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PREFACE

Considerable effort 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-aliitude low-speed regime. There is a strong incentive to 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 is long
overdue.

To facilitate an exchange of experience and development results, the AGARD Structures and Materials Pancl
sponsored a Specialists” Meeting in the Spring of 1988 in Luxembourg. The Meeting included five sessions:

Session I Accident Scenarios and Crash Safety Requirements.
Chairman: Dr W.Eiber. NASA, Hampton, US
Session I:  Crashworthy Design Procedures and Limitations.
Chairman: R.Labourdette. ONERA. Chatilton, France
Session HE: Materials and Structures Testing and Evaluation Related to Crashworthiness.
Chairman: Professor W.G.Heath, BAce. Manchester, UK
Session IV Analytical Modelling and Crash Response Prediction.
Dipi-Ing. Ch.Kindervater, DFVLR, Stuttgart. Germany
Session Vi Interaction Structure-Seat-Occupant.
Chairman: C.L.Petrin Jr. ASD/ENFS. Dayion. US

On behalf of the Structures and Materials Panel, T would like to express my thanks to all authors and session chairmen
for their outstanding contributions which were instrumental in making this meeting such a suceess,

G.Grininger
Chairman. Sub-Committee on
Aircraft Structural Crashworthiness
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ABSTRACT

!
“ Considerable effort has hitherto been devoted to crash avoidance, but relatively little to crash survivability. In certain
regimes the risk of accident remains high. c.g. the low-altitude low-speed regime. There is a strong incentive to increase the
prospects for oceupant 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 is long
overdue.

Atits sixty-sixth meeting. the Structures and Materials Panel held a conference of Specialists. the aim of which was to
simulate an exchange of experience and development resultss A further aim was to actas a focus for the discussion of those
novel design philosophies which may be needed to provide the balance between survivability and function. This document
sontains the papers presented at that Mecting. -
contains the papers presented at that Mecting =2

Jusquici des etforts considérables ont ¢té consaerd i I'étude du probleme de I'évitement de Féerasement mais il existe
relativement peu diinformations sur fa survivabilite en cas d'impact. Le risque d’accident reste toujours ¢léve en certains
régimoes de vob et dans certains configurations, par exemple le vol ivbasse altitude ot a vitesse reduite. on remarque une
tendance tros nette vers une aceroissement des chanees de survie de Péquipage grace a des perfectionnements apporteés ik
construction des ecliules davion. {l existe tres peu d'informations concernant le comportement et fa modification des
caracteristiques structurales des eeltules davion en cas d'éerasement. et le besoin d'une échange de vue a ce sujet entre les
nations membres de FOTAN se tait sentir depuis longtemps.

A Toccasion de sa soixante sixieme réunion. le Pancl AGARD des Structures et Matdriaux a organisé une conférence de
specialistes, afin dencourager une ¢change de vaes et une mise on commun des résultats des différents travaux de
developpement en cours, La conférence a dgatement servi de forum en ce qui conceerne Jes nouvelles strategies de conception
qui pourriaient saverer néeessiires pour asurer I'équilibre entre tes aspects de survivabilité et les aspeets fonctionnels.

La présent document regroupe toutes les communications prés ntées lors de cette conference.




CONTENTS

Page
PREFACE jii
STRUCTURES AND MATERIALS PANLL iv
ABSTRACT v
Reference
SESSION I ~ ACCIDENT SCENARIOS AND CR/.SH SAFETY REQUIREMENTS
//
OVERVIEW AND ASSESSMENT OF AIRCAFT CRASHWORTHINESS TESTING
R.Hay 1
NTAIRE DU CRASHWORTHINESS
par P.J.Rabourdin 2
Y .

EVOLVING CRASHWORTHINESS DESIGN CRITERIA

by C.H.Carper and L.T.Burrows 3 v

SESSION Il — CRASHWORTHY DESIGN PROCEDURES AND LIMITATIONS

CRASHWORTHINESS DESIGN METHODS APPLICABLE AT CONCEPT STAGE v

by M.M.Sadeghi 4
CRASHWORTHINESS ACTIVITIES ON MBB HELICOPTERS

by F.Och s
THE DESIGN OF HELICOPTER CRASHWORTHINESS

by V.Giavotto, C.Caprile and G.Sala 6V
DEVELOPPEMENTS ?ﬁBEﬁPECT IVES DANS LE DOMAINE DU DIMENSIONNEMENT
AUX IMPACTS ET AU€RASHAUX AMD/BA

par Y. Martin-Sicgfried T 7
Paper 8 withdrawn

SESSION 11 — MATERIALS AND STRUCTURES TESTING AND
EVALUATION RELATED TG CRASHWORTHINESS

FULL SCALE HELICOPTER CRASH TESTING v

by H.Holland and K.F.Smith 9
CRUSHING BEHAVIOUR OF HELICOPTER SUBFLOOR STRUCTURES )

by J.Frese and D.Nitschke 10
CRASH INVESTIGATION WITH SUB-COMPONENTS OF A HELICOPTER LOWER
AIRFRAME SECTION v

by Ch.Kindervater, A.Gietl and R.Miiller 1t
CRASHWORTHY DESIGN OF AIRCRAFT SUBFLOOR, STRUCTURAL COMPONENTS

by Ch.Kindervater, H.Georgi and U.Korber 12
METHODE ET MO}ENS SSAIS D'ECRASEMENT AU SOL AU C.EAT. APPLICATION
AUX HELICOPTERES $SA341 ET AS 332

par R.Guinot P 13

\\

ETUDE NUMERIQUE ET EXPBRIME{TALF. DU COMPORTEMENT AU CRASH DES
HELICOPTERES ET DES AVION3

par F.Dupriez, P.Geoffroy, J L..Petitniot ot T.Vohy 14

*Not available at time of printing.

— -~



ey ot rP— e

-

- —

| &

Reference

SESSION IV = ANALYTICAL MODELLING AND CRASH RESPONSE PREDICTION

STUDY OF THE DYNAMIC BEHAVIOUR OF STIFFENED COMPOSITE FUSELAGE
SHELL STRUCTURES v
by J.S.Hansen and R.C.Teanyson |

TRANSPORT AIRPLANE CRASH SIMULATION, VALIDATION AND APPLICATION TO
CRASH DESIGN CRITERIA 4
by G.Wittlin and C.Caiafa 16

CRASHWORTHINESS OF AIRCRAFT STRUCTURES v
by W.Jarzab and R.Schwarz 17

CRASH SIMULATION AND VERIFICATION FOR METALLIC SANDWICH AND
LAMINATE STRUCTURES v
by D.Ulrich, A.K.Pickett, E.Haug and J.Bianchini i8
Paper 19 withdrawn
PREDICTING CRASH PERFORMANCE v
by D.Parsons and A.Belfield 20
SESSION V — INTERACTION STRUCTURE-SEAT-0Y (L PANT

\
STATUS OF ANALYTICAL SIMULATION OF AIRCRAFT CRASH DYNAMICS
by R.J.Hayduh. H.D.Carden. E.1.Fasanella and R.1L. Boitnott 2

HUMAN CRASHWORTHINESS AND CRASH LOAD LIMITS
by H.E.von Gicerke, LKaleps and J.W Brinklcy 22

Paper 23 withdrawn

REQUIREMENTS AND CRITERIA FOR THE PASSIVE SAFETY OF AUTOMOBILES v
by R.Weissner 24

MADYMO CRASH VICTIM SIMULATIONS: A FLIGHT SAFETY APPLICATION v
by J.Wismans and LA.Griffioen 28

CONCEPTION D'UN ENREGISTREUR DE GRANDELU RS DYNAMIQUES F I VALIDATION
AU COURS D'UN CRASHSINMULE
par J.M.Clere, D. Le Brun, J.Dobua et J.1.Poirier 26

*Not available at time of printing.




ASPECT REGLEMENTAIRE DU CRASHWORTHINESS
par
P.J.Rabourdin

Ingénicur a la Direction des Constructions Acronautiques
Paris, France

En ce début de réflexion sur les capacités des structures a
participer au traitement du probléme du crash, je voudrais
briévement rappeler le contexte général tec'.1ique et
réglementaire dans lequel évolue la navigabilité des aéromefs
sur cet aspect particulier de la sécurité.

D'abord quelques précisions sur les limites de cet exposé
Trois questions peuvent &tre posées en préliminaire

- pourquol le crash ?

- pourquol nous limiterons-nous aux avions de transport ?
- pourquoi réglemente-t~on cet aspect de la navigabilité ?

Pourquoi le crash ? Tout simplement parce que depuils et pour
longtemps le retour d'une machine volante vers le sol peut
revétir un caractére brutal et dramatique pour de multiples
raisons dont la planche 1 donne une illustration.

Au passage, je rappelle qu'une cause non explicitée fci est
la combinaison de 1'imprudence de 1'homme et de la défail-
lance de la machine volante, tel cet exemple illustre d'lcare
voulant s échapper du labyrinthe par la voie des airs et qui
se termina par la mort du premier homme-oiseau a la suite de
la désintégration de sa voilure assemblée 4 1la cire dont
l'ardeur du soleil eut raison.

Pourquoi nous limiterons-nous aux avions de traansport ? 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 vers une destination connue, c'est sa
mission méme qui est mise en question, si un crash sur-
vient, mettant en cause l'intégrité de sa charge,

- par ailleurs, la notion de sécurité est a4 l'évidence beau-
coup plus développée dans certe catégorie de transport, et
le crash est l'une des situations d'urgence pour laquelle,
comme nous allons le voir, des précautions et des régle-
ments existent,
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- enfin la longue expérience acquise en service, basée malheu-
reusement sur de trop nombreux cas de crash (estimés a 583
dans une période prise comme exemple : 1959 a 1979) permet
de faire divers commentaires sur les différents aspects du
crash.

Pourquoi réglemente-t-on cet aspect de la navigabilité ? Rap-
pelons que ce n'est pas en additionnant des réglements que
l'on construit et fait voler des avions, mais qu'il revient
aux Autorités de Navigabilité de tous pays, en concertation
ou non, de définir le niveau minimal de sécurité d'un tel
moyen de transport afin qu'en aval, les populations survolées
soient protégées et que les usagers puissent intégrer ce fac-
teur de sécurité dans la gamme de ceux qui leur perwmettent de
retenir ou de refuser ce mode de transport.

wénéralement basé sur un objectif i tenir, le réglement évo-
lue pour tenir compte des carences découvertes en service, ou
de 1'évolution des techniques et des conditions d'utilisation
du produit ; le but reste, en Europe du moins, d'évaluer le
niveau d'exigence i requérir techniquement et économiquement,
en face de toutes nouvelles hypothéses techniques et opéra-
tionnelles,

C'est ainsi que nous allons successivement voir comment les
réglements ont jusqu'ici évolué, et ce qu'il est 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 est de protéger les passagers, que la machine
soit détruite ou nonm ; nous verrons au passage, sur la base
d'exemples, les corrélations entre les réglements et 1l'expé-
rience, ainsi que les conséquences sur les machines des exi-
gences réglementaires ; nous ne parlerons pas ici des condi-
tions d'amerrissage d'urgence, considérant qu'il s'agit 1la
d'un autre sujet par ailleurs tout aussi digne de retenir
votre attention.

Rappel sur 1'évolution passée des réglements :

Le réglement CAR 4b, qui est i l'origine des réglements ac-
tuels, établit les exigences en condition d'atterrissage d'ur-
gence pour lesquelles la sécurité des passagers doit &tre

assurée : § 4b.260. Il s'agit d'un crash mineur au cours
duquel, 81 les équipements utilisés par les passagers (sié-
ges, ceintures, etc,...) le sont correctement, il doit vy

avoir une probabilité raisonnable d'éviter les blessures gra-
ves, quand 1l'avion se pose train haut (s'il est équipé d'un
train rétractable), et 1les sgtructures entourant les passa-
gers, a4 savoir 1les siéges, soumises aux forces d'inertie
extrémes suivantes, exprimées en accélération :

-~ "ypward" ;2 2,
- "forward" : 9 g2,
- "gideward" : 1,5 g,
- "downward" : 4,5 g.
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I1 était acceptable d'utiliser une valeur, en "downward",
plus faible, si le constructeur montrait que la structure de
l'avion pouvait absorber des charges & l'atterrissage résul-
tant d'un impact 4 une vitesse de descente extré@me Vz wax de
5 ft/sec, a la wmasse de calcul & 1l'atterrissage, et sans
dépasser la valeur d'inertie "“downward" choisie (au niveau
des siéges).

Naturellement toutes les masses, i.e. meubles, racks a baga-
ges, équipements de sécurité divers, ete,..., dont la projec-
tion est susceptible de blesser les passagers ou l'équipage,
doivent répondre aux mémes facteurs d'accélération, quant a
leur liaison avec la structure de 1'avion.

Outre ce § 4b.260, existaient des § s'y rapportant directe-
ment :

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

- 4b,359 (e¢) (protection des passagers vis-a-vis du charge-

ment des soutes et compartiments a bagages),

- 4b.420 (e) (A& partir de 1'amendement 12) (protection des
réservoirs de fuselage : inertie et frottement),

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

ou d'autres comme 1le 4b.356 traitant des conséquences du
crash mineur sur les portes, mais sans précisions sur les fac~
teurs d'accélération 3 prendre en compte.

C'est sur ces bases qu'ont été certifiés en France des avions
du type MYSTERE 20 et CARAVELLE dans les années 1958 a 1965.

L'expérience en service a démontré la bonne adaptation de ces
avions aux exigences réglementaires, comme le prouvent les
exemples suivants empruntés 3 1'histoire de CARAVELLE (voir
planche 2) ; ceci peut @étre complété par les exemples tirés
du document britannique "World Airlipme Accident”" publié par
la CAA(volr planche 3), pour la méme période, et pour d'au-
tres avious.

Les nouvelles rédactions de ces exigences, apparues dans la
premiére édition de 1la FAR 25 en 1965 (réglement américain
publié par 1la FAA) n'ont pas modifié 1l'objectif poursuivi
(crash uwineur, pas de blessures graves, réduction du risque
de feu) ni modifié la valeur des facteurs d'accélération.

I1 faut attendre 1970, époque des grands programmes dévelop-
pés en France (CONCORDE, AIRBUS, MERCURE) et aux Etats-Unis
(BOEING 747, DC 10) pour voir apparaftre d'une part 1l'amende-
ment 23 a la FAR 25 ajoutant au § 25.561 b3 lz notion de l'ac-
tion séparée des facteurs d'accélération, et d'autre part la
condition spéciale frangaise CC 12 applicable aux programmes
AIRBUS et MERCURE, {ntroduisant un facteur de 1,5 g vers
1'arriére, élevant le facteur latéral de 1,5 a 2,25 g et envi~-
sageant toutes les combinaisons de facteurs dans la 1limite

d' =~ résuitante inférieure ou égale a 9 g ; par ailleurs,
d cette condition, étalt ajoutée une exigence relative 3
4 +:o0jection vers 1'avant des moteurs et de 1'APU (fixations

..flées a 12 g vers 1l'avant) pour éviter de blesser les




passagers et l'équipage, une exigence relative aux conditions
et aux conséquences de la rupture du train d'atterrissage (si
sorti) en cas d'atterrissage dur a Vz > 12 ft/sec vis-a-vis
des réservoirs de carburant, enfin l'application des nouveaux
facteurs d'accélération aux pieds des siéges et i leurs liai-
sons avec la structure du plancher.

Depuis 1970, la FAR 25 n'a que peu évolué : introduction en
1972 du § 25.789 (fixation de toutes masses en poste, cabine
et galley), tandis que le réglement européen JAR 25 apparais-
sait en 1974 ; celut-ci a modifié profondément les exigences
applicables et fourni aux constructeurs des données sur les
moyens de conformité acceptables. C'est ainsi que la comparai-
son des § FAR 25.561 et JAR 25.561 montre les additions sui-
vantes apportées par le JAR, 1illustrées en partie par la
planche 4 :

- les facteurs d'accélération/décélération sont rapportés a
l'avion et non pas, comme pour la FAR, 3 la structure envi-
ronnant le passager, c'est-a-dire le siége,

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

- la combinaison des facteurs avec une valeur maximale de 9 g
pour la résultante, est introduite. Toutefois une variante
frangaise et allemande permet de supprimer cette exigence
pour les siéges et autres équipements commerciaux,

- la possibilité de réduire le facteur de 4,5 ean "downward"
est supprimée,

- des précisions sur la rétention des masses, notamment des
masses élevées, telles que moteurs et APU, pouvant blesser
les passagers, sont ajoutées,

-~ des exigences concernant la conception et 1l'installation
des réservoirs dans ou au voisinage du fuselage ou prés des
moteurs, en ce qui concerne les risques de feu, sont ajou-
tées.

Le texte du JAR 25.561 . évolué au "change" 11 par suppres-
sion de cette derniére exigence, laquelle est reportée en JAR
25,963, en complément de celle qui y figurait déja , comme
dans le réglement FAR. A noter que ce § 963, comme d'autres
tels que les § 783, 785, 787, 789, 809, 812, 963 et 1413 se
rapportent aux facteurs d'accélération précisés en 561, mais
de fagon hétérogéne quant 4 la prise en compte ou non de leur
combinaison ; on voit donc 1lid des différences importantes de
traitement de ces paragraphes périphériques en JAR et en FAR,
puisque rapportés i des § 561 différents.

En conclusion de cette premiére partie, nous voyons que nous
disposons d'une panoplie d'exigences telles que le montre la
planche 5 ; ces exigences sont rapportées i des crash ai-
neurs, mais en quelques années et par quelques amendements
aux réglements, la sévérité s'est accrue, et le souci de pro-

téger les passagers durant et aprés le crash s'est affirmé.
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Qu'en est-1l 4 ce stade de l'expérience en service ?

En cette matiére, je ne dispose pas de statistiques récentes
et je ferai état de nouveau de 1l'étude de la NASA de 1982
(Crmmercial Jet Transport Crashworthiness NASA-CR~165849)
commandée par la FAA. Elle fait apparaftre que sur 583 acci-
dents, 153 sont déclarés survivables quand l'un au moins des
critéres suivants existent :

- volume survivable maintenu,
- facteurs d'accélération non mortels,
- possibilité réelle d'évacuation,

- bonne tenue de la structure ou des systémes démontrée lors
de l'accident.

Parmi ces 153 cas, 29 ont été retenus comme significatifs i
cause du nombre de passagers & bord et du nombre de rescapés,
et vous sont présentés sur la planche 6 ; 11 apparaft sur ce
tableau que pour le plus grand nombre (25 sur 29), il y a eu
feu ; d'autre part les accidents ont eu lieu, dans la méme
proportion, en phase d'approche finale ou d'atterrissage.
Mais les cas cités ne représentent qu'a peine 20 % des 153
cas survivables ; les cas non retenus représentent des acci-
dents avec fort peu de survivants, ce qui montre la nécessité
de travailler dans de nouvelles voies :

a) ne plus considérer que le seul objectif est le crash mi-
neur, par ailleurs démontré en service comme non critique,

b) renforcer le niveau des exigences périphériques, notamment
en matiére de feu, fumée et toxicité, permettant au passa-
ger de survivre aprés le crash et d'évacuer correctement,

Puisque le crash n'est pas extrémement improbable, au niveau

d'une flotte d'avions, 11 doit &tre prouvé que les conséquen-
ces ne sont pas catastrophiques.

Evolution prévisible des réglements :

La NASA a défini le crash survivable comme un événement a4
la suite duquel les occupants n'ont pas tous subls des blessu-
res mortelles consécutives i 1'impact 1ié 4 la séquence de
crash ; la premiére évolution sera donc d'étendre la notion
de crash 4 celle de survie pour le plus grand nombre de passa-
gers, en considérant d'abord tous les moyens qui peuvent atté-
nuer les facteurs d'accélération, et notamment les pics au
moment de 1'impact, et ensuite toutes les causes qui peuvent
contrarier 1'évacuation.

Rappelons, pour éclairer cette 2éme partie de 1'exposé, les
résultats de l'essai effectué le ler décembre 1984 par 1la FAA
et la NASA sur un BOEING 720 dans le cadre du programme CID
(Controlled Impact Demonstration) : 1l'avion, télépiloté, a
touché le sol & 150 kt avec une Vz de 17,3 ft/sec, les accélé-
rations verticales et horizontales au niveau de certains sié-
ges, atteignant en pic 40 g ; je laisse & d'autres conféren-
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ciers le soin de développer l'aspect physiologique 1lié a de
telles accélérations. Malheureusement 1l'essai ne fut pas
concluant sur l'un des points essentiels, 3 savoir le systéme
dit "fuel inerting" prévu pour retarder l'inflammation du car-
burant.

Mais revenons i l'examen des 2 aspects cités ci-dessus :

1 - Atténuation des facteurs d'accélération au niveau du pas-
sager

Plusieurs moyens sont envisageables :

1.1 - Modification des standards de sécurité des siéges :

Cette voie, proposée par la FAA, probablement sous
la pression des fabricaants de siéges, conduit au-
jourd'hui 4 la NPRM 86-11 (Notice of proposed rule-
making) ; cette proposition diffusée, pour consulta-
tion, 4 différentes Autorités et Constructeurs,
contient de nouvelles exigences pour le maintien du
passager sur le siége et de nouveaux critéres de
blessures i l'impact, que l'on peut résumer comme
suit

- Nouveaux facteurs d'accélération (extrémes) appli-
qués aux siéges :

- “gpward" : 3,5 (au lieu de 2 en FAR 25),

- "forward" 9 (inchangé),

- "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 O en FAR 25),

- Création du § 25.561 (d) relatif aux structures
retenant les siéges et toutes masses pouvant bles-
ser passagers et équipage, ou pouvant retarder
1'évacuation ; ce paragraphe a le méme objectif
que le § 25.561 (c) du JAR, bien que moins pré-
cis,

~ Création d'un § 25.562 prévoyant des exigences
propres aux siéges et notamment les conditions
des essais dynamiques permettant de les justifier
au crash ; prévoyant également des valeurs de
charges extrémes pour les baudriers et ceintures,
ainsi qu'un critére HIC (Head Injury Criterium)
pour les blessures & la téte et un critére de pro-
tection des fémurs.

Ce document, particuliérement quantifié, a fait
1'objet de la part des Autorités du JAR, au début
1987, des observations suivantes :

- 8i la notion de systéme global d'absorption
d'énergie constitué par le passager attaché, le
slége et sa structure de liaison, est acceptable,
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par contre la rédaction présentée de 1'exigence
et du moyen de conformité est arbitraire et impré-
cise, par exemple :

. faut-il renforcer les planchers et les structu-
res d'attache des siéges, quand on impose un
désalignement des rails ?,

. ol sont les limites des structures-supports de
siéges ?,

+ quelles sont les relations entre les § 561 et
562 de méme qu'entre le § 561 et les § périphé-
riques cités plus haut ?.

- il est nécessaire d'inclure une alternative pour
la justification des siéges ; la FAR 25 prévoit
généralement la possibilité Manalyse et/ou es-
sais™, laissant 4 1'Autorité le soin de vérifier
que le postulant dispose de données et d'un
savoir-faire corrects.

Ces obseivations font 1l'objet d'un examen de 1la
part de 1la FAA qui sera probablement conduite i
amender sa proposition.

1.2 - Absorption d'énergie par l'avion :

La principale critique faite par les Européens & la FAA
au sujet de 1la NPRM 86-11 est d'un autre ordre : en
limitant 1l'application des facteurs d'accélération au
siége, la déformation et donc 1'absorption d'énergie
par l'avion ne sont pas prises en compte, et la rela-
tion entre l'ensemble siége/passager et la structure
environnante n'est pas claire. Les Européens souhaitent
que la FAA ne limite pas son projet aux seuls siéges,
mais les considérent comme inclus dans un systéme glo-
bal d'absorption d'énergie ; 11 est évident qu'il est
difficile, &4 ce sujet, de comparer un "large body" dont
la structure est déformable, & wun avion d'affaire de
masse réduite et dont la structure est rigide ; faudra-
t-11 dans ce dernier cas, comme on le prévoit pour les
hélicoptéres, prévolr des siéges équipés de systéme
d'absorption d'énergie ?.

Tout ceci est dans la ligne de réflexion des Autorités
du JAR qui continuent & rechercher wune corrélation
entre les facteurs d'accélération appliqués 3 1l'avion,
et ceux appliqués aux siéges ; c'est dans ce but qu'un
essal sera entrepris en 1988 sur une cellule de FALCON
10 dans un laboratoire officiel : cet essai connu sous
la référence "crash FALCON 10" entre dans le cadre des
études réglementaires financées en partie par L'Etat,
en partie par 1'Industrie.

Dans ce chapitre d'absorption d'énergie, {1 y a lieu de
signaler le dilemme bien connu du crash avec ou sans
train d'atterrissage (sorti) ; je citerai a ce propos
le cas du FALCON 900 dont la justification au § 25.561
est faite train rentré, avec impact sur les quilles de
crash et absorption d'énergie par usure de ces quilles,
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lesquelles protégent également les réservoirs de fuse-
lage ; wais on trouve dans le Manuel de Vol et le
Manuel d'Exploitation la consigne, en cas d'atterris-
sage forcé, de sortir le train meme dissymétriquement ;
ce train, dont la rupture est prévue par la disposition
de fusibles a pour r8le d'absorber de l'énergie en quan-
tité difficile a définir.

11 y aura donc lieu de faire évoluer la réglementation
sur cet aspect, afin de tenter de s'approcher de la réa-
lité, c'est-a-dire de prendre en compte l'effort des
Industriels dans la conception des structures prévues
pour absorber de l'énergie durant la séquence de crash.

Précautions relatives i l'évacuation et vis-i-vis du

feu :

Nous avons fait é&tat plus haut de cet important probléme,
abordé 1ci sous 3 aspects : les moteurs, le train d'atter-
rissage et les réservoirs de carburant ; ces é&léments
font 1'objet d'exigences réglementaires en cas de crash,
afin d'éviter le développement d'un feu préjudiciable &
l'évacuation des passagers.

2.1 - En ce qui concerne les moteurs, notamment ceux ins—
tallés sous les vollures basses, seul le JAR 25.561
et son ACJ (méthode acceptable de conformité =
Acceptable means of compliance and interpretation)
prévoit que les réservoirs doivent &tre installés
de fagon, en cas d'atterrissage d'urgence, a n'dtre
pas endommagés par le train (si sorti), les moteurs
et le sol, si l'avion glisse sur celui-ci ; ceci a
conduit notamment, et a contrario, certains cons~
tructeurs 3 concevoir des fusibles sur les attaches
moteurs, comme 11 vieat d'&tre dit pour 1les atta-
ches de train, afin que ces moteurs, avion en confi~-
guration train rentré, preunent a l'impact une posi-
tion minimisant le risque de perforation des réser-
voirs de vollures et favorisent le glissement sur
le fuselage ; Jje rappelle qu'une telle disposition
existe sur le MERCURE et sur 1'AIRBUS. La FAA
serait bien avisée de suivre ici l'exemple du JAR.

2.2 - En ce qui concerne de nouveau le train d'atterris-
sage, et bien que 1les réglements considérent le
crash train rentré, il a été rappelé ci-dessus que
ce n'est pas toujours la pratique. Se posent alors
les problémes d'impact avec train dissymétrique.

Quelle énergie le train peut-il absorber avant rup-
ture, et quelles sont les conséquences de cette rup-
ture ?. Si le § 25.721 prévoit que le train soumis
4 une surcharge puisse rompre, il exige que toute
fuite de carburant provenant de l'endommagement des
réservoirs voisins ne soit pas telle qu'un risque
de feu important existe ; cette rupture, justifiée
jusqu'ici par des essais statiques, a montré sur la
base d'accident récent, que la méthode de justifica-
tion était insuffisante ; seule une justification
par egsai et analyse dynamiques peut approcher 1la




réalité, et c'est dans ce but qu'une étude réglemen-
taire est lancée en Fraunce, en vue d'améliorer le
Réglement.

2,3 - Un autre domaine, enfin, conduit a une proposition
d'amendement au réglement JAR : il s'agit du cas
particulier des réservoirs d'empennage non consi-~
dérés dans le § 25.963, ; ces réservoirs, outre
l'augmentation de carburant qu'ils permettent, assu-
rent une fonction de variation de centrage sur les
nouveaux avions.

Toutefois 1'intégrité structurale de tels réser~-
voirs devra étre assurée pour les facteurs d'accélé-~
ration du § 25.561 avec un chargement en carburant
4 définir par les Autorités, afin d'éviter que leur
endommagement ne provoque un feu par écoulement du
carburant sur 1'APU ou les moteurs 1installés a
l'arriére du fuselage, ou un feu au sol remettant
en question l'évacuation des passagers dans la zone
arriére de l1'avion.

Permettez-mol de terminer ce chapitre par la plan-
che 7 relative & l'"interpretative material™ rédi-
gée pour la certification de 1'AIRBUS A 320, et qui
résume en tant qu'application pratique, les exi-
gences actuelles des autorités européennes.

Je terminerali cet exposé par un commentaire sur 1l'évacuation
des passagers : considérant la notion de crash survivable,
non encore écrite en clair dans la réglementation, l'ultime
souci des Constructeurs, Exploitants et Autorités est d'assu-
rer aux survivants de 1'impact, des conditions d'évacuation
telles qu’'ils échappent 4 1l’asphyxie et au feu ; la protec-
tion des réservoirs, les précautions prises au niveau de sys-
témes sensibles tels que 1l'oxygéne et l'électricité, la lutte
contre la fumée, la multiplication des issues,leur réparti-
tion et leur dimension satisfaisantes, les aides a 1l'évacua-
tion telles que les toboggans, font l'objet de beaucoup d'étu-
des et d'essais diis &4 1'importance de 1'édifice réglementaire
en constante évolution ; ceci est capital pour les avions
gros porteurs, dans lesquels tout événement classé situation
d'urgence a tendance 4 devenir rapidement critique, du fait
des réactions imprévisibles d'ume foule. Il est souhaitable
que tous les aspects touchant & la sécurité des passagers
dans de telles situations, solent mieux regroupés dans les
réglements afin d'8tre traités de fagon homogéne.
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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

0769 BISKRA 36 2 X EN VOL

0869 RIO 46 46

08 69 MARIGNANE ud4 94

03 70 BERRECHID-MAROC 62 20

02/71 LAS PALMAS 42 42

12.73 MANAOS 66 66 X

07 7y BOGOTA 57 87 X

0682 DAMAS 80 80 REPARE

04°83 GUYAQUIL Lol 93

01 87 | STOCKHOLM Y, 27

Source: Acrospatiale
Planche 2
Crash Migeurs
Autres Avions
(Avion Considéré Perdu)
DATE TYPFE LIEU ocCC. SURV. FEU
01/69 BAC 111 MILAN 33 33
(2769 VISCOUNT EAST MIDLAND 53 53
07:07 B737 PHILADELPHIE 61 61
12770 B 727 SAINT THOMAS AN 53 X
02,72 FALCON 20 SAINT MORITZ s 5
0773 B 707 PARIS 134 11 X EN VOL
(VARIG)

11773 DCy CHATTANOOGA 79 79
£2/73 B 707 DELHI 109 09 X
12/75 B 707 MILAN 125 125
05/78 B727 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
08/80 TU 154 NOUADHIBOU 168 166

Source: CAA World Accident Report Summary

Planche 3
Ultimate inertia forces (g)
CAR 4b + FAR 25 CcC.12 JAR 25 NPRM 86-11 (FAR 25)

Upward 2 2 2 35
Forward 9 9 9 9
Sideward 1.5 228 1.5 4.5
Downward 4.5 4.5 4.8 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
11764 B 707 ROME 73 48 X
[1/65 B727 CINCINNATI 62 58 X
1165 B 727 SALT LAKE CITY 91 43 X
03/66 DCS8 TOKYO 71 63 A
11/67 CV 880 CINCINNATI 82 70 X
04/68 B 707 WINDHOEK 128 123 X
(1,69 B 727 LONDRES 63 S0 X
01/69 DC 8 LOS ANGELES 43 15

09,69 B727 MEXICO 118 28

09/69 BAC 111 MANILLE 47 45 X
11/70 DC 8 ANCHORAGE 229 47 X
03/70 CVL CASABLANCA 82 61 X
05/70 DCY ST CROIX 63 25

07,70 DC 8 TORONTO 108 108 X
12:72 B 737 CHICAGO ol 42 X
12/72 DCY CHICAGO 45 10 X
07,73 DCY BOSTON 89 Ry X
0173 B 707 KHANO 202 172 X
0573 B 737 NEW DELHI 63 52 X
01/74 B 707 PAGO-PAGO 103 97 X
09.74 DCY CHARLOTTE 82 71 X
11:74 B 747 NAIROBI 157 59 X
06/75 B 727 NEW YORK 124 112 X
04/76 B 727 ST THOMAS 88 37 X
04,77 DCY NEW HOPE 85 602 X
02/78 B737 CRANBROOK 49 42 X
12/78 DC8 PORTLAND 186 10

0379 B 727 DOHA 64 45 X

Source: DOT/FAA-CT-82-86
DOCT NASA CR 165849
Planch‘q 6
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@ A320 Joint certification basis

Alrbus Industrie Al/V-C No : 2750/84 Volumro 1
STRUCTURE
References : INTERPRETATIVE MATERIAL
IM - A 3.7
Status : CLOSED
Date : 09.10.1985

1. CRI ¢ A 3.7

2. JAR : ACT 25.561 (a), (c) and (d)
25.721

EMIRGENCY LANDING CONDITIONS (JAR 25.561)
AND LANDING GEAR (JAR 235.721)

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

1. The aircraft has to be designed to avoid ruptures that would
be catastrophic for the safety of the cccupants, 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 vaw angle.

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 + pylen)
under predominantly drag loads or under predozinantly
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 juatifications involving fa.lures of part of
the aircraft structure, the dynamic behaviour of the differant
parts at rupture should be taken into account.

A-39 1Issue 2

Planche 7
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—~\\§\\\ EVOLVING CRASHWORTHINESS DESIGN CRITERIA
- by

C. Hudson Carper
Chief, Safety and Survivability Technical Area

and

LeRoy T. Burrows
Chief, Ballistic and Crash Protection Team
Safety and Survivability Technical Area

Aviation Applied Technology Directorate
U.S. Army Research and Technology Activity (AVSCOM)
Fort Eustis, Virginia 23604-5577

SUMMARY

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.

Q'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. — - —_

-~

2=

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 major 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
1 provides a summary ot accident statistics foi mimy belicopters for the period of
time from 1972 to 1986. During the period reviewed there were over 5,000 helicopter
Class 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 grester 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-1) 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 statistics are based on current peacetime
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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 1. Army Helicopter Accident History Data from these accident and crash
1972-1986 injury investigations (reference 1) have
revealed deficiencies in the crashworthiness
of the older, existing Army helicopters.

Key deficiencies include:
ARNT HELISOPIRN MLIBERE HIDTURY

R . Structural collapse (roof downward
N e and floor upward) causing loss of
i . [T .
PPN . occupiable volume.
e - osaom
N w08 Inward buckling of frames, longerons,
M, AW etc., causing penetration wounds to
, , o~ personnel.
ki AN ALY AN HAIA RAMN ALY AW HAIAL
' wr “ wm e w wrw Lethal internal structure causing
» - - u N head, chest and extremity injuries
o ' - " from occupant flailing.
" o 1" L b
[ i U -
i swon e ) sn Floor breakup permitting seats
PEMLIIM ¢ ARG LA A LRI WAL ) WK W /u) to Fear ?ut .and occupants to become
o oo 1 w.un s flying missiles.
A AT T R o wh

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 la and 1b depict
the many facets of crashworthiness research and development that bave 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
CSDG. 1In 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
rot 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 la Figure 1b
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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 prlse which by then has been reduced to within
human tolerance limits. In addition, the large mass items such as the overhead gearbox
are siowed 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 limits 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

vV (m/s) Roll Pitch
MIL-STD-1290 12.8 + 30° + 15°
(Ref 3) (42 ft/sec)
CSDG 12.8 + 20° + 25° to - 15°
(Ref 2) (42 fr/sec)
ADS-36 11.6 + 10° + 15° to - 5°
(Ref 4) (38 ft/sec)
MIL-STD-1290A 12.8 + 10° +15° to - 5°
Draft (42 ft/sec)

The original MIL-5TD-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 sevuere
side loadings. The current published CSDG (reference 2) also specifies a too seve e
roll and negative pitch impact attitude requirement. This criteria is not substantiaied
by accident history data of roll and pitch values and designing to meet it has an
adverse effect on aircraft system design and weight.




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.
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to withstand lateral loads without failing.
to withstand an 8 ft/sec vertical impact speed without collapse at basic structural

design gross weight (BSDGW).

for Survivable and Partially
Survivable Army Helicopter
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
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 1970's,
helicopter landing gear (usually skids)
had relatively little energy absorbing
capability and very limited capability
Skid gears were designed, typically

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 atcitude angle (out of an autorotation, perhaps) at 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. 1t 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/s8 (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.




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.

1f 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 be 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 MIL-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 11 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 1 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 + 10° roll and +

15 to - 5° pitch.

Figure 8 applies for all impact conditions which include an attitude envelope
of + 10° roll and + 15° to - 5°, 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 50% 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 11 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 undetr 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 bigh, 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 rettrofit 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.

ABSTRACT.

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

wconstituent components and joints of the overall structure.

N

This paper describes a hybrid approach to predicting the crash
behaviour of an impacting structure which is tailored to
velocities 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. He/ <248, | Jy%, £

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
a more survivable crash. Secondary safety is, in the main,
concerned with the structural behaviour during an impact.
Designing crashworthiness into a structure wili 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.)

31



ek

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 seguence 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 assumptions 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
1s 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 decided upon. 1In 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 requirement.

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




for the detailed design at the final stages of a project. 1In the
design of passenger car components for instance, the simplified
section required for crashworthiness is determined at thg 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 used 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 requived 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 1 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. S 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.

pb) 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 2k