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" Boeing Goamerclal Airplane Company 

1.0 8-Y 

This report presente the reeults of R study to identify ares of research an6 approaches that may 
&E in improvedmu.pilnt tiurvivabilityand cr~ah~oytllinees of transpart.Rircrnft. Thisoludy wao 
jcintly npo:ffiored by Nrltional Aeronauticc and Spsce Age~cy(NASA) and the Pedei-nl A.;iat;::n 
Adminbtratiori TAA).Tile thruat of the study iR the definition of are= of structural craehwortl u n w' 

for tramport &craft which might form the b i s  for a NBSmAA EEeseercb Program. ' 

NASA and the FAA are plallning a 10-yearresearch and development program to improve the 
structural h p n c t ~ k t a a c eof general avistion and commercialjet trans@, aircraft. As part of' tbLt 
progmim parallel otudies have k n  conducted hy The Locbd,Cil i fornja  Company, T i e  D ~ u g b s  
A i r d t  Cornpan], cnd 'llie Bwirg Gnmmerdai k i q h n e Cornpmy to review the accident expe,i.rientxi 
of comru,ercial tra.mpo~t aircraft, amew the accident performance o f structural compon?nts ilnd the  
status of impact reeietance technolagyl wid recommend a r e a  of research and developr~ent t,,-illat 
10-year plan. 'l'his report gives the reaulta of the Eoeing etudy. 



2.0 ~ T R O D U ~ H O N  

The scope of the stud/ from the con:ractud statkment of work is: 

"A study ki define approached tb improve the crmh~iorthineos of tranoport aircraft i.3 deecri'bed in 
this statement of work. Aircraft accident d a b  and current aircraft d e e i q  practiccu will be u s d  Lo 
define a range of crash condition8 that  might form the basis for developing crashworthiness deeign 
technology. In i~ddition, analytical andlor experimental techniques required to d e t & . d i e  the 
adequacy of craohworthy design feature3 will be defined end the adequacy of exis! ;ng metho& and 
techniques will be evaluakd. '#tde meeting the apecific objectiveo of this ottlrly. cc:lsiderrition 

Heourne of tnsla: I 

1. To review and er &ate tramport aircraft cccident data tadefine a range of crash situations that  
may form the basis for developing irnpr'oved creahworthuss  design technology. . . 

2. Identify structuralcomponents and aircraft systems that eignificandy participate: in or influence 
the crash dynamic behavior of en  aircraft in the xenarios defined'in 1. 

3. To define areas of research and ayrproachee for improving crashworthine,~. 

4. To identify t a t  techniques, test data, analytic'al methods, etc. needed to evaluate the crash 
dynamic response of transport aircrsft." 

BACCGROUW 

Safety is the primary consideration in the design and operation of commercial transpart aircraft. 
For over 40 years the FAA with ita p r e d x e w r  the Civil Aeronautics Adrninivtration (CAA), 
NASA and itrj predecessor Nationa! Advisory Committm for Aeronsutics (XkCA),the Natioiisl 
Transportztion Safety Board (NTSB), the airlinee, unions, the manuiactarers and other foreign 
government agencies have contributed to the clevelopment and advancement of safety in 
commercial aviation. Their effortR have resulted in tile Federal Aviation Regulntions FAR)  which 
define the minirnum standards for safety. Theae regulations are continually reviewed to ascertah 
the adequacy ur' the standards. Thia concern i~ reflected in the safety record of air carriem jet 
aircraft opertitions over t.he past 20 years. Figme 2.1 shows that  the accident r a k  for all type^ of 
accidents ha^ deciined to about 2.5 per millio~r departures. 

The continuing concern for safely a t  Boeing has placed zn emphasis on d e k m i n i n y  cawe of 
accidents and evdui t izg  the cmshwol-thinem of aircrzft structure and systems. Because of t h i ~  
emphasis, safety related design chongeo and improvements, bnsea on operational experience and 
accident doh,  ace continudly k i n g  evaluated end ol'bn imorp:mikd in new design aircrctft and t 

- in-service airere.£ t. 

However, the icitial conditiori~ of an  accident and the subsequent responses of the aircraft are 
cmnplex pi:ennrvna md i t  i!3 iifficult to quantify the level of structurd crashworthinem of e 
spxific deoigl or to conpnra one tieuign to another. I4.x desig:~ improvemenh. the cranh 
environment is known only in ,$enera1 terms. 

Current techno!ogy is hid 0:1 ihe best avoilnhlt? knowledge obtained from accident mrveys, some 
wmp!ew aircraft craoh kstu,  :ientlcscupsnt tetih, and from niLtagy and a~itomotive programs 





aimed a t  specific probleme. Each manufacturer of aircraft htu developed empirical engineering 
practicee that treat otructuxal crashworthinem, These prtlcticeo while producing good producta. 
are extremely limited in application. 

Some analytical tools have been devela,wd for modeling the nonlineer response of occupants in 
seats and of aircraft structurc~. These tooh have confitmhts due t,o iaclr of ccmputing power and 
have had limited validation and application. Thin in turn h s  limited the development of technical 
approaches ta crcnnh modeiing and eiruu!ntion. Further, it is m t  esbblid~ed that theee ~ o l a  include 
all the technology necessary to adequately treat.the complete structtiral crashwoi-thine~a probiein. 

With regard to fncilitic? end methds  fcr testing for crashworthinew, nome facilities are currently 
avniiable or alder devdopment. Some test methods have been developed by the FAA, NASA, and 
the U.8. A m y  for seate, components, a d  general aviation ahcreft and helicopters. Full-scale 
nircmft crash test methds  are being extended by the FAA and NASA. 

The Roeing stndgundrr thh contract is limited to commercial jet transport aircraft. Yhii:is the area of 
k i n g  &mmcn.cicl AiViane Cornpay expertise and mnformn to the company product linz. It aiw 
reflects tbe b h c t ~ r eof the world fleet. m e  world t ransp~rt  fleet as 3f 1980 consisted of '75.7%jet 
aimraft, 15.7%turboprop aircraft, 8%piston agined ~hi;saft and 0.5O/u helimptee. hircmft on order are 
divided 9 to I towards jet aircraft. This implies h i  tile percentage of jet aircraft in thi. fleet will 
increaee durhg  the t i~ne  franc of the potentid KASh'FA4 research program. 

While the reconm~ntlalions for research arising in thie study are directed inwards technology for 
cornmereid jet t raaspns there i3 anapplicability to the general and private tei~iation sctors  ae well. 
Development of anrrlytjml rneihcde, test techniqnes and facilities zisahave applicability to militaly 
h a f t  and thc nuto;notive hdu~ t ry .  

The main seceioa9 of the report are Accident Data Review and Scenario Identification, Role of 
Structural Components in Crazhworthiness, Current St;llte of Crashwl;rthiness Tech~o!ogy,and 
Conclusions onci Recommendations. Accident Data &view and Scenario Identification discurn 
sources and adection of accidents, vslioua categories of the data, nccident scenario development, 
and mnges of impact co~diticns for the sceuarios. The Role of Structursl Components in 
Ct-arhworthine~s treab the participation of a+mcturd components, accident severity and 
aurvivebility, inbraction of co~~poncnts,problem areas for advanced n~atariahin stxurtural 
components. ?he Cru?.entState of Crarrhwarthiness Technology considers h e  I1.S. Arnly's Aircraft 
C ~Survival Design Guide, occ~~p ic t  I  rnodeling and human impact tolersnce, stxuctural modeiicg 
and test techoo!op;y, a&mes tne technology and discussea resesrch to improve the technology. 
Conclusions and ILxomaendations prwnts areas for research and development to be ixluded in 
the hlMAiFAA 10-year General Aviation and Cnrnmercjal Transport Aircraft Crashworthiness. 



3.8 ACCmWT DATA R E m W  AN'D 8C 

A review and evaluntion of accident data hm been made for the ye- 1953-1979 which cover the 
commercial jet trarzsport worldwide operatiom for &craft .certified uuder Federd Aviation 
Regulations (FAR!, Part 25. The tnhl accident klae hao been reviewed, and potentially surviwble 
~~.widentahave been sclectec? for further analyais. 

Thew accldernta have been ca tegor i~dwith respect to airplane eize, configuration, ci-nsh 
environment, operationlal condition, c a w  of accident, injuries, etructural darmgt?, and fire 

, hazard. Z'h.3s.e categories are di~cuasedm r l  the level of engmeering data in nccident r e p r t a  is 
aosepecd. 6 *  

Three baoir crceh scenarios have been developed from the aeqnence of oventr o k ~ r v e c !in tho 
accidents. ?'heart scenarios have lxen divided further into suhw;ets to account for variations between + -- d 

accidents within o scenario. The rnnge of Icitial condiLions for escb subset. h83 h e n  entmbAsbd 
These scenarioe may serve as c etarting point for rcsearch on crmhwortfunesb;, but reqllire fwther 
refinement to reflect current accident experience. 

BOEMG ACCHDEDjT FILE AND STUDY DATA BASE 

The Boeing fiie of aircraft accidents and incidents ia limited tn a i  known mmmercial jet aircraft 
occurrence3 involvhg worldwide aircarrier oper~tionsince 1359.For renearch, study, anti analyais 
purpowa, a selected group of these accidents form a "statisticcl d s h  banli" of 593 wcwrencw that 
include dl operations from 1959 through 1979. Excluded from this s ~ t i s d c a ldam ha-& are 
occurrences that  involve iactars beqond the control of L a  a ~ f m m c ?  nanufaacturer Y L I C ~as 
oahtsge, militmy actioa, rnilitery operations, turbulence injury, a i a  evzctiation injury fimletlr~ 
csried by a huzdware deficiency). 

Accident dstn have been obtained from various .wurces. FANCAB reports and N'TSE reports of 
1J.S. aircarrler accice~ts,  lltive been usti cxten~ively. While the e d y  reporb (circa 1060) 
contained, for the most pwt,  spame dctaila on etructurd fi+ctors and on the cause of 
irljjurylfatalities, the latt?r reports are much more complete. Human Fsctors Factual Rcporta 
prepred by the NTSE are p~rticuhrly useful wilh respect to the sequence of evenfa, caws  of 
injurylfataliiiea, pcrforrnacccl of cabin interior equipment and egres factors. Containing 
somewhat l e ~ gdata cre the intenistional Civil Aviation Organization of t h  IJnlkd Nrtions 
(ICAO) rdeon~d ~ccirient reports of brtrh I! S. and foreign aircarrier occurrences. Other oources of 
accident inftx-mat;on include the British Air FLe$strsticn Board, Airline Pilots As~oci~t ian,and 
ailline repcrts, aificid accident rqwm relezsed by foreign govrtrslments, pcriodido rind 
nenspepw acro~mk,  and the Boeing Campany 5les. The B m h g  J ~ t skm? is 8urnmariwd in 
figure 8.1. 

The relotionship betwee11 fntditier, and h d  1 0 sis shown in fiy e  3.2. Here i L x s y  1w soen that of 
the 2'i5 liull 1053f28,20!iinidved fatslitles and the three fat.4 lnjrlxy nccidcnh involved substantial 
dnrnnge to the aircraft. 

The percentage of a ~ r i d e n h  ity o p o r n t ~ o n dphase and by operational time i s  s h c w ~in figure 3 3. 
Considering those operat~onel ;)haws taking pince near c;r on t h ~goriid.  ':3.3% of the accidents 
occur in 18Y0af the opc ia~ons i  time. E'u~-t.her, those accidents tha t  occw during chn?b, cru~sc, acd 
descent sre geilsrally nonsui-~vable mind outside the range of this ritudy 



--- 

583 to!al accidents' of all typos 

I47 involved US.carrier domostic operations 

40 involved US. carrier inteinational operations 
, " 28 involved U.S. carrier test and :raining operations 

42 involved U.S. carrier ocn-scheduled and cargo operations 

72 involved f~re ign carrier domestlc operations i 
168 involved foreign carrier in!ernational operations 1 
43 involved foreign carrier test and training operations 

43 involved forekn carrier non-scheduled and cargo operations 

Of these operatmnai accidants 

275 resulted in hull lass 

214 involved fatalities of passengers and/or crew 
on board the commercial jet aircraft. 

'Exclddes: Note: excludes 33 non-operational huil lassas 
Turbulence (injury) and 15 sabotage or m~litary action hull losses. 
Emergency evacuetion (inji~ryj 
Sabotage 
Military action/military operations . -

Figure 3.7-Accidents During Twenv Years of Jet Operations 







BT'UDY DATA BASE 

A study data b w  woo fcwod from We accident data b m .  A t  lea&one of the fouowing criteria muat 
exist for consideration in the study: 

I 

1. Airframe survivhble voIurne maintained (prior to wvere im) 

2. A t  least one accugwt did cot die from h u e  

3. Potential for cgrcm present 

4. Accident Gemomtrabs etructurdl or system performance 

It should be noted that  criterion (2)is significantly more mvere than the FAR ciikrion (weapp. 11, 
fig.3.5)or  MTSB dcfiitiona (see app. A) of e e u r h i b l e  accident. $kikrion (2)Joes not mcari that if 
one survives dl should survive. rather that  one occupant wm able to withstand this accident 
envimnnen!, in i r i ~  immerliste vicinity. 'lEs permito acc$ienta to c o n s i d e d  fcr IWI& d e h i t i o n  
and direction that  are beyond the scope of current design criteria. 

Using the above critmie, aboat 400 accidents were eelected from the total date base of 583. TIiese 
400 were t i ~ e n  subject to an in-deplh review and maay were eliminated from fmhe:. consideration 
becau:e no injury occurred nndlor the aircraft was etructurally crffihworlhy v, that  level of crash 
environment.Gthitr acclderib were elirnirtatcd because the injury was due to human behuvior rather 
than other foctonr. Folhwing this preliminary review a ht cf' appro;rir~?akly200 "can&dr?te 
accident$ woa selected for detoiled review. 'k'hese wcidents were deemed 1.c have the pctsnth? for 
a reduction in injurien/fot~ilitieai f  some increase in crashwo&ineoe were provided, or &at 
demonstrated significant crash perfommce of the structure. For these 200 accidcnu. d a h  form5 
(see app. B) were completed to the extent of the avamble dnta. 

netoiled reviews of thpqc 200 cmeo lesulted in additional eliminations and a EuaI list of 163 
nccidents fcr this study (see fig. 2.1). These accidents are deoignakd oc "poteotially sur~rivhhle" 
ttuncghout the report. Ths selected List wtls clleched agninst the i~juzry n;ld hull !om liub of tile 
Bwing da?abase to eneurs completeness. Appendix C givea a List of acciderits fbr 1'380for fnture 
conoidcration. 

Jt should be noted that  the inclusion of the less wverc sccidcnta n igh t  d t e r  any statistics derived 
from the d a ~ abase. ConvequunUy, csre is requirrd in comparing the resulb of this study ta studie; 
using other data bases. liowever, comparisctlv to other studies indicate ths t ell cf the kr:own sevcm 
wtentidly aunivable sccldcn(9 involving commercial jet trmsportu haw b ~ niwluded in the Audy 
d8t-a b w .  

The data 'bass dwa  not reprepent the complete d i a t r i b ~ t i m  of possible accidwto in the statistical 
arnse. There are probably typcv of accidents that  might happen in the future that  ae not 
represented. 'The wcident data baw does not re!xSezat a stationary random pmcess. Certain type5 
of accidents that occ~urred during the jet introduction pxidtire not e n  in the mature shge .  7b.z 
codd  hrcve an importent impact an the selection of xenarios for future design considevtisn. 
Evidence of this maturity is seen in figire 2.1 hy ihe merhed d e c r e ~ sin the accident r a b  with Gme. 
Further, care must tx exercised in pred.ictiom of futu:e occurrences from the past. 

A summary . ~ fthe xlected otudy deb haw is presented in table 3.1. ILs may \w wen, 87% of the 
rases involve llull low and 78% of the casr-s involve i a a l i t i e s  cr  ~'erious injury, wliile fire occilrred 
in 67% of the cones. Fatelities due to fire were p rcxn t  in  37% of th? cases. fatallties due to trauma 



Tabla 3.5 -Data Base Summery 

Cases 

Total ac~idenis 

Foreign 
U.S. and possessions 

HUII IOSS 

Fatalities or seriot~s injury ," 

Fire 

Fire cawed fatalit~es ' 

Trauma causod fatafities 

Drowr~ing 



were preoest in 36% of the csew, m d  fatcslitb due to clmwdrcg were premnt in 6% of the carno. 
The ~ielectedc a m  chrawly represent mriow accidente. 

The707 accident in Tahiti, in which there wee one survivor, has not h . n  included in tbe d a b  hue 
becaram the aircraft WRR not recovered and the survivor could not supply any details as to what 
happened. Four special cams arc includd in the data base. The fimt special case is the 707 in 

I London in 1968where the mircraft caught Fire an takeoff and made w successful It+ll&ng but fiw 
deaths occurred during evccuafion due Lo fire. The oecornd special ctinc io the DC(3 a t  Toronto in 
1970 where the o i ~ w a f twm demagcd duriag aa attempted landing md expidc?<i diuing the 
subsequent atkmplr,d go-around lrilhg the 108mcupanls. The third ~ p e c i d  caee is the DC-9 in 
B o s h  in 1973whure the &craft struck a manail, h o k e  up and burned, but ore p~s8engerwakcd 
outof the firebut died within 24 hours. 'l'he fourth e p c i d  cam is the 737 Madras occidt:nt on Apri! 
26, 1979,in which the cietonution of an explosive device in the forward lavatory led to landing 
conditions that reoulted in an ovenwn. 

1 

The study d ~ t hb m  is presented iu table 3.2. Acci;, ~ t aare l iskd hy date (month, d3y, yea.), 
aircrafttype,and lmtion of the a,xident. Hull loas is in~cicatdby x with a b W  indicating mabtpatial 
damnge. Number of occupants, fatalities, and oerious injuries are also ~hown.Flight phase (takeoff, 
initial climb, approach, landing, taxi) ~ n dthe presence of fire are indicatcd. 

' 

~ccidents 'haveh e n  a m m d  as impact survivabie (YES)if no deaths were a t t r ibut~df*, trauma. 
Accidents have h e n  a s e d  ;tsprirdially impact suvivable (PAR)if some deaths were nttribukd Co 
tmuna but there were Borne deztDaattributed directly to fire related cauws or there were swvivors. 
Thoce sccidetnts iu which there were sornz survivors but the cause of fatalities was not determind 
have keen labelled as undefined (UDF). 

CATEGORLZATION OF THE ACCR)&Xl' DATA 

PRQBmLlECAUSE OF ACCIDENTS 

The probeble cause of the accidents is presented in f i y e  3.4. "Probable cause" is based on the 
detwxnihation of the acci.dent hvestigation body.For 13 accidents the cauw isudcnowil. For 140 
casea where ccuw has been determined, 78.6% of the cases we attributed tc the cockpit crew, 
11.496 b the airplane, 5% to weether, 2.2% to the airportfair traffic controller, 1.4% to 
miccelktneous, 0.7% to maintenance, and 0.7% to sabokge. 

The aircraft was the cause of the accident in 11.4O/o of the c a w .  Landing gear systems and nupport 
structru-e were involved in seven eccidenta. Failures involved brakes, wheels, tires, and structure. 
Enb$ne di~integmtian, thrust Icm, and thrust reversera were invoived in six nccidento. Flight 
i n ~ t r t ~ e n t a t i o nwas involved in two accidents and ground epollera and e1eva:sr trim tab were 
involved in oue accident each. 

From these data i t  may be cor.cluded that about 89%of the accidents mieht have lxcu avoided by 
improved pilot assistance and ground control. 1%~nost  significant improvements in safety may be 
obtained through accident avoidance. Such items aa pound proximity warning, wind shew 
detection, automated landing and nsvigetion syskma, ar,d advanced integrate:! ysterne for pilot 
awistance ofier the b a t  hope for elirnicating inout accidcutv in the "avoidablen cakgory. 

Impvvcd gromd control rind reduction of h w d e  on and around airports is anot!w area for 
improved setety. The avoidance of co?!lnions between aircraft. m d  with ground vchicles ~houldbe 
attainable. 1:eductjon of h a m d u  such as drainage ditches, poles, rreee, columns, outbuildings, and 
birds fro= airports is a metier of concern In addition the s h o r t / o v e m  sreas for runways cotdd be 
improved to reduce the severity of accidents in these Ereas. 



1 0 1 9 5 9  9 0 7  OSO, WASKIMGTON 
0 8 2 7 5 9  CMT ASCUNCION 
0 2 2 0 6 0  CI4T BUENOS AIRES 
0 7 1 1 6 1  UCP DENVER 
311961 DC8 JFI: 
0 6 1 5 6 1  7 0 7  LISBON 
1 2 2 1 6 1  CMT ANKARA 
0 5 2 4 6 1  7 2 0  BOSTON 
0 9 2 7 6 1  CYL BRASSILA " 

0 7 2 7 6 1  7 0 7  HATJi3URG 
0 6 0 3 6 2  7 0 7  PARIS, ORLY 
082052 oca RIO DE JANIERO 
0 7 0 3 6 3  CVL CORDOBA, AEGEgTINA 
0 3 1 8 6 4  BAC WISLEY, ENG. 
0 4 0 7 6 4  7 0 7  JFK 
1 1 2 3 6 4  7 0 7  ROME 
0 3 2 2 4 4  CFIT SINGAPORE 
0 5 0 2 6 5  7 2 0  CAIRO 
0 7 0 1 6 5  7 0 7  KANSAS C l i Y  
1 1 0 8 6 5  727  C INCINNATI  
1 1 1 1 6 5  7 2 7  SALT LAKE C I T Y  
0 9 1 3 6 5  8 8 0  KANSAS C I T Y  
0 2 2 7 6 5  8 9 0  I K I  IS.,  JAPAN 
0 7 0 4 6 6  DC8 AIICKLAND 
0 8 2 6 6 6  8 0 0  TOKYO 
0 3 0 4 6 6  D C ~TOKYO 
0 6 3 0 6 6  TUI KUWAIT 
1 2 2 4 6 6  DC8 MEXICO C I T Y  
0 2 1 5 6 6  CYL NEH D F L K I  
1 1 0 6 6 7  7 0 7  C I K ! H I J A l  I 
1 1 7 0 6 7  RRO C IXC I N N A T I  
C30567  DCR Hlil??OV I A  
0 6 3 0 6 7  CVL HONG KONG 
0 9 2 9 6 7  CMT ROVE 
1 1 0 5 6 7  880 HOEG XONG 
1 2 2 7 6 8  DC9 SIOUX C I T Y  
0 3 2 8 6 8  DC8 ATLANTIC C I T Y  
OG1360 707  CALCUTTA 
0603C8 7 2 7  JFK 
0 3 2 1 6 8  7 2 7  CHICAGO 
0 2 0 7 6 8  7 0 i  VPNCOUVER, B.C. 
0 2 1 6 6 8  7 2 7  T A I P E I  
0 4 0 8 b 8  7 0 7  LONDON 
0 4 2 0 6 8  707  WINOMCK 
0 t i m 3  oce RILAN 
0 1 1 4 6 9  SAC N I L A N  
1 0 1 6 6 9  D C ~STOCKTON, CA. 
010569 7 2 7  LONDON GATWICK 
011.369 CC6 LOS ANGELFS 
0 9 2 1 6 9  7 2 7  MEXICO C I T Y  
0 9 1 2 6 9  BAC MANILA 

X 8 4  0 A P P F l R E P A R  @AT 
X 5 0  2 ? APP UDF 
X 6 0 0 LOG F I R E  YES 
X 1 2 2  1 7  0 LDG F I R E  YES 
X 1 0 5  4 ? TO F I R E P A R  

1 0 3  0 2 LOG F I R E  YES 
X 3 4  2 7  6 C L I  F I R E  UDF 

7 1 0  2 LDG YES WAT 
X ? ? ? ' L D G  F I R E  UDF 
X 4 1  0 10 TO F I R E  YES 
X 1 3 2  1 3 0  2 TO F I R E  UDF 
x 105 1 5  ? TO YES WAT 
X 7 0  0 ? APP F I R E  YES 

5 0 1 LDG YES 
X 1 4 5 0  7 LDG YES GJAT 
X 7 3  4 8  2 0  TO F I R E  YES 
X 8 6  0 0 LOG F I R E  YE5 
X 1 2 7  1 2 1  G APP F I R E  UUF 
X 6 6  0 2 LDG YES 
X 6 2  5 8  4 PPP F I R E  PAR 
X 9 1  4 3  3 5  LOG F I R E  YES 
X 4 0 9 C L I  F I R E  YES 
X 6 0 2 LUG F I R E  YES 
X 5 2  1 TO F I R E P A R  
X 5 5 0 TO F I R E  YES 
X 7 1  6 4  8 APP F I R E  UDF 
X 8 3  0 0 APP YES 
X 110 0 G hPP F I R E  YES 
X 8 1  2 14 APP F I R E  YES 
X 3 6  1 2 TO F I R E  PPR 
X 8 2  7 0  12 APP FIRE PAR 
X 90 5 1  33 APP F I R E  VDF 
X 8 0  1 7  5 APP YES MAT 
X 6 6  0 0 LDG YES 
X 1 3 7  1 ? TO YES WAT 
X 6 6  0 3 TO YES 
X 4 0 2 LOG F I R E  YES 
X 6 3 6  2 APP F I R E Y E S  

1 0 2  0 4 LDG UDF 
X 3 0 1 TO F I R E  YES 
X 61 1 0 LDG PA2 
X 6 3  2 1  4 2  APP F!RE !JDF 
X 1 2 7  5 ? C L I  F I R E  YES 
X 1 2 8  1 2 3  5 C L I  F I R E  PAR 
x 9 5  1 2  ? APP F ~ R EYES 
X 3 3  0 0 TO YES 
X 5 0 O LOG F I R L  YES 
X 6 5  5 0  1 4  APP F I R E  PAR 
X 45 1 5  17 APP YES HAT 
X 118 2 8  78 APP PAR HAT 
X 4 7  45 2 APP F I R E  PAR 



I)A746? 880 NOSES L A K E  X 5 3 ? CtI F I R E  YES 
021170 7 0 7  STOCKTOM, CA 6 0 1 LOG YES 
0 7 1 9 7 0  7 3 7  PHILADEI -PHIA  X 6 2 0  I TO YES 
0sn870 DCs LCHlIStIILLE 94 O 0 LDG F I R E  YES 
1 2 2 8 7 0  7 2 7  ST. THOMAS X 5 5  2 11 LDG F I R E  YES 
0 8 0 8 7 0  993 ACAPULCO X 8 O 8 LDG F I R E  YES 
1 1 2 7 7 0  DC81 ANCHr3XAGE X 2 2 9  4 7  4 7  TO FIRE YES 
0 7 2 7 7 0  DC8  NAHA, OXENAUA X 4 4  O A P P  PP.R UAT 
0 2 0 9 7 0  CHT KUWICH' X 23 0 0 YO F I R E  YES 
0 3 3 1 7 0  CVL CASABLANCA X 8 2  61 2 1  AP? F I R E  UDF 
0 5 0 2 7 0  DC9 ST. CROIX, V . 1 .  X 6 3  25 2 5  LDG PAR MAT 
0 7 0 5 7 0  PC8  TORONTO X 108 108 0 LOG F I R E  YES 
C 9 1 5 7 0  DC8  J F K  X 1 5 6  0 . 11 LDG F I R E  YES 
0 1 0 5 7 0  9 9 0  STOCKHOLM X 1 0 5  4 C L I  PAR 
0 7 1 9 7 0  BAC GERONA, SPAIN X 0 5  0 3 TO YES 
1 2 0 7 7 0  BAC CONSTANA X 2 7  18 ? APP UDF 
1 1 3 0 7 0  7 0 7  TEL  A V I Y  X 3 Q 0 TO FIRE YES 
0 1 2 3 7 1  707 EONBAY X 5 0 0 TO F I R E  YES 
0 9 0 6 7 1  6P.C HAI48URG X 1 2 1  2 2  ? C L I  F I R E  UDF 
1 2 1 5 7 1  7 0 7  URUt4CHI. CHINA X 3 0 0 LDG YCS 
0 5 1 8 7 2  DC9 FT.  LAUDEROALE X 10 0 3 LDG FIRE YES 
0 9 2 4 7 2  DC8 BOrfBAY X 1 2 0  0 0 LDG F I R E  YES 
1 2 0 8 7 2  7 3 7  CHICAGO FSIDIdAY x 6 1  a 3  12 APP F I R C  P ~ R  
i 2 1 5 1 2  7 4 7  M I A M I  X 160 0 O LDG YES 
1 2 2 0 7 2  DC3 Ct t iCAGO OIHAI!Z X 45 10 9 TO F I R E  YES 
1 2 2 9 7 2  L 1 0  MIAVI X 1 7 6  99 60 APP F I R E  NO KAT 
n i ? 1 v ?  3 c 9  ADANA X 5 1 ? AI'P F I R E U O F  
0 4 1 7 7 7  V C l  A D D I S  AFlLBA X 1 0 7  43 ? 70 FIRE UDF 
r1R1377 707 JFK I86 0 0 TO FIRE YES 
13 2 8 7 7  DC8 MOSCCl4, USSR X 7 6  61 1 5  C i f  F I R E  UDF 
1 2 2 3 7 2  F 2 B  OSLO X 4 5  4 0  ? APP F I R E  UGF 
1 2 2 8 7 2  F 2 8  BOLtiA'I, S P A I N  X 4 0 4 LDG YES 
0 3 0 5 7 3  7 0 7  DENVFR 3 0 0 TC F I R E  YES 
0 7 3 1 7 3  OC9 BOSTON, MASS. X 8 9  89 0 APP F l R E  PAR 
1 1 2 7 7 3  DCS CHA'fTkfJ00GA X 7 7 - 0  5 APP F I R E  YES 
1 1 2 7 7 3  DC9 AKRQi:, O I l I O  X 2 6  0 16 LOG YES 
0 1 2 2 7 3  7 0 7  KHAFIO, N I G E R I A  X 2 0 2  172 ? LDG F I R E  YES 
0 5 3 1 7 3  7 3 7  NEW GEL111 X 65 52 ? APP F I R E  YES 

. 0 5 0 9 7 3  7 0 7  K I O  DE J A l i E I R O  X 4 2  O k P P  PAR !!AT 
1 0 2 8 7 3  7 3 7  GREENSBORO 96 0 0 LDG F I R E  Y F S  
0 6 1 6 7 3  7 0 7  &UEF!OS A I K E S  8 6  0 0 LDG F l R E  YES 
0 6 2 3 7 3  DC8 JFK  1 2 8  O 8 LDG F I R E  YES 
1 2 1 7 7 3  DC3 GP,EEI!SBORO 91 0 0 TO F I R E  YES 
1 2 1 7 7 3  OCI COSTilN X 1 5 1  0 3 LDG F I R E  Y E 5  
1 2 1 9 7 3  7 0 7  NEW DELI31 X 109 0 ? LDG F I R E  YES 
1 2 2 3 7 3  CVL MANA!IS, B R A Z I L  X 57 0 I LDG YES 
0 1 1 6 7 4  7 0 7  LOS TtNGELES X 6 3  0 3 LDG F I R E  YES 
0 1 1 3 7 4  7 0 7  P h G 0  PAGO, N4. SAIqOA X 101 97 5 APP F I R F  YES 
0 9 1 1 7 4  DC9 CHA2LOTT" N.C. X 8 2  7 1  10 APP F I R E  PAR 
0 9 1 1 7 4  7 2 7  PORT9 ALEGRE,SRAZIL 7 4  0 0 LOG YES 
0 1 0 1 7 4  F 2 8  T I IX IH ,  I T A L Y  X 4 2  3 8  4 APP F I K E  UDF 
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Table 3.2-Study Data LLme ('Corrc/udeti) -

0 1 0 2 7 4  F2R ?ZMIR, TURKEY 
0 3 1 5 7 4  CVL TEHI.?AN, I R I W  
1 1 2 0 7 4  7 4 7  NAIROBI,  KESYA 
0 2 0 9 7 5  BkC LAKE TAHOE 
0 3 3 1 7 5  7 3 7  CASPER, .WYO. 
0 6 2 4 7 5  7 2 7  JFK 
0 8 0 7 7 5  7 2 7  DENVER 
0 9 2 4 7 5  F 2 8  PALEMBARG 
1 1 1 2 7 5  727, RALCIGH, N.C. 
1 1 1 2 7 5  DC1 JFK 
1 1 1 5 7 5  F 2 8  NR. BUENOS A I K E S  
1 2 1 6 7 5  7 4 7  ANCHORAGE 
0 1 0 2 7 6  DC1 ISTANBbL 
0 4 0 5 7 6  727  KETLHIKAN 
0 4 2 2 7 6  7 2 0  BARRANQUILLA, COL. 
0 4 2 7 5 6  7 2 7  ST. TtlOI.%S, V . I .  
06237.5 DC9 P t l I i A D E L F H I A  
1 2 1 6 7 6  8 3 0  IIIAVI 
1 1 1 6 7 6  DC9 DENVER 
0 3 0 4 7 7  DC8 NIPYEY, NIGER 
0 3 1 7 7 7  7 0 7  PRESTWICK 
0 3 2 7 7 7  7 4 7  TENERIFE 
0 3 2 7 7 7  7 4 7  TENERIFE 
0 4 0 4 7 7  DC9 NEW HOPE, GA. 
0 9 7 7 7 7  DCA KUALA LUVPUR 
1 0 0 2 7 7  OC8 YHANNON 
1 1 7 ~ 7 7  7 2 7  VADFIPA 
1 1 2 1 7 7  BAC BARILCCMC, ARG. 
1 2 1 8 7 7  CVL MADEIRA 
0 4 1 8 7 7  DC8 TOKYO 
1 1 1 7 7 7  7 4 7  JFX 
0 2 1 1 7 8  737  CKAXBROOK, B.C. 
03C178  DC1 LOS AKGELES 
0 3 0 3 7 8  DC8 SAhTIRGO CE COWO. 
0 4 0 2 7 8  7 3 7  SAO PAUL0 
0 4 0 4 7 8  737  CHRLLROI, BELGIUM 
0 5 0 8 7 3  1 2 7  PEIiSACOLFi 
0 5 2 5 7 3  8 8 0  M i X 4 I  
0 6 2 6 7 8  DC9 TOKONTO 
0 7 0 9 7 8  BAC ROCHESTER 
1 0 3 1 7 9  D C I  MEXICO C I T Y  
1 1 1 5 7 8  DC8 COLUMHO, S R i  LANKF, 
1 2 1 7 7 8  7 3 7  HYDERABAD, I N D I A  
1 2 2 3 7 8  DC9 PALERI"10, ITALY 
1 2 2 9 7 8  DC8 PORTLAND, OREGON 
0 3 2 5 7 8  7 2 0  LOFIDON 
0 2 0 9 7 9  DC9 M I A M I  
0 2 1 9 7 9  7 0 7  ST. LIJC!A 
0 3 1 4 7 9  7 2 7  D$IIA,OATAR 
0 4 2 6 7 9  737  MADQAS 
1 0 0 7 7 9  DC8 ATliENS 

X 7 2 6 5  7 C L I F I R E U D F  
X 9 6  15 ? TAX F I R E  YES 
X 1 5 7  59 44 C L I  F I R E  PAR 
X 44 O 0 TO YES 
X 99 0 1 LDG YES 
X 1 2 4  1 1 2  1 2  APP F I R E  PAR 
X 1 3 4 G  1 5 C L I  YES 
X 62 2 5  ? LDG F I R E  UDF 

1 3 9  0 1 W P  YES 
X 1 3 9 0  2 TO F I R E  YES 
X 66 0 0 APP YES 

1 2 1  0 2 TAX YES 
X 3 7 3  0 1 LDG F I R E  YES 
X 5 7  1 3 2  LDG F I R E  YES 
X 4 0 1 APP F I R E  YES 
X 8 8  3 7  1 9  LDG F I R E  PAR 
X 1 0 5  0 3 6  LOG YES 
X 3 0  1 T O  YES 
X 3 5  0 2 TO F I R E  YES 
X 4 2 2 APP F I R E  YES 
X 4 3 0 TO F I R E  YES 
X 3 9 6  334  6 2  TAX F I R E  PAR 
X 2 4 6  2 4 6  0 TO F l R E  YES 
X 85 6 2  2 2  APP F I R E  PAR 
X 7 8  3 4  ? APP F I R E  UDF 
X 2 5 9  0 I TO F I R E  YES 
X 1 6 4  1 2 8  '36 LOG F I R E  PAR HAT 
X 7 9  4 5  3 4  APP UDF 
X 5 7  3 6  1 3  LDG YES WAT 
X 1 4 0  0 O TO YES 

3 0 0 Lor; YES 
X 4 9  4 2  5 LUG F I R E  PAR 
X 1 9 7  2 31 TO F l R E  YES 
X 2 2 2  O 5 2  LOG YES 
X 4 2  0 0 LDG F I R E  YES 
X 3 0 0 LDG F I R E  YES 
x 5 a 3  ~ ~ A P P  YES WAT 
X 6 0  O T O  YES 
X 1 0 7  ? ? TO PAR 

7 7  0 1 LDG YES 
X 8 7  7 0  1 7  LOG F I R E  UDF 
X 259 195 ? APF F I R E  UDF 
X 1 2 6  1 4 TO F I R E  YES 
X I 2 9  1 0 8  ? LCG UDF WAT 
X 1 0 5  10 2 3  APP PAR 

8 2  0 ? LOG YES 
X 5 0 1 C L I  YES 

1 7 9  0 0 APP YES 
X 64 45 15 APP F I R E  PAR 
X 6 7  0 8 L D G F I R E Y E S  
X 154 1 4  0 LDG F I R E  YES 



Table 3.2-Sfudy Data Base 

1 0 1 9 5 9  7 0 7  OSO, WASMItlGTON 
OR2759  CMT ASCUNCION 
0 2 2 0 6 0  CMT B1IENOS A I R E S  
0 7 1 1 6 1  DCP DENVER 
0 1 1 9 6 1  DC8 JFK 
0 6 1 5 6 1  7 0 7  L ISBON* 
1 2 2 1 6 1  CMT ANKARA 
0 9 2 4 6 1  7 2 0  BOSTON 
0 9 2 7 6 1  CVL ORASSILA 
0 7 2 7 6 1  7 0 7  HAMBURG 
0 6 0 3 6 2  7 0 7  PARIS .  ORLY 
0 8 2 0 6 2  DC8 R I O  DE JANIERO 
0 7 0 3 6 3  CVL CORDOBA, ARGEflTIElA 
0 3 1 8 6 4  DAC WISLEY. ENG. 
0 4 0 7 6 4  7 0 7  JFK 
1 1 2 3 6 4  7 0 7  ROME 
0 3 2 2 6 4  CMT SINGAPORE 
0 5 0 2 6 5  7 2 0  CAIRO 
0 7 0 1 6 5  7 0 7  KANSAS C I T Y  
1 1 0 8 6 5  7 2 7  C I N C I N N A T I  
1 1 1 1 6 5  7 2 7  SALT LAKE C I T Y  
0 9 1 3 6 5  880 KANSAS C I T Y  
0 2 2 7 6 5  8 8 0  I K I  I S . ,  JAPAN 
0 7 0 4 6 6  DCO AUCKLAND 
0 8 2 6 6 6  8 8 0  TOKYO 
0 3 0 4 6 6  DC8 TOKYO 
0 6 3 0 6 6  T R I  KUWAIT 
1 2 2 4 6 6  OC8 MEXICO C I T Y  
0 2 1 5 6 6  CVL NEW D F L H I  
1 1 0 6 6 7  7Q7 C I N C I N N A T I  
I l ?WJ 880 C I N C I N N A T I  
0 3 0 5 6 7  ECR MONROViA 
0 6 3 0 6 7  CVL HONG KONG 
0 9 2 9 6 7  CMT ROME 
1 1 0 5 6 7  6 8 0  HONG KONG 
1 2 2 7 6 8  DC9 SIOUX C I T Y  
0 3 2 8 6 8  oca ATLANTIC CITY 
0 6 1 3 6 8  7 0 7  CALCUTTA 
0 6 0 3 6 3  7 2 7  JFK  
0 3 2 1 6 8  7 2 7  CHICAGO 
0 2 0 7 6 8  7 0 7  VANCCN!VER, B.C. 
0 2 1 6 6 8  7 2 7  T A I P E I  
0 4 0 8 6 8  1 0 7  LOVOON 
0 4 2 0 6 8  7 0 7  WI l lDK tCK  
0 8 0 2 6 8  DC8 ?:ILAIV 
0 1 1 4 6 4  BAC MILAN 
1 0 1 6 6 9  DC8 STOCKTON, CA. 
0 1 0 5 6 9  7 2 7  LONUON SATWICK 
0 1 1 2 5 9  DC8 LOS ANGELES 
GI92169 1 2 7  I IEX ICO C l T Y  
0 9 1 2 6 9  BAC MANILA  

X 8 4 0 APP F I R E  P A 4  WAT 
X 5 0  2 ? APP UDF 
X 6 0 0 LDG F I R E  YES 
X 1 2 2  1 7  0 LDG F I R E  YES 
X 1 0 6  4 ? TO F I R E  PAR 

1 0 3 0  2 L D C F I R E  YES 
X 3 4  2 7  6 C L I  F I R E  UDF 

7 1 0  2 LOG YES WAT 
X ? ? ? LDG F I R E  UDF 
X 4 1  0 10 TO F I R E  YES 
X 1 3 2  1 3 0  2 TO F I R E  U D i  
X I 0 5 1 5  ? TO YES WAT 
X 7 0  0 ? APP F I R E  YES 

5 0  1 L.DG YES 
X 1 4 5  0 7 LDG YES H A T  
X 7 3  48 2 0  TO F I R E  YES 
X 8 6  0 0 L D 6  F I R E  YES 
X 1.27 1 2 1  6 APP F l R E  UDF 
X 6 6  0 2 LDG YES 
X 6 2 5 8  4 A P P F I R E P A R  
A 9 1  4 3  3 5  LDG F I R F  YES 
X 4 0 0 C L I  F I R E  YES 
X 6 0 2 LDG F I R E  YES 
X 5 2 1 TO F I R E  PAR 
X 5 5 0 TO F I R E  YES 
X 7 1  6 4  8 APP FIRE UDF 
X 8 3  0 0 APP YES 
X 110 0 5 APP F I R E  YES 
X 81 2 7 4  APP F I R E  YES 
X 36 I 2 TO F I R E P A R  
X 8 2  7 0  17 APP F I F E  PAR 
X 9 0  5 1  73 AFP F I R E  UDF 
X 8 0  1 7  5 LOP YES VAT  
X 6 6 0  0 LDG YES 
X 1 3 7  1 ? TO YES l i A T  
X 6 6  0 3 TO YES 
x 4 o 2 L D G  FIRE Y E S  
X 6 3  G ? APP F!2E YES 

1 0 2  0 4 LDG UDF 
X 3 0 1 TO F I R E  YES 
X 6 1  1 0 LDG PAR 
X 6 3  2 1  4 2  APP F I R E  UDF 
X 1 2 7  5 ? C L I  F I R E  YES 
X 1 2 8  1 2 3  5 C L I  F l R E  PAR 
X 9 5  1 2  ? APP F I R E  YES 
X 3 3  0 0 TO YES 
X 5 0 0 L D G  F I R E  YES 
X 6 5  5 0  1 4  AP? F I i < E  PAH 
X 4 5  1 5  1 7  APP YES RAT  
X 116 2 8  7 C  APP PAP, NAT 
X 47 45 2 APP F I R E  FAR 
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nfi74hP 880 TVSES LAKE X 5 3 ? C L I  F I R E  YES 
0 2 1 1 7 0  7 0 7  STOCKTON, CA 6 0 1 LDG YES 
0 7 1 9 7 0  7 3 7  P H I L A D E L P H I A  X 6 2 0  I TO YES 
0 9 0 8 7 0  DCQ LCAJ ISV ILLE  9 4  0 0 LDG F I R E  YES 
1 7 2 8 7 0  7 2 7  ST. THOMAS X 5 5 2  11 L D G F I R E Y E S  
0 8 0 8 7 0  9 9 0  ACAPULCO X 8 0 8 LDG F I R E  YES 
1 1 2 7 7 0  DC8 ANCHORAGE x 2 2 9  4 7  4 7  r0 FIRE YES 
0 7 2 7 7 0  DC8 NAHA, OKINAWA X 4 4 0 APP PAR WAT 
0 2 0 9 7 0  CMT MUNICH X 2 3  0 0 TO F I 9 E  YES 
0 3 3 1 7 0  CVL CASABLANCA X 8 2  61 2 1  AP? F I R E  UDF 
0 5 0 2 7 0  DC9 ST. CROIX, V.I. X 6 3  2 5  2 5  LDG PAR WAT 
0 7 0 5 7 0  DC8 TORONTO X 108 1 0 8  0 LDG F I R E  YES 
C 9 1 5 7 0  DC8  JFK X 1 5 6  0 11 LDG F I R E  YES 
0 1 0 5 7 0  9 9 0  S I OCKHDLM X 10 5 ' 4  C L I  PAR 
0 7 1 9 7 0  BAC GERON4, S P A I N  X 8 5  0 3 TO YES 
1 2 0 7 7 0  BAC CONSTAMA X 2 7 1 8  ? APP UDF 
1 1 3 0 7 0  7 0 7  TEL  A V l V  X 3 0 0 TO F I R E  YES 
0 1 2 3 7 1  7 0 7  BOMBAY X 5 0 0 TO F I R E  YE5 
0 9 0 6 7 1  BAC HAMBURG X 1 2 1  2 2  ? C L I  F I R E  U 3 f  
1 2 1 5 7 1  7 0 7  URUNCHI, CHINA X 3 0 0 LDG YES 
0 5 1 8 7 2  DC9 FT.  LAUDERDALE X 10 0 3 LDG F I R E  YES 
0 9 2 4 7 2  DC8 BOHSAY X 1 2 3  0 0 LDG F I R E  YES 
1 2 0 8 7 2  7 3 7  CHICAGO MIDWAY X 6 1  4 3  1 2  APP F I R E  PAR 
1 2 1 5 7 2  7 4 7  K I A M I  X 1 6 0  0 0 LDG YES 
1 2 2 0 7 2  DC9 CH:CAGO O'HARE X 4 5  10 9 TO F I R E  YES 
1 2 2 9 7 9  L I O  M I A M I  X 1 7 6  9 9  6 0  APP F I R E  NO WAT 
0 1 7 1 7 2  DC9 ACANA X 5 1 ? APP F I R E I I D F  
0 4 1  7 7 7  VC1 A D O I S  APAUA X 1 0 7  4 3  ? TO F I R E  UDF 
m i 3 7 7  7n7 JFK 186 o o TO FIRE YES 
1 1 ? 8 7 7  DCO MOSCOW, USSR X 7 6  6 1  1 5  C L I  F I R E  UUF 
1 2 2 3 7 2  F78 OSLO X 4 5  4 0  ? APP F I 3 E  UOF 
1 2 2 8 7 2  F2R BOLBAO. SPATN X 4 0 4 LOG YES 
0 3 0 5 7 3  7 0 7  DENYEK 3 0 0 TO F I R E  YES 
0 7 3 1 7 3  RC9 BUSTOG, MASS. X 8 9  8 9  0 APP F I R E  PAR 
1 1 2 7 7 3  DC9 CHATTANYKiA X 7 7  0 5 APP F I R E  Y f 5  
1 1 2 7 7 3  DC9 AKRON, OHIO X 2 6  0 1 6  LDG YFS 
0 1 2 2 7 3  7 0 7  KHAVO, N I G E R I A  X 2 6 2  1 7 2  ? LDG F I 9 E  YES 
0 5 3 1 7 3  7 3 7  NEW DELHI  X 6 5  52 ? APP F I R E  YES 
0 6 0 9 7 3  7 0 7  R I G  DE JPNEIRO X 4 2  O G P P  PAR HAT 
1 0 2 8 7 3  1 3 7  GREENSBORO 9 6 0  0 L D G F I R E Y E S  
0 6 1 6 7 3  7 0 7  BUEilOS A I R E S  8 6  0 0 L D G F I R E  YES 
0 6 2 3 7 3  D L 8  JFK 1 2 8  0 8 LDG F I R E  Y t S  
1 2 1 7 7 3  DC9 GREtNSBO?O 9 1  0 0 TO F I R E  YES 
1 2 1 7 7 3  CC1 BOSTON X 1 5 1  0 3 L D G F I P E Y E S  
1 2 1 9 7 3  1 0 7  NEW DELHI  X 1 0 9  0 3 LDG F I R E  YES 
1 2 2 3 7 3  CVL M A I W S ,  B R A Z I L  X 5 7  0 1 LDG YES 
0 1 1 6 7 4  7 0 7  LOS ANGELES X 6 3  0 3 LDG F I R E  YES 
0 1 1 3 7 4  7 0 7  PAGO P A N ,  MI. SMIOA X 101 97 5 APP F I R E  YES 
0 9 1 1 7 4  DC9 CHARLOTTE, N.S. X 8 2  7 1  10 APP F I R E  PAR 
0 9 1 1 7 4  7 2 7  PORT0 A L K X E , E R R Z I L  7 4  0 0 L.DG YFS 
0 1 0 1 7 4  F 2 8  TURIN,  I T A L Y  X 4 2  38 4 APP F I R E  U U f  



Table 3.2-Study D8ts Base (Concluded) 

0 1 0 2 7 4  F ? 8  !ZMIR, T!!REEY Y 79 65 7 C1.I F I P E  !IDF 
0 3 1 5 7 4  CVL TEHRAN, IRkM X 9 6  1 5  ? TAX F I R E  YES 
1 1 2 0 7 4  7 @ 7  NAIROBI,  KENYA X 1 5 7  5 9  44 C L I  F I R E  PAR 
0 2 0 9 7 5  BAC LAKE TAHOE X 4 4  0 0 TO YES 
0 3 3 1 7 5  7 3 7  CASPER, WYO. X 9 9  0 1 LDG YES 
0 6 2 4 7 5  7 2 7  JFK X 1 2 4  1 1 2  1 2  APP F I R E  PAR 
0 8 0 7 7 5  7 2 7  DENVER X 1 3 4 O  1 5 C l . I  YES 
0 9 2 4 7 5  F 2 8  PALEMRANG X 6 2  2 5  7 LDG FZRE UDF 
1 1 1 2 7 5  7 2 7  RALEIGH, N.C. 1 3 9 0  1 APP YES 
1 1 1 2 7 5  DC1 JFK X 1 3 9  0 2 TO F I R E  YES 
1 1 1 5 7 5  F 2 8  NR. BUEMOS A IRES X 6 6  0 0 E 9 P  YES 
1 2 1 6 7 5  747  ANCtRRAGE 1 2 1  0 2 TAX YES 
0 1 0 2 7 6  DC1 ISTANBllL X 3 7 3 O  1 L D G F I R E Y E S  
0 4 0 5 7 6  7 2 7  KETCHIKAN X 5 7  1 3 2  LDG F I R E  YES 
0 4 2 2 7 6  7 2 0  RARRAfJQLr I L L A ,  COL . X 4 0 1 APP F I R E  YES 
0 4 2 7 1 6  7 2 7  ST. TtlOMAS, V. I. X 9 8  3 7  1 9  LDG FiRE PA2 
0 6 2 3 7 6  GC9 P I i I LADELPHIA  X 1 0 5  0 3 6  LDG YES 
1 2 1 6 7 6  880 IlIAMI X 3 0  1 T O  YES 
1 1 1 6 7 6  DC9 DENVER X 85 0 2 TO F I R E  YES 
0 3 0 4 7 7  DC8 NIAMEY, NIGER X 4 2  2 A P P F I R E Y E S  
0 3 1 7 7 7  7 0 7  PRESTWICK X 4 3 0 TO F I R E  YES 
0 3 2 7 7 7  7 4 7  TENERIFE X 3 9 6  334 6 2  TAX F I R E  PAR 
0 3 2 7 7 7  7 4 7  TENERIFE X 2 4 6  2 4 6  0 TO F I R E  YkS 
n 4 0 4 7 7  OCci NEW HOPE, GA. X 85 62 2 2  APP FIRE PAR 
0 9 2 7 7 7  DCR K U A L A  LL'MPIJR X 7!, 3 4  ? APP F I R E  [;OF 
1 0 0 2 7 7  DC8 SHANNON 
1 1 1 9 7 7  7 2 7  MADEIRA 
1 1 2 1 7 7  RAC BARILOCHE, ARG. 
1 2 1 8 7 7  CVL PADEIRA 
0 4 1 8 7 7  DC8 TOKYO 
1 1 1 7 7 7  7 4 7  JFK 
0 2 1 1 7 8  737  CRkNBEOOK, B. C. 
0 3 c i 7 e  a c i  LC: ANGELES 
0 3 0 3 7 8  DC8 SANTIAGO DE CO,VII. 
0 4 0 2 7 8  7 3 7  SAO PAUL0 
0 4 0 4 7 8  737  CHARLROI, BELG1IJI.I 
0 5 0 6 7 8  727  PENSACOLA 
0 5 2 5 7 8  3 8 0  M I M I  
0 6 2 6 7 8  DC9 IOH(;YTO 
0 7 0 9 7 8  BAC ROCHESTER 
1 0 3 1 7 9  D C l  MEXICO C! IY  
1 1 1 5 7 8  DC8 COLUMSO, SRI  LANKA 
1 2 1 7 7 8  7 3 7  HYDERASAD, I R D I A  
1 2 2 3 7 8  DCJ PALEQMO, I T A L Y  
1 2 2 9 7 8  DC8 PQRTLAND, OREGON 
0 3 2 5 7 8  7 2 0  LONDON 
0 2 0 9 7 9  DC9 M I A M I  
0 2 1 9 7 C  707  ST. LIJ!:IA 
0 3 1 4 7 9  7 2 7  C!lHA,T):\TAR 
0 4 2 6 7 9  737  MADR4S 
1 0 0 7 7 9  DCR ATHENS 

X 2 5 9  0 1 TO F I R E  YES 
X 1 6 4  128 76 LPG F I R E  PAR WAT 
X 7 9  4 5  34 APP UDF 
X 5 7  36 1 3  LDG YES WAT 
X 1 4 0  0 0 TO YES 

3 0 0 LOG YES 
X 4 9 4 2  5 L D G F I R E P A R  
X 1 9 7  2 3 1  TO F I R E  YES 
X 2 2 2  C 5 2  LOG YES 
X 4 2  0 0 LDG F I R E  YES 
X 3 O 0 LDG F I R E  YES 
X 5 8 3  1 1 W P  YES MAT 
X G O  O T O  YES 
X 1 0 7  2 ? TO PAR 

7 7  0 1 LDG YES 
X 8 7  7 0  1 7  LDG F l R E  UDF 
X 2 5 9  1 9 5  ? APP F I R E  UDF 
X 1 2 6  i 4 TO F I P E  YES 
i: 1 2 9  1 0 8  ? LDG UDF WAT 
X 1 8 6  10 2 3  APP PAR 

8 2  Q ? I DG YES 
X 5 0 1 C L I  YES 

1 7 0  0 0 APP YES 
X 6 4  45  1 5  APP F I R E  PA9 
X 6 7  O 8 LDG F I R E  YES 
X 154  14  0 LOG F i R E  YES 
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Accident c c l ~ owere categorized with r eape t  to aize m e m d  by gross weight.. The 737, DC-9, 
Comet N,BAC-111, Trident. F28 and CaraveUe form a short haul group up ta 72.5 tomes. The 
720,727,580, and 990 are incluled in the 72.5 to 113t m n e s  short haul group. The 707 and the 
DC-8 ere in the 113 to 158 tomes  narrow-My long hnul group. Wide-body aircraft such as the 
L-1011, DC-10, and the 747 are iin the over 158-tonne wide-My long haul group. 

Refemng to ligun! 3.5, i t  may be seen that each size group is repres9nted in th? d s t ~bo..e. Srnallcr 
short h a d  eirazft ' t W  appmximately 40% of the cam,larger&ort lraul goup approjrirrately 29% 
of the cases, narrow-body long h a d  group tipproximately 35% and wide-body long haul aircraft 
appmximat;ely 5%. 

Ot particuiar i n t e m t  is the effect of s h on aircraft crmh performance and survivability. Comidering 
the eff& of s a l e as in dynamic modeling, i t  might be expected that larger aircraft would fare better 
than smaller aircraft if the cresh envirorment is not scaled up. Farther, the individual occupart does 
not ecde up, bilt becomes relaf vely smaller in the larger aircraft with a correapanding improvement 
in his sur t ivd prospects. For instance,f w l a g e  structural elements such as  frames niid etrbgera are 
stronger in an abaolute sense end offer grwkr ener:y abwrbing capability for kuger commercial jet 
&raft than for snmller pro>~llerdrivenaircraft This featureprovides an illherent crashworthinem to 
the jet as compared to the pro2eller aircraft. 

A qwlitative ammment  of the accidmt data s e e m  to indicate that relative six within the jet group 
has only minor effecti; on the crash performance of commercial jet transports. In general, it takes a 
larger tree, c larger house, end a deeper or wider ditch to do equivalent damage to a !arge aircraft. 
Since no two accidents are identical, an accurate compariscn of damage between a large end small 
jet airframe cannot be made. 

There is Bome indication that there may Ix some effect of size between some s~nnller propeller- 
driven transport urmaf: m d  the current jet fleet. %accidents not included in the study datn base 
were reviewed that involve high wing propellerdriven aircraft of one generic type. In the.% arl idelzts 
the eat reupon= was different from that ot6.ervcd in surnvable jet aircraft accidents in thac many 
seats separated. Further, there were imbnces of aest "stackkg" in the forward fuselage and sent 
ejection on a large scale. These propellerdriven aircraft while smaller than the jet aircraft were 
certified to the FAR 9 g longitudinr?l dece!erotion requirement. But, because of dimcnnionsl and 
structural arrangement differences these si~.ialler aircraft present a higher impedance tc, the seats 
t h m d o  the larger jet aircraft. ThlJ may account for the different seat crab11 responw za seen by thc 
two types of airxaft .  

Accident cases were categorized w i ~ h  reupect to configuration. Emphasis was placed 011 diif~rences 
between aircraft t y p s  arid iwvice irpes. The aircraft fuselage inkrnd  cor.figurabor~ was cla~sified 
according to type of aervice, i .e.  passenger or nonpzssenger. Aloo in the internal f u x h g e  
configxntion is the preseoce o i  My fuel cells and body f m l  lines. The external configuuration 
differences are related to fuselage width, engine p!acement, landing gear, and fuel cells. 

Referring to figure 3.5, i t  may be peen that approximately 20% involve nonpamxger wrvice. 
Nonpawnger service was further divided into cargo, treining, and positioning flights. 

Regarding cargo service, a review of the accident data shows some caws where cargo shift during 
the accide~lt incue& the h a m d  to the flight :rew A notable instance is the Miami 880cccident on 
December 26, 19'36 where c ~ t t l e  pew broke loose duricg an overrun and blocked the 
cockpit doar. 
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5. Fire Hazard 

Fuel spill - tk. rupt. 

Fuel spill - Eng. sep. 

Lwr body - N. gear coll. 

Friction caused 

6. Crash environment I 
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Smooth hard terrain 
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I 
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Water - ditching or 
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Figure 3.5 - Accident Data Catagories (Concluded) 



'haining aecideuts awt frequently invo!ve enginmilt takeoff attempb. Them a&dents invo,~e 
extreme yaw w d  rolI angles with ground otrikea of wings, engines CP aft fuselage. Some accidents 
involve touch-md-go ha l ing  practice. 

The principal variatio~ in atrictcL.d mdigwitdon in in phmment cf e ~ g h e s .Approximatdy 60% of the 
accidents involve nircreet with wing mounted e n g i c ~and 37%involve aft mounted engines, while 3% 
invclve wing and aft body mounted engines. The aft mounted engines ody  separated from the 
aircraft due to high acceleration loading, while the winglpylon mounted engines separated both fmn 
high acceleratiox~and from contact with external objects. The Comet IV has eugmes niountcd 
internally in the wings wbch contained the engine~l in a crash. 

Engine placement was observed to affect the fire haz,srd. Assocktc-rlwith the sft body loc~tion is the 
breakhi  of engine fuel lines and also of body fuel lines. The wing pylon mounkd location had ia

!: addition to fuel line breaka, the rupturing of wing fuel ts& due to pylodengine eepmtion. Fires 
occurred in cnbkes internally mounted in the wing. 

The wide-bcxly long haul aircrafthove main body landing gear in addition to Lhe wingmounted gear. 
Here the crneh reswnw was Co transfer high impact bads to the fumlege structue. 

With regard to fuel cells, the Comet IV bas wing pad tarJsn. These tank.have separsced due to high 
accelerations, and have contacted exten~al objects. The aacocinted fire haz~rci wae 
tank rupture. 

TYPES OF WJIJBES 

The data base cont& 119 accidmts or 67% i~volving fatalities and/or ~ ~ r i o u sinjury. For tKw 
otudy t5c NTSB defiiitione (s= app. A) have been extended further to identify the cause of t h a  
fatalitylinjq. Trauma is taken to S e a n  that the fatditylinjury ifi caused by mechanicttl forcps 
uuch r,8 ilertie forceo reoultiny: from high .wxleratione or from impact with t h e  surrounding 
structure. Firelsmoke is awigned to thosc fn8EtiesiLnjuriw '&fitresult from hm;, inhalation of 
hot gases. flrnokr? or noxious fumes. h ccne cases, peesengem me presmacl ti, h w ,  r k e i v d  
trauma izjuries that prevented or slowed down their epees and as a result they djea of omoke or 
flrunea. For t!me acc:ideuts where the nircralrt sbpped in water, fatalitiee due to drowning are 
identified. No attempt has been made to identify injuliea (chemicd burns) due to contact with raw 
fuel although some i n s h c e s  have occurred in both land and warer accidents. 

Referring to figun.3.5,i t  may beaeen tbat a p p r o ~ h t e l y35% of the accidents ilvdve fatdt im due in 
truurua, 37%iuvolve firelr;mclre, and 6% involve drowning. With respect to the m-ioua i n j~u ies ,60% 
invcrlve trauma, and 30% involve firelcrnolce. Tt should t~ noted that Borne accjdcnts may invohe 
combhatjonn of the a h v e  c ~ u x nof icjuy. 

Five operational p l i e s  were used for grouping the accidente. These are takeoff, clircb, apyronch, 
landing, end tmi.  Referring to figure 3.6, it may be wen that takeoff involved 22.596, climb 
involved 7.0%,appmnch invclved 30.596, landing involved 37.196 and taxi involved 2.0% of the 
accident caws. 

The grouping^ by operationel pkro.se are givivr.n ir:table 3.3 with n brief dexription of the accident. 
From tllr!ae data, the wmp!exity of the accident3 may b observed. W e  frequent:ly there 82-e 

common factors bnitween accideilts, when the details are coilsidered each a~xidentis n 
separate event. 



(a
) 

Ta
ks

of
f 

(5
) 

C
lim

b 
(c

) 1:; 
A

pp
ro

ac
h

p
&

p
'"

il 

O
ll

?
5

l 
K

R
 JF

K 
X

I
0

5
4

 
TO

 
F

IR
E

P
A

2
 

AB
O

RT
ED

 
AT

 V
1-

O
VE

RR
AN

-.H
IT

 
BL

AS
T 

FE
NC

E-
CR

O
SS

ED
 

G
LV

D
-K

IL
LE

D
 

FL
T 

DE
CK

 
CR

EW
 

07
77

61
 7

07
 H

A
H

R
IP

G
 

w 
a1

 o
 

10
 T

O
 

FI
RE

 
YE

S 
VE

ER
ED

 
OF

K 
Ri

JN
'rlA

Y 
-S

EP
AR

AT
ED

 
G

EA
R,

 
t2

 6
 $

3
 E

NG
. 

BR
OK

E 
FU

SE
-F

IR
E 

BO
TH

 '
dI

G
S 

0
6
0
3
6
7
 7

97
 

PA
R

IS
, 

CC
LY

 
x

i
~

1
3

n
2 T

O 
FI

R
EU

D
F 

O
VE

RR
UN

-B
RA

KE
 

FI
R

E
-L

N
G

 
SE

P.
-F

IR
E 

L
T

 K
IN

G
-R

M
G

 
SE

P.
-1

2 
EN

D 
SE

P.
-T

k'R
, 

E
L6

 
O

R
70

57
 D

CE
 R

IO
 O

E 
JA

N
IE

R
O

 
X 

10
5 

15
 

? 
TO

 
YE

S 
H

AT
 

AB
O

RT
ED

-O
VE

RR
UN

-L
O

ST
 

TH
RU

ST
 

RE
VE

RS
ER

S-
HI

 T
 F

ES
CE

, 
RO

AD
-E

NT
ER

 
W

A1
 E

R-
Ul

iO
i.'

flI
fi6

5 
11

73
E~

t
7

0
i 

ED
??

€ 
X 

73
 4

8 
20

 T
O

 
F

IR
F

 Y
ES

 
A

G
O

ai
E

ib
V

E
E

R
iD

 O
FF

 
RU

NW
AY

-H
IT

 
S

TR
E

W
 R

O
LL

ER
 B

W
D 

LO
ST

 6
4 

EN
G

-F
UE

L 
FI

R
E

. 
EX

PL
O

SI
O

N
07

0C
66

 D
CE

 A
iJ

CK
LA

ND
 

X 
5

2
 

1 
TO

 
F

IR
E

P
A

R
 

EW
G

IN
E 

GU
T 

TR
AI

N
IN

G
-R

T.
 

W
II

G
 H

IT
 G

RD
-A

/C
 

BR
O

KE
 U

P 
03

26
66

 E
9C

 T
OK

YO
 

X 
5 

5 
G 

TO
 

F
IR

E
 Y

ES
 

Et
lG

IN
E 

OU
T 

1R
AI

tjI
W

G
-V

EE
R

ED
 

O
FF

 R
tit

iW
AY

-H
IT

 
D

IT
C

H
-L

O
ST

 
GE

AR
. 

EN
G

Iti
E5

-li
Il$

G
 

FI
R

E 
11

06
67

 7
13
7 

C
IK

IN
N

A
T

I 
X 

36
 1

 
2 

7
0

 
F

IR
E

 P
AR

 
AB

OW
TE

G 
AT

 
'J

1-
O

W
?R

AW
-L

@
ST

 
V

A
IN

 G
EA

R-
A/

C 
Ct

Zi
AG

ED
 

IN
 S

LI
D

E
 G

UT
-W

!N
G 

X
E

M
-F

IR
E

11
05

67
 e

2G
 K

IN
5 

KO
nG

 
X 

13
7 
!
 

? 
TO

 
YE

S 
U

AT
 

A8
3R

T-
VE

ER
ED

 
O

FF
 R

iii
iW

AY
 

If
iT

O
 B

AY
-F

US
EL

AG
E 

BR
G

KE
 &

 S
NK

.D
RO

W
NI

NG
12

27
68

 O
C9

 
S!

OU
X 

C
IT

Y
 

X 
66

 0
 

3 
TO

 
YE

S 
AZ

O
RT

ED
 A

T 
Y

1-
S

LI
D

E
 

O
FF

 R
CZ

UA
Y 

IH
iO

 T
RE

ES
 

. 
. 

G
3?

!5
5 

72
7 

CH
IC

AG
O

 
X 

3 
0 

1 
TO

 
F

IR
E

 Y
ES

 
kS

G
2T

iD
 A

T 
V2

-O
VE

R
R

hN
-H

I 
7 

D
IT

C
H

-B
R

O
KE

 
LT

. 
W

IN
G

, 
FU

SE
LA

G
E-

14
 

EN
G.

 
~
E
P
.
 

01
14

69
 3
4C
 

t4
II

A
N

 
X 

33
 0

 
0 

TO
 

YE
5 

LO
ST

 P
C

S'
Ef

i 
T 

V2
-W

HE
EL

S 
U

P.
LD

G
.-

SL
ID

 
!N

TO
 

TR
EE

S 
O

il
9

7
0

 7
37

 P
H

IL
A

D
E

LP
H

lA
 

X 
6?

 3
 

1 
7

0
 

YE
S 

LO
ST

 P
O

W
%

-d
VE

RR
AN

-C
EA

9 
FA

IL
E

D
, 

81
 E

NG
. 

X
P

, 
il

 T
AN

K 
RU

PT
UR

ED
11

27
70

 0
C

8 
At

iC
W

Kk
G

E 
X 

22
9 

47
 

47
 T

O
 

F
IR

E
 Y

ES
 

AB
O

RT
ED

-H
IT

 
D

IT
C

H
 A

ii"J
'!i?

EN
NA

 
TO

UE
R-

A/
C 

LO
ST

 P
AR

TS
-F

US
E.

 
BR

O
KE

-F
IR

E
C

ZD
97

0 
C

M
I 

W
ilE

i[C
H 

X 
2

3
 0

 
0 

TO
 

F
IR

E
 Y

ES
 

AB
O

RT
ED

-H
IT

 
FE

tiC
E-

G
EA

R 
SE

P.
-F

IR
E 

It
i 

RT
. 

W
IM

S 
C

f 1
91

0 
YA

L 
GE

RO
GP

., 
S

FA
IN

 
X 

t?5
 

0 
3 

TO
 

YE
S 

AB
O

RT
ED

-O
VE

KR
AX

-H
IT

 
20
 F

T.
 

H
IG

H
 E

t%
3A

tiK
M

EN
T

11
30

79
 7

07
 

TE
L 

A
V

IV
 

X 
3 

0 
0 

7
0
 

F
IR

E
 Y

ES
 

H!
T 

A
IC

 U
NS

CR
 

T0
U-

LO
ST

 
C

N
G

IN
LS

 A
ND

 G
Ek

R 
IN

 S
LI

D
E

 O
UT

 
3

1
2

j7
1

 7
07

 B
OM

BA
Y 

X 
5 

0 
0 

TO
 

F
IR

E
 Y

ES
 

EN
G

IN
E 

OU
T 

1R
AI

N
IN

G
-L

O
S1

 
P

O
W

K
-T

A
IL

 
H

IT
 R

UN
NA

Y-
VE

ER
ED

 
IY

X
 R

OU
GH

 :
ER

RA
IM

 
12

25
72

 C
C

~cn
ic

nc
o 

O
'H

AR
E 

K 
4

5
 1

0 
9 

TO
 

F
IR

E
 Y

ES
 

H
IT

 C
i'G

hO
-1

M
PA

C:
ED

 
RU

N'
rlA

Y-
SK

16
O

EG
 

8
0

0
 F

T.
 -

FI
R

E
 

IN
 R

U
Pi

U
C

ED
 F

U
EL

 L
IR

E
S

 
34

17
72

 Y
C

1 
P.

0D
IS

 
AB

AB
A 

X 
10

7 
43

 
7 

TO
 

F
IR

E
 t

i%
 

iO
S!

 
PP

di
R

-A
BQ

R
TE

D
-O

VE
R

2k
N

-
OV

ER
 

ST
EE

? 
BA

NK
--H

;T
 

IL
S

 T
O

W
ER

-I
W

AC
TE

D
 

C4
D.

 
C0

1;7
2 

70
7 

X
K

 
la

6
 o 

o 
TO

 
FI

RE
 

YE
S 

AC
O

R~
ED

-O
V~

KR
A:

I-I
!IT

 
O

LA
ST

 
FE

NC
C-

BI
IU

KE
 

LC
FT

 K
IN

G
 -

IR
E

 
03

05
73

 i
O

7 
DE

hY
CR

 
3 

0 
0 

TO
 

F
IR

E
 Y

ES
 

? 
EN

C 
C
I
W
Y
 F

LY
-I

T
 H

IN
G

 H
IT

 G
R

D
-A

IC
 

\'E
E2

SD
 

S
F

 '.'
W

AY
 

!Z
IT

13
 

K
9

 G
RE

EG
SB

UR
O 

91
 0

 
0 

TO
 

F
IR

E
 Y

ES
 

LO
ST

 F
O

itR
-A

30
R

TE
D

-V
EE

R
ED

 
O

FF
 

RU
NU

AY
-L

M
ti 

FO
LG

ED
-L

T 
W

IN
G

 T
AN

K 
RU

PT
UR

ED
02

09
75

 8
AC

 L
AK

E 
TA

HO
E 

X 
44

 G
 

0 
TO

 
YE

; 
H

IT
 S

KO
W

 B
;X

-V
iE

KE
Cl

 
O

FF
 R

UR
UA

Y-
KT

 H
IH

G
. 

RY
G

, 
i(G

 
SE

P
:W

W
I

11
12
75
 G

Cl
 

JF
K 

X 
13

9 
0 

2 
TO

 
F

IR
E

 Y
FS

 
inG

Ifit
 

D
iS

iN
iE

G
R

,lT
ED

-A
BO

R
TE

D
-F

IR
E 

I3
 E

NG
-W

EN
T 

O
FF

 T
AX

ib
i'A

Y-
8T

 
K

IN
G

 L
O

ST
 F

U
E

L 
1?

:6
/5

 
F

a0
 N

IP
J<

I 
X 

3
0

 
1

7
0

 
YE

S 
FU

D
 C

G-
AS

OR
TE

D-
OY

EH
RC

N-
5T

::P
F.

F!
! 

1%
 C

?.N
AL

 
16
76
 

D
C

s 
DE

NV
FR

 
X 

8
5

0
 

2 
TO

 
F

IK
E

Y
iS

 
ST

AC
I 

kT
 4

'X
-A

BO
it?

iO
-V

EE
9E

D 
O

FF
 R

L'
tiy

!A
Y-

HI
T 

D
iT

C
H

C
S 

AN
0 

PO
LE

S-
TA

IX
 

RU
PT

UR
E

33
17

77
 7

07
 P

R
ES

IY
IC

Y.
 

L 
I 

0 
0 

TO
 

F
IG

€ 
Y

1S
 

EF
:G

IK
E 

SJ
T 

E
A

;iA
:F

iI?
;G

-L
A

R
G

E
 

YA
W

 
& 

R
O

:L
-A

/C
 

H
IT

 G
R

3-
S

LI
D

 O
UT

 L
O

SI
N

G
 G

EA
R 

h 
ER

PJ
IN

E
11

:7
?7

7 
74

7 
TE

tI
f2

IF
F 

1 
24

5 
24
6 
0
 

TO
 

F
IR

k 
YE

S 
h/

C
 

H
IT

 r
M

 2
47

-C
.ll

ST
 

Lt-::'. 
A::D 

17
7 

E
ll>

.-
H

IT
 

RU
tiV

AY
 A

YD
 O

UR
iiE

O
 

!0
iX

':?
 

X
8

 S
H

AN
N

O
N

 
X 

25
9 

0 
1 

TO
 

F
IR

E
 Y

ES
 

W
EE

i. 
FA

IL
'J

RF
-A

BO
RT

EC
-R

T 
XA

IN
 i

A
3

k 
PC

'N
CI

UR
E-

FU
EL

 
FE

U
 F

IR
E

 
W

li
ii

7
 K

8
 T

M
Y

O
 

X 
1

4
0

 0
 

0
 

TO
 

YE
S 

Vt
!n

C
D

 
O

il
' 

RI
IF

!W
AY

-L
OS

T 
AL

L 
CE

AI
? 

AN
D 

EK
G

IN
ES

C
Z0

17
B

 D
C

1 
LO

5 
A%

CE
LE

S 
X 

19
7 

2 
3

1
 T

O
 

F
IR

E
 Y

ES
 

AP
O

RT
EG

 A
T 

V1
-O

VE
RR

III
I-I

XG
 

SE
P.

, 
RU

P;
UR

F3
 

T
F

X
S

 
05

25
7C

 8
8

0
 k

il%
Y

I 
X 

6
0

 
O

T
O

 
YE

S 
FW

D 
G.

C.
 

?R
GB

LE
X-

A,
'C

 
O

VE
RA

UN
 A

tiD
 5

iC
?:

!. 
'. 

05
26

28
 D

C
9 

TO
RO

NT
O 

X 
10

7 
2 

? 
TO

 
PA

R 
LO

ST
 "

O
UE

H-
CV

ER
RA

ti-
Cq

AS
HE

O
 

IN
TO

 5
1 
i
l

5.
:. 

. 
'A

'i
fN

E
 

12
17

78
 7

37
 H

YD
ER

AS
AD

, 
iN

D
IA

 
X 

12
6 

1 
4 

TO
 

F
IR

E
 Y

ES
 

A!C 
ST

AL
LE

D
-A

S0
2T

EO
 

SH
EE

LS
 U

P-
Si

PA
R

AT
Et

i 
8;:

1X
 

£&
$-

FI
R

E 
ST

AR
TE

D 
L

T
 U
IN

G 
H=

 
3

5
 



-
Ta

bl
e 

3.
3-

A
cc

id
en

ts
 b

y 
O

pe
ra

rio
na

l P
ha

se
 (C

on
tin

ue
d)

 

(b
) 

C
lim

b 

1
7

7
1

6
1

 
fM

T 
AN

KA
PA

 
X 

34
 2
7 

6
 

C
LI

 F
IR

E
 U

O
F 

ST
AL

L-
H

AR
D

 
IH

PA
C

T 
FR

O
H 

45
0 

FT
. 

AL
TI

TU
D

E 
n

-1
13

fir
jp

an
 K

FY
M

IS
 

CI
TY

 
X 

4 
0 

0
 

C
LI

 F
IR

E
 Y

ES
 

ST
AL

L-
IW

R
O

 
IH

PA
C

T-
EN

G
 

OU
T 

TR
A

IN
IX

G
 

n
e

w
?

 70
: 

LC
N

W
 

X 
17

7 
5 

? 
C

LI
 F

IR
E

 Y
ES

 
12

 E
YG

 O
IS

IN
TE

G
R

AT
E-

LO
ST

 
I2

,-
FI

R
E

-F
A

IL
E

C
 

TO
 

SH
UT

 O
FF

 F
U

E
L 

VA
LV

E-
FI

R
E 

D
EA

TH
S 

n:
w

a 
7n

i 
UI

M
:K

~~
K

 
X 

12
R 

17
3 

5 
C

L
I 

F
IR

E
 P

AR
 

A/
C 

FL
EW

 
IN

TO
 G

RD
-F

US
EL

AG
E 

W
R

K
E

-6
 

SU
R

VI
YO

R
S 

BE
H

IH
D

 C
O

C
KP

IT
 

t6
-G

A
9

 
cO

O
 P

O
SE

5 
LA

KE
 

-
-

-
-

x 
5 

7 
7 

C
LI

 
F

IR
E

 Y
ES

 
EN

G
IN

E 
W

T
-T

R
A

IN
IH

~
-A

IC
 H

I! 
ON

 R
T.

 
U

IK
G

-S
LI

D
 

30
00

 F
T.

-F
IR

E 
0!

25
7f

i 
99

l7
 S

TQ
CK

HO
LM

 
PA

? 
3 

EN
G 

FE
RR

Y 
F

LI
G

H
T

-I
W

A
C

T
 

TR
EE

S,
GR

O 
W

IT
H

 W
IN

G
-F

U
SE

LA
G

E 
AF

T 
OF

 
C

O
tK

P
iT

 D
ES

TR
O

YE
D 

C
9
X
7
1
 B

AC
 l

IP
~s

3V
rlG

 
X 

12
1 

22
 

? 
C

L
I 

F
IR

E
 U

O
F 

LO
ST

 A
LL

 F
OW

ER
 A

T 
16
5 

FT
-S

TE
EP

 
BM

K-
C

R
AS

tlE
O

 
OR

 
W

TO
B

A
N

-H
IT

 B
R

ID
G

E 
!1

?9
i2

 
OC

B 
YO

SC
OU

. 
US

SR
 

X 
76

 6
2 

1
5

 C
L

I 
F

IR
E

 U
O

F 
ST

AL
L 

DU
E 

TO
 F

LA
P 

R
ET

R
AC

TI
O

N
 

Ci
02

74
 F

2R
 

rZ
M

!R
, 

TU
RK

EY
 

X 
72

 6
5 

7 
C

L
I 

F
IR

E
 U

O
F 

AT
 
33
 F

T 
BA

IiK
EO

 
LE

FT
 A

N
0 

CR
AS

HE
D-

PR
O

BA
BL

Y 
ST

AL
L 

11
20

74
 7

37
 

K
A

IR
O

B
I.

 
KE

N
YA

 
X 

15
7 

59
 

44
 C

LI
 F

IR
E

 P
AR

 
HO

SE
 H

IG
H

 S
TA

LL
-A

FT
 

FU
SE

LA
G

E 
H

IT
 E

LE
VA

TE
D

 B
O

AO
-A

/C
 

BR
O

KE
 U

P 
C8

07
75

 
72
7 

DE
NV

ER
 

X 
13
4 

0 
!5 

C
L

I 
YE

S 
W

IN
O

 
SH

EA
R

-S
TA

LL
 

02
03

7Y
 U

C9
 M

Im
I 

X 
5

0
 

1
 

C
LI

 
YE

S 
EN

G 
Oi

JT
 

TR
AI

N
IN

G
-W

IN
G

 
H

IT
 G

RO
 



Ta
bl

o 
3.

3-
A

cc
id

en
ts

 b
y 

O
pe

ra
tio

na
l P

ha
se

 (
C

on
tin

ua
d)

 

(c
) 

A
pp

ro
ac

h 

1
n

io
s9

 7
37

 o
sn
, 

W
AS

HI
NG

TIN
 

X 
8

4
 
0
 

A
P

~
F

~
R

E
P

A
R

Y
A

TA
TT

EM
PT

ED
 C

RA
SH

 L
DG

 I
N

 R
IV

E
R

-H
IT

 
TR

EE
S-

FU
D

 
FU

SE
LA

G
E 

DE
ST

RO
YE

D 
08

77
5?

 
CU

T 
AS

CU
NC

IO
N 

X 
50

 2
 

AP
P 

U
D

i 
IN

ST
R

U
XE

N
T 

CP
PR

O
AC

H-
TO

VC
HD

O
HN

 5
.5

 
K

IL
E

S
 F

RO
M

 R
UN

M
AY

 
07

03
63

 C
Vl

. 
CO

RD
CI

BA
, 

AR
G

EN
TI

N
A 

X 
70

 0
 

7 
AP

P 
F

IR
E

 Y
ES

 
S

M
R

T
-H

IT
 

TR
EE

S.
 

TA
NK

S 
Ri

JP
TU

RE
. 

F
IR

E
-H

IT
 R

AI
LR

O
AD

 T
RA

CK
S-

LO
ST

 
6E

AP
 

O
jr

V
65

 7
21
i 

i.
r\

i~
i)

 
X 

12
7 

12
1 

5 
A

P
D

 
F

IR
E

 U
0.

C 
H!

G
ti 

R
AT

E 
O

F 
D

ES
C

EN
T-

IW
AC

TE
D

 
HI

:.L
 

IN
 L

E
FT

 T
IJ

R
N

-U
IR

VJ
YD

R
S 

EJ
EC

TE
D

 
11

08
55

 7
27

 C
lH

C
lK

N
A

TI
 

X 
62

 5
9 

4 
GP

P 
F

iR
E

 F
AR

 
IW

kC
T

E
O

 W
;#

)D
ED

 S
IL

L-
A

IC
 

ER
O

kE
 U

P 
03

02
66

 E
L8

 T
OK

YO
 

72
 6

4 
8 

AP
P 

F
IR

E
 U

DF
 

b':
KO

SI
IE

AR
-A

/C
 

H
IT

 A
P

P
R

D
K

H
 L

IG
H

TS
 A

ND
 

SE
AS

AL
L-

SU
R

VI
VO

R
S 

EJ
EC

TE
D

 
05

3n
hG

 T
R

I 
XU

h'
AI

T 
i 

83
 0

 
0 

BP
P 

YE
S 

LA
%

O
ED

 I
n 

%
HE

Y 
S

IC
-X

P
A

R
A

T
E

D
 G

EA
R-

M
IN

O
R 

FU
EL

 
S

P
IL

L 
lt

%
'6

6 
V:8

 
H

EX
fC

D
 C

IT
Y

 
X 

i1
D

O
 

6 
AP
P 

F
IR

E
Y

E
S

 
U

il
D

E
D

 I
II 

LR
Y 

LA
KC

 I
IE

D
-H

IT
 

3F
T 

H
IG

H
 R

OA
D.

 
SH

ED
 N

.G
.-F

US
EL

AG
E 

BR
OK

E 
02

!5
66

 
CY

L 
NE

W
 

DE
LI

11
 

X 
0

1
 2

 
14

 P
PP

 F
IR

E
 Y

ES
 

R
/C

 
H

IT
 C

E#
rN

T 
P

IL
L

A
R

-W
jl

 F
A

IL
E

D
-M

IH
G

 T
AN

KS
 R

U
PT

U
R

ED
-F

IR
E 

11
20

57
 8

50
 C

It
iC

IN
N

A
TI

 
X 

82
 7

0 
12

 k
D

F 
F

IR
E

 P
AR

 
IW

A
Z

T
E

D
 W

D
E

D
 H

IL
L-

A
/C

 
BR

OK
E 

UP
 

03
05

57
 D

C8
 H

G
NR

O
VI

A 
X 

'30
 

51
 

23
 A

PP
 

F!
RE

 
UD

F 
H

IG
H

 R
AT

E 
OF

 
DE

SC
EN

T-
LO

ST
 

EN
G

IN
ES

 A
J4

D 
G

EA
R

-H
IT

 
SE

VE
RA

L 
IiW

S
E

S
-F

IR
E

 
U

'J
J0

67
 C

VL
 

W
N

G
 K

ON
G 

X 
6

9
1

7
 

5 
AP

P 
YE

S 
W

AT
 

Sr
D

R
T.

 
IN

 W
kl

ER
. 

HO
SE

 U
P-

A/
C

 
FU

SE
iA

G
E 

BR
O

KE
-A

/C
 

SA
NK

-P
AX

 
DR

OW
NE

D 
9

6
1

3
t8

 7
07

 L
N

C
U

lT
A

 
X 

63
 6

 
2 

AF
'P 

F
IR

E
 Y

ES
 

S&
B)R

T:IIIT
 

~
R

E
E

s.
N

~
o

 t3
0i

lS
E 

TO
PS

-L
O

ST
 

G
EA

k 
m

il 
3 

Et
iG

iN
ES

-F
U

EL
 

LE
AK

-F
IR

E 
C7
i5
69
 

72
7 

T
A

IP
E

I 
X 

63
 i
l 

42
 W

P
 F

IR
E

 U
DF

 
S

liO
R

T-
H

IT
 

TR
EE

S,
 

FA
RH

 H
GU

SE
. 

m
i
 

TR
EE

S-
AI

C
 

BR
O

KE
 U

P 
AK

D 
BU

RH
ED

 
r1

2
r 
'i

e
.J

. 
69
 

O
C8

 P
1I

Lt
lY

 
X 

95
 

12
 

7 
AP

P 
F

IR
E

 Y
ES

 
U

!#
D

S;
iE

AR
-H

IL
O

 
IW

A
C

T
 O

N 
H

IL
L 

W
IT

H
 T

R
C

ES
-A

/C
 

IN
TA

C
T-

FU
EL

 
S

P
IL

L,
 

EN
G

IN
E 

F
IR

E
 

O
iO

55
5 

:27
 

LO
H

N
N

 
G

A
TY

IC
K

 
X 

65
 5

0 
i4

 P
FP

 F
IR

E
 P

AR
 

S
M

R
T

-H
IT

 
TR

EE
S,

 
KI

U
SE

 A
/C

 
O

IS
lK

TE
G

fiA
TE

D
 

IN
 S

LI
D

E
 W

T
-F

IR
E

 
01

13
59

 0
C

8 
LO

S 
4N

G
Ei

ES
 

X 
4

5
1

5
 

1
7

W
?

 
Y

E
S

W
A

T 
IE

?P
.C

T 
Sh

iiT
A 

tfO
iiI

C
A

 C
AY

-A
/C

 
FU

SE
LA

G
E 

GR
OI

CE
 R

HD
 Z

RN
K-

PA
X 

CR
O

KN
ED

 
L3

?1
69

 '
27

 
kC

X
iC

O
 C

IT
Y

 
X 

11
8 

28
 

78
 i

3
P

 
PA

P,
 H

AT
 

IW
A

C
T

 S
l"R

7 
IN

 S
HP

LL
OW

 L
A

K
E

-S
LI

D
 
9%
 

F
T

 M
O

 H
IT

 1
0 

F
T

 H
IG

H
 R

R 
BE

D-
Af

C 
ER

M
E 

UP
 

O
%

ii
C

9 
C

4C
 l

'.~
31

LA
 

X 
47

 4
5 

2 
PP

P 
F

IR
E

 P
AR

 
H

IT
 H

IL
L-

SU
R

VI
VO

R
S 

EJ
EC

TE
3 

07
27

70
 0

CP
 

hA
rA

, 
O

KI
HA

W
P.

 
X 

C
4

 
O

W
P

 
PA

X 
HA

T 
IW

A
iX

O
 t!

AT
ER

-A
/C

 
ER

O
KE

 U
P-

2 
CR

EV
 T

R
AP

PE
D

 
IN

 C
O

C
KP

IT
 D

ciO
M

HE
D 

03
3:

iO
 
CY

? 
CA

SA
SL

AN
CA

 
X 

i?
2 

61
 

t
i 
kr
'o
 

F
IR

E
 U

O
i 

h!
i 

H
IT

 P
OW

E9
 

LI
N

ES
, 

IW
A

C
TE

D
 O

H 
H

IG
W

AY
-G

O
U

YC
EO

 
IN

 B
AL

L 
OF

 
FL

IV
SE

-F
US

EL
AG

E 
12

07
70

 B
PC

 
C

O
N

Si
AN

A 
X 

2?
 

16
 

? 
FP

P 
U

SF
 

1?
C

57
2 

73
7 

CN
IC

AG
O

 K
IU

W
AY

 
X 

6;
 

43
 

1
2

 A
PP

 
FI

K
E 

PA
R 

S
T

A
LL

E
D

-I
R

X
T

E
D

 M
U

S
E

S
 A

ND
 

S
E

E
S

-A
/C

 
BR

O
KE

 U
P

-i
IR

E
 

17
29

77
 L

IO
 H

IW
: 

AP
P 
F

I
R

E
 

IW
A

C
IE

D
 I

N
 E

VE
RG

LA
DE

S-
A/

C 
DI

SI
NT

EG
!lA

TE
D-

HO
ST

 
SU

R
VI

VO
R

S 
EJ

EC
TE

D
PR
9 

W
AT

 
!:G

A
C

TF
D

 
W

 
iB

YI
fi<

:h
D

 
LC

G
 .

AH
0 

BU
RN

ED
Il
l7
1

77
 

K
g

 4
0

A
M

 
iw

 F
IR

E
 7

ES
 

-
-

-
-

-
'.?

7?
;7

 
F

7
P

 
DS

LO
 

RP
F 

F
IR

E
 U

DF
 

A/
C 

IW
A

C
T

E
D

 I
N

 F
R

E
S

T-
D

IS
IN

TE
G

R
A

TE
D

 A
ND

 B
UR

NE
D 

1-
17

31
 7

3 
O

CQ
 

P,
O

ST
O

Q
, 

9-
4s

. 
AP

P 
F

IR
E

 P
AR

 
A/

C
 

H
IT

 S
E

C
Y

K
L 

AY
D 

(II
SI

N
TE

G
R

AT
ED

 A
ND

 B
UR

NE
D 

1
1

2
7

7
3

 C
!Co

 
CH

AT
TA

KC
CI

G
A 

AF
P 

FI
R

E 
VE

s 
H

IT
 @

.!V
~"

O
AC

~~
JG

ilT
S-

LT
 

W
IN

G
. 

EN
G

IN
E 

A
H

0 
G

EA
3 

sE
?P

AR
AT

fD
-F

US
EL

%
E 

C5
3:
:3
 

73
7 

M
EW

 O
fi

H
I 

AP
P 

F
IR

E
 Y

ES
 

Sl
Q

R
T-

H
IT

 
r[%

LD
ER

S-
SE

P 
G

U
8,

 
RT

 Y
!tI

C,
 

f2
 E

N
G

IN
E-

FU
SE

LA
G

E 
BR

O
KE

 A
QO

 B
UR

NE
DI

 

1
~

3
7

1
370

7 
R

IG
 D

t 
JA

K
E

IR
O

 
AP

P 
PA

R 
3.4
: 

I;
I~

Y
~

H
T

E
#

T
 YO

:L~
R:-

AIC
 

8
1

1
 W

PR
O

AC
H

 L
iG

!i
T

S
-i

R
A

C
T

E
D

 
W

ftT
ER

 
O

1!
!7

4 
70

7 
PA

GO
 P

AG
O

, 
A

F.
 

SA
M

OA
 

AP
P 

F
lR

E
 Y

ES
 

A
IC

 H
IT

 1
ZE

ES
. 

LA
VA

 H
A

LL
, 

PA
D 

O
IT

C
H

-T
AN

KS
 

Fr
U

PT
L'

9E
D

-F
IR

E 
0

9
il

i4
 3

C
9 

CH
A2

LG
TT

E.
 

H.
C.

 
X 

E2
 7

1 
10

 A
PP

 
F

IR
E

 P
A

2 
A

IC
 

LA
H

i)F
D

 
1%

 F
IE

LD
. 

H
IT

 T
R

EE
S-

SE
PW

I4
TE

D
 

GE
AR

 
H

i0
 Y

IN
G

S-
IM

PA
C

TE
D

 
G

U
LL

E
I-

i 'I
R

E
 

01
01

74
 F

Z
0 

TD
R

IM
, 

iT
A

iY
 

X 
42

 2
9 

4 
AP

P 
F

iR
i 

UO
F 

!!
B

K
T

 
5W

T-
FU

S
E

LA
G

E
 

BR
OK

E 
M

ID
 B

U?
NE

O
 

06
14

75
 

72
7 

JF
K 

X 
12

4 
11

2 
1

2
 f

V
P

 F
iR

E
 P

A
9 

H
If

i3
S

tl
iA

R
-H

IT
 

W
Fi

lO
AC

H
 L

IG
H

TS
-A

/C
 

BR
O

KE
 U

P 
ll

1
2

7
5

 7
27

 R
AL

EI
SH

, 
N.

C.
 

!3
S 

0 
1
 

AF
P 

YE
S 

I!I
3D

SH
FA

R
-W

\R
O

 
I'?

AC
T 

11
15

15
 F

28
 H

K
. 

3v
En

0:
 

A
IR

E
S

 
X 

66
 

0 
0 

AP
P 

YE
S 

A/
C

 
H

IT
 I

R
EE

-L
U

ST
 

G
EA

? 
AN

0 
LT

 W
IN

G
 T

IP
 O

N 
GR

D 
IW

A
C

T
-H

IT
 L

AR
G

E 
TR

EE
 

&
12

?7
6 

72
0 

B
M

K
l\f

iO
U

IL
LA

. 
CO

L.
 

X 
4 

0 
1
 

w
P 

F
lR

E
 Y

ES
 

A
fC

 
H

i7
 T

RE
ES

-L
O

ST
 

60
TH

 Y
IN

G
S-

FU
SE

LA
G

E 
BR

O
KE

 
ti

j0
4

Il
 

U
C

e 
N

lK
+E

V
. 

N
IG

ER
 

X 
4 

2 
2 

W
P

 F
IR

E
 Y

ES
 

S
G

Z
T

-H
IT

 
O

IT
C

dE
S-

A/
C

 
BR

O
KE

 U
P 

IN
 S

LI
D

E
 

U
40

47
7 

D
L9

 6
EW

 
tW

E
, 

G
A.

 
X 

85
 6

2 
22

 A
PP

 
F

lR
E

 Pi
% 

LA
iiD

E
D

 O
H 

H
IG

H
N

AY
-H

IT
 

TR
EE

S,
 

PO
LE

S.
 

CA
qS

. 
BU

IL
D

IN
G

S.
 

F'
JS

EL
AG

E 
BR

O
KE

 F
IR

E
 

@
27

!i 
CC

R 
LU

AL
A 

LU
H?

UR
 

X 
73

 
24

 
? 

AP
P 

F1
P.

E 
UO

F 
CR

AS
HE

I! 
IX
 

EU
CS

ER
 P

LP
AT

AT
IO

11
 

11
21

77
 

BA
C 

tlG
TI

LO
C

H
E,

 
AR

G
. 

X 
79

 4
5 

34
 W

P
 

CC
F 

IE
P

X
T

E
D

 R
CC

KY
 P

??
EA

 
17

ie
77

 C
VL

 F
ir\

Q
EI

R
A 

L 
57

 
36

, 
13

 A
?P

 
YE

S 
VA

T 
A/

C
 

T;
;liC

tlE
D 

N
t'

H
 I

N
 X

Ai
ER

-F
LO

AT
ED

 
5 

M
IM

U
TE

S-
PA

X 
@

!?O
W

NE
D 

O
5I

t3
78

 7
27

 P
EH

XC
O

i.4
 

5 
9

3
3

 
li

 W
P

 
YE

S 
M

AT
 

IW
X

T
E

O
 W

TEQ
. 

1%
 W

FR
O

AC
H

 P
TT

IT
U

O
E-

FA
X 

DR
OH

NE
O 

!1
15

78
 O

C8
 C

O
LL

'M
80

, 
SR

: 
LA

SK
A 

X 
25

9 
19

5 
7

AJ'
P 

F
IR

E
 U

D
i 

C
PW

t4
ED

 
1%

 T
HU

HD
EZ

ST
O

RM
-H

IT
 

C
K

O
ii

U
i 

TR
EE

S-
H

O
ST

 
SU

R
VI

VO
R

S 
F

R
m

 A
FT

 
SE

C
TI

O
N

 
12

29
78

 D
C

8 
Pi

lR
Ti

Al
i1

).
 

O
RE

G
O

N 
X 

16
5 

10
 

23
 h

PP
 

Pa
 

RA
N 

W
T

 CF
 X

IE
L-

ti
lT

 
PO

LE
S,

 
B

LY
XS

, 
IjO

US
ES

. 
TR

EE
S-

FE
D

 
FU

SE
LA

G
E 

Cf
iU

SH
EO

 
07

!9
79

 
70

7 
51

. 
LU

C
IA

 
1

7
0

0
 

0 
AP

P 
YE

S 
W

A
D

 
1W

AC
T-

FU
SE

LA
G

E 
F

L
G

N
 D

IS
T

R
T

E
O

 
0

3
i3

7
9

 7
27

 
DO

HA
,Q

AT
CR

 
X 

64
 

45
 

15
 A

PP
 

F
lR

E
 P
M 

W
JK

2S
li'

LA
R-

ti4
20

 
Tz

f I
L

 D
Od

N 
I'S

'A
C

T-
H

IT
 

BL
D

G
 

N
= 

46
 



Ta
bl

e 
3.

3-
A

cc
id

en
ts

 b
y 

O
pe

ra
tio

na
l P

ha
se

 (
C

on
tin

ue
d)

 

(a
) 

Ta
ke

of
f 

(b
) 

C
lim

b 
A

pp
ro

ac
h

La
nd

tn
g

(e
) 

Ta
xi

 

cr
r 

fi:
IE

Nr
)S

 
A!

RE
S 

x 
i

o 
o 

LD
G

 F
IR

E 
YE

S 
HA

RD
 

IX
PA

CT
-G

EA
R 

FA
IL

E
D

 L
O

ST
 P

OD
 T

AN
KS

-F
IR

E-
TR

AI
N

IN
G

 
oc

n 
DE

!IV
LR

 
X 

12
2 

17
 

0 
LO

G
 F

IZ
E

 Y
ES

 
H

YD
R

AU
LI

C
S 

FA
IL

ED
-A

/C
 

VE
ER

ED
 O

FF
 R

UN
W

AY
-H

IT
 

TR
UC

K-
LO

ST
 

A
LL

 G
EA

R,
EN

G.
 

1.
2.

4-
BU

RN
ED

 
70

1 
L 

i S
OO

N 
!0

3 
O

 
2 

LO
G

 F
IR

E
 Y

ES
 

HA
RD

 L
O

G
-C

O
LL

AP
SE

 
NO

SE
 G

E
M

 
72

0 
BO

ST
ON

 
71

 0
 

2 
LD

G
 

YE
S 

W
AT

 
LO

HG
,H

AR
O 

LA
N

D
IN

G
-G

EA
3 

CO
LC

RP
SE

 F
R

IC
TI

O
N

 F
IR

E-
TA

N
KS

 
LE

AK
ED

 
CV

L 
e8

AS
Si

l.A
 

X 
? 

7 
7 

LD
G

 F
IR

E
 U

DF
 

S!
iO

hT
, 

H.
%D

 
LA

&3
1t

!G
-F

EA
R 

CO
LL

AP
SE

 F
R

IC
TI

O
N

 F
IR

E
 T

AN
KS

 L
EA

XE
D 

BA
C 

W
IS

LE
Y,

 
EN

G.
 

5 
0 

1 
LO

G
 

YE
S 

:Y
AD

 
Lh

!IC
)lK

G
-S

EP
LQ

k?
ED

 
GI

YE
 E

fiG
ItI

E,
 

NO
SE

 &
 R

MG
 

70
7 

JF
K 

X
I

4
5

0
 

7 
CD

G 
YE

5M
fi.

T 
O

VE
RW

UK
-E

NT
ER

ED
 T

H
llE

Si
G

H
 6

85
18

 
X 

3
6

 0
 

0 
LD

G
 F

IR
E

 Y
ES

 
11

%
 

FA
IL

ED
-A

/C
 

ST
OP

PE
D 

ON
 

R
Ei

W
iN

IR
G

 G
EA

R 
AN

D 
LE

FT
 W

IN
G

 T
IP

-F
IR

E 
X 

6
5

0
 

2 
LO

G
 

YE
S 

5R
O

 L
O;? 

017
 

O
VE

ilG
U

if-
iii

T 
BL

G.
 

LE
VE

E 
X 

9
1

 4
3 

35
 i

D
G

 F
IR

E
 Y

ES
 

K
IG

i1
 R

AT
E 

OF
 

DE
SC

El
iT

-G
EA

R 
FA

IL
U

R
E-

FU
EL

 
LI

N
E

 F
IR

E
 

X 
6 

G 
2 

!.I& 
F

iR
E

 Y
ES

 
St

W
ilT

-G
E%

T 
5;

E
k!

E
iI 

CN
 R

l!N
;;A

Y 
LI

P-
R

VP
T 

TA
N

X-
FI

R
E 

X 
6

6
0

 
D 

LO
G

 
YE

S 
H

A4
0 

LO
G-

VE
CR

ET
! 

O
iF

 R
UN

W
AS

-N
IT

 
CO

NC
RE

TE
 B

CX
-F

UE
L 

SP
!L

L 
.
 -

2 
Ei

tG
 O

UT
 i

2A
IN

IN
G

-V
EE

R
ED

 
OF

F 
Xt

ltiV
;\Y

 
H

IT
 D

IT
C

H
-L

O
ST

 
GE

AR
-E

NG
 

F
IR

E
 

10
2 

o 
4 

LD
G

 
YE

S 
H

Ii
 I

L
S

 T
CM

EX
-L

O
ST

 G
EA

R 
X 

6
1

 1
 

0 
LD

G
 

PA
R 

VE
Eg

ED
 O

FF
 R

VK
U

AY
-H

IT
 

GL
G 

X 
5 

0 
0 

LD
G

 F
iR

E
 Y

ES
 

O
VE

RC
UR

-H
IT

 
D

iT
iH

-L
O

S
T 

G
E

M
. 

EN
G

IN
E-

FU
EL

 
S

P
IL

L 
6 

0 
!
 

L
iX

 
YE

S 
VE

ER
ED

 O
FF

 C
U

W
A

F-
H

IT
 

D
IT

C
H

-L
O

ST
 

NO
SE

GE
AR

-F
RA

CT
UR

ED
 

W
IN

G 
SH

OR
T 
01
; 

5' 
SL

OP
C:

3F
tO

t(E
 

FU
SE

LA
G

E-
BO

UK
CE

D 
ON

TO
 R

UI
IH

AY
 

X 
5

5
 2

 
:1 

LO
G

 FI
RE 

YE
S 

t!
!D

 
I!P

AC
T-

BO
VN

CE
D-

O
YE

RR
L'

P-
HI

T 
TR

U
C

K-
SL

ID
E 

UP
 H

IL
L-

A/
C

 
SR

DK
E 
UP

 
X 

6
 0

 
8 

LO
G

 F
IR

E 
YE

S 
HA

RD
 

:!+
'AC

T-F
AIL

ED
 

SI
iN

G
S 

:
 6

3
 

25
 

25
 L

O
G

 
P
M

 
W

AT
 

IM
PA

C
T 

W
AT

ER
-P

AX
 

DX
O'i

!tiE
D 

X 
10

8 
10

8 
O

 
LO

G
 F

IR
E

 Y
ES

 
H

AR
D

-T
AI

L 
F

IR
S

T
4

4
 E

ilG
 %

IT
 R

Ul
iW

AY
, 

SE
PA

RA
TE

D-
FI

RE
-E

XP
LD

SI
OI

' 
O

n 
60

 b
80

U
N

o 
X 

15
6 

O 
? 

LO
G

 F
IR

E 
YE

S 
H

!W
 

LEG
. 

x 
;

i)
 

n 
LD

G
-
-
.
 

YE
S 

tiA
RO

 
CD

G.
 

G 
3 

L
K

 FI
RE

 
YE

S 
H

A2
3 

LC
%

.-6
Ek

R 
SE

P.
 

2 
TA

NK
 R

UP
T.

 
0

 
0

 
LO

G
 F

IR
E

 Y
ES

 
RU

NU
AY

 T
GO

 
SH

D2
T-

O
VE

RR
UN

 
H

IT
 D

IT
C

H
 

0 
D 

:D
G

 
YE

S 
OV

,R
RV

fi-
HI

T 
CO

NC
RE

TE
 e

LG
. 

FO
UN

G
AT

lO
N 

0 
4 

LD
G

 
YE

S 
G

VE
R2

UN
-C

RO
SS

ED
 

G
BL

LY
 A

N
0 

ST
RE

AH
 

0
 

1
6

 L
O

G
 

YE
S 

O
VE

RR
UX

-F
EL

L 
IN

TO
 5

0
 F

T.
 

DE
EP

 R
AV

IM
E 

17
2 

t 
LD

G
 F

IR
E 

YE
S 

SK
CI

RT
-tl

AR
0-

LC
ST

 
2Y

G
-L

EF
I 

#I
H

G
 S

EP
AR

AT
ED

-F
IR

E 
A

i 
R

O
JT

-F
IR

E 
G

EA
TH

S.
 

0 
0 

LD
G

 F
IR

E
 Y

ES
 

O
VE

iiR
ifN

 i
O

 W
IL

L
 1

II
Li

 
0 

0 
LO

G
 F

IR
E

 Y
ES

 
HU

.0
 

LO
G

.-F
IN

C
 

S
IT

 G
RD

. 
& 

SE
PM

AT
ED

-F
IR

E 
12

8 
0 

O 
LO

G
 F

lR
E

 Y
ES

 
IX

LO
YE

XT
AN

T 
SP

O
lL

ER
 

DE
PL

O
YM

EN
T-

HM
O

 
Lh

N
O

IN
G

 
X 

!5
1 

0 
3 

LO
G

 F
IR

E
 Y

ES
 

A/
C

 
H

IT
 A

PP
RO

AC
H 

LI
G

HT
S-

LO
G

. 
& 

GE
AR

S 
X 

10
9 

0 
3.

 
LD

G
 F

IR
[ 

YE
S 

A/
C

 
H

IT
 H

iO
D

LE
 P

m
K

E
4 

BL
G

. 
x 

57
 n

 
1
 

LO
G

 
YE

S 
O

YE
RK

UN
-U

EN
T 

CO
!fN

 
A 

SL
GP

E 
TO

 
50

 F
T.

 
BE

LO
W

 R
UN

W
AY

 
X 

6
3

 0
 

3 
LO

G
 F

lR
E

 Y
ES

 
HS

D-
KO

SE
DU

?U
N 

$%
'AC

T-N
O 

F
LW

F
 

74
 o

 
o 

LD
G

 
YE

S 
LG

NG
 A

ND
 i

AS
T-

KE
N

T 
TP

AO
UG

H 2
-BR

ICK
 

W
AL

LS
 

X 
99

 
0 

1
 

LO
G

 
YE

S 
O

VE
R

R
U

N
-H

IT
 

11
s-

C
Ii

C
H

 
X 

62
 2

5 
7 

LO
G

 F
IR

E
 U
CF

 
D

VE
R

R
Li

N
-H

IT
 

Z
E

E
S

 
X 

37
3 

0 
1
 

LD
G

 F
IR

E
 Y

ES
 

SH
O

RT
-L

O
ST

 
G

EA
R,

EN
G

S.
-L

EF
T 

W
IF

IG
 S

EP
. 

X 
57

 
1 

3
2

 L
DG

 F
IR

E 
PA

9 
OV

ER
RU

N-
FL

EW
 

OV
ER

 
G

UL
LY

-L
AR

DE
D 

IN
 R

AV
IN

E-
W

IN
& 

FI
R

E-
FU

EL
 

LE
AK

 
X 

8
8

 3
7 

19
 C

OG
 F

IR
E

 P.
%? 

OV
ER

RU
N-

W
EN

T 
irO

UN
 S

LO
PE

, 
CR

OS
SE

D 
R

O
AD

-H
IT

 G
AS

 S
TA

iIO
Ii-

FU
SE

LA
G

E 
BR

O
KE

-F
IR

E 
X 

10
5 

0 
36

 L
DG

 
YE

S 
#H

EE
LS

 
U

P
-T

A
IL

 
FI

R
S

T-
S

LI
D

 
OF

F 
RU

HW
AY

 
X 

16
4 

12
8 

36
 

LO
G

 F
IR

E
 P

AR
 W

AT
 

O
VE

R
R

U
N

-S
LI

D
 

W
IIR

 
75

' 
EM

BA
NK

M
EN

T-
HI

T 
BR

ID
G

E-
FU

EL
 

SP
IL

L-
SU

R
VI

VO
R

S 
EJ

EC
TE

D 
3

0
 

0 
LD

G
 

YE
S 

VE
ER

ED
 O

FF
 

RU
NV

AY
 



E
X

1
7

8
 7

37
 C

7i\
SB

RO
OK

. 
8.

C.
 

n3
C

37
8 
CC
S 

SA
NT

IP
G

O
 O

E 
C

O
W

O
. 

;~
F

.c
?:

Ei
37

 V
O
 rA

IIL
O

 
0

4
p

r.
7

~7
3;

 
rg

,$
eL

liO
l, 

RE
!.GI

IJN
 

q7
0Q

7R
 

RR
C 

PO
CH

ES
TE

R 
17

"3
;f! 

K
9

 P
AL

ER
M

O,
 

IT
A

LY
 

03
75

78
 7

70
 L

ON
DO

H 
fl

47
67

9 
73

7 
M

D
R

AS
 

!C
O

77
9 

K
E 

AT
HE

NS
 

10
31

79
 D
C!
 

R
EX

IC
O

 C
IT

Y
 

(e
) 

Ta
xi

 

C
31

57
0 

CV
L 

TE
F;

IA
N,

 
IR

AN
 

12
:6
7i
 

74
7 

kN
C

K)
ilA

G
E 

03
27

7'
 

74
7 

iE
tiE

R
IF

E
 

It
 =

 
3 

Ta
bl

e 
3.

3-
A

cc
id

en
ts

 b
y 

O
pe

ra
tio

na
l B

ha
ss

 (
C

on
cl

ud
ed

) 

;
49 

42
 

S 
LD

G
F

IR
E

 P
AR

 
C.

R3
P,

TiD
 

LO
G

-A
TT

EW
TE

D
 

GO
 R

O
UK

J-
A/

C 
H

IT
 i
T.
 

H
IN

C
 IL

 N
OS

ED
 O
OM
J 

X 
22

2 
0 

52
 L

O
G

 
YE

S 
O

VE
RR

Ui
i 

W
EN

T 
W

#I
t 

65
' 

M
Fi

iiN
KM

iM
T 

X 
42

 O
 

0
 

LO
G

 F
iR

E
 Y

ES
 

M
IC

EL
S 

U
P-

D
ID

 
C

3T
 S

HU
T 

GF
F 

FU
EL

 V
AL

VE
 

x 
3 

3 
0

 
Li

nG
 F

IR
E

 Y
ES

 
O

VE
RR

UN
-H

IT
 

iL
S

 T
O

H
ER

-T
R

AI
N

IN
G

 
77

 
0 

1 
CO

G 
YE

S 
W

ER
R

U
N

-H
iT

 
C

l i
C

H
 

X 
12

9 
10

8 
7 

LO
G

 
UD

F 
SA

T 
IW

hC
TE

D
 L

W
L-

E
R

S
K

E
 

UP
 A

ND
 S

AN
K-

PA
X 

DR
0I;

NE
O 

8
2
 0

 
? 

LO
G

 
YE

S 
H

IT
 H

AR
D 

M
D 

BO
UN

CE
D-

HO
SE

 
GE

AR
 C

O
LL

AP
SE

D 
X 

67
 0

 
8 

:OG
 

F
IR

E
 Y

ES
 

O
YE

R
R

VN
-W

XH
 

7E
R

R
AI

K-
SE

P.
 

EW
G.

 
C 

NG
 b

 R
M

LG
. 

LK
LG

 C
O

LL
AP

SE
D-

M
IN

O
R 

FI
R

E
 

X 
15

4 
14

 
0 

LO
G

 F
IR

E
 Y

ES
 

O
VE

Xt
iii

-C
R

AC
K 

lid
 

LE
FT

 H
IN

G
-F

IR
E

 
X 

87
 7

0 
17

 L
EG

 F
IR

E
 U

DF
 

T
O

X
ti

G
3

V
-H

 V
EH

., 
SE

P.
 

PD
G

-A
IR

BC
R

N
E-

H
IT

 
W

IN
G

 L
O

W
-H

IT
 B

LG
. 

D
ES

C
R

IP
TI

O
N

 

X 
96

 I
S

 
7 

TA
X 

F
IR

E
 Y

ES
 

GE
AR

 C
O

LL
AP

SE
D-

W
IN

G
 

H
IT

 S
R

O
-F

IR
E 

12
1 

0
 

2 
TA

X 
YE

S 
S

LI
D

E
 B

AC
KK

AR
OS

 O
FF

 R
U

S
A

Y
-H

IT
 

B
A

W
 

X 
39

6 
53

4 
62

 T
AX

 F
IR

E
 P

AR
 

C
O

LL
IS

IO
N

 Y
ST

H
 K

LW
 7

47
-X

IN
G

 
RU

PT
UR

E-
FU

SE
LA

G
E 

CR
US

HE
D-

FI
RE

 



Thc accident data base containo 133 ca8es involvhg hull low and 20 caws involving sub~tantjnl 
damage. ?'here Ere 103 w e e  in which fire was preeent. In npproximntely 00% of these cases the 
aircraft was a huil 1 ~ s ~ .  

Refemng to f i w  3.5, it may be! seen that engine 8eparatian occurred in 55%, landing gear 
coilape or mpar~tion occurred in 6596, wing box breaks occurred in 45%, fuwlage brenko occurred 
in 48%. and water ditching impact breakup occurred in 3%of the accidents. The ~ p n m t i o n  of sn  
engi2e and the breaking of a wing box imply fuel apilla. In nome instances a fuselage break in nn 
ahcraft with aft  mounted eugiues &o caused a fuel tipill. Water ditching impact breakup i~ 
considered eeparately from fuseiekge breaks becauee in general the forcea involved are different. 

FIRE H A Z W  

Fire was present in 103 accidents. In 95of thew cases the aircraft was n hull low and in the othera 
the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill 
occurred but for which there was no fire. Some of these involved situations where the aircraft came 
to r e d  in water or where ?he climatic conditions, auch as low temperature, precluded the 
vaporization of fuel or where terrsin drained the fuel away from the aircraft, except for these 
circun?stElllces, those cases'might a h  involve fire casudties or further aircraft damage. 

Containment of fuel, spreadlwatter of fuel, and ignition of fuel constitub major are- of etudy fcr 
improving srwivnbility in jet transport accident. Ignition sourcee rue ueuaujl present in zhcraft 
crashes. Landinggear failurs ustially produes showers of sparks due to friction of nkucture rubbing 
the ground. Hot sections of engines dm pprnv;.de an ignition source. Electrid arcing may wcur 
when the electrical compartment ie penetrated or when electric wiring is severed as in thz inotance 
of enginelpylon aeparation. 

In cdea ,a i rc ra f t  encounter a variety of hazards. These heard9 comititute a hcstile environment. 
11;an ittcmpt LO c!aeeify this environment h m d s  have been divided into threegenerccl cate~oiies: 
terrain, water, and obstructione. 

Terrain may be further separated into hazards relating to surface haring capacity, contours ra;a 
ground plane for contact by the sircraft. The characteristics of water are depth and sea 
Obstructions are divided into four groups, bawd roughly on the manner in which riircraft rcceivea 
crash lcads. Them groups me columrm, impaling, frontal, arid other. 

The hostile environment is shown in figure 3.6. Examples of types of haxrds that hake 
encountered in accidents in the data base are shown in parenthesis. In sirnpic ~ccidents, one llamrd 
may be encountered. More complex accidents may involve several hazards encowtered in various 
sequences. 

COR-IMESTSON ACZlDENT DATA 

Somecomments on tht! content of engillrw-in~: cl;1!;3 relcvnnt to structural crashv;ort.hiness avaiiah!e 
in accident reports nrt; in ~rdei-.In ~enc~r;d. of cncir:eer?ng clatct h ~ sthc r.o:ltcr:t increased over the 
ymrs as tile awsrrLllr:;s of criish;sortllir~t~s,~ Ilo\\xvcr, data content  has  tended to lagin(-rt~;:st~d. 
hehind the tec1:nolo:ry. 

https://pprnv;.de


The eccident data baee contnim 13:3 c2wn involving hull loss and 20 cases involving substantid 
damage. There are 103rases in which fire was present. In approximately 90% of these cases the 
aircraft was a hull loss. 

Referring to figure 3.5, it may be men that engine separation occurred in 55%, landing gear 
collapse or separation occurred In6596, wing box break  occurred in 4596, fuselage breaks occurred 
in 48%. and water ditching impact breakup occurred in.3Oh of the accidents. The separation of an 
engine and tile b r e a w g  of r wing box iinply fuel spil4. In some instances a fuoelnge brenk in nn 
aircraft with aft mounted engine8 also caused EL fuel spill. Water ditching impact breakup ie 
considered separately from fuselage breaks hecause in general the forces involved are different. 

Fire was present in 103 accidento. In 95of these cases the aircraft was a hull losa and in the others 
the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill 
occurred but for which there was no fire. Some of these involved situations where the aircraft cane  
to rest in water or where the climatic conditions, such as low temperatme. precluded the 
vaporization of fuel or where terrain drained the fuel away from the eircraft, except for t i l w  
circumstances, those cases might a h  involve fire casuaities or further aircraft damage. 

Containment of fuel, spreadlscatter of fuel, and ignition of fuel constitute major areas of study for 
improving survivability in jet transport accidentt;. Ignition sources are usually present in aircrzft 
crash-. Landing gear failure usually produces showers of sparks due to friction of s'mcture rubbing 
the g r ~ ~ ~ i d .  Not sect,ions of enginen also provide an ignition murce. Electrical arcing may occur 
when the electrical compartment is penetrated or when electric wiring is severed as  in the insbnce 
of engin ?/pylon separation. 

CRASH ENVDROhiEPJT 

In crsshes, aircraft encounter a variety of hazards. These hazards consititute a hostile environment. 
In an attempt to clamify this environment hazards have been divided into three general categories: 
terrain, water, and obstructions. 

Terrain may be further separated into hazards relating ta surface bearing capacity, contours and 
ground plane for contact by the aircraft. The characteristics of water are depth end sea state. 
Ohstructiono are divided into four goups, based roughly on the manner in which aircraft receives 
crash loads. These groups are columner, impaling, frontal, and other. 

The hostile environment is ohown in figure 3.6. Examples of t y p a  of hazards that have been 
encountered in accidents in the data base are ahown in parentheszs. in simp!e accidents, oce ha7srd 
may be encountered. Mare complex accidents may involve several hazards encountered in various 
sequences. 

COMMENTS ON ACCXnEPIT DATA 

Some comment8 on the content of engineering data re lev~nt  to structural crashworthiness evailvble 
in accident reports are in order. In general, the content of engineering data h ~ s  increaszd over the 
years ns the awareness of crasbworthinem increased. Zowever, data content has tended to lag 
behind the technology. 



Hostile environment I 

__I_ 

Frontal 

(Hills, elevated 
landlgradual slope) 

(Mud) (Trees) (Stumps) 

I 

(Ditches) ' (Sand) (Poles) (Posts) (Fences) 

(Embankments 2 )  (Soft ear?:,) (Towers) (Walls) 

(Cliffs) (Soft pavement) (Fence posts) (Snow banks) 

(Eoulders) (Rock) (Equipment) 

(Concrete slabs) 
(Other AJC) 

(Fuselage) (Depth) ('Jllire utility) 

(Wing) (Sea state) (Runway lights) 

(Engine) (Drains) 

Figurs 3.6 -Types of Hostile Environment 



NTSB reporh with accident zlockete contain much valuable data. Unfortunately, due to an executive 
order, accidents over five y m  old, are being deleted from their archives. Fu~ther ,  inveetigatore are 
leaving government service through retirement, transfer, e k ,  making i t  difficult to recover data on 
older midento, 'fie NTSB should declare accidentrs having technical value as "clewice" and 
preserve thernt dockets indefinitely. 

One obeervntion on accident reporb ie that i t  ii3 difficult to eimply differentiate accident eeverity 
between cams from the text. I t  icc often necesasry to delve through the structures nnd human fac- 
tom reports in the dockeb to make this distinction. Uee of the verity index developed in the part 
of section 4.0 titled, Accident Severity and Survivability, of this report would help to remlve this 
difficulty. Thia index could be extended to cover fire hazard. 

With due regord for the aveilability of data a t  the w n e  of the accident, i t  is felt that participation of 
structural subsystems reported may be influenced by the anticipatiom of the investigator. For 
inotance, where f'ueelege breaka have occurred i t  may he us& for ceiling paneln, sidewalls and 
overhead Rtornge to be disrupted. Therefore, the% items may not be mentioned in the reporb. 
Sources and sizes of fuel spills could be better reported. 

With the advent of Letter oimulation techniques more accurate data on impact ccnditions, surffice 
conditione, slidc out distances, iwmrd definitioc, etc., will 'be ueeful in upgrading cmoliworthiness 
technology. Continued emphasis on the definition of injury mechanism is needed. 

Many foreign nccident repoils are quite thorough i ~ .  the coverage of accidnnta while others simply 
report the bare& details. More cooperation and assistance through ICAO or directJy with the foreign 
agencies might upgrade these reporb. 

F i d y ,  the nvnikibility of a team of croshworthy specialists drawn from NASA and the FAA to ~ s a i o t  
the investigating suthorities may prove useful. The NTSB, FAA, and NASA should consider this 
option. 

Scenarios to identify a general wqwnce of crash eventa or conditione that produce the failure 
mechanisms of the aircraft structure and the injury mechanisms for the eizcraft occupant have been 
developed. Scenarios for the complete nircrnft .we necesawy where there i~ significant interaction 
between conetieucnt elements of the aircraft, where the sequence of damage in ixportant to the 
craah response, and tn establish initial conditions for Lhe study of i h o i ~ k d  components. 

The underlyin~ philosophy for wenario dwelcpment was, first, the ecennrios must produce the 
failure ~ e c h e n ~ s t n s  of the fitructwe and the injury mechanisms for the wcupanta. Second, the 
scenarios should encomptiafl available accident experience. Third, the scenarios should aar~ist in the 
identification of crwh technology requirements and allow study of the crash phenomena. 

SCENmf'S DEVEU) PMENT 

The initial phofu! in the development of crash .xenaric;s corsisted of review and study of historical 
accident data to identiry and define broad categories of occurrence relative to utrtxturul break-up 
and injury factom. Stn~sturalfai!ure mechanioms were id9ntified nnd are listed in table 3.4.Types of 
injuries were idenhtkd and are listed in table 3.5. The &3ta extraction forin is given in 
appendix R. 

After an analysis of the structural and injury mechanism, rhrm basic scenarios evoived. These ore 
"Air to Sarface", "Surface to Surface", ax6 "Flight Lnto 0i:structions". 



b Fuselage cP Wing 

Crush (axial & vet?) Breaks 
Bending breaks Wing b o x  destruction 
Local deformations Distorlion 
Tangential damage .! 

% Engineslpylons 

o Gear Separation 

Separation 
Collapse 0 Sests 

Separation
Hatch/doorlfloor Distortion 

RuptureDistort~on 
Des!ruct~on 
Separativn 

* Interiors 

sBeltslharness Galley/dividers separation - spillage 

Rupture Compart~nent separation - spillage 
Ejection Panel dislodgement 

Table 3.5-Injury Types 

0 Trauma a, Firelsmokelnoxious gases 

Head Fracture, concuosinn Burns 
Neck Fracture Vascular darnage 
Chest Crush, rib fracture Asphyxiation 
Spine Frzcture 
Limbs Fracture, amoutation 

8 Drowning 



This txeranrio considers thoseaccidents in which the aircraft impacts a level surface from the air. The 
accident is characterized by hiqh sink retes. The crmh variables are ahown in table 3.6. 

kim& configuration msy hive individual landinggauup or down. k M t  weight variablesare the 
fuselage weight distribution azid the fuel load distribution. 

Aircraft initial con&$oons an?three compccnentsi of linear and a n & w  velocity, and three components 
relatingthe rircrnft orientation relative to the Burface. Aerodynamic!mda may bc sigmfkant for tho= 
cases where the forward velocity is greater than VS (&all). 

Surface locds sre due to the resktnnce of the surface. Fcr Iand, this msy vrvy fro^ aoft mud to 
runway hardness, whiie for water, loads m influenced by ma state and nre in uccordance vriih the 
lnws of hydrodynamics. Surface load ch~1-3cteri~eics may vary a s  the aircraft progrewes through the 
accident. 

Following initial impact, subsequent hamrds may be encountered. For simplifietion, obstructions 
aie separated into three t , v s ;  columne repretienting trees, poles, rind towem that resist rnatiou in 
the x and y direction 2nd are local; the ditch or hump representing vertical +,eriainchnngea of the 
form Ao ( 3 - ma XL)and may be imd or apply to broad sectiono of the aircraft, and L5e n:ep 
functioz which forms a vertical boundary i6epre:tsenting w a h ,  buil&nga, vehicies, and other 
obstructions. 

Thew obstructions may be syrnmetricaEy or asymeLrically Ioca+d and may be applied to landing 
gear, engines, wings, and fuselege eeparately or in combination. 

BASIC SCENARIO - SURFACE TO SURFACE 

This scenario considers tho* accidenb in which the aircraft on the ground encountero 
ohstmctions. The accident is characterizctd by horizonLd motion into the hazard. As such i t  treats 
cases of hitting vehicles, buildings, soft earth, ditches or humps, enki-ing water, and &ding 
contact with the surlace. Accident variahleo are similar to those described for 'he Air to Surface 
scenario with values appropriate to the ati:dent conditions. 

.. .. This scenario considers those accidenh in which the aircraft flies into obstructiono. accident is ,. I 

: , 
~ 

'.
characterized by high kinetic energy and by the loc~tion and chxt ion of the inpect loads. Fwther . - these accidents tend to 'be complex, encountering a sequence ~f obsen?cti~m. ! .i . ,  

. ,. . \ ,  

SCENhR.IQSUBSETS 'r' :k., 

, " 

The basic sc~narios are divided further into subsets. The Air to Surface set has 4 subsets as  follows: 
I 

+ 

S10: no fui-t'ner definition (2) 
S l i :  inlpact en orher than gear (13) 
S12: impact on gem (31) 
S13: impact in water (7) 

.5 
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Table 3.6-Crash Variables 

-m---

MC configuration 

Individual gear: Upldown 
Weight dlst.: Fuselage 

Fuel 

RIG initial conr(itions: XDOT. YDOT. ZDOT Coord system 
PHI, THETA, PSI aligned with iner?isl 
PHIDOT. THEDOT, PSIDOT 

~e iod~nam icloads: Lift distribution 

Surface loads: (Earthlwater): 
Spring rate (msy be distributed in space) 
Friction coeff~cisnt 
Slope of scrfaco 

Subsequent Iiazards (no: always encountered) 

Columns 

DCch or thump Ao (1 -cos XL) 
F : 23 (5) 

Step funct~nn 6 : F - - Z o  
1 6  @ F = ( )  

Hazards may be Syrnmetr~s or assyrnrrta:ccc 

Appl~edto gear, erlgtne, w i r . ~ ,fusolage 
separa!ely or cri cxmbrnallon 



The Surfece Co Surface w t  has 5 sulweta tie follows 

S20: hard gsound or on runway (2) 
S21: soft sxcface (13) 
S22: low obstruction (35) 
S23: high obstruction (9) 
S24: slkielroll into water (2) 

The flight illto obetructions set hm 4 eubeets as follows: 

S31: wing low (8) 
532: impact column (16) 
$33: * impact solid waL1 (3) 
!S34: , impact high obstruction (3) 

The accidents have been ,grouped by basic scenario and by subset in table 3.7. A fo~lrt.h category 
(5.3) contains nine accidents. For theee accidents there was ineufficient infol-intttion in the files about 
the accident for scenario classificntion or the accident wes of a peculiar nature such an Ihe DC-8 in 
Shannon or the 707 in London. However, the con.wquences of these nccidenta warrant their 
retention in the data base. 

In some instances, i t  was difficult to pbce an accident in one basic scenario rnther than another. This 
is due in part to the complexity of some of the cases and in part to the paucity of the available 
accident descriptions. Effort should hemade to darpen  bje distinction between the exis*jngsta 
and ta clmify the subsets from futuw accidents. In ndditicn wme provision uhould be made for 
inclusion of a fcel spill factor in the sutwta. 

Fittally, cla~sific~ticins have been based on histmy. Type8 of new accidents coming into the data 
base should have a significantly different distribution fmm those of the firat 20 y e w .  This 
distribution might be expected tr, be strongly affected by improvemento in accident avoidance 
techniques and be reduction of hazards oa and aruwd airporte. Development of fire supprrseing fuel 
additives could nct only alter the dhtribution of actident6. among wenarios but could chaagc the 
aignificmce af structural componezt participation in accidenb. If a less severe impact survivability 
criterion were applied io We data b w ,  pome subet3 might be eiiminnted and the dietnbution of 
accidents by subset might be modified. Consequently, the scenuior; should be reviewed a t  intervals 
to o n s ~ ~their contiming epplicability. Further, the scensrios should reflect current behavior rather 
the-?that clrnvrn from the completc history. 

CATEGOELIZATIONOF CRASH IMPACT CONDITIONSFOBClPltSKE SCENARIOS 

An assemnent of the accidents with respect to the initial conditions bas 'ken made. It  ohould be 
noted that accidents in the data base are p tpn t id ly  impact,~urvivobleand that h!erent atiictural 
capabilit,~of the airframe nkeady provides a high level of safety. Cowequently, for many accident 
types the areas of interest for h ~ a c t  research lie a t  the extreme limits of observed ccnditions or 
Lejond. For other accidents $be severity of the accidents was Inore a function of .hazardu 
encountered and somewhat independent of the normal initial nonditions. 

Crashes on approach usually a'cuii k u s e  the aircraft is not where the pilot thinks it is. Forward 
speed of the aircraft ISbetween the a p e d  for f l ~ pdeployment (VF) and stail (Vs). The rate of 
descent is 'ktweea 0 and 2400 ftlmin. If defensive action (flnre) is talreii, bcy to avoid ground 
contact, even a siight climb may be achieved. However, for research purpows, I h e  I u w r  limit of 
zem may saffice. The angle of the eircmft relative to the ground Is dependent on the dope of the 



Table 3.7-Crash Scenarios 

AIR TO SURFACE 
No furthar definition 
Impact on cihor than gsw

A I R  TO SWITACE 

(d) Impact on water 



Pabls 3.7-Crash Scenan'ss (Continued) 

SURFACETOSURFACE 
Hard ground or rurway 

SUITACE TO SURFACE Low o b s t r u c t i o n  

High o b s t r u c t ~ o n  
~ l ~ d o i w l lloto water 

OESCRIPTION(a) s a e ~r r r o  GNIJUUD UR NUNWAI 
I R b  0 0 L U  r 1 LNG f A I t t O - A I C  STUPPFD OR U C I A I I I M G  CtAW AND LLC5 * I U G  T I P - t l U C  

IC TO r i VLLNOU -SEW ccm, ( 2  L 0 1  ~ b c .  a a o r t  rusc-FINC darn .INGS 
1 1 0  r U UVZNRUN- t lR l& t  t - IKC-LLG S C P - F I R  L T  *IQG'RlrF P E P - I 2  L * t  S C V - l * k , & L l j  
: 1 0  1 U VICRRUh-LOST IhNUJ: ~ L ~ L R S E P S - k l PtLl!CE, UOAO-~AIL~I"DUO.:N~S 
2 TO l' P ALIOLTYU YI-OYEYRAN- SCP MG-AIC OARICED I r l  S L I D E  U u T - d l b b  U U E A R  
I I n  I LUST PUSER-UYSMIAL-CCAR FLILCD, 11 LYC. SLP, 81 T A Y L  H u P r  
H 10 f I n I r  ~ / cUrrOt l t  l o r - L v s ?  LNGIULS h h ~CUAU IY S L t u c  IJUT 
u T I  t I LOST P u b C Y - V t L L L U  -L -C  FOLDED-LT a l P C  T A k a  RUPT 
7 ru i f LULIR~: VIS~~~T-(.IUL o P ~ G - U C ~ Tol'r TAII.AI-RT WIOC LOST r u t L  
a TU I VULUED -LUbT GLAU .bU EHC 
1 1  7 0  F I UILKXUM-L*C SLP.. PUPT TAhhS 
I d  L Y  F V A I C  L A h u i U  I n  FXCLU. H i 1  TYEES-SLP. CCAH AUU ~ I N G S - H I 1  C U L L L l - F I I t  
w LII F I U V t ' k U U ~  T u  S K I L L  n l L L  
0 L U  I YLLYLL, 

A > J  eri 2 V T U t  I AuOrTEU-YELkLU - N i l  VLn  A h 0  L U S l  1 4  XNL-FUCL F l H L ,  LYPLOSION 
a 5 5  * T O P  I UhG uul r u A l h l b C - V E L H ~ U  - M I 1  DITCH-LOST b t :hn ,  L N E - ~ I M L  
1 1 U  1 T U I  t AbuMTED AT YW-UIEYkAM-HI? OITCU-UUUKC LT. d l h G .  ? U S L . - l c  LNG. SCP. 
L 2 : Y  C I  * I  T J t  I H I T  UITCM A h 0  Ab:LhrA TOICR-AfC  L D S I  PAYIS-FUSt .  QNCKC- I lHC 
I 1 tt 1 D I  t n1; PLhCE-CLIH J L P . - T I h L  I #  k l .  r l n c  
A 0 5  U J TU 1 .  O Y L d I A h - 6 1 1  0.5 *iLd LmUaNXrChT 
I L(r1 * >  ? ru r U LUBT PUwCH-1lVI;hnUb-I!- 1 L i l P h - l i t 1  T a R - T I N L  

I 4 4  4 6 Ti) I R 1 1  SUUa BAUL-VLCwLD - R l  d l W L ,  Y I C .  U; S C P  
1 > y l  I TU 1 ) S O  C C - I ! V E k H ~ ~ - S T C ~ P L ~I n  CASAL 
1 8 5 6  1 : u t  1 S T A L L  AT VM-Y lLkCU - N I T  D ITCHES ANU PULUS-TIM; d u r l  
I b U  U T U  1 V.0 G.C.*A/C UYLkYUh L h D  U r u h Z  UP 
s I I U U  b Y L I - U L U  I I  W I  L A l k  *LO-HIT  I N MICM * @ 1 0 1  SHED *.G.-fU6€.1 ~ r  URO&L 
I Y 5  1 1  7 I P  f 1 * ~ ' I D S I ~ M - ~ ~ L UIRPICS H I L L  W I ~ M  TYL 'CS-A /C  I . T A C ~ - ~ U L L  SPILL,  ENC FIML 
1 1 1 1  2 1  1 s  AP P .INPACT SKUUT I*ShAcLOu LAKC-SL ID  fd.) R * * a  H I 1  4 *. K I L *  MU L i t 0  
1 b5 5 2  ? AP r 1 SnUYT-,:I1 b o u L C k n S - S L Y  GtAY,  MT . I IG .  0 2  LNG- rusk .  ~ U J ~ L  UUnuLD1.0 

4 2  2 I P F  T swnr- IT u ~ r c n k s - i I c  BUOKL UP IN SLIDL 
A 112 I 7  (r LO I 1 W I U R I U L I C S  + # I L L ! ) - A I C  VCLYCD-1111 V tN-LUST CEAR,L*C. 1,2,4*uUHMLU 
I bb Y d LO I cru LOOY u h  UYL*CU*-*IT YLC, L L Y L ~  
I b U  1 L o t  1 S*lrhI- t ib.Ah ~ I . I A ~ L OUU hmV L I P - k u Y T  T A n h - C l h L  
1 0. * m L U  I nr*u L I J G - Y L L ~ ~ UOFF MU!-IIIT C O R C ~ L ~ Ca 0 1 - r u t ~  $PILL 
I I &  2 L D F  I 2 ChC OUT TCI . lM l rC-YCLYED M I 1  D ITC3-LOST CLAM-tmC P I k f  
I 3 4  U L U F  1 UVLMRUn-HI1  U ITCh-LUST CLAY, L h C - I L L L  sP1t.L 

b J  1 L b  1 VLLkED - H I T  U I T C I - L l J b T  hUSCtLAN- tHhCTUCLD -1Nb 
I 5 5 2  1 MAMU I I ( P A C T - ~ O U ~ C L U - O Y ~ I ~ B U ~ - ~ ~ T  UP H I L L - A I C  e)lumc UP1 1 L U F  Y t n - L L I U L  
A I & U  U d L U  F I 1.1 st10 SMO~T-OIEYHUN n l r  n l r c *  
6 1 o s u  C L U  1 U I E h l l U h - H I T  C O h C Y I I L  bLG. F l l U h D A T I U h  
a * . r  4 L U  I UVrUUUn-CRUSLLIJ C U L L 1  A l D  ZlTULba 

UIIFR? L.CO d C a  AbuMTCD VI-UYLNMAR-HIT rLhCL-CNOSSLD B L I D - I I L L E U  r L 1  L'PCI. C l r t a  
+ I o l b a  I n 7  VAIICuUtLY, n.C. ICLRCD - H I 1  RLC 
12211.m w e  SIWA c l r r  l u D R I E D  AT Y I - S L I U L  UF* P 1 1  IWTU T R L r S  
UtJ569 1 1 1  LOHUUM L A T d I C K  S w w T - n l Y  f k h ~ L ,  u L G  b / C  D1D:rY. SLIULIN O u r - r 1 R k  
Pll4bU R r C  L I L A x  L J S T  PO.Cd 8 1  Yh- *HELLS UP LOG.-&LID I N T O  'HCES 
* I l # l l  7t47  J t q  UYLHHA~-UIT  ULAST F L ~ C ~ - U H O * LL C F ~IIUG-t IUL 
P 1 1 1 1 S  I 3 1  CISPLU,  .ID. u v : r n ( i u - n ~ ~  11s-DITCH 
CV24lS I:D PALLKBAhL U I t f i Y U h - H I T  T N t C b  
C 4 # ( 1 b  7 1 1  C H A d ~ n o l ,  b L L G l U I  UVLYkUh-t : IT 1 L S  TO8LN-TMAL*ILC 
ks 9 
I:(: SLIPL /YOLL 1 n r 9  mhTtm 
P 4 Y l L 4  I U I  J F I  
I I E $ o I  abL nCbC h u h G*. a 
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Table 3.7-Crash Scenarios (Concludoc?) 

FLIGHT INTO OBSTRI!CTION 
Wing low 
impact column 
Impact solid wall 
Impact high o b s t r u c t t o n  

(a) h J 1 :  - 1 h b  LU-
n 7 . 4 a a  LICI r u r - r . . ~  
wJ.513 7&9> bc-w;~  
e 0 1 4 b v  1I)d r u s k s  LALL 
w1011a t 1 8  1 L m t n .  r u m h t l  
u 2 c 9 1 v  V C 9  UlA.1 
1 1 7 J 7 1  L l r  r l A - 1  
C S + 2 0 \  l i e  C A l d U  
~ 7 1 1 1 s111 C r a r n c u u r .  b.C. 
.i * 

(b) sir: l w r c r  CULU-c 
a l * s ? e  v v o  stucr.ivi rn 1 1 8 5  (. CC P 
,.6"4!1 1 C Y  h.. ".!ec, L k .  X U\ b l  2 2  At' F Y 
I r l P S V  7.11 b w .  . ~ ~ h l h L . l U n  X b 4  )I A ) . t C .  
(7. $ 0 1  C V L  L O - W r A .  A h b L 8 l l r A  1 1 ? A P f  1 
r l l , h n  C r L  -L. d r L h l  A I I  2 1 4  A P  f 1 
P h l l o a  7 ~ 7L A ~ ~ u l l a  I b j b  I A P F Y  
b 3 i l b a d  1 2 1  I ) l I L I  s 9 )  2L 4 a  A* r u 
1 1 1 1 7 2  l 2 d  U S L U  A 4 5  4 d  1 A P  t U 
I 1 1 1 7 I  L ~ C V  ~ n # l l I , ' ~ u b A  1 ll* 5 b P F I  
o t , e J J  1 0 1  * I c e  dr. d ~ h ~ l k o  6 4 7  B AY P r  
r l l J 1 .  r e 1  rAcu r a w ,  - 1 l r l  v l  3 A Y  F I 
I l l 5 1 5  1 1 e  nh. r v c n u b  A L Y L ~  L O t *  d A S  r 
@ 4 2 2 1 e  I J d  n A M N E . h u u l L L A ,  CUL, i 4 d  1 I P F l  
I 2 I V 7 H  u C s  YJrI1LA.b. UMLLUN I ~ u bI U  I J A ~  Y 
* b ~l o #  1 1 7  J t h  1 1 . ~ 1 ~  4 LL. c 
1 1 1 1 1 3  U S 1  ut,>lu. A 1 3 1  d 3 L V  Y U 
I.E 16 

(c) S J J :  n l l  S u L l v  .ILL 
r 1 r 4 b 0  UCI 1 0 h r ~  
* 7 1 1 1 j  V C 9  n u 5 l u 8 .  n u s .  
v b 2 0 5  I 1 7  J t r  
h1 

(d) 5 3 4 :  n l T  L l c u  d s b : r u C l l u n  
d j 2 1 7 7  1 4 1  T L I C I I ~ L  
I I r b l l  7 3 7  L m l C l c ~ !  w l U - A r  
I 1 I Y l I  1 0 1  hL. Q L L n l  
h8 1 



groundm d  the attitude of the aircraft. An aircraft attitude of - 5 O  wne o k r v e d  in the 727 C i n c h t i  
accident where e 0' ground slope wm mcountered. The upper h i t  ie &c angle a t  etall s p t d  as in 
the 737 accident a t  the Chicago-Midwayairport. The aircraft gross weight. is, weight at  takeoff lees 
weight of fuel burned. 

For landicg accidenta, forword e ~ mayd  bz e b v e  the prescribed landing &peed or ct  atall E&. 

Instances of higher speeds generally resulted in overruns. Forward speed a t  onset of ovenvna ie 
usually less then the prescribed lending speed due to pilot deceleration measures. Angle of 
incidence is between 2.5" noae down to the nose up u t a l l  angle. Rate of dermnt is betwefn 0 and 
2 4 0  ftfmin. 

The forward speed in toYiaccidents ia less than 60 kta.Takeoff accidents involve forward s@ of 
up to rotation speed (VR)for both overrun, veer-off of runway, and contact with ohtructiona on 
the rcnway. hi:craIt p s s  weight ranges up to maximum takeoff grwweight. Aircrait attitude is 
essentially wings level and zero incidence. 

Accidmta for initial climb involve 1- or reduction in power andior wing etnll. Fomiard s p e d  range i~ 
from VR to VF. TCeee awidenta may involve impacta where the aircraft ia tail-down or wing low, or 
large angleo of yaw m d  ruii or a combination of the above. Rate of c l m n t  might be expected to be 
in the range of that for a hard landing, i.e., 0 to 2400 f t h i n .  

I t  should he noted that the accident data reports do not co~ta in  sufficient identifirntion oCconditiocs 
a t  the oil& of the crash to be more precise. Techniques nre being devdoped iv IdASI: hies that 
could betterdefine thew initial ~wnditiomjwhere &tcl from the Flight Data Frt?con3erand fmm the .Gi. 
Traffic Cantroller reder ie used. However, b dete no program to eatablhh bcse v d u w  eer,\ats. 

Further, effects of last second evasive actiona by the flight crew and influence of terrain f a t u r n  on 
=effectiven impact conditions muat be included for purposes of o h d a t i n g  the crack. Flight crew 
actions may be obtained from further development of the Ames tec!mology. 

Vaiue h i t r  of initial conditions observed for each s u b t  scenario nre shown in tsble 3.8. The.% 
values may 'be us& .to give nppmximate ranges of c r a ~ hhitid cunditions for the wenariot, 
for research. 





In this section the strcctural componenta that eignifieiintly participate irz or kfluence the craah 
dynamic behaklor are ~ltudied. Aircraft stmcturill components that participate and their role in 
crashes are ide~tified from the accident data. T h i ~participation is surnmnrized. 

A matrix relating the participation of structural ~ystema to the ecenarim defined in section 3 L 
pnxmted a d  awewed. h accident structural damage =verity index io pretiented. This index is a 
function of mtljor mnpocent participation. The re!ationship between the wenario and the 
etructursl damege =verity index ia neserzsed. 

hteractions of the sLrtictura1 componer?ta aa obeerved from the accident data have been identified 
and d i s c u ~ e d .Problem m m  for r u r r ~ n t  structural components are c l i s c d  and aseseed. 
Finally. crashworthinem implications of the application of ndvanced makrb la  in these structural 
compnenta are comoidered. 

Theaccident dnta base was reviewed to identify sh?ictural componenta that, participate in the aircrnft 
crash dynamic response. Results of this review are shown in table 4.1. This tab!e identifiea the 
component crash function, crash dyncirnics, intertiction with other components, and resulb of this 
interaction. 

The components are the landing gear, pylonlengine, wirig box structure, f w k g e ,  fuel dbtribution 
system, flaor structure, scatdrestraint systems, cabin interior, and e n t q  nnd escape doors.The 
landing gear includes nose ye=, wing; mounted main landing gwu, and widebody fuxlage 
mounted gear. Pylonlengine include wing pod mounkd engioea avd aft  body engines. Wing box 
structure is corcernd besically with fuel tankage and primary load carrying members. Fuselage 
inclcdes lower fuselage, (bottom of fu~elage to the cabin floor structure) and upper fuselage (floor 
structure a crown). Cabin interiora include o v e r h ~ ~ d  etorage, galleys, close&, dividepa, lavutories, 
ceiling panela, sidewalls, etc. 

Participation is summarized in table 4.2. The major diagonal gives the ' ch i  participation of any 
component while the off-c%agonal valws shows copareicipation of other components. In addition to 

and nwidente involviug fire are included. 

From these data, genersl component participation and interactiun of components may be obtained. 
However, in order to0btai3 the significcfnce of the interaction and mle oi components in crashes a 
more detailed assessment is required (ew part of section 4.0 titled, internction of Structtlrnl 
Components). 

Table 4.3 p m n h  a maixix relt ing c r i r i d  structural coznysonents, fatditiw, and accident severity to 
the crash scenarioo. Fatalities are divided into groups by cause: fire related, trauma, drowning, and 
uxhown (UNK).Pelrentilea re!cte to the number of occupnnt8 participating. The known frequency 
of participation of atructuraf. componenta identified io sho'cv~1far em.:major scenario m d  for snbsets. 
Included in this table an. the number of accidents, hull losses, and fires. Finally, the frequency of 
occurrence for each accide~lt rreverity dd i icd  in table 4.3 is shown. 

1-hullcomponents,the 
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On the ba& of percent of fatalities, fight into obstruction^ (S3) ia the most lethel welirPrio, followed 
by air to eurface (Sl),unclmi5ed (a), agree withand surface to surface (S2j. Thb order ten& to 
the total energy tn be dimipstd in the craoh. The frequency of fire, while not independent of the 
t o d  wergy, further incream the lethality of the A o .  In fact, the major factor in fatsiities ia fire. 

Comidering total fntcplitietr, the ranking of the bneic wmrioa is air to surface (Sl),flight into 
obstructions (S3), surface to surface (S2), and unclamified (94). On the basis of numbers of 
accidenta, the r&g b m e e  surface to surface (S2), air to surface (SP),flight into obtrucl;one 
(S3), and ~ n c l ~ ~ i f i e d(S4). 

No single sccmrio appears to be "the major type for let2mlityn, rcther each m w t  he studied to fully 
understand the crash response of aircraft. AEotarting points, i t  appears that air rx, surfacoimpact 
on gear (S12), surface to ourface-low ohtruction (S22), and flight into obstruction-impact 
column ( 3 2 )are likely candidaten. 

To obtain improved crsehworthheffi each structural componect mmt perform its crash function. 
For inotance, when the strength cttpa5ility of landing gem io exccded, the gear ehould exqmab 
without tearing fuel tanks or damaging fuel or hydraulic iinca. Landing gear chould perform in 
each ocenruio over the range of accident varisbies. In like manner each ~ y s k r iahould be otudied. 
This should provide m envelope of capabilities for the aircraft. 

Accidents b v e  been assewed on the basis of mount of damage to the aircraft and effwt of lJlb 
damage on ~ ' d v a b i l i t y .Accidents in the data ' h e  were emwed into six ccitegorier; o!' accident 
eeverity ohown in table 4.4. Lu general, the degree of structural damage and the energy to be dis-
nipated incremes sa the category increases. 

Categories 1. through 3 involve accidenta in which the occupant protective shell i~ generally 
mabtained but fuel spill facinr increams with category. At category 4, the fuclelage break la 
introduced but i,he fuel system ia intact. Three cla~sesof fuselage break are used to diotinguiwh the 
=verity or the accident. A c1e.s 1 break has the fuselage broken with fuselage aectiona eomntidy 
remaining together. T!le opening allows fueUfire entry but is too small for occupent egress. fn chss 2 
breaks, the fuselage separates sufficiently to allow wecupant e g r m  and fueYfire entry, but the 
~ection maintain a proximity tO one mother. C!ass 3 breah have fuselage rmtiono wparats and 
come to reet fit some distance from r ~ c h  other. 

Categoiy 4 accidents aric severe accidenb involving either severe lower fw lage  cruah or clma 1or 
2 breaks, or h t h .  However, in category 4 thers are no major fvel ~ p i l b .Categories 5 and G involve 
increasirgly s av re  datxuctioa of the aircraft with wrious Srea.k-5 in fuel tanluge. 

The 153 accidentt, in the data bsse have been grouped by category and fire eummsrized in table 4.6 
and figure 4.1. Fram dzta in table 4.5 and figure 4.1 some general observations may be mscie. First, 
with regard to ovm.ill nmrivability, f ipanto the greatest h d .  Known fire fataliti- outnumber 
known trauma fatalities by 2.84 to 1.0.Pire hcaud is most severe for accidents having major file1 
s p i h  due to rcptu-tng of fud  mi!rage (catcgorics 3, 5, and 6). 

Trauma fatalitie8 occur mostlv in mtegorir.9 5 and 6 which involve severe fuechge breaks. The 
single instmce in category 2 resultd from a l oc~ lloss of survivable vclcme aoci 5vc iutonces in 
category 3 resdted from severe lower fumlagc c111sh. 

Deep water impact accident8 represnt Iene than 10% of the study d a b  baw? but hcve a high fatality 



Table 4.4-Categories of Accident Ssverily 

I .  Minor impact damage - includes enginelpylon damage or separation, minor lower fuselage damage, 
and minor fuel spillage. 

I 2. Moderate impact damago - includes higher degrees of damage of category 1 and includes gear 
separation or collapse. 

3. Severe impact damage but no fuselage break - includes major fuel spillage due to wing lower surface 
tear and wing box damage. 

4. Severe impx t  damage - includes severe lower fuse!age crush and/or class 1 cr class 2 fr~selage 
breaks, may Itavo gear collapse, but no tank rupture. 

I 5. Extreme impact damage - includes class 1 or class 2 fuselage breaks with wlng separation or breaks, 
may have gear izndior engino separation, and fuel spillage. 

6. Aircraft destruction - includes class 3 fuselago breaks or destruction with tank rupture, gear and/or 
engine separation. 

I Fuselage breaks: Class 1 - sections break but remain togethsr 

I Class 2 - sections break and open 

Class 3 - sections break and move off 







rate. btt*Je structural or deta3.d information is avdlrtble on aeverd wcidenta in which a b e  
percentage of the occupmts perhhed. Water impact u e d y  re3dh ic evere damage to the lower 
fwlage,  often accompanied by clam 2 breaks in the fusebye und aepmtion of wings, engineu, 
nnd landing gear. In same asa~many occupants di-awned after evacwting the aircraft. In Borne 
~ . l l g e ~the high fatahty rate was due to innppmpriato tldon of tile cabin crews after the aircraft m e  
to rest. 

Laet, aa might have been anticipated, the overal! uurvivability g e n e d y  decreases as the major 
0hcturrrl damage to the aiPcPsft in-. Forcakgorie.9 6 and 6,known fatalitiexidueto f i e  and to 
traumae p p  in ahoat  equal numbers. Wnile therue cafzgories a h  have the largest percentage#of 
undefmed fatalities, i t  Lnot expctd  that the resultswould tze chscged if a full definition of fataliti- 
were available. 

Category 1accidenta experienced only minor structural damage. There were three hull l a m s  and 
53 fatditiecr due to fire. Two accidents involve f i s ,  cawed by mparation of an engine, that 
rceultRd in a cataatr~phicexplosion of the wing tanla. lil both inotancea, fatalities occurred when 
tanka exploded while the &craft were k i n g  evacuated. Another accident involvd a fire due to 
penetration of the wing tank by debris thrown up fro= landing gear. In this instance the Rircraft 
was aucceiwfully evacuated but wm destroyed by fire. 

Category 2 accidents involve only one fatality. In t.hh case the t r a m  fatality occurred as tRs aircraft 
pnetrated the  nirport tznninal. The p t m r  was killed when the hull was  ruptured by a building 
column. !l.'hh accident is an anomaly. There are 12 h - d  losses, 2 of which were d l ~ eto dowly 
epreadingfire. Two accidents invoived engine separation and fuel.Line fires while another accident 
WEB n friction f i r 2  due to om gear cobpse. 

Category 3 accidenta involve a t  leaat 722 fire related. fatalities and 5 trauma fatalities. There are 
three accidents involvi~g 179 cccupania and 190 fatalities that are wdafined. 'i'lle D M  Toronto 
accident was placed in this category because of the major fuel spill due to t d rupture as the 
enginelpylon separated. 'rhe 108 fatalities are treetd. ati fire related beeuse the w-kg fuel tank 
exploded in the airwide attempting a g m u n d .  The five trauma f a 4 d t i awere in the KLM Tenerife 
accident; md  were in the iorser fuselage and wereejected. Dro;Miulga ac:counted for 18fatalities, at  
leaat 15 of which ~ c u r r e d  after evacuation. 

Category 4 involve8 225 fatalities of which 55 are from f i e s  not due ta Canlr r~pture,165due to 
drowning, and 5 to trauma. One of these wee the 727 Salt Lake City acciditnt in which firc resulted 
fro= a hard landing that caused a ruptured fnel h e .  

In  most accidents involving drowning, few d e U  are available except for the DC9 SL. Croix 
ac6dent. JQ this case the rlmwnings thollgiht tc occur efterevacuation and trauma fatalities were 
'due to s ~ taeprtration due to flwr distorticn a d  t~ accupdtiltg who did not use the sent belta. 

Category 5 involvea 934 fatalitis of which 45% me of ud&ermincd c a w .  Of the known cause5 of 
fatality, 335 are relakd tro fir?mid 210 ere rehied to traana. ' f ie  747 PanAm Tenerife accident 
accounta for 36%ot the fa takes ,  with 143 tlead~sof undetermined c e u ~ .In this accident trauma 
falalities were due to the destruction of the upper ait f w l a g e  by the KlJA 747 and the cntry of the 
KLMen,gine pod intofist&on of the wt. Fruthw,burning fm! from the Fm Am ivpt~uwl wing 
waa sprayed into the ELI^ trtippbg moat of ihom not killmi by t rnma.  The fcur known trauma 
fahlieietl in the 727 Cmchneti owiden1 were due to complete destntction of the cockpit area. 'I'he 
10 trauma fr~talitiw in the DC-3 Portland accideat were dua to intnlrion of a large tree into the 
forward fuselage. 



Category 6 involves 15417 f~talitieaof which 5995 were of undetermined c o w .  Of the known c a m  
of fatmlity,189are mlribd to fire and 190aredated to 'hunn. In four accidenh, only the fhte of the 
flight deck crew is d e f m d  although tkiercam indications of caum with krrns au "many* or "mwtn. 
The enormity of many emdents and ehortage of pathological skills precludc accllrate poetmo~itern 
determination of ceuse. 

Combining the etntcturel dariage severity cotegory with the scenarios shows scenario development 
should include accidentz b r i n g  everity categories of 3 through5. Category G accidents rcpreoent 
cocsurnption of all the aiPc~"zftLprotective structure. However, provisions made for leaa Kivere 
nccidents would tend to improve the d w o r t h h e s i ,  in Fome areas even in category 6 accidents. 

Consc?quentIy, r m c h  effort8 should be directed tuwards better defining the crash scenarios to 
represent this severity m g e .  The improved definition kcludes initial conditions, trireraft motioil.;, 
ha& encomtered, and crush respew? of the sytitems. h'iethoda of ~inulat ion shrs~dd -h 
developed that permit study of the parametere that affect the crmh response so that these might be 
subjected tn e more tholough engineering treetment. 

Most substantial damage or riuli ,,aaccidents that are impact siwivable will involve damage, 
destruction, or lorn of one or r m e  a*m2tw+alcomponents and Rircraft systems. During the 
sequance of events as  the dest;rucLoa occurs end the aircrnft come to a smp, the lives of persons 
onboard are being jeopardized. In the 153 swidenta reviewed in this ~ tudy ,  i t  w a ~  deternlined that 
the most critical event in the sequence that c a d  nost fatalities was the releasing and ignition o i  
fuel which then developed into severe fires. For thoae persons not injured by impact, the 
prolmbility of sunrival was determined by time (me~sured in m i n ~ t e s  and ~econds) and by the 
impedhents in the esmpe route. In order tu defirne hpproaches to improve the crashworthinens of 
tramport aircraft i t  is neeessay that the hvolvement of the?structural components, sy~temo, and 
subsystem be determiried and the wquence of events and bteraction of their involvement in e 
variety of awidenta be we9 understnod. 

Dixu&m of  the major hazanls, the domirunt ~trucfxral componenla, and the interaction as  relating 
to survivabihty is provided in the followkg seetione. 

Severe fuel Ties, that arc?the primary cause of most fatalities, result from unwanted relea= or 
spillage of t a d  fuel. Jn tlrisstudy it we8 found that i07 sccidents involved tanl; fuel spillage and 85 

' of these had f i i s  of varying ceverity. Spillage directly from the integral tank usually occim from aix 
types of evento: wing b o x  fmct~ueor break, lower wing skin tear or rupture, pextmtion of the tank 
by an objed, tearing open the ~ i n gbox during separation of rcoin landiag gear or engine pylon, fuel 
tad ul!age ex?losion, aud flow from wing rip vents. In a given eccidcnt two or more of these tmeeof 
spillage oometimes occurs. These types zrc shown in figure 4.2. 

Fud sp ihga  due to wisg break uccurrencc.s hnvebeen a s m e d  with regard to incidence of fue  and 
fire relakii fatalities. '!'he errtta, of the epill been asaemd where 'largen is 30 meters or larger in 
dirtmeter, 'medi~m" is 10tn 30 meter8 diameter, and 'small" is under 10metms. Fire intensity 
has 1 ~ e n  ases.4 with respect to coneeqnc?osesof fi-e as !arfe, medium, or small. lnternction of 
fire 7;ith fuselnge in term of f w l a g e  cnbkryand of effect on evacuation also have been ase.ssed. 
Fire entry ta :he fuelege h w  been gaged rn entry though breaks or as burn-through. In zddition, 
the e f fx t  of fire on the postcrash evrtcuaiiou h 3 ~h e n  asseswl. Here, large effects implies s a n e  
fire related fakiities, wide s m c d  implies =me hindrance. 
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Rega~dicgthe interaction of hc t iug  gar nrrd pylon in wing bmsk, t5e n~m&mcntreltltai to 
maintenance of the wing ground d e m m  md ta transmission of loads ts the wing s h r t m  (only 
for wing p d  mounted enginee). 

In 67 accidenb, fuel spihge cccurrd when &e wing box fractured due to ercerrsive forceo or 
loads. There are dm nine other accidents in which i t  is believed ther wiog fracture warred but 
ineufficient detail is evahblc! to defire other factom. 

Most fractures occu  due to high vertical loade or due to impact with large objecta wch rts trees, 
buildings, or embankments. In some cseea the landing gem and engines may a h  collapse or 
8epsl.ste at the time wing fracture mum, however the gear and engine geneldiy have litL1e 
influence on the wverity of the accident except possibly by providing an ignition eource for the 
spilled tank f ~ e l .  

Some wing fractures occur early in the aczident sequence and the fuselage continuerr to slide or 
move. polvibly away from the initinl large fuel tipill locatiorr. Fuel is usually m t t e ~ dover a large 
rur?a Xn other cases the&g fractureoccursa t  about the time and poiilt where the aircraft comea to 
rest and the fuel spill in adjacent, under, or around the fuselage. If fuel ignition occurs. an almost 
imtnntaneous eevere fuel fire develops: this conrctituks the "most h d o w  scenario." Damage to 
other stmcturd components can kfluence paasengerlcrew survivability in this situntion. Fuselage 
b d s  and fuselnge lower surface ruptures can provide immediate aLxe= for flnme and ~moke  to 
the paesenger compartment. Damage to the cabin interior such as collapraed overhead storage, 
galley debris, ruptured floor, and jammedhlocked exits can impede evacuation. The interactions of 
thw structural c~mponentii and tha impact that each has on ~urn~vebility in the wing brv~klzevere 
f i e  occurrence, is different for each occurrence, no two are the m e .  From this es3dy it ia 
conclcded that reaearch &3dd be accomplished in the area of wing box md integd b . i k  deaign 
philosophy and in the deveiopment of wing structure tbat will m k i  wing tankfracture when wing 
box brc2kage or separation WCLGW. 

Results of theee aaseliemerits are shown in figwe 4.3. Some general observations may be made. 
Firat, wing breah result in a high percentage of f ie8 (deep water impact k ing  an understandab!e 
crceptioc). Second, wing b r e d  accidents have a high fire related lethality. Third, if fire is pment  it  is 
highly probable that f i e  will enter the Eudage either though a fuseiege opening such as n door, 
break, or by a burn-through. Fourth, the presence of fire has a eerious effect on the pastcrash 
evacuation. Br& due to impact in deep water have not exprienced fmalthough hazard of fire is 
preaent. B r e h  due tsdrag,@g the wing acroee the g roud  appem to ~ w u l tin a lowel percentage 
of fatal accident8 than other types of break&. 

Wing b m a k ~  due to impacting t-eealpoles and like o b 3 t r ~ c t i o ~are particulttrly severe types 
br& with regard to size of the spill and resulfing f i and incidence af fire nlstc4 fatalities. For 
21 accidents, large s p i h  occurred m st leaat 16 with fires occurring in at least 15. Fire relekd 
fatalities did not wcur in oniy seven eccidentz. It may alec lw that Ti8 enfry through fuwlnge 
breda occurred in almost 607'3 of ths accidents while entry by b u r n - t h r o u ~ hrmurretl in about 
10%of the accidenta. Fire was R fsctor ir: evacuation in about 30% of tlrlc hcc~idente.For this type 
of break, interaction with landing gear acd with enginelpylon sspaisti~rrappearri quite small as 
might k expected. 

Similar awesaments may be made for other c a u w  of wing break with a i m k  resulte. An exception 
is the effect of geur separation and enginelpylon separation for the naund &e.g break. Here the 
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crash role of gearand wingipgri~im o ~ m t dengin= in maintaining ground clearance of the wing dotxi 
appear to be a significant fector. If a gear more tolerant to separation or collapse were available, 
Borne improvement ir crashworthinem mi&t Ix achieved. 

In thiantudy, tearor rupture of the wing 2ower surface is known to have occurred in sight slccidenta 
and pmbably occurred in 19 others. Them generally occur when the wing ia subjected Co 
mbb'm$/eliding on the m y ,  on rough temim,or over vcuiow objecb. Records indicate that 13 
involved contact with rough terrain, 7 involved sliding w e r  fences and walls, 4 involved sliding on 
level gfound, 1involvedaettlingon a separated engine, and I involved impact with onother aircraft. 
In 26 of thee5 accident8 the aircraft was clestroyed and 40% hed fire reletcd fatdities. 

The hwiud evolving from e h ~  wing tank tRarIruptu~'esia related ta the sizeof the tar opening, the 
rate a t  which fuel is relea&, the temperature, and if thz fuel was ignited. Many of them 
m e n w a  involve eevere fires, however they tend t~ be localized in the wing area and thereby 
make it  po~eible for persons onbard to evacuate from both ends of the fu~elage away from the fire. 
The intemctions and impact that other fitructurel components hnve on them wing lower surface team 
is the cane ae with wing brenk occurrences. 19nincreabe in the h a m d  occu-e with time Wssibiy 30 
seconds to 5 minutes); fire iapacting on the wing often causeo tank explosions that spread the fuel 
further and i n t e d y  the h e .  Ikmmh should be directed in the a m  of cuntainmg the fuel witlJn the 
tank or a t  leaat reshicting the flow of fuel through the rapture or hole in the wing skin. 

Asses~ment of these accidents ia ehown in figure 4.4. As mcy be e n ,lower surface tear results in 
large fuel epillage with the fire being severe. In about 60% of the s p i h ,  fire enters the fuseiage by 
burning though the tikin,,;while Tire entry through fuaehge breaks occurs in 15% and by other 
routes in about 10%. Firc has affected evacuation in 40% of the caws. 

With regard to the interaction of landing gear collapse or separation, gearhas been a major factor in 
5076 of the spills and had a l w r  effect iu a b u t  30°h of the epillo. Wing mounted engine!pylo~ 
separation or coiiapae during lower surface tear failed in maintain gxour'd clearance in 95%of the 
c88e8. 

Wing b x  Tear 

T&g away sections or parts of the wing box fuel tank and subsequently releasing large quantities 
of fuel during separations of main Lmdiiig year orof engine pylon is an iufreqncnt occurrence, being 
reported in seven accidents. However, when it  does happen, a severe fuel fire generayy o g ~ n s .  
Design philomphy for main landing gear and en-uine pylon attachment to the ~ i n gDox should be 
reviewed ta cnoure units are fused for a clean overload sepsratio;z that d i m  not fracture the 
integral fuel tank. Awsoment of wing box knr is shown in figure 4.5 

Tank Ullage Explo~ions 

Wing bax fuel tank ullage exploeions have been reported in 17accidents and probably occurred in G 
others. In most of these, a severe fire already existed and generally the size or intensity of the fire 
increa-4.In most c m ~  from the tanki t  ia not known haw many, if any, additional fatalities re~ulted 
explosions but it c p p r a  fmrn available data that evacuation was usually affected. The kitiol fire in 
three accidenb occurred s t  tbe engine pylon wing interfew af&r engine separetion, two of theee 
explosions occurring in flight. Reeeercii should he directed towards deve!opn~ent of devices, 
systems or puocedure.3 that will zliminate cr reduce the probability of ullage explosions. However, 
reliability of the fuel delivery system must nct be r ~ m p r a ~ dor reduced to achieve the elimination 
of ullage explosions. Assessment of tank ullage explosions is shown in figure 4.6. 
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Thc wing tank vent sy~tem has been involvzd in one eevese fire accident. In ttis case, a 707 in 
Rome, M engine fie spread to fcel dripping from the adjacent wkg veabr vent a t  the wing tip, 
progressed thmugh the vent sgvtbm and cawed a tank ullage explosion. Any studiea involving fuel 
tank design should irclude the tank vent system and flame wppreoaion. 

Tank Puncture 

There are three amidento in which tanlrs have been punctured by foreign objects. Two of these 
addents  occurred during ~ r c r a f t  operation and re~ulted in fires that deetroped the aircraft but for 
which there were no fatalities.One of these iuvolved puncture by debria from a dbtegratingengine 
and the other involved p m  from a disintegrating wheel. The third incident occurred a fh r  the 
accident when the t a k  WHB p u ~ i c t dduring reocue operation0 but there was no fire. 

Leakage 

Them are four accidents in wluch fuel spillage resulted from leaking tanks. Only one accident 
experienced fire which destroyid the aircraft, but there were no fstal~ties. While fire hazard is 
present these accidents hnvs not been lethal. 

Body Lines 

Rupture of M y  fuel lines is n hazard asmisted with aircraft configuratiwis having aft mounted 
engint.,. or auviliary poweb unit. If fuel t . kshilhff valves activated imrudkkly a crash, the 
amount of fuel spilled due to twdy line rupture ie only a minor contributor to the eccident severity. 
However, when the Lnes are r.ot shut off, the resulting fire haa been catastrophic. 

The 'clas~ic" caw of this was the 727 Salt Lake City accident on November 11,1265,in which a 
separsted ;anding gesr penetrated the lower fuselnge and ruptured a 'body fuel line. Forty-three 
occupants 'id from fie relstcd c-wxs. As a m u l t  of this accident, body liues were strengthened 
acd r ~ r o u d  to aiqoid this typo of rupture. The only other instance in which M y  lines &e thought to 
he a major contribute; ti^ tho severity of an accident is the DC-9 O'Haru 03Dxember 20, 1972, 
where the aft fuselage of a DC-9struck the vertical td of an 680during takeoff and pmbvbly 
rupture6 a body fuel !be.Ten p o n s  perished from Fire related c a w  ia this accident. 

As~ssmen tof body he1 line rupture is given in figure 4.7. As nmy be seen. there are 10accidents 
with4 probable imtances of rupture. Fire was present in each instance 6thfire related fatalities in 
nine arcidenta Fuel liile rupture (ires are deemed to have been a factor in evscuetion in possibly six 
of the cmes. Fuselage breaks were present in eight of the emu with fire enkring the fur;elage 
thmugh the brea'ks ru .six c:ws. Fire came through the fioor in t h c e  cases with one uncc1"csin. 

Seats inierface with the oclcitpnut snd with the structure to which they r-mattached. In awessing 
thew interactions, the relation of the seats an6 Lhe structure is treated iirst. and the relation of the 
=at to occupant is ma&% stwnd. 

Three tmic t y p e  of caaw arc of concern: crew mats, flight dttertdant juap seats, and the 
passenger double m d  triple k w h  seats. Crew cleats are single seas  that axe rnectimically 
adjuetahle t o  faalittxte opertitlon of the aircraft rind attach to the cockpit, floor structure. A 
combination shculder m d  i . lp belt restrain the occupant. Flight ntkndants' jump seats may be 
single or double units nttachd to bulkhcnd and mechanically folded or retracted when not ir? u s .  

1 





Tbeee mats support vertical loads, witfi the i-estra.int hnmesrii trartmitting sid3 cnd longitudinal 
loads la the structure. Peu~engermta are attached to floor tr~ctra and in some deaigne to the 
fuselage aide^. Floor tracks are attached to the floor struct.we or b p d e w  a t t m h ~ d  to the floor 
structure. The passenger is restrained by meane of a lap belt. 

For the interaction of 8eab with structure, no disticction is made f"or types of wets, but. two 
intermtione are of concern with the structure - the effect of a fuselage break and the distortion of 
the floor. In a fuselage breek, sen& mny be ejected through the break, or may simply seperatc from 
a broken floor track. In floordistortion, seab may sepmatt?from the track, or may be elevated. 

Thepotentially moat lethal of these interactions is ejection though the fuselage break. Survival of 
the occupant is a matter of chance, depending on many iactilrs such as velocity of ejection, nature 
of impact Eues, and the orientation of the occupant a t  impart. Further, the ejxted occupant may 
be in an area that i~lcxposxi to fm or i~ Oiye-mm by the advancing aircraft. 

Sib-.% located in the vicinity of a fuselage break may be subject to high ameleration pubes due tn 
the ~ediotributionof the sturedstrain energy as thc structure breaks. This frequently results in the 
separation of Che seat3 due to rupture of seat tracks, seat track attachmenta or seat structure. 
Sepnrated seats rncny then shift position and C ~ U Win jug  or hinder the Egress of the occupant. 

Seat dislocation from flwr distortion may be due to separation or to elevaiion of the  seat. 
Separation may force the occupant to contact iiiterior objects and may hinder egress. Floor 
elevation may block egress routes such as over-wing exape hatchee, may hinder the ~ C U p a i  in 
exiting from the sent, or may force contact with the cabin interior. For crashwcfijness, i~ is 
desirable to keep"seat3 attached, in place, and to maintain a swivable v a l u e  for the occupant. 

There are 48 accidenta with identified interactions and another 21 accidents to which probable 
interactions were assigned. Aswssment of these accidents is clho.~n:in figure 4.5. F~selzgebreak 
has resulted in 15 certain accidents with one or more occupant ejected t h rou~h  &e brenk, and 
probably a t  least two more. .%paration of some sef i i9  at the break with the Mats remaining ir the 
aircraft has cccurred in 30 nccideuts with probable occurrence in at least 13 other cascs. S a t  
separation due to flwror f u d s g e  side &stortioxa hes occurred in 19accide~tswith probably 5other 
cascs. Elevation of the seat without separation hnri occurred in 11accidents with probably-4 other 
accideak . 
The discuesion of aeat/restmint perfomm-ce in ~urvivnblc crsshes is presented in two puts .  The 
fir& part includes those accidenb in which injuiies that might 'be reinwd to seat strength 
rc.rfomanct: and in which eeutliestraint perfomnr~ce are cited by the accicient irvesrigatian t c m .  
The wcond part inclildes serious accidects in which the sealjrcstrainc performance was not cited 
and in which no injuries that might Ix relnted to seat otrcngth occurred. 

Ouly 31 buch accidents codd be found in whit11 seat perfcrnunce was mentioned in N E B  reports 
A detailed review of these acciaenb indicates *;cab certified to c~lri-eatFAR setii st:;-ngth criteria 
provide protwtian to the wcupant commensurate with the rrmh loads. The aircraft .strength and 
occupnnt injury tolerance mpability appem to be in proper balance. 

A separate independent study of this matter conduct;ed within the FAA iscontained in refereme I. 

The current study drew upon NTSE accident repmt.9 a i ~ dcpeeir.1 ~tu4ies, NrBB Kumm Factam 
F~ctua l  Rep-ts. k4TSE Public hear in^ Dock+&, m d  the manufacturers accident files for each 
sccideiit l 'he sc:pmte FA4 study alw treats N'iSB data, w d includes FAA Civil Aii*hledical Instieute 
(CAMT) data but dces not include the manufacturert; files. 
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For engineering pwpoea it b n w w q  tx,relate eeat perfomnnce and injuiy. To do t h b  i t  was 
necesaury to review the fiwm Factor;j Factuai Reports md,  in eome i n ~ t a a c ~ - ~ ,  s w i  vor te~timony. 
The NTSB statistical cakegag, "Senow hj~uy"[ s e  app. A), wed in NTSB Accident Pepomd i m  
not ner.esaady identify xtd phjr~iccllinjury nor rekk injury mechtlniom to injury. Accident victims 
who nre hwpiealized for 48 hoars for m e d i d  observation, legei comiderctions, or other reasons are 
lis4&asseriow injumieijeve2 if there is r?ctreatment. An irumediak improvement in ~r~qhworthiness 
etatiotics could be oWt-iued eimpiy by wing a more accurab defdt ion of aerioua in juy .  To rely on 
them injury shtietica n a y  iead to exeggemxtc-dconditions and produce erronwi~i conclusions. 

Reference 1 identifies 27 p u n d  impact n~ulident3 including 7 propeller-driven aircraft and 20 jet 
transport aircraft. A comparison of tho= study accidcnb with this atudy shows that 18of 20 jet 
transport accidenb are included in the pre~entstudy. The two accidents omitted are the DG8Jm 
accident on Sqtember 15, 1970,in wbich the seats performed adequately ~ n dno occupant was 
actually ca-iouoly injured, and the 707 Pago Pago accident on Jfinuary 30, 1974 in which no seat 
performance wae cited. The additional accidents in the praent, study include accidents prior to 
1970,two Callndien accidents, and the 747 Japan Airiinee rccident in Anchorage on December 16, 
1976. 

In these accident reviews, investigatom did not identify a ing le  trauma fatality caused by lack of 
apzt strength or seat attachment structure strength. It is recognized that such identification is 
difficult bemuse o; inconplete knowledge of local crash dynamics, fatal injcry mechanism, and 
survivor testimony as ti, his experience. Aleo, postcraoh fire frequently consumea necessary 
evidence. There we limited, though subjective, indicetiona where an increaw in attachment 
strength may have provicied somo benefit. For instmce, one pawnger in the 727 St. Thomas 
accident was ejected in his seat through a frmlege break and died of trauma injuries. This seat was 
1-td in the aircraft in the region of fuselage desttvction and there is no assurance that a_ly 
increase in sest strength requirements would have provided eny benefit. 

While it  can be ~bserved that injuries were sustained in defornling the seats, no sequence ol'cvents 
has k n  identified where incnrtved seat strenk* would haw reduced occupmt injury. 
Consequently, the cases presxted in table 4.6 involve senr,m injury and/or weeireotrsint s y n k L 1  
crash perfcnnsnce for accident survivors. Twenty-six occidento involve a null loes,19 involve f ire, 
22 involve at 1-t one fuselage break, 14 involve severe floor distortion, and. 4 involve water impact. 
Thirteen accibentf, a x  only part idy impact survivable since suwivnble voIume for at least w e  
occupant was lost. Foi ~eatlrest-sint system strength performance, injuries tr, the head, spine, 
chest, and pelvie are of concern, although injuries of these types may s r i ~from a variety of other 
cauws.T h m  are shown for the flight deck crew and powengem, w11;le spine and pelvis injuries nre 
shown for flight attendants. 

Table 4.6 also shows seat performance for seat-to-floor attachments, seat lege, seat pan, m d  
restraints for f ight  deck crew and passenger seats. ?'he r~unher for a t ~ c h e n t a  md sest legs L* 
for seat units. Flight attendants' jump seat structures, mecha:;isrns, a;~d harnesses aie  
identified. 

Some gecerll observations may be made in reviewing t.!lcse nccidcnts. First, there is evidence of 
spinal injury for flight deck crew, fight attendants, and paeeengers whert? no seat crash performe~ct? 
wae cited try the KTSS. In sddition, there were spinel injuries to occupants where seat crash 
pefomance was c i a .  If t h e  icjusy tolerance of these people is exceeded by the crash forres 
trmemitted, by senb designed to c m n t  strength requirenlent., increxsing tha seat strenbTth criteria 
would do nothing to j~aprovo their pmtect.ion. Second there are inst.ances wilere seat performance 
wrs cited in which no seriuus injury was incurred suggesting that increasing seat etrcrlbth might 
tsansmii siifficient Iocd to pruducc rerious injury, a negative benefit. 
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k t  detachment (wparation) i~ generally amwinted with lovs of structural integrity due ~LI 
dwtruction of the f&lage e h e l l ~ f m l a ~ ebresb, and to extreme distortion of the structure. 
Detnctment may occu if all the wt legs or attachment fittings rogturcor if the seat tracks rupture. 
This indicates that a more cornplinnt seatlflooreubetmcttue to accommodate distortiou might be 
more beneficial L5an an increase in m t  strength criteria. 

For commercial jet txmsport aircraft, there ie little evidence of seat separation with subsequent 
"stacking" in the forward aeetion of the aircraft. Two exceptions to this ere the DC9 S t  Croix 
accident where three double eats  stacked due to the impact of same passengers who did not u.ae 
their lap beltq and the 737 Midway accident where two triple seats (rows 14 nnd 15A, B, and C) 
atacked due to severe etructural damage to fuselge in that area. The more severe injuries occur in 
the vicinity of fueelage b& and arens of extreme fuselage distortion. This might be exywtd  
since these are loC&ioli~of very high losdings and areas where structure hm lwt  iisability lo protect 
the cccupants. . 

111those accidenta involving high longitudinal loading ~ u c h  aa the 727 Cincinnati, 737 Midway, 
LlOll Miami, OC-9 Boston, CC-9 Cllarlotte, 727 JFK, 727 St  Thomas, DC-9New Hope, 737 
Crabrook, and the DC-8 in Portland, extreme destruction of the fwelage was experienced. 
Pawnger  seat oeparation wes observed in the ueas  of destruction. An increase in seat strength 
criteria would not have seduced the injuries in these accidents. 

- Excminntion of thooe accidenta involving extreme vertical impact velocities ~ u c h  as the DC-9 St. 
Croix, DC-8JFK, DC9 Akron, 727 Denver, X - 9  Philadelphia, and the DC-9Toronto accidentcl 
indicates an irrcreawd umber  o i  u p h d  fracturce as compared to the total data set. In the Toronto 
accident, the aircrraft went over a Si-ft  cliff a t  46 KLAS, equivalent to falling from the tap of a five-
story building, having 5 resultant deceleration of 25 g. At Akron, the aircraft flew over a 38-ft. 
embankment a t  85mph impacting on a roadway. The Philadelphin, Denver, JFA, and St. Croix 
accidents had herd impact8 combined with high fonvard speeds. 

These accidenta indicate that the current pavsenger seat vertical strength criteria are close@ 
matched ta the threshold of injury for the passenger population. Further seat deforniations obam-ved 
in wme of t h e e  extreme orxidents wed much of the available stroke indicating that the h i t  of 
energy absorption within the icjury load tllreshold is khg approached. However, further research 
on the energy absorption aspect of crashworthy wato should be done. 

The DC-8 Anchorage accident was en overrun during an aborted kkeoff in which the aircraft 
encountered a deep dtch and hit n building and an antenna tow2r. The Bircraft lost engines, landing 
gear, wings were separated and b.dsen and the fliszlage bmke open. Mmy of the wcupmta left 
their seats and were star,&g in t h e  aisles before the aircraft cm.e to rwt. 'hvent:wne spin& irijuriea 
accurrcd. One flight ettendwt and approximately five pmwngers alc known t . ~have sustained 
spinal injuries due b impact locdings. T i e s  five passengers were izl ~ a t sthat ejr,ch& from thc 
aircraft when tbe fuselage b r ~ k e  The remainder also may have occu~edduring impact or during 
evacuation, but there is no implicetion that increased wat strength would have provided mcie 
protection. 

It may be seen that only fow accidents are of concern in accident performance of the rlight deck 
mts.In the DC-8Portland accident, the right side of the cockpit experienced law of survivable 
volume due to impacthg a 1 ~ p r :diarnakr t r te  (of the cockpit occupants, only the Captain survived). 
The First a d  Second Officer's Hats ~eparated while the Captain's seat was attached but was 1co9.j 
and had some seat pan deformation. 



In the DC-9 Philadelphia accident where tho tircrsft cxperieucd. a 10g vertical dwlerotion, the 
Captain and First Officer eeata experiencedmat pan deformation. in npplying loado todeform these 
mat pane b t h  r~ocu?antB experienced opine1 i n j w .  

In the 707 Kansns City accident one fight dcck mt expr iencd  wt leg deformation and the 
officer received a a p i d  injury. However, in thie instance,i t  wahl noted that the harnem were not 
u d  by the the mupanle. 

Thereere&x other accidents inwhichepinal injuria o c c d  to flight, deck crew but i9r which there 
wae no seat performance cited. From thie i t  may be concluded that seata rye already stronger than 
pilote; end h t furths incraahg  the etmngth criteria for t h w  s a t a  would provide no benefit and 
might muse more severe injuries. It appears that some increplee in energy ab&or]?tion,and load 
limiting might pmve beneficial. 

Thereareeight aocidenta in which'flight ai?mxlz a b  suffered o p h d  i~ju-4ea while wted. In the DC-8 
Anchorage accident, one injuxy occurred when the eeat retracted from undkr the attendant d-g 
upward e m l m t i o n  causing the attendant to fall to the floor. The remainiag injuiiea ocrmed with 
the flight nttendsnte in the w t .  Two flight attendants had opind and pelvic mnjuriea in the high 
longitudinal dece!erction 727 JFK accident on June 24,1975, even though there wne no damage to 
the ~eotlrestreizrt rspntem. Riost of these citatians involve inatmcee of eat collapse or partial 
colbpse due to rupture of a hinge, mat ettschment fitting, or of the nupporting mechanism. The 
injuriet, sustained did llot muse lorn of mobiiity in most cases. 

There are instaces where seat defoimation contributed to harneee problems, in that the flight 
attendant eubmsrined after the seat pan deformed. The 727 Denver accident on August 1,1975 is 
a case in point. The'flight nttendsnt suffered a back injury in this procees. A h  "some" spinal end 
pelvic injuries vrem experienced iu the L-1011Miami accident. Most of the remainder of spind 
injuiea o c c d  in hard vnriical impact accidenb with seat pan cr  mecharism cita?iom. Also there 
are instancesof mt deformation in which there were no injuries.. 

A review of accidents invol"ing flight attendant mats indicates that increasing seat strength 
would not. reduce the n m b e r  of aerioue injuries. However, every effort sbculd be made to iiiclude 
the results of TARC Project 216-10 study into flight attendant restraint design. Various 
government agenciea such es the Army, Air Force, and the Departneat of Tramporktion have 
identified some leveb of injury tolernnce. See part of wction~5.0 titleci, Human h p a c t  Tolerance 
for a more detail& dixucwion. 

There are 96 accidents in which one or more of the landing gear eepweted or colhpoad. Lil addition 
there are 15 acciderts in which the gear was stow& or retracted. The effect of gear wparation or 
cobpee vdJ !Ecansidered, followed by the effect of gear in stowed positions. Some cornporiw~ of 
ihe two effects nill be made. 

Referring tobbie 4.2, the t o d  occurrences show that for 95 cases of gear involvc.ri?ent (1 accident 
invoIvee debris f~mm the gear darnaging the aircrnft) there were 80 hull losses, 64 fms,  71 tank 
ruptures, 46 wing nluw.ted engineelpods separated (11 cescis~of engme nepamtim involve aft 
mounwd engines), 62 fuselage breaks or crush, 38 door hatch invo!verncnts, 33 floor distortions, 
33 cams of debris, and 26 mat citatione. 

In order ta asrazss the role of landing gear and the ;nteraction with other struct~~ral systems the 
sccid=ts were revieivd Direct effects of ge,u aepnration me: wpur&ion of wing pod mounted 
enginea; npture of iuel In& by failing to maintain ground clearance mc! by the cepcrating gear 



tearing a wing bz; and dmape  to Lhe lower fuselage by cruohjng, friction, and by breaks. 
Secondmy effete are firedue tc fuel epillage from ruptumd fuel linea and tanb and to friction, flour 
dis'tortions, d~or'makh problems, tmt sepnrotion, and debria due to the disLortion and breaks of the 
fuselage 3s a result of ground coatact. 

Figure 4.9 shows the mse rnen t  of gear =paration. In 67% of the accidents all gear sepaxaied or 
allspeed, while in 22% only main gear eeparated or collapsed, and b9%only nose gear separated or 
cohpeed and in 2% noae gear and one main gear aepcueted or collapsed. 

Gearseparation or roLpae was involved in tank rupture in 17c a w  of lower surface tear, 12c a m  
of whg drag breab, 14 cases of wing box ksr,end 4 cases of tnnb; leakege. This fuel spillage 
r~~ in 42 firea.Thw gear separation or collapoe is a focbr in 64Yo of the fires that occurred when 
gear participated in the accident. Using smzll, medium, m d  large as the degree of involvement, the 
gear wm a large factor in 26 of the 4%fires, a medium factor in 4 of the fires, and a a m d  f~ictor in 
12. With respect to fatditko, there were 28 accidents with fire related fatslities and 24 accidents 
with qtiuma deaths. 

Lower fumlage crush occurred in 53 accidents with gear mparation being a !arge factor in 37 
cows. Lc,wer fuelage crush has a secondary effect on doorhatch jamming, on a?paration of seats, 
and on cabin interior debrh. Gear separation was a !arge factor in 9 cesesof fuselage break. 

For 15 atxidents in which the gear was known to be retracGng or in stowedposition, there me only 5 
cases where having gear extended may have prevented the crash. These cases mostly involve 
extensive siide-out, but occ,urred during oiwrted takeoffs or flight activities for which the gear is 
normally retracted. 

From the above discu~i~lon it  may be concluded that development of gear more tolerant to conditions 
that cause separation w ~ u l d  result in some increase in craohworthinese. Further, when fieparation 
does occur, the wing box should not tear open. 

Cabb interiors 81-12cite3 in approximately onethird of the accident3 in the data base. Cabin interior 
equipment includes overhesd storage compartments, ceiling panels md lights, sidewalls, class 
pnrtiticns, gallcys, and closets. Con~pxing cabin interior citation8 with the accident severity category 
(we table 4.4) some pcutiaritias may be observed. For bstance, i t  might be expected that 
accidents in categories 3 to 6 would have a higher percentage of citatiooa thzn is actually reported. 
Thio is particularly applicable to accident cstegories 5 and 6. 

The disparity might bi! attributed to the expectations of the investigator. If the damage is such that 
overhead compartments, ceiling panele, etc. might he expected to separak and clutter the scene. 
the owu-rence may not he reported. Ftuther, if the devsstabon is such that p~rticipation of the cabin 
interiors as compared to other f~ctors  might be considered secondary in survivability of h e  
occupant, the partu5pation may be unreported.While the absolute level of.p~sticlpation may e q d  
that of a lem severe accident, the relative contribution may be sisrificantly !ess. Finally, post-impact 
fire may dwtroy visual evidence and ~urvivoramay not rep& conditions. 

Cocxqucntly, the 45 accidents where ritatiom have h a  mode uhould serve as an indication of 
powible crash behavior of intaiar cquipme:it. The 23 eccidents where probable participation has 
been asessed n a y  not include d l  incidenh. In mme rccidents where a t  least one part of the 
interior participated, other parts hnvc heeu deeincd probable. 





Overhead storage c o m p , ~ e n t a  hcve hen dwith regerd towpmation, contents spillage, 
evncuaeion blockage, a d  injwy tO OCCUPM~B. Ceiling parseln, eidewdl hero ,  and clm.9 paititioae 
have &en m dfor wpadion .  rl?aiE; mparntion u~uallyhaa some effect on spma.G&e:rs have 
been w e d  for c o n t a b  apilkge un well ase 5 e a  birjclrage. T h e e  wita  we of y&Licular concern 
since they affect availabiiiiy of the aervice doom as (m e g r m  route. Them assemmente are &own 
in figure 4.1 0. Cabir, ideriors have h e n  a major factor in evacuation in 12 known accidents and 
probably in 14 acciderita. Overhead atorege llaa m u d  injuries in five knovrn accidentrs acd 
yrohbly cawed injury in three additional accidents. 

l7i~m-e4.11 showa interr?ctini between otbw otructmal syetems and the cebh inkhior oyokm, 
C d  of the lower fuelage is deemed to have mewred in 52 of the 68 accidents. Ftroe!age breako 
are deemed to have wcul-red in 32 of the 68 accidents. Landing gear ~epamtion or collaps; 
occurred in 48 accidents and the gear was r~tracted in6 other casee. Floor riictortion io deemed Lo 
have o c c w d  in 26 accidents. All of t h e  inkractions participate in mverely loading the 
s t r u W d  supports for the cabin interior equipnmt. Fire waa present in 41 of the accidente. 

FUSELAGE BREM ACCDENTS (Excluding Fumbge h w e r  Surface Eupture) 

Of the 153impact tiu17"ivdde acciden'c. used in this Survivabilikj Study, 64 are known to heve 
experienced one or more breab in the fl &?loge and 7 others probably also had breaks. Forty-nix of 
the 64 were fetal accidento. Available &!:, icdicates that 39.5941of the praonn onbarci in the 64 
accidenta were fatalities. ?Be o:her 82 e r ~ d e n t sin this study did not experience fuselage breaks 
and 27 of these were fats1 accidcnb of the persons onboard in the 82 ncaidenta, 20.6% were 
fatalitiss. ' n e w  data arc plottcd as foCows: 

Fatallties 
Percent of total onboard 

Fuselage broak 
accidents 

No fuselage broak 
accidents I 

Of the 64 ~ccidentf txpriencing fuoekge breaks, 6 involved the aircroft, touc:lriog down in tieep 
water and 58 invoh~rc!the aircraft ~ u c h i n g  down (impacting) on grouid or in ewampy weeu with 
shallow weter. Dat8t on these arcidento are plotted as foliowa: 
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%3tolitias 
Percent at total onboard 

Accidents in 
deep wa:er 

Total 06 1 
-

Fatai 08 
-7- -- 1 

Accidents on 
ground 

Total 58 -1 

Dceg Water Entry Accidents 

Six wter  entry accidents in which the fuselage broke into several pieces had fatalities (3623% of 
those permns onboard were fatalities). in five of these accidents one section of the fuselage .sank 
rapidly -soma of the passengers and crew pmhably &re ejected or feu into the sea without benefit 
of survival gear aiid others were trspped inelde. The other sections floated briefly, ailowing 
evacuations icb refw or floating slides. in other accidents the fweltige sectiow f lo~ted briefly. 
however S4?h of those onbard  drowned Swvivor reports indicated that ir, a t  least two acci&3ts, 
interior a ~ d  q r - o ndrbriv blocked evacuation routca and In two other eccidents some c u t  doors 
were jammed. In motber, the 9assenger compartment lloor was displaced upmrd restricting 
evacuation. 

There were aLso four accidents involving dsep rwter entry in,which the f ~ s l a g e  did cot break, and 
25.9% of these onboarti were fatalities, most M.ieved due to drowning. 

However, in the.* mcidena the aircraft floated e t  ieacjt 5 minutes and in most cases 10 to 20 
minutes, thus allowing ndequote time to escape. In three of the four accidentj. i t  was established thnt  
the onboord rafts and float filides were not used. 

It a n  :herefare be cocciuded that in deep water entry accidents in which the fu.wlage does not 
breok, !Ie EL :vor rate should be very high with proper crew res~mnselactionsu i cg  uvdzble  
rquijxrent. i p i n g  the f i w  ga to reaist breaks or separe~iomis desirable. 

Fifty-eight gound slide sccideata experienced fu~elage break2 due to main landing gear 
sepmtionlcollnpse, exce&vely hard toxhdown or hmd ilatfimpilct after takeoff. tc~uchdcrwn in 
erees of t r e e ~ ~ ' b u i 1 d l b jor t. -<?ckylmugh termin, cr combi~atjons of these ccnditioos. 

Geru: Separations -8.696- LD 5 nccidento, lamling gear collapse or separation is hlieved to have 
contributed to the f~v l i igebre~?,!g;that is, if gem had ilot failed the fusclegc may not have broken. 



Them we ~enersllyc w  of the &waft vmring off the rnmvsy onto reasonably smooth k r r a h  or 
touching down on ~mmxrthtermin and then having one or both main landing gear @perate due to 
&pact with a slighUyr a i d  m?dorsmall ditch. Thwe fivenccir'renfsrenulted inc c!em break in the 
f u ~ l a g e ,wide enough for o pcn;on tobe ejected. fal! out, or ijkp out. Approximately 11Yoof those 
o n b o d  in the five accidenta were fatalities. i4'atslitxs wcunred ka three of thew accident,g and in 
each cswea severe fuel fu-edeveloped. The olhw two had no fatdties and uo fire. 

H a .  Twchdotvn - 8.6O& h five accidents, the &raft experienced a hard toucIidown in m 
landing attitude or stalled after takeoff rerrulthp in level attitude impact wkh sufficient vertical 
load to a w e  tho  f~wdngcto break. Tsvo of t h ~ w~ccidentarcw'ikd itl oligkit bre&lfractiu-eu h t  
would not result in ejection of perstma tr pnwide rx meam of ezritdevaeuntion; there were no 
fa'atnl3.k~and no serere fuel fire. The other three accidents resulted in fuselttge breaks that wem 
wide c ~ o u g h  tto &ow ejectitrs of p e m m  or provide a means of cmwlinglstcpping out during 
evacuation. Of the 45 perimnsonbaard in three acxidentcl64%were fatalitieu; alf thee  euperienccd 
severr fuel fires, Zlorc is f i  lugb prohbility of flvme m d  ~moke  enkririg open ende of the fuwlnge 
acctionc. 

PLircraft foiward sped  was believed tobe rcnmnslrly low in tbw of the accidents s h e  the aircraft 
were in a etalled condition a t  itrigact. Xn the other trvo eccidents the aircrnft touched down slightly 

2 ~ h o r tof the runway a t e  high rc& of descent, with fcmard speed probobiy 10to 15knots less thsn 
plmmed. 

Rough Grouid -8.3% - In 68 'ixidents, the &kCITIftexperienced fuaelags breaka after touching 
down on terrain where impact wcurred,wl?h trees poles, gulleyl;, ditches, embankments, raised 
roads, e k .  or where i m p x t  occurred with one wing low on a rensonntly smooth uurhce (on sirport, 
mush,  daq fnkebed, etci. 

Data on these accidents ere taiiuiatd in the fol!oniT?g chart.-Qnkdrci fatalltias 
S u m @Fuol Fire 

Percent of total 
25 50 75 

Clean break 

Averago speed 
- 8Sk 

j Fuseiage lorn 

I 



The accidert divided in'&three gruupa which 81-ed k d  CB fcllowo: 

I. Twelve nccideub involved a &ght brenli(s) or frncture in which fusekge sections did not 
neparate far enough for n prem to be ejwte6 or for a person to crawl or etep out during 
evacuation ( c h . ~  I).Thew accidento geneidly wcur on or mar the uiqort arid as n result of 
h d i n g  overnmn, tdiooff abort. or veeringoff tho m w ~ . y .Impact which mumd the fuselage -
break -aunlly occurred after comidernble brake actioa plm decderations off the runway. 
Only two of the accidenta (16.6%) involved a severe fuel fie,and only 6.3%of the persons 
onhard in these 12 amidento were fatalities. 

-
2. Twenty uccidenta involved a clean, wide break in which the fuwlage section remcined 

baeically intact but separated far enough for n person tu he ejected or to crawlfckp out (clam 
2). About 75%of them accidents involved severe fuel fires and 29.4% of the persons onboard 
in the^ 20 accidents were fatalities. Approximately hdf of tlwae accidents hvolvzd aircraft 
sjwA a t  or near impact of 1GO h o t s  or more. 

3. Sixteenncxidentcr involved consideriible destruction of the fuselage sectiona nnd in most cases 
the sections did or traveled many feet "tez eepnration ( c h s  3). During this movement 
persona were often throvmkjected from the remains of the fcsehge wtion.  In some caws 
ejected persons were killed from trauma, and in other c a ~ othe ejected persons survived 
because they were thrown out o i  a fire or burn area. About 93.896 of these nccidents involved 
severe fuel fires and 77.8% of those onboard in these 16 accidents were fatalities. In nos t  
cases th* aircraft speed at impaci was well over 100 !mots - two of these had. an impact 
&peed of 188 and 271 knob, yet some persons survive& Many sccidenta in tlds group cnn be 
considered to be only margkl ly  survivable. 

It can be concliided thnt the proDabiGty of fatalities in accidenk resulting in fuselage b r e h  
during ground slides is cloxly relatd tts ~ i rc ra f~speed nt the time of impact that breaks the 
fuselage. The g o u ~  of accidente rea~dting in only slight breaka (claes 1)had an average aircraft 
impact s p e d  of 57 knots and 6.3%of tho.w on b a r d  were fataliti( >. The group resulting in a dean 
!but open) break (clasa 2) had an average speed of 83 knotc and 29.4% were fatelities. The group 
d t i n g  in a tom fuoelage (class 3) had an average speed of 136 knots and 77.8% were fatalities. 
The greater the speed, the greater the fuselage damage and the greater probability of fuel tank 
rupture causii~g Revere fire. However, even in the worst cases, tmme persona onboard ~urvived. 
Design changes thnt would result in a strcnger !*Uselage that is mare resistant to fragrrienhticna 
&odd pfovide a subs+atial increase in survivability for those anbowd. 

FUSmGI'  1.0'WEEt SURFACE RLWlURE (Excluding Fuselage Brs& Accident4 

Of the 153 impact survivable accidenta in this study, 57 aircrdft are known to have experienced 
considerable darnage ta the lower fuaelage and little or no damage to the upper fuwlage (above the 
floor Line). Seventenn of these 57 were fatal nxidezts, with 17.5% of the peraons ocboard hint :  
fatalities. In addition to the occidentv noted above, there art: rRven accidenb that probably 
experiencd fuselage lower surface damage; three of these were fa t4  accidents with 45.Eic/bof the 
permns onboard being fittahties. 

Lower surfme damage accidents are divided into three groups for study purposes: extrnsive 
rupture, mhor or moderate d m e g e ,  and those involving water entry. Sttltlsticd deta on these 

\ ,  accidents &re tebPrfnb& on figure 4.13. The thre? group ~ l u !disciiwd as follows: 
\ 

1. Twentyeight accidenb expeti-cnced extensive damage arid nrpttu-e of the fusekge lower 
surface. Eleven of t hee  were fstal accident3 with 27.7% of the tnkd onboard the 28 ~ccidents 



--- 
16 asou . 
(t(l0QJO 

auo) 9 1 ~ ~  

lea6 
asoN 

qloq 
JO auo 
9 1 W  



being fatR!ities. A severe fire caurred in 15  of the accidento and 9 of these were th?.fatal 
accidents. Six other accidents ifivolved a rninor or  moderate fire with no fatalities. 

Twenty-five accidents experienced moderate or minor damage of h c  fuselage lower strface. 
Of these only three were fatal accidents. with 1.596 of those o n h a r d  the 25 accidents 'being 
fatalities. 

Six of these accidents invo!vcd a severe fuel fm,four involved a moderate or minor fire, and six 
had no fire reported. Of the thee fatal accidents, two had severe fires and one a moderate Eire. 

< 

Six accidents involved nose,gear collapsing af t  into the lower fuxlage. One resulted in a 
scvere fire (iriction Lgnikd) which destroyed the aircraft mid one resulted in a moderate fire 
(friction ignited)which resulted in suhsbntialdamage. In another c u e  of friction fire, the af t  
fuselage broke and was dragged on the runway. 

In desip, the prevmtion of TricGon Eres is trezted hy separstion of flam~xablematerials from 
the proximity of friction sparks or heated structure. L7operation, rspid action by the airport tme 
fighting team has reduced the effect of the friction fire. 

' 
Four accidents involved water entry; that is. touchdown in deep water or  rolling irito d e q  water 
e t  high speed such, that the lower surface of the fuselage was Eorn or ruptllred but the fuselqe  
did not break. Three of these four acctdents resulted in extei~sivo lower surface danwge and 
the aircraft sank rapidly. All three were fatal ict ider~ts with 18.190 of persons onboard being 
fatalities. One accident resultcc! in'rnodmite d a m ~ g eto the lower surface HS the aircraft rolled 
into whtcr and came to rest on its gear w:th the water level a t  or sliglrtlp atwve the cabin flmr. 
There were n? fatalities These accidents were also discussed kfbri., in t h ~ ssection, under 
heading "Ileep LVater Entry .~rcldents." 

Lower fuselage tear or  rupture generally occur when landing gear fails to support the aircraft. Thus. 
scrubbing on rough surfaces (soxetimes even on t h ~runway) rips opcn the thin skins and body 
frames. At the same time, wing box fuel tanksare alWsubject to rupttite and fuel spillage. In 37of 
5 3  ground slide accidents the wing box was proba'nly ruptured and. of these, fire occurred in  32 -
2 5  were severe fires and 12 were minor or moderati. lire. 

It can be concluded that  the probnhility of fatulitit?~ in accidents resulting i n  lower fuselage tenr or 
rupture during ground slide is closely related to the occurrence of severe fl:rl fire. Flame and smoke 
froin fuel burning on tile ground below and around the fuselage have, in many caxs ,  rapidly entered 
the passenger area via openings in the inwer fuselage If openings had not k e n  present. the 
precious minute or two required for skin burn-throqh wou!d prohahiy be adcquatc for ev;wuating 
most ~r all persons via escape r c u t a  R W E ~from S u n  awas  durir:g ground Of the 12 fatal acc~dt~tits 
slide, 11 had severe fire and one had s moderate firr. 

Displccement and rupture of the ps.ssengc:r i h r  hss rt1:iuitrti in p z ~ s e i ~ p t  injurie.5, anda i d  crew 
has restricted movement oisurvivors to exits. In xme vases :he lipward mot riiwnt u i  tile ilimr has 
resulted in tiir jamming of doors or d m r  irurnt:; s.:i in other caws doors rriii!tl not be ope~zt:dr!ce to 
floor debris blocking the dwr. Generally. floor SLT~;+C(Iihplccernc!nt is a result of the st.rurturtrl !loor 
beams bring tom, ruptured, and di~p!sccd upwrirds 1;v the irnpsct forces of curKo, cnryocont~iners, 
separated land in^ gear or ground objects Tne exception to this is floor displacement by the 
hydraulic action of water when the aircraft touches dcwr; in  water or roils inw wntrr at  high :i)ecci -
in these cases the Goor beam may r i c~t e  displi?c& upwsrd 



Of the 153amidenta in thio study, 36 3M known or reportcd to have experienced passenger or 
crewareo floor diaplacement or rupture and prohably in 4 other accidenta. Statietical data on them 
occurrences arc tabulakd in figure 4.13. For etiidy purpmes, these 36 e,ccidents are divided into 
thee groupn: 15that did not involve a fuwlage break, 17 that did invohe a f u ~ l a g ebreak, md 4 
th6E involved the a i m a f t  touching down or a v c r m g  into water.Them groups are discussed as 
followe: 

1. Of the 15~ w i d e n t swbich did not hava fuselnge bfealrs, 8 involved displacement upwards of 
the cabin floor nte a result of !henow gc\r;r foCordinglcollapaingQftinto the lower fomtrrd fueelfige 
cargo compartment or electronic compwtment. Dieplaced cargo or electronic equipment 
forced the fluor up and probably tore or bent the floor kern.  In fcur of these accidents the 
&pit door was jammed, and in two the entrancedoor was jammed or bloclied. None of theee 
were fa td  acddento, however, one mdted in a friction-ignited fire a t  the nose gear tires whirh 
spread and destroyed the aircraft. 

Seven other accidents iuvolved a ground slide in which the fu.sekngelower surface was tornor 
cr~iehedupvmrd oych that floor and flmr kame were displaced upwnrdtl in lccrtlized areas. In 
one of thetie a main lmdiiuggear a~eemlly rolied/tun~bled under the fuselage and caused much 
of the drunage. In three acc~dents.YU entrance dwr wra jammed or blocked by the floor. 
Passenger ereat elevations occurrd in e v e n  accidents which contributed to passenger 
injuries. in three accidenb p,.isaengr?.r r a t  ~eparations txsccrred. Accident reports in the% 
cases did not mention seat segarution or flmr &piecement as inktierring with 
passenger egress. 

Seventeen accidenb which had furrehge bieakp .slso had areas where the floor was displaced 
upwards.''Il~eud nccidents tend to b mcm wvere than tho= without iurii.lr?ge hrcnks. lf 
fuselage wperation ie complete nnd wide enough for human and wat  ejection, the impact of 
psssenger floorelevction or rup:ure i~ probably dightly mininilzed. In 13a c c i d e n ~pansenger 
f)rjat w p a r ~ t i ~ l i  was reported. in 9 iiiudeats seat e!evation was reported, but in old:; 4 
accidents wu parengzr egress reported to have been impeded. It  is not h l o m  how much 
irr.p*..ct the elevated or broken ficwr had on passenger egrem. Passenger entry door jam war; 
reported in five accident. and crew door jem in two accidents. of these door jims in 
moat case8 wcld not be established with any cert3inty but was probably due to either floor 
elevstionlrupture or due to fuselage break if the break w a  adjacent to the door. 

3. Crewlpsmnger firm e!evatton and rupture o c c d  in f o l ; ~accidents which ~nvolvtd the 
aircraft buching down In d%p water or rdling into water at high speed. In thew cases the 
lower fuuel3ge surfnw was torn open m d  the lower (cargo) a w n  filled with water. f-fydmulic 
actiom'presuure forced the floor pane! upward, cnuslng t x m t  wpurebon in two accdento nnd 
eeat ekvatmn in three accidenta. G t  docre were found to be blocked in two ecxidenta. 

Inone~wident,.thc fonvarcl c l w t  dislodged 11 ssh\fkdforward inwch a way that the forwsrd 
entrance door was partially biocked and tielaved operung of the door Aloo rt sccbon of i lwr  
came up and provldcd an opelung in w h ~ c htwo of the crew fell into the lower forward 
comprtmen t 

In another accident, noRe Xcnr ~eeparatedand tunikded aft, forcing up and rupturing the lower 
fuselage. Hoar heurns and floor pandy  were clevctted raueing pawnger  w 1 L 8  to tilt 
backwtwds and blcxk emergency exits on Lnth sidea of the fuoelsgi.. 

Availabie accident d a b  provides evidence thet displacement, elevat:l~n, or dislrdking of the 
p3r, = *kockpit floor ~jlfik~11in locnlizrui. . w r s  hae resulted in passenger and crew injuries and 
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hm, in varying d e g r w ,  inhrferred with or dehyed the evacuation of pmxnger slid crew. 
However, ~ccidea t reporbgenerally provide very Little detailed infonnrtion on this type of damage 
udemi t  ie related tn the CHUM of the accident. Studies of these m e  muat rely on brief etaternenkt 
and accidont photographe which seldom "zeroinnon the deaired arm.It i~ concluded from reviews 
of availabledata that a floor system more reahtaritto t-earlrupturelsepmtio~, tl~ough ctiU fkGibl~, 
may reduce mme of the debria a d  factors which are believed to impede evacuation of the aircraft. 

Separation of an engine from the pylon or separation of the pyIon horn the wing or bcdy ofkn  occurs 
in eccidento involving touchdown, thortlhard touchdovm, o v e m s ,  or veering off the runway. When 
one or both main l m h g  gear collapw during these t y p  of occurrences, the probability of engine 
pod damage or separation is i n c r e d .  Generally, lossof the engine (forward. or r e v e m  thrust) iR of 
minor si&icaxlce but rupturing of the engine fuel foed h e  (releasing fuel)and tenring of e1ect;lical 
leads (cewing arcing)can be a hazard because of the potential lor a riret ~ ~ ~ i i l ga t  the fue1 f e d  
linebrik poiat The significence of thie. pylon break fire hazard incmsoes if the wing fuel t h  sw 
r u p t d  m d large quan"*itieo of fuel an?r e i d  on the ground. It is M e v c d  :dt  the engine and the 
pylon break f i have k e n  the ignition sourn! for msny of the fuel tank fires. Accident ,-eporta 
eeldcm confirm or deny this, mnce it ia not generally possible to establish from evidence a t  the 
accident site what actually provided the ignition source. In some occ:~rr-enccs, friction sparks fcom 
w b g  or fuwlsge eliding on terrain may have c a d  ignition of released bilk fuel o ~ l y~iccandsor 
microsecorido before an engine pylon f i e  occurred. There is no known way to estabiish the actual 
eequence of the events. However, from a review of accident data, there sppears to be a relntionvhip 
between wing tank ruptures, severe fuel f k .  and pylon break fives that indicate^ pylon break firea 
prnbsbly provided the eource of igqitiori for relesed fuel in many sccidents. 

Of the 153nccidcnte in thiscrnshworthineae study, 94 involved aircraft with eq$,inee on wing p& 
md 59 involved aircraft with engine pods on the aft fuelage. These two p u p o  of nircraft are 
reviewed eeparabiy. 

W h q  Pod Enyined Aircraft Accidents 

01the 94 awidate(induding known and prc'hble occurence4 involving wing pcd engined aircraft, 
67 (71%) involved rupturing oi the rringbox fuel mimd68(7246)involved c o b p e  or aeparrition of 
the engine pylon to the!extent that ihr engine fuel feed line was tom or ruptured. The occurrence of 
these two type8 of damage are shown in figure 4.14. 

FtwI fires ori~ntrring at  the fracture of the engine fuel feed h e  in the pylou cre reported to have 
=uned in 12 accidents and probably occurred 111 33 ctccitleub. No f~,.eewere reported a t  thb 
fracture p i n t  in 23 accidente. 

The proximity of the wing p d  engioe to the wmg box fuel tada flus r e d * &  iacomIationa between 
engine wpnruhan, fuel tack rupture, and a wwrr  fuel fire. Appmxbately 71% of the ~cc ide i~ t s  
involved rupture of the fuel tank and releasing fud on the grvc:~tiand, of the=, 91% wore considered 
l u g e  iuel spills such that the e p ~ i larea pm%bly w e  w a r  or itcijnccnt ta the enp;lne pylon loca(lon. 
The study s h o w  that 829'0 of t h e  hrge fuel ~ p ~ l h  theae, aresuited in nsrere fires and. ir, il(%::f 
~vptured engine pylon fuel hnc iire probably a!so occurred. 

Ln numemu8 accidents, scparakd engine pods have rolled or tumbled under the wing or fu~-c~:?geae 
the oircrnft slides to u atop. However, accident reports seldom hdicirtc that the pod ruptu, d the 
wing box fuel :a& in t h e  movement. In most cam,invmtigetors are probably unsble to r;c!ermine 
what objects actually caueecl tsrJc rupture 
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Of the 59 accidents involving aft  bidy ecghed aircraft, 38 (54%)involved rupturing of the wing box 
fuel Lmks and 21 (36%) involved collapse or s@peratio,l of the engine pyloc to the extent that the 
engine fuel feed h e  was torn o r  r-pturd. The occurrences of thew! two t y p a  of damage are shown 
in figure 4.15.Of the 21 occurrences involving enginelpylon collapee or  w p m t i o n ,  7 reeulted from 
a very hard t,ouchdown 7 due to impact with ground objects, and 7 due to high vertical loada a s  the  
aircraft slid over rough grouhd or irnpectcd water. No engine pod wp~~a t io ruwere known to be 
cauaed by p d  ground contact during aircraft elide on the lower fuaelsge. 

Fuel fires originnting fit the fracture of the engioe fuel feed line in the pylon are reported to hnve 
occurred in two nccidcnb and probably occeured in five accidepta. Reports indicnte that  no fire 
occurred a t  this fractnre point in 14 accidenb. 

Severe wing b d i , f ~ e l  fires occurred in 26 accidenb but, of these, enginel~trutfuel line fires were 
repor!! in :and pmtxehly ~cc tu red  in 5. ' h i e  indicateo that wing tank fuel, in 77Yo of these cases, 
we^ ignited by something other than hy an engine fuel feed !he  fire. In the other 23% (six cases) the 
repolto do not iudimte or show evidence that the engine he1 feed line fire provided the ignition 
source for the wing k n k  fuel Cire. Lr? most accidents, the investigators are probably unable to 
determine the actual aource of the spilled tank fuel ibmition. 

Er:&e6 h e 1  Feed Line Fire Hnzords 

In the 153 accidents used in thin st.udy, loss or ccIlspw of an engine or pylon generaiiy c r e n t e ~ p  
potentin1 h a z r d  only if n fire ot:cur&a t  the point of fur!! f e d  line rupture and, if i~ flight. the fire is 
sustained for posibly 30 sajconr!~ or more. Ln wing p,d rnounkd enpine aircraft, the hatnrA, ib 

ignition of spilicd w n g  tank fuel or overheating of wing f u d  tan& to the ~ x i n t  of expiofiions or ekin 
bum-through. If t m k  luel is not ignited, the engine strut fire itself ~ene r s l ly  h a  litt,le impact on 
paswngcr evecuaeion or suivivability. 

In aft M y  engined tilrcrnft. t.he baud is h~inl-throughof the aft body tikiro and a fuel irue fire 
burn~ng vitd controls and syskrnrr wr~liin she aft  h l y .  These fires, Lwiilg remelt? from the Mnng 
box fuel tanks, are n potent:al source of iffnation of tank fuel anly if the tank fuel is spilled In the 
area undcr or around the aft engines. 

Conclusions: 

1. . fuel line firns by engine separation or co&l?pw are a hazardc o ~ r ~ d  of 
undcrdetmn~ned dirnens~one. ptlr t idnrly in w1r.g pod e n ~ n e daircraft acc~dents. The wuxe 
of ienition of spilled trrnk fuel 18 se!dom repor td  nnd probd~ly,rn most cases, cannot be 
actually determined. Nevcrtht.leas, rewarch fihould be accorr,pllshc.d in the area of 
minimizing the flaw rJr volume of fuel r e i e a d  from a fractured mRme fuel f e d  line and 
elin~iriuting the wurces of igniuon of t h i ~fuel. 

2. Wing box fuel tanks hnve. (,it rare occasions, I w n  turn open when cngi~ie pgiun wparntcs 
from wing structure. St.udy should be. accomplished to develop structuw fuse pclnts to as l i re  
a clean titrut wparntion. This cou!d inclcde clean fuel line separntions ~ n delectrical iend 
separatioiis without arcirrg. 

3. Engine pylon wparation or col!~pseofkn  follows sepnrntion or coliapae of one or  miire main 
landing gear. Ii is riot pow~bleto detcnnine from nrcidmt reports hew many m p n e  pylonu 
would not have wparcnted or collnpsed if the m ~ i nianding gear h id  not coilapsed. I t  appcm, 
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however. toha of 3a mfficiett uiurihr to jrreGfy reseurch in landing gem deaign philoeophy 
and devcekqmcnnt of hiding gear t more k!ermt of travel over sough, imft terrain off 
the runway. 

Of the 153 impact ewvivable owidentuskucliad, re,r>ort-s for ody  47 @ccideobcited mcurrenceo of 
entry door, galley dwr, cockpit door, or emergency exitn jomminig or being bloskul by cabiii 
equipment, debris, or olitaide ~ b j e c b .It  i~ believed that door or exit ~ c l n t devecuatkm pmblenli~ 
also wcurred in many other sccidenta. 

Fwlage bm&e oft+e.cnprovide a heady and exymiitioue : cesa  fcr W T ~ Zof the pawngem cncl crew 
to evacuate the aircraft. In PO6f the 47 acrident.;. where doort'exit pwf,tamn9' e cited, the r ~ p r t o  
alao indicatzd thnt Rome pawngem and crew depwtr.4 via breaisr. . :v. In llle Fwxlage. In 

,most caoee thc~.-people could have also dcpartrcl through a.;nilJdw &ta. Howvrr, in n 
few ceaee the  f l;.wdage break wuu pmbebly the only m m w  uf PWC?P.,I" 

A'vaiiaSle fsctuai d m  relatinlc to the 47 ~cciclenbcitinp: dmrierit probicniu me ulbuiated in figure 
4.16. Thew d a b  indicate that moat occurrences (57%))invoive dm;- at the front of the fuselage 
nnd only 16% s t  mid-body and 27% at the aft fuselage. This rrttio in expected since in crowd slide 
accidents the forwml fuae1age.i~ the firet to impad  objrcts such KB buildings, treca, wles, etc. 
These data qlso indicate thnt fonvard fuwlcgi: doors involved jrtmming in 6436 of the c;wa and. 

. blockage in 3G0hof tnu caseg. Dcqmin the ~ f t  had tqproxiin?teiy the e r n e  ro.tii.1.Mid-tmdyf1~13el~lge 
exits, howe.ver, hnd'thie ratio reversed with blockage beicy 64% 0,' :.$e case$ and jamming only 
36%of the ceses. It. in probab!e that wing box structure provides prokt-tion from jumminp; of the-
m i d - M y  oveming exits. 

Considerkg o!i dluo;~lexi?a, jamming is reporled In 59% af the ciw; and biockegc in 41% of 
the r a e s .  

I 

Jamming is ge~crallycaused by door frame dt8trJrtionn. however, accident reports =!dm 
provide much debil on how or whet t.ouwci the problem Flor.luft due :uupward forcca Prom 
the carKo area often cause toto1 or partial jamming of doors. The mime upward forces lney 
elm muse door frsrne d!sbrtion. In a few caws evecuatlor. shdm 3rc in:.o!:.cd in door 
jamming. 

-
Blockage is ~enereUyciiumd by rollapoing of overhead storage cornpartrnenta and mleaw of 
the contents 2 1 s  debnri usually recuib In complete inabhty to open the door or e x L .  
SpiUage of gdle:; content3 occ~mirequc~tly.  rvi~lch tenrfs to cow o dehy in opening the 
dmr. In a fcaw mses displewmcnt of a galley or coat st~ragcrompn,ctment hnlr caused door 
tr!ockage, pnrtlcu!arIy at the forward fuselage Iocntmn~ 

The nurnkr  of fatahties t h t  were u d~rrc tresult of dwr  lamming or blwkapcr can seldom bt 
detcrrnh~edor even eshnutcd from a~rallabledab. Of the 47 acddenm ~ r .v h c h  dtwriexjt prchlc-mu 
were cited, only 24 involtred fatahtcfi (2187 toh i  onhard  of which 753 or 34.Jt?'owere f;itnht~a). 

Of the 24 accidents mith  fatdities, s h i d  2 or more doors or a i C 8  j~mn~clCior Llotked w d  4 1.9% of 
tho* onlmwd were latalities. In the other 1.5accidents only 1 door or exit was jommed or blocked 
and 27.1% of those cmk,oard were fainljties. 
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From tbstudy of d m ~and exit problems during emergency evacustiom, it can be concluded thet 
evvivability might he ihcreased if floorsa d  structure in t[he area af esch entry and galley door he 
daigned to eliminate jamming of doors, and if overhead storage connpamnents be de~ignedto 
renist collapse and reduce door blockage. 

Accidenb in ivliichaircraft :inpact water or come to rest in deep water involve special hazards. In 
scenario type S13,46.395of the occupants drowned. There are 16water nccidenb in the d a b  bnae 

Water cases that are excluded ana the 707 080 accident. LlOll Evergladee accident. 727 
Iilzdcria accident, 727 Kexico City accident, and the 7C7 Rio de Jsorrio accident. These amidenb 
r d t d  in fab!.if 3 for the most part. r~ndwekr rtmonly inciden'd to the accident outcome. 

W~yterertby accidents of concern appear to have aeme common factors. Firut, they usually o w  at 
night. Second, there is usudly a relatively rapid lass of flotation resulting in a portion or all of the 
aircraft oinking. Third, while there has been conlCu~ion. most o c ~ p a n b  have been able to evonmte 
the aizcmft. Findly, many of the di-oming fatalities occur after the occupants have irft 
the aircraft. 

Aosessmentof the watm entrynccidents is shown in figure 4.17. 'I.le eccidenta are divided into two 
pup^ high energy impact and stidelroll into the water. 'There are eight high energy n c u d e n ~ .  For 

the Caravde Mclderia accident allatfiat ia known is thnt tl:-. 2xra i t  touched down n t  sea, the fuwbge 
isprewurntd tohave broken, m d  the numberaof fataLttieaand injuries. &~iljequently, it Lclnsmfied 
unknown. T h e  DG9 Palermo accidtat h a  a lit& dew and is clctffiified known, but 1s hordedine. 
There are thrw cnsea.where the aircraft roiled or slid into t!!e water. For PAof these accidents the 
f u ~ k g eexperienced cntl;er lower surface c m h  or had one or more hreab. 

In all the high energy impacts there was a lo= of flotation attributed primarily to fuselage damage. 
While tank: rupture r e s d t d  in inme 1 c m  of buaymcy, the major c f k t  of tan4rupture was to e.zwse 
occupants ta fuel (chemical burns)and to make everything slippry. 

The floor eystem was !mown tu be dismpttd in oix of eight accidentr. Disription was due in part to 
the hydnnlynamic forcerr of water enbring the fuwlag~through the undeteidc or thmugh breaks in 
the fwiage.  

A part of this disruphon resuitcd in displecement and elevation of fimr k a m a  with subsequent 
separation of oeats. ma alm contributed to probltme in the wacuation of the aircraft In edktion, 
doom wcx jammed ~ n ddebris fron) csbin interior systcme wce pw.;ent. !Ln the 7 l r  P?lmcda 
~ccident,uuter destroyed the lawel fuselage rupt~uudthe  body Iuel lines,and wpiratd sn'engme. 

Accidentr; whew aircraft sl;.iddc.d or rcKed into wotcr experienced similar dacisge as h e  high e x r u  
impact, but to a Itmer degree. !401~evcr, ciore prodrnity of land, rc'xtsntidiy rcduced drownirig. 
T'le 15 drowning8 in the DC-13 Rio de Janeric! nccident were tt+rjbutpd to disaricntirtiou of the 
0ci:upiints after they evocurtted the aircraft m d  to impriper use cf fivtation devices. 

A1.x the DC 9St Croix ec..deot, a epeciel study (ref 2) was m~t l e  by the NTSB cn water d i t c ~ n g .  
Here, even though it WRE known that d i k h ~ n gwns inente',':, 2'*trcupants drowned. There were 
problems will: lnfe rafts, life vwtj, snd &eat hi@.Other prcb:ernd \\;..L?this equipment were 
encountered in \he CC-9 h a  Xagelea xid dent. It 1s felt, that incid2nre of drawninp codd he 
s u h t m t ~ a l l yrtduced by bettPr loration cf lifs refts. For insbnce, pracerwnt of ra fb  above lhe exits 
with external r;cceaa might provide h t k r  ncccsaibility. 





Improved crashworthinesa might also be obtained by increasing the resistance of the fu'uselngs to 
breaks end bj increasing the resistance of the lower fuselage to water penetration. 

ADVANCED M A T E R W  

he application of advanced materials such as improved metal alloys and compositee to etnicture 
that hes a significant craeh function is now conaidered. Aa from the ahve  diecu~ion,the 
conventional commercial aluminum jet transport aircreft designed to FAR 25 have demonstrated 
generally good structural crashworthy characteristics. 

Consequently, those materials having fractwe, impact end ductility properties similar to aluminrm 
might be expected to be ilpplicab!e on a direct subfititufion bmia without nffecting crs~hwort-lhiness. 
Where the properties ttre dirasimilar, such as for composites, questions aie mi.& on how to maintain 
an txdequate level of craehworthinese. 

There is little data available on the cmah behavior of composite structurm. The U.S. A m y  hat, rctive 
projpnms directed towards the application of composites in helicopters tls part of the ACAP and in 
sponsored research. In addition there are military resea~ch programe on ballistic damage to 
c o m w t e  struct\ue. ResultR of these programs will provide valuable information. i%'lule these results 
may not he directly applicable to the commercial jet tranrqx~rt, they may suggest approrches to 
research that may be fruitful. 

Uae and planned usc oiadvanced composites in hoth miEtary and conmerciai aircraft is in a rapidly 
expmding mode. Use of graphitel~poxyas a viable materiel for aemvpnce structures b,n ~ 8 r l ~3 

serious cons3eration in the mid-1960s with the development of Thornel ~ a p h i t c  f i k r s  by Union 
Car'Jide. Initially, use of the material was hanqerd  by high cost and lack of :mhnical data. Currently, 
hoth of these factors have been alleviated so that extensive use of the material in both fea3ible and 
advantageous. The impetus is the typically 20 to 30 perceat reduction in ~trr ic turd weight that can 
be realized with accompanying increases in fuel economy or aircraft performance. 

The application of composites on m&tary aircreft is moving rapidy. The F-18heo wing s b sarid tail 
structlrres of graphite. Theentire wing structure of the AV-8B Nnnier isgraphite, mare the forward 
f u d a g e  and tail. 

Planned use of graphitr? an future commercial transport aircroft is also aggressive. The LemFan 
aircraft is all composite structure and the Fa lco~  10will have a graphitelepoxy wing box structirre. 
The 757 and 767 aircrzft will have control surfaces of grfiphik. These include the bpoiiers, oiicroa, 
elevators, and rudders. Main 1a.nding gear doors will be a combination of graphite and Kevlar. There 
are also serious plans for other downstream uses of graphite on the 757. These incltlde use of 
graphite f ~ rselectod floor beams and far holi;sontd and vertical empennage inspar ~ t r ~ c t u r ~ r ; .Uw of 
graphite for sach parts as the main landing gear beam and flaps is ~ l s o  under study. 

Graphite composites are used on the 757 and 767 aircraft for some components. Moot applicctions 
are for secondary structure. Application in control surfaces follows Boeing'e succe~?sSd program 
with NASA. which tested and certified graphitelepoxy elevatars for the 727.A similar program is 
underway for the 737 horizontal stabilizer. Graphite 737 ntabilizer components have h e n  
successfully g r o u d  aild flight tested and certiiic~tion is expected in the near future. 

In consider in^ the various aircxsft parts which will be fabricated from compositee, it mu& be 
emphasized that these will k i  designed find tested to meet the requirerrients of' FAR 25. As an 
example, floor Seams will be analyzed and tested b ensure their being able to withstand the 



stipulated 9 g wat forces. Similarly, crash load requirements will be included in the dciGgn of other 
components. The landing gear beam is designed so that  i t  will break away in event of gear collapse 
so it will not puncture wing fuel cells. 

The question becomes then, how will the etructure react if the d e ~ i g n  crash loads are exceeded and 
importantly, in the event of a fire. Relative to this wso a recent study to determine if graphite 
composites, if eubjeckd to o catastrophic fire ~li t~ldtmn, might reieew filaments that  would ceusct 
widespread electrical ~ h o r t ~  and cause failure cf proximity electrical equipment, for exmupie failure 
of power eulmtatioan. In this c a s ,  NASA concludd after extensive study, that  risks involved with 
aerospace use of fiher carbon fibers were minimal. Ttx potential loss rate wna estimated a t  m 
insignificant $1000 per year (ref. 3). 

Another important consideration is the mechanism for energy diwipadon in a crash. TIGEis t o  a greate 
extent dependent on the ntructural co~ifib?lration. Most effectiirely, dissipation is by de~orrnation 
such RR hiicUng or material elongation. The ability of s t r u c t u r ~to defornl, however, depends 
strongly on the cunstruction materials. Relative energy absorbing characteristics of materials are 
generally indicated by the tweo under their load tiefiection or etresdfirsain curve. Metals benefit. from 
their relative high elongation capability or ductility Fibers in com2osjtc structure by nature remain 
elastic to fa i lu~eand have low elongation cnpabllity, thus their energy absorbing rapahility can be 

' expected to h low. Differences b twecn  the two niaterials is demonstrated lil figure 4.18. 

Another menningful compnrison that can readily be made is elnngaf-on to f a h e .  Graphite laminates 
typically fail a t  approximately 0 8 to 1.0percent strain while 2024-T3aluminum typict;!ly strains to 
10 lo 12 percent. 

Some apparent ductility can be gained by streming in shear or hv testing axially with the fibers 
oriented off-sxis, ~ 3 y  a t  +4Tr0 to the test axis. The shear case is demonstrated by a curve for s Kevlxr 
fabric laminate m figure 4.19. Some galn in effective ductility may be obtained by off-axis 
reinforcement in mult~directiondl laminates, however, the gain iu suspected to be sn1~11. Seemingly, 
when f ib ry  inline with the load fail, load should be tramferred to off-axis fitfirs with greater st lam 
capability to ahsorb addlticnnl energy. 

However, when the inline fibm fail. the effect, unlike a ductile caw, is very dynamic and i t  is uclikely 
significant energy is absorbed. I'his inubnkneous energy relaaw is demonstrated by noting the 
three-piece failure oft? graphite multidi-ectional lamina& tension ~pecimen in figure 4.20.113 s o z e  
cases, specimens may fail in 4 to 5 pieces as a result of inii id failme induced shock waves. 

A more effective method of improving energy absorbing charackristics ia to add reinforcement 
fibem with higher strain cnpehli'.y. B a m p l ~ sare to IIX gksor ICev1a.r fibers. The e f fwt i~ i tyof usifig 
hybrid techniques to improve impact properties hes k e n  demonstrsted by use of an insirumeiitA 
Cbarpy test. This is descnkd it1 reference 4. While the conventional C h q ~ ytest is only corjcerned 
with total energy, the irutrun~erilcd test diffrrentisks between the i~i t i s t ion  and propagation phase 
to give a d u c t ~ l ~ t yindex. This is illustrated in figure 4 21. 

The improverne~t in energy nbsoi~t ion churacteristics of the graphite by two levels of Krvlar fiber 
addtions is indicafkd by the total onergy and ductility index f igaes  in table 4.7. The in~pruvcmcnt is 
signinificact. 

Other orcat, of concern relative to compol;itcs and crashworthines5 are as follows: 

1. Fuel containment in wet winge 
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2. Smoke toxicity for inbrior rabb ueea 

3. Burn-through rates tor f w l a g e  applications 

Fuel containment c h c t e r h t i c s  might be ex-wted to be inferior tc,the metal wing. Thin ia primarily 
due to the material being u n ~ b l e  ta plrwtically deform hnd etill remain intact. Tear resiatxnce of the 
material is high however, a d  f d u r t x  k n d  to be of dehminar nature. Thue, penetratiou damage 
may not be a8 sevore. A h  tcecaw of a lower denpity, structural inertia loade will be lower. 

Smoke toxicity is not currently cansidered to !x a p r o b l e ~ ~ .  Rhko are consistent with occurrence of 
other oirnilar material now in the internal fuwlage area. 

Eu~n-throughrateo for compoaitea fire expected to be lower than for conventional aluminum. The ,  
graphitdepoxy wil l  znelt and the fiber char while the duffiinurn will melt. The much lower thermal 
conductivity of t h e  c o m p i t e  (3BTUI0F,hr, ft, ft2, ee compared to 80 for aluminum) will give i t  a 
decided advantage in deterring through-thethicfme heat transfer. 

In order to a m m  the crmh performance of cornpooite structurtll components, i t  is necessary that  
the performame of current metal compnzntc3 be !mown quantitatively. Differences in craeh 
reeponse mcdee and the perfonnence of the crash function may then be compared for each 
component. With improved analyeia and teat methods, design provision may be made for occupant 
protection. 

Craah performance of advanced material components must be arwesaed in the context ~f the 
complete airframe. Implied rrcduction in enelgy t i b ~ r p t i o n  sgen in coupo:~tests may be offset by 
design imovution in the etructure. by use of parasitic cruehnble energy absorber8 in key imationrt 
such as rests and lower frariies, or may not even exiut. The entire concept of occupant protection 
may need to be revinerl. Optimization studies of occ~tpirnt protection strategies should be made. 
Research is needed to evaluaic, these advanced cfincepta. 



An overview of the current state of craehworthineae technology is pmornted in thie secticn. The 
US. . h y ' o  Aircraft Crash S*u.rvival htig; Guide (ref. S),which provides a crii~hworthinem 
technical b ~ w ?for light aircraft and helimptern in milibry iapplicntionrr, ie reviewed for 
npplicability to aonmercinl jet trmport aircraft. 

Analytical methodti for m d e h n g  the occupant rmpoasa to ia crarjh environment are reviewed and 
c m d .  Human impact tolerance L reviewed and probleme of relating impact injury to 
engineering quantitier, a m  dkuseed. In addition, the applicability of generally mogirized t 

tt.!errmce lirnih t r ~the p o p d n ~ o n  of a i r c d t  occixpmto i3 conddxed. a , .I 

The status of ~r~nlyt ica lmethods for treating nonlinearitice in ine!natic structural behnvior and 
large deflectiim geometa is reviewed. A rcview of crash tes!s of wmpletr? airctrft and of 
experimental :esting of ntructural components he heen made. A survey of impact test fttcilitiee ia 

* I preacnM nrd problems of tmting complete mcornmercial jet  transport aircrnft and stnlcturd 
compoxnto ie d i x u d .  

An a ~ e e m e n tof current craehworthit~so k c h o l o g y  na applied to commercidl t r a lmor t  aircraft 
i8 aade .  l'kquiremenh to improve crashworhiness engineering m e  pretlenLcd olld r.ewt.nrch to 
develop the n e c w t r y  technology io &usetd. 

REVIEW OF U.S. t W  CRASH §UF,WVAL DESIGN Ge'ID3; 

The guideline5 p r o p o d  in the new U.S.Army's Aircraft Cranh Snrvivd Dedign Guide h v e  h e n  
examined to identify weae relevant bcommercial airplanes. 

The hrcrnf i  Crash SI;Nival Dwign Guide contains a summery of matrrid that  provides f i  

background on crashworthirreee in general. Specific appiication of tho guiriebnes to ~ommercial 
aircraft hae k n  aswaeed. Appendix D preRente a detailed eynthmia of ~ Z j n ~ i j t l ~ h ,  andp r ~ r t i c ~ ~  
comment0 b u d  on abstracting the Guide and incorporating other experiences, v f i k x u  and d3tR. 

The new U.S. Army's Aircraft Crash Survival h i g n  Guide define8 a number c i goah t h t  tile U.S. 
Army desires to achieve in order to improve protection in Army aircraft. Evolutior of eheast gou!s 
into clear-cut deeign criteria is a continuing pmesa;  t h i ~  third update of the Guide incorporates 
feedback from interim experience, points out the likely nLxd for deeign trade-off6 morb? clerirly 
than the previous editiom, and sls clearly point8 out compromiaee will likely rcrnairl ~\fkrall 
possible t r admffs  are complete. Two factors emerged f r o ~ n  investigation of the Guide thnl bear 
comnlent: the autonomous role the Army h in exploring new cc~ncepts, including frsed~rnto 
waive requirernefits; and the distinctions in vehiclea and correspoilciing impact conditions 1'mn 
A m y  aircraft to large commercial aircraft. 

First the autonomous role of the Army and the aircraft they fly pves  them inmy op~ions  in 
exploring protective provisions. They have small vehicles (less t h i  20-pssenger mnranum 
capncity nnd more pically lea8 than 5)with rchtirely c h i i c u t  implicati~ns nnd rarniiicniions for 
any changes that  might be (mnuidered. 

Additionully, sr,specifictition engineer, purchaser, ~ n duscr, the Army is in n po~itionto review 
trade-oflo and waive gods. guidelinee, ~ n dcriteria when w w r m k d .  Under current r c d u t m y  
procedt:res, this is not pclreible in the commercial envirotment; r.uquiren:e?b, on!:c esbbliaheci, 
may not be waived. This h e l p  to ciaify w!ly gods, g~ideiinvs, snd criteria are not cicsrly 
distinbqished in the ArrnyC Chid-e; ouch vfslver uuthority mnkco i t  pwsiblo b umph~~i7.e 



"maximum W b l e  protectiorr" and explore new concepta. Autonomous planrhg,  purchasing, and 
user role8 a h  m&e it more feasible to explore end appraise idem thet  cen not be easi!y 
determined o r  demonstrated by analysis or may be interpreted differently by individual reviewers 
(e.g., "provide a s  much protection m pmible"), 

Other industry segments have o different circumstance; by cicrrign ner:emit:y, objectiveo are baaed 
on minimum acceptable requirements for fidequnte protection under given circtunstcmces. 
Objectives nre justified as aciually being proven and beneficial. the waiver authority ueed in the 
Army does not erist  in the commercial environment. 

Secondly. there is considerable difference in likely impact characteristics between the amnll, rigid 
body aircraft used by the A m y  and the large, flexible body aircraft used c o m m e r d l y .  Army 
goals are based on systems which will suffer a larger range of impact attitcdes nnd higher impact 
loads. ,For example, spin-in m d  rotor thrashing causes iorge lateral forces and upflide down . 
impacts that  are m n t i a l l y  wheard  of in large fixed-wing aircr~ft,.  Additionally, there is a 
rnbrked difference in inherent energy absorbing features between the two airplane types For 
example, the s n a i l  airplane has a much amaller subfloar volume, fewer structurai membern, 2nd o 
comspondingiy more rigid structural area to absorb energy than eKi~t(ifor the large cross axt ion 
of the f lexible-My aircraft. Some of the resulting implicationr are inferred in the  Guidc. They 
point out, for exmple ,  thet  cargo tiedown critena from tile Anny Guide are m w h  larger than Air 
Force practices, but acknow!&ge that there is no statisticai reason to change Air Force criteria. 

The above describe^ m n e  of the re'ssons' b question dixect t-ankfer of guidelines or specifications 
frcm the Army Guide to commercial systems. Although meny of the principles zpply, are r e h u n t ,  
and tire practiced, criterion bases are clearly different. Relevant criteria hnve been abstracted and 
cohled from t&e Guide, and the resulting interpretation and commentary is praented in 
appendix D. The new Guide updates previous guidelines and goals based on Army's experience and 
their recognition of braader reeeorch and development achvi:ies over the last 10years. Jn additior: 
to data in the  Guide, new information mntinues to be developed and earlier iuforrnaticn c? ,nt'muen 
to k clarified. Some such information is added to Giude information in appendix D (e.g., for 
tolerance and restraints). 

The review of t h e  Guide suggests some research topics and tools that  art. warranted, cnn be worked 
usefully, and will improve the technology for impac: protection. Arnly g o ~ l ato improve 
eurvivability for impacts oismal! aircraft include four major areas: (1)system design for structure1 
integrity, energy absorption, and post-impa~t provisions; (2)desig-n principles for impnct 
protection via aircraft scats, restraints, litters, and pnddifig; (3)modeling arrd testing methods for 
appraising impact loads, load paths and their effects; and (4) hunan impact b l e rmce  
and protection. 

Sy~item design considerations in the Army continue to emphasize energy nbsorption and postcrush 
protection. Newly mder  consideration tire possible ways to avoid reciuctioii of and intrusion into 
occupiable volume caused by impact 1mdir.g. 

Energy s h r g t i o n  a t  the structural level remains u difficult conccpt r.o d e s i p  nnd control. 
Abeorbing prcivisior.~ include gear, wings, fuselage, seats, litters, 2nd restrfiints. Djnninic 
interactions at  t h e  s) swrn level are ~ o ~ o m p l i c a t e d  that finnl resolution of quretiuns by th:: Army is 
still by t e ~ t- are practiced. Iiowevar, sc:ver.si ccmputer n~d ld~ l sfull-ycde drop t&s providizg ftdl 
syetem sirnuL3tion have h n  under development for wveral years and are appronching stngee 
where they d o u i d  be challenged by attmnpte at real cdibration and application. 

Postcrash survival continues to receive very ileaby enlphnsis in commercial syqte~nu.A major 
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governmenUindustry progmn is being carried out that  hm multiple objectives, including: to 
improve control of fire, develup new mteriale with improved chnracteristico, m d  develop a more 
heat resistant escape slide. 

Evidence is starting to emerge suggesting feasibility for Borne concepto, but limitations remain to 
be ~ * e w l v d .Four examples are: (1) fuel inerting actuation by impact acceleration, may work on 
impact, but may a h o  actuate at  altitude in turbulence a ~ m l e r a t ~ o n ;12) heat resistant slides are 
being developed, but glomr? n:ay not lx stowable vritl'iout major chmgeo and others may have a 
short s t o r ~ g e  iife; (3) some design features for control of fuel line dbturbmces are proving 
effective; (4) computer simulationn of some proceme are being explored, for example, ~irnulation 
of fire propagation t3 improve undere%anding of and ebility to control fires, qnd simulation of 
evacuation ,perfomlance to provide tin improved engineering tool. Thew are in the early 
exploration stages and should be continued. 

, Design principles emphaeizing energy absorption concepta for aecta, litters and restraint sysbrns, 
i are evolving a t  a more lapid pace. Load limitere are being vneidcred ao peak load alleviators to 

help mainbin some deb?lr?e of eystem integrity. They provide increaeed assurance the seat 
occupmt will rcmain in piace, and will not be subjectRC t.6 loads exceeding his impact tolerance. 

Modeling approachza simulating erergy absorption characterjsticv a t  the seat-restraint level are 
demonetrtiting feasibility as a deaign tool (me Occupant blIdeling Methods, folowing). ' h e y  codd  
be ueed to exp!ore and develop efkctive energy absorbing w a t r e s t r ~ i u t  concepts, and offer n cost-
and time-effective approach to rewiving energy e'osorptioa q u e ~ t i o n ~for tht. new cornjzasik 
materiala ~.hr_ology.But stronger doea not automatically mean nafer, and a rigid 20 g fieat will not 
neceesalily provide tile protection of e ductile seat t h ~ t  sfxi& yielding nt l e w r  loads. Co,npositea do 
not feeture thc same ductilitics as metals, and connequently p o w s s  different energy absorbing 
characteristics. Accordi~gly, use of compoeitea may reqwre altrjrnative design concepts (e.g., 
different seat leg design) in order to benefit from the d e s i p  advmhge8of cornpxites without loeing 
the  energy abmrption features of the earlier metal seatiug syetema. 

Modelirlg coupled with twting could become a meaningful combinaticn for developing and evaluating 
syatem design concepk. Some existing rnodele for structure, @at, restraint, and occupnnta could 
be calibrated 'to real world observations, integrated into a single nystem concept and used for 
advanced concept evduatione, for identifying bpecific data and tcsl needs, w d  for predicting the 
outcome of major system tests. An overview of the models that  could be used for this purpose is 
pre~ented in table 5.1. 

The desirable approach would bc in two phase.  Firet, experience with the various models is now 
sufficient, and it ehould be feasible to develop a detailed epecification to define and dcvelo:, a wries 
of nodules to pemilexpluretion nnd development of individual c!emente that  could be combined to 
estimate the performance of the cxcupant, restraint, wut, andetructure. Second, it is n e c e s . .  to 
develop and demor~atrate rahbratcd thrcedimensiond performance against real test data, nnd 
define ground rules for appropriate uee of 2-D and 3-D models. Some models, such as 
PROME'IWEIJS ID, are twdLmcneional but can demonstrek a high degree of accurecy in predicting 
to a test situation. Some added features may be needed to complete 2-D application6 potential (s.g., 
in sirnuLiting nn energy a k i b i n g ,  deforming seat). From t h b  result,, and awaiatcd knov:!edge it. wiU 
bfc emy to identify and develop 3-L! refmemenb. The 3-11capabihty would complete occu:mnt 
development net& snd a h  hclp to dmriminate when 2-D find 3-11mwlels might Le appropriate. 

Human impact tolerance drtta continues to be in dire need. Dste, indices! and eetimates of tolernncea 
are limited in tmth ticcuracy end scope of npplimbility. Obviously, tolerrinre h i t  dnta arc not readily 
acquired. I!owever, new data below the toleral~ce hnzord.9 cout~nuwto be generated nnd will be 
needed tx, reduce or elminate the current conotrninte on data (we Human Impact Tolcrancc, end 
npp. Dl. 
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Tablo 5.I-Plan lor Developing Needed Models 

.- -_II 

-8 
De~~eloplcalrbrntc Predlct toNeeded Appraise Oavelop spmflcation h#odels/,podu!es---- - - New tests 

Modelimcdule Potent~ally - Synth~sizeolements Refine synthesized 
Purpose Usable models* From known m ~ d e l s  Model(s) 

PROMETHEUS Ill 
Occupant . SOU-LA 
Slrnulatlon CALSPAM OCCUl Laboratory data Planned 

AT0 (art~culatud Army drop tests 7 984 
total body) . NASA tests NASA-FAA 

Restraint PROMETt.(EUS Ill DC-7 test Drone 
Simufabor~ SOM-LA ' RFSTF? 1 Conslellat~on Test 

t AT0 Test ' 
FAA rests 

PROMETHEUS Ill 
Soat SOM-LA 
S~mulat~on DYCAST . SET 1 

KRASH. . 
ADlNA , 

DYCAST 
Structt~rcl KRASH ' 
Fuseiagc /$DNA SSRUK 1 

ACTION 

'Improvements In exlstlrq modeis mlnht he accompl~sheaby lncludrng small packages such 2s the FEAP 74 
i 

strlrctural contact model 



More definitive r e se~rchh needed for effective use of human blerence data. I k e ,  too, oince 
tolerance Limit rewarch in impractical, modelo may be u~efulto explore folerance in controlled 
tests to estabhah exposwee in accidents m d  thus tc update the dnta bwe u ~ i * ~ ~ ,waul& f r m  real 
acciden tcl. 

Numerous dynamic models of the human body have been deve!oped for crash impact anclpsis to 
predict the msponss of the occupant, restrnint andlor seat ~ y s k n s .One, two-, and three-
dime;lsioml m d e b  ha;le h e n  developd. More b ro~d ly  dmcrihcd in this preMnt repni* are: 

1. Dynamic Response Index (DRI) (ref. 6) 
2. Seal Occupant Model: Light Aircraft (SOM-LA)(ref. 7) 
3. PROMETHEUS (now PROME'I?-IEUS m;rel. H), two-r!imensione!, reotraint performance 

integrated with body dynnmics and other outputa similar to SC)ld-LA 

QCCUPAET MODELING S W A n Y  

Three occupsnt-oimulation computer program8 are evaluated in the foEox<riy diocueaions for their 
~b i l i tyto pmduce ueeful ertgkeering data regnrding relative mfety of' 2 restrsined occupant: u 1-3 
model (DRI), s 2-D model (PROMETHEUS M) and a 3-D model (SOM-LA). 

The one-dimemiond model (PRT) is umble only for e%t ejc&~n evdudtion and ,ia of no use for 
evaluating the aafety of commercial nircraft. The two-dine~lsiol;al model (PROMEXE'US m)is 
euitrib!e for producing sophisticated engineering treds-off dat.? and is beifig w d  for 'hi0 purpo%, 
subject to the l imit~tionoirnpoced by the 2-D nature of b e  siujulation. I?le J-1) nlcdel (SOM-LA) 
needs modeling improvemenh before being usehle for e~gineer ing purpcr~a .  Needed 
improvements are k c k r - i d y  difficult and fall intothc m l m  of npplied mearch.Although SQM-LtAi s  
not currently adequate for evsluetion of res t raht  cyotem perfomwce, i t  provides a rough 
approximation of the gr9mmotiol? of the occupant for purpowo of approximnting the dynamic loacis 
on the structilrs. Th&porulbility of merging h e s c  programs with o Ip-rge !initr?-element ccjn~puter 
prugmn such es DYCAS'l' will be dm conaidered and a procedure fcr ncccimpiishing the rserging 
will be proposed. 

Computer modeling of nonlinenr transient otructural dynamico is ti r e h t i ~ e l yrew kchno lqy ,  and 
strrnrlerds defining 9 " g d "  s t~ lc t t i r s ldynamicn computer pmgram are still evolving. (Occupant- 
oilnulation is a special type of structurnl dy~lnmic~j.As R conwquence, each new utructural 
djnamics compi!tcr program must individudly earn ncceptance in the engineering community 
before its calculations wil! be utilized by designers. 

There are :wo 8spccLq to tnacceptance: 

1. The p n q a r n  must p rduce  believable resulb. That i ~ ,prcdicteC dynamics d~ou ld  appear 
rensonsble and crcdible to the designer, and the designer should txr confide-nt thst  the 
program modcls the nluin dyruimic effect3. To cchance bdievnbilt.;., the program out.put 
should contain, In rt2adable form, informntjon vihic-.il cmicts the designer to underiiiani: the 
dynahmc events (such ae time histories of 8yetei11 forceq. Grnghic aic!il 0.naLw helpful. 

2. Progrim accuracy muGt be dcinunetrsted. 'hat .  is, denioristration uf upability tc reawnab!y 
predict an iictunl teat. Acllievcment o f  prr.diclive accuracy io us!~dlyii vely dif'ficdt and time 
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Figure 5.1-PROMETHEIJS 111 Simulations 





consuming pmeea for occupbnt simulation codeo bmuoclt of the nonlinear nature of the 
problem and the difficulty in obtaining mea~ured values for input dynamic parameters. 

0r.e approach was applied in e v o h k g  a calibrated level of perfomlance for FROME'T'HECTS 11. 
Instrumentation data from severs! sled tests were obtained from CAMI and physical data for the 
anthropomorphic d u m m i ~ ?  were obtained (limb weighfa, meaeuremente, and spring constraintzj). 
These were systematically refindd by sensitivity testing so that  properties could be estimated 
where measured data could not be found. 

One of the CAMI tests was t!ien simulated by PROMETHEUS. When the initial simulation did not 
provide satisfactory correlation with test data, the problem was attacked from two directions. 
First, i t  was evident that  the restraint system mcdel in PROMETHEUS WRS inadequate, so a more 
sophisticated ma themat id  m d e i  of the lap belt rind shoulder h s ~ n e ~  was developed and added to 
PROMETHEUS. For example, the lap belt was refined to perxnit :he slipping associated with 
submarining, the shoulder hamess was refi'ined, and chest/shoulaer flexihility was added tc: 
appropriately incorporate hnrness ,Wy interactions and Sllip~i~lg of the harness on the shouldsr. 

The second approach, which was a t tempkd concurrently with the first, was to parametrically vary 
the mechanical propertica of the sunulated occupanl (such as neck stiffness and dzmping) in 
PROMETEEUS simulations and note the resulting trends. P;trametric variations helped provide a 
"feel" for the occupant ciynamics and served as bensitiviry studies to identify the important 
dynamic parameters. Some dynamic effects were observed which were not influenced by the 
parametric vnriations Additiond ~nodiflcations were rncde to the mdthematicd morfe!;ng in 
PROMETIIEUS and parametric evaluations completed to approximats these effects. Additional 
cycles of modeling ~m;l rovemen~parametr ic  variations continued until correlation with sctual 
test data %+as achieved The resdting rrrdeling changes io PROMETIIEUS were quite extensive; 
so much so that the corrslated model was renamed PROMETHEUS 111. Figure 5.1 sumn?arizes 
parametric variatious and cnodeling changes required to cchieve calibration. After calibratmn, an 
independent test case was s m u l a r d  v;ith FROMETHEUS, producing good agreement with actual 
test results involving a re31 Part 672 dummy in sled testing. Figure 5.2 indicates the correlation 
finally achieved. 

REVIEW OF OCC!!P,CQT-SmIULATION COMPUTER PROGRAMS 

Three occupant.sirnulation inodeis are reviewed below. These are a one-dirner~sionsl model (the 
spring-mass model aswciated with the Dynamic Response Index), a two-chmensional model 
(PROMETHEUS m),and a 3-D mwdel (Seat-Occupant hlodel: Light Aircraft). 

The models are examined from two viewpointp: first, 8s a tool for enb~nfering design of a 
mt l res t ra in t  syskm; and second .m a possible candidate for integration into a large structural 
dynamics simulation co~nputer program, in order to model the complete system (aircraft, seat and 
occupant) in a single sirnulation. 

A one degree of freedom dynamic-response model of a human occupant has heen proposed (ref. 6). 
The m d e l  consists of a simple linear spring and damper and a point mass. The spring is sized by 
the compressive stiffness of the lunb?.s vertebrae and the d.mper is sized by human vibration 
tests. 

The 1131 i.5 an injury s a l e  nsswieted with this model. The DRI for a deceleration pulse is the ratio 
of the peak compressive spnng fwce which orcurs wheil the inadel is excited by thc pulse to the 



! 

weight of the point rcaoa. To arwocinte tolerance leveb with the DRI, the DIi! was cslcuiakcl for 
existing ejection eeat deeips .  Cornput& DRl values were plotted ~gKinst  the percentage of 
ejectiona in which spiqal injwy occurred; the curve thus obinined reprewnta an  approximation of 

! injury prokbility a~ a function of DHI. 

. $Both the nimpie occupant model on which the DRI is based and the DRI itaelf are very limited in 
application. The simple model could only be lid for caws in which the loading is purely vertical, 
that  is, +C, auch 8s in ejection wt~.I t  is obviously not app!icnble to model a restrained occupant 
under fo rwad  loadq in this am,the main effect ie the combined stiffness of the restraint system I 

I and the occupantk pelvislchest. Even for +GZ acceleration, the model ia difficult to use since 
potentially sigilificant effects are neglected, euch an the effect of fieat pan otiffness. 

he DRI is based an  o mode! which does not adhere closely rn the actual dynaniics of an ejection. 
Seat pan ~t i f fness  is not considered nor is distribution of body mesR along the apine nor the weight 
of the cccupmnt. Thus the DRI can be expected to produce uwful data only in crashes which ere 
similar, to a seat election-that is purely +GZ acceieration, seat pan stiffness similar ta the 
stiffness*of n fighter pilot's seat and the occupant tightly restrained. 

, The US.Armyh Aircraft Crash Survival Design Guide says of the DRI: 

"Although the Dynamic Response Index (DRI) .. i s  the only model conelated extensively for 
ejection seat spinal injury prediction, it has serious shortcomings fm use in accident andyeis. 
It' assumes the occupant to bc well restreirled and erect, ao that  the loading is primarily 
conprassive, wit!! bending. Although such conditione may be assumed f ~ r  
ejection seats, they are less probable for helicopter crashes, in which an w c u p n t  may be 
Ieaning to either side for better wsjbility a t  the time of impact. Further, the TIRI was 
correlated foi e jx t ion pulses of much longer duration than typical crdsh pulsee. 

"A more detailed nmdei of the spinal column would yieid more realistic resuli3, but injury 
criteria for the more complex responses have yet to be developed. Conneql:er~tiy, tJie DRI is  
not recommecded as  the criterion for u w  in designing crahhworthy mats." 

REViEW OF PROMETHEUS III AND SOM-LA 

The following discussion reviewe and ccmpores the 2-D pngrnm PXOMETHEUS ID (ref. 8)m d  the 
3-I) Seat-Occupant Model: Light Aircraft (SOM-LA) (ref. 7). 

PROXETHE'JS viae developed a t  Boeing in a series of tipplicatiom far different pwposes, 
starting from the Dynamic Science progrem SIXULA. The focus of PROMETHEUS 111,has been 
on a m u a t e  modeling of the occuptint and restrailit system; PROME'ZlEUS I11has since been uzed 
extensively to develop data for assisting in engineering design decisions. SOM-LA development 
wae sponwred by the FAA through a series oi contrncts cit.h various carnpnnies rind universities. 
Emphasis in SOM-LA development has been on ths detailed seat model. Art improved versiou of 
SOM-LA, termed hISOh!-LA was completed under n m h r  DTFAO3-83-C-000'38.The wcupcnt 
model has 1xet.1 upgraded in MSOM-LA. 

DEVELOPMENT OF BP.SIB OF EVALUP*TION 

Occupant-simulntir~ using PROMETHEUS iU cornputor program has k e n  developed anti 
demonstrated sufficier~t!y ta be used in the engineering design process. This experience is drawn 
upon to est3hAsh critsria for continued evaluation of occilpant-simuiation computer proe;ro.ms. 
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Design quuestioile for which PROMETHEUS ID simulat50ns provided enghcering d a b  were c!nite 
vsried; the common denomiratm being relative occupant aafety. Due in part to the Iimitations of 
exisiing human tderance date, i t  is rarely poesible to predict with certainty whether injury would 
have occurred in a given crash on the basis of a computer simulation. Sirriilar queljtiontl may also be 
unanswered in dummy tests. In most cases, computer simulation io the only practical method for 
obtaining design data for apecific queations, nnd on a timely basis. To be usable ior deeign, an 
occupant-sirnulabon computer program requiree two major attributes. 

First it must be oblc to model a gsneral structure (not jwt a seat), and be able to model contact 
between the occupant. m d  m y  pext of the structure. (For example, impact of an wcuysnt with the  
seat ahead). 

The second feature IS that  the program must provide data which mhy Ix used for estimating 
cornparatiye injury potentiel. T i i e  menns that: 

1. ~ h e * ~ r o g r a r nmuot have been cslibrsted by predicting test data (preferably from live human 
tests). 

2. Time histories of forces acting on individual body segments of the occupant model &odd be 
printed andlor charted. 

3. Time histories of torques acting in joints of the occupant (e.g., the elbow) should be printed 
andlor charted. 

4. Time varyicg internal !oads acting on tlexible body s e m e n &  (such as the lumbar spine) 
should be prinied andlor charted. 

Of course, the standard software feathres relat.ing &*ease of program use are also desirable--that 
is, ease of input, automatic data checking, legibility of output, cnd avajlability of graphic: aids. 

COMF'ARATEVE EVALIJATION OF PROMEI'IIEUS III AND GOM-LA 

Figures 5.3, 5.4 end 5.6 constituk checkliilistcl of featurea needed For engineering design uwge of 
occupant-~imulntion computer p ropuns .  Checklist items were obtsjned pragmatically from 
experience in u ~ n g  FRO&IETHEUSIll to develop design data. The a m o w t  of uae of PROhfETHEUS 
III justified inco~poration of moet checklist items into this program; consequent!y the lrsts eerve 
meinly to indicate desirable improvenlents in SOX-IA.The main impravemcnt in PASOM-LA is en  
improved seat, capahie of modeling enerby ahrpt . ion .  ' f i r : occupant nod el has also been improved 
by the incorporation of 0 flexible segment representing the lumbar spine. 

The major "deficiency" ir, PROMETHIES LII is that i t  has only been possible t o  perfom limited, 
exploratoyj cnlibration agairai live human test data and for similar leasons limited explorction of 
seat nodel dynarnic~i. Added calibrafion of this type is dosirable. k 'benefic of 2-1) modeling io that  
mechanioms within the 2-D PROMETEZUS JX rnodcl are etieier for the andyst  to r:on~preheiid 
than those ,within a 2-D muiel, giving an advarltqe far initial use of a 2-9  model in calibration 
efforts. C)t!!er thnn development, which may be required to achieve such crrlibration, further model 
evohtion must consider limitations intrinsic to the 2-D n ~ t u r ecf the model nnd distinguish the 
conditions for using a 2-D or a 3-Dmodel. Of course, current uricerl~inties in the level of human 
tolerance to t rmaient loads are a constraint that  must be observed for either 2-Dor 3-D models. 
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Feature 
--

I Occupant 
Segment masses, length. 

~nert~as.c g 's 
Mechan~calpropertlcs 
of lo~nts 

II Restra~nt 6ystem 
Mechanical properties 0: 

lap belt 
Mechan~calproperties 

of harness 

Ill Seat 
Geamclr!, 
Cqnslructlon 
Mechan~cai Properttes 

IV Crash Pulse 

VI Interactive (conversatio~lal) 
input feature 

Note 1: It is assumed thst the USOM-LA ~nputis essentially the same as the SOM-LA input. 

Figure 5.3-Comparrson of Program Input Features 
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hiSOM LAPromethaus lilFeature 
(Note 1)  

__I--
Occupant XSegment carteston poslilon, 

veloc~ty, acceieratlon -
Segment anguiar pXiIlOii, 

veloc~ty, acccleretlon -
Forces on segments -
Joint !orqueS 
Spinal loads 

Restramt syslem X
Lap belt load X
Harness load -
Belt S!lp 

Sezt XCush~or?forces X
Reactions -
Nodal forces -
Element farces 

X
Crash pulse .+ 

Printer plots 
XAczclerai~on t w x s  

(vs time) -
Snapshots of v~ct~rnlscat 

XLocus of segment c g.'s as 
Funct~ons of time 

Note: I t  is r\ssurned that the output features of SOM-LA and MSOM-LA are essentially the sane. 

Figure 5.4-Comparison of Program Oittput Features 
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- - 

X 

Occupant 
Spinal ari ic~~lation 
Flexible Iijt~lSarlink 
Flexible cenwal link 
Automatic initial pclsition 

Generation 
Compressible chesl, pelvis, 

Restraint sys'em 
Real~sttc friction 
Free to sl~deon vctim 
Webbing stretch 

Seat 
Finite element model 
Bar elements 
Beam elements 
Plate elements 
No of elements in typical 
seat model 

Cushion 
-.Eergy absorption 

Aircratt interior modeled 

Crash pulse 
Translat~on components. 
Rotational components 

Calibraticn against 
experiment 

Anthropomorphic dummy 
Live human 

Capability available 

Growth available 

* *  

-
-Pronethsus Ill 

5 links 
X 
X 
X 

X 

MSGM-LA 

4 links 5 links- X 
X X 
x X 

.. -

-. -
- .. 
X X 

X 
X X 
X X 
X X 
60 60 

X X 
x-' X" 

X 
X 

.a. 

-

Accordwg to the SOM-LA devainper, Dr. David Laananen, this feature does not work in SOM-LA but does in 
MSOM-LA. 

"' Preliminary calibration accomplished. 

Figure 5.5-Comparison of Basic Modoling Features 



S0M.Mcould benefit fron: boLh h u m  data calibration end mcdd irnpruromerit (from the standpoint 
of radefulnese for engir,wring deeign). ifhere are two mnjor mot!siicg cieficlencieo - the mstraint 
system model ond the drfficulty of ri~delingnomtrndnrcl wta atjd o h ~ c t u r a .  Both represent difficult 
modeling problemv in n 3-Denvironment, and rne thds  cievelopfd to rjiinulate thew features in the 
2-D PROMETHEUS 11I t ompubr  program can nct  be readi!y ge i~c rdkedtn three diriienaions. 

SOM-LAtias a very primitive restraint system model Restraining bdte  arc p imed to the body, so 
realistic modeling of u r e ~ t r a i n ~ d  is impclsu1b:e. N M - L A  &so has tin~ltcd flexibility in the ~ c u p m t  
type of restraint system which may be mode!&. Nonstandard co:lfigwations, such ae restraint 
system with crotch or  thigh straps could not be eimulated. In addition, harnees friction iu 
implemented i n c a m t l y  (friction is crude!y and incorrectly simulated by reducing tennion in the strap 
segment running from lap belt to shoulder by 12%). Another serious defect io that  chest 
compressibility (which effects h u l d r r  h c m ~ mloads) is nut iaodeicd. 

Accordingly, thie simple restraint syakrn model L imdequate for engineering design use for 
evalllsting reotraint nyetern performance. I t  introduces uncertainty into predicted W y  loads and 
accelerations, since dynnrnic ~erfonnonce of the r e s t rn i~ t  system is one of the primary uc-mes acd 
conduits of tranemission of cruei loads to the occupant. 

The second major SOM-LA deficiency is the 1imit.cn simdatior. of structvral confiyrationa. I t  is 
pousible that  mow generality is availnble in MSOM-iA. In addition, it is deaireble that M6C)h.I-LAbe 
capable of simulating contact between the occupant and an arbitrary strr~cture (c.g., the hsck of the 
seat ahead). ' f i is  f1nii.e-element "contmt problem" is d l t f i d t  and is the sutjt.ct of carrent research 
(e.g., ref. 9). 

In addition to these research improvements, several irnproveinena wodd enhance usabibty of the 
code: 

I. Calcu!ate and display time histories of loads acting on the wcupani; ( e . ~ . ,  spinal loads, 
segment forces, joint torques). 

2. Improve the elgorithm for coinputntion of joint torque. 

3. Add printer plot "si:apohata" of seat and occupant for creciibiiity and for spprP-ising occupant 
iocation a t  selected timee (two viewe) for comparimn with slow motion movies. 

It may become necessery to predict dynemic interactions of omupant and Coor structure. Simple 
predictions may be pomib!e with SOM-LA.kctior. has heen started within the gnvernrncnt to 
combine the 3-C SOhi I'Awith a large finite-element computer p rogam (e.g", the 3-D DL'CAST) in 
order tn ;nodel an aircraft crash i;: e single ~imulation tQ more properly coy& the d.ymJinics of 
occupants and aircraft sl.;ucture. To ~ccornplish thie, It is suggested that the occupar?ffrestmint 
model be extracted from the SOM-LA o:cupaiitlre3tri?inff~at nlodel and pac!;nged as w super-
element. The occupant ouper-dement would 1he;l be insorted into t l ~ clsrge :ir:ik-clen~rnt programs 
asa mtdule. Although, ss ~o tc r l ,irnprcrvemcntn in the SO3.1-LArestrti.int system inode1 are needed to 
m d e l  occupant, dynamic3 nccuratcnly. The existing SOM-LAoccupant1restrair:t system model would 
probably br! adequak for the p 1 q r 0 x s  of calculiiting the gr0%3 dynamics of the e8 . t  systcm. 

The finiteelement code wou!d bt.utilized to rncde! the rjent .- that  is, the SOM-Wseat mo*iel wouid 
not be used. (mi3  presmeo the developirrent of a general contact md.cl to airnu~ateforceu acting 
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between t5e seat s n 2  wcupant.} The contact model would he uwd .x/ simulate seat cushione. This 
concept has three advon~gerr: 

, I  

1. Simulation of multiple occupants becomos possible ( e . ~ . ,  a "triple" acat). 

2. Syiichronization of the numerical i n k b ~ a t i o n  scheme8 (i.e , the procedures for solving the 
equations of motion Re function of time) In SOM-LA and the h i t e e l e m e n t  program is not 
required.The integration scheme of the finik-tflement proem 18utdized for both occupant.4~) 
and structure. 

3. The cnpabiiity of thc f in i te lement  computer can be emplopcd to model geaeial ~ e a ldesigoo. 
,' 

I t  would bc possibl? to use the large finiteelement p r o g a d  to model the occupant. The advantnge of 
the super-element is that occupmt modeling requires ieatureir that are not needed in g e n ~ r a l  finite-
element ~nodelmg of structures, such HS limita on angulrtr motion of 1in:h a t  joints. Ivforeovcr, 
occupant nwdeling t e  epecialized, and correct mechanical, parameters dewribing the ocr.upnnt are 
not widely known (in some caws supportive data are not, known at  all and p s r m ~ t e r smust *be 
inferred by p m i e t r l c  wnsitivity testing). Thus it wodd be difiicult ior a nonspeciehat to conrrtruct nn 
accuratc model. 

Additional effort would be required to make the occupant ouper-elment work; provision for 
tmmimitting input dntn to the,bu~r-element end 01:tamninp printout of de.iiliied occupant ha historks 
is required. In addition, gi-aphlcs output frem the tinlk-element Frogram (if grapiucs post procnssilig 
is avuilalie) must be adjusted to draw the ocrupant(s) in addition to the ntiuctwe. 

The same p~ocedurc coulcl be used to lift the 2-D occupmt model from PROMETHEUS UT if it 2 4  
crash simulatiorl were employed. However, there iu little: benefit ta be obtainzd from wing  such a 
m d d  in movefi~rnirigor &wheelkg light aircraft whew violent k tenct ians  of ciU three duneniolis 
of motion would be occurring. 

IIUMAN IMPACT TOLERANCE 

In nimulating the crash of a vehicli! with human occupons, either by actual test or corr,!)utation, 
the capability of eftimntmg the degree of ir;july sastained by the occupent is highiy r?&rable. 
Various scales hsve teen proposed for thls purpose and thew are evalrlated Iwlow. At prcwnt, 
skeletal fracture tolerancs provldi: the best means for przrhcting in;ury (includirlg head injury). 

Human iojury is a complicated biological procew; cawa:ive phyeicai ~nechanisma are often not 
well understood, and consen,uent!y, trndttiond engmeer~ng nethods are difftcult to apply. 
Phy~iologicd changes are also known Lo occur in response to crush loadng (e.g., chacgc in puke 
mte), fwther complicating a n d y m .  

To fulfill the researcher's net4 to quantify in juy ,  a ~ u i n b e r  of injilry scales have been devised. 
Them scales ere b a e d  on c!inical data or phys~cul measurement, such as, h.ad accekrutiori history. 
These scales are genernlly intended to estinliite physiologicul trauma rather than cikelc%i! darnage. 
The better known of these scales trill be descniwd. 

A. u o h  of caution is appropriate a t  this point: currently exititing injury scales represent aumc form 
of empirical correlation b2taveen injury and measured quantities. Correlation is m t  direceiy !.)~iii~:d 

on the mechanism which actunlly cticws injury; ratlier, statistical conrlntior, with perr:runtt.r; 
considered likelv to be implicated is established. Use of an i~:jui-y scale outside the concii~iotx for 
which corieiation was establisllud ia rioky. hloreover, there is lllwil~ounc~rtointy in tile occurocy of 
t !c bssic data since injury data caniiot be developed from expcrirnents with iive people, but inu!:t 
be infer~ed from cnda.~cr or unirnal testa. 



D i f f e ~ n c e ebetween individualo further coinplicate mattare. Despite theee limitauon, injury ecnles 
provide a method for aawseing i n j u r ~  ifi a c r a ~ h  airnuintion. Such wales provide n rational 
(although poaaibly inaccurate) menna for comparing e imulbon  reeults. 

In contrast to physio~bgirai damage to organs, prediction of skeletd injuries i~ nmencble to 
ordinary engineering methods. Mechanical properties of h n e  :rave been determined 
experimentally. Standard engineering analyei  techniques might be employed to dekrrnine the 
e n k n t  of Lwne damage in n pwticular situation, a l t h o ~ ~ g h  there are d~iferenceejn bone s t r e ~ g t h  
and size betwaen individunh, and live human bone c n n ~ o tbe bated, extensive tlteoreticnl 
knowledge of structurnl dynamics permits much greater confidence in the accuracy of such 
computations than in the accuracy of injury indices. 

Bone damage is only part of injuries, and not necessmily the moet aeriow part. Concus~ion, for 
example, can occur without accompanying skull fracture. Moreover, the sccurncy cf engineering 
a r d y t h  of the skeleton depend upan accufate comput.ation of farces acting on the skeleton, ~ u c h  
a s  m$traint system and contact forces. Contact forcee are pnrticdwly difficult to obtain, nince the 
conticting portion of the human W y  generally has irregular geometry and the rnechan~cal 
properties of the h e ,  flesh and con!.actd structure 4 interact to rietemir~rr tho dynamicsily 
varying force acting on the ~keletan.  Occupant-airnulation. models dixuased herein (e g., 
PilOMETIIEUS III. SOM-LA)do not model the okeleton in sufficient detail io accuratelv r~redict .. 
bone fracture. However, structural loads arc calculsted ~ r !thew p:-ohr;aino (e g., !urnbar axlnl lorid!, 
and these provide n rou&,measure of the likelihood of ~keletol  dlinmge. Chapon ( r ~ .10) glvev an 
excellent summary of experirnentaily dethrmlned frac!ure loads. 

Injury scsles can be grouped into three classes: (1)scdr s  bused on clinical evsluation of uctl~ill 
injuiles, (2) "whole-bdy" scales, and (3) scalea developed to predict a particular type of injury. 

Tlic first p u p  oi' wales is inter~ded to quantify clinirxl dingnosin of the injuries suotained by n 
particular pereon. This pmvides a yardudck for cornparing the *verity of injuries occurring in 
different accidents even thotigh the injury nlechanisrna may be quite different. Such aca!es am 
necemrily subjective; their main use is in accident inwst.iga:.ion. A well @ d cof this type is 
the  Abbreviated Injury Scale (AIS), ns ciefined in referenm 11.Obviously, wales h e d  on c h i d  
dingnosis arc of very limit& use to the modeler. 

I 

Whole-body hlcrnnce scaice are based on empiriccl observations. mnetirnea inciudiny the results 
of animal tests. These scales attempt to assess "sun~ivebility*based oa a grow dexription of the 
impact deceleration pulse uaing parametere such as peak deceleration, durelion of deceleration and 
onset rote. A ditficdty in using published wliole-bdy wales is that authors often do not 
dkthguish between peak dccelerution ~ n davemgr dweleration (which may of coxse ,  he quite 
different). l nese  w d e s  refer to the c r ~ s h  load delivered to the se;t. and do ilot dircct!y consider 
occupant!rcslraint ~ys t e rnreoponse. Sepnrute scales are nvnilable for d i f f~ rcn t  i o d n g  conditions 
(e.g., G,, -G,, G,), but no p r o v i ~ ~ o n  nrld (3%is made for combined loadlng (such as  simultaneous -Gx 
dccelemtion). Whoir?-lxKiy acdeo inight be useful in early pre1iminar.y a i r c~a f t  d~s ign ;they are of 
no use in detailed ol:cupn~~t mode!s such as  FROMETHEUS ID or SOM-LA. 

Injury w d e s  in the third group are iriknded tu est.imate damage of a pnrticulrir type. DRI is s n  
exarnp!e of this typ? cf scale. The CRI is intended tn predict ir,jury to the lumbar spine d u ~ i n g  
vertical (Gz) aweler?ion. 

Severd widely publiciwd acaies in the third group with potential for use with oecvpant models are 



designed to prcdicl wncusioo.  The m e c k a n  wueing cor~cuc,siunia cot well cnderstood, 
although there has kmn ertencive inveatigtrtion. I t  i s  lrnown thot concuiwion c m  renult from either 
linear accelcraticn (e.g., from hcnd impact) or el^ from mtationd acceicration (i.u., whipl~sh).'To 
date, rnoet investigations huve focuoed on either linear or rotational scceleretim. Combined 
effecls hdve alm t x m ~invet;lgekd, but data is itc.suce. 

CONCUSS!ON CAUSED BY T1RANS1EP,a'liOPithE ACCELERAT!OPd I 
A widely used rneactlre of human tolerance tolinear acceleration is the Wayne Skate C w e  WBC) 
(fig. 5.6 and ref. 12).The WSC predicts &at acceleration pcLee rncgnitude it; more important than 
puhe dura t im in cawing concustlion. 

The following dwript ion of derivation of the WSC is p ~ r ~ p h m dfrom Hdgson, e t  31. (ref. 13).'rile 
, ba& experimental work cn which the WSC dqwnde was a strrdv of co~cuwion on mongre! dogs 

(refrr. 14  and 15).Decclerrptionp u h n  of syatemdtic~bly varied m a p t u d e  and durittion wan!applied 
to the brains of 72 doge, and a rancu6sion blerance c w r t  for the epecies was then obtained. It wm 
p p t u l n k d  that the .%mecurve phew would be vtilid for hcmans. Cadsver skull fracture d ~ t a  vras 
emp!oyd to determine CIE ehapc?of the humm curve for puieee less t h m  10ms in c'uxtion (clinical 

, experiance indicatm that  conctmion normally accornpaniee nkull fractur:). ?hr long p u l ~  end of 
the WSC (duratiori~.~reetPrthan 100 ills)W.M eetimated fmm accrleration sled of S b p p  ofid 
other volunteers (ref. 16).The irrbrrnediate range of the  curve was estizated from cadaver drop 
tesh onto autonobile dnah pmeh. 

I t  should bz: noted that  data on which the WSc is ksed utiiize a single acceleration pnlse; multiple 
blows are not u L 4  and infiuence c i  prrh shnpe Is not considered. Morwver. the ohape of cupvc in 
not well supported by experimentai evidence for puLw durntiom greater lhm 10 ms. 

Newrnan (ref. 12) reporb, regarding the Wnyne State Curve, T h e  validity &anduxftdness of this 
toiemnce curve hnve beon questioned on a nmiber of gounds including: 1 
1. T h e  o-dinete'~ effective lpccelzretion WEIS poorly defined. Patrick, e t  d.(ref. 17)*,hod 

stakd: T h e  ortlinate ic Effective Acceleration which in bsmcl on ti modifit++triengular p u ! ~  
in which the effective acderafion iu rromwhat g r a t e r  than half the peak value. ?herefore, 
trimgular or sinurnidel p u l m  of cqual area and higher pal:majpitirde are in accord with 
the experirneakl evidence from wfiich the Tolerance Cqme ia derived.' h t e r  (ref. 18)it wee 
stated: 'Effective acceleration iti computed by dividing th? area under the accelerhtion time 
rccord by the time. A judicious rc.lalysio of the gec~met r id  chspe of the curve is important. 
For inetmce, high amplitude spikes of short duration (leas than 1milllwcond) should be 
disregarded.' More recently, (ref. 19)effective ncceleration has ken equated exactly to the 
time averaged accclertrtian over the duration o l  the pdrje." 

f2. T h e  head impact data js not trpp!iceble to blows other than t h o ~ e  t.o which the exyerimmtal I 
mimais and tadavers were PL!~J I?C~.'To quote Chdjian,  e t  d.(ref. 20); 'It ~ h o d dlie poi~lkd 
out, however, that  cars should be taken in wing u talcrance curve of this nature. I t  IS entirely I -
posaible that o curve of thc Game ~hnpe ,  but having different valuen for tbe acc.eleration ! 
marniturk, could vel y well I J ~  np or  down dcpnd ing  upon the point of impact and the ehif~ed 
blow directioil.' Shlnoker, et  nl., (refe. 21 und 22) have confirmed that  there are eipificant 1
differences in the reuponx: of human and monkey heads to lateral and longituhsll  irupacuu." 

3. " B e c . 3 ~ ~the WSC WUB bawd on mcaured sccelerntion time iiiabric-s of a p o h t  on the head 
ensentially oppaeite the forehead :,!ow locntion; skd! vibration may have had a significnnt 
effect on the fipparent llead acceleration liodgwn and Patrick considered t h ~ squcstion in 

*&ference numberti bave been converted to correspoad to the numbering sequence of this 
document. I 



Figure 5.6- Wayne State Llrtivzrslty Cerebral Concussion Tolerance Curve 



1968(ref. 23) m d  i t  is now customruy to u ~ etwo biaxid ~cce le~~me:c . r s  mounted to the ~ f d e  
of the head (ref. 13).As suggected by Mertz (ref. 24), amumlng r : e d . M y  mechanlce, the 
acceieration of the center of pavi ty  of the head can tlicn be determined. 

4. T h e  WSC iinc n w e r  l m n  verified fa: living human beinge, ultl~ough recent i d i r e c t  effo.rt.8 
through accident simulation (ref. 25) have been attempted." 

Several injury indices have been auggeetd b  d  on the Wayne Stfib Curve. Thwi are the Hcad 
Severity index (ref. 261, the Head Injury Criterion (refs. 12md27)and ths  J tol~ranne(mf. 28). All 
the tolerances agree roughly xith the Wayne State C w e  for ~ h o r t  dwution frontrrl hr-ad 
imp~cts(i e., 10 rnR duration, half El;ne wnvc shape). 'I?w crikriri @vp chll'cren', r e s u l ~  for multiple 
pulses or impler p u k .  and the rehtive merits ere hotly debated. Howtver, little c1ir.h.l 
evidence i3 avndable to indicate whether any of the malee (or indwd he VJayne j~ateCurvc) io 
valid for these conditioce. 

The widely u e d  Swearingen dingrnm'of acceleration tolerance of tho facial Lanes ( f i ~ i e  5.7 nnr! 
ref.29)actually r~prcaenta f r ac tue  data under dynnmic loading. ?'he.accalerntion t a l e r a r ; ~ ~  given 
ehocld 1~ multjplied by the head weight to obtain fructwe b lmmce .  'illus the frrtlcture tolerence 
of 30 C Given for the now meens thnt the no% wll fracture when the now 1s rltruck v.3th sufficient 
force to impclct 30 G,accelerntron to the whole tlend, v;h~ch vrould be n f o r c ~o f  3(NI'bs., accsurningu 
te: ~ u n dhead wt;ght. It dveo not menn thnt whez~ever the head is occolereted to 39 G (e g., 
throbgh wl'ipksh) that nore fracture caurs. 

CIZN?dSSlON CAUSED BY RBTATIONAL AC'CELER.Ari'l(3N 

Concllssion can be irduced by head ncceleration prcwdre in m.;traut to im;?act loads; n tentative 
estimation of human to!etmc:e to rotational acce!erstion was male  by Clmnya, e t  ~ 1 .(ref. 30). A 
tolerance curve wss experirnenbdly dekrmi. ad for r h ~ m sm o n k ~ y ~ ,llind the human tokrsnce 
curve wna inferred from monkey cunlcs by scaling the acce!erirtion 8u . i~Sy r213, where r is the ratio 
~f the wei+t of the rhesus monkey brain weight ?o t!~e human brain woijrht.(fig. 5.8;.Ormya, e t  id. 
~tated!hnt sddjtiond gxperimental confirmation i x  reqaired before u s  of the curve ie justified. As 
far as can b.J. determind, no confir~oaiion data hiw k e n  p u b h h j  ti)date. 'i'huil figure 5.8 mu& 
remain tenlr;ltive. 

STRUCTURAL hlODEI,NG COMPUTER PROGHAMS 

f m p ~ c t  dyn~inics  of a r e d  crauh involving mrnplic.'~t.cd~ t m r i u r ~ ddeaiml are tcta con-plex for 
menual a n ~ _ l y s ~ ~ ,  provide ahowever, rndeli~:gm c t h d n  offer an eventual rvpnt.)ility that tou!d 
simulotion of all aynzmic mtexnctionu. 

Mumsrocv compute1 airnuhition rnodcts, in ptlrticu!ar, a x  k i n g  dewlopeti for u2e in sirnl~lation 
evduetions. & m e  u e  k i n g  deveiopc-d for support o:" prelirninaly dc!jign htuilee, othera for more 
eophhiimted uses. Tine four ~ntziriclnsses of mod& t h n ~are uwd ir:clude: 

https://mrnplic.'~t.cd
https://ccele~~me:c.rs
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Note: The human tolerance scale was ohtamed by mult~plying the rhesus 

monkey scale by (h~human~MmonAG),)2!3 This scale must be 

regarded as an untested hypothss~s al lhis tlrno. 

Figure 5.8-Cerebral Tolerance to Rotational Acce:erarion for Rhesus Monkeys 



1. Generalized spring msse modeh 

2. Frame type rnodels 

3. Hybrid lnodeh 

Spring-maw models and frame m d e h  use s very eimple model of the structure to estimate c r a ~ h  
behavior. Frame models differ from spring-mass mode!s in that  beam elements ere employed in 
modeling, in addition to springs and point runeaeo. Hybrid models usc static test data in 
conjunction with a springmass model or frame model to predict dynamic behavior of a Rtructure. 
Finite-element approach uses more formal approsirnation ayproacheo fca more discrete definition 
oi struc~ural  representation and pruperties. I'initcderncnt rnodels tend toward increasing 
complexity and conlputatiorlal cost. However, none of the modeling procedures is totally free of 
testing requirement8 and analyticel juripnsnt. The reason is the extremely complex process for 
vehicle otructurc deformation u-der crash loeding, which involves: 

. Trarsient, dynrrmic behavior 

2. Complicated framework and shell ammblies  

3. Large dcflections and rotations 

4. Extensive plastic deformations 

A number of computer progrems have been developed to sinlulsk nonlineer dynamic response of 
s+mctures.These prclgrams wirz categorized as "hybrid" and "purely mathenleticd finite-element 
models." Brief descriptiona of s a n e  of these pro,grams are given, and three of the programs 
{ICIIASH, D'JCAST and AI'jLN.4) are evduilkd in more depth. I t  is concluded that  none of the 
programs hes all needed features. 

H I a R D  VS. PI!REI,Y MAT%MXII'fC?aL 

Workers iiivestigsting the behavior of structures in crash siiuations often categorize arlalysis 
methods a8 '8ybrid" or 'purely mathematical." A def in i t i~nof these terms is given in Winter, e t  ni. 
(ref. 31). 

"Hybrid - A combu~ed experimental and machematicrll method, such as the Iwnped 
mawlspring rnethd, jn which the structure is divided into a number of relatively large 
sections or asemblies thet  ?..re usu;*lly idealized as benmisprings whore deformaticn 
charactcri.stira are foufid from eteiic deformation test3 or sepurnte engineering analysis. 
S t r ~ c t u r a lmusn ip lumped with ronsti-ucturd Inasses a t  the h a m  ends, and the equ3tiuns o l  
motion of the m a s  points are solved numerically. 

"Purely ~mthematical-As in the finiw-element method, in which structcre is divided into it3 
individual natural components (beams, stringer, s h n  pnnels, etc.) which ale then subdivlaed 
into appropriate structural unit.; called elements. 'rhe deforn-lation characLeristics of each 
component are calculakd theore~icrrlly from its mnt*?rial stresslstrnin curve and i t s  changicg 
shape and positicn in the htructure. The ~t ructura lmaw is plnced a t  no:!t~s a t  each element 
boundary and i~ tlierefore chstxibuted throughout the otruclure. The equations of motion of 
the elements are then so!ved nume~icaliy." 



Hybrid kchnique p"mits use of sirnpier, leso expensive structural m d e h .  A hybrid model is 
particularly uoeful when many simulations of the m e  structure are to be made. Occupant model8 
in  occupant crash simulation (e.g. PROMET^iiEUS III,SOBI-LA, Articulated Total Body (ATB)) are 
&ost alweys hybrid models--for example, the lumbar spine is r~preeented as a single beam 
rather than an awemblnge of vertebrae, d h ,  and ligaments. 

I" 

In fect, purely mathematical methods require coneiderable engineering judgement, even art, to UEE 

successfully; the distinction between hybrid and purely mathematical is more nerirly a matter of 
degret? than a real distinction. 

Researchem in the field note thet both approaches are necemry. Hayduk, e t  al. (ref. 32) conclude, 
after compnring the hybrid program K W H  with the purely rnathematjcd finite-element 
programs ACTION and DYCAST: 

"A hybrid computer program (ECRASH) and two finiteelement computer programs (ACTION 
and DYCAST) have been used to nnnlyze a section of n twin-engine, low-wing airplane 
subjected to a 8.38 mls (37.5 ftls) vertical impact. A vertical drop teat experiment was 
performed a t  the NASA Langley Impact Dynamiw Ebesenrch Facility. The results of the 
analyses demonstrated the capability of all three computer programs to quantitatively 
simulate the significant dynamic response of aircraft structures under impact loading." 

'Because of the variation in complexity of the I W H  lumped-mom model (177 EOF 
(degrees of freeriom)) and the ACTION (336 DGF)and DYCAST (493DOF) I'inite-c!en;ent 
models and solution methods, there were two orders of magnitude difference in analysis cost. 

.Consequently. the lumped-maw hybrid approech should be used in conjunction with the 
finite-element approach, the two approiiches complementing each other. The lumped-nice 
hybrid approach can be used to evaluate p s s  vehicle response, detiipi trends, structural 
design and impact parametem studies, and gross ener,gy dissipetion. The finite-cleinent 
approach should be used for analysis of designs where the detailed behavior of individud 
componenta sre criticel, for obtaining detailed loa& required for input to ot!ier analyses, 
such as a lbqped mawhybrid technique or an occupant siuluiator, and for detniled strew 
analysiee in siziag of structural componenta." 

Cronkhite, e t  al. (ref. 33) agree with the Hayduk conclueiom. Cronkhib states; 

"Camputer mdys i s  methods are still being verified for metal structures, while composlte~ 
will need special treatment '~ccs.use of their low strain-to-f~ilure charactzrijtics. At pr went, 
both the hybrid (KSASH) and f in i~ee lemmt  (DYCASQ Rtructwe cra3h nnalysis n~ethoda are 
needed. The hybrid type of endysis is ueeful for p ~ h n i i m y  design mdysiu and for 
parametric studies of the entire airframe. The finik-elemer,t andyr;is mothod hnrc the 
poteniial for detailed structure ansiysis dxectly from drawings and mnp be umd to  develon 
input .  to the hybrid type of aralysis. The maiu problem with a hybrid method i s  obteining 
structure inputs to the coarse math mcdel. Finite-clement metl~ods, being a c o m p l e ~  
ar,alpsis, need velidatiori by test." 

Cronkl~te ,et  al. dexrihe some of the many computer programs which now exist: 

"Numerous simplecapnbility hybrid s imulat io i~are avnilablc (refs. 34 through 39, for 
exanple). Of these, the two most notable programs are tho= authored by Herridge or the 
BatkUe, Colamhus Labs and by Gstliu e t  al. of Dynmic  Science, hc.The work dose by 



Herridge and Mitchell was directed toward automobile crmh impact, while that  done by 
Gatlin, e t  al., examirked the v e r t i d  impact of e helicopter iu~zlage. This latter program 
(called CRASH) simulati?~ the fue.elage es rigid mapmn conceckd by nonlinear axial and 
rotary springs in a predetemined nrrangemefit. Both of these sirnulatisne are two-
dimensional. 

"Of the intermediekcupability prcbams, the most advanced and perhaps the mast widely 
ueed hybrid simulation is KHASH by Wittlin end Gamon (refa. 4C and 4 1).KRASH utilizes s 
3-I) arbitrary franiework of point maases connected by beams to simulate the fuselage 
structure The remaining intemedistecapabllity programs use finite-element computer 
codes and include Shieh's work (ref. 42), CRASH by Yowg (refs. 43 and 441, and UMVCS by 
McIvor, e t  el. (ref. 45). S h i ~ hidealizes the structure as n 2-D array or" heanis with yielding 
confined to the plastic hinges a t  their ends, while CRASH and UMVCS use 3-D inodeL,of a 
frame&ork cornpoaed of rodo and barns.  UMVCS could also be comidered a hybrid because i t  
requires test d e b  input to define the rnoment rotetion curves for the plastic hinges a t  the 
beam ends." 

'The detailed crnsh sirnulatiom are all 3-D finitedement c d e e  with the capability of 
modeling stringem, beams, ad structural surfaces such as slun6 and bulkhefid panels. The 
four codes currently available are WHAM by Belytschko of Northwest.~rn University 
(ref. 46). WRECKER by Welch, e t  al., of Illinois Institate of Techilology (ref. 471, ACTION by 
Melosh, c t  al., of Virbinie Poiytechnic Institute of TechnoIqgy aand State IJniveruity (ref 481, 
and DYCAST by Fifko, et  ai., of Grunlrnnn Aerospace Carpration (ref. 49 and 50). WIIAM 
currently can be csed to idealize a structure wh~ch contains only isotropic matmial. It uses 

-partly interactive yielding; i.e., the effect of shear stresses on plnsticity is neglected. 
WRECKER contains the same formulations as WIlAM but alw has the added convenience 
features of graphics and restart. ACTlON aim has pcrt!y intersctive yielding, and i t  ran be 
used only with a structure constructed with isot io~ic  materials. ~ d d i t i w a f l y ,ACTION also 
contains 'en inkrnd ly  vesied time step with numerical error ccntro!~. DYCAST can ideaiize a 
structure ronstruckd ol orthotropic material. Its features include fully interactive yielding, 
internally varkd time steps vriLll error control, restart, and graphic output." 

A summary of the assessment of these specific crash simuletioils is given in table 5.2 (frcrn 
Cronkhih et  al., ref. 33). Note thnt the hybrid codes do cot account for collapse or fai!ure under 
combined loads because the crash dah  inputs are derived from testa with a single load. Ail of the 
finiteelement codee except Shieh's c m  account for multiple-load compoi~erlti~. 'Rje cn.1~11test con 
furnish the hybrid comp:ltcr cwJes uith data tn analyze arthot~opic iaminsta  and exe-sandwich 
panels, while only D'iChST of the finite-clernmt codes can amlyze an a i tho t rc~ ic  n~e t s r id .  

Nonc of the evduated finite-element r d e ~  ccn currently analyze a core sandwich WRECKER is 
the only cne of these codes whlch wi!l nccoun; for strain rste effet ts In a logical. way !~y 
'determining the local strain rate and adjusthg the s t l f f . ~ ~ ~ ~ ~ .  Ali the hybrids can eccount for 
joint f d u r e  t u ~ d  crippling bcause tkme effects are part of the crush t e ~ td a b .  

The program ADISA (ref. 51)has capabilities siniiliu to DDYAST and will aLso be considered. 

Three basic rittributee are considered in ewlmtinn of crash-simulation computer pragrnnm-
t e c h n i d  cap~bili ty,  "pernleilence," and ease of uw. 

The mosl obvious ultribute needed by a crnsh dyilemics prc:gr:ram i s  technical capabil?':y -- the 



Table 5.2-computer Crash Simulations k ~ ~ € ~ s I m f l t  

-
Item -Hybrid Finite Element 
7 

Plastic callcipse and crush All Ail 

with combinod loads None All except St~ieh's 

All None 

with cambmed loads None None 
FAaterlal failure 

All WRECKER. U, 
(Poorly! ACTION, DS i 

Skln 8 bulkhead 

Anisotropic lamines tvith All DYCAST 

cored sandwiches All None 
[. 

Beam cross-section deform. All None 

(crippling) 

Joint deform. & fallure . All None 

Strain rate stltfenlng Kamal WRECKER 
Herridge 

WRECKERW~thlocal vzr~ations None 

I 



program should be capable of nlodeiing both elmtic end plastic material behavior, and dso be able 
to handle large s m c t u r a l  deformation including buckling. 

The ability to airnulab? impact in a general way is a h  very dwirable. A generhl interference model 
would permit inve~kgetion of phenomena such as plowing, in which changes in the rircraft 
geometry duiing impact can mcdify the characterietim of contact between the aircraft and ground . 
which in turn can chznge the sliding reeietsnce of the ground. In thc models investigakd herein. 
contact can De ri~odeled only if the general behavior of the contact is known in advance, i.e. parts of 
the stxiictursl model which contact and direction aP contact. 

hack of a general purpose contact model in crash simulation codes investigated herein could Dc 
wtrioue drawback. 

From the s b r r d p i n t  of a wer, the pcmanenre of a cede is important. Permanence mems  that ',
I 

someone with a veetcd in te~es t  is looking after the code er, that someone is nvailnble to answer . I 
questions and also wne assurance that  the code will not; mon become obsolete thmugh neglect of 
theoretical advancee (which are happening rapidly in the field of computer simulation of structural 1 
d>xamics). 

Almost as important a s  the theoretical ana!ysis capability of a,program is its eaFeof use. importwt  
features in t h i ~  category include: , , 

Thorough c techng  of input data for errors, and weU designed error rneswges which pinpoinl 
the error, help the user under~tand what is wrong, and (when approprkak!) indicate probable 
corrective action. For exam~le ,  

"Error-Sicylar Jacobian" is a very unenlightening error memage. 

"Enor-element 27 is badly distorted. Check sequence in which nodes are specified" is much 
more useful. 

"Grace under :iren - From time to time i t  is almost inevitsble thnt a computer p r o g r m  will 
encoimter a situation in which the computation cannot procwd. This can occur thrtjugh errore 
in the input data which are so ~ u h q e  or difficult to detect that normal error checking of thr: iriput 
data m i ~ s s  them, or through lirnitatiozs in the theory on which the analysis depends. It ie 
inporkqnt that  tho cornputcr program recognize this situation when i t  occars and print enough 
d d ~ i O B t j cinformation that the uqer cantiweout what went vrrong. If the program stop4 in the 
middle of the computation without providing good diagnostic information, the user can waste 
days tracking down (often by trial and error) the error. 

Well organized display of computed data. ?'he output niust. be l e ~ b l e  and coirlpletc. 

Availability of graphics i d s .  In finite-elemcnt propama, the Lnr~evolurne of chta needed k) 
deecribe the structure find ihc (larger) voiurne of information computed for the structurcl 
analysie make automatic plotting of t;oth the input data (i.e. the notlee and elmnents) and the 
computed data (c.g.  time history iiiformation) mandstory if a pi-c)gram is to be used as an 
engineering tml. 

Eaez of nee is u s ~ d 1 y  not considered in evnlurttions of crash rjimu!ntion programs, probnhly due la 
the evaluationn being made by (or in cloze coordlnatlon with) the program developers rtither than 
by a d ih te ies t ed  party. 



Program efficiency has been deliberakly excluded from coneideration. A memingful definition of 
efficiency ie nettrly impossible to obtain. The mat  of running a problem io not o good measure since 
i t  depends not only on the compukr w d ,  but a h  on the method. by which c~mputatiorl  costs are 
reckoncd a t  the particular installation. Moreover, advance8 in computer deeign cnntinunlly reduce 
com~utat ion cost and nlm change the relative importance of u w  of different resources (e.g. 
central. pmeasor  time, disc acceaa, etc.) Error checkiing. considered be highly coot effective, 
would be inefficient by thin measure since it wodd increaae computation met of a particular run. 

COMPARXSBM OF HIRASH, DYCAST, AIVD ADMA 

Three computer programs were mlected for reviaw. KRAS1-I nnd DYCAST were selected Lased on 
the recorn~nendalions of Cron&ite e t  d.: 

'Ths nmjor conclusions of ,this invatigotion on computer crash rtimuletions for advnnced 
material applications nre: 

1. There is no satisfactory single existing code 

2. Hybrid codee are theoretically incorn&ete 

3. Finite-element codes currently lack eufficient advanced material ciipabiIity - , 

T h e  recommer~rhtion fcr current craah 8irnuhhons on ndveccrd rn~iLeriol.3in KIu6e KIi!iSX 
with applicable crueh test data for preliminury pwsmetric atucij'es nnd gram evduduonc. For 
a detail desigri, DYCAST can be utied for aualyiing orthotropic lamirrakfi. However, thia  code 
i s  still under develop men^ anri has not yet beezl experhentally v e r i f i d  It, iis r.01; a m e n t l y  
possible to perform an extensive cietoiled design evaluation of a s?rt-ucture with sandwicl~eixc 
conetruction. This type of construction holds promise fcr incrensed enetbrji ciiaqip~tion with 
advanced compositca." 

The computer program ADMA (Automatic Dynamic Incrernenhl Nonlinear Analysis) wari 
selected, based on in-houee experiezce wth the code of the alialysis of cracking/cruuhing fcr 
concrete structure^ under large, tmwient loado. Features of the three codee are summarized in 
table 5.3. 

KltASM 

In their review of KRASH, Cronkhite, e t  el. reported:fa 

1. 'The KRASH analysis was found to !x i.i tiiwful tnoi for s!udjing clfectr; of voriano impnct 
conditions and pa rmete r  var ia t l~nson the overall csaah-mpact teaponx of the iiirfreme, 
whether the tiirfrsme id of metal or c c n p i t 3  ccrietruc~ion. 

2. T h e r e  is cxccllent documentation iwd correlstim of thc KRASH p r o p m i  (refs. 52-55).B 
These documentr, .&ould 1% useful anyone wcrk~ng in  the ares af ~ t r r ~ r t u n !  
croehworthiness and sirnulntion whether or cot  the Kii.ASH program i ~ l fie used." 

'KRASH has many uijcful built-in crauhworthinetrs iestun:b, unch 0s: 

Energy oumrr.ahc;l 

Occupioble volume change oind penetration 



--- 

Table 5.3-Comparison of Program Input Feelures 

haracteristi c  Types 
note 1) 

lement Types 

( f  

laterial Hodel 

iass Model (T) 

KhASH 

TRUSS 

BEAM 

rigid links 

Curve 

Lumped 

yes 

DYCAST 

TRUSS 

BEAM 

3-0 membranes 

3-0 sclid 

Core-Sandwich 
plate 

I i near ort ho- 
tropic clastic-
plastic 

Lumped or 
consistent 

TRUSS 

BEAM 

2-0plane 
stress, plane
strain 

3-0 membrane 
(plane stress 

2-D Axisymmetric 
shell or solid 

3-D sol id 
thick shell 

Thin shell 

2-D fluid 

3-D fluid 

linear orthotropic 
elastic, non-linear 
elastic, 
therno-elastic 
elastic plastic 
(Von Mises 
or Drucker-
Prager yield, 
thermo-elastic-
plast ic-creep 
(Von k t i  ses 
yieldj, Mooney- 
RivlCn Material ,  
concr.,- e model, 
user def ined 
Isotropic 
or  Kinematic 
harden 5ng. -
Lumped or 
-consistent 



-- 

:haracteristic Types DyiAsT A D I N A  
note-- .-- -.----- -----1 
Integration Met  hcd Eu 1er Newmark, Newnark, 

pred iclor- W i  I son, Wilson,( 7 )  
corrector Central Difference Central Difference, 
fixed time Modified Adam all fixed 

1 
stcp/prcdictor-
correctort't inle step

variable time step 
(except central 
difference) -

P l o t  capability
tim? history 3f 
displacements, Yes no 
velocities (note 2) 
accelerations 
&L- ---. .--I.- --
Deformed Structures 1 no I yes 

Cpeci a1 Crash Outaut 
enerqy
distribut ;on yes 
Structural c . q . ~  yes
conl~utes occupi 8ble Yes 
vo 1ume 

Documentati onr 
Theory manual (U) Complete not available on conlplct e  

single document 
User manudl preiiminary complete
w"-- ----.---- --- ..-.-----

I 

Size of user cornunity _I small very small 1arge
cu) - .".---
Notes: 
( I )  The synib~ls(T), (I)) and ( P )  used i n  the characteristic column indicate 
the type o f  fedture;  T r e f e r s  to Technical capacity, U refers to user 
convenience, and P referrs t o  "permancc" - the likelihcod ttiat t he  proyranl 
wiil be m a i u t a i n e d .  

( 2 )  Plot c a p a b i l i t y  for A D l W I  i s  being develouec! by ADINA's aut,hors. 



Automatic rupture of clernente 

0 DRI and man mrdel 

Friction and plowing 

Soil 

Sloped surface impact 

"Becauee of the c o s m  mathematical representation of the structure, the major problem with 
performing a KRASH malysis is involved in the 'art'of modeling and obtaining rctructure inputa to 
the program." . 

Cronkhite, e t  al. found a number of errors in the KRASII code and weaknews in the analysis, a s  
well as  an inconvenient input scheme, k m e  FORTRAN coding error8 that  were discovered are the 
following: 

1. T h e  printer plot routine contained array dimensioning errors that occurred randomly when 
plotting element loads and relative deflections. 

2. 'No input for external crushing springs cauaed all material propertiee to be zeroed out. 

3. 'Maximum external spring loed nftrr bottoming out was inkrnelly set to ten times the load 
just prior to bottoming out which in some cases did not slow the vehicle down. This has since 
been fixed by making the cutoff load, ten times the rnerimum load u-ed before bottomingoat. 

4. T h e  damping coefficient for beam e!enients remains a constant value even through the 
element stiffness has been reduced by the stiffnem reduction factor KR. The damping should 
alsa be reduced by the same factor as the stiGnesti." 

"For engineers accustomed to user-oriented structural rtnelysis digibl  computer codes, such ae 
NMTRAN, the input tu ICRASIi seems cumbe;mne. A preprocensor to help convert NASTRAN 
input data to KNASH input may partially solve this problem. ' I 'hi~ wouid a h  facilitnk user 
training on the KRASH program." 

Cronkhite e t  al. recoininended a number of correctionslimb-oilements be made to KRASH, 

'Becau.~ the airframe Rtructure often faih locally a t  a weak spot, a plnstic hi'nge element for 
the intenla1 atructure modeling is needed. AIM, ecdar springs would be useful for modeling 
seats.nnd main rotor py:! .IS. 

T h e  uvcr ~houldbe allowed to apply arbitrary boundary c~nditions tu the model: 

'A 12 by 12 direct input matrix option would ementially allow substructuring. 

'KRASH now uses a fixed-time step inkgrotor. A v~riahle  time ~ t e pprocedure should he 
ernp!oyt?d tr, improve run time$. Also, an implicit integrntor such as  the Newmark-Beta 
method should reduce run timea nrr well as improve numerical atabiiity. 

"A rigid hnd-4 motion arialyaia for impact such as ro!lover where no significant structure 
response occrus for long periods of time would greatly reduce scilution times. 



6. "Damping should be added to the external springe. 
\ 

7. T h e  stiffness reduction features (KR) should app1.y to element damping a8 well a s  stiffness. 

8. 'Input improvemente 

* Add derscriptive nameo to identify data typea 

Allow arbitrary inasrt point n ~ x i k r ' m g  by user 

0 Develop a NASTRAN to K W H  input preproce&or 

9. 'Add Btructuro plotting capability - deformed and underformed." 

DYCAST ' 

Cronkhite, e t  al. reported: T h i s  demonstration of DYCASTm a cranEwo~thinese design analysis 
tuol pointed out its usefulness while indicating some need for improvement. The main items in this 
a s s e ~ m e n tere: . 

' ~ r d a s  dynamic behavior was displayed, including overall structural deformation and 
motions of criticd masses. 

qetailed dynamic response was shown in the deformations, rrtr~ins, s t rewe ,  and lo& on 
individual etructut:  componenb for metals and orthotropic composites: , 

'Detailed structural modificatians were indicated by noting overloaded componente and 
equipment attachmelit pointa and showing action cf the energy absorbers. 

"Computational costa were acceptably moderate, using 1.9 CPU minutes per problem-time 
msec for 471 degrees of freedom, while the resbr t  feature permitted small time segments to 
be run in sequence without tying up the computer. 

rmmediate improvements needed are rebowid from the barrier suiface and automatic 
failure criteria, which are now being implemented. 

"Future developments needed are the addition of a core-sandwich plate element (for 
honeycomb and other ccred stmcturd components), output of occupant deceler~tive injury 
parameters, and calculation of energy consumption nnd distribution. 

T e s t  verification ie a very important need tohexplore the range of applicabi1it.y and 
accuracy." , 

I t  is significant that Cronkhite is apparently satisfied wkh the DYCAST input schen~e and does 
not report ariy analysis or coding erroro. Some of the recommended improvemenb have since been 
made. 

The ADINA prasam has been developed by Dr. h i h e  a t  the Mansachusetts institute of 
Techno!ogy (ref. 51). There is an ective user group which holds regular conferences regarding 
ACINP. engineering application?. ADINA has dynamic-analysie capability roughly equivalent to 



DYCAST, but in sddition has ~itatic-analysis capability (linenr or nonlinear) and can perform eigen 
valueleigen v e r b r  calculationo. A noteworthy feature of ADINA is the exten~ive checking of the 
input data for errom and the relatively complete w t  of enok measages fiigging errors which 
develop dunng execution, for example, rtingularity of the stiffnese matrix. The major deficiencies 
are the input ncheme, which is "fixed field" and relatively difficult to locate individual data items 
in, add the lack of a vel isble time step numerical integration scheme. 

Exietence of an active ADINA ueer group is a significant a w t ,  and o u- r without continuous need 
for nonlinear dynamic analy~is  should give ADIPJA eerioue considr.r,:tior, b a d  on this alone. 
Existence of the ueer grouR amurre that wist t lnce~willbe availal~leto extend or recheck an  
analysis a t  a later date. 

SUAIMARY 

There is agreemeit between reuearchers in craah dynamics that  both the hybrid approach and the 
purely mathemutical finite-elernent method are needed a t  the current level of kchnology. Cronkhite, 
e t  111. note the inconvenience of coping with multiple input schemes. 

Since the hybrid and purely mathematical finite-element unalysis methods arc compatible and, in 
frict, very similar, consideretion should be given to developing a single package combining the best 
features of both approaches. There are two advantages. First, the user, who will likely nerd both 
methods to solve his problem, will need to became fumiliar with juot one progmm. Second!y, 
combined analyois becomes poss~ble; a detailed finite-element niodel ran be used for one part of the 
structure (e.g. a seat) whili another iwrtion of the structure cou!d be mde ied  more simply with 
hybrid elements whose static rnechacical properties are obtained by static test. In principle, the 
static test could be simulated by the purcly mathehatical code; in practice, more valtdstion of the 
purely mathematical ccliiea iis needed before this is practical. 

A deficiency in all these models is the lack of a general p u r p o ~  colitact element to model collision , 

bet-veen two or more p m  of the titructuue. Ln existing programs, contact c w be modeled only by 
connecting elements. e.g. oprings, between contacting ourfactis. This cntnils anticipation of every 
collision which might occur and each indvidual specification of the contact element tagether with its 
mechanical cha.rbcteristics. Keference 56 describes an experimental genernl purpose contact 
model, whirh might be developed into a practical contact element. 

TEST TECHNOLOGY 

A review of crash tests ha8 been conducted to ascertain the status of test technology. Tesb  include 
full-scale aircraft and m n e  components. Test ohjectivee, instrumentation, and test methods are 
discussed. In nddition, Rome static tmta applicable to structural crsehwcrthinem are reviewed, . 

Progrnms io tpst full-sale aircraft have been conductd by NASA, the FAA, nnd the U.S. Army 
over the last 30 yenrs. Theae progrruns have treated small propeller-driven trnnsport.9, p;eneral 
aviation light aircraft, cnd helicopkrs. During this timo, bating tech~ologyhas sdvanced, 
particularly in the weas of intltrurnentation, data acquisition, and proceaicg. 

Seab,  fuel cello, and iaridmg g a r  have teen koted statically and dynmically in dev lopment and 
certification tmting to design crash lortde. In addition, as o pert of research programs wme 
substructures huve a h  been tested. 

The purpose of crrtsh t c ~ t i n ghas h e n  to n w o a  cr~shworthinese, level of crabh loadq, crssf? 
res'mnse of the airt:mf!, and crnshworthinew performance of design mudifications. More recently, 



ae enalyticnl methods hnve evolved, m a e  tee@ have dm had the collectjon of dnta for verification 
of analywa as an objective. 

In the material presented below, wlwted ta ts  re prewnted ~0represenbtive of a tecb~ique.The 
test methods in oome caai?s have been quoted h m  the reporb and in other cmee have k n  
summarized. 

FUUSCALE PROPELLER-DLBNEN TWBP~RTB (TedTrack Method) 

Early crash testa by NACA of full-scale World War 11vintage propellerdriven aircraft (refs. 57 
and 58) had detemination of crnsh loade and ef fe te  of crneh pararneLera on thew londe as an 
objective. These testa were part of a crash-fire study and utilized the test facllity develo.4 for 
that program. 

Aircraft were propelled along a treck, gear eheared off, and then impnctcd a shaped certhen 
barrier to simuiate impacting the earth. Anglee of impact up t.0 30' a t  speede of a b u t  100 mph 
were obtained. Floor ~cceleratione a t  varioue stations aiong the fuselage were measured. In 
general, the aircraft impacted the ehaped barrier in the vidnity of the cockpit. This type of teat is 
repreeentative of a flight into obetruction where the obotruction is an earthen mound. &%inetea% 
were performed to simulate the effect of hitting trees wir.h one wing to produce a ground loop. 

Acceleration data were obtained with instrumentation and procs~sing equipi~ent repr~wntative of 
the late 1950s. Due to differences in aircraft s t m c t w ,  crmh energy levels, ntxence of amclyticd 
tooh, and to the emall nmount of data on the crash performance, :he wet data have lknibd 
application to commercial jet transport. However, the data w e  of historical vdue and do provide 
some insight into crash loads. Further they eerved no models for lakr testing. 

In 1964, the FAA conducted ~,wo crash testa of complete circraft. A imkheed LiUS (ref. 59) 
transport aircraft orid a Douglas DC-7 (ref. 60)were tested using methde  similar to the NACA 
test8. In thes:: bate, imtrmented seat inetallations and dummies with m t  restraints were 
inciuded. In addition, high-speed camera coverage of the nircraft interiors wus provided. Floor and 
dummy accelerations were measured. 

I~ t rumenta t ion  problems due to test equipment acceleration environment on the 9C-7 resulted in 
the loss o i  much of the acceleration data for thfit teet. In addition, the D'3-7 almost overran the test 
range, illu~trating problems of c o n t r o k ~ g  the teet vehicle during crash impaata. 

While thew testa provided Borne good crash h d n  data, particularly for the watloccupant, the 
v a h  of the test d a b  would have been enhanced by the nvwlnbility ncri apphcation cf mslyticel 
methods to (hedata. Lack of such methods has limited the applicntion of the crash lonb  to the test 
conditions for the type of aircrafl. 

FULL-SCALE CRASH TESTING OF GENERAL AVIATION AtRCRAFl' (Swbg Test 
Met.hod) 

Full-acnie crush vdting is performed nt tho Langley Impact Dynamic$ tZrtuean.h Facility (refs. 61 
and 62). Thie facility I F  the fcrmer Lunar L,anding iicsetlrch Facility ~nodif~edfol frw-flight cmsh 
testicg of full-scale aircraft ntructures and structural componentti under control!ed tPst ronditiom. 
The hartic grntry structure le 73 rn (240 ft) high and 122 m (4Ch3ft) long supportEd by three wts  of 
i n c h e d  l r p  epread 81 m (267 ft)  apart a t  the ~rourld m d  23 n1 (67i t )  apart a t  the 66 rn (218 ft) 
level. A movable bridge with a pullbnck winch for rrtiing the test a k p a m c n  p i n s  the top nnd 
tramverses the length of the ganlry. 



Test Method 

The aircraft is suspended from the top of the g a n t ~ y  by two swing cables and is drawn back above 
the impact surface by a pulibaclc cable. An umbilical cable used for data acquisition is also 
suspended from the top of the gantry and connecta to the top of the aircraft. The test sequence L 
initiated when the aircraft is r e l e a d  from the pullback ab le ,  permitting the aircraft to swing 
pendulum style into the impact surface. The swing cables are 8eparated from the aircraft by 
pyrotechnics just prior to impact, freeing the aircraft from restraint. The umbilical a b l e  remains 
attached to the aircraft for data acquisition, but i t  alm separates by pyrotechnics before i t  becomes 
taut during skid-out. The wparation point is held relatively fixed near the impact surface, and the 
flight path angle is adjueted from 0" to 60° by changing the length of the swing cable. The height 
of the aircraft above the impact surface a t  release determines the impact velocity which csn bc 
varied O to26.8 mls (60 mph).The movable bridge allowe the pullback point to be positioned along 
the gantry to insure that the pullback cables p m  through the center of gravity and act a t  90" to 
the swing cab!es. 

To obtain flight path velocities in excess of 26.8 mls (60 mph) a velocity augmentation method has 
been devised which uaes wing-mounted rocketa to accelerate the test specimen on its downward 
swiog. Two Falcon rocketa ure mounted a t  each engine nacelle location and provide a total thrust 
of 77,850 Newtons. 

Data acquisition from full-scale crash tests is accnmplished with extensive photographic coverage, 
both interior and exterior to the aircraft, using low-, medium-, and high-speed carneras and with 
on-board strain gaies and acceieronreters. Strain gage type accelerometers (range of 250 and 750 g 
md 0 to 2000 Hz) are the primary data generating instmnehta, and are positioned in the fuselage 
to measure accelerations both in the normal and longitudinal directions to the aircraft axis. 
Iilstrumented anthropomorphic dummies (National Highway Traffic Safety Administration 
Hybrid E)are on hard all full-scale aircraft tests conducted a t  Langley. Restraint system ' 
arrangement and type of restraint u y d  vary from test to test. 

Data sigmh are tmnmita from the aircraft specimen through anumbilical cable to a juction box on 
top of the gautiy. From the junction box,the data is transmitted through hard wire t,) the control room 
where the datasignals are recorded on FM multiplex recorders. In order to correlate data signals on 
the multiplex recorders with external hlgh speed motion picture data, an IRIG A time code was 
recorded simultaneously on the magnetic tapes and on films. There is a h  a 60 Hz time-code 
generator with the onboard events record~d with the cameres. A Doppler radar unit is placed 
approximately 60 m behind the impact point to obtain the horizontal velocity of the aircraft. 

At the time the data is being recorded, the data pssses through a 600 Hz !owpass fiiter.. The data on 
ihe magnetic bpes  are then digitized a t  4000 sannplee per second. Digitized accelerometer data is 
then passed through a finite impulse response fiiter had filtered as follows: 

1. Dummyhead 600 Hz (unfiltered) 

2. Dummy chest 180 Hz 

3. Dummy pelvis 180 Hz 

4. Seat 20 Hz 

5. Floor structure 20 Hz 



Motion picture analysis consists of plotting a displacement-time curve from the film data and fitting 
least equm pdynorzind functions (up to tenth order) to the menauld displacements end then twice 
differentiating the displacemente toobtniu acceieratione. Accelerations thus obtained compare very 
well with the filtered ~cceleratione. 

These tesB(ref. 63)am not designed to bringtfie cabin environment up to the ljmib of strvivability, 
but they are designed to expoee the fuel tank location to R destructive environment. 

Crash te& were performed a t  the National Aviation Facilitieu Experimental Center (NAFEC) 
.catapult.facility. A compressed-air catapult wae uscd to accelerate the k o t  aircmft along a 90-foot 

track. At  the end of the catapult strol:e, the aircraft, which wns pulled by its nase gear, wp.8 
released to impact on earthen hill of 4" slopc. At the ha?of the hiil, a 12-in. by 12-in.I-ham W ~ E :  

imta!led to break off the aircraft's landing gear. The now gelv was strengthened to withstand the 
I catapult pulling force, while the main landmg gear mounting bolts were sawed in half to effect an 

easier separation from the wings. Spoilers were inetalled along the upper wing surface to keep the 
4 airplane from flying.At a distance of 10 f t  from the I-beam,pelcs were sunk into the hill to a depth 

of 18inches. These polexi were s p a c ~ d  symmetrically off the centerline of the hill, a t  42 inches and 
108 inches each. The poles were hollow mild &el tubing, 4.375.in. outside diameter, 0.188.in. a d  
thickness dnd were 10 f t  in length. Small rack pil& were located on the hill to further increaae the 

I severity of the crash condition. There we no standards in general use for a crash site ae is used in 
r h i ~type of test; hence, the selection of the type of poles, rocks, and hill were selected to produce a 

. destructive environment to the fuel tank locatlon Thc cmsh sitc was intended to be a t  least as 
-'severe ae a crash a t  a n  airfield involving airport stmcturee such as  approsch lighh. 

i * '  

In aLl teist~,the aircraft m a h  a n l a  were filled with wuter. Accelerometers, CEC type 4-203.001,
1 were inetalled on the floor of the aircraft nt the longitudinal center of gravity locetion (ststion 

126). Accelerations in the vertical and longitudinal direction were recorded 03 an  oecillogrnph. The 
data were filtered ~t 90 Kt. 

l'he teeting r;f seats to siniulata! dynemic crash !oa& has been conducted by the U.S. A m y ,  C M ,  
NAJX, NASA, and the seatmanufiicturern. The A m y ,  following thn recomrnendatiora of its Aircraft 
Crash Surv iv~ l  Design Guide, has had helicopter and light, nircrnft wnta dynarrjcaily tested as  a 
requirement for ~~ tzc~f ica t ion  compliance. These mts have been conducted a t  the CAM1 facility or 
by Simuln, Inc. Thew test programs have sewed as  development toole in uncovering unanticipated 
we&ne,ses in design detads end generally have resulted i i~an Laproved crashworthy .seat for the 

,,Armyapplicahon. The Army test requirements inclvde proviaions for applying the t e ~ timpulse with 
the floor ha pn-wsrpd pcsition. 'Vhile these condihom may reprewnt limiting cmes for the !my 

> 
usage, the hea1it.r cbn~mercid jet aircraft construction may preclude warping to the degree requked 
by the Army. 

The CAhlI facility (ref. 64) uses a pled test vehicle on a horizonhl track to carry the seat arid 
occupant (anthropomorphic dummy). The dcd is gradually accelerated to a velocity a d  is obruptly 
decelernted by energy abwrbmg m e s  to apply the ~ s t ' i r n p u ! ~ ~Variation in onentation in 
mounting of sea& pernib londmg in the deairtd nxla. 'Ills procedure has been refined m d  
generally gives good t w t  results. 

Teat Procedure 

Two impact orientations were USE^ in the= teats. The firet, correspcndiiig to Test 1 of 

https://0.188.in
https://4.375.in


- - 

MILS-58095 (AV) (ref. 65), produced combineri downward, forward and lateral loads on the eeat. 
The eecond provides forward and Intern) loads on the =at and corresponds to Test 2 of 
MIL-5-58095 (AV). Both teats used a floor warpage fixture which mlled the lelt seat track 10" 
outboard and pitched the right wt track 10" down, concspond~ng to the floor buckling and 
warping conditions requrcd for static testa under MILS-58G95 (AV). An Alderson CG-95 
anthropomorphic dummy, SIN 500. weighing 224 lbs furnished for thew testa by the Naval Air 
Development Center (NADC), simulated the a e ~ toccupmt. The d w l y  wne clothed in acrylic knit 
pante and shirt for thew teste. Shoes were not used. Triaxial clustem of accelerometers were 
located in the dummy's chest, on the seat pan, and on the float fixture. S t r . 3 ~  load tenslometers 
were placed on the shoulder belt and lap belt webbing. Because of the deeign of the restraint 
system, there was no free webbing on which to locate the tensiorneters, so that each tensiometer 
was in contact with the dummy as  well as  the webbing. Since this may introduce error in the data, 
the webbing load data presented in this report should be uaed with caution. An accelerometer was 
also mounted on the sled to provide reference data for adjusting the impact p u b .  Unless 
otheruitle no&d, ded and f lwr  data were filtered in accord~nce with Channel Class 6 0  (0-100 Hz) 
eeat and dummy accelerometem in accordance wlth Channel Class 180 (0-300 Iiz) and tensiometem 
in:accodance pnth Channel Class 600 (0-1000 Hz)of SAE J 211b. 

All tests were filmed on instrumentation cnmeras operating a t  500 or 1000 frames per second. 

TES'I'ISLMULATION PROGRAZI OF STRUCTURAL COMPONENTS (Drop Tower 
Method) 

This program (ref. 66) called for crssh testing and analytical timulation of helicopter structural 
coniponeats a i d  correlation of the results. 

The priinnry objectitre of this activity was to provide a validation of the analytical techniques for 
helicopter cmshwohhlness design developed to date and as improved In thls program. 'There was 
also an interest in gathering basic crasiiresponse data that could he used directly in design or as  
input to amlytical procedures. 

A nose section of a CH-47 helicopkr from stauon 160 forward was used as the basic etructure. A 
forwarc! transrtxsslon and rotor head assembly were ins tded .  Two crew scab were lnvtRiled in the 
cockpit; a standard C H 4 7  seat a t  the pilot location and a crashworthy crew seat a t  the co-pdot 
station. Each seaL contained a dummy whlch apprommated the 50th percetitile aviator. Total 
weight of the apecimen complete with seats and dumlnles was 3630 pounds. 

Types of meamring devic$a used In this test were accelerometers, strain gages. and deflection 
indicators. 

I .  

In additio~ito +- 100 g acceleronre~rssome - '0 g ohock accelerometers were u ~ e din areas where 
high nccelerntlon levels were prahcted. These were uaed to overcome previous problem8 where 
high g levels caused ciicuit saturation resulting in excessive ~ r os h ~ f t s  with long-term decay 
characteristics. 

Five 2 100 g ecceleromekw (CEC 4-281-001) snd iive 250 g nrrelerometew (PCB Piezot-onics 
Inc., Model 302A) were mounted nt selected lwntions. Three deflection indicators were mounted a t  
selected loca~ons.  h d i c a h r  tubes were ettached to the floor and paased through the roof of the 
specimen, Eight strain gages were L~stalled on selec~ed structurnl elementw. All gages were 
unaxinl. An edditionai strcln gage w3s instal(& on the crashworthy crew seat vertical rolunmn. 
All d ~ t awere recorded on magnetic tape wing an FM wide-bmd R I G  recording system. 
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Heisting equipment wae adjueted prior to the t e ~ tto provide a nominal pitch attitude a t  re lea~e of 
0" and a drop height of 17.3ft to give en impact velocity of 33 3 ft ie. Roll and pitch attitude8 were 
also set to 0'. Four i-opa were attached to the specimen to limit to 45" any postcrash rotation 
about the pitch asd roll axes. 

Black and white movies (1500ppe) were recorded a t  three Iocntione and provided three views: a 
rear view of tile specimen, an oblique view from the right r w  m ~ danother oblique view from the 
left front. 

A 400 pps color movie camcm was eet to view the crashworthy crew seat through the left side 
copilot door opening of the cockpit. Additionally, two 24-ppe movies were taken a t  approximately 
the same location0 RE the two 1500-pps carnems poaitiond obliqitely to the specimen. 

Of the 10 accelerometers ueed, all provided good data for the initnl impact phase of the test. 
Subsequent to in i t id  impact, a t  time 0.M m o n d ,  one accelerometer signal was lost due to 
cohpeing structure of the ststion 95 bulkhead pinchhg a wim between the structure and the edge 
of the mounting plate for the craehworthy crew mat. 'This restilted in eignal low from the 
a ~ l e r o m e k rmounted on the cra&worthy wit-mounting plate. Iiowever, the data obtained up to 
the time of Bignal loss is acceytsble and covere the major range of interest for a test of thia type. 

Three deflection indicators were mounted in the test specimen. These were to provide time-history 
records of the displacement of the specimen's crown relative to the floor, and alm to give a post-
k e t  indication of the plastic deformation that occurred. 

By uehg the pretest dimensions of the specin~en in conjunction with the poet-teat g r o s  deflection 
indications provided by a rubber grommet sliding on each iudicator tube, i t  is poseible tn d e k m ~ i c a  
the maximupl elastic and plastic deformations that occu-rred during the crtleh tiequencc. 

Unfortunately, only one of the deflecticn indicatore provided acceptable deflection time-hiatory 
data; the other two suffered from p w r  wiper contact and poasiblc wire binding and stretching. 

A total of nine uniaxial gages were installed,eight a t  selected locations on the atruc~ure and one on 
the vertical attenustor of the crmhworthy crew seat. Some of the gages were in tweatj where wvere 
structural damage occu;wd resulting in gage failures, zero shi fb ,  and generally unacccptsble data. 

The strain gage acceptability Limitation is the manufacturer'e recommended 1.5%strain value for 
room temperature conditions. 

This test provided reamnably g o d  initid impact data for all acce!erometer channels without 
obviously extreme zero shifts or early loas of signal. Tne mociified circuitry and uae of 500 g 
accelerometers for recording impacta of this magnitude showe a marked improvement over the 
results obcained for test numbers 1end 2. 

The selected impact velcxity pmvidtd su%cient energ?; to cause f d u r e o  o i  mnny of the structurd 
element8 without cuueing exwmve collnpw. It ia apparent that n greakr impact v e l ~ i t y  would 
hnve reeu!&d in excessive structural col!apne and rendered the test unrepresentative of a 
survivable cresh. 

The strain gages suffered from the effects of adjacent structural failures rendering the data of 
questionnble vnlue in Bome instances. lo fact, i t  is proving to be extremely difficult to d e c t  
po~itions for the straia gages where useful data ie obtained and adjacent structural failure does not 
OCCUf.  



In a kst where limited instrumentation aptibility eriata, i t  is considered that the uae of more 
accelerometers m d  iwa  strain gagee may prove to be more cast effective in providing data suitable 
for correlation with analq-tical reoultn. 

The deflection indicator0 again did not perform well. with only one providing a deflection time-
history. It appeare that the problem ie due to poor wiper action in conjunction with stretching 
wire;future tmta will incorporate a ~trongerwire material euch as piano wire. Such an instsllation 
will portsess a lower eiectrical reeistance value but i t  i8 conidered thrat ar? adequate recording 
system existti to accommodate thi~.Additionally, the generalion of a continuous signal without 
wipe chatter will enhance Rignal recording. 

It was unfortunate that the high s& movie films were spoiled in development since a better 
understanding of failure sequences may have been obtained for the primary ~ t r u c t u r d  elemenb. 

However, overall structural damsge and recorded ?ddnta provide a g d  8t.t of infomation for 
correlation with cfimputer sirnuletion resulb. 

STATIC TESTS 

Static teats provide ueeful data on the crash performance of stnicturee where the inertia loade due 
to the local structural mass have a small effect on the crnsh recponse. Some examples of this are 
fuselage s t r u c t u n ~  i:~ shear action, lower fueelage structure in crashing action, acd Mat etructure 
under floor dioy;!acement and occupant loado. The inelastic load carrying capability of skin-
stringer, colurnne, and torque box sections for large deflection8 msy a h  bc obtamed from static 
tests. These data are w f d  in hybrid simulations in validating detailed structural models, and in 
aseeasing deaign performance of Gome componentti. 

Static testa, while avoiding problems of dynamic data acquisition, do hove prohlems of 
maintaining load magnitade end direction, and valid boundary conditioca diuing lnrge deflections. 
Internal londe usueUy cannot be obtained by strain gages aa strain gages fail at the large 
deflections of inkreat. However rapidly recurdicg load cells and deflection gages mey yield v&d 
forcedeflection curves for the loadrng condition. 

These techniqud have h i 1  used successfully in the Arnly-sponmred study and in the NASA 
General Aviation research on floor otncture. Some further devel~,.Jment of the methda  might 'be 
expected as sdditional teating ie performed. 

IMPACT TEST FACILITIES 

Impact test facilities ouitable for r e a h  end development crashworthiriem testing of ~tructural 
subsystems m d  of compl8te aircraft have been reviewed. The review is conficed to reprewntative 

, major government facilitiee. 

Crash bating of commercid jet trwporte, or even structura! components involves engheering 
problems of scale which have been overcome in past testing but now take on a new dimen~ion.For 
the 707 the fuel loeci weigh 72,498.2kg, the wiog t ipbe t ip  epan is 44.42 m, find the grr,und to fin 
tip &llstauce is 12.91 m. Exkneion of past t i s t  metboda to !.he commercial jet will require 
ingencity. 

Tab!e 5.4 identifies the test facilities m d  ahows approximate teat cnpobilities. Regarding existing 
facilities, fuliacale tertting of cornmerciol jet t r n n s ~ r ta imef t  may De conducted s t  Drylcn Research 
Center. The FAA Tcc'nnical Center improved cztapult will have the  capability to :rs? small jet 
transports Lice the 737, UC-9, and the F-28. 
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With regard rn takingof aubstructuree and componenta. NASA hngley,  the FAA Technical center, 
and CAM1 facilitiee may be u 4 .  The CAMI fecdity ie designed for t.a:ing ~&atioccupmtu. 

An important part of t a t  fscilitia iirs availability of adequate inetrumentation and data acquisition 
equipment At a minimum, the data system should be able to record acceleratione of 2 750 g a t  
frequenciee of 600 Hz. At lemt 24 channebof thia type dntn should beavailable. The current NASA 
practice?. of p ~ w i n g  the data through t-~600I i t  low-pam filter prior to recording mny be restrictive for 
stiff substructures. Aho h g h  frame-rate (5000-10,000 pps) photographic coverage should be 
available. At least three csmerae are iieeded to record 'the structural reeponoe. A 8ySkm for 
accurntely indexing the photographic records to the electronic instrumentation is necessary. 

ASSESSMENT OF TWT CAPABILITKES FOR JEI' TRANSPORTS 

Based on the above dirxusiona, aseessmen& may be made of test capability, test method dnta, 
systems, and k ~ tfncilitie~ needed t~ conduct ,the research m d  development programs. The 
purpose of these teut program i~ trJ increme the knowledge of the crash response of the complete 
aircraft and components. In order to be effectwe, such testing must provide engineering r e s u l ~  in 
much greater d e t d  than thst currently obtained from accident ifiveetigations. 

Test Methods 

Much research ie requlred to develop teet methods. With regard to testing of complete aircraft, the .only carryover from previous testing is the 1,1649 and DC-7 test-9, which apply to the ground tn 
ground elwnario. To test the a i r - to-pund and the n~ght-into-obstruction wrnariorc. remote piloting 
techniquee to contro! crmh conditions, m d  rellnble onboard data acquisition techniques are 
r e q u e d  

Regarding camponent ksting, aame carryover from prrvious testing pertains to &he testing of 
~catloccupantlrestreint eyutems While methods of testing for.individua1 feat units have k e n  
developed, there are many problems yet to t?e resoivd. Of particular concern is the variation in 
results between what might be expected to be imilar tesb. Reference 65 shows a factor of 
approximntoly 2 in Iap-belt loads that is attributed :othe use of different types of dummies. The 
A m y  is concerned about thip problem and is canduchng a 1 ~ 3 r i ~ a  :)f teats in which the same type of 
seat and identical dummy is tested to the same conditions nt NARDC, CAMI and Simula, Inc. (ref. 
57). The resulta of these tests are to Di? compared in an attempt to resolve the hfferencee 'wing 
obsei-ved. 

In addition, the interface 'between seat track and support structure ne& definition. For light 
aircraft and helicopters, deformations of one track reltttive to the other is usudly recommended. 
For transport aircraft with deep floor benms. it is not clrar ths t  such re!ative deformation is 
-obtainable or re;)reentative of crashes. In addition, the input acce!erahon pulse is yet to be 
deterniined: Such qumtiohs as how many seat units or how much floor wtructure an? necessary ta 
~dcquatelyaimdata crash condtione are unanswered. Should load pdses be combined, phased. 
andior applied in sequence? How do restraint eyetern8 pr'rfomi under such coilditians and what 
wcupsnt d~ou ld  be represented? ' 

Similar problems exist in testing each of the o+er mmponenta. In particular, how are c-msh loads 
to be reacted a t  the tcet-epximen boundaries in order to cause the structure to simulate the craeh 
dynamics of an accident? For ineiance, how much fuselage must be testmi in simulating the air-to- 
ground ~ e n a r i o ?  The ground-to-ground scenario? Are wing reactions necewry? Fvurther, docs the 
nature of the crash r e s p o m  change as a function of crnsh initial conditions'? 



To m w e r  the kin&e of cqu?atione prewnt above. correlation between component testing and 
comp1st.e aircraft t,eat$ng io noceserery. A h ,  vnli&ted analytical methoda are needed to extend be t  
m u l t s  to regiom where hating i~ impractical and to correct result8 where crmh boundary 
COnditi~eIEcannot be matched. 

Data 6;yatem 

Data acquisition rtnd proce~reingeydemrsdeveloped for the NASlVFkA generalaviation program and 
the CMV"J eeat program are euflicient to start test ~prolframa. However further deveioprnent of 
improved high gihigh frequency accelerometere is needed. In addition reiiable displacement 
meacturing devicer, wire needed for dynamic deflection and opring beck masuremenu. 

In the area of photopphy,  m e t h d  of obtaining good quality high fmme-rak (5000-10.000 ppa) -
pictures in the crash er~virouanent are need& to record detaiied otruccurd I>el:avicr. Rewarch into 
low-light-Ievel television m d  methods of computerized picture enhancement and data extraction 
could greatly ,;cream the data obtained end reduce data reduction time. 

Complete aircraft testing appears feasible a t  the Dryden Crash Test Range and u t  the pia~ned FAA 
Technical Center catandt. Lnetrumentaticn a t  bob\ facilities is open to quemon. At Dryden, onboard 
data systemsare eupplernented by telemetry uoed for flight twts. The telernetercd data are of a low 
frequency and of dubious vfluo. Technical C ~ n t e rcstapult data 8ybt-m has not Wen defined io 
date. 

TheC M  aeat mt range tipp~aroadequate for sear term testingof individua: aeat unlb. Tcoting of 
laiger groups of eeata and eubstructure may require testing in other facditiee. Other components 
might be terted in the a.wrted catapuits, drop tower, and swing towers dependlngon the probieme 
of aimdating the craet. 

A S S L S S W T  OF IMPACT RESISTANCE TECH3Off iY 

Current impact rekstanca deaign technolcay k based on the leseona learned from tmident 
experience. Tecbaology is continually being improved to reflect t !e lateot experience. From these 
leseona, experienced eugineering deeign practiw lmve evolvcci. These precfices haw developed a 
high ievel of impact resistance in the current commercial jet trmoport fleet, 

'fie de&n technology hae o h o ~ ~ r n i n ~ n  moat crash response mechanisms m mkaown.in t h ~ t  
Taere irr A lack of qumtitative methods for engineering analyeie, Erere also ie a lack of defulitive 
crash lea&. Thb  hm 14to comparison of deeigm to exhting capab~lity. While thie proem ha^ been 
e u ~ f u lwhere a data h.se erirrte, there is concern for new confiyur~tionr~and ~dvenced 
materialti application for which no nccidert data b e  e x b t ~ .  

Test metho& for complzti. airclaft and fcr strcctural compoi~ents need development. The moat 
recent trsnsport aircraft crash teet WRE in 1964 with l imitd resuks. Je t  trmsport etructurd 
componxit teating to simuLite crash conditicna needs development. S1m and initial conditicns of 
such iegting i n tducee  o nen w t  o i  k s t  problems. Aaaptatmn of existing facilities tlnd the 
development of ncw facJitiett nee& recenrch. Existing teat iac~iitieaacd methods could rmve ae a 
etarting point for s wet pl-ogrem. 

Existin:! ~.nalyticul aethode are reRearch w l a .  Many programs have technical shortcomings for 
cmah simulation and are not completely validhted, but if validated could contribuk significnntly 



to b e t  planning, of reeulter h w d  on ebb-of-the-art  Entowledge a d  theory, and / 
pc ,tcrash data mtilyele for complex interactions. Model techniques and etructural d a b  b ~ s e ~to 
support rraah sirnulatiom for both structural components and wmplete a m r a f t  needa 
development. Further, the progerna need m&fication, both to make them usr?r oriented M o r e  
they can become endneering took and to reduce the large coat of 8nnlyees. 

For sealloccupant modeling the prcgrams hove reached a more advanced stage of development 
than the stmctu~eerandyeb prows. However, more complete representation of the occupnnt 
and ~urfacecontact would permit better simulation of m u p a n t  retipom. R o b l s n s  exiet in 
reletin4 the analytic& output to bunon injury.

. '  

As an overview. the"prob1ema have been defined and eome a ~ l y t i c n land expwimentol method8 
and facilieieo are available. i t  appears t h t  tho i n m e n t e  for reteach nnd devebpment program 
exist. W ~ t hthe advent of advanced a i r c r ~ f t  the impact response problems take on added 
aignificwce. 

RESEARCII TO INPROVE CRASHWORTHINESS TiXHDfOLOGE' 

Requir-menb for retiearch nnd development effort thnt wiU result in improved twhno!oey for 
crashworthinescl engineering of commercial traneport aircraft are preeented. Tfie required 
technology is d i scuwd in k r m e  of disciplines. Problem areas for curient and advanced trnnsport 
aircraft are identified, and areoe of rewarch and development are diwuseed. 

REQUIREMENTS FOR IMPROVED TECHNOLOGY 

Based on the asse&ment of the cment 'e ta te  af technol~gy four gods muet be achieved to 
significnntly in!prove crnshworthiness engineering for commercial jet transport aircraft. 

First, definition of the ~urvivable crnsh environment ie required. T h i ~  definition ehould include 
crab loads and d~splacemenu for each scenario. Rational relati~nshipabetween the crash loads 
and dispiacrmcnts and the range of imtial conditiono with various host& envlronmenta should be 
established. 

Secorrd, an under~tanding of the crmh r e s p o w  mechani~rns of structurd component8 and of 
complete aircraft in them ecenarios ie required. Tlie effects of fnctom influencing theee 
lnechanisma must be u n d e n t t d .  

Third, vslidnted arulyti?ai modeling end tmt engineering methods must be developed. These 
methodlr chould be capnble of ireahrig structural coinponents, occupant retlporue, and comp!ete 
alrcraft Further the methode muut be uasble in engineering tipplicuuons. 

Fourth, huxnan fe~toraand injury rnwbnimno for commercial trnnsport m u p a n t s  must be 
de f i ed .  The relationshipa between enginwring qunnhhes euch aa acceleration pdses, impact 
loads snd dinglacemenb, and occupant injury are nectmry r/;provide edequow ieveb of occupant 
prowtion.  

Arhievem~ntof theee four goale will permit detailed engineering of craehworthmem to a level not 
now ovaileble. Improved kchnology 4 petmit derugn conaderatione affechng cmah~orthincea 
to be ?rented on a more ratiored bbmn a d  to more fully partxlpnte in the d e q n  pngeaa. Further, 
as edvmced de+m concept8 and mstrnslo are conmderei, cha~hworthlneen requremenb may be 
more fully onbc1palc.d than in the past. 



"Mature" crashwortkinese technology might be envisioned as five major areas of activity. Each of 
these areas leads to h e  quantification of crashworthinese parametem and understanding o i  crash 
phenomem in order that protection for occupants might be improved. 

The fiie bwae of activity am ehown in figure 5.9. The areas are defined to the third level of detail. 
It is expected thot technology wiU evolve ae the p r o m  progrew. 

DATA BASE 

Data base activity treate the collection and maintenance of dnta germane to structural 
c ~ w o r t h i n e mand occupant protection. 

The d a b  bai+ehao been divided roughly into f o u ~cntegories: cresh otetistim, scenario refinement. 
performance norms. and human factor dsta. For the most part, the activitieo under each of the= 
categories are self evident and in many inetances represent an extension of ongoing efforte and of 
etudiee conducted herein. 

I 

With respect to the establishment of survivable crash initi*' ronditions, more applications of the 
work of W i n p v e  et'al. (ref. 68) in conjunction with the N >.rJ could unprove the definition of tho 
craah condtione. Accurate definition of the initial conditiom could enable accidents to be used in 
Rimulaticns.to better define the env i r~nnent  i4 scenarios. Such resulta would augment the date 
from crash testing full scale aircraft. 

To w i s t  the NTSB in developing structural data for crashworthinees from accidents, an 
investigntion team of research m d  engineering-oriented peopiqfrom government is proposed. Thb 
team wouid in~pect  selected accidente to.obtAn data on the crash performance of structural 
systems. It  is recognized that n high levei of cooperation between the NTSB and the tern must 
exist for G U C ~an endeavor. However, the increase in the amount of engineering &ta from 
accidents wuld Se substantial. 

Human factors area n d s  better definition. Considerable nttention h a  been directed toward 
occupant iojiuy mechanisms. However, with improved atnictural and occupant mcdeling, 
interactions between occupant and the restraint system and with the surroundings may be studied 
for improved demqn. Of particular importance is the development of a relationship between 
engineering parameters and occupant injury. Improved definitions of occupant modeling 
parameters such as spring constants, damping ratios, and kinematics should be developed for 
simulations and for anthropomorphic tllmmies. 

METHODS ANE BACIII,ITJEE 

The methods and facilities nrea is concerned with development and validation of analytical and 
experimefital methoda, test facilitiee, and simulation, techniques. 

Current nnelqtical pmgreme such as KRASH. DYCAST, and MSOM-Lh should be kept up to date 
and extended. Updating relates to modern program architecture to reduce consumption of 
computer resources and to facilitate ueer applicntion. Further, with the advent of more powerful 
conputere, existing d e a  should bc rewritten to reflect these sivmcee. 

Exteneiozl of the an~lyeee shodd more accurntely depict the behavior of the cstructure. Occupant 
models bhould be extended to provide for 3-Drespnw: and for multiple occupants in a seat unit. 

https://Rimulaticns.to
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For imtance, the inclusion of accurate modclhg of eeat estmctwe and rmtraint harnem in 
occupant modela to depict the interaction between occupants and structure. 

Structural programs should be extended to permit accurate repreeentation of fluid pwes*xres in 
fuel tanks under sudden accelerations for the tank rupture probiem. Where multiple falure modes 
are possible, heuristic logic may be Lcoqmrnted bi the coding to permit the dynamic Nsponeo to 
follow "nnbimurn energy" pstha. These t y p e  of approaches may even lead to using the compuLer 
to optimize the :node1 while yrocetxiing the data. 

Development of modular ~nalyeie ~ylrtcme that g e n n ~ t  the analyet to use only the modules 
necessary for the miution of problem a t  band is needed. While i t  is desirable to enhance the 
cnpability of the arzalysis eyotem, i t  nhould not be nweeary to drag all the= additional features 
into the computer for every problem. For instance, if one ie analyzing floor structure only, then 
modules and storage for occupant response or hydrodynamic forcee may net be needed. Efficient 
use of computer reoowcee is a must. . 

Analytical metho& and modela for simulation of boundary conditione nee& to be improved. 
Current programs intraduce loads into the mod& through springe 07 through fixed Eouridaries. 
Accurete representation of this proceaa is necessary if detailed simuhted structural behavior ki to 
he achieve& 

The level of validntion ~chieved for the analytical tools will affect the wfulness of the toob for 
engineering pwoea. Hence, every effort is needed to improve fidelity of andyticaI results in 
eimulating the err& response of structure: Experience and supporting data for modeling ellat will 
ertend the appliwbility of s d y t i c a i  me&& and develop confidence in enmeering application are 
needed. 

Crashworthinem test method research and development is separated into four areas: 
inetrumentatiori and data processing, dynamic procedures, static procedures, and wale mcdeling. 
Effort in these are- is needed to improve current techniques to better represent crash conditions, 
to permit the study of structura! eubaystems, to acquire data for hybrid simulation, and to &ow the 
u~leof d e  model8 for teeting large eircraft or cornponente. 

tVhile n m h  may have a duration of many s m n &  from initial imp& to finaln ~ t m e n t .the critical 
deformation of otructure may occur in millioeccnde. This anall time impses  eevere ampling 
requirements on ineti-umentotion. Current test data contains errors due to accelerometer drift, 
coorGinaCion of events, and to pmceming problerne. Further, definition of actud response may be 
incomplete. Defleceiom should be d.~arr_ically meavured to properly account for the sequence of 
failureaand the effecte of springback. In addition, the iiititrumeniation must be sufficiently rugged to 
withstand the c r h  environment a d  still function properly. 

Rgsenrch and development is needed to improve the measurement of accelerstiom, velocities, and 
deflection8 under test conditions. The application of laeer techniques should be investigated. 
Photognphy i~ part~culnriydifficult and efforta to exter i the coverage io high-frame rates is needed. 
Pictyre enhancemerlt procedures developex! for rjpace c?xploration may have upplicntion. 

Further effort ia needed tohandle the vaat quantitiraof information obtsind in c tmt a d  topresent 
this informotion in a r e d l y  digestible fom~ac. Thi8 it3 particularly true of photographic data. 

Dynsmic test procedure^ may k eparsted into complete nircraft tenting and atructurcl 
subsystems ksb.Methods of testing complete nircrltft are complicated eirnply by the r;dc of the 
model. ' K c  upcoming teat of the 720 aircraft in 1304 will ~uggcst further areas for development. 



Frocedureo for taeting etr?.ctuxrl eubayotcrne need further development. Current h s t  method8 for 
testing ~atdoct~upraClr@sttai.ab inhave provided g o d  data. However, the= m e t h d a  are i*r~ikc! 
mode! size, orid in the crou,h p u l t ~ ,  which may be simuleted. En addition, the comtsuotion m d  
instnunenLhon of wcupw.t modeb st*U rake many gucstions. In many reapitti,  thew problcma are 
facility re1nt.d. 

Some testing of atn~ctural  subeyctcme h m  beenaccomplished on fuel tmke and futwlage eectiono 
for mall aircraft. Thew tmta have been limited in direction of impact l o a h  end in eize of the teat 
specimen. Extension of them methods to other aubaystemo and to a more con~plete range of b a d  
conditions requirw effom. Further, the proper repretmtntion of structural boundary condition8 
and of external Ion& ie needed, 

Static b e t  reuulta have h e n  found bbe ,useful in obtakinginput d o h  for simulations involving 
eome lightweight, highly otlff mbetructuree. Metho& fo r  conducting them typee of teste need 
development. Ln w~cular, methods of 'npylying 10ade~etaticAUy to smlulnte the dynamic load 
distribution nrc required. Further, R methoci of rnziiintczining the upplied loads and their dirwtione 
through the luge structural d~tlectioneia needed. 

Scale rncdeling for cmd! b n t a  Lo provide d a b  a t  reduced costo and in a timely manner should be 
inveutigakd. While ecahg  laws for cro*th testing a ~ cknown, limitations on the method need be 
developcul p~rticuiarlyw th regard to model detaih and f ~ rorthotoplc materialu such 8s 
mmpositrra. Problerns may e m t  w ~ t h  regsrd to ply thicknew and f~bncs t ion  methods for these 
materiala. 

I t  ie expected that  a s  cmdwor th inea  research and development extension of existing 
facilities .krill be r e q u i d .  For mme t y p a  of testing new fachties may be needed. A part of tile 
total program is u p h t i n g  of exbting facilities and development of new facilitiee. 

As mrne fscil i t ie~ alrmdy eriet in the FAA, NASA, the military, and induetry, a team approach to 
facilities development ehould be d.An overview committee of intereeted parties ehould provide 
go& ~ n dpolicy for ezpamion and development of the newmry facilitia. 

Methods of simulation need development. Methocts of modeling to uec analytical tools and of 
testing, to identify crmh reaponee, need to be developed to lev& suitable for enginwring 
application. Variow npprorrchee should be verified and validated. As better methode arc 
developed, t h i ~infomrttion Aould be made availabie: 

COMPLETE AIRCRAFT TESTING 

Crash testing of complete highly imtnur.ented aircraft i~ divided into three arcne: identification of 
crash response mechar~isrno, structural oubyatem performance, and advanced concept evsiuation. 
Each of thew areas in kcatd  helow. 

Cornplek aircraft k u b  are required to identify the etructural' craeh rcsponoe a e c h a n i m s  a 

including the interacbon of vana~lo6ubAystem6. Included in t h ~ s  area iire evaluation of crash loads. 
b t r i~cturdrciipo~me,ticceleratron enviroment,  and &?emno definition. 

Crmh IortdA and ecn.elcration environment will provide d ~ t a  for compnrimn with calculated 'um. 
Thew date, in conjunction with dsto derived from nccidenta, nloy br wed to aesceo the a d e q ~ ,  - of 

L 
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cdworthinerie for complete aircraft. Sgructurai ree,pnae wid provide deiicxtion, failure mcde. 
and wquence dab uwful to the m m e n t  of cng~nmring rr.cthoGa+ such a5 aim:~lation and 
modeling.Further, i t  may be umd to evaluate aid refine c r a ~ h  scenxri~si. 

Structural eubsptem cmeh performance may be obtained in the colnplete aircrait test Ifiade 
experienced by the eubctyiitetna may be ob+.nedfor ccnparisem ~4 t .hdeaign values and for use in 
eu'bystem testing! Frulure m d e o  and wquence mrty 'be obtained ~nciucihg effects 01 interaction 
with other aubayetems. Energy ~beorpt.~on ~ h + ~ n c k n e t . mof the rrub9veta?n?may be assewd and 
the adequacy of ita crnah performance may be o w & .  

Complete aircraft tesb should a h  be u d  to rvralu~te advanced craahworthinw concepts. For 
instance, a p p l i c s t i o ~ ~  of edvanced m n k n a h  or  energy eeheorphan deamrr for. vakow tubsy~wrnu 
may be a s u e u d .  Effects of ouch components on crash lands and envrnmment,may be evaluated. 

Ae part  of this &sting, the contribution of the various eubeystem in reducing the fire hslzard and 
in protecting the occupante may be evalunbd. FtYther. the fuil-wde crmh teota afford 
oppr tun i ty  to refine the defin~tion and relate c r a h  loade and dispkcemenb to sczwoe.  

i 

STRUCTURAL $IJBSYSTEMS 

R e s e m h  into the crash behatlor of structural nubsy~tema condeb of both enelysis snd test. 
Emphamu is placed on treatment of subyeterne k a u e e  the fiubsyakms must perform their c r ~ s h  
function in order to achieve crashwor-?hineers for cornplett: arcraft .  Funher,  i t  13 ln detailed 
mechanism6 of frjlurc. that a!gir.eenng changes may .be affected. In addrtion, in tcsfmp the 
eubyrtters. detailed c ~ a h  resprw:  of the subyetern may be k t t e r  meamred than from complete -
aircraft tcating. 

The potential f ~ r  ~mproved crnrih petfomance for atructurnl systems has been a s z w d  to provide 
mme gwdance for the planning of a rewar'ch pro~ram. 'Thc p o t e n i d  far improlled pericinnane lo 

aseessed relative to- !.he crarh function. On thle ba& the asaerujnlent In table 5.5 to prewnkd. 

The rating potential for improved performqnce i;?. given in relative terms; C being goad potential, I3 
being better. and A k i n g  L ~ z t .  Thew retLngP axe ~ubjectiveand do not reflect the d~ificuity in 
advancing the technology. i t  is expected that  m n e  ratings will change as  tllc r e a r c h  and 
development program progresrreo. 

Analytical research treats the methods of modeling the euhsyetem to dnpict detalled crfisfi 
response. Subyetem8 of irnmcd~rttc lntcreot w e  WlnK tmbagc, seat/occupant, floor/aeal/occupant, 
and fuselage sectmne. In ths endeavor, the full power of aneiybctll programs may be used to 
represent the s t ructun In detrul. Hesul t~of i h i ! ~anslywe ~hou ld  be ~Aida tedvath ~ubeystems 

Computer pmpvma n a y  be asseseed for tec-hrilca! deEoenciee al,d s~,nulatlon techniques 
may h.developed for cngmeenng npphcetm. 

Teating of ttzucturd Rubeyutemu wll p m u t  identlflcatlon of detailed feilure. mechanisms and 
sequence6 o i  cvenb  in elrnuiaterl crmh cond~hons. In adhhon,  these result8 may wrve ab o banis 
for cornpanan for the evaluation of advanced concepb. In many instnnces, representnt.w~ metal 
utructure su~tsblu for teehng may he ob tmnd  from overaged transporta k i n g  ret~reri fron: mwrce. 
Further, ~lu-.h structure epecimelre are wrthin the b s t  cspncrty of somz eraatme faclht~es. 

Advanced material opplicnbonr~ for same subsyakms nley alao be tested an e part of the metal 
specirnena. A8 the appllcauono advtlcce, new epecimene may have to t?c frtbncateci. 
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ADVANCED CONCEPTS 

-__-.- Research end development fbr aciva;lr.ed C ~ J +-or!hines- concepts includes are88 of new 
materials, energy absorbing npplicationa, and a i:ciwel category cal!ed "construction concepta." I t  
is anticipated that  a s  crashworthinem technology 1s developxi and as  new structures and materials 
technology 1sapplied to aircraft design, advanced concepta may be necemaq to provide occupant 
protection in crashes. 

The new materials area ie concerned with developing tecimo2oby for undcrstanding failure 
mechanisms, ar,d for increasing impact redstance zzd energy absorption characteristics of thew 
materials, principd!y compositeo. The effort ereah materials nt couyo~i or smsli specimen level, 
and deals with e f f x h  of hybrid m~kr ia l s ,ply o:iei~lation,e k .  

Fire resietance of edvnncd materials ~hou ldbe inve~~cigatedin h t h  small upecirnens and in 
structural ccrmponents Methods of improving burncharacteri~tics should & evaluated. Structival 
performance of these componenta in the presence of crush heat pulse should be understood. 

Energy-absorbing applications are concerned with seat8 and immediate occupmt surroundmgs and 
with "porasiticn muteridsldevices introduced specifically to provide energy absorption. An 
example of the latter is crushab!~ material applied a t  the underside of the fu~elrlgeto provide 
energy nb~orption. 

Construction coucepte are concerned with effecb of application of the advitnred materials ti, 
aircraft details a ~ dcomponents on the crashwortiiines of aircraft ronfigurtitions. At this time, 
the c r ~ Arcspon:=e of aircraft primary structure made with new materinle is unirnown. I t  is 
cor~ceivahlethat  historic crash functions of the aircraft subsystems may have to bi:~ucxf;f;edin this 
p r o m s  and new strntegiee for protection of occupnntb devised. 

https://aciva;lr.ed


One hundred and fifty-three jet transport accidents have heen ~tud iedin depth. ' f ie e h t w  of 
~~truct?lmlcrs&worthinesa technohgy h&8k e n  reviewxi. Clzncluaions remlting from thew! studice 
are presented and c!isd. B e d  on these conclusion^, problem i m a e  relating to cornmsrcinl 
tramport  IXB identified for f u t ~ u e  research nnd deuelopmt?nt. Finally, a rcsesrch ar~ddevelopment 
program is rwomn:ended. 

,I 

When cmnidering all the commercial air transportneion ayetern d e t v  related problem areas i t  is 
believed that  tl18 most ~ignifirant d u c t i o n  in fatalities can be achieved by eimyly reducing the 
numberof eocidenb. No ~i,gnifimt kchncjlogicel bn?akth,wughs on: r q u i m i  t~ achieve this god.  In 
ac t ion  2, i t  was shown that epproximetely 76% of the rornmercial jet aircraft eccidenw have Seen 
attributed to cockpit crew T~ctors. Therefore. r w a r c h  end atudy of the@ factara in areas of ccxlrplt 
design. system design, tmd crew hmrf~n'ioctoi~sho111d receive major ernphaois. 

Another safety-related problem men is the airport ewironment. Studies of p , u n d  traffic cnntxol 
systems and gro~indoperation pr~~edureashodd & directed toward elimination of collision 
accidect T'he &evenly of many veercff nnd o v e l n n  accidents cou!d be substantially reduced if 
h a z d s  on and arowd the airport were eliminated. 

- C w i n t  c o m e ~ i a l  jet transport nirrraft poseesa athigh level of c~-izshworthinew. 'i'lii..; is due in p ~ r t  
to stronger otnlcture. lees volatile fuel and improved d e s i ~ n  methods. Dcoign methods are 
continually being impmved baaed on knowl~2ge gairrd from rxccident experience. Jt i n  deeirublc to  
continue thin improvement of existing dcsigno and to retain their beneficid chnmctmistica oe future 
d m i p  uaiug advancd muterials and concept8 ape developed. To aetJievc thie will rcqsire 
subctantfal sdvmces in tltructurd crafihwortlliness kchnoloip. 

Pimt, tke rent,&,potentA for improved survivability in c o r n e x i d  jet tmnspcrt airrmft accidents is 
in the area of fire related fatalities. i3esearch relating to prevention of fuel fire merih the highest 
priority. T h e  is A criticd element associated with escape when a severe fuel fin: exists outside the 
~ ~or when the a i m &  f is sinking in deep water. If flame aiid smoke enter the fuselege pvg~enger~ t  
area imecliak!y a f k r  thc aircraft corn- to reet, ;he probability of escape ie reduced nubstcntially. 
htuinjng fuwlage itkgrity w d  ddsying c n t r c w  OF mnke aiid flame is w n t i d  if survivability is to 
be enhanced. h b r i a  and obetructionb that  hinder movement of persona on the eacepe route cunse 
delays h t  raduce the ~rdrabil i ty of uurvival. ~ ~ r m q u e n t l y ,  factors that wom!cl i n m a t s  the:avdiible 
time far egrem or reduce the time required for egress is esstlntiizl. Fuel additives as in the anti- 
mieting kero~ene program, rupture m j s t e n t  fuel t e n h  or cells, and structural biprovernenta to 
protect; ftlei tcnk.~and occupanb shodd be subjects of research. 

Secosd, stxuctural integrity of fuel a p t e n s ,  fuwlege, and !anding g e m  we leuding candidate8 f m  
improved cmshworthinea?. S t r u c t i e  integrity of fuel syakms is a key f w h r  in prevent.iou. 01 
postcrasb fire. Lntegrity of the fuwlsge contribubsi to the reduction of fire related fataliticti by 
preventing or delayirlng the entry of fuel, fire, and smoke mci by mainmining egress routes. Muin 
Iandiug gear thet are more tolerant to off-runway condiiions would continue to provide ~ I Y ! L I D ~  

clearance for the wing md cngina ;>.xis thereby reducing wing Sreolra and t,etlring of tuak lower 
surfaces, and enginr! pod ncrubbing or sparation.  

Thid, where t r a ~ ~ m  have predominated,the energy nhsorbing pro!ective capnbility of the f ~ t d i t i w  
aircraft structure genardy  has keen expended a d  the aircraft ima rxperienc~vl major structural 



Based on thcw conclusions, problcm areas for future ~ t r u c t u r d  crssliv<arthiness research and 
development ere prmentitd. Thew pmblcm iirmu are categoriz~d with repar? to current aircmft, 
advxncvrl aircraft. R I ? ~full scale rrmk %fib.\Vithin each category proSlcrn are= are pmwakd in 
order of priority. 11.e probterr:~are shown in f igwe 6.1. 

Pookrash firs halard redir~tionthough the development. of Cue1 add~ttves, irr~provrci fire 
resistance tc-chnoiogy, ~mproved occupant egrew, ~ 1 1 dfuel contrunn~cnt hnve high priority. This 
tluhject has heen trevkd in the.SAFEK commitke r e c o m ~ e n d 3 t x , n ~(rtlf. b3) Structure1 crnsh 
resjxmse is concerned \with tstnl; rupture mechanisms and w t h  cahm interror cquiprnent. Fusrlngr 
~tnrc tura l  i n t e h t y  also plays an ~ r n p r t a n t  role in the poslfire hajlrd by preventing entry of fuel. 
fire a i d  smoke th~aughbreala rn the fuselage and rn profctrng estabhllrrl egress routes by 
maintaming the flax structure and o p m b k  c!aoqs snd  hn?cl~es. 

0 -
Thc role of Inan lauding gcsr in ~nnbtnining ground c l e ~ r ~ n c e  hewfor th? wing and fuselage h p . ~  
seen in section 4 ii g t x  with increzsd xsictance to sep~rution in rough terrain rnny reduce Lhe 
l ihe l i - id  of win;: !ank breaks and tadc lower surfece tern, er.gnr pad bcpwation, nnd could aiso 
eliminate some friction fifes 

In addition, fuselage s t r~x tu ra l  integrity prwitles the occupent with n protective uhel! arid with 
ezergy nbsorhilig load paths. hlethods of increaslng break r e ~ i s m c ec!' the fu.selage an. ~ecdeci. 
Simliarly, uptlrnimtion of fuselage energy alsorptim is necded. Imp~*ovementof .itructurai 
integrity war!tiind to reduce trauina mjury. 

Occupant injvry reduction iii concerned with froi)rlwaUwcupunt'rei;tfaint systcz~mThe system 
n o n h e a r  dynamic responw .ts~eeifsto be imdcrntod. Current cornrnercizl practics ciefines the 
problem in terms of static envelopkg velues b a e d  on nccrdent experience For new I~ghtweigfic 
seats, the elfwe of departurea from prover, designs on occupant 11;ardr; or  injury p t e n t i d  ohouid 
ix understaob. Of parttcillrr concern respom tbe x c u p ~ n t ain new seats asis  ~ ~ I ~ H I P J C  ~ l '  
compared !o conventioaal seats ay both seat nr,d occupant interact with f!~or arce!erat:on pulses. 
This response uivo!vea the complete seat nysk111 Erwn floor structure and seat st taciments to 
impacting surrounding objects. k eimi!ar problem exish for the conventional scat to e lesser 
extent. Reeeoreh into the effects of the pu!x on k d h  the seal and x c u p i n t  iu nceded 

Meilirrrfs OF accirient-envclope analyses sre neetied for cww5ing crnsh pdormance  of aircraft and 
s t ruc twd  components. Such r n e r h d !  provide a meh;ls for parawerrit- ~ t u d i e ~  and extunpo!,%tion 
from crash test mid accident dsta bother rcensiio cocditiox.. Proven sin:uL:tion !ec!:n~ques are 
neceosery .k)r engineering ~ U I - ~ O W B .  

Crssh performs?.lce rtrseasment of the aircraft c i d  ~ ~ u c t u r l p lcwnponentu ~iectis improven~ent. 
Siiice cost of f u l l - d e  a i r c r ~ f t  teats prec11:des m m p  iests. it is irnportmt !oextract 8s ! n d i  
engineering d ~ t a  8 s  p o ~ i b l efrom nccidenb. For Born? nccidents, in v;hic,h the ~irci-afthas riot bctw 
mmpletclg de-*-~yed, e d d i t i ~ n d  ouppozt to the PITS3 by impact dynxrics reseorch ~wsoncei  
f r o n  N.GA and h e  FAA may produx Inure ciati. This dam is needed to study accider;t b e h a h r  
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with nndytical methodo m d  for &muletion teeting of structural rwmponente. lu addition, S U G ~  

data *:~iljbe useid  in refinement of the amident sce~ix'ioa. 

Adv~nced aircraft prohleiils tew concerned with the inthodrlctiotr of ndvunc~4i material ,  
gmphitdepoxiee in pnrtjc\rlar. Problem area exiot in materiai craek performmce, d v i i n c d  
component perfomenw,  and with &craft occupant protection concepte. Piobiems with miitfir:trl 
performmce includea high energy impact rcaiotaoce end burn chnmcb,riatic&. latitude 
afforded by t h e  rnzttc3nda In ply orientation and intmductiou of modifying m a k n s h  msy peimit 
desirable impact ch-uractensticsl to bc! nctlevcd. With r e g d  to b u m  chmckrio?ics,  these 
adunnced matenaLs may provide protection to the occupsnt by not meltiag In :he presence ilf a 
hcut pulac while retRtnlng char h e r  u d  by reduced friction rrpsrkinz. 

Crash performance of ~ * a c t u m lcornponenb made from advanced tnateriula must be c o i n p d  to 
t h ~ tof current etructural compcnenu. Differences in paformance nu st 'be assessed for their 
effect on accident performance of the complete aircraft. Impact r e s p ~ n w  ~ ~ e c i ~ a ~ u s m aof advanmi 
components must t?u n d e r a m  in order that rrcciticnt pcrformaiicc might h?o~timked.  

New wcupnnt protection concepia for nditanced aircraft mny be required. Current metal aircraft 
have inherent prcpertjes nmtributing to cr~shworthrncae p r o v i ~ i o n ~  in cdditioa to other d m g n  
conditions that rnoy not h@ prewnt iu edvnnced ~rkcraft. Consequently, it :ney be necesxily to 
introduce new appmaci~mto occupant pmkctioc. 

Since rrccident perfcs-mance of full-sca!e pircraft has such an inlportsnt role in crashworthineta, 
problems of koting f i d l - e l e  nircrnft muet be addrewd .  In cld&?ion to ~ c h n i c dproblerm e l tei!C 
metho&, data acquisition. and reduction, the wverity level.!?n i  the tests m w t  bc within the 
enveiope or survivch!e accidents for maximum application of tile rcs1dt3. ?his requires further 
refinement of the srxident ucenarim and implies soma knowiedge of kiumzn iri!ury tdernoce. T h u c  
problems ~hou ldbe re.wlved prior to the planned test of the 720 aircrnft. 

A research and developrnect progmm ia preaenkd. One objective is to cnderstand t t ~ ecrtish 
woponse of current deaigns m d  to develop structural impact technology h a t  might improve 
c m n t  commercld jet tramport aircraft and serve nn n b ~ o i sfor the awesanlent, of advgntxd 
aircraft structure. A cecaad objective ie to underotmd the crash perfomll_;~cecf advanced 
otructural compooects. A &ird oh-iective is to obtuin crneh e n v i r o r i e n h l  data from full-s.sle 
complete ;iircmft ' ~8 t .af ~ r :  vahd~ t ion  of technology and for af?seserqent of cmsh xenanos. 
Recommendations ere given for current metal aircraft, advanced aircraft, and for full-wih 
complete aircraft testa. 

Research on redwfinn of the poatcraah fire hmd iu rccotnmt.ndcd. SAFER Conmnftee 
rccommendstiom on fuel ndditives, fire rediet~.r.re, and fuel containment tc.chno!ofiy nre 
supported. 

With respect to the st-uctwal roie f u d  contairt?;eut, research i ~ w  the variaus mechonisnrs of 
tank ruphrt. is recwmmended. Experimental and =alyticnl methodsof simulating t.wk rupture in 
craoh conditions shoal< be developed Faear& should. include full-w.le a i r c~x i t  end component 
tec;tingof a t r u c t u d  isaprovements snd of devicw or  technique3 to reduce the fuel Mow rate from 
f rac tu r~dtanka. 

https://full-w.le
https://rediet~.r.re


To improve occupant egrem, the effech of ~qmstmtat ive craah accalerntionc and displacementA 
on cont,!?.i,..inrnent 17f a h i n  illtenor equipment acd wnknto  &odd be debrm:ncd G~dleye,overhead 
campmmen?rr, ceiling paneis, lighting. :.nd other intsrior tnppoi~itments should be studred to r d a e  
B!&age of cgxar, rout&. For water entry. new de~ignem d  techniques for storage and 
deployment of life rnffo iicd fioabtioo equipment that will faa5tst.e egrese and eliminst; blockegeof 
exita ahodd be developed. 

Research to improve structural integrity of the f u d a g e  ia recomrneacied. Studiee into the 
m d s m  of fme!age breeb, rnaintmmce of prokctive die& optirnimtion of energy absorption, 
distortiorls at, doors nnd hntches and floors for eha wash wenaria  &odd be done. To accomodate 
xvakrentry, etudiea of d m i g ~  improvemecta that will eliminnk t&kg m3 rupturing of the fuoclnge 
lower surface by hydraulic action of the water (mmo inwud c:ruvhing w w l d  be toierrrble) Chus 
improving the floatation capability should be done. 

Main landing gem accident perfermance in rough terrnin &odd be studied. Crash loadn and 
displac~menb for existing genr ccanceph for reprec;el!tntive h ~ d f :ahodd be deteimined. The 
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interaction of the gear and the attaching tttructure should be undeuebd .  Advanced concepta far 
# improved crash performame ahould 'be deveioped. 

Research for trnurna injury redtiction is recommended. Stu&ee to nsrertein the effrcta of fucdage 
~,t.r~~cturul erprienced a t  the "mintsarrangement 03 the acceleration impuL$i! and flobr ~Li~placement 
of s a t  attachment nho~rldbe conducted. Effects of the ehspe, magnitude, and dcratioi~of the m t  
ecceleration impulse on watloccuptuit/restraint rcyskm reopcase ~ h o d d'hohtniaed for c u m n t  
sea& and b ~ rnew lightweight mab. iilsoseat cnpability lo t e r m  of both tilatic and dynamic Ir,sdb.~g 
should b eotsblitihd. Effects cf w c ~ p a n t  parametem ouch as mrm, G ~ Z E ,di~~ibi i t icm,ccc~:piffit 
xccelemCione, reetraint c f f e c t i v ~ c w  and Mat defonnatioc shoulci be obwked. Effort chou!d be 
made to relate engineering mewurements to occupant, injury and injurymdices. 

Crash envelope analyses need to be developed for aseesement of cr;tshurorthine~rj. Exbting 
computer programs such ae KRASH m d  DYCASI' may serve rts z starting point. Li~nitsof validity 
of euch analjrces need to be estabiikihd. lLlethods of ~ccidcnt  ~ inu la t i cn  and the data ha* to 
supaportehio ttpproach should be developed. ??le technoiio,gy of l ime methods should be extended. 

R m e r c h  for crssh perfornance 891Jemntt.nt ohould be done KO refke the accident menarim. 
Efforta to obtain data from selected accidents to better define the initid condition^ and the 
eequence of events are needed. Engineerire data for accident simulation should be obtained. 

ADVANCED APlCRhlFT 

Research is recommended in high encrLy impact for advanced mzlt.,rinls such a8 gnphiblejroxg. 
E i f x t ~of design paraineters on impact resismce should be determined. Ways to inlcrewe in~pact 
resbtance and burn chnrhcteristicn should be ought 

VJith respect to advanced compor?enh, a prcjsnm to deterniin~ crash performance should ke 
conducted. .4nzlytical and e x ~ e r i n e n t d  crr,sh amu!ntions shodd he made, Advanccd coi.)poncr,t 
perfornmnre ~ h ~ t ; ! dbe*con;porcdto current components ond diiisrenuea identdfid Methods of 
rnoclifykg the perfo.v.ance &odd ts explored. 

It  is anticipated that impact resktnnce of udvnnccd mnkria!o end ellcrRy r;Ssnrptlon 
charackrib3iics OF component8 made af them insknaln m8y Le suffrcientiy d~fferent rrom current 
mctal uircreft that new concepta of occupant pratectlon night  b t ~ e s d c d .frf pnrttcilisr concern are 

https://891Jemntt.nt
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The pfnnned 720 ciaah test ahouid be irwtmeotcri to oijtaim data on ~itrUctilr~1cocnponentti and 
txatloccupentlreatrciint sysf.erb. Crash f-cepcse n d e a  and bade on b t h  the fitructural 
componen6s and the ~e&iwcupantJreetrointnynkm uhould be obtained. Full-mile testa should be 
used b refine the wentxio. 

Depending on the s u of tho~  720 t&, adctit,iomnl full wale crash tegta should Ix conoidered. 
Future tests would wrve lo evduate other GCC&O'S and to m o b  completely define the cra& 
environment and cmln,rmpcntx mwhmisms. They wodd a h  be useful for vaBdalcior! of analyticai 
methods. Ae udvanwd materids are incusrporatcd into future oircre.ft, fuli-wds t e a l  for occuymt 
protection concept, vcl!idnt.ion &odd be conksidered. Ad olrjwtive of tf i9 p m w m  is !o minimize the 
need for fuii-mile c r ~ s hk s k .  

I RECOMP;.q&F*"t)mPRIPGilNd . 

The program recorn~nenddfor incjusion in the ~lnnning'for tlk NASAIFAA Crmhworthinew 
Research prcgrm for Gcneral ?iviation ucd Chnmercinl Jet Tronsprzrt Aircraft is given. VJi~ilethe 
comp!ete development of the crashworthinesa technolor3y ie e worhy goal only mrijor 8efl;mcntdare 
suggceted. ' L1 

Major eek~nentaof tire program are icientifid. A e b a g  emphasis io placed on the perfomance of 
a d v m d  ccm~sii6fn. The wgmeute i~cludzEuei coateiinment, fr!dege intqrityiefiergy 
abtwrptiozl, flwr/i-~o.td&cu~anfrespom, cwnpiete eircmft xrjI>onw. accident investigation, 
coniwaent performance, and support kchnolcgy. The dsmentt, of them qgmentu hsv2 lieen 
d i s c 4  in the M y  of the study and in swt io~5 in pnriicukr. 

A tmative whedule thmugh 1990for the reccr-mended segments in tbe PIASAIFAA recieclrch and 
development program perpining to cornmcrcial jet transport airc.mft is &own in figuxc.,6.2.The 
schedule ir h d  011 tmk priority, c w e n t  state of the kchuoiogy, estimrtek5 of a*:ailzlblefncilitien, 
and t i r n e l m k  to aircraft rippllutions. 

https://oircre.ft
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Accident Defiiition 

(Aa Defined by the National Tranaprtation Safety Boani) 

"Aircraft accidentn rneane nn ~ c ' I - ~ c I ?  a m x i a d  with the opcmdo~rof r u l  aircraft whch tdns  
place between the time any pereon k d  the aircraft, with the intention of Gght until uuch time 
as all such permns have rtiwrnbarkcd, in which nny p e m n  eui'fers death or wrious injury tu a 
rrtsult c;f k ing  k or upon the ui-craft cr by direct mntnct with the Rircsaft cjr anything-~tkched 
theivto, or the drcrlift meiveo fiilbatantial damage. 

"Operatornmeamm y  p m n  who cnuses or au@orizesathe operation of sc aircraft, such as 
the owner, lessee, or bailee of en nircrdt. e' 

Tats1 injuryn means any inju-y. which results in death within 7 daye. .* 

"Szriou~injwy" rnkand my injury which ( i i  requires hospitnlizrrtion for more thm 48 hours, 
conmenciug w h i n  7 duyo frrm ehe date the  injury wes recoivcxl; (2)restilb in h fracture of 
any bone (except oimple fractures of fingem. toes. or nose): (3) involves l~ce r~ t i cne  which 
caum severe hemorrhages, cerve, muscle or tendon ciamage: (4) involves injury to any 
internal o q ~ n ;or (5) involves second or third degree burns, or m y  b m n  nffecting more than 
5 prcent  of the M y  surface. 

Wutl loss" mema damage due to an accident which waR tno exbnmve to rep& or, for 
economic rmaons, the aircraft wae not r e p a i d  end retuned to service. 

S u h t m t i n l  damage" 

(1) Exapt. a5 provider1 in subpmgmyh 12) cf t h e  partmgreph, subst.untid dnmage 
meRnD a m a g e  or structurd fRilure which adverwiy afiecLq the structurd 
strength, performance, or flight ~h~ac te r io t ics  of the aircraft, and \vhich would 
normally rrquire major repair or repiecement, of tile nfiected component. 

(2) Ecgiue failure dmnage limited to nn engme; bent fairmga or cowling; denkd &.in; 
smdl  punctured holeu in the &in or fahrir. Damage to landing gear, whecla, tires, 
f ip ,  euginee acccwnes, brulrm, or w i ~ gbpa"are r.ot considemi "cluhtcntial 
damepe" far the p~woi leof thin part. 

A "suh\fivabien accident is one in which the fuAnge remaim rehtiveiy intnct, the crash 
forces c.o not exceed thc lirnita o f  human tolcrmce, there me adequate occupant reatrsinttc, 
a ~ dthrre axe sufficient exope provirrions. 



- - -  
I 

Thc foNowing 1980 umidente would bcl g d  canciidmtea for additional fitudy: 

1. 707 2P27/80 China, Manila, hdl  !OM,3 of 135 were fiaMitie5, severe Im.hard 
tO~chdwm,wing failed. 

2. 707 5/11/80 Wbelsir, huceh, Cameroon,huil loee, no fstakitics, no fire, veer 
off. 

3. LPOIL1 8/19/80 S ~ u d i ,Riyadh, hull loas, 301 fatalitiee, cabin fire in flight, landed 
but no evacuation. 

4. 727 3/3/80 Pan Am, Sfin Joee, &&iRica, hlzU Icae, no fiitdttiee, LcuchJown 
nhort, no fm. 

5. 7 3 7 ,  10/6/80 Air F?ori&, Port uu Priam, ~uhtantiol  dalmge, no fatalities, 
, veered off h u w ~ y ,  sepsmted pear, hd leak Lhreugh crack in 

fitting. 

6. 767 ]L1119/80 Korean,Seoul.Korea,hul! log, 14 of 226 were fatalities, eve re fim 
(nonfuel) touchdown short, gem ;repetatd. 

I 

7. 727 11/21/80 Air RFLicmneui~.Yap Ialnld, hull I ~ G ,veered off nmwny, no 
bntalities, evere  f ie.  

. - r' 

8. 707 i2&0/80 Asmtd. Bogota. h h l  iosa, no fetaiitiee, touchdown short, severe 
fire. 



%ia form ttpj%m+ngon the follcNing p ~ g aWM U& for&.? data march of 
It is prcsz~tedlberte m a convenience to the rcdndsr. 
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m w ,  ONBOL.98 , -. 
A/C WDEL CREW (+WON-REV.)  

A I R  W I E R  PMSEtXZERS 

LOCATI O?l --- 'WmL FATALITI= * 

TTnE [UTA.) TOTAL SERIOUS INJURIES 

PLIGHT PHhSC -- IKPSICP SUPVIYABWS YES .--

EO STNC'iVRS DESCRIPTIOZt - c a x m T  t x m G =  . -
IR)SELAC.EBmK - WTHG SXP ----- -
~ELTS/SWASEP - CFAq ShP-- ----.-
TANK WJPT - - ENGINE/PYLON SEP --
Q*RS ---...--- ..-- wxxs .-.,--, -- -
DEBRIS ----.- m E L  L I N E i  - - - -
WSTKEH TZW. --- kZliD - -- -------
DESCRIYTICN AT IHPkCT IXjCATSON .----.--
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AT W W C T  - FJC SPEEDr RATE OF DESCEXT 

IMPACT *Gm LOADS - F'WD M3"M. - SIDE 

WING D W A G / F U E L  SPILL - t 

IEOW AND h%Ea SPILLED 

WING RQX R L ?  BY GEAR BEP - OR EEIGINE STZiUT S=' 

.QURWT1'FI SPILLED MAJOR ma --- 341POR 

SC5ARATION.hT W. S . - LErT - HIGET -
X-RUPT X-EXFM. TANK RU-WRE SO. 1 - WrJ.2 p- No. 3 - N o  3 --

EFKilNX S€?iLWTION NO. 1 NO. 2 NQ. 3 4 --
KNG. STRbT. SW. N9. 1 NO. 2 M0.3 - NO. 4 

US, GE14.R SE?. OR COLLPZSE L NLS RMX;- RP15G-- N.G. 

WIhQ Im5L F1.W - I2'XICIE TAMK(S) 

- WBKCH ENGINES OR STRUTS 

.SEVERIT'l' ZTMTREPIF: WD73WI"I' - MINOR 

SOITRCK OF IGNITION 

HGg LONG (TWE IW SEXOHDS) AFTER A/C WO\WG2ii STOPPED UNTIL FIRE B m  SEVERE 



--- 

W I N  FLOOR -"---D:MG" --
FUSELAGE CREAK LX)CRTICJNS (60BY S T A .  S) _ -̂.--.l--.---.lll..---"-._ 

VX'AL SEPARATION PARTIAL SEP. 

COCKPIT DN4AGE E;(TRE% ~ D ~ I i A T E- HX:+O:I ---- .----~-
PASS. SEAT S E P .  MOST SOKE KOtil: -- - - . . -
GALLEY SEPARATION (WHICH) - ,-

OVERHEAD STORAGE COLLAPSE 

BODY INTERIOR PANEL COEWiPSE 

WHAT DEBRIS HINDERED P A S S  EVAC. --.-

7 
~!?I'FUSELAGE - TAIL MOUbXFD ENGINE A/C 
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AIRCRAFT TEWINATEU I N  WATEX 

TIME (MIN.) A/C PQXAINED AFLOAT k2.L OR TART 

ap 

s 

,/" 

I; 

-A/C RESTS ON BOTWM (PARTIALLY OUT OF WATER) 

SLIDES/RAFTS USED e;OT USED ~  m  m--
LIW W-STS AVAIIAELE USED NUT USEI) ' UNKNOWN. -. 
FUSELAGE REMAINED INTACT - aROKEN/SEP - RUPTURED UNKNOWN 

FA'SALITIESDUE TO TRAUMA MU#BER 

DRO'XNING ( INSIDE A/C) PWCMT 

(OUTSIDE A/C) faOST 

UNKNOWN SOME 

FEW, ETC. 

J U D G E ?  I T W S  (SEVERITY. INCLUDES BOTH A/C DAMAGE' b F A T N s I T I E S )  

GWLR SEPARATION/COLLAPSE CONTRIBUTED TO SEVERITY OP %IS ACCIIjEEiT 

D I D  

HAY HAVE -
D I D  NOT --

EI:GINE/PYMIi SEPARATION CONTRIBUTED ZDsPKE SEVEnITY QF T H I S  A C C I D N T  

D I D  

MAY HAVE 

D I D  PDT 

FUEL TAM REPTURE CONTRIBUTFD TO TEE SEVERITY OF T H I S  A C C I D m T  

D I D  

H A Y  HAVE 

D I D  NOT 

YiQO.R5/DOORS/DEBRIS CONTRIBLTED . 
D I D  

MAY HAVE 

DYD EiOT --
BEII.<TS/SSEAS - --

DIG 
HAY HAVE ---
D I D  N05' --

FUSELACE RwS,/SEPliRATION COW'!'RIBUT'ED TO SFVERITY OF T I i I S  ACCIDtTJT 



D.W. Twigg 

The neweat apdate tx, the US.Army's Aircraft Crash Survivd DceSgn Gcidc for Army a i r r r d t  wae 
reviewed for ideas that  might apply in other aystemli mid therefore hew Iurthes nseareh. 
Philosopl~icaLy, many feature^ %ere cr;mpotibie with the phikmphy and practices for camlnex i~ l  
q~&rne.  However, the Guide does not make allowances f m  widely varying differences in crash 
chrractt?risl;ics and inherent energy nbsorption f ea tu rn  fmrn one syekm to another, e.g., from 
small rigid body eircrsft with minimal subfloor volume far enerhy abaoiption to lsrge fiexible body 
sircraft with large subfloor volumt: for energy ~tmrptinn.Additionally, the orienhtion ir; for 
survivrtl'under a n y  circuinetsvlces that  b y  opratitns might encounter-n fzr more hauvdaus 
se t  of circumntancen than will occur for commercial vehicles. Accordingly, this ~ p p r a k ld m  not 
get into all criteria in the Guide h t  instead provides n review of tho* f e a t ~ m sthat muy bear 
further consideration in research and development fiturka. 



The purpose of the p-nt study is toreiiew 311d critique the new U 5.Aiay'g Crush Survival Design 
Guide (ref. Dl)for wsrch idem thst might u : h a b l y  benefit comn~erc~ol and thus sircraft a ~ f e t y  
bar further resesrcbaltenhon t~ rwdve potentid vduc  iu corumerciul aircraftapphlicstione. It is a h  
intended to diaeingiliah thwe elmento wiicb may cmd which msy not rladily tnnsfer  from light and 
e m U  rigid .body aircraft to 1wgo flexible body tranoportA. 

The author0 of the new Guide accepted and are ts be conrnei~dedfor raponding to a major 
challage. They have attempted to refme earlier d t i o n e  of the Guide and to indicate more room for 
trade-offs than earher i s ~ u m  implied. For example. the tllird edition of the Crash Survilial 
Qesign Guide more carefnlly conotxaine the guideline rccommendations to the small rigid M y  
oityknes u d  by the U.S. 1-y thnn enrlicr editions, i.e., the light r i d  wing nircrnft and 
helicopters. Additionnlly, the authors indicate many of Lhe traae-offs and redistic convtreints thrit 
mrmt be considered re la t iv~ to the guidelines, introducing the poaaibility of wruiveri; by the Army, 
b a d  on trrde-off8 of objectives vemus realintic design constraints. ' f i e  indicated trride-offs 
illustrate pomtid p m b k  in gener&zing within vehiclw, and by extension pmblcmu in atten:pb to 
generdize y i d e h e a  developed *for the Army to large flcriSIe Ooriy cornmerci:il 'tirplanes. 

Since the 1967and 1971 barnions of the Guide, many nreos of progiess in development, in test and 
cvalustion, md in o p m l t ~ o n dexperience have added to the fund of Imowled~e.iiowever. gu:delines 
or criteria spelled o:~tin the rsrlier Guide were rn fract sometimes ~lnduly restrichve, sonwtJmes 
&fficult-to->.impcl~t.~le iaieetto eclliuvc, and conpervpbve even for'tfie Army objectives. In t h ~ s  
version of the Guide, them constr;un.ts nre more tipparent, more nced for tradeoifs from the 
"criterion" con&tiono are rwogmmi, and dlstinctiaos bctvreen military acd cornmerrial 
envhcrnentE1 are more,obvioue. However, and pcrhupe purt~nlly due ia the greater autonomy the 
Army Cae aa both p u r c h o ~ r  ttnt ueer, the new Guide does not yet really address r.inirnurn 
requirements that  rnui;bI& met; !he orientnbon remains one of setting @a!s as trade-off poll='tlons. 

The new Guide L in five vo!umes. In this nppe~idix, infonna;ion ia abstracted, collated ccd 
s y n t h e m d  across the iive volm~ea to integrate h e  information irito one single abstrnct summery. 
Ti:ia ~ u r m ; l ~ r yis B synthesk and critique of the U.S. Army'a Aircraft Creeh Survival Design Guide 
in that it io in the main constrtiined.to rcwarch pes?bilities for other ajjstemu. Acrordmrly, it 
includea u;format.ion t h a ~may be relevmr for commercial a i rcrdt  research efforts, sud inc!udee 
q ~ j e s t i o ~ ~regardmg the A m y  Guide psit ion.  Since then! WRB significant overlap aurl xmze 
consideraMe redundancy h tween  vol*mc.s, a rnejor element in tke preMnt effort was to abstract 
and correlate related inforinntion f ron  all volumes. h f o z m ~ t i o n  heroin inilows the same geveral 
format. Volume titles and conknta w e  ae follows: 

Volume I - Design Criteria and Checklisb 
Peltinerd cnteria extracted from Volumes II through V. Provides for updating earlier related 
military s b c d s r h  (ref. D-1). 

Volume 1l - Aiai~c'r~ftCrmh Environment and Human Tolermcc 
Cra.sh environment, hurnan tolerance to impect, m d i t ~ r y  nnthropdmetric data, occupant 
e n v h a m e n t ,  test dummies, a r d e n t  informtltioa retrieval. 

Volume HI - Ain:raf Strilrturol C r m h ~ ~ o ~ t h m e s e  
Crash h a d  esbmation, atncturnl wspfinw, f u ~ i c g e  arid landi*~ggear requirements, rotor 
requiremento, aiiclllary cquqment, cargo reatraiat5, o ~ u c t u r a i  :nodcling. 

https://constrtiined.to
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VoIume N - Aircraft Seab, Rentminb, Idittern,and Psddiag 
Operntiond arid crurrh erivimnment, cinzrgy cihi-ptio~z,iiezfidrolga, l i t e r  requirements, 
mstraint qekm dwign, oecupnn4lrestrai~t aystedeeat rncdc?ling,dclcthalimtjon nf'cockpit 
md cnbin interiors. 

Volume V -- Aircraft Postcrash Survival 
,Postcmsh fire, ditching, emergency escape. crmh I w b r  'mcnne, retrievnl sf ncddent 

information. 

Genrrsl types of suhjecta covered include: , 

1. Creshworthinem of Aircraft S t r u c t w h e  ability of the sircrrtft strwtu-r t.a maintain 
living space for occupminto throughwit tl crash. 

2. ?Yedown Strecgth-The ~txengthof the linkage preventing occupa:lt. cargo, or eqvipment 
from becoming mimiles during a crash sequence. 

I .  

3. bwupant Acceleration Enviromenl-The inbmity and di;rnt.ion of accelerertians 
experieuct4 by occupantn (with tiedown a~iwncdi n t ~ c t )during a crash. 

Occupant Environment H m r d e - - B a m i ~ ~ ,projections, and Imm equipment in the , 4 
inrntsdiate vicinity of the occupant that may cause coatact ir~jjuries. 

5. Pastcras!~K-i%s threat to wccyrnnt survival powd by fire, drowning, exposure, etc., 
following the impact sequence. ,' 

To date three editions of the Guide have hem r e l e n d ,  the T i t  in 1SS7,nz updnts in 1971, and n 
Colid i-cviwn in 1979. 

BACKGROUND DISCUCSIQ)P14 

Aib summuired ia the new Aircraft Crush Swvival Design Guide, the U.5. Army Tramportntlon 
Rcrxarch Comnland (now the A~pkeci?'~chuo!ogly JAmretory, bwarch and Tech~ology 
J ,ubmtona  of the Y.S. Army kvitition Research and j%velo,nmen^: Cornmfind (AVRAIXOX; 
initiated a iongrange program in the early P9i;ik. with the object~ve tostully nliaspats rif aircrnft 
sufrty and s u n h b i l i t y .  From thio prugrrtm, ~ t ,wns ir,t~ndedta deb-mme impmvemenfs UI cr,waslx 
suniwd t h ~ tcodd be made if con~idemtionwere givw In th& mixid aircraft design to gencral 
survivohihty fectm; ilbrure D-1.1expands on aspect8 of 'C.rar,hwoi~iinnen"as ciefumi by the 
newest version of the Guide. 

In order to detcz-aine which cri,ksir and ~;lr~de!.inesmight be nppropria2 for commercial aircraft 
for present; prpatres ,  it was n w e q  to determine the ~ t l ! ~ t + ec-'E inciividaal yidelinw and 
criteria. mamn in tnzt critgrin mri gajdelinm u e  uot usually di-ecdy trmuferable. For 
exempie, design criteria levels in the G\:lde c e  not h o d  or! theory; rfitfier L5.e~u e  obtnined by 
estimatmg the cradi lon& which occurwd in post crnehe-s of light. r igd bdyArrriy aircraft LI 
turn, ii number of relnted nwumptions were icvdved. Iarge, flexible k d y  conxiercial sircrzft 
with a large cwgo hold in the lower fuxlege arr clearly dilferent in design f e a t u . ~ ~that wig nfftrt. 
c m ~ 5Jocds aud probable dynfuoic reqsriws in dizwi contrast tn ::hove expected lor the ~ m d a r  
and lighter rigid M y  Army uircmfi. kcwrilirgiy, the conrtjhonrt ripon which crihria tire baxd 
AWIBC differ. , .. 



-------- ------ ---- -- - 

Proccdure for svaluation of structural daslgna 
with rcopect to crashuorthlnssm. 

CRhSMlr;.RZtlINRBS CRI?EhIA FOR THX PRtLlNIkARY VESICX PROCESS 

Pootcrn ah --Crash scanmrion Primry struciura Lmry): rbrorption r a q u i r r ~ ~ n t u  

0 nIL-S*D-l290(AV) 0 Support of largo o lmcxyuacy agrees 
&aflnra prudoio- m a *  i t a m  
lnant inpact a Controlled atrcc- Occupant release 
cvndl tione 0 Support of ays- turf1 collrpaa L ~ C A  seat3 
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s Sing:. prim and e Crorhrorthy 
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and protectlon rbao~bbng 

e Vartical iapact .@at. 
o Ccrgo contain-

8 LongitudLnal ment and tiadown, s Shadding of large 
irpact Imam l t m s  + Einlrisat?on ol 

o Supprt of land- e Enp1r.w prstcrash f i re  
s Lateral &!pact ing roar locldn e Tra~snlasiona hazards 

E ROtor haada 
s i'oatispacl: o Spaco consistent o External atoreo l Pual contalment 

u .Wllovar with occupant Tail b o a  
a Pitchovnr mtrl.ke envelop * C! 1 and hykeullc 
s No.. ploutng (Shed itens w a t  f luld contalmcr.t 

o Rorselicy exit not impact crcu-
structure pled orare) , 

a I~psctad aurtace * I g n i t ~ ~ nsouxcr 
(uoft ground etc.) co~trui 

0 Reduce naterlsl 
Cldy'mmbility,
woke and 
tonlcity 

Figure 0 - 7  7 Crsshworthinoss Procedures far Structur;il Dcs~gns and Cr~lsriafcr-a 

Preliminary Design Process 



The neiv Airmh Anny C d Survivalk g n  Cui.je gives &roe CEiS'hactlycliffu'ent descriptions; of the 
purpoee. of cmd~worthy deeigngns, but all wth tho siellie cntrrion lovek: t i )  to eeUmirrsta unneceaeary 
injruiee and fatalities in rekbvely n i ld  i m p &  (C01dVWI': "uix~eceson~y"re not defined), (2)to 
contain ocrupnnt dmlei-ntion levelu within human toieranm in e v e r e  crmh environmcnte, or: (3) 
(by numeroueimplications)toeurvive m y  crahh "ccrmht ready*. AU th criteria in the Guide refer 
to the s m e  deceleration levels. In contra&, Federal Air h & t i o n  Pare 25 P A R  25) s l ake  that  
design far commercial eircraft iPs "to give each m t l p a n t  e tery  ~ a ~ n n a b l ecl~nnce of eecnping 
wrioue injury in B minor crash lnn&ng" when wing reatrainb and o t t e r  wfety provibiono, with 
landing gear up, and with lower decelcrcrtionioadri and utw o correspondingly lower criterion Icvel. 

On the surf~ce .the fimt two goah of craan~orttlydesign cilnted in the Guid" (to eliminate 
unntxeesary in:lr;rics and fatalities in a ruinor craeh and to aasure s d v d  in a severe c13eh-sf.dl a 
twmewhnt, opecuktive outcome) may seem comisknt. in ncturility, ihs two goah are Zrcquently in 
opporjtion. A dmign feature deeiped to operate fit ?ow c r e ~ hI08rl.n tn prevent injury is often 
inefficient a t  high crud1 lo&, m d  premuoe of the featwe may ia fact degrade the o v e d  
perforniance a t  tbe high Imde. Thb ie an extenniori of tbe comfort vetow uifety pn~blem-a 
syatem dedi;gr;d to he comfortable at  low craoh Am& may very likely be h a  "eafe" at  high crash 
loode. An example is the 5 mph barrier crssh mpurament in the automotive industry. Bumper 
systems deaigned to vrovide 10046 protmtion (to the car) a t  5 mph may provide less pmLection c t  
higher t i p d o  than might o t h e m k  be the case. Unfonuaately, the Gaide a p p m  to treat them 
criteria RLI though they were inkrchnnqeeble. 

"Survive.blen conmercinl aircraft cicridentR nre generally near airports where exteriial nssiabr.cc? 
for evctcu~tion and quick m & d  sttention src avdahle .  Thun, even the in,jurt?dhsve n reanonable 
chance for avk ive l .  ?Chis ia in stork contrcst with military crashes, which may wxu: in a combat 
zone without pm;pxt of external Hid so that  the need for nelf sufficiency is more pronounced. 
Goah to totally wold injury nre vttstly different, ftum goals .to redurn injury potential or otherwise 
improve safety in even the feasibility of implernenthg practicd impmvemeuts. 

As ite own reguktor and consumer, the Army e n  set and adjust gooh end thuu need not 
distinguish between crashworthinesa gode. guideiinee, md critenn. AB pointed cut In Volclnie iI, 
the  h y  may i k d f  opt to retain, cdjuut, or waive my of Fame when cornplisncs 18flcrnomt~ated 
to uzvoivi! an unacceptable compmmieo in system objectives, pe r fomonc~;  or rr~ste.Them 
distinctions are. wcordingiy, nat, rigidly akrvcd  in the now Guide. Neither the lacis or' distinction 
in goals, guidehes and criteria nor waivere .we practicai in the civilisn environmeut Rdes  me 
laws thai, mgst bc met witllout elrceptiun and cannot be t r l tdd  off wben ti given requrrc~neatis 
demonstrated to be impractial, or shown to effect a serious cornp;.omi~c:Rome other aspect of 
system operation. 

I t  should be umphahized that the A i i y ' o  deam guidr?was writtm expmosly for tl;e 1"myb lighi 
nircrait O!e!icopter and siclgle cngine propeller), wh1c.h rnust inclutlc. bj deh i t lnn ,  operationv 
ir;volving n vsrietjr of 'normal", training, remot.e nust.erc, nnd cnmhat situntinlls. '1"a circrdft. 
c o ~ l d e r c Jfor the updatkd veroion of the gGde were cons&&nr.!d bu vehicle miwon grogs w i g h t  
of 12,500pow:is ~r leas. 

https://nssiabr.cc
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The Guide defines ~pecieLiLtxl &mio related to cra&worthineso at the beginnmg of each volume. ' 

Severnl of thew deikieiori  are pnraphrased herein for the conveniecee uE tile render. 

Abnlpt Lac~e lc rn t io~- Ileacriben the short dumtiou ghwk accelerntions prirneriiy asswisted 
with rrach Lnpartrr, ejection seat ehacb, czpsule impacts, etc. One m n d  ie generdly accepted es 
the dividing point between abrupt end prolonged accelerclLiom. Within ?!re extnmeiy short 
duration range of abrupt accelerations (0.2 sec and below), the effecb on the hrmun body arc 
limited to mechenical overionding (skclehl nnd soft tissue ekeme) ,  them being inaufficicnt time 
for functions1 diliturbonces duc to fluid ehifts. - .  

Human Tolerance - A wlecbd ,array of parametere that deacribe a condition of human body 
deculernhvc! loading, i.e.. a crsnh pulw for which i t  is believed there ia a reavonatjle probability of 
survivtil w i h u t  major injury (thia i s  aiso twmed "whole-body tderarrce'j. "As t w d  i13 this v o h r n ~  
(lii), designing for the limits of human 'blerance reiers to providhg d e e i g  ffctnture~t h a t  will 
meintnrn thew conditi& at or h i o w  lheir tolerable leveb to enzbie the cccupaat to sunlive the 
given crab11 environment.". ' 

Human tolerai~ceta the crash enviroliment is a !unction of many variables, includhg unique 
characteristics of eilch perbcrn as well as the irnplnglng loadn. Iaada are t rensrnlt td from the e a t ,  
the rcfitralnt ~ybitemnnd the surmulrdulg environment. Toierab~l~tyd e p r d s  on load dmctlon,  
bdy oricntatlcn, and t.ke c n b d  naturc of Ibe load relstik- to a M y  rnernbrr. For exsrnple. 
condlrronn wherelr: the Sel: ndes up off the ilinc crrsts of the pelvio m;ty coninhub rxc.essivr 
nbdonlnal loeds, or ~ k u l lfracture may from heiid contact, or  the type of 1 d s ayp1.d to the 
spine may creak,  injury. 

COMhlEN'R Definition impliee that  i t  is poeaible end pmctiod tr,design to llumnn tolernnce linrits ,
and UISRUT~?B U ~ V ~ V Q ~wi!hout exception; in actuality. other text clearly isdicateo this to tx! 
connidcred u god which 13 r.ot neccwariiy achievable. Etesulting implications nn. rn~slt-dingto the 
newcomer to thc ireid. 

The Tern)"G'- Refers tc!the ratioof acceleration encollrtter+ to that  from pwitational attrucrjon 
cn  a ECiveu M y  nt sea ievel, (i.e., relcrtive to 32.2 f t l d ) .  111 me herein. .'GWincrements arc 
referencwj in rnuitiplee of earno, cm 5 G is 5 time^ the norrud forces on ti12 'body. 

Survivable Accicient - A n  amidcnt iri which the forces to the occupnnfls) are wjthir: tolerance 
limits nrld tile surrcwnding otiucture remains suSstcmtidly intact to provide a livablt: volume 
throughout the crnoh wquenw. 

CO?vlMENT: Definition of m~vivnbility..nlicn betweeten vo!urne9 of the Guide (>re  is to n ~ l i ~ i ~ i r i a t e  
unnccewaly inlumv rnnd fatalities in reiatively mi!d iffipac&"(Volume r). Another rs to "mmimize 
occuprint acce1err:tions to s u ~ ~ v a b i e1cvt.b in n Ewere crmh environment" (Vo!ume IT) 



Dynamic Overshoot - 'I'Re amplification of decc.lerativa force on c u g o  or pe~mnne!a h v e  tho 
imqact deceleration force re~oltingfrom dynamic rr?sp?nse of the system. Por exmp:e, a i 0 o ~ ~  
eystcirn con drnmaticdly increase pc& loah.  

Sent bfcrence Point (SRP)-The intersertion of the back targent Line end the buttock.reference 
h e .  The war gmme'sy location r r e  hIrscl!on the SRP. 

Buttock Heferentx. Point - A point 5.75 in. iorward of tke eeal rcieren!:e pirt on the butbck 
reference line. This point define* the 8 p > i o 5 m a ~bottar;l o:' en ischial t u t . ~ n i ! j . ,  t h m  
repremitirp the Ioacnt p i n t  on the pelvic structure w d  th? ipclni: that  wall pupport the rrmt !odd 
duritig dovir word *~ei-t.icdIqndirtg. 





(Not n e c e s s a r i l y  ehr floor) 



Airfrrirrie Structural Creshworthincza - The  ability of en eirframs fitructure b~ maintam D 
yro'cective ehdl aramd wcupanta durkg E crash und to nzi:umize n.nbpltudcp of m x l e r a t j o r ~ ~  
applied to the mupiable portion of the aircraft duiing crmh impncfa. 

Structural lnttlgnty -The ability oFra etructum to m e k i n  crash load8 w:thwt collapse, feilurr., ot. 
cieformollon of sufficient ~ l ~ g n l l u d eto r a u ~  or prevtbntthe utrilcturu i s minjury to ~ W R Q ~ I W ~ ,  

perfarrri:ng nu ~ntended. I 

Static Strength -The maximum static load that can 5u austnincd by 0 etructurc, often e x p r e i d  
nt, a lond factor in teme of 6 .  



1 

Authors of the psomnt d i t ion  of the U.S. army'^ Aircraft Cnwh S ~ r ~ i v t i l  Guide rcuwncnizc nnd l h i ~ n  
uccept h a t  trudt?-of:'& inuot accomplished reldive zn earljrr stett!tl r'riter~a. New 1cenerlitron A m y  
uircrnf t a m  being procurred with stringent cra~hworthi~:essrquiremcnb,  bewd on "95th percenhlc 

- taunhwbie, umideritd' na d e f i ~ e d  in s . ~earlier study (ref. 1) 5).The new Guide e m p h a ~ i ~ths t  
-# 9 component changes recommended by earlier edi!ions, or tilow? that, might k implcrnented in 

t ~~tternpteto m ! v e  more s i m ~ f i c  problems, may not nwaningiully inrprove rseshworthiilene in sonre 
fixeiinystctm daignr;. Accordingly, the outhorn point oul  thst retrofit improvemenbare lirnited and . .. 
may reo~rl:In prohibitive weight and coat penalties if tequ'irernenta are Loo severe or  too r i ~ i d l y  
rapplied, although mme retrofit, pacltagege~ ore feasibie. I~ldividuolkchnologicd tippreiaals hecome 
necewary. I 

& -
Army aircreft for which t h i ~  premnt Army study wtin i i ~ k x ~ d dt:;ctude rotsry wing nnd fixed wing 
rtircruft under 12,500pounds, the m d l  r i ~ dM y  ntrtraft uhed in the Army mimion. Thew rircraft . ' 

'1. , ' awe reletively u c y i e l d i : ~ ~  during cruelr impect u n l e ~ ~  iipecific ri~wign provkions ure incorpornbd. 
Anything exceed in^ the equivalent of a frec fall o: 100 f t  in Rriy of thew ~ i r ~ r ~ f t .  to br?i ~ c o n ~ i d e r e d  
non&urvivable, H e d t i n g  aircrsft-reiadd critena HK. btleed on desrjp fiwtore that  might be applied to 
such eircruft in older to ieduce tbtc degree which t:urnun ta:erun:e criteria might be approached, 
m d  thus improvp stirvivability. 1 

Hr~rnontolcrnnre in tne <rash environmwt is the bnsic criterion for crushworthinme, snd is re!nkd -
to ncccleration magnitude, duration and rate of i l r n n ~ e  C h s h  env~ronmcntdata diacuiiwd in the 

,. Guirfr:a:d herein rc!ateo ~ri f~nnst io i lon fncbrg that  cnn be uwd to enhance this environr.ilent. 9th-
I facbrs  influenring survive! ere: 

1. Structural coil~pse,froni impact or supporting lurg1~ plms during irflparl 

&.- 2. Structure\ elastic deformntian 

3. Structural pnetsution 

4. Structural strength protecting epees  operat:on 

5. Structuml strength of landing gear and szat test:r;int s p w m~ ~ j y o r t  

COh4MENP Timciiffereriteuwissbiiity goalii nic i:v.lir.iili:?tl or inferred in the new Gv.ide. One ie to 
elirnir?ate ''unnereiwq" injuries and fatcrlitieu in m!ni~veiy "mdd" :mpack. A second is to desipl "for 
the IimitPof huinnn toierance" ...to n~ilintain conditions a t  or below their tolerable levels tna a b i c  the 
occvpmt to nwvi:*e the given cr3.h environment. A third is implied, to survive onjl c a s h  and JX 

"con;bat ready." 

The Army r?pproach to improvi:ig sursivability hnc h e n  in two skgcs,  first by iinprovifig the 
*cm~!~wor th iz s~~ 'of existin)! aircraft zn pr~rticztLe. 1h9n by influencing desigp of new aircrzf't 
ttxrcugh ~wxi!::g~o i~~ id?r f f t i o l :of int.prrwcuf cqmhihtieo. &my objectives fcr their "crashworthy" 
aircraft relate t-3 r r i r h i z i ~ l gh j i i r i ~ ~and fatltiiitiw and contmiiing s t r w t u r d  damage so tliet 'a 
owivable  en r imxmnt  is Innre Iiltciy t r ~bc m&inhinerf." Amiycriteria were r e h i d  tu ccmbet. gods, 
in order to pimince a positive mcrale factor mci improw cornbor effectivenew. The anny 
accordir g1.v gives great cmphnsis anti nppueni-iy cons!rlerrrb!e fuildinn to maximize yokc t inn  
afforded to occup:int.s by eesch subqysteni \vit.!!out redly adtiressing whnt inininurn requiremcnk 



might be. In pmrlidjng m w h u m  protation as the authowof the  updated Anny Guide fee it, o vertical 
crash impact is a wries of energy tibwrbing stroke^ that occur a s  drCfelent duc~i!c? coniponenta 
yield. They urn lendirig gear stroking 1.0 nbaorb R fiignifictint amount of energy; the fuselage 
contributes to absorption and provides A protective ~ h e u  for occupants; the floor, zent, k i d  reatrnint 
systems contain occupants within the shell and provide additional energy a b r p t i o n  to reduce 
occupant decelemtive loading. A d d i t i o d y ,  weapon sights, cyclic wntro!~, glnxechields, is~stPuYnent 
paneb, armor, and structure 8x-e to be delethalized. 

COMMENT:The authora of the'hew A m y  Guide do not fclllow the more common engineering 
practice of allowinga cumulative eyetern credit b a d  on n summation of capabilities for 
to same rn in imm requirement goal for energy a b r p t i o n .  h ~ t c a d ,they emphasize maximum 
prctwtion powible from each subeyetem, taking the pxit ion thnt i t  is not p o ~ i b l e  to simply specify 
human tolerance and vehicle crash conditionn. For exmple ,  they take the position that  designers 
must dm consider probable crash conditions wherein ali mbsystema rnnnot perfom1 their deeired 
iunctious; e.g., no l a ~ d i n g  gear absorption of impact energy, cince helic9ptero mny not contact the 
ground via the landing gear. Criterion levela that rn cctudly oriented to mn:cimum possible 
perf~rmanreare thus a h recommended in the Guide for each individua! subtiyskm, e.g., in ecergy"" absorption rcquiremenb for seat and restraint systema. 

This amount,; ta extremely cohrwrvative enginwring practice, ajnce cumulative cspabilities are 
accepted f i t s n d d  practice and since most. design criteria are based on spcifying min imun ,  not 
naxjmum, requirements. Opiniom, practicality, and eveq estimatesof feasibility will vary, creating a 

-difficult-to-impossible situation. Secondly, design go& are not ueudly specified or  nccepkd as a 
deaign practice. Additionally, the practice of gencralizjng fiom the wcmt caae for one sgsrem ta 
other aitcrnfr that  iieidom, if~aver,encounter that cw?is hard to ju~t i fy(e.g.,gener~&iiiigverLiod 
loadingcriterk from up~idi?duwll landingofa helicoptir, or uahg heLicopter bated impact loads thnt 
arc3 Cue to rotor thrashhg, toset criteria for fixed v&g aircmft ~ l t h  theix vast!y different impact 
circumstanceoj. 

Statistical studies were conducted to determine impect conditions for r o w  vrbg  and light fixed wing 
aircrnft of mission grass w i g h t  EO yrcnter than 113,500 pounda dul-i:igd~epariod 19% tiirough 
1965,and 1971 through 1976 (Volume III)( a h  ref. 6).C a e s  selected had fit l a s t  o w  survivor 
and one or more of the following fnctora: (1)substantial structwnl d m a g e ,  (2)psLcraeh fire, (3) 
personnel injuries. Numerous severe awidenb were excluded from consideration, such ee; midair 
collieione or free fall drops of 100 C t  or more k ~ u w ,S u c h  accidente slmoot invnribblyiresult in 
r~ndorn,  unpredictable crash kinematics and nomuivnb!e  impact forces, ~ n d  are of little value in 
es tabl ishing rea l is t ic  c r e ~ h  survivol envelope5 t h a t  would be usefui  t o  t h e  
aircraft designer." 

COfrQmIT: In view of typical i m ~ n c t  speec's compued to helicoptexe and light nircrnft, n w t  large 
mmmercid tiircrait accidentv may fdl in this Lgh i o ~ dcategory. 

h g ~ a dcondithne were found tohe similar from rotary wing to light fixed wirtgSTOL aircraft. and, 
except for lotem1 mnditione, were tresteci ~z be in^ i h e  ~ c  :?  h p a c t  velocitiaq wbre *known" for 
what appcam mbea  mmewhat crbitrnrily belected ssmpie of 4O aircruft out oEG00.+ticcidrrih that 
were xwiewed (with errors in erjtimated impact velocity : 'prot~biv"not. exceeding tZ W b ) ,  but, cor~ld 
not be a~toblitihedfor other aircraft. c;.ashes. Oue heif the veiiiclea tiwr cotild 1x a,np~ajsfdwere 
ea tha ted  tr,exgerimce a vertical vc?!ocity change oi 24 ftJ= or leas (equivalent to free fall of 8 ft, 
11 in.), and 95% were estimated t:, experience vertical velocity cllsr~::eof 4% ftlsec or lew 
(equivalenl tn free f d  of 27 f t  5 iv.). hngitudina! velocity chmges werr?approxim:kkly 28 klser: Tor 
the 50th percentde and SO ft./ij,nc for the 95th perccutile crash. 



I 

Impact emle;ationa were estimated by the or ighd  accident iiivatiyotion board ~ n drecalculated by 
the Burvey team. Additionat mdyeie wm performed for cmes t!ui "appearedtobe near the upper 
limita of eurvivabity." 'fie 40 aircraft wed were oelecwd from an overnll review that covered 563 . *I. 

rotmy wing and 02 facd win@;aircraft, of which 373 tvere up& to e a b b l i ~ h  impact cocditions. 
Impact attitudw were uLso wed froa the rrddru4 collection of crash data fiw 108attack helicogters 
and 10 cargo helicopters for the period 1971,to 1976. The statistically nluet frequent impact ~. 
involved taw.I t  waa found that 1- mi!could be benefickl, or alternatively codd ectually increase 
decelerations (e.g., if the omcture dug into the grounci). 

I '. ' 
Since iraufficient lateral data were nvailntrle, latern1 velwity changes were inferred from 

* circumstances of the helicopter a d  Ught &rcraft accidenb tr, be 25 ftloec, uupplemented by recent , 

etudies s~ggeuting30 ftleec. B a d  on the a h v e  the tlimcdimensirraal reeuliant for velocity 
, ,  changes did nqt appear to y x x d  50 ftloec, d,tbough vector summing ie slw~ilcRUyidentified rn 

innppr~~ria te : '  
1
1 .L , 

Flmr dewleistions were eestima'd from the following eyw~t!on; however, t l ia mny well ovmgt imeb - ,' 
Cave if the peak io fact occurs' early in the p ~ h(txe appendix D-A, fig. 1). 

1 
O v e d ,  thepthoro concluded that 85%of the U~~~-vivribl,p*llefic~ptersr,d light fixed wing aircraft , I . 'accidents involved avercge vertica! accelzrntioss of l e a  tsar2 24 G (with"peak" accz1ernt:onlj of 48 

' 
I 

' G ,  ~ e a h i n gtnnzgular pulse hap). P.verape$$bne;lt1:cgn>ija i d x a t i o n a  w ; 15~  G and avernge 
,. 

lateral ~ccelemtionswere 16G (most porticuiuly during auto ~ O I Stion ini.0t r e ~ s ,fcelege rotation, 
I 

then !anding on the aide). Actunllg, most accidents occurred with small y~twa d  roll aaglee. 
1 

Accidents u'volving poetcrash firs. were considered where ~owiblu,  but bum damagc! in many 
accidents precluded andyels of impact forcea. StiH others provided insufficient or inadequate data 
for detailed caef! nnalysie. 

b r l i e r  impact criteria u& hy Army were basexi on an ~ r l ydzc ision to incrcsw crnah survivability 
b a t  appepc-o tc have k e n  wmewhat arbitrary (Army Ci-aun Suiviva! Deqign Gude. first and second 
editior) to I; ievel on a otildy in the 19EO to 1965 time paid(Haky, ref. D-6) wkicb defined 
e r i v a b i e  crash usm y  c m h  vnth ct k a t  one G ~ ~ ~ V O T ,  y  m m f t  toand wtting objecrivesfor h 
the 95th percent& loads for such conditiovi. The n u t h m  of the new Gu~deemphanize that. now 
tlmt m o w  ettempta tomwt t h e  cntena hale beon ~ n c d q x m t dto wrue entcct mh number oi' Pilmy 
aircraft, i t  would !xa mistake to contstue u m g  a tlostinng b w i l n e  he . ,  the 95th percentile crash) 
ajnce it could only lend to a never-endmg increaoe m c r m b w o r t h ~ n e ~~i the expeme of wcra f t  
perfomance Acccrriingly. the 95tl!percent& oritmin 13 dropped in the new Gclde and the detzijp 
pr lb  derived in the enrker effort contmues to k rl?corn;oended for Army u.s2 (fi,xre D3.1). 

COA@Q*i?T:The ration& for dec t ing  only 40 rircrsft for the eemple andyois not t o b l i y  c!ear. 
There is a rwmnotble hkejhood that many o i  h e  ~ x w 3that were, zcmrci!ngiy, not lrcludt.-i in the 
s tud-  could very well have bccn more mdd but were not 8u:vivtd for ssmc other recwn than 
dece!emtion, B J C ~RE f i e .  Add~tlonailp,rcuch is ba~w!on the very coittremytlve calie of 8 95th 
pwceot.de a~cidenl; howev,?r,dato repofled w-1th.a thr Guide rNg@8t ri frc'tor of 2+  in magnitude 
hetwcea the 90th and the 35th percentile cccldcnt, w h ~ c hv m e s  cous!d.rilbly from the nomai 
n;cgatude of the + m estabtical thffenmc betmeen 90th und 45 penent~i:!(a kt!% chsngs raLker tiw 
8 20@% change). Then: is cci clwx justifi~tion for [.he90thor 95th~ ~ r c e n t h l esumvcbdity gcml u,!e 
acIog*d, other than a s  sn abitrury god for whch tbu dzgvt of ,Cenah:L~rzxnuul tc !x ddctsrmitxd. 
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The 93th percentile ol~jectiveWPA appsrently adopted ert such an Brfjitrery objective for the Army, 
which has the option to ~tetgoa!a and deiemiine feRRibillty in o apecific deeign context, and then elso 
has the authority to m aive tho= elemznte that am not conbidered fensible und prncticd within the 
context of Army needs. 

Continued Comment: Now. after several years experience, the general npywach rind commentary 
prescilted by prewct authors suggest that  the *c,ik?ria" nre really guidelines and gczala from which 
practical txade-offo must be aade .  Additionally. the exclueion of certain types of severe accidents 
caueeu no problems for the analysis of light &croft crrrshce lor A m y  \mrpoaea lind given their 
frfedorn to waive p d e l h e s  Lght aircraft accident of sufficie~ttwverity to have "roadorn, 
u n p n r t t l e  craeh kinematics" woaid rarely have a survivor. This ia not true in the commercial 
environment. &reuse of the ~ i ~ c 7and inhererit energy n b d r p t ~ o n  from Sody flexing of a large 
commercial ajrcmft. crrwhf~rceeto which-the c q u p ~ l t s  are cxpoeed c w  vary co rde rab ly  emugh 
the aircraft. I t  is not. unromnon for there tr,be a few survivors even in a Hevere accident a t  fiight 
speedsm d  with '.lmprrd:teble cs& kmernatkx."Thusthe r n ~ t h d o l o g y  for mtabhihing crash load 
criteria developed in the,Guida: ahudd not he appbd ?d conciercisl circrcaft. 

The Army inventory ~rlcludeccihthhel~copterand futd-wing nkcruit. The mnwnurr c t ~ p a r ~ t yof 
any Lstcd o l r c r ~ i t  a crew o i  2,  w,th 20 p a w c g e m  The hellruphv rnvcfitory tmii for ~ u c h  
purl>cr.ta d u d e s  (f:gure D-3 2). 

2. Attack; (A19 

3. Utility (UH) 

4. Cargo (CIi) 

https://purl>cr.ta


However, the au&om suggest that  informationp r w n k d  in the airframe s ~ u d a 7 2 1cmshworthiness 
' volume (Volume IIX) applies L? a ~ ybght airsraft. 

They qualify thra in the m e  psregraph. in 6 statement that  tbr in:pnct ecvirom%crri &I. s i d a r  for 
ail types of existing light fued-anng and mtarymmp nircraft except for i t t e r t l  impnet. Lateral 
impnet lev& for c a a o and attack heUcopters are mid to cornpfi  to iigbt fued wing aucraft, and 
other Ile1icopki-a expywnru a more mvere l ~ ~ e r n limpact environment. 

The 95th pprreollle design load l h i t .  based on severe ciasi~shcccziarations in tlus r i d e  set several 
new c r i t c h  m r n p . 4  ta the enrber vewon; tiley dw tend ta rhift the enpilrrvs INTA i m k  
acce!emt;oor to average arrelerauom. 'Ihev req\wemcnb (for n W\PK cranh)c ~ n y a i r dt~FM 
r e q i r e m e n e  for a minor cmnh rn h v n  in f i p p s  D-3.4 m d  U-3.5. 

hapact conditione inny include: 

Helicopter 

1. Vertical i m p c t  f;om power failure during low power maneuver n i  low eliitude 

2. hre r red  impact 'and othhri impact attitude@ fol iouia~r o h r  centnet wit!, wirrs, &m. etc. 

Light fixed-o;itp; 





Impact 
Jirectlon 
(aitcmf2 
me3) -

TriangularLongitudinal 
derareraiion(d2;c;kpil) 

- pulse: , 

nl cnlculat~d 
froni known or 
assumed values 
for and Av: 

a) LIoY~!fixsd-wing mrcrafl, s3;lcx and cargo belico>:era. 
' 

b) Gltier hul~cct;isrs. 



Compared t o  the f i gu re  3.4 cjats, comerc ia1 ar ' rc ra f t  s i ze  c e r t i f i e d  according 

t o  FAR PART 25.561, Emergency L ~ n d i n g  Conditions, Para (b)  which requi res t h a t  

"...the s t r uc tu re  be designed t o  g i vc each occupant every reasonable 

chance' o f  escaping serious i n j u r y  i n  a minor crash landing when 

(1) proper use i s  made- o f  seats, b e l t s  and sll other  sa fe t y  

design provis ions;  , 
I* ?> 

-

( 2 )  the  wheels w e  re t r ac ted  fwhere'appl icable);  

and 

( 3 )  the occupant experiences the  f o l l ow ing  u l t ima te  i n e r t i a  
forces ac t ing  separately r e l a t i v e  t o  the 5urrounding s t ruc tu re :  

1 

( i) upward 2.09 

(ii) forwarC9.0g 

(iii) sideward 1.59 

( i v )  downward 4.59 or any lesser ' force tha t  w i l l  no t  

be exceeded when the a i rp lane  absorbs the landing 

loads r e s u l t i n g  fron' impact w i t h  sn u l t i rna te  descent 

velocity of f i v e  f , ~ . s .s t  design landing weight." 

-..----..----
Ver t i ca l  1oadirtq t o  6.0g fo r  a type I ( t r anspo r t )  seat was later 

imposed to  accoimod6te gust loads (Technical Standard Order TSO 37.1363, 

A f r c r a f t  Scbts and Berths, TSO C39a; and Nat ional  A i r c r a f t  Seanddrd 

( & A S )  809, Specif i c 3 t i o n - A i r c r a f t  Seats and Berths, January I ,  1959). 
39 cargo nets are used, which are also c i t e d  i n  the Guide ,is used 

by the U.S. A i r  Force i n  the USWF 463C p a l l e t  system w i t h  " s t a t i s t i c a l l y  

r a r e  1i k e l  i fwod o f  causf ng ingury. 

Figure 0-3.5- FAR Par! 25 Criteria 
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3. Cartwheeling 

So:oudery. irnpnctp mch aa hitting a ridge afbr the initial crash ere "generally l e s  twvere for 
- .accupanto."H a ? h  &om detached &mponenle'(e.g., enlfined, pd.neuation (e.g., by treza), clld 

fire and water b r n a  more oevero. . .  

BTRUmURAL DAMAGE 

In the Guide's di3c.umiona of helicopter and light fixed-wingaaircrefi rraabe~,it i s  abkd,  ...'The 
~tructural: damage that prducee occuprult injury b generdy the snwo for k t h- .typ3 05 -t-cnaft. 
Structural damage in severe amidenta cannot LC avoidd. E~owevex,i1np:oven;cnf.r h.adrame 
structure nndopthnizobon of e!ernwt&tribution wo work to con@ol tlie ~ n m k ? ainwhich &;tructuA 
damnge occum EO thnt a survivnbla environnlotlt is more lilreiy to be maintained." 

3. Ozcupent ltrceleration environment 

4. Occupir.t eilv&nnent lxtwS 

5 ,  Poatcrosh hamrda 



Stated(helicopter)impact criLerion cowditirrneerc! to ram a wall .at 15 ftlsxx longitudinatly (r;imiim 
to low dpt?ed automotive buwpcr teat) with tito n imew tn bath RUW~VC and e!vocura& the cockpit. 
and with tht: airirarne capable of iorrgit~dir~al(fronton$_c?ntact)of 4U ft@c wit.iiout wducing the 
cabin compnrtment by mare thm: 115%. -

Guideline8include reconuren&tiane for aubficiert8t.rengt.h tn prevent Ixndirig or buckling fnilurrr. 
fwhgs b:,bl;c!deoutvmrd rather thu inwud, pcru>nnel tokpositionedawiiy from likely fuduge 
frncturelfnilirra poia?ts,euviciently strong etruc$rt? pros6dci wound s\mrlmding e p k  tonauW 
pootcmsh operability, and cergo titxiovuna includd thnt resirair,&go nhcllld ~uselngeb m d i ~ ~ g  

-failure occur. Other conniderstbm are to avoid reducing the width of tha occupied m a s  by mdn! 
than 15%. or pmitting either Lmnd eollapre or (~tructudinbrsion or"occ.upiablcportions &tit wculd 
be homrdnue to humon life 't!inclubingeri~epneni).Wioga and empennage ~laoitldfail ouhide the 
occupant; pro&tion nrecs. Engine a d  (lariiwpkr)trenamitwiarr mounLi should ebay at.toched rand 
avoid humrclous displacements. Helicopter robr thdes should aot displuce in a manner hutardcue 
Lo occupants during roUover in milor pitch Ion mi),or frnm the force generntd by strike8 hy the 
outer 10%of mtmspa.? c* rn8-id.d k w t e r%gidcybrnder.Frzilureof the l a ? * h ggear should not m d t ,  
in ftliluw of wits,rrerraine R)ts:cmu, ar hedotrine. h d  lin?iterntknuntion ie suis,ges!;ed,to csrrtrzia 

.loads, to l e e  thnn dhwe produs4 hy 20 ftlscc vertical irnpnct velocity. ' 

CQMbYEXT:Thc~:gank offer no parfjchr pmb1t.mue guidelines. Hokfcver, it ie very likely nearly 
imposs2We to nwure t h t  mch objective8 cc? be met in advance or hsve been met a h r  t!;e fact. 

~~cses,ascuEQUFMENT ws?ruv"srat+i 

Emergency equipment 
Oxygen m t t l e a  
Fire extinh$shcrs 
F i r ~ taid bits 
Portable sesrchlighb 
Crn& ares 

Survival equipment 
:Suruivol kits 
Life jackets 
Locator bcnr:ons 
Spryin1 clothing 
Fwd and water 





CQMW2r.T:The ~ d i h g  for l o ~ d  8% ifidudrd i!r tigutrt it.fr.6A m y  w~i;amend~t.iom Iirnit f ~ t o m  
~'iticfiappear8 Ca mprermt rtome kind of n two-way h i t  03 dynamic mid trtrtrk isdin$. Tho-
c w w  are wed by the U.9. Apzny, but have not hcen justified KJ ra new h i s  POP setting ctitentl. 
h m p d  to U%%!? mdFk!h commt.n.iai 3 C nettkg Wmh?aibrh&--v.w~! :.nvlicr, thw$cribria 
am quite conwrvative.Additiouslly. the drarn~t icchange in load level cneanffi rn) the "a~iv:vshld 
cmeh ciiangeo from the 95th perwntdo to the ~Wthpetcende ie prvling. baulta indmte t!m this 
nay not he h estradist.iw1warnpie. Tooriy the lea+, if iitunumd for la c lwge  amowldng isn feetor of 
2 to occur in this pemndle fipp(tr3d r i g a r d e ~of t h e  parameL?r (cir, in other wourln, acccweing for 
50% of tho total ranger. 

2. ld+$lfy, "stiuctuk shnuld minimize occcpant aweieroti~ncb sur~i~ablelev& in o ~svcrc 
crarih wviro&mcntwhile inahateiring the quirc*l ~urvivablevolume, retaining iaqe xnimibm% 
ihtqrior uquipmeut.~ecttsrmdcargo," and coruridcringeffects from roll ovcr, cgbin pcmtxwtion;, 
etc. 

By US.Army philosophy, strurtureahodd f&i bdeoignh.l fcr nornal loads, ag.rrtions. 
perfohance, e:xi,ce, f~tigut?Ilife, ctc., then wc~)ndbto hmdli.normd peylaad condrtiom Tfrar. *the 
~ffecteof croxh.!wds~nk( to &termins where ~tructurd tob5~0nPid~rw.i mdificationra fire ~ C Z Z ~  . .improve c r a ~ h ~ o ~ ~ ~ ~ c w . ~  

COSIMEN'I: I'hie reinforfa esrlier conclue~onsof the preecnt critiqw, that the new Cjcide #Ivcn 
gm&teremphasia t~ pncticd mprovements f .~rmfetysnd s u ~ i v a h J i t yp u r p s a  after bamc rn1ss:c.n 
d&p. i i ~comple@ii-



Permi~f~lble 
control la!d 
displacer~enr 

-Controlled 
d~splacenent 

&et restraint Line r r s t r s  

Controlled forward carqa displacement ( X ) ,  in. 

Lond-displacement requlremento for energy-abaorblnq 
cargo restraint m y s t e m  ( fcrward 1oad~n.jof rotary-
ving and fixed-v~ngaircraft). 

Contrclled l a t e r a l  cargo displacement, i n .  

Figure 0-3.6 - Load Displacement Rsquiiement for Cargo fieslroints ("lorn Army CSDG) 



-- - 

I 

Effects on floor structure 
, , 

Q Decrease in occupant vo lu ie  

Vertical Impact 

1. hlore liinited energy absorption stroke 

* Shorter distance, fewer tr.ld-off mod& 

Energy absorption strolrea can include: 

* Gear 

Fueelage 

F h r  

Cushion 

2. C h t r o i  of conditions for vertical ccllapx 

Dissiption of energy according tx, where the mas.; is concentlxted, 

S t ruc tu r~ lriesign to mit rol  both elsstic (recovering) and p h ~ t i c  (defoririin;;) etirrgy 
absorption N I ~for cabin integrity deslgn to enhance e b ~ r p t i o nkelow ficor level 

7,atcral I m p x t  and Rollover Protection, from: 

1. Design ol" butt line barns, loygitudinal f lwr  b~ra~ue,a d  main Sox fr;mei 

2. Preventing intrusion by rotcr blade and other extcrnnl members 

Other: 

1. Energy ltbsorpbon by increwntd! r o b r  whipping and Endure, or by wi~ll:Inuding end fnilurr: 
(wingsc u ~~Lsorbup to 5 G )  

2. Breakawny wing he! wnks 

3. Engine r~-o=ts hep ing  engizes (heli-opter enci f ro~ l t  ic-catcd f;xed:wing) n t t achd  to hrfiic 
structura! member 

4. Ripd emergency exit stxuctui-e tc prevent dtforrning (to w ~ t h s t m da t  ! s e t  a 5 !oad) 

5. Eme~gency c'xit access for nipid e g r ~ ~ s  

6. Fuel Tanlrs 



C 

0 Maximum pomible clip .mce tZ:wcupinb!e areas 

Away from probd.de ;*tion sources M, much ne feasible; (engine compartment, 
battery, other primary ignition sources) 

0 Awny from p;wl~.3ie h p a c t  drmage, e.g., !andkg gear penetsation 

6 Controlid, tail; s t~xct .aa!  deforrnatiou, e.g., 5y rrgdru. &-ucturd shape to 
~ n i m i xdeformntisr, pmueure 

* Fuel cell suppntu to deform without ts&.g 

Materid coctributionn to controlled collapse for f d u r e  rnod~sof metallic, normeb.l!ic and ctimposik 
materials include: 

I .  Controlled ,collapse mwhanism 

2. hlateilei l'ei11r;L.r n o h  thcd do not produce pr$ectdee 

3. Joint dei4p;ns ~ . n df a ~ k n e s,?elections that control failure mechmiums and iw~rhi;sc!the 
formation of projectilac! 

Applicatiom of material properties for cr~shwxthinesa include ~bsorption of energy through 
Btsucturtll deformntiou, degree of pro!ictive aheil bf,tortion/:etenlicn for ihe occupiahle section, use 
of eurroimciing ~ L u c t w e2s ti buffer, and occupmt protective devices. Materid ciuciility helps to 
ensure that cmhing,  cwietiag and bidding cm nccw without m p t ~ ~ e .  Noneparking material on 
impmt surfrcxn helps to reduce past crash fire h m ~ l .  

Examg!x of controllcri failure modeo include: ' 

1. Minimize inwzd  buclrlhg etmctures, tluch a8 sidewalls, bulkheads, and flooro. 

2. Use defonnhg joints and attachment fittings tc contxol failure modes. 

5, hfkirniwrnekrbh that euddenly unload witt i  brittle fr~ctures,cawing sdclitiond impulse effech 
rlnd potentidly projgzrnive irri!ures in adjacent suucturrs. 

4. Mi\iiil;inizefduw of m e m b m  that result in penetration by jagged eods into occupied apace or 
fuel ceU.q, or by f d e d  sixucture or exbiior agents. 

5. Avoid esceosive distortion of Pmergency sxjt 9UITo1JndB that might conetxvh the poskraoh 
opening of doore or wiridows. 

6. Frckct R a ~ n n ~ e b k  fluid cc\r:tainers from pei;etxotioc 

Ssme of tho new ronterih charnctwir,tice and trade-offn that are already recognized are: 

1. Stnlcturd denims n a y  ~ , h jcontzibutR to controlled deformation. 

https://st~xct.aa
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C o n ~ p s i t e ~  ,save weight, but have different 'strength vmms ductility propertiee. Additional 
energy aboorbing material in s t r a h g k  meas may bcc;~:ie necessary. Se!ected energy and load 
limiting absorbing co~icepta from the Guide are preeented in figures D-3.7 anc: C-3.8. 

! 

Alternatively, filler matmiale such ms honeycomb and structurnl foams mny achieve adequate 
energy absorbing performance. However, mission requirements may h i t  us. 

Thermal m i s m ~ t c h  of new materiab may become a problem from unequal expansion arid 
contraction due to normd kn~pera t iue  change&hprenenttltive charackristics are provided in , 
the  Guide. 

Controlled deformation for helicopters can permit full use of the landing gear in a vertical stroke for 
some impact modes. Use of I ~ ~ d l n g  gear for energy absorption offers, potentially, a large nl~sorption 
factor for vertical loeris (e.g.. an 13-in. stroke, 18.25G peak, 9.125 G,,,, load limited gear a t  1OO'k 
efficiency ~ o u l d  totally absorb n 42 illsec impact velocity). However, little advantage from landing 
gear failure is suggested for l o n ~ ~ t u d i n a l  impnct -ot  160 mph, landing gear failure is sugge~ted by 
the Guide to absorb only lCioof the h i e t i c  energy. Adhtlonally, avoidlng from gear failure is 
identified a s  a significant proS!m; the recommendatior, is a desim that  keeps the gear away from 
the fuse i~ge or from flmimahle fluids, or even sets up the gear to be cerried away on impact. 

CO&fM'EiST: Distinction.5 in operations a x l  design on the one band and in inherent structural flexibility 
and ductility on the 02ie1. hand, when compsl-ing large flexible body aircraft to the rigid body small 
aircraft,will make a p a t  ded  of difference in both the type, quality, and degree to which the above 
structural features migi;ht"be beneiicid. For example, ianding gear are specifically identified as a 
potentially iarge ecergy ab9r~rbr.r in the rigid-body aircraft for low speed vertical impacts, but offer 
little energy absorption a t  "high" y:;eed horizontal h p l c t s  that approximate stall speeds for large 
cornmercinl tr-anspott. Also, landing gear location and the conditions of impact or'fcr a different 
situation so f s  as gear failure is concerned. Guidelines regarding nonintrusion m-e similar to existing 
FAA requirenients, e g .  nonixitrusion of gear into the electrical and fuel systems when the gear fai!s. 

Accordingly, this section of the Gtiide offered a n~unberof guidelines and qualifications that. bear 
consideratioil in design. Howcver, qiioted criteria levels cannot be applied to commercial sircraft 
unless resesrch cnn es:ablish levels appropriate to large flexible-body a i rc~af t .  

EVALUATION TECI-INIQUES 

ANALYTICAL METHODS 

S;mulation may be by ~,nalyticnl models, scale models, compukr models and full-scale tests in order 
to provide both obser~etion of conip!cx interactions a~qd a rationd basis for the q u e n c i i l g  of events, 
loads and modes of fdu.re. Volwne ID of the Guide p m e n t s  a major section on the basic clenwnts of 
some of these methods. They vd l  not 'he obstructed here. 

hs outlined in the Guide, numerous computer simuletion models in particular ere bi.ing developed for 
uw in simulation evtr!uutionu. Sorr~care being developed for support of preliminary design ~ !u i i i e~ ;  
othem for m x e  sophisticntcd uws. The five main classes of models that  are used include: 

1. Simplified spring mnsa modela 

2. Generalized spring maw models 

3. Hybrid xnodeb 
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4. Frame type m d e k  

The firat two clnsfkto differ in levelof detail. Frame type modeb use beam e leaenb  ioatead of spring 
elements md limped or rigid body m m e o  at. beam element inkr~ections. They may be two-
dimcmiond or ihr&he~mioi i~f .  Xybrid mod& .require 8tRtic corfiponent tests to obtain 
mcfcbar!icai properties of otn~cture.The finite-clement approach uses more forwal ~pproximation 
appsmchea for moie dizcrete definition of ~ t n i c t u ~ a l  repre,smtntion and proprtiea Finite-element 
rndclo  tend. toward increasing complexity ~ n dcomputational cost. However, none of the rrodeling 
pmwJurca is t o u y  free of testing requirernent.9 and anulyticd judganent. The reason ie Lhe 
extrciely complex prwesu for vehicle a t q c t u e  deformation under crmh Jonrijng, which involveil: 

1. Tramient, dynamic behavior 

2. Compiicated frtur,omork and ~heUawmblies 

3. hrge deflectiom end rotations 

4. Extensive p h s t k  deformstions 

COhfPUTEREED METBODS OF ANALYSJS (State-Of-Tlie-Art Summw, 
Not From Guide) 

h p s c t  dylmn~icrcof a real crash involving cornplicntcd s t n ~ c t u r d  design are too complex for rnnriud 
&.wily&; however, m d e l h g  me&& oCfer w eventual capability that could provirIe a simulation of 
all th? d,wmic inwract,ions. For e.wmple, numerous dynamic models of the hmuan body h ~ v ebcen 
developai for crunb impact analysis predict the sespons~ of the occupant, restraint andlor Mat 
systems.. . 
One, tvc-, and three-dhlemiond modeb have been developed. hfore broadly deocrikd in this 
plwent mpan &re: 

1. ISyamic Respume Index (URT) (ref. D-5) 

2. L3Xl-LA (&?at Occupont Model: Light Aircraft) (ref. n-7) 

3. YRBMEr'HEUS (now PPIKOMETHEUSLII, two-dimensional modewith rebtraint perfonnence 
iztegrsted with dymmico and other O U L P U ~ Bsimilar to SQbi-LA)(ref. D-8). 

Thm occupaneeirn~htion computar y rogaxa  are evuluat.ixI in foilowing prmgrcph with regard to 
their ability to priduce uwful engineering trade-off data segardi~grein~ivesafet) of a rdvtrained 
o w ~ p e n t :a onedimemiod modd (DEB,a two-dimensional model (I'ROPYETil2TIS ill)nnd ti t!irct3-
diieni6onal model $334-LA). 



purpoaes The needed improvements ere technically difficult and fall into the reai!.~ of applied 
research. Although SOM-LA is not currently edecjuate for evaluation of res:n~;nt system 
performrtnce, i t  provides a rough appro-ximation of the p e a motion of the occupant for purpo.ws of 
obtaining the  dynanic  loads on the seat structure. 

The possibility of mwging them programs with a large finite-element computer program such a s  
DYCAST is aim considered end a procedure for accompiishing the merging is proposed. 

Program Calibration 

Computer modeling of transient structural dynamicu is a relatively new technology, and standards 
defining what is a good structural dynamics* cornput& program are still evolvhg. (Occupnnt- 
simulation is a special type of structural dynamics). As a consequence, each new structural 
dynemics computer program must individually earn acceptance in the engineering mmmunity Ixfore 
i t s  calculations will be utilized by dexignere. 

There are two aspects to acceptance. First, the progrhm must produce believable results. That is, 
predicted dynamics should appear reasonable w d  credible to the designer and the deeigner ~hou ld  
be confident tha t  the program mwleb the main dynamic effects. To eilhance bdievability, thc 
program ou tp~ i t  should contain, in readable form, information which essists the &signer to 
understand the dynamic events (such as time-histories of system forces). Graphic aids are 
dm helpful. I 

The second ingeciient vital to engineering acceptance is demonstra'tion of prcgram accuracy. That 
is, demonuiration of capability to reasonably predict an actual test. Achievement of prehctive 
accuracy is usually a very difficu!t ~ n dtime consuming process for occupant-sirnulotian codes 
because of the nonlinear nature of *the problem and the difficulty in obtaining measured values for . 
dynamic parameters. The calibration of the PROMETHZUS In occupant-simulntion conlputer 
program will be de-scribed to illustrate how thio procew might work. 

Instrwncntation datafrom sevval sled tests were obtained horn the Federal Aviation Agencies Civil 
Aero Medical Institute (CAM).  Phyoic~ldata for the anthropomorphic dummies were obtained (limb 
weights, mensuremen&, spring constrainb). Propertia were estimated where measured data couid 
not be found. One of the CAM1 tebb was Lheu simulaied by PROMETHEUS. 

When the initial ~irnulatior, did not provide satisractnry correifition with teilt date, the problem was 
attack4 from two du&c!nn. First, it was evidect that the restraint ~ys tem m d e l  in PROSIETHECS -
was inadequate, cia a more mplLLi3:ica'Ced mathematical rnodei of the lap Ixlt and stoulder h w w w  
was deve1qm-i ond added to PROME'I'HEUS. For example, the lap belt w w  refined to permit the 
slipping a m m t e d  with stibmririing, the si~oulder h1iln~5swas refined arid che3thhoulder flesbiiily 
was added to appropriately incor-pwrate harnessllboc,y interactions and slipping of the hanieev on the 
shoulder. 

The second approach, which WRB attempted c o n c m n t l y  with the f k t ,  wrw to parametically vary llie 
rn~cbanicc.1 properties of the uimulcted occurxint (surh RS neck s t i f ines  'and damping) in 
PROP\/iEl'M3H s k u h t i c n smdnote the resulting hvndn The pursiinutnc vhtiatiox helped provide rl. 
feel for the x r u p e n t  dynvuico arid =wed as henuitivity etuclieb: &I identify the rmpol-ttlcl dyndmic 
parampten. Sucw dynrlroic effecta were observed which were not influenced bv the par~metr ic  
vuliY1;Ime; additiooal matificahom were mnde ta the rnathernatical moclclinl; in PROMEMEUS a i d  
parametric evduatious completed to a p p m x h m b  thew effects. Additicnal cyc!es of modeling 
improvemsntdparametric vanabons continued uutil conel~t iou wlth ec tud test data was achieved. 

https://purpo.ws


The resulting modeling changes to PROhliXTI-IEUS were quite extensive; so much rw that the 
correlated model was renamed PROMETIiEUS ICZI. Figure D-3.9 summarizes the parametric 
variations and modeling changes required to achieve calibration. 

After calibration, an indepeudant t a t  awe wee siraukkd with PEGMETHEUS, producing good 
a p e m e n t  nri,thoctual test reoulte involving e real Part 572 dummy in sled testing. Figure D-3.10 
indicates the correlation finnlly achieved. 

Review of Occupant Sinzu!ntfon Computer Pragrmna 

Three occupant.simuIation modeb are reviewed in following paragraphs. These consist of a oIze-
dimensional model (the spring-maw model asoociated with the Dynemic Response h d c x  (DRI), and 
tl cornp a r h n  of a twodimemional model (PROMETHEUSIII) and, u thrrr4ifneneiond model (SQM-
LA). 

The rno4eh are examin& from two viewpoints - first, 88 SI tml  for engineering dasigr. of n 
seatlre~traint eyoterr,, and mcond as a pomible candidate for intcpetion into a large structural 
dynnnlics simulation conijxtrzr program in order to model the cornp!ete system (aircraft, seat and 
wccpant) in a oingle ~irnulation. 

One-Dimensional Mode1 (DRQ - A cne degree of freedom dynamic-resparse zodel of n human 
occupant him twnGwszd (ref. D-5). The model consists of a kmple linear spring and damper, 
and a point maw. The spring ip sized by the compressive stiffness of the lumbarvertebrae and the 
damper is sized by humm vibration bsta. 

The DRI is an injury rrcnle naoociabd with this model. The DRI for 2 deceleration pdse  is the rntio of 
the peak compressive spring force which occura when the model is excited by the pdee to the 
weight of the point maw. To a m i a t e  tolerance leveb with the DRI, the DRI wss calculated for 
existiug ejection scat d e e i p ~ .  The computed DXI values were plotted agrrinst the perrenbge of 
ejections in which spinal bjwy occurred; the curve thus obtained represents an approximation of 
injuly probability p i  n function of DRI. 

Both the airuple occ:upeut model on which the DRI is b a e d  and the ERI ibrlf are very ' h i k d  in  
nppliclition:hi:, ~ p l emodel could only be used for r ims in wbrch the l o z h g  is purely vcrticnl, that 
i~ +GZE U C ~a8 in ejectlon eenta. It  i~obvioilsly not npplicahlc to model a restrained occupant under 
forward loads; in t h ~erre the m a n  effect is the combined stiffness af the restraht syetem and the 
occupant's p h i ~ / c h e s t .  Even for + G ,  accelerat~on the n d e l  is difficult to use since pobntiaiiy 
significant effecta, ouch as the effect of wst pan stiffness, are neglected. 

The UKI is bawd on a model which does not adhere closely k) the actual dynamics of an ejection. 
The sent pan tjtiffnesa itl not coneidered, nor is the distribution of h d y  mass dong the spine or the 
weight of the occupant. T h n ,  the DRI cen be cxp&ed to produce usefiil d a h  only in craahcs which 
ere pretty much like a eeat cjwtion --t h ~ tis p w l y  +G,  accelclntion, seat par! stiffness similar to the 
etiffuese of a fip;liter pilot's wat imd the occupant strapped tightly in. 

The h y  Crash Survivsl Do&@! Guide eeyo of the DKJ: 

"Although the Dyzamic Ikoponw hdrx  (DRI) ... is the only model correlated extensively for 
ejection scat spinal in j~uy prediction, it h a  wriom shortcomir:gs for uoe in accident analysis. I t  
wumerc the occupant to be well restrained and erect, m that the loading is primarily 
compress;ve, with hignificnnt txndiny. Although swii co~ld~tionsrnay 1% assumed for 
ejection sea& they arc? leaa probable for helicol.~kr crashes, in which an occupant may be 
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leaning toeither side for beiter vielbility a t  the time of impact. Arther,  the i>RI wm correhted 
for ejection pu'ke of much longer duraticn than typical craoh pubs." 

'A more d e t d ~ i  m d d  of tha ~pbii lc o l m ~ 1would yield more r d i t i c  reed&,but injwy c r i k m  
for the roore cmnplex ,responsrs have yet t~ be devcloped. Corwcquen*,1y, the DR! io not 
recommended nu the criterion for use in deeigaing cranhwodhy sats." 

Review of Two--menff;onal audThree.Dirnem.iod G(x~u,wat Sirnuintion Cornp~ter P~wpn~rn-- 'RE 
,following diricusaion reviews and ctrmparee the e'siudhnennional program IqCMETHEUS J I l  

(ref. D-8) nnd'the ?.hree-tiimenaional n;coa$-occtlpmt model -2light aiacrrift (SOM-LA) :ref. D-7). 

PROMETHEUS 111was developed at  Hoch:g in a ~erienof applicntion~ for varied pwposee, starting 
from the Djlnarr1ic Science progmm, SJMJLA.The fmu of thc! moat i*c;cent; FROhIETHElJS El,has 
been on accurate m o d e h g  of the occupmit and rwtrmat system. PKOfAETHEUSIII has sincebeen 
uwd extensively to develop data for ti&ting in engumring deaign decisions. 

Soh-LAdevelopment w a ~  sponsored by the Fedeta: Avlntion Agency through a aeries of contrectn 
with varioua cornpunice and uliveraities. The e m p t a i s  in S-OM-LAdevelopment @ h e n  on the 
detailed seat mrdcl. A new version of SOM-L.4, kmed ivZSOM-LA wde corcplett?d under nwrber 
DTFA03-80-6-00098,The occupmt rncdel hrte been upgrsded in MSOM-LA. 

Development of !?ask of E.cvduntion - Ekwizg is o w  of vcw few place that an occupilnl 
simulation computer progmm 6 1 ' R O ~ I ~ I I E U SJiT) he!? h e n  developed and demonotrated 
eufficiently to be w e d  as a tzridcoff tool in the enginwring design process. This z x ~ r i a n c ein 
drawn upon to, establish critcria for conhued evahation of occupant-oiulultltiou mmpukr  
yrogmma. 

The design qumiiocs for which PROMETIBUS cimulntionn were emplcyed to provide? 
engineering datn w1-c quite varied; the common denominaror ~ o ethat dl quhtions related '-
relative wcupmr mfety. Of rouree, nnd due in part ta the ~ ~ t of existing human tolerance ~  o  n  ~  
data, i t  is rarely po~~-iLle to predict with certainty whether irjwy would have occurred in n given 
craah on the hasie of e computm nimulation; e i m h r  qurjz?.ions may o h  be unonnwerd in dummy 
teste. Howeircr. in most caws, computer aimuietioc is the o d y  practical wethod for obeailiug 
trade-off datq for bpecific quy'Liom, m d"ona h c l y  liesis. 

To be usable for t h k  FAX% ofdwign qucotion, rtn oxupant-niwidation computer propam requires 
two major attributm. 

F i t  it mu& he able to model a veny generd structute (notj u t  a seat), and be able to model contact 
betwcen the occupant t i d  my p x t  of the atmcture. (For example, impact of an occupnt with the 
sent ahead). 

The wcond feature ia that the program mwt provide data which may be useci for estfmatioi1 of 
comparative injury poten'Li~1. Thie means t h t :  

1. The propam muet hsvc b ~ n  to tcst dtrta (preferably fr'rcmLive huaancalibrated by p~dic,~i-![ . :  
t w b  or from duxirlim d.ernonatrating a t  least pmtinl conelr.tion with human dats). 

'2. Tie-hioturiee of force!, ~~g on in&.vidud bcdy zqmenG of the occupant model shodd be 
prbted ruid/ar ckwtcd. 

3. Time-historieo of forye.5 ac thg  i:l joints of the cupan ant (e.g., the elbow) ehould ah0  be 
printed and/or charted. 

I 



4. Time uslyingintenal lmds acting on flexible'dy eeginento (such as the lumbar opine! should 
be printed andlor charted. 

Of course, the staDdard software features rehting to c w  of program i ~ xare RIBOdesirable - that 
ie, ease of input, automatic &+a checking, 1egibilit.y of output, and avdability of graphic nids. 

. Com_pamtive Evduation of P!,J~ME'FHEITS 7 1  and BIM-LA-Figures D-3.11,D-3.12,and D-3.13 
coneeit~te checklists of feat m needed for enginwring desiga usage of occupnnt-simulation 
computei program. Cjheckliet i t e m  were obtaiced p r a g i c a t i d y  from experience in using 
PRU1LEr,TTH%USIIIto develop decsign tradeoff data.The ari~oun",or^~xof PZ'iO~~lLETHEUSIII justified 
inco&ration of mwt  chocklist item into PRQME'I'BUS LTi; co-wquently the Lists serve maidy to . 

irdiccitede~irableimprovements in SOM-LA.An improved versioa of SON-LAis umed hSQM-a. 
* "fhc main im~rovernent in the new m ~ d e li8 an improved =at model which is capable of madeling 

energy abtinr&on. The occqmnt model hm also teen improved by the incolTtorhtion of n flexible 
segment representing the lumbar spine. 

The major deficiency in PROhfETHEUS b that it has only Csen powfile to perform limited, 
. exp!oratmy calibration against live human teotdata-md for s i n h  rwmns limitedexploration of sent ' 

model dynamics. Added calibretiou of this type is Ceeirable. A benefit is thkt :uwhanisms within the 
two-dimeneional PROMETHEUS I l l  model are casier tb comprehend than those within a three-
dimensional model, giving an added p!w for initial use of a two-dime~rsioi~almdk! incalibration 

, effoste. Othcr than development which may be required to echieve such miibxatiou, f~r t i l e rmodel 
evolution muat con side^ limitatione intrineic to the twodhemionsl  nature cif the l n d e l  and 
distingwh the ronditiou~ for using o 2-Dor a 3-D model. Of cipme, c m n t  uncertainties in Cnc level 
of human tolerance to transient load8 we s cons'tlmt t h t  must 'be oherved for either 2-3or 
3-D modele. 

SOM-LAcould benefit from both human chis calibration and model improveinent (from the 
suw2pin t  of useiuhew h r  engineering decignl. There are two rcajor modehcg deficwnciee -- :he 
reatraint syotem model and the difficulty of mcl'4ing nonstandard wts mid skuctwe. Both 
repPeRenL dfficult mcdeling problems l i  a t!!e&e~siond envirormc.nt, and the  m e t h d s  
developed ta simulate these features in the twcdimeneional PROSWHEETSID c~mpute rprofpa 
do nst readily generalize to thne b e n a i o n e .  

SOX-Ltlhas a very primitkc rpstrsint system model. The restraining beits are pintied to the b d g ,  
so realistic modeling of a restrained omupant is impomible. SO3i-LAa180 has limited fleubility in 
the type of restmint syatcm which may k modeled. Nonstanitnrc! coniigurauom such as res txia t  
Bystem with crotch or thigh at i ipo codd not be simulated. H addition, hamess irictian ie 
in~plemenkd i n c c r r d y  (friction ie cnldei:.~and incorrectly simulakd by r d ~ i c l n gthe tmeioo in 
the strap wgment ~wusingfrom the lap 'belt to the shod&- by 12%). .k~oti;erwriom d d w i  i s  
&at chwt compre?aibility (which effects shoulder harrlea Icsds) is cot  aodeied. 

Acco*gly, &irr uixnnple restrtiint ctyetein model ia inadcqilste for engineering d ~ s i g nw e  for 
eva!.~nti.lg restrakt Ryobm performance. jt intrrxluces uncemii,:y into h e  wcurscy of p r d c t e d  
bcdy l o a h  nnd acceierotionq. smce tbe dymmic prformsnce of the reetwht  eystem iL1 one of the 
pririsxy oowces and c~ndv-its of t-cinsmiaion of c m h  locde to the occupant 

The second major SON-LZ: deficiency iy rhe limited mat srxuctws). co~figurations which may be 
ainuleted. It bposaible t h ~ t  more gewrejity is availesle in hR.!SQ?L.LA.In dcht ion ,  it is desrreble 
tha t  hlSOM-W IE mpabie of simulati~ig corrt~ctk twwn the occupant end u arbitrary t,truchare 
(e g., the back of the &ent ahead) This finik eienent "ronbct problem' if; diffi'iauit aud is I h e  
subject of current rewurch (e g.. reference 233). 

https://hR.!SQ?L.LA
https://eva!.~nti.lg
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--- FEATURE -PROMETHEUS I1 I SOM-LA MSOM-LA--w 

- - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - -L- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

I Occupant
Spinal Articulation 5 links 4 links 5 links .-
Flexible Lurnbdr Link X - X 
Flexible Cervical Link X X X 
Automatic Initial Position X X X 

Generati an 
Compressible Chest, pelvis, X - -

I 1  Restraint System
Realistic friccion X - -
Free t.o slide on victim X - -
Webbing Stretch . X X X 

111 Seat 
Finite Elenent Model X X X 
Bar Elements X X X 
Beam Elements X X X 
Plate Elements - X X 
No. of elements in typical 6* 60 60 

seat model 
Cus;,li)r, X Y X 
Eneryy Absorption . X X** X ** 
Aircraft Interior Modeled X -

* Growth Avai lable 

** According to tho SOM-LA devel~per, Dr. David Laananen, this feature 

d02s not ~ o r k  in SOH-LA but does in MSOM-LA. 

*** Preliminary cal ibrdtion accorrlpli shed. 



In addition to thew research improvements, eweral straightforward and rather easy software 
improvements. would enhmce usability of the code: 

1. Cnlculate and display tble-l~iatoriee of londo acting on the occupant (e .g . ,  spinal loads, 
segment forces, joint torques). 

I )  

2. Improve the algorithm for cwnpntation of joint torque. 

3. -4dd printer plot "~napshots' of seat and occupnat for nppntking cccupant lccution a t  selected 
timee (two views) for reaham and posaible conipariwn with slow motion moviea. 

Incorporation of 50M-LA into H q e  Crash Dyanmics Code 

It may become necewry to acquire cr  predict dynamic inter~ctiona of wcupsnt and floor. Simple 
predictions may be possl'hle with SGM-LA. AcQon has heen startad within the government with the 
goal to marry the 3-DSOM-LAwith a large finiteelement computer program (e.g., the 3-0U'YCIST) 
in order to mwel  an arcffift crash in a single skulation that morc properly coupbathe dynxnics of 
the occupants and the aircraft 8tructul.e. 

To accomplish this marriage, i t  iu suggested that the cmupantl rmtraint model bo extrscted from the 
SOhf-Wi w c u p a l l t / r e s t r a i ~ 1 ~ ~ 8 t  .model and packhged as a "ouper-element." Tht?occupant super- 
element would then be i n s e n d  into the large finiteelement programs as  a module, although, cs 
notd previously, improvements jn the SOM-L4 restraint 8ystem model me needed to model 
occupant dynemics accurately. The existing SOM-IA occnpant/rcstraint syetem model would 
probably he sdequate far the purpowe of calculating ihe gross dynamics of the seat. 

The finiteelement code wotdd be u t i l b ~ dto model the seat - that is, the SQhI-LA seat model would 
not be uaed. (This p r e s u e s  the development of a general contact model to uirndate forces acting 
between the sent and occupant). The contact n:odel would Le uwd to simulate seat cushions. This 
concept has threz advantages: 

1. Simulation of multiple occi~pants becomes pousible (e.g., a triple seat). '-

2. Synchcnlzation of the numericai integration xhernes (i.e.. the procedures ,'or solving the 
equations of motion M function of time) in SOM-LA and the finiteelement program ie not 
required.The integation scheme of the fhite-elemect progrum ie utilized for both occupant@) 
and structure. 

3. The cnpabdity of the fhiteelement cctnputer can be emp!oyed to model vely general seat 
deaigns. -

I t  would hpodb le  to u e  the large finibte-element program to model the occupent. The ildvnntage of 
the ~uperelernent ie that occupa~t  niodehg requlres emne features that ere not generdiy needed in 
general finiteelement modelm!, of structureo, ~ c h  ns lim:te on angular mot~on of llmbs nt  joints. 
Moreover, occupant r rdel ing is rather spwiali~ed,ar,d the correct mechanical parameters 
dwribing the occupant are not s d e i y  l a o m  (in tame cases supportwe data are not 1;nown a t  cll 
and parametere munt be ir~ferredby pamnetrzc seneitivlty teatlng). Thus, i t  vvouid be difficult for a 
nompecialist to connhrrt fin accurate model. 

Additional effort would be i v q u h i  to make the mcupnnt surer-element work; provision for 
tracsmittiug input data ti, the silpcr-element and obtaining printoutR of detailed occupant time- 
histories is required.In addition, the gmphics output from the finite-clement program (if graphics post 
proccorjing is avdable;  must be ad jus t4  to draw the w:cup.mt&) in sddition to the structure. 

.L 
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The s m e  pmced~;recould he ueed to lift the twodimensional occupant model from PROMETHEUS 
ILi if o two-dimensional crmh shu1a;ion were employed. However, there is little benefit to expect 
from, for example, u t h g  ouch a model in a n  overturning or cartwheeling light aircraft where violent 
interactions of dl t h e e  dimensione of motion would be occurring. 

This third approach to evaluation iscorntrained by the  dynamic operation of all aytjetlrn e l e m e ~ t ain 
impact loading. W e  us& in other areas of bAi.ng (aerodynamic, bridge design, buildings, etc.) 
craehworthincer; testing wing =le m d e l s  is more dic3cult, a i d  cre&t~iXy heconlea nlore suc2ect 
when plastic defomhtion and rupture may occur in the r e d  environment. S w h  poxanie'cers are very 
difficult to reprexnt ir: a cab model. Appiopriakly approximating the mcbris! properties in scale 
models is very d~fficult. 

TESTING 

There will remain vast differenceo in opinion regardmg the degree and type of t e ~ t i n g  n c d e d  to 
de~nonstratl:suitability of a given chis. Authors of ihe  new Guide take the position that testing, 
including "instrumented full-wale crash testa should be conducted to verify analysis performed and 
to subatantiate the capability of the aircraft system to prevent wcupnnt fatalities and minimize the 
f re~uency and verity of cccupant injuries dunng crashes of ... criterion level severity." 
Instnimentr??. drop k a t s  for landing gear should be conducted to verify analytical predirtions aod 
periormmm to G criteria, including, 20 ftlmineink rate w i h  10"ncx- down and lo0roll. A drop t a t ,  
to a sink specd trst  of 42 f t l ~ec~ r i t hlevel attitude should also be condur:eti.YHelicopt~r i~ implied 
for drop testa by refereme tr, r o b r  1ift):Static testa for restraint systems are recommended to 
design loada, with "sufficient d y n m i c  testa" to confirm that a n a l y w  are supported by static test. 
Static testti of components tled t~ structure by their normal attachmcnt provisiona'should te 
required' to demonstrate compatability. Proof i c a h g  instead of uitimat,e crash design loads i s  m 
acceptable minimuin condition. 

Design cchecklicta en provided to ;?ore easily record and check performance to the above 
conditicme. Fuel cell mnsiderationr, are added. h e 1  ceii items are tokeep fuel away from impact arm 
and from wcupidhle m a s ,  with containment emphasized (e.g., avoid pr~jecl ior~sthal  might 
puncture; usc? frangible and celf-eediug couplings where separation might xctir). 

CGI\/llXk:J??T:Iu-my full-wale testing of small, relatively inexpersive veliicleo uses &op towen or  
Burioge, and testing ia obviously drenlatically different h achievebility and wat for their he!iu>ptor a d  
light FLY&-wingaircreft The conkasling fiituation is the very large and tlxpeti~ivc vehicles thet  can 
not be mdily pooitioned on a dmp :wmr or a pendulxxx owing, suck*au the !:tree inr raft in Air Force 
inventory and lorgc commercial a i r c r ~ f t  where full-scale impact testing io not done. Cer hiniy, there 
are m m y  order of rnaguitudeu of difftrmce in complexity, teet systerne, data interprextion for any 
miom attempt to do testingwith a lmg?, flexible-My aircraft system vr i~hestensivc strilcture end 
c o r n p l i r ~ ~ t .structurd dynamics. 



- - 
IMPACT TOLEIRAMCE:CONSLEZERATICB?;3 , 

CRASH ENVIRONMENT 

The A m y  aircraft impact loading scecario var ie~.  Severe in~pscQ more tytygicslly iccludc a sequence 
of evcntti,~includhg: (1) Iud.ing g w  5t.i-oke find ;~llcal. h.i.lure, (2) f u ~ d n g e ,with both g o u n d  n!ld 
fuselage deformation, and (3) energy absorbing atucke of the heat. For Axmy aircraft, high 
longitudinal and lateral loada may be applied to the seat after gem md fuselage defamation -eome 
military aircraft use a 'well" or  d e p r e ~ i o n  in the  floor to provide stroke diatanre, nnd stroke control 
then becomes importent. Additionally, d o w i n g  ony more longitudinal or lakra l  deform~tion "than 
neecaaarycould i n c r e w  the risk of head or chest impact on surrounding structure." Stroke b i t i n g  
and load limiting trade-offs may become neceesary. 

Crash load trade-offs far the Army$ light avcrnft ae described in the Guide, are based on  n series of 
woret caee situations for each of eeveral cfimponents with little or no accumulatiw "credit" for 
beneficial features for each that  contribute to an  overall i m p r o v ~ m e ~ ~ t .  Thuo, design cl;ltcria ere 
specified for-components', as  well as for the e n t i x  system. One e.rample given es u jiistifimtion is 
gearsejroktf and failure that may occur in 8 wa3, contributing to  lateral !ondirrg, such cs from a single 
gear failure, or  from hitting the pnJnci with a high roil urigle. i n  helicoptertl, continued xollovzr 
appeam common, even without added i z p u h  from the main rutor'hlndts afecr gear fw!src. 
Accordingly, the Guide authors heve mncluded that md+iple cLir~ctic!lai, complex, a1.d \lolent crmh 
kinenlatics or'A m y  aircraft (ir,cludlr,g flip over or upaide dova impuct)dcnancl atrengih rqGremeuta 
in all d i d o m ,  including c p w d  and Rftward..Lower irripact lead (.riteria are myxed for tho% Army 
aircraft that  E V * ~le3e likely to enccunter eomeof the cortditionn. Crash e n s h m n e n ~  studies for Army 
vehicles also distinguish between impact loads for ligkt hxrd-wing aircraft and he!~coptere. Fised- 
wing stellispinaccidents cen produce high lewral loadings with r.es:llti;ntn ill the 1ongitudinaMateral 
(or yaw) plane. helicopter^ shuw a high incidence of side impacts or roflaver after aceidcnts. 

!..-
I. IMPACT INJURES 
brr. 

Ln A r m y  aymelm, h a d  injuries were rhc ieading c a w  of major and fah1 injuries, accounting for 32% 
of all fatal itju:-ia+. Leg and chwt ii~jwieatended to be next., varying in rauk h m  one Kirplme tQ Ihe 
next. 

Breakdown of injuries according to aircraft typc demonstrated that  ser inu~ vertebral injuries were 
lower for Light f ixed-wir~aircrnft  ncd cargo i~e!iccptsrc thaii t l ~ e  ot'nerrl. The rationale 1)reomta-lio 
that  the stall/fipin chrwecteristic of the fixed-wing~ i r c r a f t~ n dthe larger crush distance bsneath the 
f l m r  of the  m g o  helicupkr reduced veiAtml lotdo. 

Dimurnions of human tolermce point out that in spite of the multiti:de of'e:ipenmenb, few criteria 
uaeful in system design have been devclopisl and validated. 

, - Tolerance datt  p rwnted  are relativeiy staiidard in the literature, most peracukarly from a curnrnoxy 
,- reported by E,band (figure D-4 1,ircrn the T1.SRnny '~Aircraft Crash 8ur7 ;vnl Iksign Guide, also 
I .  used in ref. 0-3). 'i?lese authoril relerence conditions where III:'U:IC? h a w  cccurred in .mme 
I particulw carm as a !mis for nsro~ct~ce .Repcrted are bases for Head Liiury Criteria (IITC)3 

(recommended), and 1)RI for kpina! injury criteria (not rccorninended, me " '~vdunuor i  ~~chn i r~ucs" !  
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page to come). In the Guide, leg injury criteria are estsblishcd a t  2000 lb for time less than 20 mnec. 
"Although ~ o m ereearch has been conducted on the tolerance of other body pa&, such as the I 

neck, thorax and abdomen, well defmed valid crikria have not been established." Variations in leg 
injury data prcsnted in. the Guide illustrate the point. Additionally, numeroue related literature ; 
reviews have 'men conducted. &.,sulta from an Aerospace Industry I'lasocintion Study by the 1 

Transport Airworthy Requkementcl Committee (AIA-TARC Study, ref. D-3)are repented in Figure / 
D-4.2 for infomatioil pllrpooes. 

Actually, data regarding human tolerance to impact still leuvee nany  arcce for uncertainty and 
dimgreemcnts. One obvious difficulty is &at stressing the live human body to tolerance limits is 
im-ible. Teota with val~~nteers ere nece~sariiy a t  su'writical levels. Accordingly. animal research 
has provided much of the data that ie umi. Additionally, human cadavers have been used as test 
specirncra. However, age, aex and state of health for live people (and for cadavers) can influence 
tolerance. Additionnlly, mathematical modele and aathropometric dummieo are being used to 
develop be tkr  understanding of the kinematice and forcea involved and to develop an improved 
mechaniem for injury prediction. 

Overall probabilityoisunivalctepemh to a huge ex+ ton  menner of reatreint, particularly to control 
the upper and lower ttriw and pro~r?ct the heed &ILL chebt. Strongest restraint load points for scch 
control ;re the pelvic girdle, the shodder fitructure, ar.d the rib cage. P?straint effecti-~eness is 
related to cantgct area and force distribution, the body location for epplicttion, and the degree to 
which reeidual ~novcmcat is controlled. However, p~okc t ing  the arms and legs from contacting the 
interior during flailing is concluded by authors of the Guide to k extremely difficult; in m o ~ t  cases, 
the ctxxmn $,hat would 'be required to produce such containment i s  qu'ite -&practical. Another 
pmblem is cauwd by loose restmint, which contributes to magnified accelerative forces. The abrupt 
hdt,in forward owupant motion with the taking up of the slack in restraint then rnagnifieu rcstraint 
loads on the body and on the hardware - a condition called dynnrnic overshoot. 

The author8 of the new Guide indicate that their main areas of concern for configuratjons featuring 
only a lap belt are the potential for head injury and the potential for submarining. They urge uee of a 
shoulder hc?rnean in addition to the belt as a favored d u t i o n ,  although it is recognized that 
connecting the h m e m  to h e  belt buckle will pull it up and increme potential for scbmarining -
which could load up the abdominal wall aswell as fl&g the spinal column. To counter t!zis potential, 
a lap-iwlt tiedown in recommended by the authors of the Guide, and is actually uaed by all services. 

COMMENT: In a survey conducted for the TARC 216-10study, leading expr te  in the field were 
si>eeiiica)ly quealion~l a b ~ tthis, with 2one reportingto have observed oubrnal1kg when c;nly 'he 
lap belt (without ohoulder harneoe) was u ~ d .Tradsoff~ of belt-harness cf~aracterivtice will Irt . 
presented in a lnter paragraph. 

The Guide n*lthoi.a erophauizx a fact that ia mldom discwred. Whole-body chest-to-back hlerame 
has he^ demon~trntedto be ae much as 45 G ior puke durations l e ~ othsn 0.014 M:. Thiu 
decreases to 25 G Tor 0 2 scc. &me debilitation and injury may occw a t  these levels. In other 
wordo, eunivebility IB not R nice simple constant t k ~ tis readily engineered, ~ n dlnun is not % 

n e e w i l y  a 46 G ~ y n k m .  

To1erar.c~ estinmks [or aftward loa&ng (eyeballs in) are not nccurcltdy estriblished. Furceo of 03 G 
for 0.04 Rec han 1m:1rqmienctd in 2 hckw~1Y1 facing n%t, foUovmI by debilitntion, shock ulzd 
on-the-wene medical treatment. Acccrdingly, the authoro estirnnte tolerance to be between thus 
83C; slld the 46 GI 0.1 set condition accepted for the forwsrd facing raw. 





Verticsl (eyetwb down) ionding threatem l i m ~ kcompre~8iou fracture, agah w i t h  n.variable range 
for injury potentid; patentid for visceral injury irr also greabr, since vertical I m d ~  place a greater 
strain on the suapemion syokm. EgrebaZla up loa& are on the order of 16 G for 0.1 EC. 

Lateral accslern&me are lem well explcred. Volurlteers, with only Inp bdts, withstood 9 6-for 
0.1sec. With belt rud ohoulder hamem they withstood 11.5 G for 0.1 eec. Other, lees well 
p r o t c k d  hbd impact c m x ~have apparently suffered 8erio.w injury. 

From the information praeatsd by Guide authora, rate of o m t  for the form also hau an influence, 
although one that io not well undemhod. Rates as high as 28,000 Glsee have l ~ e csmived  under 
very special circmobnces which provided an exceptional diotxlbcti~nof body loade. In general, 
lower rat- of onwt arc preferable. 

According to Volume 11of the G uids se-~eraltrcaleo hove been proposed f o ~  tolerence of vsious body 
memkm: 

1. Head-Windshield hpcc t :  : Chdd Index 
J-Tolerance 
Effective Displacement Index 
'Wayne Stak Tolerance Curve 

r 

2. Neck Impact: Nc index. Two titiidies of tolerance ta rotation 

3. Cheat impact Abbreviated Injury Scale 

4. Abdo~ninalIinpact Little Data. Marked disageemt;nts Setwecii invcstigntors. 

5. Spinal h j u r y  Potential Modela chtimating loads available 

DRI (spind deformsticn, force) (simple ~ o d e !  of conlplex 
system) 

Wayne Sktr! University twodimermsional mock1 
Air Force Head S ~ i n oMrdel 

6. Leg Injury Femur kjwy Criteria Peak load of 1700 po&& 

COMh4EN'i': l i e m h  from uokg ciuch ordes provide fi,&deliae iufnrmetim that can be uried for 
"order-of-merit" p\upmee. Some r;~publielw.. seports suggest that f~irt.'t:ei research md 
developmwt might bt!F V E - T T R I ~ ~ - ~ ;faclorn of two or more ciilferonce between resu!ting "criterian and 
mdarnaged elu-civd are not ~ u c ~ i l .  

"CLEP&EDfPROTE@IrED?'i8tTilko %na) 

Body strike mnes arc cEefined for R 95k.L percentile ~ h av i a t~ ry  d w k g  c d o w n w d  accele~ntion, 



DHSTBIBUTIONMASSAM?I)I?dENSIONS 1'BODWITR.IAN 

wearing a mtrnint syehm consisting of a lap-belt, crotch strnp and ~houlder b a r n ~ .A Inp-belt-~nly 
configuration strike mne is usecl for older A m y  aircraft. (fig.D-4.3).Hazard8 are rated as primary 
(threat to head hnd cheet), wcondaiy (lower extremity injury or entrapment); and tertiary ftlppcr 
limb). For A m y  pvspo8es, head protection is coneidered essential, using helmets, padding and 
energy abwrbing etructure. 

Areae identifiecici'f3rflight crew protective rueasuiw include the instrument panel (padding, frangible 
breakaway or Liucf,dity),rubbr  pbdala (avoid crushing entrapment), control column (break 4 In. 
a b v e  the pivot point; none through the i m h i e n t  panel). For the gunner, iuentified areua include 
eyepiece lmtion, inert;.al harness, a power fieulh9ck iuertial reel, infletahle restraint tx, reduce slack, 
fr~ngiblelhre~l~avf~yicollapr+~b1eCceturca (not tc exceed 500 Ib of fcrce). 

The Army Guide use8 s p ~ i f i ccriterion caimcnsioutr for designof pbyaicelor mathematical simulators . 
of the body. Detail8 are reported in the Guide m d  will not be pwtreented here. ?how pretxnted cover 
male U.S.Army aviatnruandsol&em foil Bth, 50th and 95th percentile and RO are not appropriate for 
women. Ah,infometion on complete dimen~ional movement (e.g., shoulderjoint ranges of motion) 
is presented, as are inertial propertien. ' ,. 

Gmmetry of p n h b l e  hcnd impact ~urfawiridktir~ctlydifferent from the flight deck to cabin areas. 
Contact hazards in tbe  U.S.h  y  inventbry in 1965 were identified as including the following: 

Flight Deck: Window and. door fracries, ronmles, control columns, w t  backs, electrica! 
junction boxes and instnuneut panels. 

-.. -. Cabin Area: Window and door frames, ,seats and f w k g e  stn~cture. 

Prokction can be provided by energy sbrwrbing padding makrinle, frangible breahway panels, 
smooth contnured surfacee or ductile matenah in ouch typicul ha&-d areas. 

Concern as expremed in the Guide inclxie: -

1. Instrument Panel Structure: Consic!er use of euergy abuorbffig padding, frangible brzekaway 
panels, or ciuctill: panel nakr ids .  

2. Rudder Pedal Prof-3:tion:'The Guide rn&tuins that, unless n tiedown strap is uwd, pelvic 
rotation wil l  nlaost invariably 0cm.r with feet on rudder pedals ~ n dwith forward and downw,nrd 
loab, edpecidly if belt ie loose. To avoid complicetioim f r ~ m  the various poesibilities, the pedal 
tthould support h t h the ball mdheel of the fmt. Potential for cntrapmcnt or cnlshing of the 
axt ~hould Lwc:~ileide~.ed. 

3. Conti-01C a h n ~ t . ;C ~ n t r o lof frtlctw point to nem tho pivot point in urgcd. Punel a o ~ n t e d  
controllem arc not rccomnended; f~acture eoncequences are considered k c  unztlrtaiil bjr h e  
Guide outhorn. 

4. Sighting 8yekme: h o t i o n  and frangibility and restraint power haul back i~er t ia l  reel. 

https://Lwc:~ileide~.ed
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For cockpit and cabin interior, enorgy ah r l3 ing  pedding were recommended in the G u d e  for u.se 
within the e t r i k  zone. Desired characrsrist~co included: 

Aduptability a r ~ d  eaRe of processing 

High energj  dissipation 

Effective load distxib-st.'ionI. 

Low rebound 

Ternj,erature ir~enrritivity 

I ~ o wwater absorption , 

Resistance to chemicnla, oil, u:traviolet radiation, ar,d sunlight 

Nontoxic fume generatior, 

Favorah!. flammability rating 

Minimal smoke generation -

Durability a l ~ d  long life 

&st c o q e t i t i v e  

Aesthetically acceptable 

CRASH TEST DUYAIES 

In spite of theil limitations, dummiee remain one of the primary lest tmls  for dynamic test.; Ear!y 
dummies develcped in 194F have propeswd through tieveial cvolutior,s to a st?rdardized, more 
~ophis t icakd dummy specified for the Federal Mobr  'I'eiiicnl Sbndards  (Part 572) hy the Natlonal 
Highway Traffic Sefety Administr~ition. Several more recent desips have emerged, all wlth the 
cihjective of impioving dummy resportse and rep?at~bi!ity of periormarces. Some comjiarlsQnof 
dummy and cadaver response haa hem accaraplished. Compzrisorr tests of dummy design$ have 
been produced, dewmetrating among ot.her thicgs that complex d:iinmies i i lcree:~the n ~ r n b c rc,f 
tedt variables toa ]eve! that may exceed e::perimenkr ~ b d l t yto control the varisb!esor understand 
the interaction.! in results. 



This ueection of the Guide commences bj emphseiziog the subsysteme that  i n h r f ~ c ewith 
occupants, (including the cuntrole as well as =ate, reotroints, bittern snd padchngj m ~ d  a l ~ oi h e  
ba&c ope~ational tlifSerenceb between crew wata and pawenper seats. It distinguishes b e l w t w  
passenger neab and littern for trmtnsport m d  u e w  @ate, etnphusiijng thet the crew's functionel 
requirement and operational mponsibifitiee re "of Cigheet priority" while rnointaining thflt 
comparable " c r a a h v ~ o ~ & i n ~ "  protection is reedd.  

BACRGRODD DHCUSSIOM 

Introducti,ry commmtain the GuideexpreRa the position that  a complete systems approach must 
employed to include d l  influencing pn~arnetem, including economic relstraint, corxerned wi:!~ tho 
dmigm, rn~cufr~ctureand overall performance of thc nircraft in mpttjng ~ i ~ s i o nnquirernent:r. 
Howeker, nn ncctrmulative systems capability to p r o k t  o~ abmrb energy it; dhl lowed;  rnnxlnltiin 

criynbility from each c0xuponen.t is e m p h s e d .  

The intent of this aection is to define minimum c r d  enerby aabeoption "rer,uLremen,tw" for tirat8 
and restraint systenna. Specified otren@h requirement? we- based on the cmsh environnwnki 
adopted in the Anny guide updntt?,as ar* test recjcirements. 

COMSIENT: The seat dcsign requirementr at.lted in the Guide are 'o~do : ~litre ertrinlt. crnah 
loade pstule ted  to occur in Ihe "95th percentile suwivnble A m y  Gght a i t c r ~ f t  crzeh.'' 5:) 
recognitior~ie given to the drestic differervee in peak loacls fi-on the 95th to toile 90th percentlit? 
which ouggect t h t  t h ~95th percentili. uced iil  the Guide m~.y~devintcso fw from the nonnul (t\ti:! 
jmphed) use of such statistics as to trz unreaht.~rnllyand ~ X C W P I V F J ! ~high as e. criteria. Othr 
guidelines are aim i n f l~ iencdby tlie m w n e r '  loaJ level;.. 'Tie Guide strongly uuggeau that swtr :  
should be desimed w ~ t ha vertxal energy slsnrbmg ~ t z o k eto m i t i g s ~the : m u m d  l2gh vertical 
loads; little d iscu~o~on is given b intcra: tiou between vL3rtic,alnrcl othcr dimi?nuocs during i ! ic*  
stroke. Uettfir uderstandiqg of the iduence md neane of con:xolling such intcract~nl: 
parametere i~ needed. 

Per nuBtnrj tipecification, "each =at W C U P A E ~is to be provided with n eurvivable eavkonmcrrt 
when the aircraft in subjected to a 95th pment.de ;>oknGai!y ~ w i v s b l ~  impact."'Tr_iu will rrq\!iiv 
energy a!x+orptlan and nmmtcnance oi  'un.iotu:4&" living space w avoid de'o&t.stiq it1jiu-y th:~! 
might preclude tme iy  PIJTORB after crash mipaat. Candidat:, met!!o;is are mnny: mi f~c ion t  
sbtiorption by lundlng gear and stmcture could 1wi.r.e little requirement for onergy ahwrptron nn 
the .%at. Tile converw &a t:olds. rcqulring :i incg sent atroke. &,~t la in t  design Ioeds t r a n m ~ t t c t l  
?i:rciigh the neat to the structure are cno~her  vmub!e. 

1 
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PRIMARY DESIGN CONSIDERATIONS 

Primary design considerations for protection include the dmign of the seats to be retained in position 
and use of an integral means of crash lcad attenuation. Add;tionally, the occupant's strilre cnveiope 
should be "delethaLizedn, u tern interpreted by the present reviewer lo mean padded. frangible. 
andlor ductile or  o t h e r v k  d e a i p d  so cu to aid 111 the preven~ion of serious injucy. Strur:t,urd 
distortion is discussed in term8 of ita possible benefita for energy attenuatior, but also of concern is 
the extent of and effects of lntrision into the occupant envelope. Trade-oif studies are necessary. 

l E I E 8 T R A I N T l S E A T f L t ~ ~DDWG DESIGN C0NSIDEIRAT:ONS 

The U.S.Armv'r: position ie thac wcnpant protection and surv!'vnl ehodd be a primary design 
considcration for seats; seats ohauld "be retained generally in their origird positions within the 
aircraft throughout ony survivable acc lent." Additionally, "the seat should provide an  integral 
means nf crash lc~ad gttenuation and the occupant's strilre envelop" should be deletllalized." 

Seat, comfort is considered 3 pilot's safety-of-flight factor, reducing potential for pilot fatigile in a 
short time penod, rnthcr ~ h s nR crash safety design factor. Pilot comfort "must not be ~mduly  
compromised to ecllievecresh aaiety." Back angles over 13" and thigh tangmt  angles 5 to 20'' are 
recomrneniled in the Guide. (Influence cf seat angles will be discussed later). 

Seat comfort is considered a pilot's mfety-of-fiight factor, reducing potential for pilot fatigue in a 
short time pericd, rather than o crash safsty design factor. Pilot comfort "must, not be unduly 
compromised tc!achieve crash safety." Back angles ovrzr 13" and thigh tangent angles 5 to  %Qo are 
recomrnezcied in the Guide. (Influence of &at angies will be discussed later). 

Flight crew seats  are typically adjustable, to locate' the  eye position for any precentile body size a t  
the design eye point 

COlMhZXNT: Comfort and safety ~vqnirements may be in oppos~tion, a s  is the mse fo:: the scat back 
ang!e and forthe rigid fosm needed for energy absorption versus the soft foam desired for comfort. .. Alternatively, discomfort inay lead to erroneous ddjrratments and improper use of the protective 
designs. Accordingly, to some extent, a design may reflect trade-offs related to the unique 
applicntion. 

DESIGN PPILNCI31,ES FOR SEATS 

The Gutde nuthors p o h t  out that  waB face any direction, and that forward facing 1s moat 
coinlnoo, but prefer aftwa ad facing. Aft facrng seats provide "maximum contact a e a  and support." 
For f o w ~ r d  faring fligbt deck oeah, the authors alsu recommend ;1lap-belt ticdown (crotch) $trap 
for flight crewmen and csnsider lap-'bclt-only restraint imdesirable; both upper and lower torso 
restraints are recomjue~~ded.They con~ ide i  side-facing s e s h  least desirable b u ~  suggest that when 
side-faciog : ~ a bare wwd, an upper torm res tmot  r e s ~ s ~ gforward mohnn IS needed. Ducule 
materiala (for energy nbaorptioil) ie.nrun~)g a t  lea& 1C% elongatml are recl~mmended for all 
critical menhers In the priinary load paths of nonload lrmited seats, and featuring a t  i e ~ s t50/0 
elongation for loer!lrm~ted setits). 

For A n l y  p u u p n ~ e ~ G u i d ea+cm 2 fx t .e  tingle occupmt seats aye preferred in order ta avoid 
cornplica'tecl energy fi'hscrbir.~ sitnatioss that n a y  occur fcr multiumit wnb that are not fully 
occupied. Guide aathor!: considered it dssirrblc the: d l  sccts face in tha same direction to protzct 
occupmty from :ooce equipment. 



Aftward facing seats were preferred when practical, to "mnximaliy distribute M y  contact area." 
Forward facing eeata were conaidered to afford "adequate prokctior! by the uee of a restraint 
system coru+ting of ehwider atraps, a lapbelt and a hpbel t  tiedown (crotch) stzap." The authors 

, conoider 1ap.belhnly mstrainta undesirable. 
i 

COMMENT: h y  system eccept thia configuration with ari energy absorbing surrounding area. 

Forwnrd facing seats with adequate restrakts are acceptable ars a secoud choice to aftwerd facing 
w eeats. When aingle diagonal upper tarn reatrlzint ia -4,i t  a h d d  paw over the outhard shoulder 

to conbin lateral impact or protrueion outside the aircraft. 
. > 

Previou~ side facing e~tawere provided with !?p-belt restraint only. This arrmgement w ~ a  
c o n ~ d c ~ e dby Guide authors to be inadequak, and lea& deeisable from t t e  crash safety 
standpoint; however "when no reasonable dbmetive to their m e  esiats, adequ~te restraint must 
?xprovided, If a aingle, diagonal upper tom restraint is used, it should be pkceci over the forward 
f ac iq  shoulder" (relative to thc ribcraft). 

Shoulder hamem providea minimal protection to abrupt acceleration i3 the side facir:g 
configuration. Lateral tolac, movement &odd be min i in id  or prevenkd. 

f,itters, . 

The supine psition that litkm provide i~ ideal for resisting v e r t i d  impac'ls. The sxpine pnaitiou 
allows rnsxirnum poaaible contact area and form distribution, 6nd force8 are trarmerae 4x1badg. 

Lateral instal?stion should be provided. It would prevent Erdy froin sliding off the litter 
Iongitudinaily, md  prwenta the litter from ~lidingraniflor repositroniug to t e c m e  complekiy 
detacheci from supyzor'a. 

i 

Gent Attachment -Cockpit scab are floor or bulkhead rnomkd. Cghin i n k r k  33xtts may be: (1) 
suepndd  from the ceiling ulth energy abaorbern and wall stabilized, (2) suspende4 fro= the ceiling 
with energy ~Lxwrbem and floor stabilized, (3j wall mounted with enerLy a t ~ ~ r b e r s ,  (4) floor 
mounted with energy absorbers, or (5) ceilhg and floor mowA& (vertical ecrrgy nbmrkra 
a'bveand Seiow the seat). 

Suspension or mounting of dl eeato ehould not. interfere with rapid icgress or e p s .  

Ha~dwareMnteriab - Rlnterial w!scktl for attnchme~t of wehhing shoidtl be dditile exlough to 
deform I G C ~ Y ,pcz1-ticdaAy at atrees cancentration points. l'liie duirility Is uot aj critical when 
energy a b r b u l g  provisions are incorporated into the ueat. On the other hnnd, cm4.ptcnt u x  of 
ductile meteriala avoids tne p~wibility of non ductiie natmials on iionloaci limkri mats. Sel~t.ioa 
of materials should e r q h ~ w m :  

1. ifewt strength to-weight rstios 

2. Idainxining ductilitj. to preverit britde failures 

3. Standsrd eloatic mlyaidoclection rc te thh  for most working life conditions 

4. Ekhnvior beyond the yield point analyaed for energy nbsciption ~~urpow.~ .  



RESTRAINT SYGTEPrllS 

Stabt ics  on U S  A m y  aircraft accidents indicate failure of personnel restraint harness as a frequent 
cause of injuries and fataiities. From Volumes I and III of the Guide, o crnshworthy aircraft is to 
"eliminate unnecessary injuries and fatalities in relatively mild impacts." f Iowwer, Volume liI also 
states in a different context that the Army goal for eent and restraint systems is to "reduce occupant 
decelerative loadkg to within human tolerance limits," that  "ideally ...structure should rnhimize 
occupant accelerations to surriveble levels in a mver.: crash environment." In orher words, Army 
policies in establishing design principles for persannel restraint svskms are to prevent injury to all 
occupants in crash conditions approaching the upper limits of survivab~hty. 

Rklt and crotch strap remain the standard for U S .  Army flight crews by reromncndation of the 
authors of the updnted guide (crotch straps s re  to oppose harnesl, l o n d ~  on l lw belt!. Troop and 
paswnger requirements were different; the most recommended s y ~ k r nwas en inertial henless 
over each shoulder connecting to a center-My l ap -b l t  buckle, arLdsecondly, a system with z 
diegonal shoulder-to-belt anchor strap positioned to reetrain the occupant frcm protruding oxhide 
the'aircraft during laterat looding (simllar to automotive bystemu). 

Inflatable restraint belt and harness were described as e more complex and costly alternatiw that  
will reduce restraint, slack by aukmatically preknsioning the syskm to hhettcr contrd i ~ p a c t  
response. Another related inflatable zitrtrnative is air bags, which are conspiraoua in their abeeiice 
from Guide discussions. 

I 

Numerous human body restraint methods have been pr~posed,  investigated and!or used; some ore 
"exceptionally good", others 'left much to be desired." Desirable qunlitias nre: 

1. CumfortaSle light weight 

2. Easy to put on and remove even in the dark 

3. Feature a single-point relea* easily operated with either Lend, onJ prot~ctcd  from inadvertent 
release, e.g., being struck 

-
4. Provide freedom of movement to operete the aircraft rontrol.9, e g., through the use of an iner Lja 

reel with the sho~dder harness 

5 . .  Provide sufficient restraint in all directions to prevent injury in a poknG~l1y survivab!e crash 

6. Webbing ohould prcviJe e mnximun area, consistent with weight and comfort, for force 
distribution in "Lie upper tcroo m d  pelvic regions ar,d should cf jow eiungatio~t under load l o  
minimize dynsmic overshcct. 

GENER'A DE!SIGXCRITERIA -

General design crikrio are ae follovm: 



I 

1. Comfort should not be unduly cospromked by c13& survival ~ysterno or improper adjustmnt  by 
usere is a likely outcome. Mwdwere &odd notcontact bony portisne of the tcrso, and asemblsges 
ohould tie c'omp~tiblewith the d & d  location on the body. Webbing uhodc! not be uo wide or stiff 
a s  to restrict ventilation (or cause chaff&:g). 

2. Emergency wleaee s'no~aldbc?. based on a aiilgle-point reiewe for d ie  befbhwneee combination, 
operable by either hand with 20 to 330 jwmda force and opcrab!e regardlerw of the occupant 
position (e.g., upside down). However, accidental opening ohauld be prevented. Tile buclrliilg 
system should be iuseneitive to rotation md aiight ~nimlignmenta .such ao midigned pine that 
might shear in seriee. 

* I '  3. Lap-hl t  anchorages bvolvc s. eeriec of comtrchts: a) I t  ie desira?t!e to anchor to the sent or the 
anchamge mu.st accommodate panibk mat motion. SjBoth forward m d  vertical hading mu?.be.' / accommodated. Subrnalrining (i.e., @lipping down through thz i9p i ~ l t )should be prevented. 
However, the lep k i t  sllould not reetrict freedom of leg motion for pi!otn. c) When neceaery to 
counteract the up loads of the b r n e s ~ ,Inp-belt tiedowns (i.e.,crotch su.aps) should interc@ the 
seat pan j l .4 ' t~15 in. fo-ward of the oeal, back). d) Adjlistment hardware &ou1d m y  a t  !cat the 
m e  design hada s3 Lhe webbing without ~lippkig,crualding or potentiairy jamming the webhirig. e) 
Aajuetmeat and r&aee-hurdware must not he l x i + d  over ~kelefxd ~etnicture(e.g.,lapbelt hmdwm, 

' over the iliac crests of the pel&) and hemesa hardware 6houid ride aE iow on tile chest aa pozible. 
f) Allmaterih&odd be ductile enough todeform locally (witha m5rmuencied minimum elongation 
vdue  of 1OCA1). 

COMMENT:The influence of bellhamem nngles are d i s c w d  oil page 21.1. 

4. &at otnictura! corin+xti~ns: 3)Cri.teri8for should continue a0 ymcticed (10t o  25% nsfeby 
margirl md typical 0.25 inch diameter to p w i c !  over-toraue), and crikl-in far rivets and wclds 
should, continue aa practiced. b) S s t  niouutings may vary, including cornbhatmns of ceiling, 
bul!&ead md floor, all using energy sbnorbers. SLructcrd joints ehould permit a n p i a r  
diritortione.SWinrpPiaciplm snd criteria apply for t d i h c s d  movntid seats. c)Guide au'chors 
prel'errexl that ratmints 'be t m c h a d  to t h e  eeata;the key fsctor is to pc rmit mp,Cdeiomntioc 
and nr~aociotedenergy cbc'uscilption ts wcur (which could be inhibited by anchor~lgharnem tn 
the. ilmr), and without loosening of the belt. 

5. Webbing snd a t t a c b e n l :  Ratmiat  hamesa aLw could vaqj in required load capability, 
according to whether r9 Jcsd limiter i s  u s 4 .  Honever, authom of the Army Guide suggest a 
etandard, eingle strecgth nterchnngsable harneirs to void of a mix up in instabtion. 
Minimd webLing elangution is prorwaed 8-3 nacecsAly to avoid tlynnmiz overshoot. I t  also 
minimizP~pokntisl for oecon&ry impera; for ebb reason the Army reilistsenergy absorption 
applications. Adrie? prxnutione are 11xc~r;rq~hhere webbing iu i o !M or l m t  nt hardware 
~nterfacerr,in order to ovoid compromiAnji etrengd requiremenw, e .g . ,  from concentrr!ted 
l o ~ d oor f r ~ mwaw. Energy cthurhing wetbing ia not recomnientied ior usc in seating 
oyste1uu. 



6. her t in  re& are installed when full freedom of movement for the crewmember is desired. 
a) Both impact ~ n s i t i v e  and rate wnsitive reels are  wed. Rate sen~i t ivereels Ere preferred 
by Army for helicopters and. light fixed 'wing aircraft because of the multidirectional 
pomibilitisa for impact, which may not trigger the  impact sensitive system. b) Somelimes, 
retractors or power hau!-back features arc also wed. When uwd, powered haul-back 
mechanisms are u d  to retract alack (e.g., for w a t  ejection). However, nutomated haul-back 
for crash recqtr~int should be avoided, since the time lapse between triggering and haul-back 
will result in nn added contribution ia body loads (the sum of crcsh and retractor loads). 
c) Inflatable systems ~ c tmuch faetm tl~mauturnated hnu!-back e.nd have leas take up 
capability; t hus ' t he  Army will coneider inflatable systems while rejecting automatic 
haul-beck. f 

TYPES,'O$RESTRAE4T SYSTEMS 

Reprewntnljte rcstminb' ueed by the 1J.S. Anny me presented in figure D-5.1 (a through e). 
Configurntion ( e )ie the "niinimum accept~ble"U.S.Aqny system. An improved lateral restrain! 
~ y e k m 'is iUuetrated in (b),'which adds inore shoulder restraint against sldehays motion. In (c), a 
crew chiet'lgmner restraint oystem provideo for abibty to move ou t  o i  the seat but be instantly 
restrained when he r~turns ' .  Troa$passenger sybte~ns are illustrated in (d). .An automntically 
inflatable system'ia i!ius:rakd in (e);h i s  one outomaticdy pretensions to force the occupant back 
irito his =at and potentia! 'for l o o ~ n e m  and extended dynamice b n i ~ a t e e ~  

* 
responw, 

e.g., overehont. --.' 

LapEklt Anchorage 

Lapbelt anch3l-a mRy be nn the seat h c M t  or on aircraft structure. Structural mourlting must 
w u r e  thnt the restraint remsiaa effective regardlea of sent position. Stmcturnl attachment wd 
not be practical whtn the seat includes longitcdinal lcsd I!mitiiq. Lap-belt anchor ! ~ i i t i o r  is also 
coni6deml a a m f o r t  factor; locatkg i t  tm far f o ~ ~ a r d  inkrimer? with movement of !he legs. This 
ie considered important for pilots hut no? important to pawngem since they are not required to 
perform operations w i ~ btheir legs. 

By A r r ~ ypractice, submarining ie considered to be prevented by a lapbelt tie doum strap, by 
locating the belt EO it8 cente~line f a h  2 to 2.25 in. fornard of the seat reference point, and/or by 
aseuring that  the angle &tween the lap belt centerfine a d  the buttock reference line is a t  least 
45' (but not excerxhg 55") for p. 50th percentik occupar~t (fig.3-5.2).The 4 5  to 55" angle has 
priority over the 2 to 2 25 in, lwation dimersion. Subz;larining ran a h  tic? reduced by ensuring 
that the Inp belt is tight. 

COMNXIfl: 1)at.a on ivhich t h w  collclusiom are based appear to be twofold First, from practice, i t  
was long ago preeuied thnt the k l t  e h ~ u l d  be anchored low and forward enough to keep it on the 
pelvis, but aft  far enough t~ keep the m u p a n t  fmrn sliding forward off the seat -with 45 to 55' an 
obviouo mlutio~i as effcctuig the most direct cornpromis between the two (R F. Chand!er. SAFE 
Panel Diwcaion on Attendtint b e t m i n t  hp rovement  Study, Decemhr. 1979. LAVegast. 
Anotlier baslo nppmrr, to have been eelectcd from the data of fikgui-e D-5.3, ulthougii the referrnced 
wurces do nct p n r t ~ c u h . ~ ! ~  some dvrnmies are prt&spo.wd toemphauka, for exmple ,  thst  
~ u b m n ~ e .  aource of h m e 8 8  m g i e  t iah  (which these dattl ore from) is bast4or that the only cIF:~  
on n bmdoher type cchciulder hsrnetii (with twisting w d  compression confotmdeci) s u d  t~ seat with 
extremely reclmed a t  bkck and aeat bottcin. Shoulder hhi-new c r ~ k r i a  were aim hasmi on vlsual 

https://prt&spo.wd
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observation of slow motion film with no physical measurement3 t~ support conclusions regarding 
verbbrae compre~ ion .  

, 

Shoulder H ~ W I ~ WAnchorage - -

L "  

The shoulder harnees may be placed either on the seat brrck structure or on the basic aircrcft 
structure. Strap routing m u ~ tavoid the pomibility of interference or constraint^ from seat 
adjustment or energy absorbing ~ t r o b g .  Additionally, the relationship of the harness fingle to nn 
af t  hoiizonttll tangent to the shoulder tlhodd be minimally effected by seat adjnstmanb, The 
position of the A i i y  Guidj  ia that  the aft, horizontal acgle of the h a r n e s ~  from the shoulder 
should not exceed 30" up from the perpendicular to the seat back. and the intercept with the sent 
back should not be lower than 26 in. above the buttock reference line (figure D-5.2). Lateral 
movement in the seat  back guide for the-hamem should be restricted to 0.5 in. or lens. 

.-

s 
', 

.# 

I 

COMMENT: For lower load levels, u much wider range of angles may be possible; otherwise use of 
the Eame seatti by men and women yould require two hanieas syskms. The result uf systematically 
varying eat belt and harneee angle^ for a traditional "4 anchorn or "4 point" system (with a S G 
crash pulse) is illustrated in fi-e D-5.4, based on the TARC 216-10 (ref. D-3) appliration of the 
highly calibrated PROMETHEUS I3.Im d e l .  Selected dornbinations showed submarining could be 
controlled over a wider range than had been presumed y s  indicated by &lt slip and peivis rotation 
for incipient subniarining (2 in. and 27", respectively, in the modei). Additiondly, there was ILG 

marked influence on estimatm of lumbar compression loads xithin the range of +4C0 for harness 
angles and 26°/300 to TO0 for be!t angle (with broader ranges apparently fea~ible in some special 
combinations). (Such data :vere for a horizontal seat pan and a vertical seat back.) ., 

, 

- ~ 

7 

- -

The TARC study also indicated that  seat configratidn (i.e., pan angle and back angle) influences 
restraint syatem performance. Figure D-5.5 illustrates the variation in perfon.;lance with a 
"4-anchor" system as  the  seat pan and back angles are syste~uatically altered through a range 
of settings. 

I 

_..--

The TARC study also s h ~ w e d  that  changing restraint system design can have a marked infiuencc 
on restraint system effectiven>ss. Figure I)-5.6 illustr~.tes the change in retention periormance 
with diiferent restraint oyateins configurations. As illustrated, alternative configuratims can 
provide marked retention improvenlenta s l t h  no chonge in nnchorage and no ~ignificant penalties. 

i 

CetpBelt Ticdown (Crotch) S t r a p  Anchorage 

I 

This strap is to prevent ride-up of the belt when uwd. I t  shotiltl intercept the aeat pan c e n t e r h e  
14  to 15 in, forward of the seat back. 

ADJUSTMENT PikRbWAXE 

Adjusters are to carry the full design h a d  of the subassembly of which they are part, without 
slipping or  crushing webhing. Required adjuoiment force &o~dd not exceed 30 111. Adjusters me 
not to bc? located over ~keletctl hard points (iliac cret~t of pelvis, collar bones), 

The main pupme of "~c!etilallwttionn is to minimize potential for i n j w i ~ sthat jec~pcrdize 
emergency evecuation The kincmatice of body action asoociated with aircraft rrssh imps& can be 
vioient, including flilir?g of M y  parts The Armv position is that  this 13 severe with only a lap 
belt ae the r e s tmnt ,  but multldirectiond flailing io stdi extensive with 3 lap-lxltid~oulder 
hurnem condinat~on -

i 









- .. 
COMMENT:There is little evidence that  such drsrnatic multidii~~ensicinal and injurious flaiiing of 
the limbs occurs in large commercial airplanes. Reporb suggest that if i t  occurs moat such action 
appears to be allied with the primary iinpact loading in the fore-and-aft direction, rrince therc is 
little cartwheeling or lclrge l a t e r5  xcelerntion evidenced in large sircraft inpact. 

T).e owupaat$ im'ecliak envi ioment  rrhould be deeigred so that injuiy pobntial irr minimizd if' the 
body parts flail and mntsct rigid or wrnirigd ~t.ructw-~sin the immediatfi i.nvirotxnent. Alternatives 
are to  move the hazardous object (or structure) out of the flail zone, mount i t  on frangible or energy 
abaorbing suppo& and/or apply a padding material todistribute contact corce over a lo'rger area an 
the  body member. 

ENERGY ABSORPTION 

Energy absorbing devices are inttuduced with the statement that the eeat structure must possess 
either the capability of sustaining the maximum inertial forces imposed by the decele;.ation cf the 
m u p a n t  and seat, w~thout  collapaicg (i.e., deforming or failing), or h ~ v esufficient enerm ahsorption .' 

capacity b reduce. the occugmtL8 velor,itg to zero before strtlctl;r;ll failure occura. The first 
alternative could involve excessive ctrength (and weight) requiremen& to ecxommodate dynamic 
overshoot factore of 1.2 to 2.OS(i.e.,load factors Ir, twice a s  lerge as design loads). The second 
using contr.slled collagsing behaviorn offero a more practical approach. I t  does offer the capability to 
better control force leveh relative to human tolerances. Of course, neitlier approach is t?tally 
achie~ab!e. 

COMMENT: Ultimately, design for m y  approach will be exceeded; there is no way to assure ultimate 
eurvivability. Even the ~eleetion of a 95th percentile crash wa8 based on recognition of !his fcct. 
Neverthelew, wordicg frequeii t!~ overlooks this fact. 

CRkSN ENERGY ARSOHPTION 

During crmh loads, the occupant's centw of gravity acquires e d i~ t inc t  velocity relative lo the 
airframe. Mnxim1m relative velocity may become large. In turn, thc wa t  n ~ u s t  sustain the applied 
londb or possess eufr'icient ezlcrpj ~hsor l j lon  capcbdity to reduce the occupant's relative velocity 
before structural failive o c c ~ m .Tne Guide e n p h a s i ~ s  the desire to obtsln the greatcst energy 
absorbing etml:e from f i e  x ~ t(for A ~ m ycondltion~ with widely varied impact Isads). This 
receives independent emphasis without regard tr,energy abxrptior! from other ~jtstern elements. 
Increasing occupant stopping d~stance duri-g 3 crtleh can rcdvce impact loads and tllus improve 
tolerability levels for impowd decclerntiorio. Lethcds include: 

1. Additional crushable airframe etructure 

2. Energy-abmjorbing lauding gear 

3. Seat deaign with energy aheortring mec.hnrrisrn(e) (e.g., loud h i t i n g  or corltrolled 
e a t  rdlaptic) 

4. A combination of the abave 

Cormlon nioconceptions exis?; related comments me: 

1. The E C C ~energy-absorbing oynkin rloes not abcurb all the energy a=iakd wit.1) t,he 
impact vzlocity. 



2. The fiwt comment aha  exphins why slack in the restraint syekrn or seat attachments is 
undeeimble; added stwkinl: to accommodste larger rebtive velocity will be required to 
dwxleratz the occupant. 

The e a t  energy a b r b i n g  stroke simply lengthen^. the s t o p p i n g  distance of t.he occupant by- - 3. 
a l l o~ lngthe eent to otmke lia other energy absorbing p rocees  ere nearing completion. 

4. Dimegarding dynamic response differences, the mne stoke distance is reqnired to 
decelerate any e l  a given dweleratilm magnitude. Therefore, lighter people do not 
require ~hnrtetetrokea than heavier people (however, a different energy a'usorption 

% charncteriatic ie required). 

ENERGY AEWRBWG D E Y I C S  

AB summarked for ?he Guide, a multitude of devices for abtprbhg energy have k n  puopowd, 
devrbped teshted.De-ble features of such aevicee a&: 

1. The device sehauld provide a p.rcdictable form-~ersua~defomatia~~ t r e e .  

2. The rapid loading rate exp~tezdin cradlee ~ h d dnot cause unexpxwd cbangm in the force-
ver8u~defomatiou ch~twtedntic of the device. 

3. The e ~ x m l l yin which the device is used should heve tile a b s t y  to r;,uebia tension and 
cazrprc-ssion. (This :uigbt Se provided by one or nore energy abmrbwa, or by the  basic 
sQr;ctwe i t d f ,  d e p n d i ~ gon the oysten design). 

4. ?a device should be as light ~ u dsrnsl! ns posible. 

5. 17 e S~ecific:Snerg-yAbmrplion (SEA)~ h o d dbe high. 



6. The device should be economical. 

7. The device should be capabla of being relied upon to perform satisfactorily throughout the 
life of the aircraft (for Army, a minimum of 10years or EOOO fiight hoilrsf ~ i i t l l o ~ t  requiring 
rnaint.enance. 

8. The device should not be affected by vibration. dust, dirt, or other e~~vironmctnt efCecta. It 
& o d d  be protected from corrosion. 

9. The device&) should decelerate the occupant in the most efficient manner possible wlde  
maintaining the loariing environment within the limits of human tolerance. 

Numerous load Iimitera have been devised. ?'he concepta are illustrated tlcd d e x r i b d  in figure 
D-5.7. Fk$y decelerations tend toxormaLze near the CI level con~f ipnd ing  to the limit load factor of 
the encr.gy a h 3 r ~ n s d e v i c e .An optimum device cnnr.ot be wleckd for all appiicvtions on the b a i s  
of, av$able d~tta.Rather, the data of the figwe presents concepto and ,pidelincs which can be 
candidered relative to specific applicatiom. ' 

SEAT STLIENGTK AN9 DiEFCIF&ViTiOM DESIGN REQUIREMENTS". .. 
" Q 

D q s i p  should be based on typical weight of the ociupant, not the extreme weight. Th t  xestriction* 
placed on crew seats, including'stroke length, control access, enu wat  armor Lmit fiembility of 
denign options. The weight of combnt gear is not included in Guide recommendations for crew 
seats. Since the large mejority of f ight hours m e  not in conbat, i t  is probable that FLight crew 
member^ RL& This minimizes another problem. If the full range ofbe l i g ~ t l y ' e ~ u i ~ p d .  
weighte were tc, be accommodnted, a weight sensitive energy absorbmg syatem would become 
mtmdatury in order to protect the occupants over the full range of weishts. 

Occupant, weights determining the effective design loads for seats recommended design loads are 
b a d  on 5th t h l ~ u g h  95th percentile weights for men, i.e., 144 through 122 Ib. for creumem, with 
112.6to 175.2 lb. vertical effective weight (effective weight reduces seat load considerations by 
the amount of the wcupant'r: legs,'which rest on the floor. As the suthoro point out, the ides1 
situation would tw to permit energy a h r b i n g  stroke length for the 95th percmtilc occupant using 
deceleration k i b  based on the 5th percentile (who would load the system ICSA and i . ~ u i r emore 
yielding ductility, ie.. a lower yielti, for the same load reduction capability} Hoivevsr, ns they n h  
point out, comprnrrises muat be made since the resu!ting needed stroke &.smice ~si-sillnot be 
available in aircraft. A greater weight variation ex ieb  for troops and scab shouId be desimed to 
accmmrnorfate them. The 95th percentile should be considered hoavily clothed and the 5th 
percelltile iightly ciothed. 

CGbm29T: A wide variation in occupmt weight cannot Se avoided in the co~ninercial environment. 

The Guide authors consider that "an eiastic stress nndysia, as  used 111 the dcsipi of ~ i r f r a m e  and 
&cr-ait conponmts svbjected to nc-mal f igh t  loads, is inadequate for the study of d1 the 
structure in a (=.F.& situation ... the load carrying capacity of compccnw defurnied 'hcyorld thp 
elastic Limit &odd !w c~nsideredi ? ~cietennining the uitima'vz seat strength." 





occur for all eyetems if they are b r e m ~ i n  in place during decelzrution loads. A minimum 
displacement must bo achieved if the system is b remain in place during a given acceleration 
pulse. In other wordy, there is Rn inherent !oad deflection curve and travel limit envelope which 
irnpoees definite limiL9 on ~'rrenhility of any ayetern to resist impulse loading. Intentiom1 lond 
limiting is thuv the cor~tral of this deflectlan to make best use of the space zvailahlc in order to 
a h r b  energy and to optimize the 07..cupant10 capai~il~ty to auwive the loacle impawd. Addlt ionally, 
structurttl joint deformfition ehould be capable of large angular distortia~is in all directions without 
failure, (e.g., bending moment between leg and sitting) including floor distortion and seat 
pan distortioz. 

BADDING XATERIALS AND PROPERTIES 

Plastic foaxna arc con~idercdby Army Guide authors ae the most useful typeof materide fur eosrgy 
absorbing padding. Both &!nb arid molded foams are practical, and they me  comidercd by Guide 
authors to permit selection evaluation baaed on procesoability; mechanical, t he~mal  and chemical 
properties; and cost. Chnrncteristice cf "suitab!e materials" include Ihe following; represenmtive 
uwa are identified in fifire L)5.8.. 

1. Aduptnbility and e n s  of processing 

2. Nontoxic fume generation 

3. Favorable flammnbility rating 
, , 

4. Minimcl smoke generation 

5. Dur~Sility und long liie 

6. Cast competitive 

7. Aesthetic 

8. High energy dissipatism 

9. Effective lond distribution 

10. Low rebound 

11. Temperature insemi tivity 

12. Low water ul.tmrption 

13. Hesivmncc: to chcmicnk, oil, ultreviolet radiation, and sunlight 

Additionally, relevnnt mechanicnl properties include: 

1. Density 5 Compresuive mociulus 

2. Tensile ~trengt'ii 6. Flexural strength 

3. 'I'e~uile ~nodulils 7. Flexural mr)dulus 

4. Compressive s trtwgth 



Semirigid and flexible urethane--foam 

A i r c r a f t ,  automobile, and furniture Reat cushions, 
safety padding, axm rests, nun visors, horn but-
tono, bedding, carpet us'rdiexlay, ptickagikjg dollicats 
products. 
Poiyvinylchlorida foam 
Crash padding in automobile head liners and sun 
vicora, flooring, hoe aaLss and h e e l s ,  automo-
bile door panela, seat ing  upholstery nealants, 
gaoketo, bumperstock. 

Polystyrene foam -

Insulation, packaging. 

E x ~ a n d e dkubber _.. --
Bus and subway seat cushions,  truck and ahlp  
mattrcasea, gaskets ,  hoae insul~tion. 

Polyester foam 

Short-run, custom-type sent  cushioning. -

Packaging, g a a k e t i n g ,  water sports equipment, rug 
underlay, athletic padding, antivfhrakion padding, 



8. Tear strength 12. Kebound 

9. Compremion set 13. Hardne.m 

10. Conipression deflection 
s 

11. Elohgation 

"Jn the absence of dnto for extremity irnpacta, it is assumed thnt paddmg msteriill ~ h ~ t  is suitable 
for head import protcrtian iB also suitable for protrcticg extremitirs " Strike zone nreas with radii 
of "2 i n c h e ~or less" should be pudded to a "minimum thlckneas of 0.75 inches". 

Ductile enerh? absorbing matprlals ailti breakuway pmr l s  should be used where povclible 
Swenriqgcrl (ref. 1)-9) is cited 8s demonstrating "that a t  impact vc4ocities of :3OfU.w;.r nKw:nst rlgid 
structure padded with muterials even 6 in. thick, unconsrlousncm, roncsul;a~on, and/or fatal heed 
injuries will be produred. 'fie Gulde continues, "where pmible ,  deformahlr? structure and padding 
material should be cons1d2red to ~ b s o r bttre impact energy and to adequately distr~buie the forces 
over the face" (fig 11-5.9) 

COMMENT: Effectiveness of padding h a  been accepted as be in^ adequate ior lesser thicknesses 
in comnlercial aircraft. which also h a w  !ewer G criteria. There is also e ques?ion as  to whether the 
same level of protection is needed for the extremities. From earlier Swaringen work. I ?  was 
concluded rhce covering a head impact surface with 1In. of Kcreseal, (since superseded by Ec.wlite 
AH, or equivnleot). would !R considered to provide for delethallzntion. 

", 
SEAT CUSHIONS 

Seat Cushion@-General Requirements 

Sent cushions should preclude body contact with Reat structure while bei:tg lignt, tough- (wenr 
- fesishnt), easily replaced. co~nfoi-tnble. and vent~lnttd and provldr tlotahon, wide  nxnimlzing 

motion during crash loading and rcbo1.d d t e r  crnsh laading. For Anny purposes, load i im~ting 
- cushiens were considered to be undes~rable.Nebtype cushions are usable if deo~gwdb h i t  

mnximum deformation and return movement, snd to ccntrol potent~nl for submar~nlng or  dynamic 
oversh~mt.Furn~etlrc type bock cush~ons are acceptable; f~nai!y, a head rest should k prwldea to 
provide whiplash protechon. 

Direct w n b r t  stirfaces of !he scat h t to rn  and e a t  back "sho~lldbe deaigned for corrlfort and 
durability " I3owev~.r."euf5clent c*ush~o:;th ickrwb3  of the appropmtx rnb: riel otiffnesu should be 
provided to pr~t l t ideM y  contnct with the seat struciure when sublect~d to elther Ihe specifid 
operational or crash loads ... The ron!?ictmg requmxnents of l o n g t e ~ m  comfort-versu.9-crash 
safety considerations have made this a d ~ f f ~ c u l tcies~gn area." 

From comfort emphasis in the ptiet, thick. soft cuvhions were used. spreading the load to avoid 
buttock presvtue points. Holes or forced air flow (or net cushions) providd for cooling. 

COhP4ENT: However, the wft:iees of such cushions permits o velwity build-up as *&f: m f t  
nlateriol cornp:-r.wa farther. Buildap !e rapid during initial ioadi:\g then fo!lowed by e ~ho-r 
stop pin^ distance during the final titages of high dwelcration loadmg - for a nodinear stopping 
charactc.ristir t h i t  puh major dwelurntiolrs olwr a much shorter distzncct. In order to niiliin~irc 

https://cornp:-r.wa




such initial motion, crash safety considerations require a minimal thickness of soft foam. One 
approach uses a cushion base contour of a "universei" buttock configuretion with Posin leyerts) 
added. Rate-sensitive (conforming. but hard to sudden impact) foam can be used on top of the base 
to soften contact somewhat For example, a thin layer of soft fosm may be used or. b p  for cornfort 
material and permit cooling air motion. 

According to the Guide, seats of light movab!e weight ( l e a  than 30 lb.) should use cushions for 
comfort only. Maximum uncornpre~sed thicheffi should be 1.5 in. i m l e ~cushion design nnd 
material properties produce a beneficial reeult in reduced transmission of force. By A r n y  criteria, 
the optimum seat cushion will: 

1. Be extremely light weight 

2. Possess ilotatihn capsbilr~ies 

3. Be nonflammahle 

4.  Ek nontoxic: will not give off fumes when bumad; charred, or melted . 

5. Be tough and wear resistant 
1 

6. Ek easily changeable 

7. Provide comfort by distributmg the load and reducing or eliminating load concentrations 

8. Provide thermal comfort through ventilation 

9. Provide little or no rebounif under crash laading 

10. Allow an ahsolute minimum of motion during crash loading 

Energy Absorbing Cushions 

Cushioning materials u-wd to ahsorb energy include fcamu, honeycomb, and net-type cusiiions "In 
most casee, the back cushions will not play a significant role in crash clynml~cb; however, it will 
influence conliort and can influence the mjury tolerance of the rcplne." Lumbar supports arc 
desirable; a lunbar support that ho!de the lumbnr spine Sanvnrtl sligh"tly increases tolerance to 
vertical spins: lo&. 

However, use of cushlons per BP as lotid lmitem is undesirable. Resulting downwud :.netion of the 
torso will produce added restrajnt harnrsa S!ECLI (when it 1s desirable tomin~miwsame). Alw "a 
crushaSle cushion does liot make optimum iiee of the avahb le  stroke distance," sir.rr. c rxhing 
space is needed and cushions can be only 75'!i as efficient es a mechanical loed limiter They "arc 
impractical In rotar;. and light fixed-wing aucrair. b ~ x a u ~  of the long stroke distance requxeci to 
attenuate the high vertical iosds" requred by Army crikn8. 

A 1.5-in. headrest should !xprovided for occupant headheck whiplash prokcl;on from haclrward 
flexure of the neck. Tcshioning can be yrovidrri by a thin pad and defomiable k ?adrest or a thicker 
cushion on a mure rigid hrtiidrest." Rceults of tfie TARC study (ref. ?-3) indicaM that  n icsli thick 
headrest would be desirab!e to rccommodete a full range of maie and f e n d s  popuiation. 



! \. 
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TEST \.!1;. 
Structu~nlSubeystRln T& IRequiseernsntrs I .  a 

I r 

i 'For Army system, both static and dynamic tabof prvtotypze nre rccommcnded, including testing : , b  . of itat and litter FJ~BW.IR m complete unitic. Component mting ia to be u d  wherever pomible. ! 
i i., Subsequently. w t ~aw toincludecuahiora~in pbce, aeab P iupand C u l l  b ~ c k( d e w8 m o x  critical 

psition exists) and noimal floor buckling and wrirping condition5 eet up for the nost critics1 1
impdnncc tn mat atyoking. Soslt niounta ehould be actuel ai-craft LPd\vm. k t  deformation i 

J Iahould 'be mcaaared QE neap tho wt reference point ae iu powibIe. Su'uxxwntJy. oily qcjlity 
assurance testing is necepaary u n l w  major elructural chsngea occur.if deakcd. dynamic tesb with 'I 
loading is all principd directions mny bemhtituted for static tests. In atatic h t ,both unidirectio~ud i 
an3 combined load~ng k s t o  should he umd, with teet load8 applied proportionately through u body 
b i d s  restmined in the s a t  by the reatraiut eyteaz. Multip'a tmts are specified,using the effective I .  
weight of the 95thpercwtile male for cU but the downward Ioading, which use8 the effective weight i 
of the 50th permatile male. Multiple oxupancy should be fully occupied when tested; ' I 

I 

, aadditional k c @  should be ~ccomylhhed for other advexrite conditions that areidentified . 

The authorn' discuesion of static vemue dyminic testing remmmendn that static teats be used 
batcauae red time obefvaCion ie ~oeeible, otructural twpopon6@infomation is more compsrable to 
typically used etutic d y s e u ,  and web  nrz more economical. However, siI U.6. A m y  proeotyte 
mate sfiotdd bz dynmicdiy teeted for two con&tiona. (1)downwrud at a 30° forward and 
aidewad tiit and, (2) forward at o 30" side facing angle. 

To reduce mate, apecia1 dynamic test conditione are permitted for mate having 2 ~ 3 3thau n 12-in. 
strr~ke.l?nt, the c o d y  fd!-mde cmfi test io comdzred desirable. Howevcr, aod w n d y ,  ! 

a.~hrnalivedynamic &sung of the wrrt only with a two stage pdae io accept&le, w g  a c;malbr 
iaitinl G platean wpreeenbiing f d u r e  of the gsw and incrensing to a later h~gherG piataau 

I 

rzprerrenting fmelsge cwLing. (Iandulg gear alnte to Se b a d  on results horn dmp wet;funelsge I- pmprtiee om $0 hddetenmind by -&the IP'JB~compr~beu~iveand rigorou~a d y t i d  techniques. 
auyporeed by tat dnW. ! 

I 
Ponssrruet IkStPht EiarRL* P(&iQg 

I 

Army r2quir-c-mefits bclude sttitic and dymmic t a t  of r@strair.til along with the structure to which 
attached. AdditionnLly, all component4 (webbing, t i o d o w  p ~ l dhardware in ths iwd path) as well 
a0 euhmwntLca ahould be atstiwllp t&ed eeparately to verify strength and elongstion., 

StaudBa~dT& X e t l ~ o d ~for E n o w  Ahorbing Foiuw 

Among k ~ bu d  from ASTM D IS%-71 (Standard Nethcds of Teeting Flexible CelhLsr Mgterinlr3 
-S!eb Urethme Foan) en:both lcsd defirction und coolprcseion orjt. Numerous twb for various 
pwible  ap~ l i r~ t i o r t~ j  defined. -For "rewmble ~urviv&! velocitiesar~! potential for head imp~lcta 
up to 20 ftloec with pddiing thickncm between 1.5b d  2.0 in. ..."sccelerstjonof the heed ohouid 
not exceed 60 G cnd edficient materid must be crutihcd to reduce the head velocity from 
38 ftlm to 0 i ~ l r n -in the pmm of abmrbin6; Lhe head kinetic energy of approliiraetely 
60 t o  50 ft-lb." 

mailto:r@strair.til
https://FJ~BW.IR


Evaluation criteria for load distributing applicotiolm involves the ~~surnp t ionsthat "A load 
distributing pad should permit the face to pencbak the surface easily, ihen m~intnin e cuehioninp; 
layer of foam between the base and the underlying s t ruc t~se  during enllapx of the 

-, understructure." In terms of energy a h r b i n g  efficiency, Husch (ref D-10) ia cited an etating: 

1. 'Energy absorbingcharacteristics of a brittle foam are ~uperiorto  those of a ductile foam, 

, '
i

>2. The optimum energy aaberbinng foam has a large cell size, a n a A w  cell size dietribution, and 
minimum number of reinforcing membranes between the cells; and 

i ' 

it m3. 'Foam cornpasites offer no uipificant advantage over a singie foam." . 
I 

I 



Two topics related to crash pu'ba are diRcusard hsrein. The dkcusnion tun^ on the relatiomhip 
s = v'i'', whe~ev ia the velocity contentof the pulse (the p ' h  is ua~umedtoetoy an object with initid 
velocity v), T' ie the t h e  cmrdjneb of the centroid of ths p u b ,  nuda ie tho 8LRpping dltance. The 
above formula is convelliont to apply eince the c d m i d s  of sWdard pulw shtlpee kg., trianglee, 
trapmid3, sinusoida) are tsbulstcd in engineering hnudimh. The rehtionehip reduces the 
pmhlm of mWng the differentialq i ~ t i o n aoi motion to the aimp1e.rgeometricproblem qf mmputing 
T*. 

The topies are: dise~arionof erron in the estimation n = v212e, where a i s  the average puke 
acceleration and v und n u e  aa d e b 4  abova; tind a cimplifi~tnie thd  for computing energy 
a b r b e r  stroke requirements. 

Before discussing the t~pica of inkretit the reletionship o = dI'" will be derived. 

Derivation of e = vTP 
I,& bjt,), i(t)and ?{t) denote the pi:iticn, velocity a d  m~eleratirsnof the vehicle a8 fwctiona of h i e .  
Assume that m sccelcraeicn p u h  x(t) of duration T is given. Fxther ,  

(i.e.,the vehicle crsehes with initial velocity v, coming to rest in time T rind &trace 8). 

We ccm wrik frcm basic dafiiitione: 

From cquntion (I), 

In t ep t i on  of equation (2) ty pEVALtf and impmition of the requkemeut thal m!T} s gives i 



I 

Now define T"ae the time cooidbate of the centmid of the ar& under the decekration curve - that 
ie. 

iTYO)&)/(lT(T* = YO) dl) 

. Substitution of equations (3)m d  (4) into equation (5)givee 

T* = (-s)/(-v) = S / V ,  O.E.D. 

If the crash impact velocity v nnd ntopping dktance 5 can be detemtined, the Guide recommends 
the following fonnula for e s t i n e h g  the average craoh deceleration u; 

If the crash puke is in zetuality skewed s s  that the majority of the acceleration occurs early in the 
crash, equation (6)overesci?notes the magnitude of e. To see why thitj ia m, consider two aircraft 
crashes represented by the two Lriangular deceleration pulses shown in figure D-A.I. The pulses 
have the same average decelrraliua (v'D as well nn equal duration, equal rnapitude, and eq~ral area 
(the area r c p m n t s  the impact velocity v). The aircraft in the first crash will top in e shorter d k t c l n ~ ~ ,  
(8) than the a i r c r ~ f t  in the second, bemuse the deceleration is applied more quickly. Thus, 
equation (1) would incorrectIy predict a lareer average deceleration for the firot crash than for 
the mcond. 

The correct rcLatio.mhip reqtiires kcowledge of :he pghe shape. To derive the relationsllip, first 
note thst the true nverege 8cca!eration a is given by 

where T is the pulse du rahn .  

The relationship 

waa derived in the preceding section. Thv.8 



Crash Pulse -



which can be rearranged to read 

The implication is that  when the deceleration pulse i s shnpd  so that the mjor i ty  of the decele~:~tir,n 
occurs in the f i r ~ t  half of the pulse, i.e., T' .(: 'I'I2, equation (6) owretitimates the nverogo 
deceleration n, whi16 if most of the dece!eration occurs in the ~econd  half, i;e., T*> T12,then 
equation (6)underedmates a. Equation (6)is accurate only when the centroid To occurb in mid- 
p u h  - that  is, when T' = Tl2. Figure D-A.2 illustrates equation (8). 

Equation (8) can be used to b i n d  the error in equation (6). For example, the caatroid of o 
trapezoidal p u l ~of d.watiori T must fall between (113)Tand (213)T. Equation (8) shows that the 
maximum emor inherent in equation (6)for a triangular or  trapzoidal p u h  is 33%, that i ~ t ,  

Estimating Energy Absorber Stroke Requirements 

The function of an  energy aborber  is to reduce the peak loads experienced hy a passenger. A3 a 
result of energy ahsorb r  performance, the cm!i pulse experienced by the posacnge:. 1133 a 
different shape than the pulw a t  the floor. The difference in pulse shape causc?a a dilferer~tiaf in 

-topping distaoce between the passenger and floor, which is achieved by deiorrnatior. of the ecerky 
abaorbr and ia termed the energy a k r b e r  stroke. 

The energy a b r I - x x  may be regarded as a filter which rndifiso t.he shape of h e  cleceleiation 
p u h .  The ~ t r o k ed i s t n ~ c ecan t~ related to this filtering action in a simple, geometric way. 

The stopping distance s h related to the p u l a  shape by the fctmula 

where v iB the velocity a t  impact and T* is the time coordinab of thr: centroid o i  the deceleration 
" pule .  The energy cbmrber stroke requirement is 

where the sutwcripta 1 nnd 2 refer respectively to the floor &adpswengzr. '!?P r3qaired ~ t r o k e  is 
the ifitid velocity multiplied by the center of gravity shift awed by miodificrtiun of the ol~rpeof the 
d~cxAeration p&. 



Pulse 2 
v = area = 32.2 ft/sec

/ 



Equation (9)gives an intuitive view of energy absorber performance. For example, equation (9)can 
be applied to compute the atroke distance required by n simple losd limiter m d e r  a triangular 
pulse (figure 1)-A.3). From geometxic considerations. 

vT , k t ( k 2 a t / 2 )  + ( k t  + Ti:) k a T  ( 1 0 )  

where. T i :  !rom 

v = at = k 2 a t / 2 + k a ~  ( 1  1 )  

quat ti on (11)is u d  to himinate T from equations (lo),and the stroke io computed by subtracting 
equations (10). The formula, 

> 7

s t r o k e  = v T 2 *  - v T , '  = a ( - ( k 3 / 2 4  + k / 2  + 1 / 2 k  -- 1 ) .  ( 1  2 )  

is easily obtained. This derivation is simpler then the derivation in the Guide based on intenation 
of the acceleration pulses. 



-- SYMMETRIC FLOOR PULSE 

. -

PULSE 
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This report presents the results of a study to identify areas  of research clnd approaches 
that  may result  in ~mprovect occupant survivabrlity and crashworthiness OF trxnspnrt 
aircraft. Thls  study was jointly spunsored by National Aeronautics and Space Agency 
(NASA) and the Federal Aviation -4drninistration (FAA). The thrust  of the  study is the 
definition of areas  of structural crashworthiness for transport aircraft which migllt form 
the basis for :? NASAlFAA fiesearch Program. 

NASA and the FAA a r e  planning a 10-year research and development progrrrln to 
improve the  s t ructural  impact resistance of general aviatlon and commerc:al Je t  
transport aircraft. As part  or' this program parallel studies have been conducted hy The 
Lockheed California Company, The Douglas Aircraft  rompany .  and The Roping 
Commercial Airplane Company to review the  acc ider ,~  experience of commercial 
transport aircraft ,  assess the  accident performance of structural components and the 
s ta tus  of impact  res is tance technology, and  recommend a rdas  of research and  
development for that 10-year plan. This report gives the  results of the Boeirig study. 
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	" Boeing Goamerclal Airplane Company 

	1.08-Y 
	1.08-Y 
	Thisreport presente the reeults of R study to identify aresof research an6 approaches that may &E in improvedmu.pilnt tiurvivabilityand cr~ah~oytllinees 
	of transpart.Rircrnft. Thisoludy wao jcintly npo:ffiored by Nrltional Aeronauticc and Spsce Age~cy(NASA) and the Pedei-nl A.;iat;::n Adminbtratiori TAA).Tile thruat of the study iR the definition of are= of structural craehwortl unw
	' 
	for tramport &craft which might form the bis for a NBSmAA EEeseercb Program. ' 
	NASA and the FAA are plallning a 10-yearresearch and development program to improve the structural hpnct~ktaaceof general avistion and commercialjet trans@, aircraft. As part of' tbLt progmim parallel otudies have kn conducted hy TheLocbd,Cilifornja Company, Tie D~ugbs Airdt Cornpan], cnd 'llie Bwirg Gnmmerdai kiqhneCornpmy to review the accident expe,i.rientxi of comru,ercial tra.mpo~t aircraft, amew theaccident performance ofstructural compon?nts ilnd the status of impact reeietance technolagyl wid recomm
	2.0 ~TRODU~HON 
	2.0 ~TRODU~HON 
	The scope of the stud/ from the con:ractud statkment of work is: 
	"A study ki define approached tbimprove the crmh~iorthineos of tranoport aircraft i.3 deecri'bed in this statement of work. Aircraft accident dab and current aircraft deeiq practiccu will be usd Lo define a range of crash condition8 that might form the basis for developing crashworthiness deeign technology. In i~ddition, analytical andlor experimental techniques required to det&.die the adequacy of craohworthy design feature3 will be defined end the adequacy of exis! ;ng metho& and techniques will be evalua
	Heourne of tnsla: 
	I 
	1. 
	1. 
	1. 
	To review and er &ate tramport aircraft cccident data tadefine a range of crash situationsthat may form the basis for developing irnpr'oved creahworthuss design technology. . . 

	2. 
	2. 
	Identify structuralcomponents and aircraft systems that eignificandy participate: in or influence the crash dynamic behavior of en aircraft in the xenarios defined'in 1. 

	3. 
	3. 
	To define areas of research and ayrproachee for improving crashworthine,~. 

	4. 
	4. 
	To identify tat techniques, test data, analytic'al methods, etc. needed to evaluate the crash dynamic response of transport aircrsft." 


	BACCGROUW 
	Safety is the primary consideration in the design and operation of commercial transpart aircraft. For over 40 years the FAA with ita predxewr the Civil Aeronautics Adrninivtration (CAA), NASA and itrj predecessor Nationa! Advisory Committm for Aeronsutics (XkCA),the Natioiisl Transportztion Safety Board (NTSB), the airlinee, unions, the manuiactarers and other foreign government agencies have contributed to the clevelopment and advancement of safety in commercial aviation. Their effortR have resulted in til
	The continuing concern for safely at Boeing has placed zn emphasis on dekmininy cawe of accidents and evduitizg the cmshwol-thinem of aircrzft structure and systems. Because of thi~ emphasis, safety related design chongeo and improvements, bnsea on operational experience and accident doh, ace continudly king evaluated end ol'bn imorp:mikd in new design aircrctft and 
	t 

	-in-service airere.£ t. 
	However, the icitial conditiori~ of an accident and the subsequent responses of the aircraft are cmnplex pi:ennrvna md it i!3 iifficult to quantify the level of structurd crashworthinem of e spxific deoigl or to conpnra one tieuign to another. I4.x desig:~ improvemenh. the cranh environment is known only in ,$enera1 terms. 
	Current techno!ogy is hid 0:1 ihe best avoilnhlt? knowledge obtained from accident mrveys, some wmp!ew aircraft craoh kstu, :ientlcscupsnt tetih, and from niLtagy and a~itomotive programs 
	Figure
	aimed at specific probleme. Each manufacturer of aircraft htu developed empirical engineering practicee that treat otructuxal crashworthinem, These prtlcticeo while producing good producta. are extremely limited in application. 
	Some analytical tools have been devela,wd for modeling the nonlineer response of occupants in seats and of aircraft structurc~. These tooh have confitmhts due t,o iaclr of ccmputing power and have had limited validation and application. Thinin turn hs limited the development of technical approaches ta crcnnh modeiing and eiruu!ntion. Further, it is mt esbblid~ed that theee ~ola include all the technology necessary to adequately treat.the complete structtiral crashwoi-thine~a probiein. 
	With regard to fncilitic? end methds fcr testing for crashworthinew, nome facilities are currently avniiable or alder devdopment. Some test methods have been developed by the FAA, NASA, and the U.8. Amy for seate, components, ad general aviation ahcreft and helicopters. Full-scale nircmft crash test methds are being extended by the FAA and NASA. 
	The Roeing stndgundrr thh contract islimited to commercial jet transport aircraft. Yhii:is the area of king &mmcn.cicl AiViane Cornpay expertise and mnformn to the company product linz. It aiw reflects tbe bhct~reof the world fleet. me world transp~rt fleet as 3f 1980 consisted of '75.7%jet aimraft, 15.7%turboprop aircraft, 8%piston agined~hi;saft and 0.5O/u helimptee. hircmft on order are divided 9 to I towards jet aircraft. This implies hi tile percentage of jet aircraft in thi. fleet will increaee durhg 
	While the reconm~ntlalions for research arising in thie study are directed inwards technology for cornmereid jet traaspns there i3 anapplicability to the general and private tei~iation sctors ae well. Development of anrrlytjml rneihcde, test techniqnes and facilities zisahave applicability to militaly haft and thc nuto;notive hdu~try. 
	The main seceioa9 of the report are Accident Data Review and Scenario Identification, Role of Structural Components in Crazhworthiness, Current St;llte of Crashwl;rthiness Tech~o!ogy,and Conclusions onci Recommendations. Accident Data &view and Scenario Identification discurn sources and adection of accidents, vslioua categories of the data, nccident scenario development, and mnges of impact co~diticns for the sceuarios. The Role of Structursl Components in Ct-arhworthine~s treab the participation of a+mctu
	I rnodeling and human impact tolersnce, stxuctural modeiicg and test techoo!op;y, a&mes tne technology and discussea resesrch to improve the technology. Conclusions and ILxomaendations prwnts areas for research and development to be ixluded in the hlMAiFAA 10-year General Aviation and Cnrnmercjal Transport Aircraft Crashworthiness. 
	3.8 ACCmWT DATA REmW AN'D 8C 
	A review and evaluntion of accident data hm been made for the ye-1953-1979 which cover the commercial jet trarzsport worldwide operatiom for &craft .certified uuder Federd Aviation Regulations (FAR!, Part 25. The tnhl accident klae hao been reviewed, and potentially surviwble ~~.widenta
	have been sclectec? for further analyais. 
	Thew accldernta have been categori~dwith respect to airplane eize, configuration, ci-nsh environment, operationlal condition, caw of accident, injuries, etructural darmgt?, and fire 
	, hazard. Z'h.3s.e categories are di~cuasedmrl the level of engmeering data in nccident reprta is aosepecd. 6* 
	Three baoir crceh scenarios have been developed from the aeqnence of oventr ok~rvec!in tho accidents. ?'heart scenarios have lxen divided further into suhw;ets to account for variations between + --accidents within o scenario. The rnnge of Icitial condiLions for escb subset. h83 hen entmbAsbd These scenarioe may serve as c etarting point for rcsearch on crmhwortfunesb;, but reqllire fwther refinement to reflect current accident experience. 
	d 

	BOEMG ACCHDEDjT FILE AND STUDY DATA BASE 
	The Boeing fiie of aircraft accidents and incidents ia limited tn ai known mmmercial jet aircraft occurrence3 involvhg worldwide aircarrier oper~tionsince 1359.For renearch, study, anti analyais purpowa, a selected group of these accidents form a "statisticcl dsh banli" of 593 wcwrencw that include dl operations from 1959 through 1979. Excluded from this s~tisdcaldam ha-& are occurrences that involve iactars beqond the control of La a~fmmc? nanufaacturer YLIC~as oahtsge, militmy actioa, rnilitery operations
	Accident dstn have been obtained from various .wurces. FANCAB reports and N'TSE reports of 1J.S. aircarrler accice~ts, lltive been usti cxten~ively. While the edy reporb (circa 1060) contained, for the most pwt, spame dctaila on etructurd fi+ctors and on the cause of irljjurylfatalities, the latt?r reports are much more complete. Human Fsctors Factual Rcporta prepred by the NTSE are p~rticuhrly useful wilh respect to the sequence of evenfa, caws of injurylfataliiiea, pcrforrnacccl of cabin interior equipmen
	The relotionship betwee11 fntditier, and hd 10sis shown in fiye 3.2. Here i L xsy 1w soen that of the 2'i5 liull 1053f28,20!iinidved fatslitles and the three fat.4 lnjrlxy nccidcnh involved substantial dnrnnge to the aircraft. 
	The percentage of a~ridenh ity opornt~ondphase and by operational time is shcw~in figure 3 3. Considering those operat~onel ;)haws taking pince near c;r on th~goriid. ':3.3% of the accidents occur in 18Y0af the opcia~onsi time. E'u~-t.her, those accidents that occw during chn?b, cru~sc, acd descent sre geilsrally nonsui-~vable mind outside the range of this ritudy 
	583 to!al accidents' of all typos 
	I47 involved US.carrier domostic operations 40 involved US. carrier inteinational operations 
	" 
	, 

	28 involved U.S. carrier test and :raining operations 42 involved U.S. carrier ocn-scheduled and cargo operations 72 involved f~reign carrier domestlc operations 
	i 
	168 involved foreign carrier in!ernational operations 1 43 involved foreign carrier test and training operations 43 involved forekn carrier non-scheduled and cargo operations 
	Of these operatmnai accidants 
	275 resulted in hull lass 
	214 involved fatalities of passengers and/or crew on board the commercial jet aircraft. 
	'Exclddes: Note: excludes 33 non-operational huil lassas Turbulence (injury) and 15 sabotage or m~litary action hull losses. Emergency evacuetion (inji~ryj Sabotage . -
	Military action/military operations 

	Figure 3.7-Accidents During Twenv Years of Jet Operations 
	Figure
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	BT'UDY DATA BASE 
	BT'UDY DATA BASE 
	A study data bw woo fcwod from We accident data bm. At lea&one of the fouowing criteria muat exist for consideration in the study: 
	I 
	1. 
	1. 
	1. 
	Airframe survivhble voIurne maintained (prior to wvere im) 

	2. 
	2. 
	At least one accugwt did cot die from hue 

	3. 
	3. 
	Potential for cgrcm present 

	4. 
	4. 
	Accident Gemomtrabs etructurdl or system performance 


	It should be noted that criterion (2)is significantly more mvere than the FAR ciikrion (weapp. 11, fig.3.5)or MTSB dcfiitiona (see app. A) of e eurhible accident. $kikrion (2)Joes not mcari that if one survives dl should survive. rather that one occupant wm able to withstand this accident envimnnen!, in iri~ immerliste vicinity. 'lEspermito acc$ienta to consided fcr IWI& dehition and direction that are beyond the scope of current design criteria. 
	Using the above critmie, aboat 400 accidents were eelected from the total date base of 583. TIiese 400 were ti~en subject to an in-deplh review and maay were eliminated from fmhe:. consideration becau:e no injury occurred nndlor the aircraft was etructurally crffihworlhy v, that level of crash environment.Gthitr acclderib were elirnirtatcd because the injury was due to human behuvior rather than other foctonr. Folhwing this preliminary review a ht cf' appro;rir~?akly200 "can&dr?te accident$ woa selected for
	netoiled reviews of thpqc 200 cmeo lesulted in additional eliminations and a EuaI list of 163 nccidents fcr this study (see fig. 2.1). These accidents are deoignakd oc "poteotially sur~rivhhle" ttuncghout the report. Ths selected List wtls clleched agninst the i~juzry n;ld hull !om liub of tile Bwing da?abase to eneurs completeness. Appendix C givea a List of acciderits fbr 1'380for fnture conoidcration. 
	Jt should be noted that the inclusion of the less wverc sccidcnta night dter any statistics derived from the da~abase. ConvequunUy, csre is requirrd in comparing the resulb of this study ta studie; using other data bases. liowever, comparisctlv to other studies indicate ths t ell cf the kr:own sevcm wtentidly aunivable sccldcn(9 involving commercial jet trmsportu haw b~n
	iwluded in the Audy d8t-a bw. 
	The data 'bass dwa not reprepent the complete diatrib~tim of possible accidwto in the statistical arnse. There are probably typcv of accidents that might happen in the future that ae not represented. 'The wcident data baw does not re!xSezat a stationary random pmcess. Certain type5 of accidents that occ~urred during the jet introduction pxidtire not en in the mature shge. 7b.z codd hrcve an importent impact an the selection of xenarios for future design considevtisn. Evidence of this maturity is seen in fig
	A summary .~fthe xlected otudy deb haw is presented in table 3.1. ILs may \w wen, 87% of the rases involve llull low and 78% of the casr-s involve iaalities cr ~'erious injury, wliile fire occilrred in 67% of the cones. Fatelities due to fire were prcxnt in 37% of th? cases. fatallties due to trauma 
	Tabla 3.5 -Data Base Summery 
	Cases Total ac~idenis Foreign 
	U.S. and possessions 
	HUII IOSS 
	," Fire Fire cawed fatalit~es ' Trauma causod fatafities Drowr~ing 
	Fatalities or seriot~s injury 

	were preoest in 36% of the csew, md fatcslitb due to clmwdrcg were premnt in 6% of the carno. The ~ielectedcam chrawly represent mriow accidente. 
	The707 accident in Tahiti, in which there wee one survivor, has not h.n included in tbe dab hue becaram the aircraft WRR not recovered and the survivor could not supply any details as to what happened. Four special cams arc includd in the data base. The fimt special case is the 707 in 
	I 
	London in 1968where the mircraft caught Fire an takeoff and made w successful It+ll&ng but fiw deaths occurred during evccuafion due Lo fire. The oecornd special ctinc io the DC(3 at Toronto in 1970 where the oi~waftwm demagcd duriag aa attempted landing md expidc?<i diuing the subsequent atkmplr,d go-around lrilhg the 108mcupanls. The third ~pecid caee is the DC-9 in 
	Bosh in1973whure the &craft struck a manail, hoke up and burned, but orep~s8engerwakcd outof the firebut died within 24 hours. 'l'he fourth epcid cam isthe 737 Madras occidt:nt on Apri! 26, 1979,in which the cietonution of an explosive device in the forward lavatory led to landing conditions that reoulted in an ovenwn. 
	1 
	The study d~thbm is presented iu table 3.2. Acci;, ~taare liskd hy date (month, d3y, yea.), aircrafttype,and lmtion of the a,xident. Hull loas isin~cicatdby x with a bW indicating mabtpatial damnge. Number of occupants, fatalities, and oerious injuries are also ~hown.Flight phase (takeoff, initial climb, approach, landing, taxi) ~ndthe presence of fire are indicatcd. 
	' 

	~ccidents'havehen ammd as impact survivabie (YES)if no deaths were attribut~df*,trauma. Accidents have hen ased ;tsprirdially impact suvivable (PAR)if some deaths were nttribukd Co tmuna but there were Borne deztDaattributed directly to fire related cauws or there were swvivors. Thoce sccidetnts iu which there were sornz survivors but the cause of fatalities was not determind have keen labelled as undefined (UDF). 
	CATEGORLZATION OF THEACCR)&Xl' DATA 
	PRQBmLlECAUSE OF ACCIDENTS 
	The probeble cause of the accidents is presented in fiye 3.4. "Probable cause" is based on the detwxnihation of the acci.dent hvestigation body.For 13 accidents the cauw isudcnowil. For 140 casea where ccuw has been determined, 78.6% of the cases we attributed tc the cockpit crew, 
	11.496 b the airplane, 5% to weether, 2.2% to the airportfair traffic controller, 1.4% to miccelktneous, 0.7% to maintenance, and 0.7% to sabokge. 
	The aircraft was the cause of the accident in 11.4O/o of the caw. Landing gear systems and nupport structru-e were involved in seven eccidenta. Failures involved brakes, wheels, tires, and structure. Enb$ne di~integmtian, thrust Icm, and thrust reversera were invoived in six nccidento. Flight in~trt~entation
	was involved in two accidents and ground epollera and e1eva:sr trim tab were involved in oue accident each. 
	From these data it may be cor.cluded that about 89%of the accidents mieht have lxcu avoided by improved pilot assistance and ground control. 1%~nost significant improvements in safety may be obtained through accident avoidance. Such items aa pound proximity warning, wind shew detection, automated landing and nsvigetion syskma, ar,d advanced integrate:! ysterne for pilot awistance ofier the bat hope for elirnicating inout accidcutv in the "avoidablen cakgory. 
	Impvvcd gromd control rind reduction of hwde on and around airports is anot!w area for improved setety. The avoidance of co?!lnions between aircraft. md with ground vchicles ~houldbe attainable. 1:eductjon of hamdu such as drainage ditches, poles, rreee, columns, outbuildings, and birds fro= airports is a metier of concern Inaddition the short/ovem sreas for runways cotdd be improved to reduce the severity of accidents in these Ereas. 
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	Figure 3.4 -Probable Cacw of Accidents 
	Accident ccl~owere categorized with reapet to aize memd by gross weight.. The 737, DC-9, Comet N,BAC-111, Trident. F28and CaraveUe form a short haul group up ta 72.5 tomes. The 720,727,580, and 990 are incluled in the 72.5 to 113tmnes short haul group. The 707 and the DC-8 ere in the 113 to 158 tomes narrow-My long hnul group. Wide-body aircraft such as the L-1011, DC-10, and the 747 are iin the over 158-tonne wide-My long haul group. 
	Refemng to ligun! 3.5, it may be seen that each size group is repres9nted in th? dst~bo..e. Srnallcr short had eirazft 'tW appmximately 40% of the cam,larger&ort lraul goup approjrirrately 29% of the cases, narrow-body long had group tipproximately 35% and wide-body long haul aircraft appmximat;ely 5%. 
	Ot particuiar intemt is the effect of shon aircraft crmh performance and survivability. Comidering the eff& of saleasin dynamic modeling, it might be expectedthat larger aircraft would fare better than smaller aircraft if the cresh envirorment is not scaled up. Farther, the individual occupart does not ecde up, bilt becomes relaf vely smaller in the larger aircraft with a correapanding improvement in his surtivd prospects. For instance,fwlage structural elements such as frames niid etrbgera are stronger in 
	the jet as compared to the pro2eller aircraft. 
	A qwlitative ammment of the accidmt data seem to indicate that relative six within the jet group has only minor effecti; on the crash performance of commercial jet transports. In general, it takes a larger tree, c larger house, end a deeper or wider ditch to do equivalent damage to a !arge aircraft. Since no two accidents are identical, an accurate compariscn of damage between a large end small jet airframe cannot be made. 
	There is Bome indication that there may Ix some effect of size between some s~nnller propeller- driven transport urmaf: md the current jet fleet. %accidents not included in the study datn base were reviewed that involve high wing propellerdriven aircraft of one generic type. In the.% arl idelzts the eat reupon= was different from that ot6.ervcd in surnvable jet aircraft accidents in thac many seats separated. Further, there were imbnces of aest "stackkg" in the forward fuselage and sent ejection on a large 
	Accident cases were categorized wi~h reupect to configuration. Emphasis wasplaced 011 diif~rences 
	between aircraft typs arid iwvice irpes. The aircraft fuselage inkrnd cor.figurabor~ was cla~sified 
	according to type of aervice, i.e. passenger or nonpzssenger. Aloo in the internal fuxhge 
	configxntion is the preseoce oi Myfuel cells and body fml lines. The external configuuration 
	differences are related to fuselage width, engine p!acement, landing gear, and fuel cells. 
	Referring to figure 3.5, it may be peen that approximately 20% involve nonpamxger wrvice. Nonpawnger service was further divided into cargo, treining, and positioning flights. 
	Regarding cargo service, a review of the accident data shows some caws where cargo shift during the accide~lt incue& the hamd tothe flight :rew A notable instance is the Miami 880cccident on December 26, 19'36 where c~ttle pew broke loose duricg an overrun and blocked the cockpit doar. 
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	Figure 3.5 -Accident Data Catagories (Concluded) 
	'haining aecideuts awt frequently invo!ve enginmilt takeoff attempb. Them a&dents invo,~e extreme yaw wd rolI angles with ground otrikea of wings, engines CP aft fuselage. Some accidents involve touch-md-go haling practice. 
	The principal variatio~ in atrictcL.d mdigwitdon inin phmment cf e~ghes.Approximatdy 60% of the accidents involve nircreet with wing mounted engic~and 37%involve aft mounted engines, while 3% invclve wing and aft body mounted engines. The aft mounted engines ody separated from the aircraft due tohigh acceleration loading, while the winglpylon mounted engines separated both fmn high acceleratiox~and from contact with external objects. The Comet IV has eugmes niountcd internally in the wings wbch contained th
	Engine placement was observed to affect the fire haz,srd. Assocktc-rlwith the sft body loc~tion is the breakhi of engine fuel lines and also of body fuel lines. The wing pylon mounkd location had ia
	!: 
	addition to fuel line breaka, the rupturing of wing fuel ts& due to pylodengine eepmtion. Fires occurred in cnbkes internally mounted in the wing. 
	The wide-bcxly long haul aircrafthove main body landing gear in addition to Lhe wingmounted gear. Here the crneh reswnw was Co transfer high impact bads to the fumlege structue. 
	With regard to fuel cells, the Comet IV bas wing pad tarJsn. These tank.have separsced due to high accelerations, and have contacted exten~al objects. The aacocinted fire haz~rci wae tank rupture. 
	TYPES OF WJIJBES 
	The data base cont& 119 accidmts or 67% i~volving fatalities and/or ~~rious
	injury. For tKw otudy t5c NTSB defiiitione (s= app. A) have been extended further to identify the cause of tha fatalitylinjq. Trauma is taken to Sean that the fatditylinjury ifi caused by mechanicttl forcps uuch r,8 ilertie forceo reoultiny: from high .wxleratione or from impact with the surrounding structure. Firelsmoke is awigned to thosc fn8EtiesiLnjuriw '&fitresult from hm;, inhalation of hot gases. flrnokr? or noxious fumes. h ccne cases, peesengem me presmacl ti, hw, rkeivd trauma izjuries that preven
	Referring to figun.3.5,it may beaeen tbat appro~htely35% of the accidents ilvdve fatdtim due in truurua, 37%iuvolve firelr;mclre, and 6%involve drowning. With respect to the m-iouainj~uies,60% invcrlve trauma, and 30%involve firelcrnolce. Tt should t~ noted that Borne accjdcnts may invohe combhatjonn of the ahve c~uxnof icjuy. 
	Five operational plies were used for grouping the accidente. These are takeoff, clircb, apyronch, landing, end tmi. Referring to figure 3.6, it may be wen that takeoff involved 22.596, climb involved 7.0%,appmnch invclved 30.596, landing involved 37.196 and taxi involved 2.0% of the accident caws. 
	The grouping^ by operationel pkro.se are givivr.n ir:table 3.3 with n brief dexription of the accident. From tllr!ae data, the wmp!exity of the accident3 may bobserved. We frequent:ly there 82-e common factors bnitween accideilts, when the details are coilsidered each a~xidentis n separate event. 
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	Table 3.3-Accidents by Operarional Phase (Continued) 
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	Tablo 3.3-Accidents by Operational Phase (Continuad) 
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	Table 3.3-Accidents by Operational Phase (Continued) 
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	Table 3.3-Accidents by Operational Bhass (Concluded) 
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	Thc accident data base containo 133 ca8es involvhg hull low and 20 caws involving sub~tantjnl damage. ?'here Ere 103 wee in which fire was preeent. In npproximntely 00% of these cases the aircraft was a huil 1~s~. 
	Refemng to fiw 3.5, it may be! seen that engine 8eparatian occurred in 55%, landing gear coilape or mpar~tion occurred in 6596, wing box breaks occurred in 45%,fuwlage brenko occurred in 48%. and water ditching impact breakup occurred in 3%of the accidents. The ~pnmtion of sn engi2e and the breaking of a wing box imply fuel apilla. In nome instances a fuselage break in nn ahcraft with aft mounted eugiues &o caused a fuel tipill. Water ditching impact breakup i~ considered eeparately from fuseiekge breaks be

	FIRE HAZW 
	FIRE HAZW 
	Fire was present in 103 accidents. In 95of thew cases the aircraft was n hull low and in the othera the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill occurred but for which there was no fire. Some of these involved situations where the aircraft came to red in water or where ?he climatic conditions, auch as low temperature, precluded the vaporization of fuel or where terrsin drained the fuel away from the aircraft, except for these circun?stElllces, those ca
	Containment of fuel, spreadlwatter of fuel, and ignition of fuel constitub major are- of etudy fcr improving srwivnbility in jet transport accident. Ignition sourcee rue ueuaujl present in zhcraft crashes. Landinggearfailurs ustially produes showers of sparks due to friction of nkucture rubbing the ground. Hot sections of engines dm ignition source. Electrid arcing may wcur when the electrical compartment ie penetrated or when electric wiringis severed as inthz inotance of enginelpylon aeparation. 
	pprnv;.de an 

	In cdea,aircraft encounter a variety of hazards. These heard9 comititute a hcstile environment. 11;an ittcmpt LOc!aeeify this environment hmds have been divided into threegenerccl cate~oiies: terrain, water, and obstructione. 
	Terrain may be further separated into hazards relating to surface haring capacity, contours ra;a ground plane for contact by the sircraft. The characteristics of water are depth and sea Obstructions are divided into four groups, bawd roughly on the manner in which riircraft rcceivea crash lcads. Them groups me columrm, impaling, frontal, arid other. 
	The hostile environment is shown in figure 3.6. Examples of types of haxrds that hake encountered in accidents in the data base are shown in parenthesis. In sirnpic ~ccidents, one llamrd may be encountered. More complex accidents may involve several hazards encowtered in various sequences. 
	COR-IMESTSON ACZlDENT DATA 
	Somecomments on tht! content of engillrw-in~: cl;1!;3 relcvnnt to structural crashv;ort.hiness avaiiah!e in accident reports nrt; in ~rdei-.In ~enc~r;d. of cncir:eer?ng clatct h~s
	thc r.o:ltcr:t increased over the ymrs as tile awsrrLllr:;s of criish;sortllir~t~s,~ Ilo\\xvcr, data content has tended to lag
	in(-rt~;:st~d. hehind the tec1:nolo:ry. 
	The eccident data baee contnim 13:3 c2wn involving hull loss and 20 cases involving substantid damage. There are 103rases in which fire was present. In approximately 90% of these cases the aircraft was a hull loss. 
	Referring to figure 3.5, it may be men that engine separation occurred in 55%, landing gear collapse or separation occurred In6596, wing box break occurred in 4596, fuselage breaks occurred in 48%. and water ditching impact breakup occurred in.3Oh of the accidents. The separation of an engine and tile breawg of r wing box iinply fuel spil4. In some instances a fuoelnge brenk in nn aircraft with aft mounted engine8 also caused EL fuel spill. Water ditching impact breakup ie considered separately from fuselag
	Fire was present in 103 accidento. In 95of these cases the aircraft was a hull losa and in the others the aircraft suffered substantial damage. In addition, there were 22 accidents in which a fuel spill occurred but for which there was no fire. Some of these involved situations where the aircraft cane to rest in water or where the climatic conditions, such as low temperatme. precluded the vaporization of fuel or where terrain drained the fuel away from the eircraft, except for tilw circumstances, those case
	Containment of fuel, spreadlscatter of fuel, and ignition of fuel constitute major areas of study for improving survivability in jet transport accidentt;. Ignition sources are usually present in aircrzft crash-. Landing gear failure usually produces showers of sparks due to friction of s'mcture rubbing the gr~~~id. 
	Not sect,ions of enginen also provide an ignition murce. Electrical arcing may occur when the electrical compartment is penetrated or when electric wiring is severed as in the insbnce of engin ?/pylon separation. 
	CRASH ENVDROhiEPJT 
	In crsshes, aircraft encounter a variety of hazards. These hazards consititute a hostile environment. In an attempt toclamify this environment hazards have been divided into three general categories: terrain, water, and obstructions. 
	Terrain may be further separated into hazards relating ta surface bearing capacity, contours and ground plane for contact by the aircraft. The characteristics of water are depth end sea state. Ohstructiono are divided into four goups, based roughly on the manner in which aircraft receives crash loads. These groups are columner, impaling, frontal, and other. 
	The hostile environment is ohown in figure 3.6. Examples of typa of hazards that have been encountered in accidents in the data base are ahown in parentheszs. insimp!e accidents, oce ha7srd may be encountered. Mare complex accidents may involve several hazards encountered in various sequences. 
	COMMENTS ON ACCXnEPIT DATA 
	Some comment8 on the content of engineering data relev~nt to structural crashworthiness evailvble in accident reports are in order. In general, the content of engineering data h~s increaszd over the years ns the awareness of crasbworthinem increased. Zowever, data content has tended to lag behind the technology. 
	Hostile environment I 
	Hostile environment I 
	Hostile environment I 

	__I_ 
	__I_ 

	Frontal 
	Frontal 

	(Hills, elevated landlgradual slope) 
	(Hills, elevated landlgradual slope) 
	(Mud) 
	(Trees) 
	(Stumps) 

	TR
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	(Poles) 
	(Posts) 
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	(Embankments 2) 
	(Embankments 2) 
	(Soft ear?:,) 
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	(Walls) 

	(Cliffs) 
	(Cliffs) 
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	(Fence posts) 
	(Snow banks) 

	(Eoulders) 
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	(Rock) 
	(Equipment) 

	(Concrete slabs) 
	(Concrete slabs) 
	(Other AJC) 

	(Fuselage) 
	(Fuselage) 
	(Depth) 
	('Jllire utility) 

	(Wing) 
	(Wing) 
	(Sea state) 
	(Runway lights) 

	(Engine) 
	(Engine) 
	(Drains) 

	TR
	Figurs 3.6 -Types of Hostile Environment 


	NTSB reporh with accident zlockete contain much valuable data. Unfortunately, due to an executive order, accidents over five ym old, are being deleted from their archives. Fu~ther, inveetigatore are leaving government service through retirement, transfer, ek, making it difficult torecover data on older midento, 'fie NTSB should declare accidentrs having technical value as "clewice" and preserve thernt dockets indefinitely. 
	One obeervntion on accident reporb ie that it ii3 difficult to eimply differentiate accident eeverity between cams from the text. It icc often necesasry to delve through the structures nnd human fac- tom reports in the dockeb to make this distinction. Uee of the verity index developed in the part of section 4.0 titled, Accident Severity and Survivability, of this report would help to remlve this difficulty. Thia index could be extended to cover fire hazard. 
	With due regord for the aveilability of data at the wne of the accident, it is felt that participation of structural subsystems reported may be influenced by the anticipatiom of the investigator. For inotance, where f'ueelege breaka have occurred it may he us& for ceiling paneln, sidewalls and overhead Rtornge to be disrupted. Therefore, the% items may not be mentioned in the reporb. Sources and sizes of fuel spills could be better reported. 
	With the advent of Letter oimulation techniques more accurate data on impact ccnditions, surffice 
	conditione, slidc out distances, iwmrd definitioc, etc., will 'be ueeful in upgrading cmoliworthiness 
	technology. Continued emphasis on the definition of injury mechanism is needed. 
	Many foreign nccident repoils are quite thorough i~. the coverage of accidnnta while others simply report the bare& details. More cooperation and assistance through ICAO or directJy with the foreign 
	agencies might upgrade these reporb. 
	Fidy, the nvnikibility of a team of croshworthy specialists drawn from NASA and the FAAto ~saiot the investigating suthorities may prove useful. The NTSB, FAA, and NASA should consider this option. 
	Scenarios to identify a general wqwnce of crash eventa or conditione that produce the failure mechanisms of the aircraft structure and the injury mechanisms for the eizcraft occupant have been developed. Scenarios for the complete nircrnft .we necesawy where there i~ significant interaction between conetieucnt elements of the aircraft, where the sequence of damage in ixportant to the craah response, and tn establish initial conditions for Lhe study of ihoi~kd components. 
	The underlyin~ philosophy for wenario dwelcpment was, first, the ecennrios must produce the failure ~echen~stns 
	of the fitructwe and the injury mechanisms for the wcupanta. Second, the scenarios should encomptiafl available accident experience. Third, the scenarios should aar~ist in the identification of crwh technology requirements and allow study of the crash phenomena. 
	SCENmf'S DEVEU) PMENT 
	The initial phofu! in the development of crash .xenaric;s corsisted of review and study of historical accident data toidentiry and define broad categories of occurrence relative to utrtxturul break-up and injury factom. Stn~sturalfai!ure mechanioms were id9ntified nnd are listed in table 3.4.Types of injuries were idenhtkd and are listed in table 3.5. The &3ta extraction forin is given in appendix R. 
	After an analysis of the structural and injury mechanism, rhrm basic scenarios evoived. These ore "Air to Sarface", "Surface to Surface", ax6 "Flight Lnto 0i:structions". 
	b Fuselage cP Wing 
	Crush (axial & vet?) Breaks Bending breaks Wing box destruction Local deformations Distorlion Tangential damage 
	.! % Engineslpylons 
	o Gear Separation 
	Separation Collapse 0 Sests 
	SeparationHatch/doorlfloor Distortion 
	Rupture
	Distort~on Des!ruct~on Separativn 
	* Interiors 
	sBeltslharness Galley/dividers separation -spillage Rupture Compart~nent separation -spillage Ejection Panel dislodgement 
	Table 3.5-Injury Types 
	Table 3.5-Injury Types 
	0 Trauma a, Firelsmokelnoxious gases 
	Head Fracture, concuosinn Burns Neck Fracture Vascular darnage Chest Crush, rib fracture Asphyxiation Spine Frzcture Limbs Fracture, amoutation 
	8 Drowning 
	Thistxeranrio considers thoseaccidents in which the aircraft impacts a level surface from the air. The accident is characterized by hiqh sink retes. The crmh variables are ahown in table 3.6. 
	kim& configuration msy hive individual landinggauup or down. kMt weight variablesarethe fuselage weight distribution azid the fuel load distribution. 
	Aircraft initial con&$oons an?three compccnentsi of linear and an&w velocity, and three components 
	relatingthe rircrnft orientation relative to the Burface. Aerodynamic!mda may bc sigmfkant for tho= 
	cases where the forward velocity is greater than VS (&all). 
	Surface locds sre due to the resktnnce of the surface. Fcr Iand, this msy vrvy fro^ aoft mud to runway hardness, whiie for water, loads minfluenced by ma state and nre in uccordance vriih the lnws of hydrodynamics. Surface load ch~1-3cteri~eics 
	may vary as the aircraft progrewes through the accident. 
	Following initial impact, subsequent hamrds may be encountered. For simplifietion, obstructions 
	aieseparated into three t,vs; columne repretienting trees, poles, rind towem that resist rnatiou in 
	the x and y direction 2nd are local; the ditch or hump representing vertical +,eriainchnngea of the 
	form Ao (3-ma XL)and may be imd or apply to broad sectiono of the aircraft, and L5e n:ep 
	functioz which forms a vertical boundary i6epre:tsenting wah, buil&nga, vehicies, and other 
	obstructions. 
	Thew obstructions may be syrnmetricaEy or asymeLrically Ioca+d and may be applied to landing gear, engines, wings, and fuselege eeparately or in combination. 
	BASIC SCENARIO -SURFACE TOSURFACE 
	This scenario considers tho* accidenb in which the aircraft on the ground encountero ohstmctions. The accident is characterizctd by horizonLd motion into the hazard. As such it treats cases of hitting vehicles, buildings, soft earth, ditches or humps, enki-ing water, and &ding contact with the surlace. Accident variahleo are similar to those described for 'he Air to Surface scenario with values appropriate to the ati:dent conditions. 
	.. .. 
	This scenario considers those accidenh in which the aircraft flies into obstructiono. accident is ,. I 
	:, '.
	~ 

	characterized by high kinetic energy and by the loc~tion and chxtion of the inpect loads. Fwther 
	-
	. 

	these accidents tend to 'be complex, encountering a sequence ~f obsen?cti~m. !.i ., 
	,
	. 

	. . \, 
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	" 
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	The basic sc~narios are divided further into subsets. The Air to Surface set has 4 subsets as follows: 
	I 
	+ 

	S10: no fui-t'ner definition (2) Sli: inlpact en orher than gear (13) S12: impact on gem (31) S13: impact in water (7) 
	Table 3.6-Crash Variables 
	-m---
	-m---
	-m---

	MC configuration 
	MC configuration 

	Individual gear: 
	Individual gear: 
	Upldown 

	Weight dlst.: 
	Weight dlst.: 
	Fuselage 

	TR
	Fuel 

	RIG initial conr(itions: 
	RIG initial conr(itions: 
	XDOT. YDOT. ZDOT 
	Coord system 

	TR
	PHI, THETA, PSI 
	aligned with iner?isl 

	TR
	PHIDOT. THEDOT, PSIDOT 

	~eiod~namicloads: 
	~eiod~namicloads: 
	Lift distribution 

	Surface loads: 
	Surface loads: 
	(Earthlwater): 


	Spring rate (msy be distributed in space) Friction coeff~cisnt Slope of scrfaco 
	Subsequent Iiazards (no: always encountered) 
	Columns 
	Columns 

	DCch or thump Ao (1 -cos XL) F :23 (5) Step funct~nn 6 : F--Zo @ F=() 
	16 

	Hazards may be Syrnmetr~s or assyrnrrta:ccc 
	Appl~edto gear, erlgtne, wir.~,fusolage separa!ely or cri cxmbrnallon 
	TheSurfece Co Surface wt has 5 sulweta tie follows 
	S20: hard gsound or on runway (2) 
	S21: soft sxcface (13) 
	S22: low obstruction (35) 
	S23: high obstruction (9) 
	S24: slkielroll into water (2) 
	The flight illto obetructions set hm 4 eubeets as follows: 
	S31: wing low (8) 
	532: impact column (16) $33: * impact solid waL1 (3) !S34: , impact high obstruction (3) 
	The accidents have been ,grouped by basic scenario and by subset in table 3.7. A fo~lrt.h category 
	(5.3) contains nine accidents. For theee accidents there was ineufficient infol-intttion in the files about the accident for scenario classificntion or the accident wes of a peculiar nature such an Ihe DC-8 in Shannon or the 707 in London. However, the con.wquences of these nccidenta warrant their retention in the data base. 
	In some instances, it was difficult to pbce an accident in one basic scenario rnther than another. This is due in part to the complexity of some of the cases and in part to the paucity of the available accident descriptions. Effort should hemade to darpen bje distinction between the exis*jngsta and ta clmify the subsets from futuw accidents. In ndditicn wme provision uhould be made for inclusion of a fcel spill factor in the sutwta. 
	Fittally, cla~sific~ticins have been based on histmy. Type8 of new accidents coming into the data base should have a significantly different distribution fmm those of the firat 20 yew. This distribution might be expected tr, be strongly affected by improvemento in accident avoidance techniques and be reduction of hazards oa and aruwd airporte. Development of fire supprrseing fuel additives could nct only alter the dhtribution of actident6. among wenarios but could chaagc the aignificmce af structural compon
	theircontiming epplicability. Further,the scensrios should reflect current behavior rather the-?that clrnvrn from the completc history. 
	CATEGOELIZATIONOF CRASHIMPACT CONDITIONSFOBClPltSKE SCENARIOS 
	An assemnent of the accidents with respect to the initial conditions bas 'ken made. It ohould be noted that accidents in the data base are ptpntidly impact,~urvivobleand that h!erent atiictural capabilit,~of the airframe nkeady provides a high level of safety. Cowequently, for many accident types the areas of interest for h~act research lie at the extreme limits of observed ccnditions or Lejond. For other accidents $be severity of the accidents was Inore a function of .hazardu encountered and somewhat indep
	Crashes on approach usually a'cuii kuse the aircraft is not where the pilot thinks it is. Forward speed of the aircraft ISbetween the aped for fl~pdeployment (VF) and stail (Vs). The rate of descent is 'ktweea 0 and 2400 ftlmin. If defensive action (flnre) is talreii, bcy to avoid ground contact, even a siight climb may be achieved. However, for research purpows, I he Iuwr limit of zem may saffice. The angle of the eircmft relative to the ground Is dependent on the dope of the 
	Table 3.7-Crash Scenarios 
	AIR TO SURFACE 
	No furthar definition Impact on cihor than gsw
	AIR TO SWITACE 
	(d) Impact on water 
	Pabls3.7-Crash Scenan'ss (Continued) 
	SURFACETOSURFACE Hardgroundor rurway 
	SUITACE TO SURFACE Low obstruction 
	obstruct~on ~l~doiwll
	High 

	loto water 
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	Table 3.7-Crash Scenarios (Concludoc?) 
	FLIGHT INTO OBSTRI!CTION 
	Winglow impactcolumn Impactsolid wall Impacthighobstructton 
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	groundmd the attitude of the aircraft. An aircraft attitude of -5O wne okrved in the 727 Cinchti accident where e 0' ground slope wm mcountered. The upper hit ie &c angle at etall sptd as in the 737 accident at the Chicago-Midwayairport. The aircraft gross weight. is, weight at takeoff lees weight of fuel burned. 
	For landicg accidenta, forword e~ mayd bz ebve the prescribed landing &peedor ct atall E&. 
	Instances of higher speeds generally resulted in overruns. Forward speed at onset of ovenvna ie 
	usually less then the prescribed lending speed due to pilot deceleration measures. Angle of 
	incidence is between 2.5" noae down to the nose up utall angle. Rate of dermnt is betwefn 0 and 
	240 ftfmin. 
	The forward speed in toYiaccidents ia less than 60 kta.Takeoff accidents involve forward s@ of up to rotation speed (VR)for both overrun, veer-off of runway, and contact with ohtructiona on the rcnway. hi:craIt pss weight ranges up to maximum takeoff grwweight. Aircrait attitude is essentially wings level and zero incidence. 
	Accidmta for initial climb involve 1-or reduction in power andior wingetnll. Fomiard sped range i~ from VR to VF. TCeee awidenta may involve impacta where the aircraft ia tail-down or wing low, or large angleo of yaw md ruii or a combination of the above. Rateof clmnt might be expected to be in the range of that for a hard landing, i.e., 0to 2400 fthin. 
	It should he noted that the accident data reports do not co~tain sufficient identifirntion oCconditiocs at the oil& of the crash to be more precise. Techniques nre being devdoped iv IdASI: hies that could betterdefine thew initial ~wnditiomjwhere&tcl from the Flight Data Frt?con3erand fmm the .Gi. Traffic Cantroller reder ie used. However, b dete no program to eatablhh bcse vduw eer,\ats. 
	Further, effects of last second evasive actiona by the flight crew and influence of terrain faturn on =effectiven impact conditions muat be included for purposes of ohdating the crack. Flight crew actions may be obtained from further development of the Ames tec!mology. 
	Vaiue hitr of initial conditions observed for each subt scenario nre shown in tsble 3.8. The.% values may 'be us& .to give nppmximate ranges of cra~hhitid cunditions for the wenariot, for research. 
	Figure
	In this section the strcctural componenta that eignifieiintly participate irz or kfluence the craah dynamic behaklor are ~ltudied. Aircraft stmcturill components that participate and their role in crashes are ide~tified from the accident data. Thi~participation is surnmnrized. 
	A matrix relating the participation of structural ~ystema to the ecenarim defined in section 3 L pnxmted ad awewed. haccident structural damage =verity index io pretiented. This index is a function of mtljor mnpocent participation. The re!ationship between the wenario and the etructursl damege =verity index ia neserzsed. 
	hteractions of the sLrtictura1 componer?ta aa obeerved from the accident data have been identified and discu~ed.Problem mm for rurr~nt structural components are cliscd and aseseed. Finally. crashworthinem implications of the application of ndvanced makrbla in these structural compnenta are comoidered. 
	Theaccident dnta base was reviewed to identify sh?ictural componenta that, participate in the aircrnft crash dynamic response. Results of this review are shown in table 4.1. This tab!e identifiea the component crash function, crash dyncirnics, intertiction with other components, and resulb of this interaction. 
	The components are the landing gear, pylonlengine, wirig box structure, fwkge, fuel dbtribution system, flaor structure, scatdrestraint systems, cabin interior, and entq nnd escape doors.The landing gear includes nose ye=, wing; mounted main landing gwu, and widebody fuxlage mounted gear. Pylonlengine include wing pod mounkd engioea avd aft body engines. Wing box structure is corcernd besically with fuel tankage and primary load carrying members. Fuselage inclcdes lower fuselage, (bottom of fu~elage to the 
	etorage, galleys, close&, dividepa, lavutories, ceiling panela, sidewalls, etc. 
	Participation is summarized in table 4.2. The major diagonal gives the 'chi participation of any component while the off-c%agonal valws shows copareicipation of other components. In addition to and nwidente involviug fireare included. 
	From these data, genersl component participation and interactiun of components may be obtained. However, in order to0btai3 the significcfnce of the interaction and mle oi components in crashes a more detailed assessment is required (ew part of section 4.0 titled, internction of Structtlrnl Components). 
	Table 4.3 pmnh a maixix relting cririd structural coznysonents, fatditiw, and accident severity to the crash scenarioo. Fatalities are divided into groups by cause: fire related, trauma, drowning, and uxhown (UNK).Pelrentilea re!cte to the number of occupnnt8 participating. The known frequency of participation of atructuraf. componenta identified io sho'cv~1far em.:major scenario md for snbsets. Included in this table an. the number of accidents, hull losses, and fires. Finally, the frequency of occurrence 
	1-hullcomponents,the 
	Table 4.1-Structural Systems 
	qv5tpn Crash Fl~nction 
	Landinu 62ar .-inerpy Absorption blatn?ain 6rd. Clearance Separate with no Darnaga to Airfram 
	. 
	.

	Nose 
	-

	Uing Pylon/ingine . React Obstruct~ans 
	Uing Pylon/ingine . React Obstruct~ans 

	Energy Absorption Separate with rro Daange to AIrframe 
	. 
	.

	P~ovtd? Grd. Reactian 
	. 

	Crash C-W~?;~CS 
	StrokdGcsr Deformation 
	.

	Collapse Sft/Side &/or Sep. 
	.

	,Collapse or Separatlan Af tlSide 
	,Collapse or Separatlan Af tlSide 
	Deformation 
	Deformation 
	.

	Interaction 


	m 
	Load Atrfranr 
	. 

	Forward Fuselage Grd. Contact 
	.

	.. . 
	.. . 
	Penetrate Lower Fuselage 
	.

	Center Fuselage 
	.

	Lw. Fuse. Penctratio 
	.


	Wtng Pod Grd. Contact 
	.

	Wing Grd. Impcct 
	.

	,Wing Box Tear Slewing of A/C 
	.

	LM. Fuse. Penetratic Aft Structure Ccntact 
	LM. Fuse. Penetratic Aft Structure Ccntact 
	.
	.

	Load Wtng Structure 
	.


	Fuel/Electrlc/ Hydraulic Linc Rupt. 
	.

	, Wing Box Web Tear Wing Lower Surface Penetration Uing Ground Contact 
	.
	.

	Direct Result 
	, Energy kbsorp:ion by (;car 
	Energy Absor3tjon by Grd. Friction , Energy &sorption by Lw. Fuse. Ocf. Gear Emage Floor Defomrrtion Fire Entry to Cabin Fuseldge Break 
	. 
	. 
	. 
	. 
	. 

	Water/Fuel/Fire Entry to La. Fuse. Energy absorption by Pylon Def. Grd. inpact loads to Wing 
	.
	. 
	. 

	Fuel SptlllFtre Fuselage Break 
	.
	.

	Body Fuel Llne Break/Fire Empennage Dmagt 
	Body Fuel Llne Break/Fire Empennage Dmagt 
	.
	. 


	Pylon/Engtne Daqage Energy A'osorptfon Load Wing S:ructure Grd. Friction 
	.
	.
	.
	.

	Fluld Splll/Arcing/fire Wing Box Brzak Energy Absorption 
	.
	.
	.

	Table 4.1-Structural Systems (Contrnued) 
	Syst~n Crash Functlorr Crash Dynamics Interaction Cirect Result 
	PylonlEnglne . Pylon/En Ine Damage to Airframe Line Rupture . Fuel Spt!l/Arcing/f ire , Fuselage fire danage 
	~ft . Separate with no Damage . Fuellilectric 
	i 
	iiing Strocture . Support Hain Gear , . Deformation . Load Fuse. Structure -;.Enfryy Absorption Support EnginefPylo? . Fuel Leak 
	iiing Strocture . Support Hain Gear , . Deformation . Load Fuse. Structure -;.Enfryy Absorption Support EnginefPylo? . Fuel Leak 
	. 

	Wing Gmage Contein Fuel Reacts Obstructions \, . AtC Dynmicsl . Fuel SplllfFire 
	. 
	. 
	. 

	Flotation Loss . Wing Damage 
	Hinder Egress 
	. 


	Ylna Box areak . AIC Dynamics/ . Fuel SpfllIFire Flot~tion Loss , Liing Omage foress Route 
	. 
	. 
	\,

	. Provlde Flotation . Lcrer Surfzce Tear . Fuel 5plll/Flre
	\ 
	Wing L1mage 
	. 

	\, . Lwr Fuselage Crush
	Fuselage . Redct Obstructions . Floor Cisplacement . Energy Absorptlon 
	\ by Deforinatlon 
	\ by Deforinatlon 
	I? 
	Cargo Dlsplacmnt . Energy Absorptlon 
	. 

	by Grd. Friction \* . Upper Fusclaje . Fuel/Fire;Smo~e/ 
	t Distort foil Haterfkd Entry \ . Body FueltElec. Line 
	Flotatloil Loss , Rupture . Fuselage Damage 
	. 

	Proicctlve Shell . Fuel Spili/Arcing
	. 


	. Flwr Elevation 
	', 

	. Energy Absorptlon . Upper Fuselage ~istortlm' . Seats . Survfvable Yol. Loss
	', . Door/Hatch?s . Egress Blccksge . Cabin Interior . Seat Lateral Displace. 
	Flocr Structure 
	. 

	Flotatlon 
	. 

	. Egress . Fuselage Brenk . Seats/Track/Floor Beam . Energy Absorption 
	by Ceformatlon Cabin Interlor Items . Survtvable Vol. Loss DoorsiHatches . Occupant Ejection1
	. 
	. 

	Egress Route 
	. Body Fuel tlnes . Loose Cabln Intel-lor Itms 
	FloorfSeat Track Rupture High Floor Accel. 
	. 
	. 

	Table 4. I-Structural Systems (Conciuded) 
	System 
	Fuel Task Storaw <v;trm 
	Fuel Task Storaw <v;trm 
	Floor Structure 

	Crash Func:~on Support Flocr Bems 
	. 

	Support Czbin Interior Items 
	. 

	Retoin Vructural Intecritv 
	Retoin Vructural Intecritv 
	.

	Lkit Fuel S~fllaoe 
	.

	Restrain SeatsITracks 
	.

	Energy Absorption 
	.

	Frovide Egress 
	.

	Caoin Ir*terior [:ems Retain Structurzl !ntesrity 
	.
	.


	Occupant Containment/Frotection 
	.

	Enersy Absorption 
	.

	Remain Attached to Flex 
	Remain Attached to Flex 
	.

	Release as Required (Belts/Harness) 
	.


	Crash Dynamics Fuselase Oisinte~ratfon 
	. 

	Ennine Lfne Rupture 
	Ennine Lfne Rupture 
	.

	Ooh Line Rupture 
	.

	Deformtion Rupture 
	.
	.


	Seat Track Dcform./Rupt. Seat OeFormetion Seat Rupture 
	.
	.
	.

	Belt/Harness Rupture 
	Belt/Harness Rupture 
	Belt/Harness Rupture 
	.

	Cabin Interior Svs. .Contents Contaimnt 


	Remain Attached to Structure 
	.

	Entry and .Operate As Required Escape Oocrs 
	Overhead towart. Spillage 
	.

	Overhead tatmart. S~D. 
	.

	Ceiling Pancl/S!dewall Scp. 
	.

	Gallev/Closet/Divider Sep. 
	.

	SalleyKloset Spillag? Blockage by Debris 
	.
	.

	Jamed by Floor 
	.

	Jamned by Fuselage Olstort. Inadvertent Opanmg 
	.
	. 

	Interaction Floor Struc. Displace. 
	.

	Seats 
	.

	Cabin Interior Items 
	. 

	Pylon/Engfoe 
	Pylon/Engfoe 
	.

	Fuselage Seat Trcck/Sea:s
	.
	.

	Cabin Interior I:cm 
	.

	GocrsfHatches 
	.

	Seat Tracks/Scats Cabin Interior Itens 
	. 
	.


	Floor Beams 
	-.

	Seat Tracks Seats Structure 
	Seat Tracks Seats Structure 
	.
	.


	Bulkhead Structure Upper Fuselage
	.
	.

	Floor Beams 
	.

	Direct Result 
	Fue:/Fire EntrySeat ~eparati&/~jection
	.
	.

	Cabin Debri;
	.

	Flotation Loss 
	.

	Energy Absorption
	.

	Fuselage Danage Fuel Spill 
	.

	Energy Absorption
	Energy Absorption
	.

	Egress Blockage 
	.


	Seat Elevation/Separat. Energy Absorptton
	.
	.

	Load Lintting
	Load Lintting
	.

	Occupact Release/Injury
	.

	Occupant Ejectlon/Injury
	.


	Energy Absorption Cabin Debris 
	.
	.

	EgressOccupantBlockage
	.

	Injury 
	Cabin Interior Systems .Egress alockage
	.

	Floor Structure .Fuel/Fire/Snoke Entry 
	.

	Upper Fuselage 
	.
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	On the ba& of percent of fatalities, fightinto obstruction^ (S3) ia the most lethel welirPrio, followed by air to eurface (Sl),unclmi5ed (a), agree with
	and surface to surface (S2j. Thb order ten& to the total energy tn be dimipstd in the craoh. The frequency of fire, while not independent of the tod wergy, further incream the lethality of the Ao. In fact, the major factor in fatsiities ia fire. 
	Comidering total fntcplitietr, the ranking of the bneic wmrioa is air to surface (Sl),flight into obstructions (S3), surface to surface (S2), and unclamified (94). On the basis of numbers of accidenta, the r&g bmee surface to surface (S2), air to surface (SP),flight into obtrucl;one (S3), and ~ncl~~ified

	(S4). 
	(S4). 
	No single sccmrio appears to be "the major type for let2mlityn, rcther each mwt he studied to fully understand the crash response of aircraft. AEotarting points, it appears that air rx, surfacoimpact on gear (S12), surface to ourface-low ohtruction (S22), and flight into obstruction-impact column (32)are likely candidaten. 
	To obtain improved crsehworthheffi each structural componect mmt perform its crash function. For inotance, when the strength cttpa5ility of landing gem io exccded, the gear ehould exqmab without tearing fuel tanks or damaging fuel or hydraulic iinca. Landing gear chould perform in each ocenruio over the range of accident varisbies. In like manner each ~yskriahould be otudied. This should provide m envelope of capabilities for the aircraft. 
	Accidents bve been assewed on the basis of mount of damage to the aircraft and effwt of lJlb damage on ~'dvability.Accidents in the data 'he were emwed into six ccitegorier; o!' accident eeverity ohown in table 4.4. Lu general, the degree of structural damage and the energy to be dis-nipated incremes sa the category increases. 
	Categories 1. through 3 involve accidenta in which the occupant protective shell i~ generally mabtained but fuel spill facinr increams with category. At category 4, the fuclelage break la introduced but i,he fuel system ia intact. Three cla~sesof fuselage break are used to diotinguiwh the =verity or the accident. A c1e.s 1 break has the fuselage broken with fuselage aectiona eomntidy remaining together. T!le opening allows fueUfire entry but is too smallfor occupent egress. fn chss 2 breaks, the fuselage se
	Categoiy 4 accidents aric severe accidenb involving either severe lower fwlage cruah or clma 1or 2 breaks, or hth. However, in category 4 thers are no major fvel ~pilb.Categories 5 and Ginvolve increasirgly savre datxuctioa of the aircraft with wrious Srea.k-5 in fuel tanluge. 
	The 153 accidentt, in the data bsse have been grouped by category and fire eummsrized in table 4.6 and figure 4.1. Fram dzta in table 4.5 and figure 4.1 some general observations may be mscie. First, with regard to ovm.ill nmrivability, fipanto the greatest hd. Known fire fataliti- outnumber known trauma fatalities by 2.84 to 1.0.Pire hcaud is most severe for accidents having major file1 spih due to rcptu-tng of fud mi!rage (catcgorics 3, 5, and 6). 
	Trauma fatalitie8 occur mostlv in mtegorir.9 5 and 6 which involve severe fuechge breaks. The single instmce in category 2 resultd from a loc~lloss of survivable vclcme aoci 5vc iutonces in category 3 resdted from severe lower fumlagc c111sh. 
	Deep water impact accident8 represnt Iene than 10% of the study dab baw? but hcve a high fatality 
	Table 4.4-Categories of Accident Ssverily 
	I. Minor impact damage -includes enginelpylon damage or separation, minor lower fuselage damage, and minor fuel spillage. 
	2. Moderate impact damago -includes higher degrees of damage of category 1 and includes gear separation or collapse. 
	I 

	3. 
	3. 
	3. 
	Severe impact damage but no fuselage break -includes major fuel spillage due to wing lower surface tear and wing box damage. 

	4. 
	4. 
	Severe impxt damage -includes severe lower fuse!age crush and/or class 1 cr class 2 fr~selage breaks, may Itavo gear collapse, but no tank rupture. 


	5. Extreme impact damage -includes class 1 or class 2 fuselage breaks with wlng separation or breaks, may have gear izndior engino separation, and fuel spillage. 
	I 

	6. Aircraft destruction -includes class 3 fuselago breaks or destruction with tank rupture, gear and/or engine separation. 
	Fuselage breaks: Class 1 -sections break but remain togethsr 
	I 

	Class 2 -sections break and open 
	I 

	Class 3 -sections break and move off 
	Figure
	Figure
	rate.btt*Je structural or deta3.d information is avdlrtble on aeverd wcidenta in which a be percentage of the occupmts perhhed. Water impact uedy re3dh ic evere damage to the lower fwlage, often accompanied by clam 2 breaks in the fusebye und aepmtion of wings, engineu, nnd landing gear. In same asa~many occupants di-awned after evacwting the aircraft. In Borne 
	~.llge~
	the high fatahty rate was due to innppmpriato tldon of tile cabin crews after the aircraft me to rest. 
	Laet, aa might have been anticipated, the overal! uurvivability genedy decreases as the major 0hcturrrl damage tothe aiPcPsft in-. Forcakgorie.9 6 and 6,known fatalitiexiduetofie and to traumaepp in ahoat equal numbers. Wnile therue cafzgories ah have the largest percentage#of undefmed fatalities, it Lnot expctd that the resultswould tze chscged if a full definition of fataliti- were available. 
	Category 1accidenta experienced only minor structural damage. There were three hull lams and 53 fatditiecr due to fire. Two accidents involve fis, cawed by mparation of an engine, that rceultRd in a cataatr~phicexplosion of the wing tanla. lil both inotancea, fatalities occurred when tanka exploded while the &craft were king evacuated. Another accident involvd a fire due to penetration of the wing tank by debris thrown up fro= landing gear. In this instance the Rircraft was aucceiwfully evacuated but wm des
	Category 2 accidents involve only one fatality. In t.hh case the tram fatality occurred as tRs aircraft pnetrated the nirport tznninal. The ptmr was killed when thehull was ruptured by a building column. !l.'hh accident is an anomaly. There are 12 h-d losses, 2 of which were dl~eto dowly epreadingfire. Two accidents invoived engine separation and fuel.Line fires while another accident WEB n friction fir2 due to om gear cobpse. 
	Category 3 accidenta involve at leaat 722 fire related. fatalities and 5 trauma fatalities. There are three accidents involvi~g 179 cccupania and 190fatalities that are wdafined. 'i'lle DM Toronto accident was placed in this category because of the major fuel spill due to tdrupture as the enginelpylon separated. 'rhe 108 fatalities are treetd. ati fire related beeuse the w-kg fuel tank exploded in the airwide attempting a gmund. The five trauma fa4dtiawere in the KLMTenerife accident; md were in the iorser 
	Category 4 involve8 225 fatalities of which 55 are from fies not due ta Canlr r~pture,165due to drowning, and 5 to trauma. One of these wee the 727 Salt Lake City acciditnt in which firc resulted fro= a hard landing that caused a ruptured fnel he. 
	In most accidents involving drowning, few deU are available except for the DC9 SL. Croix 
	ac6dent. JQ this casethe rlmwnings thollgiht tc occur efterevacuation and trauma fatalities were 'due to s~t
	aeprtration due to flwr distorticn ad t~ accupdtiltg who did not use the sent belta. 
	Category 5involvea 934 fatalitis of which 45% me of ud&ermincd caw. Of the known cause5 of fatality, 335 are relakd tro fir?mid 210 ere rehied to traana. 'fie 747 PanAm Tenerife accident accounta for 36%ot the fatakes, with 143tlead~sof undetermined ceu~.In this accident trauma falalities were due to the destruction of the upper ait fwlage by the KlJA 747 and the cntry of the KLMen,gine pod intofist&on of the wt. Fruthw,burning fm! from the Fm Am ivpt~uwl wing waa sprayed into the ELI^ trtippbg moat of ihom
	Category 6involves 15417f~talitieaof which 5995 were of undetermined cow. Of the known cam of fatmlity,189are mlribd tofire and 190aredated to'hunn. In four accidenh, only the fhte of the flight deck crew is defmd although tkiercamindications of caum with krrns au "many* or "mwtn. The enormity of many emdents and ehortage of pathological skills precludc accllrate poetmo~itern determination of ceuse. 
	Combining the etntcturel dariage severity cotegory with the scenarios shows scenario development should include accidentz bring everity categories of 3 through5. Category G accidents rcpreoent cocsurnption of all the aiPc~"zftLprotective structure. However, provisions made for leaa Kivere nccidents would tend to improve the dworthhesi, in Fome areas even in category 6accidents. 
	Consc?quentIy, rmch effort8 should be directed tuwards better defining the crash scenarios to represent this severity mge. The improved definition kcludes initial conditions, trireraft motioil.;, ha& encomtered, and crush respew? of the sytitems. h'iethoda of ~inulation shrs~dd -h developed that permit study of the parametere that affect the crmh response sothat these might be subjected tn e more tholough engineering treetment. 
	Most substantial damage or riuli ,,aaccidents that are impact siwivable will involve damage, destruction, or lorn of one or rme a*m2tw+alcomponents and Rircraft systems. During the sequance of events as the dest;rucLoa occurs end the aircrnft come to a smp, the lives of persons onboard are being jeopardized. In the 153 swidenta reviewed in this ~tudy, it wa~ deternlined that the most critical event in the sequence that cad nost fatalities was the releasing and ignition oi fuel which then developed into seve
	Dixu&m of the major hazanls, the domirunt ~trucfxral componenla, and the interaction as relating to survivabihty is provided in the followkg seetione. 
	Severe fuel Ties, that arc?the primary cause of most fatalities, result from unwanted relea= or spillage of tad fuel. Jn tlrisstudy it we8 found that i07 sccidents involved tanl; fuel spillage and 85 
	' of these had fiis of varying ceverity. Spillage directly from the integral tank usually occim from aix types of evento: wingbox fmct~ueor break, lower wingskin tear or rupture, pextmtion of the tank by an objed, tearing open the ~ingbox during separation of rcoinlandiag gear or engine pylon, fuel tad ul!age ex?losion, aud flow from wingrip vents. In a given eccidcnt two or more of these tmeeof spillage oometimes occurs. These types zrc shown in figure 4.2. 
	Fud spihga due to wisg break uccurrencc.s hnvebeen asmed with regard to incidence of fue and fire relakii fatalities. '!'he errtta, of the epill been asaemd where 'largen is 30 meters or larger in dirtmeter, 'medi~m" is 10tn 30 meter8 diameter, and 'small" is under 10metms. Fire intensity has 1~en ases.4 with respect to coneeqnc?osesof fi-e as !arfe, medium, or small. lnternction of fire 7;ith fuselnge in term of fwlage cnbkryand of effect on evacuation also have been ase.ssed. Fire entry ta :he fuelege hw 
	rupture (85fires)
	b07)1 1 E" 1 
	/
	I 1 1 
	I 1

	( knOvdn " Tank (14 known)
	( knOvdn " Tank (14 known)
	penetration t3i G" ( Leak
	(17 probable) (9 probable) Surface (19 probbble) 
	Englna } Gear (5 known) Treesl (21) 
	dsbris (iO probable) poles
	t

	I 
	t

	L Pylon (2 known) Ground (18) 
	C 
	Loose 

	ground (1) (7 piobabla) drag 1 objects Vert. (10) obstruct. 
	Inertia (8) loads 
	Inertia (8) loads 
	'ding (7) low 

	Deep (3) 
	i ,Zwn
	(9) 
	Figure 4.2-Types of Tank Ruptm 
	Rega~dicgthe interaction of hctiug gar nrrd pylon in wing bmsk, t5e n~m&mcntreltltai to maintenance of the wing ground demm md tatransmission of loads tsthe wing shrtm (only for wing pd mounted enginee). 
	In 67 accidenb, fuel spihge cccurrd when &e wing box fractured due to ercerrsive forceo or loads. There are dm nine other accidents in which it is believed ther wiog fracture warred but ineufficient detail is evahblc! to defire other factom. 
	Most fractures occu due to high vertical loade or due to impact with large objecta wch rts trees, buildings, or embankments. In some cseea the landing gem and engines may ah collapse or 8epsl.ste at the time wing fracture mum,however the gear and engine geneldiy have litL1e influence on the wverity of the accident except possibly by providing an ignition eource for the spilled tank f~el. 
	Some wing fractures occur early in the aczident sequence and the fuselage continuerr to slide or move. polvibly away from the initinl large fuel tipill locatiorr. Fuel is usually mtte~dover a large rur?a Xnother cases the&g fractureoccursat about the time and poiilt where the aircraft comea to rest and the fuel spill in adjacent, under, or around the fuselage. If fuel ignition occurs. an almost imtnntaneous eevere fuel fire develops: this conrctituks the "most hdow scenario." Damage to other stmcturd compon
	Results of theee aaseliemerits are shown in figwe 4.3. Some general observations may be made. Firat, wing breah result in a high percentage of fie8 (deep water impact king an understandab!e crceptioc). Second, wing bred accidents have a high fire related lethality. Third, if fire is pment it is highly probable that fie will enter the Eudage either though a fuseiege opening such as n door, break, or by a burn-through. Fourth, the presence of fire has a eerious effect on the pastcrash evacuation. Br& due to i
	Wing bmak~ due to impacting t-eealpoles and like ob3tr~ctio~
	are particulttrly severe types br& with regard to size of the spill and resulfing fiand incidence af fire nlstc4 fatalities. For 21accidents, large spih occurred m st leaat 16 with fires occurring in at least 15. Fire relekd fatalities did not wcur in oniy seven eccidentz. It may alec lw that Ti8 enfry through fuwlnge breda occurred in almost 607'3 of ths accidents while entry by burn-throu~hrmurretl in about 10%of the accidenta. Fire was R fsctor ir: evacuation in about 30% of tlrlc hcc~idente.For this typ
	Similar awesaments may be made for other cauw of wing break with aimk resulte. An exception is the effect of geur separation and enginelpylon separation for the naund &e.g break. Here the 
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	Figure 4.3 -Wing Broak Assessmsnt (Continued) 
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	Figure 4.3-Wing Elreek Assessment (Continued) 
	Figure 4.3-Wing Elreek Assessment (Continued) 
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	Figure 4.3-Wing Break Assessment (Corrcluded) 


	crash role of gearand wingipgri~imo~mtdengin= in maintaining ground clearance of the wing dotxi appear tobe a significant fector. If a gear more tolerant to separation or collapse were available, Borne improvement ir crashworthinem mi&t Ixachieved. 
	In thiantudy, tearor rupture of the wing2ower surface is known to have occurred in sight slccidenta and pmbably occurred in 19 others. Them generally occur when the wing ia subjected Co mbb'm$/eliding on the my, on rough temim,or over vcuiow objecb. Recordsindicate that 13 involved contact with rough terrain, 7 involved sliding wer fences and walls, 4 involved sliding on level gfound, 1involvedaettlingon a separated engine, and I involved impact with onother aircraft. In 26of thee5 accident8 the aircraft wa
	The hwiud evolving from eh~ 
	wing tank tRarIruptu~'esia related tathe sizeof the taropening, the rate at which fuel is relea&, the temperature, and if thz fuel was ignited. Many of them menwa involve eevere fires, however they tend t~ be localized in the wing area and thereby make it po~eible for persons onbard to evacuate from both ends of the fu~elage away from the fire. The intemctions and impact that other fitructurel components hnve on them winglower surface team is the cane ae with wing brenk occurrences. 19nincreabe in the hamd 
	Asses~ment of these accidents ia ehown in figure 4.4. As mcy be en,lower surface tear results in large fuel epillage with the fire being severe. In about 60% of the spih, fire enters the fuseiage by burning though the tikin,,;while Tire entry through fuaehge breaks occurs in 15% and by other routes in about 10%. Firc has affected evacuation in 40% of the caws. 
	With regard to the interaction of landing gear collapse or separation, gearhas been a major factor in 5076 of the spills and had a lwr effect iu abut 30°h of the epillo. Wing mounted engine!pylo~ separation or coiiapae during lower surface tear failed inmaintaingxour'd clearance in 95%of the 
	c88e8. 
	Wing bx Tear 
	T&g away sections or parts of the wing box fuel tank and subsequently releasing large quantities of fuel during separations of main Lmdiiig year orof engine pylon is an iufreqncnt occurrence, being reported in seven accidents. However, when it does happen, a severe fuel fire generayy og~ns. Design philomphy for main landing gear and en-uine pylon attachment to the ~ingDox should be reviewed ta cnoure units are fused for a clean overload sepsratio;z that dim not fracture the integral fuel tank. Awsoment of w
	Tank Ullage Explo~ions 
	Wingbax fuel tank ullage exploeions have been reported in 17accidents and probably occurred in G others. In most of these, a severe fire already existed and generally the size or intensity of the fire increa-4.In most cm~ from the tank
	it ia not known haw many, if any, additional fatalities re~ulted explosions but it cppra fmrn available data that evacuation was usually affected. The kitiol fire in three accidenb occurred st tbe engine pylon wing interfew af&r engine separetion, two of theee explosions occurring in flight. Reeeercii should he directed towards deve!opn~ent of devices, systems or puocedure.3 that will zliminate cr reduce the probability of ullage explosions. However, reliability of the fuel delivery system must nct be r~mpr
	or reduced to achieve the elimination of ullage explosions. Assessment of tank ullage explosions is shown in figure 4.6. 
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	Thc wing tank vent sy~tem has been involvzd in one eevese fire accident. In ttis case, a 707 in Rome, M engine fie spread to fcel dripping from the adjacent wkg veabr vent at the wing tip, progressed thmugh the vent sgvtbm and cawed a tank ullage explosion. Any studiea involving fuel tank design should irclude the tank vent system and flame wppreoaion. 
	Tank Puncture 
	There are three amidento in which tanlrs have been punctured by foreign objects. Twoof these addents occurred during ~rcraft operation and re~ulted in fires that deetroped the aircraft but for which there were no fatalities.One of these iuvolved puncture by debria from adbtegratingengine and the other involved pm from a disintegrating wheel. The third incident occurred afhr the accident when the tak WHB pu~ictdduring reocue operation0 but there was no fire. 
	Leakage 
	Leakage 
	Them are four accidents in wluch fuel spillage resulted from leaking tanks. Only one accident experienced fire which destroyid the aircraft, but there were no fstal~ties. While fire hazard is present these accidents hnvs not been lethal. 
	Body Lines 
	Rupture of My fuel lines is n hazard asmisted with aircraft configuratiwis having aft mounted engint.,. or auviliary poweb unit. If fuel t.kshilhff valves activated imrudkkly a crash, the amount of fuel spilled due to twdy line rupture ie only a minor contributor to the eccident severity. However, when the Lnes are r.ot shut off, the resulting fire haa been catastrophic. 
	The 'clas~ic" caw of this was the 727 Salt Lake City accident on November 11,1265,in which a separsted ;anding gesr penetrated the lower fuselnge and ruptured a 'body fuel line. Forty-three occupants 'idfrom fierelstcd c-wxs. As a mult of this accident, body liues were strengthened acd r~roud toaiqoid this typo of rupture. The only other instance in which My lines &e thought to he a major contribute; ti^ tho severity of an accident is the DC-9 O'Haru 03Dxember 20, 1972, where the aft fuselage of a DC-9struc
	As~ssmentof body he1 line rupture is given in figure 4.7. As nmy be seen. there are 10accidents with4 probable imtances of rupture. Fire was present in each instance 6thfire related fatalities in nine arcidenta Fuel liile rupture (ires are deemed to have been a factor in evscuetion in possibly six of the cmes. Fuselage breaks were present in eight of the emu with fire enkring the fur;elage thmugh the brea'ks ru .six c:ws. Fire came through the fioor in thce cases with one uncc1"csin. 
	Seats inierface with the oclcitpnut snd with the structure to which they r-mattached. In awessing thew interactions, the relation of the seats an6 Lhe structure is treated iirst. and the relation of the =at to occupant is ma&% stwnd. 
	Three tmic type of caaw arc of concern: crew mats, flight dttertdant juap seats, and the passenger double md triple kwh seats. Crew cleats are single seas that axe rnectimically adjuetahle to faalittxte opertitlon of the aircraft rind attach to the cockpit, floor structure. A combination shculder md i.lp belt restrain the occupant. Flight ntkndants' jump seats may be single or double units nttachd to bulkhcnd and mechanically folded or retracted when not ir? us. 
	Figure
	Tbeee mats support vertical loads, witfi the i-estra.int hnmesrii trartmitting sid3 cnd longitudinal loads la the structure. Peu~engermta are attached to floor tr~ctra and in some deaigne to the fuselage aide^. Floor tracks are attached to b pdew attmh~d to the floor structure. The passenger is restrained by meane of a lap belt. 
	the floor struct.we or 

	For the interaction of 8eab with structure, no disticction is made f"or types of wets, but. two intermtione are of concern with the structure -the effect of a fuselage break and the distortion of the floor. In a fuselage breek, sen& mny be ejected through the break, or maysimply seperatc from a broken floor track. In floordistortion, seab may sepmatt?from the track, or may be elevated. 
	Thepotentially moat lethal of these interactions is ejection though the fuselage break. Survival of the occupant is a matter of chance, depending on many iactilrs such as velocity of ejection, nature of impact Eues, and the orientation of the occupant at impart. Further, the ejxted occupant may be in an area that i~lcxposxi to fm or i~ Oiye-mm by the advancing aircraft. 
	Sib-.%located in the vicinity of a fuselage break may be subject to high ameleration pubes due tn the ~ediotributionof the sturedstrain energy asthc structure breaks. This frequently results in the separation of Che seat3 due to rupture of seat tracks, seat track attachmenta or seat structure. Sepnrated seats rncny then shift position and C~UWinjug or hinder the Egress of the occupant. 
	Seat dislocation from flwr distortion may be due to separation or to elevaiion of the seat. Separation may force the occupant to contact iiiterior objects and may hinder egress. Floor elevation may block egress routes such as over-wing exape hatchee, may hinder the ~CUpai in exiting from the sent, or may force contact with the cabin interior. For crashwcfijness, i~ is desirable to keep"seat3 attached, in place, and to maintain a swivable value for the occupant. 
	There are 48 accidenta with identified interactions and another 21 accidents to which probable interactions were assigned. Aswssment of these accidents is clho.~n:in figure 4.5. F~selzgebreak has resulted in 15 certain accidents with one or more occupant ejected throu~h &e brenk, and probably at least two more. .%paration of some sefii9 at the break with the Mats remaining ir the aircraft has cccurred in 30 nccideuts with probable occurrence in at least 13 other cascs. Sat separation due to flwror fudsge si
	The discuesion of aeat/restmint perfomm-ce in ~urvivnblc crsshes is presented in two puts. The fir& part includes those accidenb in which injuiies that might 'be reinwd to seat strength rc.rfomanct: and in which eeutliestraint perfomnr~ce are cited by the accicient irvesrigatian tcm. The wcond part inclildes serious accidects in which the sealjrcstrainc performance was not cited and in which no injuries that might Ixrelnted to seat otrcngth occurred. 
	Ouly 31 buch accidents codd be found in whit11 seat perfcrnunce was mentioned in NEB reports A detailed review of these acciaenb indicates *;cab certified to c~lri-eatFAR setii st:;-ngth criteria provide protwtian to the wcupant commensurate with the rrmh loads. The aircraft .strength and occupnnt injury tolerance mpability appem to be in proper balance. 
	A separate independent study of this matter conduct;ed within the FAA iscontained in refereme I. 
	The current study drew upon NTSE accident repmt.9 ai~dcpeeir.1 ~tu4ies, NrBB Kumm Factam F~ctual Rep-ts. k4TSE Public hear in^ Dock+&, md the manufacturers accident files for each sccideiit l'he sc:pmte FA4 study alw treats N'iSB data, wdincludes FAA Civil Aii*hledical Instieute (CAMT) data but dces not include the manufacturert; files. 
	Number of accidents 
	Ejected thru break 
	Separa!ion at break 
	Ss?. at fbor distortion 
	Elevation et floor ciistnrhn 
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	C = Case 
	L = Large 
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	Figure 4.8-Scat Interactions 
	For engineering pwpoea it bnwwq tx,relate eeat perfomnnce and injuiy. To do thb it was necesaury to review the fiwm Factor;j Factuai Reports md, in eome in~taac~-~, 
	swi vor te~timony. The NTSB statistical cakegag, "Senow hj~uy"[se app. A), wed in NTSB Accident Pepomdim not ner.esaady identify xtd phjr~iccllinjury nor rekk injury mechtlniom toinjury. Accident victims who nre hwpiealized for 48 hoars for medid observation, legei comiderctions, or other reasons are lis4&asseriow injumieijeve2 if there isr?ctreatment. An irumediak improvement in ~r~qhworthiness etatiotics could be oWt-iued eimpiy by wing a more accurab defdtion of aerioua injuy. To rely on them injury shti
	Reference 1 identifies 27 pund impact n~ulident3 including 7 propeller-driven aircraft and 20 jet transport aircraft. A comparison of tho= study accidcnb with this atudy shows that 18of 20 jet transport accidenb are included in the pre~entstudy. The two accidents omitted arethe DG8Jm accident on Sqtember 15, 1970,in wbich the seats performed adequately ~ndno occupant was actually ca-iouoly injured, and the 707 Pago Pago accident on Jfinuary 30, 1974 in which no seat performance wae cited. The additional acc
	1976. 
	In these accident reviews, investigatom did not identify a ingle trauma fatality caused by lack of apzt strength or seat attachment structure strength. It is recognized that such identification is difficult bemuse o; inconplete knowledge of local crash dynamics, fatal injcry mechanism, and survivor testimony as ti, his experience. Aleo, postcraoh fire frequently consumea necessary evidence. There we limited, though subjective, indicetiona where an increaw in attachment strength may have provicied somo benef
	While it can be ~bserved that injuries were sustained in defornling the seats, no sequence ol'cvents has kn identified where incnrtved seat strenk* would haw reduced occupmt injury. Consequently, the cases presxted in table 4.6 involve senr,m injury and/or weeireotrsint synkL1 crash perfcnnsnce for accident survivors. Twenty-six occidento involve a null loes,19 involve fire, 22 involve at 1-t one fuselage break, 14 involve severe floor distortion, and. 4 involve water impact. Thirteen accibentf, ax only par
	shown for flight attendants. 
	Table 4.6 also shows seat performance for seat-to-floor attachments, seat lege, seat pan, md 
	restraints for fight deck crew and passenger seats. ?'he r~unher for at~chenta mdsest legs L* 
	for seat units. Flight attendants' jump seat structures, mecha:;isrns, a;~d harnesses aie 
	identified. 
	Some gecerll observations may be made in reviewing t.!lcse nccidcnts. First, there is evidence of 
	spinal injury for flight deck crew, fight attendants, and paeeengers whert? no seat crash performe~ct? 
	wae cited try the KTSS. In sddition, there were spinel injuries to occupants where seat crash 
	pefomance was cia. If the icjusy tolerance of these people is exceeded by the crash forres 
	trmemitted, by senb designed to cmnt strength requirenlent., increxsing tha seat strenbTth criteria 
	would do nothing to j~aprovo their pmtect.ion. Second there are inst.ances wilere seat performance 
	wrs cited in which no seriuus injury was incurred suggesting that increasing seat etrcrlbth might 
	tsansmii siifficient Iocd to pruducc rerious injury, a negative benefit. 
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	kt detachment (wparation) i~ generally amwinted with lovs of structural integrity due ~LI 
	dwtruction of the f&lage ehell~fmla~ebresb, and to extreme distortion of the structure. 
	Detnctment may occu if all the wtlegs or attachment fittings rogturcor if the seat tracks rupture. 
	This indicates that a more cornplinnt seatlflooreubetmcttue to accommodate distortiou might be 
	more beneficial L5an an increase in mt strength criteria. 
	For commercial jet txmsport aircraft, there ie little evidence of seat separation with subsequent 
	"stacking" in the forward aeetion of the aircraft. Two exceptions to this ere the DC9 St Croix 
	accident where three double eats stacked due to the impact of samepassengers who did not u.ae 
	their lap beltq and the 737 Midway accident where two triple seats (rows 14 nnd 15A, B, and C) 
	atacked due tosevere etructural damage to fuselge in that area. The more severe injuries occurin 
	the vicinity of fueelage b& and arens of extreme fuselage distortion. This might be exywtd 
	since these areloC&ioli~of very high losdings and areas where structure hm lwt iisability lo protect 
	the cccupants. . 
	111those accidenta involving high longitudinal loading ~uch aa the 727 Cincinnati, 737 Midway, LlOll Miami, OC-9 Boston, CC-9 Cllarlotte, 727 JFK, 727 St Thomas, DC-9New Hope, 737 Crabrook, and the DC-8 in Portland, extreme destruction of the fwelage was experienced. Pawnger seat oeparation wes observed in the ueas of destruction. An increase in seat strength criteria would not have seduced the injuries in these accidents. 
	-Excminntion of thooe accidenta involving extreme vertical impact velocities ~uch as the DC-9 St. Croix, DC-8JFK, DC9 Akron, 727 Denver, X-9 Philadelphia, and the DC-9Toronto accidentcl indicates an irrcreawd umber oi uphd fracturce as compared to the total data set. In the Toronto accident, the aircrraft went over a Si-ft cliff at 46 KLAS, equivalent to falling from the tap of a five-story building, having 5resultant deceleration of 25 g. At Akron, the aircraft flew over a 38-ft. embankment at 85mph impact
	These accidenta indicate that the current pavsenger seat vertical strength criteria are close@ 
	matched tathe threshold of injury for the passenger population. Further seat deforniations obam-ved 
	in wme of thee extreme orxidents wed much of the available stroke indicating that the hit of 
	energy absorption within the icjury load tllreshold is khgapproached. However, further research 
	on the energy absorption aspect of crashworthy wato should be done. 
	The DC-8 Anchorage accident was en overrun during an aborted kkeoff in which the aircraft encountered a deep dtch and hit n building and an antenna tow2r. The Bircraft lost engines, landing gear, wings were separated and b.dsen and the fliszlage bmke open. Mmy of the wcupmta left their seats and were star,&g in the aisles before the aircraft cm.e to rwt. 'hvent:wne spin& irijuriea accurrcd. One flight ettendwt and approximately five pmwngers alc known t.~have sustained spinal injuries due bimpact locdings. 
	It may be seen that only fow accidents are of concern in accident performance of the rlight deck mts.In the DC-8Portland accident, the right side of the cockpit experienced law of survivable volume due to impacthg a 1~pr:diarnakr trte (of the cockpit occupants, only the Captain survived). The First ad Second Officer's Hats ~eparated while the Captain's seat was attached but was 1co9.j and had some seat pan deformation. 
	In the DC-9 Philadelphia accident where tho tircrsft cxperieucd. a 10g vertical dwlerotion, the Captain and First Officer eeata experiencedmat pan deformation. in npplying loado todeform these mat pane bth r~ocu?antB experienced opine1 injw. 
	In the 707 Kansns City accident one fight dcck mt expriencd wt leg deformation and the officer received a apid injury. However, in thie instance,it wahl noted that the harnem were not ud by the the mupanle. 
	Thereere&x other accidents inwhichepinal injuria occd to flight, deck crew but i9r which there wae no seat performance cited. From thie it may be concluded that seata rye already stronger than pilote; end htfurthsincraahg the etmngth criteria for thw sata would provide no benefit and might muse more severe injuries. It appears that some increplee in energy ab&or]?tion,and load limiting might pmve beneficial. 
	Thereareeight aocidenta in which'flight ai?mxlz ab suffered ophd i~ju-4ea while wted. Inthe DC-8 Anchorage accident, one injuxy occurred when the eeat retracted from undkr the attendant d-g upward emlmtion causing the attendant to fall to the floor. The remainiag injuiiea ocrmed with the flight nttendsnte in the wt. Two flight attendants had opind and pelvic mnjuriea in the high longitudinal dece!erction 727 JFK accident on June 24,1975, even though there wne no damage to the ~eotlrestreizrt rspntem. Riost 
	There are instaces where seat defoimation contributed to harneee problems, in that the flight attendant eubmsrined after the seat pan deformed. The 727 Denver accident on August 1,1975 is a case in point. The'flight nttendsnt suffered a back injury inthis procees. Ah "some" spinal end pelvic injuries vrem experienced iu the L-1011Miami accident. Most of the remainder of spind injuiea occd in hard vnriical impact accidenb with seat pan cr mecharism cita?iom. Also there are instancesof mt deformation in which
	A review of accidents invol"ing flight attendant mats indicates that increasing seat strength would not. reduce the nmber of aerioue injuries. However, every effort sbculd be made to iiiclude the results of TARC Project 216-10 study into flight attendant restraint design. Various government agenciea such es the Army, Air Force, and the Departneat of Tramporktion have identified some leveb of injury tolernnce. See part of wction~5.0 titleci, Human hpact Tolerance for a more detail& dixucwion. 
	There are 96 accidents in which one or more of the landing gear eepweted or colhpoad. Lil addition there are 15 acciderts in which the gear was stow& or retracted. The effect of gear wparation or cobpee vdJ !Ecansidered, followed by the effect of gear in stowed positions. Some cornporiw~ of ihe two effects nill be made. 
	Referring tobbie 4.2, the tod occurrences show that for 95 cases of gear involvc.ri?ent (1 accident invoIvee debris f~mm the gear darnaging the aircrnft) there were 80 hull losses, 64 fms, 71 tank ruptures, 46 wing nluw.ted engineelpods separated (11cescis~of engme nepamtim involve aft mounwd engines), 62 fuselage breaks or crush, 38 door hatch invo!verncnts, 33 floor distortions, 33 cams of debris, and 26 mat citatione. 
	In order ta asrazss the role of landing gear and the ;nteraction with other struct~~ral systems the sccid=ts were revieivd Direct effects of ge,u aepnration me: wpur&ion of wing pod mounted enginea; npture of iuel In& by failing to maintain ground clearance mc! by the cepcrating gear 
	In order ta asrazss the role of landing gear and the ;nteraction with other struct~~ral systems the sccid=ts were revieivd Direct effects of ge,u aepnration me: wpur&ion of wing pod mounted enginea; npture of iuel In& by failing to maintain ground clearance mc! by the cepcrating gear 
	tearing a wing bz;and dmape to Lhe lower fuselage by cruohjng, friction, and by breaks. Secondmy effete are firedue tc fuel epillage from ruptumd fuel linea and tanb and tofriction, flour dis'tortions, d~or'makh problems, tmt sepnrotion, and debria due to the disLortion and breaks of the fuselage 3s a result of ground coatact. 

	Figure 4.9 shows the msernent of gear =paration. In 67% of the accidents all gear sepaxaied or allspeed, while in 22% only main gear eeparated or collapsed, and b9%only nose gear separated or cohpeed and in 2% noae gear and one main gear aepcueted or collapsed. 
	Gearseparation or roLpae was involved in tank rupture in 17caw of lower surface tear, 12cam of whg drag breab, 14 cases of wing box ksr,end 4 cases of tnnb;leakege. This fuel spillage r~~ in 42 firea.Thw gear separation or collapoe is a focbr in 64Yo of the fires that occurred when gear participated in the accident. Using smzll, medium, md large as the degree of involvement, the gear wm a large factor in 26 of the 4%fires, a medium factor in 4 of the fires, and a amd f~ictor in 
	12. With respect to fatditko, there were 28 accidents with fire related fatslities and 24 accidents with qtiuma deaths. 
	Lower fumlage crush occurred in 53 accidents with gear mparation being a !arge factor in 37 cows. Lc,wer fuelage crush has a secondary effect on doorhatch jamming, on a?paration of seats, and on cabin interior debrh. Gear separation wasa !arge factor in 9 cesesof fuselage break. 
	For 15atxidents in which thegear was known to be retracGng or in stowedposition, there me only 5 cases where having gear extended may have prevented the crash. These cases mostly involve extensive siide-out, but occ,urred during oiwrted takeoffs or flight activities for which the gear is normally retracted. 
	Fromthe above discu~i~lon 
	it may be concluded that development of gear more tolerant to conditions that cause separation w~uld result in some increase in craohworthinese. Further, when fieparation does occur, the wing box should not tear open. 
	Cabbinteriors 81-12cite3 in approximately onethird of the accident3 in the data base. Cabin interior equipment includes overhesd storage compartments, ceiling panels md lights, sidewalls, class pnrtiticns, gallcys, and closets. Con~pxing cabin interior citation8 withthe accident severity category (we table 4.4) some pcutiaritias may be observed. For bstance, it might be expected that accidents in categories 3 to 6 would have a higher percentage of citatiooa thzn is actually reported. Thio is particularly ap
	The disparity might bi! attributed to the expectations of the investigator. If the damage is such that overhead compartments, ceiling panele, etc. might he expected to separak and clutter the scene. the owu-rence may not hereported. Ftuther, if the devsstabon is such that p~rticipation of the cabin interiors as compared to other f~ctors might be considered secondary in survivability of he occupant, the partu5pation may be unreported.While the absolute level of.p~sticlpation may eqd that of a lem severe acci
	Cocxqucntly, the 45 accidents where ritatiom have ha mode uhould serve as an indication of powible crash behavior of intaiar cquipme:it. The 23 eccidents where probable participation has been asessed nay not include dl incidenh. In mme rccidents where at least one part of the interior participated, other parts hnvc heeu deeincd probable. 
	Figure
	Overhead storage comp,~enta hcve hen dwith regerd towpmation, contents spillage, evncuaeion blockage, ad injwy tO OCCUPM~B. Ceiling parseln, eidewdl hero, and clm.9 paititioae have &en mdfor wpadion. rl?aiE; mparntion u~uallyhaa some effect on spma.G&e:rs have been wed for contab apilkge un well ase5ea birjclrage. Thee wita we of y&Licular concern since they affect availabiiiiy of the aervice doom as(m egrm route. Them assemmente are &own in figure 4.1 0. Cabir, ideriors have hen a major factor in evacuatio
	l7i~m-e4.11 showa interr?ctini between otbw otructmal syetems and the cebh inkhior oyokm, Cd of the lower fuelage isdeemed to have mewred in 52 of the 68 accidents. Ftroe!age breako are deemed to have wcul-red in 32 of the 68 accidents. Landing gear ~epamtion or collaps; occurred in 48 accidents and the gear was r~tracted in6 other casee. Floor riictortion io deemed Lo have occwd in26 accidents. All of the inkractions participate in mverely loading the struWd supportsfor the cabin interior equipnmt. Fire wa
	FUSELAGE BREM ACCDENTS (Excluding Fumbge hwer Surface Eupture) 
	Of the 153impact tiu17"ivdde acciden'c. used in this Survivabilikj Study, 64 are known to heve experienced one or more breab in the fl &?loge and 7 others probably also had breaks. Forty-nix of the 64 were fetal accidento. Available &!:, icdicates that 39.5941of the praonn onbarci in the 64 accidenta were fatalities. ?Be o:her 82 er~dentsin this study did not experience fuselage breaks and 27 of these were fats1 accidcnb of the persons onboard in the 82 ncaidenta, 20.6% were fatalitiss. 'new data arc plottc
	Fatallties Percent of total onboard 
	Fuselage broak accidents 
	No fuselage broak accidents 
	I 
	Of the 64 ~ccidentf txpriencing fuoekge breaks, 6 involved the aircroft, touc:lriog down in tieep water and 58 invoh~rc!the aircraft ~uching down (impacting) on grouid or in ewampy weeu with shallow weter. Dat8t on these arcidento are plotted as foliowa: 
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	Dceg Water Entry Accidents 
	Six wter entry accidents in which the fuselage broke into several pieces had fatalities (3623% of those permns onboard were fatalities). in five of these accidents one section of the fuselage .sank rapidly -soma of the passengers and crew pmhably &re ejected or feu into the sea without benefit of survival gear aiid others were trspped inelde. The other sections floated briefly, ailowing evacuations icb refw or floating slides. in other accidents the fweltige sectiow flo~ted briefly. however S4?h of those on
	There were aLso four accidents involving dsep rwter entry in,which the f~slage did cot break, and 25.9% of these onboarti were fatalities, most M.ieved due to drowning. 
	However, in the.* mcidena the aircraft floated et ieacjt 5 minutes and in most cases 10 to 20 
	minutes, thus allowing ndequote time to escape. Inthree of the four accidentj. it was established thnt 
	the onboord rafts and float filides were not used. 
	It an :herefare be cocciuded that in deep water entry accidents in which the fu.wlage does not 
	breok, !Ie EL :vor rate should be very high with proper crew res~mnselactionsuicg uvdzble 
	rquijxrent. i ping the fiw ga to reaist breaks or separe~iomis desirable. 
	Fifty-eight gound slide sccideata experienced fu~elage break2 due to main landing gear sepmtionlcollnpse, exce&vely hard toxhdown or hmd ilatfimpilct after takeoff. tc~uchdcrwn in erees of tree~~'bui1dlbj
	or t. -<?ckylmugh termin, cr combi~atjons of these ccnditioos. 
	Geru: Separations -8.696-LD 5 nccidento, lamling gear collapse or separation is hlieved to have contributed to the f~vliigebre~?,!g;that is, if gem had ilot failed the fusclegc may not have broken. 
	Them we ~enersllycw of the &waft vmring off the rnmvsy onto reasonably smooth krrah or touching down on ~mmxrthtermin and then having one or both main landing gear @perate due to &pact with aslighUyraid m?dorsmall ditch. Thwe fivenccir'renfsrenultedinc c!em break in the fu~lage,wide enough for o pcn;on tobe ejected. fal! out, or ijkp out. Approximately 11Yoof those onbod in the five accidenta were fatalities. i4'atslitxs wcunred ka three of thew accident,g and in each cswea severe fuel fu-edeveloped. The ol
	Ha. Twchdotvn -8.6O& h five accidents, the &raft experienced a hard toucIidown in m landingattitude or stalled after takeoff rerrulthp in level attitude impact wkh sufficient vertical load to awe tho f~wdngcto break. Tsvo of th~w~ccidentarcw'ikd itl oligkit bre&lfractiu-eu ht would not result in ejection of perstma tr pnwide rx meam of ezritdevaeuntion; there were no fa'atnl3.k~and no serere fuel fire. The other three accidents resulted in fuselttge breaks that wem wide c~ough tto &ow ejectitrs of pemm or p
	PLircraft foiward sped was believed tobe rcnmnslrly low in tbw of the accidents she the aircraft were in a etalled condition at itrigact. Xn the other trvo eccidents the aircrnft touched down slightly 2~hortof the runway ate high rc& of descent, with fcmard speed probobiy 10to 15knots less thsn 
	plmmed. 
	Rough Grouid -8.3% -In 68 'ixidents, the &kCITIftexperienced fuaelags breaka after touching down on terrain where impact wcurred,wl?h trees poles, gulleyl;, ditches, embankments, raised roads, ek. or where impxt occurred with one wing low on a rensonntly smooth uurhce (on sirport, mush, daq fnkebed, etci. 
	Data on these accidents ere taiiuiatd in the fol!oniT?g chart.
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	The accidert divided in'&three gruupa which 81-edkd CB fcllowo: 
	I. Twelve nccideub involved a &ght brenli(s) or frncture in which fusekge sections did not neparate far enough for n prem to be ejwte6 or for a person to crawl or etep out during evacuation (ch.~ I).Thew accidento geneidly wcur on or mar the uiqort arid as n result of hding overnmn, tdiooff abort. or veeringoff tho mw~.y.Impact which mumd the fuselage break -aunlly occurred after comidernble brake actioa plm decderations off the runway. Only two of the accidenta (16.6%) involved a severe fuel fie,and only 6
	-
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	Twenty uccidenta involved a clean, wide break in which the fuwlage section remcined baeically intact but separated far enough for n person tu he ejected or to crawlfckp out (clam 2). About 75%of them accidents involved severe fuel fires and 29.4% of the persons onboard in the^ 20 accidents were fatalities. Approximately hdf of tlwae accidents hvolvzd aircraft sjwA at or near impact of 1GO hots or more. 

	3. 
	3. 
	Sixteenncxidentcr involved consideriible destruction of the fuselage sectiona nnd in most cases the sections did or traveled many feet "tez eepnration (chs 3). During this movement persona were often throvmkjected from the remains of the fcsehge wtion. In some caws ejected persons were killed from trauma, and in other ca~othe ejected persons survived because they were thrown out oi a fire or burn area. About 93.896 of these nccidents involved severe fuel fires and 77.8% of those onboard in these 16 accident


	It can be concliided thnt the proDabiGty of fatalities in accidenk resulting in fuselage breh during ground slides is cloxly relatd tts ~ircraf~speed nt the time of impact that breaks the fuselage. The gou~ of accidente rea~dting in only slight breaka (claes 1)had an average aircraft impact sped of 57 knots and 6.3%of tho.w on bard were fataliti( >. The group resulting in a dean !but open) break (clasa 2) had an average speed of 83 knotc and 29.4% were fatelities. The group dting in a tomfuoelage (class 3) 
	FUSmGI' 1.0'WEEt SURFACE RLWlURE (Excluding Fuselage Brs& Accident4 
	Of the 153 impact survivable accidenta in this study, 57 aircrdft are known to have experienced considerable darnage ta the lower fuaelage and little or no damage tothe upper fuwlage (above the floor Line). Seventenn of these 57 were fatal nxidezts, with 17.5% of the peraons ocboard hint: fatalities. In addition to the occidentv noted above, there art: rRven accidenb that probably experiencd fuselage lower surface damage; three of these were fat4 accidents with 45.Eic/bof the permns onboard being fittahties
	Lower surfme damage accidents are divided into three groups for study purposes: extrnsive rupture, mhor or moderate dmege, and those involving water entry. Sttltlsticd deta on these \, accidents &re tebPrfnb& on figure 4.13. The thre? group ~lu!disciiwd as follows: \ 
	1. Twentyeight accidenb expeti-cnced extensive damage arid nrpttu-e of the fusekge lower surface. Eleven of thee were fstal accident3 with 27.7% of the tnkd onboard the 28 ~ccidents 
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	being fatR!ities. A severe fire caurred in 15 of the accidento and 9of these were th?.fatal accidents. Six other accidents ifivolved a rninor or moderate fire with no fatalities. 
	Twenty-five accidents experienced moderate or minor damage of hc fuselage lower strface. Of these only three were fatal accidents. with 1.596 of those onhard the 25 accidents 'being fatalities. 
	Six of these accidents invo!vcd a severe fuel fm,four involved a moderate or minor fire, and six had no fire reported. Of the thee fatal accidents, two had severe fires and one a moderate Eire. 
	< 
	Six accidents involved nose,gear collapsing aft into the lower fuxlage. One resulted in a scvere fire (iriction Lgnikd) which destroyed the aircraft mid one resulted in a moderate fire (friction ignited)which resulted in suhsbntialdamage. In another cue of friction fire, the aft fuselage broke and was dragged on the runway. 
	In desip, the prevmtion of TricGon Eres is trezted hy separstion of flam~xablematerials from the proximity of friction sparks or heated structure. L7operation, rspid action by the airport tme fighting team has reduced the effect of the friction fire. 
	' 
	Four accidents involved water entry; that is. touchdown in deep water or rolling irito deq water et high speed such, that the lower surface of the fuselage was Eorn or ruptllred but the fuselqe did not break. Three of these four acctdents resulted in extei~sivo lower surface danwge and the aircraft sank rapidly. All three were fatal ictider~ts with 18.190 of persons onboard being fatalities. One accident resultcc! in'rnodmite dam~geto the lower surface HS the aircraft rolled into whtcr and came to rest on i
	Lower fuselage tear or rupture generally occur when landing gear fails to support the aircraft. Thus. scrubbing on rough surfaces (soxetimes even on th~runway) rips opcn the thin skins and body frames. At the same time, wing box fuel tanksare alWsubject to rupttite and fuel spillage. In 37of 53 ground slide accidents the wing box was proba'nly ruptured and. of these, fire occurred in 32 -25 were severe fires and 12 were minor or moderati. lire. 
	It can beconcluded that the probnhility of fatulitit?~ in accidents resulting in lower fuselage tenr or rupture during ground slide is closely related to the occurrence of severe fl:rl fire. Flame and smoke froin fuel burning on tile ground below and around the fuselage have, in many caxs, rapidly entered the passenger area via openings in the inwer fuselage If openings had not ken present. the precious minute or two required for skin burn-throqh wou!d prohahiy be adcquatc for ev;wuating RWE~from Sun awas d
	most ~r all persons via escape rcuta 

	Of the 12fatal acc~dt~tits slide, 11 had severe fire and one had s moderate firr. 
	Displccement and rupture of the ps.ssengc:r ihr hss rt1:iuitrti in pz~sei~pt injurie.5, and
	aid crew has restricted movement oisurvivors toexits. In xme vases :he lipward mot riiwnt ui tile ilimr has resulted in tiir jamming of doors or dmr irurnt:; s.:i in other caws doors rriii!tl not be ope~zt:dr!ce to floor debris blocking the dwr. Generally. floor SLT~;+C(Iihplccernc!nt is a result of the st.rurturtrl !loor beams bring tom, ruptured, and di~p!sccd upwrirds 1;v the irnpsct forces of curKo, cnryocont~iners, separated land in^ gear or ground objects Tne exception to this is floor displacement by
	aid crew has restricted movement oisurvivors toexits. In xme vases :he lipward mot riiwnt ui tile ilimr has resulted in tiir jamming of doors or dmr irurnt:; s.:i in other caws doors rriii!tl not be ope~zt:dr!ce to floor debris blocking the dwr. Generally. floor SLT~;+C(Iihplccernc!nt is a result of the st.rurturtrl !loor beams bring tom, ruptured, and di~p!sccd upwrirds 1;v the irnpsct forces of curKo, cnryocont~iners, separated land in^ gear or ground objects Tne exception to this is floor displacement by
	Of the 153amidenta in thio study, 36 3M known or reportcd to have experienced passenger or crewareofloor diaplacement or rupture and prohably in 4 other accidenta. Statietical data on them occurrences arc tabulakd in figure 4.13. For etiidy purpmes, these 36 e,ccidents are divided into thee groupn: 15that did not involve a fuwlage break, 17that did invohe a fu~lagebreak, md4 th6Einvolved the aimaft touching down or avcrmg into water.Them groups are discussed as followe: 

	1. Of the 15~widentswbich did not hava fuselnge bfealrs, 8involved displacement upwards of the cabin floornte a result of !henowgc\r;r foCordinglcollapaingQftintothe lower fomtrrd fueelfige cargo compartment or electronic compwtment. Dieplaced cargo or electronic equipment forced the fluor up and probably tore or bent the floor kern. In fcur of these accidents the &pit door was jammed, and in two the entrancedoor was jammed or bloclied. None of theee were fatd acddento, however, one mdtedin a friction-ignit
	Seven other accidents iuvolved a ground slide in which the fu.sekngelower surface was tornor cr~iehedupvmrd oych that floor and flmr kame were displaced upwnrdtl in lccrtlized areas. In one of thetie a main lmdiiuggear a~eemlly rolied/tun~bled under the fuselage and caused much of the drunage. In three acc~dents.YU entrance dwr wra jammed or blocked by the floor. Passenger ereat elevations occurrd in even accidents which contributed to passenger injuries. in three accidenb p,.isaengr?.r rat ~eparations txsc
	Seventeen accidenb which had furrehge bieakp .slso had areas where the floor was displaced upwards.''Il~eud nccidents tend to b mcm wvere than tho= without iurii.lr?ge hrcnks. lf fuselage wperation ie complete nnd wide enough for human and wat ejection, the impact of psssenger floorelevction or rup:ure i~ probably dightly mininilzed. In 13acciden~pansenger f)rjat wpar~ti~li was reported. in 9 iiiudeats seat e!evation was reported, but in old:; 4 accidents wu parengzr egress reported to have been impeded. It
	3. Crewlpsmnger firm e!evatton and rupture occd in fol;~accidents which ~nvolvtd the aircraft buching down In d%p water or rdling into water at high speed. In thew cases the lower fuuel3ge surfnw was torn open md the lower (cargo) awn filled with water. f-fydmulic actiom'presuure forced the floor pane! upward, cnuslng txmt wpurebon in two accdento nnd eeat ekvatmn in three accidenta. Gt docre were found to be blocked in two ecxidenta. 
	Inone~wident,.thc fonvarcl clwt dislodged 11 ssh\fkdforward inwch a way that the forwsrd entrance door was partially biocked and tielaved operung of the door Aloo rt sccbon of ilwr came up and provldcd an opelung in wh~chtwo of the crew fell into the lower forward comprtment 
	In another accident, noRe Xcnr ~eeparatedand tunikded aft, forcing up and rupturing the lower fuselage. Hoar heurns and floor pandy were clevctted raueing pawnger w1L8 to tilt backwtwds and blcxk emergency exits on Lnth sidea of the fuoelsgi.. 
	Availabie accident dab provides evidence thet displacement, elevat:l~n, or dislrdking of the p3r, = *kockpit floor ~jlfik~11
	in locnlizrui. .wrs hae resulted in passenger and crew injuries and 
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	hm, in varying degrw, inhrferred with or dehyed the evacuation of pmxnger slid crew. However, ~ccidea t reporbgenerally provide very Little detailed infonnrtion on this type of damage udemit ie related tnthe CHUM of the accident. Studies of these me muat rely on brief etaternenkt and accidont photographe which seldom "zeroinnon the deaired arm.It i~ concluded from reviews of availabledata that a floor system morereahtaritto t-earlrupturelsepmtio~, tl~ough ctiU fkGibl~, may reduce mme of the debria ad factor
	Separation of an engine from the pylon or separation of the pyIon horn the wing or bcdy ofkn occurs in eccidento involving touchdown, thortlhard touchdovm, ovems, or veering off the runway. When one or both main lmhg gear collapw during these typ of occurrences, the probability of engine pod damage or separation is incred. Generally, lossof the engine (forward. or revem thrust)iR of minor si&icaxlce but rupturing of the engine fuel foed he (releasing fuel)and tenring of e1ect;lical leads (cewing arcing)can 
	at the fue1 fed linebrik poiat The significence of thie. pylon break fire hazard incmsoes if the wing fuel th sw ruptd mdlarge quan"*itieo of fuel an?reid on the ground. It is Mevcd :dt the engine and the pylon break fihave ken the ignition sourn! for msny of the fuel tank fires. Accident ,-eporta eeldcm confirm or deny this, mnce it ia not generally possible to establish from evidence at the accident site what actually provided the ignition source. In some occ:~rr-enccs, friction sparks fcom wbg or fuwlsge
	Of the 153nccidcnte in thiscrnshworthineae study, 94 involved aircraft with eq$,inee on wing p& md 59 involved aircraft with engine pods on the aft fuelage. These two pupo of nircraft are reviewed eeparabiy. 
	Whq Pod Enyined Aircraft Accidents 
	01the 94 awidate(induding known and prc'hble occurence4 involving wing pcd engined aircraft, 67 (71%) involved rupturing oi the rringbox fuel mimd68(7246)involved cobpe or aeparrition of the engine pylon to the!extent that ihr engine fuel feed line was tom or ruptured. The occurrence of these two type8 of damage are shown in figure 4.14. 
	FtwI fires ori~ntrring at the fracture of the engine fuel feed he in the pylou cre reported to have =uned in 12 accidents and probably occurred 111 33 ctccitleub. No f~,.eewere reported at thb fracture pint in 23 accidente. 
	The proximity of the wing pd engioe tothe wmg box fuel tada flus red*& iacomIationa between engine wpnruhan, fuel tack rupture, and a wwrr fuel fire. Appmxbately 71% of the ~ccidei~ts involved rupture of the fuel tank and releasing fud on the grvc:~tiand, of the=, 91% wore considered luge iuel spills such that the ep~ilarea pm%bly we war or itcijnccnt ta the enp;lne pylon loca(lon. The study show that 829'0 of the hrge fuel ~p~lh theae, a
	resuited in nsrere fires and. ir, il(%::f ~vptured engine pylon fuel hnc iire probably a!so occurred. 
	Ln numemu8 accidents, scparakd engine pods have rolled or tumbled under the wing or fu~-c~:?ge
	ae the oircrnft slides to u atop. However, accident reports seldom hdicirtc that the pod ruptu, d the wing box fuel :a& in the movement. In most cam,invmtigetors are probably unsble to r;c!ermine what objects actually caueecl tsrJc rupture 
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	Figure 414E~gine/PylonSeporalionlCollspse and Fuel rank Rupture, Wing Pod Engined Aircraft 
	Of the 59 accidents involving aft bidy ecghed aircraft, 38(54%)involved rupturing of the wing box fuel Lmks and 21 (36%) involved collapse or s@peratio,l of the engine pyloc to the extent that the engine fuel feed he was torn or r-pturd. The occurrences of thew!two typa of damage are shown in figure 4.15.Of the 21 occurrences involving enginelpylon collapee or wpmtion, 7 reeulted from a very hard t,ouchdown 7 due to impact with ground objects, and 7due to high vertical loada as the aircraft slid over rough 
	Fuel fires originnting fit the fracture of the engioe fuel feed line in the pylon are reported to hnve occurred in two nccidcnb and probably occeured in five accidepta. Reports indicnte that no fire occurred at this fractnre point in 14 accidenb. 
	Severe wing bdi,f~el fires occurred in 26 accidenb but, of these, enginel~trutfuel line fires were repor!! in :and pmtxehly ~cctured in 5. 'hie indicateo that wing tank fuel, in 77Yo of these cases, we^ ignited by something other than hy an engine fuel feed !he fire. In the other 23% (six cases) the repolto do not iudimte or show evidence that the engine he1 feed line fire provided the ignition source for the wing knk fuel Cire. Lr? most accidents, the investigators are probably unable to determine the actu
	Er:&e6 he1 Feed Line Fire Hnzords 
	In the 153 accidents used in thin st.udy, loss or ccIlspw of an engine or pylon generaiiy crente~p potentin1 hazrd only if n fire ot:cur&at the point of fur!! fed line rupture and, if i~ flight. the fire is sustained for posibly 30 sajconr!~ or more. Ln wing p,d rnounkd enpine aircraft, the hatnrA, ib ignition of spilicd wng tank fuel or overheating of wing fud tan& to the ~xint of expiofiions or ekin bum-through. If tmk luel is not ignited, the engine strut fire itself ~enerslly ha litt,le impact on paswng
	In aft My engined tilrcrnft. t.he baud is h~inl-throughof the aft body tikiro and a fuel irue fire burn~ng vitd controls and syskrnrr wr~liin she aft hly. These fires, Lwiilg remelt? from the Mnng box fuel tanks, are n potent:al source of iffnation of tank fuel anly if the tank fuel is spilled In the area undcr or around the aft engines. 
	Conclusions: 
	1. . fuel line firns by engine separation or co&l?pw are a hazard
	co~r~d of undcrdetmn~ned dirnens~one. ptlrtidnrly in w1r.g pod en~nedaircraft acc~dents. The wuxe of ienition of spilled trrnk fuel 18 se!dom reportd nnd probd~ly,rn most cases, cannot be actually determined. Nevcrtht.leas, rewarch fihould be accorr,pllshc.d in the area of minimizing the flaw rJr volume of fuel reiead from a fractured mRme fuel fed line and elin~iriuting the wurces of igniuon of thi~fuel. 
	2. 
	2. 
	2. 
	2. 
	Wing box fuel tanks hnve. (,it rare occasions, Iwn turn open when cngi~ie pgiun wparntcs from wing structure. St.udy should be. accomplished to develop structuw fuse pclnts toaslire a clean titrut wparntion. This cou!d inclcde clean fuel line separntions ~ndelectrical iend 

	separatioiis without arcirrg. 

	3. 
	3. 
	Engine pylon wparation or col!~pseofkn follows sepnrntion or coliapae of one or miire main landing gear. Ii is riot pow~bleto detcnnine from nrcidmt reports hew many mpne pylonu would not have wparcnted or collnpsed if the m~inianding gear hid not coilapsed. It appcm, 
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	Figure 4.15-EnginoIPylon SeparalicnIColla~snond Firel Tmk Rupture. Aft Body Enpino? Aircraft 
	however. toha of 3a mfficiett uiurihr tojrreGfy reseurch in landing gem deaign philoeophy and devcekqmcnnt of hiding gear t more k!ermt of travel over sough, imft terrain off the runway. 
	Of the 153impact ewvivable owidentuskucliad, re,r>ort-s for ody 47 @ccideobcited mcurrenceo of 
	entry door, galley dwr, cockpit door, or emergency exitn jomminig or being bloskul by cabiii 
	equipment, debris, or olitaide ~bjecb.It i~ believed that door or exit ~clntdevecuatkm pmblenli~ 
	also wcurred in many other sccidenta. 
	Fwlage bm&e rovide a heady and exymiitioue :cesa fcr WT~Zof the pawngem cncl crew to evacuate the aircraft. In PO6f the 47 acrident.;. where doort'exit pwf,tamn9' ecited, the r~prto alao indicatzd thnt Rome pawngem and crew depwtr.4 via breaisr. . :v. In llle Fwxlage. In 
	oft+e.cnp

	,
	most caoee thc~.-people could have also dcpartrcl through a.;nilJdw &ta. Howvrr, in n few ceaee the f l;.wdage break wuu pmbebly the only mmw uf PWC?P.,I" 
	A'vaiiaSle fsctuai dm relatinlc tothe 47 ~cciclenbcitinp: dmrierit probicniu me ulbuiated in figure 
	4.16. Thew dab indicate that moat occurrences (57%))invoive dm;-at the front of the fuselage nnd only 16% st mid-body and 27% at the aft fuselage. This rrttio in expected since in crowd slide accidents the forwml fuae1age.i~ the firet to impad objrcts such KB buildings, treca, wles, etc. These data qlso indicate thnt fonvard fuwlcgi: doors involved jrtmming in 6436 of the c;wa and. 
	. blockage in 3G0hof tnu caseg. Dcqmin the ~ft had tqproxiin?teiy the erne ro.tii.1.Mid-tmdyf1~13el~lge exits, howe.ver, hnd'thie ratio reversed with blockage beicy 64% 0,' :.$e case$ and jamming only 36%of the ceses. It. in probab!e that wing box structure provides prokt-tion from jumminp; of the
	-
	mid-My oveming exits. 
	Considerkg o!i dluo;~lexi?a, jamming is reporled In 59% af the ciw; and biockegc in 41% of the raes. 
	I 
	Jamming is ge~crallycaused by door frame dt8trJrtionn. however, accident reports =!dm provide much debil on how or whet t.ouwci the problem Flor.luft due :uupward forcca Prom the carKo area often cause toto1 or partial jamming of doors. The mime upward forces lney elm muse door frsrne d!sbrtion. In a few caws evecuatlor. shdm 3rc in door jamming. 
	in:.o!:.cd 
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	Blockage is ~enereUyciiumd by rollapoing of overhead storage cornpartrnenta and mleaw of the contents 21s debnri usually recuib In complete inabhty to open the door or exL. SpiUage of gdle:; content3 occ~mirequc~tly. rvi~lch tenrfs to cow o dehy in opening the dmr. In a fcaw mses displewmcnt of a galley or coat st~ragcrompn,ctment hnlr caused door tr!ockage, pnrtlcu!arIy at the forward fuselage Iocntmn~ 
	The nurnkr of fatahties tht were u d~rrctresult of dwr lamming or blwkapcr can seldom bt detcrrnh~edor even eshnutcd from a~rallabledab. Of the 47 acddenm ~r.vhch dtwriexjt prchlc-mu were cited, only 24 involtred fatahtcfi (2187 tohi onhard of which 753 or 34.Jt?'owere f;itnht~a). 
	Of the 24 accidents mith fatdities, s hid 2 or more doors or aiC8 j~mn~clCior Llotked wd 4 1.9%of 
	tho* onlmwd were latalities. In the other 1.5accidents only 1 door or exit was jommed or blocked 
	and 27.1% of those cmk,oard were fainljties. 
	Figure
	From tbstudy of dm~and exit problems duringemergency evacustiom, it can be concluded thet evvivability might he ihcreased if floorsad structure in t[he area af esch entry and galley door he daigned to eliminate jamming of doors, and if overhead storage connpamnents be de~ignedto renist collapse and reduce door blockage. 
	Accidenb in ivliichaircraft :inpact water or come to rest in deep water involve special hazards. In scenario type S13,46.395of the occupants drowned. There are 16water nccidenb in the dab bnae 
	Water cases that are excluded ana the 707 080 accident. LlOll Evergladee accident. 727 Iilzdcria accident, 727 Kexico City accident, and the 7C7 Rio de Jsorrio accident. These amidenb rdtd in fab!.if 3for the most part. r~ndwekr rtmonly inciden'd to the accident outcome. 
	W~yterertby accidents of concern appear to have aeme common factors. Firut, they usually ow at night. Second, there is usudly a relatively rapid lass of flotation resulting in a portion or allof the aircraft oinking. Third, while there has been conlCu~ion. most oc~panb have been able to evonmte the aizcmft. Findly, many of the di-oming fatalities occur after the occupants have irft the aircraft. 
	Aosessmentof the watm entrynccidents is shown in figure 4.17. 'I.le eccidenta are divided into two 
	pup^ high energy impact and stidelroll into the water. 'There are eight high energy ncuden~. For the Caravde Mclderia accident allatfiat ia known is thnt tl:-. 2xrait touched down nt sea, the fuwbge isprewurntd tohave broken, md the numberaof fataLttieaand injuries. &~iljequently, it Lclnsmfied unknown. The DG9 Palermo accidtat ha a lit& dew and is clctffiified known, but 1s hordedine. There are thrw cnsea.where the aircraft roiled or slid into t!!e water. For PAof these accidents the fu~kgeexperienced cntl
	In all the high energy impacts there was a lo= of flotation attributed primarily to fuselage damage. While tank: rupture resdtd in inme 1cm of buaymcy, the major cfkt of tan4rupture was to e.zwse occupants ta fuel (chemical burns)and to make everything slippry. 
	Thefloor eystem was !mown tube dismpttd in oix of eight accidentr. Disription was due in part to the hydnnlynamic forcerr of water enbring the fuwlag~through the undeteidc or thmugh breaks in the fwiage. 
	A part of this disruphon resuitcd in displecement and elevation of fimr kama with subsequent separation of oeats. ma alm contributed to probltme in the wacuation of the aircraft In edktion, doom wcx jammed ~nddebris fron) csbin interior systcme wce pw.;ent. !Ln the 7lr P?lmcda ~ccident,uuter destroyed the lawel fuselage rupt~uudthe body Iuel lines,and wpiratd sn'engme. 
	Accidentr; whew aircraft sl;.iddc.d or rcKed into wotcr experienced similar dacisge as he high exru impact, but to a Itmer degree. !401~evcr, ciore prodrnity of land, rc'xtsntidiy rcduced drownirig. T'le 15 drowning8 in the DC-13 Rio de Janeric! nccident were tt+rjbutpd to disaricntirtiou of the 0ci:upiints after they evocurtted the aircraft md to impriper use cf fivtation devices. 
	A1.x the DC 9St Croix ec..deot, a epeciel study (ref 2) was m~tle by the NTSB cn water ditc~ng. Here, even though it WRE known that dikh~ngwns inente',':, 2'*trcupants drowned. There were problems will: lnfe rafts, life vwtj, snd &eat hi@.Other prcb:ernd \\;..L?this equipment were encountered in \he CC-9 ha Xagelea xid dent. It 1s felt, that incid2nre of drawninp codd he suhtmt~allyrtduced by bettPr loration cf lifs refts. For insbnce, pracerwnt of rafb above lhe exits with external r;cceaa might provide ht
	Figure
	Improved crashworthinesa might also be obtained by increasing the resistance of the fu'uselngs to breaks end bj increasing the resistance of the lower fuselage to water penetration. 



	ADVANCED MATERW 
	ADVANCED MATERW 
	application of advanced materials such as improved metal alloys and compositee to etnicture that hes a significant craeh function is now conaidered. Aa from the ahve diecu~ion,the conventional commercial aluminum jet transport aircreft designed to FAR 25 have demonstrated generally good structural crashworthy characteristics. 
	he 

	Consequently, those materials having fractwe, impact end ductility properties similar to aluminrm might be expected to be ilpplicab!e on a direct subfititufion bmia without nffecting crs~hwort-lhiness. Wherethe properties ttre dirasimilar, such as for composites, questions aie mi.& on how to maintain an txdequate level of craehworthinese. 
	There is little data available on the cmah behavior of composite structurm. The U.S. Amy hat, rctive projpnms directed towards the application of composites in helicopters tls part of the ACAP and in sponsored research. In addition there are military resea~ch programe on ballistic damage to comwte struct\ue. ResultR of these programs will provide valuable information. i%'lule these results may not he directly applicable to the commercial jet tranrqx~rt, they may suggest approrches to research that may be fr
	Uae and planned usc oiadvanced composites in hoth miEtary and conmerciai aircraft is in a rapidly expmding mode. Use of graphitel~poxyas a viable materiel for aemvpnce structures b,n~8rl~
	3 
	serious cons3eration in the mid-1960s with the development of Thornel ~aphitc fikrs by Union Car'Jide. Initially, use of the material was hanqerd by high cost and lack of :mhnical data. Currently, hoth of these factors have been alleviated so that extensive use of the material in both fea3ible and advantageous. The impetus is the typically 20 to 30 perceat reduction in ~trricturd weight that can be realized with accompanying increases in fuel economy or aircraft performance. 
	The application of composites on m&tary aircreft is moving rapidy. The F-18heo wing sbsarid tail structlrresof graphite. Theentire wing structure of the AV-8B Nnnier isgraphite, marethe forward fudage and tail. 
	Planned use of graphitr? an future commercial transport aircroft is also aggressive. The LemFan aircraft is all composite structure and the Falco~ 10will have a graphitelepoxy wing box structirre. The 757 and 767 aircrzft will have control surfaces of grfiphik. These include the bpoiiers, oiicroa, elevators, and rudders. Main1a.nding gear doors will be a combination of graphite and Kevlar. There are also serious plans for other downstream uses of graphite on the 757. These incltlde use of graphite f~rselect
	Uwof graphite for sach parts as the main landing gear beam and flaps is ~lso under study. 
	Graphite composites are used on the 757 and 767 aircraft for some components. Moot applicctions are for secondary structure. Application in control surfaces follows Boeing'e succe~?sSd program with NASA. which tested and certified graphitelepoxy elevatars for the 727.A similar program is underway for the 737 horizontal stabilizer. Graphite 737 ntabilizer components have hen successfully groud aild flight tested and certiiic~tion is expected in the near future. 
	In consider in^ the various aircxsft parts which will be fabricated from compositee, it mu& be emphasized that these will ki designed find tested to meet the requirerrients of' FAR 25. As an example, floor Seams will be analyzed and tested b ensure their being able to withstand the 
	In consider in^ the various aircxsft parts which will be fabricated from compositee, it mu& be emphasized that these will ki designed find tested to meet the requirerrients of' FAR 25. As an example, floor Seams will be analyzed and tested b ensure their being able to withstand the 
	stipulated 9 g wat forces. Similarly, crash load requirements will be included in the dciGgn of other components. The landing gear beam is designed so that it will break away in event of gear collapse so it will not puncture wing fuel cells. 

	The question becomes then, how will the etructure react if the de~ign crash loads are exceeded and importantly, in the event of a fire. Relative to this wso a recent study to determine if graphite composites, if eubjeckd to o catastrophic fire ~lit~ldtmn, might reieew filaments that would ceusct widespread electrical ~hort~ 
	and cause failure cf proximity electrical equipment, for exmupie failure of power eulmtatioan. In this cas, NASA concludd after extensive study, that risks involved with aerospace use of fiher carbon fibers were minimal. Ttx potential loss rate wna estimated at m insignificant $1000 per year (ref. 3). 
	Another important consideration isthe mechanism for energy diwipadon in a crash. TIGEis to a greate extent dependent on the ntructural co~ifib?lration. Most effectiirely, dissipation is by de~orrnation such RR hiicUng or material elongation. The ability of structur~to defornl, however, depends strongly on the cunstruction materials. Relative energy absorbing characteristics of materials are generally indicated by the tweo under their load tiefiection or etresdfirsain curve. Metals benefit. from their relati
	' 
	expected to h low. Differences btwecn the two niaterials is demonstrated lil figure 4.18. 
	Another menningful compnrison that can readily be made is elnngaf-on to fahe. Graphite laminates typically fail at approximately 0 8 to 1.0percent strain while 2024-T3aluminum typict;!ly strains to 10 lo 12 percent. 
	Some apparent ductility can be gained by streming in shear or hv testing axially with the fibers oriented off-sxis, ~3y at +4Tr0 to the test axis. The shear case is demonstrated by a curve for s Kevlxr fabric laminate m figure 4.19. Some galn in effective ductility may be obtained by off-axis reinforcement in mult~directiondl laminates, however, the gain iu suspected to be sn1~11. Seemingly, when fibry inline with the load fail, load should be tramferred to off-axis fitfirs with greater stlam capability to 
	However, when the inline fibm fail. the effect, unlike a ductile caw, is very dynamic and it is uclikely significant energy is absorbed. I'his inubnkneous energy relaaw is demonstrated by noting the three-piece failure oft? graphite multidi-ectional lamina& tension ~pecimen in figure 4.20.113 soze cases, specimens may fail in 4 to 5 pieces as a result of iniiid failme induced shock waves. 
	A more effective method of improving energy absorbing charackristics ia to add reinforcement fibem with higher strain cnpehli'.y. Bampl~sare to IIX gksor ICev1a.r fibers. The effwti~ityof usifig hybrid techniques to improve impact properties hes ken demonstrsted by use of an insirumeiitA Cbarpy test. This is descnkd it1 reference 4. While the conventional Chq~ytest is only corjcerned with total energy, the irutrun~erilcd test diffrrentisks between the i~itistion and propagation phase to give a duct~l~tyinde
	The improverne~t in energy nbsoi~tion churacteristics of the graphite by two levels of Krvlar fiber addtions is indicafkd by the total onergy and ductility index figaes in table 4.7. The in~pruvcmcnt is signinificact. 
	Other orcat, of concern relative to compol;itcs and crashworthines5 are as follows: 
	1. Fuel containment in wet winge 
	Typical stress-strsin cuwo for 0/90° GR!E fabric 
	100 Typic61 stress-strain curve for a:uminum 
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	Figure 4.18-Comparison of Apparent Energy Absorbing CharacterisBcs* of Graphiio Epoxy Lzminsio and Alurninum 
	Strain. (in !in.) 
	Figuro 4.19-Shear Stress-Strain for Kovlar-4915208 Style I81 Fabfic at R.T.Dry 
	Figuro 4.19-Shear Stress-Strain for Kovlar-4915208 Style I81 Fabfic at R.T.Dry 
	Figure
	Propagation phase Duct~l~tyindeu 
	T~me 

	Figure 4.21. -Schen~atic Rtiprosentation cf Load History in an Impact Tast 
	Figure 4.21. -Schen~atic Rtiprosentation cf Load History in an Impact Tast 
	Table 4.7-Impact Propqrties of Unidirectional Compos!'te Materials as Determined irom Instrumented Charpy Test 
	-
	-
	-
	--

	Re~nforc~ng F~bers 
	Re~nforc~ng F~bers 
	Apparent Flexure Strength ksl (MN m2) 
	Total Energy Per Un~t Area 11 Iblln 2 (J/m2) Osc~lloscnpe 
	1 o~lctlllty Index --

	HhlS-graph~te 2Oo0kevIar49 
	HhlS-graph~te 2Oo0kevIar49 
	125 (860) 170 (1170) 
	3 o (8 x 10') 343 (7 2 X 10') 
	38 (8 X 10')30.5 (6 4 X lo4) 
	0 0 6 

	80% HMS-graph,te 41°h kevl~r 49 
	80% HMS-graph,te 41°h kevl~r 49 
	141 ($70) 
	467 (98 x 109 
	42 9 (9 x lo4) 
	4 

	59Ob HMS-graptllte 
	59Ob HMS-graptllte 


	The first \,rtlue was basad on Ihe cnsol of nonl~nsar~tyI ha number rn parenthes~svras bascd on maximum stfescl 
	2. 
	2. 
	2. 
	Smoke toxicity for inbrior rabb ueea 

	3. 
	3. 
	Burn-through rates tor fwlage applications 


	Fuel containment chcterhtics might beex-wted to be inferior tc,the metal wing. Thin ia primarily due to the material being un~ble ta plrwtically deform hnd etill remain intact. Tear resiatxnce of the material is high however, ad fdurtx knd to be of dehminar nature. Thue, penetratiou damage may not be a8 sevore. Ah tcecaw of a lower denpity, structural inertia loade will be lower. 
	Smoke toxicity is not currently cansidered to !x a proble~~. 
	Rhko are consistent with occurrence of other oirnilar material now in the internal fuwlage area. 
	Eu~n-throughrateo for compoaitea fire expected to be lower than for conventional aluminum. The, graphitdepoxy will znelt and the fiber char while the duffiinurn will melt. The much lower thermal conductivity of the compite (3BTUI0F,hr, ft, ft2, ee compared to 80for aluminum) willgive it a decided advantage in deterring through-thethicfme heat transfer. 
	In order to amm the crmh performance of cornpooite structurtll components, it is necessary that the performame of current metal compnzntc3 be !mown quantitatively. Differences in craeh reeponse mcdee and the perfonnence of the crash function may then be compared for each component. With improved analyeia and teat methods, design provision may be made for occupant protection. 
	Craah performance of advanced material components must be arwesaed in the context ~f the complete airframe. Implied rrcduction in enelgy tib~rption sgen in coupo:~tests may be offset by design imovution in the etructure. by use of parasitic cruehnble energy absorber8 in key imationrt such as rests and lower frariies, or may not even exiut. The entire concept of occupant protection may need to be revinerl. Optimization studies of occ~tpirnt protection strategies should be made. Research is needed to evaluaic
	An overview of the current state of craehworthineae technology is pmornted in thie secticn. The US..hy'o Aircraft Crash S*u.rvival htig; Guide (ref. S),which provides a crii~hworthinem technical b~w?for light aircraft and helimptern in milibry iapplicntionrr, ie reviewed for npplicability to aonmercinl jet trmport aircraft. 
	Analytical methodti for mdehng the occupant rmpoasa toia crarjh environment are reviewed and cmd. Human impact tolerance L reviewed and probleme of relating impact injury to engineering quantitier, am dkuseed. In addition, the applicability of generally mogirized 
	t 
	tt.!errmce lirnih tr~the popdn~on of aircdt occixpmto i3 conddxed. a , .I 
	The status of ~r~nlyticalmethods for treating nonlinearitice in ine!natic structural behnvior and 
	large deflectiim geometa is reviewed. A rcview of crash tes!s of wmpletr? airctrft and of 
	experimental :esting of ntructural components heheen made. A survey of impact test fttcilitiee ia 
	* I preacnM nrd problems of tmting complete mcornmercial jet transport aircrnft and stnlcturd compoxnto ie dixud. 
	An a~eementof current craehworthit~so kchology na applied tocommercidl tralmort aircraft 
	i8 aade. l'kquiremenh to improve crashworhiness engineering me pretlenLcd olld r.ewt.nrch to 
	develop the necwtry technology io &usetd. 
	REVIEW OF U.S. tW CRASH §UF,WVAL DESIGN Ge'ID3; 
	The guideline5 propod in the new U.S.Army's Aircraft Cranh Snrvivd Dedign Guide hve hen examined to identify weae relevant bcommercial airplanes. 
	The hrcrnfi Crash SI;Nival Dwign Guide contains a summery of matrrid that provides fi 
	background on crashworthirreee in general. Specific appiication of tho guiriebnes to ~ommercial 
	aircraft hae kn aswaeed. Appendix D preRente a detailed eynthmia of ~Zjn~ijtl~h, and
	pr~rtic~~ comment0 bud on abstracting the Guide and incorporating other experiences, vfikxu and d3tR. 
	The new U.S. Army's Aircraft Crash Survival hign Guide define8 a number cigoah tht tile U.S. Army desires to achieve in order to improve protection in Army aircraft. Evolutior of eheast gou!s into clear-cut deeign criteria is a continuing pmesa; thi~ third update of the Guide incorporates feedback from interim experience, points out the likely nLxd for deeign trade-off6 morb? clerirly than the previous editiom, and sls clearly point8 out compromiaee will likely rcrnairl ~\fkrall possible tradmffs are comple
	First the autonomous role of the Army and the aircraft they fly pves them inmy op~ions in exploring protective provisions. They have small vehicles (less thi 20-pssenger mnranum capncity nnd more pically lea8 than 5)with rchtirely chiicut implicati~ns nnd rarniiicniions for any changes that might be (mnuidered. 
	Additionully, sr,specifictition engineer, purchaser, ~nduscr, the Army is in n po~itionto review trade-oflo and waive gods. guidelinee, ~ndcriteria when wwrmkd. Under current rcdutmy procedt:res, this is not pclreible in the commercial envirotment; r.uquiren:e?b, on!:c esbbliaheci, may not be waived. This help to ciaify w!ly gods, g~ideiinvs, snd criteria are not cicsrly distinbqished in the ArrnyC Chid-e; ouch vfslver uuthority mnkco it pwsiblo b umph~~i7.e 
	"maximum Wble protectiorr" and explore new concepta. Autonomous planrhg, purchasing, and 
	user role8 ah m&e it more feasible to explore end appraise idem thet cen not be easi!y 
	determined or demonstrated by analysis or may be interpreted differently by individual reviewers 
	(e.g., "provide as much protection m pmible"), 
	Other industry segments have o different circumstance; by cicrrign ner:emit:y, objectiveo are baaed on minimum acceptable requirements for fidequnte protection under given circtunstcmces. Objectives nre justified as aciually being proven and beneficial. the waiver authority ueed in the Army does not erist in the commercial environment. 
	Secondly. there is considerable difference in likely impact characteristics between the amnll, rigid body aircraft used by the Amy and the large, flexible body aircraft used commerdly. Army goals are based on systems which will suffer a larger range of impact attitcdes nnd higher impact loads. ,For example, spin-in md rotor thrashing causes iorge lateral forces and upflide down . impacts that are mntially wheard of in large fixed-wing aircr~ft,. Additionally, there is a rnbrked difference in inherent energy
	The above describe^ mne of the re'ssons' bquestion dixect t-ankfer of guidelines or specifications frcm the Army Guide tocommercial systems. Although meny of the principles zpply, are rehunt, and tire practiced, criterion bases are clearly different. Relevant criteria hnve been abstracted and cohled from t&e Guide, and the resulting interpretation and commentary is praented in appendix D. The new Guide updates previous guidelines and goals based on Army's experience and their recognition of braader reeeorch
	The review of the Guide suggests some research topics and toolsthat art. warranted, cnn be worked usefully, and will improve the technology for impac: protection. Arnly go~lato improve eurvivability for impacts oismal! aircraft include four major areas: (1)system design for structure1 integrity, energy absorption, and post-impa~t provisions; (2)desig-n principles for impnct protection via aircraft scats, restraints, litters, and pnddifig; (3)modeling arrd testing methods for appraising impact loads, load pa
	Sy~item design considerations in the Army continue to emphasize energy nbsorption and postcrush protection. Newly mder consideration tire possible ways to avoid reciuctioii of and intrusion into occupiable volume caused by impact 1mdir.g. 
	Energy shrgtion at the structural level remains u difficult conccpt r.o desip nnd control. Abeorbing prcivisior.~ include gear, wings, fuselage, seats, litters, 2nd restrfiints. Djnninic interactions at the s) swrn level are ~o~omplicated 
	that finnl resolution of quretiuns by th:: Army is still by te~t-n~dld~ls
	are practiced. Iiowevar, sc:ver.si ccmputer 

	full-ycde drop t&s providizg ftdl syetem sirnuL3tion have hn under development for wveral years and are appronching stngee where they douid be challenged by attmnpte at real cdibration and application. 
	Postcrash survival continues to receive very ileaby enlphnsis in commercial syqte~nu.A major 
	governmenUindustry progmn is being carried out that hm multiple objectives, including: to improve control of fire, develup new mteriale with improved chnracteristico, md develop a more heat resistant escape slide. 
	Evidence is starting to emerge suggesting feasibility for Borne concepto, but limitations remain to be ~*ewlvd.Four examples are: (1) fuel inerting actuation by impact acceleration, may work on impact, but may aho actuate at altitude in turbulence a~mlerat~on;
	12) heat resistant slides are being developed, but glomr? n:ay not lx stowable vritl'iout major chmgeo and others may have a short stor~ge iife; (3) some design features for control of fuel line dbturbmces are proving effective; (4) computer simulationn of some proceme are being explored, for example, ~irnulation of fire propagation t3 improve undere%anding of and ebility to control fires, qnd simulation of evacuation ,perfomlance to provide tin improved engineering tool. Thew are in the early exploration s
	, Design principles emphaeizing energy absorption concepta for aecta, litters and restraint sysbrns, i are evolving at a more lapid pace. Load limitere are being vneidcred ao peak load alleviators to help mainbin some deb?lr?e of eystem integrity. They provide increaeed assurance the seat occupmt will rcmain in piace, and will not be subjectRC t.6loads exceeding his impact tolerance. 
	Modeling approachza simulating erergy absorption characterjsticv at the seat-restraint level are demonetrtiting feasibility as a deaign tool (me Occupant blIdeling Methods, folowing). 'hey codd be ueed to exp!ore and develop efkctive energy absorbing watrestr~iut concepts, and offer n cost-and time-effective approach to rewiving energy e'osorptioa que~tion~for tht. new cornjzasik materiala ~.hr_ology.But stronger doea not automatically mean nafer, and a rigid 20 g fieat willnot neceesalily provide tile prot
	Modelirlg coupled with twting could become a meaningful combinaticn for developing and evaluating syatem design concepk. Some existing rnodele for structure, @at, restraint, and occupnnta could be calibrated 'to real world observations, integrated into a single nystem concept and used for advanced concept evduatione, for identifying bpecific data and tcsl needs, wd for predicting the outcome of major system tests. An overview of the models that could be used for this purpose is pre~ented in table 5.1. 
	The desirable approach would bc in two phase. Firet, experience with the various models is now sufficient, and it ehould be feasible to develop a detailed epecification to define and dcvelo:, a wries of nodules to pemilexpluretion nnd development of individual c!emente that could be combined to estimate the performance of the cxcupant, restraint, wut, andetructure. Second, it is neces.. to develop and demor~atrate rahbratcd thrcedimensiond performance against real test data, nnd define ground rules for appr
	Human impact tolerance drtta continues to be in dire need. Dste, indices! and eetimates of tolernncea are limited in tmth ticcuracy end scope of npplimbility. Obviously, tolerrinre hit dnta arc not readily acquired. I!owever, new data below the toleral~ce hnzord.9 cout~nuwto be generated nnd will be needed tx, reduce or elminate the current conotrninte on data (we Human Impact Tolcrancc, end npp. Dl. 
	Tablo 5.I-Plan lor Developing Needed Models 
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	Needed Appraise 
	Oavelop spmflcation h#odels/,podu!es

	-----New tests 
	-

	Modelimcdule Potent~ally -Synth~sizeolements Refine synthesized Purpose Usable models* From known m~dels Model(s) 
	PROMETHEUS Ill Occupant . SOU-LA Slrnulatlon CALSPAM OCCUl Laboratory data 
	Planned AT0 (art~culatud Army drop tests 
	7 984 total body) . NASA tests NASA-FAA Restraint PROMETt.(EUS Ill DC-7 test 
	Drone 
	Drone 
	Simufabor~ SOM-LA ' RFSTF? 1 Conslellat~on 
	Test 

	t 
	AT0 
	Test ' FAA rests 
	PROMETHEUS Ill Soat SOM-LA S~mulat~on DYCAST . SET 1 
	KRASH. . ADlNA , 
	DYCAST Structt~rcl KRASH ' Fuseiagc /$DNA SSRUK 1 
	ACTION 
	'Improvements In exlstlrq modeis mlnht he accompl~sheaby lncludrng small packages such 2s the FEAP 74 strlrctural contact model 
	i 

	More definitive rese~rchh needed for effective use of human blerence data.Ike, too, oince tolerance Limit rewarch in impractical, modelo may be u~efulto explore folerance in controlled tests to estabhah exposwee in accidents md thus tc update the dnta bwe u~i*~~,
	waul& frm real accidentcl. 
	Numerous dynamic models of the human body have been deve!oped for crash impact anclpsis to predict the msponss of the occupant, restrnint andlor seat ~yskns.One,two-, and three-dime;lsioml mdeb ha;le hen developd. More bro~dly dmcrihcd in this preMnt repni* are: 
	1. 
	1. 
	1. 
	Dynamic Response Index (DRI) (ref. 6) 

	2. 
	2. 
	Seal Occupant Model: Light Aircraft (SOM-LA)(ref. 7) 

	3. 
	3. 
	PROMETHEUS (now PROME'I?-IEUS m;rel. H), two-r!imensione!, reotraint performance integrated with body dynnmics and other outputa similar to SC)ld-LA 




	QCCUPAET MODELING SWAnY 
	QCCUPAET MODELING SWAnY 
	Three occupsnt-oimulation computer program8 are evaluated in the foEox<riy diocueaions for their ~bilityto pmduce ueeful ertgkeering data regnrding relative mfety of' 2 restrsined occupant: u 1-3 model (DRI), s 2-D model (PROMETHEUS M) and a 3-D model (SOM-LA). 
	The one-dimemiond model (PRT) is umble only for e%t ejc&~n evdudtion and ,ia of no use for evaluating the aafety of commercial nircraft. The two-dine~lsiol;al model (PROMEXE'US m)is euitrib!e for producing sophisticated engineering treds-off dat.? and is beifig wd for 'hi0 purpo%, subject to the limit~tionoirnpoced by the 2-D nature of be siujulation. I?le J-1) nlcdel (SOM-LA) needs modeling improvemenh before being usehle for e~gineering purpcr~a. Needed improvements are kckr-idy difficult and fall intothc
	Computer modeling of nonlinenr transient otructural dynamico is ti rehti~elyrew kchnolqy, and strrnrlerds defining 9 "gd" st~lcttirsldynamicn computer pmgram are still evolving. (Occupant- oilnulation is a special type of structurnl dy~lnmic~j.As R conwquence, each new utructural djnamics compi!tcr program must individudly earn ncceptance in the engineering community before its calculations wil! be utilized by designers. 
	There are :wo 8spccLq to tnacceptance: 
	1. 
	1. 
	1. 
	The pnqarn must prduce believable resulb. That i~,prcdicteC dynamics d~ould appear rensonsble and crcdible to the designer, and the designer should txr confide-nt thst the program modcls the nluin dyruimic effect3.To cchance bdievnbilt.;., the program out.put should contain, In rt2adable form, informntjon cmicts the designer to underiiiani: the dynahmc events (such ae time histories of 8yetei11 forceq. Grnghic aic!il 0.naLw helpful. 
	vihic-.il 


	2. 
	2. 
	Progrim accuracy muGt be dcinunetrsted. 'hat. is, denioristration uf upability tc reawnab!y predict an iictunl teat. Acllievcment of prr.diclive accuracy io us!~dlyii vely dif'ficdt and time 
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	Figure 5.1-PROMETHEIJS 111 Simulations 
	Figure
	consuming pmeea for occupbnt simulation codeo bmuoclt of the nonlinear nature of the problem and the difficulty in obtaining mea~ured values for input dynamic parameters. 
	0r.e approach was applied in evohkg a calibrated level of perfomlance for FROME'T'HECTS 11. Instrumentation data from severs! sled tests were obtained from CAMI and physical data for the anthropomorphic dummi~? were obtained (limb weighfa, meaeuremente, and spring constraintzj). These were systematically refindd by sensitivity testing so that properties could be estimated where measured data could not be found. 
	One of the CAMI tests was t!ien simulated by PROMETHEUS. When the initial simulation did not provide satisfactory correlation with test data, the problem was attacked from two directions. First, it was evident that the restraint system mcdel in PROMETHEUS WRS inadequate, so a more sophisticated mathematid mdei of the lap belt rind shoulder hs~ne~ 
	was developed and added to PROMETHEUS. For example, the lap belt was refined to perxnit :he slipping associated with submarining, the shoulder hamess was refi'ined, and chest/shoulaer flexihility was added tc: appropriately incorporate hnrness,Wy interactions and Sllip~i~lg of the harness on the shouldsr. 
	The second approach, which was attempkd concurrently with the first, was to parametrically vary the mechanical propertica of the sunulated occupanl (such as neck stiffness and dzmping) in PROMETEEUS simulations and note the resulting trends. P;trametric variations helped provide a "feel" for the occupant ciynamics and served as bensitiviry studies to identify the important dynamic parameters. Some dynamic effects were observed which were not influenced by the parametric vnriations Additiond ~nodiflcations w
	REVIEW OF OCC!!P,CQT-SmIULATION COMPUTER PROGRAMS 
	Three occupant.sirnulation inodeis are reviewed below. These are a one-dirner~sionsl model (the spring-mass model aswciated with the Dynamic Response Index), a two-chmensional model (PROMETHEUS m),and a 3-D mwdel (Seat-Occupant hlodel: Light Aircraft). 
	The models are examined from two viewpointp: first, 8s a tool for enb~nfering design of a mtlrestraint syskm; and second .m a possible candidate for integration into a large structural dynamics simulation co~nputer program, in order to model the complete system (aircraft, seat and occupant) in a single sirnulation. 
	A one degree of freedom dynamic-response model of a human occupant has heen proposed (ref. 6). The mdel consists of a simple linear spring and damper and a point mass. The spring is sized by the compressive stiffness of the lunb?.s vertebrae and the d.mper is sized by human vibration tests. 
	The 1131 i.5 an injury sale nsswieted with this model. The DRI for a deceleration pulse is the ratio of the peak compressive spnng fwce which orcurs wheil the inadel is excited by thc pulse to the 
	! 
	weight of the point rcaoa.To arwocinte tolerance leveb with the DRI, the DIi! was cslcuiakcl for existing ejection eeat deeips. Cornput& DRl values were plotted ~gKinst the percentage of ejectiona in which spiqal injwy occurred; the curve thus obinined reprewnta an approximation of 
	! injury prokbility a~ a function of DHI. 
	$Both the nimpie occupant model on which the DRI is based and the DRI itaelf are very limited in application. The simple model could only be lidfor caws in which the loading is purely vertical, that is, +C, auch 8s in ejection wt~.It is obviously not app!icnble to model a restrained occupant under forwad loadq in this am,the main effect ie the combined stiffness of the restraint system 
	. 

	I 
	Figure
	I 
	and the occupantk pelvislchest. Even for +GZ acceleration, the model ia difficult to use since potentially sigilificant effects are neglected, euch an the effect of fieat pan otiffness. 
	he DRI is based an o mode! which does not adhere closely rn the actual dynaniics of an ejection. Seat pan ~tiffness is not considered nor is distribution of body mesR along the apine nor the weight of the cccupmnt. Thus the DRI can be expected to produce uwful data only in crashes which ere similar, to a seat election-that is purely +GZacceieration, seat pan stiffness similar ta the stiffness*of n fighter pilot's seat and the occupant tightly restrained. 
	The US.Armyh Aircraft Crash Survival Design Guide says of the DRI: 
	, 

	"Although the Dynamic Response Index (DRI) ..is the only model conelated extensively for ejection seat spinal injury prediction, it has serious shortcomings fm use in accident andyeis. It' assumes the occupant to bc well restreirled and erect, ao that the loading is primarily conprassive, wit!! bending. Although such conditione may be assumed f~r ejection seats, they are less probable for helicopter crashes, in which an wcupnt may be Ieaning to either side for better wsjbility at the time of impact. Further
	"A more detailed nmdei of the spinal column would yieid more realistic resuli3, but injury criteria for the more complex responses have yet to be developed. Conneql:er~tiy, tJie DRI is not recommecded as the criterion for uw in designing crahhworthy mats." 
	REViEW OF PROMETHEUS III AND SOM-LA 
	The following discussion reviewe and ccmpores the 2-D pngrnm PXOMETHEUS ID (ref. 8)md the 3-I) Seat-Occupant Model: Light Aircraft (SOM-LA) (ref. 7). 
	PROXETHE'JS viae developed at Boeing in a series of tipplicatiom far different pwposes, starting from the Dynamic Science progrem SIXULA. The focus of PROMETHEUS 111,has been on amuate modeling of the occuptint and restrailit system; PROME'ZlEUS I11has since been uzed extensively to develop data for assisting in engineering design decisions. SOM-LA development wae sponwred by the FAA through a series oi contrncts cit.h various carnpnnies rind universities. Emphasis in SOM-LA development has been on ths deta
	DEVELOPMENT OF BP.SIB OF EVALUP*TION 
	Occupant-simulntir~ using PROMETHEUS iU cornputor program has ken developed anti demonstrated sufficier~t!y ta be used in the engineering design process. This experience is drawn upon to est3hAsh critsria for continued evaluation 
	of occilpant-simuiation computer proe;ro.ms. 

	Design quuestioile for which PROMETHEUS IDsimulat50ns provided enghcering dab were c!nite vsried; the common denomiratm being relative occupant aafety. Due in part to the Iimitations of exisiing human tderance date, it is rarely poesible to predict with certainty whether injury would have occurred in a given crash on the basis of a computer simulation. Sirriilar queljtiontl may also be unanswered in dummy tests. In most cases, computer simulation io the only practical method for obtaining design data for ap
	First it must be oblc to model a gsneral structure (not jwt a seat), and be able to model contact between the occupant. md my pext of the structure. (For example, impact of an wcuysnt with the seat ahead). 
	The second feature IS that the program must provide data which mhy Ix used for estimating cornparatiye injury potentiel. Tiie menns that: 
	1. ~he*~rograrn
	muot have been cslibrsted by predicting test data (preferably from live human tests). 
	2. 
	2. 
	2. 
	Time histories of forces acting on individual body segments of the occupant model &odd be printed andlor charted. 

	3. 
	3. 
	Time histories of torques acting in joints of the occupant (e.g., the elbow) should be printed andlor charted. 

	4. 
	4. 
	Time varyicg internal !oads acting on tlexible body semen& (such as the lumbar spine) should be prinied andlor charted. 


	Of course, the standard software feathres relat.ing &*ease of program use are also desirable--that is, ease of input, automatic data checking, legibility of output, cnd avajlability of graphic: aids. 
	COMF'ARATEVE EVALIJATION OF PROMEI'IIEUS III AND GOM-LA 
	Figures 5.3, 5.4 end 5.6 constituk checkliilistcl of featurea needed For engineering design uwge of occupant-~imulntion computer propuns. Checklist items were obtsjned pragmatically from experience in u~ng FRO&IETHEUSIll to develop design data. The amowt of uae of PROhfETHEUS IIIjustified inco~poration of moet checklist items into this program; consequent!y the lrsts eerve meinly to indicate desirable improvenlents in SOX-IA.The main impravemcnt in PASOM-LA is en improved seat, capahie of modeling enerby ah
	by the incorporation of 

	The major "deficiency" ir, PROMETHIES LII is that it has only been possible to perfom limited, exploratoyj cnlibration agairai live human test data and for similar leasons limited explorction of seat nodel dynarnic~i. Added calibrafion of this type is dosirable. k 'benefic of 2-1)modeling io that mechanioms within the 2-D PROMETEZUS JX rnodcl are etieier for the andyst to r:on~preheiid than those ,within a 2-D muiel, giving an advarltqe far initial use of a 2-9 model in calibration efforts. C)t!!erthnn deve
	--
	--
	--

	Feature 
	Feature 
	--

	I 
	I 
	Occupant Segment masses, length. ~nert~as.c g 's Mechan~calpropertlcs of lo~nts 

	II 
	II 
	Restra~nt 6ystem Mechanical properties 0: lap belt Mechan~calproperties of harness 

	Ill 
	Ill 
	Seat Geamclr!, Cqnslructlon Mechan~cai Properttes 

	IV 
	IV 
	Crash Pulse 

	VI 
	VI 
	Interactive (conversatio~lal) input feature 


	Note 1: It is assumed thst the USOM-LA ~nputis essentially the same as the SOM-LA input. 
	Figure 5.3-Comparrson of Program Input Features 
	MSOU-1.A (Note 1) 
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	1.D 
	D 
	I 
	I 
	I I I 
	I 
	-
	hiSOM LA
	Promethaus lil
	Feature 
	(Note 1) 
	__I-
	-
	Occupant 
	X
	Segment carteston poslilon, veloc~ty, acceieratlon Segment anguiar pXiIlOii, 
	-

	veloc~ty, acccleretlon Forces on segments Joint !orqueS Spinal loads 
	-
	-

	Restramt syslem 
	X
	Lap belt load 
	X
	Harness load Belt S!lp 
	-

	Sezt 
	X
	Cush~or?forces 
	X
	Reactions 
	-
	Nodal forces 
	-
	Element farces 
	X
	Crash pulse .+ 
	Printer plots 
	X
	Aczclerai~on twxs (vs time) 
	-
	Snapshots of v~ct~rnlscat 
	X
	Locus of segment c g.'s as Funct~ons of time 
	Note: It is r\ssurned that the output features of SOM-LA and MSOM-LA are essentially the sane. 
	Figure 5.4-Comparison of Program Oittput Features 
	Occupant Spinal ariic~~lation Flexible Iijt~lSarlink Flexible cenwal link Automatic initial pclsition 
	Generation Compressible chesl, pelvis, 
	Restraint sys'em Real~sttc friction Free to sl~deon vctim Webbing stretch 
	Seat Finite element model Bar elements Beam elements Plate elements No of elements in typical 
	seat model Cushion -.Eergy absorption Aircratt interior modeled 
	Crash pulse Translat~on components. Rotational components 
	Calibraticn against 
	experiment Anthropomorphic dummy Live human 
	Capability available 
	Growth available 
	Figure
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	-
	Accordwg to the SOM-LA devainper, Dr. David Laananen, this feature does not work in SOM-LA but does in 
	MSOM-LA. 
	"' Preliminary calibration accomplished. 
	Figure 5.5-Comparison of Basic Modoling Features 
	S0M.Mcould benefit fron: boLh hum data calibration end mcdd irnpruromerit (from the standpoint of radefulnese for engir,wring deeign). ifhere are two mnjor mot!siicg cieficlencieo -the mstraint system model ond the drfficulty of ri~delingnomtrndnrcl wtaatjd oh~ctura. Both represent difficult modeling problemv in n 3-Denvironment, and rnethds cievelopfd to rjiinulate thew features in the 2-D PROMETHEUS 11I tompubr program can nct be readi!y gei~crdkedtn three diriienaions. 
	SOM-LAtias a very primitive restraint system model Restraining bdte arc pimed to the body, so realistic modeling of u re~train~d is impclsu1b:e. NM-LA &so has tin~ltcd flexibility in the 
	~cupmt type of restraint system which may be mode!&. Nonstandard co:lfigwations, such ae restraint system with crotch or thigh straps could not be eimulated. In addition, harnees friction iu implemented incamtly (friction is crude!y and incorrectly simulated by reducing tennion in the strap segment running from lap belt to shoulder by 12%). Another serious defect io that chest compressibility (which effects huldrr hcm~mloads) is nut iaodeicd. 
	Accordingly, thie simple restraint syakrn model L imdequate for engineering design use for evalllsting reotraint nyetern performance. It introduces uncertainty into predicted Wy loads and accelerations, since dynnrnic ~erfonnonce of the restrni~t system is one of the primary uc-mes acd conduits of tranemission of cruei loads to the occupant. 
	The second major SOM-LA structvral confiyrationa. It is pousible that mow generality is availnble in MSOM-iA. In addition, it is deaireble that M6C)h.I-LAbe capable of simulating contact between the occupant and an arbitrary strr~cture (c.g., the hsck of the seat ahead). 'fiis f1nii.e-element "contmt problem" is dltfidt and is (e.g., ref. 9). 
	deficiency is the 1imit.cn simdatior. of 
	the sutjt.ct of carrent research 

	In addition to these research improvements, several irnproveinena wodd enhance usabibty of the code: 
	I. 
	I. 
	I. 
	Calcu!ate 
	and display time histories of loads acting on the wcupani; (e.~., spinal loads, 

	TR
	segment forces, joint torques). 

	2. 
	2. 
	Improve the elgorithm for coinputntion of joint torque. 


	3. Add printer plot "si:apohata" of seat and occupant for creciibiiity and for spprP-ising occupant iocation at selected timee (two viewe) for comparimn with slow motion movies. 
	It may become necessery to predict dynemic interactions of omupant and Coor structure. Simple predictions may be pomib!e with SOM-LA.kctior. has heen started within the gnvernrncnt to combine the 3-C SOhi I'Awith a large finite-element computer progam (e.g", the 3-D DL'CAST)in order tn ;nodel an aircraft crash i;: e single ~imulation tQ more properly coy& the d.ymJinics of occupants and aircraft sl.;ucture. To ~ccornplish thie, It is suggested that the occupar?ffrestmint model be extracted from the SOM-LA o
	The finiteelement code wou!d bt.utilized to rncde! the rjent .-that is, the SOM-Wseat mo*iel wouid not be used. (mi3 presmeo the developirrent of a general contact md.cl to airnu~ateforceu acting 
	The finiteelement code wou!d bt.utilized to rncde! the rjent .-that is, the SOM-Wseat mo*iel wouid not be used. (mi3 presmeo the developirrent of a general contact md.cl to airnu~ateforceu acting 
	between t5e seat sn2 wcupant.} The contact model would he uwd .x/ simulate seat cushione. This concept has three advon~gerr: 

	,I 
	1. 
	1. 
	1. 
	Simulation of multiple occupants becomos possible (e.~., a "triple" acat). 

	2. 
	2. 
	Syiichronization of the numerical inkb~ation scheme8 (i.e ,the procedures for solving the equations of motion Re function of time) In SOM-LA and the hiteelement program is not required.The integration scheme of the finik-tflement proem 18utdized for both occupant.4~) and structure. 

	3. 
	3. 
	The cnpabiiity of thc finitelement computer can be emplopcd to model geaeial ~ealdesigoo. ,' 


	It would bc possibl? to use the large finiteelement progad to model the occupant. The advantnge of the super-element is that occupmt modeling requires ieatureir that are not needed in gen~ral finite-element ~nodelmg of structures, such HS limita on angulrtr motion of 1in:hat joints. Ivforeovcr, occupant nwdeling te epecialized, and correct mechanical, parameters dewribing the ocr.upnnt are not widely known (in some caws supportive data are not, known at all and psrm~tersmust *be inferred by pmietrlc wnsitiv
	Additional effort would be required to make the occupant ouper-elment work; provision for tmmimitting input dntn to the,bu~r-element end 01:tamninp printout of de.iiliied occupant ha historks isrequired. In addition, gi-aphlcs output frem the tinlk-element Frogram (if grapiucs post procnssilig is avuilalie) must be adjusted to draw the ocrupant(s) in addition to the ntiuctwe. 
	The same p~ocedurc coulcl be used to lift the 2-D occupmt model from PROMETHEUS UT if it 24 crash simulatiorl were employed. However, there iu little: benefit ta be obtainzd from wing such a mdd in movefi~rnirigor &wheelkg light aircraft whew violent ktenctians of ciU three duneniolis of motion would be occurring. 

	IIUMAN IMPACT TOLERANCE 
	IIUMAN IMPACT TOLERANCE 
	In nimulating the crash of a vehicli! with human occupons, either by actual test or corr,!)utation, the capability of eftimntmg the degree of ir;july sastained by the occupent is highiy r?&rable. Various scales hsve teen proposed for thls purpose and thew are evalrlated Iwlow. At prcwnt, skeletal fracture tolerancs provldi: the best means for przrhcting in;ury (includirlg head injury). 
	Human iojury is a complicated biological procew; cawa:ive phyeicai ~nechanisma are often not well understood, and consen,uent!y, trndttiond engmeer~ng nethods are difftcult to apply. Phy~iologicd changes are also known Lo occur in response to crush loadng (e.g., chacgc in puke mte), fwther complicating andym. 
	To fulfill the researcher's net4 to quantify injuy, a ~uinber of injilry scales have been devised. Them scales ere baed on c!inical data or phys~cul measurement, such as, h.ad accekrutiori history. These scales are genernlly intended to estinliite physiologicul trauma rather than cikelc%i! darnage. The better known of these scales trill be descniwd. 
	A. uoh of caution is appropriate at this point: currently exititing injury scales represent aumc form of empirical correlation b2taveen injury and measured quantities. Correlation is mt direceiy !.)~iii~:d on the mechanism which actunlly cticws injury; ratlier, statistical conrlntior, with perr:runtt.r; considered likelv to be implicated is established. Use of an i~:jui-y scale outside the concii~iotx for which corieiation was establisllud ia rioky. hloreover, there is lllwil~ounc~rtointy in tile occurocy o
	Diffe~nceebetween individualo further coinplicate mattare. Despite theee limitauon, injury ecnles provide a method for aawseing injur~ ifi a cra~h airnuintion. Such wales provide n rational (although poaaibly inaccurate) menna for comparing eimulbon reeults. 
	In contrast to physio~bgirai damage to organs, prediction of skeletd injuries i~ nmencble to ordinary engineering methods. Mechanical properties of hne :rave been determined experimentally. Standard engineering analyei techniques might be employed to dekrrnine the enknt of Lwne damage in n pwticular situation, altho~~gh there are d~iferenceejn bone stre~gth and size betwaen individunh, and live human bone cnn~otbe bated, extensive tlteoreticnl knowledge of structurnl dynamics permits much greater confidence
	Bone damage is only part of injuries, and not necessmily the moet aeriow part. Concus~ion, for example, can occur without accompanying skull fracture. Moreover, the sccurncy cf engineering ardyth of the skeleton depend upan accufate comput.ation of farces acting on the skeleton, ~uch as m$traint system and contact forces. Contact forcee are pnrticdwly difficult to obtain, nince the conticting portion of the human Wy generally has irregular geometry and the rnechan~cal properties of the he, flesh and con!.ac
	.. 
	bone fracture. However, structural loads arc calculsted ~r!thew p:-ohr;aino (e g., !urnbar axlnl lorid!, and these provide n rou&,measure of the likelihood of ~keletol dlinmge. Chapon (r~.10) glvev an excellent summary of experirnentaily dethrmlned frac!ure loads. 
	Injury scsles can be grouped into three classes: (1)scdrs bused on clinical evsluation of uctl~ill injuiles, (2) "whole-bdy" scales, and (3) scalea developed to predict a particular type of injury. 
	Tlic first pup oi' wales is inter~ded to quantify clinirxl dingnosin of the injuries suotained by n particular pereon. This pmvides a yardudck for cornparing the *verity of injuries occurring in different accidents even thotigh the injury nlechanisrna may be quite different. Such aca!es am necemrily subjective; their main use is in accident inwst.iga:.ion. A well @dcof this type is the Abbreviated Injury Scale (AIS), ns ciefined in referenm 11.Obviously, wales hed on chid dingnosis arc of very limit& use to
	I 
	Whole-body hlcrnnce scaice are based on empiriccl observations. mnetirnea inciudiny the results of animaltests. These scales attempt to assess "sun~ivebility*based oa a grow dexription of the impact deceleration pulse uaing parametere such as peak deceleration, durelion of deceleration and onset rote. A ditficdty in using published wliole-bdy wales is that authors often do not dkthguish between peak dccelerution ~ndavemgr dweleration (which may of coxse, he quite different). lnese wdes refer to the cr~sh lo
	is made for combined loadlng (such as simultaneous -Gx dccelemtion). Whoir?-lxKiy acdeo inight be useful in early pre1iminar.y airc~aft d~sign;they are of no use in detailed ol:cupn~~t mode!s such as FROMETHEUS ID or SOM-LA. 
	Injury wdes in the third group are iriknded tu est.imate damage of a pnrticulrir type. DRI is sn exarnp!e of this typ? cf scale. The CRI is intended tn predict ir,jury to the lumbar spine du~ing vertical (Gz) aweler?ion. 
	Severd widely publiciwd acaies in the third group with potential for use with oecvpant models are 
	designed to prcdicl wncusioo. The meckan wueing cor~cuc,siunia cot well cnderstood, although there has kmn ertencive inveatigtrtion. It is lrnown thot concuiwion cm renult from either linear accelcraticn (e.g., from hcnd impact) or el^ from mtationd acceicration (i.u., whipl~sh).'To date, rnoet investigations huve focuoed on either linear or rotational scceleretim. Combined effecls hdve alm txm~invet;lgekd, but data is itc.suce. 
	CONCUSS!ON CAUSED BY T1RANS1EP,a'liOPithE ACCELERAT!OPd 
	I 
	A widely used rneactlre of human tolerance tolinearacceleration is the Wayne SkateCwe WBC) (fig. 5.6 and ref. 12).The WSC predicts &at acceleration pcLee rncgnitude it; more important than puhe duratim in cawing concustlion. 
	The following dwription of derivation of the WSC is p~r~phmd
	The following dwription of derivation of the WSC is p~r~phmd
	from Hdgson, et 31. (ref. 13).'rile 

	, ba& experimental work cn which the WSC dqwnde was a strrdv of co~cuwion on mongre! dogs (refrr. 14 and 15).Decclerrptionpuhn of syatemdtic~bly varied maptude and durittion wan!applied to the brains of 72 doge, and a rancu6sion blerance cwrt for the epecies was then obtained. It wm pptulnkd that the .%mecurve phew would be vtilid for hcmans. Cadsver skull fracture d~ta vras emp!oyd to determine CIE ehapc?of the humm curve for puieee less thm 10ms in c'uxtion (clinical , experiance indicatm that conctmion n
	It should bz: noted that data on which the WSc is ksed utiiize a single acceleration pnlse; multiple blows are not uL4 and infiuence ci prrh shnpe Is not considered. Morwver. the ohape of cupvc in not well supported by experimentai evidence for puLw durntiom greater lhm 10ms. 
	Newrnan (ref. 12)reporb, regarding the Wnyne State Curve, The validity &anduxftdness of this 
	toiemnce curve hnve beon questioned on a nmiber of gounds including: 
	1 
	1. The o-dinete'~ effective lpccelzretion WEIS poorly defined. Patrick, et d.(ref. 17)*,hod stakd: The ortlinate ic Effective Acceleration which in bsmcl on ti modifit++triengular pu!~ in which the effective acderafion iu rromwhat grater than half the peak value. ?herefore, trimgular or sinurnidel pulm of cqual area and higher pal:majpitirde are in accord with the experirneakl evidence from wfiich the Tolerance Cqme ia derived.' hter (ref. 18)it wee stated: 'Effective acceleration iti computed by dividing t
	f
	2. The head impact data jsnot trpp!iceble to blows other than tho~e t.o which the exyerimmtal I mimais and tadavers were PL!~JI?C~.'To quote Chdjian, et d.(ref. 20);'It ~hoddlie poi~lkd out, however, that cars should be taken in wing u talcrance curve of this nature. It IS entirely I -posaible that o curve of thc Game ~hnpe, but having different valuen for tbe acc.eleration ! marniturk, could vel y well IJ~ np or down dcpnding upon the point of impact and the 
	ehif~ed blow directioil.' Shlnoker, et nl., (refe. 21 und 22) have confirmed that there are eipificant 
	1
	differences in the reuponx: of human and monkey heads to lateral and longituhsll irupacuu." 
	3. "Bec.3~~
	WUB bawd on mcaured sccelerntion time iiiabric-s of a poht on the head ensentially oppaeite the forehead :,!ow locntion; skd! vibration may have had a significnnt effect on the fipparent llead acceleration liodgwn and Patrick considered th~squcstion in 
	the WSC 

	*&ference numberti bave been converted to correspoad to the numbering sequence of this document. I 
	Figure 5.6-Wayne State Llrtivzrslty Cerebral Concussion Tolerance Curve 
	1968(ref. 23) md it is now customruy to u~etwo 
	biaxid ~ccele~~me:c.rs 

	mounted to the ~fde of the head (ref. 13).As suggected by Mertz (ref. 24), amumlng r:ed.My mechanlce, the acceieration of the center of pavity of the head can tlicn be determined. 
	4. The WSC iinc nwer lmn verified fa: living human beinge, ultl~ough recent idirect effo.rt.8 through accident simulation (ref. 25) have been attempted." 
	Several injury indices have been auggeetd b d on the Wayne Stfib Curve. Thwi are the Hcad Severity index (ref. 261, the Head Injury Criterion (refs. 12md27)and ths J tol~ranne(mf. 28).All the tolerances agree roughly xith the Wayne State Cwe for ~hort dwution frontrrl hr-ad imp~cts(i e., 10rnR duration, half El;ne wnvc shape). 'I?w crikriri @vp chll'cren', resul~ for multiple pulses or impler puk. and the rehtive merits ere hotly debated. Howtver, little c1ir.h.l evidence i3 avndable to indicate whether any
	The widely ued Swearingen dingrnm'of acceleration tolerance of tho facial Lanes (fi~ie 5.7 nnr! ref.29)actually r~prcaenta fractue data under dynnmic loading. ?'he.accalerntion talerar;~~ 
	given ehocld 1~ multjplied by the head weight to obtain fructwe blmmce. 'illus the frrtlcture tolerence of 30 C Given for the now meens thnt the no% wll fracture when the now 1s rltruck v.3th sufficient force to impclct 30 G,accelerntron to the whole tlend, v;h~ch vrould be n forc~of 3(NI'bs., accsurningu te: ~undhead wt;ght. It dveo not menn thnt whez~ever the head is occolereted to 39 G (e g., throbgh wl'ipksh) that nore fracture caurs. 
	CIZN?dSSlON CAUSED BY RBTATIONAL AC'CELER.Ari'l(3N 
	Concllssion can be irduced by head ncceleration prcwdre in m.;traut to im;?act loads; n tentative estimation of human to!etmc:e to rotational acce!erstion was male by Clmnya, et ~1.(ref. 30).A tolerance curve wss experirnenbdly dekrmi. ad for rh~msmonk~y~,
	llind the human tokrsnce curve wna inferred from monkey cunlcs by scaling the acce!erirtion 8u.i~Syr213, where r is the ratio ~f the wei+t of the rhesus monkey brain weight ?o t!~e human brain woijrht.(fig. 5.8;.Ormya, et id. ~tated!hnt sddjtiond gxperimental confirmation ix reqaired before us of the curve ie justified. As far as can b.J. determind, no confir~oaiion data hiw ken pubhhj ti)date. 'i'huil figure 5.8 mu& remain tenlr;ltive. 
	STRUCTURAL hlODEI,NG COMPUTER PROGHAMS 
	fmp~ct dyn~inics of a red crauh involving ~tmriur~ddeaiml are tcta con-plex for menual an~_lys~~, provide a
	mrnplic.'~t.cd

	however, rndeli~:gmcthdn offer an eventual rvpnt.)ility that tou!d simulotion of all aynzmic mtexnctionu. 
	Mumsrocv compute1 airnuhition rnodcts, in ptlrticu!ar, ax king dewlopeti for u2e in sirnl~lation evduetions. &me ue king deveiopc-d for support o:" prelirninaly dc!jign htuilee, othera for more eophhiimted uses. Tine four ~ntziriclnsses of mod& thn~are uwd ir:clude: 
	Figure
	oConcussive 8 N~~CO~CUSSIVO 
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	8 
	0. 
	'a 
	Note: The human tolerance scale was ohtamed by mult~plying the rhesus monkey scale by (h~human~MmonAG),)
	2!3 This scale must be regarded as an untested hypothss~s al lhis tlrno. 
	Figure 5.8-Cerebral Tolerance to Rotational Acce:erarion for Rhesus Monkeys 
	1. 
	1. 
	1. 
	Generalized spring msse modeh 

	2. 
	2. 
	Frame type rnodels 

	3. 
	3. 
	Hybrid lnodeh 


	Spring-maw models and frame mdeh use s very eimple model of the structure to estimate cra~h behavior. Frame models differ from spring-mass mode!s in that beam elements ere employed in modeling, in addition to springs and point runeaeo. Hybrid models usc static test data in conjunction with a springmass model or frame model to predict dynamic behavior of a Rtructure. Finite-element approach uses more formal approsirnation ayproacheo fca more discrete definition oi struc~ural representation and pruperties. I'
	. Trarsient, dynrrmic behavior 
	2. 
	2. 
	2. 
	Complicated framework and shell ammblies 

	3. 
	3. 
	Large dcflections and rotations 

	4. 
	4. 
	Extensive plastic deformations 


	A number of computer progrems have been developed to sinlulsk nonlineer dynamic response of s+mctures.These prclgrams wirz categorized as "hybrid" and "purely mathenleticd finite-element models." Brief descriptiona of sane of these pro,grams are given, and three of the programs {ICIIASH, D'JCAST and AI'jLN.4) are evduilkd in more depth. It is concluded that none of the programs hes all needed features. 
	HIaRD VS. PI!REI,Y MAT%MXII'fC?aL 
	Workers iiivestigsting the behavior of structures in crash siiuations often categorize arlalysis methods a8 '8ybrid" or 'purely mathematical." A definiti~nof these terms isgiven in Winter, et ni. (ref. 31). 
	"Hybrid -A combu~ed experimental and machematicrll method, such as the Iwnped mawlspring rnethd, jn which the structure is divided into a number of relatively large sections or asemblies thet ?..re usu;*lly idealized as benmisprings whore deformaticn charactcri.stira are foufid from eteiic deformation test3 or sepurnte engineering analysis. Str~cturalmusn ip lumped with ronsti-ucturd Inasses at the ham ends, and the equ3tiuns ol motion of the mas points are solved numerically. 
	"Purely ~mthematical-As in the finiw-element method, in which structcre is divided into it3 individual natural components (beams, stringer, shn pnnels, etc.) which ale then subdivlaed into appropriate structural unit.; called elements. 'rhe deforn-lation characLeristics of each component are calculakd theore~icrrlly from its mnt*?rial stresslstrnin curve and its changicg shape and positicn in the htructure. The ~tructuralmaw is plnced at no:!t~s at each element boundary and i~ tlierefore chstxibuted through
	Hybrid kchnique p"mits use of sirnpier, leso expensive structural mdeh. A hybrid model is particularly uoeful when many simulations of the me structure are to be made. Occupant model8 in occupant crash simulation (e.g. PROMET^iiEUS III,SOBI-LA, Articulated Total Body (ATB)) are &ost alweys hybrid models--for example, the lumbar spine is r~preeented as a single beam rather than an awemblnge of vertebrae, dh, and ligaments. 
	I" 
	In fect, purely mathematical methods require coneiderable engineering judgement, even art, to UEE successfully; the distinction between hybrid and purely mathematical is more nerirly a matter of degret? than a real distinction. 
	Researchem in the field note thet both approaches are necemry. Hayduk, et al. (ref. 32) conclude, after compnring the hybrid program KWH with the purely rnathematjcd finite-element programs ACTION and DYCAST: 
	"A hybrid computer program (ECRASH) and two finiteelement computer programs (ACTION and DYCAST) have been used to nnnlyze a section of n twin-engine, low-wing airplane subjected to a 8.38 mls (37.5 ftls) vertical impact. A vertical drop teat experiment was performed at the NASA Langley Impact Dynamiw Ebesenrch Facility. The results of the analyses demonstrated the capability of all three computer programs to quantitatively simulate the significant dynamic response of aircraft structures under impact loading
	'Because of the variation in complexity of the IWH lumped-mom model (177 EOF (degrees of freeriom)) and the ACTION (336 DGF)and DYCAST (493DOF) I'inite-c!en;ent models and solution methods, there were two orders of magnitude difference in analysis cost. 
	.Consequently. the lumped-maw hybrid approech should be used in conjunction with the finite-element approach, the two approiiches complementing each other. The lumped-nice hybrid approach can be used to evaluate pss vehicle response, detiipi trends, structural design and impact parametem studies, and gross ener,gy dissipetion. The finite-cleinent approach should be used for analysis of designs where the detailed behavior of individud componenta sre criticel, for obtaining detailed loa& required for input to
	Cronkhite, et al. (ref. 33) agree with the Hayduk conclueiom. Cronkhib states; 
	"Camputer mdysis methods are still being verified for metal structures, while composlte~ will need special treatment '~ccs.use of their low strain-to-f~ilure charactzrijtics. At pr went, both the hybrid (KSASH)and fini~eelemmt (DYCASQ Rtructwe cra3h nnalysis n~ethoda are needed. The hybrid type of endysis is ueeful for p~hniimy design mdysiu and for parametric studies of the entire airframe. The finik-elemer,t andyr;is mothod hnrc the poteniial for detailed structure ansiysis dxectly from drawings and mnp b
	Cronkl~te,et al. dexrihe some of the many computer programs which now exist: 
	"Numerous simplecapnbility hybrid simulatioi~are avnilablc (refs. 34 through 39, for exanple). Of these, the two most notable programs are tho= authored by Herridge or the BatkUe, Colamhus Labs and by Gstliu et al.of Dynmic Science, hc.The work dose by 
	"Numerous simplecapnbility hybrid simulatioi~are avnilablc (refs. 34 through 39, for exanple). Of these, the two most notable programs are tho= authored by Herridge or the BatkUe, Colamhus Labs and by Gstliu et al.of Dynmic Science, hc.The work dose by 
	Herridge and Mitchell was directed toward automobile crmh impact, while that done by Gatlin, et al., examirked the vertid impact of e helicopter iu~zlage. This latter program (called CRASH) simulati?~ the fue.elage es rigid mapmn conceckd by nonlinear axial and rotary springs in a predetemined nrrangemefit. Both of these sirnulatisne are two-dimensional. 

	"Of the intermediekcupability prcbams, the most advanced and perhaps the mast widely ueed hybrid simulation is KHASH by Wittlin end Gamon (refa. 4C and 4 1).KRASH utilizes s 3-I) arbitrary franiework of point maases connected by beams to simulate the fuselage structure The remaining intemedistecapabllity programs use finite-element computer codes and include Shieh's work (ref. 42), CRASH by Yowg (refs. 43 and 441, and UMVCS by McIvor, et el. (ref. 45). Shi~hidealizes the structure as n 2-D array or" heanis 
	'The detailed crnsh sirnulatiom are all 3-D finitedement cdee with the capability of modeling stringem, beams, ad structural surfaces such as slun6 and bulkhefid panels. The four codes currently available are WHAM by Belytschko of Northwest.~rn University (ref. 46). WRECKER by Welch, et al., of Illinois Institate of Techilology (ref. 471, ACTION by Melosh, ct al., of Virbinie Poiytechnic Institute of TechnoIqgy aand State IJniveruity (ref 481, and DYCAST by Fifko, et ai., of Grunlrnnn Aerospace Carpration (
	-partly interactive yielding; i.e., the effect of shear stresses on plnsticity is neglected. WRECKER contains the same formulations as WIlAM but alw has the added convenience features of graphics and restart. ACTlON aim has pcrt!y intersctive yielding, and it ran be used only with a structure constructed with isotio~ic materials. ~dditiwafly,ACTION also contains 'en inkrndly vesied time step with numerical error ccntro!~. DYCAST can ideaiize a structure ronstruckd ol orthotropic material. Its features inclu
	A summary of the assessment of these specific crash simuletioils is given in table 5.2 (frcrn Cronkhih et al., ref. 33). Note thnt the hybrid codes do cot account for collapse or fai!ure under combined loads because the crash dah inputs are derived from testa with a single load. Ail of the finiteelement codee except Shieh's cm account for multiple-load compoi~erlti~. 'Rje cn.1~11test con furnish the hybrid comp:ltcr cwJes uith data tn analyze arthot~opic iaminsta and exe-sandwich panels, while only D'iChST 
	Nonc of the evduated finite-element rde~ ccn currently analyze a core sandwich WRECKER is the only cne of these codes whlch wi!l nccoun; for strain rste effet ts In a logical. way !~y 
	'determining the local strain rate and adjusthg the stlff.~~~~~. 
	Ali the hybrids can eccount for joint fdure tu~d crippling bcause tkme effects are part of the crush te~tdab. 
	The program ADISA (ref. 51)has capabilities siniiliu to DDYAST and will aLso be considered. 
	Three basic rittributee are considered in ewlmtinn of crash-simulation computer pragrnnm-technid cap~bility, "pernleilence," and ease of uw. 
	The mosl obvious ultribute needed by a crnsh dyilemics prc:gr:ram is technical capabil?':y --the 
	Table 5.2-computer Crash Simulations k~~€~sImflt 
	Table 5.2-computer Crash Simulations k~~€~sImflt 
	-
	Item Hybrid Finite Element 
	-

	7 
	Plastic callcipse and crush All Ail with combinod loads 
	None All except St~ieh's 
	All None with cambmed loads None None 
	All None with cambmed loads None None 
	FAaterlal failure 

	All WRECKER. U, (Poorly! ACTION, DS i 
	All WRECKER. U, (Poorly! ACTION, DS i 
	Skln 8 bulkhead 

	Anisotropic lamines tvith All DYCAST cored sandwiches All None 
	[. 
	Beam cross-section deform. All None 
	(crippling) 
	Joint deform. & fallure . All None 
	Strain rate stltfenlng Kamal WRECKER Herridge 
	WRECKER
	W~thlocal vzr~ations None 
	I 
	program should be capable of nlodeiing both elmtic end plastic material behavior, and dso be able to handle large smctural deformation including buckling. 
	The ability to airnulab? impact in a general way is ah very dwirable. A generhl interference model would permit inve~kgetion of phenomena such as plowing, in which changes in the rircraft geometry duiing impact can mcdify the characterietim of contact between the aircraft and ground . which in turn can chznge the sliding reeietsnce of the ground. In thc models investigakd herein. contact can De ri~odeled only if the general behavior of the contact is known in advance, i.e. parts of the stxiictursl model whi
	hack of a general purpose contact model in crash simulation codes investigated herein could Dc wtrioue drawback. 
	From the sbrrdpint of a wer, the pcmanenre of a cede is important. Permanence mems that someone with a veetcd inte~est is looking after the code er, that someone is nvailnble to answer 
	',
	I 
	. 

	I 
	questions and also wne assurance that the code will not; mon become obsolete thmugh neglect of theoretical advancee (which are happening rapidly in the field of computer simulation of structural 1 d>xamics). 
	Almost as important as the theoretical ana!ysis capability of a,program is its eaFeof use. importwt features in thi~ category include: , , 
	Thorough ctechng of input data for errors, and weU designed error rneswges which pinpoinl the error, help the user under~tand what is wrong, and (when approprkak!) indicate probable corrective action. For exam~le, 
	"Error-Sicylar Jacobian" is a very unenlightening error memage. 
	"Enor-element 27 is badly distorted. Check sequence in which nodes are specified" is much more useful. 
	"Grace under :iren -From time to time it is almost inevitsble thnt a computer progrm will encoimter a situation in which the computation cannot procwd. This can occur thrtjugh errore in the input data which are so ~uhqe or difficult to detect that normal error checking of thr: iriput data mi~ss them, or through lirnitatiozs in the theory on which the analysis depends. It ie inporkqnt that tho cornputcr program recognize this situation when it occars and print enough dd~iOBtjcinformation that the uqer cantiw
	Well organized display of computed data. ?'he output niust. be le~ble and coirlpletc. 
	Availability of graphics ids. In finite-elemcnt propama, the Lnr~evolurne of chta needed k) deecribe the structure find ihc (larger) voiurne of information computed for the structurcl analysie make automatic plotting of t;oth the input data (i.e. the notlee and elmnents) and the computed data (c.g. time history iiiformation) mandstory if a pi-c)gram is to be used as an engineering tml. 
	Eaez of nee is us~d1y not considered in evnlurttions of crash rjimu!ntion programs, probnhly due la the evaluationn being made by (or in cloze coordlnatlon with) the program developers rtither than by a dihteiested party. 
	Program efficiency has been deliberakly excluded from coneideration. A memingful definition of efficiency ie nettrly impossible to obtain. The mat of running a problem io not o good measure since it depends not only on the compukr wd, but ah on the method. by which c~mputatiorl costs are reckoncd at the particular installation. Moreover, advance8 in computer deeign cnntinunlly reduce com~utation cost and nlm change the relative importance of uw of different resources (e.g. central. pmeasor time, disc acceaa
	COMPARXSBM OF HIRASH, DYCAST, AIVD ADMA 
	Three computer programs were mlected for reviaw. KRAS1-I nnd DYCAST were selected Lased on the recorn~nendalions of Cron&ite et d.: 
	'Ths nmjor conclusions of ,this invatigotion on computer crash rtimuletions for advnnced 
	material applications nre: 
	1. 
	1. 
	1. 
	There is no satisfactory single existing code 

	2. 
	2. 
	Hybrid codee are theoretically incorn&ete 

	3. 
	3. 
	Finite-element codes currently lack eufficient advanced material ciipabiIity 


	-, 
	The recommer~rhtion fcr current craah 8irnuhhons on ndveccrd rn~iLeriol.3in KIu6e KIi!iSX with applicable crueh test data for preliminury pwsmetric atucij'es nnd gram evduduonc. For a detail desigri, DYCAST can be utied for aualyiing orthotropic lamirrakfi. However, thia code is still under develop men^ anri has not yet beezl experhentally verifid It, iis r.01; amently possible to perform an extensive cietoiled design evaluation of a s?rt-ucture with sandwicl~eixc conetruction. This type of construction hol
	The computer program ADMA (Automatic Dynamic Incrernenhl Nonlinear Analysis) wari selected, based on in-houee experiezce wth the code of the alialysis of cracking/cruuhing fcr concrete structure^ under large, tmwient loado. Features of the three codee are summarized in table 5.3. 
	KltASM 
	In their review of KRASH, Cronkhite, et el. reported:
	fa 
	1. 
	1. 
	1. 
	'The KRASH analysis was found to !x i.i tiiwful tnoi for s!udjing clfectr; of voriano impnct conditions and parmeter variatl~nson the overall csaah-mpact teaponx of the iiirfreme, whether the tiirfrsme id of metal or ccnpit3 ccrietruc~ion. 

	2. 
	2. 
	There is cxccllent documentation iwd correlstim of thc KRASH propmi (refs. 52-55).


	B 
	These documentr, .&ould 1% useful anyone wcrk~ng in the ares af ~trr~rtun! croehworthiness and sirnulntion whether or cot the Kii.ASH program i~lfie used." 
	'KRASH has many uijcful built-in crauhworthinetrs iestun:b, unch 0s: 
	Energy oumrr.ahc;l 
	Occupioble volume change oind penetration 
	Table 5.3-Comparison of Program Input Feelures 
	haracteristic Types note 1) 
	lement Types 
	(f 
	laterial Hodel 
	iass Model (T) 

	KhASH 
	KhASH 
	TRUSS BEAM rigid links 
	Curve 
	Lumped 
	yes 

	DYCAST 
	DYCAST 
	TRUSS 


	BEAM 
	BEAM 
	3-0 membranes 
	3-0 sclid 
	Core-Sandwich 
	plate 
	Ii near ort ho- tropic clastic-plastic 
	Lumped or 
	consistent 
	TRUSS 
	BEAM 
	2-0plane stress, plane
	strain 
	3-0 membrane (plane stress 
	2-D Axisymmetric 
	shell or solid 
	3-D sol id thick shell 
	Thin shell 
	2-D fluid 
	3-D fluid 
	linear orthotropic elastic, non-linear elastic, therno-elastic elastic plastic (Von Mises or Drucker-Prager yield, thermo-elastic-plast ic-creep (Von kti ses yieldj, Mooney- RivlCn Material, concr.,-e model, user defined Isotropic or Kinematic harden 5ng. 
	-
	Lumped or 
	consistent 
	-

	:haracteristic Types DyiAsT note
	ADINA 

	.---.----------
	--

	1 
	Integration Met hcd Eu1er Newmark, Newnark, 
	pred iclor- Wi I son, Wilson,
	pred iclor- Wi I son, Wilson,
	(7) 
	corrector Central Difference Central Difference, fixed time Modified Adam all fixed 
	stcp/prcdictor-correctort't inle step
	1 

	variable time step (except central difference) 
	-

	Plot capability3f displacements, Yes no velocities (note 2) accelerations 
	tim? history 

	&L----. .--I.---
	Deformed Structures 1 no I yes 
	Cpeci a1 Crash Outaut enerqy
	distribut ;on yes Structural c.q.~ yesconl~utes occupi 8ble Yes 
	vo1ume 
	vo1ume 
	Documentati onr 
	Theory manual (U) Complete not available on conlplcte 
	single document 
	User manudl preiiminary complete
	----.-------..-.-----
	w"--

	I 
	Size of user cornunity _I small very small 1arge


	-.".---
	-.".---
	cu) 

	Notes: 
	(I) 
	(I) 
	(I) 
	The synib~ls(T), (I)) and (P) used in the characteristic column indicate the type of fedture; T refers to Technical capacity, U refers to user convenience, and P referrs to "permancc" -the likelihcod ttiat the proyranl wiil be maiutained. 

	(2) 
	(2) 
	Plot capability for ADlWI is being develouec! by ADINA's aut,hors. 


	Automatic rupture of clernente 
	0 
	DRI and man mrdel 
	Friction and plowing 
	Figure

	Soil 
	Soil 
	Figure

	Sloped surface impact 
	Figure

	"Becauee of the cosm mathematical representation of the structure, the major problem with performing a KRASH malysis is involved in the 'art'of modeling and obtaining rctructure inputa to the program." . 
	Cronkhite, et al. found a number of errors in the KRASII code and weaknews in the analysis, as well as an inconvenient input scheme, kme FORTRANcoding error8 that were discovered are the following: 
	1. 
	1. 
	1. 
	The printer plot routine contained array dimensioning errors that occurred randomly when plotting element loads and relative deflections. 

	2. 
	2. 
	'No input for external crushing springs cauaed all material propertiee to be zeroed out. 

	3. 
	3. 
	'Maximum external spring loed nftrr bottoming out was inkrnelly set to ten times the load just prior to bottoming out which in some cases did not slow the vehicle down. This has since been fixed by making the cutoff load, ten times the rnerimum load u-ed before bottomingoat. 

	4. 
	4. 
	The damping coefficient for beam e!enients remains a constant value even through the element stiffness has been reduced by the stiffnem reduction factor KR. The damping should alsa be reduced by the same factor as the stiGnesti." 


	"For engineers accustomed to user-oriented structural rtnelysis digibl computer codes, such ae NMTRAN, the input tu ICRASIi seems cumbe;mne. A preprocensor to help convert NASTRAN input data to KNASH input may partially solve this problem. 'I'hi~ wouid ah facilitnk user training on the KRASH program." 
	Cronkhite et al. recoininended a number of correctionslimb-oilements be made to KRASH, 
	'Becau.~ the airframe Rtructure often faih locally at a weak spot, a plnstic hi'nge element for the intenla1 atructure modeling is needed. AIM, ecdar springs would be useful for modeling seats.nnd main rotor py:! .IS. 
	The uvcr ~houldbe allowed to apply arbitrary boundary c~nditions tu the model: 
	'A 12 by 12 direct input matrix option would ementially allow substructuring. 
	'KRASH now uses a fixed-time step inkgrotor. A v~riahle time ~tepprocedure should he ernp!oyt?d tr, improve run time$. Also, an implicit integrntor such as the Newmark-Beta method should reduce run timea nrr well as improve numerical atabiiity. 
	"A rigid hnd-4 motion arialyaia for impact such as ro!lover where no significant structure response occrus for long periods of time would greatly reduce scilution times. 
	6. "Damping should be added to the external springe. 
	\ 
	7. 
	7. 
	7. 
	The stiffness reduction features (KR) should app1.y to element damping a8 well as stiffness. 

	8. 
	8. 
	'Input improvemente 


	* Add derscriptive nameo to identify data typea 
	Allow arbitrary inasrt point n~xikr'mg by user 
	0 Develop a NASTRAN to KWH input preproce&or 
	9. 'Add Btructuro plotting capability -deformed and underformed." 
	' 
	DYCAST 

	Cronkhite, et al. reported: This demonstration of DYCASTma cranEwo~thinese design analysis tuol pointed out its usefulness while indicating some need for improvement. The main items in this asse~mentere: . 
	'~rdas dynamic behavior was displayed, including overall structural deformation and motions of criticd masses. 
	qetailed dynamic response was shown in the deformations, rrtr~ins, strewe, and lo& on individual etructut: componenb for metals and orthotropic composites: , 
	'Detailed structural modificatians were indicated by noting overloaded componente and equipment attachmelit pointa and showing action cf the energy absorbers. 
	"Computational costa were acceptably moderate, using 1.9 CPU minutes per problem-time msec for 471 degrees of freedom, while the resbrt feature permitted small time segments to be run in sequence without tying up the computer. 
	rmmediate improvements needed are rebowid from the barrier suiface and automatic failure criteria, which are now being implemented. 
	"Future developments needed are the addition of a core-sandwich plate element (for honeycomb and other ccred stmcturd components), output of occupant deceler~tive injury parameters, and calculation of energy consumption nnd distribution. 
	Test verification ie a very important need tohexplore the range of applicabi1it.y and , 
	accuracy." 

	It is significant that Cronkhite is apparently satisfied wkh the DYCAST input schen~e and does not report ariy analysis or coding erroro. Some of the recommended improvemenb have since been made. 
	The ADINA prasam has been developed by Dr. hihe at the Mansachusetts institute of Techno!ogy (ref. 51).There is an ective user group which holds regular conferences regarding ACINP. engineering application?. ADINA has dynamic-analysie capability roughly equivalent to 
	The ADINA prasam has been developed by Dr. hihe at the Mansachusetts institute of Techno!ogy (ref. 51).There is an ective user group which holds regular conferences regarding ACINP. engineering application?. ADINA has dynamic-analysie capability roughly equivalent to 
	DYCAST, but in sddition has ~itatic-analysis capability (linenr or nonlinear) and can perform eigen valueleigen verbr calculationo. A noteworthy feature of ADINA is the exten~ive checking of the input data for errom and the relatively complete wt of enok measages fiigging errors which develop dunng execution, for example, rtingularity of the stiffnese matrix. The major deficiencies are the input ncheme, which is "fixed field" and relatively difficult to locate individual data items in, add the lack of a vel

	Exietence of an active ADINA ueer group isa significant awt, and o u-rwithout continuous need for nonlinear dynamic analy~is should give ADIPJA eerioue considr.r,:tior, bad on this alone. Existence of the ueer grouR amurre that wisttlnce~willbe availal~leto extend or recheck an analysis at a later date. 

	SUAIMARY 
	SUAIMARY 
	There is agreemeit between reuearchers in craah dynamics that both the hybrid approach and the purely mathemutical finite-elernent method are needed at the current level of kchnology. Cronkhite, et 111. note the inconvenience of coping with multiple input schemes. 
	Since the hybrid and purely mathematical finite-element unalysis methods arc compatible and, in frict, very similar, consideretion should be given to developing a single package combining the best features of both approaches. There are two advantages. First, the user, who will likely nerd both methods to solve his problem, will need to became fumiliar with juot one progmm. Second!y, combined analyois becomes poss~ble; a detailed finite-element niodel ran be used for one part of the structure (e.g. a seat) w
	A deficiency in all these models is the lack of a general purpo~ colitact element to model collision , bet-veen two or more pm of the titructuue. Ln existing programs, contact cwbe modeled only by connecting elements. e.g. oprings, between contacting ourfactis. This cntnils anticipation of every collision which might occur and each indvidual specification of the contact element tagether with its mechanical cha.rbcteristics. Keference 56 describes an experimental genernl purpose contact model, whirh might be
	TEST TECHNOLOGY 
	A review of crash tests ha8 been conducted to ascertain the status of test technology. Tesb include 
	full-scale aircraft and mne components. Test ohjectivee, instrumentation, and test methods are discussed. In nddition, Rome static tmta applicable to structural crsehwcrthinem are reviewed, 
	. 

	Progrnms io tpst full-sale aircraft have been conductd by NASA, the FAA, nnd the U.S. Army over the last 30 yenrs. Theae progrruns have treated small propeller-driven trnnsport.9, p;eneral aviation light aircraft, cnd helicopkrs. During this timo, bating tech~ologyhas sdvanced, particularly in the weas of intltrurnentation, data acquisition, and proceaicg. 
	Seab, fuel cello, and iaridmg gar have teen koted statically and dynmically in dev lopment and certification tmting to design crash lortde. In addition, as o pert of research programs wme substructures huve ah been tested. 
	The purpose of crrtsh tc~tinghas hen to nwoa cr~shworthinese, level of crabh loadq, crssf? res'mnse of the airt:mf!, and crnshworthinew performance of design mudifications. More recently, 
	ae enalyticnl methods hnve evolved, mae tee@ have dmhad the collectjon of dnta for verification of analywa as an objective. 
	In the material presented below, wlwted tats re prewnted ~0represenbtive of a tecb~ique.The test methods in oome caai?s have been quoted hm the reporb and in other cmee have kn summarized. 
	FUUSCALE PROPELLER-DLBNEN TWBP~RTB (TedTrack Method) 
	Early crash testa by NACA of full-scale World War 11vintage propellerdriven aircraft (refs. 57 and 58) had detemination of crnsh loade and effete of crneh pararneLera on thew londe as an objective. These testa were part of a crash-fire study and utilized the test facllity develo.4 for that program. 
	Aircraft were propelled along a treck, gear eheared off, and then impnctcd a shaped certhen barrier to simuiate impacting the earth. Anglee of impact up t.0 30' at speede of abut 100 mph were obtained. Floor ~cceleratione at varioue stations aiong the fuselage were measured. In general, the aircraft impacted the ehaped barrier in the vidnity of the cockpit. This type of teat is repreeentative of a flight into obetruction where the obotruction is an earthen mound. &%inetea% were performed to simulate the eff
	Acceleration data were obtained with instrumentation and procs~sing equipi~ent repr~wntative of the late 1950s. Due to differences in aircraft stmctw, crmh energy levels, ntxence of amclyticd tooh, and to the emall nmount of data on the crash performance, :he wet data have lknibd application to commercial jet transport. However, the data we of historical vdue and do provide some insight into crash loads. Further they eerved no models for lakr testing. 
	In 1964, the FAA conducted ~,wo crash testa of complete circraft. A imkheed LiUS (ref. 59) transport aircraft orid a Douglas DC-7 (ref. 60)were tested using methde similar to the NACA test8. In thes:: bate, imtrmented seat inetallations and dummies with mt restraints were inciuded. In addition, high-speed camera coverage of the nircraft interiors wus provided. Floor and dummy accelerations were measured. 
	I~trumentation problems due to test equipment acceleration environment on the 9C-7 resulted in the loss oi much of the acceleration data for thfit teet. In addition, the D'3-7 almost overran the test range, illu~trating problems of controk~g the teet vehicle during crash impaata. 
	While thew testa provided Borne good crash hdn data, particularly for the watloccupant, the vah of the test dab would have been enhanced by the nvwlnbility ncri apphcation cf mslyticel methods to (hedata. Lack of such methods has limited the applicntion of the crash lonb tothe test conditions for the type of aircrafl. 
	FULL-SCALE CRASH TESTING OF GENERAL AVIATION AtRCRAFl' (Swbg Test Met.hod) 
	Full-acnie crush vdting is performed nt tho Langley Impact Dynamic$ tZrtuean.h Facility (refs. 61 and 62). Thie facility IF the fcrmer Lunar L,anding iicsetlrch Facility ~nodif~edfol frw-flight cmsh testicg of full-scale aircraft ntructures and structural componentti under control!ed tPst ronditiom. The hartic grntry structure le 73 rn (240 ft) high and 122 m (4Ch3ft) long supportEd by three wts of inched lrp epread 81 m (267 ft) apart at the ~rourld md 23 n1 (67it) apart at the 66 rn (218 ft) level. A mova
	Test Method 
	The aircraft is suspended from the top of the gant~y by two swing cables and is drawn back above the impact surface by a pulibaclc cable. An umbilical cable used for data acquisition is also suspended from the top of the gantry and connecta to the top of the aircraft. The test sequence L initiated when the aircraft is relead from the pullback able, permitting the aircraft to swing pendulum style into the impact surface. The swing cables are 8eparated from the aircraft by pyrotechnics just prior to impact, f
	To obtain flight path velocities in excess of 26.8 mls (60 mph) a velocity augmentation method has been devised which uaes wing-mounted rocketa to accelerate the test specimen on its downward swiog. Two Falcon rocketa ure mounted at each engine nacelle location and provide a total thrust of 77,850 Newtons. 
	Data acquisition from full-scale crash tests is accnmplished with extensive photographic coverage, both interior and exterior to the aircraft, using low-, medium-, and high-speed carneras and with on-board strain gaies and acceieronreters. Strain gage type accelerometers (range of 250 and 750 g md 0to 2000 Hz) are the primary data generating instmnehta, and are positioned in the fuselage to measure accelerations both in the normal and longitudinal directions to the aircraft axis. Iilstrumented anthropomorph
	Data sigmh are tmnmita from the aircraft specimen through anumbilical cable to a juction box on top of the gautiy. From the junction box,the data is transmitted through hard wire t,) the control room where the datasignals are recorded on FM multiplex recorders. In order to correlate data signals on the multiplex recorders with external hlgh speed motion picture data, an IRIG A time code was recorded simultaneously on the magnetic tapes and on films. There is ah a 60 Hz time-code generator with the onboard e
	At the time the data is beingrecorded, the data pssses through a 600 Hz !owpass fiiter.. The data on ihe magnetic bpes are then digitized at 4000 sannplee per second. Digitized accelerometer data is then passed through a finite impulse response fiiter had filtered as follows: 
	1. 
	1. 
	1. 
	Dummyhead 600 Hz (unfiltered) 

	2. 
	2. 
	Dummy chest 180 Hz 

	3. 
	3. 
	Dummy pelvis 180 Hz 

	4. 
	4. 
	Seat 20 Hz 

	5. 
	5. 
	Floor structure 20 Hz 


	Motion picture analysis consists of plotting a displacement-time curve from the film data and fitting least equm pdynorzind functions (up to tenth order) to the menauld displacements end then twice differentiating the displacemente toobtniu acceieratione. Accelerations thus obtained compare very well with the filtered ~cceleratione. 
	ThesetesB(ref. 63)am not designed to bringtfie cabin environment up to the ljmib of strvivability, 
	but they are designed to expoee the fuel tank location to R destructive environment. 
	Crash te& were performed at the National Aviation Facilitieu Experimental Center (NAFEC) 
	.
	catapult.facility. A compressed-air catapult wae uscd to accelerate the kot aircmft along a 90-foot track. At the end of the catapult strol:e, the aircraft, which wns pulled by its nase gear, wp.8 released to impact on earthen hill of 4" slopc. At the ha?of the hiil, a 12-in. by 12-in.I-ham W~E: imta!led to break off the aircraft's landing gear. The now gelv was strengthened to withstand the 
	I catapult pulling force, while the main landmg gear mounting bolts were sawed in half to effect an easier separation from the wings. Spoilers were inetalled along the upper wing surface to keep the airplane from flying.At a distance of 10 ft from the I-beam,pelcs were sunk into the hill to a depth of 18inches. These polexi were spac~d symmetrically off the centerline of the hill, at 42 inches and 108 inches each. The poles were hollow mild &el ad thickness dnd were 10 ft in length. Small rack pil& were loc
	4 
	tubing, 4.375.in. outside diameter, 0.188.in. 

	I 
	severity of the crash condition. There we no standards in general use for a crash site ae is used in 
	rhi~type of test; hence, the selection of the type of poles, rocks, and hill were selected to produce a . destructive environment to the fuel tank locatlon Thc cmsh sitc was intended to be at least as -'severe ae a crash at an airfield involving airport stmcturee such as approsch lighh. 
	i *' 
	In aLl teist~,the aircraft mah anla were filled with wuter. Accelerometers, CEC type 4-203.001,
	1 were inetalled on the floor of the aircraft nt the longitudinal center of gravity locetion (ststion 126). Accelerations in the vertical and longitudinal direction were recorded 03an oecillogrnph. The data were filtered ~t 90 Kt. 
	l'he teeting r;f seats to siniulata! dynemic crash !oa& has been conducted by the U.S. Amy, CM, NAJX, NASA, and the seatmanufiicturern. The Amy, following thn recomrnendatiora of its Aircraft Crash Surviv~l Design Guide, has had helicopter and light, nircrnft wnta dynarrjcaily tested as a requirement for ~~tzc~fication 
	compliance. These mts have been conducted at the CAM1 facility or by Simuln, Inc. Thew test programs have sewed as development toole in uncovering unanticipated we&ne,ses in design detads end generally have resulted ii~an Laproved crashworthy .seat for the 
	,,Armyapplicahon. The Army test requirements inclvde proviaions for applying the te~timpulse with the floor ha pn-wsrpd pcsition. 'Vhile these condihom may reprewnt limiting cmes for the !my usage, the hea1it.r cbn~mercid jet aircraft construction may preclude warping to the degree requked by the Army. 
	> 

	The CAhlI facility (ref. 64) uses a pled test vehicle on a horizonhl track to carry the seat arid occupant (anthropomorphic dummy). The dcd is gradually accelerated to a velocity ad is obruptly decelernted by energy abwrbmg mes to apply the ~st'irnpu!~~
	Variation in onentation in mounting of sea& pernib londmg in the deairtd nxla. 'Ills procedure has been refined md generally gives good twt results. 
	Teat Procedure 
	Two impact orientations were USE^ in the= teats. The firet, correspcndiiig to Test 1 of 
	MILS-58095 (AV)(ref. 65), produced combineri downward, forward and lateral loads on the eeat. The eecond provides forward and Intern) loads on the =at and corresponds to Test 2 of MIL-5-58095 (AV). Both teats used a floor warpage fixture which mlled the lelt seat track 10" outboard and pitched the right wt track 10" down, concspond~ng to the floor buckling and warping conditions requrcd for static testa under MILS-58G95 (AV). An Alderson CG-95 anthropomorphic dummy, SIN 500. weighing 224 lbs furnished for t
	All tests were filmed on instrumentation cnmeras operating at 500 or 1000 frames per second. 
	TES'I'ISLMULATION PROGRAZI OF STRUCTURAL COMPONENTS (Drop Tower Method) 
	This program (ref. 66) called for crssh testing and analytical timulation of helicopter structural coniponeats aid correlation of the results. 
	The priinnry objectitre of this activity was to provide a validation of the analytical techniques for helicopter cmshwohhlness design developed todate and as improved In thls program. 'There was also an interest in gathering basic crasiiresponse data that could he used directly in design or as input to amlytical procedures. 
	A nose section of a CH-47 helicopkr from stauon 160 forward was used as the basic etructure. A forwarc! transrtxsslon and rotor head assembly were instded. Two crew scabwere lnvtRiled in the cockpit; a standard CH47 seat at the pilot location and a crashworthy crew seat at the co-pdot station. Each seaL contained a dummy whlch apprommated the 50th percetitile aviator. Total weight of the apecimen complete with seats and dumlnles was 3630 pounds. 
	Types of meamring devic$a used In this test were accelerometers, strain gages. and deflection indicators. 
	I. 
	In additio~ito+-100 g acceleronre~rssome -'0 g ohock accelerometers were u~edin areas where high nccelerntlon levels were prahcted. These were uaed to overcome previous problem8 where high g levels caused ciicuit saturation resulting in excessive ~rosh~fts with long-term decay characteristics. 
	Five 2 100 g ecceleromekw (CEC 4-281-001) snd iive 250 g nrrelerometew (PCB Piezot-onics Inc., Model 302A) were mounted nt selected lwntions. Three deflection indicators were mounted at selected loca~ons. hdicahr tubes were ettached to the floor and paased through the roof of the specimen, Eight strain gages were L~stalled on selec~ed structurnl elementw. All gages were unaxinl. An edditionai strcln gage w3s instal(& on the crashworthy crew seat vertical rolunmn. All d~tawere recorded on magnetic tape wing 
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	Heisting equipment wae adjueted prior to the te~tto provide a nominal pitch attitude at relea~e of 0" and a drop height of 17.3ft to give en impact velocity of 33 3 ftie. Roll and pitch attitude8 were also set to 0'. Four i-opa were attached to the specimen to limit to 45" any postcrash rotation about the pitch asd roll axes. 
	Black and white movies (1500ppe) were recorded at three Iocntione and provided three views: a rear view of tile specimen, an oblique view from the right rw m~danother oblique view from the left front. 
	A 400 pps color movie camcm was eet to view the crashworthy crew seat through the left side copilot door opening of the cockpit. Additionally, two 24-ppe movies were taken at approximately the samelocation0 RE the two 1500-ppscarnems poaitiond obliqitely to the specimen. 
	Of the 10accelerometers ueed, all provided good data for the initnl impact phase of the test. Subsequent to initid impact, at time 0.M mond, one accelerometer signal was lost due to cohpeing structure of the ststion 95bulkhead pinchhg a wim between the structure and the edge of the mounting plate for the craehworthy crew mat. 'This restilted in eignal low from the a~leromekrmounted on the cra&worthy wit-mounting plate. Iiowever, the data obtained up to the time of Bignal loss is acceytsble and covere the ma
	Three deflection indicators were mounted in the test specimen. These were to provide time-history records of the displacement of the specimen's crown relative to the floor, and alm to give a post-ket indication of the plastic deformation that occurred. 
	By uehg the pretest dimensions of the specin~en in conjunction with the poet-teat gros deflection indications provided by a rubber grommet sliding on each iudicator tube, it is poseible tn dekm~ica the maximupl elastic and plastic deformations that occu-rred during the crtleh tiequencc. 
	Unfortunately, only one of the deflecticn indicatore provided acceptable deflection time-hiatory data; the other two suffered from pwr wiper contact and poasiblc wire binding and stretching. 
	A total of nine uniaxial gages were installed,eight at selected locations on the atruc~ure and one on the vertical attenustor of the crmhworthy crew seat. Some of the gages werein tweatj where wvere structural damage occu;wd resulting in gage failures, zero shifb, and generally unacccptsble data. 
	The strain gage acceptability Limitation isthe manufacturer'e recommended 1.5%strain value for room temperature conditions. 
	This test provided reamnably god initid impact data for all acce!erometer channels without obviously extreme zero shifts or early loas of signal. Tne mociified circuitry and uae of 500 g accelerometers for recording impacta of this magnitude showe a marked improvement over the results obcained for test numbers 1end 2. 
	The selected impact velcxity pmvidtd su%cient energ?; to cause fdureo oi mnny of the structurd element8 without cuueing exwmve collnpw. It ia apparent that n greakr impact vel~ity would hnve reeu!&d in excessive structural col!apne and rendered the test unrepresentative of a survivable cresh. 
	The strain gages suffered from the effects of adjacent structural failures rendering the data of questionnble vnlue in Bome instances. lo fact, it is proving to be extremely difficult to dect po~itions for the straia gages where useful data ie obtained and adjacent structural failure does not 
	OCCUf. 
	In a kst where limited instrumentation aptibility eriata, it is considered that the uae of more accelerometers md iwa strain gagee may prove to be more cast effective in providing data suitable for correlation with analq-tical reoultn. 
	The deflection indicator0 again did not perform well. with only one providing a deflection time-history. It appeare that the problem ie due to poor wiper action in conjunction with stretching wire;future tmta will incorporate a ~trongerwire material euch as piano wire. Such an instsllation will portsess a lower eiectrical reeistance value but it i8 conidered thrat ar? adequate recording system existti to accommodate thi~.Additionally, the generalion of a continuous signal without wipe chatter will enhance R
	It was unfortunate that the high s& movie films were spoiled in development since a better 
	understanding of failure sequences may have been obtained for the primary ~tructurd elemenb. 
	However, overall structural damsge and recorded ?ddnta provide a gd 8t.t of infomation for 
	correlation with cfimputer sirnuletion resulb. 
	STATICTESTS 
	Static teats provide ueeful data on the crash performance of stnicturee where the inertia loade due to the local structural mass have a small effect on the crnsh recponse. Some examples of this are fuselage structun~ i:~ shear action, lower fueelage structure in crashing action, acd Mat etructure under floor dioy;!acement and occupant loado. The inelastic load carrying capability of skin-stringer, colurnne, and torque box sections for large deflection8 msy ah bc obtamed from static tests. These data are wfd
	Static testa, while avoiding problems of dynamic data acquisition, do hove prohlems of maintaining load magnitade end direction, and valid boundary conditioca diuing lnrge deflections. Internal londe usueUy cannot be obtained by strain gages aa strain gages fail at the large deflections of inkreat. However rapidly recurdicg load cells and deflection gages mey yield v&d forcedeflection curves for the loadrng condition. 
	These techniqud have hi1 used successfully in the Arnly-sponmred study and in the NASA General Aviation research on floor otncture. Some further devel~,.Jment of the methda might 'be expected as sdditional teating ie performed. 
	IMPACT TEST FACILITIES 
	Impact test facilities ouitable for reah end development crashworthiriem testing of ~tructural subsystems md of compl8te aircraft have been reviewed. The review is conficed to reprewntative 
	, major government facilitiee. 
	Crash bating of commercid jet trwporte, or even structura! components involves engheering problems of scale which have been overcome in past testing but now take on a new dimen~ion.For the 707 the fuel loeci weigh 72,498.2kg, the wiog tipbetip epan is 44.42 m, find the grr,und to fin tip &llstauce is 12.91 m. Exkneion of past tist metboda to !.he commercial jet will require ingencity. 
	Tab!e 5.4 identifies the test facilities md ahows approximate teat cnpobilities. Regarding existing facilities, fuliacale tertting of cornmerciol jet trnns~rtaimeft may De conducted st Drylcn Research Center. The FAA Tcc'nnical Center improved cztapult will have the capability to :rs? small jet transports Lice the 737, UC-9, and the F-28. 
	Table 5.4-Impact Tes! ~aclties. 
	-
	WiiGHT SIZE lERT ICAL I3R IZOHTAL
	FACILITY 
	POUNDS IELOC 1TY VELOC 1TY 'T/SEC FTISEC 
	+May be increased
	[m~act Dvnamics Research with rocket thrust 
	Good Unqer construction
	tmpact Drop Tower Good To be increased to
	.andlng Loads Track 372 ft/sec 
	5 Complete aircraft
	;llyht Crash Test 2ange remotely piloted 
	?
	Catapult (Small) ? Under considerat ior 
	Catapult ( improved) Impact Orop Tower ? To be modified
	? 

	Impact Orop Tower Good Energy limited
	Sled 5eat Tester 
	With regard rn takingof aubstructuree and componenta. NASA hngley, the FAA Technical center, and CAM1 facilitiee may be u4. The CAMI fecdity ie designed for t.a:ing ~&atioccupmtu. 
	An important part of tat fscilitia iirs availability of adequate inetrumentation and data acquisition equipment At a minimum, the data system should be able to record acceleratione of 2 750 g at frequenciee of 600 Hz. At lemt 24 channebof thia type dntn should beavailable. The current NASA practice?. of p~wing the data through t-~600Iit low-pam filter prior to recording mny be restrictive for stiff substructures. Aho hgh frame-rate (5000-10,000 pps) photographic coverage should be available. At least three 
	ASSESSMENT OF TWT CAPABILITKES FOR JEI' TRANSPORTS 
	Based on the above dirxusiona, aseessmen& may be made of test capability, test method dnta, systems, and k~tfncilitie~ needed t~ conduct ,the research md development programs. The purpose of these teut program i~ trJ increme the knowledge of the crash response of the complete aircraft and components. In order to be effectwe, such testing must provide engineering resul~ in much greater detd than thst currently obtained from accident ifiveetigations. 
	Test Methods 
	Much research ie requlred to develop teet methods. With regard to testing of complete aircraft, the 
	.
	only carryover from previous testing is the 1,1649 and DC-7 test-9, which apply to the ground tn groundelwnario. To test the air-to-pund and the n~ght-into-obstruction wrnariorc. remote piloting techniquee to contro! crmh conditions, md rellnble onboard data acquisition techniques are requed 
	Regarding camponent ksting, aame carryover from prrvious testing pertains to &he testing of ~catloccupantlrestreint eyutems While methods of testing for.individua1 feat units have ken developed, there are many problems yet to t?e resoivd. Of particular concern is the variation in results between what might be expected to be imilar tesb. Reference 65 shows a factor of approximntoly 2 in Iap-belt loads that is attributed :othe use of different types of dummies. The Amy is concerned about thip problem and is c
	:)f teats in which the same type of seat and identical dummy is tested to the same conditions nt NARDC, CAMI and Simula, Inc. (ref. 57). The resulta of these tests are to Di? compared in an attempt to resolve the hfferencee 'wing 
	obsei-ved. 
	In addition, the interface 'between seat track and support structure ne& definition. For light aircraft and helicopters, deformations of one track reltttive to the other is usudly recommended. For transport aircraft with deep floor benms. it is not clrar thst such re!ative deformation is -obtainable or re;)reentative of crashes. In addition, the input acce!erahon pulse is yet to be deterniined: Such qumtiohs as how many seat units or how much floor wtructure an? necessary ta ~dcquatelyaimdata crash condtion
	Similar problems exist in testing each of the o+er mmponenta. In particular, how are c-msh loads to be reacted at the tcet-epximen boundaries in order to cause the structure tosimulate the craeh dynamics of an accident? For ineiance, how much fuselage must be testmi in simulating the air-to- ground ~enario? The ground-to-ground scenario? Are wing reactions necewry? Fvurther, docs the nature of the crash respom change as a function of crnsh initial conditions'? 
	To mwer the kin&e of cqu?atione prewnt above. correlation between component testing and comp1st.e aircraft t,eat$ng io noceserery. Ah, vnli&ted analytical methoda are needed to extend bet mults to regiom where hating i~ impractical and to correct result8 where crmh boundary COnditi~eIEcannot be matched. 
	Data 6;yatem 
	Data acquisition rtnd proce~reingeydemrsdeveloped for the NASlVFkA generalaviation program and the CMV"J eeat program are euflicient to start test ~prolframa. However further deveioprnent of improved high gihigh frequency accelerometere is needed. In addition reiiable displacement meacturing devicer, wire needed for dynamic deflection and opring beck masuremenu. 
	In the area of photopphy, methd of obtaining good quality high fmme-rak (5000-10.000 ppa) -pictures in the crash er~virouanent are need& to record detaiied otruccurd I>el:avicr. Rewarch into low-light-Ievel television md methods of computerized picture enhancement and data extraction could greatly ,;cream the data obtained end reduce data reduction time. 
	Complete aircraft testing appears feasible at the Dryden Crash Test Range and ut the pia~ned FAA Technical Center catandt. Lnetrumentaticn at bob\ facilities is open to quemon. At Dryden, onboard data systemsare eupplernented by telemetry uoed for flight twts. The telernetercd data areof a low frequency and of dubious vfluo. Technical C~ntercstapult data 8ybt-m has not Wen defined io 
	date. 
	TheCM aeat mt rangetipp~aroadequate for sear term testingof individua: aeat unlb. Tcoting of laiger groups of eeata and eubstructure may require testing in other facditiee. Other components might be terted in the a.wrted catapuits, drop tower, and swing towers dependlngon the probieme of aimdating the craet. 
	ASSLSSWT OF IMPACT RESISTANCE TECH3OffiY 
	Current impact rekstanca deaign technolcay k based on the leseona learned from tmident experience. Tecbaology is continually being improved to reflect t!e lateot experience. From these leseona, experienced eugineering deeign practiw lmve evolvcci. These precfices haw developed a high ievel of impact resistance in the current commercial jet trmoport fleet, 
	'fie de&n technology hae oho~~rnin~n moat crash response mechanisms m mkaown.
	in th~t Taere irr A lack of qumtitative methods for engineering analyeie, Erere also ie a lack of defulitive crash lea&. Thb hm 14to comparison of deeigm to exhting capab~lity. While thie proem ha^ been eu~fulwhere a data h.seerirrte, there is concern for new confiyur~tionr~and ~dvenced materialti application for which no nccidert data be exbt~. 
	Test metho& for complzti. airclaft and fcr strcctural compoi~ents need development. The moat WRE in 1964 with limitd resuks. Jet trmsport etructurd componxit teating to simuLite crash conditicna needs development. S1m and initial conditicns of such iegting intducee o nen wt oi kst problems. Aaaptatmn of existing facilities tlnd the development of ncw facJitiett nee& recenrch. Existing teat iac~iitieaacd methods could rmve ae a etarting point for s wet pl-ogrem. 
	recent trsnsport aircraft crash teet 

	Existin:! ~.nalyticul aethode are reRearch wla. Many programs have technical shortcomings for cmah simulation and are not completely validhted, but if validated could contribuk significnntly 
	to bet planning, of reeulter hwd on ebb-of-the-art Entowledge ad theory, and / pc ,tcrash data mtilyele for complex interactions. Model techniques and etructural dab b~se~
	to support rraah sirnulatiom for both structural components and wmplete amraft needa development. Further, the progerna need m&fication, both tomake them usr?r oriented More they can become endneering took and to reduce the large coat of 8nnlyees. 
	For sealloccupant modeling the prcgrams hove reached a more advanced stage of development than the stmctu~eerandyeb prows. However, more complete representation of the occupnnt and ~urfacecontact would permit better simulation of mupant retipom. Roblsns exiet in reletin4 the analytic& output to bunon injury.
	.' 
	As an overview. the"prob1ema have been defined and eome a~lyticnland expwimentol method8 and facilieieo are available. it appears tht tho inmente for reteach nnd devebpment program exist. W~ththe advent of advanced aircr~ft the impact response problems take on added aignificwce. 
	RESEARCII TO INPROVE CRASHWORTHINESS TiXHDfOLOGE' 
	Requir-menb for retiearch nnd development effort thnt wiU result in improved twhno!oey for crashworthinescl engineering of commercial traneport aircraft are preeented. Tfie required technology is discuwd in krme of disciplines. Problem areas for curient and advanced trnnsport aircraft are identified, and areoe of rewarch and development are diwuseed. 
	REQUIREMENTS FOR IMPROVED TECHNOLOGY 
	Based on the asse&ment of the cment'etate af technol~gy four gods muet be achieved to significnntly in!prove crnshworthiness engineering for commercial jet transport aircraft. 
	First, definition of the ~urvivable crnsh environment ie required. Thi~ definition ehould include crab loads and d~splacemenu for each scenario. Rational relati~nshipabetween the crash loads and dispiacrmcnts and the range of imtial conditiono with various host& envlronmenta should be established. 
	Secorrd, an under~tanding of the crmh respow mechani~rns of structurd component8 and of complete aircraft in them ecenarios ie required. Tlie effects of fnctom influencing theee lnechanisma must be undenttd. 
	Third, vslidnted arulyti?ai modeling end tmt engineering methods must be developed. These methodlr chould be capnble of ireahrig structural coinponents, occupant retlporue, and comp!ete alrcraft Further the methode muut be uasble in engineering tipplicuuons. 
	Fourth, huxnan fe~toraand injury rnwbnimno for commercial trnnsport mupants must be defied. The relationshipa between enginwring qunnhhes euch aa acceleration pdses, impact loads snd dinglacemenb, and occupant injury are nectmry r/;provide edequow ieveb of occupant prowtion. 
	Arhievem~ntof theee four goale will permit detailed engineering of craehworthmem to a level not now ovaileble. Improved kchnology 4petmit derugn conaderatione affechng cmah~orthincea to be ?rented on a more ratiored bbmn ad to more fully partxlpnte in the deqn pngeaa. Further, as edvmced de+m concept8 and mstrnslo are conmderei, cha~hworthlneen requremenb may be more fully onbc1palc.d than in the past. 
	"Mature" crashwortkinese technology might be envisioned as five major areas of activity. Each of these areas leads tohe quantification of crashworthinese parametem and understanding oi crash phenomem in order that protection for occupants might be improved. 
	The fiie bwae of activity am ehown in figure 5.9. The areas are defined to the third level of detail. It is expected thot technology wiU evolve ae the prom progrew. 
	DATA BASE 
	Data base activity treate the collection and maintenance of dnta germane to structural c~worthinemand occupant protection. 
	The dab bai+ehao been divided roughly intofou~cntegories: cresh otetistim, scenario refinement. performance norms. and human factor dsta. For the most part, the activitieo under each of the= categories are self evident and in many inetances represent an extension of ongoing efforte and of etudiee conducted herein. 
	I 
	With respect to the establishment of survivable crash initi*' ronditions, more applications of the work of Winpve et'al. (ref. 68) in conjunction with the N >.rJ could unprove the definition of tho craah condtione. Accurate definition of the initial conditiom could enable accidents to be used in better define the envir~nnent i4 scenarios. Such resulta would augment the date from crash testing full scale aircraft. 
	Rimulaticns.to 

	To wist the NTSB in developing structural data for crashworthinees from accidents, an investigntion team of research md engineering-oriented peopiqfrom government is proposed. Thb team wouid in~pect selected accidente to.obtAn data on the crash performance of structural systems. It is recognized that n high levei of cooperation between the NTSB and the tern must exist for GUC~an endeavor. However, the increase in the amount of engineering &ta from accidents wuld Se substantial. 
	Human factors area nds better definition. Considerable nttention ha been directed toward occupant iojiuy mechanisms. However, with improved atnictural and occupant mcdeling, interactions between occupant and the restraint system and with the surroundings may be studied for improved demqn. Of particular importance is the development of a relationship between engineering parameters and occupant injury. Improved definitions of occupant modeling parameters such as spring constants, damping ratios, and kinematic
	METHODS ANE BACIII,ITJEE 
	The methods and facilities nrea is concerned with development and validation of analytical and experimefital methoda, test facilitiee, and simulation, techniques. 
	Current nnelqtical pmgreme such as KRASH. DYCAST, and MSOM-Lh should be kept up to date and extended. Updating relates to modern program architecture to reduce consumption of computer resources and to facilitate ueer applicntion. Further, with the advent of more powerful conputere, existing dea should bc rewritten to reflect these sivmcee. 
	Exteneiozl of the an~lyeee shodd more accurntely depict the behavior of the cstructure. Occupant models bhould be extended to provide for 3-Drespnw: and for multiple occupants in a seat unit. 
	Data base 
	J 
	I 
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	Figure 5.9-Crashwofihiness Technology Research and Development Program 
	For imtance, the inclusion of accurate modclhg of eeat estmctwe and rmtraint harnem in occupant modela to depict the interaction between occupants and structure. 
	Structural programs should be extended to permit accurate repreeentation of fluid pwes*xres in fuel tanks under sudden accelerations for the tank rupture probiem. Where multiple falure modes are possible, heuristic logic may be Lcoqmrnted bi the coding to permit the dynamic Nsponeo to follow "nnbimurn energy" pstha. These type of approaches may even lead to using the compuLer to optimize the :node1 while yrocetxiing the data. 
	Development of modular ~nalyeie ~ylrtcme that genn~t the analyet to use only the modules necessary for the miution of problem at band is needed. While it is desirable to enhance the cnpability of the arzalysis eyotem, it nhould not be nweeary to drag all the= additional features into the computer for every problem. For instance, if one ie analyzing floor structure only, then modules and storage for occupant response or hydrodynamic forcee may net be needed. Efficient use of computer reoowcee is a must. . 
	Analytical metho& and modela for simulation of boundary conditione nee& to be improved. Current programs intraduce loads into the mod& through springe 07 through fixed Eouridaries. Accurete representation of this proceaa is necessary if detailed simuhted structural behavior ki to he achieve& 
	The level of validntion ~chieved for the analytical tools will affect the wfulness of the toob for engineering pwoea. Hence, every effort is needed to improve fidelity of andyticaI results in eimulating the err& response of structure: Experience and supporting data for modeling ellat will ertend the appliwbility of sdyticai me&& and develop confidence in enmeering application are 
	needed. 
	Crashworthinem test method research and development is separated into four areas: inetrumentatiori and data processing, dynamic procedures, static procedures, and wale mcdeling. Effort in these are-is needed to improve current techniques tobetter represent crash conditions, to permit the study of structura! eubaystems, to acquire data for hybrid simulation, and to &ow the u~leof de model8 for teeting large eircraft or cornponente. 
	tVhile n mh may have a duration of many smn& from initial imp& to finaln~tment.the critical deformation of otructure may occur in millioeccnde. This anall time impses eevere ampling requirements on ineti-umentotion. Current test data contains errors due to accelerometer drift, coorGinaCion of events, and to pmceming problerne. Further, definition of actud response may be incomplete. Defleceiom should be d.~arr_ically meavured to properly account for the sequence of failureaand the effecte of springback. In 
	Rgsenrch and development is needed to improve the measurement of accelerstiom, velocities, and deflection8 under test conditions. The application of laeer techniques should be investigated. Photognphy i~ part~culnriydifficult and efforta to exter i the coverage io high-frame rates is needed. Pictyre enhancemerlt procedures developex! for rjpace c?xploration may have upplicntion. 
	Further effort ia needed tohandle the vaat quantitiraof information obtsind in c tmt ad topresent this informotion in a redly digestible fom~ac. Thi8 it3 particularly true of photographic data. 
	Dynsmic test procedure^ may k eparsted into complete nircraft tenting and atructurcl subsystems ksb.Methods of testing complete nircrltft are complicated eirnply by the r;dc of the model. 'Kc upcoming teat of the 720 aircraft in 1304 will ~uggcst further areas for development. 
	Frocedureo for taeting etr?.ctuxrl eubayotcrne need further development. Current hst method8 for 
	testing ~in
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	have provided god data. However, the= methda are i*r~ikc! mode! size, orid in the crou,h pult~, which may be simuleted. En addition, the comtsuotion md instnunenLhon of wcupw.t modeb st*Urake many gucstions. In many reapitti, thew problcma are facility re1nt.d. 
	Some testing of atn~ctural subeyctcme hm beenaccomplished on fuel tmke and futwlage eectiono for mall aircraft. Thew tmta have been limited in direction of impact loah end in eize of the teat specimen. Extension of them methods to other aubaystemo and to a more con~plete range of bad conditions requirw effom. Further, the proper repretmtntion of structural boundary condition8 and of external Ion& ie needed, 
	Static bet reuulta have hen found bbe ,useful in obtakinginput doh for simulations involving eome lightweight, highly otlff mbetructuree. Metho& for conducting them typee of teste need development. Ln w~cular, methods of 'npylying 10ade~etaticAUy to smlulnte the dynamic load distribution nrc required. Further, R methoci of rnziiintczining the upplied loads and their dirwtione through the luge structural d~tlectioneia needed. 
	Scale rncdeling for cmd!bnta Lo provide dab at reduced costo and in a timely manner should be inveutigakd. While ecahg laws for cro*th testing a~cknown, limitations on the method need be developcul p~rticuiarlyw th regard to model detaih and f~rorthotoplc materialu such 8s mmpositrra. Problerns may emt w~th regsrd to ply thicknew and f~bncstion methods for these materiala. 
	It ie expected that as cmdworthinea research and development extension of existing facilities .krill be requid. For mme typa of testing new fachties may be needed. A part of tile totalprogram is uphting of exbting facilities and development of new facilitiee. 
	As mrne fscilitie~ alrmdy eriet in the FAA, NASA, the military,and induetry, a team approach to facilities development ehould be d.An overview committee of intereeted parties ehould provide go& ~ndpolicy for ezpamion and development of the newmry facilitia. 
	Methods of simulation need development. Methocts of modeling to uec analytical tools and of testing, to identify crmh reaponee, need to be developed to lev& suitable for enginwring application. Variow npprorrchee should be verified and validated. As better methode arc developed, thi~infomrttion Aould be made availabie: 
	COMPLETE AIRCRAFT TESTING 
	Crash testing of complete highly imtnur.ented aircraft i~ divided into three arcne: identification of crash response mechar~isrno, structural oubyatem performance, and advanced concept evsiuation. Each of thew areas in kcatd helow. 
	Cornplek aircraft kub are required to identify the etructural' craeh rcsponoe aechanims a including the interacbon of vana~lo6ubAystem6. Included in th~s area iire evaluation of crash loads. btri~cturdrciipo~me,ticceleratron enviroment, and &?emno definition. 
	Crmh IortdA and ecn.elcration environment will provide d~ta for compnrimn with calculated 'um. Thew date, in conjunction with dsto derived from nccidenta, nloy br wed to aesceo the adeq~, -of 
	cdworthinerie for complete aircraft. Sgructurai ree,pnae wid provide deiicxtion, failure mcde. and wquence dab uwful to the mment of cng~nmring rr.cthoGa+ such a5 aim:~lation and modeling.Further, it may be umd to evaluate aid refine cra~h scenxri~si. 
	Structural eubsptem cmeh performance may be obtained in the colnplete aircrait test Ifiade experienced by the eubctyiitetna may be ob+.nedfor ccnparisem ~4t.hdeaign values and for use in eu'bystem testing! Frulure mdeo and wquence mrty 'be obtained ~nciucihg effects 01 interaction with other aubayetems. Energy ~beorpt.~on ~h+~ncknet.mof the rrub9veta?n?may be assewd and the adequacy of ita crnah performance may be ow&. 
	Complete aircraft tesb should ah be ud to rvralu~te advanced craahworthinw concepts. For instance, applicstio~~ 
	of edvanced mnknah or energy eeheorphan deamrr for. vakow tubsy~wrnu may be asueud. Effects of ouch components on crash lands and envrnmment,may be evaluated. 
	Ae part of this &sting, the contribution of the various eubeystem in reducing the fire hslzard and in protecting the occupante may be evalunbd. FtYther. the fuil-wde crmh teota afford opprtunity to refine the defin~tion and relate crah loade and dispkcemenb to sczwoe. 
	i 
	STRUCTURAL $IJBSYSTEMS 
	Resemh into the crash behatlor of structural nubsy~tema condeb of both enelysis snd test. Emphamu is placed on treatment of subyeterne kauee the fiubsyakms must perform their cr~sh function in order to achieve crashwor-?hineers for cornplett: arcraft. Funher, it 13 ln detailed mechanism6 of frjlurc. that a!gir.eenng changes may .be affected. In addrtion, in tcsfmp the eubyrtters. detailed c~ah resprw: of the subyetern may be ktter meamred than from complete -aircraft tcating. 
	Thepotential f~r ~mproved crnrih petfomance for atructurnl systems has been aszwd to provide mme gwdance for the planning of a rewar'ch pro~ram.'Thc potenid far improlled pericinnane lo aseessed relative to-!.he crarh function. On thle ba& the asaerujnlent In table 5.5 to prewnkd. 
	The rating potential for improved performqnce i;?. given in relative terms; C being goad potential, I3 being better. and A king L~zt. Thew retLngP axe ~ubjectiveand do not reflect the d~ificuity in advancing the technology. it is expected that mne ratings will change as tllc rearch and development program progresrreo. 
	Analytical research treats the methods of modeling the euhsyetem to dnpict detalled crfisfi response. Subyetem8 of irnmcd~rttc lntcreot we WlnK tmbagc, seat/occupant, floor/aeal/occupant, and fuselage sectmne. In ths endeavor, the full power of aneiybctll programs may be used to represent the structun In detrul. Hesult~of ihi!~anslywe ~hould be ~Aidatedvath ~ubeystems 
	Computer pmpvma nay be asseseed for tec-hrilca! deEoenciee al,d s~,nulatlon techniques may h.developed for cngmeenng npphcetm. 
	Teating of ttzucturd Rubeyutemu wll pmut identlflcatlon of detailed feilure. mechanisms and sequence6 oi cvenb in elrnuiaterl crmh cond~hons. In adhhon, these result8 may wrve ab o banis for cornpanan for the evaluation of advanced concepb. In many instnnces, representnt.w~ metal utructure su~tsblu for teehng may he obtmnd from overaged transporta king ret~reri fron: mwrce. Further, ~lu-.h structure epecimelre are wrthin the bst cspncrty of somz eraatme faclht~es. 
	Advanced material opplicnbonr~ for same subsyakms nley alao be tested an e part of the metal specirnena. A8 the appllcauono advtlcce, new epecimene may have to t?c frtbncateci. 
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	Fuel Distribution System 
	Floor Structure 
	I 
	Seats/Restraint ?vst em 
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	Entry an0 Escape
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	D:,ors 
	Table 5.5-Areas fcr R&D on Current Metal Aircraft (Concluded) 
	~tentialfor Crash Improved Areas for 
	Func t icn Performanic kK3 
	-
	Proiective Shell Ecergy Absorption and Integrity 
	Energy Absorptisn 
	Limit Fuel Spillage Fuel Line Separation Reduce fire hazard 
	Energy Absorptioc Energy Absorption Reduce occupant loads 
	Retain Seats and Controlled Deformation Improve seai retention Interior Equipment 
	Provide iqress Reduce door blockage 
	Occu~ant Constraint Occupant Dvnanjc Reduce occupant injury due to Responsri! surfate contact an3 to restraint loads 
	Encrqy Ahsorption Incroved Energy Reduce occupant Toads Absorption 
	Zemaln Attached to Seat/F loor Dynamic Prevent ejection and contact Floor Treck Response tg Crash with interior Acceler zted Loads Acceleration environment requi~es derinition 
	Release as Required Ease of Release 
	Contents Cont ainnent Redilc? debris and occupant injury 
	Structural integrity jtrbctural Attachments Reduce egress blockage 
	Operate as Required Effects of Fuselay Reduce egress blockage 3istor.Cion on Operatior 
	ADVANCED CONCEPTS 
	.-Research end development fbr C~J+-or!hines-concepts includes are88 of new materials, energy absorbing npplicationa, and a i:ciwel category cal!ed "construction concepta." It is anticipated that as crashworthinem technology 1s developxi and as new structures and materials technology 1sapplied to aircraft design, advanced concepta may be necemaq to provide occupant protection in crashes. 
	-__-
	aciva;lr.ed 

	The new materials area ie concerned with developing tecimo2oby for undcrstanding failure mechanisms, ar,d for increasing impact redstance zzd energy absorption characteristics of thew materials, principd!y compositeo. The effort ereah materials nt couyo~i or smsli specimen level, and deals with effxh of hybrid m~krials,ply o:iei~lation,ek. 
	Fire resietance of edvnncd materials ~houldbe inve~~cigatedin hth small upecirnens and in structural ccrmponents Methods of improving burncharacteri~tics should &evaluated. Structival performance of these componenta in the presence of crush heat pulse should be understood. 
	Energy-absorbing applications are concerned with seat8 and immediate occupmt surroundmgs and with "porasiticn muteridsldevices introduced specifically to provide energy absorption. An example of the latter is crushab!~ material applied at the underside of the fu~elrlgeto provide energy nb~orption. 
	Construction coucepte are concerned with effecb of application of the advitnred materials ti, aircraft details a~dcomponents on the crashwortiiines of aircraft ronfigurtitions. At this time, the cr~Arcspon:=e of aircraft primary structure made with new materinle is unirnown. It is cor~ceivahlethat historic crash functions of the aircraft subsystems may have to bi:~ucxf;f;edin this proms and new strntegiee for protection of occupnntb devised. 
	One hundred and fifty-three jet transport accidents have heen ~tudiedin depth. 'fie ehtw of ~~truct?lmlcrs&worthinesa technohgy h&8ken reviewxi. Clzncluaions remlting from thew! studice are presented and c!isd. Bed on these conclusion^, problem imae relating to cornmsrcinl tramport IXB identified for fut~ue research nnd deuelopmt?nt. Finally, a rcsesrch ar~ddevelopment program is rwomn:ended. 
	Whencmnidering all the commercial air transportneion ayetern detv related problem areas it is believed that tl18 most ~ignifirant duction in fatalities can be achieved by eimyly reducing the numberof eocidenb. No ~i,gnifimt kchncjlogicel bn?akth,wughs on:rquimi t~ achieve this god. In action 2, it was shown that epproximetely 76% of the rornmercial jet aircraft eccidenw have Seen attributed to cockpit crew T~ctors. Therefore. rwarch end atudy of the@ factara in areas of ccxlrplt design. system design, tmd c
	,I 

	Another safety-related problem men is the airport ewironment. Studies of p,und traffic cnntxol systems and gro~indoperation pr~~edureashodd & directed toward elimination of collision accidect T'he &evenly of many veercff nnd ovelnn accidents cou!d be substantially reduced if hazds on and arowd the airport were eliminated. 
	-Cwint come~ial jet transport nirrraft poseesa athigh level of c~-izshworthinew. 'i'lii..; is due in p~rt to stronger otnlcture. lees volatile fuel and improved desi~n methods. Dcoign methods are continually being impmved baaed on knowl~2ge gairrd from rxccident experience. Jt in deeirublc to continue thin improvement of existing dcsigno and to retain their beneficid chnmctmistica oe future dmip uaiug advancd muterials and concept8 ape developed. To aetJievc thie will rcqsire subctantfal sdvmces in tltructu
	Pimt,tke rent,&,potentA for improved survivability in cornexid jet tmnspcrt airrmft accidents is in the area of fire related fatalities. i3esearch relating to prevention of fuel fire merih the highest priority. The is A criticd element associated with escape when a severe fuel fin: exists outside the ~ ~or when the aim& f is sinking in deep water. If flame aiid smoke enter the fuselege pvg~enger
	~t area imecliak!y afkr thc aircraft corn- to reet, ;he probability of escape ie reduced nubstcntially. htuinjng fuwlage itkgrity wd ddsying cntrcw OF mnke aiid flame iswntid if survivability is to be enhanced. hbria and obetructionb that hinder movement of persona on the eacepe route cunse delays ht raduce the ~rdrability of uurvival. ~~rmquently, 
	factors that wom!cl inmats the:avdiible time far egrem or reduce the time required for egress is esstlntiizl. Fuel additives as in the anti- mieting kero~ene program, rupture mjstent fuel tenh or cells, and structural biprovernenta to protect; ftlei tcnk.~and occupanb shodd be subjects of research. 
	Secosd, stxuctural integrity of fuel aptens, fuwlege, and !anding gem we leuding candidate8 fm improved cmshworthinea?. Structie integrity of fuel syakms is a key fwhr in prevent.iou. 01 postcrasb fire. Lntegrity of the fuwlsge contribubsi to the reduction of fire related fataliticti by preventing or delayirlng the entry of fuel, fire, and smoke mci by mainmining egress routes. Muin Iandiug gear thet are more tolerant to off-runway condiiions would continue to provide ~IY!LID~ clearance for the wing md cngi
	Thid, where tra~~m have predominated,the energy nhsorbing pro!ective capnbility of the 
	f~tditiw aircraft structure genardy has keen expended ad the aircraft ima rxperienc~vl major structural 
	Based on thcw conclusions, problcm areas for future ~tructurd crssliv<arthiness research and development ere prmentitd. Thew pmblcm iirmu are categoriz~d with repar? to current aircmft, advxncvrl aircraft. RI?~full scale rrmk %fib.\Vithin each category proSlcrn are= are pmwakd in order of priority. 11.e probterr:~are shown in figwe 6.1. 
	Pookrash firs halard redir~tionthough the development. of Cue1 add~ttves, irr~provrci fire resistance tc-chnoiogy, ~mproved occupant egrew, ~11dfuel contrunn~cnt hnve high priority. This tluhject has heen trevkd in the.SAFEK commitke recom~end3tx,n~(rtlf. b3) Structure1 crnsh resjxmse is concerned \with tstnl; rupture mechanisms and wth cahm interror cquiprnent. Fusrlngr ~tnrctural intehty also plays an ~rnprtant role in the poslfire hajlrd by preventing entry of fuel. fire aid smoke th~aughbreala rn the fu
	0 -
	Thc role of Inan lauding gcsr in ~nnbtnining ground cle~r~nce hew
	for th? wing and fuselage hp.~ seen in section 4 ii gtx with increzsd xsictance to sep~rution in rough terrain rnny reduce Lhe liheli-id of win;: !ank breaks and tadc lower surfece tern, er.gnr pad bcpwation, nnd could aiso eliminate some friction fifes 
	In addition, fuselage str~xtural integrity prwitles the occupent with n protective uhel! arid with ezergy nbsorhilig load paths. hlethods of increaslng break re~ismcec!'the fu.selage an. ~ecdeci. Simliarly, uptlrnimtion of fuselage energy alsorptim is necded. Imp~*ovementof .itructurai integrity war!tiind to reduce trauina mjury. 
	Occupant injvry reduction iii concerned with froi)rlwaUwcupunt'rei;tfaint systcz~mThe system nonhear dynamic responw .ts~eeifsto be imdcrntod. Current cornrnercizl practics ciefines the problem in terms of static envelopkg velues baed on nccrdent experience For new I~ghtweigfic seats, the elfwe of departurea from prover, designs on occupant 11;ardr; or injury ptentid ohouid ix understaob. Of parttcillrr concern respom tbe xcup~ntainnew seats as
	is ~~I~HIPJC ~l' compared !o conventioaal seats ay both seat nr,d occupant interact with f!~or arce!erat:on pulses. This response uivo!vea the complete seat nysk111 Erwn floor structure and seat sttaciments to impacting surrounding objects. k eimi!ar problem exish for the conventional scat to e lesser extent. Reeeoreh into the effects of the pu!x on kdh the seal and xcupint iu nceded 
	MeilirrrfsOF accirient-envclope analyses sre neetied for cww5ing crnsh pdormance of aircraft and structwd components. Such rnerhd! provide a meh;ls for parawerrit- ~tudie~ 
	and extunpo!,%tion from crash test mid accident dsta bother rcensiio cocditiox.. Proven sin:uL:tion !ec!:n~ques are neceosery .k)r engineering ~UI-~OWB. 
	Crssh performs?.lce rtrseasment of the aircraft cid ~~ucturlplcwnponentu ~iectis improven~ent. Siiice cost of full-de aircr~ft teats prec11:des mmp iests. it is irnportmt !oextract 8s !ndi engineering d~ta 8s po~iblefrom nccidenb. For Born? nccidents, in v;hic,h the ~irci-afthas riot bctw mmpletclg de-*-~yed, edditi~nd ouppozt to the PITS3 by impact dynxrics reseorch ~wsoncei fron N.GA and he FAA may produx Inure ciati. This dam is needed to study accider;t behahr 
	Fire hazards Structural lntegrlly Trauma tnlury Crash envelope aflalySlS Crash pedcrrnanctc assessment 
	Advance6 atrcrafl Malertal performance Comporlent peitorrnance Atrcraft occupant protection ConcePIs 
	Figure 6 l-Slructural Crashworlhtness Problem Areas
	-i 
	with nndytical methodo md for &muletion teeting of structural rwmponente. lu addition, SUG~ data *:~iljbe useid in refinement of the amident sce~ix'ioa. 
	Adv~nced aircraft prohleiils tew concerned with the inthodrlctiotr of ndvunc~4i material, gmphitdepoxiee in pnrtjc\rlar. Problem area exiot in materiai craek performmce, dviincd component perfomenw, and with &craft occupant protection concepte. Piobiems with miitfir:trl performmce includea high energy impact rcaiotaoce end burn chnmcb,riatic&. latitude afforded by the rnzttc3ndaIn ply orientation and intmductiou of modifying maknsh msypeimit desirable impact ch-uractensticsl to bc! nctlevcd. With regd to bu
	Crash performance of ~*actumlcornponenb made from advanced tnateriula must be coinpd to th~tof current etructural compcnenu. Differences in paformance nu st 'be assessed for their effect on accident performance of the complete aircraft. Impact resp~nw ~~eci~a~usma
	of advanmi components must t?underam in order that rrcciticnt pcrformaiicc might h?o~timked. 
	New wcupnnt protection concepia for nditanced aircraft mny be required. Current metal aircraft have inherent prcpertjes nmtributing to cr~shworthrncae provi~ion~ in cdditioa to other dmgn conditions that rnoy not h@ prewnt iu edvnnced ~rkcraft. Consequently, it :ney be necesxily to introduce new appmaci~mto occupant pmkctioc. 
	Since rrccident perfcs-mance of full-sca!e pircraft has such an inlportsnt role in crashworthineta, problems of koting f idl-ele nircrnft muet be addrewd. In cld&?ion to ~chnicdproblerm eltei!C metho&, data acquisition. and reduction, the wverity level.!?ni the tests mwt bc within the enveiope or survivch!e accidents for maximum application of tile rcs1dt3. ?his requires further refinement of the srxident ucenarim and implies soma knowiedge of kiumzn iri!ury tdernoce. Thuc problems ~houldbe re.wlved prior t
	A research and developrnect progmm ia preaenkd. One objective is to cnderstand tt~ecrtish woponse of current deaigns md to develop structural impact technology hat might improve cmnt commercld jet tramport aircraft and serve nn n b~oisfor the awesanlent, of advgntxd aircraft structure. A cecaad objective ie to underotmd the crash perfomll_;~cecf advanced otructural compooects. A &ird oh-iective is to obtuin crneh envirorienhl data from full-s.sle complete ;iircmft '~8t.af~r: vahd~tion of technology and for 
	complete aircraft testa. 
	Research on redwfinn of the poatcraah fire hmd iu rccotnmt.ndcd. SAFER Conmnftee rccommendstiom on fuel ndditives, fire , and fuel containment tc.chno!ofiy nre 
	rediet~.r.re

	supported. 
	With respect to the st-uctwal roie fud contairt?;eut, research i~w the variaus mechonisnrs of tank ruphrt. is recwmmended. Experimental and =alyticnl methodsof simulating t.wk rupture in craoh conditions shoal< be developed Faear& tec;tingof atructud isaprovements snd of devicw or technique3 to reduce the fuel Mow rate from fractur~dtanka. 
	should. include full-w.le airc~xit end component 

	To improve occupant egrem, the effech of ~qmstmtative craah accalerntionc and displacementA on cont,!?.i,..inrnent 17f ahin illtenor equipment acd wnknto &odd be debrm:ncd G~dleye,overhead campmmen?rr, ceiling paneis, lighting. :.nd other intsrior tnppoi~itments should bestudred to rdae B!&age of cgxar, rout&. For water entry. new de~ignemd techniques for storage and deployment of life rnffo iicd fioabtioo equipment that will faa5tst.e egrese and eliminst; blockegeof exita ahodd be developed. 
	Research to improve structural integrity of the fudage ia recomrneacied. Studiee into the mdsm of fme!age breeb, rnaintmmce of prokctive die& optirnimtion of energy absorption, distortiorls at, doors nnd hntches and floors for eha wash wenaria &odd be done. To accomodate xvakrentry, etudiea of dmig~ improvemecta that will eliminnk t&kg m3 rupturing of the fuoclnge lower surface by hydraulic action of the water (mmo inwud c:ruvhing wwld be toierrrble) Chus improving the floatation capability should be done. 
	Main landing gem accident perfermance in rough terrnin &odd be studied. Crash loadn and displac~menb for existing genr ccanceph for reprec;el!tntive h~df:ahodd be deteimined. The 
	interaction of the gear and the attaching tttructure should be undeuebd. Advanced concepta far 
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	# 
	improved crash performame ahould 'be deveioped. 
	Research for trnurna injury redtiction is recommended. Stu&ee to nsrertein the effrcta of fucdage 
	~,t.r~~cturul erprienced at the "mints
	03 the acceleration impuL$i! and flobr ~Li~placement of sat attachment nho~rldbe conducted. Effects of the ehspe, magnitude, and dcratioi~of the mt ecceleration impulse on watloccuptuit/restraint rcyskm reopcase ~hodd'hohtniaed for cumnt sea& and b~rnew lightweight mab. iilsoseat cnpability lo term of both tilatic anddynamic Ir,sdb.~g should beotsblitihd. Effects cf wc~pant parametem ouch as mrm, G~ZE,di~~ibiiticm,ccc~:piffit xccelemCione, reetraint cffectiv~cw and Mat defonnatioc shoulci be obwked. Effort 
	arrangement 

	Crash envelope analyses need to be developed for aseesement of cr;tshurorthine~rj. Exbting computer programs such aeKRASH md DYCASI' may serve rts z starting point. Li~nitsof validity of euch analjrces need to be estabiikihd. lLlethods of ~ccidcnt ~inulaticn and the data ha* to supaportehio ttpproach should be developed. ??le technoiio,gy of lime methods should be extended. 
	KO refke the accident menarim. Efforta to obtain data from selected accidents to better define the initid condition^ and the eequence of events are needed. Engineerire data for accident simulation should be obtained. 
	Rmerch for crssh perfornance ohould be done 
	891Jemntt.nt 


	ADVANCED APlCRhlFT 
	Research is recommended in high encrLy impact for advanced mzlt.,rinls such a8 gnphiblejroxg. Eifxt~of design paraineters on impact resismce should be determined. Ways to inlcrewe in~pact resbtance and burn chnrhcteristicn should be ought 
	VJith respect to advanced compor?enh, a prcjsnm to deterniin~ crash performance should ke conducted. .4nzlytical and ex~erinentd crr,sh amu!ntions shodd he made, Advanccd coi.)poncr,t perfornmnre ~h~t;!dbe*con;porcdto current components ond diiisrenuea identdfid Methods of rnoclifykg the perfo.v.ance &odd ts explored. 
	It is anticipated that impact resktnnce of udvnnccd mnkria!o end ellcrRy r;Ssnrptlon charackrib3iics OF component8 made af them insknaln m8y Le suffrcientiy d~fferent rrom current mctal uircreft that new concepta of occupant pratectlon night bt~esdcd.frf pnrttcilisr concern are 
	It is anticipated that impact resktnnce of udvnnccd mnkria!o end ellcrRy r;Ssnrptlon charackrib3iics OF component8 made af them insknaln m8y Le suffrcientiy d~fferent rrom current mctal uircreft that new concepta of occupant pratectlon night bt~esdcd.frf pnrttcilisr concern are 
	The pfnnned 720 ciaah test ahouid be irwtmeotcri to oijtaim data on ~itrUctilr~1cocnponentti and txatloccupentlreatrciint sysf.erb. Crash f-cepcse ndea and bade on bth the fitructural componen6s and the ~e&iwcupantJreetrointnynkm uhould be obtained. Full-mile testa should be used b refine the wentxio. 

	Depending on the su of tho~ 720 t&, adctit,iomnl full wale crash tegta should Ix conoidered. Future tests would wrve lo evduate other GCC&O'S and to mob completely define the cra& environment and cmln,rmpcntx mwhmisms. They wodd ah be useful for vaBdalcior! of analyticai methods. Ae udvanwd materids are incusrporatcd into future , fuli-wdsteal for occuymt protection concept, vcl!idnt.ion &odd be conksidered. Ad olrjwtive of tfi9 pmwm is !o minimize the need for fuii-mile cr~shksk. 
	oircre.ft

	I 
	RECOMP;.q&F*"t)mPRIPGilNd . 
	The program recorn~nenddfor incjusion in the ~lnnning'for tlk NASAIFAA Crmhworthinew Research prcgrm for Gcneral ?iviation ucd Chnmercinl Jet Tronsprzrt Aircraft is given. VJi~ilethe comp!ete development of the crashworthinesa technolor3y ie e worhy goal only mrijor 8efl;mcntdare 
	suggceted. ' 
	L1 
	Major eek~nentaof tire program are icientifid. A ebag emphasis io placed on the perfomance of advmd ccm~sii6fn. The wgmeute i~cludzEuei coateiinment, fr!dege intqrityiefiergy abtwrptiozl, flwr/i-~o.td&cu~anfrespom, cwnpiete eircmft xrjI>onw. accident investigation, coniwaent performance, and support kchnolcgy. The dsmentt, of them qgmentu hsv2 lieen disc4 in the My of the study and in swtio~5 in pnriicukr. 
	A tmative whedule thmugh 1990for the reccr-mended segments in tbe PIASAIFAA recieclrch and development program perpining tocornmcrcial jet transport airc.mft is &own in figuxc.,6.2.The schedule ir hd 011 tmk priority, cwent state of the kchuoiogy, estimrtek5 of a*:ailzlblefncilitien, and tirnelmk to aircraft rippllutions. 
	Recomn~endsdPJASAIFAA Program 
	Fuel conlanment 
	Floor sedl mupant 
	Cornpon~kt performance 
	, 
	Support technology .Material testing anallltcal 6eve:oprllenl
	-----"---J 
	Figure 6.~-Cori~m~rcial
	Trawport Structural Crast?wort.Wms 
	Accident Defiiition 
	Accident Defiiition 
	(Aa Defined by the National Tranaprtation Safety Boani) 
	"Aircraft accidentn rneane nn ~c'I-~cI? amxiad with the opcmdo~rof rul aircraft whch tdns place between the time any pereon kd the aircraft, with the intention of Gght until uuch time as all such permns have rtiwrnbarkcd, in which nny pemn eui'fers death or wrious injury tu a rrtsult c;f king kor upon the ui-craft cr by direct mntnct with the Rircsaft cjr anything-~tkched theivto, or the drcrlift meiveo fiilbatantial damage. 
	"Operatornmeammy pmn who cnuses or au@orizesathe operation of sc aircraft, such as the owner, lessee, or bailee of en nircrdt. e' 
	Tats1 injuryn means any inju-y. which results in death within 7daye. 
	* 
	.

	"Szriou~injwy" rnkand my injury which (ii requires hospitnlizrrtion for more thm 48 hours, conmenciug whin 7 duyo frrm ehe date the injury wes recoivcxl; (2)restilb inh fracture of any bone (except oimple fractures of fingem. toes. or nose): (3)involves l~cer~ticne 
	which 
	caum severe hemorrhages, cerve, muscle or tendon ciamage: (4) involves injury to any internal oq~n;or (5) involves second or third degree burns, or my bmn nffecting more than 5 prcent of the My surface. 
	Wutl loss" mema damage due to an accident which waR tno exbnmve to rep& or, for economic rmaons, the aircraft wae not repaid end retuned to service. 
	Suhtmtinl damage" 
	(1) 
	(1) 
	(1) 
	Exapt. a5 provider1 in subpmgmyh 12) cf the partmgreph, subst.untid dnmage meRnD amage or structurd fRilure which adverwiy afiecLq the structurd strength, performance, or flight ~h~acteriotics of the aircraft, and \vhich would normally rrquire major repair or repiecement, of tile nfiected component. 

	(2) 
	(2) 
	Ecgiue failure dmnage limited to nn engme; bent fairmga or cowling; denkd &.in; smdl punctured holeu in the &in or fahrir. Damage to landing gear, whecla, tires, fip, euginee acccwnes, brulrm, or wi~gbpa"are r.ot considemi "cluhtcntial damepe" far the p~woileof thin part. 


	A "suh\fivabien accident is one in which the fuAnge remaim rehtiveiy intnct, the crash forces c.o not exceed thc lirnita of human tolcrmce, there me adequate occupant reatrsinttc, a~dthrre axe sufficient exope provirrions. 
	Thc foNowing 1980 umidente would bcl gd canciidmtea for additional fitudy: 
	1. 707 2P27/80 China, Manila, hdl !OM,3 of 135 were fiaMitie5, severe Im.hard 
	tO~chdwm,wing failed. 
	2. 
	2. 
	2. 
	707 5/11/80 Wbelsir, huceh, Cameroon,huil loee, no fstakitics, no fire, veer off. 

	3. 
	3. 
	LPOIL1 8/19/80 S~udi,Riyadh, hull loas, 301 fatalitiee, cabin fire in flight, landed but no evacuation. 

	4. 
	4. 
	727 3/3/80 Pan Am, Sfin Joee, &&iRica, hlzU Icae, no fiitdttiee, LcuchJown nhort, no fm. 

	5. 
	5. 
	737, 10/6/80 Air F?ori&, Port uu Priam, ~uhtantiol dalmge, no fatalities, 


	, veered off huw~y, sepsmted pear, hd leak Lhreugh crack in fitting. 
	6. 767 ]L1119/80 Korean,Seoul.Korea,hul! log, 14 of 226 were fatalities, eve re fim (nonfuel) touchdown short, gem ;repetatd. 
	I 
	7. 727 11/21/80 Air RFLicmneui~.Yap Ialnld, hull I~G,veered off nmwny, no bntalities, evere fie. 
	. -r' 
	8. 707 i2&0/80 Asmtd. Bogota. hhl iosa, no fetaiitiee, touchdown short, severe fire. 
	%ia form ttpj%m+ngon the follcNing p~gaWM U& for&.? data march of It is prcsz~tedlberte m a convenience to the rcdndsr. 
	JECICErJ? PILE NU. 
	JECICErJ? PILE NU. 
	M'm mw, , 
	M'm mw, , 
	v
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	VX'AL SEPARATION PARTIAL SEP. COCKPIT DN4AGE E;(TRE% ~D~IiATE-HX:+O:I ----.----~-PASS. SEAT SEP. MOST SOKE KOtil: -
	---..-
	GALLEY SEPARATION (WHICH) -,-OVERHEAD STORAGE COLLAPSE BODY INTERIOR PANEL COEWiPSE WHAT DEBRIS HINDERED PASS EVAC. 
	--.-
	~!?I'FUSELAGE -TAIL MOUbXFD ENGINE A/C 
	7 
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	JUDGE? ITWS (SEVERITY. INCLUDES BOTH A/C DAMAGE' b FATNsITIES) GWLR SEPARATION/COLLAPSE CONTRIBUTED TO SEVERITY OP %IS ACCIIjEEiT DID 
	HAY HAVE -
	DID NOT 
	--

	EI:GINE/PYMIi SEPARATION CONTRIBUTED ZDsPKE SEVEnITY QF THIS ACCIDNT DID MAY HAVE DID PDT 
	FUEL TAM REPTURE CONTRIBUTFD TO TEE SEVERITY OF THIS ACCIDmT DID 
	HAY HAVE 
	DID NOT YiQO.R5/DOORS/DEBRIS CONTRIBLTED . DID 
	MAY HAVE 
	DYD EiOT 
	--

	BEII.<TS/SSEAS ---
	DIG 
	HAY HAVE DID N05' FUSELACE RwS,/SEPliRATION COW'!'RIBUT'ED TO SFVERITY OF TIiIS ACCIDtTJT 
	---
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	D.W. Twigg 
	The neweat apdate tx,the US.Army's Aircraft Crash Survivd DceSgn Gcidc for Army airrrdt wae reviewed for ideas that might apply in other aystemli mid therefore hew Iurthes nseareh. Philosopl~icaLy, many feature^ %erecr;mpotibie with the phikmphy and practices for camlnexi~l q~&rne. However, the Guide does not make allowances fm widely varying differences in crash chrractt?risl;ics and inherent energy nbsorption featurn fmrn one syekm to another, e.g., from small rigid body eircrsft with minimal subfloor vol
	The purpose of the p-nt study is toreiiew 311d critique the newU 5.Aiay'g Crush Survival Design Guide (ref. Dl)for wsrch idem thst might u:hably benefit comn~erc~ol and thus 
	sircraft a~fety barfurther resesrcbaltenhon t~ rwdve potentid vduc iu corumerciul aircraftapphlicstione. It is ah intended to diaeingiliah thwe elmento wiicb may cmd which msy not rladily tnnsfer from light and emU rigid .body aircraft to 1wgo flexible body tranoportA. 
	The author0 of the new Guide accepted and are ts be conrnei~dedfor raponding to a major challage. They have attempted to refme earlier dtione of the Guide and to indicate more room for trade-offs than earher is~um implied. For example. the tllird edition of the Crash Survilial Qesign Guide more carefnlly conotxaine the guideline rccommendations to the small rigid My oityknes ud by the U.S. 1-y thnn enrlicr editions, i.e., the light rid wing nircrnft and helicopters. Additionnlly, the authors indicate many o
	Since the 1967and 1971 barnions of the Guide, many nreos of progiess in development, in test and cvalustion, md in opmlt~ondexperience have added to the fund of Imowled~e.iiowever. gu:delines or criteria spelled o:~tin the rsrlier Guide were rn fract sometimes ~lnduly restrichve, sonwtJmes &fficult-to->.impcl~t.~le iaieet
	to eclliuvc, and conpervpbve even for'tfie Army objectives. In th~s version of the Guide, them nre more tipparent, more nced for tradeoifs from the "criterion" con&tiono are rwogmmi, and dlstinctiaos bctvreen military acd cornmerrial envhcrnentE1 are more,obvioue. However, and pcrhupe purt~nlly due ia the greater autonomy the Army Cae aa both purcho~r ttnt ueer, the new Guide does not yet really address r.inirnurn requirements that rnui;bI& met; !he orientnbon remains one of setting @a!s as trade-off poll='
	constr;un.ts 

	The new Guide L in five vo!umes. In this nppe~idix, infonna;ion ia abstracted, collated ccd synthemd across the iive volm~ea to integrate he information irito one single abstrnct summery. Ti:ia ~urm;l~ry
	is B synthesk and critique of the U.S. Army'a Aircraft Creeh Survival Design Guide in that it io in the main rcwarch pes?bilities for other ajjstemu. Acrordmrly, it includea u;format.ion tha~may be relevmr for commercial aircrdt research efforts, sud inc!udee q~jestio~~
	constrtiined.to 

	regardmg the Amy Guide psition. Since then! WRB significant overlap aurl xmze consideraMe redundancy htween vol*mc.s, a rnejor element in tke preMnt effort was to abstract and correlate related inforinntion fron all volumes. hfozm~tion heroin inilows the same geveral format. Volume titles and conknta we ae follows: 
	Volume I -Design Criteria and Checklisb 
	Peltinerd cnteria extracted from Volumes II through V. Provides for updating earlier related 
	military sbcdsrh (ref. D-1). 
	Volume 1l -Aiai~c'r~ftCrmh Environment and Human Tolermcc Cra.sh environment, hurnan tolerance to impect, mdit~ry nnthropdmetric data, occupant envhament, test dummies, ardent informtltioa retrieval. 
	Volume HI -Ain:raf Strilrturol Crmh~~o~thmese Crash had esbmation, atncturnl wspfinw, fu~icge arid landi*~ggear requirements, rotor requiremento, aiiclllary cquqment, cargo reatraiat5, o~ucturai :nodcling. 
	VoIume N -Aircraft Seab, Rentminb, Idittern,and Psddiag Operntiond arid crurrh erivimnment, cinzrgy cihi-ptio~z,iiezfidrolga, liter requirements, mstraint qekm dwign, oecupnn4lrestrai~t aystedeeat rncdc?ling,dclcthalimtjon nf'cockpit md cnbin interiors. 
	Volume V --Aircraft Postcrash Survival ,Postcmsh fire, ditching, emergency escape. crmh Iwbr 'mcnne, retrievnl sf ncddent information. 
	Genrrsl types of suhjecta covered include: , 
	1. 
	1. 
	1. 
	Creshworthinem of Aircraft Structwhe ability of the sircrrtft strwtu-r t.a maintain living space for occupminto throughwit tl crash. 

	2. 
	2. 
	?Yedown Strecgth-The ~txengthof the linkage preventing occupa:lt. cargo, or eqvipment from becoming mimiles during a crash sequence. 


	I. 
	3. bwupant Acceleration Enviromenl-The inbmity and di;rnt.ion of accelerertians experieuct4 by occupantn (with tiedown a~iwncdint~ct)during a crash. 
	Occupant Environment Hmrde--Bami~~,projections, and Imm equipment in the 
	, 4 
	inrntsdiate vicinity of the occupant that may cause coatact ir~jjuries. 
	5. Pastcras!~K-i%s threat to wccyrnnt survival powd by fire, drowning, exposure, etc., following the impact sequence. ,' 
	To date three editions of the Guide have hem relend, the Tit in 1SS7,nz updnts in 1971, and n Colid i-cviwn in 1979. 
	BACKGROUND DISCUCSIQ)P14 
	Aib summuired ia the new Aircraft Crush Swvival Design Guide, the U.5. Army Tramportntlon Rcrxarch Comnland (now the A~pkeci?'~chuo!ogly JAmretory, bwarch and Tech~ology J,ubmtona of the Y.S. Army kvitition Research and j%velo,nmen^: Cornmfind (AVRAIXOX; initiated a iongrange program in the early P9i;ik. with the object~ve tostully nliaspats rif aircrnft sufrty and sunhbility. From thio prugrrtm, ~t,wns ir,t~ndedta deb-mme impmvemenfs UI cr,waslx suniwd th~tcodd be made if con~idemtionwere givw In th& mixid
	In order to detcz-aine which cri,ksir and ~;lr~de!.inesmight be nppropria2 for commercial aircraft 
	for present; prpatres, it was nweq to determine the ~tl!~t+e
	c-'E inciividaal yidelinw and criteria. mamn in tnzt critgrin mri gajdelinm ue uot usually di-ecdy trmuferable. For exempie, design criteria levels in the G\:lde ce not hod or! theory; rfitfier L5.e~ue obtnined by estimatmg the cradi lon& which occurwd in post crnehe-s of light. rigd bdyArrriy aircraft LI turn, ii number of relnted nwumptions were icvdved. Iarge, flexible kdy conxiercial sircrzft with a large cwgo hold in the lower fuxlege arr clearly dilferent in design featu.~~
	that wig nfftrt. cm~5Jocds aud probable dynfuoic reqsriws in dizwi contrast tn ::hove expected lor the ~mdar and lighter rigid My Army uircmfi. kcwrilirgiy, the conrtjhonrt ripon which crihria tire baxd AWIBC differ. , .. 
	Proccdure for svaluation of structural daslgna with rcopect to crashuorthlnssm. 
	CRhSMlr;.RZtlINRBS CRI?EhIA FOR THX PRtLlNIkARY VESICX PROCESS 
	Pootcrn ah Crash scanmrion Primry struciura Lmry): rbrorption 
	--
	raquirr~~ntu 

	0 nIL-S*D-l290(AV) 0 Support of largo o lmcxyuacy agrees &aflnra prudoio-ma* itam lnant inpact a Controlled atrcc-Occupant release 
	cvndl tione 0 Support of ays-turf1 collrpaa L~CA seat3 
	tems 
	s Sing:. prim and e Crorhrorthy I Occcyrrnt support " energy-and protectlon rbao~bbng e Vartical iapact .@at. 
	corbin&t lon of
	Figure

	o Ccrgo contain-
	8 LongitudLnal ment and tiadown,s Shadding of large irpact Imam ltms + Einlrisat?on ol 
	o Supprt of land-e Enp1r.w prstcrash fire s Lateral &!pact ing roar locldn e Tra~snlasiona hazards E ROtor haada 
	s i'oatispacl: o Spaco consistent o External atoreo l Pual contalment u .Wllovar with occupant Tail boa a Pitchovnr mtrl.ke envelop * C! 1 and hykeullc sNo.. ploutng (Shed itens wat f luld contalmcr.t 
	Figure

	o Rorselicy exit not impact crcu-structure pled orare) , 
	a I~psctad aurtace * Ignit~~nsouxcr (uoft ground etc.) co~trui 
	0 Reduce naterlsl Cldy'mmbility,woke and tonlcity 
	Figure 0-7 7 Crsshworthinoss Procedures far Structur;il Dcs~gns and Cr~lsriafcr
	-a 
	Preliminary Design Process 
	Theneiv AirmhAnny CdSurvivalkgn Cui.je gives &roe CEiS'hactlycliffu'ent descriptions; of the purpoee. of cmd~worthy deeigngns, but all wth tho siellie cntrrion lovek: ti) to eeUmirrsta unneceaeary injruiee and fatalities in rekbvely nild imp& (C01dVWI': "uix~eceson~y"
	re not defined), (2)to contain ocrupnnt dmlei-ntion levelu within human toieranm in evere crmh environmcnte, or: (3) (by numeroueimplications)toeurvive my crahh "ccrmht ready*. AU th criteria in the Guide refer to the sme deceleration levels. In contra&, Federal Air h&tion Pare 25 PAR 25) slake that design far commercial eircraft iPs "to give each mtlpant etery ~a~nnablecl~nnce of eecnping wrioue injury in B minor crash lnn&ng" when wing reatrainb and otter wfety provibiono, with landing gear up, and with l
	On the surf~ce.the fimt two goah of craan~orttlydesign cilnted in the Guid" (to eliminate unntxeesary in:lr;rics and fatalities in a ruinor craeh and to aasure sdvd in a a twmewhnt, opecuktive outcome) may seem comisknt. in ncturility, ihs two goah are Zrcquently in opporjtion. A dmign feature deeiped to operate fit ?ow cre~hI08rl.n tn prevent injury is often inefficient at high crud1 lo&, md premuoe of the featwe may ia fact degrade the oved perforniance at tbe high Imde. Thb ie an extenniori of tbe comfor
	severe c13eh-sf.dl 

	"Survive.blen conmercinl aircraft cicridentR nre generally near airports where for evctcu~tion and quick m&d sttention src avdahle. Thun, even the in,jurt?dhsve n reanonable chance for avkivel. ?Chis ia in stork contrcst with military crashes, which may wxu: in a combat zone without pm;pxt of external Hid so that the need for nelf sufficiency is more pronounced. Goah to totally wold injury nre vttstly different, ftum goals .to redurn injury potential or otherwise improve safety in even the feasibility of im
	exteriial nssiabr.cc? 

	As ite own reguktor and consumer, the Army en set and adjust gooh end thuu need not distinguish between crashworthinesa gode. guideiinee, md critenn. AB pointed cut In Volclnie iI, the hy may ikdf opt to retain, cdjuut, or waive my of Fame when cornplisncs 18flcrnomt~ated to uzvoivi! an unacceptable compmmieo in system objectives, perfomonc~; or rr~ste.Them distinctionsare. wcordingiy, nat, rigidly akrvcd in the now Guide. Neither the lacis or' distinction in goals, guidehes and criteria nor waivere .we pra
	It should be umphahized that the Aiiy'o deam guidr?was writtm expmosly for tl;e 1"myb lighi nircrait O!e!icopter and siclgle cngine propeller), wh1c.h rnust inclutlc. bj dehitlnn, operationv ir;volving n vsrietjr of 'normal", training, remot.e nust.erc, nnd cnmhat situntinlls. '1"a circrdft. co~ldercJfor the updatkd veroion of the gGde were cons&&nr.!d bu vehicle miwon grogs wight of 12,500pow:is ~r leas. 
	The Guide defines ~pecieLiLtxl &mio related to cra&worthineso at the beginnmg of each volume. Severnl of thew deikieiori are pnraphrased herein for the conveniecee uE tile render. 
	' 

	Abnlpt Lac~elcrntio~-Ileacriben the short dumtiou ghwk accelerntions prirneriiy asswisted with rrach Lnpartrr, ejection seat ehacb, czpsule impacts, etc. One mnd ie generdly accepted es the dividing point between abrupt end prolonged accelerclLiom. Within ?!re extnmeiy short duration range of abrupt accelerations (0.2 sec and below), the effecb on the hrmun body arc limited to mechenical overionding (skclehl nnd soft tissue ekeme), them being inaufficicnt time for functions1 diliturbonces duc to fluid ehift
	-. 
	Human Tolerance -A wlecbd ,array of parametere that deacribe a condition of human body deculernhvc! loading, i.e.. a crsnh pulw for which it is believed there ia a reavonatjle probability of survivtil wihut major injury (thia is aiso twmed "whole-body tderarrce'j. "As twd i13 this vohrn~ (lii), designing for the limits of human 'blerance reiers to providhg deeig ffctnture~that will meintnrn thew conditi& at or hiow lheir tolerable leveb to enzbie the cccupaat to sunlive the ' 
	given crab11 environment.". 

	Human tolerai~ceta the crash enviroliment is a !unction of many variables, includhg unique characteristics of eilch perbcrn as well as the irnplnglng loadn. Iaada are trensrnlttd from the eat, the rcfitralnt ~ybitemnnd the surmulrdulg environment. Toierab~l~tydeprds on load dmctlon, bdy oricntatlcn, and t.ke cnbd naturc of Ibe load relstik-to a My rnernbrr. For exsrnple. condlrronn wherelr: the Sel: ndes up off the ilinc crrsts of the pelvio m;ty coninhub rxc.essivr nbdonlnal loeds, or ~kullfracture may fro
	COMhlEN'R Definition impliee that it is poeaible end pmctiod tr,design tollumnn tolernnce linrits 
	,
	UISRUT~?BU~V~VQ~wi!hout exception; in actuality. other text clearly isdicateo this to tx! connidcred u god which 13r.ot neccwariiy achievable. Etesulting implications nn. rn~slt-dingto the newcomer to thc ireid. 
	and 

	The Tern)"G'-Refers tc!the ratioof acceleration encollrtter+ to that from pwitational attrucrjon cn a ECiveu My nt sea ievel, (i.e., relcrtive to 32.2 ftld). 111 me herein. .'GWincrements arc referencwj in rnuitiplee of earno, cm 5 G is 5 time^ the norrud forces on ti12 'body. 
	Survivable Accicient -An amidcnt iri which the forces to the occupnnfls) are wjthir: tolerance limits nrld tile surrcwnding otiucture remains suSstcmtidly intact to provide a livablt: volume throughout the crnoh wquenw. 
	CO?vlMENT: Definition of m~vivnbility..nlicn betweeten vo!urne9 of the Guide (>re is to n~li~i~iriate unnccewaly inlumv rnnd fatalities in reiatively mi!d iffipac&"(Volume r). Another rs to "mmimize occuprint acce1err:tions to su~~vabie
	1cvt.b in n Ewere crmh environment" (Vo!ume IT) 
	Dynamic Overshoot -'I'Re amplification of decc.lerativa force on cugo or pe~mnne!ahve tho imqact deceleration force re~oltingfrom dynamic rr?sp?nse of the system. Por exmp:e, a i0o~~ eystcirn con drnmaticdly increase pc& loah. 
	Sent bfcrence Point (SRP)-The intersertion of the back targent Line end the buttock.reference he. The war gmme'sy location rre hIrscl!on the SRP. 
	Buttock Heferentx. Point -A point 5.75 in. iorward of tke eeal rcieren!:e pirt on the butbck reference line. This point define* the 8p>io5ma~bottar;l o:' en ischial tut.~ni!j., thm repremitirp the Ioacnt pint on the pelvic structure wd th? ipclni: that wall pupport the rrmt !odd duritig dovir word *~ei-t.icdIqndirtg. 
	Figure
	(Not necessarily ehr floor) 
	Airfrrirrie Structural Creshworthincza -The ability of en eirframs fitructure b~ maintam D yro'cective ehdl aramd wcupanta durkg E crash und tonzi:umize n.nbpltudcp of mxleratjor~~ applied to the mupiable portion of the aircraft duiing crmh impncfa. 
	Structural lnttlgnty -The ability oFra etructum to mekin crash load8 w:thwt collapse, feilurr., ot. cieformollon of sufficient ~l~gnlludeto rau~ or prevtbntthe utrilcturu ism
	injury to ~WRQ~IW~, 
	perfarrri:ng nu ~ntended. 
	I 
	Static Strength -Themaximum static load that can 5u austnincd by 0 etructurc, often expreid nt, a lond factor in teme of 6. 
	Authors of the psomnt dition of the U.S.army'^ Aircraft Cnwh S~r~ivtil Guide rcuwncnizc nnd 
	lhi~n uccept hat trudt?-of:'& inuot accomplished reldive zn earljrr stett!tl r'riter~a. New 1cenerlitron Amy uircrnf t am being procurred with stringentcra~hworthi~:essrquiremcnb, bewd on "95th percenhlc 
	-
	taunhwbie, umideritd' na defi~ed in s.~earlier study (ref. 1) 5).The new Guide empha~i~
	taunhwbie, umideritd' na defi~ed in s.~earlier study (ref. 1) 5).The new Guide empha~i~
	thst 

	-
	# 9 
	component changes recommended by earlier edi!ions, or tilow? that, might k implcrnented in 
	~~tternpteto m!ve more sim~fic problems, may not nwaningiully inrprove rseshworthiilene in sonre fixeiinystctm daignr;. Accordingly, the outhorn point oul thst retrofit improvemenbare lirnited and . .. may reo~rl:In prohibitive weight and coat penalties if tequ'irernenta are Loo severe or too ri~idly rapplied, although mme retrofit, pacltagege~ ore feasibie. I~ldividuolkchnologicd tippreiaals hecome 
	t 
	necewary. 
	I 

	& -
	Army aircreft for which thi~ premnt Army study wtin ii~kx~dd
	t:;ctude rotsry wing nnd fixed wing rtircruft under 12,500pounds, the mdl ri~dMy ntrtraft uhed in the Army mimion. Thew rircraft . ' 
	'1. , ' 
	awe reletively ucyieldi:~~ during cruelr impect unle~~ 
	iipecific ri~wign provkions ure incorpornbd. Anything exceed in^ the equivalent of a frec fall o: 100 ft in Rriy of thew ~ir~r~ft. tobr?
	i~con~idered HK. btleed on desrjp fiwtore that might be applied to such eircruft in older to ieduce tbtc degree which t:urnun ta:erun:e criteria might beapproached, 1 
	non&urvivable, Hedting aircrsft-reiadd critena 
	md thus improvp stirvivability. 

	Hr~rnontolcrnnre in tne <rash environmwt is the bnsic criterion for crushworthinme, snd is re!nkd -to ncccleration magnitude, duration and rate of ilrnn~e Chsh env~ronmcntdata diacuiiwd in the ,. Guirfr:a:d herein rc!ateo ~rif~nnstioil
	on fncbrg that cnn be uwd to enhance this environr.ilent. 9th-
	I 
	facbrs influenring survive! ere: 
	1. Structural coil~pse,froni impact or supporting lurg1~ plms during irflparl 
	&.-2. Structure\ elastic deformntian 
	3. 
	3. 
	3. 
	Structural pnetsution 

	4. 
	4. 
	Structural strength protecting epees operat:on 

	5. 
	5. 
	Structuml strength of landing gear and szat test:r;int spwm


	~~jyort 
	COh4MENP Timciiffereriteuwissbiiity goalii nic i:v.lir.iili:?tl or inferred in the new Gv.ide. Oneie to elirnir?ate ''unnereiwq" injuries and fatcrlitieu in m!ni~veiy "mdd" :mpack. A second is to desipl "for the IimitPof huinnn toierance" ...to n~ilintain conditions at or below their tolerable levels tnaabic the occvpmt to nwvi:*e the given cr3.h environment. A third is implied, to survive onjl cash and JX "con;bat ready." 
	The Army r?pproach to improvi:ig sursivability hnc hen in two skgcs, first by iinprovifig the 
	*cm~!~worthizs~~'
	of existin)! aircraft zn pr~rticztLe. 1h9n by influencing desigp of new aircrzf't ttxrcugh ~wxi!::g~oi~~id?rfftiol:
	of int.prrwcuf cqmhihtieo. &my objectives fcr their "crashworthy" aircraft relate t-3 rrirhizi~lghjiiri~~
	and fatltiiitiw and contmiiing strwturd damage so tliet 'a owivable enrimxmnt is Innre Iiltciy tr~bc m&inhinerf." Amiycriteria were rehid tu ccmbet. gods, in order to pimince a positive mcrale factor mci improw cornbor effectivenew. The anny accordir g1.v gives great cmphnsis anti nppueni-iy cons!rlerrrb!e fuildinn to maximize yokctinn afforded to occup:int.s by eesch subqysteni \vit.!!out redly adtiressing whnt inininurn requiremcnk 
	and fatltiiitiw and contmiiing strwturd damage so tliet 'a owivable enrimxmnt is Innre Iiltciy tr~bc m&inhinerf." Amiycriteria were rehid tu ccmbet. gods, in order to pimince a positive mcrale factor mci improw cornbor effectivenew. The anny accordir g1.v gives great cmphnsis anti nppueni-iy cons!rlerrrb!e fuildinn to maximize yokctinn afforded to occup:int.s by eesch subqysteni \vit.!!out redly adtiressing whnt inininurn requiremcnk 
	might be. In pmrlidjng mwhum protation as the authowofthe updated Anny Guide feeit, o vertical crash impact is a wries of energy tibwrbing stroke^ that occur as drCfelent duc~i!c? coniponenta yield. They urn lendirig gear stroking 1.0 nbaorb R fiignifictint amount of energy; the fuselage contributes to absorption and provides A protective ~heu for occupants; the floor,zent, kid reatrnint systems contain occupants within the shell and provide additional energy abrption to reduce occupant decelemtive loading.

	COMMENT:The authora of the'hew Amy Guide do not fclllow the more common engineering 
	practice of allowinga cumulative eyetern credit bad on nsummation of capabilities for 
	to same rninimm requirement goal for energy abrption. h~tcad,they emphasize maximum 
	prctwtion powible from each subeyetem, taking the pxition thnt it is not po~ible tosimply specify 
	human tolerance and vehicle crash conditionn. For exmple, they take the position that designers 
	must dmconsider probable crash conditions wherein ali mbsystema rnnnot perfom1 their deeired 
	iunctious; e.g., no la~ding gear absorption of impact energy, cince helic9ptero mny not contact the 
	ground via the landing gear. Criterion levela that rn cctudly oriented to mn:cimum possible 
	perf~rmanreare thus ahrecommended in the Guide for each individua! subtiyskm, e.g., in ecergy
	"" 
	absorption rcquiremenb for seat and restraint systema. 
	This amount,; ta extremely cohrwrvative enginwring practice, ajnce cumulative cspabilities are accepted fitsndd practice and since most. design criteria are based on spcifying minimun, not naxjmum, requirements. Opiniom, practicality, and eveq estimatesof feasibility will vary, creating a 
	-
	difficult-to-impossible situation. Secondly, design go& are not ueudly specified or nccepkd as a deaign practice. Additionally, the practice of gencralizjng fiom the wcmt caae for one sgsrem ta other aitcrnfr that iieidom, if~aver,encounter that cw?is hard toju~tify(e.g.,gener~&iiiigverLiod loadingcriterk from up~idi?duwll landingofa helicoptir, or uahg heLicopter batedimpact loads thnt arc3 Cue to rotor thrashhg, toset criteria for fixed v&g aircmft ~lth theix vast!y different impact circumstanceoj. 
	Statistical studies were conducted todetermine impect conditions for row vrbg and light fixed wing 
	aircrnft of mission grass wight EO yrcnter than 113,500 pounda dul-i:igd~epariod 19% tiirough 
	1965,and 1971 through 1976 (Volume III)(ah ref. 6).Caes selected had fit last ow survivor 
	and one or more of the following fnctora: (1)substantial structwnl dmage, (2)psLcraeh fire, (3) 
	personnel injuries. Numerous severe awidenb were excluded from consideration, such ee; midair 
	collieione or free fall drops of 100 Ct or more k~uw,
	Such accidente slmoot invnribblyiresult in r~ndorn, unpredictable crash kinematics and nomuivnb!e impact forces, ~nd are of little value in establishing realistic cre~h survivol envelope5 that would be usefui to the aircraft designer." 
	COfrQmIT: In view of typical im~nct speec's compued to helicoptexe and light nircrnft, nwt large mmmercid tiircrait accidentv may fdl in this Lgh io~dcategory. 
	hg~adcondithne were found tohe similar from rotary wing to light fixed wirtgSTOL aircraft. and, except for lotem1 mnditione, were tresteci ~z be in^ ihe ~c :
	? hpact velocitiaq wbre *known" for what appcam mbea mmewhat crbitrnrily belected ssmpie of 4Oaircruft out oEG00.+ticcidrrih that were xwiewed (with errors in erjtimated impact velocity :'prot~biv"not. exceeding tZWb), but, cor~ld not be a~toblitihedfor other aircraft. c;.ashes. Oue heif the veiiiclea tiwr cotild 1x a,np~ajsfdwere eathated tr,exgerimce a vertical vc?!ocity change oi 24 ftJ= or leas (equivalent to free fall of 8 ft, 11 in.), and 95% were estimated t:, experience vertical velocity cllsr~::eof
	Impact emle;ationa were estimated by the orighd accident iiivatiyotion board ~ndrecalculated by the Burvey team. Additionat mdyeie wm performed for cmes t!ui "appearedtobe near the upper limita of eurvivabity." 'fie 40 aircraft wed were oelecwd from an overnll review that covered 563 
	*I. 
	. 

	rotmy wing and 02 facd win@;aircraft, of which 373 tvere up& toeabbli~h impact cocditions. Impact attitudw were uLso wed froa the rrddru4 collection of crash data fiw 108attack helicogters and 10 cargo helicopters for the period 1971,to 1976. The statistically nluet frequent impact 
	~. 
	involved taw.It waa found that 1-mi!could be benefickl, or alternatively codd ectually increase 
	decelerations (e.g., if the omcture dug into the grounci). 
	'. ' 
	I 

	Since iraufficient lateral data were nvailntrle, latern1 velwity changes were inferred from 
	* 
	circumstances of the helicopter ad Ught &rcraft accidenb tr, be 25 ftloec, uupplemented by recent , etudies s~ggeuting30 ftleec. Bad on the ahve the tlimcdimensirraal reeuliant for velocity ,, changes did nqt appear toyxxd 50ftloec, d,tbough vector summing ie slw~ilcRUyidentified rn innppr~~riate:' 
	.L , 
	1
	1 

	Flmr dewleistions were eestima'd from the following eyw~t!on; however, tlia mny well ovmgtimeb -,' Cave if the peak io fact occurs' early in the p~h
	(txe appendix D-A, fig. 1). 
	1 
	Oved, thepthoro concluded that 85%of the U~~~-vivribl,p*
	llefic~ptersr,d light fixed wing aircraft 
	, 
	I . 'accidents involved avercge vertica! accelzrntioss of lea tsar2 24 G (with"peak" accz1ernt:onlj of 48 
	' 
	I ' G, ~eahingtnnzgular pulse hap). P.verape$$bne;lt1:cgn>ijaidxationa w; 15~ G and avernge 
	,. 
	lateral ~ccelemtionswere 16G (most porticuiuly during auto ~OIStion ini.0tre~s,fcelege rotation, then !anding on the aide). Actunllg, most accidents occurred with small y~twad roll aaglee. 
	I 

	1 
	Accidents u'volving poetcrash firs. were considered where ~owiblu, but bum damagc! in many accidents precluded andyels of impact forcea. StiH others provided insufficient or inadequate data for detailed caef! nnalysie. 
	brlier impact criteria u& hy Army were basexi on an ~rlydzc ision to incrcsw crnah survivability bat appepc-o tchave ken wmewhat arbitrary(Army Ci-aun Suiviva! Deqign Gude. first and second editior) to I; ievel on a otildy in the 19EOto 1965time paid(Haky, ref. D-6) wkicb defined e rivabie crash usmy cmh vnth ct kat one G~~~VOT, y mmft to
	and wtting objecrivesfor h the 95thpercent& loads for such conditiovi. The nuthm of the new Gu~deemphanize that. now tlmt mow ettempta tomwt the cntena hale beon ~ncdqxmtdto wrue entcct mh number oi' Pilmy aircraft, it would !xa mistake to contstue umg a tlostinng bwilne he., the 95th percentile crash) ajnce it could only lend to a never-endmg increaoe m crmbworth~ne~
	~i the expeme of wcraft perfomance Acccrriingly. the 95tl!percent& oritmin 13 dropped in the new Gclde and the detzijp prlb derived in the enrker effort contmues to k rl?corn;oended for Army u.s2 (fi,xre D3.1). 
	COA@Q*i?T:The ration& for decting only 40 rircrsft for the eemple andyois not tobliy c!ear. There is a rwmnotble hkejhood that many oi he ~xw3that were, zcmrci!ngiy, not lrcludt.-i in the stud- could very well have bccn more mdd but were not 8u:vivtd for ssmc other recwn than dece!emtion, BJC~RE fie. Add~tlonailp,rcuch is ba~w!on the very coittremytlve calie of 8 95th howev,?r,dato repofled w-1th.a thr Guide rNg@8t ri frc'tor of 2+ in magnitude hetwcea the 90th and the 35th percentile cccldcnt, wh~chvmes co
	pwceot.de a~cidenl; 

	sumvcbdity gcml u,!e acIog*d, other than as snabitrury god for whch tbu dzgvt of ,Cenah:L~rzxnuul tc !x ddctsrmitxd. 
	Figure
	Figure
	The 93th percentile ol~jectiveWPA appsrently adopted ert such an Brfjitrery objective for the Army, which has the option to ~tetgoa!a and deiemiine feRRibillty in o apecific deeign context, and then elso has the authority to m aive tho= elemznte that am not conbidered fensible und prncticd within the context of Army needs. 
	Continued Comment: Now. after several years experience, the general npywach rind commentary prescilted by prewct authors suggest that the *c,ik?ria" nre really guidelines and gczala from which practical txade-offo must be aade. Additionally. the exclueion of certain types of severe accidents caueeu no problems for the analysis of light &croft crrrshce lor Amy \mrpoaea lind given their frfedorn to waive pdelhes Lght aircraft accident of sufficie~ttwverity to have "roadorn, unpnrttle craeh kinematics" woaid r
	and inhererit energy nbdrpt~on from Sody flexing of a large commercial ajrcmft. crrwhf~rceeto which-the cqup~lts are cxpoeed cw vary corderably emugh the aircraft. It is not. unromnon for there tr,be a few survivors even in a Hevere accident at fiight speedsmd with '.lmprrd:teble cs& kmernatkx."Thusthe rn~thdology for mtabhihing crash load criteria developed in the,Guida: ahudd not he appbd ?d conciercisl circrcaft. 
	The Army inventory ~rlcludeccihthhel~copterand futd-wing nkcruit. The mnwnurr ct~par~tyof any Lstcd olrcr~it a crew oi 2, w,th 20 pawcgem The hellruphv rnvcfitory tmii for ~uch dudes (f:gure D-3 2). 
	purl>cr.ta 

	2. Attack; (A19 
	3. Utility (UH) 
	4. Cargo (CIi) 
	However, the au&om suggest that informationprwnkd in the airframe s~uda721cmshworthiness ' volume (Volume IIX) applies L? a~ybght airsraft. 
	They qualify thra in the me psregraph. in 6statement that tbr in:pnct ecvirom%crri &I. sidar for ail types of existing light fued-anng and mtarymmp nircraft except for ittertl impnet. Lateral impnet lev& for caaoand attack heUcopters are mid to cornpfi to iigbt fued wing aucraft, and other Ile1icopki-aexpywnru a more mvere l~~ernl
	impact environment. 
	The 95th pprreollle design load lhit. based on severe ciasi~shcccziarations in tlus ride set several new critch mrnp.4 ta the enrber vewon; tiley dw tend ta rhift the enpilrrvs INTA imk acce!emt;oor to average arrelerauom. 'Ihev req\wemcnb (for n W\PK cranh)c~nyairdt~FM reqiremene for a minor cmnh rn hvn in fipps D-3.4 md U-3.5. 
	hapact conditione inny include: 
	Helicopter 
	1. 
	1. 
	1. 
	Vertical impct f;om power failure during low power maneuver ni low eliitude 

	2. 
	2. 
	hrerred impact 'and othhri impact attitude@ foliouia~rohr centnet wit!, wirrs, &m. etc. 


	Light fixed-o;itp; 
	Figure
	Impact 
	Jirectlon (aitcmf2 me3) 
	-

	Triangular
	Longitudinal 
	derareraiion
	(d2;c;kpil) 
	-pulse: , 
	nl cnlculat~d 
	froni known or 
	assumed values 
	for and Av: 
	a) 
	a) 
	a) 
	LIoY~!fixsd-wing mrcrafl, s3;lcx and cargo belico>:era. 
	' 


	b) 
	b) 
	Gltier hul~cct;isrs. 


	Compared to the figure 3.4 cjats, comercia1 ar'rcraft size certified according to FAR PART 25.561, Emergency L~nding Conditions, Para (b) which requires that 
	"...the structure be designed to givc each occupant every reasonable chance' of escaping serious injury in a minor crash landing when 
	(1) proper use is made-of seats, belts and sll other safety , 
	design provisions; 

	I* ?> 
	-
	(2) the wheels we retracted fwhere'applicable); 
	and 
	(3) the occupant experiences the following ultimate inertia forces acting separately relative to the 5urrounding structure: 
	1 
	( i) upward 2.09 (ii) (iii) sideward 1.59 
	forwarC9.0g 

	(iv) downward 4.59 or any lesser 'force that will not be exceeded when the airplane absorbs the landing loads resulting fron' impact with sn ultirnate descent velocity of five f,~.s.st design landing weight." 
	-..----..----
	Vertical 1oadirtq to 6.0g for a type I(transport) seat was later imposed to accoimod6te gust loads (Technical Standard Order TSO 37.1363, Afrcraft Scbts and Berths, TSO C39a; and National Aircraft Seanddrd (&AS) 809, Specif ic3tion-Aircraft Seats and Berths, January I, 1959). 39 cargo nets are used, which are also cited in the Guide ,is used by the U.S. Air Force in the USWF 463C pallet system with "statistically rare 1ikel ifwod of causf ng ingury. 
	Figure 0-3.5-FAR Par! 25 Criteria 
	Figure
	3. Cartwheeling 
	So:oudery. irnpnctp mch aa hitting a ridge afbr the initial crash ere "generally les twvere for 
	-.accupanto."Ha?h &om detached &mponenle'(e.g., enlfined, pd.neuation (e.g., by treza), clld fire and water brna more oevero. .. 
	BTRUmURAL DAMAGE 
	In the Guide's di3c.umiona of helicopter and light fixed-wingaaircrefi rraabe~,it is abkd, ...'The ~tructural: damage that prducee occuprult injury b generdy the snwo for kth-.typ3 05 -t-cnaft. Structural damage in severe amidenta cannot LC avoidd. E~owevex,i1np:oven;cnf.r h.adrame structure nndopthnizobon of e!ernwt&tribution wo workto con@ol tlie ~nmk?a
	inwhich &;tructuA damnge occum EO thnt a survivnbla environnlotlt is more lilreiy to be maintained." 
	3. 
	3. 
	3. 
	Ozcupent ltrceleration environment 

	4. 
	4. 
	Occupir.t eilv&nnent lxtwS 


	5, Poatcrosh hamrda 
	Stated(helicopter)impact criLerion cowditirrneerc! to ram a wall .at 15 ftlsxx longitudinatly (r;imiim to low dpt?ed automotive buwpcr teat) with tito nimew tn bath RUW~VC and e!vocura& the cockpit. and with tht: airirarne capable of iorrgit~dir~al(fronton$_c?ntact)of 4U ft@c wit.iiout wducing the cabin compnrtment by mare thm: 115%. -
	Guideline8include reconuren&tiane for aubficiert8t.rengt.h tn prevent Ixndirig or buckling fnilurrr. fwhgsb:,bl;c!deoutvmrd rather thu inwud, pcru>nnel tokpositionedawiiy from likely fuduge frncturelfnilirra poia?ts,euviciently strong etruc$rt? pros6dci wound s\mrlmding epk tonauW pootcmsh operability, and cergo titxiovuna includd thnt resirair,&go nhcllld ~uselngebmdi~~g 
	-
	failure occur. Other conniderstbm are to avoid reducing the width of tha occupied mas by mdn! than 15%. or pmitting either Lmnd eollapre or (~tructudinbrsion or"occ.upiablcportions &tit wculd be homrdnue to humon life 't!inclubingeri~epneni).Wioga and empennage ~laoitldfail ouhide the occupant; pro&tion nrecs. Engine ad (lariiwpkr)trenamitwiarr mounLi should ebay at.toched rand avoid humrclous displacements. Helicopter robr thdes should aot displuce in a manner hutardcue Lo occupants during roUover in milor
	.
	loads, to lee thnn dhwe produs4 hy 20 ftlscc vertical irnpnct velocity. 
	' 

	CQMbYEXT:Thc~:gank offer noparfjchr pmb1t.mue guidelines. Hokfcver, it ie very likely nearly imposs2We to nwure tht mch objective8 cc? be met in advance or hsve been met ahr t!;e fact. 
	~~cses,ascuEQUFMENT ws?ruv"srat+i 
	Emergency equipment Oxygen mttlea Fire extinh$shcrs Fir~taid bits Portable sesrchlighb Crn& ares 
	Survival equipment 
	:Suruivol kits Life jackets Locator bcnr:ons Spryin1 clothing Fwd and water 
	Figure
	CQMW2r.T:The ~dihg for lo~d 8% ifidudrd i!r tigutrt it.fr.6
	Amy w~i;amend~t.iom Iirnit f~tom ~'iticfiappear8 Ca mprermt rtome kind of n two-way hit 03 dynamic mid trtrtrk isdin$. Tho-cww are wed by the U.9. Apzny, but have not hcen justified KJ ra new his POP setting ctitentl. hmpd to U%%!? mdFk!h commt.n.iai 3 C nettkg Wmh?aibrh&--v.w~! :.nvlicr, thw$cribria am quite conwrvative.Additiouslly. the drarn~ticchange in load level cneanffi rn) the "a~iv:vshld cmeh ciiangeo from the 95thperwntdo to the ~Wthpetcende ie prvling. baulta indmte t!m this nay not hehestradist.
	2. ld+$lfy, "stiuctuk shnuld minimize occcpant aweieroti~ncb sur~i~ablelev& in o ~svcrc crarih wviro&mcntwhile inahateiring the quirc*l ~urvivablevolume, retaining iaqe xnimibm% ihtqrior uquipmeut.~ecttsrmdcargo," and coruridcringeffects from roll ovcr, cgbin pcmtxwtion;, etc. 
	By US.Army philosophy, strurtureahodd f&i bdeoignh.l fcr nornal loads, ag.rrtions. perfohance, e:xi,ce, f~tigut?Ilife, ctc., then wc~)ndbto hmdli.normd peylaad condrtiom Tfrar. *the ~ffecteof croxh.!wds~nk( to &termins where ~tructurd to
	b5~0nPid~rw.i mdificationra fire ~CZZ~ 
	..
	improve cra~h~o~~~~cw.~ 
	COSIMEN'I: I'hie reinforfa esrlier conclue~onsof the preecnt critiqw, that the new Cjcide #Ivcn gm&teremphasia t~ pncticd mprovements f.~rmfetysnd su~ivahJitypurpsa after bamc rn1ss:c.n d&p. ii~comple@ii-
	Permi~f~lble controlla!d displacer~enr 
	-Controlled d~splacenent 
	&et restraint Line rrstrs 
	Controlled forward carqa displacement (X), in. 
	Lond-displacement requlremento for energy-abaorblnq cargo restraint mystem (fcrward 1oad~n.jof rotary-ving and fixed-v~ngaircraft). 
	Contrclled lateral cargo displacement, in. 
	Figure 0-3.6 -Load Displacement Rsquiiement for Cargo fieslroints ("lorn Army CSDG) 
	Effects on floor structure 
	, , 
	Q 
	Decrease in occupant voluie Vertical Impact 
	1. hlore liinited energy absorption stroke 
	* Shorter distance, fewer tr.ld-off mod& 
	Energy absorption strolrea can include: 
	Figure

	* Gear 
	Fueelage 
	Figure

	Fhr 
	Cushion 
	Figure

	2. Chtroi of conditions for vertical ccllapx Dissiption of energy according tx, where the mas.; is concentlxted, 
	Structur~lriesign to mitrol both elsstic (recovering) and ph~tic (defoririin;;) etirrgy 
	Figure

	absorption NI~for cabin integrity deslgn to enhance eb~rptionkelow ficor level 7,atcral Impxt and Rollover Protection, from: 
	1. Design ol" butt line barns, loygitudinal flwr b~ra~ue,
	1. Design ol" butt line barns, loygitudinal flwr b~ra~ue,
	ad main Sox fr;mei 

	2. Preventing intrusion by rotcr blade and other extcrnnl members Other: 
	1. 
	1. 
	1. 
	Energy ltbsorpbon by increwntd! robr whipping and Endure, or by wi~ll:Inuding end fnilurr: (wingscu~~Lsorbup to 5 G) 

	2. 
	2. 
	Breakawny wing he! wnks 

	3. 
	3. 
	Engine r~-o=ts heping engizes (heli-opter enci fro~lt ic-catcd f;xed:wing) nttachd to hrfiic structura! member 

	4. 
	4. 
	Ripd emergency exit stxuctui-e tc prevent dtforrning (to w~thstmdat !set a 5 !oad) 

	5. 
	5. 
	Eme~gency c'xit access for nipid egr~~s 

	6. 
	6. 
	Fuel Tanlrs 


	0 Maximum pomible clip .mce tZ:wcupinb!e areas Away from ;*tion sources M, much ne feasible; (engine compartment, battery, other primary ignition sources) 0 Awny from p;wl~.3ie hpact drmage, e.g., !andkg gear penetsation 
	probd.de 

	Figure
	6 Controlid, tail; ! deforrnatiou, e.g., 5y rrgdru. &-ucturd shape to ~nimixdeformntisr, pmueure 
	st~xct.aa

	* Fuel cell suppntu to deform without ts&.g 
	Materid coctributionn to controlled collapse for fdure rnod~sof metallic, normeb.l!ic and ctimposik materials include: 
	I. Controlled ,collapse mwhanism 
	2. 
	2. 
	2. 
	hlateilei l'ei11r;L.rnoh thcd do not produce pr$ectdee 

	3. 
	3. 
	Joint dei4p;ns ~.ndfa~knes,?elections that control failure mechmiums and iw~rhi;sc!the formation of projectilac! 


	Applicatiom of material properties for cr~shwxthinesa include ~bsorption of energy through Btsucturtll deformntiou, degree of pro!ictive aheil bf,tortion/:etenlicn for ihe occupiahle section, use of eurroimciing ~Luctwe2s ti buffer, and occupmt protective devices. Materid ciuciility helps to ensure that cmhing, cwietiag and bidding cm nccw without mpt~~e. 
	Noneparking material on impmt surfrcxn helps to reduce past crash fire hm~l. 
	Examg!x of controllcri failure modeo include: ' 
	1. 
	1. 
	1. 
	Minimize inwzd buclrlhg etmctures, tluch a8 sidewalls, bulkheads, and flooro. 

	2. 
	2. 
	Use defonnhg jointsand attachment fittings tc contxol failure modes. 


	5, hfkirniwrnekrbh that euddenly unload witti brittle fr~ctures,cawing sdclitiond impulse effech rlnd potentidly projgzrnive irri!ures in adjacent suucturrs. 
	4. 
	4. 
	4. 
	Mi\iiil;inizefduwof membm that result in penetration by jagged eods into occupied apace or fuel ceU.q, or by fded sixucture or exbiior agents. 

	5. 
	5. 
	Avoid esceosive distortion of Pmergency sxjt 9UITo1JndB that might conetxvh the poskraoh opening of doore or wiridows. 

	6. 
	6. 
	Frckct Ra~nn~ebk fluid cc\r:tainers from pei;etxotioc Ssme of tho new ronterih charnctwir,tice and trade-offn that are already recognized are: 


	1. Stnlcturd denims nay ~,hjcontzibutR to controlled deformation. 
	Con~psite~ ,
	save weight, but have different 'strength vmms ductility propertiee. Additional energy aboorbing material in strahgk meas may bcc;~:ie necessary. Se!ected energy and load limiting absorbing co~icepta from the Guide are preeented in figures D-3.7 anc: C-3.8. 
	! 
	Alternatively, filler matmiale such ms honeycomb and structurnl foams mny achieve adequate 
	energy absorbing performance. However, mission requirements may hit us. 
	Thermal mism~tch of new materiab may become a problem from unequal expansion arid contraction due to normd kn~peratiue change&hprenenttltive charackristics are provided in , the Guide. 
	Controlled deformation for helicopters can permit full use of the landing gear in a vertical stroke for some impact modes. Use of I~~dlng 
	gear for energy absorption offers, potentially, a large nl~sorption factor for vertical loeris (e.g.. an 13-in. stroke, 18.25G peak, 9.125 G,,,, load limited gear at 1OO'k efficiency ~ould totally absorb n 42 illsec impact velocity). However, little advantage from landing gear failure is suggested for lon~~tudinal impnct -ot 160 mph, landing gear failure is sugge~ted by the Guide to absorb only lCioof the hietic energy. Adhtlonally, avoidlng from gear failure is identified as a significant proS!m; the recom
	CO&fM'EiST: Distinction.5 in operations axl design on the one band and in inherent structural flexibility and ductility on the 02ie1. hand, when compsl-ing large flexible body aircraft to the rigid body small aircraft,will make a pat ded of difference in both the type, quality, and degree to which the above structural features migi;ht"be beneiicid. For example, ianding gear are specifically identified as a potentially iarge ecergy ab9r~rbr.r in the rigid-body aircraft for low speed vertical impacts, but off
	Accordingly, this section of the Gtiide offered a n~unberof guidelines and qualifications that. bear 
	consideratioil in design. Howcver, qiioted criteria levels cannot be applied to commercial sircraft 
	unless resesrch cnn es:ablish levels appropriate to large flexible-body airc~aft. 
	EVALUATION TECI-INIQUES 
	ANALYTICAL METHODS 
	S;mulation may be by ~,nalyticnl models, scale models, compukr models and full-scale tests in order to provide both obser~etion of conip!cx interactions a~qd a rationd basis for the quenciilg of events, loads and modes of fdu.re. Volwne ID of the Guide pments a major section on the basic clenwnts of some of these methods. They vdl not 'he obstructed here. 
	hsoutlined in the Guide, numerous computer simuletion models in particular ere bi.ing developed for uw in simulation evtr!uutionu. Sorr~care being developed for support of preliminary design ~!uiiie~; othem for mxe sophisticntcd uws. The five main classes of models that are used include: 
	1. 
	1. 
	1. 
	Simplified spring mnsa modela 

	2. 
	2. 
	Generalized spring maw models 

	3. 
	3. 
	Hybrid xnodeb 


	Outer tube 
	lot in inner tuba 
	(a) Wire bending -abaorba enaryy by pleskic hcdin~ of wire over rollers 
	Outer tube 
	Thin-walled metal roll tu (roll). region 
	(b) 
	(b) 
	(b) 
	(b) 
	Inversion tube -abmorbe enargy,by invastinq a thin-walled tube 

	Wire helix -1 Outer tube 7 

	(c) 
	(c) 
	Rolling torua -absorba energy by rolling wire helix between concentric tubee 


	Dof'o~ried 
	f housing 
	B

	AA 
	(dl Tanaion pulley -ebsotbm cngcgy by pluatfc ciprcad:ng of the pulicy houaing 
	Figur~0-3.7-Examples of Enorgy Absorbing Dwices (From Army CSDG) 
	Kevlar atrspa maintain 
	structural i~teqrity 
	and react side load. 
	Foam-filled Kevlar 
	tubes provlde 
	vertjcal and lateral eneryy 
	No foam in center Corraqated Kevlar section for control6 seni-tube provides routing" vertical and latera: cnerqy absorption Cuter tubea may be foam filled for cn additional absurpt~on captbil, ty 
	. 

	Vertical impact 
	filamerrt-round smdwich 
	double-tube eubocructure 
	around crunhnhle core prcvjces 
	vertlcal and latersl gnergy absorption 
	Honeycomb or foam provide3 ndditjonal 
	Beams and bulkheads must provide frrogrcssive cullapne .and energy ab~orption and 
	react vertical, lonyitudinal., 
	A

	and latercl impact load. (etructbral floor removed) 
	nost core foam 
	,&.east dens* ,'i.cru otiff L~rangible foam or core ukins corrugated core 
	Energy-ab8srpt:on concepts -beams mid hcllhaadm (vertical Iwpach). (L'rom Raieronca 23) 
	Figure 0-3.8-Sample of Energy Absorbing Corlcopts (Frorn Army CSDG) 
	4. Frame type mdek 
	The firat twoclnsfkto differ in levelof detail. Frame type modeb use beam eleaenb ioatead of spring elements md limped or rigid body mmeo at. beam element inkr~ections. They may be two-dimcmiond or ihr&he~mioii~f. Xybrid mod& .require 8tRtic corfiponent tests to obtain mcfcbar!icai properties of otn~cture.The finite-clement approach uses more forwal ~pproximation appsmchea for moie dizcrete definition of ~tnictu~al 
	repre,smtntion and proprtiea Finite-element rndclo tend. toward increasing complexity ~ndcomputational cost. However, none of the rrodeling pmwJurca is touy free of testing requirernent.9 and anulyticd judganent. The reason ie Lhe extrciely complex prwesu for vehicle atqctue deformation under crmh Jonrijng, which involveil: 
	1. 
	1. 
	1. 
	Tramient, dynamic behavior 

	2. 
	2. 
	Compiicated frtur,omork and ~heUawmblies 

	3. 
	3. 
	hrge deflectiom end rotations 

	4. 
	4. 
	Extensive phstk deformstions 


	COhfPUTEREED METBODS OF ANALYSJS (State-Of-Tlie-Art Summw, Not From Guide) 
	hpsct dylmn~icrcof a real crash involving cornplicntcd stn~cturd design are too complex for rnnriud &.wily&; however, mdelhg me&& oCfer w eventual capability that could provirIe a simulation of all th? d,wmic inwract,ions. For e.wmple, numerous dynamic models of the hmuan body h~vebcen developai for crunb impact analysis predict the sespons~ of the occupant, restraint andlor Mat systems.
	. 
	. 

	One, tvc-, and three-dhlemiond modeb have been developed. hfore broadly deocrikd in this 
	plwent mpan &re: 
	1. 
	1. 
	1. 
	ISyamic Respume Index (URT) (ref. D-5) 

	2. 
	2. 
	L3Xl-LA (&?at Occupont Model: Light Aircraft) (ref. n-7) 

	3. 
	3. 
	YRBMEr'HEUS (now PPIKOMETHEUSLII,two-dimensional modewith rebtraint perfonnence iztegrsted with dymmico and other OULPU~Bsimilar to SQbi-LA)(ref. D-8). 


	Thm occupaneeirn~htion computar yrogaxa are evuluat.ixI in foilowing prmgrcph with regard to their ability to priduce uwful engineering trade-off data segardi~grein~ivesafet) of a rdvtrained ow~pent:a onedimemiod modd (DEB,a two-dimensional model (I'ROPYETil2TIS ill)nnd ti t!irct3-diieni6onal model $334-LA). 
	purpoaes The needed improvements ere technically difficult and fall into the reai!.~ of applied research. Although SOM-LA is not currently edecjuate for evaluation of res:n~;nt system performrtnce, it provides a rough appro-ximation of the peaobtaining the dynanic loads on the seat structure. 
	motion of the occupant for purpo.ws of 

	The possibility of mwging them programs with a large finite-element computer program such as DYCAST is aim considered end a procedure for accompiishing the merging is proposed. 
	Program Calibration 
	Computer modeling of transient structural dynamicu isa relatively new technology, and standards defining what is a good structural dynamics* cornput& program are still evolvhg. (Occupnnt- simulation is a special type of structural dynamics). As a consequence, each new structural dynemics computer program must individually earn acceptance in the engineering mmmunity Ixfore its calculations will be utilized by dexignere. 
	There are two aspects to acceptance. First, the progrhm must produce believable results. That is, predicted dynamics should appear reasonable wd credible to the designer and the deeigner ~hould be confident that the program mwleb the main dynamic effects. To eilhance bdievability, thc program outp~it should contain, in readable form, information which essists the &signer to understand the dynamic events (such as time-histories of system forces). Graphic aids are dm helpful. 
	I 
	The second ingeciient vital to engineering acceptance is demonstra'tion of prcgram accuracy. That is, demonuiration of capability to reasonably predict an actual test. Achievement of prehctive accuracy is usually a very difficu!t ~ndtime consuming process for occupant-sirnulotian codes because of the nonlinear nature of *the problem and the difficulty in obtaining measured values for . dynamic parameters. The calibration of the PROMETHZUS In occupant-simulntion conlputer program will be de-scribed to illust
	Instrwncntation datafrom sevval sled testswere obtained horn the Federal Aviation Agencies Civil Aero Medical Institute (CAM). Phyoic~ldata for the anthropomorphic dummies were obtained (limb weights, mensuremen&, spring constrainb). Propertia were estimated where measured data couid not be found. One of the CAM1 tebb was Lheu simulaied by PROMETHEUS. 
	When the initial ~irnulatior, did not provide satisractnry correifition with teilt date, the problem was attack4 from two du&c!nn. First, it was evidect that the restraint ~ystem mdel in PROSIETHECS -was inadequate, cia a more mplLLi3:ica'Ced mathematical rnodei of the lap Ixlt and stoulder hwww was deve1qm-i ond added to PROME'I'HEUS. For example, the lap belt ww refined to permit the slipping ammted withstibmririing, the si~oulder h1iln~5swas refined arid che3thhoulder flesbiiily was added to appropriatel
	The second approach, which WRB attempted concmntly with the fkt, wrw to parametically vary llie rn~cbanicc.1 properties of the uimulcted occurxint (surh RS neck stifines 'and damping) in PROP\/iEl'M3H skuhticnsmdnote the resulting hvndn The pursiinutnc vhtiatiox helped provide rl. feelfor the xrupent dynvuico arid =wed as henuitivity etuclieb: &I identify the rmpol-ttlcl dyndmic parampten. Sucw dynrlroic effecta were observed which were not influenced bv the par~metric vuliY1;Ime; additiooal matificahom wer
	The resulting modeling changes to PROhliXTI-IEUS were quite extensive; so much rw that the correlated model was renamed PROMETIiEUS ICZI. Figure D-3.9 summarizes the parametric variations and modeling changes required to achieve calibration. 
	After calibration, an indepeudant tat awe wee siraukkd with PEGMETHEUS, producing good apement nri,thoctual test reoulte involving e real Part 572 dummy in sled testing. Figure D-3.10 indicates the correlation finnlly achieved. 
	Review of Occupant Sinzu!ntfon Computer Pragrmna 
	Threeoccupant.simuIation modeb are reviewed in following paragraphs. These consist of a oIze-dimensional model (the spring-maw model asoociated with the Dynemic Response hdcx (DRI), and tl cornparhn of a twodimemional model (PROMETHEUSIII) and, u thrrr4ifneneiond model (SQM-LA). 
	The rno4eh are examin& from two viewpoints -first, 88 SI tml for engineering dasigr. of n seatlre~traint eyoterr,, and mcond as a pomible candidate for intcpetion into a large structural dynnnlics simulation conijxtrzr program in order to model the cornp!ete system (aircraft, seat and wccpant) in a oingle ~irnulation. 
	One-Dimensional Mode1 (DRQ -A cne degree of freedom dynamic-resparse zodel of n human occupant him twnGwszd (ref. D-5). The model consists of a kmple linear spring and damper, and a point maw. The spring ip sized by the compressive stiffness of the lumbarvertebrae and the damper is sized by humm vibration bsta. 
	The DRI is an injury rrcnle naoociabd with this model. The DRI for 2 deceleration pdse is the rntio of the peak compressive spring force which occura when the model is excited by the pdee to the weight of the point maw. To amiate tolerance leveb with the DRI, the DRI wss calculated for existiug ejection scat deeip~. The computed DXI values were plotted agrrinst the perrenbge of ejections in which spinal bjwy occurred; the curve thus obtained represents an approximation of injuly probability pi n function of
	Both the airuple occ:upeut model on which the DRI is baed and the ERI ibrlf are very 'hikd in nppliclition:hi:,~plemodel could only be used for rims in wbrch the lozhg is purely vcrticnl, that i~ +GZEUC~a8 in ejectlon eenta. It i~obvioilsly not npplicahlc to model a restrained occupant under forward loads; in th~
	erre the man effect is the combined stiffness af the restraht syetem and the occupant's phi~/chest. Even for +G, accelerat~on the ndel is difficult to use since pobntiaiiy significant effecta, ouch as the effect of wst pan stiffness, are neglected. 
	The UKI is bawd on a model which does not adhere closely k)the actual dynamics of an ejection. The sent pan tjtiffnesa itl not coneidered, nor isthe distribution of hdy mass dong the spine or the weight of the occupant. Thn, the DRI cen be cxp&ed to produce usefiil dah only in craahcs which ere pretty much like a eeat cjwtion --th~tis pwly +G, accelclntion, seat par! stiffness similar to the etiffuese of a fip;liter pilot's wat imd the occupant strapped tightly in. 
	The hy Crash Survivsl Do&@! Guide eeyo of the DKJ: 
	"Although the Dyzamic Ikoponw hdrx (DRI) ...is the only model correlated extensively for ejection scat spinal inj~uy prediction, it ha wriom shortcomir:gs for uoe in accident analysis. It wumerc the occupant to be well restrained and erect, m that the loading is primarily compress;ve, with hignificnnt txndiny. Although swii co~ld~tionsrnay 1% assumed for ejection sea& they arc? leaa probable for helicol.~kr crashes, in which an occupant may be 
	ADDED FEATURES 
	Figure 0-3.9 -P!3OMETHELIS I Computer Simulators Czpbilities and Cdlibralion 
	Refirisrnects 
	Figure
	leaning toeither side for beiter vielbility at the time of impact. Arther, the i>RI wm correhted 
	for ejection pu'ke of much longer duraticn than typical craoh pubs." 
	'A more detd~i mdd of tha~pbiilcolm~1would yield more rditic reed&,but injwy crikm for the roore cmnplex ,responsrs have yet t~ be devcloped. Corwcquen*,1y, the DR! io not recommended nu the criterion for use in deeigaing cranhwodhy sats." 
	Review of Two--menff;onal audThree.Dirnem.iod G(x~u,wat Sirnuintion Cornp~ter P~wpn~rn--'RE 
	,
	following diricusaion reviews and ctrmparee the e'siudhnennional program IqCMETHEUS JIl 
	(ref. D-8) nnd'the ?.hree-tiimenaional n;coa$-occtlpmt model -2light aiacrrift (SOM-LA) :ref. D-7). 
	PROMETHEUS 111was developed at Hoch:g in a ~erienof applicntion~ for varied pwposee, starting from the Djlnarr1ic Science progmm, SJMJLA.The fmu of thc! moat i*c;cent; FROhIETHElJS El,has been on accurate modehg of the occupmit and rwtrmat system. PKOfAETHEUSIII has sincebeen uwd extensively to develop data for ti&ting in engumring deaign decisions. 
	Soh-LAdevelopment wa~ sponsored by the Fedeta: Avlntion Agency through a aeries of contrectn with varioua cornpunice and uliveraities. The emptais in S-OM-LAdevelopment @hen on the detailed seat mrdcl. A new version of SOM-L.4, kmed ivZSOM-LA wde corcplett?d under nwrber DTFA03-80-6-00098,The occupmt rncdel hrte been upgrsded in MSOM-LA. 
	Development of !?ask of E.cvduntion -Ekwizg is ow of vcw few place that an occupilnl simulation computer progmm 61'RO~I~IIEUSJiT) he!? hen developed and demonotrated eufficiently to be wed as a tzridcoff tool in the enginwring design process. This zx~riancein drawn upon to, establish critcria for conhued evahation of occupant-oiulultltiou mmpukr yrogmma. 
	The design qumiiocs for which PROMETIBUS cimulntionn were emplcyed to provide? engineering datn w1-c quite varied; the common denominaror ~oethat dl quhtions related '-relative wcupmr mfety. Of rouree, nnd due in part tathe ~ ~ t of existing human tolerance ~ o n ~ data, it is rarely po~~-iLle 
	topredict with certainty whether irjwy would have occurred in n given craah on the hasie of e computm nimulation; eimhr qurjz?.ions may oh be unonnwerd in dummy teste. Howeircr. in most caws, computer aimuietioc is the ody practical wethod for obeailiug trade-off datq for bpecific quy'Liom, md"ona hcly liesis. 
	To be usable for thk FAX% ofdwign qucotion, rtn oxupant-niwidation computer propam requires two major attributm. 
	Fit it mu& he able to model a veny generd structute (notjut a seat), andbe able to model contact betwcen the occupant tid my pxt of the atmcture. (For example, impact of an occupnt with the sent ahead). 
	The wcond feature ia that the program mwt provide data which may be useci for estfmatioi1 of comparative injury poten'Li~1. Thie means tht: 
	1. The propam muet hsvc b~n to tcst dtrta (preferably fr'rcmLive huaan
	calibrated by p~dic,~i-![.: twb or from duxirlim d.ernonatrating at least pmtinl conelr.tion with human dats). 
	'2. Tie-hioturiee of force!, ~~g on in&.vidud bcdy zqmenG of the occupant model shodd be prbted ruid/ar ckwtcd. 
	3. 
	3. 
	3. 
	Time-historieo of forye.5 acthg i:l joints of the cupan ant (e.g., the elbow) ehould ah0 be printed and/or charted. 

	4. 
	4. 
	Time uslyingintenal lmds acting on flexible'dy eeginento (such as the lumbar opine! should be printed andlor charted. 


	Of course, the staDdard software features rehting to cw of program i~xare RIBO
	desirable -that ie, ease of input, automatic &+a checking, 1egibilit.y of output, and avdability of graphic nids. 
	. Com_pamtive Evduation of P!,J~ME'FHEITS 71 and BIM-LA-Figures D-3.11,D-3.12,and D-3.13 coneeit~te checklists of feat m needed for enginwring desiga usage of occupnnt-simulation computei program. Cjheckliet item were obtaiced pragicatidy from experience in using PRU1LEr,TTH%USIIIto develop decsign tradeoff data.The ari~oun",or^~xof PZ'iO~~lLETHEUS
	IIIjustified inco&ration of mwt chocklist iteminto PRQME'I'BUS LTi; co-wquently the Lists serve maidy to . irdiccitede~irableimprovements in SOM-LA.An improved versioa of SON-LAis umed hSQM-a. 
	* "fhc main im~rovernent in the new m~deli8 an improved =at model which is capable of madeling energy abtinr&on. The occqmnt model hm also teen improved by the incolTtorhtion of n flexible segment representing the lumbar spine. 
	The major deficiency in PROhfETHEUS bthat it has only Csen powfile to perform limited, 
	exp!oratmy calibration againstlive human teotdata-md for sinh rwmns limitedexploration of sent model dynamics. Added calibretiou of this type is Ceeirable. A benefit is thkt :uwhanisms within the two-dimeneional PROMETHEUS Ill model are casier tb comprehend than those within a three-dimensional model, giving an added p!w for initial use of a two-dime~rsioi~almdk! incalibration 
	. 
	' 

	, effoste. Othcr than development which may be required to echieve such miibxatiou,f~rtilermodel 
	evolution muat con side^ limitatione intrineic to the twodhemionsl nature cif the lndel and distingwh the ronditiou~ for using o 2-Dor a 3-D model. Of cipme, cmnt uncertainties in Cnc level of human tolerance to transient load8 we s cons'tlmt tht must 'be oherved for either 2-3or 3-D modele. 
	SOM-LAcould benefit from both human chis calibration and model improveinent (from the suw2pint of useiuhew hr engineering decignl. There are two rcajor modehcg deficwnciee --:he reatraint syotem model and the difficulty of mcl'4ing nonstandard wts mid skuctwe. Both repPeRenL dfficult mcdeling problems li a t!!e&e~siond , and the methds developed ta simulate these features in the twcdimeneional PROSWHEETSID c~mputerprofpa do nst readily generalize to thne benaione. 
	envirormc.nt

	SOX-Ltlhas a very primitkc rpstrsint system model. The restraining beits are pintied to the bdg, so realistic modeling of a restrained omupant is impomible. SO3i-LAa180 has limited fleubility in the type of restmint syatcm which may k modeled. Nonstanitnrc! coniigurauom such as restxiat Bystem with crotch or thigh atiipo codd not be simulated. H addition, hamess irictian ie in~plemenkd inccrrdy (friction ie cnldei:.~and incorrectly simulakd by rd~iclngthe tmeioo in the strap wgment ~wusingfrom the lap 'belt
	Acco*gly, &irr uixnnple restrtiint ctyetein model ia inadcqilste for engineering d~signwe for jt intrrxluces uncemii,:y into he wcurscy of prdcted bcdy loah nnd acceierotionq. smce tbe dymmic prformsnce of the reetwht eystem iL1 one of the pririsxy oowces and c~ndv-its of t-cinsmiaion of cmh locde to the occupant 
	eva!.~nti.lg restrakt Ryobm performance. 

	The second major SON-LZ: deficiency iy rhe limited mat srxuctws). co~figurations which may be ainuleted. It bposaible th~t more gewrejity is availesle in In dchtion, it is desrreble that hlSOM-W IE mpabie of simulati~ig corrt~ctktwwn the occupant end u arbitrary t,truchare (e g., the back of the &ent ahead) This finik eienent "ronbct problem' if; diffi'iauit aud is Ihe subject of current rewurch (e g.. reference 233). 
	hR.!SQ?L.LA.

	Figure
	Figure
	FEATURE PROMETHEUS I1I SOM-LA MSOM-LA
	-

	--w 
	-------------------.----------------------L-------------------------------------
	I OccupantSpinal Articulation 5 links 4 links 5 links .-
	Flexible Lurnbdr Link X -X Flexible Cervical Link X X X Automatic Initial Position X X X 
	Generati an 
	Compressible Chest, pelvis, X --
	I1 Restraint System
	Realistic friccion X --Free t.o slide on victim X --Webbing Stretch . X X X 
	111 Seat Finite Elenent Model X X 
	X 
	Bar Elements X X 
	X 
	Beam Elements X X X Plate Elements -X No. of elements in typical 6* 60 
	X 
	60 

	seat model 
	Cus;,li)r, X Y X Eneryy Absorption . X X** X** Aircraft Interior Modeled X -
	* Growth Avai lable ** 
	According to tho SOM-LA devel~per, Dr. David Laananen, this feature 
	d02s not ~ork in SOH-LA but does in MSOM-LA. 
	*** Preliminary cal ibrdtion accorrlpli shed. 
	In addition to thew research improvements, eweral straightforward and rather easy software improvements. would enhmce usability of the code: 
	1. Cnlculate and display tble-l~iatoriee of londo acting on the occupant (e.g., spinal loads, segment forces, joint torques). 
	I) 
	2. 
	2. 
	2. 
	Improve the algorithm for cwnpntation of joint torque. 

	3. 
	3. 
	-4dd printer plot "~napshots' of seat and occupnat for nppntking cccupant lccution at selected timee (two views) for reaham and posaible conipariwn with slow motion moviea. 


	Incorporation of 50M-LA into Hqe Crash Dyanmics Code 
	It may become necewry to acquire cr predict dynamic inter~ctiona of wcupsnt and floor. Simple predictions may be possl'hle with SGM-LA. AcQon has heen startad within the government with the goal to marry the 3-DSOM-LAwith a large finiteelement computer program (e.g., the 3-0U'YCIST) in order to mwel an arcffift crash in a single skulation that morc properly coupbathe dynxnics of the occupants and the aircraft 8tructul.e. 
	To accomplish thismarriage, it iu suggested that the cmupantl rmtraint model bo extrscted from the SOhf-Wi wcupallt/restrai~1~~8t .
	model and packhged as a "ouper-element." Tht?occupant super- element would then be insend into the large finiteelement programs as a module, although, cs notd previously, improvements jn the SOM-L4 restraint 8ystem model me needed to model occupant dynemics accurately. The existing SOM-IA occnpant/rcstraint syetem model would probably he sdequate far the purpowe of calculating ihe gross dynamics of the seat. 
	The finiteelement code wotdd be utilb~dto model the seat -that is, the SQhI-LA seat model would not be uaed. (This presues the development of a general contact model to uirndate forces acting between the sent and occupant). The contact n:odel would Le uwd to simulate seat cushions. This concept has threz advantages: 
	1. 
	1. 
	1. 
	Simulation of multiple occi~pants becomes pousible (e.g., a triple seat). '-

	2. 
	2. 
	Synchcnlzation of the numericai integration xhernes (i.e.. the procedures ,'or solving the equations of motion M function of time) in SOM-LA and the finiteelement program ie not required.The integation scheme of the fhite-elemect progrum ie utilized for both occupant@) and structure. 

	3. 
	3. 
	The cnpabdity of the fhiteelement cctnputer can be emp!oyed to model vely general seat deaigns. -


	It would hpodble to ue the large finibte-element program to model the occupent. The ildvnntage of 
	the ~uperelernent ie that occupa~t niodehg requlres emne features that ere not generdiy needed in 
	general finiteelement modelm!, of structureo, ~ch 
	ns lim:te on angular mot~on of llmbs nt joints. Moreover, occupant rrdeling is rather spwiali~ed,ar,d the correct mechanical parameters dwribing the occupant are not sdeiy laom (in tame cases supportwe data are not 1;nown at cll and parametere munt be ir~ferredby pamnetrzc seneitivlty teatlng). Thus, it vvouid be difficult for a nompecialist to connhrrt fin accurate model. 
	Additional effort would be ivquhi to make the mcupnnt surer-element work; provision for tracsmittiug input data ti, the silpcr-element and obtaining printoutR of detailed occupant time- historiesis required.In addition, the gmphicsoutput from the finite-clement program (if graphics post proccorjing is avdable; must be adjust4 to in sddition to the structure. 
	draw the w:cup.mt&) 

	.L 
	The sme pmced~;recould he ueed tolift the twodimensional occupant model from PROMETHEUS ILi if o two-dimensional crmh shu1a;ion were employed. However, there is little benefit to expect from, for example, uthg ouch a model in an overturning or cartwheeling light aircraft where violent interactions of dlthee dimensione of motion would be occurring. 
	This third approach to evaluation iscorntrained by the dynamic operation of all aytjetlrn eleme~tain impact loading. We us& in other areas of bAi.ng(aerodynamic, bridge design, buildings, etc.) craehworthincer; testing wing =le mdels is more dic3cult, aid cre&t~iXy heconlea nlore suc2ect when plastic defomhtion and rupture may occur in the red environment. Swh poxanie'cers are very difficult to reprexnt ir: a cab model. Appiopriakly approximating the mcbris! properties in scale models is very d~fficult. 
	TESTING 
	There will remain vast differenceo in opinion regardmg the degree and type of te~ting ncded to de~nonstratl:suitability of a given chis. Authors of ihe new Guide take the position that testing, including "instrumented full-wale crash testa should be conducted to verify analysis performed and tosubatantiate the capability of the aircraft system to prevent wcupnnt fatalities and minimize the fre~uency and verity of cccupant injuries dunng crashes of ... criterion level severity." Instnimentr??. drop kats for 
	Design cchecklicta en provided to ;?ore easily record and check performance to the above conditicme. Fuel cell mnsiderationr, are added. he1 ceii items are tokeep fuel away from impact arm and from wcupidhle mas, with containment emphasized (e.g., avoid pr~jeclior~sthal might puncture; usc? frangible and celf-eediug couplings where separation might xctir). 
	CGI\/llXk:J??T:Iu-my full-wale testing of small, relatively inexpersive veliicleo uses &op towen or Burioge, and testing ia obviously drenlatically different hachievebility and wat for their he!iu>ptor ad light FLY&-wingaircreft The conkasling fiituation is the very large and tlxpeti~ivc vehicles thet can not be mdily pooitioned on a dmp :wmr or a pendulxxx owing, suck*au the !:tree inr raft in Air Force inventory and lorgc commercial aircr~ft where full-scale impact testing io not done. Cer hiniy, there ar
	IMPACT TOLEIRAMCE:CONSLEZERATICB?;3 , 
	CRASH ENVIRONMENT 
	The Amy aircraft impact loading scecario varie~. Severe in~pscQ more tytygicslly iccludc a sequence 
	of evcntti,~includhg: (1)Iud.ing gw 5t.i-oke find ;~llcal. h.i.lure, (2) fu~dnge,with both gound n!ld 
	fuselage deformation, and (3) energy absorbing atucke of the heat. For Axmy aircraft, high 
	longitudinal and lateral loada may beapplied to the seat after gem md fuselage defamation -eome 
	military aircraft use a 'well" or depre~ion in the floor to provide stroke diatanre, nnd stroke control 
	then becomes importent. Additionally, dowing ony more longitudinal or lakral deform~tion "than 
	neecaaarycould increw the risk of head or chest impact on surrounding structure." Stroke biting 
	and load limiting trade-offs may become neceesary. 
	Crash load trade-offs far the Army$ light avcrnft ae described in the Guide, are based on n series of woret caee situations for each of eeveral cfimponents with little or no accumulatiw "credit" for 
	beneficial features for each that contribute to an overall improv~me~~t. 
	Thuo, design cl;ltcria ere specified for-components', as well as for the entix system. One e.rample given es u jiistifimtion is gearsejroktf and failure that may occur in 8 wa3, contributing to lateral !ondirrg, such cs from a single gear failure, or from hitting the pnJnci with a high roil urigle. in helicoptertl, continued xollovzr appeam common, even without added izpuh from the main rutor'hlndts afecr gear fw!src. Accordingly, the Guide authors heve mncluded that md+iple cLir~ctic!lai, complex, a1.d \lo
	!..-
	I. IMPACT INJURES 
	brr. 
	LnArmy aymelm, had injuries were rhc ieading caw of major and fah1 injuries, accounting for 32% 
	of all fatal itju:-ia+. Leg and chwt ii~jwieatended to be next., varying in rauk hm one Kirplme tQ Ihe 
	next. 
	Breakdown of injuries according to aircraft typc demonstrated that serinu~ vertebral injuries were lower for Light fixed-wir~aircrnft ncd cargo i~e!iccptsrc thaii tl~e ot'nerrl. The rationale 1)reomta-lio that the stall/fipin chrwecteristic of the fixed-wing~ircraft~ndthe larger crush distance bsneath the flmr of the mgo helicupkr reduced veiAtml lotdo. 
	Dimurnions of human tolermce point out that in spite of the multiti:de of'e:ipenmenb, few criteria uaeful in system design have been devclopisl and validated. 
	Tolerance datt prwnted are relativeiy staiidard in the literature, most peracukarly from a curnrnoxy ,-reported by E,band (figure D-4 1,ircrn the T1.SRnny'~Aircraft Crash 8ur7;vnl Iksign Guide, also 
	,-

	I. used in ref. 0-3). 'i?lese authoril relerence conditions where III:'U:IC? haw cccurred in .mme particulw carm as a !mis for nsro~ct~ce.Repcrted are bases for Head Liiury Criteria (IITC)
	I 

	3 
	(recommended), and 1)RI for kpina! injury criteria (not rccorninended, me "'~vdunuori ~~chnir~ucs"! 
	Figure
	I 
	I 
	I 
	: 
	page to come). In the Guide, leg injury criteria are estsblishcd at 2000 lb for time less than 20 mnec. "Although ~omereearch has been conducted on the tolerance of other body pa&, such as the 
	I 
	neck, thorax and abdomen, well defmed valid crikria have not been established." Variations in leg injury data prcsnted in. the Guide illustrate the point. Additionally, numeroue related literature ; reviews have 'men conducted. &.,sulta from an Aerospace Industry I'lasocintion Study by the 1 Transport Airworthy Requkementcl Committee (AIA-TARC Study, ref. D-3)are repented in Figure / D-4.2 for infomatioil pllrpooes. 
	Actually, data regarding human tolerance to impact still leuvee nany arcce for uncertainty and dimgreemcnts. One obvious difficulty is &at stressing the live human body to tolerance limits is im-ible. Teota with val~~nteers 
	ere nece~sariiy at su'writical levels. Accordingly. animal research has provided much of the data that ie umi. Additionally, human cadavers have been used as test specirncra. However, age, aex and state of health for live people (and for cadavers) can influence tolerance. Additionnlly, mathematical modele and aathropometric dummieo are being used to develop betkr understanding of the kinematice and forcea involved and to develop an improved mechaniem for injury prediction. 
	Overallprobabilityoisunivalctepemh to a huge ex+ ton menner of reatreint, particularly to control the upper and lower ttriw and pro~r?ct the heed &ILL chebt. Strongest restraint load points for scch control ;re the pelvic girdle, the shodder fitructure, ar.d the rib cage. P?straint effecti-~eness is related to cantgct area and force distribution, the body location for epplicttion, and the degree to which reeidual ~novcmcat is controlled. However, p~okcting the arms and legs from contacting the interior duri
	The author8 of the new Guide indicate that their main areas of concern for configuratjons featuring only a lap belt are the potential for head injuryand the potential for submarining. They urge uee of a shoulder hc?rnean in addition to the belt as a favored dution, although it is recognized that connecting the hmem to he belt buckle will pull it up and increme potential for scbmarining -which could load up the abdominal wall aswell as fl&g the spinal column. To counter t!zis potential, a lap-iwlt tiedown in
	COMMENT: In a survey conducted for the TARC 216-10study, leading exprte in the field were 
	si>eeiiica)ly quealion~l ab~tthis, with 2one reportingto have observed oubrnal1kg when c;nly 'he 
	lap belt (without ohoulder harneoe) was u~d.Tradsoff~ of belt-harness cf~aracterivtice will Irt . 
	presented in a lnter paragraph. 
	The Guide n*lthoi.a erophauizx a fact that ia mldom discwred. Whole-body chest-to-back hlerame has he^ demon~trntedto be ae much as 45 G ior puke durations le~othsn 0.014 M:. Thiu decreases to 25 G Tor 0 2 scc. &me debilitation and injury may occw at these levels. In other wordo, eunivebility IB not R nice simple constant tk~tis readily engineered, ~ndlnun is not 
	% 
	neewily a 46 G ~ynkm. 
	To1erar.c~ estinmks [or aftward loa&ng (eyeballs in) are not nccurcltdy estriblished. Furceo of 03 G for 0.04 Rec han 1m:1rqmienctd in 2 hckw~1Y1 facing n%t, foUovmI by debilitntion, shock ulzd on-the-wene medical treatment. Acccrdingly, the authoro estirnnte tolerance to be between thus 83C; slld the 46 GI 0.1 set condition accepted for the forwsrd facing raw. 
	Figure
	Verticsl (eyetwb down) ionding threatem lim~kcompre~8iou fracture, agah with n.variable range for injury potentid; patentid for visceral injury irr also greabr, since vertical Imd~ place a greater strain on the suapemion syokm. EgrebaZla up loa& are on the order of 16 G for 0.1 EC. 
	Lateral accslern&me are lem well explcred. Volurlteers, with only Inp bdts, withstood 9 6-for 
	0.1sec. With belt rud ohoulder hamem they withstood 11.5 G for 0.1 eec. Other, lees well protckd hbdimpact cmx~have apparently suffered 8erio.w injury. 
	From the information praeatsd by Guide authora, rate of omt for the form also hau an influence, although one that io not well undemhod. Rates as high as 28,000 Glsee have l~ecsmived under very special circmobnces which provided an exceptional diotxlbcti~nof body loade. In general, lower rat- of onwt arc preferable. 
	Accordingto Volume 11of the G uids se-~eraltrcaleo hove been proposed fo~ tolerence of vsious body memkm: 
	1. Head-Windshield hpcct: : Chdd Index J-Tolerance Effective Displacement Index 'Wayne Stak Tolerance Curve 
	r 
	2. 
	2. 
	2. 
	Neck Impact: Nc index. Two titiidies of tolerance ta rotation 

	3. 
	3. 
	Cheat impact Abbreviated Injury Scale 

	4. 
	4. 
	Abdo~ninalIinpact Little Data. Marked disageemt;nts Setwecii invcstigntors. 

	5. 
	5. 
	Spinal hjury Potential Modela chtimating loads available DRI (spind deformsticn, force) (simple ~ode! of conlplex 


	system) Wayne Sktr! University twodimermsional mock1 Air Force Head S~inoMrdel 
	6. Leg Injury Femur kjwy Criteria Peak load of 1700 po&& 
	COMh4EN'i': liemh from uokg ciuch ordes provide fi,&deliae iufnrmetim that can be uried for "order-of-merit" p\upmee. Some r;~publielw.. seports suggest that f~irt.'t:ei research md developmwt might bt!FVE-TTRI~~-~;
	faclorn of two or more ciilferonce between resu!ting "criterian and mdarnaged elu-civd are not ~uc~il. 
	"CLEP&EDfPROTE@IrED?'i8tTilko %na) Body strike mnes arc cEefined for R 95k.L percentile ~ h aviat~r
	y dwkg c downwd accele~ntion, 
	DHSTBIBUTIONMASSAM?I)I?dENSIONS 1'BODWITR.IAN 
	wearing a mtrnint syehm consisting of a lap-belt, crotch strnp and ~houlder barn~.A Inp-belt-~nly configuration strike mne is usecl for older Amy aircraft. (fig.D-4.3).Hazard8 are rated as primary (threat to head hnd cheet), wcondaiy (lower extremity injury or entrapment); and tertiary ftlppcr limb). For Amy pvspo8es, head protection is coneidered essential, using helmets, padding and energy abwrbing etructure. 
	Areae identifiecici'f3rflight crew protective rueasuiw include the instrument panel (padding, frangible breakaway or Liucf,dity),rubbr pbdala (avoid crushing entrapment), control column (break 4 In. abve the pivot point; none through the imhient panel). For the gunner, iuentified areua include eyepiece lmtion, harness, a power fieulh9ck iuertial reel, infletahle restraint tx, reduce slack, fr~ngiblelhre~l~avf~yicollapr+~b1e
	inert;.al 

	Cceturca (not tc exceed 500 Ib of fcrce). 
	The Army Guide use8 sp~ificcriterion caimcnsioutr for designof pbyaicelor mathematical simulators . of the body. Detail8 are reported in the Guide md will not be pwtreented here. ?how pretxnted cover male U.S.Army aviatnruandsol&em foil Bth, 50th and 95th percentile and RO are not appropriate for women. Ah,infometion on complete dimen~ional movement (e.g., shoulderjoint ranges of motion) is presented, as are inertial propertien. ' ,. 
	Gmmetry of pnhble hcnd impact ~urfawiridktir~ctlydifferent from the flight deck to cabin areas. Contact hazards in tbe U.S.h y inventbry in 1965 were identified as including the following: 
	Flight Deck: Window and. door fracries, ronmles, control columns, wt backs, electrica! junction boxes and instnuneut panels. 
	-.. 
	-. 

	Cabin Area: Window and door frames, ,seats and fwkge stn~cture. 
	Prokction can be provided by energy sbrwrbing padding makrinle, frangible breahway panels, smooth contnured surfacee or ductile matenah in ouch typicul ha&-d areas. 
	Concern as expremed in the Guide inclxie: -
	1. 
	1. 
	1. 
	Instrument Panel Structure: Consic!er use of euergy abuorbffig padding, frangible brzekaway panels, or ciuctill: panel nakrids. 

	2. 
	2. 
	Rudder Pedal Prof-3:tion:'The Guide rn&tuins that, unless n tiedown strap is uwd, pelvic rotation will nlaost invariably 0cm.r with feet on rudder pedals ~ndwith forward and downw,nrd loab, edpecidly if belt ie loose. To avoid complicetioim fr~m the various poesibilities, the pedal tthould support hththe ball mdheel of the fmt. Potential for cntrapmcnt or cnlshing of the axt 
	~hould Lwc:~ileide~.ed. 


	3. 
	3. 
	Conti-01Cahn~t.;C~ntrolof frtlctw point to nem tho pivot point in urgcd. Punel ao~nted controllem arc not rccomnended; f~acture eoncequences are considered kc unztlrtaiil bjr he Guide outhorn. 

	4. 
	4. 
	Sighting 8yekme: hotion and frangibility and restraint power haul back i~ertial reel. 


	Figure
	For cockpit and cabin interior, enorgy ahrl3ing pedding were recommended in the Gude for u.se within the etrik zone. Desired characrsrist~co included: Aduptability ar~d eaRe of processing High energj dissipation Effective load distxib-st.'ion
	I. 
	Low rebound Ternj,erature ir~enrritivity I~owwater absorption , Resistance to chemicnla, oil, u:traviolet radiation, ar,d sunlight Nontoxic fume generatior, Favorah!. flammability rating Minimal smoke generation -Durability al~d long life &st coqetitive Aesthetically acceptable 
	CRASH TEST DUYAIES 
	In spite of theil limitations, dummiee remain one of the primary lest tmls for dynamic test.; Ear!y dummies develcped in 194F have propeswd through tieveial cvolutior,s to a st?rdardized, more ~ophisticakd dummy specified for the Federal Mobr 'I'eiiicnl Sbndards (Part572) hy the Natlonal Highway Traffic Sefety Administr~ition. Several more recent desips have emerged, all wlth the cihjective of impioving dummy resportse and rep?at~bi!ity of periormarces. Some comjiarlsQnof dummy and cadaver response haa hem 
	This ueection of the Guide commences bj emphseiziog the subsysteme that inhrf~cewith occupants, (including the cuntrole as well as =ate, reotroints, bittern snd padchngj m~d al~oihe ba&c ope~ational tlifSerenceb between crew wata and pawenper seats. It distinguishes belwtw passenger neab and littern for trmtnsport md uew @ate, etnphusiijng thet the crew's functionel requirement and operational mponsibifitiee re "of Cigheet priority" while rnointaining thflt comparable "craahv~o~&in~" 
	protection is reedd. 
	BACRGRODD DHCUSSIOM 
	Introducti,ry commmtain the GuideexpreRa the position that a complete systems approach must employed to include dl influencing pn~arnetem, including economic relstraint, corxerned wi:!~ tho dmigm, rn~cufr~ctureand overall performance of thc nircraft in mpttjng ~i~sion
	nquirernent:r. Howeker, nn ncctrmulative systems capability to prokt o~ abmrb energy it;dhllowed; rnnxlnltiin criynbility from each c0xuponen.t is emphsed. 
	The intent of this aection is todefine minimum crd enerby aabeoption "rer,uLremen,tw" for tirat8 and restraint systenna. Specified otren@h requirement? we- based on the cmsh environnwnki adopted in the Anny guide updntt?,as ar* test recjcirements. 
	COMSIENT: The seat dcsign requirementr at.lted in the Guide are 'o~do:~litre ertrinlt. crnah loade pstuleted to occur in Ihe "95th percentile suwivnble Amy Gght aitcr~ft crzeh.'' 5:) recognitior~ie given to the drestic differervee in peak loacls fi-on the 95th to toile 90th percentlit? which ouggect tht th~95th percentili. uced iil the Guide m~.y~devintc
	so fw from the nonnul (t\ti:! jmphed) use of such statistics as to trz unreaht.~rnllyand ~XCWPIVFJ!~high as e. criteria. Othr guidelines are aim infl~iencdby tlie mwner' loaJ level;.. 'Tie Guide strongly uuggeau that swtr: should be desimed w~tha vertxal energy slsnrbmg ~tzoketo mitigs~the :mumd l2gh vertical loads; little discu~o~on is given b intcra: tiou between vL3rtic,alnrcl othcr dimi?nuocsduring i!ic* stroke. Uettfir uderstandiqg of the iduence md neane of con:xolling such intcract~nl: parametere i~ 
	Per nuBtnrj tipecification, "each =at WCUPAE~is to be provided with n eurvivable eavkonmcrrt when the aircraft in subjected to a 95th 
	pment.de ;>oknGai!y ~wivsbl~ 

	impact."'Tr_iu will rrq\!iiv energy a!x+orptlan and nmmtcnance oi 'un.iotu:4&" living space w avoid de'o&t.stiq it1jiu-y th:~! might preclude tmeiy PIJTORB after crash mipaat. Candidat:, met!!o;is are mnny: mif~ciont sbtiorption by lundlng gear and stmcture could 1wi.r.e little requirement for onergy ahwrptron nn the .%at. Tile converw &a t:olds. rcqulring :i incg sent atroke. &,~tlaint design Ioeds tranm~ttctl ?i:rciigh the neat to the structure are cno~her vmub!e. 
	PRIMARY DESIGN CONSIDERATIONS 
	Primary design considerations for protection include the dmign of the seats to be retained in position and use of an integral means of crash lcad attenuation. Add;tionally, the occupant's strilre cnveiope should be "delethaLizedn, u tern interpreted by the present reviewer lo mean padded. frangible. andlor ductile or othervk deaipd so cu to aid 111 the preven~ion of serious injucy. Strur:t,urd distortion is discussed in term8 of ita possible benefita for energy attenuatior, but also of concern is the extent
	lEIE8TRAINTlSEATfLt~~DDWG DESIGN C0NSIDEIRAT:ONS 
	The U.S.Armv'r: position ie thac wcnpant protection and surv!'vnl ehodd be a primary design considcration for seats; seats ohauld "be retained generally in their origird positions within the aircraft throughout ony survivable acc lent." Additionally, "the seat should provide an integral means nf crash lc~ad gttenuation and the occupant's strilre envelop" should be deletllalized." 
	Seat, comfort is considered 3 pilot's safety-of-flight factor, reducing potential for pilot fatigile in a R crash safety design factor. Pilot comfort "must not be ~mduly compromised to ecllievecresh aaiety." Back angles over 13" and thigh tangmt angles 5 to 20'' are recomrneniled in the Guide. (Influence cf seat angles will be discussed later). 
	short time penod, rnthcr ~hsn

	Seat comfort is considered a pilot's mfety-of-fiight factor, reducing potential for pilot fatigue in a short time pericd, rather than o crash safsty design factor. Pilot comfort "must, not be unduly compromised tc!achieve crash safety." Back angles ovrzr 13" and thigh tangent angles 5 to %Qo are recomrnezcied in the Guide. (Influence of &at angies will be discussed later). 
	Flight crew seats are typically adjustable, to locate' the eye position for any precentile body size at the design eye point 
	COlMhZXNT: Comfort and safety ~vqnirements may be in oppos~tion, as is the mse fo:: the scat back ang!e and forthe rigid fosm needed for energy absorption versus the soft foam desired for comfort. 
	.. 
	Alternatively, discomfort inay lead to erroneous ddjrratments and improper use of the protective 
	designs. Accordingly, to some extent, a design may reflect trade-offs related to the unique 
	applicntion. 
	DESIGN PPILNCI31,ES FOR SEATS 
	The Gutde nuthors poht out that waB face any direction, and that forward facing 1s moat coinlnoo, but prefer aftwa ad facing. Aft facrng seats provide "maximum contact aea and support." ;1lap-belt ticdown (crotch) $trap for flight crewmen and csnsider lap-'bclt-only restraint imdesirable; both upper and lower torso restraints are recomjue~~ded.They con~idei side-facing sesh least desirable bu~ suggest that when side-faciog :~abare wwd, an upper torm restmot res~s~g
	For fow~rd faring fligbt deck oeah, the authors alsu recommend 

	forward mohnn IS needed. Ducule materiala (for energy nbaorptioil) ie.nrun~)g at lea& 1C% elongatml are recl~mmended for all critical menhers In the priinary load paths of nonload lrmited seats, and featuring at ie~st50/0 elongation for loer!lrm~ted setits). 
	For Anly puupn~e~Guidea+cm 2fxt.e tingle occupmt seats aye preferred in order ta avoid cornplica'tecl energy fi'hscrbir.~ sitnatioss that nay occur fcr multiumit wnb that are not fully occupied. Guide aathor!: considered it dssirrblc the: dl sccts face in tha same direction to protzct occupmty from :ooce equipment. 
	Aftward facing seats were preferred when practical, to "mnximaliy distribute My contact area." Forward facing eeata were conaidered to afford "adequate prokctior! by the uee of a restraint system coru+ting of ehwider atraps, a lapbelt and a hpbelt tiedown (crotch) stzap." The authors 
	, conoider 1ap.belhnly mstrainta undesirable. 
	i 
	COMMENT: hy system eccept thia configuration with ari energy absorbing surrounding area. 
	Forwnrd facing seats with adequate restrakts are acceptable ars a secoud choice to aftwerd facing 
	w 
	eeats. When aingle diagonal upper tarn reatrlzint ia -4,it ahdd paw over the outhard shoulder to conbin lateral impact or protrueion outside the aircraft. 
	> 
	. 

	Previou~ side facing e~tawere provided with !?p-belt restraint only. This arrmgement w~a con~dc~edby Guide authors to be inadequak, and lea& deeisable from tte crash safety standpoint; however "when no reasonable dbmetive to their me esiats, adequ~te restraint must ?xprovided, If a aingle, diagonal upper tomrestraint is used, it should bepkceci over the forward faciq shoulder" (relative to thc ribcraft). 
	Shoulder hamem providea minimal protection to abrupt acceleration i3 the side facir:g 
	configuration. Lateral tolac, movement &odd be miniinid or prevenkd. 
	f,itters, . 
	The supine psition that litkm provide i~ ideal for resisting vertid impac'ls. The sxpine pnaitiou allows rnsxirnum poaaible contact area and form distribution, 6nd force8 are trarmerae 4x1badg. 
	Lateral instal?stion should be provided. It would prevent Erdy froin sliding off the litter Iongitudinaily, md prwenta the litter from ~lidingraniflor repositroniug to tecme complekiy detacheci from supyzor'a. 
	i 
	Gent Attachment -Cockpit scab are floor or bulkhead rnomkd. Cghin inkrk 33xtts may be: (1) suepndd from the ceiling ulth energy abaorbern and wall stabilized,(2) suspende4 fro= the ceiling with energy ~Lxwrbem and floor stabilized, (3j wall mounted with enerLy at~~rbers, 
	(4) floor mounted with energy absorbers, or (5) ceilhg and floor mowA& (vertical ecrrgy nbmrkra a'bveand Seiow the seat). 
	Suspension or mounting of dleeato ehould not. interfere with rapid icgress or eps. 
	Ha~dwareMnteriab -Rlnterial w!scktl for attnchme~t of wehhing shoidtl be dditile exlough to deform IGC~Y,pcz1-ticdaAy at atrees cancentration points. l'liie duirility Is uot ajcritical when energy abrbulg provisions are incorporated into the ueat. On the other hnnd, cm4.ptcnt ux of ductile meteriala avoids tne p~wibility of non ductiie natmials on iionloaci limkri mats. Sel~t.ioa of materials should erqh~wm: 
	1. 
	1. 
	1. 
	ifewt strengthto-weight rstios 

	2. 
	2. 
	Idainxining ductilitj. to preverit britde failures 

	3. 
	3. 
	Standsrd eloatic mlyaidoclection rctethh for most working life conditions 

	4. 
	4. 
	Ekhnvior beyond the yield point analyaed for energy nbsciption ~~urpow.~. 


	RESTRAINT SYGTEPrllS 
	Stabtics on US Amy aircraft accidents indicate failure of personnel restraint harness as a frequent cause of injuries and fataiities. From Volumes I and III of the Guide, o crnshworthy aircraft is to "eliminate unnecessary injuries and fatalities in relatively mild impacts." f Iowwer, Volume liI also states in a different context that the Army goal for eent and restraint systems is to "reduce occupant decelerative loadkg to within human tolerance limits," that "ideally ...structure should rnhimize occupant 
	Rklt and crotch strap remain the standard for US. Army flight crews by reromncndation of the authors of the updnted guide (crotch straps sre to oppose harnesl, lond~ on llw belt!. Troop and paswnger requirements were different; the most recommended sy~krnwas en inertial henless over each shoulder connecting to a center-My lap-blt buckle, arLdsecondly, a system with z diegonal shoulder-to-belt anchor strap positioned to reetrain the occupant frcm protruding oxhide the'aircraft during laterat looding (simllar
	Inflatable restraint belt and harness were described as e more complex and costly alternatiw that will reduce restraint, slack by aukmatically preknsioning the syskm to hhettcr contrd i~pact response. Another related inflatable zitrtrnative is air bags, which are conspiraoua in their abeeiice from Guide discussions. 
	I 
	Numerous human body restraint methods have been pr~posed, investigated and!or used; some ore "exceptionally good", others 'left much to be desired." Desirable qunlitias nre: 
	1. 
	1. 
	1. 
	CumfortaSle light weight 

	2. 
	2. 
	Easy to put on and remove even in the dark 

	3. 
	3. 
	Feature a single-point relea* easily operated with either Lend, onJ prot~ctcd from inadvertent release, e.g., being struck 


	-
	4. Provide freedom of movement to operete the aircraft rontrol.9, e g., through the use of an iner Lja reel with the sho~dder harness 
	5.. Provide sufficient restraint in all directions to prevent injury in a poknG~l1y survivab!e crash 
	6. Webbing ohould prcviJe e mnximun area, consistent with weight and comfort, for force distribution in "Lie upper tcroo md pelvic regions ar,d should cf jow eiungatio~t under load lo minimize dynsmic overshcct. 
	GENER'A DE!SIGXCRITERIA -
	General design crikrio are ae follovm: 
	1. 
	1. 
	1. 
	Comfort should not be unduly cospromked by c13& survival ~ysterno or improper adjustmnt by usere is a likely outcome. Mwdwere &odd notcontact bony portisne of the tcrso, and asemblsges ohould tie c'omp~tiblewith the d&d location on the body. Webbing uhodc! not be uo wide or stiff as to restrict ventilation (or cause chaff&:g). 

	2. 
	2. 
	Emergency wleaee s'no~aldbc?. based on a aiilgle-point reiewe for die befbhwneee combination, operable by either hand with 20 to 330 jwmda force and opcrab!e regardlerw of the occupant position (e.g., upside down). However, accidental opening ohauld be prevented. Tile buclrliilg system should be iuseneitive to rotation md aiight ~nimlignmenta .such ao midigned pine that might shear in seriee. 


	*I' 
	3. Lap-hlt anchorages bvolvc s. eeriec of comtrchts: a) It ie desira?t!e to anchor to the sent or the anchamge mu.st accommodate panibk mat motion. SjBoth forward md vertical hading mu?.be
	.' 
	/ 
	accommodated. Subrnalrining (i.e., @lipping down through thz i9p i~lt)should be prevented. However, the lep kit sllould not reetrict freedom of leg motion for pi!otn. c) When neceaery to counteract the up loads of the brnes~,Inp-belt tiedowns (i.e.,crotch su.aps) should interc@ the seat pan jl.4't~15 in. fo-ward of the oeal, back). d) Adjlistment hardware &ou1d my at !cat the s3 Lhe webbing without ~lippkig,crualding or potentiairy jamming the webhirig. e) Aajuetmeat and r&aee-hurdware must not helxi+d over
	me design hada 

	f) Allmaterih&odd be ductile enough todeform locally (witha m5rmuencied minimum elongation vdue of 1OCA1). 
	COMMENT:The influence of bellhamem nngles are discwd oil page 21.1. 
	4. 
	4. 
	4. 
	&at otnictura! corin+xti~ns: 3)Cri.teri8for should continue a0 ymcticed (10to 25% nsfeby margirl md typical 0.25 inch diameter topwic! over-toraue), and crikl-in far rivets and wclds should, continue aa practiced. b) Sst niouutings may vary, including cornbhatmns of ceiling, bul!&ead md floor, all using energy sbnorbers. SLructcrd joints ehould permit anpiar diritortione.SWinrpPiaciplm snd criteria apply for tdihcsd movntid seats. c)Guide au'chors prel'errexl that ratmints 'be tmchad to the eeata;the key fs

	5. 
	5. 
	Webbing snd attacbenl: Ratmiat hamesa aLw could vaqj in required load capability, according to whether r9 Jcsd limiter is us4. Honever, authom of the Army Guide suggest a etandard, eingle strecgth nterchnngsable harneirs to void of a mix up in instabtion. Minimd webLing elangution is prorwaed 8-3 nacecsAly to avoid tlynnmiz overshoot. It also minimizP~pokntisl for oecon&ry impera; for ebb reason the Army reilistsenergy absorption applications. Adrie? prxnutione are 11xc~r;rq~hhere webbing iu io!M or lmt nt 

	6. 
	6. 
	hertin re& are installed when full freedom of movement for the crewmember is desired. 


	a) 
	a) 
	a) 
	Both impact ~nsitive and rate wnsitive reels are wed. Rate sen~itivereels Ere preferred by Army for helicopters and. light fixed 'wing aircraft because of the multidirectional pomibilitisa for impact, which may not trigger the impact sensitive system. b) Somelimes, retractors or power hau!-back features arc also wed. When uwd, powered haul-back mechanisms are ud to retract alack (e.g., for wat ejection). However, nutomated haul-back for crash recqtr~int should be avoided, since the time lapse between trigge

	c) 
	c) 
	Inflatable systems ~ctmuch faetm tl~mauturnated hnu!-back e.nd have leas take up capability; thus'the Army will coneider inflatable systems while rejecting automatic haul-beck. 


	f 
	TYPES,'O$RESTRAE4T SYSTEMS 
	Reprewntnljte rcstminb' ueed by the 1J.S. Anny me presented in figure D-5.1 (a through e). Configurntion (e)ie the "niinimum accept~ble"U.S.Aqny system. An improved lateral restrain! ~yekm'is iUuetrated in (b),'which adds inore shoulder restraint against sldehays motion. In (c), a crew chiet'lgmner restraint oystem provideo for abibty to move out oi the seat but be instantly restrained when he r~turns'. Troa$passenger sybte~ns are illustrated in (d). .An automntically inflatable system'ia i!ius:rakd in (e);
	ebni~atee~ responw, e.g., overehont. --.' 
	* 

	LapEklt Anchorage 
	Lapbelt anch3l-a mRy be nn the seat hcMt or on aircraft structure. Structural mourlting must wure thnt the restraint remsiaa effective regardlea of sent position. Stmcturnl attachment wd not be practical whtn the seat includes longitcdinal lcsd I!mitiiq. Lap-belt anchor !~iitior isalso coni6deml a amfort factor; locatkg it tmfar fo~~ard 
	inkrimer? with movement of !he legs. This ie considered important for pilots hut no? important to pawngem since they are not required to perform operations wi~btheir legs. 
	By Arr~ypractice, submarining ie considered to be prevented by a lapbelt tie doum strap, by locating the belt EO it8 cente~line fah 2 to 2.25 in. fornard of the seat reference point, and/or by aseuring that the angle &tween the lap belt centerfine ad the buttock reference line is at least 45' (but not excerxhg 55") for p. 50th percentik occupar~t (fig.3-5.2).The 45 to 55" angle has priority over the 2 to 2 25 in, lwation dimersion. Subz;larining ran ah tic? reduced by ensuring that the Inp belt is tight. 
	COMNXIfl: 1)at.a on ivhich thw collclusiom are based appear to be twofold First, from practice, it was long ago preeuied thnt the klt eh~uld be anchored low and forward enough to keep it on the pelvis, but aft far enough t~ keep the mupant fmrn sliding forward off the seat -with 45 to 55' an obviouo mlutio~i as effcctuig the most direct cornpromis between the two (R F. Chand!er. SAFE Panel Diwcaion on Attendtint betmint hprovement Study, Decemhr. 1979. LAVegast. Anotlier baslo nppmrr, to have been eelectcd 
	prt&spo.wd 

	emphauka, for exmple, thst ~ubmn~e. aource of hme88 mgie tiah (which these dattl ore from) is bast4
	or that the only cIF:~ on n bmdoher type cchciulder hsrnetii (with twisting wd compression confotmdeci) sud t~ seat with extremely reclmed at bkck and aeat bottcin. Shoulder hhi-new cr~kria were aim hasmi on vlsual 
	2 
	4 POINT SYSTEM WITH' THIGH STRAP 
	516 
	POiNT SYSTEM 
	d. Aircs~f?TicxqPsca~rRmeint Stxiem 
	Fkr: pe fmm Army CXG. 
	Figure D-5.i -Types of Restrah?Systems 
	ComSined Bdt-HamaSystem Criteria (lmp!i&) 
	SHOULDER HARNESS A&CHORAOE GEOMETRY 
	\ -SHOULDER STRAP LOAD 
	RESULTANT 
	Figure 0-5.2-NTSB Guideline (USAAMRDL 71-22) 
	Figure
	observation of slow motion film with no physical measurement3 t~ support conclusions regarding verbbrae compre~ion. 
	observation of slow motion film with no physical measurement3 t~ support conclusions regarding verbbrae compre~ion. 
	observation of slow motion film with no physical measurement3 t~ support conclusions regarding verbbrae compre~ion. 
	, 

	Shoulder H~WI~WAnchorage 
	Shoulder H~WI~WAnchorage 
	-
	-

	L" 
	L" 
	The shoulder harnees may be placed either on the seat brrck structure or on the basic aircrcft structure. Strap routing mu~tavoid the pomibility of interference or constraint^ from seat adjustment or energy absorbing ~trobg. Additionally, the relationship of the harness fingle to nn aft hoiizonttll tangent to the shoulder tlhodd be minimally effected by seat adjnstmanb, The position of the Aiiy Guidj ia that the aft, horizontal acgle of the harnes~ from the shoulder should not exceed 30" up from the perpend
	.-s 
	', 
	.# I 

	TR
	COMMENT: For lower load levels, u much wider range of angles may be possible; otherwise use of the Eame seatti by men and women yould require two hanieas syskms. The result uf systematically varying eat belt and harneee angle^ for a traditional "4 anchorn or "4 point" system (with a S G crash pulse) is illustrated in fi-e D-5.4, based on the TARC 216-10 (ref. D-3) appliration of the highly calibrated PROMETHEUS I3.Imdel. Selected dornbinations showed submarining could be controlled over a wider range than h
	, 
	-
	~ 
	7 --

	TR
	The TARC study also indicated that seat configratidn (i.e., pan angle and back angle) influences restraint syatem performance. Figure D-5.5 illustrates the variation in perfon.;lance with a "4-anchor" system as the seat pan and back angles are syste~uatically altered through a range of settings. 
	I _..--

	TR
	The TARC study also sh~wed that changing restraint system design can have a marked infiuencc on restraint system effectiven>ss. Figure I)-5.6 illustr~.tes the change in retention periormance with diiferent restraint oyateins configurations. As illustrated, alternative configuratims can provide marked retention improvenlenta slth no chonge in nnchorage and no ~ignificant penalties. 
	i 

	TR
	CetpBelt Ticdown (Crotch) Strap Anchorage 

	I 
	I 
	This strap is to prevent ride-up of the belt when uwd. It shotiltl intercept the aeat pan centerhe 14 to 15 in, forward of the seat back. 

	TR
	ADJUSTMENT PikRbWAXE 

	TR
	Adjusters are to carry the full design had of the subassembly of which they are part, without slipping or crushing webhing. Required adjuoiment force &o~dd not exceed 30 111. Adjusters me not to bc? located over ~keletctl hard points (iliac cret~t of pelvis, collar bones), 

	TR
	The main pupme of "~c!etilallwttionn is to minimize potential for injwi~sthat jec~pcrdize emergency evecuation The kincmatice of body action asoociated with aircraft rrssh imps& can be vioient, including flilir?g of My parts The Armv position is that this 13 severe with only a lap belt ae the restmnt, but multldirectiond flailing io stdi extensive with 3 lap-lxltid~oulder hurnem condinat~on 
	-
	i 


	Figure
	Figure
	Figure
	-.. 
	COMMENT:There is little evidence that such drsrnatic multidii~~ensicinal and injurious flaiiing of the limbs occurs in large commercial airplanes. Reporb suggest that if it occurs moat such action appears to be allied with the primary iinpact loading in the fore-and-aft direction, rrince therc is little cartwheeling or lclrge later5 xcelerntion evidenced in large sircraft inpact. 
	T).e owupaat$ im'ecliak enviioment rrhould be deeigred so that injuiy pobntial irr minimizd if' the 
	body parts flail and mntsct rigid or wrnirigd ~t.ructw-~s
	in the immediatfi i.nvirotxnent. Alternatives are to move the hazardous object (or structure) out of the flail zone, mount it on frangible or energy abaorbing suppo& and/or apply a padding material todistribute contact corce over a lo'rger area an the body member. 
	ENERGY ABSORPTION 
	Energy absorbing devices are inttuduced with the statement that the eeat structure mustpossess either the capability of sustaining the maximum inertial forces imposed by the decele;.ation cf the mupant and seat, w~thout collapaicg (i.e., deforming or failing), or h~vesufficient enerm ahsorption .' capacity b reduce. the occugmtL8 velor,itg to zero before strtlctl;r;ll failure occura. The first alternative could involve excessive ctrength (and weight) requiremen& to ecxommodate dynamic overshoot factore of 1
	COMMENT: Ultimately, design for my approach will be exceeded; there is no way to assure ultimate eurvivability. Even the ~eleetion of a 95th percentile crash wa8 based on recognition of !his fcct. Neverthelew, wordicg frequeiit!~ overlooks this fact. 
	CRkSN ENERGY ARSOHPTION 
	During crmh loads, the occupant's centw of gravity acquires e di~tinct velocity relative lo the airframe. Mnxim1m relative velocity may become large. In turn, thc wat n~ust sustain the applied londb or possess eufr'icient ezlcrpj ~hsorljlon capcbdity to reduce the occupant's relative velocity before structural failive occ~m.Tne Guide enphasi~s the desire to obtsln the greatcst energy absorbing etml:e from fie x~t(for A~mycondltion~ with widely varied impact Isads). This receives independent emphasis without
	1. 
	1. 
	1. 
	Additional crushable airframe etructure 

	2. 
	2. 
	Energy-abmjorbing lauding gear 

	3. 
	3. 
	Seat deaign with energy aheortring mec.hnrrisrn(e) (e.g., loud hiting or corltrolled eat rdlaptic) 

	4. 
	4. 
	A combination of the abave 


	Cormlon nioconceptions exis?;related comments me: 
	1. 
	1. 
	1. 
	The ECC~energy-absorbing oynkin rloes not abcurb all the energy a=iakd wit.1) t,he impact vzlocity. 

	2. 
	2. 
	The fiwt comment aha exphins why slack in the restraint syekrn or seat attachments is undeeimble; added stwkinl: to accommodste larger rebtive velocity will be required to dwxleratz the occupant. 


	The eat energy abrbing stroke simply lengthen^. the stopping distance of t.he occupant by
	--3. 
	allo~lngthe eent to otmke lia other energy absorbing procees ere nearing completion. 
	4. Dimegarding dynamic response differences, the mne stoke distance is reqnired to decelerate any el a given dweleratilm magnitude. Therefore, lighter people do not require ~hnrtetetrokea than heavier people (however, a different energy a'usorption 
	% 
	charncteriatic ie required). 
	ENERGY AEWRBWG DEYICS 
	AB summarked for ?he Guide, a multitude of devices for abtprbhg energy have kn puopowd, devrbped teshted.De-ble features of such aevicee a&: 
	1. The device sehauld provide a p.rcdictable form-~ersua~defomatia~~ 
	tree. 
	2. 
	2. 
	2. 
	The rapid loading rate exp~tezdin cradlee ~hddnot cause unexpxwd cbangm in the force-ver8u~defomatiou ch~twtedntic of the device. 

	3. 
	3. 
	The e~xmllyin which the device is used should heve tile absty to r;,uebia tension and cazrprc-ssion. (This :uigbt Se provided by one or nore energy abmrbwa, or by the basic sQr;ctwe itdf, depndi~gon the oysten design). 

	4. 
	4. 
	?a device should be as light ~udsrnsl! ns posible. 

	5. 
	5. 
	17e S~ecific:Snerg-yAbmrplion (SEA)~hoddbe high. 

	6. 
	6. 
	The device should be economical. 

	7. 
	7. 
	7. 
	The device should be capabla of being relied upon to perform satisfactorily throughout the life of the aircraft (for Army, a minimum of 10years or EOOO fiight hoilrsf ~iitllo~t 

	requiring rnaint.enance. 

	8. 
	8. 
	The device should not be affected by vibration. dust, dirt, or other e~~vironmctnt efCecta. It &odd be protected from corrosion. 

	9. 
	9. 
	The device&) should decelerate the occupant in the most efficient manner possible wlde maintaining the loariing environment within the limits of human tolerance. 


	Numerous load Iimitera have been devised. ?'he concepta are illustrated tlcd dexribd in figure D-5.7. Fk$y decelerations tend toxormaLze near the CI level con~fipnding to the limit load factor of the encr.gy ah3r~nsdevice.An optimum device cnnr.ot be wleckd for all appiicvtions on the bais of, av$able d~tta.Rather, the data of the figwe presents concepto and ,pidelincs which can be ' 
	candidered relative to specific applicatiom. 

	SEATSTLIENGTK AN9 DiEFCIF&ViTiOM DESIGN REQUIREMENTS
	". .. 
	" Q Dqsip should bebased on typical weight of the ociupant, not the extreme weight. Tht xestriction* placed on crew seats, including'stroke length, control access, enu wat armor Lmit fiembility of denign options. The weight of combnt gear is not included in Guide recommendations for crew seats. Since the large mejority of fight hours me not in conbat, it is probable that FLight crew member^ RL& This minimizes another problem. If the full range of
	be lig~tly'e~ui~pd. weighte were tc, be accommodnted, a weight sensitive energy absorbmg syatem would become mtmdatury in order toprotect the occupants over the full range of weishts. 
	Occupant, weights determining the effective design loads for seats recommended design loads are bad on 5th thl~ugh 95th percentile weights for men, i.e., 144 through 122 Ib. for creumem, with 
	112.6to 175.2 lb. vertical effective weight (effective weight reduces seat load considerations by the amount of the wcupant'r: legs,'which rest on the floor. As the suthoro point out, the ides1 situation would twto permit energy ahrbing stroke length for the 95th percmtilc occupant using deceleration kib based on the 5th percentile (who would load the system ICSA and i.~uiremore yielding ductility, ie.. a lower yielti, for the same load reduction capability} Hoivevsr, ns they nh point out, comprnrrises muat
	CGbm29T: A wide variation in occupmt weight cannot Se avoided in the co~ninercial environment. 
	The Guide authors consider that "an eiastic stress nndysia, as used 111 the dcsipi of ~irframe and &cr-ait conponmts svbjected to nc-mal fight loads, is inadequate for the study of d1 the structure in a (=.F.& situation ...the load carrying capacity of compccnw defurnied 'hcyorld thp elastic Limit &odd !w c~nsideredi?~cietennining the uitima'vz seat strength." 
	Figure
	occur for all eyetems if they are b rem~in in place during decelzrution loads. A minimum displacement must bo achieved if the system is b remain in place during a given acceleration pulse. In other wordy, there is Rn inherent !oad deflection curve and travel limit envelope which irnpoees definite limiL9 on ~'rrenhility of any ayetern to resist impulse loading. Intentiom1 lond limiting is thuv the cor~tral of this deflectlan to make best use of the space zvailahlc in order to ahrb energy and to optimize the 
	to auwive the loacle impawd. Addlt ionally, structurttl joint deformfition ehould be capable of large angular distortia~is in all directions without failure, (e.g., bending moment between leg and sitting) including floor distortion and seat pan distortioz. 
	BADDING XATERIALS AND PROPERTIES 
	Plastic foaxna arc con~idercdby Army Guide authors ae the most useful typeof materide fur eosrgy absorbing padding. Both &!nb arid molded foams are practical, and they me comidercd by Guide authors to permit selection evaluation baaed on procesoability; mechanical, the~mal and chemical properties; and cost. Chnrncteristice cf "suitab!e materials" include Ihe following; represenmtive uwa are identified in fifire L)5.8.. 
	1. 
	1. 
	1. 
	Aduptnbility and ens of processing 

	2. 
	2. 
	Nontoxic fume generation 

	3. 
	3. 
	Favorable flammnbility rating 


	, , 
	4. 
	4. 
	4. 
	Minimcl smoke generation 

	5. 
	5. 
	Dur~Sility und long liie 

	6. 
	6. 
	Cast competitive 

	7. 
	7. 
	Aesthetic 

	8. 
	8. 
	High energy dissipatism 

	9. 
	9. 
	Effective lond distribution 

	10. 
	10. 
	Low rebound 

	11. 
	11. 
	Temperature insemi tivity 

	12. 
	12. 
	Low water ul.tmrption 

	13. 
	13. 
	Hesivmncc: to chcmicnk, oil, ultreviolet radiation, and sunlight 


	Additionally, relevnnt mechanicnl properties include: 
	1. 
	1. 
	1. 
	Density 5 Compresuive mociulus 

	2. 
	2. 
	Tensile ~trengt'ii 6. Flexural strength 

	3. 
	3. 
	'I'e~uile ~nodulils 7. Flexural mr)dulus 

	4. 
	4. 
	Compressive strtwgth 


	Semirigid and flexible urethanefoam 
	--

	Aircraft, automobile, and furniture Reat cushions, safety padding, axm rests, nun visors, horn but-tono, bedding, carpet us'rdiexlay, ptickagikjg dollicats products. 
	Poiyvinylchlorida foam 
	Crash padding in automobile head liners and sun vicora, flooring, hoe aaLss and heels, automo-bile door panela, seating upholstery nealants, gaoketo, bumperstock. 
	Polystyrene foam -Insulation, packaging. 
	Ex~andedkubber 
	_.. --
	Bus and subway seat cushions, truck and ahlp mattrcasea, gaskets, hoae insul~tion. 
	Polyester foam 
	Short-run, custom-type sent cushioning. -
	Packaging, gaaketing, water sports equipment, rug underlay, athletic padding, antivfhrakion padding, 
	8. 
	8. 
	8. 
	Tear strength 12. Kebound 

	9. 
	9. 
	Compremion set 13. Hardne.m 

	10. 
	10. 
	Conipression deflection 


	s 
	11. Elohgation 
	"Jn the absence of dnto for extremity irnpacta, it is assumed thnt paddmg msteriill ~h~t 
	is suitable for head import protcrtian iB also suitable for protrcticg extremitirs " Strike zone nreas with radii of "2 inche~or less" should be pudded to a "minimum thlckneas of 0.75 inches". 
	Ductile enerh? absorbing matprlals ailti breakuway pmrls should be used where povclible Swenriqgcrl (ref. 1)-9) is cited 8s demonstrating "that at impact vc4ocities of :3OfU.w;.r nKw:nst rlgid structure padded with muterials even 6 in. thick, unconsrlousncm, roncsul;a~on, and/or fatal heed injuries will be produred. 'fie Gulde continues, "where pmible, deformahlr? structure and padding material should be cons1d2red to ~bsorbttre impact energy and to adequately distr~buie the forces 
	over the face" (fig 11-5.9) 
	COMMENT: Effectiveness of padding ha been accepted as be in^ adequate ior lesser thicknesses in comnlercial aircraft. which also haw !ewerG criteria. There is also e ques?ion as to whether the same level of protection is needed for the extremities. From earlier Swaringen work. I? was concluded rhce covering a head impact surface with 1In. of Kcreseal, (since superseded by Ec.wlite AH, or equivnleot). would !R considered to provide for delethallzntion. 
	", 
	SEAT CUSHIONS 
	Seat Cushion@-General Requirements 
	Sent cushions should preclude body contact with Reat structure while bei:tg lignt, tough- (wenr 
	-fesishnt), easily replaced. co~nfoi-tnble. and vent~lnttd and provldr tlotahon, wide nxnimlzing motion during crash loading and rcbo1.d dter crnsh laading. For Anny purposes, load iim~ting 
	-cushiens were considered to be undes~rable.Nebtype cushions are usable if deo~gwdb hit mnximum deformation and return movement, snd to ccntrol potent~nl for submar~nlng or dynamic oversh~mt.Furn~etlrc type bock cush~ons are acceptable; f~nai!y, a head rest should kprwldea to provide whiplash protechon. 
	Direct wnbrt stirfaces of !he scat httorn and eat back "sho~lldbe deaigned for corrlfort and durability " I3owev~.r."euf5clent c*ush~o:;thickrwb3 of the appropmtx rnb: riel otiffnesu should be provided topr~tltideMy contnct with the seat struciure when sublect~d to elther Ihe specifid operational or crash loads ... The ron!?ictmg requmxnents of longte~m comfort-versu.9-crash safety considerations have made this a d~ff~cult
	cies~gn area." 
	From comfort emphasis in the ptiet, thick. soft cuvhions were used. spreading the load to avoid buttock presvtue points. Holes or forced air flow (or net cushions) providd for cooling. 
	COhP4ENT: However, the wft:iees of such cushions permits o velwity build-up as *&f: mft nlateriol farther. Buildap !e rapid during initial ioadi:\g then fo!lowed by e ~ho-r stop pin^ distance during the final titages of high dwelcration loadmg -for a nodinear stopping charactc.ristir thit puh major dwelurntiolrs olwr a much shorter distzncct. In order to niiliin~irc 
	cornp:-r.wa 

	Figure
	such initial motion, crash safety considerations require a minimal thickness of soft foam. One approach uses a cushion base contour of a "universei" buttock configuretion with Posin leyerts) added. Rate-sensitive (conforming. but hard to sudden impact) foam can be used on top of the base to soften contact somewhat For example, a thin layer of soft fosm may be used or. bp for cornfort material and permit cooling air motion. 
	According to the Guide, seats of light movab!e weight (lea than 30 lb.) should use cushions for comfort only. Maximum uncornpre~sed thicheffi should be 1.5 in. imle~cushion design nnd material properties produce a beneficial reeult in reduced transmission of force. By Arny criteria, the optimum seat cushion will: 
	1. 
	1. 
	1. 
	Be extremely light weight 

	2. 
	2. 
	Possess ilotatihn capsbilr~ies 

	3. 
	3. 
	Be nonflammahle 

	4. 
	4. 
	Ek nontoxic: will not give off fumes when bumad; charred, or melted . 

	5. 
	5. 
	Be tough and wear resistant 


	1 
	6. 
	6. 
	6. 
	Ek easily changeable 

	7. 
	7. 
	Provide comfort by distributmg the load and reducing or eliminating load concentrations 

	8. 
	8. 
	Provide thermal comfort through ventilation 

	9. 
	9. 
	Provide little or no rebounif under crash laading 

	10. 
	10. 
	Allow an ahsolute minimum of motion during crash loading 


	Energy Absorbing Cushions 
	Cushioning materials u-wd to ahsorb energy include fcamu, honeycomb, and net-type cusiiions "In most casee, the back cushions will not play a significant role in crash clynml~cb; however, it will influence conliort and can influence the mjury tolerance of the rcplne." Lumbar supports arc desirable; a lunbar support that ho!de the lumbnr spine Sanvnrtl sligh"tly increases tolerance to vertical spins: lo&. 
	However, use of cushlons per BP as lotid lmitem is undesirable. Resulting downwud :.netion of the torso will produce added restrajnt harnrsa S!ECLI (when it 1s desirable tomin~miwsame). Alw "a crushaSle cushion does liot make optimum iiee of the avahble stroke distance," sir.rr. crxhing space is needed and cushions can be only 75'!i as efficient es a mechanical loed limiter They "arc impractical In rotar;. and light fixed-wing aucrair. b~xau~ 
	of the long stroke distance requxeci to attenuate the high vertical iosds" requred by Army crikn8. 
	A 1.5-in. headrest should !xprovided for occupant headheck whiplash prokcl;on from haclrward flexure of the neck. Tcshioning can be yrovidrri by a thin pad and defomiable k ?adrest or a thicker cushion on a mure rigid hrtiidrest." Rceults of tfie TARC study (ref. ?-3) indicaM that n icsli thick headrest would be desirab!e to rccommodete a full range of maie and fends popuiation. 
	! \. 
	.I\ 
	TEST \.!
	1;. 
	Structu~nlSubeystRln T& IRequiseernsntrs I. a 
	I r 
	i '
	For Army system, both static and dynamic tabof prvtotypze nrerccommcnded, including testing : 
	,b 
	of itat and litter mcomplete unitic. Component mting ia to be ud wherever pomible. ! 
	. 
	FJ~BW.IR 

	i i
	, Subsequently. wt~aw toincludecuahiora~in pbce, aeab Piupand Cull b~ck(dew8 mox critical psition exists) and noimal floor buckling and wrirping condition5 eet up for the nost critics1 
	.

	1
	impdnncc tn mat atyoking. Soslt niounta ehould be actuel ai-craft LPd\vm. kt deformation 
	i 
	J I
	ahould 'be mcaaared QE neap tho wt reference point ae iu powibIe. Su'uxxwntJy. oily qcjlity 
	assurance testing is necepaary unlw major elructural chsngea occur.if deakcd. dynamic tesb with 'I loading isall principd directions mny bemhtituted for static tests. In atatic ht,bothunidirectio~ud i an3 combined load~ng ksto should he umd, with teet load8 applied proportionately through u body bids restmined in the sat by the reatraiut eyteaz. Multip'a tmts are specified,using the effective weight of the 95thpercwtile male for cU but the downwardIoading, which use8the effective weight of the 50th permatil
	I. 
	i 

	I 
	' 
	I 

	,a
	additional kc@ should be ~ccomylhhed for other advexrite conditions that areidentified . 
	The authorn' discuesion of static vemue dyminic testing remmmendn that static teats be used batcauae red time obefvaCion ie ~oeeible, otructural twpopon6@infomation is more compsrable to typically used etutic dyseu, and web nrz more economical. However, siI U.6. Amy proeotyte mate sfiotdd bz dynmicdiy teeted for two con&tiona. (1)downwrud at a 30° forward and aidewad tiit and, (2)forward at o 30" side facing angle. 
	To reduce mate, apecia1 dynamic test conditione are permitted for mate having 2~33thau n 12-in. strr~ke.l?nt, the cody fd!-mde cmfi test io comdzred desirable. Howevcr, aod wndy, a.~hrnalivedynamic &sung of the wrrt only with a two stage pdae io accept&le, wg a c;malbr iaitinl G platean wpreeenbiing fdure of the gsw and incrensing to a later h~gherG piataau rzprerrenting fmelsge cwLing. (Iandulg gear alnte to Se bad on results horn dmp wet;funelsge 
	! 
	I 
	I

	-
	pmprtiee om $0 hddetenmind by -&the IP'JB~compr~beu~iveand rigorou~adytid techniques. auyporeed by tat dnW. ! 
	I 
	Ponssrruet IkStPht EiarRL* P(&iQg 
	I 

	Army r2quir-c-mefits bclude sttitic and dymmic tat of along withthe structure to which attached. AdditionnLly, all component4 (webbing, tiodow p~ldhardware in ths iwd path) as well a0 euhmwntLca ahould be atstiwllp t&ed eeparately to verify strength and elongstion., 
	r@strair.til 

	StaudBa~dT& Xetl~od~
	for Enow Ahorbing Foiuw 
	Among k~b
	ud from ASTM DIS%-71 (Standard Nethcds of Teeting Flexible CelhLsr Mgterinlr3 
	-S!eb Urethme Foan) en:both lcsd defirction und coolprcseion orjt. Numerous twb for various pwible ap~lir~tiort~j defined. -For "rewmble ~urviv&! velocities
	ar~! potential for head imp~lcta up to 20 ftloec with pddiing thickncm between 1.5bd 2.0 in. ..."sccelerstjonof the heed ohouid not exceed 60 G cnd edficient materid must be crutihcd to reduce the head velocity from 38 ftlm to 0 i~lrn-in the pmm of abmrbin6; Lhe head kinetic energy of approliiraetely 60 to 50 ft-lb." 
	Evaluation criteria for load distributing applicotiolm involves the ~~surnptionsthat "A load distributing pad should permit the face to pencbak the surface easily, ihen m~intnin e cuehioninp; layer of foam between the base and the underlying struct~se during enllapx of the 
	-
	, understructure." In terms of energy ahrbing efficiency, Husch (ref D-10) ia cited an etating: 
	1. 'Energy absorbingcharacteristics of a brittle foam are ~uperiorto those of a ductile foam, 
	,'>
	i

	2. The optimum energy aaberbinng foam has a large cell size, a naAw cell size dietribution, and minimum number of reinforcing membranes between the cells; and 
	i' 
	i
	t 
	m
	3. 'Foam cornpasites offer no uipificant advantage over a singie foam." . 
	I 
	I 
	Two topics related to crash pu'ba are diRcusard hsrein. The dkcusnion tun^ on the relatiomhip s = v'i'', whe~ev ia the velocity contentof the pulse (the p'h is ua~umedtoetoy an object with initid velocity v), T' ie the the cmrdjneb of the centroid of ths pub, nuda ie tho 8LRpping dltance. The above formula is convelliont to apply eince the cdmids of sWdard pulw shtlpee kg., trianglee, trapmid3, sinusoida) are tsbulstcd in engineering hnudimh. The rehtionehip reduces the pmhlm of mWng the differentialqi~tion
	The topies are: dise~arionof erron in the estimation n = v212e, where a is the average puke acceleration and v und n ue aa deb4 abova; tind a cimplifi~tniethd for computing energy abrber stroke requirements. 
	Before discussing the t~pica of inkretit the reletionship o = dI'" will be derived. 
	Derivation of e = vTP I,& bjt,), i(t)and ?{t) denote the pi:iticn, velocity ad m~eleratirsnof the vehicle a8 fwctiona of hie. Assume that msccelcraeicn puh x(t) of duration T is given. Fxther, 
	(i.e.,the vehicle crsehes with initial velocity v, coming to rest in time T rind &trace 8). We ccm wrik frcm basic dafiiitione: 
	From cquntion (I), 
	Inteption of equation (2) ty pEVALtf and impmition of the requkemeut thal m!T} s gives 
	Now define T"ae the time cooidbate of the centmid of the ar& under the decekration curve -that 
	iTYO)&)/(lT
	ie. 

	(T* = YO) dl) 
	. Substitution of equations (3)md (4) into equation (5)givee 
	T* = (-s)/(-v) = S/V, 
	O.E.D. 
	If the crash impact velocity v nnd ntopping dktance 5 can be detemtined, the Guide recommends 
	the following fonnula for estinehg the average craoh deceleration u; 
	If the crash puke is in zetuality skewed ss that the majority of the acceleration occurs early in the crash, equation (6)overesci?notes the magnitude of e.To see why thitj ia m, consider two aircraft crashes represented by the two Lriangular deceleration pulses shown in figure D-A.I. The pulses have the same average decelrraliua (v'D as well nn equal duration, equal rnapitude, and eq~ral area (the arearcpmnts the impact velocity v). The aircraft in the first crash will top in e shorter dktcln~~, 
	(8) than the aircr~ft in the second, bemuse the deceleration is applied more quickly. Thus, equation (1) would incorrectIy predict a lareer average deceleration for the firot crash than for 
	the mcond. 
	The correct rcLatio.mhip reqtiires kcowledge of :he pghe shape. To derive the relationsllip, first 
	note thst the true nverege 8cca!eration a is given by 
	where T is the pulse durahn. 
	The relationship 
	waa derived in the preceding section. Thv.8 
	Crash Pulse -
	which can be rearranged to read 
	The implication is that when the deceleration pulse isshnpd so that the mjority of the decele~:~tir,n occurs in the fir~t half of the pulse, i.e., T' .(: 'I'I2, equation (6) owretitimates the nverogo deceleration n, whi16 if most of the dece!eration occurs in the ~econd half, i;e., T*> T12,then equation (6)underedmates a. Equation (6)is accurate only when the centroid To occurb in mid- puh -that is, when T' = Tl2. Figure D-A.2 illustrates equation (8). 
	Equation (8) can be used to bind the error in equation (6). For example, the caatroid of o trapezoidal pul~of d.watiori T must fall between (113)Tand (213)T. Equation (8) shows that the maximum emor inherent in equation (6)for a triangular or trapzoidal puh is 33%, that i~t, 
	Estimating Energy Absorber Stroke Requirements 
	The function of an energy aborber is to reduce the peak loads experienced hy a passenger. A3 a result of energy ahsorbr performance, the cm!i pulse experienced by the posacnge:. 1133 a different shape than the pulw at the floor. The difference in pulse shape causc?a a dilferer~tiaf in 
	-
	topping distaoce between the passenger and floor, which is achieved by deiorrnatior. of the ecerky abaorbr and ia termed the energy akrber stroke. 
	The energy abrI-xx may be regarded as a filter which rndifiso t.he shape of he cleceleiation puh. The ~trokedistn~cecan t~ related to this filtering action in a simple, geometric way. 
	The stopping distance s hrelated to the pula shape by the fctmula 
	where v iB the velocity at impact and T* is the time coordinab of thr: centroid oi the deceleration 
	" 
	pule. The energy cbmrber stroke requirement is 
	where the sutwcripta 1 nnd 2 refer respectively to the floor &adpswengzr. '!?P r3qaired ~troke is the ifitid velocity multiplied by the center of gravity shift awed by miodificrtiun of the ol~rpeof the d~cxAeration p&. 
	Pulse 2 
	v = area = 32.2 ft/sec
	/ 
	Equation (9)gives an intuitive view of energy absorber performance. For example, equation (9)can be applied to compute the atroke distance required by n simple losd limiter mder a triangular pulse (figure 1)-A.3). From geometxic considerations. 
	vT ,kt(k2at/2) + (kt + Ti:) kaT (10) 
	where. T i: !rom 
	v = at = k2at/2+ka~ 
	(1 1) 
	quat ti on (11)is ud to himinate T from equations (lo),and the stroke io computed by subtracting equations (10). The formula, 
	7
	> 

	stroke = vT2* -vT,' = a(-(k3/24 + k/2 + 1/2k --1). (1 2) 
	iseasily obtained. This derivation is simpler then the derivation in the Guide based on intenation of the acceleration pulses. 
	--SYMMETRIC FLOOR PULSE . -
	PULSE 
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