evaluation Related ito Crashworthines.
Chairman: Professor W.Cil-lcath, IlAc. Manchester. UK

Session IV: Analytical Miidelling and Crash Response Prediction.
Dipi-Ing. Ch.Kindervater, DFVLR. Stuttg~art, Germany

Session V: Interaction Structure-Scat-Occupant.
Chairman: C..Ictrin Jr. ASI) ENFS. [)avton. US

On behalf (if the Structures aid Materials Panel, I would like to express my thanks iii all authors and session :-hairmcn
for their outstanding ciintributions wshich were instrumiental in miaking this meetrtg such) a success.

Ci.(riininger
Chairman. Sub-Committee on
A\ircraft Structural Crashworthines
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ABSTRACT

Considerable effort has hitherto bseen devoted to crash atiidanee. but relatis lv l ittle to crash survivability. In certain
reiirs the risk of aeeidcnt remains high. e.g. the low%-altitude lowk-speed regime. There is a st rong incenitive to increase the
Irttspeets for iceupait s urvit ii through imlprovements in airframne design. Information about structural behaviour and
characteristics unuder ftese conditions is very Sparse and an exchaitge tif information betssn ci the N ATO nations is ltting
o% erdLIe.

At Its sixt%-sixthl meetin ite StruIcItres aind Mvaterial', Panel held a confernce of Specialists, the aim of n hit-l %kis to
simulate an exehanige of experience and developmitrt result s. A further aimn was toi act as a fiicus for the discussion ofitise
notel design phittost phties tshich may be neededl to provie thle balan ce bertveen stirsiabilIit% and functioit. This dticunrt
conttaints the papers preselited at that Meetinig. - -

UI titCi des efforts et tisideralts tint Litt ctinsit re Ii dude (1u. problme die Itiv itemnren dc Iticrasces nits if siste
relatitetnent peu d'inft tilt, isitsn or Iasurviabilitti en cas% d'impact. Le risque d'accitlent reste tirujiturs dewi t en erawitis
rei~nire tie %tof et thins certains et 'tifitinratiotis. par cxcntlple Ic to ar bt ICs altitude Lt v%itesse redutc. on reniarque utte
ictidaite Ires nt-tie %ecs title .iccrstisenttl de, chances de stirs i de Isqtuipage grac it dcs perfeetititneitrents rtppsre1 tries
cotnstructittn ties celIlle t~avisin. 11 existe trtis penI dinftirmations etincernant Iec tmptirtemnent et Ita mithifiCatiitn deCs
caracteristiqiles sil meIi rales t!es et-IltieUINs irtitol eti eas t&sce~itmeiit. et l Ic stitt t'une sehaine tie suLe I cc sujet ciiire les
tiaftins itrt-hr-s de If). \N se fail seitti r depuis Isturyips.

A Is ecasitn tite si sixallc siiktlfenitissit0. It2 I'mttcl A;A RI) Lie, Structurelc Malsiriaux a oirganise une cstiference tie
specialistes. alInd tenesurager une echatngc tIc Sties c i ne mis c eii comInunl tIes r stiltats des diffecrettts t ravaux Lie
tdcit tppemnent eni cssirs. ita cotnferentce a tutiement sers i te ftrunt eti ce qui estitertie les ilsus dles strategies de ctoncepttioni
JUI pool rrieti s'axc Crr teitisirts ptour asitrer Isqtlililrre covi e les aspects de survit~ibilit$ et les aispects loitittitels.

I .IpIr-stilt Ir Ioniteit rs-rssups- Itle Its C Cl tIt titlit-atistn Js pr' nisie ltrs Lt- cetit- t-snerenc.
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ASPECT REGLEIENTAIRF DUCRASHV()RTHINESS

Par

PIRabourdin

Ingeur i kk)irectimi den ( on~trucfioorm AeronaunlqUCS
flaris. -ratice

En ce dibut de r~flexion sur les capacit~s des structures i
participer au traitement du problime du crash, je voudrais
bri~vement rappeler le contexte g,&nkral tec . dque et
r~glementaire dans lequel iivolue la navigabiliti des a~ronefs
sur cet aspect particulier de la sicurit6.

D'abord quelques pr~cisions sur les limites de cet expose

Trois questions peuvent atre pos~es en pr~liminaire

- pourquoi 

le crash 
?

- pourquoi r~glemente-t-on cet aspect de la navigabilit6 ?

Pourquoi le crash ? Tout simplement parce que depuis et pour
longtemps le retour d'une machine volante vera le aol peut
revC-tir un caractire brutal et dramatique pour de multiples
raisons dont la planche I donne une illustration.

Au passage, je rappelle qu'une cause non explicit~e ici eat
la combinaison de l'imprudence de l'homme et de la d~fail-
lance de la machine volante, tel cet exemple illustre d'lcare
voulant s'ichapper du labyrinthe par la voie des airs et qui
se termina par la mort du premier homme-oiaeau .1 la suite de
Ia disintigration de sa voilure assemblke A la cire dont
I'ardeur du soleil eut raison.

Pourquoi nous limiterons-nous aux avions de transport ? pour
plusieurs raisons:

- d'abord il faut limiter le sujet compte tenu du temps im-
parti,

- ensuite l'avion de transport ayant pour mission d'emporter
une charge payante Vera une destination connue, c 'e at a
mission mgme qui est mise en question, ai un crash sur-
vient, mettant en cause l'intigriti de sa charge,

- par ailleurs, ls notion de sicurit4 eat A I'6vidence beau-
coup plus divelopp~e dans cette catigorie de transport, et
le crash est l'une des situations d'urgence pour laquelle,
comme nous allons le voir, des pricautions et des rigle-
ments existent,

http://www.abbottaerospace.com/technical-library


-enfin la longue expirience acquise en service, bas~e malheu-
reusement sur de trop nombreux cas de crash (estimis i 583
dans une p~riode prise comme exemple :1959 i 1979) permet
de faire divers commentaires sur les diff~rents aspects du
crash.

Pourquoi r~glemente-t-on cet aspect de la navigabilit& ? Rap-
pelons que ce n 'east pas en additionnant des r~glements que
lVon construit et fait voler des avions, mais qu'il revient
aux Autarit~s de Navigabilit6 de tous pays, en concertation
ou non, de d~finir le niveau minimal de s~curit6 d'un tel
mayen de transport afin qu'en aval, lea populations survolies
soient protigies et que lea usagers puissent int~grer ce fac-
teur de s~curit6 dans la gamme de ceax qui leur permettent de
retenir ou de refuser ce mode de transport.

-iniralement bas6 sur un objectif 1 tenir, le r~glement 6vo-
lue pour tenir compte des carences dicouvertes en service, ou
de l'ivolution des techniques et des conditions d'utilisation
du produit ; le but reste, en Europe du mains, d'4valuer le
niveau d'exigence A requirir techniquement et 6conomiquement,
en face de toutes nouvelles hypoth~ses techniques et op~ra-
tionnelles.

V'est sinai que nous allons auccessivement voir comment lea
riglements ont jusqu'ici 6volui, et ce quail eat souhaitable
d'entreprendre pour que cette situation d'urgence qu'est le
crash, soit de plus en plus souvent survivable, admettant que
le but ultime eat de prot~ger lea passagers, que la machine
soit d~truite ou non ; nous verrons au passage, sur la base
d'exemples, lea corrilations entre lea r~glements et lVexp6-
rience, sinai que lea consiquences sur lea machines des exi-
gences r~glementaires ; nous ne parlerons pas ici des condi-
tions d'amerrissage d'urgence, consid~rant quo il s 'agit IA~
d'un autre sujet par ailleurs tout aussi digne de retenir
votre attention.

Rappel aur l'4volution passe des r~glements

Le r~glement CAR 4b, qui eat 1 l'origine des r~glements ac-
tuels, itablit lea exigences en condition d'atterrissage dour-
gence pour lesquelles Ia sicuritj des passagers doit itre
assurie : 4 b. 2 60. 11 s'agit d'un crash mineur au coura
duquel, si lea 6quipements utilisis par lea passagers (sia-
ges , ceintures, etc,. . . ) le sont correctement, i I doit y
avoir une probabiliti raisonnable d'6viter lea blessures gra-
yes, quand l'avion se pose train haut (soil eat iquipi d'un
train ritractable), et lea structures entourant lea passa-
gers, i savoir lea siiges, soumises aux forces d'inertie
extr~mes suivantes, exprimies en acc~liration

- "u pward" 2 g,

- "forward" 9 go

- "sideward" 1,5 g,

- "downward" 4,5 g.
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11 itait acceptable d'utiliser une valeur , en "downward",
plus faible, si le constructeur montrait que Ia structure de
l'avion pouvait absorber des charges i l'atterrisaage risul-
tant d'un impact i une vitease de descente extreme Vz max de
5 ft/sec, 1 Ia masse de calcul i 1'atterrissage, et sans
d~passer la valeur d'inertie "downward" choisie (au niveau
des siages).

Naturellement routes lea masses, i.e. meubles, racks i bags-
ges, 6quipements de sicuriti divers, etc,......dont la projec-
tion est susceptible de bleaser les passagers ou l'iquipage,
doivent rapondre aux mtmes facteurs d'acciliration, quant a
leur liaison avec Ia structure de l'avion.

Outre ce I 4b. 260, existalent des 6 s' y rapportant directe-
ment:

- 4b.358 (a) (justification des siiges et des ceintures),

- 4 b .3 59 ( c) (protection des passagers via-A-via du charge-
ment des soutes et compartiments i bagages),

- 4b. 420 ( e) (I partir de l'amendement 12) (protection des
riservoirs de fuselage :inertie et frottement),

- 4b.643 (points d'accrochage des ceintures),

ou d'autres comme le 4b. 356 traitant des cons~quences du
crash mineur sur lea portes, mais sans prAcisions sur les fac-
teurs d'accal~ration i prendre en couipte.

C' est sur ces bases qu' ont 6 t6 certif igs en France des avions
du type f4YSTERE 20 et CARAVELLE dana lea annaes 1958 A 1965.

L' exp~rience en service a dimont ri la bonne adaptat ion de ces
avions aux exigences riglementaires. comme le prouvent lea
exemples suivanta emprunt~s i l'histoire de CARAVELLE (voir
planche 2) ; ceci peut tre complat6 par lea exemples tiras
du document britannique "World Airline Accident" publi6 par
la CAA(voir planche 3), pour Is mgme pariode, et pour d'au-
tres aviona.

Les nouvelles ridactions de ces exigences, apparues dana la
premiire idition de Ia FAR 25 en 1965 (raglement am~ricain
publii par la FAA) n' ont pas modifi6 l'objectif poursuivi
(crash aineur, pas de blessures graves, r~duction dui risque
de feu) ni modifi6 Ia valeur des facteurs d'acc~laration.

11 faut atteadre 1970, ipoque des grands programmes davelop-
p~s en France (CONCORDE, AIRBUS, MERCURE) et aux Etata-Unia
(BOEING 747, DC 10) pour voir apparattre d'une part l'amende-
ment 23 i la FAR 25 ajoutant au 1 25.561 b3 le notion de l'ac-
tion siparie des facteurs d'acc~l~ration. et d'autre part la
condition sp~ciale franoaise CC 12 applicable aux programmes
AIRBUS et MERCURE, introduisant un facteur de 1,5 g vera
larrire, ilevant le facteur lat~ral de 1,5 a 2,25 g et envi-
sageant tolites lea combinaisons de facteurs dana Ia limite
d' '~risuitante infirieure ou igale k 9 g ; par ailleurs,
C, 1 cette condition, 6tait ajout~e une exigence relative a

.:.ojection vera l'avant des moteurs et de l'APU (fixations
.- fiies i 12 g ver3 1' avant ) pour 6viter de bleaser lea
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2-4

passagers et I'iquipage, une exigence relative aux conditions
et aux cons~quences de la rupture du train d'atterrissage (si
sorti) en cas d'atterrissage dur i Vz > 12 ft/sec vis-A-vis
des r~servoirs de carburant, enfin l'application des nouveaux
fActeurs d'acc~liration aux pieds des siiges et i leurs liai-
sons avec la structure du plancher.

Depuis 1970, la FAR 25 n'a que peu 6volui introduction en
1972 du 1 25.789 (fixation de toutes masses en poste, cabine
et galley), tandis que le r~glement europien JAR 25 apparais-
salt en 1974 ; celui-ci a modifii profond~ment les exigences
applicables et fourni aux constructeurs des donnies sur lea
moyens de conformit6 acceptables. CVest ainsi que la comparai-
son des I FAR 25.561 et JAR 25.561 montre les additions sui-
vantes apport~es par le JAR , illustries en partie par la
planche 4:

- les facteurs d' acci l~ration/dicklirat ion sont rapport~s A
l'avion et non pas, comme pour la FAR, a la structure envi-
ronnant le passager, c'est-i-dire le si~ge,

- un facteur de 1,5 g est introduit en "rearward",

- la combinaison des facteurs avec une valeur maximale de 9 g
pour ia risultante, est introduite. Toutefois une variante
franqaise et allemande permet de supprimer cette exigence
pour les si~ges et autres 6quipements commerciaux,

- la possibiliti de riduire le facteur de 4,5 en "downward"

est supprim~e,

- des pricisions sur is ritention des masses, notamment des
masses ilev~es, telles que moteurs et APU, pouvant blesser
les passagers, sont ajout~es,

-des exigences concernant is conception et l'installation
des r~servoirs dans ou au voisinage du fuselage ou pras des
moteurs, en ce qui concerne lea risques de feu, sont ajou-
ties.

Le texte du JAR 25.561 .7 volui au "change" 11 par suppres-
sion de cette derni~re exigence, laquelle est report~e en JAR
25.963, en compliment de celle qui y figurair d~ji , comme
dana le r~glement FAR. A noter que ce § 963, comme d'autres
tels que les 1 783, 785, 787, 789, 809, 812, 963 et 1413 se
rapporrent aux facteurs d'accil~ration pricis~s en 561, mais
de faqon hit~rog~ne quant i ls prise en compte ou non de leur
combinaison ; on voit donc 1A des diffirences importantes de
traitement de ces paragraphes piriph~riques en JAR et en FAR,
puisque rapport~s i des 1 561 diffirents.

En conclusion de cette piremiire partie, nous voyons que nous
disposons d'une panoplie d'exigences telles que le montre la
planche 5 ; ces exigences sont rapporties i des crash mi-
neurs, mais en quelques annC-es et par quelques amendements
aux riglements, l~a siviriti s'est accrue, et le souci de pro-
tiger lea passagers durant et apras le crash s'est affirmi.
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Qu'en est-il A ce stade de 1'expirience en service ?

En cette matiire, je ne dispose pas de statistiques r~centes
et je ferai itat de nouveau de l'6tude de la NASA de 1982
(C~mmercial Jet Transport Crashworthiness NASA-CR-165849)
commandie par Isa FAA. Elle fait apparattre que sur 583 acci-
dents, 153 sont d~claris survivables quand l'un au momns des
critires suivants existent

- volume survivable maintenu,

- facteurs d'accil~ration non mortels,

- possibilit6 rielle d'Avacuation,

- bonne tenue de la structure ou des syatimes dimontr~e lora
de l'accident.

Parmi ces 153 cas, 29 ont 6ti retenus comme significatifs i
cause du nombre de passagers A bord et du nombre de rescap~a.
et vous soot pr~sent~s sur la planche 6 ; il apparatt sur ce
tableau que pour le plus grand nombre (25 sur 29), ii y a eu
feu ; d'autre part lea accidents ont eu lieu, dana l~a mgme
proportion, en phase d'approche finale ou d'atterrissage.
Mais lea cas cit~s ne repr~sentent qu'A peine 20 % des 153
cas survivables ; lea cas non retenus repr~sentent des acci-
dents avec fort peu de survivants, ce qui montre la n~cessiti
de travailler dana de nouvelles voies:

a) ne plus consid~rer qtue le seul objectif est le crash mi-
neur, par ailleurs d~montr6 en service comme non critique,

b) renforcer l~e niveau des exigences piriphiriques, notainment
en matiire de feu, fum~e et toxicit4, permettant au passa-
ger de survivre apris le crash et d'ivacuer correctement.

Puisque le crash o'est pas extramemeot improbable, au niveau
d'une flotte d'avions, il doit atre prouv6 que lea cons~quen-
ces ne soot pas catastrophiques.

Evolution privisible des riglementa

La NASA a dif ini le crash survivable comme un iv~oement A
la suite duquel lea occupants n'ont paa tous aubis des blesau-
res mortelles consicutives A l'impact hA6 a Ia s~quence de
crash ; la premi~re 6volution sera donc d'6tendre la notion
de crash A celle de survie pour le plus grand nombre de passa-
gers, en conaidirant d'abord tous lea moyans qui peuvent att6-
nuar lea facteurs d'acc~l~ration, et notaminent lea pica au
moment de l'impact, et ensuite toutes lea causes qui peuveot
contrarier l Avacuation.

Rappelons, pour iclairer cette 2ime partie de b'expos6, les
riaultats de l'essai effectu6 le ler d~cembre 1984 par Ia FAA
et la NASA sur un BOEING 720 dana be cadre du programme CID
(Controlled Impact Demonstration) :l'avion, tilipilot6, a
touch6 be aol A 150 kt avac une Vz de 17,3 ft/sac, lea accibA-
rations verticales et horizontales au niveau de certains sii-
ges, atteignant en pic 40 g ; je laisse A d'autras conf~ren-
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ciers l~e soin de developper l'aspect physiologique li6 A de
telles acc~l~rations. Maiheureusement ]'essai ne f ut pas
concluant sur l'un des points essentiels, i savoir le systime
dit "fuel inerting" pr~vu pour retarder l'inflammation du car-
bur ant.

Mais revenons I lexamen des 2 aspects cit~s ci-dessus

1 Att~nua tion des facteurs d'acc~l~ration au niveau du pas-
sager

Plusjeurs mayens sont envisageables

1.1 -Modification des standards de s~curit6 des siiges

Cette voje, propos~e par la FAA, probablement sous
la pression des fabricants de si~ges, conduit au-
jourd'hui A la NPRM 86-11 (Notice of proposed rule-
making) ; cette proposition diffus~e, pour consulta-
tion, a diff~rentes Autorit~s et Constructeurs,
contient de nouvelles exigences pour le maintien du
passager sur l~e si~ge et de nouveaux crit~res de
blessures A l'impact, que lVon peut r~sumer cosine
suit

- Nouveaux facteurs d'acc&1&ration (extraines) appli-
qu~s aux siiges:

- "upward" 3,5 (au lieu de 2 en FAR 25),

- "forward" 9 (inchangi),

- "sideward" 4,5 (au lieu de 1,5 en FAR 25),

- "downward" 6,5 (au lieu de 4,5 en FAR 25),

- "rearward" 1,5 (au lieu de 0 en FAR 25),

- Criation du S 25.561 (d) relatif aux structures
retenant les siiges et routes masses pouvant bles-
ser passagers et 6quipage, ou pouvant retarder
l'6vacuation ; ce paragraphe a le same objectif
que le 5 25.561 (c) du JAR, bien que momns pr6-
c is,

- Criation d'un § 25.562 pr~voyant des exigences
propres aux siages et notamment les conditions
des essais dynamiques permettant de les justifier
au crash ; pr~voyant 4galement des valeurs de
charges extraines pour les baudriers et ceintures,
ainsi qu'un critare HIC (Head Injury Criteriun)
pour les blessures 1 la tite et un critire de pro-
tection des f~murs.

Ce document, particuli~rement quantifii, a fait
l'objet de la part des Autoritis du JAR, au d~but
1987, des observations suivantes:

- si la notion de syst~me global d'absorption
d' fnergie constitu6 par le passager attachi, le
si~ge et sa structure de liaison, eat acceptable,
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par contre la r6daction prisentke de i'exigence
et du moyen de conformit6 est arbitraire et impr6-
cise, par exemple:

faut-il renforcer les planchers et les structu-
res d'attache des siiges, quand on impose un
d~salignement des rails ?,

*ou sont les limites des structures-supports de
siiges ?,

*quelles sont lea relations entre les 6 561 et
562 de mime qu'entre ie S 561 et lea I p~riph6-
riques cit~s plus haut ?.

-iest nicessaire d'inclure une alternative pour
Ia justification des si~ges ; la FAR 25 pr~voit
gen~ralement la possibilit6 "analyse et/ou es-
sas", laissant A 1 'Autori t6 le soin de v~rif ier
que le postulant dispose de donn~es et d'un
savoir-faire corrects.

Ces obseivations f ont I' ob jet d'un examen de la
part de is FAA qui sera probablement conduite i
amender sa proposition.

1.2 - Absorption d'6nergie par Ilavion

La principale critique faite par les Europ~ens i ls FAA
au sujet de la NPRK 86-11 eat d'un autre ordre en
limitanr l'application des facteurs d'acc~l6ration au
si~ge, Is d~formation et donc l'absorption d'6nergie
par l'avion ne sont pas prises en compte, et ia rela-
tion entre l'ensemble si~ge/passager et la structure
environnante nlest pas claire. Les Europ~ens souhaitent
que Ia FAA ne limite pas son projet aux seuls si~ges,
mais les consid~rent comme inclus dans un aystime glo-
bal d'abaorption d'6nergie ; ii eat 6vident qu'il eat
difficile, 1 ce sujet, de comparer un "large body" dont
la structure eat diformable, i 'in avion d'affaire de
masse riduite et dont la structure est rigide ; faudra-
t-il dana ce dernier cas, comme on le pr~voit pour les
hilicoptires, pr~voir des si~ges 6quip~s de syst~me
d'absorption d'&nergie ?.

Tout ceci eat dana la ligne de riflexion des Autoritis
du JAR qui continuent i rechercher une corrilation
entre lea facteurs d'acciliration appliqu~s A l'avion,
et ceux appliqu~s aux si~gea ; c'est dana ce but qu'un
easai sera entrepris en 1988 sur une cellule de FALCON
10 dana un laboratoire officiel :cet essai connu sous
la r6f~rence "crash FALCON 10" entre dana le cadre des
itudea r~glementaires financiea en partie par 1' Etat ,
en partie par l'Industrie.

Dans ce chapitre d'absorption d'6nergie, ii y a lieu de
signaler le dilemme bien connu du crash avec ou sans
train d'atterrissage (sorti) ; je citerai i ce propos
le cas du FALCON 900 dont Is juatification au 1 25.561
eat faite train rentr6, avec impact sur lea quilles de
crash et absorption d'6nergie par usure de ces quilles,
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lesquelles prot~gent 6galement les r~servoirs de fuse-
lage ; mais on trouve dana le Manuel de Vol et le
Manuel d'Exploitation Is consigne, en cas d'atterris-
sage forc6, de sortir le train mame dissym~triquement;
ce train, dont Ia rupture eat prAvue par Is disposition
de fusibles a pour r8le d'absorber de l'inergie en quan-
titi difficile i d~finir.

Ii y aura donc lieu de faire 6voluer la riglementation
sur cet aspect, afin de tenter de s'approcher de la r~a-
liti, c'est-i-dire de prendre en compte l'effort des
Industriela dana Ia conception des structures privues
pour absorber de l'6nergie durant la s~quence de crash.

2 -Pricautions relatives I l'ivacuation et vis-i-vis du
feu:

Nous avons fait itat plus haut de cet important probl~me,
abord6 ici sous 3 aspects :lea moteura, le train d'atter-
rissage et les riservoirs de carburant ; ces 6l6ments
font l'objet d'exigencea r~glementaires en cas de crash,
afin d'iviter le dfiveloppement d'un f'eu pr~judiciable i
l'6vacuation des passagers.

2.1 - En ce qui concerns lea moteurs, notamment ceux ins-
tall~s sous lea voilures basses, seul le JAR 25.561
et son ACJ (m~thode acceptable de conformiti
Acceptable means of compliance and interpretation)
privoit que les r~servoirs dolvent CAtre install~s
de faqon, en cas d'atterrissage d'urgence, a n'etre

4 pas endommagis par le train (si sorti), lea moteurs
et Is sol, si l'avion glisse sur celui-ci ; ceci a
conduit notamment, et a contrario, certaina cons-
tructeurs i concevoir des fusibles sur lea attaches
moteurs, comme ii vient d'Lttre dit pour lea atta-
ches de train, af in que ces moteurs, avion en confi-
guration train rentr6, prennent A l'impact une posi-
tion minimisant Is risque de perforation des r~ser-
voirs de voilures et favorisent 1e glissement sur
is fuselage ; je rappelle qu'une telle disposition
exists sur le MERCURE et sur l'AIRBUS. La FAA
serait bien avisie de suivre ici lsexemple du JAR.

2.2 -En ce qui concerns de nouveau le train d'atterris-
sage, et bien que lea riglements considirent le
crash train rentrA, il a it6 rappel6 ci-dessus qus
ce n'sst pas toujours Ia pratique. Se posent alors
lea problemes d'impact avec train diasym~trique.

Quelle 6nergis le train peut-il absorber avant rup-
ture, et quelles sont lea consAquences de cette rup-
ture ?. Si le 1 25.721 pr~voit que le train soumis
A une surcharge puisse rompre, il exige que toute
fuite de carburant provenant de l'endommagement des
r~servoirs voisins ne soit pas tells qu'un risque
de feu important existe ; cette rupture, justifi~e
jusqu'ici par des easais statiques, a montr6 sur Is
base d'accident ricent, que Ia m~thode de justifica-
tion itait insuffisante ; seule une Justification
par essi et analyse dynamiques peut approcher Ia
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rialit6, et clesr dans ce but qu'une 6tude r~glemen-
taire est lancie en France, en vue d'am~liorer le
R~glement.

2 .3 - Un autre domaine, enf in, conduit i une proposition
d'amendement au r~glement JAR :il s'agit du cas
particulier des r~servoirs d'empennage non consi-
d~r~s dana le 1 25.963, ; ces r~aervoirs, outre
Ilaugmentation de carburant qu'ils permettent, assu-
rent une fonction de variation de centrage sur les
nouveaux avions.

Toutefois l'int~griti structurale de tels r~ser-
voirs devra 8tre assur~e pour lea facteurs d'acc~li-
ration du 5 25.561 avec un chargement en carburant
A d~finir par lea Autorit~s, afin d'6viter que leur
endommagement ne provoque un feu par 6coulement du
carburant aur l'APU ou lea moteurs install~s i
larri~re du fuselage, ou un feu au aol remettant
en question 1' evacuation des passagers dana la zone
arri~re de l'avion.

Fermettez-moi de terminer ce chapitre par la plan-
che 7 relative A V "interpretative material" r~di-
g~e pour la certification de l'AIRB(JS A 320, et qui
r~sume en tant qu'application pratique, lea exi-
gences actuelles des autorit~s europiennes.

Je terminerai cet expoa& par un commentaire aur l'ivacuation
des passagers :consid~rant la notion de crash survivable,
non encore 6crite en clair dana la r~glementation, l'ultime
souci des Conatructeurs, Exploitants et Autorit~s est d'assu-
rer aux aurvivants de l'impact, des conditions d'6vacuation
telies qu'ila 6chappent i l'asphyxie et au feu ; la protec-
tion des r~aervoira, lea pr~cautions prises au niveau de sys-
t~mes senaibles tels que l'oxyg~ne et l'6lectricit6, la lutte
contre la fum~e , la multiplication des issues,leur riparti-
tion et leur dimension satisfaisantes, les aides A 1'6vacua-
tion telies que les toboggans, font l'objet de beaucoup d'6tu-
des et d'essais dtis i l'importance de l'&difice riglementaire
en conatante 6volution ; ceci est capital pour les avions
gros porteurs, dana leaquela tout 6v~nement clasa& aituation
d'urgence a tendance i devenir rapidement critique, du fait
des riactiona iipriviaibles d'une foule. 11. eat souhaitable
que toua lea aspects touchant i la s~curit6 des passagers
dana de telies situations, aoient mieux regroup~s dana lea
r~glements afin d'Ztre traitis de faqon homog~ne.
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Crash Mineurs

Caravelle

DATE LIEU OCC. SURV. FEU

09 61 BRASILIA 70 70 X
07 "63 CORDOBA 70 70 X
02 66 DELHI 80 79 X
07 69 BISKRA 36 2 X EN VOL
(18 69 RIO 46 46
08 69 MARIGNANE 94 94
04 70 BERR-CI IID-MAROC 62 20
02/71 LAS PALMAS 42 42
12 73 MANAOS 66 66 X
07 79 BOGOTA 57 57 X
0 6 82 DAMAS 80 80 REPARJ
04 83 GY.\OUIL I01 93

,1 S7 STOCKHOLM 27 27

Source: ,.\cropat ialc

Plancltc 2

(rash Mineurs

Autres Avions
(Aioln ('onsidcre Perdu)

I)ATE TYPI LIEU OCC. SURV. FEU

01/69 BAC I II MILAN 33 33
02'69 VISC()UNT EAST MIDLAND 53 53
07 07 B 737 PHIIADELPHIE 61 61
12770 B 727 SAINTTHOMAS 55 53 X
02/72 FALCON 21) SAINT MORITZ 5 5
07 73 B 707 PARIS 134 1 I X EN VOL

(VARIG)
I1 73 )(C 9 CHATTANOOGA 79 79
12/73 B 707 DELHI 109 119 X
12,,75 B 707 MILAN 125 125
05/78 B 727 PENSACOLA 58 58
08/78 B 707 EZEIZA 63 63 X
12/78 B 737 HYDERABAD 132 131 X
07/80 VISCOUNT EXETER 62 62
(8/80 TU 154 NOUADHIBOU 168 166

Source: CAA World Accident Report Summary

Planche 3

Ultimatc inertia forces (g)

CAR 4b + FAR 25 C.C. 12 JAR 25 NPRM 86-11 (FAR 25)

Upward 2 2 2 3.5

Forward 9 9 9 9

Sideward 1.5 2.25 1.5 4.5

)ownward 4,5 4,5 4,5 6.5

Rearward - 1.5 1.5 1.5

Planche 4
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Crash Survivables

DATE TYPE LIEU OCC. VICT. FEU

08/62 DC8 RIO 105 15 X
1 1/64 B 707 ROME 73 48 X
I 1'65 B 727 CINCINNATI 6,2 58 X
11 '65 B 727 SALT LAKE CITY 91 43 X
03/66 DC 8 TOKYO 71 63 X
11/67 CV 880 CINCINNATI 82 70 X
0)4/68 B 717 WINDHOEK 128 123 X
01,/69 B 727 LONDRES 65 5(1 X
011/69 DC 8 LOS ANGELES 45 15
09/69 B727 MEXICO 118 28
((9769 BAC III MANILIE 47 45 X
11/70 DC 8 ANCHORAGE 229 47 X
(13/7)) CVL CASABLANCA 82 61 X
05/70) DC9 STCROIX 63 25
0(7/71 DC 8 TORONTO 118 108 X
12 72 B 737 CHICAGO 61 43 X
12/72 DC 9 (HICA(iO 45 101 X
17/73 DC 9 BOSTON 89) 89 X
11 73 B 717 KHANO 212 172 X

15 73 B 737 NEW )ELHI 65 52 X
0 1/74 B 717 PAGO-PAGO W(li 97 X
19 '74 DC 9 CHARLOTTE 82 71 X
II 74 B 747 NAIROBI 157 59 X
06/75 B727 NEW YORK 124 112 X
04/76 B 727 ST THOMAS 88 37 X
(04,77 DC9 NEW HOPE 85 62 X
12/78 B 737 CRANBROOK 49 42 X
12/78 DC8 PORTLAND 186 1()
(379 B 727 DOHA 64 45 X

Source: I)OT'FAA-CT-82-86
DOCT NASA CR 165849

Planche 6
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IS A320 Joint certification basis
Aktbs Industrie Al/V-C No: 2750/34 Volume 1

STRUCTURE

References INTERPRETATIVE MATERIAL
IM- A 3.7
Status CLOSED
Date 09.10.1985

1. CRI : A 3.7

2. JAR : ACJ 25.561 (a), (c) and (d)

25.721

EMERGENCY LANDING CONDITIONS (JAR 25.561)

AND LANDING GEAR (JAR 25.7211

In showing compliance with JAR paragraphs 25.561 and 721 the
following interpretative material is applicable :

1. The aircraft has to be designed to avoid ruptures that would
be catastrophic for the safety of the occupants, including
ruptures leading to fuel spillage under the following
conditions :

1.1 Impact at 5 fps vertical velocity at maximum landing
weight

- with all gears retracted,
- with any one or two gears retracted.

1.2 Sliding on the ground :

- with all gears retracted up to a yaw angle of 20",
- with any one or two gears retracted with zero yaw an!al.

1.3 failure of the landing gear under overload, assuming the
overload conditions to be any reasonable combination of
drag and vertical loads.

2. Consideration should also be given to

2.1 The possible separation of an engine pod (or pod + pylon)
under predominantly drag loads or under predominantly
vertical (upward or downward) loads.

2.2 The possible failure of the landing gear under overload
conditions including side loads.

3. In all the above justifications involving failures of part of
the aircraft structure, the dynamic behaviour of the differant

* parts at rupture should be tacen into account.

A-39 Issue 2

Planche 7
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Oi -. EVOLVING CRASHWORTHINESS DESIGN CRITERIA

C, 0  -'~by

C. Hudson Carper
UN Chief, Safety and Survivability Technical Area

o and

LeRoy T. Burrows
Chief, Ballistic and Crash Protection Team

Q I Safety and Survivability Technical Area

Aviation Applied Technology Directorate': U.S. Army Research and Technology Activity (AVSCOM)

Fort Eustis, Virginia 23604-5577

SUPUIARY

Although significant strides have been made in recent years toward improving
aviation safety, mishaps involving all classes of helicopters presently are and will
continue to be a major, expensive U.S. Army problem in terms of casualties, materiel
loss, and reduction in mission effectiveness. Modernday training and tactical employ-
ment requirements for the U.S. Army helicopter dictate that a large percentage of
operations occur in the low-speed, lowaltitude flight regime, which contributes to
the problem by reducing critical margins of safety normally associated with higher
airspeed and higher altitude operations with accompanying greater time for response
in case of an emergency. This increased probability of accident occurrence, coupled
with the lack of an in-flight egress capability, makes design for crashworthiness
essential for Army helicopters.

This paper discusses the evolution of crash survival design criteria for rotary-wing
aircraft and its application to current and new generation Army helicopters. Emphasis
is given to the need for a total systems' approach in design for crashworthiness
and the necessity for considering crashworthiness early in the design phase of a
new aviation weapon systems development effort. The actual app ication of crashworthi-
ness to Army helicopters is presented with statistics that show dramatic reductions
in fatalities and injuries with implementation of a crashworthy fuel system. The
cost effective aspects of designing helicopters to be more crash survivable are also
discussed. -

INTRODUCTION

Research Investigations directed toward improving occupant survival and reducing
materiel losses in aircraft crashes have been conducted by the Army for more than
20 years. However, up until approximately 10 years ago the principal emphasis within
Army aviation survivability was placed on accident prevention. Although this is
indeed the ultimate objective deserving priority effort, past experience clearly
shows that accident prevention alone simply is not sufficient. Mishaps of all natures
involving Army aircraft have been, are, and will continue to be a major, expensive
problem. Research has been accomplished on accidents worldwide involving Army aviation.
and accident histories are routinely disseminated throughout the Army. Unfortunately,
many lessons learned from these accident histories are not applied and hazardous
design features remain and operational errors are repeated. Too many Army aircrewmen
are still being fatally injured in potentially survivable accidents, and the percentage
of najor Injuries and rate of materiel losses are still unacceptably high. There
is no easy solution to the problem. Significant gains can be made, however, toward
reducing these unacceptable accident losses, but to do so we must aggressively pursue
a program that addresses key issues of both accident prevention and crashworthiness
design. Since the helicopter's potential for accident is great due to its mission
and the environment in which it must accomplish that mission, it is imperative that
it be engineered to minimize damage and enhance occupant survival in crashes. In
designing helicopters to be more crash survivable, two subissues then become paramount:
establishing viable crashworthiness design criteria, and the more difficult task,
applying these crashworthiness criteria to Army aircraft design.

To help establish the severity of the problem within U.S. Army aviation, Table
I provides a summary ot accident statistics ofui mLmy helicopters for the period of
time from 1972 to 1986. During the period reviewed there were over 5,000 helicopter
Glass A, B. C. and D mishaps (an average of one a day) and over 550 occupant fatalities.
The number of fatalities would, without question, have been much greater had not
Army aircraft been retrofitted in the early to mid 70's with crashworthy fuel systems.
The cost of these mishaps considering casualties and materiel were nearly 600 million
dollars. These costs primarily reflect relatively low cost helicopter losses (i.e.
OH-58, UH-1, AH-i) as compared to the higher cost modern helicopter (UH-60, AH-64).
Also, they do not reflect the potentially greater costs that are associated with
loss of mission capability. Further, these staListics are based on current peacetime

http://www.abbottaerospace.com/technical-library


3-2

experience which reflects a total cumulative flight time of approximately 1 million
hours per year for Army aviation with a fatality rate of approximately 2.5 per 100,000
hours of flying time. The severity of the problem increases severalfold during periods
of combat, as demonstrated in Vietnam when, during the height of the conflict, total

helicopter flight time was in excess of 5 million hours per year with the fatality
rate of 10 per 100,000 hours.

Table i. Army Helicopter Accident History Data from these accident and crash

1972-1986 injury investigations (reference 1) have

of the older, existing Army helicopters.

Key deficiencies include:

SStructural collapse (roof downward
,l*.~ltN~l and floor upward) causing loss of

,-,occupiable volume.

,la . Inward buckling of frames, longerons,
4 ,,=h. , IM~etc., causing penetration wounds to

personnel.

, ,Lethal internal structure causing
- ' head, chest and extremity injuries

.... " from occupant flailing.

Floor breakup permitting seats
to tear out and occupants to become
flying missiles.

Landing gear penetration into
occupied areas and fuel systems
causing contact injuries and fires.

Landing gears not designed for sufficiently high sink rates and insufficient
deformable airframe structure permitting excessive acceleration (G) forces
to be transmitted to the occupants and causing excessive materiel damage.

Intrusion of the occupied area by the main rotor gearbox and other high mass
items causing crushing and contact injuries to the occupants.

Insufficient structural stiffness permitting inward crushing and entrapment

of occupants in rollover accidents.

CRASHWORTHINESS DESIGN CRITERIA

General

In-depth assessment of available crash data was first accomplished in the mid-60's
by a joint Government/industry review team. The product of that team was the world's
first crash survival design guide (CSDG) for light fixed- and rotary-wing aircraft,
published in 1967. Revisions to this guide were made in 1969, 1971, 1980 (reference
2) and a current effort is scheduled for completion in 1989. Figures Ia and lb depict
the many facets of crashworthiness research and development that have directly helped

to support the evolution of crashworthiness design criteria. Continual component
development programs, full scale crash testing, and structural analyses efforts are
being conducted which increase the knowledge base and provide new technology applicable
to crashworthiness design, thus dictating the need for periodic revisions of the
CSDC. In 1974, the CSDG was converted into a military standard (MIL-STD-1290)(reference
3). Although a draft revision to this MIL-STD exists (1290A), this revision will
not be finalized until the completion of the current CSDG update effort. In addition,
an Aeronautical Design Standard, ADS 36, entitled "Rotary Wing Aircraft Crash Re-
sistance" (reference 4) was formulated to be specifically applied to the U.S. Army's
Light Helicopter (LHX) development program. This will be discussed in more detail
later in the paper.

Figure Ia Figure lb

AVSCOM CRASHWORTHINESS R&D PROGRESS AVSCOM CRASHWORTHINESS R&D PROGRESS

.: ~ m n .. .o -. g - n7
1*1
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MIL-STD-1290 addresses five key areas that must be considered in designing a
helicopter to conserve materiel and provide occupant protection in a crash:

Crashworthiness of the structure--assuring that the structure has proper strength
and stiffness to maintain a livable volume for the occupants and prevent the
seat attachments from breaking free.

Retention strength--assuring that the high mass items such as the transmission
and engine do not break free from their mounts and penetrate occupied areas.

Occupant acceleration environment--providing the necessary crash load absorption
by using crushable structures, load limiting landing gears, energy-absorbing
seats, etc., to keep the loads on the occupants within human tolerance levels.

Occupants environment hazards--providing the necessary restraint systems,
padding, etc., to prevent injury caused by occupant flailing.

Postcrash hazards--after the crash sequence has ended, providing protection

against flammable fluid systems and permitting egress under all conditions.

Typical Army Crash Impacts

In the Army, typical crash impact conditions are depicted in Figure 2. Roll,
pitch, and forward velocity is usually present along with vertical and forward velocity
components. Some level of yaw attitude is also frequently present. This dictates
the need for impact design criteria involving longitudinal, vertical and lateral
velocity components.

About 95% of Army helicopter mishap crash impacts have been in the potentially
survivable range. Accordingly, helicopter crash resistance requirements given in
Figure 3 were adopted by the Army in the early 1970's. Specifically, the aircraft
structure shall provide a protective shell for occupants in crash velocity changes
of the severity cited in Figure 3. Moreover, the structure and equipment shall allow
deformation in a controlled, predictable manner so that forces imposed upon the occupants
will be tolerable while still maintaining the protective shell. The forces imposed
on occupants is governed by the stopping distance and pulse duration. Figure 4 illus-
trates this relationship and indicates the importance of controlled energy absorption
in a crash.

Systems Approach

For maximum effectiveness, design for crashworthiness dictates that a total systems
approach be used and that the designer consider such survivability issues with at
least equal priority as other key design considerations such as weight, load factor,
and fatigue life during the initial design phase of the helicopter. Figure 5 depicts
the system's approach required relative to management of the crash energy for occupant
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survival for the vertical velocity crash design condition. The crash G loads must
be brought to within human tolerance limits in a controlled manner to prevent injury
to the occupants. This can be accomplished by using the landing gear, floor structure,
and seat to progressively absorb crash energy during the crash sequence. That is,
the occupant is slowed down in a controlled manner by stroking/failing the landing
gear, crushing the floor structure, and stroking the seat at a predetermined load
before being subjected to the crash pulse which by then has been reduced to within
human tolerance limits. In addition, the large mass items such as the overhead gearbox
are slowed down by stroking/failing of the landing gear or fuselage structure, and
in some cases, by stroking of the gearbox within its mounts. With the advent of
airframes constructed from composite materials (fiberglass, Kevlar, graphite) the
need for a systems approach to crashworthiness, coupled with innovative design, becomes
more urgent due to the characteristically nonductile behavior of these materials.

Crash Impact Design Conditions

A survivable crash is generally defined as one wherein the impact conditions
inclusive of pulse rate onset, magnitude, direction and duration of the acceleration
forces that are transmitted to the occupant do not exceed the li'its of human tolerance
for survival, and in which the surrounding structure remains sufficiently intact
during and after impact to permit occupant survival. Inasmuch as the crew must stay
with the helicopter in an impending crash, a high level of what constitutes a survivable
or non-injurious crash impact velocity change is desirable and is a key objective
of design for crashworthiness. The Army's crash impact velocity change design condi-
tions for longitudinal impacts against a rigid barrier are 6.1 m/s (20 ft/s) for
the cockpit and 12.2 m/s (40 ft/s) for the cabin. There has been little disagreement
with this design requirement. The vertical velocity change crash impact design condi-
tion however, has continually been the subject of controversy. It is becoming evident
that one set of crashworthiness design criteria is not necessarily practical for
all rotary-wing aircraft, military and commercial, large and small. Factors such
as the following must also be considered in future development of crashworthiness
design criteria.

Helicopter size and transportability requirements (space available for energy
absorbing seats and crushable subfloor structure).

Performance of the aircraft (e.g. disk loading, autorotational sink rate,
flight velocity capability).

Basic aircraft configuration.

How the aircraft is to be employed.

Obviously, the smaller the aircraft the larger percent of weight empty that is
devoted to crashworthiness for a given set of design impact conditions. This could
lead to an impractical design. Also, commercial helicopter operations are generally
less perilous than military operations indicating that commercial helicopter crash
impact design requirements could be less stringent than for military systems. Ballistic
tolerance is not a consideration in designing a crashworthy fuel system for commercial
helicopters.

The following is a summary of vertical velocity crash impact vs. pitch and roll
design criteria that have evolved over the past few years. It should be noted that
this is for impact on a rigid surface without (1) reducing the height of the cockpit
and passenger/troop compartments by more than 15% or (2) allowing the occupants
to experience injurious accelerative loading.

Table 2. Vertical Velocity Crash Impact Design Criteria

Velocity Change
(m/s) Roll Pitch

MIL-STD-1290 12.8 + 300 + 150
(Ref 3) (42 ft/sec)

CSDG 12.8 + 200 + 250 to - 150
(Ref 2) (42 ft/sec)

ADS-36 11.6 + 100 151 to - 50
(Ref 4) (38 ft/sec)

MIL-STD-1290A 12.8 + 100 + 15 to -5
Draft (42 ft/sec)

The original MIL-STD-1290 contained an impractical requirement for roll since
a 30 degree attitude would result in only half the landing gear absorbing energy

in a crash before fuselage contact, assuming it would stroke at all with such sevre
side loadings. The current published CSDG (reference 2) also specifies a too sev.""
roll and negative pitch impact attitude requirement. This criteria is not substant .utc

by accident history data of roll and pitch values and designing to meet it has an
adverse effect on aircraft system design and weight.
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ADS-36 (reference 4) is based upon that level of crashworthiness that has been
demonstrated by the UH-60 helicopter. Since Army aviation leaders have been pleased,
for the most part, with the UH-60 crashworthiness, they have dictated their desire
that the LHX have at least this level. ADS-36 and the draft MIL-STD-1290A are essen-
tially the same except for the vertical velocity change requirement. The roll and
pitch attitude values selected are derived from analysis of accident historical data
presented in Figures 6 and 7. The attitude envelop specified in ADS-36 is presented
in Figure 8 and it illustrates how the airframer can be relieved from having to design
for the extreme corners of the combined roll and pitch conditions which rarely occur.

100

300

a 20

-20 .0 a 0 0 1 3 . 0 0 20 30

1OLL 016211S WC(. .0, 111

Figure 6. Aircraft Roll Angle at Impact Figure 7. Aircraft Pitch Angle at Impact
for Survivable and Partially for Survivable and Partially
Survivable Army Helicopter Survivable Army Helicopter
Mishaps, 1972-1982 Mishaps, 1972-1982

Landing Gear

As a minimum, the landing gear shall
be capable of decelerating the aircraft
at normal gross weight from an impact
velocity of 6.1 m/s (20 ft/sec) onto
a level rigid surface within an attitude
envelope of +10 degrees roll and +15

---- -.. ~ degrees to -5 degrees pitch without
allowing the fuselage to contact the

*ground and without gear penetration
into an occupied area. Plastic deformation
of the landing gear and its mounting

.70 0)012) system is acceptable in meeting this
requirement; however, with the possible

exception of the rotor blades, the remainder
of the aircraft structure shall be flight-
worthy after impact. Prior to the 19701s,
helicopter landing gear (usually skids)

Figure 8. Roll and Pitch Attitude Envelope had relatively little energy absorbing
capability and very limited capability

to withstand lateral loads without failing. Skid gears were designed, typically
to withstand an 8 ft/sec vertical impact speed without collapse at basic structural
design gross weight (BSDGW). Too often in the past, a certain accident scenario
has repeated itself in the Army's skid gear equipped aircraft. The helicopter will
touch down with some roll attitude angle (out of an autorotation, perhaps) aL a vertical
sink speed slightly exceeding the skid capability. One skid fails, causing the helicop-
ter to roll right or left, bringing the main rotor into contact with the ground.
The reactive torque loads then exceed the capability of the transmission mounts and
the rotor system/transmission departs the aircraft during the post impact gyration.
Accidents such as described usually result in complete loss of the aircraft, serious
injuries to the occupants and often fatalities. It is possible to totally avoid
this type of accident for impacts involving sink speeds of 6.1 m/s (20 ft/sec, or
1200 ft/min) (or even greater), through use of a landing gear designed to absorb
this amount of energy.

A high performance landing gear is the key component in the system approach to
crashworthiness as well as in mishap prevention. Future helicopter systems will
include very expensive mission equipment to the point that the airframe part of the
system will be less than half the system cost. The 6.1 m/s (20 ft/sec) landing gear
(or better) will help protect the airframe and expensive subsystems from damage,
resulting in the major factor in substantiating the cost effectiveness of design
for crashworthiness.
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CRASHWORTHY FUEL SYSTEM (CWFS)

The crashworthy fuel tank specification, MIL-T-27422, was originally a joint
services specification that was modified to require a crashworthy, ballistically
tolerant (self-sealing) tank material that was developed during the mid and late
1960's. The modification, MIL-T-27422B (reference 5), was published in 1971. In
addition to the 19.8 m/s (65 ft/sec) full-scale tank drop onto concrete requirement,
the specification includes important puncture, cut and tear resistance tests that
the tank wall material must pass.

If fuel is allowed to spill during survivable crashes, a postcrash fire is often
the result due to the multitude of ignition sources available. Prior to the advent
of crashworthy fuel systems, the Army studied 2382 survivable rotary-wing accidents
occurring between 1967-69. Postcrash fires were present on 10.5 percent of the accidents
and contributed to 39.3 percent of the fatalities. Through an intensive effort,
the Army developed a CWFS consisting of self-sealing breakaway valves/couplings;
frangible attachments; self-sealing fuel lines; cut, tear and rupture resistant bladders;
and a means of preventing fuel spillage at all postcrash attitudes. The military
specification, MIL-T-27422B, was developed with specific test requirements and pass/fail
criteria for the CWFS. Though brute strength has some importance, the cut and tear
resistance of the fuel tank material are key issues for successful fuel containment
in deforming aircraft structure. The Army specification fuel tank material is also
designed to bp self-sealing for small caliber ballistic hits.

All Army helicopters now have a CWFS and postcrash fire statistics have been
altered dramatically. During the period April 1970 to June 1976, a time when retrofit
of the CWFS was in progress, for helicopter not CWFS equipped there were 65 thermal
fatalities. This compares with only one fatality for helicopters equipped with the
CWFS. Since 1976. there have been no thermal fatalities in potentially survivable
accidents of Army helicopters.

Field evidence has shown that aircraft with the CWFS have experienced fuel system
failures and resulting fires in severe accidents slightly above the human survival
limit. This has verified the validity of current design criteria. No reduction
in drop height, or of cut- and tear-resistance values should be considered, especially
in light of the more severe crash impacts being experienced with higher performance
helicopters such as the UH-60A.

RELATIONSHIP TO CIVIL AVIATION

In the civil aviation community, prevention of accidents has always been a high
priority. However, even with technological advancements, increased mechanical reli-
ability, improved pilot training, and intensive studies of accident causal factors,
accidents do occur. Statistics indicate that for one decade (1967-1976) the number
of general aviation aircraft involved in accidents was equivalent to at least 38
percent of the total U.S. aircraft production during that period. Estimates that
an aircraft will be involved in an accident over a 20-year life range are as high
as 60-70 percent.

Recognizing this accident probability, it makes sense to apply a worthwhile degree
of crashworthiness to contemporary design philosophy. Because of differences in
mission profiles, civil aircraft are normally flown somewhat differently than Army
helicopters. The civil helicopter crash environments may not be sufficiently severe
to justify using all of the HIL-STD-1290 crashworthiness design techniques that have
been addressed in this paper. From a cost viewpoint the easiest to justify might
be the use of state-of-the-art restraint and energy absorbing seat systems, although
the crashworthy fuel system should perhaps be at the top of the priority listing
of needed crashworthy features. As composite airframe structures become more attractive
from a cost/weight standpoint, their demonstrated potential to act as good energy
absorbers should not be overlooked. Usually, however, design innovations to benefit
crashworthiness will equate to a design in excess of the Federal Air Regulations
(FAR's), which are intended as minimum requirements only rather than design goals.
FAA Order DA 2100.1 clearly states, "Such standards do not constitute the optimum
to which the regulated should strive."

Finally, not to be overlooked in the civil area is the very real economic savings
that can be gained (in concert with crashworthiness) from the inclusion of an energy
absorbing (EA) landing gear. The potential Army savings were addressed earlier and
would certainly, to a degree, apply in the civil market. Avoided materiel damage
from hard landings alone should go a long way toward justifying an EA gear.

Some design practices such as excellent protective structure around the occupant
along with adequate restraint in agricultural aerial application airplanes are now
standard procedure. In time, it is hoped that a variety of meaningful crashworthiness
improvements will be providing increasingly higher levels of occupant protection
and damage avoidance.
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NEW REQUIREMENTS OF MIL-STD-1290A AND ADS-36

Hundreds of changes have been made to MIL-STD-1290 since its initial publication.
the vast majority of which were to correct typographical errors and to enhance clari-
fication. Nevertheless, a number of significant new requirements did evolve and
some of the more important ones, not already mentioned are as follows:

Type II aircraft have been expanded to include tilt prop/rotor aircraft.

If system testing is not conducted, then analysis shall be required to show
the individual crashworthy components and subsystems function together effectively
to achieve the desired overall level of crashworthiness.

For vertical impacts calculations should include a I W rotor lift factor.
This is also true for the retracted gear condition.

For the case of retracted landing gear the seat/airframe/landing gear pod
combination shall have a vertical crash impact design velocity change capability
of at least 7 m/s (23 ft/sec) at an impact attitude within + 100 roll and +
15 to - 50 pitch.

Figure 8 applies for all impact conditions which include an attitude envelope
of + 100 roll and + 150 to - 50, pitch.

Neither seats nor litters should be suspended from the overhead structure
unless the ceiling is capable of sustaining, with minimum deformation, the
downward inertial loads from occupied seats or litters under crash conditions.

It is desired that in a 15.25 m/s (50 ft/sec) vertical impact that the
height of occupiable areas not be reduced by more than 507 and that the surround-
ing structure not fracture.

For head impact protection, frangible items, such as optical relay tubes,
shall break away at a total force not exceeding 300 pounds.

It is desired that the landing gear continue to absorb energy even after
fuselage contact has been made to maximize the protection afforded by the gear.

Type II aircraft wings used to support external stores prevent roll over in
many accidents and should not be frangible, but should allow the stores to
separate under G loads while maintaining the structural integrity of the wing.
However, the wing should break off before the fuselage itself collapses in
order to maintain fuselage structural integrity.

CONCLUSIONS

Many helicopter occupants are still being fatally injured in potentially sur-
vivable accidents, and the percentage of major injuries and rate of materiel
losses are still high, even though the technology and design criteria presently
exist to significantly reduce these losses.

Army aviation mission effectiveness can be significantly enhanced through
the application of crashworthiness design to Army helicopters.

Life-cycle costs can be significantly reduced through the application of crash-
worthiness design to Army helicopters early in their life cycle.

MIL-STD-1290A/ADS-36 is a practical, viable, and cost effective requirements
document.

Although higher levels of crashworthiness can be achieved in a complete
new helicopter system design, significant improvements can be made in the crash-
worthiness of existing helicopters through retrofit programs.

The need exists to continually improve/update helicopter crashworthiness design
criteria and standards.

Military crashworthiness features and technology have direct application to
the civil/commercial fleet.
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CRASHWORTHINESS DESIGN METHODS APPLICABLE AT CONCEPT STAGE

by

M. M. Sadeghi, Cranfield Impact Centre, Cranfield Institute of

Technology, Cranfield, Bedford, MK43 0AL, England.

rABSTRACT.
For the effective incorporation of the secondary safety into

structures developed for Aircraft, Cars etc. it is essential to

tackle crashworthiness in the early stage of the development.
For a set of defined loading conditions (crash or crush) to which
the structure must comply, it is of great benefit to specify
necessary guidelines for defining collapse zones, as well as

structural properties concerning non-linear behaviour of
,~constituent components and joints of the overall structure.

This paper describes a hybrid approach to predicting the crash
behaviour of an impacting structure which is tailored to

Qvelocities which do not exceed 30-40 miles/h. The method

involves using component and joint test data (as data base) in
conjunction with coarse finite element idealisation to determine

collapse mechanism sequence of the collapse and collapse speed of

an impacting structure. HN/ jr= . 3, e,

1. INTRODUCTION.

Transport and vehicle safety is governed by a number of factors.
Such factors can be divided into two main categories of primary

and secondary safety. Considerable effort is put into ensuring
that vehicles are designed to perform to the required standard

and the operator is well trained to understand the vehicle's
limitations, as well as his own ability to operate the vehicle.

Despite all the efforts to ensure compatibility between operator,
vehicle and operating environment, accidents do occur. For such

occasions secondary safety is designed into the vehicle to ensure
more survivable crash. Secondary safety is, in the main,

;oncerned with the structural behaviour during in impact.

Designing crashworthiness into a structure will provide the
mechanism by which a proportion of impact energy is absorbed by

the vehicle structure and a very small portion of initial

deceleration is transferred to the occupant. To design

crashworthiness into a structure effectively it is important to

incorporate the work at the early stages of the concept design.

There are two methods of ensuring crashworthiness. One is by
trial and error through the testing of prototype structures, the

other is using a detailed mathematical model of the structure in
a finite element analysis. To incorporate this type of purely

theoretical simulation in the early stage of designing when
detailed structural data is limited is found to be very
difficult, on the other hand manufacture and testing of prototype
structures is a very costly exercise. It is however, necessary
to provide the engineers with a system or tool which can be used
to study alternative design ideas for compliance with the
required loading conditions.

Since plate elements do not contribute to energy absorption
significantly and the majority of such contributions are due to
beam type components, the finite element modelling can be
simplified accordingly. Additionally, the difficulties
encountered in the use of a fine finite element idealisation is

overcome by combining any known experimental structural data with

the limited available information on the design configuration to
generate a much simpler model. The method aids the continuous

assessment of the structural integrity for crash requirements

throughout the development stage of a design. The parameters
assessed are load carrying capabilities, energy absorption

ability and general collapse properties of individual structural

components as well as those of the overall structure.

Such information is then used to compute the dynamic behaviour of
the complete structure as well as the speed of the collapsing

structure relative to a fixed set of axis. In the case of a
vehicle this dynamic information is subsequently used in a crash

victim simulation program to evaluate the effect of structural

collapse and vehicle body dynamics on the occupant injury level.
An example of this method's application is the side impact
studies carried out by CIC (Ref. 1.)
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2. ANALYSIS TECHNIQUE.

In general the path taken by this technique is shown in Fig. 1
and includes the following steps:-

2.1) Component data base - since it is developed to be used at
the start of a design project, this system requires component and
joint data which is to be obtained through test or analysis. At
such an early stage of the design the detailed information
required for adequate analysis is not available and therefore,
the non-linear data for components and joints is obtained through
testing. Such data, once obtained, is stored in a data base to
be accessed when necessary. Acquisition or manipulation of
information from the data base constitutes the first step in this
design technique.

2.2) Acquisition of component data by test or analysis - if for a
particular design the data base cannot be used, the required
component or joint is manufactured and tested to obtain the
necessary non-linear properties. During the test the collapse
mechanism and sequence of collapse for the section or joint is
noted so that the failure of the section can be delayed or
prevented by stablising the area where the fold lines or
separation is initiated. The non-linear data acquired from such
tests is added to the data base for future use.

2.3) Overall collapse analysis - once all non-linear properties
of all constituent components and joints (strength and energy
absorption ability) have been acquired, a quasi-static analysis
of the complete structure or sub-structure is performed resulting
in the total non-linear load carrying capability of the
structure.

It is important to point out that this step (step 3) can only be
taken when the following assumptions hold:-

a) The mass of the collapsing structure is negligible when
compared to the retarding mass.

b) The direction of the loads on the collapsing structure during
impact can be predicted in advance.

Such assumption can be justified in a variety of crash
situations such as a bus rollover, passenger car side impact,
aircraft heavy landing and many other types of vehicle crashes.

If such assumptions could not be justified step 3 of this system
is by-passed.

2.4) Structural optimisation - in addition to the load carrying
capability curve resulting from step 3 the individual component's
contribution towards strength and energy absorption is also
computed. Such information aids the designer to single out
incompatible components or joints for modification. The criteria
examined is whether each and every component can transmit impact
load throughout the structure and in the process absorb an
appropriate portion of impacting energy. The design which
ensures the maximum use of material to absorb energy will ensure
distribution of deformation and thus avoid gross localised
deflection. If step 3 cannot be carried out it is still possible
to check the compatibility of individual components within the
structure (step 2) be comparing their general load carrying
capability rather than the specific one computed through step 3.

2.5) Improvement in components strength and energy absorption
ability - once the incompatible components are singled out the
extent and type of improvement is deciled upon. In this step the
analysis is to result in the choosing of the properties to be
improved (bending, compression etc.) and by what percentage to
bring incompatible components into line with the L-quirement.

2.6) Bending collapse calculation - having decided on the
required properties (strength and energy absorption ability) the
necessary calculation is carried out to determine the simplified
section dimension (metal gauge, section dimensions) which under
bending or compressive load would reach and maintain the
necessary internal load.

2.7) Component and joint design - although the simplified section
resulting from step 6 is adequate in the initial stages of
design, it is only a guideline on the general section dimension
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for the detailed design at the final stages of a project. In the

design of passenger car components for instance, the simplified
section required for crashworthiness is determined at the concept

stage but due to various other requirements the section is turned

to a complex configuration using simplified shapes as the datum

data. On completion of the section design which may involve

steps 2, 6 and 7, step 3 could be carried out to check the effect
of the component's new section on the overall collapse property
of the structure.

2.8) Dynamic analysis - in analysing for crashworthiness it is

necessary to study the effects of individual mass initerias on
the collapse mechanism. In general this problem can be studied
in one of two ways.

If the mass of the collapsing structure compared to the retarding
mass is negligible and the speed if impact is not very high (i.e.
collapse due to bus rollover, car side impact etc.) the load
carrying capability curve resulting from step 3 can be used as a
non-linear spring property in a mass spring system of equations
set up in step 8, to compute the speed of the collapsing
structure. If however, there are significant masses within the
collapsing structure the information obtained from steps 1, 2, 6
and 7 are directly i sed in step 8.

2.9) Occupant simulation - completion of step 8 where the
velocity of the vehicle and the collapsing structure is known it
may be necessary to consider the occupant or content safety
during impact. This is of prime importance in the cases of bus
and car rollovers as well as passenger car side impacts. Whilst
step 4 ensures that load and deformation are distributed so that
every structural component is used to disipate the energy, in
this step timing or maximum structural speed in relation to the
occupant is computed and the effect of structure - occupant
impact on the occupant is determined.

2.10) Dynamic optimisation - if the results from step 9 show
unacceptable levels of injuries on the occupant the complete
analysis system is utilised again, modifying the appropriate
structural components until the required crashworthy standard is
achieved.

Such a method of design for crashworthiness can be used in any
concept design stage where detailed structural information is not
available or relatively quick and cost effective study is
required. Fig. 2 represents one such circumstance.

3. APPLICATION.

The method described above has been applied to a variety of
projects which are as diverse as vehicles, motorway safety
barriers and offshore structures. The following three examples
describe application of the method to automotive related
crashworthy design.

a) Passenger car side impact.

This study, which can be part of the overall design (Fig. 2)
involves steps I and 2 (Fig. 1), to generate the non-linear
properties of components likely to absorb energy during a side
impact. Using a collapse analysis model (Fig. 3), the load
carrying capability curves were obtained and used in step 8 to
check the validity of the method. The procedure to carry out
this part of the analysis is reported in Ref. 2.

Fig. 4 shows the comparison between test and simulated side frame
velocity. Using this information in step 9, occupant behaviour
was simulated showing good correlation between test and
simulation (Fig. 5 and 6). Having proved the validity of the
system the structure was theoretically improved using a loop
containing steps 2, 3, 4, 5 and 6 followed by steps 8, 9 and 10
(Figs. 7 and 8). Figs. 7 and 8 show the improvement achieved.

b) Passenger car seat.

The problem concerning the fitting of a three point belt in a
rear centre seat of a passenger car where the seat back is a
folding 2/3 - 1/3 arrangement is in two parts. Firstly the seat
back must be strong enough to carry the required load through the
belt (Fig. 9). Secondly the vehicle floor must be capable of
carrying the transfer load through the seat mountings. The
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requirements to comply with were, load due to a belted occupant
in a vehicle experiencing 20g forward acceleration, 20g rearward
acceleration as well as the load due to a 100kg of luggage behind
the seat back. The criteria for the design is that the forward
deformation at point 2 (Fig. 9) must not exceed 100mm. Having
decided on the load path due to belt loading (Fig. 10) the
appropriate joint and component were tested to determine their
total load carrying capability curve. Each of the components
were then redesigned to carry the extra load using material where
required. Typical redesigned seat back behaviour is shown in
Fig. 11. The occupant behaviour as a result of such a seat
structure is shown in Fig. 12. The seat structure which could
carry 4kN was modified to carry 16kN with an extra metal content
of 2kg.

c) Bus rollover.

In a similar process the component data obtained by test or
analysis (Ref. 3) was used in the collapse analysis of the super
structure (Ref. 4) resulting in good correlation between test and
analysis. In line with this project objective, steps 8, 9 and 10
were not utilised.

d) Aircraft structures.

The application of the methodology to aircraft structures has
been on the possible loading of the underbody structure in heavy
landing or crash landing situations. In such a crash case the
behaviour of an aircraft seat and its lap belted occupants were
also analysed aiming at a seat structure which reduces the
acceleration level on the occupant to a specified low level.

In this analysis a number of different types of seat (metal or
composite material) were considered. Typical structural finite
element model used is shown in Fig. 13. The case study here has
a Sierra dummy representing the centre seat occupant with
equivalent weight bags representing the two side occupants.
Results such as those shown in Figs. 14 and 15 are used in
designing energy absorbers to be incorporated into the seat
legs to reduce occupant acceleration levels.

e) Motorway safety fence impact.

In this project steps 2 and 3 were used to obtain a laod carrying
capability curve of the barrier (Fig. 16). A simple dynamic
model of a lorry (Fig. 17) was developed and impacted through a
non-linear spring representing the fence against a solid stop
simulating the barrier restraint. The simulated trajectory of a
15 degree angle impact of 50m/h velocity is shown in Fig. 18.
Despite the simplicity of the model and lack of data to model the
lorry, reasonably good correlation between test and simulation
was achieved (Fig. 19). Step 9 was also carried out to predict
the drivers movement during impact (Fig. 20). A number of
modifications were tried to examine the impact situation
involving lorry, articulated lorry and passenger car against
metal and concrete motorway barriers for the impact speed of
50m/h, the angle of impact was 15 or 20 degrees. A comparison
between simulation and test for passenger car is shown in Fig.
19).

CONCLUSIONS.

Through applications to numerous problems it is shown that if
within each step, the necessary code is developed and tailored to
a given impact condition, this system of design for
crashworthiness can be cost effectively applied at the early
stages of the design enabling engineers to take the necessary
steps in the design sequence and avoid unnecessary and often
difficult analysis, made more difficult due to lack of data.
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FIG. 3. IDEALIZATION OF BASELINE STRUCTURE (MODEL 1 &2)
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0CRASHWORTHINESS ACTIVITIES ON MBB HELICOPTERS
C A by

F.Och

Messerschmitt-Bblkow-Blohm GmbH

Postfach 80 11 40

08000 Mtnchen 80, Germany

SS UTRY

Crashworthiness activities at MBB date back to the late sixties, when during BO 105 development crash
J protection systems such as seats, feel systems, and landing gears were developed which are integrated in

the military versions of the 80 105 for the German Army.

In February 1974 a 80 105 was crash tested to show compliance with the Crash Survival Design Guide
(TR 71-22) under an impact condition of 15 m/s longitudinal and 8 m/s vertical velocity.

Since the mid seventies theoretical studies were conducted with the aid of the ceiiputer programme
KRASH and nonlinear finite element codes, supported by the German Ministry of Defence, and partly verified
by component tests.

The experience with the crash behaviour of the BO 105 was successfully used for the development of
the BK 117 which has been h wi ty a full-scale crash test, conducted in 1985 by Kawasak' IBB's partner
of the BK 117 development.

> Effective design tools, both in house and at subcontractors and experience with helicopters in service
are used at MBB to contribute significantly to fulfill the crash requirements in European helicopter pro-
graTmes and in joint developments with foreign partners.

Although crash protection techniques and crashworthiness prediction methods are already fairly well
established, there remain still a lot of tasks, mainly when using advanced materials and in improving the
analytical methods from an economic point of view. -jz ,

1. INTRODUCTION

Of course, MBB helicopters like all others, are designed and built to safely fly and not to crash.
Accident prevention, i.e. active safety, therefore is treated with high priority [1], e.g. by

- improving manoeuvrabilitv through application of hingeless rotor systems, like "System BdIkow",
with which MBB's BO 105 and BK 117 are equipped, or MBB's rigid rotor with elastomeric bearing
(FEL), with which the German-French antitank helicopter PAH2 and the Indian Advanced Light Helicop-
ter ALH will be equipped:

- installing redundant vital systems, such as the twin-engine design with single-engine capabilities
or dual hydraulic for primary flight controls;

-applying damage-tolerant structures, like glass/carbon fibre rotor blades which are an essential
design feature of MBB's hingeless rotor systems, or rotor shafts and hubs made from materials with
high fracture toughness, such. as high purity steel or titanium alloy.

But nevertheless there will be technical failures and/or human errors that may result in verying
degrees of accidents. Especially military helicopters, to reduce detectability, ofter .ill operate at ex-
tremely low altitude, below tree level if possible, taking advantage of cover afforded by the landscape
and thus exposing the occupants to high-risk situations where accidents may occur.

Crashworthiness activities at MB therefore date back to the late sixties, when during 80 105 develop-
ment crash protection systems such as seats, fuel systems, and landing gears were developed with the aim
of preventing or reducing occupant injury and hardware damage.

2. CRASHWORTHINESS DESIGN FEATURES

Crashworthiness engineering is designing to prevent occupant fatalities, to minimize the number and
severity of occupant injuries, and to minimize, to the maximum extent practical, aircraft damage, when the
helicopter is exposed to crash environments. This requires that the energy absorbing systems of the heli-
copter be designed so that the occupant will not be exposed to ircapacitating injury prior to or after the
various parts expend all of their required energy absorption capacity. The decelerative forces on the occu-
pants must be reduced to levels that the human body is capable of withstanding. Large mass items, which
would normally pose a hazard to personnel, must be located and the support structure designed so as to pre-
clude their penetration into occupied areas. A habitable space must be maintained around the occupants
when proper use is made of seats, belts and other safety design provisions. Postcrash hazards must be avoi-
ded by providing for sufficient size and number of exits to allow occupant escape after the crash sequence,
including ditching, is over and by minimizing spillage of flammable fluids and by preventing their ignition
to the maximum extent practical during and after all survivable crash impacts.
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2.1 Seats

One major crash-protection function of the seat is to prevent the occupant from experiencing injurious
accelerative loadings, primarily in the vertical direction for which the spinal column is the weakest, by
energy attenuation.

The primary mechanism for absorbing crash energy is to apply a force over a distance. The larger the
distance through which the force acts, the lower the average load on the occupant for a given energy to be
absorbed and a given efficiency. The d-sign aim is to dissipate kinetic energy irreversibly rather thanconvert and store it elastically and in particular restitution is to be avoided. Devices used should beof a load-limiting design with a more-or-less rectangular force-displacement characteristic.

From past experience we know that plastlc deformation of metals fulfils the above described require-
ments and results in a reasonably efficient energy-absorbing process.

In aircraft design, where weight minimization is important, structural elements should directly be
used in energy-absorbing systems, perhaps with slight modifications.

One such element, we have studied at MBB, is based upon tube expansion and seemed us to be easily
applicable to an integral concept of lightweight seats in tubular design.

AL- ALLOY

STEFL

Figure 1. Tubes Expanded by Oversized Steel Balls

As shown in Figure 1, thin-walled, circular cross-section metal tubes of aluminium-alloy and mildsteel have been expanded by pressinq a hardened, oversized steel ball through them. The force required to
expand the diameter and to overcome friction is used for energy absorption. A typical, almost ideal rect-
angular force-displacement characteristic is shown in Figure 2.

WOeKINO
LENGrS

Figure 2. Tube Expansion Force-Displacement Characteristic
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The tests have been conducted under quasi-static conditions with a loading velocity of 0.5 mm/sec
and without lubrication.

Depending upon the tube material and the ratio of ball diameter to inner diameter of the tube, a
boundary effect on a length of 0.4 to 1.0 times the ball diameter was noticed on both ends of the tube.
The variation in the stroking load over the remaining (working) length generally was very small, with
the exception of the tubes made of AIMg 5, which can be found from the test results shown in Table 1.

Table 1. Test Results from Tube Expansion

Tute Ball Stroking Load 5k Spncific Energy
Na. Tube alea Cross SectIon 0aenter re- - -oTn P) RFep/rkg

.1 340 3.30 16.2

2 3.135413 25 5 I 243 01 5 3.10 5.2

3 9.60 9.40 19.8
4 Sy 290 ft/m 30 2 27

4 Y 11"5 11.50 24.2

O Su 2t 440 len' 34.20 no worklng length
35 .2.2 3.
62 27.20 27.20 29.6

7 .7AI2 35 11.70 8.20 23.52x: 00 N/-m' 40 •3
8 2. it sy0 N- 38 2D.20 -f~~
9 7*32 7.32 12.5

25 1 24
10 1.7214.9g_ 7a50 7.50 _-E -

11 7.02 7.02 10.6

2 S 520 N1in 28 e 2712 S 6.40 6.80 10.3

1 'F26.4N 26.40 0.3
s L Suit 650 N/=' 35 . 9

25.80 24.00 9.0

IS 40x 24.40 24.10 8.9

It 62 so 60.00 22.0

17 61.02 60.0 22.1

Note , Measured during -orking length
'I Ball e Ignt not considered

Besides being used on seat struts or support, this device can also be used as a load limiter in landing
gears or in the supporting structures for heavy mass items.

Another element, which is well suited for energy absorption and which can be used to directly support
the seat-pan, is a block of aluminium honeycomb. The relatively constant force required to crush honey-
comb materials parallel to the longitudinal axis of the cells is used for energy absorption, as shown in
Figure 3. The block length, i.e. the remaining thickness of the honeycomb when bottoming occurs, was found
to be about 25% of the original thickness.

DEFLECTION

Figure 3. Load-Deformation Curve of Aluminium Honeycomb

In order to provide sufficient stability and transverse load resistance, we found that overall pro-
portions must be chosen so that the thickness of the honeycomb block does not significantly exceed the
width or the length of the block or parts of the piece, wlen not a parallelepiped. or when relatively
large lightening holes are used, as shown in Figure 4.
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Figure 4. Load-Deformation Curve of Aluminium Honeycomb with Lightening Hole

As load limiter for the ED 105 crew seats we use an aluminium honeycomb energy absorption system, as

shown in Figure 5.

Figure 5. BO 105 Crew Seat with Aluminium Honeycomb Energy Absorption System

The crush load and thus the factor of deceleration rate can easily be varied for a given honeycomb

system by just varying the impacting area, as shown in Figure 6.

At I

!4p.

-- " . jv , i

Figure 6. Crushable Seat Structures for Different Deceleration Rates

Although we did not notice during material testing an initial high load peak, as mentioned in the

literature, weFre crush the honeycomb about two millimeters to initiate buckling and to insure that in-

stantaneous deceleration rates will not exceed those at the buckling load level.
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2.2 Landing Gear

During most of the helicopter crash attitudes, the landing gear is the first element to come in con-
tact with the ground.

Since the helicopter spends a large percentage of its operational life in the low-speed, low-alti-
tude flight regime, accidents predominantly occur with high vertical descent rates and with the aircraft
in a near normal attitude. The landing gear, including the skid-type, for improved crashworthiness must
protect the fuselage against contact with the impact surface to as great an extent as possible and once
its strength and its energy-absorbing capability is exceeded, it must be sure that the landing gear failure
does not increase danger to occupants, either by penetrating the occupiable areas or by rupturing flammable
fluid containers. Both during and after impact the landing gear must provide lateral stability to the
fuselage and thus prevent it from overturning in the majority of cases.

At MBB's 80 105 and BK 187, skid-type landing gears use the plastic deformation of aluminium alloy
cross tubes in bending as an energy absorption system. The BO 105 landing gear is capable of absorbing the
energy developed for a 2,500 kg gross weight helicopter with I g rotor lift at about 4 m/sec sink rate.
The capability of the cross tubes to bend vertically without failure until the fuselage contacts the ground
provides lateral stability to the helicopters for.higher sink rates and avoids danger to occupants.

To improve energy absorption in lateral direction during a vertical impact including a simultaneous
fuselage angular alignment in roll, MBB has developed solitting tubes to attacn the cross tubes to the
fuselage, as shown in Figure 7.

Figure 7. BO 105 Landing Gear with Splitting Tube

The energy is absorbed simultaneously in a combined mode of axial splitting and subsequent curling
of the split ends of tubes and by friction when pressed axially against a die.

Figure B. Split and Curled Tubes

Figure 8 shows steel and aluminium-alloy tubes that have been split and curled. To start splitting
the tubes have been notched aequidistantly at the circumference.

A typical, almost ideal rectangular force-displacement characteristic for aluminium-alloy tubes is
shown in Figure 9.

oISPLACEMNr

Figure 9. Force-Displacement Characteristic of Splitting Tube
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The tests have been conducted under quasi-static conditions with a loading velocity of 0.5 cm/sec.

The tubes made from steel 1.7734.4 showed after an initial high load peak with nearly twice the average

load, an almost constant load-displacement curve. A similar behaviour was noticed on tubes made from steel

1.4544.9, of wall-thicknesses larger than 1.0 nm, with the exception that the initial peak was about 50%

higher than the average load. No initial load peak was found with tubes made from steel 1.0333.5 and from

aluminium-alloy. The variation in the stroking load after the initial peak generally was relatively small,

especially for steel 1.7734.4 and aluminium 3.4335T6. The test results are shown in Table 2.

1, .2203. 3200 voll 0I2

.. 2.2 12 05 2.

0 5~0 1' 25 2 12 2 2
O 200..-' 1.0 20 1001.

The BO 105 cross tubes are supported in the landing gear attachment fittings by pivoted bearing rings
and conical elastomeric bushings that form an integral Part with tightening clamps to prevent lateral move-
ment.

The military versions of the BO 105 for the German Army have been equipped with splitting tubes, as
shown in Figure 10, leading to a significant improvement of cra~hworthiness in lateral direction, as shown
in Figure 11.

' .

Figure 11. Force-Displacement Curve Of Landing Gear with and without Splitting Tube under Lateral Loading

f... .... 0:.-'-0-5 'o mm mm m m lm m ml m m
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2.3 Airframe Structure

Besides carrying the normal flight and ground loads, the airframe structure should absorb a signifi-
cant amount of impact energy and still maintain a protective shell when a crash occurs.

The MBB helicopters 80 105 and BK 117 are characterised, e.g. by a fuselage cross section, which is
nearly ellipsoidal, to avoid inward buckling; by box-type main frames to ensure that premature failures due
to local instability are minimized; by a continuous high strength structural floor, which in combination
with rugged but deformable longitudinal subfloor beams minimize fuselage separation potential; and by ex-
tended crash load factors for heavy mass items to prevent hazards to personnel.

At MBB, the energy-absorbing capability of the structure beneath the floor is regarded to be extremely
important because helicopter crashes typically involve a relatively high vertical deceleration component.
Investigations started in the seventies, when a crash research programme, sponsored by the German Ministry
of Defence, has been conducted at Vereinigte-Flugtechnische Werke (VFW), Bremen, now part of MBB.

The objective of these investigations is to develop crashworthy subfloor systems, which allow for
controlled structural collapse to absorb energy and to limit the vertical loads to human tolerance levels
over as much distance as possible.

Up to now, more than hundred specimens with various load-limiting concepts were constructed at MBB
and tested statically and dynamically to evaluate their performance. The test specimens comprised flat panels
as well as I-shaped and box-type structures, both in metal and in composite materials. The concepts included
stiffened sheet panels with variations of the relevant parameters, sine-wave panels, corrugated panels, and
sandwich panels. To arrive at nearly constant loads for a range of displacements, we investigated different
triggering systems, A few examples of the test specimens are shown in Figure 12; more detailed information
is given in another paper [2J presented at this AGARD meeting.

Figure 12. Load-Limiting Subfloor Concepts
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2.4 Fuel System

Postcrash fire prevention is primarily to avoid or at least minimize spillage of flammable fluids
during and after survivable crash impacts. Besides self-sealing breakaway couplings; frangible attachments;
self-sealing fuel lines; and anti-spillage vent valves, particular attention must be given to the derivation
of fuel tank bladder material that is cut, tear and rupture resistant while incorporating energy-absorbing
ability to withstand internal pressure as well as perforation by broken structural components. Since the
crash-resistant fuel tanks account for the largest weight penalty of any helicopter crash protection system
components, weight saving is of special importance when deriving bladder material.

In the early seventies, MBB investigated tensile strength and strain of potential bladder material
from several manufacturers. The tests have been conducted at room temperature, the results are shown in
Table 3.

Tale 3. Results of strength Tests on Potential Bladder material

Locaing Material Type Tensile Strength') Failure Strain Remarks
VeoiymtrN/ti, %

1 8,a 39
A

2 9.6 40

3 9.7 42 Speci-ns in
B -accordance with4 . 9.3 43

DIN 53504
5 7.0 53

6 ~ C6 7.4 55

7 9e0 130D
88,8 102

9 12.3 1526

10 12.2 1616
Length: 1301I 12.3 1542

E
12 11.9 1644 Width: 22 -

13 11.4 1486

1 O7f4 Length: 130
15 10.6 1582

16 Width: 26 n1 6 F 9.3 1440Wit: 2 W

17 (PF 615) It.0 t 564

18 11.2 1582

Note: I With reference to original cross section

For further material selection we conducted constant-rate-tear-tests impact-penetration-tests and im-
pact-tear-tests, as specified in the U.S. Military Specification MIL-T-27422B. The test setups and the test
results are shown in Figure 13 to Figure 15 and in Table 4.

Figure 13. Constant Rate Tear Test Setup Figure 14. Impact Penetration Test Setup
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Figure 15. Load-Time Histories of Different Materials During Impact Penetration

Table 4. Results of Preproduction Tests on Potential Bladder Material

so. Material Contant-Rate-Tear-Test impact-Penetration Test Impact-Tear-Test
Energy Absorption Ah Leakage after impact? Length of Tear -

I PF 615 21 yes 80i)

2 MRB Baokino-Board 73 not tested 110

3 .M8 Mcking-board oPF 615 '08 yet. when B-B 0ep00no. ahen B-B loose

4 ARM 062 655 not tested 5

5 ARM 063 08 no 5

Rekng. ar8 luerniue+ pAIlo1 O 005 tesTed ret no. en B-B tiod not tested

0.8 man Anllum Alloy +Of B ee
7 Alukidou ioneyso b 0 0.2 sa not tested yes not tested

- Atn,,M Alloy A _ _1

Note: I r, e with sries production nype ateril

Several fullsize fuel tanks for the BO 105 have been fabricated out of the chosen material (PF615)
and then crash impacted from different drop heights up to 20 m with and without a supporting structure to
s'mulate their structural environment. The test results are shown in Figure 16 to Figure 18 and in Table 5.

Figure 16. Impact from 20 m Figure 17. Impact from 10 m Figure 18. Impact of Bare Fuel Cell
on Obstacle from 20 m

Table 5. Results of Impact Tests on Full Side Fuel Tanks
Tes Talk No Test Sam"le eigrop het R ,,ut

1 PF 6515 tank . MBB Backing-BOard In a IO no leakage
supporting structure with a honeycoeb

2 sandwich bottom plate 15 no leakage
3 1 kiF6t5 tank In a supportng structure 10 no leakage

4lth a sheet Meti bottom plate
a I6 no leakage

5 PF kt tank without a supporting structure 20 spillage, see Fig. lB

6 PF 615 tank with supporting structure 20 no leakage. see Fig. 1
2

7 PF 615 tank without supporting structure 20 spl lage
8 il) PF b15 tak With supporting structure 1 0 n leakage, see Fig. 17
Mote: Tank fo. 3 was impacted on an obstacle (steel tube with 120 ae diameter). as can he seen

Ores Figure 17
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To prove the perforation resistance, one PF615 tank was filled with water and then impacted with the

chisel from the impact-penetration-test. One half of the impacted area was covered by backing board and
0.8 mm aluminium-alloy, the other half was covered by 0.8 mm aluminium-alloy only. The part covered by
backing board was impacted from 4.57 m; 7.5 m; and 11.25 m without any visible damage on the tank bladder.
The part not covered by backing board was impacted from 4.57 m without leakage, however, the tank bladder
was distinctly marked by the chisel. When impacted from 9.2 m, the aluminium-alloy and the tank wall were
completely penetrated.

From the tests conducted at MBB, the following conclusions can be drawn:

- Drop tests on fuel tanks without a supporting structure to simulate their structural environ-
ment are far too conservative, as a fuel tank installed in a rigid structure that absorbs the
stresses generated by the pressure increase is more representative of actual crash environment.

- High-flexible bladder material, such as PF615, in combination with a supporting structure and
a backing-board material, is well suited for a crashworthy fuel tank to withstand internal
pressure as well as perforation.

The military versions of the 80 105 for the German Army therefore have been equipped with crashworthy
fuel tanks of the above mentioned construction, at a weight increase of nearly 20 kg.
During service with the crashworthy fuel system no crash-related fire has been reported.

3 FULL-SCALE CRASH TESTS

Without doubt, full-scale crash tests of complete helicopters are best suited for proof of compliance
for fuselage and related structures such as landing gears, engines, transmissions, and seat tiedown provi-
sions. But also to complement and substantiate analytic determination of airframe behaviour, the use of
full-scale dynamic crash testing is highly recommended.

Data acquisition from full-scale crash tests is accomplished with extensive photographic coverage
using low- and high-speed cameras and with onboard strain gauges and accelerometers. The accelerometers
are the primary data generating instruments and are positioned to measure accelerations parallel to the
helicopter axes in all interesting areas.

3.1 BO 105 Crash Test

In February 1974 a Bo 105,which had been damaged during a mishap to such an extent that it would
not be economically viable to restore the helicopter to a flightworthy conditionwas crash tested after re-
pair of the fuselage, installing a crashworthy fuel system, and adding splitting tubes to the landing gear
cross tube attachments. M-ij and tiil rotor, hydraulic aggregate and horizontal stabilizer were replaced by
dummies with equivalent weight. Thie fuel tanks were filled with 410 kg water and the pilot seat was occu-
pied by an anthropomorphic dummy of 75 kg. The test helicopter, shown in Figure 19, was ballasted by lead
ingots on the floor to a grossweight of 1,800 kg and a centre of gravity within the BO 105 centre of
gravity range.

To realize a ccmbined forward-downward impact velocity vector, the crash test was accomplished using
the pendulum method with the aid of two cranes, as shown in Figure 20.

Figure 19. 80 105 Crash Test Helicopter Figure 20. BO 105 During Movement in its Pull-Back Position

a~''nmm mm ~ mmm
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The helicopter was suspended from one crane by two swing cables and drawn back by a pull-back cable
of a second crane to its release position. The cables were rigged to simulate at a flight attitude with
horizontal skid tubes a vertical velocity of 8 m/sec and a longitudinal velocity of 15 m/sec, leading to a
resultant impact velocity of 17 m/sec, which is just above the resultant impact vector of 95th percentile
severity, as shown in Figure 21. The impact test arrangement can be seen in Figure 22.

MPACT VELOCITY ENVE40PE

- -. E (ML-5D- 0Igo)

V -1 5m/ ,

Figure 21. 80 105 Impact Velocity Figure 22. 80 105 Impact Test Arrangeent

Thirteen acceleration pickups were installed on the floor, on the main transmission, and in the head
and chest of the anthropomorphic dummy. Four strain gauges were applied to measure the loads in the four
transmission struts. An umbilical cable, linking the onboard accelerometers and strain gauges to a data
acquisition system located on the ground, hung from the rear door opening of the helicopter and had a
length that did not restrain the movement of the helicopter even during skid-out,

The helicopter was released by electrically activating a load hook of the pull-back harness. The
swing cable harnesses were separated also by electrically activated load hooks at impact. The impact sur-
face was frozen sod, slightly covered with snow.

The helicopter contacted the impact surface with the skid tubes parallel to the ground. The landing
gear cross tubes travelled through their entire 0.35 m of available stroke and the subfloor structure aft
of the rotor axis was damaged by contacting Lhe ground. The crew and passenger compartment did not show
any damage and even the windshields remained completely in place and undamaged. Also the engine and trans-
mission mountings were only slightly damaged and the self-sealing breakaway coupling between main and re-
serve fuel tank worked,and the fuel system did not show any leakage. The aiuminium honeycomb crush struc-
ture in the pilot seat was 5 m compressed by the anthropomorphicdummy. The splitting tubes on the landing
gear came not into play, as virtually no lateral loads were developed. A still sequence photo taken approxi-
mately 100 milliseconds after impact is shown in Figure 23. The condition of the BO 105 after the crash
test can be seen in Figure 24. The peak decelerations measured are shown in Table 6.

Figure 23. 80 105 about 100 ms after Impact Figure 24. 80 105 after Crash Test

Table 6. Peak De¢elerAtlop Load Factors durno 80 105 impact
O~etin F.-.,d Floor Aft Floor fras D-y

Left pight Left k."',{ i-..o Che't I..d

W S 21 271.5 - 36.5
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From the full-scale crash test of a 00 105 helicopter the following conclusions could be drawn:

- The airframe structure is able to absorb thp impact energy of a severe survivable crash and
still maintains a protective shell.

- The forces and accelerations imposed upon occupants do not exceed the limits of human
tolerance for survival, as the peak acceleration of 36.5 g, recorded on the anthropomorphic
dummy, had only a duratiun mf about 2 milliseconds. For a duration of 1O milliseconds an
acceleration of 15 g was established.

- The mounts and the structural support of all heavy mass items which would pose a hazard to
personnel are designed to withstand the loads occurring during a severe crash.

- The aluminium honeycomb crush structure of the crew seats works satisfactorily. The rela-
tively small stroke observed was due to the relatively low input load of about 14-19 g
measured on the floor beneath the crew seats.

- The crashworthy fuel system works excellent. The fuel cells in combination with the surroun-
ding structure are able to withstand internal pressure occurring during a severe crash. The
self-sealing breakaway couplings work with no spillage. A postcrash fire hazard therefore
can be regarded as extremely remote.

3.2 BK 117 Crash Test

In March 1985, Kawasaki Heavy Industries (KHI), MBB's partner of the BK 117 development and amongst
other parts responsible for the airframe structure except the tail boom with empennage, conducted the first
full-scale helicopter crash test in Japan, using a BK 117 preproduction helicopter modified as close as
possible to the series production type [3] . Main and tail rotor, hydraulic module, right-hand engine,
and the forward passenger seats were replaced by cummies with equivalent mass and moment of inertia. The
secondary structures such as doors, windows, and cowlings were not installed. The fuel tanks were filled
with about 600 kg water and the copilot seat was occupied by an anthropomorphic dummy of 60 kg. Three
NAS809 body blocks and four dummy masses, each with a weight of 80 kg, were used to simulate the pilot and
the passengers. Additional masses in the cockpit and the baggage compartment were installed on the floor
to adjust the grossweight to 2,850 kg and the centre of gravity within the range of normal operation. The
configuration of the test helicopter is shown in Figure 25.

Main Rotor (tummy)

Rotor Hub (Oummy) Tail Rotor

Jig for Lifting Tent soecinen

Gearbox /Engine; L/ ....... L, /-

chapter before.

Fourteen ecceleration pickups were installed on the floor, the main transmission, the left-hand engine,
the body blocks, and in the chest of the anthropomorphic dunnmy.

The following impact sequence was established from the high-speed motion-picture data:

(11 The helicopter approached the ground in an attitude of 5.7 degree pitch up (3.5 degree
corresponds to level landing), 0.9 degree roll right, and 2.2 degree yaw left. The impact
angle was 35.5 degree instead of 28 degree.

12) Rear part of right-hand skid tube first contacted the ground.

131 Rear cross tube travelled through its entire 0.35 m of available stroke and the bottom of
rear cabin contacted the ground.

(41 Cabin subfloor structure crushed, resulting in the burst of the forward main fuel tank and
canted frame buckled.

T 5) Bottom of the cockpit subfloor impacted on the ground and the upper connection of the
centre pillar failed.

ForenAclrto ikp eeisaldo h lotemi rnmsin h ethn nie
th oybokadi h hs fteatrpmrhcdmy

Th folw i mpc seuec was esalse fro th hihspe moinpitr daa
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(6) Side panel structures under the forward mainframe collapsed.

(7) Horizontal stabilizer endplate contacted the ground and rebounded.

(8) Ceiling structure slightly moved forward relative to the cabinfloor and the door openings
slightly deformed.

(9) The test helicopter came to rest after forward sliding of about 8 m.

rhe condition of the BK 117 after the crash test ca-1 be seen in Figure 26. The peak decelerations
measured are shows in Figure 27, the deceleration-time histories in Figure 28.

6 (RIGIITWAsSL

31. OTE: Arwsho~s direction.j of sensor

6

Figure 26. SK 117 after Crash Test Figure 27. BK 117 Peak Decelerations
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4. ANALYTICAL SIMULATION

In terms of fidelity, the dynamic testing of full-scale structures most closely approximates actual
crash conditions, especially if velocity components and impact surface conditions can be realistically re-
presented. However during the early design stages of a new helicopter, full-scale testing is untimely and
would be extremely expensive. Additionally there are several sets of crash conditions that must be investi-
gated in support of the design process.

As a result of expanding computer capability, a number of digital computer codes for analysis of
helicopter structures, subcomponents, and helicopter occupant dynamics in a crash environment have been
developed.

These computer programmes can provide a means of evaluating the effectiveness of helicopter structures,
energy absorbing systems, and occupant retention in satisfying a set of crashworthiness criteria.

4.1 Crash Impact

Crash impact simulation, i.e. predicting of the structural behaviour of a helicopter and the decele-
rations to which the occupants are subjected in a crash environment, must include extensive plastic defor-
mations; large deflections and rotations; and the ability to nandle nonlinear boundary conditions required
by variable contact/rebound.

During the seventies, MBB selected as tool the computer programme KRASH, well-known in the helicopter
community, which predicts the structural response of a helicopter to multidirectional crash environments.The programme solves the coupled Euler equations of motion for n interconnected lumped masses, each allowed
six degrees of freedom. The interconnecting structural elements represent the stiffness characteristics,
both linear and nonlinear, of the structure between the masses and must be defined by user input data.

The KRASH code has been implemented and tested using simplified models as well as more sophisticated
models, as shown in Figure 29, taken from the literature [4].

Figure 29. KRASH Helicopter Model

From working with KRASH we found that it enables the representation of a helicopter structure by a re-
latively small number of beams which facilitates data evaluation and result interpretation. The calculation
of a measure of occupant injury potential (Dynamic Response Index) allows the evaluation of the probability
of spinal injury. Computer time is reasonable for simple and intermediate models. The programme KRASH can
be used for studies of structural design parameters and energy dissipation in subassemblies for two- and
three-dimensional geometry and motions.

4.2 Subcomponent Crushing

The nonlinear stiffness behaviour of interconnecting beams in crash impact simulations are frequently
found directly by experimental tests, but due to cheaper computing power the nonlinear properties of sub-
components will more and more be derived from separate refined finite element analyses, taking into account
effects, such as section distortion, shell folding, and rivet popping.

During the crash research programme (see chapter 2.3) the load-carrying capability of a trapezoidal
aluminium-alloy sheet in the pre- and post-buckling area under axial compression has been analysed with
the finite element programme MARC parallel to quasi-static crushing tests (5].

A drawing of the test panel is shown in Figure 30 and the mathematical model of a repeating element
can be seen in Figure 31.
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Figure 30. Trapezoidal Test Panel Figure 31. Mathematical Model of Trapezoidal Panel

Non-linearities due to large deflections and the elasto-plastic material behaviour have been taken into
account. The analysis was conducted by using the dynamic Slow-Ramp solution method, where system damping
and deformation velocity are the significant parameters. The load-deformation behaviour corresponds well
with test result, however, the first crushing peak is strongly dependent on the deformation velocity, as
shown in Figure 32.

. .V=40MM/S

ANALYSIS

TEST

0 ISLACEMENT

Figure 32. Load-Deformation Characteristic of a Trapezoidal Panel

For an aluminium-alloy sheeL-stringer concept, in cooperation with Engineering System International
(ES), a mathematical model has been developed with shell elements and special rivet elements and EST con-
ducted a non-linear dynamic analysis using the explicit finite element code PAM-CRASH as given in another
paper [6] presented at this AGARD meeting. Provisions were made for contact between the different parts of
the structure.

The sheet-stringer structure has a vertical plane of symmetry. Therefore, only one symmetric half was
considered in the finite element model, as shown in Figure 33.

" I- aWmm m m ( lm mmmmm wm
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Z-STRINGER

S260

Figure 33. Mathematical Model of Sheet-Stringer Panel

Loading of the finite element model was applied by two moving rigid walls at top and bottom of the
structure. Each wall travelled at 5 m/s axially toward the structure, thus producing a 10 m/s crushing
velocity. The first 15 milliseconds of the crush were simulated. This corresponded to a 150 mm crushing
of the 450 fn high structure.

A total of nine cases of the stringer reinforced panel were considered, differing with regard to:

- the boundary conditions at top and bottom of the structure,

- the number of rivets connecting the stringer to the panel,

- the rivet failure conditijns (failure allowed/not allowed),

- the wall-thickness of the panel,

- the height of the z-stringers,

- time dependent lateral loads, representing fuel tank pressure loading.

The following results have been presented by ESI:

- Load versus deformation diagrams for the overall structure and the two stringers only,
thereby giving an indication of the proportion of load transferred through the stiffeners
'see Figure 34).

- Integrated energy absorption versus deformation diagrams ('ee Figure 35).

- Sequence of deformed shape plots (see Figure 36).

- Force versus time diagrams for rivets in the no-failu, e-condition.

Time of rivet failure, when failed within the simulation time.

0 TA t FORCE

'"FORCE IN srQIGERS

DISPiACEMENT 5IP5ACEME-N

Figure 34. Load-Deformation Characteristic Figure 35. Integrated Energy Absorption
of Sheet-Stringer Panel of Sheet-Stringer Panel
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Figure 36. Crushing Sequence of Sheet-Stringer Panel

A comparison between analytical results and test results, conducted by MBB, is given in another
paper [2] presented at this AGARD meeting.

For an aluminium-alloy sandwich concept, a mathematical model also has been developed in cooperation
with ESI and a non-linear dynamic analysis using PAM-CRASH has been conducted by ESI, as given in another
paper [61 presented at this AGARD meeting.

The sandwich panel analysed is shown in Figure 37 and the panel after a quasi-static test of 5 mm
crushing which corresponds to 0.5 ms at 10 m/s is shown in Figure 38. A series of deformed shapes, illu-
strating the development of deformation during a crash can be seen in Figure 39.

, j'* 'F,

Figure 37. Sandwich Test Panel Figure 38. Sandwich Test Result

OM5 MS 25 MS 15 .5

Figure 39. Crushing Sequence of Sandwich Panel

From the experience gained with analytical simulation of subcomponent crushing, using finite element
programmes, we can conclude that these codes can be a viable tool to simulate realistically structural
detail behaviour and thus reduce the amount of experiments required at reasonable computer time.
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4.3 Occupant Dynamics

Injury assessment in a multiaxial acceleration environment must consider the compactness of the cock-
pits of moden military helicopters and the close proximity of mission equipment which pose serious crash
impact hazards to the aircrew.

During the crash research programme (see chapter 2.3), the computer code MVMA 2-D, developed at the
University of Michigan for the automotive industry [7J , was selected as an analytical tool to establish
the movement of occupants relative to a surrounding structure and the loads acting on occupants under crash
conditions.

The programme is based on a two-dimensional biomechanical model whici reproduces the human response

to impact and which is able to simulate contacts and contact forces when interacting with the restraint
harness and the surrounding structure. The surrounding structue, such as seat, floor, instrument panel,
windshield etc. can be specified in its time-dependent position, as shown together with the biomechanical

model in Figure 40. Also several restraint systems, including air-bag are available.

To run a simulation, the programme needs information about the initial occupant position and the im-
pact velocity components for the considered plane as well as the time dependent linear and angular dece-
lerations of the occupant in tabular form.

The programme gives detailed information about the time-dependent position of the occupant relative

to the surrounding structures, as shown in Figure 41 and the time-dependent loads acting during contact
between the occupant and its restraint harness and surroundings. Biomechanical injury criteria, such as
Severity Index (SI) and Head Injury Criterion (HIC) are established as well.

TIME T1

TIME T2

Figure 40. Occupant Dynamics Mathematical Model
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Figure 41. MVMA Stick Figure Printer Plot Frame

The programme MVMA 2-D can be regarded as a post-processor for KRASH, when considering a two-dimensional
crash environment only. The quality of the results gained with this programe Is of course strongly dependent
on the biomechanical model used. The MVMA 2-D code has been developed more than ten years ago and it can be
assumed that improved versions, perhaps with three-dimensional capabilities are available.
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5. APPLICATION TO NEW PROJECTS

Crashworthiness improvements and other safety features are most efficiently included in a helicopter

as integral system requirements in the conceptual design stage. The many benefits realized by enhancing

helicopter crashworthiness are not obtained without some impact on the weight, on the initial acquisition

costs and on operational costs due to weight/performance penalties for the crashworthy features.

The optimum protection lever is found, when the total costs, i.e. the sum of accident costs and crash

protection costs are minimum. This optimum depends on the type of helicopter, the mission to be performed,
and the flying hours per year.

5.1 Advanced Light Helicopter (ALH)

The ALH. a multi-purpose helicopter in the 4,000 kg class, shown in Figure 42, is presently under
development by Hindustan Aeronautics Limited (HAL), Bangalore (India), with the support of MBB.

AZ17

Figure 42. Advanced Light Helicopter ALH

Concerning crashworthiness the following requirements have been specified:

- Fulfillment of MIL-STD-1290 fully in the vertical direction, i.e. vz = 12.8 m/s, at an all up
weight of 4,000 kg.

- In the longitudinal and lateral directions, according to MIL-STD-1290 up to the maximum possible
extent.

- Crew seats to withstand
o 30 g longitudinal
o 20 g lateral
o 15 g vertical

-Engine and transmission mountings to withstand

o + 20 g longitudinal
a T 18 g lateral
o T 20 g/-10 g vertical.

The vertical crash impact energy is to be absorbed primarily through stroking of the landing gear
and crushing of the fuselage subfloor structure. During preliminary design phase the following crash pro-
tection systems have been defined:

- Main landing gear with 700 mm and nose landing gear with 545 mmi energy-absorbing stroke. With
a maximum deceleration of 6 g and a structural efficiency of 80% the landing gear units will
withstand vertical speeds of about 8 m/s.

- At vertical speeds exceeding 8 m/s, the subfloor structure will be crushed in a controlled de-
formation. During a displacement of 150 mm the subfloor structure will absorb the energy equi-
valent to an impact velocity of 10 m/s, when developing a peak deceleration of 50 g and a
structural efficiency of about 70%. The landing gear and the subfloor structure together thus
will absorb the energy resulting from a vertical impact of 12.8 m/s.

- To protect the crew from injurious acceleration levels, the ALH will be equipped with crash-
worthy seats of 300 mm stroke.

- The fuel tanks, !ocated under the floor, will be crash-resistant, and the fuel system equipped
with self-sealing breakaway couplings.
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Due to different reasons, a skid-type landing gear finally was chosen with an energy absorption
capacity of about 5 m/s. leading to a total capacity of the helicopter of about 11 m/s and thus covering
at least 90% of all survivable accidents. Sheet-stringer concepts have been designed for the ALH with
efficiencies > 0.7 as shown both by analysis and static as well as dynamic tests. To check the overall
behaviour of The helicopter during vertical crash impact, at present investigations are under way, based
on simple one- and two-dimensional models using the KRASH code. A more detailed three-dimensional model is
expected to be available at the end of this year.

5.2 German-French Antitank Helicopter (PAH2)

Figure 43. Antitank Helicopter PAH2

For the PAH2, shown in Figure 43, the crashworthiness requirements have been specified to fulfill a
protection level which corresponds to 90% of MIL-STD-1290. The following impact velocities therefore must
be considered:

- 10.5 m/s vertical
- 12 m/s longitudinal
- 7.2 m/s lateral.

To fulfill the requirements in the most critical, the vertical direction the following crash protec-
tion systems have been defined:

- Landing gear units to withstand a vertical velocity of about 6.5 m/s due to 700 mm energy ab-
sorbing stroke.

- At vertical speeds exceeding 6.5 m/s the bottom structure will be crushed during 100 mm control-
led deformation and thus will absorb the energy equivalent to an impact velocity of about 8.5 m/s.
Landing gear and subfloor structure together will absorb the energy resulting from a vertical
impact of 10.5 m/s.

- Crashworthy seats with 200 mm stroke protect the occupants from injurious acceleration levels.

- The fuel tanks will be crash-resistant up to impact velocities of 14 m/s, and the fuel system

will be equipped with self-sealing breakaway couplings.

Development work for the PAH2 has just started at Aerospatiale and MBB, including the design of an

energy absorbing all composite subfloor structure.

5.3 NATO-Helicopter for the Nineties (NH 90)

The NH9O is a quattrolateral programme, comprising France, Italy, Germany and The Netherlands to deve-
lop a Common Helicopter, as shown in Figure 44 which will be the basis for a Tactical Transport Helicopter
(TTH) and a NATO Frigate Helicopter (NFH). The Basic Helicopter is a mult!-purpose, twin-engine helicopter
in the 8-t0 t class with a voluminous cabin and a retractable three-wheeled landing gear.

Concerning crashworthiness the following requirements have been specified:

- Vertical Impact velocity

6 m/s without fuselage/ground contact
11 m/s with extended landing gear
8 m/s with retracted landing gear

- Longitudinal Impact velocity

15 m/s with extended and retracted landing gear
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- Lateral impact velocity

8 m/s with extended landing gear
7 m/s with retracted landing gear

- Impact attitude

15 degrees nose up pitch and + 10 degrees roll

The main objectives of the present Project Definition Phase (PDP) is a definition of the basic helicopter.
Crash protection systems, such as landing gear units, subfloor structure of the all-composite airframe to
allow deformation in a controlled and predictable manner as well as occupant retention and fuel systems will
be defined in the PDP in a total systems approach to arrive at a cost-effective design that is best adapted
to the level of risk.

Figure 44. Common Basic Helicopter NH90

6. CONCLUSION

From more than twenty years activities in the crashworthiness field the following can be concluded:

- Load-limiting, energy absorbing seats are indispensable to prevent or reduce occupant injury
in a severe survivable crash. There are several systems in use to provide a measure of load
reduction by stroking.

- A crashworthy landing gear offers very real economic savings, as it avoids material damage
from hard landings, however, a decrease in helicopter performance due to increased landing
gear weight must be taken into account.

Modern helicopters are characterised by an airframe structure which ensures that premature
failures and a fuselage separation potential are minimized to maintain a habitable space for
the occupants during and after impact. The subfloor structure shows energy absorption and force
attenuation capabilities to prevent injury of the occupants and to lead to a low enough g en-
vironment for large mass items to reduce, in combination with a high static tiedown strength,
the probability of breaking loose.

The standard material for metal fuselage structure is at present a ductile aluminium-alloy
that can tolerate rather large strains, deform plastically, and absorb a considerable amount
of energy without fracture. Load-limiting concepts are available with virtually no additional
weight, showing relatively high structural efficiencies. The use of advanced composite materials
in helicopter fuselages will not prevent improvements in the crashworthiness of the structure
if proper emphasis is placed on crashworthiness early in the design process, as shown in common
DFVLR/MBB activities, given in another paper [8] presented at this AGARD meeting.

Fire prevention is primarily to avoid or at least minimize spillage of flammable fluids. Self-
sealing breakaway couplings and anti-spillage vent valves are state of the art for crashworthy
fuel systems. Fuel cells in combination with the surrounding structure are shown to withstand
internal pressure as well as perforation by broken structural components. Drop tests of fuel
tanks without simulating their structural environment are far too conservative. In a total
system's approach, considering energy absorption and force attenuation by the landing gear and
the subfloor structure, it can be shown, that an impact velocity of 19.8 m/s, as specified in
MIL-T-27422B, is too conservative. We consider an impact velocity of about 150% of the fuselage
vertical impact velocity to be sufficient for fuel tank drop tests.

During full-cale crash tests valuable information could be gained on the crash-behaviour of
MBB helicopters. The test results also can be used to verify the modeling of these helicopters
for an analytical simulation.

A number of digital computer codes are available for the analysis of complete helicopters,
structural subcomponents and occupant dynamics. These computer programmes can provide a means
of evaluating the effectiveness of helicopter structures, energy absorbing systems, and occupant
retention in satisfying a set of crashworthiness criteria. As a result of expanding computer
capability and cheaper computing power an improvement of the analytical methods from an econo-
mic point of view is to be expected.

- The work accomplished so far at MBB and in cooperation with partners and subcontractors enables
us to contribute significantly to fulfill the crash requirements in present and future heli-
copter and tilt rotor developments, such as ALH, PAH2, NH90 and EUROFAR.
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Abstract

The extensive use of composite materials in helicc-'er structuvcs has prompted new

research activities in crashworthiness in the last dacade.
A rational design of crashworthy structures requires a great deal of data and

experience to be collected and organized; in particular the most efficient mechanisms of
energy absorbtion must be understood and carefully investigated and consequently the
best structural concepts and detail design can be identified.

With this aim and in cooperation with Agusta Helicopters a research program has been
undertaken, covering many of the basic aspects of crashworthy design, i.e. dynamic

experimentation on subcomponents and subassemblies, hybrid and true finite element
modeling, design and verification procedures. -- J=

The paper presents some preliminary results, together with the outline of the whole
program.

1. INTRODUCTION

The idea of modern helicopter crashworthiness takes its origin from the observation,

made from the end of the 60s, that a large part of the helicopter crashes could have
been survived if some dangerous secondary events had been prevented; i.e. fire, the
collapse of the cabin structure, and the collision of hard protruding objects with human

bodies (1).
The first effort in crashworthiness was then aimed to design fuel systems, structures,

cabin fitting out, seats and restraints able to prevent such secondary events, in order
to make survivable what were been considered as potentially survivable accidents.

Potentially survivable accidents were spontaneously defined as the ones inside a
velocity envelope such that, with current helicopter structures, peak accelerations were

limited within human tolerance limits.
These early ideas and definitions have subsequently been developed and widened,

following the development of crashworthiness technology.

2. THE ROLE OF REQUIREMENTS

In this scenario requirements have been issued, both in the form of military
regulations (2), (3) and of customer's requirements (4); such requirements had a

tremendous effect in forcing designers to work on specified crashworthiness aims and

consequently in stimulating relevant research.
In the future, when crashworthy design technology will be more developed,

crashwortiness will possibly become a performance, i.e. a measurable and saleable
quality.

But nowadays the obtainement of good levels of crash safety both in automotive and in
helicopter technology, strongly relies on the enforcement of suitable requirements or
regulations. Requirements must contain a clear problem statement, and a correct

definition of targets, the letter being significantly in advance, but still compatible,
with the current technology. So appropriate requirements are very important and not easy

to develop; they must be considered significant results, rather than a starting point
for a research project.

hn the other hand the application of crashworthiness requirements from the earliest

stages of design, will lead to notable benefits, even if coupled with possible costs

increase (5).
In automotive and also in helicopter technology such kind of requirements seems to

have a tremendous effect in stimulating research and in improving knowledge; but as

knowledge deepens, requirements likewise have to evolve, first of all from a quantitive
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point of vies (that is issuing clear, regular and unambiguous requirement,), and also

quantitatively (for instance continuously varying acceptable crash levels).

Relatively crude requirements may have a dramatic effect at the beginning, but tey

must be able to follow the evolving tecnnology.
Anyway basic crashworthiness items have to define some foundamental targets: at least,

the requirements must demand not to exceed survivable acceleration levels, not to

produce too much severe impacts for the occupants against harj protruding objects, not

to give rise to pieces projection.

In synthesis for light impacts nor occupants nor aircraft, eccap, landing gear have to

pay consequencies. Viceversa for severe impacts high probability to survive must be

assured for occupants, with possible severe damage for aircraft.
The achievement of such target with minimum weight and cost increase demands a lynaiic

tuning and a design integration of the different energy absorbing mechaniss and

components.
it has been already observed that it is quite difficult to obtain crashworthiness not

starting from the first phase of the design, and the best way to obtain crashworthiness
without any increse in weight and cost is to introduce crashworthiness from the
conceptual design (6).

One of the most important and basic items of the crashworthiness requirements is the
definition of the maximum survivable impact, that is the definition of the maximu.
impact that could be assumed as a test for the structure, taking into account that tnere

is a physical human limitation.
Considering the simple energy balance:

Li2m(Av 2 
(l- ) L -qSmgD

2,
if - is the mass of person to be survived, (m(Av)2 12 is the kinetic energy and 71. -

the amount of energy absorbed by the undercariage, the rest of the energy musl" be
absorbed by the subfoor and seat restraint., characterized by a total stroke S.

Assuming a certain global stroke efficiency related to subflcor plus seats, fisinp,

maximum survivable peak acceleration, and knowing from ejection seats research . e.
from the so called Eiband curve) that for pilot the maximur. survivable vertial
acceleration peak is of the order of 20 g's, assiiming hat he landing gear, absorbs soe
half of the energy, a total stroke (seat plus subfloor) Of :m, and a global stroke
efficiency ris of 0.7, a survivable impact velocity of 19 Im is obtained.

Till now actual helicopter structures, have not allowed to reach such im mt verocity

level, surviving occupants: evidently the structures have not _:. Aesigned considering
suitable crashworthiness criteria, and consequentll these levels must he regarJed as

target for the future.

3. STRUCTURAL CRASH SAFETY

A numerical crash simulation of a typical helicopter tr-'ure, made of a suIfloor, a
colLapsable seat and a dummy has been worked out The related results Figure I i...
that, having certain floor acceleration, that is acelera-Ion of points were he s-a S
fixed, toe effect of the seat itself and the dynamoi' 'ntercticns Df e
system is such that the acceleration of the pelvis reiton and the ac-elerea ion o' The
chest of the passenger is hIgher than the peak acceleration of the floor itserf.

This means that it is very difficult to achieve a satisfactory decrease in ,)cuo ant

acceleration, because of the dynamic interactions of The -cmponents belongirg to the.
system.

Lower acceleration levels could be obtained by perfor-ming a dynoi: tuning of the teat
and the passenger.

Anyway all this may lead to high increase in costs, so that it is necessary to ta;e
into account also economical aspects in defining the maxist, survivable impact.

Considering Figure 2 one finds the increase in crashwor thines on the abscissa axis
and increase in crashwcthiriess cost on the ordinate axis toe curve of the cost of
safety becomes steeper and steeper having possibly a vertical esymptote.

The maximum survivable impact would be considered at the interserl ion of this curve
with the maximum acceptable cost curve which is not a constant, but varie: aecoring to

the required impact severity level.
In the future, thanks to improvement in technology, probably it will be possible to

get higher survivable impact levels with lower increase in cost.
A typical helicopter crash event, considering absorption mechanisms and main sequence

of collapse for the energy ab orbing structural elements is schematically represented in
Figure 3. It is shown that firstly the landing gear than the subfboor, and finally the
seat and the roof structure must collapse absorbing energy and meanwhile containing the
heavy mass of the gearbox (7).

However it must be underlined that, dealing with the hslirp[ter crashorthiness, one
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has to take into account mainly the behaviour of each element (as for instance landing

gear, subfloor, etc. (8), (9)) but also has to take care of the integration of the

design, which must be very tight.
In order to accomplish this integration the following foundamental items must be taken

into account: the structural design of components and subassemblies (paying particular

care to joints and fitting), the choice of materials and their application, the
definition of the dynamic behaviour of each element, capable to achieve a global
well-matched tuning, so to avoid bad interactions.

4. DESIGN METODOLOGY

To fulfil crashworthiness requirements it is necessary to define a design procedure

(10), (11); the sequence which may be considered in a first instance (not much different
from the one used till now) (Figure 4) is based on preliminary design of the structure

and contextual design of energy absorbing modes, subdivision of the total energy betwoen
the various modes according to the strokes available, and then on optimum structural

design of the components separately, to obtain optimum stroke efficiency of every energy
absorbing mode; this of course needs experience and data about the behaviour of details.

Then the verification of dynamic interaction is worked out; this must be done via
hybrid simulation which is absolutely necessary to simulate crash with very simple

models: in fact at this level of desi- the structure is not completely defined and so
true finite elements analyses are -ful (12) (13).

The study of this dynamic intera. Ay lead to non completely satisfactory results,
and so a design modification may be n, -sary.

The detailed design needs experimental tests for some components, which are usually
carried out parallelly to design procedure.

Besides special finite elements codes for crash analysis (that is complete finite
elements as PAM-CRASH, DYCAST and ANCS) must be considered very important items to study
structural components and to guide specific experimental research (14) 15).

But, in order to put into practice completely all the items previously listed, the
design procedure must be optimized and rules somewhere changed, as shown in Figure 5.

After conceptual design, th- first item consists in the identification of the hybrid
model with undetermined control parameters and then optimization of the dynamic

interaction of designed parts by obtaining the optimal dynamic behaviour of this
deformable macro-element, and finally the structural design of actual component having

the behaviour which has been specified by means of this optimization.
If this is not possible, a new feedback is need, and also a modification in design

and/or design constraints to make this possible.
This is really something which is the best way of designing.

5. COMPOSITE MATERIALS

In modern helicopter structures composite materials are throughout used in place of
conventional aluminium alloys, owing to their good specific strength and stiffness. So
it is now mandatory to widen the knowledge of their crashworthiness capabilities (16)
(17).
This fact demands new research activities, because these kinds of materials show

higher brittleness, they are possibly more difficult to join, they are characterized by
a decrease in mechanical properties in hot-wet conditions, post-crash integrity is less

easy to achieve and a large amount of small fragments is projected in all directions
during impact; but the real advantage offered by composites is that their specific
energy is much higher so they really promise to reach higher crashworthiness standards
(18).

In Figure 6 it is shown that the specific energy of carbon-epoxy specimens is more

than twice with respect to aluminium specimens.
Besides in Figure 7 crushing behaviour of carbon-epoxy, kevlar-epoxy and aluminium

alloy tube specimens are compared: it appears that composites guarantee a higher degree
of energy absorption and an excellent load uniformity.

These results come from tube-test very simple, but however able to put into evidence

some important aspects; even if there are some problems to solve, the promise to obtain

good results is real.

6. FUTURE NEEDS

The aforementioned crashworthiness design procedures deserve the fulfilment of the
following needs in the near future: to better understanding of energy absorbing

mechanisms of composites, to increase post-crash integrity of composite structures, to
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improve detail design, to develop a design procedure considering dynamic tuning between

different energy absorbing mechanisms and joint behaviour, to widen and to deepen

experience in the use of complete finite elements for crash analyses and to improve

integration of experiments, hybrid simulation and true finite elements analyses.

7. CURRENT RESEARCH PROGRAM

Consequently, at Aerospace Engineering Department of Politecnico di Milano, a research
program has started, sponsored by the Government within the frame of a "strategic

project" and by Agusta Helicopters for the main technical aspects related to helicopter

design.
The aims are: to improve knowledge on composites energy absorbing ability, to develop

a reliable data base on crashworthiness detail design, to improve experience on crash

testing and simulation, and finally to develop efficient procedures for crashworthy

design of helicopter and aircraft structures.
The program of the research has scheduled first of all some component tests (namely

beams and webs in compression, beam crossings in compression and beams in bending),

using a drop test machine.
Beside, a larger horizontal crash machine has been developed, able to test

subassemblies and large subfloor structures.
As far as finite elements crash analyses are concerned, to be used in conjunction with

subcomponents experimental tests, a choice will be made between PAM-CRASH and ANCS

codes.
At the end of this research program some drop tests of a full scale helicopter

fuselage will take place.
In Figures 8, 9 the facilities existing in the Department arle shown; the drop test

machine has an height of 7 m, with a maximum velocity of 11 ms , and a mass which can
range from 55 to 180 kg; the bigger horizontal machine has a pneumatic drive, the plate
is about 2 m and the colliding mass may range from 350 to 1400 kg, while the maximum-1
velocity is 15 ms and the maximum impact energy is 80 kJ.
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MATERIAL ALUMINUM

ALLOY
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ENERGY ABSORPTION 29.9 kJ mSPECIFIC ENERGY 25.5 kJ/kg
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SPECIFIC ENERGY 69.6 kJ/kg
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Figure 6: Energy absorption of tube specimens
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Figure 7: Typical crushing behaviour of tube specimens
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Developpements et Perspectives dans le Domaine
du Dimcnsionnement aux Impacts et au Crash aux AMD-BA

Y. MARTIN-SIEGFRIED

AVIONS MARCEL DASSAULT - BREGUET AVIATION

78, quai MARCEL DASSAULT - 92214 SAINT-CLOUD

ABSTRACT

Today we can solve efficiently the impact and soft crash sizing problems using a global ground-aircraft
modeling

Two illustrative examples are presented hard landing of the MERCURE aircraft and soft ciash of the
FALCON 900 aircraft.

We are currently working on a research program dealing with hard crash problem for commuter-type
aircrafts. funded by DGAC with technical support from STPAe and cooperation with FAA. This program in-
cludes study of actual crash cases, a crash demonstration experiment using a FALCON 10 aircraft The data
so gathered will be used to adlust our simulation model in order to determine the influence of various
parameters The final goal is to provide a sound basis to crashworlhiness requirements

In this paper we outline the main phases of this program.

1.0 INTRODUCTION.

Le dimensionnement des structures en dynamique presente des aspects complexes:

- le caractere aleatoire de nombreux parametres, les conditions initiales par exemple, ce
qui entraine un grand nombre de cas a envisager. Pour le crash il faut en outre fixer un
seuil au deli duquel il est declare non survivable.

-la presence en general de nombreuses non-linearites au niveau de la geometrie, du
contact et du comportement.

-la difficulte d'assurer une representativite suffisante dans les essais et les calculs
partiels.

Nous presentons deux exemples de dimensionnement aux impacts et au crash prepare
qui illustrent une approche globale au moyen d'un outil de simulation efficace dont nous
donnons les principes generaux.

Une action reglementaire, financee par la DGAC et supportee par le STPAe. est
engagee en collaboration avec la FAA dans le domaine du crash survivable en conditions
tres severes des avions de masse moypnne ou il n'existe pas de donnees experimentales.

AMD-BA assure la maitrise d'oeuvre de cette etude qui porte sur une analyse
d'accidents. un programme d'essai de crash d'une cellule complete en vraie grandeur
d'un MYSTERE-FALCON 10 et 'exploitation de simulations apres recalage.

Nous decrivons les grandes lignes de cette etude en cours, en particulier les
developpements de nos methodes de simulation pour repondre a ce genre de crash en
conditions extremes.
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2.0 REALISATIONS DANS LE DOMAINE DES IMPACTS ET DU CRASH.

2.1 Exemples de problemes traits.

2.1.1 Aterrissage dynamique du MERCURE.

Bien que situe en deca du domaine du crash proprement dit, cet exemple illustre
l'emploi d'un outil performant dle dlimensionnement en dynamique, 6tabore des le debut
des annees 70 aux AMD-BA, selon une approche globale sol-atterrisseurs-avion.

Nous presentons, planche 1, une comparaison calcul-essal en vol d'un atterrissage dur
du MERCURE, en particulier I'6volution des moments de flexion au droit des cadres
principaux du fuselage.

Les pr ncipales caracteristiques dlu modele utilise sont:

-une sch~matisation par elements finis dle l'avion complet et de ses atterrisseurs.

-une linearisation au voisinage du pas dle temps precedent des non-linearites "dlouces"
(geometrie, aplatissement des pneumatiques etc ... ).

- une condensation sur les dlegres non-lineaires aigus (laminage et friction dans les
amortisseurs) du systeme d'equations qui est resolu dle facon exacte.

Des temps de calcul non prohibitifs ont permis de procder a un grand nombre de
simulations. rendlant possible la prise en compte de I'aspect aleatoire ,ie certaines entrees
(conditions initiales, cuefficient de frottement etc ... ).

2.1.2 Dimensionnement des quilles du FALCON 900 it un crash prepare.

Le FALCON 900 est dimensionne pour une procedure d'atterrissage severe trains
rentres ai une vitesse verticale d'impact de 1,5 m/s.

Deux quiles en nid d'abeilles sous le fuselage absorbent une energie suffisante pour
assurer des efforts admissibles au niveau des cadres.

Outre la phase d'impact avec du roulis initial, les simulations effectuees comprennent
la phase de glissement de l'avion iusqu'b son arret compiet de facon a localiser et
dlimensionner des patins d'usure.

Quelques resultats d'un calcul sont regroupes planche 3 a 5.

Nous avons utilisd le module de dynamnique quasi-Iin~aire dle CATIA-ELFINI. Les
etapes principales du calcul sont:

- une schematisation par 616ments finis du demni-avion a 14000 degres de libert6 (planche
2).

- une condensation dynamnique en base modale symt..-- dntisymetrique A 160 degres
de liberte.

-une integration dynamnique en base reduite par m~thode implicite incondlitionnellement
stable.

Trois types de non-linearites sont prises en compte:

les grandes rotations du centre dle gravite par linearisation au pas de temps precedent.
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le comportement non-lineaire des 61ements de nid d abeilles (planche 6) trait& de facon

explicite.

- le contact sal-structure resolu par gradient conjugue projete.

2.2 Principes des methodes employees.

2.2.1 Degres de libert6.

De facon gene rale les degres de liberte Y sont issus d'un couplage de sous-structures

discretisees par elements finis pouvant Wte traitees de deux manieres:

-soit directement en base elements finis X.

-soit en base r~duite x par condensation dynamique pour les zones b comportement
6lastique lineaire preponderant.

Dans ce dernier cas, le changement de base s'ecrit:

X = [ ( Ix

La base reduite est constitu~e:

-des modes rigides I Or ] s'iI y a lieu.

-de modes elastiques fondamentaux [ Te ]

-de deformees sous chargements unitaires f o ] qui enrichissent (a base au niveau des
points de ccuplage, des points de contact etc..

En pratique cette technique nous permet dle reduire une structure de quelques milliers
de d.d.l. a quelques centaines.

2.2.2 Integration dynamique.

Nous avons a notre disposition toute une panoplie de methodes d'integration implicite
et explicite programmees de facon unifi~e par formule des rdsidus ponder~s.

Pour les problemes d'impacts et de crash, ou les echelles de temps sont tres
sup~rieures a celles des propagations d'ondes, nous employons en general des sch~mas
d'integration implicite inconditionnellement stables de type Newmark notamnment.

2.2.3 Non-fmnearites.

Les cas de dlimensionnement traites jusqu'h maintenant sont caracterises par une
integrit6 d'ensemble de la structure dans le domaine 6lastique, les non-lin~arites etant
localisees.

Pour ce genre de problemes, des elements 6 comportement plastique simple sous
forme scalaire se sont averes suffisants et efficaces vis a vis des temps de calculs.
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3.0 PERSPECTIVES.I 3.1 Programme d'essai de crash d'une cellule de FALCON 10.

3.1.1 Objectifs et planning.
Un certain no..bre d'essais dynamiques dle crash ant concern& des avions de ligne

dle masse superieure a 50 t, en particulier l'essai recent du BOEING 720 r~alis6 par (a

Nous manquons par contre de donnees experimentales pour les avions plus petits dle
la classe des "commuters" de masse comprise entre 6t et 50t.

Pour rdpondre A ce besoin, la DGAC et le STPAe nous ant charges dl'elaborer un
programme d'essai de crash d'une cellufe complete de notre avion d'aftaire
MYSTERE-FALCON 10 qul est representatif de cette categorie et dont nous donnons des
caracteristiques generales planche 7 et un exemple d'am~nagement inte~rieur planche 8.

L'objectit principal est de disposer d'61lements permettant d' orienter l'dvolution des
r~glements.

L'etude engagee porte sur trois phases:

a) [a preparation de l'essai.

Cette phase est en cours et sera terminee en Janvier 89.

Une collaboration engagee avec la FAA sera concretisee au cours dle cetle phase.

Elle comprend:

-une etude d'accidents des avions dle Ia classe des MYSTERE-FALCON afin d'evaluer les
conditions initiates de l'essai de crash. Des consequences structurales seront analysees
amn de mieux 6valuer les vitesses d'impact vertical.

- une 6tude des mayens d'essai.

- l'etude dle I'am~nagement de I'avion qui concerne l'instrumentation generale, les sieges
et les mannequins.

b) I'essai et son analyse.

L'essai est pr~vu courant 89.

L'analyse portera sur les consequences du crash au niveau structural depuis les zones
de contact au sol jusq..'3ux sieges, et au niveau des profils d'accelerations subis par les
passagers eux-m~mes.

b) l'etude reglementaire.

Un modele de simulation sera recale sur l'essai. 11 servira d'outil a une etude
parametrique.

Les r~sultats de ces travaux et de 1'etude d'accidents seront analyses en vue d'eni degager des retombees reglementaires.

3.1.2 Scenario et moyens d'essais.

Le scenario envisage d'ores et deji correspond i un crash a forte vitesse d'impact

vertical sans obstacle trontal, trains rentrds. Les conditions d'assietle et de roulis seront
voisines de celles d'une presentation A l'atterrissage.
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Deux mayens d'essai existants et susceptibles de remplir les conditions de crash sont
actuellement a I'etude: l'aire de crash par pendulage du CEAT et le rail de calapultage du
CEL. Le choix sera arrCte A l'jssue de la phase preparatoire.

3.2 Developpements dans le domaine des simulations.

Lit * veloppement des mayens d'analyse non-lineaire en dynamnique fait l'objet d'une
etude supportee par le STPAe. 11 sera applique notamnment a la simulation de 1'essal de
crash du FALCON 10.

11 s'agit d'une extension en dynamnique du programme de flambemnent et post-
flambement de notre logiciel ELFINI en y conservant la technique de super-elements
dynamiques decrite precedemnmem.

Ce developpement comprend egalement la programmation dele6ments de flexion
plastique, notamnment pour la ruine en post-flambage multimode, et Ia prise en compte
dele6ments de contact complexe et de frottement en grands glissements.

Le but est d'adapter le traitement de chaque type de non-lin~arit6 suivant des
hypothe~ses simplificatrices raisonnables, ain d'aboutir a l'algorithme de resolution le
plus economique possible.

4.0 CONCLUSION.

Nous couvrons aujourd'hui un grand nombre de nos besoins de dimensionnement aux
impacts et au crash prepare§.

L'exploration d'une approche globale du comportement au crash survivable extrqeme
,laquelle nous participons au travers du programme d'essai du MYSTERE-FALCON 10.

est une necessit6 compte tenu de I'absence de donnees dans ce domaine et le manque
de justification qui en resulte pour certaines r~gles de dimensionnement actuelles.

Elie requiert des developpements suppl~nientaires dans nos techniques de simulation

11 e-,t encore trop tot pour evaluer les consequences au niveau des regles de
dimensionnement pour les avions futurs.
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4 MYSTERE- FALCON 10

E

C) 208,7" ©2

13,86m

. 112,8"

2,86m

515"
13,08m

MASSES WEIGHT
4 880 kg 10,760 lb Equipped empty weight
2 680 kg 5,910 lb Max fuel weight
1 090 kg 2,400 lb Max Payload

Typical weight with 4 passengers, 2 pilots
8 085 kg 17,830 lb and max fuel
8 500 kg 18,740 lb Max take-off weight
8 000 kg 17,640 lb Max landing weight (-- 94% of MTOW)
6 150 kg 13,560 lb Max zero fuel weight Planche 7
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FULL SCALE HELICOPTER CRASH TESTING

Harold Holland

V Mechanical Engineer, Safety and Survivability Techn.cal Area

Kent F. Smith
Aerospace Engineer, Safety and Survivability Technical Area

Aviation Applied Technology Directorate
U.S. Army Research and Technology Activity (AVSCOM)

Fort Eustis, Virginia 23604-5577

Introduction

Historically, whether one speaks of actual aircraft accident investigations or
preplanned aircraft crash tests, a common objective exists: to gather as much pertinent
information as is possible from a relatively complex and sometimes unpredictable
dynamic event. The earliest aircraft accident investigations were for the purpose
of merely establishing the primary accident cause. With aviation still in its infancy,
those such as DeHaven (reference 1) began to learn far more from aircraft accident
damage through a more sophisticated approach to accident investigation. Principles
of energy absorption, human tolerance and structural integrity which contribute to
occupant survival and injury reduction were gradually formulated based on astute
observations. Eventually, the emphasis began to shift from merely determining the
accident cause, to identifying a design philosophy which minimizes major injuries
and fatalities in a crash. Consequently, more formal research activity was initiated.

Crash injury research began at Cornell University in the early 1940's with funding
by the Office of Scientific Research and Development, a forerunner of the Office
of Naval Research (reference 2). This work was later divided into two groups: one
concerned with motor vehicle related problems (Cornell Aeronautical Laboratories
in Buffalo, New York) and one concentrating on aircraft crashworthiness (Aviation
Safety Engineering and Research (AVSER) in Phoenix, AZ).

Today, analytical math models are becoming more capable of predicting the dynamic
behavior of aircraft structures and occupants subjected to crash loads. The engineering
community still finds it necessary, however, to periodically perform full-scale crash
tests for the purpose of validating math models, exploring new crashworthy component
design concepts, defining synergistic effects or a variety of other valid goals. -fZ

The following sections will address aspects of full-scale aircraft crash testing
based on almost 30 years experience by the U.S. Army Aviation Applied Technology
Directorate (AVSCOM) and its predecessor organizations. Though each test is unique,
certain principles and procedures have been found to provide a high degree of assurance
of acquiring accurate data.

Background

The Army aviation crashworthiness development program was implemented in 1959
with award of a contract to Aviation Safety Engineering and Research (AVSER), Phoenix,
AZ. Initial emphasis was on the in-depth accident investigation to acquire data
on the kinematics and injury patterns associated with survivable accidents*. Con-
currently with the accident investigation activities, an experimental testing program
was undertaken to supplement the qualitative data derived from accident investigations
with quantitative data derived from experimental testing.

During the ensuing 15 years, a total of 37 full-scale crash tests were conducted
at AVSER for the Army for the purpose of evaluating a wide variety of experiments
(seats, fuel tanks, modified fuels, atmospheric environment, cargo restraint, structural
crashworthiness). The majority of these tests (18) utilized a moving crane drop
method; however, other test methods utilized by AVSER were the Lrack-rail method
and the remote control drone system. A brief description of each of these crash
test methods is presented as follows:

*Survivable accident - An accident in which the forces transmitted to the occupant
through the seat and restraint system do not exceed the limits of human tolerance
to abrupt accelerations and In which the structure In the occupant's Immediate environ-
ment remains substantially intact to the extent that a livable volume is provided
throughout the crash sequence.
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a. Crane Drop Method - This method involves the suspension of the aircraft behind
the elevated boom of a large crane at a predetermined height. The crane is then
driven on a runway at a desired speed and as it passes over the impact site an automatic
triggering mechanism releases the aircraft and it impacts on the target at predetermined
vertical and longitudinal velocities. Data can be telemetered, however, the simplest
procedure is to mount the recording device on the rear deck of the crane and connect
the data recorder to the end instruments in the aircraft with an umbilical cable
of sufficient length to permit the crane to stop after release of the aircraft without
disconnecting the cable.

b. Track Rail Method - This method involves mounting the aircraft on a sled
type device and accelerating the sled to the required velocity and impacting the
aircraft into a barrier. The aircraft are mounted on the sled in such a way that.
coupled with the design of the impact barrier, will provide the desired location
and magnitude of forces imposed on the aircraft structure. Data can either be tele-
metered or transmitted through an umbilical cable. This method is utilized mostly
for fixed wing aircraft as their gear and wheels can be used in moving the aircraft
down the track.

c. Remote Control (Drone) Method - This method involves the use of a radio link,
remote control flight system to guide the aircraft to the desired impact condition
from powered flight. The interface controls actuating equipment is installed at
the pilot seat location (pilot seat removed). Data from on-board instrumentation
in the aircraft is transmitted to a data acquisition center near the impact area
by means of FM telemetry.

After conducting 37 crash tests for the Army, AVSER started devoting more and
more of their efforts to automobile crash testing and as a result removed themselves
as the Army's foremost test facility for full scale testing and authority on aircraft
crashworthiness. With this loss of AVSER as a test facility the Army had to find
another source for the conduct of full scale crash testing. At approximately this
same time period (early 1970's), the National Aeronautics and Space Administration's
(NASA) Langley Research Center (LRC) converted their lunar landing research facility
into an impact dynamics researcn fa:ility for investigating structural crash effects
on general aviation type aircraft. The Army has, since 1975, in cooperation with
the NASA-LRC conducted five full-scale crash tests utilizing the impact dynamics
research facility (Gantry swing method).

Gantry Swing Method involves suspending the aircraft above the ground under a
gantry structure, then swinging it in pendulum fashion and releasing it to simulate
free flight crash conditions at impact. Attitude of the aircraft at impact can be
closely controlled by design of the cable suspension system. An umbilical cable
used for data acquisition is suspended from the top of the gantry and is connected
to the top of the aircraft. The swing cables which guide the aircraft into the desired
impact conditions during the pendulum swing are separated from the aircraft by pyro-
technics just prior to impact, freeing the aircraft from restraint. The umbilical
cable remains attached to the aircraft for data acquisition, but it also separates
by pyrotechnics before it becomes taut during the slide, after impact.

Test Method Comparison

Utilizing the powered flight (drone) method of crash testing provides the most
realism in that the dynamic (rotor) systems can be powered during the crash sequence
thus providing more realistic test results for specified impact conditions. With
respect to reliability, in terms of target impact velocities and aircraft attitudes
at impact, the droned flight method is probably less reliable than the other methods
due mainly to the remote control aspects of guiding the aircraft. More preparation
time will be required to perform a droned crash due to installation of the interface
equipment for actuating the aircraft controls upon conmsand, and also precrash flight
testing is required to assure proper control of the aircraft during the actual test
flight. The drone test method also usually requires that the data be transmitted
via telemetry or be recorded by onboard recorders. Telemetry data, using today's
technology, is of approximately the same quality as that acquired over a hard wire.
There is always the possibility, however, that interference may occur with the trans-
mitted signal or that transmitting antennas may become blocked or damaged during
the impact event, obscuring the data. Onboard recording of the data, of course,
runs the inherent risk of loss due to unexpected damage to the recorJers during the
test.

The major cost element for each of the test methods, regardless of who performs
the tests or where they are conducted, is the manpower required to prepare the aircraft,
install the instrumentation, conduct the test, reduce and analyze the data, and prepare
the test reports. The droned test method~is generally more expensive due to the
precrash flight testing and redundant instrumentation.

NASA - LRC Impact Dynamics Research Facility (IDRF)

The site of the five most recent U.S.. Army full-scale crash tests has been the
IDRF at NASA Langley Research Center; Hampton, Virginia. The facility was originally
constructed as a lunar lander training facility for the United States Apollo space
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program. It consists of a 67 meter (220 foot) high by 122 meter (400 foot) long
steel gantry structure and associated office, shop and control areas (see Figure 1).
The gantry is supported by three sets of inclined legs spread 81.4 meters (267 feet)
in width at ground level and 20.4 meters (67 feet) apart at the 66.4 meter (218 foot)
level. A movable bridge with cable winches spans the gantry at the 66.4 meter (218
foot) level with the capability to traverse the length of the gantry. Along the
centerline of the gantry, at ground level, a reinforced concrete strip 122 meters
(400 feet) long, 9.1 meters (30 feet) wide and 2u.3 cm (8 inches) thick is used as
an impact surface.

The five full scale crash tests conducted at the NASA LRC Impact Dynamics Research
Facility and the test objectives were:

- CH-47A (T-39) - To evaluate the airframe structural response, occupant and
cargo loadings during a severe, nose-up crash impact of a cargo helicopter.

- CH-47A (T-40) - To evaluate the airframe structural response, occupant and
cargo loadings during a severe, nose-down crash impact of a cargo helicopter.

- YAH-63 (T-41) - To assess the effectiveness of structural crashworthiness features
designed into an Army attack helicopter during a severe but survivable accident and
to evaluate the performance of several developmental crashworthy systems in an actual
crash environment.

- D292-Bell Helicopter Textron Advanced Composite Airframe Program (ACAP) (T-42)
To demonstrate the crash energy absorption capacity of the ACAP landing gear and
advanced composite fuselage structure.

- S-75-Sikorsky Aircraft Advanced Composite Airframe Program (ACAP) (T-43) To
demonstrate the crash energy absorption capacity of the ACAP landing gear and advanced
composite fuselage structure.

As an example of what is required in terms of full scale helicopter crash testing
equipment and procedure, much of this paper will examine the U.S. Army's Crash Test
T-41, which occurred on 8 July 1981 at the NASA LRC IDRF. The test specimen was
a YAH-63 attack helicopter and was the first full-scale test of a helicopter which,
from inception, was designed with multiple crashworthiness features. The Army report
on T-41 is shown as reference 3.

los

Figure 1. NASA-LRC Impact Dynamics Figure 2. Facility and cable geometry for
Research Facility T-41 crash test at NASA-LRC

4V

Figure 3. YAH-63 cable and data umbilical Figure 4. Guillotine type cable cutter for
geometry for T-41 crash test II mm (7/16 inch) diameter cable
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The apparatus necessary to conduct the T-41 crash test is illustrated in Figure
2. Swing cable pivot-point platforms, located at the west end of the gantry, support
the winches, sheaves, and pulley systems that control the length of the swing cables.
A pull back platform, attached to the underside of the movable bridge (shown toward
the east end of the gantry) supports the winch, sheave and pulley system that controls
the length of the pull back cable. Swing and pull back cables are attached to a
specially designed lifting harness, which supports the test article in the desired
ground impact pitch, roll and yaw attitude. Each lifting harness configuration is
unique to the particular test article and requires expert design to yield the desired
results. For example, when properly rigged, both the swing cables and the pull back
cable must project as imaginary lines through the aircraft center-of-gravity. Other-
wise. upon pull back cable release, moments generated about the aircraft C.G. will
cause unwanted attitude changes in the aircraft during the swing/drop event. in
the cujc of T-41, the harness (Figure 3) was attached to special mounting bolts on
steel support plates fabricated to place the mounting bolts at the aircraft's longi-
tudinal and vertical C.G. The steel plates in turn were sandwiched in the stub wing
mounting lugs. Each pull back cable was equipped with a pyrotechnic cable cutter
(guillotine type), an example of which is shown in Figure 4. The part of the lifting
harness attached to the swing cables was connected to the helicopter mounting bolts
by pyrotechnic release nuts. The drop sequence begins when the pull back cable cutters
are fired, allowing the aircraft to free-fall in a penduluL-like swing while still
attached to the swing cables. At approximately 1.2 meters (4 feet) prior to impact,
a lanyard connected to a pull pin near the rear of the aircraft is rigged to go taut,
pulling the pin and activating a firing circuit. This circuit fires the swing cable
pyrotechnic release nuts, releasing all suspension cables prior to impact. Therefore,
except for the data umbilical cable(s), the aircraft impacts the surface in free
flight at or near the preplanned impact attitude.

Cable Rigging for Typical Aircraft Test

The determination of cable lengths for a typical gantry swing crash test is by
straightforward trigonometry. The desired ground impact angle is drawn through the
aircraft C.G. as viewed in profile. This line is tangent to the flight path at the
instant of impact and is also perpendicular to the swing cables. The angle thus
formed between the swing cables and ground at the time of impact is 1800 plus the
flight path angle minus 900 - 900 plus the flight path angle, where the flight path
angle is always a negative value. The height of the pivot point winch above the
impact surface is a fixed distance of 66.7 meters (218.7 feet) (see Figure 2). The
right triangle formed by the swing cables as the hypotenuse, the impact surface and
the pivot winch height dimension is now solved to determine the required swing cable
length. In the case of T-41, this length was 111.1 meters (364.5 feet). As this
is the dimension from pivot winch to aircraft C.G., the distance consumed by the
rigging harness, 5.26 meters (17.25 feet) must be subtracted to arrive at the actual
swing cable length of 105.84 meters (347.25 feet).

Pull back height for any given test is determined by a simple potential-to-kinetic
energy conversion process plus an additional height to account for aerodynamic drag.
The appropriate equation is:

h = 0.5 (VrZ_-) 
( I + D F )

where: h = Vertical height above impact surface of aircraft component

making initial contact (may be tail stinger for nose-up impact)

Vr= Resultant velocity desired at ground impact.

g = Gravitational constant

DF= Drag factor expressed as a percentage of total aircraft impact
kinetic energy (usually 5% - 20%).

Figure 5 expresses this equation in graphical form. Care must be taken in estimat-
ing the drag factor for a given configuration. Aircraft geometry, wing loading and
descent atti'ude must all be considered when making the estimate. In cases where
additional accuracy is required, practice swings may be performed with the swing
cable length appropriately adjusted to provide safe ground clearance. Actual peak
velocities at the bottom of the pendulum swing can then be compared to theoretical
(zero drag) predictions to establish a realistic drag factor. At the NASA-LRC facil-
ity, a tripod-mounted radar device is located in front of the aircraft during its
swing. The electronic recording from this radar provides a continuous velocity (Vx )
vs. time output during the swing.

Weight and Balance Considerations

It is never too early in the crash test preparation to begin planning a solution
to the weight and balance 'problem. In most instances the test engineer has the test
gross weight and sometimes the longitudinal C.G. position dictated by higher authority.
The situation is often complicated by the fact that crash test articles are almost
never flyable aircraft and are often received in pieces. The airframe may be devoid
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of critical components whose absence
would invalidate the test from a structural
crashworthiness standpoint (e.g., engines
and/or transmissions). In these cases.
the missing items should be replaced

25 with masses that closely approximate
0RIFACTO -the inertial properties and attachment

locations cf the original components.

In helicopter crash tests, treatment
20 of the main rotor blade deserves special

VERTICAL attention, assuming the impact occurs
HEIGHT OF with the rotor blade in a static (unpowered)
AIRCRAFT , condition. In most actual crash situations

ABOVE 1when the pilot is able to maintain attitude
IMPACT control until impact, a last-minute collec-
SURFACE tive and cyclic flare maneuver is usually

attempted. This is to cancel out forward

meters speed and to minimize vertical sink speed.
I I On impact lift being generated by the

main rotor system is responsible for
offsetting a certain percentage of the
downward reactive inertial loads applied
by the transmission to it's mounts.

5 It would, therefore, be pessimistic to
expect the airframe to be required to
react 100% of the transmission/rotor
hub/rotor blade inertial mass. In helicop-
ter tests conducted by AATD, an attempt

0 has been made to compensate for this
5 10 15 20 by removing the outer 2/3 of the main

rotor blades as part of the test preparation.
RESULTANT IMPACT VELOCITY misec This also assists in simplifying thecable rigging task in many cases.

Figure 5. Pull back height/impact velocity

relationship for gantry swing As soon as the test specimen can
test method be assembled (with seats, anthropomorphic

dummies and high mass items) to the extent
possible, it should be properly weighed in a level attitude and an initial gross
weight and longitudinal C.G. determined. This information plus the center-of-gravity
envelope for the aircraft will assist in planning the location and amounts of fuel,
test equipment and ballast in order to achieve the target C.G. and gross weight.
Care should be exercised in selection of ballast locations to avoid an inordinate
and unrepresentative concentration at any single location. This will avoid localized
structural failures during the test, caused by concentrated ballast dynamic loading.

The final weight and balance check should be in an "all-up" test condition and
be accompanied by a detailed weight and balance sheet for test report purposes.
The weight and balance summary for T-41 is shown in Table I.

TABLE 1. WEIGHT AND BALANCE SUMMARY

ITEM WEIGHT LONGITUDINAL MOMENT
(lb) STATION (in) (in - lb)

Basic YAH-63 9,409 305.5614 2,875,027
Dummy T-700 Engines (2) 974 358.0000 348,692
CPG Crewseat (AH-64) 137 182.4000 24,989
CPG Dummy and Helmet 175 173.0000 30,275
CPG Cameras (2) 20 177.0000 3,540
Pilot Crewseat (YAH-63) 149 242.2000 36,088
Pilot Dummy and Helmet 175 234.0000 40,950
Pilot Camera (1) 10 244.0000 2,440
Camera Mounts (2) 120 210.0000 25,200
Stub Wing Lift Plates (2) 175 294.0000 51,450
Batteries (2) 60 232.0000 13,920
IBAHRS J-Box 35 193.0000 6,755
Navy FIR/CPL 14 494.0000 6,916
Nose Gun Turret 185 122.2000 22,607
Fuel (Water) - Fwd Tank 658 293.2500 192,959
Fuel (Water) - Aft Tank 859 324.1400 278,436
Tail Ballast (Removed) -44 679.0000 -29,876
Nose Ballast 379 120.2000 45,556
Tailboom Ballast 278 417.0000 115,926

Totals at Test 13,768 297.2000 4,091,850
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Photographic Coverage

Photographic coverage of the full-scale helicopter crash tests conducted at the
Langley IDRF is provided by cameras located on the ground, on top of the gantry,
and on-board the aircraft. There are three camera positions located on the gantry,
two stationary and one movable, which view the crash from overhead and are used to
measure yaw angle at impact. There are fixed ground cameras located on each side
of the aircraft impact area and scanning cameras located to one side that, in addition
to filming the crash from pull back cable release until impact, are used to determine
roll and pitch angles, flight path angles, and velocity along the flight path. All
fixed cameras are activated from the control room by an energizing circuit which
is controlled from a pull back cable release circuit. Onboard cameras are used to
film primarily onboard experiments and the reactions of seats, occupants, and selected
structural areas of the aircraft. All of the cameras are 16 mm operating at speeds
up to 400 ft/sec. In addition to these cameras, 70 mm still sequence cameras are
used to film the crash. These cameras provide high resolution still photographs
of the crash sequence at 50 ms intervals. In addition, real time film and video
tape coverage of the test are taken. Extensive pre- and post- test still photographs
are valuable in test documentation and analysis.

Instrumentation and Recording System

The test aircraft zre heavily instrumented (100 data channels or more) with acceler-
ometers, load cells, strain gages, displacement sensors, pressure sensorq in order
to obtain data to the maximum extent possible during the crash sequence. Some typical
instrumentation functions are as follows:

a. Accelerometers - Used to provide accelerations of seat occupant head, chest,
and pelvic positions, seat pan, transmission and engine tiedowns, and significant
structural locations, such as seat input accelerations, throughout the airframe.

b. Load Cells - Provide the tension loads for the restraint system and to measure
crew seat energy attenuator loads.

c. Strain Gages - Employed to measur. axial load strain on such items as main
transmission supports, seat energy attenuators, an6 mnin landing gear struts.

d. Displacement Sensors - Utilized to measure seat displacement, landing gear
second stage displacement, and structural deflection at specific locations.

.e. Pressure sensors - Used to measure fuel tank hydraulic ram pressure and oil
pressure in landing gear struts.

f. Contact switches - Used as special purpose switches placed at specific locations
to assist in determining precise timing of certain events, such as initial ground
contact.

Data signals from the aircraft instrumentation during the crash sequence are
transmitted through a junction box and umbilical cable into FM tape recorders and
associated data conditioning equipment located in the control area.

Summary

The need for full-scale aircraft crash testing still exists as a means of demon-
strating new crashworthiness concepts and improving the nonlinear predictive capability
of current math models. The U.S. Army has conducted 43 full-scale crash tests over
the past 29 years in a comprehensive effort to define occupant injury mechanisms,
determine the upper limits of survivable loads and develop improved aircraft designs
for crashworthiness.

Certain test methods and procedures for acquiring crash test data have been refined
through the years and found to give reliable results. The gantry swing test method
has been found to provide good impact vector control (aircraft attitude, flight path
and velocity) while keeping the test confined to a relatively small area This aids
greatly in acquiring good photographic and test data.

Instrumented full scale crash tests would prove very beneficial during the engine-
ering development phase of a new aircraft development program to verify and substantiate
the crashworthiness capability of the aircraft design. Comparison of tho crash data
with the design criteria will allow the designers to determine areas which are both
overdesigned and inadequately designed so these areas can be corrected prior to aircraft
production.

Enhanced or improved crashworthiness for Army helicopters in the future will
result in (l) reduced loss of Army personnel and materiel as a result of aviation
mishaps, (2) lower aircraft system weight devoted to crashworthiness thus reduc-ng
effects on operational performance, (3) reduction of aircraft system development
acquisition, and life cycle cost, (4) an earlier break even point where fleet life
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cycle cost benefits of design for crashworthiness balance fleet cost, thereby enhancing
the overall cost effectiveness of design for crashworthiness, and (5) improved Army
aviation mission readiness.

The acquisition of a suitable aircraft test specimen remains a difficult task
due to priorities and funding constraints. Civen this fact, full-scale crash tests
of the future must be performed using proven and reliable test methods having the
capability to extract the maximum amount of data.
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Crash loads must be attenuated in the landing gear, the subfloor structure and the seat to values

tolerable for the human body. In addition the remaining loads must not jeopardize a living space for the
occupants.

A programme was undertaken to investigate, both analytically and experimentally, the crushing be-
haviour of helicopter subfloor structures.

Stiffened panels and honeycomb sandwich panels in metal were considered under quasistatic and dynamic
conditions.

The primary intent of the investigations was to design subfloor structures with high efficiency for
crash impact and to establish the nonlinear characteristics of subfloor structures as input data for the
programme KRASH. Cf7'

1. INTRODUCTION

With the growing importance of crashworthiness not only the loads envelope and system requirements
have to be considered in designing the helicopter structure but also crashworthiness requirements accor-
ding to MIL-STD-1290 (AV). This is also the case at the Indian ALH presently under design by Hindustan
Aeronautics in cooperation with MBB. Numerous studies have shown that an improved crashworthiness can create
economical benefits although additional costs are generated [e.g. 8J. Furthermore an improved crashworthi-
ness is desirable from the humanitarian point of view.

In contrary to fli;ht and landing loads the duties that are created by crashworthiness requirements
are partially different or even contradicting. The traditional design principal of lightweight structures -
- max. strength and stiffness at min. weight - has to be changed as it is necessary to design for controlled
failures and stable crushing behaviour. Furthermore the designer has to distinguish between the different
areas of the structure. While the underfloor structure as the first impact area has to fulfill primarily
energy absorbing duties it is most important to keep the upper structure as a protective shell for the
occupants.

This paper presents results from a running development program for an optimized underfloor structure
considering the contraints of a real size structure as well as the system interfaces. As it is highly im-
portant to save additional weight not only a good absolute energy absorption has to be achieved but above
all a good specific energy absorption (absorbed energy per mass of absorbing structure). Furthermore it is
necessary to obtain a load level as constant as possible over the whole stroke. One reason for this require-
ment is the necessity that too high load factors have to be avoided and another is again the need to save
additional weight.

Based on the results of previous work at the MBB Bremen plant we conducted numerous tests with sheet-
stringer specimen as well as with sandwich specimen. Most of the tests with improved sandwich components
arepresently under way. Therefore no results of tests with this kind of structure will be presented. This
paper deals primarily with sheet-stringer specimen. As those specimen were tested statically and dynami-
cally a short overview of the test set-ups will be given too. Our tests comprised specimen with open
section stiffeners and specimen with closed section stiffeners. It will be shown that closed sections are
advantageous compared with open sections. Nevertheless it is possible to improve even open sections to a
level that permits their use under certain conditions. Furthermore also first results with compound speci-
men with closed sections will be presented that show clearly that the effect of mutually supported edges
is of great importance.

A comparison of test results and numerical calculations of panels under crash loads will be presented
too as it was an important topic to investigate the possibility to replace expensive and timeconsuming
tests by numerical simulations.

http://www.abbottaerospace.com/technical-library


2. ,HAt REMARKS

The investigations surnarized in this paper are related to cargosutil ity elipters in t! - C
class with underfloor fuel tank systems as it is the Indian Advanced Light H" lc-i'er (A' h. ; -r' 2- .
This helicopter is presently in development by Hindustan Aeronautics Ltd. in oocvfrtion wits M[h.

The underfloor structure together wi h tne landing gear ire the main nergv absorbln sys te of
helicopter. The crashworthy seat although very important for the pilot himrlf takes only nl'gb atrof the total kinetic energy. Firther'ore the structure is of great imp;ortance as tie energ qDr ti~ 0~

r
t

landing gear may be hampered in a crash on muddy soil or in case of a retracted landlin gear. in c s "

skid type landing gear the structure is of primary importance as the energy absorbing capalany-
ding gear is 

limited.

For the assessment of structural concepts concerning energy absorption a' el ! as tr h0 1 1:-3- 'n
process there are a number of criteria on which these concepts should be checked for and rompared
each other. The key parameters 141 are shown in figure 2-2. The parameter "!oac uniformity" oas beene-

changed from our side by the parameter "efficiency (n)" defined by the reciprocal

FAVG E
100% 100- E - 3tsorbel Enrgy

'Peak Peak

In our understanding this definition describes more clearly how far a load-deformation characteristic rei-
ches the ideal of a rectangular shape.

The two objectives of the program were

- to make the adaptation development to the real size structure

- and to establish input data for the program KRASH.

The first goal means, that the specific requirements of this type of helicopter have : be ulfillmd.
Therefore to the above mentioned criteria additional aspects had to be regarded. Major constraints t- be
considered were the fuel tanks located in the underfloor structure, the structural dimensions e.g. the
structurelheight of about 450 mm and of course other interfaces like the control system or the landing dear.

Simmiar to other helicopter programs the general system investigations concerning crashworthiness
performed with the program KRASH. As this is a so called hybrk program, contrary to e.g. a nonlinear
Finite-Element-program (DYCAST, PAM-CRASH, CRASH-MASS etc.) the linear and nonlinear element behaviour as

to be provided as input data.

One way of establishing these data is the component testing another way is to use one of tte above,
mentioned FE-programs as a "preprocessor" for KRASH or to use a combination of both. The litter has teen
done by MBB in this project in a collaboration with Engineering Systems International (Eb) using the pro-
gram PAM-CRASH. The objective was to test the maturity of such a program system for the application of typi-
cal aircraft structures with features like rivet connections, thin sheets, sandwich parts etc. instead of
automotiv structures for which the quality has already been proved. To avoid any influence from test Px-
perience these simulations have been performed in advance thereby getting a feeling for this tool to pre-
simulate unknown structures or structural features. With a program qualified in such a way we want to cover
problems difficult and more expensive to investigate by tests. A comparison of the test results with the
numerical results is given in chapter 6, a more comprehensive summary of the simulation resuls is given in
another paper [6) of this AGARD-meeting as well -s in [71.

Figure 2-I. HAL/MB8 Advanced Light

_ _Transport Helicopter ALH
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3. PREVIOUS WORK AT MBB

As nentioned before this tent program was not intendeo to be a basic investigation in structural energy
absorption. A considerable amount of basic data were available from former crash research programs. These
programs have been performed at the MBB-Brenen plant (the former VFW) in the years 1978 to 1981 under spon-
sorship of the German Ministry of Defence.

In these programs many possible structural concepts of energy absorption have been investigated. The
following main different kind of metal structures have been tested statically and dynamically:

a? Sheet-stringer components with z-stringers (F gure 3-1 + 3-21 and sickle shaped ntiffners

b) Sine wave components (Figure 3-3)

c) Trapezoidal shaped components (Figure 3-

d) Sandwich components with normal core and with crash core (length axis of the cello parallel to the
sheets in direction of the stroke) (Figure 3-5)

For our development work the following maim results could be extracted:

a) Trapezoidal shaped components have the hest energy absorbing behaviour even better than vine wave
components (Figure 3-61

b) Sheet stringer components have a medium vnergy absorption with good potential for improvements

cISandwich components have the least promisino behaviour but also therv c)ossibilities for imnrovernents
could be indentified

Figure 3-1. Sheet-Stringer Component Figure 3-2. Sheet-Stringer Component

with z-Stiffeners with Sickle Stiffeners
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Figure 3-3. Sine Wave Component Figure 3-4. Trapezoidal Shaped Component

Figure 3-5. Sandwich Component

Figure 3-6. Trapezoidal Component after Crushing

4. MBB-PHILOSOPHY OF CRASHWORTHINESS-DESIGN

For the understanding of our work some explanations of our philosophy may be helpful. Under the iso-
lated view of the crashworthiness requirements there are a large number of energy absorbing concepts (Fi-
gure 4-1).

But under considerations of the weight penalty as well as the impact on helicopter systems in weight
and cost many of the concepts are not suitable for the individual helicopter type. The manufacturing as-
pects are a further factor to be regarded very carefully.

Therefore our approach is as follows:

- Definition of a structure which fulfills all requirements to be regarded. Some of the require-
ments often contradict to each other. Thus the r,'-lt may not be optimal under certain con-
siderations but an acceptable compromize.

- Dimensioning of that structure concerning flight and landing loads.

- Improvement of that structure concerning the crash requirements.

Following the above described guideline the inst promising concept described in chapter 3 (Tra~ezoidal
shaped elements) could not be used for this type of helicopter. To fulfill the fuel 'ank requirements (e.g.
flat surface, sealing) would be extremely expensive. Therefore for the ALH the sheet-stringer design has
been selected at areas with fuel on one side and sandwich design at areas with fuel on both sides. Thus
these two types of structure were the matter of our investigation program.
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Figure 4-1. Load Limiting Subfloor Concepts

5. TEST SET-UP

5.1 Static Test

Up to now most of the tests were conducted with flat panels with various kinds of stiffeners to in-
vestigate and improve the basic behaviour of the crash elements. These tests were performed on an universal
testing machine with one vertical hydraulic cylinder. The lower specimen support was rigidly mounted on a
shocrt steel cylinder which was provided with four strain gauges. The true compressive force was measured
utilizing a compensating circuit (Figure 5-1). The stroke was given by an inductive displacement transducer
which was connected with the upper specimen support. Three cylindrical rails guided this upper specimen
supiicrt to prevent it and the specimen from rotational movement (Figure 5-1). The tests started with a slow
feed to take into account the steep load increase at the beginning. During the tests the feed was accelera-
ted. Te forcp-stroke curves were directly recorded by a pen plotter.

As the specimens became bigger and more complex also the test set-up had to become more complex. For
the compound components a new test rig was built. Three hydraulic cylinders were used to apply the neces-
sary load vertically on a rectangular steel plate. To keep this moving upper support parallel to the lower
rigid support the three cylinders were displacement-controlled. In addition the upper support was guided
by two cylindrical rails to secure it against rotational and transversal movement. The applied loads of
the cylinders were measured individually with three load cells and combined (tension and compression to
ballance the support) in a computer. Due to the data processing by computer not only the load-stroke curves
could be generated but also the energy-stroke curves by integrating the former ones.

The specimens were connected to both rigs with bolts. For that purpose the specimens were supplied
with angles at the upper and lower end which would be used also in a real helicopter structure.

5.2 Dynamic Tests

As cooperation with DFVLR in Stuttgart has proved already very productive in the past we conducted
the dynamic tests on their testing installation that existed already. The principal set-up of the "drop
tower" can be seen on Figure 5-2. The drop sleigh which can be loaded with additional weights is guided by
two T-section rails. The specimen is mounted beneath the sleigh. This assembly can be hoisted to a maximum
height of 14 m corresponding to 16.5 m/s drop speed. The sleigh can be released electromagnetically. At im-
pact the specimen is secured again;t lateral and rotational motion by four protruding pins on the measuring
plate which slip into four holes of an additional ground plate of the specimens. During the tests the follo-
wing data have been recorded.

- The time history of the acceleration azw was given by a quartz acceleration pickup mounted on the

sleigh above the specimen

- The time history of the stroke sw was given by an inductive high speed displacement transducer

The time history of the impact force Fzp was given by three piezoelectric load cells beneath the
measuring plate

- The impact velocity was generated by measuring the time At which was necessary to pass a certain
distance given by wo infrared light barriers.

All time histories were collected by a transient recorder at a sample rate of 2 vs. Finally the time histo-
ries were processed to Ile force .roke and energy-stroke curves. In addition all tests were Filmed
using a high speed car .. th 3000 frames/sec.
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6. SHEET-STRINGER PANELS WITH OPEN SECTION STIFFENERS

The basic behaviour of thin sheet-stringer panels under compression is not very efficient in respect
of energy absorption. Figure 6-1 to Figure 6-3 show a typical force deflection curve and the related failure
modes of the component. Mainly the following instability modes are responsible for this deficiency

- Euler-buckling
- Combined Euler-buckling/crippling
- Torsional instability
- Combined torsional instability/crippling
- Insufficient sheet-stiffener connection

.6-4 sho,s t:,at the slenderness ratio is one major parameter which influences the instability behaviour.
The Euler-region at the slenderness ratio of X > 50 has in any case to be avoided. The region of 20 < X < 50
is the so called transition region in which local buckling and the elastic Euler-buckling occurs (Jofinso-
Euler). Below x - 20 is the stable crippling region. Additionally to this the torsional instability has to
be regarded very carefully as thin stringers with open cross section having a big ix (radius of gyration
parallel to the panel axis, transvers to the load direction) And a small i are very sensitive with this
respect. Figure 6-5 shows that the torsional support of the sheet in the t

4
ansition region (20 < X < 50) is

very important to keep the torsional instability stress above the crippling stress. This is reached at a
ratio of sheet thickness to stringer thickness SH/SP = I and has been kept in almost all our test samples.

To avoid these instability modes the structural members have to be designed for the crippling stress
region at X < 20. This results in quite high stiffener sections at b > 60 mm at a stringer/component height
of I = 450 nwi. Regarding all these design features open section stiffiers have still a crippling failure
mode resulting in plastic hinge formation around the y-axis and not in the desired short wave wrinkling.
As described in chapter 2 there are major constraints to be regarded in the underfloor structure. The inter-
face to the controls allowed a max. stringer height of 50 mm preferable 45 mm instead of the necessary
height of 60 mm aiming to a slenderness ratio X = 20. Considering all this the following means of impro-
ving the characteristics have been investigated:

1) Reducing the high force peak by introducing triggers for a controlled failure on a preselected
force level. This can primarily be reached by the rivet pitch and rivet diameter in the load in-
troduction region of the connection angles (Figure 6-6). Furthermore a suitable spacing between
the stringer and the connection angle should give a smooth characteristic (Figure7-4). If the
rivet failure at the connection angle is likely the uncontrolled spreading of the stiffeners off
the sheet has to be avoided by e.g. clips (Figure 6-7).

21 Tuning of the stringers at the upper and lower end to get a first failure in this area without
loss of load carrying capability. Thereby the remaining slenderness ratio is reduced after the
first stroke. Investigated means are to shape the stringer end or to introduce cut outs in the
stringer corners.

30. 4 r -- __.... N- ~ -- •
-30 - _ . .-_
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Figure 6-1. Force-Deformation Curve of Basic Sheet-Stringer Component
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Figure 6-2. Component at Load Level B 3.7, Figure 6-3. Component After Failure

see Figure 6-1
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Figure 6-4. Johnson & Euler Column Curve Figure 6-5. Torsional Influence c- Stiffened Panel Behaviour
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Figure 6-7. Spreading of Stiffner off the Sheet

Figure 6-6. Sheet Buckling due to Triggers

6.1 Test Results

In an iterativ development process of static tests the influence of the individual parameters as
described before were studied and the best combination of trigger and tuning devices were selected. With
these elements the behaviour has been improved considerably as a comparison of Figure 6-1 and Figure 6-10
may show. The trigger mechanisms work very reliable due to the induced sheet buckling as a result of the
rivet pitch and the stringer distance to the connection angle (Figure 6-8). In the further process there
is a drastic force fall due to a crippling resulting in a torsional instability collapse of about 50 nm
stringer length. After this the system gets stabilized again with a reduced slenderness ratio and the
force deflection curve shows a quite good characteristic. It should be noted that this crippling-torsional
instability failure starts at the two outside stringers (Figure 6-9) and is mainly induced by the negativ
influence of the free edges. This specific behaviour was very well reproducable for a slenderness ratio of
= 36 as well as for X 5 26 but for the latter in the average of all test articles a better crushing be-

haviour could be reached (Figure 5-1 shows a sample with x = 26 after test).

Due to obviously better behaviour of closed section stiffners only two basic samples without the
full extend of triggers have been drop tested. The reason was to verify, the numerical simulations perfor-
med in advance with such a configuration [6]. One of the key impressions watching the high speed film is
the high degree of torsional vibrations of the stringer subsequent to the impact (Figure 7-11). Due this
a bending of the free flange occurs with the max. deformation in the middle of the stringer. Therefore
these kind of structures are very sensitive to have the first failure there resulting in an overall in-
stability of the stringer and often of the whole panel. The load deformation curves (Figure 6-11) show
that with the reduced rivet diameter already a quite good triggering was reached. To sumnrize the findings
of about 15 test articles the results are displayed in two parametric diagrams:

a) Efficiency over the slenderness ratio

Efficiency = Energy absorbed (Figure 6-12)
Fpeak sroe

b) Specific energy absorption over the slenderness ratio (Figure 6-13).
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Figure 6-10. Load Deformsation Curve
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Figure 6-11. Crushing Characteristic of Panel with z-Stiffeners (Dynamic Test)
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Figure 6-12. Efficiency Versus Slenderness Ratio of Various Sheet-Stringer Specimen
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6.2 Comparison of Test Results with Numerical Results

As already mentioned in chapter 6-1 drop tests of stiffened panels with open cross sections have been
performed which did not feature all the (triggering) details that may improved their behaviour. But the reason
of these tests was to verify the results of numerical calculations performed with the program package PAM-
CRASH in advance. The loading of the model has been applied by two moving rigid walls on top and bottom
of the structure. Each wall travelled at a speed of constant 5 m/s producing a 10 m/s crushing velocity.
That means the analysis time in ms relates to the stroke in mm. Special attention has been put to define
the rivet behaviour.

The following results have been presented by ESI:

- Load versus time/deformation diagrams for the overall structure and the stringers only. This
gives an indication of the load share between the structural members.

- Integrated energy absorption versus time/deformation.

- Sequence of deformed plots.

- Force versus time diagrams of rivet up to the failure.

- History of rivet failures.

Comparing the force-stroke curve of the drop test (Figure 6-11) with the corresponding curve of the calcu-
lation (Figure 6-14) it has to be noted that the simulated panel represented exactly one half of the tested
one. Keeping that in mind both curves show a great resemblance not only in shape. Except the very high
peak of the calculated curve which is originated by non-structural effects the first lcad levels at dis-
placements up to 20-30 mm are quite comparable. Also a new load increase at the end of the total stroke was
predicted very good. Although the similarity at medium stroke and the synchronism of events is not that
good the general behaviour of the panel was predetermined very good again. The torsional warping of the
stiffeners at the beginning of the stroke (Figure 6-15, Figure 7-10) as well as the buckling of the sheet
between the first rivet spacing coincide extremely good (Figure 6-16, Figure 6-6, in this case the dynamic
simulation has to be compared with a static test but the failure modes are similar).

A comparison of the absorbed energies gives the following surprizing result: Although there are some
differences in the load-stroke characteristic especially in the range between 50-100 mm stroke the total
energy at 150 mm deformation is with about 1580 nearly the same.

Finally it should be mentioned that in the numerical simulation additional 8 parameters were investi-
gated too. For example it turned out that the energy absorption can be inproved by increasing the rivet pitch
at the connection area of the stringer to upper and lower angle. A tendency which has also been proved by
static tests.
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Figure 6-15. Deformed Shape Plots for Analysis 2
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Figure 6-16. Deformed Shape Plots for Analysis 2

7. SHEET-STRINGER PANELS WITH CLOSED SECTIONS

As seen in paragraph 6.1 the crippling behaviour of flanges with free edges accompanied by a lack
of torsional stiffness may only be improved up to an efficiency of max. 50% considering the restraint that
a slenderness ratio of less than 26 was not feasible. As the very good experience with continuous trapezoidal
sections could not be used (see chapter 4) it was decided to investigate stiffened panels with trapezoidal
stiffeners (Figure 7-1 and Figure 7-4).

The experiences at the z-stiffened panels with different kind of triggers could be used also at the
trapezoidal stiffeners. Special attention was again necessary to avoid the stiffener spreading off the
panel (Figure 7-2). Al-straps at the top and bottom end of the stiffener were found to be one suitable means
(Figure 7-3). Another possibility are improved connection rivets at the upper and lower stiffener end with
an increased rivet diameter including washer and a slot aside (Figure 7-4, section A2-A2). These means allow
a stringer travel after the first failure due to a shear out at the slot without loosing the connection to
the upper and lower angle. Further tuning may be reached by weakening holes at the stiffener ends (Figure 7-5).

7.1 Test results

As expected the trapezoidal stiffeners proved to have a much more stable behaviour than stiffeners
with open sections. The triggering of the first failure induced by interrivet buckling worked very reliab-
le as it may be seen in the first 20 mm of the load-stroke plots (Figure 7-7 and 7-9). The pictures from
the test samples show that now a real crushing with high degree of local plastic deformation occurs. It
should be noted that the two samples (Figure 7-6 and 7-8) differ in the tuning devices therefore the re-
sults are not totally comparable. On the other side a certain degree of variation has always to be expected
due to random influences. Thus the resulting load deformation curves are satisfactorily close to the ideal
rectangular shape. Accordingly the specific energy-absorption (Figure 6-13) and the efficiency index
(Figure 6-12) are much better than the results from z-stringer stiffened panels.

In the dynamic drop tests two samples according to Figure 7-4 have been investigated i.e. triggering
with washers at the end rivets and slots aside. The results could demonstrate very impressively the signi-
ficant difference between stiffeners with open and closed sections. Primarily due to the high torsional
stiffness a very stable behaviour could be reached while at the open section stiffeners a high degree of
torsional vibration is typical (see Figure 7-11 and 7-12). The trigger worked quite reliable although some
more reduction of the failure load should be aimed for in the future (Figure 7-10). Furthermore the second
peak loads should be avoided by suitable designed weakening holes (Figure 7-5) which proved to be very effi-
cient. These features have not been incorporated in the samples due to the testing sequence. In the further
deformation orogress a satisfactorily qood crushing behaviour was found.
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Figure 7-1. Panel with Trapezoidal Stiffeners Figure 7-2. Spreading of the Stiffeners off the Panel

Figure 7-3. Trapezoidal Stiffeners with Al-Straps
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Figure 7-4. Trapezoidal Stiffeners with Washers and Slots

Figure 7-5. Trapezoidal Stiffeners with Figure 7-6. Panel after Test

Weakening Holes
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Figure 7-8. Panel after Test
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Figure 7-9. Static Load-Stroke Curve of Panel w~ith Closed Section Stiffeners
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Figure 7-10. Dynamic Load-Stroke Curve of Panel with Closed Section Stiffeners
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Figure 7-1. Panel with oe Section Stiffeners at Impact
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8. COMPOUND COMPONENTS INCLUDING CROSSPOINTS

In addition to the investigation and improvements of the behaviour of flat panels the behaviour of

compound components representing the connection of frames and keelbeams in the lower structure is at least

of equal importance. One advantage of these components e.g. an H-section in top view is the reduction of

the influence of free edges. Another advantage is the opportunity to investigate and improve the behaviour

of crosspoints. The goal was to attain a constant load level at good specific energy absorption utilizing

the mutual edge support and to avoid simultaneously too high a load peak at the beginning of the load-
stroke curve due to the stiff crosspoints.

Consequently when the investigations of flat panels with stiffeners had yielded good results in re-
spect of efficiency (load uniformity), specific energy absorption and so on we started to test compound
components utilizing proved features of the flat panels. From our engineering judgement we did not neces-
sarily select details with the best results but those with good results and the prospect to be a feasible
feature of a real helicopter subfloor structure. Therefore for example we avoided to trust on frictional
load limiters. In addition our special attention was directed to the crosspoints. The connecting elements
have to provide a stable support of the adjacent panels. Nevertheless they must not generate an unfavou-
rable load peak. The conclusion of our reflections can be seen on Figure 8-1:

- The panels have trapezoidal stiffeners which proved most promising in the earlier tests

- The stiffeners have cut-outs at either end and the connecting angles have notches to avoid an initial
load peak

- The panels are jointed with twin angles to provide a stable support of the edges.

8.1 Test Results

The force-stroke curve of the first compound specimen as described above can be seen on Figure 8-2.
Except the one deep valley at the beginning the result is already quite promising. Although the general
behaviour of the component is by far not optimum (Figure 8-3) the energy absorption capability in respect
of efficiency and specific energy absorption is already among the best results of flat panels. The second
test showed clearly that the result is reproducible (Figure 9-1).

Further improvements are necessary to avoid the seperation of the sheets from the upper or lower angle
although the negative influence of the free edges is not representative for a real helicopter structure.
Together with amodification of the cut-outs in the stiffeners and some additional tuning it is certainly
possible to keep the load level nearly constant. To achieve this supplementary static and also dynamic tests
are planed or even under way.

Figure 8-1. Compound Component with Triggers
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9. CONCLUSIONS

During this development program the step from laboratory crash samples with the full range of possible
concepts to the real size structure considering all the constraints due to system interfaces has been made.

Maximum attention has been put to keep weight and cost penalties down. The objectives of these investi-

gations were to optimize the statically dimensioned structure concerning crashworthiness requirements and

to establish the necessary input data for the program KRASH. The results of these activities could demon-

strate that even under the narrow constraints of system requirements there are still many possibilities
to improve structural concepts which have basically a poor energy absorption behaviour. This is especially
the case at the most often used stiffeners with open cross sections. With a slenderness ratio reduced as
far as possible to x = 20 as well as the incorporation of suitable triggers a considerable improvement may

be reached. The maximum efficiency at x = 26 was close to 50% and the specific energy absorption was be-

tween 5 to 6 kJ/kg (Figure 9-1). A certain improvement up to some 60% efficiency may be expected if tested
in compound components.

As higher energy absorption is required closed section stiffeners have been selected. The higher
torsional stiffness as well as the lack of free flanges resulted in an efficiency of n -70% and an speci-
fic energy absorption of some 8 - g kJ/kg (Figure 9-1). With these data first system investigations using
the program KRASH have been performed. The results show that the ALH design goals can be reached or even

be exceeded. Presently further investigations with sandwich specimen are under way as this kind of struc-
ture is very attractive due to the superior specific load carrying capability as well as the easy inter-
face to the fuel tanks. Similar to the sheet stringer specimen certain controlled weakening features have
to be incorporated limiting the load carrying capability under axial pressure. For the design of crash-
worthy structures in general the traditional understanding of designers and stressmen aiming for max.
strength and stiffness at minimum weight has to be corrected. Now somewhat contradicting requirements have
to be considered aiming for controlled failures and deformations.

I - Profiles; 30 mm Height
1 A 0 1 - Profiles; 45 mm Height

9 A ft - Profiles; 40 mm Height

8 £ - Profiles; 30 mm Height with Reduced
0 7 Panel Height and Staggered Stiffeners
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5
0  
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Figure 9-1. Specific Energy Absorption and Efficiency of Various Sheet-Stringer-Specimen
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ATRACT

For the BK 117 helicopter a composite fuselage was designed, manufactured, and will
be flight tested at MBB. Within the development programme evidence was given to the
crashworthy design of the fuselage which was accomplished by a joint activity between
MBB and DFVLR Stuttgart.

The crash investigations were focused on the lower airframe section under vertical
crash loads. The task was performed by design support tests on the specimen level and by
sub-component crush testing.

Sandwich panel specimens were statically and dynamically crushed to study various
crush initiators at the panel-ski intersections, and to investigate the energy
absorption capability. .4ZV ,

Sub-component crush tests under quasi-static loading were concentrated on structural
"node points" (intersections of keel beams and bulkheads) and on bulkheads located in
the rear of the fuselage. The component's crush characteristics and the energy
absorption performance were determined. Various designs with notched corners at the
intersections of beams and bulkheads were considered with the aim to reduce the initial
peak failure loads. Structural elements supporting the parallel panels of the landing
skid frames were used to avoid global buckling and to initiate and stabilize efficient
energy absorbing crush modes.

The generated load-deflection-characteristics of the sub-components are intended to
be used as inputs for crash simulation calculations.

1. INTRODUCTION

Composite materials increasingly gain applications in primary aerospace structures
due to their superior characteristics compared to conventional metal designs. Among
others the advantages of composites are for example reduced weight and superior fatigue
behaviour.

In helicopter design composite materials were used primarily for rotor blades and
secondary structures for many years. But now also an increasing number of primary
helicopter parts are intended to be designed and manufactured out of composites.

To investigate the impact of composite technology on future helicopter airframes MBB
is developing a composite fuselage for a light transport helicopter. The project is
funded by the German Ministry of Defence.

The composite fuselage is based on the MBB/Kawasaki BK 117 helicopter, Fig. 1. Com-
posite parts replace most of the basic helicopter metal fuselage, Fig. 2. The experimen-
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tal aircraft retains the engine deck, transmission deck, dynamic system and tail section
of the standard basic helicopter.

One of the main design objectives for future helicopters will be an improved surviv-
ability of the occupants during crash landings.

During the development of the actual composite airframe some basic work concerning

the crash behaviour of the composite subfloor structure was performed in cooperation

between MBB and DFVLR.

Due to financial aspects some of the design features of the composite subfloor
structure were restricted as, several systems, e.g. the tanks, the landing gear and the
flight control system had to be taken from the existing BK 117 helicopter. The task for
the common MBB/DFVLR activities was to investigate and establish the crushing
behaviour of the composite airframe subfloor structure, Fig. 3, which could not be
optimized for crashworthiness due to the restraints mentioned above. Considering mainly
a vertical crash landing the crash-critical components of the subfloor were identified
as shown in Fig. 4.

Quasi-static and selected dynamic crush tests with structural components of the
crash-critical areas of the composite subfloor structure were performed in order to
determine their failure behaviour and the energy absorption capability and to establish
design recommendations and guidelines for future composite helicopters with the aim to
balance properly between structural crashworthiness, load carrying capability and
weight/cost effectiveness.

2. DESIGN ASPECTS

The aim of the investigations was to get a subfloor structure designed effectively
for crashworthiness with respect to failure modes and energy absorption. In doing this,
the following requirements had to be obeyed:

a) No additional weight impact; for weight reasons sandwich structures
should be used wherever possible.

b) Single part geometry should be maintained in order not to cause
changes in the tank system, the flight control system and other
equipment details.

c) Main load paths should be unchanged.

d) Increase of manufacturing effort should be negligible.

The subfloor structure has to carry loads from the landing gear, the tank and the
flight control system. Above mentioned requirement a) prohibited the use of additional
crash elements such as load carrying profiles in the crash direction implemented into
the sandwich bulkheads, frames and beams. Therefore, design effort was given to improve
the inplane crush properties of sandwich structures with respect to a controlled failure
mode. Because of the requirement d) on the specimen level separately machined - so
called triggers - have been excluded in the final subfloor design, see Fig. 5.

By choosing the cost effective single shear bonding principle for subfloor
assemblage, basically the design shown in Fig. 6 was finally selected for bulkheads,
landing gear frames and keel beams.

Bulkheads, frames and beams consist of monolithic CFC-straps and sandwich webs with
NOMEX-core and CFC-AFC-hybrid face sheets. The CFC-layers of the face sheet are adjacent
to the NOMEX-core and have a 00/900 fibre orientation to withstand the service loads
which are mainly caused by hydrostatic tank pressure. The outer layers of the face
sheets are AFC-fabric laminates with +/- 450 fibre orientation securing the rubber tank
bag against splintering CFC-parts and giving a certain structural consistency in the
case of a crash. To ease machining the NOMEX-core is bonded to the CFC- straps by a butt
joint using splice adhesive; CFC-straps and sandwich webs are connected by CFC-angle
layers. These angle layers have a fibre orientation of +/- 450 suitable for the mainly
occuring shear loads during service. In case of crash loading the lower angle layers act
as a predetermined failure zone separating the sandwich web from the CFC-strap. A
satisfactory level of energy absorption can be realized by crushing the sandwich webs.
Thereby the face sheets completely fold and smash together in a controlable manner.

At the intersection areas of bulkheads, frames and beams those parts are designed
with monolithic shear webs and are bonded and riveted to each other. This design leads
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to a major increase of the cross sectional area and is related to negative effects for
crashworthiness. In order to investigate possible improvements in those areas for
several components notched variants were designed. In the case of crash loading the
reduction of initial peak failure loads and inititation of a controlled failure mode are
intended by notching the structure, Fig. 7.

3. CRUSH TEST PROGRAUIE

Fig. 8 overviews the crush test programme which was performed within the discussed
limitations and taking into account the design aspects outlined in the previous section.

The test programme was splitted into design support tests and structural component
testing.

3.1 DESIGN SUPPORT TESTS

Energy Absorption of Sandwich Panels

The purpose of the sandwich panel crush test series was to extend the knowledge on
the crushing and energy absorption behaviour of various sandwich designs and to
investigate their weight effectiveness. In general, sandwich panel constructions
show lower energy absorption capability under compression loads compared to
integrally stiffened monolithic structures such as sine wave webs or hat-stringer
stiffened panel designs /1-3/.

Typical sandwich failure modes under compression are general buckling, shear
crimping, face wrinkling (adhesive bond failure or core compression failure) or
intracell buckling (dimpling). None of those failure modes leads to efficient energy
absorbing crushing. Various through the thickness stitching techniques with aramid fibre
rovings were investigated in the past to improve the energy absorption behaviour of
sandwich panels /1-3/. These techniques intended to initiate local face sheet folding
and to avoid global face sheet debonding and failure of the core material. However,stitching techniques for the subfloor structure components had to be excluded due to
their impact on manufacturing expense.

Sandwich panel joints

The sandwich panel joints of the keel beams, landing gear frames and bulkheads to
the outer subfloor shell are very critical areas concerning crashworthiness. The joints
are primarily designed for service load transfer. On the other hand, the joint areas
must be designed for crush initiation, thereby a negative influence on the load transfer
capability must be avoided. Crushing should preferably start at the intersections to the
outer subfloor shell and progressive failure should continue from bottom to top of the
panels.

3.2 SUB-COMPONENT CRUSH TESTS

Structural Intersections ("node point" areas)

Structural intersections of keel beams, landing gear frames and side shell frames
represent structural "hard points" under crash loading within the framework of the
subfloor. Those intersections are areas of high load transfer which correlates with
increasing cross section areas. Crash simulation calculations with aircraft subfloors
/4/ clearly indicate that "hard point" areas in subfloor frameworks generate high
acceleration pulses at the cabin floor level and create dangerous inputs to the
seat/occupant system. Structural elements at intersection areas which are designed to
carry shear and bending loads react very stiff under compression crash loading.
Investigations with metal aircraft subfloor structures /5/ have demonstrated the
effectiveness of reducing the stiffness of "hard point" areas, which was accomplished
among others by a "notched corner" concept. To study the peak failure load reduction,
three simplified structural intersection components were quesi-statically crushed within
a pretest series, one variant having a notched corner design. The fourth component of
intersection structures was exactly manufactured as the original helicopter part, also
including a notched corner concept. This component was also statically crushed and the
failure and energy absorption behaviour was investigated.

Landing gear frame sections

The keel beams, the two landing gear frames and their intersections are very
important components in the energy absorption concept of the subfloor structure.
Therefore, the energy absorption performance of the landing gear frames was considered
in a separate test series. The sandwich panels of the landing gear frames are loaded by
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hydrostatic tank pressure, and in the case of a crash they are additionally loaded under
compression. Those panels are consequently highly sensitive to global buckling.
Therefore, the energy absorption concept has to take into account both - the initiation
and the stabilization of energy absorbing crush modes. Within the test series two
components were crushed, one component having a lightweight supporting element between
the two panels of the frame.

4. CRUSH TEST SET UPS AND RESULTS

4.1 DESIGN SUPPORT TESTS

Sandwich Panel Crushing

Fig. 9 summarizes the results of the sandwich panel test series. Included in the
test series were the finally selected basic sandwich design for keel beams, landing gear
frames and bulkheads with CFC/AFC-NOMEX-core layup and other sandwich designs such as
multi-layer CFC-NOMEX sandwich and CFC-NOMEX panels with integrated prefabricated
CFC-crush profiles. As can be seen in Fig. 9, some sandwich panel configurations were
provided with "crush initiators" (triggers) to reduce the peak failure loads (Fpeak) and
to initiate stable crushing. All tested specimens had a height of 100 mm and were 180 mm
long; the thickness of the panels varied depending on the design. For quasi-static and
also for dynamic crush testing in a drop tower, the sandwich panels were clamped at the
bottom and loaded at the unclamped top. The energy absorption performance of the crush
specimens was evaluated on the basis of the load-deflection curves. Peak and average
crush force levels (Fpeak and Favg) and the specific energy (Esp), i. e. the absorbed
energy related to the crushed mass of the specimen, were determined. Progressive
crushing of the face sheets starting at the top could be observed with CFC-Nomex,
CFC/AFC-Nomex and all other triggered sandwich panels. Multi-layer CFC-Nomex sandwich
and panels with integrated CFC-profiles which were not provided with a trigger failed
catastrophically in the mid-sections of the panels by shear crimping or face sheet
fractures and delaminations. Those failures resulted in poor energy absorption.

The specific energy absorption of the basic CFC/AFC-Nomex sandwich (weight factor
1) was determined at 18 kJ/kg. As can be seen in Fig. 9 the specific energy absorption
could be improved essentially with triggered multi-layer CFC-Nomex sandwich panels and
panels with integrated CFC-profiles. The best result of the test series was gained with
the integrated CFC-profile configuration having a concave tapered trigger at the top of
the crush profiles. The specific energy absorption was determined at 51 kJ/kg which is
an improvement by factor 2,8 compared to the CFC/AFC-Nomex sandwich, however, the weight
factor doubled. From the energy absorption point of view, the advantage of the
integrated crush profile configuration was obvious, however, the impact on total weight
and manufacturing effort could not be accepted for the final subfloor design.

Sandwich specimens which were tested under quasi-static as well as dynamic crushing
did show only small differences of specific energy absorption.

Sandwich Panel Joints to Outer Subfloor Shell

The results of various investigated designs for joints of sandwich shear webs of
keel beams, landing gear frames and bulkheads to the outer subfloor shell are overviewed
in Fig. 10. The manufacturing procedure for attaching the outer subfloor shell to the
subfloor framework necessitated inclined CFC-straps at the bottom of the subfloor
framework shear webs (see Fig. 10). All joint designs should fit for bonding as well as
riveting the parts together.

As could be learned from the results of the sandwich panel crush test series a
complete inplane progressive crushing, i. e. local symmetric folding of the face sheets
could not be accomplished within the design limitations. Therefore, all joint designs
were provided with predetermined failure zones - so called triggers - which were
intended to initiate face sheet fractures localized at the bottom of the shear webs at a
compression load level below the general buckling strength of the panels.

The geometrical dimensions of the sandwich panel joint specimens were also 180 x 100
no, and the thickness was depending on design. For quasi-static crushing the specimens
were clamped in the sandwich area, where the face sheets were reinforced by two
GFC-straps to avoid failure in the clamping area (Fig. 10). The test set-up provided
that the joint area couldn't slip sidewards during compression loading to simulate the
bond to the outer subfloor shell.

The results of the test series clearly indicated the difficulty to initiate
progressive energy absorbing fracture of the sandwich face sheets on the specimen level.
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An effective crush initiation turned out to be highly sensitive to manufacturing
parameters such as the distribution of splice adhesive in the butt joint area of the
NOMEX-core. Most values of the specific absorbed energy (Esp) fell below 10 kJ/kg which
is relatively low compared to the Esp-values of pure sandwich panel crushing. The "basic
joint design" (weight factor = 1) had an Esp-value of 2.3 kJ/kg (pure sandwich: 18
kJ/kg) and the ratio of Fpeak/Favg was at 5.6. The best results of the test series were
gained with the integrated CFC-crush profile concept (weight factor: 1.77). Those
Esp-values were determined at 18.4 kJ/kg (pure sandwich: 51.3 kJ/kg) and the ratios of
Fpeak/Favg were at 2.0. However, taking into account the weight factor and the increase
of manufacturing effort, this joint concept could not be incorporated into the final
subfloor design.

4.2 SUB-COMONENT CRUSH TESTS

Structural Intersections ("node point" areas)

Within a pretest series three simplified structural assemblages (KN 1-3) of a keel
beam, landing gear frame and side shell frame section were quasi-statically crushed
between the parallel supports of a standard testing machine. Fig. 12 shows the test
set-up for component KN3 which was provided with notched corners at the joints of the
landing gear frame and side shell frame section. Components KNl and KN2 did not have any
notches. As can be seen in Fig. 11, at the intersection area the monolithic keel beam
had a cutout for the landing gear tube. Landing gear tube dummies were used testing
component KN2 and KN3. During the crush tests a force-deflection curve was recorded
which was integrated to generate the absorbed energy versus deflection curve.
Additionally 18 strain gage signals were recorded up to first failure to get detailed
strain/stress informations. The failure sequences were recorded on video tapes and were
documented by taking picture series.

Fig. 12 shows the force-deflection curves of the intersection components KN 1-3 up
to a stroke of 50 mm. The two identical components KN1 and KN2 had the same initial
compression stiffness and failed at the bottom of the keel beam at a load level of 85 KN
and 99 KN, respectively. With both components first elastic buckling deformations were
observed in the simplified monolithic landing gear frame and in the side shell frame
section. Component KN3 failed at the notched corners to the left and to the right of the
keel beam cutout at a load level of 54 kN. Also caused by the notched corners the
initial compression stiffness was slightly reduced, and the absorbed energy up to a
deflection of 50 mm was only 327 J compared to 850 J and 864 J for KNI and KN2,
respectively. However, looking at the force-deflection curves shown in Fig. 13, the
notched corner component KN3 absorbed almost the same energy as KN2 (2015 versus 2178 J)
at 100 mm stroke; up to 150 mm stroke the energy absorption of KN3 was even better. The
energy absorption of KNI which was tested without landing gear dummy was only 1560 J at
100 mm stroke. This test was interrupted at 105 mm stroke because the keel beam slipped
sidewards and the crush force level dropped almost to zero.

Fig. 14 shows the crushed component KN3 with the landing gear dummy removed. In the
area of the notched corners many controlled fractures of the keel beam, the angle joints
of the landing gear frame and side shell frame sections did occur. Also the landing gear
dummy played an important role in the energy absorption. After the contact of the upper
edge of the keel beam cutout and the landing gear dummy, the keel beam laminate
disintegrated completely, as can be seen in Fig. 14, which resulted in a high energy
absorption up to 150 mm stroke.

The pretest series KN 1-3 demonstrated the effectiveness of the notched corner
concept to reduce peak failure loads. Another outcome for the final design of structural
intersections was that the number of four notches could be reduced to one or two with
the aim to increase the crush force level up to 50 mm stroke. The low crush force level
up to 50 mm stroke was mainly caused by the keel beam cutout and was further
deteriorated by four notches in a row. For further intersection component testing it was
obvious that the landing gear dummy had to be included in the test set up.

Fig. 15 shows the schematic test set-up for the intersection component KN4. The test
procedure was equivalent to the test series KN 1-3. Additionally, two piezoelectric load
cells (Cl and C2) were included in the test set-up (see Fig. 15) to get the flux of
force in the keel beam/landing gear frame section and in the side shell frame section.

A simplified sketch of KN4 was already shown in Fig. 7 which also includes the
locations of the notches, Fig. 16 shows the component prepared for quasi-static crush
testing. The intersection component KN4 was manufactured identical to the original
helicopter part. Only the cabin floor and the outer subfloor shell were substituted by 8
mm thick GFC-plates as can be seen in Fig. 16.
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Fig. 17 shows the force-deflection characteristic and the absorbed energy versus
deflection of component KN4. Fig. 18 shows the crushed component removed from the test
machine after a vertical stroke of 150 mm. The first failure at the top of the keel beam
occured at a peak load of 60 kN (stroke 1,5 im) which was followed by a second peak at
85 kN and 4 mm stroke. After crush initiation the average crush force level dropped
somewhat up to 50 mm stroke due to the keel beam cutout, and then further increased
again due to the crushing of the keel beam after contact with the landing gear dummy.
The average force level up to 150 mm stroke was at 40 kN which was high compared to the
peak loads during crush initiation. The distribution of the flux of force up to maximum
stroke is also shown in Fig. 17. Averaged over the total stroke, 57 percent of the crush
force were contributed from the keel beam/landing gear frame section and 43 percent were
provided by the side shell frame section.

The component KN4 absorbed about 7300 J at 150 mm stroke. As can be seen at the
crushed component, Fig. 18, the energy absorption was provided by several fractures and
crushing in the keel beam and by crushing in the upper part of the side shell frame and
landing gear frame section. The areas where the metal fittings of the landing gear
fixture were riveted to the side shell frame remained almost undamaged.

In order to minimize hazard to occupants for future civil helicopter crashworthiness
it is recommended for the pure vertical impact, /6/, that the fuselage understructure
and/or seats must attenuate the deceleration pulse which is created by a vertical flight
path velocity of 7.9 m/s (26 ft/s). Thereby all the energy absorption capability of the
landing gear is depleted. Taking into account that particular impact condition for the
BK 117 composite fuselage, from the point of view of the energy absorption management
about 30 percent of the initial kinetic energy could already be absorbed by the four
intersection areas of keel beams, landing gear frames and lower side shell frame
sections.

Landing Gear Frame Sections

The schematic set-up for the two tests of landing gear frame sections and a
simplified sketch of the components are shown in Fig. 19. The component HUT1 was tested
without a supporting structure between the parallel sandwich panels of the frame, and
component HUT2 had a light weight AFC-cylinder built in, as can be seen in Fig. 19.

The two components represented mid-sections of the landing gear frame in the rear of
the subfloor structure. Those frames under vertical crash conditions are loaded under
compression and hydrostatic tank pressure (Fig. 19). Therefore the panels tend to buckle
symmetrically towards the landing gear tube. The simulation of hydrostatic tank pressure
couldn't be realized easily within the test set-up, however, side supports were provided
to avoid at least outside buckling and to predetermine the inside buckling direction.
The test set-up was also equipped with a landing gear dummy positioned between the
panels of the frame section.

The AFC-supporting cylinder was thought to avoid any inside buckling and to
guarantee crush initiation at the joints to the outer subfloor shell. The joint design
of the two components was identical to that one shown in Fig. 6.

The force-deflection characteristics and the energy absorption versus deflection of
the landing gear frame sections are shown in Fig. 20. The component HUT1 failed at a
load level of 30 kN by buckling in the mid-section of one sandwich panel frame. The
other panel also tended to buckle inside but then failed at the predetermined failure
zone at the joint to the outer subfloor shell and crushed in a "rolling-up" action as
can be seen in Fig. 21. Both CFC/AFC-face sheets of the panel locally folded and
fractured at an average force level of about 9 kN and provided an energy absorption of
1375 J at 150 mm stroke. It was obvious that the energy absorption could be doubled if
buckling failures could be avoided and both crush initiators at the panel joints would
work.

The second component HUT2 with the AFC-supporting cylinler failed at 32 kN. One
panel started to crush at the failure initiator at the bottom joint area, the other
panel, however, failed at the butt joint of the upper connecting angle to the CFC-strap
at the cabin floor level. Further crushing of the two panels was completely unsymmetric
which finally resulted in debonding of the supporting cylinder and global buckling of
one panel. The test was stopped at 105 mm stroke. The average force level up to 105 mm
stroke was at 10.6 kN and the absorbed energy was determined at 1110 J.
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5. CONCLUDING R ARKS

Within the development programme of a composite fuselage crash critical areas were
identified and a test programme on the specimen and sub-component level was performed to
study the structural crashworthiness of the lower airframe section under vertical crash
loads.

Primarily, the composite fuselage was designed to fit the operational requirements
and the load carrying capability of the metal baseline helicopter - the MBB/Kawasaki BK
117. Therefore, for the structural crashworthiness of the fuselage certain design
limitations had to be obeyed. All design changes to improve the energy absorption
performance of the fuselage had to be balanced properly between the impact on
load-carrying capability, weight and manufacturing effort.

Within design support test series various sandwich configurations were investigated
and variants with good inplane energy absorption performance could be found. However,
sandwich configurations with better energy absorption than the finally selected basic
sandwich design for shear webs of keel beams and bulkheads with CFC/AFC -face sheets and
NOMEX - core, turned out to have a severe impact on weight and manufacturing effort.

Joints of keel beams, landing gear frames, and bulkheads to the outer subfloor shell
were provided with predetermined failure zones and energy absorbing crushing after
failure initiation at a load level below the general buckling strength of the shear web
panels could be demonstrated within the test programme.

At structural "hard points", e.g. intersections of keel beams, landing gear frames
and side shell frames, the feasibility of a "notched corner" concept with the aim to
reduce peak failure loads under vertical crushing could be made evident. The notched
corner concept did not affect very much the manufacturing efforts. However, it should be
mentioned that this design concept, especially with composite structures, is not
optimal. To "weaken" the "hard point" areas in composite subfloor structures other
possibilities such as less stiff laminate layups or other geometrical shape variants at
the intersection areas should be taken into account and further investigated. The tested
structural "hard point" components, especially the component KN 4 which was manufactured
equivalent to the original helicopter part, did show good energy absorption performance
under vertical crush loads. The structural intersections are expected to contribute
essentially to the energy absorption management of the lower airframe structure.

Also, at the landing gear frame sections good energy absorption capability could be
demonstrated by predetermined failure initiation and stabilizing the energy absorbing
crushing by light weight supporting structures to avoid glob buckling of the shear web
panels under vertical crash loads and hydrostatic tank pres-re acting in the lateral
direction.

For the complete composite subfloor structure a favourable energy absorption
performance was demonstrated by the crush test programme. Thereby the keel beams, the
landing gear frames and their intersections play the most important role in the energy
absorption management. About 150 mm stroke are available in the subfloor structure for
energy absorbing crushing. It can be expected that the composite fuselage based on the
BK 117 will be suitable for a vertical crash condition with 7.9 m/s impact velocity
which is recommended for future civil helicopters. However, to guarantee a system
crashworthiness for that particular impact condition, energy absorbing seats with about
100 rqm stroke are highly recommended.

The system crashworthiness will be studied and demonstrated furtheron by crash
simulation calculations. Thereby the various crush characteristics gained during the
sub-component test programme will be used as inputs for the nonlinear behaviour of crush
zones.
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AR4tACT
Subfloor beams and bulkheads in aircraft structures are designed to carry

longitudinal and shear loads resulting from fuselage bending and torsion. In crashes
however, the subfloor is highly loaded in compression and shear. Especially the
intersections of beams and bulkheads (cruciforms) represent stiff vertical "hard
points", and the resulting high peak failure loads under compression can create life
threatening crash pulses to the occupants.

For a commuter type aircraft subfloor aluminium as well as composite cruciforms were
designed to match the same longitudinal stiffness of the floor beams and the same shear
stiffness of the bulkheads. Various designs of the intersections including notched
corners, corrugated and tapered edge joints, and less stiff laminate layups were
investigated to reduce the in tial peak loads, and to trigger efficient energy absorbing
crush failure modes.

The cruciforms and sub-elements thereof such as angle stiffeners and angle stiffened
plates were statically crush tested in order to gain informations about the complex
collapse behaviour of subfloor constructions. Based on the load-deflection curves
important energy absorption parameters were determined, and were compared to the
aluminium baseline design.

For crash simulations with so called hybrid computer codes such as KRASH
load-deflection-curves of structural elements are needed as input data. Those inputs can
be created by tests or by analytical approaches. For the cruciforms and sub-elements
thereof the prediction of load-deflection-curves are presented and discussed including
plastic hinge formation and approximate mean crush load prediction as well as failure
load and critical stress evaluations.

1. INTRODUCTION

Intensive investigations have been performed in the last decade to improve the
structural crashworthiness of aircraft structures. Comprehensive accident statistics -
mostly performed in the U.S.A - have shown that many fatalities occured in accidents
which had a survivable crash envelope from the standpoint of human tolerance due to the
lack of sufficient structural crash protection or non-crashworthy seat and restraint
systems. Meanwhile, crashworthiness standards have been established for military
helicopters and light fixed wing aircraft /i/. Also, for civil helicopters /2/, light
fixed-wing aircraft, and large transport airplanes improved structural crashworthiness
and crashworthy seat and restraint systems are recommended and appropriate requirements
can be expected in the future.

In crashes with a high vertical component of the impact velocity the crash loads
have to be absorbed by structural deformation. For the control of decelerative loads of
seated occupants, the type of aircraft will affect the crashworthy design approach, Fig.
1. Light fixed-wing general aviation aircraft, small passenger airplanes and
helicopters, expecially with retracted landing gear, having relatively little crushable
airframe structure would require additional energy absorption in the seat system, to
prevent injury to occupants in potentially survivable accidents.

http://www.abbottaerospace.com/technical-library


12-2

The present investigation was oriented at a typical metal subfloor design of a
commuter type aircraft, Fig. 2. The framework of the subfloor structure is composed of
longitudinal keel beams and lateral bulkheads covered by the outer skin and the cabin
floor. Structural cruciforms, Fig. 2, represent typical sub-elements of the subfloor
framework connected to each other by keel beam and lateral bulkhead sections. Therefore,
their crush-characteristics contribute essentially to the overall crash response of a
subfloor assemblage. Under vertical crash loads structural cruciforms represent "hard
point" stiff columns which do create high decelrative peak loads under compression at
the cabin floor level and seat attachments, and cause dangerous inputs to the
seat-occupant system.

For general aviation metal airframe structures crashworthy floor concepts have been
already investigated intensively /3/. Those design variants included minimum
modification concepts such as "notched corners" to weaken the intersections of keel
beams and bulkheads, and other unconventional subfloor designs such as corrugated keel
beams, corrugated half shell structures and foam-filled keel beam cylinders.

For future aircraft and helicopters a further increasing share of composite primary
airframe structure can be expected due to the superior properties of composites . The
present knowledge about the crash performance, viz. energy absorption capability and
failure behaviour of composite airframes is very low. However, on the specimen and
structural element level the efficient energy absorption performance of composites has
been fairly demonstrated in the past. Also some knowledge is available on crashworthy
designs of exemplary composite subfloor beam elements /4-6/. However, the incorporation
of energy absorbing structural concepts into composite fuselage sections is limited up
to now to a few helicopter projects.

The present work focuses on the experimental determination of crush characteristics
and the energy absorption of aluminium andS composite structural cruciforms and on design
variants for crush initiation - so called trigger mechanisms - in this area. The
aluminium baseline cruciform had the dimensions and the aluminium sheet material
of a commuter type aircraft with a max. take-off weight of 5.7 t.

Up to date, the most reliable method for valuation of crashworthiness of structural
elements or of composed structures is dynamic testing, and recording the load-deflection
curve for determination of peak loads, average crush force levels and energy absorption
capability. However, these tests may be too expensive to cover all informations needed
about crash behaviour. Therefore, the second part of the present investigation was
concentrated on analytical approaches for the determination of load-deflection-curves of
structural elements such as cruciforms, angle stiffeners and angle stiffened plates.
Those investigations include plastic hinge formation and approximative mean crush load
prediction as well as failure load and critical stress evaluations.

Based on experimentally or analytically determined crush - characteristics design
optimizations concerning the crash behaviour of complete subfloor structures can be
performed by application of hybrid computer codes such as KRASH developed by Lockheed
California Company.

2. DESIGN REQUIREM FOR CRASHWORTHY SUBFLOOR CONCEPTS

The general design philosophy of crashworthy subfloor structures is outlined in /3/
and is shown in Fig. 3. The subfloor structure consists of a strong structural floor
with a crush zone underneath. The structural floor is a platform designed to carry loads
and moments imposed by the seats/occupants or cargo and to maintain seat-to-structure
integrity without breaking up, heaving, or decreasing the cabin volume. The energy
absorbing crush zone is designed to distribute the loads to the upper floor as uniformly
as possible and to collapse in a controlled manner at loads at or near human tolerance
levels and below the structural capability of the airframe. The "controlled load
concept" curve for subfloor collapse is depicted in Fig. 3. This "ideal" crush
characteristic can mainly be achieved by proper design of subfloor cruciforms which are
manifold recurrent sub-elements of a subfloor assemblage.

Requirements for the crashworthy design of structural cruciforms following the
"controlled load concept" are summarized as follows:

o Controlled stiffness and strength up to first failure.
o Constant, high crush force level after first failure and crush initiation to

provide high energy absorption.
o Crushing by plastic deformation or controlled fractures to the highest extent

of structural height.
o Provision of structural post crush integrity.
o Reproduceable crush-characteristics and energy absorption capability.
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The lower airframe structure is primarily designed to carry operational airframe
loads. The crash can be considered as an additional loading condition. The dual purpose
subfloor design which provides load carrying capability and eneray absorption in the
crush zone would be an optimum. A crashworthy "minimum modification" concept should be

achieved to minimize weight and manufacturing penalties.

The use of composite materials in airframe structures can provide structural weight
savings between 20-30 percent. The crashworthy design of composite airframe structures,
however, has to be treated very carefully. Especially CFC (carbonfibre composite) has
very brittle failure behaviour and the micromechanical energy absorption mechanisms are
quite different compared to aluminium which dissipates energy by plastic hinge formation

4and yielding. With composites different innovative design concepts have to be taken into
account to achieve best results concerning load carrying capability and energy
absorption performance.

3. CRUCIFORm DESIGNS AND CRUSH TEST PROGRAUE

3.1 DESIGN CRITERIA

Aluminium and composite cruciforms are primarily considered under the aspect of
crushing and energy absorption behaviour. However, to achieve a basis of comparison to
the aluminium baseline cruciform, Fig. 4, common design criteria concerning the load
carrying capability have to be defined. Caused by the difficulty to design an isolated
sub-element under service load conditions stiffness design criteria related to the
structural function of the cruciform sub-elements, viz. keel beam and lateral bulkhead
sections, are selected.

The keel beam in the subfloor assemblage has to carry longitudinal loads resulting
from fuselage bending. Therefore, all keel beam sections are designed to match the same
longitudinal stiffness S01 

= 
E . A. The lateral bulkheads have to carry shear loads.

Therefore, the shear stiffness criterion S, = G . A is selected. The appropriate cross
section A results from the sheet thickness s and the cruciform height h which is the
same for all components. Thus, the design criteria reduce to:

S= . s keel beam section
S, = G . s lateral bulkhead section

Although this is a simplified design approach the load carrying capability of the
various designs is taken into account and the comparison of crush test results is based
on common structural performance criteria.

3.2 CRUCIFORM DESIGN VARIANTS

The baseline aluminium cruciform (Al) was taken from a conventional design of a
commuter aircraft subfloor structure where the aspect of improved structural
crashworthiness was not taken into account.

Numerous design variants are possible to improve the crushing behaviour of cruciform
elements. One way is the change of design at the cruciform straight junction. For
aluminium cruciforms this was performed by the "notched corner" concept having single
and multiple notches, Fig. 5. Also, for composite hybrid cruciforms (mixture of CFC and
AFC (Aramid Fibre Composite) layers in the laminate) the multiple notches concept was
used (HN), and also a corrugated edge joint design (HW) was investigated, as can be seen
in Fig. 5, with the intent to initiate local failures at the joint.

Another possibility to influence the crushing behaviour of cruciforms is material
selection. However, this tailoring capability is limited to composite configurations. In
the present programme hybridization of CFC/AFC was used with the major intent to improve
the post crush structural integrity of the cruciform elements. Fig. 6 gives a complete
overview of the investigated design variants. For design details and the manufacturing
procedure of the cruciform elements is referred to /7/.

3.3 CRUSH TEST PROCEDURE

All cruciform elements were quasi-statically crushed between the parallel supports
of a standard testing machine. Two identical components were tested of each design
variant. The specimens were clamped 10 mm at the top and bottom in a test fixture to
simulate the connection to the cabin floor and outer subfloor shell. The vertical edges
were not supported. This refers to the design of keel beams and lateral bulkheads in the
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reference metal subfloor structure which have circular cutouts positioned at a distance
of about 100 mm from the intersection. Therefore, the vertical unsupported edges
simulated quite fairly realistic boundary conditions.

The rate of load application was set initially to 2 mm/min, and was increased during
crushing up to 30 mm/min. During the tests a force-deflection-curve was recorded which
was later integrated to the absorbed energy versus deflection curve. Both
characteristics provided the basis for further data evaluation.

Up to now, only quasi-static crushing was performed within the test programme,
however, dynamic cruciform crush tests are under preparation. Although crush components
have to be designed to perform under dynamic loading, quasi-static crush tests have
proved true in a first approach. Static tests offer a better possibility to study
failure initiation and failure modes in great detail, and provide valuable information
for dynamic testing. Based on our own experience and information taken out from the
literature it is known that the differences of static and dynamic crush test results of
composite as well as aluminium structures are not very large up to impact velocities of
about 15 m/s. However, this fact holds only true if the static deformation behaviour
will approximate the dynamic deformation behaviour.

Furtheron, the usefulness of statically determined crush data for dynamic analysis,
i.e. crash simulation with hybrid computer codes, has successfully been demonstrated in
the past /3/.

4. CRUCIFORM CRUSH TEST RESULTS

4.1 CRUSHING BEHAVIOUR VALUATION CRITERIA

The crushing behaviour and the energy absorption performance of a collapsing
structure can be valuated by commonly used criteria which can be derived from the crush
characteristic and the absorbed energy. Fig. 7 summarizes the valuation criteria which
are used in the present investigation.

A very important valuation criteria for lightweight energy absorbing structures is
the specific energy, i. e. the absorbed energy, which is the area under the force -
deflection aurve, is related to the structural mass of the absorber or structure. Often
for absorber type structures only the crushed mass is taken into account, however, in
the present work the total mass of the cruciform elements is related to the absorbed
energy, because most of the elements did not show a clear crush front, and therefore the
mass of the crushed structure was difficult to determine.

Another commonly used valuation criteria is the load uniformity which is the ratio
of the peak failure load (Fpeak) to the average crush force level (Favg). The "ideal"
absorber with a rectangularly shaped force-deflection-curve has a load uniformity value
of one, and higher values do indicate unfavourable high peak loads. This is somewhat
misleading, therefore, the inverse value of the load uniformity is defined as "crush
force efficiency" AE. Then the "ideal" absorber has an efficiency of 100 percent and
lower percentages do indicate the deteriorating direction.

Additionally, the initial element compression stiffness K was determined which'test
is an important input parameter for hybrid computer crash simu atlons.

4.2 FORCE-DEFLECTION-CHARACTERISTICS AND FAILURE MODES

The force-deflection curves of all tested cruciforms - aluminium as well as
composite configurations - show basically similar shapes. After a first initial peak
failure load, the crush force drops down in most cases to a much lower level. However,
the average crush forces then remain almost constant or do even increase again up to a
stroke of about 125 mm.

Fig. 8 shows crush characteristics of aluminium single and multiple "notched corner"
cruciforms, and Fig. 9 shows the force-deflection curves of CFC/AFC-hybrid cruciforms
with corrugated edge joints. Fig. 10 summarizes the initial peak failure loads and the
initial stiffnesses (KTest) of all tested variants.

The aluminium cruciform with a single notch in the middle of the angle joint of the
lateral bulkhead sections turned out to be the best metal configuration with respect to
the shape of the crush characteristic and energy absorption. The single notch created a
drop of the peak failure load from 22,9 kN of the unnotched aluminium baseline to 15,8
kN. The initial stiffness was only slightly reduced. Multiple notches also caused a
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significant peak load reduction (22,9 kN to 14,5), however, the average crush force
levels and therefore the energy absorption was much lower compared to the single notch
cruciforms.

At relatively low compression load levels first instabilities of the aluminium
cruciform plate sections could be observed at the unclamped edges, whereas the plate
junctions remained still straight. At further load increase, also the mid-sections
buckled in the direction of the minor moment of inertia, and started to fold and to form
plastic hinges, as can be seen looking at the failure mode of the aluminium baseline
cruciform, Fig. 11. Lateron, also fractures in the lateral bulkhead angle joints to the
keel beam section could be observed. Aluminium "notched corner" configurations started
to fail and to form plastic hinges at the notched areas.

All composite cruciform elements showed an abrupt drop of the compression load after
first failure, as can be seen looking at the crush characteristic of the corrugated edge
joint CFC/AFC hybrid cruciform, Fig. 9. The peak failure loads of composite cruciforms,
even with notched and corrugated edge joints, were much higher compared to the aluminium
elements, and also higher initial stiffnesses could be observed. However, notches and
corrugated edge joints with hybrid cruciforms resulted in remarkable drops of the peak
failure load compared to the unnotched hybrid cruciform, Fig. 10.

Pure CFC-cruciforms failed abruptly at the bottom of the mid-section by laminate
fractures, followed by brittle fractures of the cruciform plate sections which initially
showed buckling instabilities comparable to those of aluminium elements. Most parts of
the CFC-elements were completely destroyed at the crush front and showed no post crush
structural integrity. However, caused by numerous local fractures and friction the
energy absorption of the CFC-cruciforms was the highest of the whole test series, but
large differences between the two tested identical components could be observed
concerning average crush force levels and energy absorption.

Instability deflections with hybrid cruciform configurations were larger compared to
the CFC-elements and were already extended at load onset more to the C 2iform
mid-sections. This behaviour was caused by the lower compression stiffness of the hybrid
laminates of keel beam and bulkhead sections and of the bulkhead angle joints which had
an AFC share of the laminate of about 60 percent. The failure behaviour of hybrid
cruciforms on the macro level was more comparable to aluminium elements. Fig. 12
overviews crushed aluminium, cC-, and CFCIAFC-cruciforms, and it can be seen that the
hybrid element tended to fold in the plate as well as mid-sections, did not disintegrate
and provided post crush structural integrity by the AFC share of the laminates.
CFC-layers fractured along the folding lines and at the mid-section and partly
delaminated from the AFC-layers. Those failure mechanisms contributed essentially to the
energy absorption performance of hybrid cruciforms. The corrugated edge joint hybrid
cruciforms turned out to be the best composite configuration with respect to the
crush-characteristic, energy absorption performance and post crush structural integrity.

4.3 ENERGY ABSORPTION PERFORMANCE

The energy absorption performance of structural cruciforms is considered on the
basis of the specific absorbed energy (Esp) and the crush force efficiency (AE). The
results shown in Fig. 13 are averaged values of two tests for each design variant.

Values of specific energies of all tested cruciforms vary between 4 and 7 kJ/kg.
Esp-values of aluminium elements scatter between 4 and 5 kJ/kg aid those of composite
configurations between 4.4 and 7 kJ/kg. The best Esp-value of 7 kJ,'kg is reached by the
pure CFC-cruciform, however, the loss of post crush structural integrity has to be taken
into account. Multiple notched configurations (AlN and HN) have lower energy absorption
performance compared to other design variants intended for peak load reduction and crush
initiation. The single notched aluminium cruciform (AlN I) is a "minimum-modification"
concept and turns out as the best aluminium configuration with respect to specific
energy (5 kJ/kg) and crush force efficiency (63 percent). The hybrid composite cruciform
with corrugated edge joints (HW) can be considered as the overall best composite design
variant. Although the specific energy is about 10 percent lower compared to the
CFC-cruciform (C), the crush force efficiency is about 34 percent which is the highest
value within the composite test series but, still below the aluminium elements. All
other composite cruciforms reach crush force efficiencies of about 23 percent.

Fig. 14 shows the specific energy versus the related mass of the cruciform elements,
thereby the mass of the aluminium baseline version (Al) is set to 100 percent. Fig. 14
does not include averaged Esp-values, both test results per design variant are depicted.
Structural weight savings of almost 30 percent can be realized with CFC-elements
compared to the aluminium baseline cruciform. The hybrid elements scatter between 15 and

http://www.abbottaerospace.com/technical-library


12-6

25 percent weight savings. Although the corrugated edge joint concept (HW) shows
favourable crush characteristics and energy absorption performance, only weight savings
of about 15 percent can be realized, and also the increase of manufacturing effort has
to be taken into account. Table 1 summarizes the results of the crush and energy
absorption behaviour of the cruciform test series.

5. PREDICTION OF CRUSH LOAD-DEFLECTION CURVES

5.1 CCAIMETS ON LOAD-DEFLECTION EVALUATIONS

This contribution deals with some trials of predicting load-deflection curves and
compares the results with test data. Common methods which are predominately based on
empirical experience are applied, and combined with some suggestions. The applicability
of these approximations is due to the fact, that despite the complexity of crush
behaviour of a collapsing structure qualitatively similar force-deflection
characteristics are observed, independent of material and construction, Fig. 15.

The initial phase includes the fully elastic range and the buckling regime up to
failure load, which lies as a rule of thumb above the critical buckling load, but
beneath the yield load, respectively fracture load. The transition region is marked by
partly elastic and plastic cross section portions, or with brittle materials by partly
destroyed areas. The collapse regime is characterized by folding phases with formation
of plastic hinges or by fracture and friction forces between broken parts. Bottoming out
may occur if a structural deformation is no longer possible.

For simplification the real curve is substituted by a linear increase of force up to
failure load; the rather complicated transition phase is neglected, and the collapse
phase is directly connected at failure load.

5.2 ACCURACY REQUIREMENTS

For the quantitative prediction of force-deflection curves of a structure several
uncertainties exist caused by different influences: material peculiarities, cross
section, slenderness ratio, eycentricities of structure or of load introduction,
clamping effects, joints, failure mode, etc.. Fig. 16 illustrates for instance for two
equal aluminium angles the measured differences in load-deflection curve and energy
absorption under same conditions. The collapse sequences are sketched from a foto series
taken during testing. While at specimen I after angle breakage one leg is bent laterally
away, thus rendering only small crush loads, the broken parts of specimen 2 are
furtheron axially compressed and i:lled up, summing up to a more then twofold overall
energy absorption. But note, too, that the same failure load and nearly the same energy
absorption was measured up to an axial deflection of approximately 80 mm.

Due to those and other imponderables with the determination of structural crush
behaviour a test program was initiated to gain reliable test values for elements of
subfloor structures as a base for theoretical approaches. The still onrunning programme
consists of aluminium elements (plates, angle stiffeners, stiffened plates, cruciforms,
boxes); cruciforms of CFC and hybrid configurations of CFC/AFC have now been tested in
quasi-static compression.

The tests showed that the measured differences of the failure loads at equal failure
modes ranged within 10 %. Concerning the energy absorption capability the differences
were larger: the best consistency was obtained for the hybrid cruciforms (10%), the
largest divergence was measured with the CFC-cruciforms (28%). From these facts it is
concluded that too high demands for prediction accuracy are unrealistic and
sophisticated approach methods are unsuitable. Therefore, relatively simple but quick
approximation procedures are preferable for the precalculations of force-deflection
behaviour.

5.3 COMPARISON TEST/CALCULATION

From the test series two characteristic subfloor element configurations for
comparing test re'ults and calculations were selected:

o Angle stiffened plate; aluminium

o Cruciforms made of Al, CFC, and CFC/AFC

5.3.1 FAILURE LOAD

The same method was used for all calculations of failure load:

(5.1) pV = ZcvtFW+HJ 41.9 rivet reduction factor
FW stiffener area (angles)
A.FN effective plate area
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The failure stress dV, related to yield stress OF , is taken from /8/

(5.2) Ec{ o"W"Hl/_'] / ".1

The effective width of the plate can be calculated according to different
relationships, one formula for a strip with one longitudinal side simply supported,
proposed by Stowell, reads:

(5.3) 44+(5.4).5c6,Cr = Kc E J k3

Ccr critical stress; E Young's modulus; v Poisson's ratio

The buckling coefficient Kc depends on plate edge conditions and on aspect ratio.For the applied clamping device with the transversal edges clamped and one longitudinal
side simply supported, one side free, Kc was derived from known values for similar
clamping conditions.

For the composite cruciforms made of CFC re. CFC/AFC the continuous plate was
matched to the same longitudinal stiffness as for the aluminium specimen; the rivetedangles have the same shear stiffness as the aluminium cruciform. This results indifferent moduli in the two cruciform planes /7/. The calculations of the failure loads
buckling stress the low modulus of the composite cruciform, for the failure stress the

high value is applied. Stiffness and strength were derived from classical laminate
theory; instead of yield strength the compressive strength was introduced.

In Table 2 the experimental and predicted failure loads are listed, together with
stress and modulus data.

With respect to the simple calculation procedure applied to failure loads, Tab. 2
shows an unexpected good agreement between test and theory for all cruciformconfigurations. This is not the case for the angle-stiffened plate (30 % difference).
This may be contributed to the empirical factor C 0,55 in eq. (5.2) which seems to be
too low (for C1  0,8 -Pv = 9 kN); additional tess are planned to clear this fact.

5.3.2 FOLWING OR FRICTION PHASE

This phase describes the structural collapse; the force drops down from failure loadto a manifold lower level, e. g. by factor 10 for the stiffened plate, and by factor 4for the Al-cruciforms. The magnitude of the residual force level is important with
respect to the overall energy absorption capacity.

Due to the material's ductility aluminium elements form permanent folds in whichyield stress is soon reached and thus the further endurable load is limited. Thisplastic hinge formation is the starting point for calculation of the load-deflection
curve in the plastified state after failure.

The composite elements tested fail by fracture because of their fiber brittleness.Plastic hinge formation is not possible, but friction and fractures cause a residual
force level, too.

Plastic moment

The maximum endurable pure bending moment is reached if the yield stress prevails
all over the cross section. For a rectangular cross section the maximum plastic moment
is known as:

MP G- F -b24 (d = height, b = width)

Other cross sections may be treated as composed of several rectangular parts; thus,
the resulting plastic moment is the sum of the partial moments, related to the half area
plane as neutral plane /9/.

If there acts an additional axial compression force PA , then the plastic moment isreduced; if the axial stress equals the yield stress the moment carrying capacity of the
cross section is depleted.
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Different models exist to determine the reduced plastic moment under combined axial
and bending loading. The usual method assumes fully plastified cross sections where the
central parts about the neutral plane are successively occupied for compensating an
increasing axial force /10/. The reduced plastic moment is in this case:

b

(5.5) MPred- MPD'l L -4-j A

PF = Fbd yield load

Another model superimposes the axial stress aA-=PA/bd to the maximum bending
stress over the whole cross section. This means that the tension region is deloaded
while the compression zone remains in the c* -state. Then a similar but linear
expression results:

(5.6) MArPdAMp a
.  

- -,

M~e~p31- PF i

Plastic hinge model

The most simple plastic hinge model represents a plastic hinge positioned in the
middle of a beam with straight beam halves connecting hinge and clampings. The folding
radius at the plastic hinge and the elastic deformation of the beam are neglected. From
moment balance results the endurable axial force:

Mpred L

r5.7) P= -M P 2

V P red _

u axial deflection; = transversal deflection

Coefficient C in eq. (5.7) regards to beam clamping: C = 2 for fixed ends, C = 1 for
simply supported ends.

Thus, from (5.7) with f5.5) re. (5.6) the axial force PA versus axial deflection u
can be calculated.

Aluminium angle stiffened plate

Fig. 17 shows the comparison of test and theory for the angle-stiffened panel.
Collapse figures at some distinct deflections were sketched according to foto sequences.
Both measured curves for axial force and crush work exhibit after about 90 mm deflection
an increasing tendency due to rivet collisions near the plastic hinge in the middle.

The calculations were based on the following presumptions, (Fig. 15):

o Linear increase of axial force up to failure load
o Transition phase near failure load neglected
o Intersection of linear and collapse curves at failure load

The last point requires a correction of the force-deflection curve, which starts
initially at PA.PF for u-0 ; on account of the steep slope of the curve in this
region this correction is allowable and both curves are properly connected at %-; and
,ov . The axial deflection a, at failure load ist roughly approximated by %t/ Wi.i.l
(Ew = effective modulus at failure load). The experimental value is ca. 1,4 mm.

With increasing axial deflection the stiffening angle is subjected to a combined
bending-torsional motion which causes the upright angle flange to rotate against the
riveted flange. Thus, the plastic moment of the angle is decreased with increasing axial
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deflection. This flange motion follows an exponential law not known particularly. The

following approach was used:

(5.8) Mp(U) Mpmx.exp u . InpiL
RUS MP max

For U-mv: Mp(%,)= Mpm.. ; for u.u : Mp(4)- Mp.m, . In Fig. 17 it -L/2 was engaged.

Following the described procedure the theoretical load-deflection curves in Fig. 17
are observed:

... upper curve: Quadratic law for MP.d , eq. (5.5);
fixed ends (C = 2);
Mpm.. reached at u-- 90 sun

This case corresponds to a pragmatic proceeding, but renders a force drop too flat.
Ifut would be smaller the slope in the initial collapse phase would be improved but at
large axial deflections the axial force would become too small.

No lower curve: simply supported ends (C = 1);
No essential change of force-deflection curve.

+++ upper curve: Linear law for M ,. , eq. (5.6);
fixed ends (C = 2);
Mp ij reached at wu - 90 mm

Agreement test/theory deteriorated.

+++ lower curve: simply supported ends (C = 1).

This case delivers unexpectedly the best result, as the theoretical clamping
influence does not agree with the test conditions.

Summing up, the described analytical approaches to the load-deflection curve of the
angle-stiffened plate render useful approximations, but not fully satisfying results.
There are several reasons: for aluminium no definite yield stress exists; at failure
load the cross section is not yet fully plastified; stress distribution is not uniform;
plastic hinge formation and plastic moments are more complicated as modelled, etc.

Aluminium cruciforms

Figs. 18 and 19 show the experimental and analytical load-deflection curves for two
equal aluminium cruciforms, consisting of a continuous plate with long-flanged angles
riveted on the plate. Deformation sketches illustrate the collapse sequence. Though the
crush behaviour of both structural elements exhibits visually no remarkable differences
there is for one specimen a stiffening with transitory force increase at a deflection of
about 40 mm noticeable. Failure modes are identical, with a different number of plastic
hinges in plate and angles; the buckling directions of those areas are not in the same
sense.

The aluminium cruciforms have a different deformation behaviour than the angle
stiffened panel, as from symmetry reasons global buckling and flange rotation is
impossible. Thus, an according consideration concerning the plastic moment change with
growing deflection is unnecessary.

It should be noted, that for this configuration the formal calculation of the
plastic moment in the initial state cannot be carried out as for the stiffened plate;
this would result in values too high. (Upper curve in Fig. 18). The reason is that the
plastic moments of the four area sections act in two perpendicular planes with
nonuniform stress distributions. If the four individual plastic moments are simply
summed up to the maximum plastic moment of the cruciform there is a remarkable agreement
with the test curve in the inital collapse phase. But at large deflection the calculated
axial force becomes too small, as expected, because the resistance against folding in
the cruciform corners is not accounted for (Fig. 18). Therefore, the calculation was
supplemented by the demand for a prescribed mean crush load; this can be achieved by
iteration, thus, that the two hatched areas in Fig. 18 are of equal size.

Premise to this procedure is the reliable predictability of the mean crush force.
For cruciforms exist theoretical and experimental investigations /11, 12/, which include
various folding mechanisms. Especially for large flange widths large differences occured
for the mean crush load, depending on the applied folding model.

It was found that one of the proposed equations in /11/ agrees well with the mean
crush force measured for the aluminium cruciforms:

(5.9) Pm cac 20. p Ld -oh
2

.. .........~~~-t PO ... .. . F- - , - - m ik m M r a I
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Thus, for an arbitrary deflection u=u an axial force

(5.10) PA(ut) = 'Procalc

can be postulated and by variation of M the condition (5.9) can be fulfilled. Fig. 19

shows the force-deflection curves for different values of a

Composite cruciforms

Figs. 20 to 23 show the test results for 2 CFC-and 2 CFC/AFC-cruciforms which
exhibit in one plane the same longitudinal stiffness, and in the other plane the same
shear stiffness compared to the aluminium cruciforms.

The failure load is about two times as large as with the aluminium cruciforms; at
failure load the CFC layers break and the axial force drops abruptly down. Structural
integrity is lost with the CFC-elements, but not with hybrid versions. Afterwards a
force increase can be observed. The crush work of the CFC-cruciforms differs by about
30%, for the hybrid versions by about 10%. The energy absorption capability lies in the
magnitude of the aluminium cruciforms with weight savings of ca. 20-30 %.

Typical for the measured composite force-deflection curves is the fact that they
exhibit qualitively similar characteristics compared to the metal cruciforms, though no
plastic hinges can be formed. The effect of friction between the fractured composite
fragments seems to be comparable to the plastic moment reaction of ductile materials.
Thus, in rough approximation, a similar law for the mean crush load can be assumed,
unless future empirical or analytical values are contradictory. The test results justify
the preliminary assessment for the mean crush load of composite cruciforms similar to
the tested elements:

(5.11) Pm calc. - 10, "P0

with P0 related to compressive strength.
The deflection at failure load can be approximated from mean modulus of both planes and
compressive strength. (CFC: 2.15 mm, test 2.1 mm, CFC/AFC: 2.8 mm, test 3.1 mm).

6. CONCLUDING REMARKS

Compared to other structures with favourable geometrical shapes with respect to
energy absorption such as tubes or honeycombs the investigated subfloor cruciform
elements show a poor absolute energy absorption capability. Fracture dominated failures
which are observed for instance with composite tubular absorbers can result in specific
energies up to 100 kJ/kg. Aluminium as well as composite cruciforms show instability
dominated failure modes caused by the specified geometrical shapes. Improvements of the
energy absorption capability are therefore rather limited, and aluminium as well as
composite material selection has relatively low influence on the absolute energy
absorption. Therefore, cruciform design optimizations should primarily focus on peak
failure load reduction and improvements concerning the crush force efficiency.

Hybrid composite cruciforms demonstrate their effectiveness with respect to post
crush structural integrity and energy absorption compared to pure CFC-elements.
Aluminium cruciforms provide structural int -ity caused by the nature of the material.

Multiple notched concepts with aluminium and composite cruciforms intended for peak
failure load reduction are unfavourable and result in lower energy absorption
performance. Single notch aluminium cruciforms and hybrid composite elements with
corrugated edge joints are satisfactory "minor modification" design variants and provide
the best results of the test series.

For a composite subfloor structure it can be concluded that compared to an aluminium
subfloor an adequate absolute energy absorption can be achieved without additional
energy absorbing elements taking into account the reduced structural mass of a composite
fuselage and assuming the same maximum take-off weight of the aircraft.

The main topic in practice-directed crush prediction is the availability of quick
and simply working empirical or analytical approximation methods in order to predict
failure loads as a measure for occuring decelerations on vehicle occupants, and the
level of the mean crush loads as a measure for the overall energy absorption capability
of a structure. The research efforts towards exact simulation of detailed
force-deflection curves is useful for the understanding of acting physical mechanisms in
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crush collapse, but is for practical applications not of primary importance. As test
*reproducibility is possible concerning failure loads within 10 %, and 30% concerning
* energy absorption, approximate calculation methods are adequate rendering results in the

same error limits. It was pointed out that by attention paid to structure specific
failure modes and configuration peculiarities an acceptable prediction accuracy of
force-deflection behaviour is possible.

The ongoing programme will be focused on further experimental and analytical
investigations to improve crashworthy designs of aircraft subfloor structures. Aluminium
and composite sub-element (boxes, stiffened plates, angle elements) crush tests will be
continued with the aim to create a data base of their crush behaviour and to evaluate
analytical approaches for crush force-deflection predictions. Experiments will be
extended to dynamic crushing, and the overall crash response of subfloor assemblages
will be determined by numerical hybrid crash simulations where the sub-element crush
data will be used as inputs for nonlinear structural behaviour.
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FIG. 11 FAILURE MODE OF ALUMINIUM BASELINE CRUCIFORM (AL)

FIG. 12 CRUSHED ALUMINIUM AND COMPOSITE CRUCIFORMS
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COMPONENTY F,,,,4 Eaba  F, 1  E,, s lt LOAD CRUSH FORCE RELATED STRUCTURAL

UNIFORMITY EFFICIENCY MASS INTEGRITY

1111 1 .1a /AN / IN/J N/ag [(/ AL z looI

AL 22,1 1045 Is 4,31 11,0 2,7 37,1 188 YES

ALM I 1,8 1218 1.7 4,9S 11.6 1' $2,6 111 YES

ALM if 14, 972 7,| 4.03 18.0 I's 62,6 8 YES

C 43.1 1231 1.1 ,91 28,S 4,4 22,7 72 NONE

H 40,1 1156 8.2 1,05 1S, 4,4 22,1 7 3 YES

H N 28,0 824 6,6 4,31 1Is, 4,2 2,11 77 PARTLY

HW 36,7 1214. 1,.3 #,31 22.5 3,0 23,6 84 PARTLY

TABLE I CRUSH AND ENERGY ABSORPTION BEHAVIOUR OF
CRUCIFORMS - STROKE 125 MM

--- phase ...initial -- iflo.....iV
transition collapse incompressive

load

p * yield load

Pv failure load

mcritical loadload

Prediction test

S, deflection

FIG. 15 CHARACTERISTIC PHASES OF CRUSH LOAD-DEFLECTION-CURVES
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FIG. 18 ALUMINIUM CRUCIFORM NO. 1
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FIG. 19 ALUMINIUM CRUCIFORM NO. 2 - INFLUENCE OF SCALING FACTOR a
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MWthode et Moye's d'essals d'6crasemnent au sotl au
Centre d'Essai4,A~ronaytique de Toulouse

Application aux H6 ~optbres SA 341 et AS 332

par

Ren6 Guinot
Chef du laboratoire
d'Essais de Crash au CEAT
23, Henri Guillaumnet
31056 Toulouse Cedex

-RESUME

Cette note est une pr~sentation des divers moyens d'essais du CEAT
qui ont 6t d~velopp~s pour 6tudier le comportement au "crash" des
h~iicoptbres; SA 341 Gazelle; AS 332 Super-Puma.

-INTRODUCTION

Le d~veloppement des 6tudes men~es en France dans le domaine du
comportement au "crash" des h~licopt~res, sous l'initiative du Service
Technique des Programmes A~ronautiques et dle la Direction des
Recherches Etudes et Techniques, a conduit les autorit~s A rechercher les
moyens dle valider des solutions technologiques et des modbles de calculs
pour [a mise au point dle nouveaux systbmes.

La r~alisation des essais, confi~e principalement au Centre d'Essais
Adronautique dle Toulouse ( dtablissement d6pendant du Ministbre dle la
Defense ), a conduit ce dernier se doter de moyens sp~cifiques adapt~s
A 1'exdcution dle cette t~che.

Le plus grand nombre d'essais ont Wt effectu~s pour valider la
protection au "crash" de l'h~licoptbre AS 332 SUPER-PUMA jusqu'A des
vitesses verticales de 10,2 m/s qui correspondent A 85% des accidents
auxquels on peut survivre.
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Cette garantie de protection a dt obtenue par le d~veloppemnent et
la mise au point:
- d'un atterrisseur A haute absorption d'6nergie
- de renforcemnent plancher
- de reservoirs; carburant anticrash4 - des sibges piiote troupe et troisi~me homnme

Des installations ont Wt modifi~es ou congues sp~cialement pour
ces essais.

1- MOVENS D'ESSAIS

1-1-AIRE DIE CHUTE VERTICALE DE RESERVOIRS

Ces essais sont effectu~s sur une aire de chute b~tonn~e A
I'intdrieur du hall d'essais statiques. La hauteur de chute disponible est
de 20 m~tres. Le largage est effectu6 A I'aide d'un crochet 6Iectrique.

Principaux r~sultats
- Resistance dynamnique sup6rieure de 15% A la resistance statique
- Gain de masse de 40% sur l'ancienne conception
- Validation du modle de calcul

0.012 es, .429 Temps IS)

COMPARAISON ESSAI CALCUL
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1-2-BANC D'ACCELERATION

Les performances de ['installation ant 60 choisies de fagon A
satisfaire aux recommandations de la norme Mil STD 1290 en ce qui
concerne le plancher des appareils ( 95% des accidents avec survivants
possibles se produisent pour des vitesses inf6rieures b 12,8 rn/s et
conduisent 9t des acc4Idrations infdrieures A 48g )

La structure ( ou 1l6quipement ) essayer est fix~e au chariot par
I'interm~diaire d'un bdti, orient6 de fagon A obtenir la direction de
I'acc~Idration recherch~e. Ce chariot mobile sur des rails est guidd
latdralement par des galets sur une distance maximale de 15 m~tres.

La masse du chariot est d'environ 500 kg et la masse embarqu~e peut
elle aussi atteindre 500 kg.

a - Mise en- vitesse

La mise en vitesse est rdalis~e & l'aide d'un vdrin hydraulique
exergant un effort de traction sur un cdble m~tallique fix6 sous le
chariot. Un moufle hydraulique permet de multiplier par dix le
d~placement du chariot. Le vdrin est associd A un ensemble
d'asservissement en d~placement qui impose au chariot une acc~lration
lindaire ;roissante, ce qui assure une tension du cAble pendant toute la
phase de mise en vitesse. Avant l'impact, le cible est dissoci6 du chariot
et la vitesse d'impact recherchde est contrc~l6e par des cellules
photodlectriques et des d~tecteurs de proximitd.

PRINCIPE DE L'INSTALLATION
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b- DNc6ration

Le freinage du chariot est rdalis6 sur un butoir muni de tiges
m~talliques 6quip~es d'olives de section calibr~e A leur extrdmitd.

Le chariot comprend A P'avant des tubes m~talliques i I'int~rieur
desquels sont inclus des cylindres en polyur~thanne de section
tronconique. La d~c~lration est produite par le lamninage des cylindres en
polyur~thanne par les olives calibrdes. Le profil de d~c~Idration
triangulaire recherch6 est obtenu en modifiant le nombre et la longueur
des tubes, le diam~tre des olives et la duretd du polyur~thanne.

c* Exemple de rdsultat

Cette exemple montre l'att~nuation des accdI~rations ressenties au

niveau du thorax par le syst~me d'absorption d'6nergie.

ESSAI DE SIEGE TROUPE

9 Acc~1dration chariot

AD ier Essai
35 P( 7 A
30 / V~ 23 g(x en aximale)
25 / , exiec

I % N

20 / " ' Modification du syst~me

jt, 1 f V ,Te mps (5)

.4 .4 4 4 4 V4 V4 .

1-3-AIRE DE "crash" CELLULES

Ces installations permettent de faire subir A une cellule un essai de
chute dans des conditions de vitesses verticales et horizontales impos~es
qui simulent des conditions r~elles de "crash".
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L'dvolution des installations a suivi celle des demandes

1-3-1 Premnibre installation

Une premi~re installation a 6t6 r~alisde i l'int6rieur du hail d'essais
statiques af in d'effectuer les premiers essais de chute verticale.

- essal partiel d'un fond de structure SA 341 Gazelle
- essai de "crash" d'une cellule compl~te SA 341 Gazelle
- essai de "crash" d'une cellule complete AS 332 Super Puma

1-3-2 Deuxibme installation

De 1982 & 1984 un portique sur une aire d'essai extdrieure a permis
de rdaliser des essais de chute avec des performances en vitesse
verticales et horizontales plus 6lev~es.

Les caract~ristiques de cette installation sont les suivantes:
- masse maximale de la structure : 8000 kg
- vitesses maximales de chute Vx=16 m/s

Vz= 18 m/s
- possibilit6 d'imposer l'assiette d'impant

La mise en vitesse de la cellule est pr"o.te par un systbme de
quatre cibles de guidage fixes A leur extr~mit6 inf~rieure & la structure
et par leur extr6mit6 sup6rieure par lavant du portique. Un cable de
largage fix6 sur la partie arri~re du portique permet la mise & hauteur de
chute d~sir~e. La mise feu d'un dispositif pyrotechnique entraine la
coupure de ce dernier cdble et provoque la chute de la cellule suivant un
mouvement pendulaire. En jouant sur [a hauteur de chute et sur la
longueur des cAbles on peut obtenir les conditions de vitesse demand~es.
Pour s'assurer tt Iarriv~e au sol que la cellule nWest plus sollicit~e par les
cAbles, ceux-ci sont coupds par des dispositifs pyrotechniques d~clench~s
par un d6tecteur de hauteur.

1-3-3 Troisibme installation

Cette installation a 6t termin~e fin 1987. Le principe de mise en
vitesse est identique a la pr~c~dente. Les am~liorations ont portd sur les
performances et la facilit6 de mise en oeuvre.
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TROISIEME INSTALLATION

Les caract~ristiques de cette installation sont les suivantes:
- masse maximale de la structure :25 000 kg
- vitesses maximales de chute Vx= 1 7 rn/s

Vz= 21 rn/s
- possibilit6 d'imposer l'assiette d'impact
- aire d'impact de m6me constitution que Ia piste d'atterrissage de

I'a6roport de Toulouse Blagnac
Ces caract~ristiques permettront d'effectuer des essais sur tous

types de fuselages d'avions civils ( C 160 Transall, Airbus, Falcon )

Principaux r~sultats:
- Valider les mod~les de calCul
- Valider les profils de d~c~I~rations subis par ies sibges et les

occupants
- Valider les efforts au niveau des attaches du train et dans les

r~servoirs

http://www.abbottaerospace.com/technical-library


ACCELERATIONS 
MAXIMALES 

1-

I3
PILOT! FACEA LAVANT FACE AU COTE

TROUPE

ACCELERATION VERTICAL! TETE BE PLOT!

20. - POE.,4CLU

0. 0.1

COPILOT!

J ESSNI

COMPARAISON ESSAI CALCUL

http://www.abbottaerospace.com/technical-library


13-8

1-4 - MACHINE LATECOERE

Le laboratoire d'essais dynamniques d'atterrisseur dispose d'une
gamme dle quatre machines qui permettent de simuler des atterrissages
avec des masses r~duites de 450 kg A 50 000 kg et bient6t 100 000 kg. La
machine Latdcobre a Wt congue pour assurer les essais de qualification
dlans ies conditions d'atterrissage normal, et de "crash" J~ger ( vitesse
d'impact entre quatre et six m~tres par seconde ).Les param~tres simul~s
sont la masse r~duite de I'appareil, I'assiette I 'atterrissage, la vitesse
verticale d'impact, la vitesse horizontale et la portance.

Les performances de cette machine sont les suivantes
- vitesse verticale maximale 6 m/s
- vitesse horizontale maximale simulde par rotation du volant 100 m/s
- masse maximale en mouvement 15 000 kg
- effort vertical maximum 45 000 daN

L'atterrisseur est fix6 & la masse en mouvement par l'intermddiaire
d'un bdti dynamom~trique capable de mesurer les efforts aux attaches
dlans toutes les directions.

1-5- TOBOGGAN

Cette machine a M6~ conque pour assurer les essais dle qualification
dans les conditions de "crash" sdv~re. Pour des vitesses d'impact
d~passant 6 m/s, la machine Lat~cobre ne peut plus 6tre utilisde. Or
I'atterrisseur du Super Puma est conqu pour fonctionner partiellement
jusqu'& des vitesses d'impact de 1in/s ("crash sdv~re"). Dans ce cas
I'atterrisseur absorbe une 6nergie correspondant A 5 m/s, soit le quart de
I'dnergie d'impact.

fc ha riot trac-te-u~r

MACHINE D'ESSAI T01BOGGAN
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Pour permettre la mise au point du train dans cette configuration
sans ddtdriorer entibrement l'prouvette A chaque essai, une installation
a Wt adaptde pour exposer le train A des conditions r~alistes d'impact
(masse et vitesse verticale de 10 rn/s simul~es ) mais en absorbant par

un moyen annexe la part d'dnergie reprise par la structure.
Le train est reli6 par des attaches A un bdti fixe inclin6 de trente

degrds par rapport au sol. Les conditions de "crash" sont simuldes par
l'impact d'un chariot, animd d'une vitesse V, sur le train. Le chariot est
muni d'un b~ti comportant une partie horizontale et une partie inclin~e
paralIbIe au bdti du train. L'impact est fait sur un plan inclin6 qui
reproduit une vitesse verticale de V/2 et horizontale de V'13/2 . Le
chariot est catapultd sur le plan inclin6 & la vitesse de 20 rn/s pour
simuler une vitesse verticale de l1in/s.

Le catapultage est obtenu par des sandows tendus au moyen d'un
treuil et d'un chariot tracteur lib6rant une dnergie 6lastique importante
au moment du largage par un crochet pyrotechnique. L'acc~l~ration
initiale du chariot peut atteindre 5 g. Le d~niveIId ( 5,70m ) permet
d'obtenir le suppI~ment de vitesse. Le b~ti inclind mont6 sur le chariot
est calcuI6 pour que l'amortisseur atteigne sa course maximale lorsque la
roue est situ~e au sommet du plan inclind et roule alors sans effort sur la
partie horizontale. L'dnergie restante du chariot est absorbde par un
butoir muni de tiges m~taIliques avec des olives calibrdes. Ces tiges
s'enfoncent dans des cylindres en polyur~thanne inclus dans des tubes
m~talliques fix~s A I'avant du chariot ( m~me principe que pour Ie banc
d'acc6l~ration )

t 2 -MOVENS DIE MESURE

2.1. MATERIELS

2.1.1. Acc4Idrombtres
Type :il s'agit d'acc~l~rombtres piC-zo-r~sistifs.

Gammes :±10 A ± 250 g pour les acc~l~rom~tres structures,

Ecart de lindarit6 inf~rieur A ± 0.4 % de l'Etendue de Mesure (E.M.),
Precision d'dtalonnage meilleure que ± 1 % de V' E.M,
Bande passante a ± 10 % :0 A 2500 Hz.
Nombre d'accl~rom~tres disponibles 90 (y compris les

acc~l~rombtres mannequins, voir ci-dessous ),

2.1.2. Mannequins anthropomnorphlques
Actuellement, 3 mannequins sont utilis~s. 11 s'agit d'un mannequin

"Alderson type VIP-SO" et de deux mannequins ONSER distribu~s par Ia
soci~td Sereme. Ils sont 6quip~s chacun de 3 acc~l~rom~tres triaxiaux de
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± 100 g (tate, thorax et coccyx ).Ces mannequins ne sont pas
actuellement pr~vus pour mesurer les efforts dans les f~murs ou dans la
colonne vert~brale.

2.1.3. Jauges
11 peut s'agir de jauges simples, doubles ou de rosettes 3

directions.
Les jauges peuvent 6tre mont~es en 1/2 pont c'u en port complet.

Ces ponts peuvent faire l'objet d'un 6talonnage.

2.1.4. Amplificateurs do mesures
Ecart de Iin~arit6 :± 0.1% de l'E.M,
Bande passante : 10 kHz.
Nomnbre : 128.

2.1.5. Acquisition et num~risation

ACQUISITION DES MESURES
Capacit6:l2 modules

SYSTEME P.C.M de-16voies soit l92voies

passeSigns 1000 Hz Signl cd6 sr 1ebi

+.1 bit de synchronisation 14 pistes
Cadence 500 Kbit/s Disponibles

Soit 500000: 2840 acquisitions/s par voie
11x 16
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a/ Matdriel actuellement en service:
*Fr~quence d'dchantillonnage :2,8 kHz,
*numdrisation sur 10 bits,
*128 voies de mesure.
*pr~sence d'u n filtre anti-repliement passe-bas
1000 Hz d'ordre 7 (voir courbe planche 1).

b/ M-Vat~ri6I en cours d'achatL
Ce matdriel vise A dquiper le banc d'acceldration

horizontal en vue de la r~alisation d'essais de "crash" de
sibges d'avions ou d'h~licopt~res.

*frdquence d'6chantillonnage : 8 kHz ( possibilit6 de
r~alisation de filtres num~riques de fr~quence de
coupure plus 6lev~e :nouvelles recommandations en
essais de "crash" de sibges )

* num~risation sur 12 bits ( meilleure pr~cision
possibilit6 de r~alisation correcte d'essais 6L faible
vitesse d'impact ),

*80 voies de mesures,
.possibilit6s de calculs spdcifiques et d'6ditions de

r~sultats sur le site dans die meilleurs d~Iais.

c/ Evolution du mat~riel:I, L'utilisation et l'exp~rience acquise sur ce type de materiel doit
permettre A terme de se doter d'un systbme comportant un plus grand
nombre de voies de mesures. Les d~pouillements pourront 6tre adaptds au
besoin des essais de cellules completes et A I'analyse des structures.

2.2 . DEPOUILLEMENTS

2.2.1. Tracds:
a) d~finition d'une m~thode de d~tection de l'impact;
b) tragage des r63ultats ; partir de l'origine des axes;
c) filtrages num~riques effectu~s en fonction de la

recommandation SAE J21 1 pour les essais de si~ges.
d) dlimination des parasites de natures m~canique et

6lectro-magn~tique.

a/ Minition d'une m~thode de d~tection de l'impact:
L'instant de l'impact peut 6tre d~termind en analysant aprbs

tragage avec effet loupe, les r~sultats d'un acc~l~roMbtre pris comme
r~f~rence. Cet instant est d~fini comme 6tant lintersection de la ligne
moyenne dle 1'6volution de I'acc~lbrombtre avant l'impact, avec la ligne
moyenne de la premi~re 6volution significative (ou front de mont~e)
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extrapolde vers l'origine (voir Planche 2, sans effet loupe et planche 3,
avec effet loupe).

L'instant d'impact est d~termin6 manuellement pour chaque essai.

b/ Tragage des r~sultats A partir de l'origine des axes:
La synchronisation de tous les tracds est assur~e. Le traqage des

6v6nements significatifs a lieu A partir de l'origine des axes, cependant,
ure visualisation de l'6volution des parambtres est donn~e & partir d'un
instant situ6 50 millisecondes avant l'impact.

c/ Mdthodes de filtraae:

Pour les essais de "crash" de si~ges et I'analyse des
acc~ldrom~tres structures, si~ges ou mannequins, la recommandation SAE
J21 1 pr~conise l'utilisation de gabarits de filtrage : "classe 60, 180, 600
et 1000" ( la classe est sensiblement 6gale i la fr~quence de coupure du
filtre ).

Pour satisfaire cette demande, une technique de filtrage
num~rique qui pr6sente I'Int~rdt de conserver Ilint~grale a etd mise en
place ( nom du programme C.E.A.T : "NTRIF ).

Comme vu au paragraphe 2.1.5/a, un filtre 1000 Hz est en place en
amont du multiplexeur, Il interdit l'emploi des filtres num~riques "classe
600" et "classe 1000".

Le filtre "classe 60" employ6 est un filtre Butterworth d'ordre
3 "aller et retour' , sa bande A - 6 dB est de 150 Hz (voir courbe planche
4).

Le filtre "classe 180" est un filtre de Bessel d'ordre 3 "aller et
retour", sa bande passante A - 6 dB est de 450 Hz (\Ioir courbe planche 5).

La recommandation SAE J21 1 pr~conise 6galement la nature du
fiitrage en fonction des param~tres:

- accdldrations chariot et si~ge : "classe 60"
- efforts et contraintes :"classe 600"
- acc~l~rations tate mannequin : "classe 1000,'
- autres acc~l~rations mannequin : 'classe 180'.

Ainsi, seuls les parambtres chariot, siege et accdl~rations
mannequins (autres que I 'acceleration tote) sont filtr~s comme demandes;
les autres parambtres sont trac~s en mesures brutes (c'est-tt-dire
toujours filtr~s par le filtre analogique 1000 Hz).

On peut noter que l'utilisation des mat~riels en cours d'achat
(fr6quence d'6chantillonnage 8 kHz, 2.1.5/b) permettra d'appliquer
int~gralement les termes dle la recommandation SAE J21 1 en mati~re de
filtrage.

Pour les param~tres des essais A vitesse nominale. il est choisi
de liltrer de la fagon suivante
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-accdldrombtres chariot/sibge en "classe 60",
-acc~l~rombtres mannequin en "classe 180",
-efforts en "classe 180",
-jauges en "classe 180",
-r~sultantes efforts en "classe 180",
-sommes des efforts en "classe 180".

Cependant, pour le calcul du "Head Injuries Criterion" (H.I.C.)
Critbre de blessure A la tdte ) les mesures brutes ( seulement filtr~es

par le fiitre anaiogique 1000H1z ) sont prises en compte. C'est pourquoi les
r~sultantes accl~ration sont trac~es en mesures brutes.

Par ailleurs, pour les essais de calibration, ( effectu~s a vitesse
plus faible ), I'amplitude des param~tres A enregistrer est peu
importante, les capteurs sont cependlant choisis pour r~aliser
imm~diatement apr~s, dans de bonnes conditions, des essais A vitesse
nominale. 11 en est dle m~me pour le r~glage des gains des amplificateurs
dle mesures.

11 s'ensuit, dans ce cas, un mauvais rapport signal sur bruit :les
trac~s sont difficiles A exploiter.

Pour faciliter 1'exploitation des r~sultats, les signaux de tous les
capteurs, pour les essais dle calibration ont 6t trac~s apr~s un filtrage
num~rique (Butterworth ordre 3, fr~quence de coupure 30 Hz, voir planche
6). On peut, par comparaison, assimiler ce filtre j un "classe 12".

Les r~sultantes et les sommes des efforts ont 6t filtr~es avant
tragage avec ce m~me filtre.

Les r~sultantes des acc~l~rations sont, comme pour le cas des
essais A vitesse nominale, trac~es en mesures brutes.

On donne planches7 et 8, des exemples de rdsultats de capteurs
les 6volutions des mesures brutes et filtr~es sont superposdes.

2.2.2. Rdsultats num~riques:
On distingue trois tableaux

a! Valeurs crdtes des mesures de chaoue capteur
Ce tableau ( voir exemple planche 9 ) donne la valeur des

maximums positif et n~gatif ( "+peak" ) et ( "-peak" ) en regard des
instants correspondants ( "T"). Ces r~sultats sont exprim~s dans N'nit6
choisie rappel~e dans Ia colonne unit6 ( "unit" ). Ces valeurs cr~tes ont
6t6 d~termin6es A partir des mesures filtr6es comma indiqu6 au
paragraphe 2.2.1/c.

c/ Valeurs crdtes des combinaisons de r6sultptoz de olusieurs

Ce tableau ( voir exemple planche n0 10 ) donne, les valeurs pour
les r~sultats compos~s.

On distingue trois types dle r~sultats composds
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*Acc~l~rations r~sultantes :il s'agit des valeurs cr~tes du
module de la r~sultante des accdlrations. Elles sont donndes en regard du
temps correspondant, et sont calcul~es partir des mesures des
acc~ldrom~tres triaxiaux de la tote, du thorax et du bassin du mannequin.
Les mesures sont brutes, seulement filtr~es par le filtre anti-repliement
analogique 1000 Hz.

*Efforts r~sultants :iJ s'agit d'une fagon analogue, des valeurs
crates du module des efforts. Ces efforts sont mesur~s ti partir des
capteurs de force triaxiaux supportant le si~ge en quatre points. Avant le
calcul des r~sultantes, les mesures sont filtr~es comme indiqud au
paragraphe 2.2.1/c ("classe 180" pour les essais ; vitesse nominale et
"classe 12" pour les essais de calibration )

* Sommes des efforts :ii s'agit ici, A partir des indications des
mimes capteurs de force, des sommes selon Iaxe des X, des Y et des Z.
Avant le calcul des sommes, les mesures sont filtr~es comme indiqu6 au
paragraphe 2.2.1/c ("classe 180" pour les essais A vitesse nominale et
"classe 12" pour les essais de calibration ).

2.2.3. Valeurs du H.I.C. ( Critere de blessure 6 la tate)

Ces valeurs sont calculdes A partir des mesures brutes (filtres
analogiques 1000 Hz ).

La formule retenue pour effectuer le calcul du H.I.C. est la
suivante

1 t2

H.I.C. = MAX { (t2-t11 ------ f a(t) cit ) 2,5}

(t2-tl) t1

t2 et t1 d~limitent la dur~e du ph~nom~ne pour lequel un calcul de
H.I.C. est effectu6.

a~t) est la valeur instantan~e de l'acc~l~ration r~sultante en "g".
L'optimisation est recherch~e sur toute la dur~e du phdnom~ne

ici, 1 seconde.
La valeur de ti vanie de 1/2840 seconde ( p~riode

d'6chantillonnage ) jusqu'6 1 seconde.
La valeur de t2 vanie de telle sorte que (t2-tl) ne vanie que de

1/2840 seconde jusqu'A 50 millisecondes.
Toutes les valeurs que le H.IC. est susceptible de prendre (environ

400 000 ) sont ainsi calculdes.
Seule, la valeur maximale est retenue. Cette valeur est donn6e en

regard des deux instants ti et t2 correspondants (voir exemple planche
10 )
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2.3 PRISES DE VUES135

Deux camdras rapides 400 images/s sont utilisdes pour analyser

Is comportement de l'prouvette lors de ['impact.

De plus, des cameras suppl~mentaires peuvent 6tre mises en place
afin d'effectuer la trajectographie de certains points de I'prouvette et
d'obtenir avec precision leur d~placement au cours de la chute et pendant
l'im pact.

3- PRESENTATION DESE$ iAj REALISES

3-1- Essais de Gazelle SA 341

En 1977, 1'essai de "crash" d'une cellule SA 341 Gazelle a Wt
effectu6 at in:

- d'6tudier la survie des passagers et la tenue dle [a structure
- d'obtenir des informations permettant N'tude d'un modble dle calcul

du comportement des structures d'h~Iicopt~res lors d'un "crash".

Les vitesses horizontale et verticale au moment de l'impact dtaient
6gales A 6 m/s, soit une vitesse r~sultante de 8,4 m/s. Les dommages
mod~rds subis par la cellule ont permis son emploi pour un second essai
de "crash" global afin d'6valuer la capacitd r~siduelle d'absorption
d'dnergie par 6crasement de la structure. Cette deuxi~me chute a consistd
en un impact sym~trique A plat avec vitesse verticale de 10,5 m/s.

3-1- Essais do Super Puma SA 332

Dans un premier temps des essais partiels ont W effectu~s sur les
quatre composants principaux participant la protection au "crash": la
structure infdrieure, les r~servoirs, le train d'atterrissage et les sibges.

Puis un essai de "crash" s~v~re a dt r~alis6 sur une cellule
complbte de Puma rendue conforms A cells du Super Puma ( apr~s
renforcements structuraux, 6quip6e de tous les dispositits anticrash sauf
Is train). Pour tenir compte de I'absence du train qul absorbs 25% de
l'nsrgis A l'impact les conditions d'sssai ont M6 ramen~es ; 10 m/s en
vitesse verticals avec une vitesse horizontals de 5,6 m/s.

L'essai a W effectu6 en juin 1978 sur Ia prsmi~rs installation
d'essai de "crash". Les moyens cin~matographiques comportaisnt uns
importants installation d'bclairage et de prise de vuss : 20 cameras de
vitesse comprises entre 24 et 800 images par seconde ont W utilis~es,
dont deux §taient embarqu~ss i bord dle Ia cellule.

L'installation de mesure comportait plusisurs enregistreurs rapides;
170 voiss ont 6td enregistr~es et concernaisnt des mesures de
contraintes , d'acc~I~rations sur Ia structure et les mannequins, de
pressions et de d~placements.
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Cet essai a permis de constater le comportement satisfaisant de la
structure et notamnment la resistance du plancher m~canique, airisi que la
conformitd entre r~sultats et previsions.

Les accelerations subies par les mannequins, se situent dlans le
domaine supportable du diagramme de Webb et la d~formation de Ia
structure est compatible avec la survie des passagers.

4- CONCLUSION

Depuis le lancement en France des 6tudes concernant la protection
au "crash" des hdlicoptbres, le CEAT a investi un 'potentiel important pour
se doter de moyans permettarit d'tudier tous les ph~nom~nes structuraux
qui interviennent lors du "crash".

Les m~thodes qu'il a mises au point et les moyens d'essais
d~velopp6s r~cemment ( troisi~me aire de "crash", modernisation du banc
d'accl~ration ) pourront 6tre d'une aide consid~rable dans le
d~veloppement d'h~licopt~res futurs et la certification au "crash" des
avions civils.
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ETUDE NU14ERIQUE ET EXPER114ENTALE DUJ COMPORTEMENTj AU CRASH DES HELICOPTERES ET DES AVIONS

F. DUPRIEZ, P. GEOFFROY, J.L. PE'rITNIOT, T. VOH'i

5, BouleVard Paul Painlev6

59000 - LILLE

FRANCE

RESUM E

Apr~s on rappel sur les objectifs (Survie des passagers et intdgritd de i'habitacle)
et sur le choix des m~thodes nomdriqoes et expdrimentales (mdthode des didments finis,
essais sur maquettes structuraloment representatives) , los points suivants sent abordds

- similitude structurale du comportement mdcanique global et validation des r Ngles
de construction des mod~les sur des sous-structures 6idmentaires,

- 6tude expdrimentale du crash d'un hdlicoptbre tombant en autorotation, ddfinition de la
structure de la maquette et comparaison Sur on essai effectud en vraie grandeur,

- 6tude expdrimentale do retournement des avions idgers A latterrissage sur sol ,

analyse des risques et approche d'un modle de sol,

- dtude numdriqoo do comportement do structures mdtalliques A lgdcrasement, mdthodes
d'analyses ddveloppdos A partir de macro ou super-6lements finis dans le domaine do
flambement 61asto-plastique, application & un 6idmont do raidisseur et A one sous-
structure d'avion de type commercial, comparaison avec 1 essai sur maquette,

- perspectives futures.

1. INTRODUCTION

Le ddcrochage en autorotation des hdlicoptbres, latterrissage forcd sur Piste, train
rentrd, d'avions de transport o celui d'avions ldgers, avec ou sans train, sur terrain
hostile, posent au stade de la conception le probldme de ls survie de l'dquipage et des
passagers.

Les principaux facteurs de mortalit6 sont l'incendie, les dommages corporols irrover-
sibles dus & des niveaux d'accdldrationstrop dlevds pendant des temps trop longs, la ddzor-
mation 00 la destruction do l'habitacle.

Cos deux derniers facteurs sent directement relids au comportoment 6lastoplastique de
la structure pendant l'impact.

Pour 6iudier ce comportement structural, trois principales techniques d'analyse so
distinguent:

- l'essai en vraie grandeur de la structure o doun composant principal. Dans ce domaine
citons, en France, l'essai do fond de barque do l'hdlicoptZdre Gazelle SP.341 III et,
rdcezsment aux Stats Unis, los essais do largage do trongons de fuselage 12) et l'essai
do crash dun Boeing 720 tdldguidd [31 ,[41

- lessai sum maqoetto & 6chelle rdduito, structuralement reprdsentative en similitude do
la structure grandeur, do composants principaux o secondaires do s~ructures. Dens cetie
voie expdrimentale, citons los travaux effeciuds A lI.M.F.L. .-- nant ld6tude, la
rdalisation et los essais do maquettes A dchelle 1/3 do fond I a -0 do l'hdlicopt~re
Gazelle SA341 151 , 16(, 17], 18let do maquettes ddlgdments do go arri~re do gins
avions do transports (9i, 11W( Dans ce domaine so trouvent 6ge. los diudes do
comportoment au retournement des avions ldgers, attorrissani sur terres do labour,
sum maquettos & dchelle 1/7 en similitude do vol libre do Froude,

- la troisi~me direction dldtude 051 la simulation numerique do la r~ponse do la structure
ou de soos-ensembles, lors do l'impedt. Dens cette direction, deux techniques numdriquos
distinctos apparaissent. La premibre technique Oct one mdthode hybride qui associe los
aspects numdriquos et expdrimenteux. La structure eat d6composde en sous-ensombles qui
cant reprdsent~s salt par des 6ldments do ressort, soit par des poutros non-lingaires
assocides A des masses ponctuelles. L~un des yrogrammes do calcul fondds sur cetie
m~thode est 1e code de calcul KRASH 11), 112 . La douxi~lme technique numdrique oct Ia
mdthode do calcul par 6ldments finis oLi lensemble structural gludid est reprdsontd par
des 616ments do typo pootre, coque, .tc ... Pour analyser los phdnom~nes complexes do
romne intervenent durant id6crasemont (grands dgplacoments, grandos ddformattons,
contacts ... ), des programmes do calcul non-lindaire sp~cifiques se cant d~veloppds.
Parmi ces codes, nous pouvons citer notammont los logiciels do calcul DYCAST 1131 (NASA
et GRUMMAN) et PAM-CRASH 114J (E.S.I.).

Ce document concerne los essais sur maquettes et l'approche numdrique.
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2. CONCEPTION DES MAQUETTES EN SIMILITUDE sTRLJCTURALE

2.1. REGLES DE SIMILITUDE

Ces rdgles scnt dlabordes a partir des cornsiddrations physiques suivantes

- sous des ddplacements relatifs identiques, entre la structure or la maquette, los champs
des d~formations et des contraintes doivent 6tre conserv~s pour aborder de fagon simi-
lairo le dornaino plastique,

- le domaine plastique doit ire atteint pour Yes m~ines contraintes ot ddformations et
son dvolution dolt Otre identique,

-Ye r apport des forces d'inertie aux forces 6lastiquos, parsmbrres principaux de la phase

correspondant au premier impact, doit 6tre conserv6 localement.

Les points 1 et 2 impliquent l'utilisation des m~mes matdriaux donc conservation do
E, p et v , s'il s'agit de mdtaux, avec

E module d' young,
p masse volumique,
V coefficient de Poisson.

Si L est une grandeur csractdristique do is structure maquett,, le point I impicue quo

[E1=Iet [F 0] =1 solt [11=1

Ceci entraine quo pour avoir is m~me ropartition des deformations or des contraintes
dans l'espace, la structure maquette dolt 8tre une rdpliquo exacte do la structure rdelie.
Comme, is rdpartition do masse doit 8tre conservde localement :[ M] Le point3

implique quo [MV] P 13

avec M masse,
V vitesse dlimpact.

Coci conduit 21 IV'] = 1 isl vitesse d'impact dolt 8tre consorvde. L'ensembie des
rapports do similitude est d~t mi dans le tableau 1.

Pour la reprdsentation d'un soY semblablo 6 l'aire d'essai en grandeur, les roqios do
similitude appliqules reposcnt sur la conservation do i'dnergie do pdndtration. La
reconstitution du sol respecto dgalement ia similitude glomdtrique do is granulomdrrie.

Loepplication du critbre do contrainte do cisailiement maximale a pormis do dlfinir
l'dpaisseur minimale du massif pour dviter route interfdrence do dibdro do rupture avec
is dalie rigide sur laquelie a 6td crdd Ye massif 171.

2.2. VARIABLES NON REPRESENTEES DANS LA SIMIITUDE STRUCTURALE

La similitude adoptde conduit A travailier sous one accdldration augmentle dans le
facteur d' chelIe, one constante do romps rdduite dans Ye rapport d~dchelie et un facteur
d'intensit6 de contrainte JKc rdduit dons is racine do ce m~me rapport.

tea consdqooncos do non respect des termos d'accdidration do pesantour sent on gdniral
p00 importantes on co qui concorno is phase do premier contact avec Ye soY. A ce stade,
les forces dinertie sent en effet prdponddrantes vis-&-vis des forces do gravitd. Par
centre, is phase de rebond et do glissement West pas reprdsentde et los conditions
gdomotriques initialos do 24!me impact peuvont I tre modif ides tout en prdsentant on nlvoau
d'dnergie semblable. En ce gui concorne le comportoment visco-diasrique, i'utilisation do
matdriaux idontiqoes A coox utilisds A l'6cheile 1 occasionne dons Ye cas d'un essai dyns-
mique, le non respect do is relation contrainte - ddformation 6, deux niveaux.

Si i'on considlre 1 influence do is vitevse d'allongement relatif f cF sur los
contraintes 0, , on montro quo loq(n'-) = n 'og(,. \ , 7

UP EP,
les indices m et p ddsignant respectivoisont la structure maquetto et la structure &

dchelle 1. Pour do nombreux mdtaux, n -0,01 co qui conduit pour le choix d'une dchelle au
1/3 A 1 /r - 1,01. Pour cotte 6chelle, los valeurs des contraintos dans is structure seront

donec, dans les rsljes conditions d'impact, de 1 % supdriouros A cello existant rdeliemont4 dns 1z, structure n grandeur. L'essai sera donc pssimiste, ce qui vs dans e sons do is
sdcuritd.

La deuxilrse romarquo concerne is litnite dlastique qui pout dvoluer fortoment en fonc-
nion do is vitosso do ddformation (cas extrlme prdsontd par los odoers doux) . Coci implique
quo ia plos5tification sets attointo plus tard nor maquette. Cot aspect est optimiste pour
lossal sor iaqootto.

to d~veloppement des ddchiruros, caractdris4 par la conservation do facteur dlintensit6
do contrainto K. , quantifiant lapparition et is propagation de fissures jusqulA rupture
o est pas fidcdlement ropreduit. Ce facteur qui ddpend do is nature du matdriau, do l'dpais-
sour do voile ot de la vitesse do ddformation sugmento en-dessous dune certaine 6paisseur
alors que la similitude voudrait le voir diminuer dons is racino carrdo do l'6chelle.
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Ainsi l'ampituds des ddcbxrures et des ruptures constatees sur maquetre sera donc a
priori infdrieure Ai celle des ddsordras relevds sur Is struztura rdeile. Dans le cas des
structures adronsuriques de faible dpaisssur, l'emploi d'un facteur dd6chelle raisonnabla
permet d'amoindrir 1 influence de ce param~tre pour une estimation rdalista des ddqats.

2.3. CONTRAINTES TECHNOLOGIQUES LIEES A LA FABRICATION

Les capscitds de fabrication ddfinissant l'dchaila minimala de raprdsantation d'une
structure prototype. Les limites tachnologiques conduisent A une dpaissaur minimale de
0,2 mm pour les peaux obtenues par usinaae chimique avec is garantia dune prdcision
mailisure que 5 %.

Les influences sur lea propridtds mdcsniques de la rugositd, meiileure que Ra = 2 J

et de is porositd inhdrentes au processus d'usinsga chimique, n'ont pas fait l'objet
d'investigarilon. La pliaga at ld6tirsga contrdld des feuillas pour is rdalisation des
cadres ainsi qua l1usinage des raidisseura at des cornibres nuont pas poad de difficultis
particuliiras en dehors de is crdation d'un outillage spfcifiqua.

La diambtra minimal admissible des rivets, n'occasionnant pas d'amorca da rupture bora
da is formation da is boutarolla, a 6td trouvd fgai A 0,8 mms.

Ces daux limites ainsi qua is recherche d'un rapport qualitd/prix raisunnabia unt
conduit au choix d'une 6chala comprise entra is 1/3, pour is plupart des cas, at is 1/106,
pour des structures d'adronafs da dimensions importantes.

Las siliages idgers utilisds A-040 (2017), A-U401 (2024) ou A-U461/A5 puur las revdte-
mants at A-U20 (2117) ou A-U40 (2017) pour las rivets, sont da qualird adronsutique.

La traitamant tharmique consistant an une tramps A lair est scrupulausamant ropruduit.
Bans is css des rdalisations futures de structurnsmaqucrta en mstdraaux c;umpusxtas, deux
voles sont A explorer pour reprdsantsr is comportamant iastiqus, tout en consarvant la
mdma caractire d'anisotropie qua is structure rdalla at lea mines limitas diastiquas

- une rdduction du nombra de puis dsns Is facteur d'dchslla. Osux possibilitds sont
offertes :agir sur l'orianistion des puis et/ou jouar sur is taux volumique do ranfort,

- t'smploi do prdimprdgnds d'dpaissaur dans is rapport du facteur d'dchalla. La choix da
l'6chelia 1/3 paut en effet autoriser cetta dvantuslitd, is fabrication de prdimprdgnds
d'6psissaur 75", environ is 1/3 de l'dpaisseur des puis couramment utilisds, dtant ddii-
cats m-ais pas utopiqus.

2.4. EXEPIPLES O'EXPERIMENTATION SUR 1AOUETTES

ca paragraphs prdsents daux expdrimentstions rdalisessur maquettes A1 dchalla 1/3 dans
is cadre du comportament au crash des hdlicoptdrea

- l16tuda du comportement de caissons mdtslliquss courammant rsncontrds dans l'ossature
infdriaure des hdlicopt~ras,

- l16tuds du crash d'un fond de barque compiet d'hdiicoptbre.

Las rdsultats qui sent obtanus sont compards aux masures effectudes sur cellules en
vrsie grandeur au Centre d'Easais Adronsutiques da TOULOUSE (C.E.A.T).

2.4.1. Structures en caisson raidi

Gas structures an alliaga d'aluminium A-U40 at de section paralldldpipddique sent

constitudes par lassemblags de qustra panoesux raidis (Photo 1).

L'influence da Is moddlisation des liaisons (rivatds, vissde, colide at mixte), de
qusiquss variantes de fabrication at des conditions d'essais (bridags ou non), rdsumdes
dans is tableau 2, a dt6 examinde. Las esais de compression ont dtd effectuda en quasi
statique A is viteasse de 5mm/minute. Las meares relevdas en continu concarnent l'effort
d'dcrasament at is hauteur corraspondante sinai qua qusiques mesures locales de ddformarion
au nivea des raidiaseurs. L'dvolution des ddformdea at is chronologis des ruptures
succeasives a dtd fixds par csmdrs.

on note uns bonne concordance de is couirbe chargs-ddpiacsmsnt des essais maquette avec
lea essaia challs 1 avec capendant une tendance gdndrale A minimiser id6nergie absorbde
notamment apr~s 30 % d'6crasement (fig. 1). Cette concordance vakide is mode de construction
qui a Std ensuite appliqu6 A uns structure compiaxe de fond de barque.

2.4.2. Crash de fond de baroue dlhdlicoptbrs

La structure Studids eat la partis inftrisurs de i'hdlicopt~re Gazelle SA341 dent un
essai a dtd effectud en grandeur rdelis au C.E.A.T. (Photo 2). Osux exeraplaires de cette
structure compiexe ont dtd fabriquts A 6chelle 1/3 an soddlisant de fagon prdcise las
6i6ments structuraux pour obtenir uns reproductibilitd corrects des phdnom~nes sur is
med~ls rtduit comma I'a montr6 lexptrience acquise bora des tests aur lea caissons raidis.
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La maqootte se compose principalement do cadres en tf~le d'alliages d'aluminium, usinds
chimiquemont, plids, ddcoupds et rivetds, assembids par des pieces de liaison or des
profilds usinds dans la masse pour former le scquelette (Photo 3) . Des rev~tements raidis
rdalisent i'habillage extdrieur et los planchers de rdfdrence - en nid d'aboille - sont
vissds sur 1e squelette. Le pupitre de commande 01 les supports de la batterie qui
contribuent 3i la tenue de !'ensemble du caisson ont dt6 dgalement reproduits. Les masses
de la batterie, des piloto at copilote, des passagers et du rdsorvoir ont dtd reprdsen-
tdes par des lests d'aciers, relids par des biellertos doeffort A un troillis do corniires
fixd sur les cadres principaux do l'ossature.

Los essais dynamiques d16crasement ont 6t6 accomplis 3i Ia vitesse verticale d'impact
do 8 m/s par lacher do la -aqoette. Le prdcalage en assiette a dtd corrig6 de l'influonco
des forces adrodynamiqoes pour reprdsonter l'assiotte rdelle do la structure A 1 impact.
La reproduction do la consistance do sol par damages progressifs a 616 contr

6
d au pdnctro)-

mitre dynamique. L'instrumentation do msure omuorquee et relidie aul sol pir on cable 6tait
composie d'accdromdtres disposes on divers points des planchers et sur los lasts, or do

do jaugos de diformation colides sur los biellettos.
L'instromontation extdrieure 3 la maquette compren~it 3 camdras (2 camdras grande

vitesse caldes A 1500 images/s 0t une camdra 200 imagos/s) et one barriire optique
3i faisceaux laser mesorant la vitesse moyenne sur uno chute do 0,1 m juste avant l'impact.
L impression simultande do top de largago do la maqoetto sur los films des deux camdras at
sor los deux enregistroors magndtiqoes permet Ia datation des dvdnements. Los camdras
disposent 6galement d'une horloge interne poovant rdaliser le marquage du film 100105 los
millisecondes.

Los courbes accdldromdtriqoos obtero-s Sur maquette poor los lests, prisentent one bonne
concordance avec cellos obtenoes par le AT (fig.2). En ce qui concerne le plancher, les
courbesexpdrimentalos sont en giniral plus deuces pour la maqootte quo pour 10 prototype
6ehelle 1, la rigidild 01 los termos d'amortissoment des liaisons ontre plancher 01 ossatoro
no pouvant pas 8tre reprdsentds avec suffisamient do finesse. Los courbes d'effort sent Iris
similaires avec one dispersion Plus faible que pour los courbes d'accdldration.

La morphologie dos ddgats sur maqootte 01 sur prototype est Ir~s comparable (Photos 2
01 4). Une analyse photogramrndtriqoo restituant los ddformations Sur la forme do ceurbes
iso-nivoao a d13 effectude par los services do 1'E.T.C.A. En paralll, on relevd do la
gdomdtrie de l'empreinte laissde sor le sol a dtd offectud par on moulage do platre.

2.5. INTERVALLE DE CONFIANCE, COUT ET DELAI DES ESSAIS SUR MAQUETTES

La moyenne des 6earts entre los rdsoltats do loessai dch'lle 1 01 dcs ossais a
l'dchelle 1/3 se situe atoos do 15 % avec on dcart maximal d'environ 30 %. Cos valeurs
moihtrent goe la simulation doun crash par un essai sur maquette A 6chelle rddoite est
rdalisable. Los dearts de mesores sent principalement lids au caractdre aldatoire des
effondrements qui sent Ir~s sonsibles aux conditions initiales.

La confrontation calcol-essais a d'autre part montr6 qulil 6tait illusoire d'espdrer
obtenir un 6cart infdrieur A 20 %. Los 6todes sur maquette sent donc tout A fail utilisa-
bles comme outil de prdvision 01 do vdrification, notamment au niveau do la phase de
conception d'un prototype.

Le coilt des essais et plus prdcisdmont do la maquette, est natorollemont fonction do
la complexitd do prototype A reprdsenter, du dogrd do simplification admissible 01 do
l'6uheile adoptdo, 1 influence do ces deox derniors paramltres s'imbriquant.

Les postes financiers A prendre en compte poor l'dtablissement do coOt peovont so
ddcomposer en trois:

- la prdparation des donndes do fabrication,
- la fabrication do la maquetto,
- lessai e1 lanalyse.

Le premier poste reprdsente soovont la moitid du coOt total au stade do l'avant-
projet. Dans le cas do la rdalisation d'une maqoette sophistiqude comme cello relative A
un fond do barque dlhdlicoptlre, le co~t do 1'essai sur maqoette avec rdalisation do la
maqoette 051 compris entre le tiers 01 la moitid do coOt do mdme essai 3 dchelle 1 en
prenant one structure do sdrie.

3. TURN OVER DES AVIONS LEGERS

L'6ventoalild d'une panne do moteur 00 d'un incident en vol sur on avion Idger mono-
moteur pose le probllme do l'atterrissago d'urgence sur des terrains non prdpards. Diffd-
rents comptesrondus d'accident montrent quo dons la plupart des cas d'atteriissago en
ddtrosse, sor des sols 3 faible consistance 00 ddtrempds, l'avion capote, puis monte en
pyl~ne 01 se retourne.

Le phdnomlne do rotoornement pose 10 probllme do la protection do pilote at do sos
passagers vis-A-vis do l'dcrasoment do la verridre do l'avion.
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Les travaux ddcrits ci-apris ont pour objectif de prdsenter les moyens utilisds pour
i'dtude du retournement ainsi que les diffdrents rdsultats expdrimentaux qui permettront
d'aboutir A un concept de protection.

L'approche proposde concerne d'une part, la recherche d'une moddlisation, A laide
d'essais sur maquette libre et sur un sol reprdsentatif en similitude, et d'autre part,
la rdalisation d'un programme de calcul utilisant ne reprdsentation analytique du
mouvement.

3.1. ETUDE EXPERIMENTALE

La phase exp~rimentale a dtd initide par une dtude du parc des avions ldgers utilisds
dans les diffdrents Adroclubs Frangais de manire A permettre la dltermination d'une
enveloppe des paramitres massiques et glomdtriques et de choisir un avion de rlflrence
(MS 880 Rallye) qui sera retenu durant toute la campagne dlessais [171 .

Afin d'dtudier A 6chelle rlduite le comportement au retournement de l'avion M S 880
Rallye et de quelques variantes massiques et glomltriques, une maquette de type ".Icano"
a 6t6 construite (Photo 5). L'dchelle de reprlsentation en similitude est fixde A 1/7.

La similitude employle est la similitude de Froude qui permet la conservation du
rapport des forces de pesanteur aux forces d'inertie et donc de simuler correctement la
phase de retournement de l'avion, considlr6 comme un corps rigide.

Le choix des matdriaux utilisls dans la construction de la maquette a dtd guid6 par
la ndcessit6 de rlaliser un ensemble de masse inflrieure A 2,5 kg et par le souci de
reprdsentativitl de la rlpartition de masse.

L'instrumentation embarqule est composle de deux accdl1rombtres A axes de mesure
verticaux, rlpartis de part et d'autre du centre d'inertie et d'un accdl1romitre A axe
de mesure horizontal placl au centre d'inertie (Photo 6). La masse de la maquette 6tant
faible et utilise en quasi-totalitd pour la structure, l'instrumentation embarqude a
6t6 limitle aux seuls moyens prlcitls. La mesure des paramitres gdomdtriques et cinltiques
a ltd rlalisle par dec moyens de mesure au sol (figure 3).

Le choix d'un sol reprlsentatif a 6t6 abordd par la recherche d'une configuration de
terrains pouvant amener au retournement. La caractdrisation des diffdrents types de sols
susceptibles d'6tre rencontrls a ltd Itudide sous l'aspect de la conservation des energies
de plnltration verticale dans la puissance quatribme de l'chelle. La qualification en
grandeur et A dchelle rlduite est rlalisle A laide d'un plndtromitre dynamique (Photo 7).
Des essais ont lt6 effectuls avec cet appareil sur diffdrents types de terrains (terres
de labour, terrain gazonn6, ... ) et ont permis de ddfinir une enveloppe d'enfoncements
plndtromltriques.

Quatre types de terrains, dont les Inergies de pdndtration sont comprises entre
350 Joules/m et 1400 Joules/m ont ltd retenus dans le cadre de cette dtude. Ces sols ont
6t4 reprdsentls en similitude par diffdrents ml1anges de sable de Seine etde terre tamisde
(figure 4) . Un dispositif de pese de sol permettant la mesure du diagramme d'efforts de
frottement longitudinal F. = f(temps) a dgalement lt6 utilis pour les essais (figure 5).

3.2. ETUDE NUMERIQUE

Un modile de calcul, utilisant les Iquations issues du principe fondamental de la
Dynamique et du thdorbme du moment dynamique, est proposd. Il a pour objet de ddcrire en
bidimensionnel le comportement en retournement d'un avion ldger A partir de l'ensemble
des conditions glomltriques, massiques (masse, centrage, inertie, glomltrie des trains...)
et cindtiques (vitesse d'approche, vitesse angulaire, ... ) et du diagramme d'efforts de
frottement longitudinal F = f(temps) (figure 6).

Ce modile de calcul est ddvelopp6 en considdrant, comme hypothise que l'avion est
indlformable au cours du retournement et que il'tude dynamique du mouvement se ramdne a
une 6tude de corps rigide.

Une schdmatisation du sol permettant de s'affranchir de l'introduction du diagramme
d'efforts de frottement longitudinal Fx = f(temps) est en ddveloppement. L'architecture
du programme ainsi que son articulation vis-i-vis de la phase expdrimentale sont dlfinies
en figure 7.

3.3. RESULTATS EXPERIMENTAUX ET NUMERIQUES

Les difflrents essais rdaliss sur maquette et sur diffdrents types de sols en simili-
tude ont permis de dlgager un certain nombre de rlsultats qui permettent d'aborder la
protection du phlote et des passagers vis-i-vis des niveaux d'acc4lration rencontrds au
cours du retournement et de l'crasement de la verrire 118 .

Parmi ces rlsultats, on peut citer principalement :

- Les essais de retournement rdalisds sur un sol reprdsentatif d'une terre de labour
(350 Joules/m en grandeur) ont montrd la possibilit6 de reprdsentationi Achelle rdduite
du phdnomine de retournement (figure 8). Ces rdsultats explrimentaux sont confirmls par
lea difflrents comptes rendus d'accidents, qui montrent que le retournement survient dans
tous les cas d'atterrissage forcds sur ce type de sol (figure 9).
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Ve plus, la bonne cohdrence entre les distances d'arrdt obtenues expdrimentalement et
celles relevdes dansles diff6rents comptesrendus d'accidents a permis de valider 6galement
ce type de sal du point de vue dnergdtique, en longitudinal (figure 10).

- Les niveaux d'accdl6rations verticales maximum obtanus au moment de l'impact de 1'avion
sur le sol (dans le cadre d'une approche en difficult6 av~c ddcrochage A environ 1 m du
sal) sant de l'ordra de 85 m/s'au centre dinertie. Suivent l'axe longitudinal, las
niveaux d'accd6ratians maximum enregistrds sant doenviron 120 m/I. Its mettent en
6vidence l importance de baudriers de protection pour le mnaintien du pilate at des pas-
sagers en cas de ddcdldration longitudinale importante (figure 11).

- Las essais rdalisds mantreot qua dans toutes las configurations 6tudides, las temps
d'application des niveaux d'accdldration sont compris entre 0,010 et 0,030 seconde (accdld-
rations verticales) , 0,015 et 0,045 seconde (accdldrations horizontales) et ne mttent dooc
pas en jeu la vie du pilate at des passagers au coors du mouvemept de retournement
(courbes de WEBB at EIBAND, figure 12).

- Les essais rdalisds sur diffdrents types de sols ddfinissent une enveloppe des valeurs
maximales de vitessas angulairas de lavion au moment de limpact de la verri re
(figure 13). La valeur de 135'/s, correapondant & la vitesse angulaire de lavion au
moment de 1 impact de la verri~re, semble apparaltre comma une premi~re valeur de rdfd-
rence pour aborder lea 6tudes de qualification mdcanique de la verriAre.

- D'une mani re gdndrale, lea avions A trains classiques soot mains sensibles au retour-
nement qua lea avions a trains tricycles (figure 14) mais soot par contra plus vulndrables
vis-h-vis do phdnom~ne de montde en pyldna.

- La passage dun obstacle en relief ou an creux A one viteese proche de la vitesse d'atter-
riasaga provoque on affaissement des trains mais n'engendre pas le retoornement 00 la
montde an pyl~ne.

- La ddtermination do diagramme daefforts de frottament en longitudinal F. - f(temps),
obtenue par introduction dans le mod -le de calcol des diagrammas dlaccdldrations longi-
tudinalas, verticales, angulaires, montre one boone cohdranca vis-A-vis des macores
rdalisdes A I'aide do dispositif de pasde de sal (figure 15).

- Laensamble des meaures axpdrimentales ainsi acqoises permat de remonter A on mad~le de
sal applicable, cas par cas, A chaque type d'avion. Ca travail est pr~vu.

4. METHODES D'ANALYSE NUMERIQUE

Poor analyser le probl~me do compartement structural doun avion asdcrasant avec one
vitessa de laordre de 5 m/s environ, lIME Lille, an collaboration avec Engineering System
International (E.S.I.) propose one mdthodolagie d'apprache originale, reposant principa-
lament sur deux concepts.

- le premier concept repose sur la ddcampositiao de l'avion sobissant on crash an daux
zones (figure 16) -

*la premibra zone correspond A la partie de l'avion gui absorbe peu d'6nergie lora
do crash. Dans la moddlisation math~matiqoe, le comportement structural statique
de cette zone eat suppos6 lindaire at dans le domaine dynamique temporal, seules
lea forces dinertie sont considdrdes (forces de pesanteor n~ali'Aal,

*la deuxi~me zone act la partie infdrieure do fuselage arti4 te de l1avion oa se
produit l'dcrasement. Cette partie infdrieure est constitude principalemant d'un
assemblage mdtallique de cadres circulaires raidis, de biellettes latdrales de
reprise daefforts, d'un plancher saute at d'un plancher passager (figure 17). Caest
cat ensemble structoral qui absorbe en trbs granda partie l'dnergie cin~tique de
vitasse verticale. Parall~lemant A labsarption d'dnergie, des phdnom~nes physiques
non lindaires complexes se prodoisent durant I'dcrasement. Des grands ddplacements
cindmatiques, des grandes ddformations plastiques des composants, des contacts non
lin~airas at 6galement des ddchiruras rparainsent.

- la deoxibme concept de la m6thodologie ddfinie par lI114 Lille eat do ddvelopper at de
mettre en oeuvre des modbles de calcul 616mants finis permattant de moddliser la compor-
tament statique pr6 at post flambement dana la domaina dlactoplastique d'6l6ments de
cadre mdtallique raidis avec on nambre relativament faible de degrds de liberti. Au
nivao des hypoth~ses des lois de compartement des mdtaux, il eat suppoad qua lea
ddformations structurales na ddpendent qua de 1Idnergie cindtique au moment de 1 impact
at non de la vitassa d'impact. Dane ce cas, on esae d'6crasement quasi-statique d'une
maquetta A dchalle rdduite, conduira A des modes de romne identiques A ceux d'une
structure an vraia grandeur. Compte teno de la rdpdtition des sections do fuselaqe
arri !ra, ii suffit de d~valopper des modblas 6l6ments finis sur on saul 616ment de
cadre raldi at ensuite de lesaeppliquer pour l'dtude campl, te do fuselage arri~re at
cadi, pour on coOt faibla en temps machine.

Parallment A ces travaux de moddlisetion, des assais sot maquettes Ai 6chelle rdduite

expdrimantales at de valider les mod~les 616ments finis at lea m~thodes d'analyse 191,
[io0 , 1151, [is6 , [191, [ 201.
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4.1. MODELES MACRO ET SUPER ELEMENTS FINIS

Les modbles 6ldments finis d~veioppds sont soit des macro-66ments finis, suit des
superdl~isents spdcifiques. L'approche par macro-dldents consiste a utiliser des 6i6ments
finis classiques (peutre, coque ... ) dont les propri~tds m~caniques sent d~terminees afin
qu'un maillage peu dense traduise correctement le comportement non lin~aire de la struc-
ture. Les propri6tds m~caniques recherchdes pouvent 6tro le module d'Young, la limite
diastique,..

Quant AI lapproche par super6l~ments, elle fait appel A des 6l6ments finis de dimension
gdomdtrique importarmte gui incluent des lois de comportoment analytiques et spdcifiques
dont les propridtds sont dgalemont recherch~es. La figure 18 centre uno loi type do
comportement non-lindaire force-ddpiacement. On pout noter la rdponce lindaire 6lastique
caract~risde par le param6tro E_ l a charge limite (Pic 1), une premi~re rdponse do post-
flannbement (E ) et un post flambement leintain (E,).

Pour chacune des deux approches, les propriZL6S mdc~n~ques des macne-elements ou des
superdl~ments cont ajusides en calibrant apris plucieurs itdrations la rdponse dlastique,
is charge limite et is rdponce poct-flamsbement de la structure m~tallique a ceile d'une

solution cible cennue. Cette solution cible pout 6tre seit une ripense num~rique obtenue
partir d'une moddlisation fine de la cemposanto dtudide, soit une r~ponso esp~rimontale

ebtenue Zi partir de mesures effectudes cur des maquettcs do cemposants a dchelle r~dulte.
D'autrec crit !res peuvont 6tre retonus dent notammont le6nergie absorb~e par la structure.

4.2. APPLICATION A UNEF POUTRE

Ouns un couci de validit6, los m~thodes d'analyse par macro-6lements et par super-
6idments finis ont cencernd l'analyse numdrique nen-lianeire quasi statique d'une poltre
mdtailiquc (acier) . Cotte peutre mince de section roctangulaire Oct soumise 6 une force
lat~rale I l'extrimit6 sup~rieuro et encastrde A l'extr~nitd infieure (figure 1q), icc
dimensions gdom~triquos cent les suivantes:

t- sire de la section 60 x 60 10-' m'
- 6paisseur 1 10-' m
- longuour 500 10-rn

LTne dtude du compertomont dlasteplastique do is poutro oct effectude avec une discr6-
ticatien fine, compronant 472 6l6ments do coque mince (figure 19) . La fiqure 19 centre la
courbe charge-d~placement F - W du point d'application do is force (point A), ebtonue
avec le mailiage fin. L'dvelutien do is d~fermatien do is poutro pour diff~rentes valeurs

du d~piscoment W du point A, Oct prfcentde cur Is figure 20. L'apparitien d'une retule
piastique prbs do l'encastrement et l'ouvorturo do l'ar~to caract~risent le mode do ruine

lm~thode des macre-6idments finis, Oct ontroprise.

La dscrtistio cosidrdeestun aillge 21 16ent docoqe mnce(figure 21).
Osos ce med~le, lec prepridtds m~caniques gee ion cherche A ajestor poer obtenir is
rdpence num~rique calculde avec le maillage fin, sent d'une part io module d'Young do ia
structure et d'autre part, ls limite diactique do la cornibre et des plaques. Queiques
analyses non lindairec do ls poutreoent suffi pour d~terminer (ou ajuctor) cec prepri~tds
m~caniques. La ceurbe charge-d~placement du point A, ebtenue avoc le mod~le macro-el6ments,
Oct pr~sentde cur is figure 22, ainsi quo ia ceerbo obtenue avoc lo maillago fin. on
constate quo is charge limite do flamboment et le comportement plastique post-fianiboment
calcuids avec le modle macro-6idments, concordent do fagon satisfaisante avoc ceux dotor-
minds par le maillage fin.

La ms~me dtudo a dt6 entroprise on appliquant is technique des superdidments finis. La
peu-r es st discrdtisde avec un soul cuperdidmont do coque mince et de quatre 6idmonts
quadri latbbres classigue s do coque mince (figure 23) . La loi do cemportoment du s-mnrrdliment
fini correspond A cello d~crite cur ls figure 18. Le r~le de cette loi, incluce dans is
formulation do ididment, est de moddliser du mioux quo possible le cemportement non-
lindairo dlssteplactiquo do is poutro. Los neuds B ot C sent articulds.

Les valours des caractdristiquos m~caniquoc (E, , E_, E_ P, et P,) do is loi do4 ceeputemunt sent d~termindes apros quelque ltrations on calibrinL is courbo ---
d~placemont du point A calculde avec le codle, i collo obtenue avec la discr~tisation
fine. La figure 24 mentre ies deux ceurbes ferco-depiscoment.

En conclusion de cotte application dans le domaine non lindairo structural, is techni-
que decS supordidments finis tente do remplacer one compesa'mte entilte par en lidment
fini spleislement conqu pour moddliser on comportement post-flambenent typizjue tandis qllc
l'approche macro-didments tente do remplacer cette compesante par un maillage simple.

En eutre, ii cenviont d'ajouter quo le maillage en superdliments doit centenir los
traits topolegiquos principaux do is composante dtudide, si Von veut quo le modle
conduise aux modes do ruine rdels. En 00 gui cencorne les lois do cempertement des super-
dldmonts, iI suffit do lec order one fois. Pour analyser diffdrents comportements non-
lindaires, souls los parambtres do ces lois seront 6 ajuctor. A linverse, la technique
par macro-6ldments n~cessite do rdeffectuer des msaillages lors d'analysos do comspertemonts
nen-lindaires diffdrents. L'utilisation do cotte mdthode apparalt done coins Officaco pour
l'analyse do problmes non-lindaires, vis-A-vis do is mdthodo suporddnnts finis.
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5. CONCLUSI'.. ET PERSPECTIVES

Acturement pour des structures m~talliques en alliages 1dgers, les rbgles de cons-
truct.r, de maquettes structuralement representatives des comportements 6lastiques et
plec aues d'un adronef sont bien ddfinies et les rdsultats d'essais de crash sont trans-
posables en similitude directe.

Les co~ts de rdalisation de ces maquettes, dont l'chelle est comprise entre le 1/3 Ct
le 1/10 (pour des gros avions de transport) sont tr6s nettement infdrieurs 6 ceux d'une
cellule de sdrie. L'utilisation de ce type de maquette prdsente un avantage certain au
stade de la conception de la tenue au crash de structures adronautiques.

Dans le cas du retournement des avions ldgers, en combinant les Etudes de comportement
cindmatique sur maquette de vol libre et ensuite les Etudes de rdponse structurale A
isovitesse sur maquette (avec des Echelles plus grandes), l'tude complete de la sauve-
garde d'un habitacle et des niveaux accldromdtriques subis par les passagers est possible
et r~aliste. Pour ce probl~me, la transposition des rdsultats des essais peut se faire
Egalement en similitude directe.

Le d~veloppement des techniques de calcul par macro ou superdldments finis montre qu'il
est pensable de reprfsenter, dans le domaine non-lin~aire en grands ddplacements et grandes
ddformations, des structures complexes rdpdtitives par une schdmatisation comportant un
faible nombre de degr6s de libertE et bien adapt~e au modble cible. A cette sch~matisatton
du probl~me crash, il reste A d~terminer un modble de masse repr6sentatif pour qu'une
mod4lisation non-lin~atre dynamique de cadres de fuselage m~talliques suit effectude.

L'extension future de ces m~thodes d'analyse concernera les Etudes des comportements
statiques et dynamiques de cellules d'a~ronefs en mat~riaux composites A matrice orqanique
(carbone, kevlar, verre - epoxy).
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Tableau 1 Tableau 2

RAPPORTS de SIMILITUDE INFLUENCE DE LA MODELISATION DES LIAISONS

VALEIJRSI.:03
DIMESION RAPOTS 13 RAIOISSEU M I

.LONGUEUR L I, <1 0.3333

PoIDs o .,
3  

0.03704 1
TEMTS T n 0.3333 1

MASSE VOLUMICUS IL-
3  

I EXTREEITE3
.MDL LSBU L'2 IISEAUTEES *RE0ONDANTE EN AClER

.ALLONGEMENT RELATIF I I

.VIrESSE LT1 IL

.ACCELERATON USNEAIRE Ir2 BRIGE A

FGACE MLIO- no o.11 C., S0.

.ENE0010 ABSORSEE oLor2 no3 0,03704 N0N 8RIDE I

,CONSTATE DE VITESSE T 0.3333 1 ASO EST OOSER NSNASASS IESSl
'AL LONG 0N :CISO OE RE NADSER ENZNNA.-.T

FACTEUR D'INTENSITE ML
1 2  

,n ~ 0.5773 OnT RIVETSE OIIVALESTS EN 201* IR1.2. I
DE CONTRAINTE Kc * OULONSETIE AC6E. 0-C ., ESOIVLESTE

____________________________________________________BOULONSERIE IlESOANTE EN ACIER

ENTEE PANNEALIX L
ET RA 'ISISSEAS ZOE SE COLLAGE

COLLAGE EN

ESTRE SILOS 000 EOIJSRRES ST PA0555000 OLAG

Figure1

COMPARAISON DES RESULTATS DESSAIS

SUR MAQUETTES Ech. 1/3 ET EN VRAIE GRANDEUR

EFFORT EEJERGIE

5 No0 sc'.- 00

ECRASEMENi (%) ECRASEMENr (%)

LIAISONS RIVETEES

-VRAIE GRANDEUR

MA QU ETVFS

http://www.abbottaerospace.com/technical-library


Figure 2
COMPARAISON DES ESSAIS MAQUETTE Ech. 1/3 ET EN VRAIE GRANDEUR
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Photo 5 Photo 6

Photo 7

Figure 3
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0STUDY OF

L, THE DYNAMIC BEHAVIOUR OF STIFFENED COMPOSITE FUSELAGE SHELL STRUCTURES

by

0J. S. Hansen and R. C. Tennyson

University of Toronto Institute for Aerospace Studies
4925 Dufferin Street

Downsview, Ontario, Canada
M3H 5T6

Tis report presents an overview of the development of a computer model for analysing the crash
response of stiffened composite fuselage structures together with the experimental validation progran.
Using a finite element formulation based on Reissner/Mindlin plate theories, the numerical model can
treat stiffened laminated shell buckling, large deflections, nonlinear material behaviour and element
failure. Numerical results are presented for several "test cases", although experimental comparisons
are not yet available. Details on the design and construction ef our first prototype composite
fuselage model are also provided together with a description of the crash test facility.i._

1. INTRODUCTION

Polyner based composite materials are rapidly replacing metals in the construction of civil and
military fixed wing and rotary wing aircraft. Much of this material substitution is driven by the
desire to reduce weight, thus increasing payload and fuel econony. For military aircraft, additional
benefits accrue in the fonn of improved performance and reduction of radar cross-section (i.e., stealth
technology). Using the design opportunities now available with composite structures also permits
structural and aeroelastic optimization, again leading to lower specific weight, higher specific
strength and stiffness systems. More recently, aircraft designers are now looking toward conpositE
"smart structures" where optoelectronic sensors and fiber optic grids in the laminates can be
incorporated during the manufacturing stage. Such sensor systens can provide real-time structural
integrity monitors, damage detectors and flight-worthiness infonation. There is no doubt that
industry is indeed moving in the direction of composite aircraft and rotorcraft when one considers the
prototypes that have already been manufactured and the material usage projections illustrated in Figs.
1 and 2. Although military aircraft tend to exploit technology to the fullest, it is only a matter of
time when the sane technology is utilized by the civil aviation industry as well.

One of the major problems associated with composite fuselage structures is their ability to absorb
impact damage. It is well known that carbon reinforced matrices of the thermoset type are indeed
brittle in nature and sub-surface delamination and cracking are common even for relatively low levels
of impact. More recently of course, thermoplastic resins with substantially higher iopact toughness
are now available (e.g., PEEK) and permit composite structures to be manufactured that will be superior
in terms of their impact behaviour. Clearly it is i-nperative at this stage in the evolution of
composite airframes that crashworthiness be incorporated into the design. From the military point of
view it is essential for perfonmance and survivability. In the civil and commercial marketplace, these
factors are of equal concern, but the additional necessity of aircraft certification places the onus on
the manufacturer to demonstrate performance and reliability compliance.

The objective of crashworthiness design is to determine a minimum weight systen at an acceptable
cost which provides the highest probability of occupant survival with minimal injuries in a prescribed
crash environment. Such design features must necessarily consider the aircraft structure, fuel
systemns, seat restraints, human tolerance levels and the crash environment (i.e., hard landing,
plowing, snow or water). However, the major design requirement is to maintain structural integrity of
the cabin-fuselage and acceptable seat loading by ensuring that sufficient ability to absorb energy
exists, which thus reduces decelerative forces on the occupants and hazardous large masses (i.e., high
wing aircraft), and that a protective shell be maintained around the occupied area during a crash. The
need to provide for post-crash energency egress through operative exits is also an important
requirement of structural crashworthiness design.

The development of a comprehensive computer analysis is essential to the aircraft design team for
evaluating and optimizing the crashworthiness of the aircraft structures, particularly during the early
design phases. Designing a crash-resistant structure and seat configuration necessitates an
understanding of the behaviour of a complex structure deforming under various impact loads. Testing of
full scale aircraft or scale models is extremely expensive and difficult. Consequently, the
experimental approach alone is undesirable. Computer techniques are needed which adequately consider
large deflections, nonlinear material response, local buckling and post-buckling behaviour, as well as
isolated component fractures. From an economic view, it is desirable to develop the simplest feasible
mathematical model representation of the actual structure, while maintaining an acceptable level of
accuracy. The cost restrictions place constraints on the total number of degrees of freedom that can
be retained in the model, the number of elements that may exhibit material and/or structural
nonlinearity, and the number of times the systen stiffness matrix can be re-assembled, inverted, and/or
transformned in a dynamic analysis.

The following report briefly describes the development of a finite-element computer nodel for
stiffened composite fuselage structures and outlines the experimental progran involving the
construction and testing of composite fuselage models. The interested reader can refer to Ref. 3 for a
description of earlier work by the authors on stiffened metallic fuselages.
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2. DEVELOPMENT OF COMPUTER MODEL

Code Characteristics

The present finite element code has been developed specifically for the analysis of impulsively
loaded shell and plate structures of arbitrary material construction. The formulation is based on
Reissner-Mindlin plate theory and allows full nonlinear geometric and material effects and considers
homogeneous isotropic and laminated composite materials. In addition, isotropic and/or composite
stringers and ribs can be included. A range of implicit time integration schenes are accessible to the
user including the Wilson-a, Newmark-e and a methods. These techniques permit the integration of the
dynamics equations using relatively large time steps while ensuring an accurate and stable numerical
solution. Failure and yielding analyses are provided as appropriate for both metallic and compositenaterial systens. For composite mnaterials, the user has the option of specifying either a masimun
stress, maximun strain or quadratic tensor polynomial failure criterion. A failure analysis can be
performed as an integral part of the response calculation or through the use of a post-processor.

Element Formulation

The following provides a brief overview of the elemnent formulation. More details nay be obtained
from Refs. 5 and 6.

Application of the finite elemnent method to problens of this nature requires solution of the
semi-discretized motion equation

ra + N(d) = F(t) (I)

In this equation M is the mass matrix while a, v, d and F(t) are the acceleration, displacenent and
force vectors respectively. The third tern, N(d), is the internal force or stiffness term which is
nonlinear in the displacenents.

In the formulation it was desired that the elemnent possess the capability of dealing with all
combinations of thick/thin and shallow/deep shells, including plates, and at the sane time allow
nonlinear strair-di:Tace.e.t relations and elasto-plastic material be aviour and the modelling of
composite naterials. To accomplish this, an elenent based on Reissner or Mindlin

8 
plate theory was

developed.

The use of a Reissner or a Mindlin type of plate theory in finite element Formulations for plates
and shells is well established and has been shown to give good results for thin to moderately thick
configurations. This approach has the advantage that independent displacement and rotation trial
functions may be used and that these functions need only ae C

O 
continuous.

The present elment is formulated in shell coordinates. Thus, an accurate geometic representatioq
is achieved which overcomes the difficulties that approximations to the geometry can produce.
Correspondingly, the following nonlinear strain-displacement relations were utilized.

n uo v ho + 1 ) 
(2)

aS sF 1W +1uAR+ ?8 (3)
Cyy L L y a Tx +Wi 2 P3y

YXy isu v v sow us]
y: L " + - -aAy a AX ni OnX n-x Ay j 2 moP Px Py

T
yz 

+ 
- (5)

= " 1 w us
yx [ +i -a -' x a A (5)

Here (x, y, z) are orthogonal curvilinear coordinates such that x and y lie at the mid-surface of the
shell, and z is normal to the mid-surface (Fig. 3). The tangential displacenents, u and v, are in the
x and y directions respectively, w is the normal displacemnent while n and P are the Lame coefficients.
The normal strain E has not been included in the above equations in anticipation of 'he requirunents
of the Reissner-Mindifn formulation which f)llows.

The Lamne coefficients are defined by a AI+zCK ) and P = B(I+zC ) and the curvatures C and C
are defined as the reciprocals of the principal radii of curvature, thatris C, = i/R , Cy = and C..

In order that the present results not be restricted to thin or shallow shells, the factors I/a and
I,/P an Eqs. 2-6 are expanded in binosial series that are subsequently truncated to the terms of O(z

2
).
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In order to treat moderately thick shells it is necessary to include the transverse shear stresses
ald in the strain energy while at the same tune taking z z to be negligible. It has been

s Awn 
T  

at, when the effect of transverse shear is included in a plate analysis, the normal
deflection and rotation measure that is veost convenient to use is a weighted average of the normal
deflection over the thickness of the plate and "a pair of rotation variables that are, equivalent but
not identical with the components of change of slope of the normal to the undeformed middle surface".

With this in mind, the spatial dependence of the displacements is represented in the form

u(x,y,z) = a(x,y) + 4x(X,y) (1)

v(x,y,z) = P(x,y) + aZy (X,y) (8)

w(x,y,z) = (x,y) (9)

where for P and P the superposed bar indicates the displacenent evaluated at the mid-surface and, as
indicated above P, x and j, are the measures of normal displacement and rotation. These five
displacements and rotations awe the nodal degrees of freedom associated with each node in the finite
elenent model (see Fig. 3).

The strain-displacement relations can be expressed as
i

o BL + ) BN) d = BT (10)

where the displacement vector dT = (50, Q,, v, ) and the strain vector LOT = ( Y Y
cx). The operator BL in the linear part of the strXin-displac-nent operator and arises fln tEg teA's

in square brackets ] in Eqs. (?)-(5) while BN is the nonlinear part of the operator that arises from

the terms in parentheses ( ) in Eqs. (2)-(4).

Constitutive Relation

The constitJtive relation for a laiina, including transverse shear terns is given by (Fig. 4),

Bxx Q Q12 Q13 9 0 Cxx

yy Q21 Q22 Q23 0 0 yy
*xy 231 Q32 Q33 0 0 

T
xy (11)

Tyz 0 0 & 044 Q45 
T
yz

0 0 0 55 Yzx

or, in terms of membrane (m) and transverse (s) components

or a D'e. After integrating through the laminate thickness* (Fig. 5), the stress and moment
resultants are given by,

Nxx axx

[ xx h/2 F:;;
S xy -h/2 ."x j dc (13)

*Integration through the finite elenent thickness takes place in the code, described later.
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I xx xx

h/2

Myy h/2 z Iyy dz (14)

SLxy xsy

If one re-writes the in-plane strains in the form

=E + zo

where 0 and KO are the midsurface strains and curvatures, respectively, the stress and loient

resultants take the form

7 -N7 FA 0 s B

0 G o 5 (5
0 oD

I ii 0 K

where
h! -

(A, B, ,) f h (1, Z, Z
2
) Raz (16)

. -h/2

and

h/? -

G A Qsdz ',7)
-hi?

Furthermore, shear correction factors (<ij) can be incorported in the natrix 'S' in the fori,

KIG1 1?2G12
G= (13)

12 21 22 22

It should be noted that various enpressions can be used for these shear correction factors,1
2 
but

results presented in this report indicate little difference oased on the varying 35sunptiOns.

Mass/Stiffness Matrices and Consistent Force Vector

The equilibrium equations were obtained trough the application of the principle of virtual work.

Specifically,

6d d + T dV * F dV - r
1

dT b M 6d
T 

Si
5  

= 3 (19)v ~ ~ v ~ v ~~ i A i

where 5d is the vector of virtual displacenents, b is the vector of applied body forces vS represents
the sujr re traction applied to one of the doiain surfaces Ai . For a general shell the ;o ne elenent
idV a edxdydz.

The inertial force term of Eq. (1) arises from the first term of Eq. (19) which can be cxpressed
as

.dr d AB dedy (?0)
A

after integration througs the thickness of the element, where I is the inertia natrin. For isotropic

omnogeneous materials and for laninated composites in which every ply has the sane density, , takes the
for,
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+

0 on+ 0 12 (x + y
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ph
3  

h12oh3 ' oh3

0 Pllp+ +C) 0 0 aL 12 12

For arbitrary layered materials, T will be more complicated; it is evaluated in the code by an exact
integration through the thickness of the element.

Upon discretizing the displacements using bicubic Lagrange polynomials and integrating using

fourth order Gauss quadrature in both the x and y directions, the consistent mass matrix is obtained.

For the secand tern of Eq. (19) it may be shown that

6(BT A) = (BL + 3N)8A (22)

and consequently the second tern of Eq. (19) yields

f [B T 6 dV d F (B )T 1 I (23)
- A L +N D(L + 2 

8
N
1  

d~ ~ v

In Eq. (23), D' is the constitutive relation which nay represent either the properties of an isotropic
or a layered composite material (see Eq. 12). It is to be noted that for isotropic materials D' can
take the form of an elasto-plastic material including strain-hardening effects. For this situation,
the element thickness is divided into a user specified nanber of layers to allow plastic growth at any
location through the thickness. This provides the internal force tern of Eq. (1) as (wits
dV - aldxdydz)

N(A) = ( ) + . *)T(B +D 9 laBdxdydz j (24)

For both the isotropic and composite materials, exact integration through the thickness is used.

As in the case of the mass matrix, the displacements are modelled using bicubic Lagrange
polynomials and integration is accompliseed using fourth order Gauss quadrature. This calculation
yields the internal force tern or the nonlinear stiffness matrix.

The final tern in Eq. (19) yields the consistent force vector. For illustrative purposes only, a
normal pressure acting on an x-y surface is demonstrated, but other surface tractions are treated in an
analogous manner. For notttional convenience the applied nonnal surface load is given in vector forn
sich that ,5 = [0,OP 2 ,0,0' and therefore the virtual work associated with such a load is

6W = r 8dT Sz dA = AdE NzTSdAe (25)
A Ae  e

where the subscript e implies element and the matrix of basis functions N, relates the discrete nodal
variables to the continuous displacement field, for an x-y surface of an arbitrary shell dA = aedxdy
and the element consistent force vector is

fe = ff NT .za(Za) P(Za)dxdy (26)

where Za is the value of z for the surface at which the load is applied.

Note that for a plate or shallow shell the force is considered to be applled to the mid-surface
but for shells with significant curvature it is important to designate the surface to which the lod is
applied.

Stringer and Rib Stiffness

In the present code. composite and metallic stiffener elements have been developed using a
Timoshenko beli model. This approach has been adopted since the Timoshenko beam can be considered as a
one-dimensional version of the Relssner-Mindlin plate theory and thus compatibility of the plate and
stiffener Is ensured. Details of the development may be found in Ref. 12.
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3. NUMERICAL TEST CASE RESULTS

To assess the influence of the various shear correction factors, a simply supported laminated

plate subjectedl oa static sine wave lateral pressure was first investigated (see Fig. 6). Comparison

with Whitney's solution is shown together with finite element solutions obtained using various shear

correction factors, as noted in Fig. 6. In all cases the finite element results lie aboy, 'nitney's

curve. The best agreenent is obtained using1 the shear corjgction factors due to Reissner, with some
discrepancy apparent using the result, of Bert and Vinson.

The response of a composite spherical cap subject to a centre-point load was also investigated.

The shell geometry and materiatproperties are presented in Fig. 7 where comparison is made to the

analytical solution of Rpddy. Tg shear correction factors used in the finite element formulation
were those due to Reissner and Bert. Quarter symmetry was utilized in the model and two meshes were

employed, a single element and a four element (2x2) mesh. Pie results reported in Fig. 7 indicate that
the solution achieved with the shear correction factors derived from Bert will converge to a solution
which is significantly different from that determined by Reddy. However, the results obtained when

Reissner's shear correction factor is used appear to be converging towards the analytical result.

While Reddy indicates the presence of shear correction factors in his formulation there is no
indication of the values he used so that the disagreement may be due to differences in the shear
correction factors used in each formulation.

The nonlinear geometry formulation was investigated by means of a simply supported circular arch

(homogeneous isotropic material) with a central point load as shown in Fig. 8. Keeping the chord of
the arch constant, the effect of changing the radius of curvature was investigated. Based on the
results of Sabir and Lock, the radii chosen for the tet cases were R BOO in. and 400 in. The first
of these is too large to allow buckling of the arch (Fig. 9) but the second case (Fig. 10) demonstrated

severe ouckling. Note that this problem has been restricted to symmetric buckling and that
half-symmetry has been utilized in the finite elem~nt models. It can be seen that the finite element
solutions have converged to the analytical results with only two elements.

The behaviour of orthogovally syJfged plates is usually treated by an "equivalent plate" model
with a modified bending sti-;ress. Thie approach is commonly regarded as a "smeared" analysis
because the contribution of the ;%-, to the overall structural response is distributed or sneared over
the whole plate. Consequently, th global response is recovered reasonably well but not the local

response. This situation makes complrison difficult but the following example is incluled in order to
give s9qe indication of how well the .iite element results compare with the 9meared analysis approach.

Bares - solution was chosen for conparison purpeses.

Since no analytical results were available for a stiffened laminated plate, the example shown in
Fig. 11 was used (homogeneous, isotropic). The stiffener and plate geometry together with material
properties are also presented in Fig. it. Quhrter symmetry amd six elements were utilized in tne

finite element model with the result that the finite element method underpredicted the centre
displacement by 12.7% as conpared to Bares. Insofar as the two methods of achieving the answer are

completely different, this level of disagreement is considered reasonable.

Dynamic loading of an isotropic circular cylinder was also analysed (see Ref. 23 for details). A
mine elenent mesh of elements was selected such that over the quarter of the cylinder modelled there
were three elements in each direction (Fig. 12). The distribution of the elements in the axial (x)
direction was uniform with each element covering 1/3 of the cylinder semi-length. In the
circumferential (y) direction the elenents are proportioned so that the forward 60% of the
circumference is covered by two elenents and the remaining element spans the aft 40% of the cylinder.
This nonuniform spacing was adopted so that a row of nodes would coincide with the 90' point on the
cylinder and in addition it provided a more refined discretization over the forward section of tie
cylinder where the most severe deformations were expected. The finite element nodel is illustrated in
Fig. 12 where the node numbers are indicated bv Arabic numerals and the element nombers by Roman
numerals. The origin of the x-y shell coordinate system is located at node number 1. Note that the
3-3 nesn had 500 degrees of freedom.

To illustrate the code capabilities, deformed shapes of the cylinder are shown in Fig. 13 after

various tines from the initiation of the impact loading. Complete details on the numerical model and
calculations can be found in Ref. 23. Suffice it to say that this code can determine transient
displacenents, velocities and accelerations.

At this point in time, numerical results are also being generated for a laminated composite

circular cylinder subjected to lateral impact loading. The corresponding dynamic displeonents and
accelerations will be determined for various asymetric impact conditions. These results will then be
compared to test dta. Finally, it is anticipated that the computer model can then be applied to
analyse tne stiffened composite fuselage model described later in this report. The test model has been
constructed and will undergo static and low energy impact loads to provide a basis of comparison for
the nunerical predictions. If this phase of tne program is successful, then flight i:mpact tests will

be conducted using the crash facility described in the following sections.

4. EXPERIMENTAL PROGRAM

Crash Test Facilit z

To provide fuselage models with both forward and vertical velocity components at impact, a
pendulum gantry was constructed over a large (12,2 x 3.7m) reinforced concrete pad. This facility was
used to simulate a 'free flight' crash test condition and is depicted in the schenatic of Fig. 14.
The fuselage specimen is suspended fron the top pivot point of the gantry by a rigid swing arn which
was drawn back above the impact surface with a pullback cable (Fig. 15). Also, a fuselage mounting
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fixture is attached to the rigid swing ann by a pyrotechnic bolt tension separator. During a test, the
fuselage is released from the pullback cable which pernits the model to swing, pendulum style, over the
impact surface. Then, the fuselage mounting fixture is separated from the swing arm by the pyrotechnic
device at a predetermined angle of incidence. An unbilical cable remains attached to the fuselage for
data acquisition throughout the duration of the test. Separation of the fuselage occurs when the rigid
swing arm passes through a laser bean, thus triggering the firing of the pyrotechnic separator. Should
the pyrotechnic device not fire, the fuselage would continue to swing through, and then back and forth
in s pendulum motion over the impact surface. The height of the fuselage above the impact surface at
release determines the vertical impact velocity whereas the horizontal velocity component is governed
by the amount of fuselage pullback required to raise the model's centre of mass above the desired
separation point. The maximum forward velocity that can currently be achieved in this facility is
approximately 8 ms-I . The desired pitch angle at separation is set by the adjustment of four cables
which connect the mounting fixture to a point on the rigid swing arm just below the separation point.
A consequence of this pendulum swing technique is the creation of a large upward pitch rate about the
model's centre of mass which must Je taken into consideration before testing to obtain the desired
pitch angle at surface impact. A barrier was also constructed and placed at the end of the pad to
prevent damage to cameras and other surrounding apparatus. Data acquisition from a crash test is
accomplished by photography using 16 ,mrn low and high speed cameras, and by onboard strain gauges and
accelerometers.

Earlier work by the authors involving metal fuselage models is described in Ref. 3. Figure 16
shows a crash test sequence using such a model (Im diameter x 2.3m length).

Composite Fuselage Model

To provide comparative crash data with the metal fuselage test results, a composite fuselage model
of Im dianeter - 2m length was constructed. The first prototype described below was constructed
without stringers and subfloor, but was reinforced with twelve light-rib frames and two main load
frames for a high wing configuration. The wing load was simulated by attaching 'dead' weights to a
rigid mounting fixture which was bolted to both of these interior main frames. This particular
geometry was necessary to properly locate the mass centroid and provide the required pitch moment of
inertia.

Woven Kevlar
It 

prepreg was used to fabricate the fuselage model instead of unidirectional prepreg
since it was found to be easier to cut, handle and lay-up over tools of complex curvatures. One
advantage of unidirectional prepreg is that it can be tailored to defined load paths but when these
loads are not fully defined, the quasi-isotropic nature of the woven prepreg can be used. Woven
prepreg also offers improvements in impact resistance over non-woven structures. The skin material
used was Fiberite prepreg MXM-771a/Kevlar49. The 7714 preprg system was designed specifically for the
aircraft industry. It has excellent drape and tack, and adheres well to the tool during lay-up. The
prepreg can be cured either in an autoclave, an oven with a vacuum bag, or by pressing techniques. A
laminate stacking sequence of 0190(M (Qo correspond.ng to the warp fibre along the fuselage length) was
used because it produced a shell with a greater axial/hoop stiffness ratio. The higher axial stiffness
was required since there were no stringers incorporated in this composite shell and the rib frames
provide the transverse stiffness for the fuselage. Fiberite 144F-133/48 woven graphite/epoxy prepreg
was selected for the fabrication of the light-ribs and ain load-carrying frames.

For the high wing configuration, the four attachments ' r the wing load are positioned on the two
lain frames. Reinforced laminated sandwich construction was used for the main framnes to eliminate
local buckling and failure, details of which can be found in Ref. 24.

A hollow cylindrical wooden mandrel (or tool) was constructed as shown in Fig. 17. The mold was
fabricated from two identical structures which were joined together along a plane 3" off the mold
horizontal axis (Fig. 18) to provide ease of separation. Each of the segments were made from wood and
epoxy, connected together by a steel shaft and plywood end plates. The mold surface was constructed
with marine plywood which could be readily shaped tg a circular contour and layered with Hysol R9-?039
resin/HD 3404 hardener. Figure 19 shows the Kevlar skin wrapped in the mold ready for the autoclave.
This particular prepreg was cured at 45 psi and 260*F at McDonnell Douglas of Canada in Malton,
Ontario. The final stiffened fuselage model with the high wing load fixture is shown on the crash pad
in Fig. 20. No flight impact tests have yet been conducted pending a numerical analysis of the model
for given load conditions. Clearly, a non-destructive test program must precede a final crash test to
optimize the amount of test data that one can obtain from such an expensive test article.
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Fig. 15 Fuselage Model Fig. 16 High Speed
Suspended on Photographs of
Pendulum Gantry Model Crash Test

Fig. 17 Split Mold for Manufacturing
Composite Fuselage Fig. 18 Assembled Cylindrical Mold
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Fuselage with High

Win( Load Fixture
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TRANSPORT AIRPLANE CRASS SIMULATION, VALIDATION
AND APPLICATION TO CRASS DESIGN CRITERIA

G. Wittlin
LOCKHEED AERONAUTICAL SYSTEMS COMPANY

BURBANK, CALIFORNIA

CRASHWORTHINESS BRANCH CHIEF

QL FAA TECHNICAL CENTER, ATLANTIC CITY, N. J.

A-2CT

This paper presents a brief description of the evolutionary development of program
KRASH to its most recent release, KRASH85, and provides some background to delineate
various program features as well as to illustrate the range of aircraft configurations and
impact conditions for which the program has been validated.)

The application of program KRASH to analyze the strUctural crash dynamics behavior of
a narrow-body commercial jet transport airplane used in the FAA/NASA conducted Controlled
Impact Demonstration (CID) test is discussed in this paper. A description of the modeling
along with comparative results 1etw-en test and analyses is provided. Included in the
correlation effort are acceleration time histories, sequence of impact events, fuselage
crush distribution, wing and fuselage bending moment distributions, and estimates of
momept and shear strength levels.

'4he results of the transport airplane correlation effort is used in a subsequent
parametric study to formulate a crash design velocity envelope. The flow diagram
provided describes the sequence of this effort and the manner in which analytical and
experimental data are integrated. Parametric analyses, section test and full-scale crash
test results are utilized and presented in the form of acceleration time histories at the
cabin floor. The dynamic pulse parameters, namely velocity change, duration of excitation
and peak acceleration amplitude, are related to potential seat dynamic test requirements.
The transport crash design envelope, along with additional available data, is used to
assess the effect of airplane size on floor acceleration pulses in a survivable crash
environment.

The most recent applications of KRASH, under FAA sponsorship, are discussed.
Included are the approaches being used to assess; floor pulses as a function of airplane
size, various fuselage auxiliary fuel tank installation concepts subjected to a crash
environment, the use of composites in lieu of metals, and soil/water impact
considerations.

INTRODUCTION

The decade of the 1980's has seen significant progress in application of analytical
modeling programs for the assessment of aircraft structural crash dynamics behavior. This
is particularly true for rotary-wing aircraft as evidenced by the numerous papers on the
subject of analytical modeling presented at the annual meeting of the 1986 American
Helicopter Society (AHS) (Reference 1). Program KRASH was the main topic presented in
many of the papers at that ASS meeting. The development of program KRASH evolved over a
period of time and sequence of applications, aided by numerous planned crash tests of
different aircraft configurations and a large independent user community. This paper,
while briefly touching on the KRASH development, emphasizes the most recent application of
the program to narrow-body jet transport aircraft. A joint FAA/NASA program (Reference 2)
involving airframe section drop tests, a full-scale airplane ('Laurinburg') drop test and
a Controlled Impact Demonstration (CID) test provided the framework by which analytical
modeling of the structure dynamic behavior of transport category airplanes in a survivable
crash environment could be enhanced, validated and applied. Correlation of the CID with
analytical modeling has shown a degree of success, as can be noted in recent publications
(References 3, 4). This paper, in addition to showing the KRASH correlation with the CID
test, describes post-CID applications of KRASH. In this latter study, the validated KRASH
model results in conjunction with airframe section and full-scale airplane test data are
used to develop a survivable crash design envelope for transport category aircraft. The
paper also briefly describes the ongoing FAA crash dynamics research effort and discusses
several current areas of interest.

PROGRAM BRASH

Program KRASH is referred to as a "hybrid" modeling technique because it approximates
large regions of structure in a simplified manner and provides for the use of experimental
data. The program was developed in three steps as depicted in Figure 1. The initial step
in the development of the program was for the application to helicopters (Reference 5).
Subsequently, the program's capability was extended to light fixed-wing airplanes
(References 6 and 7) and most recently to transport category aircraft (Reference 8). The
three stages of program release are referred to as KRASH, KRASH79 and KRASH85. As might
be expected, each release provides additional features and updates the previous version.
A comparison of the pertinent features of the three Ktua3H versions is shown in Table 1.
During the course of program development comparisons were made between test and analytical
results, both by Lockheed and independent users. Table 2 provides a partial list of
aircraft configurations and test conditions, for which correlation has been performed.
The following is a partial list of the operations that KRASH can perform:

http://www.abbottaerospace.com/technical-library


16-2

19 180 .i 85

U S ARMY

RTAY WING

... .. ...... ::::::::::::::::::::::::::::::::

GENERAL AVIATION

............
:::siii:::ii:::?!l~ig 

.. 
... 

.i.:si

.i ........ ii iiiii~i ....

FIGURE 1. KRASH DEVELOPMENT 1971-195

TABLE 1. COMPARISON OF PERTINENT PROGRAM FEATURES

FEATURES KRASH KRASH 79 KRASH 

1. ENERGY DISTRIBUTION YES YES" YES""

2. ELEMENT RUPTURE YES YES" YES"

3. INJURY CRITERIA 10R1I
8  

YES YES" YES

4. PLOT CAPABILITY SUMMARIES YES YES YES"

5. VOLUME PENETRATION YES YES YES

Bt. PLASTIC HINGE ALGORITHM NE YES YES"

7. SHOCK STRUT ND YES YES

8. FLEXIBLE AND OR SLOPED TERRAIN NO YES YES

9. ACCELERATION PULSE EXCITATION NO YES YES

10. UNSYMMETRIC;AL BEAM REPRESENTATION NO YES YES

11. STANDARD MATERIAL PROPERTIES NO YES YES

12. EXTERNAL SPRING DAMPING ND YES YES

13. MASS LOCATION PLOTS ND YES YES

14. PRE.AND POSTODATA PROCESSING NO YES YES

15. RESTART CAPABILITY ND YES YES

16 SYMMETRICAL MODEL CAPABILITY ND YES YES

17. CG FORCE MOTIONHISTORY NO YES YES"

18. VOLUME CHANGE CALCULATIONS ND YES YES

19. STANDARD NONLINEAR CURVES NO 5 6

20. STIFFNESS REDUCTION FEATURE (KRI
6 

APPLICABLE NO NO YES

TO DAMPING
21. COMBINED FAILURE LOAD (LICIc NE NO YES

22 INITIAL BALANCE NASTRAN NO ND YES

23. TIRE VERTICAL SPRING ND NY YES

24. ARBITRARY MASS NUMBERING NO NO YES

25. EXTERNAL FORCE LOADING ND ND YES

26. OLEO METERING PIN NO NO YES

27. ADDITION OF DESCRIPTIVE NAMES TO IDENTIFY ND ND YES
INPUT DATA

"ENIHANCED ONE LEVEL, "ENHANCED TWO LEVELS

aDYNAMIC RESPONSE INDEX bSTIFFNESS REDUCTION FACTOR CLOAD INTERACTION CURVE
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TABLE 2. KRASH EXPERIMENTAL VERIFICATION

GROSS IMPACT VELOCITIES
WEIGHT IMISECI

AIRCRAFT (Kg) VERTICAL LONGITUDINAL LATERAL (REFERENCE)

ROTARY WING

UTILITY TYPE 3909 7.0 - 5.6 5

CARGO TYPE 11045 12.8 8.3 - 25

MULTI-PURPOSE 1727 6.0 6.0 - 26

MULTI-PURPOSE 1645 10.0 - - 26

COMPOSITE SUBSTRUCTURE 1605 9.1 - - 9

COMPOSITE SUBSTRUCTURE 1605 8.6 - 3.1 9

LIGHT-FIXED-WING

SINGLE-ENGINE, HIGH-WING 1091 14.0 21.3 - 6

SINGLE-ENGINE, HIGH-WING 1091 6.7 21.7 - 6

SINGLE-ENGINE, HIGH-WING 1091 14.9 21.3 - 6

SINGLE-ENGINE, HIGH-WING 1091 13.1 21.2 - 6

TWIN-ENGINE, LOW-WING
SUBSTRUCTURE 248 8.4 - - 24

TRANSPORT

MEDIUM SIZE* 72272 5.5 52.4 - 14

MEDIUM SIZE 88636 5.3 79.2 - 18

*TEST PERFORMED ON SOIL;ALL OTHER TESTS ON RIGID SURFACE.

" Correlation with crash test data (Reference 1)
* Showing compliance with crash design requirements, e.g. MIL-STD-1290 (References

9, 10)

" Modeling composite fuselage structure (References 9 and 10)

" Determining incremental weight increase versus crashworthiness level tradeoff
(Reference 11)

" Performing landing gear simulation (Reference 12)

" Assessing the use of advanced composite materials in transport airplane lower
fuselage design (Reference 13)

" Modeling occupant/seat systems (Reference 14)

* Evaluating car-barrier impacts (Reference 15)

An extensive listing of recent applications of KRASH can be found in Reference 1. A
detailed summary of the chronological development of KRASH is found in Reference 3.

CID CORRELATION

The CID test of a narrow-body jet transport airplane was performed on December 1,
1984, at the NASA Dryden Dry Lake Bed, Edwards AFB, California. The planned impact
conditions are compared to the actual conditions in Table 3. The CID crash from iniLial
wing contact to subsequent fuselage impact with the ground is shown in Figure 2. Peak
ground impact responses were developed within 500 msec. after initial fuselage ground
impact (occurs 400 msec. after initial left wing impact-Figure 2) and prior to contact
with any ground obstructions. Only the first 900 msec. post-impact of the CID test are
pertinent to the analytical methodology program. The pre-CID test effort consisted of the
development of two KRASH airplane models and several frame section models. The frame
section model results were compared with section drop test data and the results were used
to improve the KRASH stick and expanded models, Figures 3 and 4 respectively. A 24-mass,
23-beam element full stick model, Figure 3, provides overall response and is useful in
assessing fuselage and wing structural integrity, lower fuselage crush, and floor
accelerations. Despite its simplicity, this model is particularly effective for impacts
where the airframe low frequency modes are expected to predominate, as was the case in the
CID test. The expanded 48-mass, 137-beam model, Figure 4, is potentially more suitable
for detail localized behavior, a situation that was difficult to assess for the CID test
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TABLE 3. COMPARISON OF CID TEST PLANNED AND ACTUAL IMPACT CONDITIONS

PLANNED ACTUAL'

SINK RATE, MISEC 0.91582-0.61

GROSS WEIGHT, KG 79545-88636 87447

GLIDE PATH. DEGREES 3 3 TO 4U 3 5

ATTITUDE. DEGREES I - I NOSE UP,

LONGITUDINAL VELOCITY KNTS 150' 151 5
5

ROLL EGREES U -13-

YAW. DEGREES U -i1"

*IMPACTED ON LEFT WING~ OUTBARDA ENGINE INITIAL CONTACT ON FUSELAGE AS AT FOLLOWING
CONDITIONS: 4.3 MISEC SINK SPEED, NOSE-DOWN ATTITUDE (0-2.0 DEGREES), FORWARD

VELOCITY 150 KNTS CONTACTED FUSELAGE 05S 360 -4601 REGION.

LEFT WING DOWN
NOSE LEFT

LEFT WING IMPACT FUSELAGE IMPACT

FIGURE 2. CID IMPACT SEQUENCE

24 MASSES
24 23 REAMS

MASS POINT 0
MASSLESS NUDE

PIUE3.CDSIC3DE
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48 MASSES
13? BEAMS
MASS POINT C )
MASSLESS NODE

3 9 2

FIGURE 4. CID EXPANDED MODEL

due to the post-impact fire. The pre-C112 effort is described, in detail, in Reference 16
and portions of which have been previously presented at a prior AGARD meeting (Reference
17).

The comparison of analysis results with CID test data was performed for two
conditions using the stick model; (Figure 3).

* Partial Sequence - Symmetrical impact on forward fuselage at a reduced sink speed
4.27 s/sec, -2' nose down, 0' roll and yaw.

* Complete Sequence - Unsymmetrical impact on left wing engine no. 1, initial sinkspeed 5.27 m/sec, +10 nose up, 130 roll and yaw.

The primary emphasis of the analysis was to determine cabin floor responses which
were then used to evaluate dynamic seat testing criteria. A comparison of results of the
two impact sequences is provided in Table 4. A comparison of the peak vertical
accelerations on the fuselage are provided in Figure 5.

Considering the unsymmetrical case, the initial impact on the number I engine does
not produce significant fuselage responses. As the aircraft settles down and impacts the
forward portion of the fuselage the impact forces increase significantly. Thus fuselage
impact results in greater impact forces and for this reason the previous condition was
considered a symmetrical fuselage impact.

In addition to the peak vertical acceleration comparisons, the correlation between
CID modeling and test results included comparisons of:

* Lateral and longitudinal direction accelerations (Figure 6)

* Moment distributions along the fuselage and wing (Figu-es 7, 8)

* Acceleration time histories (Figure 9)

The test and analysis results both showed relatively low longitudinal and lateral
accelerations as was expected based on the pre-CID analyses. The analysis results at the
forward fuselage are somewhat lower that anticipated. This difference is attributed to
the representation of the forward region of the fuselage where the nose-gear bulkhead
support structure is located. This structural representation was changed during the
post-CID parametric study described later in this paper. In general, one can anticipate
the longitudinal and lateral accelerations to be related to vertical peaks by the factor
associated with the ground coefficient of friction which is 0.35 for the nonyielding
rigid surface.
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TABLE 4. COMPARISON OF UNSYMMETRICAL IMPACT SEQUENCE; ANALYSIS VERSUS TEST

ANALYSIS RESULTS TEST DATA

INITIAL FUSELAGE CONTACT

MASS NO. 2 2 3

TIME (SEC)
( 1

) .432 .400

FUSELAGE CONTACT 4.19 4.27

VELOCITY. MISEC

ENGINE NO. 2 CONTACT

TIME (SEC)(1) .083 .080

(1) AFTER ENGINE NO. 1 INITIAL GROUND CONTACT

18
.6 - -IMPACT CONDITION C TEST RESULTS

14- FORWARD VELOCITY - 155 KNTS . ANALYSES'
S1 INITIAL IMPACT VELOCITY 5.27 MISEC SYMMETRICAL IMPACT

PITCH ATTITUDE - O
° 

N FORWARD FUSELAGE

ID ROLL. YAW ATTITUDE - 13

0 O ROLL. PITCH RATE - 004 RAO SEC I- ANALYSIS'
8 - UNSYMMETRIC IMP ACT
6 - 71 'IMPACT CONDITION ON ENGINE NO 1

4 - FORWARD VELOCITY 155 KNTS
C INITIAL IMPACT VELOCITY - 4.27 MISEC

2 10 20 30 M. PITCH ALTITUDE NOSE DOWN 2 0'
0 3 9 I 2 ROLL. YAW ATTITUDES -0360 600 90]0 12'00 IN

FUSELAGE STATION

FIGURE 5. PEAK FUSELAGE ACCELERATION DISTRIBUTION OBTAINED FROM KRASH ANALYSIS AND CIDO TEST DATA

_ _ _ __ T TEST DATA RANGE - - - ANALYSIS

o- 4 I ------------------ "- ----- '-- "- -'
6 U

6S 300 600 YO0 1200 150 F S 300 STY 90 1200 1500

FIGURE 6. COMPARISON OF TEST VERSUS ANALYSIS RESULTS - LONGITUDINAL AND
LATERAL ACCELERATIONS, COMPLETE SEQUENCE ANALYSIS

-- - KRASH ANALYSIS () NO I FNGINE IMPACT FUSELAGE IMPACT AT 4.27 MiSEC
CI TEST (D INITIAL FUSELAGE IMPACT 2 DEGREE NOSE DOWN ATTITUDE

20 
2 2-

75

10

1 0 75-LDDO 15 0 2 5 0 2 0AYD25 50 7500

TIME ( /SDTM SCITM S
5 I I I- 2

S 25f 1 1 1 I

0 25 5D 05 100 125 a 25 50 75 100 125 0 25 50 75 100 125

TIME fSEC. TIME ISEC. TIME ISEC.

FIUR 8.KAHVRU COTS EUT .SLG 1EDN 2OEN 801250TIO

0

25r,

TIM IEC

TIME ISECI TIM 25 5I5SEC25 0 2I5 5 10 2

FIGURE 7. KRASH VERSUS CID TEST RESULTS. FUSELAGE BENDING MOMENT DISTRIBUTION
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WING IMPACT AT 5.27 MISEC. 1 DEGREE NOSEUP ATTITUDE

i3KRASH MODEL #CID TEST DATA
UNSYMMETRICAL IMPACT RIGHT WING

1.5 LEFT WING

-- ESTIMATED WING
EKRASH MODEL RENDING STRENGTH

UNSYMMETRICAL IMPACT
1oI  RIGHT WING 0DENOTES WIND MASS

LOCATION - KRASH MODEL
D 'N 0CIO TEST BATA
0 LEFT WING ODENOTES ENGINE MASS

075 'LOCATION - 00051 MODEL

'NORMALIZED TO MAXIMUM STRENGTH

o - N..
0O.50

~-0
0.254

5 10 20 M.
0 0 1g I,- gO'S0O 100 200 300 "0 50 600 700 00 IN.

WING STATION

FIGURE 8. COMPARISON OF TEST AND ANALYSIS RESULTS, WING BENDING MOMENT DISTRIBUTION
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The comparisons of the moment responses along the fuselage and wings are shown in
Figures 7 and 8, respectively. The analysis to obtain the fuselage moments is initiated
at fuselage impact and assumes an initial moment distribution at that time, representative
of what is noted in Figure 7. Differences between the CID measured data and analytically
developed fuselage data (moments) is partially attributable to the inability to represent
the actual aerodynamic time history throughout the crash sequence of the mathematical
model. The aerodynamic loading was represented by externally applied forces. The
magnitude of the fuselage bending moments, obtained by analysis, although generally higher
than the measured responses, do not exceed the estimated strength of the fuselage and,
thus the impact results in loads which are within the structural integrity envelope of the
airframe. The wing bending moment comparison was performed for the unsymmetrical impact
initiated on the left wing engine. This type of impact is probably more severe for the
wing and associated wing-related fuel containment concerns than for a symmetrical impact
at the same sink rate. The comparison of results suggest the wing responses are close to
the estimated bending strength of the wing. The one data point discontinuity on the left
wing, at wing station 420, could be associated with the manner in which the KRASH model
treats the engine to wing attachment. The apparent marginal strength that the wing
exhibits might indicate that the 13-degree roll angle is close to the limit for wing fuel
containment at the CID impact conditions. If this is the case, the CID test results would
be consistent with previous study results provided in Reference 34. The analysis, based
on shear load versus estimated strength, showed that the highest potential for wing
failure is located on the left wing outboard of the number one engine, which actually
failed at the initial wing-low impact.

The vertical acceleration time histories along the fuselage resulting from a
4.27 m/sec fuselage impact are shown in Figure 9, for both the KRASH analysis and CID
test. The initial test and analysis peak amplitudes, at the forward-most regions of the
fuselage, exhibit similar response characteristics (amplitude and frequency). The
acceleration response from the mid to the aft-fuselage tends to show more deviation
between analysis and test results than does the comparison near the impact points. The
deviation is more evident for the secondary response which occurs at 400 milliseconds
after the forward fuselage impacts the ground. However, the test data shows that the
further the response measurement point is from the initial impact point, the lower the
associated amplitude. While the percentage difference between test and analysis values at
the mid to aft-fuselage region may be relatively large, the actual amplitude difference is
somewhere between ig to 3g. Furthermore, the test data exhibits scatter as noted in
Figure 5.

The KRASH correlation stick model was also used to compare results between the
planned and actual conditions as shown in Figure 10. The engines do not crush as much in

the symmetrical impact as the initial contact with ground is made at FS1000. For the
unsymmetrical impact, the airplane hits the ground initially on the No. 1 engine and then
contacts the No. 2 engine 80 milliseconds later before impacting the ground at the
forward fuselage location (FS300 - FS460) 400 milliseconds after the No. 1 engine ground
contact. The symmetrical model results generally shows higher acceleration peaks from the
mid-fuselage (FS820) and aft than the unsymmetrical model since the initial contact is on
the fuselage. Substantially more crushing is obtained during the symmetrical impact. For
reference the drop test crush results of a 5.18 m/sec sink speed pre-CID drop test of a
similar airplane configuration, commonly referred to as the "Laurinburg" test, is shown.
The Load Interactive Curve (TIC) ratios, which are used as an indication of airframe
strength relate to fuselage shear bending moment strength capability. The curves are
normalized to estimated failure loads so that LIC>1.0 indicates the potential for
exceeding airframe structural integrity. Both the symmetrical and unsymmetrical impacts
indicate no airframe failure should be experienced at the prescribed impact conditions.
Also shown in Figure 10 are the predicted pre-CID KRASH results. The pre-CID predictions
were generally higher and indicated possible exceedance of mid-fuselage strength. The
post-CID analyses have revised engine crush and aerodynamic loading distribution
characteristics which account for the differences between the pre- and post-analyses
results.

POST-CID PARAMETRIC STUDIES

Subsequent to the correlation effort the validated KRASH stick model was utilized to
perform a series of analytical runs to determine the envelope of airframe structural
integrity. The flow diagram for this effort is shown in Figure 11. This phase involved4 several iterations as a result of the input of additional data during the effort. The
initial analyses were performed for the air-to-ground (gears retracted) scenario followed
by the ground-to-ground scenario, also with gears retracted. The KRASH results from the
ground-to-ground analyse indicated a need to refine the nose-gear bulkhead
representation. Subsequently this refinement was made using existing available test data
(Reference 19). The KRASH model was revised as noted in Figure 12 and a new set of
results were obtained. In addition to the two scenarios initially investigated,
air-to-ground (gears extended) and longitudinal-only impacts were also analyzed. The
latter analysis was aided with the use of existing available cylindrical axial crush test
data, also obtained from Reference 19. The analytical results yielded vertical,
longitudinal and combined vertical-longitudinal pulses. The analyses results, along with
the full-scale L-1649, DC-7 and CID (References 20, 21, 22) and fuselage section test
data, were then used to formulate crash design velocity envelopes.

For air-to-ground analyses the following assumptions apply:

* Impact directly on fuselage; no engine crush involved

* Symmetrical impact; no roll or yaw angle
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* No initial external loading; i.e., no aerodynamic forces

* Limit is airframe structural integrity as measured by Load Interaction Curve,

(LICalI.0)

* Maximum crush before restiffening occurs is:

0.254-meter wing center section FS620-820

0.457-meter wing MLG aft bulkhead, FS960

0.610-meter fuselage frame sections, FS300, 460, 1040, 1240

1.2
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A summary of conditions analyzed for the gears-retracted type of impact is shown in
Table 5.

TABLE 5. DESCRIPTION OF ANALYSIS:
AIR-TO-GROUND IMPACT CONDITIONS

AIRPLANE FORWARD REVISED
INITIAL PITCH ENGINE VELOCITY NOSE GEAR

CONDITION SINK SPEED ATTITUDE INITIAL GROUND COMPONENT BULKHEAD

NO MISEC DEGREES LIFT CONTACT 11 S5 KTSI CRUSH

1 67 0 NO YES YES YES

2 R.7 -1 NO YES YES YES

3 6.1 -1 NO YES YES YES

4 5.3 .1 NO YES YES YES

S 63 .1 YES YES YES YES

6 67 0 NO NO NO YES

7 6.7 0 NO NO YES YES

6.1 0 NO NO YES NO

N61 0 NO NO YES YES

10 416 S NO NO YES YES

11 4,6 .6 NO NO YES YES

12 .' 6 NO NO YES NO

13 41 -6 NO NO YES NO

For the air-to-ground, gears-extended analyses the following three conditions were
determined to be approximately the level at which fuselage structural integrity would be
exceeded:

1. Sink speed 5.49 m/sec, Pitch attitude = -6 degrees

2. Sink speed a 6.10 m/sec, Pitch attitude = 0 degrees

3. Sink speed a 5.49 m/sec, Pitch attitude = +6 degrees

For all these runs the assumptions of zero lift force, forward velocity = 79.85 m/sec
and ground coefficient (p) - .35 applied. Main and nose gear failure loads, based on
airplane design loads were used as criteria for failure.

The KRASH analyses results were compared to previous air-to-ground impact analysis
reported in Reference 19. The models exercised in the CID and Reference 19 models are
shown in Figure 13, and the results compared in Table 6. The differences between the two
sets of results are readily explained by the fuselage crush representation used in each
analysis. The CID representation is believed to be more plausible since the
load-deflection characteristics obtained from that analysis were obtained from supporting
tests designed to provide just that kind of data. Figure 14 shows a comparison of
airplane initial impact velocity versus pitch attitude at the limit of airframe integrity
developed from the two analyses.

Figure 15 shows a comparison of the fuselage underside crush for the 'Laurinburg'
test the CID test and the parametric analysis results. The latter is based on the revised
nose-gear bulkhead representation and encompasses the maximum amplitude for pitch
attitudes of -6 (nose-down), 0, and +6 (nose-up) degrees. The analyses results, provided
in Figure 15, suggests that in a survivable crash wherein the fuselage structural
integrity is maintained the fuselage will crush more than was measured in either the
'Laurinburg' or CID tests.

For the air-to-ground impac, conditions the magnitude of longitudinal pulses are
relatively low in relation to the magnitude of the vertical pulses. To obtain combined
longitudinal-vertical pulses ground-to-ground (ramp) impact analyses were performed.
Included in these ramp analyses were the following conditions, which are representative of
References 20 and 21 test conditions:

forward
Ramp ENV* velocity

(degrees) (m/sec) (m/sec) Reference

1. 6 5.64 53.90 20

2. 20 11.50 33.50 20

3. a 10.00 71.60 21

*ENV - (Sink speed) X (sine of the slope of the ramp)
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FUSELAGE STATION 187 325 432 546 641 831 964 1097 1249 1484

LI 00 0 ** 20 C7

MASS STATION 1 2 3 4 5 6 7 8 9 0
WEIGHT. KG 2,138 3,398 3.857 3,585 2,996 37,778 5,151 4,591 3,238 3,773

(a REFERENCE 19 AIRPLANE CONFIGURATION

GHI

KRASH F.S. 0.- 0 0 0 0 0 0 0 0_ 0 0

MASS STATION I3 4 5 6 7 8 9 10

WEIGHT, KG 720 4,575 6,963 5,953 9,889 3.591 4,178 4,517 2,592 2.807

WING AND ENGINE WEIGHTS 36.900

fol CID AIRPLANE CONFIGURATION

FIGURE 13. COMPARISON OF AIRPLANE CONFIGURATIONS

TABLE 6. COMPARISON OF ANALYSIS RESULTS, SINK SPEED = 4.57 M/SECO-DEGREE PITCH ATTITUDE

PEAK VERTICAL
FUSELAGE STATION ACCELERATION. g LIC RATIOS CRUSH DISTANCE. M

REFERENCE 2 CID REFERENCE 19 CID REFERENCE 19 CID REFERENCE 19 CIO

325 300,350 10 9 0 70 0 55 0 254 0 13

432 450 0 67 0 55 0254 0I3

546 540 0 65 052 0279 0.180

6411.1 6201.1 10 105 067 0 48(a 0275 0 10
831(.1 8201. - - 042 0571.l 040 0.170

9641.1 9601 -- 0 45 0 6 0 301 0.236 c
1097 1040,1090 R 9 9 046 068 084 0 248.

1249 1210!1240 00 s 049 0813 0.036 1

(.E BULKHEAD CRUSHING
(b) AVG. OF TWO VALUES
[c) MAX. VALUE OCCURS AT END OF ANALYSIS

INISEC MISEC
280 0

INITIAL CIO ANALYSES -- REVISED (FINAL)
ICII ANALYSES

240 -6.0

W200

RIEF. 19
-- ANALYSES

16 I I I I I I I I I
-8 0 6 -4.0

PITCH ATTITUDE. DEGREES

FIGURE 14. AIRPLANE IMPACT VELOCITY VERSUS PITCH ATTITUDE. AIR-TO-GROUND SCENARIO
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aS 380 540 600J 820 960 1220

5 
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3 CUTTER IMPACT AND SUBSEQUENT COLLAPSE

380 460 540 E00J 020 920 1220 AFTER POST.IMPACT FIRE= 8006 STATIONS

FIGURE 15. FUSELAGE CRUSH COMPARISON; LAURINBURG. CID AND KRASH PARAMETRIC STUDY

The assessment of the fuselage failure modes experienced during the tests described
in References 20 and 21 versus that obtained by analysis of the CID test article via LIC
curves, showed good agreement.

The measured acceleration pulses obtained from References 20 and 21 data were
integrated and along with airframe test data, were used to obtain triangular pulse
velocity change-acceleration-rise time relationship which are plotted in Figures 16 and 17
for the longitudinal and vertical directions, respectively. The data presented in Figure
16 and 17 illustrates that typically high accelerations are associated with short
durations and that the trend is for a decrease in amplitude as the duration of the pulse
increases. The plotted data show that the pulses in the passenger cabin of a transport
aircraft can vary substantially, but are generally associated with a change of velocity at
or below 9.14 m/sec, without fuselage strength (shell bending, shear) being exceeded.
Higher velocity changes may be experienced at the nose section, forward of the passenger
cabin. The initial 6-degree ramp impact of the L-1649 occurs with an ENV 5.64 m/sec and
experiences no fuselage break. The second impact onto a 20-degree ramp occurs with an
ENV -11.5 m/sec and the airplane experiences two fuselage breaks (Figure 18). The
longitudinal acceleration histories (Figure 19) at the cockpit (FS195) and passenger
mid-fuselage (FS685) locations for these two impacts illustrate the following:

* The peak acceleration at FS195 is approximately 20g for both impacts, despite the
fact that the longitudinal velocity change is - 30 percent higher for the more
severe impact.

* At FS685 the acceleration response shapes are similar and the magnitudes are
nearly equal, despite the higher velocity change in the latter impact.

* The higher velocity change for the more severe impact is accompanied by a a longer
pulse time duration, not necessarily a higher "g".

The analyses for the air-to-groliid and ground-to-ground scenarios were similarly
plotted as triangular pulses showing the acceleration-time-velocity change relationships.
As part of the parametric study the affect of additional crush distance in critical
bulkhead regions was investigated. The results, which are plotted in Figure 20, show that
the added crush distance, if it were available, would allow the airplane to impact at a
higher initial sink speed before realizing a fuselage break (LIC > 1.0). However, the
increased crush tends to produce lower accelerations and longer pulse durations. At some
point the physical constraints of the location of the 'hard points" (i.e. aft pressure
bulkhead) limits the amount of crush that can be achieved. When the hard point is
encountered severe failure-inducing loading is generated. The analysis showed that for
the CID configuration, the aft pressure bulkhead (FS1401) contacts the ground for a sink
speed of 7.62 c/sec and flat pitch attitude (zero-degrees). An increase in the sink speed
to 8.38 m/sec definitely produces failure loads in the analysis.

The analyses to determine longitudinal forces, which could result in passenger cabin
failure loads, was performed using the model shown in Figure 21. The crush behavior of
the forward fuselage was obtained from cylinder axial collapse tests described in
Reference 19. The load-deflection behavior of the nonlinear beams was based on model
axial compressive stiffness and failure loads. Three variations each in the behavior of
both the fuselage crush and nonlinear beam characteristics were included in the analyses,
so that the response throughout the fuselage could be ascertained as a function of
relative stiffness and failure levels in the regions both adjacent and downstream of the
impact location. The study was then performed for a range of impact velocities from
6.1 c/sec to 15.2 m/sec. The airframe strength exceedance as a function of the
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longitudinal impact velocity determined by KRASH analyses suggests that at around a
9.14 m/sec impact the passenger cabin region stays intact. However, at higher velocities
there is potential for cabin failures depending on the collapse or failure modes of the
structure.

The results of the parametric study involves analyses and test data which were used
to formulate the vertical velocity change versus longitudinal velocity change envelopes
shown in Figure 22. This data is representative of a triangular pulse with a rise time
(t ) between .075 seconds and .100 seconds. Figure 22 displays analysis and test data
points and defines both the airframe structural integrity and the floor induced passenger
seat dynamic pulse envelopes. The seat dynamic pulse envelope is higher than the
structural integrity envelope and accounts for rotational and rebound effects. The seat
pulse represents floor responses anticipated in a survivable accident which is defined as
the limit of fuselage strength. A dynamic test requirement for seats could be higher than
the airframe pulse envelope provided the seat reaction lcads, producud by the pulse, do
not exceed floor-airframe design strength.

Tables 7 and 8 provide a summary of test and analysis conditions that were integrated
into the development of the envelopes depicted in Figure 22. Table 7 shows the vertical
pulse related data, while Table 8 shows both the longitudinal-only and combined
longitudinal-vertical pulse-related data. A comprehensive description of the parametric
analyses, using the CID airplane as a representative transport category airplane, is
presented in Reference 23.

FAA CRASH DYNAMICS PROGRAM

The CID correlation and post-CID parametric study results, presented in prior
sections of this paper, represent a segment of a much broader FAA Crash Dynamics research
program. Figure 23 chronicles this continuing effort during the decade of the 80's. From
Figure 23, it can be observed that while several phases of the program have been
completed, others are in progress and some will be initiated shortly. The parametric
studies illustrate the application of validated analytical methodology to develop a crash
design envelope for transport category aircraft. FAA sponsored research is expanding the
test data base and applying state-of-the-art methodology in other areas including:

" Size Effects - Crash design envelopes for a range of aircraft categories and
configurations

* Fuel Containment - Crash Design Considerations for Fuselage Auxiliary Fuel Systems

" Composite and/or Advanced Materials - Crash Design Considerations

" Water/Soil Impact Design Considerations
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TABLE 7. SUMMARY OF FLOOR VERTICAL RESPONSE PULSES

FLOOR TRIANGULAR PULSE RANGE

IMPACT LONGITUDINAL VERTICAL
SINK I
SPEED. AMPL. At AV AMPL. .1 AV

DESCRIPTION MISEC 9 SEC MISEC g SEC MISEC

TEST

C ID A/P (Am-TO-GROUND) 4.27-4.57 - - - Ol8 0.13-0.20 4.69-6.8

NARROW-BODY SECTION - 6.10 - - - 8-10 0.11-0.13 5.68-6.5
VERTICAL DROP. 0.48M CRUSH

* NARROW-BODY SECTION - 10.67 - - - 12-14 0.15-0.18 10.83-
VERTICAL DROP. 0.61M-0.71M 12.47
CRUSH

AIRPLANE ANALYSES

LAURINBURG) l' PITCH) 6.18 - - 8-10 0,14-0.18 5.58-6.50

* AIR-TO-GROUND (GEARS 1.71" - - - 10-13 0.13-0.14 7.22-8.5
RETRACTED 0 - PITCH.
0.46M CRUSH)

* AIRTOGROUND (GEARS 6.10. - - - 8-11 0,14-0.18 8.56-9.84
EXTENDED. 0

° 
PITCH, 18" CRUSH)

SAIR-TO-GROUND (GEARS 7.62-8.38 - - - 8-12 0.15-0.20 0.20-9.84
RETRACTED. 0 PITCH. 0,1M-
0.915M CRUSH

'FUSELAGE IMPACT, - 2 -PITCH - FUSELAGE BREAK OR STRENGTH EXCEEDANCE

TABLE 8. SUMMARY OF FLOOR LONGITUDINAL AND COMBINED
LONGITUDINAL/VERTICAL RESPONSE PULSES

FLOOR TRIANGULAR PULSE RANGE

IMPACT LONC!TUDINAL VERTICAL
SINK
SPEED, AMPL. .11 IV AMPL. .t AV

DESCRIPTION MISEC g SEC MISEC SEC MISEC
TEST

SL-1649 A/P I6 SLOPE) 5.84 8-10 0.12-0.20 4.59-9.51 5-10 0 15-0 20 4.57-7.55

* L-1S4S A)P 120' SLOPE) 11.50-- 5-10 0.20-0.22 5.2S.8.86 5-10 0.15 0.20 4.57-8.2(

* AXIAL CYLINDER SECTION - - 12 0.15 9.84 - -
LONGITUDINAL CRUSH

AIRPLANE ANALYSES

*GROUND-TO-GROUND S'RAMPI 5.A4 8 0,11-0.14 4.59-5.58 6-9 008-0,11 3.284 57

* GROUND-TO-GROUND (20' RAMP) 7.02" 58 0 16-0.21 5.58-8.53 6-8 0.11-016 4.59-656

* GROUND-TO-GROUND (20' RAMP) 11.50"* 8 0,11.014 4.59-5.58 14 0.10 7.22

* GROUND-TO-GROUND (8' RAMP) 9.97*
°  

8-14 0.05-0.06 3,28-5.47 20 009 9.84

* 90' WALL - LONGITUDINAL - 8-10 0.20-0.24 5.84 - -

*FUSELAGE IMPACT, - 2 -PITCH -FUSELAGE BREAK OR STRENGTH EXCEEDANCE

Size Effects

The development of the crash design envelopes described earlier apply to transport
category airplanes. This category encompasses a range of gross take-off weights from a
minimum of 5,682 kg to as much as 318,182 kg. Consequently, the concern for how the floor
crash pulse could vary as a function of airplane size led to a preliminary investigation
of this effect. The FAA/NASA studies (References 27-31) were coordinated with the
parametric analysis results described in Reference 23. A simplified approximate
expression was used which related crush energy dissipation to the kinetic energy to be
absorbed. The velocity-crush distance-peak acceleration triangular pulse relationship is
plotted in Figures 24 and 25, for the vertical and longitudinal directions, respectively.
For the vertical direction impact, Figure 24, one can ascertain that for smaller aircraft,
such as the light-weight general aviation airplanes, that if the maximum available below
floor space were crushed uniformly and completely (100 percent efficiency) then a velocity
change of 7.92 n/sec, a peak acceleration of 26g and a triangular pulse of .063 seconds
duration might be appropriate. For larger aircraft, the data suggests lower peak g's,
higher velocity changes and a longer pulse duration. The transport catagory airplane
parametric study results discussed earlier showed that this trend prevails as additional
crush is provided. The parametric study results also show that for the CID airplane
configuration thp crush distribution along the fuselage varies from 0.31 meters to 0.56
meters (Figure 14) before contact with stiff structure occurs (e.g. bulkhead) and produces
sufficiently high loads to exceed airframe strength. Thus, the narrow-body section data
point for an impact velocity of 10.67 m/sec (Reference 29) which is performed for a soft
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frame and not restrained by airplane bulkheads produces a crush distance which in a crash
is most likely not realizeable. For the CID configuration 0.56 meters at the aft fuselage
represents approximately 30 percent of the total depth below the passenger floor in that
region. Thus, the larger transports, while providing more crush distance than the smaller
airplanes, do not allow for total use of the available crush space. Estimates of
available crush distance as a function of airplane size are shown in Figure 24.

Figure 25 presents crush, velocity change and peak acceleration response
relationships along with supporting analysis and test data for the longitudinal direction
pulse. Included in this figure are similar reference data as shown in Figure 24, but for
the longitudinal direction. The crush zones for various categories of aircraft for this
direction are not as well defined as underfloor space is for the vertical direction. The
impact of light-fixed wing aircraft into a soil terrain (References 6, 32, 33) indicates
ex-ensive forward fuselage crush is experinnced CoL the smaller aircraft in a
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nonsurvivable crash. The crush term in Figure 25 can include seat stroke and ground
iisplacement in addition to fuselage collapse when addressing test data. The parametric
study results based on the narrow-body CID airplane configuration indicate substantial
fuselage crush could occur forward of the passenger compartment. The aforementioned
results, depicting size effects on crash design criteria, is being explored further in
current FAA efforts directed toward commuter airplane crash design criteria.

Fuselage Mounted Auxiliary Fuel Tanks

In another related crash design effort an investigation into "fuel containment
concepts" is being performed under FAA sponsorship. The initial phase of this study,
reported in Reference 35, shows that the use of crash-resistant fuselage auxiliary fue,
tanks may have a more advantageous benefit to cost trade-off than wing fuel structure
modifications and/or wing fuel crash-resistant systems. As part of the Phase II study the
dynamic response of fuselage auxiliary fuel tank system installations are being
investigated. These concepts include:

1. Bladder cells fitted in the lower fuselage

2. a) Conformable tank mounted to both passenger and cargo floors e.g. wide-body
aircraft

b) Conformable tank mounted to passenger floor and to fuselage frame e.g.
narrow-body

3. Cylindrical tanks mounted to cargo floor

Each of these concepts are being modeled with KRASH to depict attachmebt loads and
mass accelerations, as well as absolute and relative displacements for fore-aft loads and
vertical impact loads under dynamic impact loading conditions.

Composite Designs for Crash Dynamics

A third consideration in the development of crash design criteria is the manner in
which designs of composite material in lieu of metals influence dynamic response and load
transfer behavior. In the last several years the use of advanced materials, including
composites, has accelerated. The biggest strides have been made with military rotorcraft.
References 36-39 report on crash analysis fuselage designs which incorporate composite
materials. In all of these studies, program KRASH is the tool with which the analytical
study is performed. The purpose of these studies are, generally, to show trade-off
between response levels and designs and/or design requirements. These studies point out
that; composite materials offer significant benefits over metallic structures in reducing
weight and cost as well as improved corrosion resistance. However, composite materials
exhibit low strain-to-failure compared to such metals as 2024 aluminum, a ductile metal
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that can tolerate rather large strains, deform plastically and absorb a considerable
amount of energy in the nonlinear region without fracture. Because of this difference
between composites and metals, crash energy absorption with composites must come from
innovative design to augment the lower material stress-strain behavior of the composites.

Taking into consideration the findings from rotary-wing composites studies, the FAA's
approach in the assessment of crash design compatibility of composites in "lieu of" metals
is as follows:

1. The energy absorption capability of the structure to be affected by the impact
loading must be determined.

Tests conducted by the FAA Technical Center and supporting analyses, described in
Referencea 16, illustrate the manner in which current structure can be evaluated
so as to establish guidelines for replacement structure. Briefly, this approach
consisted of analyzing the structural behavior of a wide-body airplane during a
crash impact using program KRASH for specified impact conditions, to determine
the response and crushing distribution along the fuselage. This analysis is thenfollowed by a more detailed analysis of the frame segments wherein critical
responses can occur. Several section tests and analysis, as-sequenced in Figure
26, were performed for this purpose. The FAA conducted two widebody section drop
tests. The first consisted of lightly loaded (2,273 kg) section without cargo
(6.1 m/sec impact velocity) and the second of a more densely loaded (4,909 kg)
section with cargo (7.62 m/sec impact velocity). The post-test results shown in
Figure 27, vividly demonstrate the crush behavior associated with both specimens.
The lightly loaded structure crushed approximately 0.05 meters while the latter
crushed as much as 0.36 meters. The comparative passenger floor responses are
approximately 35g peak acceleration, .040 sec; pulse duration and 16g peak
acceleration, .100 sec. pulse duration, respectively.

2. The combination of composite material's behavior and designs must exhibit equal
or better energy absorption than the metals which they replace.

There are several parameters which can be used as measureE of performance for
comparing composites with metals, as illustrated in Figure 28. The parameters
are specific energy, which donsiders energy and weight; load uniformity which
indicates the relationship between peak and average force; stroke ratio, which
provides a measure of effective use of material; energy dissipation density,
which also indicates the degree of effectiveness in absorbing energy; ratio of
dynamic to static forces, which reflects a material property such as strain rate
which could influence behavior under dynamic loading; and crush stress, which is
related to the forces and area involved in the loading. As one could surmise,
these parameters can be interrelated. The results of the recent 'composite'
related study for transport category airframe structure (reference 40)
illustrated the manner in which designs and material behavior affect these
various parameters.

3. The failure mode and energy absorption of a composite design must meet design
criteria requirements and may not be feasible on a one-to-one substitution basis.

This premise is borne Out by the results from the study described in reference 40
which illustrated how the details of design with composites can influence results
insofar as failure mode and energy absorption are concerned.

Water/Soil Interaction Design Considerations

Much of the crash dynamics research, whether it be for metalliz or composite designs,
has been performed considering the impact surface to be rigid. For resilient soil and
water impact the underfloor structure can be loaded differently than for rigid surfaces.
In soil and wpter impacts from crash loads can be distributed over the underfloor skins.
The potential for a skin rupture exists which could minimize the effectiveness of
crushable beams and frames. The effect of soil scoop and with it inczeased longitudinal
loads, as was demonstrated in some earlier general aviation crash tests is also a concern.
The development of crashworthy design concepts, which would be beneficial in soil/water
impacts, will be enhanced with improved analytical methodology. With this in mind, the
FAA has initiated effort to identify additional KRASH code modifications directed at
addressing structure-ground interaction load transfer mechanisms. This effort could
expand to include tests of shapes/configurations into resilient yielding surfaces.

SUMMARY
The FAA and NASA developed a joint structural crash dynamics program which provided

the framework for improved methodology. While the R&D program is still ongoing, several
significant milestones have been successfully completed. Section drop tests of
narrow-body airplane and wide-body airplane frames, as well as a full-scale drop test of a
complete test article ('Laurinburg') and a remotely piloted airplane crash test (CID) have
been performed, along with supporting analyses. The validation of analytical modeling of
the CID, using an improved KRASH85 code, was followed by a parametric study in which
airframe integrity as a function of a velocity and attitude profile was investigated. The
results of this parametric study, which included KRASH85 analyses, combined with
additional available test data, were used to establish both structure and seat dynamic
test crash design velocity envelopes. The application of analytical methodology to the
establishment of crash design criteria provides opportunities to expand crash design and
compliance procedures to a broad segment of aircraft configurations. As is noted in the

http://www.abbottaerospace.com/technical-library


16-21

Bl707 FRAME 4 CI FRAME
SECTION - NASA FLOORSECTION - FAA

TEST RESPONSE of TESTS FLOO RESPONSE

2 PLASTIC HINGE 5 VERTICAL COLUMN FAILURE
KRASH" FORMATION ERASH LOAD SEFLEC]tON

ANALYSIS ANALYSIS ENERGY DISTRIBUTION

FLOOR RESPONSE

ET0T FRAME LASTI A IE RMAETION LOA DEFECIO SELECTION OFSECTION - FAA PLASTIC RINSE FORMATION I.LOAO EFECTION COMPOSITE LLEMENT
TEST ICARO KRASH ANALYSIS" ENERGY DISTRIBUTION SPECIMENS

FIGURE 26. FRAME SECTION ANALYSES AND TESTS

ANTHROPOMORPHIC ANTHROPOMORPHIC
DUMMIES REMOVED DUMMIES IN PLACE

(a) LIGHTLY-LOADED SECTION: (I HEAVILY LOAEO SECTION:
6.1 MISEC IMPACT VELOCITY 7.62 MISEC IMPACT VELOCITY

FIGURE 27, WIDE-EDY FRAME SECTION POST-TEST RESULTS

SPECIFIC ENERGY STROKE EFFICIENCY

BOTTOMING
OAT IBO I F --

SI I o j RATIO:

I DEFLECTION 
HGMAX ENERGY ABSORPTIONIUNIT MASS RIO: S

HIGH VALUES FOR LIGHTWEIGHT RATIO: EFFICIENT ASE OF MATERIAL
ABSORBENT LOW

RATIO: INEFFICIENT USE OF MATERIAL
ENERGY DISSIPATION DENSITY CRUSH STRESS[T A FAVG 0 FpEAK

MAX ENERGY ABSORBED A OCR - - CR, PEAK -
PER UNIT VOLUME 0 0

HIGH VALUES FOR COMPACT .HIGH VALUES REUIRED
ABSORBERS TO CUSHION HEAVY

, LOADS

LOAD UNIFORMITY
LOAD NIFOMITYRATIO OF OTNAMICISTATIC CRASE FORCEPEAK A

RATIO FPEAKIFAVG FA RD / FAVGoYN T BA

LOW RATIO: SMOOTH FAVGDyN
OECEL N RATIO:-HIGH RATIO: SERRATIONS O DESTATIC
HIGH PEAKS EFLECTION

FIGURE 28. ENERGY ABSORPTION TERMS

http://www.abbottaerospace.com/technical-library


16-22

paper, the application of state-of-the-art analysis complimented by test data enables an
assessment of composite material usage in lieu of metal structure in a crash impact
sensitive region. The procedure outlined in the paper highlights the key measurement
parameters that have to be considered. While preliminary in some respects, the procedures
described herein provide the initial application of the FAA/NASA fostered methodology
developed to crash design criteria.

The effort to expand the data base and enhance methodology capability is an ongoing
effort. Areas that are being addressed include; different sizes ind configurations, fuel
containment, composites and/or advanced materials, and impacts into resilient yielding
surfaces, such as soil and water.
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Modern analytical models and their numerical realizations have become powerful tools

in nonlinear crash analysis. Crash simulation has to consider advanced nonlinear constitu-
tive equations and sophisticated formulations of the contact problem. The refinement of dis-

cretisation and the treatment of geometrical complex structures requires highly developed

hardware like the vector processor.

Topics discussed are the material modeling of impact loaded composite structures, the main

features of an explicit crash code and the results of two calculations simulating the drop

test of a B707-section. Finally the possibilities of a specific interface between a crash

code based on the finite element method like ANCS and a program like KRASH85 are outlined

in detail. j-

1. INTRODUCTION

In order to move ahead the knowledge about the structural response of crash loaded air-
craft systems and to establish adequate prediction methods the development, application and

verification of crash codes was of main importance in aircraft ard automotive industry dur-
ing the last years. It has been proven to be useful to apply analytical, numerical and ex-

perimental tools in combination. Especially for the modeling of dynamically loaded struc-
tures and the crashworthy design of components an experimental data base is undispensable.
Vice versa the numerical analysis will support the experimental investigations and reduce

the number and cost of tests (ref./l/-/3/). It should be mentioned that for scientific and

economical reasons the numerical analysis of crash loaded aircraft components seems to be
more valuable and promising than the analysis of complete airframes. A deeper knowledge of

crash loaded metallic and composite components will be of main importance for the engineer

and will support the research of complex structures consisting of already investigated sub-

structures.

2. NONLINEAR MATERIAL MODELING

The nonlinear field theories of continuum mechanics developed and extended during the
last 30 years permit the description of metallic and nonmetallic materials taking into ac-

count geometrical and physical nonlinearities and the dissipative behavior as well. The an-

alytical modeling of nonmetallic composite materials is realized by specific constitutive
equations of finite anisotropic elasticity and nonlinear viscoelasticity in order to approxi-

mate the elastic and dissipative phenomena of laminates. Figure 1 shows a hysteresis of a

nonlinear incompressible viscoelastic material which is comparable with certain resins. The

chosen constitutive equation is a generalization of Haupt's material model (ref. /4/). Un-

der a static preloading of 80.24 N a harmonic displacement excitation with an amplitude of
0.5 mm and a frequency of 25 Hz is applied to the specimen. The dynamic stiffness and the

loss factor are calculated to 20 N/mm resp. 9.62 degrees. The calculation of the energy dis-
sipation, characterized by the area of the hysteresis yields 4.83 N mm. As dynamic stiff-

ness and loss factor are increasing with frequency and static preloading the viscoelastic

material will dissipate more energy in the high than in the low frequency range. In connec-
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tion with the elastic stiffness of the fibre material the whole composite structure will

absorbe a quantity of kinetic energy under reduced deformations.

The constitutive equations of anisotropic elasticity and nonlinear visoelasticity are im-

plemented in a layer-sublayer-element which takes into account the shear deformation be-

havior of laminates due to the theoretical approach of J.N. Reddy. Further applications of
this model to other types of composites will prove the admissibility of the separation into

an elastic and a viscoelastic part. It should be mentioned that the classical rheological

models of viscoelasticity have a limited qualification to describe the main nonlinear ef-

fects of resins. The main reasons for that are the reduced consideration of deformation

history and the linear basic assumptions of these constitutive laws.

The material failure behavior - consideration of delamination and fibre cracks - is de-

scribed by empirical models which are compatible with continuum mechanics and allow a di-

rect approach to experimental results. The shear strength of the laminate is the main base

of that description. However further analytical and experimental investigations concerning
fracture mechanics for composites are necessary to establish more general models and to

evaluate all appearing failure modes.

3. CRASH CODE ANCS

The crash code ANCS (Advanced Numerical Crash Simulation) is an explicit Lagrangian
code with a linear and sequential program structure, portable on standard computers, vec-

tor and array processors as well. The main features are (ref./5/-/8/):

- keyword directed input;

- explicit time integration based on the central difference scheme;

- direct element formulations based on nonlinear strain analysis (e.g. Green-
Lagrangian strain tensor, Almansi-Eulerian strain tensor);

- nonlinear material modeling (finite isotropic and anisotropic elasticity,

dynamic plasticity, nonlinear viscoelasticity, viscoplasticity);
-material failure package (empirical and statistical models);

- contact processor based on a generalized master slave concept (modeling of
geometrical arbitrary contact problems);

- adapted postprocessing;

The first verifications of ANCS were concentrated on the numerical simulation of frontal

car crash and the investigation of crash loaded box beams with geometrical imperfections.

Figure 2 shows the typical failure behavior of a complex box beam. ANCS allows an evalu-

ation of all geometrical and physical state variables. Local stress and strain concentra-

tions, the global and local energy absorption and the induced contact forces can be studied
in detail. In consequence the engineer will find valuable informations of a nearly "crash

optimized structure" and define necessary experiments. The same approach will be performed

in the near future for specific aircraft subfloor sections and crucial forms.

4. NUMERICAL SIMULATION OF DROP TESTS

For a real B707 aircraft section two numerical simulations of a drop test, comparable
with the experimental investigations of FAA (ref./9/-/ll/) were performed using the code
ANCS. The first finite element model corresponds to the KRASH89 nodel. The ANCS data base

(figure 3) is characterized by

- 15 MINDLIN-REISSNER shell elements,
- 32 nodal points,

- 2 master planes, 14 slave points and

- an impact velocity of 6.096 m/s.

-
2ndl 

ons
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The calculation of cross sectional parameters and stiffness values was done in analogy to

/10/.

The time step was chosen in the range of 10
-5 

s and the simulation war performed in the

time range 0 < t < 230 Ms. The obtained numerical results (figures 4-10) show a sufficient

correlation with the KRASH85 simulation /10/. At t=155 ms the turning back point is reached

and the structure is pushed back from the rigid target wall by elastic rebound (figure 8).

Figure 10 shows the transformation of kinetic energy into work of deformation. At t=230 ms

approximately 90 % of the kinetic energy is absorbed by the aircraft structure.

The second more complex finite element model (figure 11) takes into account the local stiff-

ened structural parts and consists of

- 656 MINDLIN-REISSNER shell elements,
- 625 nodal points,
- 209 master planes, 200 slave points.

The time step was chosen in the range of 10
-6 

s and the simulation was performed in the

time range 0 < t < 95 ms. The results of the numerical simulation are plotted in figures

12-25. The influence of the real physical stiffness parameters based on the continuum me-

chanical model is in comparison to the simple finite element model clearly to be seen in

the deformation history (figures 12-17). Especially the local cross sectional failure and

the reduction of stiffness during the crash process is evident. The obtained transients of
displacements, velocities, accelerations, contact forces and kinetic energy show a suffi-

cient correlation with the first simulation performed with ANCS, the simulation performed
with KRASH85 and the experimental investigation.

The presented results of two drop test simulations show that ANCS is an adequate software

tool for the crashworthiness analysis of aircraft structures. The code ran stable during

the whole calculation and a consistency with known numerical and experimental data was a-

chieved. Of further interest will be the recently started investigations of aircraft frames

with modified components in order to improve the crashworthiness behavior of the whole

structure and to get local structural zones characterized by a "maximized energy absorption

capacity".

5. CONCLUSIONS

The explicit Lagrangian crash code ANCS allows detailed investigations of impact load-

ed aircraft structures. The main advantages of ANCS contrary to experimental testing are

the detailed description of strain/stress history, contact forces, local and global energy

absorption and the modeling of folding mechanisms. However, up to now the elapsed CPU time

on vector computers and the resulting costs are a slight disadvantage of the numerical ap-

proach. Further development activities will reduce these costs and the numerical simula-

tion will become a real and promising alternative to very expensive experiments.

The main acitivities at IABG now are concentrated on advanced composite material modeling,

superelements and the consideration of vector processor features. Benchmarks on different

hardware systems (e.g. VP-200, CRAY-XMP, CONVEX-Cl) were performed in order to optimize the

code and to improve the portability of ANCS. Another important subject of IABG activities

is the creation of a specific interface between ANCS and KRASH85. Crash loaded aircraft com-

ponents (e.g. crucial forms, whole subfloor sections) will be investigated applying ANCS.

The results - e.g. crash loading deflection curves and local cross sectional failure data -

will be the input for KRASH85 (ref./9/-/12/) which then should be applied to a whole air-

craft section consisting of the already investigated subcomponents by using ANCS. This way
of research will save computer costs and will give all relevant technical informations to
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the engineer. Modifications of the KRASH85 model will be realized easily substituting only

a reduced set of input data. The presented approach will be realized as an item of an ex-

isting MoU between FAA and BMFT.
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Figure 1. Viscoelastic Hysteresis of a Dissipative Structure.

Figure 2. Local Folding Zone of a Box Beam.
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Figure 3. Reduced Finite Element model of a B707 Section.
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Figure 4. Deformation History of a B707 Drop Test.
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Figure 12. Undeformed Structure at t - 0 ms.

Figure 13. Structural Deformation at t - 20 ms.

Figure 14. Structural Deformation at t - 40 ms.
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Figure 15. Structural Deformation at t - 60 ms.

Figure 16. Structural Deformation at t - 80 ms.

Figure 17. Structural Deformation at t - 96 ms.
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Abstract

This paper outlines some of the research for crash simulation of structures using metallic
and composite construction recently undertaken at ESI. Several current areas of interest are
reviewed including helicopter stiffened pancl construction, automotive structures and, ol a
micro level, the compressive failure analysis of Carbon-Epoxy test coupons. In each study a
specialized Finite Element code is used.

Tile dynamic buckling behaviour of panels stiffened with 'W sections are simulated
numerically. The various components are connected using specially developed 'rivet'
elements that fail at a prescribed load and are intended to produce a controlled collapse
mode. These panels form the lower structure of a helicopter frame which also houses a
flexible membrane fuel compartment. 'Lhe effect of this internal Hydrostatic loading is also
represented during the crash event. *ome preliminary dynamic investigations for failure
predictions of honeycomb core panels are also discussed.

Verification of these numerical procedures with experimental behaviour is an important
issue. The Automotive industry has well defined experimental test procedures which
provide an excellent standard to assess and validate numerical results. Considerable recent
work in this area has provided a better understanding of the accuracy and limitations of
these analyses.

The progressive failure analysis of Carbon-Epoxy fibre test coupons loaded in compression
and in bending are undertaken using the ESI program PAM-FISS. The material model uses
a novel BI-PIIASE concept in which the constituent matrix and fibre materials have
independent mechanical and failure criteria.

1 Introduction

This paper outlines several recent studies conducted by ES! which use numerical methods
to investigate the crashworthiness of various metallic structures and failure study of
composite materials. The studies presented are loaded either dynamically with a medium
impact velocity or, quasi-statically, with a low velocity in which inertia effects are negligible.
The work uses three specialized finite element codes namely, PAM-NL and PAM-CRASII
for metallic structures and PAM-FISS for composite materials which arc briefly described in
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the following section.

The first studies investigate numerically the buckling behaviour of stiffened panels which
are used to form part of a helicopter lower frame structure. Each panel is constructed of
Aluminium sheeting and stiffened with 'Z' shaped reinforcement. These panels then form a
box section which is interconnected with rivets through right angled members. The box
section must have light weight, high energy absorbtion with a stable progressive collapse
which, in addition, must serve as a protective skin to a flexible fuel tank.

An alternative to the stiffened panel construction is the honeycomb core sandwich
panel which may be designed to have the desirable progressive collapse characteristics
by introducing deliberate imperfections. Some preliminary studies are presented which
numerically simulate this structure.

The second studies concern crashworthiness analysis of automotive structures. Over the past
two years numerous studies have been conducted using PAM-CRASII and the technique is
now established in many car companies as a part of their overall design process. The topic
of verification using numerical crash simulation techniques is aptly discussed in this area
where established standards and a wide range of experimental test data is available.

The third, and final studies, consider the failure of Carbon-Epoxy fabric test pieces loaded
in compression and in bending. The material model used is "heterogeneous" BI-PIIASE
with an elasto-plastic matrix and elasto-brittle fibres. The discontinuous nature of the
composite in the thickness direction is represented using a multi-layered finite element
mesh. The simulation allows fibre buckling in compression zones and fibre failure in tensile
zones with matrix plastification.

2 Numerical Methods

The explicit PAM-CRASII and implicit PAM-NL and PAM-FISS finite element codes each
use a very different solution strategy and are each specialized for a particular class of
problems. Some explanation and general remarks concerning these programs is first
appropriate.

PAM+-NL: This is an implicit, general purpose, three dimensional finite element
program specifically for the static and dynamic collapse analysis of shell structures (1).
It is mainly used for quasi-static or low velocity crash problems where the inertia
effects are negligible. The thin plate and shell elements used are based on the
Clough-Felippa-Sharifi element (2) with a total Lagrangian formulation and 3 to 5
integration points through the thickness (multi-layered approach). The conventional or
modified Newton Raphson iteration method is used to obtain convergence of the
nonlinear equations at each load increment.

* PAM+-CRASII: This is a thre, dimensional finite element code for analysing the large
deformation dynamic response of inelastic solids. It uses an explicit method (3)
whereby successive solutions are obtained at small timesteps of the order 1 jus during
the simulation. The timesteps must be smaller than a critical value (4) for stability
and, perhaps, one hundred thousand cycles are not unusual for large problems. Spatial
discretization may use a variety of elements including solid, Belytschko thin shell (5)
and various bar or beam elements. A wide variety of material laws are available to
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represent elastic, non linear and possible failure conditions. Other features include
moving or stationary rigid walls and definition of internal impact surfaces.

e PAM+-FISS: This is a nonlinear fracture mechanics and stress analysis code (6). It
allows arbitary three dimensional geometries with either static, dynamic or thermal
loading. Impact, contact and interface sliding may also be defined. The specialized
fracture mechanics options allow:

- A detailed study of areas of stress concentration via locally refined meshes.
- Crack propagation and delamination fronts which may proceed independent of the

mesh orientation. This necessitates evaluation of the criteria for propagation at
each element during each load increment.

- Automatic evaluation and selection from several toughness criteria: K (stress
intensity factor), J (Rice Integral), G (total or partial strain energy release rate),
D-R (damage over a critical distance).

The material model used is BI-PIIASE in which the constituent materials of the
composite are treated separately. This will be more fully described later.

These programs may be linked to a common interactive graphics pre and postprocessor
which allows the various input data to be generated or results data to be interpreted.

3 Case Studies on a Helicopter Lower Frame Structure

In general the crashworthiness design of a helicopter requires the structure to absorb impact
energy whilst maintaining a necessary survival volume for the occupants. In particular the
helicopter lower frame, that part below the occupants, must be designed to have a
controlled collapse and restrict acceleration levels to tolerable limits at the passenger
position. It must also be lightweight and serve other operational functions.

This lower structure typically consists of box type volumes formed by panels which are
stiffened using 'Z' and angle sections. The components are usually riveted together. The
following numerical studies consider the crashworthiness of the vertical side panels which are
stiffened using 'Z' sections. A schematic interpretation of the problem is shown in Figure 1.

+ PAM - Programs in advanced mechanics developed by ES!.
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f t

Fig. 1 - Overview of the Stiffened Panel Concept

3.1 Quasi-Static Study of the Stiffened Panel

An initial numerical study of the stiffened panel concept considered a slice of the panel with
one attached stiffener. Quasi-static (low rate of loading) experimental results were available
for this section and, therefore, to have a correct comparison between numerical and
experimental methods the PAM-NL code was first chosen.

Due to the crash the panel is subject to compressive forces from loads transmitted by the
upper and lower horizontal plates. The initially right angled corner plates are seen in Figure
2 to unfold and transfer a variable eccentric buckling load to the vertical panel. This failure
was observed to be more gradual and at a lower value than predicted by analytical formulae.

Fig. 2 - Crushing and Deformation Mode of the Slice of Panel
with Attached Stiffener

The peak force transmitted through the section is limited by the first rivet failure.
Thereafter, the post peak behaviour is controlled by progressive "unbuttoning" failure of
the rivets which dictate the collapse of the members.
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The incremental collapse force-displacement curves for numerical and experimental crushing
of the panels were found to be in close agreement Fig. 3.

Fig. 3 - Experimental and Numerical Results for the Single Section
Panel Study.

3.2 Dynamic Study of the Stiffened Panel

The dynamic behaviour of a similar panel with two attached 'Z' stiffeners was then
undertaken using the PAM-CRASII code. The general arrangement of loading and the
finite element mesh used are shown in Figure 4. Hydrostatic loading from the internal fuel
compartment was also appplied as a time-dependent pressure. Previous experimental and
numerical studies of the flexi, le fuel tank (7) have quantified this lateral pressure.

1-1-nl t-ud P ,.. , . ,

Y.tl t "Y PI .. P -,

.. ........

Fig. 4 - Loading, Boundary Conditions and the Finite Element
Mesh used for the Dynamic (PAM-CRASII) Study of a
Stiffened Panel.
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For a correct representation of loading, the vertical crushing velocities from full scale
experimental tests, or a more complete numerical model, would have to be available.
Unfortunately at this early design stage they were unknown. However the object of this
study was to compare with experimental sub component tests (8) which were subject to
symmetric quasi-static loading. Therefore, as a compromise, symmetric moving rigid walls
top and bottom were applied to give a realistic constant closing velocity of 10 m/sec. This
helped provide understanding of the dynamic behaviour of the panel and the influence of
the riveted connection system, yet some verification was still possible with the available
limited experimental tests.

The 'rivet' elements provided connection by enforcing translational displacements between
adjacent nodes of the panel and stiffener. Each rivet transfers a normal tensile force
component Fr and tangential shear force component F,. The following simple failure
criteria is invoked to decide connectivity.

I]+ [I < 1 for the no failure condition
(nodal connectivity maintained)

where:

TR =- dynamic failure force of rivet in tension

SR = dynamic failure force of rivet in shear.

Graphically, these conditions are interpreted in Fig. 5.

F T a =
_ = 1.0 a1 2-

TR Noa2 i
FAILURE FAILURE LIMITS

REGION

FS/S R = 1.0

Fig. 5 - Failure Criteria used for the PAM-CRASH Rivet Elements.

For these studies the exponential values a, = a2 = 1 were used. Clearly an improved study
would first decide these values from experimental testing of specimens with various load
combinations. Also, the effects of bending on rivet failure remains to be established.
Penetration of the panel and stiffener is prevented by specifying internal impact surfaces.

Fig. # shows deformation modes for the dynamic study and some graphical results of tile
impa behaviour and energy absorbtion. Also given are the sequence of locations and times
(ms) at which the rivets break.

The lateral thrust from the internal hydrostatic pressure was found to reduce the total

energy absorption capacity by some 60 % when compared to a simulation with only vertical
loading . All rivets were observed to fail before 18.2 ms.
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3.3 Dynamic Impact of Complete Structure-Fuel Tank System

A complete three dimensional study of the box section with internal fluid interaction was
performed with the PAM-CRASII code. This necessitated a relatively coarse finite element
mesh in which the stiffened 'Z' sections were approximated using an equivalent shell
thickness determined by calibration from earlier studies on isolated panels. The internal
fuel with flexible membrane produces a strong lateral thrust to the panel from pressure
waves generated at impact. The fuel volume was modelled using solid elements and impact
surfaces were defined for the fluid panel interaction. Figure 7 shows the excellent correlation
between numerical and experimental results which were obtained.

tit,

Fig. 7 - 14 ms Dynamic Impact of Structure-Fuel Tank System.

4 Preliminary Studies of Honeycomb Sandwich Panels

An attractive construction alternative to the stiffened panel are Iloneycomb core sandwich
panels. These can be designed to have desirable energy absorption characteristics by
introducing deliberate imperfections. An example compressive test coupon is shown in
Figure 8.

Figure 9 depicts the load transfer mechanism at an imperfection region with compressive
loading. Clearly a successful numerical simulation of this component will require an
accurate material representation for the highly orthotropic Iloneycomb core.

Preliminary analyses have been made using the PAM-CRASII code for this simulation. The
outer aluminium skin is readily modelled with elasto-plastic shell elements. The highly
orthotropic core was discretized using nonlinear bars for through-the-thickness properties
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Fig. 8 - Example of Compressive Test Coupon with Imperfection
for a Honeycomb Core Sandwich Panel.

COLAPSE

EX PANSION
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te0'Ile C ±N sheets

Fig. 9 - A Simplified View of the Internal Stresses Developed in
the Compressively Loaded Sandwich Panel.

and solid "brick" elements to represent shear properties of the core.

Numerical simulation and experimental results of force carried by the panel vs. time and
the deformation modes are shown in Figure 10. From these results it appears that the
deformation modes are in reasonable agreement, although the numerical force values are
consistently too low. It is thought that deficiencies in representing the core material with
the currently available PAM-CRASII elements are responsible and further work is required
to improve this aspect.
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Fig. 10 -Comparison of Dynamic (PAM-CILASII) and E xperimental
Results for the Sandwich Panel

5 Verification and Crashworthiness Studies for Automotive Com-

ponents

Over the past two years numerical simulation has become an accepted method for the
verification and crashworthiness asessment of automotive structures. Thle technique is now
sufficiently established that many companies have integrated crashworthiness simulation of
components in their design process and, in some cases, have performed full model crash
simulation prior to the availability of experimental prototype test-3. The following illustrate
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two examples made at component level and of a full car crash simulation.

5.1 Dynamic Simulation of a Fr-ontal Car Component

Figure 11 shows a typical example of a frontal assembly consisting of an upper and lower
rail with several cross members.

The engineering goals of this study were the following:

9 Obtain the barrier load vs. time curve.
* Obtain forces transmitted through several beam cross sections, in particular obtain the

forces transmitted to the carriage by the upper and lower beams respectively.

a Obtain the global failure modes.

* Obtain energy absorption and global deceleration of the structure.
e In a parametric study, investigate influences of small design changes such as thickness

variations, introduction of holes, notches and reinforcements.

The finite element mesh used consisted of approximately 2,000 shell elements and required
less than one hour CPU on a CRAY XMP for 35 ms of crash. Also given in Figure 11 are
sample results of the study which include deformation shapes and impact force at the wall
vs. time. The numerical results for impact force at the wall and forces through the main
rails were in close agreement with experimental test results.

5.2 Dynamic Frontal Impact Simulation of lull Car

The following study investigates crashworthiness of the Citraen BX of the PSA (Peugeot
S.A.) group. The finite element mesh used for this purpose is shown in Figure 12. A total of
7,900 thin shell elements were used and carefully distributed in order to minimize computing
iequirements and allow accurate representation of all important geometries and capture the
impact buckling modes. The engineering objectives of the simulation were the following:

* Check the accuracy of the impact force with the experimental results.

* Check the accuracy of the simulation with regard to the damage modes of each
structural member, the main parts being: front rails, engine and gearbox support
structure, steering wheel support structure and passenger cabin floor.

* Check the accuracy of the simulation with regard to the contact kinematics within the
engine compartment.

• Check the accuracy of the velocity and acceleration time histories at the joint of rocker
and B-Pillar.

* Check the force transmissions through the side members.
e Check the force transmissions between engine and dash.

Some example results of deformation modes and barrier impact force are included in Figure
12. In general the numerical deformation modes were close to reality, with the barrier
impact force also showing a good agreement. The observed time shift between numerical
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and experimental impact force curves is due to approximations in the numerical model,
namely, use of a perfectly rigid wall, internal structural connections being assumed perfect
and only approximate representation of the bumper and its support.

6 Numerical Study of Compression and Fibre Buckling in Com-
posites

The merits of using fibre matrix materials in many structural applications are now well
recognized (9). However, to obtain full advantage of these materials a meaningful design
process must permit an acceptable degree of internal damage within the composite, such as
matrix plastification and microcracking, or delamination between layers. Typically matrix
microcracking may initiate at 20 % of ultimate load with first fibre failure occuring at 40 %
of ultimate load. Use of these load levels as a design criteria would negate the benefits of
these materials and lead to an overly conservative structure.

This section presents a numerical approach using the finite element method to simulate and
automatically follow the various damage modes which occur in composite fabric loaded in
compression. The numerical model is first calibrated with experimental tests and then
exploited to help gain an insight to the nature of the failure modes, from which acceptable
damage and permissible stress values for the composite may determined to be used in the
design process.

The numerical method uses the PAM-FISS program with a specialized element having a
BI-PIASE material law. The BI-PIIASE material allows separate rheological laws for the
elasto-plastic or fracturing matrix and the elasto-brittle fibres. Its justification is logical
when considering the failure mechianisin of undirectional composite materials. At low load
levels, less than 20 % of the ultimate, the composite is a fully bonded material which
obeys traditional continuum mechanics. However, with increased loading fibre and matrix
damage tend to progress independently within the two constituents which then obey
independent mechanical and failure criteria. The BI-PIIASE approach conveniently enables
each material to be treated separately.

The BI-PIIASE element stiffness is derived by superimposing the matrix (composite minus
fibre but including voids) and the unidirectional fibre phases. Each phase being assigned
different rheological laws (Fig. 13). Upon loading, stresses are calculated for each phase,
and damage criteria (matrix cracking, matrix slipping and fibre rupture) appropriate to
each phase are tested and may then propagate independently. A multidirectional laminate
is modelled by stacking through the thickness several such elements with fibres orientated in
the warp and weft directions. Studies have shown the fabric weave must be realistically
modelled as shown in Fig. 13 in order to obtain correct linear stiffness and help induce the
correct local fibre buckling in the composite.

Compressive bending stresses in the composite may favor local fibre buckling which, in
turn, will impose local high stress in the matrix with possible plastic or fracture failure.
Thereafter the fibres will be less confined leading to local buckling and increased curvature
with reduction of fibre forces and load capacity of the section. Subsequently some
redistribution of stresses at the critical section will occur and, for example, in bending tests
some tensile fibres will rupture due to overstressing. This will then lead to further load
transfer to the previously undamaged compression zone. This cyclic process repeats until
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Fig. 12 - The Finite Element Mesh and Sample PAM-CRAS11 Numerical
Results for the BX Full Car Study.
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Fig. 13 - The ]I-PIIASE Material Model

ultimate failure of the section.

6.1 Compression Test of Composite

Figure 14 shows details of the finite element mesh used for this study and the results
obtained. It is seen that a balanced (50 % warp - 50 % weft) layup of 3 equivalent layers is
used. This idealization and the mechanical properties used correspond to an experimental
test which used Carbca-Epoxy Satin 5 Fabric -G803MI0 Brochier.

The experimental and analytical axial force vs. axial overall strain curves are in good
agreement and the local fibre buckling near the warp-weft intersection is clearly visible. Tile
results have been achieved by -. st calibrating the matrix elastic limit to 16 N/mm and
usii, a true fibre stress of 3000 N/mm2 . The fibre volume fraction was 0.17.

6.2 Bending Test of Composite

The previous compression test specimen was also loaded as a simple beam as shown in
Figure 15. A similar mesh and identical mechanical properties were used.

Results for the analysis are also present in Figure 15. The calculated plastic strain contours
of the matrix phase are plotted on the upper surface of each of the three layers and show a
tenfold increase when one of the compressive threads buckle.

The experimental and the calculated transverse load vs. transverse (inidspan) displacement
curves are compared. The failure in bending is interpreted as a succession of compressive
fibre buckling due to matxix yielding and tensile fibre ruptures due to subsequent stress
redistributions.

http://www.abbottaerospace.com/technical-library


threadsthreads

tat~ (b)snlsel De Iforead Shapea Plots
I~~~cl tZ . I aet10 1

FOACE AS A FUOItOR OF AVERAGE SIhtIK

0 OS.OI!PAN4ItSS

t A ts

rcoof -t
filber buclirg

0,00-1,

021.0 /11,1E*1

(c) Force-I trai Circ

Fig. 14 - Carbon Epoxy Satin 5 "G803 M10 Irocitier'
Equilibrate Tissue (3 layers) Compression Test

http://www.abbottaerospace.com/technical-library


8-17

7T7<

.Q .... ....

Fig 15-Cro px-ali C2 1 rcie ndrcinlTsu

(3 laes Bendin Test

http://www.abbottaerospace.com/technical-library


18-18

7 Conclusions

A cost effective and successful design process should incorporate numerical simulation
techniques if desired crashworthiness objectives are to be achieved. Where possible,
experimental tests should be available to verify the numerical procedures. The simulation
may then be used with confidence to provide detailed information usually unavailable in the
test, or extrapolated to undertake parametric studies.

The simulation of metallic structures for crashworthiness is now wide!y accepted and used
in industry as demonstrated by several automotive examples presented. However, the
dynamic failure analysis of Honeycomb core and composite materials is still at a research
stage and some promising approaches have been proposed.

8 Relt.-ences

1. SMIRT Paper - E. Ilaug et al. - Engineering System Ilternational, "PAM-NL A
General Finite Element Program for the Nonlinear Thermomechanical Analysis of
Structures", 5th Int. Conf. on Structural Mechanics in Reactor Technology, Berlin,
Section M1/3, August 1979.

2. AIAA Paper - P. Sharifi, "Non-Linear Buckling Analysis of Composite Shells", AIAA
Journal, Vol 13, No 6, pp 729-734 - June 1978

3. Structural Crashworthiness Publications; E. laug et al. - Engineering
System International, "Static and Dynamic Finite Element Analysis of Structural
Crashworthiness in the Automotive and Aerospace Industries", Chapter 7: eds. N.
Jones and T. Wierzbicki, Butterworths, London, 1983.

4. Ed T. Belytschiko and T. Ilughs, "Computational Methods for transient analysis", Pub
Elsevier Science Publishers B.V., The Netherlands, 1983 pp 41

5. T. Belytschko and B. I1. Ilsich, "Nonlinear Transient Finite Element Analysis with
convected coordinates", Int. J. Num. Methods in Eng. 7, 255 - 271, 1973

6. "PAM-FISS" A specialized Finite Element Code for Fracture Mechanics Analyses, Ref.
4/85. ESI SA

7. J. Mens and J. C. Bianchini, "Computing Codes for Development of Helicopter
Crashworthy Structures and Test Substuntiation", presented at the AIIS/NAI,
International Seminar, November 6-8, 1985 Nanjing, China

8. MBB/ESI (ESI Project No. 86-263)

9. L. tlollaway, "Composite Materials in Structures", University of Surrey Press, UK,
1976

9 Acknowledgements

The helicopter studies have been carried out under an MBB contract with Mr. Frese and
under an AEROSPATIALE contract with Mr. M. Mens. The automotive studies cited
in collaboration with SAAB-SCANIA Sweden and Citr6en-l'eugeot France resr
The investigations on composites were also conducted under an AEROSPATIALE contract
with Mr. Mens. Both AEROSPATIALE contracts were financed by DRET/SDR/G8

(French Ministry of Defence) under its technical representative Mr. M. Grellier. The
authors gratefully acknowledge all the contributions received.

http://www.abbottaerospace.com/technical-library


c20-1
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ABSTRACT

In the past, aircraft have been designed with high structural integrity such that crash
situations can be avoided, i.e. aircraft have been designed for crash avoidauce and not
crashworthiness. There is considerable effort now being devoted to the study of
aircraft crashworthiness. Clearly, it is only in relatively low speed impacts that
design considerations may be effective. In this area, H.W. Structures and the
automotive environment in general have built up a wealth of experience.

This paper discusses how this experience may be applied to aircraft structures.
Analytical techniques for prediction of the behaviour of the structure and its
occupants are examined. Z 2

INTRODUCTION

Aircraft are normally designed with high structural integrity in order to withstand in-
service loads. These loads, although due to a variety of conditinns, e.g. aerodynamic,
landing, etc., do not include any crash loading. Effort is now being devoted to the
study of aircraft impacts. There are two principal reasons. The first and most obvious

is to reduce the number of injuries and deaths caused by aircraft impacts. An impact
at only 4.5 m/s (10 mph) is sufficient to cause injuries to occupants

I
. Secondly, by

careful design there may be a reduction in the repair costs following a low speed
impact.

It is in the area of low speed impacts that technology can be read across from the
automotive industry. H.W. Structures operate in this field. In common with most modern
structures, the automobile relies heavily upon analysis to provide an efficient
structure.

It was the advent of legislation for improved vehicle safety that significantly
influenced automobile design. In aircraft design there is no current legislation

regarding crashworthiness requirements. It is the designers, not the legislators, that
are directly introducing crashworthiness considerations.

In the automotive field, full scale prototype testing is an expensive activity and has
a significant effect on prototype build volumes and timing of whole programmes.
Obviously extensive full scale prototype testing of aircraft is out of the question.
This implies that the numerical simulation of an impact is the only practical way of
evaluating an aircraft's crashworthiness. Confidence in this predictive approach is
vital. It is by using the experience gained in evaluating automobile impacts that
confidence in the analysis techniques may be found.

AIRFRAME IN-SERVICE LOADS

Before the structural integrity of any aircraft can be evaluated, the external loads
acting on the structure must be known. The determination of these loads is normally
evaluated by specialist groups of engineers. This normally involves extensive
knowledge of aerodynamics. In general, the magnitude of the in-flight forces are
dependent on the velocity and acceleration of the aircraft. Therefore the function of
an aircraft determines, to some extent, the loads which may be applied. E.g., for a
military aircraft, the limiting factor may be the pilot's capacity to withstand inertia
forces, whereas for a passenger aircraft the above factor is obviously too harsh. What
is necessary to transport the passengers safely and in comfort predominates.

The external loads on civil aircraft may be summarised as follows:

1) In flight loads

2) Landing loads

3) Take off loads

4) Engine loads

5) Special loads

The purpose of this paper is to examine what may be analysed for

6) Crash loads.
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AIRFRAME CRASHWORTHINESS

Information is available concerning the survivability of conventional aircraft
occupants in a crash situation. This data

2 
is shown in Figure I. As may be seen if

the vertical component of velocity is above 12 m/s (27 mph) or the horizontal component
above 18 m/s (40 mph) then the survivability of occupants is marginal.

Furthermore, for a direct head-on impact into a rigid barrier the equation of motion
may be approximated to

v dv = F (1)
dx Mc . k(l-x)

where v is the velocity of the aircraft
x is the crushed length
1 is the initial length
k is the mass per unit length of fuselage
Mc is the concentrated mass at the wings (fuel, engines, etc.)

and F is the average crushing strength of the aircraft.

Integrating (1) leads to

(v -)2 = 1 - 2F log (I-X) (2)v0  kv02 L

where v0 is the original aircraft speed

and L = I . Mc (3)

These equations applied to a typical large passenger aircraft lead to Figures 2 and 3.

In deriving these figures, the following was assumed:

Original length = 60 m

Concentrated Mass = 85,000 kg

Position of the conc.
Mass from front of
aircraft 28 m

Mass/Unit length

of fuselage 1333 kg/m

Average Crushing Force 1 MN

From Figure 2, if the original speed is greater than 85 m/s (190 mph), then all the
kinetic eneryy is not absorbed even if the aircraft is completely crushed. Impacts at
velocities greater than this imply that the aircraft is likely to be totally destroyed
by the excess energy.

Even if impact speeds are low enough such that the energy is absorbed, the deceleration
levels are likely to be so high that seat fittings, cargo tiedowns, etc. will tear out.
Passengers and containers will then be catapulted forward.

This type of analysis is a gross over-simplification, e.g. no spreading out of the
fuselage is included. However, it does indicate that high speed impacts are probably
not worth analysing in terms of Occupant survivability.

Fr a low-medium speed impact (such as in a take off or landing accident), the finite
element simulation does not have to be so detailed that it models the stresses in the
highly deformed areas. It i= _nly the overall behaviour that needs to be predicted. The
model has to be able to:-

i) simulate the crushing behaviour

ii) have the ability to absorb the energy

iii) transm-i the accelerations to the undeformed
part of the structure

i.e. when the speed of impact is much less than the speed of the stress wave passing
through the structure, the area of contact is not so important. This implies that
simulation techniques currently used within the motor industry can be utilised.

It is the rapid development in computer technology and finite element packages such as
DYNA3D, ABAQUS, PAMCRASH, etc. which have allowed such simulation ot an impact to
become practicable.
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Figure 4 shows a typical hybrid finite element model of a vehicle under front impact.
This model also contains masses, non-linear springs and dashpots as well as beam and
shell elements. This level of model gives good results for the overall behaviour of

the vehicle. The analysis used the non-linear dynamic capabilities of ABAQUS
3
. Figure

5 shows a similar model for a helicopter impact. Even for such an apparently simple
model, experience is required to get good results. This approach has been discussed at
a previous AGARD MEETING

4
.

For more detailed analyses, such as those required to simulate the local crush
behaviour of a member, the model would consist mainly of shell and/or solid elements.
Either DYNA3D or ABAQUS would be used to achieve a solution. For large non-linear
models a finite element package which utilises vector processing and an explicit time
integration scheme is beneficial in terms of processing cost. H.W. Structures would
normally only run such decaileo models for individual components. The results of these

analyses are then incorporated into the overall model.

OCCUPANT ANALYSIS

Occupant protection may be aided without any analysis being undertaken. The occupants'
deceleration in both intensity and duration should be minimised. Hazards e.g.
projections, equipment, cargo, etc. should be removed frcm the occupant's environment.
Cargo and equipment tiedowns should be sufficiently strong so as not to fail in
survivable accident cases.

In low speed impacts, probably the greatest hazard to the occupants are post-crash
hazards, e.g. fire, smoke, toxic fumes from foams, etc.

Many of the above points may be addressed by engineering judgement. For example, in
order to reduce occupant deceleration the following may be undertaken:

Introduce crumple zones into the aircraft

Have a structural cell for the passengers and cabin crews.

Ensure scooping of soil/earth is minimised by designing the fuselage to
skid.

Suspend all seats from the ceiling or fuselage sides and not mount them on
the floor.

Introduce full harness belts for all passengers.

Use energy absorbing seats.

Modify seat positions, e.g. revise to
rearward facing.

A major occupant environment hazard which may be improved is the seat or more precisely
the back of the seat in front. A friendly interaction between the occupant and
seatback is sought.

:n general, there are four major factors in transporting any fragile object in a

ccntainer. These points apply equally to the aerospace as to the automotive field.

1. The container must not spill its contents or collapse in on its contents.

2. The objects should be held securely within the container to stop secondary
impact,

3. The means of securing the objects must transfer the forces to strong parts of
the container.

4. The container must be designed to spread the impact loads and have properties
which spread the deceleration time.

Clearly, this is a simplification of the problems in occupant analysis. H.W. Structures
use an occupant kinematic program MADYMO

6 
to evaluate points 2 and 3 above. MADYMO is

a commercially available computer program specifically designed for crash victim
simulation. Human beings can be represented mathematically by considering the -"
a system of rigid elements linked by rotational and/or translational joints. The
behaviour of the system is calculated by solution of the equations of motion.

MADYMO models comprise rigid body and surface elements, non-linear springs, dashpots
and gaps. The specific use for crash simulation has led to the establishment of
verified data sets representing the dummies. The surface interactions between the
dummy and the rest of the vehicle including any restraint system have to be specified.
It is in the specification of these interaction forces that actual test results or
assumed data is required. Valid assumptions can only be developed with experience. In
practice, modelling usually requires the geometries and stiffnesses of the seat and
occupant environment to be accurately known.
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Figure 6 shows a three dimensional model
9 

set up to simulate an occupant in an aircraft

seat. The seat and belt stiffnesses were estimated from previously correlated
automotive crash victim simulations. The deceleration pulse applied to the system was
again derived from the automotive field - the deceleration experienced by the driver in
a 30 mph front impact. In an automobile under this deceleration, legal safety
requirements in the USA (FMVSS 208) require the dummy to have a HIC (Head Injury
Criterion) value of less than 1000. This is the value over which a typical human being
will not survive. The head acceleration time history from this example is shown in
Figure 7 and a HIC level over five times the FMVSS requirement is implied. This is
mainly due to two factors - the hard seat backs normally found in aircraft and tre
presence of a lap belt only. The same analysis with an equivalent automotive three
point belt reduces the HIC level by a factor of 3.

Figures 8 and 9 show kinematic plots of the two analyses. The introduction of the
three point belt dramatically alters the kinematics of the dummy. In this case, the
dummy just hits his head against the front seat-back, so a friendly interface is not as
important. Although this example is a simple one, it shows the capabilities of MADYMO.
These capabilities, when used correctly, can be extremely powerful in determining and
optimising the kinematics of any occupants.

CONCLUSIONS

Aircraft differ substantially in design usage and numbei of occupants, and so no single
crash simulation technique may be applicable. The outlined techniques would have to be
adapted for each individual class of aircraft, although for light aircraft and
helicopters they seem ideally suited.

In the automotive field there are approximately ten times the number of people injured
than killed, whereas in the aerospace environment there is only half the number of
people injured as killed. Although aircraft crashworthiness will not reduce this
number of accidents, its use will change the ratio between the number of injuries to
fatalities.

Design/a.alysis can be directed towards improved safety. An example is the new
standar( being proposed for air-raft seats

8
. Seats currently approved to FAA standards

are required to separately mc-t inertia forces of - 9g in a forward direction, 4.5g
down, 2g up and 1.5g sideways. The UK Civil Aviation Authority propose to increase
these to any combined loads with an overall ?g limit. Proposals also include more
severe testing to take into account dynamic loads and floor deformation.

In the automotive field when a new product is released, there may be 200 prototypes
which are tested and/or destroyed. In the aircraft environment, where production costs
are h gh and volumes low, there may only be six prototypes - and these should not fail.
This implies that analytical techniques are heavily relied upon - so expertise is
paramount. H.W. Structures foresee an opportunity for the aerospace industry to
capitalise on the considerable crashworthiness experience within the automotive field.
This experience is as yet, untapped by the aerospace industry.
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FIGURE 2
AIRCRAFT IMPACT INTO A RIGID BARRIER
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FIGURE 3
AIRCRAFT IMPACT INTO A RIGID BARRIER
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FIGURE 5

BEAM AND PLATE HALF MODEL
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FIGURE 6

THREE DIMENSIONAL OCCUPANT MODEL
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FIGURE 7

HEAD ACCELERATION VS TIME HISTORY PLOT
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FIGURE 8

CRASH SEQUENCE PLOT OF OCCUPANT
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FIGURE 9
CRASH SEQUENCE PLOT OF OCCUPANT
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HUMAN CRASHWORTHINESS AND CRASH LOAD LIMITS

SHenning E. von Glerke, Dr Eng, Ints Kaleps, PhD, ano James W. Brinkley
Biooynamics ano Bioengineerilng Division

Harry G. Armstrong Aerospace Meoical Research Laboratory
Wrignt-Patterson Air Force Base, Ohio 45433-6573

j~,,fl<)SUMMARY
The assessnkent or the hazard to a crewmemoer in a potentialaircrart crasr, require inrtormatIon aout human tolerance to

mecnianical forces, a methoo for the ioentitication ano evaluation ot
tne contributing ractors to potential injury in a crash an a means
or estimating te environmental torces on an cun an t e

resultant responses of the occupant. Results of researcDi in the US
Air Force in these three areas are dlbcussed. Specifically, 1) the

S rationale tor ano formulation or a aynamic response six
aegree-ot-rreeoom whole Dody impact tolerance specification. 2) a

Sdetailed nead-spine structural mechanics ano a vehicle occupant gross
motion riglo Dooy oynamics model and their areas ot applicability in
crash analysis, ano 3) teatures or the newly oevelopeu US Air Force
Advanced Dynamic Anthropomorphic Manikin (ADAM) are discusseo., It is
suggesteo that a comprenensive metnod For injury risk assessment For
any system must consider all tnree areas. -. -

LIST OF SYMBOLS

- acceleration or the Qynamic response moael mass relative to
acceleration input point.

6 - relative velocity between the input point and the model mass.
6 - compression ot the model spring.

- damping coerricient ratio.
DR - dynamic response or the model.

- undampeo natural frequency or the model.
- seat acceleration component along the pertinent axis.

g - acceleration oue to gravity.
DRX - dynamic response computed from the X axis acceleration component.
DRY - dynamic response computed trom the Y axis acceleration component.
DRZ - dynamic response computed from toe Z axis acceleration component.

I. INTRODUCTION

The ultimate errectiveness ot the crashworthiness or an aircraft is its ability to
protect the aircraft occupant. Various measures or an aircraft's structural integrity
can be made, Dot the rinal measure is the state or the crewmember after the crash. This
state primarily depends on two factors: the level or exposure to mechanical forces
experienced by the crewmember and the crewmemer's susceptibility to injury due to such
exposure. Toe rirst requires the specirications ot such conditions as whole body
accelerations ano localized impact forces on the body and the second requires the
specirication Ot the criteria ror tolerance to such accelerations and forces.

In this report some or the latest auvances in methods For injury potential assessment
developed Dy the US Air Force are discussed. These include criteria for whole boby
tolerance to acceleration, analytical methods For predicting human body responses to
various mechanical force exposures and the development of a highly sophisticated Manikin.

I. SIX-DEGREE-OF-FREEDOM ACCELERATION EXPOSURE LIMITS

The current method for assessing the risk hazard associated with whole body
acceleration and which takes into account the oynamic character or the body's response
was developed by steck (Rer. 1) and is known as the Dynamic Response Incex (DRI). It
idealizes the human response as that or a mass supported by parall .;tic spring ano
damper elements wnicn respectively represent the upper body mass , tn, luribar/thoracic
spine. This model was originally oeveloped to provice an injury r! 6. -ssment ror
aircrew members Deing ejected from aircrart and its applicabiiity w. Lctly limited to
longitudinal bplnal accelerations. While tnis moode was developeo to ress ejection
problems, it also was applicable to other situations where the body primarily experienced
abrupt vertical accelerations as, ror example, in helicopter crashes.

This model nas recently been generalized to also include rore-ait and lateral
responses as well as an aaeo rotational tolerance mechanism (Rer. 2). The approach
taken has included the tollowing assumptions and steps:

1. Use or tne same dynamic model tor all three orthogonal body axes.

2. Assignment ot an injury-risK level ror each axis.
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3. Assumption or inaependent responses along each orthogonal axis.

4. Evaluation ot tae injury rlsK level asbunptions using existing ata from impact
tests including ones with acceleration vectors oir the ortnogonal axes, ejection seat
tebt data, ano studies with matnematical mooels.

5. Assignment or angular acceleration limits based on the effects ot their
translational acceleration components.

The equations that oescribe the dynamic response along each major axis are given in the
following equations:

+ 2416 + -n
26 

=

and
n26(t)

DR(t) 9

The axes are taken so that the +Z acceleration acts from toot to head and a +X
acceleration acts from back to front.

Eacn or tne dynamic response models, other than tor the +Z axis, were oevelopeo by
tne same procedure. First, the experimental acceleration-time histories from tests with
volunteer subjects were approximated with a halt-sine pulse where feasible. The test
uata, whlcn were measureo on the test fixtures that transmitted the acceleration to the
sudjects in whole-body impact tests, were obtaineo from numerous reports publisheo by US
Air Force ana Navy investigators and Department o Defense contractors. The
approximations were establisned by ritting the peak acceleration and the time to the
acceleration peak (rise time) with a hail-sine pulse. This procedure yielaea relatively
good fits ror the majority or the oata. However, the fit was not gooo where the
experimental acceleration pulse snape was actually more trapezoidal, as in some ot
Stapp's early tests (Rer. 3) or where the acceleration-time history was irregular. In
sucni instances, the procedure used was to tit only the initial portion of the pulse; this
approach provided a conservative estimate since the energy or the fitted halt-sine pulse
was always less than that contained in toe actual data. Secono, a model response curve
was calculated wnicn was descriptive ot the higher acceleration data points where, in
many cases, subjective tolerance limits ot injuries nao been identitied by the original
investigators. The curve was derived by computing the peak response of a
single-degree-or-freedom riOel to halt-sine acceleration pulses ot varying ourations. To
select tne natural frequency ano the camping coefficient ratio for each axis, the natural
frequency and the damping coefficient ratio of the model were adjusted until the shape ot
tie peak response to the half-sine acceleration pulse matched available human response
oata. Tve results of no-injurious acceleration exposures of volunteer subjects were also
consiGered to verity the frequency response and damping characteristics of the model.
Verification was accomplished by study of the relationships between the acceleration
input conhOtluns and the measured responses or the test subjects, e.g., acceleration ot
Douy segments, dlsplacement of booy segments, restraint harness loads, and forces
measured between the seat structure and the test subject.
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Figure 1 Model Response Curve for +X Axis Halr-Sine Acceleration Pulses
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Figure 1 snows the mouel response curve initially fitteo to data collecteo from
experiments conauctea witn the acceleration vector directed primarily along the +X axis.
Tests resulting in injury (spinal fractures) or potentially serious sequelae
(caruiovascular snock) are designated by the black symbols. The curve was Gerived from
the responses of a mathematical model with a natural frequency of 62.8 rao/sec and a
damping coefficient ratio of 0.2. Each or the models that nave been developea presumes a
specific restraining system consisting or a lap belt, crotch strap, and double shoulder
strap configuration.

Figure 2 snows the oeriveo curve and data points for -X axis impacts. The available
oata points do not oemonsrate that the human body can tolerate nigher acceleration levels
as the ouration or the acceleration pulse is decreased. However, this appeared to be a
reasonable approximation on the basis of data from tests with animal subjects and
analysis or physical responses of volunteer test subjects. A further refinement of the
model coefficients was mae based on transfer function calculation relating test seat and
occupant chest accelerations. The results o II tests conducted at 7 level of IOG
(impact velocity or 30.5 ft/sec) were analyzed. The mean natural frequency was founu to
De 64.2 rao/sec (SD = 6.0) ano the mean damping coefficient was 0.23 (SD = 8.07).
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Figure 2 -X Axis Acceleration Response Curve

Tae injury-risk levels for the +Z axis were assigned by using the 50, 5, ana
0.5-percent probability of spinal injury from the injury probability distribution for the
bRI reported in reference 4. These injury risk levels are characterized as high,
mooerate, and low with respective DR values of 22.8, 18 and 15.2, as shown in Figure 3.
A 50-percent probability or injury was selected as the highest spinal injury rate
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Figure 3 Injury RisK Levels tor +Z Axis Half-Sine Acceleration Pulses
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acceptable in the system design tor two reasons. First, it is the highest spinal injury
rate that nas been observed fot any USAF ejection seat. Second, this level was judged to
be the maximum allowable considering that multiple exposures woulo be likely subsequent
to the catapult acceleration, i.e., rocket acceleration, parachute-opening shock, ann
ground landing impact. The moderate-risk level corresponds to the level used in current
USAF ejection-seat ozign (ret. 5) ano is at a mid-point between the high and low levels.
The low-risK level corresponds to acceleration conditions used routinely without incident
in tests with volunteers conducted Dy the USAF.

Figure 4 illustrates the injury-risk levels assigned for the -X axis. The DR limit
values are 46, 35, ano 28.

1000 rzz _

10

001 01 0.1 1.0

Lu-- IIIl

TIME TO PEAK IN SECONDS

Fiue4Injury Risk Levels for -X Axis Half-Sine Acceleration Pulses

The methodology used to establish toe risk levels produced higner statistical
continence in its application or tne +/-X and +z axes than in its application of the +/-Y
anu -Z axes since more data are available to define the higner-risk levels. The oata
useo to define tae risk levels for the Y axis aid not permit toe assignment ot high-risk
levels with ar. adequate oegree or confidence since clear evidence of injury has not been
observed unoer laboratory conditions. Toe Y-axis model was initially assigned the same
coefficients as toe X-axis model (ref. 6). But the injury risk levels were lowered to
correspono to toe levels judged reasonable on the Oasis of available human test data. A
transfer function analysis technique has been used to provide coefficients for the Y-axis
model. Using data from 8-G impact tests with 13 volunteers, a mean natural frequency of
58.0 fad/sec (SD - 1.7) was derived. Toe damping coefficient was 0.09 (SD =0.04). DR
limit values, which have Deen estimated, are 22, 17, and 14.

The ows~an test data available for toe -Z axis, are also limited; however, toe
acceleration-time histories that nave Deen used in non-injurious tests with volunteers
span a relatively large range of time durations. The low-risk level was assigned on the
oasis of injury-free laboratory tests with volunteer subjects. The moderate level was
selected on toe basis or previous downward-ejection catapult acceleration limits, ano the
upper bounds of the available data from tests with heavily restrained subjects were used
to estabish the nigh-risk limits althougo injuries were not observed. The available
data were not sufficient to ".o sore than provide a rough approximation of the frequency
response range or a model that would be descriptive of humar dynamic response to -Z axis
acceleration inputs. Since the +Z axis model was in that range, the natural frequency
ann damping coefficient for toe +Z axis model were selected tor the -Z axis acceleration
limit model. Tne DR limit values which were selected are 15, 12, ann 9.

While the individual orthogonal axes responses were assumed to be independent, a
combined risk assessment in the form or an ellipsoidal envelope is proposed. It can be
expressed in the following form:

2 + .02 + zItU) 2 0.1.0

where toe suftix L denotes the limiting value for the assigned risk value.
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Toe tasK or provi ing criteria tor pounoing ailowaole angular acceleration nas been a
problem that nas required an assessment from rirst principles since no precedent exists.
There is very lirte data available on Duman tolerance to angular acceleration an
velocity. Translational accelerations ann angular rates have been measureo in only one
rest where a volunteer was exposeo to the combinen translational and hign-level angular
accelerations that may be associateo with ejection seat operation (rel. 7). The approach
selected to limit toe angular acceleration is based on the hypotnesis that the injuries
associated with angular acceleration are oirectly relateo to local linear accelerations.
Tnis hypotnesis nas some support basen on toe experimental fin oings or Taraov (ref. 8)
aria Weiss et al (rer. 9). Thus, toe tangential ana, to a greater degree, the centrietal
acceleration must be considered. Payne has recommenuen that assessment o the errects Of
angular acceleration be accompLisnen by applying to toe injury morels the net linear
acceieration nue to whole Dooy translational acceleration plus the local linear
acceleration oue to bony rotation at a bony center point. In the application o thlt
metnoo a bony center point that is 16.2 in. up ann 3.4 in. torwarn from the seat
reference point (the intersection or the planes or te seat, seatback, ano tne
mia-sagittal plane or tne seat occupant) was chosen.

III. PREDICTIVE MODELS

T-e most oesirabLe form for tolerance criteria is one that is specified in terms of
external to tne bony variables. For example, the acceleration of the seat, the impact
velocity or an aircrart or toe height or a fall can be useo to estimate the likelihood o
an injury. Unfortunately most injuries associated witn aircraft operations no not lend
tnembelves to such simple approaches because toe exposure conditions are usually more
complicated ann netter resolution between exposure conoitions ano injury consequences is
neeuea.

This may be illustraten by consloering the case or a helicopter crasn in which the
net crasn deceleration ann ground impact velocity may be reasonably estimated, but the
degree or anticipaten injury can be substantially modified aepenairg on whether the
helicopter was equipea with an energy absorbing seat, the seat stayed ilioiy attaceo,
toe crewmember was in an upright position at time of impact, the narness functionec
properly in restraining the crewmember ana the aircraft structure was surriciently
aerormeu to iiteract with the crewmember. Obviously all tnese ractcrs complicate an
injury potential assessment ann in a given crash event any one of them may be the
causative factor in an injury or fatality.

While no current metnoa exists that can factor in all such eventualities ann provine
a meanlngtui absolute injury probability prediction, analytical mooels are being
developed that can assess toe relative effects of system nesiGns, procenures ann crash
conditions.

One such moodel has been developer by the USAF to predict stresses nevelopen in the
spine oue to abrupt accelerations applied to the torso (Rer. 10). This is a tnree
dimensional, iascrete model or the human spine, torso ann neao oevelopeo for the purpose
Or evaluating mechanical response in pilot ejection. It was neveloped in sufficient
generality to oe applicable to other bony impact problems, such as occupant response in
aircrart crashes ari arbitrary loans on the bean-spine structure.

A graphical representation of the Hean-Spine model structure is ionwn in Figure 5.
Tie anatomy is rioeleo by a collection at rigio bodies, whicn represent skeletal segments
such as tihe vertebrae, pelvis, nea ann ribs, interconnected by neformable elements,
wnich represent ligaments, cartilageneous joints, viscera, ann connective tissues.
Techniques for representing other aspects of the environment, such as harnesses and the
seat geometry, are also inciuaen. The monel is valid for large nisplacements of the
spine ann treats material nonlinearities.

Tie basic smoel is modular in rormat, so that various components may be omitten or
replaced by simplirien representations. Tnus, while the complete mooel is rather complex
ann involves substantial computational effort, various simplirieu mooels are available
tmat are quite erective in ouplicating the response of the complete model witnin a range
Or conitions.

Various conditions can be stunien using the model, including different acceleration
pulses, harness configurations ann elasticitiesf seat geometries ano initial spinal
postures. Prenictions include spinal deformation, local stresses and a thoracic/luimbar
compression fracture probability. Tne latter preniction is baseo on the predictive
calculation Or vertebral bony stresses during a dynamic exposure event ann the comparison
ot these stresses to measuren strength properties of human vertebral bodies (Ref. 11).

The injury prediction is given in terms of an Injury Potential Function which is
obtainen by divining the maximum predicted stress at each vertebral level by the
corresponding vertebral level mean failure stress. An example or the Injury Potential
Function for a fully uprignt ana tightly restrained individual is shown in Figure 6.
Four levels or vertically applied acceleration ranging from 14 to 20 g's are consioere.
A bi-model response is observed with peaks at T8 ann L3. The steep increase of the
curves at T4 is probably not realistic because of the relatively unstable response ot the
upper tnoracic and cervical spine structure. The higher probability of injury predicted
in the minole tnoracic region than the lumbar region, which is the more common region for
spinal compression fractures, illustrates the model's capability to examine the effects

It

http://www.abbottaerospace.com/technical-library


22-6

or varying conoitions. In this case it snoweo that a highly upright seateu position ano
restricted column bending oue to very tight torso restraint may move the most likely Bite
of spinal injury up the spine.

Another model adapted by the USAF to study gross human body oynamics is the
Articulateo Total Body (ATB) model (Ret. 12). This model is a derivative of the Crash
Victim Simulator (Ret. 13) originally developed to study roao vehicle occupant motion
durlng crasnes. Tfe model is totally three-uimensional ano its analysis method is based
on coupled rigid body dynamics. Its stanoaro configuration, consisting of 15 segments
&no 14 joints, as shown in Figure 7.

A graphical depiction o the model is shown in Figure 8 where the segments are
depicted by ellipsoidal surfaces. The graphical display can be presented from any
direction ano distance ano its image projected through a point. Such a graphical display
allows direct comparison to video images as well as being a convenient means for
examinng body position and motion relative to support ano potentially interacting
structures.

The modeled body structure is assumed to be passive in that muscle forces do not
act. The aynamic response of the body can be induced by interactions with the seat and
harness system or winoblast, gravitational or local contact forces acting on the
segments. In addition to the graphical depiction of body motion, the linear and angular
displacements, velocities and accelerations of all segments, the forces and momentp in
all joints, the points on segments and forces of contact and the loads in the harness
system are preoicteo.

Figure 5 Graphical Representation ot the Heao-Spine Model
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Fisure 8 Grajpnicai Represe~itaticn 0o. tne Articulateo Total boay Moel

Vaiow.. cata oases tot airterent size mnales, femnales ania cbilloren (Ref. 14), as well
as tne Part 572 ousaiy (Ret. 15) anu tote Hybric III oulimy (Ret. 16) nave teen aevelopeo.
These aiiow a Oan coilce Or oCL pant sizes ann can, be used to investigate ettects or.
unliaasIL re.spons e C11 size variati~ 0.

Hurar response VIioaticn (Ret. 17) ano duImry response valioations (Ref. Ib) rave
oeer. s;ane witil tae model. Aaitionialiy a nuinber of simrulations nave been pertorrreo witl,
excellent a-Ireement between pr~eossteo and observEo responses (Ref. 19 and 20).

Thie ATB mccie. is an excellent tool ror clearance or broy trajectory pteoletion. Toe
stoel was useo to investirate ciloa motion in, an automobile curing panic braking ano
bUUoteuet 1Tinpact (Ret. 21). Tnree cniiin sizes, ania seven oitterent initial pos itions,
were ciicsen. In Figure 9 a unilo initially facing torwara experiences a .5G vensicle
aeceleration wnile ihis feet nave a .25 seat triction Coetticient. In Figure 10 a chila
ii. toe samt iritiai position experiences a .7(; vehicle deceleraticn while his, feet nave a

WO 0C WC 6W 'SEC

Figure 9 Two-arna-One-1all-Year-Cim Cnila Motion During .50 G
P~anic BraKirg Deceleration with .25 Seat Friction Coefficient
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Figure 10 Two-and-OneHalf-Year-Old Child Motion During .70 G

Pan Braking Deceleration with .20 Seat Friction Coefficient

.20 seat friction coefficient. lj the first case the motion is relatively benicn with
the cnslo not contacting the dasn ano coming to rest on the front part of the seat. A 20
percent reduction in the seat friction coefficient, combineo with an increase in venicle
oeceleration from .5G to .7G, substantially mouified the resultant body motion leaOing to
a significant head impact with the Qasn ana final body location on the vehicle's floor.

The above simulations are only two of over 160 that were performeo in which various
condltions ana parameters were varled, but they illustrate the ease of examining the
relative effects or sucn changes. The model has also been used in a number of internal
USAF stuales to look at Dooy motion ano clearances of limos during escape from aircraft.

IV. ADVANCED MANIKIN DEVELOPMENT

The use of mechanical human surrogates or oummies is becoming a more common ano
relevant approach for assessing tne safety of crash protection systems and procedures.
Early aummies were developeo to provide inertial loading similar to that of 'he human
booy ana were primarily useu to test the proper operation of harnesses, seat structures
ano ejection seats. In these tests the concern was with the response of the equipment as
alrected Dy the inertial effects of the human body. Typical aummies used for such
applications were oeveloped by Sierra ano Aloerson in the 1950s primarily to provioe
numan-like ballast for ejection seats. While their overall mass oistribution properties
were quite good, their joint mobility and body flexibility were highly limitea. This
resulted in a highly rigio responses to external forces and internal dynamic measurements
that oC not compare well to human responses for similar exposures (Ref. 22).

A new generation or oummies was oevelopeo in toe 1960s ano 1970s, primarily driven Dy
increased emphasis on roau motor vehicle safety. Tne most common or these is the hybric
II dulmy originaily oevelopeo by General Motors ano adopted by the National higtiway
Traffic Safety Aodinistration as the stanuaro automotive safety compliance testing dummy.
Tns dumamy, Most commonly Known as the Part 572 oumlay fron, its oocumentation oesignation,
hau conslerarly improveo human-liKe fidelity anQ was desiqneo to provide irternal
response measures thar coulo he correlated to equivalent human responses ano possibly,
ilKelihooO of injury. Several other aummies were oevelcpeo in the Uniteo States, Great
Britain ano Sweden in this same timie perioo that attempted to improve response
characteristics, but none acnieved the oegree of stanQard acceptance as had the Part 572
dummy. In tne late 1970s General 41turs developed toe Hybrio III, which hao improveo
Dio-fielity ano instr mentatlon capaDility over the Hybrid II.

This evolutionary process oil impro% the state-of-the-art in ounmy oesign
sophistication, Diofioelity and response measurement capability. Most ot it, however,
was alrected at roao vehicle safety design consioerations with consioerable emphasis on
chest ano head impact responses, horizontal plane impact events ano testing under hihly
controlled conditionbs.

Attempts to use these typle of dummies in aerospace environments led to the

lientification of a number of shortcomings. These incluoeu the lack of a proper dynamic
longituoinal spinal axis response, which is the preoominant loacing direction for
aircraft relatea force exposures. Standard Qata retrieval by means of an umbilical cord
limiting treeuom yr oummy motion ano requiring a separate uata acquisition syste,..
DuraDlity sufticent only to withstand relatively low force compared to those
encountered in aircraft crashes or escape from aircraft.
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To aooress these shortfalls, the US Air Force has pursued the development of an
Advanced Dynamic Anthropomorphic Manikin (ADAM) to be useo in the testing of escape
systems and various protection systems ana proceoures (Ref. 23). This effort, initiated
in 1981 has resulted in the production of a small and a large male prototype manikin.
These manikin sizes are based on an Air Force male aviator anthropometric survey
conaucted in 1967 (Ret. 24) with the specific dimensions and inertial properties taken
trom US tni-service recommendations (Ret. 25). The small ADAM whith full skin covering
Is shown in Figure 11. The small ADAM with upper torso, right arm ano right leg skins
removea to snow the mechanical structure, battery storage compartment in upper leg and
the instrumentation package located in the thorax, is shown in Figure 12. Also shown in
Figure 12 is a head mounted antenna used for data transmission.

Figure 11 Small ADAM with Full Figure 12 Small ADAM with Skins Partially
Skin Covering Removed to Show Mechanical Structure

and Instrument Package in Thorax

The design tar thia manikin stresses faithful human joint articulation ano torso
axial deformation to properly reflect the mass shifts and limb motion, as well as dynamic
spinal compression, toat an actual crewmemher would experience during a whole body
impact. All the joints with the exception of the neck and spine, are single or compound
revolute joints with precisely defined axes orientations, joint stops with soft snubbers,
aajustable triction pads and position sensing potentiometers. These features can be seen
in Figures 13 and 14 which are the knee and shoulder joints respectively. The axial
spine element is a combined spring and hydraulic damping element which is tuned to
provioe longitudinal impact response with a natural resonance in the 10 to 12 Hz range.
Re-tuning may be accomplished by spring replacement and use of different viscosity
nyoraulic riuia. Relow the axially deforming spinal element is a universal joint that
allows tor yaw motion aA- flexural and lateral bending. This compound articulation iE
approximately in the lumbar aitatomical region ano provides the only bending articulation
in the torso. The total spine structure is shown in Figure 15.
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Figure 13 ADAM Knee Joint Showing Flexure Figure 14 ADAM Shoulder Joint Showing

and Torsion Articulations, Friction Pads Multiple Revolute Articulations
and Wire Connections to Position

Measuring Potentiometers

NECK
ATTACHMENT

DAMPER SLOT

FILL PLUG

VISCERA
INSTRUMENTATION

AXIAL SPRING

FILL PLUGLOWER SPINE STRUCTURE
SPITCH PIVOT

FRICTION MATERIAL

ROLL PIVOT

TRANSDUCER
PELVIC

LOAD CELL

Figure 15 ADAM Spine
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The aurability o£ the manikins was specified in terms ot a violent exposure
environment in which tney must be able to operate witnout any functional degradation.
Tois environment is the ejection into a 790 KEAS wino stream, in an ejection seat with
unrestrained limbs for toe large manikin and restrained arms ano legs for the small
manikin. They must also be able to sustain 45G impact loads in the Gx, Gy and Gz
directions witnout tunctional aegraoation or permanent structural damage.

The standaro Hybrid III dummy head and neck are used, but, as opposed to the Hybrid
III design, the head sKin covering extends over the neck as can be seen in Figure 11.

The total instrumentation ana data acquisition system for ADAM is a substantial
advancement over any other current manikin. The system is located in the thorax, is
computer controlled and, in its standard contiguration, can collect 128 channels of data
at 100 samples/channel-sec ano store up to 4 seconds of data as well as telemeter this
oata in real time to a ground station. The system configuration can be modified by an
operator, through computer input, to change the number of channels, the sampling rate and
tne rilter banowiutos. The circuit board configuration, from a rear view, is shown in
Figure 16.

Figure 16 ADAM Instrumentation Package with Rear Acceass Panel Removed

Toe availability or 128 channels allows extensive monitoring of the manikin's
responses as well as collection ot external data. ADAM has been designed for measurement
or three ortnogonal acceleration components in the beau, thorax and pelvis; six force and
moment components both between toe head and the top of the neck and between the lumbar
bine and toe pelvis; and toe position of all revolute joints. Additionally, load cells
are located at toe joints in toe lower legs to measure torsional moments. The
instrumentatlon system provioes for signal conditioning, analog to digital data
conversion ana pre and post data collection calibration for all of these transducer
cnannels. A litlrg ot these transducer cnannels, including ones for internal
temperature and parachute riser loaas, are presented in Table 1. The other channels may
be usea tor additional ADAM sensors or to collect external information.

http://www.abbottaerospace.com/technical-library


22-1 3

TABLE 1
ADAM TRANSDUCER CHANNELS

1 Left Hip Abouction/Adduction Position
2 Right Hip Abouction/Aoaduction Position
3 Left Hip Flexion Position
4 Right Hip Flexion Position
5 Left Hip Mealal/Lateral Position
6 Right Hip Meoial/Lateral Position
7 Lett Knee Flexion Position
8 Right Knee Flexion Position
9 Left Knee Medial/Lateral Position
10 Right Knee Meoial/Lateral Position
11 Left Shoulder Arm-Joint Abduction/Adduction Position
12 Right Shouloer Arm-Joint Abduction/Adauction Position
13 Left Snoulaer Thoracic-Joint Abauction/Adduction Position
14 Right Shoulder Thoracic-Joint Abduction/Adauction Position
15 Left Shoulder Flexion/Extension Position
16 Right Shoulder Flexion/Extension Position
17 Left Shoulder Medial Lateral Position
18 Right Shoulder Meaial/Lateral Position
19 Left Arm Raising/Lowering Position
20 Right Arm Raising/Lowring Position
21 Left Elbow Flexion Position
22 Right Elbow Flexion Position
23 Left Forearm Supination/Pronation Position
24 Right Forearm Supination/Pronation Position
25 Left Lower Leg Torque
26 Right Lower Leg Torque
27-32 Neck Forces and Moments (6 axis)
33-38 Lumbar Forces and Moments (6 axis)
39-41 Head Accelertion (triaxial)
42-44 Head Rotation Rate (3 rate sensors)
45-47 Chest Acceleration (triaxial)
48-50 Pelvis Acceleration (triaxial)
51-52 Parachute Loads, Right and Left Risers
53 Temperature Measurement
54-58 Lumbar Position
59 Viscera Position
60 Viscera Acceleration
61 Sternoclavicular Elevation/Depression Position
62 Sternoclavicular Pronation/Retraction Position

V. CONCLUSIONS

It is suggested that a comprehensive assessment of injury potential in a crash or
other exposure to violent mechanical forces requires a broad based methodology including
direct injury prediction basso on environmental conditions; analytical or modeling
approaches that an provide interpolative, extrapolative and sensitivity information; and
the use of mechanical surrogates that can provide direct measures of what the human body
would experience in a given environment.

The direct tolerance criteria, while usually the easiest to use, often have limited
utility because they apply to very specific modes and mechanisms of injury. For example,
the DRI as specified for evaluating allowable ejection seat accelerations (Ref. 5) is
only applicable to Z axis accelerations and is strictly based on observed spinal
compression fractures as the injury mechanism.

Analytical methods and models can provide a means of relating a general body exposure
to a specific susceptible body structure and, given the appropriate strength properties
of the local structure, allow prediction of failure/injury of that particular structure.
From an engineering point this is a straight forward process; however, in application it
can be difficult due to the large variability in biological material properties, the
structural complexity of the human body and the generally unknown extent of active muscle
participation. Where the modeling methodology is particularly useful is in relative
assessments of system design changes, procedure modifications and operation condition
variations. The assessments are made on the basis of predicted changes in local
stresses, deformations and accelerations; external contact and harness forces; maximum
ranges of limb motion; and amount of clearance between bocy segments and structural
elements.

To define the exposure environment, tests must be conducted that, as closely as
possible, replicate the anticipated operational conditions. This not only requires that
the vehicle or occupants external environment is properly controlled, but that the
occupant be an appropriate surrogate for a crewmember. The ADAM has been designed not
only to provide correct reactive loads into the harness, seat and any other interactive
structures, but to also be sufficiently internally biofidelic so that its internal
response measures may be related to equivalent human responses under the same exposure
conditions. While substantial validation still needs to be performed, the biofidelity
ano extensive response measurement capability of ADAM should make it a powerful tool for
the safety assessment of aircraft, subsystems and procedures.
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Requirements and Criteria for the Passive Safety of Automobiles

Prof. Dr.-Ing. R. Wellner
Volkswagen AG, Research and Development, 3180 Wolfsburg

Germany

Q. ucces has been achieved in the last 17 years in increasing traffic safety. The number of people killed
has dropped dramatically despite a considerable increase in the number of vehicles involved.

The following deals with the passive safety requirements imposed on passenger vehicles and with technical
concepts designed to satisfy these requirements.

The interpretation of the functions

- Speed/time function for a head-on vehicle collision
- Occupant acceleration as a function of forward displacement

leads to the definition of the basic demands to be made of an occupant restraint system:

- Occupant restraint system should come into action quickly following start of vehicle deceleration with
a view to minimizing occupant acceleration with the same throw-forward distance, i.e. the system
response time should be as short as possible.

- Only slight occupant deceleration, i.e. biomechanically tolerable limits must not be exceeded due to
the mechanical load.

- With a view to achieving the highest possible usage quota, the system must afford adequate comfort
when not in action.

Use can be made, for example, of belt force limiters to reduce the forces acting on the occupant during
the restraint process.

A belt lock-up or belt pre-tensioners can be used to limit to occupant throw-forward distance.

Numerous measures have to be taken to make a restraint system comfortable. Belt height adjustment, for
example, provides an individual adaptation of the belt position.

An important safety feature - which is often underestimated in terms of its contribution to safety - is the
seat plus head restraint. The seat has a considerable influence on the effectiveness of the entire system
both in the event of a head-on collision and in the case of a rear end collision. -

If it is assumed that there is good correlation between the load values measured with dummies and the
real risk of injury for a person involved in an accident, the possible benefit of any safety measure can
be forecast.

This is a necessary prerequisite for cost/benefit analyses.

Some 50 % of the people who die each year in the Federal Republic of Germany as a result of the injuries
they have sustained are cyclists, motor cyclists and pedestrians.

The efforts to improve passive safety must also include this group of road users.

It is to be hoped that the number of people who sustain serious injuries or even lose their lives as result
of a traffic accident will continue to drop in the future. This goal will be attained if all those involved -
namely vehicle manufacturers, road users and legislators - sustain their efforts to increase road traffic
safety.

Requirements and Criteria for the Passive Safety of Automobiles

Success has been achieved in the last 17 years in increasing traffic safety. The numb-r of people killed
has dropped dramatically despite a considerable increase In the number of vehicles involved (Fig. I).

Fig. I:

Accident statistics
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The following deals with the passive safety requirements imposed on passenger vehicles (Fig. 2) and with

technical concepts designed to satisfy these requirements.

Fig. 2:
Passive safety requirements

The interpretation of the graphs

Speed/time function for a head-on vehicle collision (Fig. 3),

I I - O-p.nt
Z - Pasge coprtmnt

l- A -- Response timel
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Fig. 3:
Speed/time graph for a head-on vehicle collision

Distance occupants are thrown forwards as a function of occupant acceleration (Fig. 4) and
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Fig. 4:Distance occupants are thrown forwards as a function of occupant acceleration

Occupant acceleration as a function of system response time (Fig. 5)
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Fig. 5:
Occupant acceleration as a function of system response times
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leads to the definition of the basic demands to be made of an occupant restraint system:

- Occupant restraint system should come into action quickly following start of vehicle deceleration
with a view to minimizing occupant acceleration with the same throw-forward distance, i.e. the
system response time tA should be as short as possible.

- Only slight occupant deceleration aI , i.e. biomechanicaly tolerable limits must not be exceeded due
to the mechanical load.

- With a view to achieving the highest possible usage quota, the system must afford adequate comfort
when not in action.

Fig. 6:
Occupant restraint system

Use can be made, for example, of belt force limiters to reduce the forces acting on the occupant during
the restraint process. Some force limiter designs are shown in Fig. 7.

A
-- F

-\ D

Fig. 7
Belt force limiter

A belt lock-up (Fig. 8) or belt pre-tensioners (Figs. 9, 10, 11) can be used to limit to occupant throw-
forward distance.

Fig. 8:
Belt lock-up
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Fig. 9
Belt pre-tensioner (Pyrotechnic actuation)

-L' " I.,/

Fig. 10:
Belt pre-tensioner (Mechanical actuation)

Fig. 11:
Belt pre-tensioner (Hydraulic actuation)

Numerous measures have to be taken to make a restraint syslem comfortable. Belt height adjustment, for
example, makes for individual adaptation of the belt position (Fig. 12).

Upm., pon Loww position

rig. 12:
Belt height adjustment

An important safety feature - which is often underestimated in terms of its contribution to safety - is
the seat plus head restraint (Fig. 13). The seat has a considerable influence on the effectiveness of the
entire system both in the event of a head-on collision and in the case of a rear end collision. Fig. 14
shows, for example, occupant movement during a rear end collision. The effectiveness of a head re-
straint Is clearly apparent.
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Fig. 13:
Structure of a car seat
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Fig. 14:

Head movement during rear end collision

The effectiveness of occupant protection systems is assessed on the basic of compliance with protection
criteria (Fig. 15).

F 10000N

Fig. 15:
Protection criteria

Compliance with such protection criteria is substantiated by way of measurements taken with dummies
during a vehicle collision. The correlation of these protection criteria with the real risk of injury is how-
ever unclear at present. as a bridge between medicine and vehicle technology, biomechanics helps to fill
this gap (Fig. 16).
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Fig. 16:
Aims of biomechanics
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If it is assumed that there is good correlation between the load values measured with dummies and the
real risk of injury for a person involved in an accident, the possible benefit of any safety measure can
be forecast (Fig. 17).

779

Fig. 17:

Determination of benefit

This is a necessary prerequisite tor cost/benefit analyses.

Some 50 % of the people who die each year in the Federal Republic of Germany as a result of the injuries
they have sustained are "external road users", i. e, motor cyclists and pedestrians (Fig. 18).

they1

Fig. 18

Vehicle/Pedestrian collison

The efforts to improve passive safety must also include this group of road users.

It is to be hoped that the number of people who sustain serious injuries or even lose their lives as re-
sult of a traffic accidert will continue to drop in the future. This goal will be attained if all those in-
volved - namely vehicle manufacturers, road users and legislators - sustain their efforts to increase road
traffic safety.
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MADYMO CRASH VICTIM SIMULATIONS: A FLIGHT SAFETY APPLICATION
by

J. Wismans and J.A. Griffloen
TNO Road-Vehicles Research Institute

0P.O. Box 237
2600AE Delft

The Netherlands

,| SAMMARY

MADYMO is a computer program for two- or three-dimensional simulation of human body gross motions. The program has
been developed particularly for crash analyses. In the past years the program has been applied and validated extensively for vehicle
safety research. In this paper an application is described in the field of flight safety: the simulation of a space shuttle crew escape
system.

INTRODUCTION

- In the field of flight safety research the simulation of human body response and injuries resulting from abrupt acceleration
clianges and impacts is of vital importance to evaluate and improve restraint systems, crash safety devices and emergency escape
systems. Most of this work is done by means of experiments using instrumented dummies, human cadavers and occasionally also
animals and volunteers. Due to the rapid developments both in computer hardware and software it is expected that whole-body
response computer models will be applied more and more in this field. Q7 _*

Examples of whole-body response programs used for aircraft safety problems are the Articulated Total Body (ATB) model I I
and the Seat-Occupant-Light-Aircraft (SOM-LA) model 121. Both models are three-dimensional. The SOM-LA model has a fixed
number of segments: 12, while in the ATB model an arbitrary number of segments can be specified. The ATB model is based on the
CAL 3D crash victim simulation model. Several modifications were introduced, e.g. the capability to apply aerodynamic forces to
the human body. The SOM-LA model was developed particularly for light aircraft crashworthiness design studies. The seat in this
model is represented by a finite element model. A third program used for study of flight safety problems is the UCIN model. This
program was applied e.g. to study parachutist dynamics 131.

The objective of this paper is two-fold: to summarize briefly the most important characteristics of the MADYMO Crash Victim
Simulation Program and to illustrate the use of MADYMO in a flight safety environment by means of a recent simulation which was
conducted by the TNO Road-Vehicles Research Institute. In addition some examples of applications of MADYMO in vehicle safety
research will be addressed briefly.

MADYMO: GENERAL INTRODUCTION

The development of the MADYMO program package started in the mid seventies. The program performs time history simula-
tions for systems of rigid bodies connected by joints in either two-or three-dimensional inertial space. Each of these bodies may be in
force-interaction with any of the other bodies or with the environment. The program is based on rigid body dynamics using Lagrange
equations. Fig. I shows examples of systems of rigid bodies with various types of force interaction. The systems of rigid bodies in
MADYMO are so-called tree structures, also often referred to as open loop systems.

C IoIPonlane

acre"contact

spring
damper

user defined rontact

forces

Fig. I Examples of tree structures with force interactions.
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Standard calculation modules are available in MADYMO for the following force-interactions: geometric contacts, belt restraint
systems, spring-dampers, gravitation and acceleration fields, etc. For special force-interactions like e.g. wind-blast the user can
develop a user-defined module which can be linked to the general program. To create a MADYMO input dataset the user delines
simply the number of systems and bodies in each system, the geometry, the centre of gravity, mass and rotational inertia for each
body, properties of the joints, properties of force-interactions and the initial conditions of the systems, lie can also specify % hich out-
put results are required from the simulation.

The program performs the simulation by automatically generating and solving the set of non-linear equations of motion and pre-
dicting the condition of the system for one time step further. This process is repeated until the end time of the simulation is reached.
Tsso methods are available itt MADYMO to sol- e the equations of motion. The first method is a fourth-order Runge-Kutta method
with a fixed time step and the second a fifth-order Runge-Kutr' Merson method with variable time step.

A description of the theoretical background and the features of the current MADYMO version (lie. version 4.2 to be released in
1988) is provided in refs. [4, 51. For a general treatment of rigid body dynamics theory refer to Wittenburg 161- In the next section a
brief summary of the most important MADYMO features will be presented followed by some typical examples of applications of the
program in vehicle safely research.

SUMMARY OF MOST IMPORTANT MADYMO CAPABILITIES

* MADYMO consists of to separate programs: MADYMO 2D and MADYMO 3D for two- and three-dimensional simulations
respectively. Both programs offer broadly similar features. MADYMO 2D allows a mor economical solution in case of planar
motions.

The standard program dimensioning allows up to 30 tree strultres and 60 rigid bodies to be simulated.

* The rigid bodies are conected hv hinge joiits (2D) or ball and socket joints 131)).

Prescription of atccleration fields and spatial motions as functions of time.~Non-linear spring-dlamper element, and poini-restraints.

lp t 10 bea restraint system, %% ih aeer belt selments can be defined. slack and pretension can be specified for each
be lt l -I.'nie n t. B ~e ll rnaleriA l can h e hara cic ri/cd b y Illt. ins III no n-li necar ho rk.C-e lo nlu atio n fu nctio ns ; and1. h stere is. T o e ach o f file

be h l c st a reiiatito r %% th ti h n po,1 l L'IteCt cAtt he c n nected i ittte. accele ratio n- o r ssehbitte S -.tsitl ea ,

For contact interactions, planes, ellipses (2D) and ellipsoids (3D) can be connected to the rigid bodies and the environment.
Higher order ellipses 2D) or ellipsoids OD) can be used for edge contact problems. Prescription of contact surface motion is
possible. e.g. to simulate intrusion.

Non-linear elastic pro ries. ,isvous damping, hysteresis and dry friction calt be specified for the joint and contact models.

* Specification of spatial orienttations by means of direction cosine matrices, rotation angles or screw axes (3D).

Separate principal motents of inertia and joint coordinate systems (3D) can be introduced.

* Simple input data structure by means of keyword identifiers.

,t 'ser-controlled generationI of output quantities such as:
-acceleration and velocity ttte histories
- orces and torqtles
- (relative) displacements
- injury parattters.

Pealk m imic, o f the litle histories are prodllrced int tabular fornt oflering tle utr a qtiick aInd eficient oservieo f the simulationI results.

A graphics prorgram is as .ilale vw hich prOdcCs three dimtensional projections of planes and ellipsoids ith te oplion of hidden
C iies, t' toirr line . . ict l

,  
p in sc lection. etc.

Animation of simulation results is possible with special graphical devices.

EXAMPLES OF APPLICATIONS IN AUTOMOTIVE SAFETY

Many studies conducted in the past have proven the validity of MADYMO results in the area of vehicle impact research. Fig. 2
'ttmmarizes two typical examples of a vehicle occupant in a crash. The first example concerns thc utulation of the Hybrid Ill
dummy in a frontal impact test, The Ilybrid Ill dummy is generally considered to be the most advanced crash test dummy for frontal
vehicle impacts available today. The MADYMO 3D database developed for this dummy consists of 15 segments. The midel was
based on measurements conducted by the Biodynamics & Bioengineering division of the Harry G Armstrong Aerospace Med. Res.
Lab., Wright Patterson Airforce Base in Ohio. USA. Results of model simulations have been compared with sled tests at three
'mpact severity levels conducted by Ford Motor Co. 1 8l. Details of the dummy model database, the simulations and the validation
efforts -ire given in ref. 9,
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The second example is a simulation of a Part 572 dummy in a lateral collision. This simulation was a reconstruction of a real
world accident between a Peugeot 405 (stationary) impacted on the side (impact angle 70o) by another Peugeot 405 at a velocity of
approximately 75 km/h. For this accident several experimental reconstructions were conducted by the Lab. of Phys. and Biot. Peu-
geot S.A/Renault. The mathematical simulation was limited to the interaction between the occupant in the struck vehicle (a Part 572
dummy) and the inside structure of the vehicle. The displacement (intrusion) of the struck door was used as model input.

The example shown in Fig. 3 is a simulation of a cyclist impacted from the side by a vehicle front. The model presented is divid-
ed into three separate systems: one for the dummy (nine bodies), one for the bicycle (one body) and one for the vehicle (one body).
For details on this simulation and the corresponding verification tests see ref. [10].

Other examples of the use of MADYMO in the past are for instance child-restraint system simulations, human body segment
models for the neck and thorax, simulation of wheelchair occupants and several computer aided design studies. In ref. 11 some o
these simulations are described in detail.

Fig. 2 Vehicle occupant simulations.

0 ms So ms 100 ms

150 ms 190 ms

Fig. 3 Simulation of a cyclist impact.
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A FLIGHT SAFETY APPLICATION

The simulation to be presented here was carried out to illustrate the potential of the MADYMO program for simulations of the
human body in a flight environment. In contrast to many of the MADYMO applications in vehicle safety problems no experimental
results were available at the time of our simulations (beginning of 1987) for proper model validation.

The simulation concerns the in-flight escape of a space shuttle crew member. One of the potential methods evaluated by NASA
to obtain a safe escape from the space shuttle made use of a tractor rocket escape system. The astronaut is laying backwards on a
horizontal ramp with his feet placed on a vertical foot plate. A small hatch at the side of the space shuttle is available for the escape.
The crew member harness system is connected to the tractor rocket by means of an elastic rope further referred to as pendant line.

The MADYMO 3D program was used for this simulation. The crew member model is a 13 segment system representing a 50th
percentile person. Anthropometry, mass distribution and joint properties are all based on the Part 572 ttybrid 11 dummy, i.e. a crash
dummy developed especially for vehicle crash tests. Aerodynamical forces on ,he crew member are described by an acceleration
field. The tractor rocket is simulated by one segment. The propulsion force on the rocket is estimated and prescribed in the input file.
The pendant line is simulated by a spring element with estimated elastic and damping properties. The space shuttle is represented by
a number of contact planes to study the contact interaction with the astronaut.

Fig. 4 illustrates the initial position of the crew member shortly before escape. The hatch opening of the space shuttle is indicated
by a fine grid.

hatch

-"AN

'W

1,

. ramp

Fig. 4 Initial position of astronaut in simulation msdel,

After ejection of the tractor rocket the pendant line will become stretched and the crew member is pulled through the hatch opening.
The MADYMO simulation presented here was conducted during 1.2 sec. Results of the predicted crew member kinematics are
shown in Fig. 5.

Fig. 6 illustrates some of the resulting body accelerations as function of time. Results are presented for the chest, head and pelvis
acceleration (time zero is ignition of tractor rocket). Peak accelerations appear to be near 13 g in this simulation.

DISCUSSION

The objective of this paper was to review briefly the present status of the MADYMO Crash Victim Simulation Program and to
illustrate its use in a flight safety environment. The example presented concerned the ejection of a crew member from a space shuttle
using a tractor rocket. Since significant parameters in this simulation like aerodynamic forcc.s on the human body, rocket propulsion
and pendant line material characteristics all were estimated, the present simulation does not need to be in agreement with experimen-
tal test results. The example is presented here for illustrative purposes only.

Results presented in this paper include kinematics and body accelerations. Other results like tension fore in the pendant line.
contact forces on the human body, injury parameters, angular accelerations and velocities are available for analysis too. A graphical
terminal is used at the TNO Road-Vehicles Research Institute offering the kinematics to be visualized in real-time animation which
contributes significantly to the interpretation of the nodel results.

Possible applications of the presented model (or an improved model with e.g. more realistic aerodynamic force-interactions and
a more detailed human neck model) include:
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Fig. 5 Astronaut motion predicted by computer simulation.
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Fig. 6 Resultant acceleration time-histories of head, chest and pelvis.

* analysis of the effect of body size and initial position;
* optimal design of the tractor rocket and pendant line;
* analysis of the attachment between pendant line and crew member harness system;
* evaluation of the effect of ramp and pull angle;
* design of the hatch opening (padding!) to minimize the possible contact interaction with the astronaut;
* simulation (and validation) of laboratory tests and extension of experimental results to real conditions.

The presented example indicates that this type of mathematical simulation also could be applied successfully to study the human
body response in other types of flight related impact problems or flight situations where the human body is exposed to sudden accel-
eration changes like e.g. helicopter crashes, ejection seat design or parachutist dynamics.
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CONCEPTION D *UN ENREGISTREJR DR GRANDBURS DYKANIQUES

RT VALIDATION AU COURS D *UN CRASH SINIJLE

par

CLERE J.M.* LE BRUN D.-*, DOBUA J.* POIRIER J.L.*

LABORATOIRE DE MEDECINE AEROSPATIALE* - SERVICE METHODES**

CENTRE DESSAIS EN VOL - F 91220 - BRETIGNY-sur-Orqe

RESUME

La protection des 6quipages et des passagers au cours des crashs d'a~ronefs
est redevenue une question d'actualit,6. Les travaux de recherche, ax~s essentiallament
sur 1 interaction structure-si~ge-occupant, n~cessitent act-uel lement I utilisation
des chaines de mesure avec des transferts d'information par cible ou t6l4trie. Catte
technique n'6tant pas toujours utilisable, le Centre d'Essais en Vol a d~velopp6 un
enragistraur embarquable A d~clenchement automatique A l'impact. Ii parmet
1Panregistrement num~rique pendant 6 secondes, de fagon autonome, de 9 signaux
analogiques. Il peut fonctionner en ambiance s~v !re, choc ou feu.

Il est un des 414ments d'une chaine de mesure comprenant un mannequin
anthropomorphique, des acc4romtres, des amplificateurs-d~modulateurs de mesure,
des batteries, un interface m~canique.

One exp~rimentation a 6t effectu~e 5 Atlantic City aux U.S.A. lors du largage
d'un trongon da DC 10 d'une hauteur de 6 m~tres & partir d'un portique.

Cat essai a permis de valideren situation r~elle de crash exp~rimental, cet
enregistreur de nouvelle g6n6ration. Ce type d'apparail, dun volume at d'un poids
r~duits, pourrait &tre utilis4 comme anregistreur de crash sur les avions de ligne.

1. - INTRODUCTION

Au cours des accidents d'avions commerciaux, il est surprenant de constater
dans certains cas, pour les occupants du m~me a~ronef, des blassures 14g~res pour
les uns, gravissimes pour d'autres. Ainsi, dans le m~me avion, des passagers, par
un concours de circonstances, peuvent sortir indemnas de laccident, tandis que leurs
voisins de cabine ou de sihge y p~rissent. Le maximum d'informations concernant lea
circonstances et lea effets du crash est n~cessaire pour pouvoir mieux analyser la
situation et prot~ger lea diff~rents occupants.

Seuls lea h~licopt~res militaires sont prot~g~s. En effet, 6 la demande des
diff6rentes arm~es, les h~licopteres b~n~ficient d'une meilleure protection au crash
due 6 une structure et des si~ges adaptds & cette situation. En France, au C.E.A.T.
at au C.E.V., la tudes ont 6t6 men~es sur h6licoptcres SA 330 at 340 ainsi qua sur
lea si~ges anticrash SOCEA.

En ce qui concerna lea avions commerciaux, sauls la Etats-Unis se sont lanc6s
dans une campagne d'expertise. La Federal Aviation Administration sa penche depuis
plusieurs ann~es sur ce probl~me. Ella d~sire mieux prot~gar lea passagers en imposant
aux constructeurs des normes concernant la structure des avions at ls structure des
si~ges. Caest pourquoi ella a antrapris d16valuer il y a plusieurs ann4as la causes
at lea circonstances des accidents de l1aviation civile, ainsi qua leurs effets sur
la structures d'avion, at de ce fait, sur la survie des passagers.

Pour compl~ter ces 6tudes, ella a entrepris dleffectuer une s~rie dlessais
en laborstoire sur segments davions de ligne largu~s d'un portique avec des conditions
de crash diff~rentes.

La C.E.V. a pu participer A l2un de ces assais effectu6 & Atlantic City lors
du largaga d'un tronqon de DC 10 d'une hauteur de 6 m~tres.

Las services officials frangais ont 46t6 invit~s &k partager cette exp4rience
et A mettra en place un si~ge 6quip4 d'un mannequin instrument,4. Cette participation
ne devant pas interf~rer avec la masureseat l'autonomie du systeme am4ricain, il
a 6t6 damandd de pr~voir un ensemble enti~remant autonome. Cette chaine de mesure
poss !de un enregistreur sp~cifique non destructible par le choc at par le feu, & bande
passanta 4levL~e at dont Ia dur~e d'enregistrement correspond & Ia dur~e dun crash.
En effet, aprbs inventaire du mat~riel d'enregistrement, il n'a pas 6t trouv6
d'enregistreur ayant cetta performance.

En plus de cat enregistreur, cette chaine de mesura comprend
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- un mannequin anthropomorphique

- neuf acc4l4romatres ;

- neuf amplificateurs d~modulateurs

- un boltier de protection contenant l'enregistreur num~rique & m4moire statique;

- une alimentation 4lectrique par batteries sur le si~ge ;

- un interface m~canique qui permet de fixer l'enregistreur et les batteries
sur le si~ge ;

- un interface 6lectrique (cable) qui permet d'interconnecter les batteries
A l'enregistreur ainsi que les voies de mesure.

Cette chaine de mesure est destin4e A fonctionner aux niveaux d'acc6l4rations
sjsceptibles d'4tre observ4s lors de ce crash (inf6rieurs& 50 G).

Le siLge sur lequel est instalii le mannequin instrument4 et l'enregistreur
est un si~ge SICMA.

2. - LE MANQUIN

L'utilisation d'un mannequin anthropomorphique permet dleffectuer des mesures
standardis~es et reproductibles, bien que diffdrentes de celles qui peuvent 6tre
effectu4es ou recueillies sur un corps humain. C'est pourquoi le "NATIONAL HIGHWAY
TRAFFIC SAFETY ADMINISTRATION" a 6dit4 une norme de fabrication de mannequins
anthropomorphiques. Ii s'agit de la norme 49 CFR part 572.

Le mannequin ALDERSON HYBRID II correspond A cette norme. Ii est compos6 d'un
ensemble d'416ments correspondant i chaque partie du corps humain. Ii a 6t6 utilis
au cours de cette expdrimentation. Ii a 4t4 congu pour recevoir des capteurs
d'accl14ration selon les trois axes, au niveau de la t~te, du thorax et du bassin.

3. - LES ACCELEROMETRES

Les neuf acc4l1romltres utilis~s sont des accl4romltres ENDEVCO du type 2262-
200. Ces acc4lromltres sont du type pi4zorlsistif avec une 6tendue de mesure de
plus ou moins 200 G. La tension Alectrique de sortie est proportionnelle i
l'acc~llration. Cette tension est de 1,4 mV/g. Les normes donnles par le constructeur
sont lea suivantes : Leur fr4quence de rlsonnance est de 3600 Hz. La linlariti de
leur rlponse est assurle & + 5 pour cent lors d'un mouvement A 1100 Hz et une
templrature de + 24*C. Ii existe une petite dlrive lie i la templrature. Elle est
de deux pour cent A une templrature de 66'C. Le constructeur estime que ces
acc4l1romltres ont une dlrive compensle entre - 18*C et + 93°C. Ces capteurs possLdent
de srieuses propriltls de solidit6 puisqu'ils peuvent 6tre soumis sans destruction
& un choc sinusoidal dont le pic d'accl14ration est de 2000 G. Enfin, ces acc4llromltres
ont fait l'objet d'un 6talonnage au laboratoire de recherches balistiques et
alrodynamiques de VERNON.

4. - LES AMPLIFICATEURS-DEMODULATEURS DE MESURE

Chaque acc4lromltre est mont6 avec un amplificateur. Ii s'agit d'amplificateurs
de mesures type ABN 30 qui snt des amplificateurs difflrentiels i courant continu.
Les caractlristiques constructeurs sont les suivantes : L'alimentation doit 6tre assur4e
par une tension de 28 V. La consommation est de 35 mA. Leur gain est riglabhe de 10
1 100. La bande passante est de 0 A 3000 Hz. Leur lin4arit6 de rAronse est donnle
& 1 pour mille. Ils sont montls sur une platine A 9 voies AJAX.

5. - ALIMENTATION

L'utilisation d'accumulateurs est rendue nicessaire par b'absence de possibilit6
de connection 4lectrique avec l'alimentation de bord. Cet ensemble de deux batteries
fabriqules par SAFT est spicifique de b'alimentation de tl4mesures ou de camlra.
Ce sont les batteries SAFT SAS 632/80. Ce sont des batteries cadmium-nickel dent la
capacit6 est de 1,6 Ah. Elles sent pr4vues pour fonctionner dans un environnement
relativement svlre, puisque le constructeur a dltermin6 un domaine d'acc4llration
de + 250 m/s. et une templrature de + 60*C.

6. - DESCRIPTION DE LENREGISTREUR

A - INTRODUCTION

Le systlme d~velopp6 par le Centre d'Essais en Vol permet de rlaliser
laenregistrement de neuf paramltres analogiques sur une mamoire numlrique.

Ce mat6riel est adaptd A la mlmorisation de phdnomlnes rapides et de type
I impulsionnel, lors d'essais en environnement dynamique sv~re. Ii peut Otre utilis
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pour toute ir.stallation d'essai en vol ou A bord de vdhicules terrestres subissant
des chocs m~caniques ou thermiques importants.

Cet enregistreur est destin6 A conserver en m6moire, apr~s l'essai de crash
d'un avion, les niveaux d'accdl1ration subis pendant le choc par un mannequin
anthropomorphique. La dur~e de l'enregistrement correspond a 6 secondes environ.

Le top d'enregistrement est donn6 par un syst~me de ddtection automatique.
Le syst~me de d~clenchement de l'enregistrement est bas6 sur la d~tection de
l'acc4l ration en X et en Y (d~tecteur de seuil r~glable).

Cet ensemble est enti rement autonome. L'alimentation est fournie par une
batterie de 28 volts continu.

La dur4e de fonctionnement est de 6,5 s.

B - DESCRIPTION

1 Partie Externe

Le systbme d'acquisition est enferm6 dans une enceinte de protection "Feu
et Choc" du type A 9854. Cette enceinte a un volume cylindrique de 2,5 litres
et p~se 21 kg . Elle est normalement destin4e A recevoir lenregistreur de s~curit4
(A 20) qui 6quipe certains adronefs du C.E.V.

Cette enceinte se prdsente sous la forme d'un cyclindre muni de quatre
pattes permettant sa fixation sur un support plan. L'ouverture se fait sur lune des
bases par un couvercle 6quip6 d'une poign4e et de quatre goupilles de verrouillage.
Ce couvercle dispose en outre sur sa face externe d'une embase 4lectrique de type
51 A 19 broches m~les (rdf. 85102 E 19 P) assurant la liaison du syst~me avec
l'alimentation et avec la platine de conditionnement et d'adaptation des capteurs.

2" Partie Interne

La partie 6lectronique, situde A l'int4rieur du bottier sous une autre
protection plus lg~re est fix4e sous le couvercle. Elle se compose de quatre modules
6lectroniques et de trois modules m~moires.

La premilre carte comporte trois modules

- La g4n~ration de lalimentation est rgulde A partir de 28 V. + 3 volts en

. + 15 V pour les amplificateurs op~rationnels et la ddtection de ddbut de
crash.

• + 5 V pour la logique de commande et le syst!me de conversion analogique-
numdrique et d'acquisition.

. + 10 V pour les amplificateurs de capteurs d'acc6ldration.

- La logique de commande situ~e, elle-aussi, sur cette carte, est du type T.T.L.

- Le syst~me de d4tection du d~but de crash est bas6 sur quatre voies d'acquisition.

Les trois cartes d'acquisition sont identiques. Elles sont r6alis6es en

circuit double face et poss~dent chacune trois entr4es analogiques.

Pour chaque voie sont r~alis~s :

- un adaptateur d'impdance et un syst~me de d4codage de tension d'entr e

- un correcteur de gain ;

- un filtre passe-bas de deuxi!me ordre codA A 750 Hz et de - 3 db d'att~nuation.

Ensuite sur chaque carte sont rdalisds

- un multiplexeur A trois voies d'entr~e ;

- un convertisseur analogique-num~rique DAC 847 m.

A chaque carte d'acquisition est associ4 un module m~moire. Chaque module
poss~de une capacit de 64 K octets. Caest une mdmoire statique non volatile de type
RAM CMOS
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Un faisceau cgb16 assure les liaisons 4lectriques intercartes et is liaison
avec le connecteur d'entr6e.

C - PRINCIPE DE FONCTIONNEMENT

Le principe est d~crit & partir de 1 application gui en est faite dans
le cadre de l'essai crash. En fait, chacun des param~tres est repr~sentd par une tension
dl'entr~e.

10 - Principe dlenregistrement

Les mesures dlacc6l6ration sont faites au niveau du bassin, du thorax
et de la t~te, salon les trois axes, ce gui repr6aente neuf param~tres.

Il est prdvu d'avoir une 4tendue de mesure selon le type dlexp~rimentation.
Dans notre cas il est de + 50 G sur tous les axes.

'a r6solution est de 0,2 g sur las axes X, Y1 et Z.

be gain de la chalne est de 100 mV/g. Le signal est condibionn6, multiplex6,
converti en valeur numdrique puts is~morisd. La chronologie des enregiatrements est
assur~e par une horloga A quartz 10 MHz.

Le codage est rdalis4 sur 8 bits et la fr~quence d'6chanlillonnage du
signal est de 3300 points par seconde sur chaque voie.

Sur chaque m~moire sont gard6s les rdsullats des mesures faites sur las
trots axes d'une zbne du mannequin.

Ainsi chaque carte d'acquisition associ6e A un bloc m~moire constibue
un module daentrde.- Lesuttrois modules ont un fonctionnement identique et sont
ind~pendants les uns des aubres.

D~s la mise sous tension, le module acquiert cycliquement les donn4es
pr~sentes sur chacune des trois entrdes at lea enregistre dana una boucle d'atlente

occupant lea 4096 premiers mote du bloc mdmoire.

Cette boucle correspond A un enregistrement du ph~nom~ne d'une dur~e
d'environ 0,4 ceconde avant le d~clenchemenl. Cheque paras~tre est 6chantillonn4 toutes
lea 0,3 ma.

A la d~teclion du seuil A l'adrease 4096 sont stock~s

4 bits d'adrease mdmoire de crash

2 bits d'adresse de param~tres

2 bits d'ident ifi cation da m~moire (permetbant da connaltre J'origine
des param~tres enregiatr~s et de recaler lea bits d'adresse m~moire).

L'acquicition pr~cise des bits saeffectue en dehora de ia price dec
param~tres, ceci afin de ne pas 6liminer l'acquisition d'un param~tre.

L'enregistrement se poursuit ensuite AL la m~me cadence Ai partir de la
m~moire 4097 juaqu'au remplissage de la m~moire.

Lea modules doivent ensuile Atre d~pos~s et lus aur un lecteur appropriA
pilolA par un micro ordinateur dispocant d'une m~moire de capacitA cuffisante.

20 - Principe de d~clenchement de l'enregiatrement

-----------------------
Le code de d~clenchement eat asaurA, soil par une impulsion fournie, soil

'1par un syat~ma aulomatique de ddbection da aauil.

Deu x conditions doivant A-tre rdalis~ea aimultan~ment au niveau des capteura
install~s, s oil au basain, soil au thorax .34 u 'x edn s

3 g sur l'axe 2 pendant 5 ma.

D - EXPLOITATION DES RESULTATS

Les m~moires sont, soil trait~ea diraclament par un micro ordinateur HEWLET
PACKARD, soil enregictr~es sur bandes magn~tiques en code PCM gui peuvent alors Atre
axploit~es par le Service SM/4 du Centre d'Essais en Vol.
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7. - DESCRIPTION DU SIEGE

Le si~ge exp6riment4 de la marque SICMA Aquipe les avions AIRBUS. C'est un
si~ge biplace dont le syst~me de fixation A lavion eat adapt6 au rail de fixation
du DC 10. Ce si~ge, large de 1,006 m, comporte deux poches de 0,430 m ayant un dosseret
en coussin et une assise avec un coussin fix, par deux VELCRO longitudinaux sur une
plaque mdtallique. Cette plaque est ajour~e par des trous de deux centim~tres environ.
Sur ce silge sont install~s le mannequin anthropomorphique A une place et lenregistreur
et lea batteries A une autre. Ce dernier ensemble est fix4 par un interface m~canique.

8. - INTERFACE MECANIQUE

Elle a 6t6 adapt6e pour &tre fix~e sur n'importe quel si~ge. Cette fixation
s'effectue, apr!s suppression du coussin, par l'interm4diaire de deux paires de colliers
boulonnds sur la plaque. Chacune d'elles enserre lea poutres mattresses du silge,
A lavant et A l'arri~re. Ce montage s'effectue sans modification du si!ge puisque
lea boulons se glissent dans lea trous de Is plaque m6tallique qui supporte le coussin.
Ainsi, la fixation du syst~me nest pas sp4cifique d'une place et ne n4cessite aucun
d~montage du si~ge.

9 - RESULTATS DE LEXPERINENTATION

La chute du trongon de DC 10 slest effectu4e verticalement sans aucune composante
en roulis ou en tangage. Ces r4sultats concernent lea acc6l4rations mesur~es au niveau
du mannequin.

Nous avons trouv4 des variations d'acc~l~ration sur laxe Z mais aussi sur
les axes X et Y.

- Axe Z :

D'une mani~re g6ndrale on observe un pic d'acc4l6ration de dur4e limit4e suivi
d'une acc~l~ration plus faible d'une dur6e beaucoup plus longue.

Apr~s une phase ondulatoire, on note 550 ms aprAs l'impact une nouvelle
variation d'acc4i4ration positive qui dure 100 ms.

Au niveau du bassin, le premier pic d'accel~ration se situe aux environs de
30 g, au niveau du thorax autour de 36 g et au niveau de la t6te le pic d~passe
40 g.

A la diff~rence du bassin ol une acc4lration ndgative autour de 4 g seulement
eat observde, au niveau du thorax et de la t~te le pic n~gatif se situe respectivement
A 15 g et 20 g avec un d~calage dans le temps de 50 ms.

La deuxi4me phase d'acc6l4ration situ~e 550 ms apr~s l'impact eat caract~ris~e
par un niveau plus homog~ne dlacc4lration 10 g au niveau du bassin et de la t~te
et 18 g au niveau du thorax.

- Axe X :

Les variations d'acc4lration sur cet axe sont plus polymorphes. D'une maniAre
gon~rale lea pics d'acc4l1ration sont d'abord n~gatifs, puis positifs, pour ensuite
se stabiliser pendant une dur6e de 400 ms et subir une petite variation 550 ms apr~s
l impact.

Au niveau du bassin on observe un pic d'acc4lration A - 10 g suivi d'un pic
10 g.

Au niveau du thorax l'acc6l4ration n~gative dure 20 ms et ne d~passe pas 5
g, 1acc4l4ration positive dure 80 ms et atteint 7 g.

Au niveau de Is tfte, l'acc4lration n4gative eat importante en temps (100
ms) et en niveau (- 14 g) puis devient positive pour atteindre 20 g.

- Axe Y :

On rencontre sur cet axe des variations d'acc4ldration plus ou moins importantes
selon Is partie du mannequin considdr4e.

Au niveau du bassin, l'acc4l4ration eat du type sinusoidal avec un pic n~gatif
d~passant 20 g puis un pic positif d~passant 15 g suivi d'un amortissement.

Au niveau du thorax, lacc l1ration eat positive avec un pic A 10 g, puis
s'amortit.

Au niveau de la t~te, lacclration eat positive, puis n6gative, mais la
periods eat plus grande et la valeur maximale atteinte eat plus faible.
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10. - DISCUSSION

Cet essai d'impact, du fait des contraintes exp~rimentales, ne nous a pas permis
de mesurer le niveau d'acc~l4ration rencontr6 sur le plancher, ce qui enl~ve une
pr4cieuse information concernant 1 importance de la fonction de transfert du si~ge.
Par consequent on ne connait pas son facteur d'amortissement. Par ailleurs
l'enregistreur a 6t6 fix4 sur le bAti de l'ensemble du si~ge. II risque de transformer
dans une certaine mesure sa rigidit6 et donc de modifier sa fonction de transfert.
Les niveaux d'acc4l4ration observ~s au cours de cette exp~rimentation ne sont peut-
6tre pas ceux qui auraient pu 8tre observ4s dans une situation exp~rimentale "plus
proche de la r~alit4'.

Les mesures effectu6es montrent qu'il y a un transfert d' nergie de laxe
vertical vers les deux autres axes, en particulier laxe X. Il y a donc eu une
modification d'axe dont on peut imputer lorigine non seulement A la structure du
trongon mais aussi au dispositif de r~ception de crash et surtout au mannequin. Le
largage d'un trongon d'avion A partir d'un portique ne repr~sente pas en effet un
crash rel. D'autre part, la position des passagers en cas de crash n'est pas celle
du mannequin dans cet essai. Donc nos mesures d'acc4lration sont assez th~oriques.

L'intensit6 et la dur~e des acc~ldrations observdes selon laxe Z font penser
qu'il y aurait peut-&tre des fractures osseuses en particulier au niveau du rachis.
Si 6ventuellement il n'y avait pas rupture & la premiere variation d'accl4ration,
on peut penser qu'une onde de choc entrant en rdsonance avec la structure du rachis
produira ponctuellement des niveaux d'acc4l1rations plus 6lev4s (QUANDIEU 1982) (4).

Les niveaux d'acclration sont sCrement plus intenses que ceux que nous aurions
observds dans une situation exp4rimentale comportant un 6tre humain A part entidre
(GRAGG 1984) (3).

En ce qui concerne laxe X, les variations d'acc41iration sont relativement
feibles au niveau du thoran, plus 6lev4es au niveau de la t~te. Ceci s'explique par
le mouvement de bascule qu'a pu avoir le mannequin au moment de 1 impact 6tant donnde
sa position dans le si!ge. Ii apparalt toutefois que les acc4ldrations selon l'axe
X sont toldrdes A des niveaux plus 6leves et donc les risques de fractures osseuses
sont faibles malgr4 les niveaux atteints. En aucun cas onne peutpenser qu'il y ait
rupture des visc~res.

Les variations d'acclration observdes selon l'axe Y et auxquelles on ne
s'attendait guAre, peuvent avoir deux origines : un balancement du trongon d'avion
lors de l'impact, une diff~rence de rigidit6 de lensemble du silge entre la place
droite et la place gauche induite par le support de lenregistreur.

Cet enregistreur repr~sente un ensemble cohdrent et homogLne faisant appel
A une technologie moderne. Ii a non seulement la caractdristique d'etre embarquable
A bord d'un avion, mais aussi de pouvoir 8tre install6 aprds quelques modifications
pour la mesure d'acc414rations produites lors des essais d'4jection de si~ge. De plus,
les donndes d'entr4e 6tant analogiques, il peut 9tre utilisd dans d'autres conditions
n~cessitant lacquisition rapide de neuf paramdtres. Ces autres conditions sont entre
autres celles des dtudes de d4compression explosive, telles que nous les rencontrons
A bord des avions de combat de haute performance.

Deux enregistreurs similaires ont 6t6 d~crits par FRISCH G.D. et P.M. (1984)
et WHITE et coll. (1984) (1-2-5). Chacun de ces enregistreurs a ses qualitds propres.
En ce qui concerne celui que nous prdsentons, il a l'avantage d'&tre entilrement
autonome et N d~clenchement automatique. Cela pourrait lui permettre d'&tre utilis
comme moyen d'enregistrement de ph~nom~nes brefs et al~atoires.

11. - CONCLUSION

Une chaine de mesure destinde A 6valuer les effets des acc~lrations cr44s
par un crash d'avion a 6t6 rdalisde. Elle a permis le d~veloppement d'un enregistreur
de 9 paramAtres analogiques sur m4moire num~rique statique. Cette chaine de mesure
a pu 6tre test~e et valid4e lors du largage d'un tronqon d'avion.

Elle pourra 6tre utilis4e pour obtenir une banque de donndes sur le comportement
des avions et des si~ges au crash, vdrifiant lefficacit4 des silges normaux, des
si ges expdrimentaux et des syst~mes de retenue existants ou am4lior~s.
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