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EXECUTIVE SUPIIMKY 

This  s tudy  was con~missioned by  t h e  Federa l  A v i a t i o n  Admini s t r a t i o n  (FAA) Techni- 
c a l  Center t o  eva lua te  impact corldi t i u n s  and i nju ry -p roduc ing  rneclianisms i n  
c i v i l  r o t o r c r a f t  acc iden ts .  The goals  of t h i s  s tudy  were t o  eva lua te  t h e  s t a t e  
of the  a r t  o f  c rashwor th iness i n  t h e  c u r r e n t  r o t o r c r a f t  f l e e t  and t o  p rov i de  a  
data base t o  support  f u t u r e  FAA ru le-making e f f o r t s .  The research  e f f o r t  was 
d i v i d e d  

e 

e 

e 

e 

i n t o  f o u r  ma jo r  tasks,  as descr ibed  below. 

Task I - Review a l l  c i v i l i a n  h e l i c o p t e r  acc iden ts  f o r  1974-78 ( t h e  
most r ecen t  f i v e - y e a r  p e r i o d  a v a i l a b l e ) ,  and where poss ib l e ,  d e t e r -  
mine t he  a i r c r a f t  v e l o c i t y  and a t t i t u d e  a t  impact. The outcorne of  
t h i s  work was a  s t a t i s t i c a l  d i s t r i b u t i o n  o f  impact c o n d i t i o n s  and a  
s e t  of s i x  scenar ios  t h a t  r ep resen t  a  s i g n i f i c a n t  percentage o f  t h e  
acc i den t s  examined. 

Task I 1  - Tabu la te  i n j u r i e s ,  an6 where poss ib l e ,  the  i n j u r y - c a u s i n g  
nlechanisrns. Fourteen s p e c i f i c  hazards were i d e n t i f i e d .  These rnech- 
anisms were ranked by frequency and s e v e r i t y  i n  o rde r  t o  recommend 
p r i o r i t i e s  f o r  improvements i n  hazardous components. 

Task I11 - A rev iew o f  a v a i l a b l e  a n a l y t i c a l  computer models w i t h  po- 
t e n t i a l  a p p l i c a t i o n  t o  r o t o r c r a f t  c rashwor th iness des ign and eva lu -  
a t i o n  was conducted. The a n a l y t i c a l  techniques i nc l uded  f i n i t e  e l  - 
ement, lumped mass, hyb r i d ,  and modal a n a l y s i s  systems. Programs 
developed f o r  i n d i v i d u a l  elements, components, a i r f r a m e  sec t ions ,  

, and coniplete r o t o r c r a f t  were examined. 

Task I V  - A rev iew o f  c rashwor th iness p r i n c i p l e s  o u t l i n e d  i n  t he  U.S. 
A r s ; l y ' s ~ i r c r a f t  Crash S u r v i v a l  hes ign Guide was conducted t o  d e t e r -  
mine t h e i r  appl i c a b i l  i t y  t o  c i v i l  i a n  r o t o r c r a f t .  

A1 1 records  f o r  r o t o r c r a f t  acc iden ts  o c c u r r i n g  d u r i n g  t h e  f ive-year  e v a l u a t i o n  
p e r i o d  ( a  t o t a l  o f  1,351) were examined a t  t h e  NTSb o f f i c e  i n  Washinyton, D.C. 
Copies o f  a l l  r e p o r t s  c o n t a i n i n y  acc i den t  s i t e  photoyraphs o r  i n f o r m a t i o n  de- 
s c r i b i n g  the acc i den t  o r  events  l ead ing  up t o  i t  were obta ined.  Acc ident  cases 
c o n t a i n i n g  i n s u f f i c i e n t  da ta  t o  e s t a b l i s h  the  impact c o n d i t i o n s  o r  those pending 
l i t i g a t i o n  were d e l e t e d  f r o n  the  sample. The r e s u l t i n g  sample con ta ined  311  
acc iden ts  f o r  t h e  f i ve -year  per iod .  

An e v a l u a t i o n  team was es tab l i shed  t o  analyze t h e  a v a i l a b l e  da ta  f o r  eacn ac- 
c i den t .  Simula Inc .  personnel  conduc t ing  t h e  s tudy  were p resen t  f o r  a1 1  ac- 
c i d e n t  eva l  ua t ions ,  p r o v i d i n g  e x p e r t i s e  i n  a e t e r n i n i n ~  human to le rance ,  estab- 
l i s h i n g  t h e  c rash  environment w i t h i n  t he  c o c k p i t  o r  cab in ,  and i n  us ing  t h e  
techniques of a c c i d e n t  r e c o n s t r u c t i o n .  hhenever poss ib le ,  r ep resen ta t i ves  o f  
t he  manufacturer  o f  the  a i r c r a f t  model i n v o l  ved p a r t i c i p a t e d  i n  the  e v a l u a t i o n  
e f f o r t .  Three manufacturers,  Be1 1  He1 i c o p t e r  Text ron,  Inc., t h e  Enstrot11 He1 i- 
c o p t e r  Corporat ion,  and S i  korsky A i r c r a f t ,  p a r t i c i p a t e d  i n  t he  e v a l u a t i o n  team 
meet ings f o r  acc i den t s  i n v o l  v i  ng t h e i r  a i r c r a f t .  Approx imate ly  77 pe rcen t  o f  
t h e  311 acc iden ts  were eva ludted w i t h  t h e  a i d  o f  t he  manufacturers.  
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khen t h e  manu fac tu re rs  were n o t  a b l e  t o  s u p p o r t  t h e  program, personnel  f rom 
t h e  U.S. Army Sa fe ty  Center,  F o r t  Rucker, Alabama, p a r t i c i p a t e d  i n  t h e  eva lu -  
a t i o n  e f f o r t  f o r  a c c i d e n t s  i n v o l  v i n g  a i r c r a f t  rnodels hav ing  m i l i t a r y  c o u n t e r -  
p a r t s .  These a c c i d e n t s  accounted f o r  a p p r o x i m a t e l y  10  p e r c e n t  o f  t h e  sample. 
The reniai n i n y  a c c i d e n t s  were e v a l u a t e d  by Simula personnel  . 
Dur ing  t h e  r e c o n s t r u c t i o n  of each a c c i d e n t ,  an assessment was made o f  t h e  po- 
t e n t i a l  f o r  s u r v i v a b i l  i ty. A c c i d e n t s  were judged t o  be s u r v i v a b l e  o r  p a r t i a l  l y  
s u r v i v a ~ l e .  The da ta  p resen ted  i n  t h i s  r e p o r t  a r e  based on s u r v i v a b l e  a c c i d e n t s  
l l lee t ing a rniniriiun i n j u r y  o r  damage c r i t e r i a .  These a c c i d e n t s  were judged t o  be 
s u r v i v a ~ l e ,  and met one o r  rrrore o f  t h e  f o l  l o w i n g  c r i t e r i a :  occu r rence  o f  pos t -  
c r a s h  f i r e ,  a t  l e a s t  one m i n o r  o r  s e r i o u s  i n j u r y ,  and/or  s u b s t a n t i a l  s t r u c t u r a l  
damaye. 

The a c c i d e n t s  were e v a l u a t e d  w i t h  c o n s i d e r a t i o n  y i v e n  t o  t h e  s i z e  o f  t h e  a i r -  
c r a f t .  Th is  was acconlpl ished by  e v a l u a t i n g  t h e  a c c i d e n t s  a c c o r d i n g  t o  f o u r  
w e i g h t  c l a s s e s  based on maxiniuni g ross  t a k e o f f  we igh t .  The f o u r  a i r c r a f t  we iy t i t  
c l a s s e s  were: l e s s  t h a n  2,500 l b ,  2,501 t o  6,000 l b ,  6,001 t o  12,500 l b ,  and 
a i r c r a f t  y r e a t e r  t h a n  12,500 l b .  It was found  i n  t h e  s t u d y  t h a t  t h e r e  was n o t  
a s i y n i f i c a n t  d i f f e r e n c e  between t h e  t y p i c a l  impact  c o n d i t i o n s  and i n j u r y -  
caus ing  mechanis tx  f o r  t h e  f o u r  w e i g h t  c lasses .  

S i x  c r a s h  scenar ios  were developed t o  r e p r e s e n t  t h e  v a r i o u s  t ypes  o f  a c c i d e n t s  
which were i d e n t i f i e d  i n  t h e  s tudy.  These s i x  s c e n a r i o s  i n c l u d e d  a p p r o x i -  
m a t e l y  79 p e r c e n t  o f  t h e  a c c i d e n t s  surveyed. The s p e c i f i c  s c e n a r i o  t ypes  were: 
v e r t i c d l  impact ,  1  o n y i  t u d i n a l  impact ,  r o l  l o v e r ,  w i r e  s t r i k e ,  water  impact ,  and 
h i y h  yaw r a t e  impact .  I n  te rms o f  t h e  number of  i n j u r i e s  o c c u r r i n g  i n  a c c i -  
a e n t s  o f  each type,  t h e  v e r t i c a l  impac t  s c e n a r i o  was t h e  most hazardous. Both  
t h e  water  impact  and h i r e  s t r i k e  s c e n a r i o s  were found t o  produce s i g n i f i c a n t  
numbers o f  i n j u r i e s .  Lony i  t u d i  na l  impact ,  r o l  l o v e r ,  and h i y h  yaw r a t e  impact  
scenar ios  were found t o  be much l e s s  hazardous. 

The c i v i l  c r a s h  e n v i  ronment c h a r a c t e r i s t i c s  were compared t o  those  d e t e m i  ned 
f o r  m i l i t a r y  he1 i c o p t e r s .  It was found t h a t  m i l i t a r y  d e s i g n  v e l o c i t i e s  (wh ich  
were d e r i v e d  f rom a s i m i l a r  s t u d y  sponsored by t h e  U.S. Army) i n  t h e  v e r t i c a l  
and l a t e r a l  d i r e c t i o n s  were roore severe t h a n  those  i d e n t i f i e d  f o r  t h e  c i v i l  
a c c i d e n t  datd .  Based on t h i s  comparison, i t  was de te rm ined  t h a t  c u r r e n t  m i l i -  
t a r y  a e s i y n  c r i t e r i a  would be t o o  s t r i n y e n t  f o r  c i v i l  r o t o r c r a f t .  

The c r a s h  f o r c e  magni tudes imposed on an occupant i n  t h e  c r a s h  er lv i ronnient  were 
compared t o  l e v e l s  o f  human t o l e r a n c e .  It was found t h a t  f o r  a w e l l - r e s t r a i n e d  
occupant,  o n l y  t h e  v e r t i c a l  impact  f o r c e s  exceeded t h e  l e v e l s  expected t o  pro-  
duce s e r i o u s  i n j u r i e s  ( m a i n l y  s p i n a l  i n j u r i e s ) .  T h i s  i n d i c a t e s  a  need t o  r e -  
q u i r e  v e r t i c a l  energy a b s o r p t i o n  i n  t h e  l a n a i n y  gear,  a i r f r a m e ,  o r  s e a t s  t o  
m a i n t a i n  a  t o l e r a b l e  env i ronment  f o r  t h e  occupants.  I n  t h e  l o n g i t u d i n a l  and 
1  a t e r a l  d i  r e c t i o n s ,  t h e  c r a s h  e n v i  ronment i s  n o t  expected t o  produce decel  e r a t i v e  
l o a d i n g s  t h a t  exceed t o l e r a b l e  l e v e l  s  f o r  a  p r o p e r l y  r e s t r a i n e d  occupant.  

Four teen hazards, o r  i n j u r y - c a u s i n g  mechanisms, were i d e n t i f i e d  f o r  t h e  c i v i l  
c r a s h  environment.  These 14 hazards were ranked a c c o r d i n g  t o  t h e i r  f requency 
o f  occu r rence  and t h e  s e v e r i t y  o f  i n j u r i e s  t h a t  were produced. It was found 
t h a t  t h e r e  were f o u r  predominate hazards t h a t  shou ld  be addressed t o  improve 
c i v i  1  r o t o r c r a f t  c r a s h w o r t h i  ness. These hazards i n c l  ude ( i n  o r d e r  o f  s e v e r i t y )  : 
thermal  i n j u r i e s  from p o s t c r a s h  f i r e ,  f a i l u r e  o f  t h e  r e s t r a i n t  system t o  p r o t e c t  
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a g a i n s t  s e c o n d a r ~  impact, excess ive v e r t i c a l  impact loads t r a n s m i t t e d  t o  t h e  
occupant, and i n f l i g h t  w i r e  s t r i k e s  which r e s u l t  i n  u n c o n t r o l l e d  f l i g h t .  

The nurtlber and s e v e r i t y  o f  i n j u r i e s  o c c u r r i  ny i n  " s u r v i v a b l e "  c i v i  1  r o t o r -  
c r d f t  accidents j u s t i f y  t h e  need f o r  upgraded des ign  requi rements .  For ex- 
ample, based on an average y e a r l y  r a t e  o f  t h e  f i v e  yea, ; examined, approx i -  
ma te l y  40 percen t  o f  t he  s u r v i v a b l e  acc i den t s  had i n j u r i e s  and/or f a t a l i t i e s .  
There were an average o f  545 occupants i n v o l v e d  i n  s u r v i v a b l e  r o t o r c r a f t  a c c i -  
dents  per  year .  Out o f  these  545 occupants 23 were f a t a l  l y  i n j u r e d ,  57  r e -  
ce ived  se r i ous  i n j u r i e s ,  and 95 sus ta i ned  m ino r  i n j u r i e s .  

Based on t h e  c rash  c o n d i t i o n s  i d e n t i f i e d  f o r  c i v i l  r o t o r c r a f t  i n  t h i s  r e p o r t ,  
reconirnended des ign c r i t e r i a  f o r  c e r t i f i c a t i o n  o f  new r o t o r c r a f t  rnodels a r e  p re -  
sented. The recommended approach i s  based on p r o v i d i n g  p r o t e c t i o n  up t o  and 
i n c l u d i n y  t h e  9 5 t h - p e r c e n t i l e  s u r v i v a b l e  env i  ronment f o r  t h e  c u r r e n t  f l e e t  o f  
r o t o r c r a f t .  The 95 th -pe rcen t i  l e  s u r v i v a b l e  1  eve1 o f  p r o t e c t i o n  appears t o  be 
b o t h  reasonable and a t t a i n a b l e  w i t h i n  t h e  development p e r i o d  o f  t h e  n e x t  yen- 
e r a t i o n  o f  commercial he1 i c o p t e r s .  

Th i s  r e p o r t  a1 so i d e n t i f i e s  t asks  recommended f o r  f u t u r e  f und ing  by t h e  FAA. 
These t asks  i n c l u d e  t h e  f o l  lowing:  

o  D e t a i l e d  Design C r i t e r i a / D e s i g n  Guide 

o  Pro to type  Crashworthy K o t o r c r a f  t Oerr~onstrat ion P r o j e c t  

o  Cos t /Benef  i t Ana l ys i s  For  Cras t i v~or th i  ness Ilnprovelnents 

o  Enhancement o f  A n a l y t i c a l  l4ethods 

o  Improved Crash I n v e s t i g a t i o n  Procedures. 





INTRODUCTION 

The des ign o f  f u t u r e  crashwor thy c i v i l i a n  he1 i c o p t e r s  r e q u i r e s  a  comprehensive 
knowledge o f  t h e  c rash  environment f o r  such a i r c r a f t  The p r imary  o b j e c t i v e  
o f  t h i s  c o n t r a c t  e f f o r t ,  e n t i  t l e d  " R o t o r c r a f t  Crash Scenarios," was t o  p rov ide  
such knowledge. S i m i l a r  work was under taken by t h e  Un i ted  S ta tes  Army i n  t he  
1960's and aya in  i n  t h e  1970's f o r  m i l i t a r y  r o t o r c r a f t ,  t he  r e s u l t s  o f  which 
a r e  pub l i shed  i n  t he  A i r c r a f t  Crash s u r v i v a l  Uesigrl Guide, USARTL-TR-79-22 ( r e f -  
erences 1 th rough 5),  NIL-S-58095(kV) ( r e f e r e n c e  G ) ,  and MIL-STD-1290(AV) ( r e f -  
erence 7). However, p r e l  i m i  na ry  s t u d i e s  i n d i c a t e  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  
e x i s t  i n .  t h e  impact c o n d i t i o n s  between m i l i t a r y  and c i v i l i a n  he1 i c o p t e r  a c c i -  
dents.  These d i f f e r e n c e s  cou ld  g r e a t l y  i n f l u e n c e  crashwor th iness des ign re -  
quirements f o r  f u t u r e  c i v i  1  i a n  he1 i c o p t e r s  by s h i f t i n g  t h e  r e l a t i v e  importance 
o f  va r i ous  c rash  s u r v i v a l  f a c t o r s .  Compared t o  c i v i l i a n  a i r c r a f t ,  t h e  process 
f o r  ach iev ing  crashwor th iness i n  m i l i t a r y  a i r c r a f t  i s  more d i r e c t ,  because t h e  
p rocu r i ng  agency i s  a l s o  t he  u l t i m a t e  user .  I n  t h e  c i v i l i a n  sec to r ,  c rashwor thy 
improvements t o  h e l i c o p t e r s  can o n l y  be u n i f o r m l y  achieved through r e g u l a t i o n s  
implemented by t h e  Federal A v i a t i o n  A d m i n i s t r a t i o n  (FAA), Formulat ion of these 
r e g u l a t i o n s  and t h e i r  acceptance by t h e  users must be based upon a  c l e a r  i n d i -  
c a t i o n  o f  t h e  need and economics f o r  such changes. 

The major  goal of t h i s  research e f f o r t  was t o  d e f i n e  t y p i c a l  c rash  c o n d i t i o n s  
f o r  c i v i l i a n  h e l i c o p t e r s .  The s u r v i v a b l e  c o n d i t i o n s  es tab l  i shed i n  t h i s  s tudy  
d e f i n e  t h e  l e v e l  o f  crashwor th iness i n  e x i s t i n g  a i r c r a f t ,  and suggest areas 
where p o t e n t i a l  improvements cou ld  be made. The f o u r  main o b j e c t i v e s  of t h i s  
research e f f o r t  were t o  p rov ide  a  d e f i n i t i o n  o f  t he  t y p i c a l  types o f  crashes 
o r  "scenar ios  , t o  examine t he  impact condi  t i o n s  assoc ia ted  w i  t h  those scenar- 
i o s ,  t o  analyze t h e  f a c t o r s  causiny i n j u r i e s  o r  f a t a l i t i e s  i n  h e l i c o p t e r  a c c i -  
dents,  and t o  i d e n t i f y  e x i s t i n g  a n a l y t i c a l  techniques t h a t  cou ld  be used f o r  
component design. The tasks  t h a t  comprised t h i s  program a re  descr ibed  i n  f u r t h e r  
d e t a i l  below: 

Task I 

Review a l l  c i v i l i a n  h e l i c o p t e r  acc iden t s  f o r  1974-78, t h e  most r ecen t  
f ive -year  pe r i od  a v a i l  able,  and, where poss ib le ,  determine t h e  a i r -  
c r a f t  v e l o c i t y  and a t t i t u d e  a t  impact.  Data were ca tegor ized  w i t h  
r espec t  t o  weight ,  c o n f i g u r a t i o n ,  t ype  o f  c rash  env i  ronment, opera- 
t i o n a l  mode, a t t i t u d e ,  i n j u r i e s ,  s t r u c t u r a l  damage, and pos tc rash  
hazards such as f i r e .  Eva lua t ion  o f  t h e  acc iden ts  was conducted w i t h  
t h e  a i d  o f  engineers from the  a i r c r a f t  manufacturer  whenever poss ib l e .  
Three manufacturers  agreed t o  p a r t i c i p a t e  i n  t h e  t ask :  Be1 1  He1 i- 
c o p t e r  Textron, Enstrom He1 i c o p t e r  Corporat ion,  and Si  ko rsky  A i  r c r a f t .  
The outcome o f  t h i s  work i s  a  s e t  o f  s i x  scenar ios t h a t  represen t  a  
s i g n i f i c a n t  percentage o f  t h e  acc iden t s  examined and t h e  impact con- 
d i t i o n s  assoc ia ted  w i t h  those scenar ios .  

Task I 1  

Tabu la te  i n j u r i e s ,  and where poss ib l e ,  t h e  i n j u r y - caus ing  mechanisms. 
Determining t he  pa tho log i ca l  cause o f  i n j u r y  i m p l i e s  an understand- 
i n g  o f  human to l e rance  i n  t h i s  t ype  of c rash  environment. For an 



occupant r e s t r a i n e d  by  l a p  be1 t and shoulder  harness, human t o l e r a n c e  
t o  crash impact c o n d i t i o n s  i s  w e l l  documented ( re fe rence  2),  However, 
f o r  lap-be1 t - o n l y  r e s t r a i n t ,  t h e r e  i s  a  reduced t o l e rance  t o  decelera-  
t i v e - t y p e  i n j u r i e s ,  and t e s t  da ta  a r e  g e n e r a l l y  l e s s  complete. An 
e f f o r t  was undertaken t o  c o l  l e c t  a1 1  e x i s t i n g  human v o l u n t e e r  t e s t  
da ta  f o r  lap-be1 t - o n l y  r e s t r a i n t  t e s t s  ( re fe rence  8). I n j u r y - c a u s i  ng 
mechanisms were ranked by frequency and s e v e r i t y  i n  o r d e r  t o  recom- 
mend p r i o r i t i e s  f o r  improvements i n  hazardous components. 

Task 111 

A  rev iew o f  a v a i l a b l e  a n a l y t i c a l  computer models w i t h  p o t e n t i a l  appl i- 
c a t i o n  t o  r o t o r c r a f t  c rashwor th iness des ign and e v a l u a t i o n  was con- 
ducted. Cons idera t ion  was g i ven  t o  i n p u t  da ta  requirements,  c m p u -  
t a t i o n a l  methods, o u t p u t  data provided, ope ra t i ng  t ime  and c o s t ,  l e v e l  
o f  ope ra t i ona l  exper ience requ i red ,  documentat ion a v a i l a b i  1  i ty and 
completeness, degree of exper imenta l  v e r i f i c a t i o n  achieved, and t h e  
most d e s i r a b l e  use assoc ia ted  w i t h  each technique. L im i  t a t i o n s  such 
as c o s t  and degree o f  model ing f i d e l i t y ,  as w e l l  as t e c h n i c a l  d e f i c i e n -  
c ies ,  were evaluated.  The a n a l y t i c a l  techniques i nc l uded  f i n i t e  
element, lumped mass, hybr id ,  and modal a n a l y s i s  systems. Progra~ns 
developed f o r  i n d i v i d u a l  elements, components, a i r f r a m e  sec t ions ,  
and complete r o t o r c r a f t  were inc luded .  The need f o r  t e s t i n g  t o  
v e r i f y  a n a l y t i c a l  techniques, eva lua te  c u r r e n t  c rash  c r i t e r i a ,  de- 
ve lop  and eva lua te  c rash  dynamic des ign procedures, and v e r i  f j  des ign  
improvements was assessed. 

Task I W  

A  rev iew  o f  crashwor th iness p r i n c i p l e s  o u t l i n e d  i n  t h e  U.S. Army's 
A i r c r a f t  Crash S u r v i v a l  Design Guide ( r e fe rences  1 th rough 5)  was 
conducted, t o  determine t h e i r  appl i c a b i l  i ty t o  c i v i l i a n  r o t o r c r a f t .  
I n  a d d i t i o n ,  cons ide ra t i on  was g iven  t o  concepts and f ea tu res  o f  new 
and near-term m i l  i t a r y  designs, and an i n v e s t i g a t i o n  was conducted 
t o  determine whether any o f  the  m i l i t a r y  design f ea tu res  migh t  a l s o  
be adaptable t o  t he  c i v i l i a n  f l e e t .  

The scenar ios de f ined  i n  Task I and t h e  i n j u r y  pa t t e rns  developed i n  Task 11, 
combined w i t h  a  rev iew o f  c u r r e n t  m i  1  i t a r y  des ign p rac t i ces ,  i d e n t i f y  areas 
r e q u i r i n g  a d d i t i o n a l  research i n  o rde r  t o  p rov ide  improved r o t o r c r a f t  c rash-  
wor th iness.  Recornmenda t i o n s  were developed f o r  improved c rashwor th i  ness des ign 
c r i t e r i a  and f o r  areas t h a t  need f u r t h e r  research and development. Th is  f i n a l  
r e p o r t  d e t a i l s  a1 1  aspects o f  t he  r o t o r c r a f t  c rashwor th iness s tudy.  An I n t e r i m  
Report  ( r e fe rence  9 )  was submi t ted e a r l i e r  i n  t h e  program d e s c r i b i n g  i n  d e t a i l  
t h e  Task I e f f o r t .  

Th is  program was in tended t o  eva lua te  t y p i c a l  c rash  cond i t i ons  f o r  a1 1  s i z e s  
o f  c i v i l  h e l i c o p t e r s .  However, t h e r e  was a  general  l a c k  o f  acc iden t  da ta  f o r  
r o t o r c r a f t  l a r g e r  than  12,500-1b maximum gross weight .  A1 though many o f  t h e  
recomrnendati ons based on c rash  c o n d i t i o n s  f o r  smal l e r  r o t o r c r a f t  may app ly ,  
t h e r e  i s  p r e s e n t l y  n o t  s u f f i c i e n t  da ta  t o  v e r i f y  t h i s  

n i  zed i n t o  sec t i ons  which represen t  
i 

This  r e p o r t  i s  orga 
f o l l owed  i n  complet ny t h i s  program. Sec t ion  2,0 d iscusses t h k  procedures used 



i n  s e l e c t i n g  acc iden t  data, con ta ins  a d e s c r i p t i o n  o f  t y p i c a l  irnpact cond i t i ons ,  
and presents  a  s e t  o f  s i x  t y p i c a l  c rash  scenarios.  Resu l ts  o f  the  i n j u r y / h a z a r d  
analyses a r e  presented i n  a  s t a t i s t i c a l  fo rn ia t  i n  Sec t ion  3,O. Sec t ion  4.0 
compares t h e  c i v i  1 r o t o r c r a f t  c rash  environment t o  t he  m i l i t a r y  crash env i ron-  
ment and t h e  human t o l e r a n c e  data.  I n  Sec t i on  5.0, cnnc lus ions  a r e  presented 
based on t he  da ta  c o l  l e c t e d  d u r i n g  t h e  research e f f o r t .  Sec t ion  6.0 c ~ n t a i n s  
recomnendations f o r  crashwor th iness des ign c r i t e r i a  and f u t u r e  work. The work 
conducted d u r i n g  Task 111, Eva lua t i on  o f  A n a l y t i c a l  Methods, i s  d e t i l i  led i n  
Appendix A. 



2.0 EVALUATION OF IMPACT CONDITIONS AND TYPICAL CRASH SCENARIOS 

Improv ing t h e  c rash  s a f e t y  p o t e n t i  a1 o f  f u t u r e  c i v i l i a n  he1 i c o p t e r s  r e q u i r e s  
f i r s t  e s t a b l i s h i n g  t h e  base1 i n e  c rashwor th iness  perfort i lance o f  e x i s t i n g  a i r -  
c r a f t .  Task I was conceived t o  eva lua te  a c t u a l  impact  c o n d i t i o n s  f o r  as many 
r e c e n t  acc i den t s  as p o s s i b l e  and t o  determine under  what c o n d i t i o n s  an occupant 
c o u l d  be expected t o  su r v i ve .  This, o f  course, assumes t h a t  human t o l e r a n c e  
t o  impact and a c c e l e r a t i o n ,  and t h e  techniques f o r  assess ing impact o r i e n t a t i o n  
and v e l o c i t y  have been c o n c l u s i v e l y  de f ined ,  when i n  f a c t  t h i s  i s  n o t  always 
t h e  case. t4aximum l e v e l s  o f  t o l e r a b l e  impact c o n d i t i o n s  va ry  w ide l y  w i t h  human 
s k e l e t a l  s t r eng th .  A1 so, eng inee r i ng  judgements a r e  necessary f o r  de te rmin ing  
impact  condi t i o n s  f rom desc r i  y t i o n s  and photographs o f  acc i den t  damage. How- 
ever,  i n  t h e  m a j o r i t y  of acc iden ts  eva lua ted  i n  t h i s  s tudy,  i t  was poss ib l e  t o  
e s t a b l i s h  bounds on t h e  acc i den t  c o n d i t i o n s  w i t h  reasonable  c e r t a i n t y .  

2.1 ACCIDENT DATA ACQUISITION AND EVALUATION 

The f o l  l o w i  tig sec t i ons  p resen t  a  d i s c u s s i o n  o f  t h e  assumptions and cons ider -  
a t i o n s  t h a t  form t h e  bas i s  f o r  e v a l u a t i n g  t h e  1974 t o  1978 acc i den t  sample. 
Paragraph 2.1.1 desc r i bes  t h e  acc i den t  s e l e c t  i o n  procedure,  whi 1  e  paragraphs 
2.1.2 and 2.1.3 cover  t h e  Eva lua t i on  Teani approach and acc i den t  r e c o n s t r u c t i o n  
~ i ie thodology,  r e s p e c t i v e l y .  The f i n a l  paragraph, 2.1.4, d iscusses t he  s t a t i s -  
t i c a l  da ta  s e t s  t h a t  were analyzed i n  de te rmin ing  c rash  c o n d i t i o n s .  

2.1.1 ACCIDENT CASE SELECTION PROCEDURE. O r  i g i  na l  p l ans  i nc l uded  exami n i  ng 
acc i de t l t  records  f o r  a  ten-year  per iod .  However, when t h e  proqrani beqan i n  
March 1981, t h e  most r e ~ e n t - ~ e a r -  f o r  which records  were a v a i l a b l e  f rom t h e  
Na t i ona l  T r a n s p o r t a t i o n  Sa fe t y  Board (NTSB) was 1978. A ten-year  pe r i od  would, 
t h e r e f o r e ,  have begun i n  1969, and a l l  p a r t i c i p a n t s  i n  t h e  program f e l t  t h a t  
t h e  e a r l y  years  i n  t h a t  p e r i o d  would i n c l u d e  a  l a r g e  number o f  a i r c r a f t  types 
t h a t  no l onge r  make up a  s i g n i f i c a n t  percentage of a i r c r a f t  i n  t h e  c i v i l  op- 
e r a t i o n a l  f l e e t ,  I n  o r d e r  t o  i n s u r e  t h a t  a  reasonably  l a r g e  percentage of  
c u r r e n t  a i r c r a f t  would comprise t he  sample, t h e  most r ecen t  f i v e - y e a r  per iod ,  
1974-78, was s e l e c t e d  f o r  i n v e s t i g a t i o n .  

A1 1  records  f o r  r o t o r c r a f t  acc i den t s  o c c u r r i n g  d u r i n g  t h i s  pe r i od  (a t o t a l  o f  
1,351), were examined a t  t h e  NTSB o f f i c e  i n  Idashington, D.C. Copies o f  a1 1  
r e p o r t s  c o n t a i n i n g  acc i den t  s i t e  photographs o r  i n f o r m a t i o n  d e s c r i b i n g  t h e  a c c i -  
den t  o r  events  l ead ing  up t o  i t, were ob ta ined .  Acc ident  cases c o n t a i n i n g  i n -  
s u f f i c i e n t  da ta  t o  es tab l  i sh impact condi  t i o n s  o r  those pending l i t i g a t i o n  were 
d e l e t e d  from t h e  sample. Other cases were added when t h e  manufac tu re rs '  f i l e s  
con ta ined  s u f f i c i e n t  da ta  f o r  t h e i r  i n c l  us ion .  The r e s u l t i n g  sample con ta ined  
311 acc i den t s  f o r  t h e  f i v e - y e a r  per iod .  

2.1.2 EVALUATION TEAM APPROACH. An E v a l u a t i o n  Team was es tab l i shed  t o  analyze 
t h e  a v a i l a b l e  da ta  f o r  each acc iden t .  Simula Inc .  personnel  conduct ing t h e  
s tudy  were p resen t  f o r  a1 1  acc i den t  eva lua t i ons  t o  p r o v i d e  c o n t i n u i t y  i n  t h e  
r e c o n s t r u c t i o n  techniques used. Sinlula personnel  p rov ided  e x p e r t i s e  i n  d e t e r -  
m i n i  ny human to1  erance, i n  e s t a b l  i shing t h e  c rash  env i  ronment w i  t h i n  t h e  cock- 
p i t  o r  cab in ,  and i n  us i ng  t h e  techniques o f  a c c i d e n t  r econs t ruc t i on .  Whenever 
poss ib l e ,  r e p r e s e n t a t i v e s  o f  t h e  manufac tu re r  o f  t h e  a i r c r a f t  model i n v o l v e d  
p a r t i c i p a t e d  i n  t he  e v a l u a t i o n  e f f o r t .  Three manufacturers ,  Be1 1  He1 i c o p t e r  
Text ron,  Inc .  , t h e  Enstrom He1 i c o p t e r  Corpora t ion ,  and Si  ko rsky  A i  r c r a f t ,  pa r -  
t i c i  pated i n  t h e  Eva lua t i on  Team meet ings f o r  acc i den t s  i n v o l  v i ng  t h e i r  a i r c r a f t .  



I n  a l l  cases, these p a r t i c i p a n t s  were ab le  t o  p rov ide  s p e c i f i c s  about t h e  f l i g h t  
c h a r a c t e r i s t i c s  o f  t he  a i r c r a f t  and, i n  some cases, s t r u c t u r a l  c a p a b i l i t i e s  o f  
va r i ous  a i r c r a f t  components. Approx imate ly  7 7  pe rcen t  o f  t h e  311 acc iden t s  
were eva lua ted  w i t h  t h e  a i d  o f  t h e  manufacturers .  

Personnel f rom the  U,S. Army Safe ty  Center, F o r t  Rucl,er, Alabama, p a r t i c i p a t e d  
i n  t he  e v a l u a t i o n  e f f o r t  f o r  acc iden ts  i n v o l v i n g  a i r c r a f t  models hav ing m i l i t a r y  
coun te rpa r t s  when t h e  manufacturers  were n o t  ab le  t o  suppor t  t h e  program. These 
acc iden ts  accounted f o r  approx imate ly  10  percen t  o f  t h e  samples. The remain ing  
acc iden t s  were eva lua ted  by Simula personnel.  

2.1.3 EVALUATION PIETHODOLOGY. The goal o f  t h e  Eva lua t i on  Team was t o  determine 
t h e  c o n d i t i o n s  a t  impact,  i .e . ,  a i r c r a f t  o r i e n t a t i o n  and v e l o c i t y  f o r  t h e  
p r i n c i p a l  impact*. These parameters p r i l na r i  l y  d e f i n e  t h e  dynamics o f  t h e  a c c i -  
den t  sequence, whereas acce le ra t i ons  t ransmi  t t e d  t o  t h e  occupant a r e  f u n c t i o n s  
o f  t h e  c rush ing  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  a i r f r ame .  However, i t  was 
o f t e n  use fu l  t o  a t t emp t  t o  es t ima te  a c c e l e r a t i o n  l e v e l s  i n  t h e  a i r c r a f t  i n  o r d e r  
t o  co r robo ra te  t he  most probable impact cond i t i ons .  

An acc iden t  e v a l u a t i o n  worksheet l i k e  t h a t  i l l u s t r a t e d  i n  f i g u r e  1, was com- 
p l e t e d  f o r  each acc iden t .  A l l  ca tego r i es  i n  t h e  upper b lock  o f  t h e  worksheet 
were completed from the  o r i g i n a l  NTSB acc iden t  summary w i t h  t he  excep t ions  o f  
s u r v i v a b i l i t y ,  c rash  environment, and a i r c r a f t  a t t i t u d e ,  These i tems were coded, 
and t h e  l owe r  n a r r a t i v e  p o r t i o n s  completed, d u r i n g  t h e  Eva lua t i on  Team meet ings. 
The codes used f o r  comple t iny  t h e  worksheets a r e  l i s t e d  i n  Appendix B. 

Acc idents  were judyed t o  be s u r v i v a b l e  o r  p a r t i a l l y  s u r v i v a b l e  accord ing  t o  
the  f o l l o w i n g  d e f i n i t i o n s :  

Su rv i vab le  - The a c c e l e r a t i o n  environment was w i t h i n  t h e  l i m i t s  o f  
human to l e rance ,  and a  s u f f i c i e n t  occup iab le  volume remained f o r  prop- 
e r l y  r e s t r a i n e d  ( l a p  b e l t  and shoulder  harness) occupants, w i t h  t h e  
e f f e c t s  o f  f i r e  n o t  considered. 

P a r t i a l l y  s u r v i v a b l e  - Some p o r t i o n  o f  t h e  c o c k p i t  o r  cab in  met t h e  
d e f i n i t i o n  o f  su rv i vab le .  

The assessment o f  s u r v i v a b i l i t y ,  as mentioned i n  t h e  i n t r o d u c t i o n  t o  t h i s  sec- 
t i o n ,  i m p l i e s  t h a t  human t o l e r a n c e  t o  impact c o n d i t i o n s  i s  we l l  de f ined .  The 
b a s i s  f o r  e s t a b l i s h i n g  human t o l e r a n c e  and t h e  techniques f o r  e s t i ~ n a t i n g  t h e  
c rash  environment a r e  d i  scussed i n  t h e  f o l  l ow ing  paragraphs. 

2.1.3.1 Human Tolerance. The t o l e r a n c e  o f  we1 1 - res t ra i ned  seated occupants 
t o  whole- bod.^ a c c e l e r a t i o n  i s  based on exper imenta l  s t u d i e s  o f  human vo lun teers ,  
cadavers, and animals.  Resu l ts  o f  t h i s  work were compi led by E i  band ( re fe rence  l o ) ,  
and f o r  t h i s  s tudy  were used as t h e  bas i s  f o r  e s t a b l i s h i n y  s u r v i v a b l e  a c c e l e r -  
a t i o n  l e v e l s .  E i  band's work i s  a l s o  sunmarized i n  t h e  A i r c r a f t  Crash S u r v i v a l  
Design Guide, Volume 11, Chapter 4.0 ( r e fe rence  2).  

* P r i n c i p a l  impact i s  de f i ned  as t h a t  which occurs when t he  m a j o r i t y  o f  t h e  
d e c e l e r a t i v e  fo rces  were exper ienced and t h e  most damage was sus ta ined  by t h e  
fuse lage.  The p r i n c i p a l  impact m igh t  n o t  have been t h e  i n i  t i d l  impact.  
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F igu re  1. Acc ident  e v a l u a t i o n  worksheet. 

It i s general  l y  assumed t h a t  t o l e r a n c e  t o  whole-body a c c e l e r a t i o n  f o r  occupants 
r e s t r a i n e d  by o n l y  a  l a p  b e l t  i s  l owe r  than f o r  an occupant w i t h  upper t o r s o  
r e s t r a i n t .  The lower  t o l e r a n c e  i s  due t o  r e s t r a i n t  loads be ing d i s t r i b u t e d  
over  a  s m a l l e r  area and t o  sp i na l  misa l ignment  i nc reas ing  l o c a l i z e d  l oad ing  i n  
t h e  sp ine.  Th is  i s sue  was addressed as p a r t  o f  Task I 1  and r e s u l t s  a re  pub- 
l i s h e d  i n  a  separate  r e p o r t  ( r e f e r e n c e  8 ) .  For  Task I, as s t a t e d  i n  t h e  above 
d e f i n i t i o n  o f  s u r v i v a b i l i t y ,  i t  was assumed t h a t  a l l  occupants had t he  b e n e f i t  
o f  a l a p  b e l t  and shou lder  harness. Th i s  assumption was based on t h e  b e l i e f  
t h a t  upper t o r s o  r e s t r a i n t s  a r e  an e f f e c t i v e  approach t o  ach iev i ng  occupant 
p r o t e c t i o n .  Therefore,  i n  acc i den t s  f o r  models w i t h  lap-be1 t - o n l y  r e s t r a i n t  
systems, s u r v i v a b i l i t y  was assessed on p r o j e c t e d  i n j u r i e s  and n o t  n e c e s s a r i l y  
t h e  a c t u a l  i n j u r i e s  rece ived .  Also,  as noted, f i r e  was n o t  cons idered a  f a c t o r  
i n  de te rmin ing  s u r v i v a b i l i t y .  

Human t o l e r a n c e  t o  impact - type i n j u r i e s  as a  r e s u l t  o f  s t r i k i n g  an i n t e r i o r  
su r f ace  (secondary impac t )  has been t ho rough l y  s t u d i e d  by t h e  automot ive com- 
muni ty. Var ious f o r c e  l e v e l s  caus ing s p e c i f i c  types o f  i n j u r i e s  can be e s t i -  
mated. However, f o r  t h i s  s tudy  a  d e f i n i t e  c r i t e r i o n  was used. Impact o f  ex- 
t r e m i t i e s ,  un l ess  ex t reme ly  severe, was n o t  cons idered a  f a c t o r  i n  s u r v i v a b i l i t y ,  
b u t  any impact o f  t h e  head o r  upper t o r s o  was cons idered dangerous and p o s s i b l y  
1  i f e  t h rea ten ing .  I f  such trauma cou ld  have been prevented by p roper  r e s t r a i n t ,  
then  t h e  a c c i d e n t  was deemed p o t e n t i a l l y  su r v i vab le .  



2.1.3.2 Crash Envi ronment. Techniques e x i  s t  f o r  r e c o n s t r u c t i n g  a  c rash  
env i  r o n r ~ ~ e n t  f rom exarni n a t i o n  o f  a i r c r a f t  wreckage, and these procedures a r e  
t h e  s u b j e c t  o f  severa l  educa t iona l  courses ( r e fe rences  11 th rough  13). I n  
theory ,  these procedures shou ld  be s u f f i c i e n t  t o  es t ima te  t h e  magnitude o f  t h e  
impact  parameters. Appl ied t o  t h i s  s tudy,  w i t h o u t  t h e  b e n e f i t  of o n - s i t e  i n -  
v e s t i g a t i o n  o r  comprehensive a c c i d e n t  r e p o r t s ,  t h e  t cphn iques  were most u s e f u l  
f o r  assess ing r e l a t i v e  s e v e r i t y  among acc iden ts .  

The procedure used i n  Task I was based on e s t a b l i s h i n g  w i t h  c e r t a i n t y ,  impact  
parameters ( v e l o c i t i e s ,  angles,  a c c e l e r a t i o n  l e v e l s )  f o r  a  number o f  acc iden ts .  
These acc i den t s  were then  used as a  re ference i n  o r d e r  t o  determine t h e  s e v e r i t y  
o f  o t he r ,  s i m i l a r  acc iden ts .  The f o l l o w i n g  i tems were cons idered i n  ana l yz i ng  
t h e  acc i den t s  t h a t  served as r e fe rences :  

I n v e s t i g a t o r ' s  r e p o r t  

Photographs o f  a i r c r a f t  and ground damage 

P i l o t ,  passenger, and w i t ness  s ta tements  

I n j u r y  d e s c r i p t i o n s  ( t ype ,  seve r i  ty, and l o c a t i o n  i n  a i r c r a f t )  

Engineer ing a n a l y s i s  o f  component f a i l u r e s  due t o  i n e r t i a l  over load-  
i ng. 

A1 1 o f  t h e  acc i den t s  i n  t h e  sample had, t o  some ex ten t ,  t h e  i n f o r m a t i o n  de- 
s c r i b e d  above. With t h i s  i n f o r m a t i o n  i t  was p o s s i b l e  t o  s e t  l i m i t s  on t h e  most 
p robab le  impact c o n d i t i o n s  by comparison w i t h  t h e  re fe renced  acc iden ts .  

As d iscussed i n  paragraph 2.1.3, i t  was o f t e n - d e s i r a b l e  t o  determine t he  a c c e l e r -  
a t i o n  environment f o r  t h e  occupants i n  o r d e r  t o  r e l a t e  s e v e r i t y  l e v e l s  t o  v a r i -  
ous i n j u r i e s ,  o r  t o  r eve rse  t h e  procedure t o  a i d  i n  t he  de te rm ina t i on  of impact 
c o n d i t i o n s  based on i n j u r i e s  t h a t  occur  a t  known l e v e l s .  As an example, con- 
s i d e r  an a c c i d e n t  o f  a  smal l ,  two-place h e l i c o p t e r  w i t h  p r i m a r i l y  v e r t i c a l  im- 
pac t  f o r c e s  i n  which bo th  occupants r ece i ved  sp ina l  f r a c t u r e s .  Photographs o f  
t h e  monocoque sea t  pan s t r u c t u r e  revea led  t h a t  severa l  inches o f  v e r t i c a l  de- 
f o r m a t i o n  occurred. S t r u c t u r a l  a n a l y s i s  o f  t h e  sea t  f a i l u r e  l oad  and t h e  energy 
r e q u i r e d  t o  produce t h e  de fo rmat ion  enabled t h e  c rash  environment t o  be de te r -  
mined. The a c c e l e r a t i o n  l e v e l  determined i n  t h i s  manner corresponded w i  t h  t h e  
l e v e l s  r e q u i r e d  t o  produce sp ina l  i n j u r y .  

For  e v a l u a t i n g  t h e  v e r t i c a l  component (w i  t h  r espec t  t o  t h e  a i r c r a f t  coo rd i na te  
system) o f  t h e  impact c o n d i t i o n s ,  i t  was assumed t h a t  t he  acce le ra t i on - ve rsus -  
t ime  h i s t o r y  had t h e  shape o f  an e q u i l a t e r a l  t r i a n g l e  as shown i n  f i g u r e  2a. 
Th is  assumption i s  based on measurements made i n  c rash  t e s t s  o f  h e l i c o p t e r s  
and genera l  a v i a t i o n  a i r c r a f t  ( r e f e rences  14 th rough  1 6 ) .  The l o n g i t u d i n a l  
component f o r  acc iden ts  w i t h  s i g n i f i c a n t  downward p i t c h  (nose impact w i t h  
ground) was a l s o  assumed t o  have t h e  e q u i l a t e r a l  t r i a n g u l a r  shape. However, a  
r e c e n t  r e p o r t  ana l yz i ng  c rash  t e s t s  o f  general  a v i a t i o n  a i r c r a f t  ( r e f e rence  17) 
has i n d i c a t e d  t h a t  t h e  l o n g i t u d i n a l  p u l s e  may be skewed s l i g h t l y  t o  t h e  l a t t e r  
p a r t  o f  t h e  pu l se  as shown i n  f i g u r e  2b. For acc i den t s  w i t h  a  h i g h  l o n g i t u d i n a l  
v e l o c i t y  a t  impact (e.g., run-on l a n d i n g )  i t  was assumed t h a t  t h e  a c c e l e r a t i o n  
was e s s e n t i a l l y  cons tan t  over  t h e  run-ou t  d i s t ance ,  as shown i n  f i g u r e  3, un l ess  
t h e  s t r u c t u r e  dug i n  o r  impacted some t e r r a i n  f e a t u r e .  



T i m e  

a .  Assumed v e r t i c a l  impact d e c e l e r a t i o n  p u l s e  shape.  

Time 

Longi tudina l  impact d e c e l e r a t i o  
p u l s e  shapes ( r e f e r e n c e  

igure 2. Tri l s e  shapes assume 
the impact deceleration environment in the 
princi pal impact. 



G = p ,  coefficient of friction 
between aircraft and ground 

F igu re  3. Constant acce le ra t i on - t ime  h i s t o r y  used t o  represen t  
l o n g i  t u d i n a l  a c c e l e r a t i o n  f o r  s l  i d i n g  a i r c r a f t .  

The d i  f f e rence  between " v e l o c i t y  a t  impact"  ( i n i t i a l  v e l o c i t y )  and " v e l o c i t y  
change" needs t o  be cons idered when i n t e r p r e t i n g  t h e  data con ta ined  i n  t h i s  
r e p o r t .  A l l  v e l o c i t i e s  presented h e r e i n  a r e  i n i t i a l  v e l o c i t i e s  a t  t h e  t ime o f  
the  p r i n c i p a l  impact.  However, t h e  energy con ta ined  i n  t he  impact pu l se  t o  
which t h e  a i r c r a f t  s t r u c t u r e  i s  sub jec ted  d u r i n g  t h e  p r i n c i p a l  impact i s  pro-  
p o r t i o n a l  t o  t h e  v e l o c i t y  change, A v .  The magnitude o f  t he  a c c e l e r a t i o n  t h a t  
occurs d u r i n g  t h e  v e l o c i t y  change determines t h e  impact  s e v e r i t y .  It was 
assurned t h a t ,  f o r  t h e  v e r t i c a l  component, t h e r e  i s  ve ry  l i t t l e  rebound dcrr ing 
impact,  i n d i c a t i n g  t h a t  t h e  i n i t i a l  v e l o c i t y  i s  approx imate ly  t he  same as t he  
v e l o c i t y  change. However, i n  t he  l o n g i  t u d i n a l  d i r e c t i o n ,  a  h i g h  i n i t i a l  ve- 
l o c i t y  component may be p resen t  a t  impact w i t h  very  l i t t l e  damage o c c u r r i n g  
u n t i l  t he  a i r c r a f t  s t r u c t u r e  "d igs i n "  o r  impacts a  rock  o r  stump and t h u s  
causes an ab rup t  change i n  v e l o c i t y .  Resu l ts  o f  t h i s  s tudy i n d i c a t e  t h a t  h i gh  
l o n y i  t u d i n a l  v e l o c i t i e s  can be t o l e r a t e d  w i t h  1  i t  t l e  danger o f  i n j u r y  p r o v i d i n g  
no s i g n i f i c a n t  o b s t r u c t i o n  t o  s l i d i n g  i s  encountered. It must be cons idered 
t h a t  r e d u c t i o n  o f  v e l o c i t y  f rom the  h i g h  i n i t i a l  va lue  t o  zero occurs ove r  a  
l ong  t ime p e r i o d  wi t h  low average a c c e l e r a t i o n  p r o p o r t i o n a l  t o  t h e  c o e f f i c i e n t  
o f  f r i c t i o n  between t h e  s l i d i n g  a i r c r a f t  and ground. 

Formulas corninonly used i n  acc iden t  r e c o n s t r u c t i o n  a r e  shown i n  Appendix C, w h i l e  
Appendix D  descr ibes  t h e  Eva lua t i on  Team approach t o  de te rmin ing  t he  c rash  en- 
v i ronment f o r  an ac tua l  acc iden t  case. 

2.1.4 ACCIDENT DATA SAMPLES. Data analyzed i n  Task I were d i v i d e d  i n t o  a  
number o f  subsets o f  t h e  t o t a l  sample t o  a i d  i n  i n t e r p r e t a t i o n  o f  t rends.  Three 
d i f f e r e n t  d e f i n i t i o n s  o f  an "acc iden tn  were used, corresponding t o  d e f i n i t i o n s  
used in prev ious  s tud ies ,  i n  o r d e r  t o  determine t h e  e f f e c t  on t he  cumula t i ve  



f requency o f  impact cond i t i ons .  A1 SO, t h e  acc iden t  c o n d i t i o n s  were broken down 
accord ing  t o  f o u r  weight  c lasses  rep resen t i ng  ca tego r i es  of capac i t y  and opera t -  
i n g  c o n d i t i o n s  f o r  t h e  h e l i c o p t e r s  i nvo l ved .  These samples a r e  descr ibed  i n  
t he  f o l l o w i n g  sec t ions .  

2.1.4.1 Acc ident  D e f i n i t i o n ,  Three subsets o f  a1 1  acc iden t s  o c c u r r i n g  
d u r i n g  t h e  1974-78 e v a l u a t i o n  p e r i o d  were examined t o  determine t h e  e f f e c t  o f  
cumul i  t i v e  f requency o f  impact.  condi  t i o n s .  These subsets, based on acc iden t  
s e v e r i t y ,  a r e  de f i ned  below: 

1. To ta l  Sam l e  - A1 1  acc iden t s  eva luated i n  t h e  sample ( 3 1 1  a c c i d e n t  -& 
2, Surv ivab le  - A l l  acc iden t s  determined t o  be s u r v i v a b l e  o r  p a r t i a l l y  

s u r v i v a b l e  accord ing  t o  t h e  d e f i n i t i o n  i n  paragraph 2.1.3 (211  a c c i -  
den t  cases).  

3, S i g n i f i c a n t  Su rv i vab le  - A l l  acc iden t s  determined t o  be s u r v i v a b l e  
o r  p a r t i a l l y  s u r v i v a b l e  (154 acc iden t  cases) and meet inq one o r  more 
o f  t h e  f o l  l ow ing  minimum ' i n j u r y  o r  damage c r i t e r i a :  

- 

a. Postcrash f i r e  - Occurrence o f  f i r e  d i r e c t l y  r e l a t e d  t o  t h e  i m -  
p a c t  forces,  

b. Personnel i n j u r i e s  - A t  l e a s t  one i n j u r y  o f  m inor  o r  se r i ous  
ca tegory  accord ing  t o  t h e  NTSB coding system. 

c. Subs tan t i a l  s t r u c t u r a l  damage - Damage t o  t h e  a i r c r a f t  s t r u c t u r e  
which inc reases  t h e  hazard t o  t he  occupant through a  r e d u c t i o n  
i n  occup iab le  volume o r  t r ansm iss ion  o f  loads  t h a t  would p resen t  
a  hazardous environment.  Some examples a re :  Gross de fo rmat ion  
o f  t he  fuse lage  s t r u c t u r e ,  impingement o f  t h e  c o c k p i t  by t h e  
r o t o r  system, excess ive v e r t i c a l  a c c e l e r a t i o n  due t o  s t i f f  under- 
f l o o r  o r  sea t  s t r u c t u r e ,  o r  excess ive impact energy r e s u l t i n g  
i n  s t r u c t u r a l  compaction. 

The s i g n i f i c a n t  s u r v i v a b l e  ca tegory  corresponds t o  t h e  d e f i n i t i o n  used i n  de- 
ve lop ing  the  mi li t a r y  he1 i c o p t e r  c rash  env i  ronment descr ibed  i n  re fe rences  2  
and 18. 

I n  t h e  I n t e r i m  Report  ( r e fe rence  9)  submi t ted  e a r l i e r  i n  t h i s  program, a com- 
pa r i son  was made between t h e  d i s t r i b u t i o n  of  impact v e l o c i t i e s  f o r  t h e  t h r e e  
ca tego r i es  o f  acc iden ts .  It was found t h a t  t h e r e  was very  l i t t l e  d i f f e r e n c e  
i n  v e l o c i t y  d i s t r i b u t i o n s  among t h e  t h r e e  groups. The r e s u l t s  f rom a n a l y s i s  
o f  t he  s i g n i f i c a n t  s u r v i v a b l e  acc iden t  g r e y  were chosen f o r  p r e s e n t a t i o n  i n  
t h i s  r e p o r t  s i nce  t h e  acc iden t s  i n  t h i s  group a r e  those i n  which c rashwor th i -  
ness would be most e f f e c t i v e .  

2.1.4.2 Weight Classes. Acc idents  were examined i n  f o u r  ca tego r i es  co r -  
responding t o  t h e  maximum gross t a k e - o f f  weight  o f  t h e  h e l i c o p t e r  i nvo l ved .  
These c l a s s i f i c a t i o n s  a r e  shown i n  t a b l e  1 w i t h  t h e  number o f  acc iden t s  t h a t  
occur red  f o r  each c lass ,  Table 2  l i s t s  t h e  a i r c r a f t  models t h a t  f a l l  i n t o  each 
we igh t  c l a s s  hav i  ny acc iden t s  d u r i n g  t h e  1974-78 per iod .  



TABLE 1. WEIGHT CLASSIFICATION FOR 
ACCIDENT EVALUATION 

tlaximum A1 1 Acc iden ts  To ta l  Sample 
h e i g h t  Gross Take- 1974-78 1974-78 
Class O f f h e i g h t  ( I b )  No./Percent No./Percent 

TABLE 2. HELICOPTER IUIODELS EVALUATED BY WEIGHT CLASS 

Weight Class A B C D 

Maximum Gross 
Take-o f f  Weight ( l b ) *  < 2,500 2,501-6,000 6,001-12,500 > 12,500 

Manufac tu re r  
and Model 

Be1 1 47 A e r o s p a t i a l e  A e r o s p a t i a l e  A e r o s p a t i a l e  
315, 316, SA306 SA330 

B r a n t l y  B-2 318, 341, 
350 Be1 1 204, 205, B e l l  214 

Enstrom F-28, 280 212, 222 
Be1 1 206 Si  ko r s  k y  

Hughes 300 (269)  Si k o r s k y  S-52 S-58, 
B r a n t l y  305 S-55, S-62 S-64 

Hi1 l e r  FH1100, 
UH-12 

Hughes 500 
(369 

MBB BO 105 

*Est imated f rom Jane 's  A l l  The Wor ld 's  A i r c r a f t  ( r e f e r e n c e  19). 

2.1.4.3 Acc iden t  Data Subsets. The e v a l u a t i o n  o f  each impact parameter, 
such as angle and v e l o c i t y ,  was based on a s e t  o f  acc iden t s  i n  which the  par-  
t i c u l a r  parameter was known. Each s e t  o f  acc iden t s  i s  a c t u a l l y  a subset o f  
t h e  311 acc iden t s  eva luated i n  t h i s  study. For each t a b l e  o r  f i g u r e  o f  s t a t i s -  
t i c a l  data, t h e  acc iden t  sample s i z e  i s  s p e c i f i e d .  Note t h a t  i n  each case t h e  
s i z e  v a r i e s  depending on t h e  number o f  acc iden t s  i n  which t h e  magnitude o f  t h e  
parameter o f  i n t e r e s t  was known. F igure  4 shows t h e  l i neage  o f  t h e  major acc i -  
den t  case subsets t o  a i d  i n  i n t e r p r e t i n g  t he  da ta  presented. 



T o t a l  sample 
311 c a s e s  

known impact unknown impact 
scenario s c e n a r i o  

248 c a s e s  6 3  c a s e s  

accidents s u r v l v a b l l l t y  
4 6  c a s e s  54 c a s e s  

s u r v i v a b l e  Low s e v e r i t y  

a c c i d e n t s  a c c i d e n t s  

154 c a s e s  
5 7  c a s e s  

Figure 4. Re1 ationship between accident sample subsets. 

2 , 2  RESULTS OF DATA ANALYSES 

Results of data analyses, in tabular and graphical form, are presented in the 
following four sections. In paragraph 2 .2 ,1 ,  character is t ics  of the accident 
sample are  compared with the se t  of a1 1 he1 icopter accidents occurring during 
the 1974-78 period. Frequencies of a i r c ra f t  a t t i t ude  and velocity a t  impact 
are  detailed in paragraphs 2.2.2 and 2.2.3, respectively. Finally, paragraph 
2.2.4 presents graphs of various parameters related to  impact severity, such 
as survivabili ty,  injury severity,  and postcrash f i r e ,  with regard to  impact 
velocity in order to develop envelopes defining survivable crash conditions. 



2.2.1 ACCIDENT SUHPLE COMPARISON. Th is  s e c t i o n  p resen ts  a  comparison between 
t h e  acc iden t  sample chosen f o r  e v a l u a t i o n  and t he  s e t  o f  a l l  acc iden ts  o c c u r r i n g  
d u r i n g  t h e  e v a l u a t i o n  per iod .  The parameters chosen f o r  comparison i n c l u d e  

- 

k i n d  o f  f l y i n g ,  acc iden t  type, phase o f  ope ra t i on ,  t e r r a i n  a t  impact s i t e ,  and 
i n j u r y  s e v e r i t y .  A1 1  o f  these parameters a r e  t a b u l a t e d  i n  t h e  s tandard A i r -  
c r a f t - ~ c c i d e n t -  Report  ( r e fe rence  20) and summaries o f  t he  data can be found i n  
t h e  Annual ~ e v i e w '  o f  ~i r c r a f t  Ucc ident  Data, U.S. General A v i a t i o n  ( r e fe rence  21). 
These parameters were examined n o t  o n l y  t o  understand the  t y p i c a l  c i rcumstances 
a t  t h e  t ime o f  t h e  acc iden t ,  b u t  a l s o  t o  determine i f  t h e  evaluated acc iden t  
sample had i n h e r e n t  biases, and i f  these b iases  would s i g n i f i c a n t l y  i n f l u e n c e  
t h e  outcome o f  t h i s  study. 

2.2.1.1 Kind o f  F l y i ng .  Th is  parameter r e f e r s  t o  t h e  purpose f o r  which 
t h e  h e l i c o p t e r  was be inq  operated a t  t h e  t ime  o f  t h e  acc iden t .  The f o u r  main 
ca tegor ies '  a r e  d e s c r i  bea be1 ow ( t aken  from re fe rence  22) : 

1. 

2. 

3. 

4. 

Table 3 

I n s t r u c t i o n a l  F l y i n g  

F l y i n g  accomplished i n  superv ised t r a i n i n g  under t h e  d i r e c t i o n  o f  an 
a c c r e d i t e d  i n s t r u c t o r .  

Noncommerci a1 F l y i  n g  

The use o f  an a i r c r a f t  f o r  purposes o f  p leasure,  personal t r anspo r ta -  
t i o n  o r  i n  connec t ion  w i t h  a  p r i v a t e  business, i n  co rpora te /execu t i ve  
opera t ions ,  and i n  o t h e r  opera t ions  where in  t h e r e  i s  no d i r e c t  mon- 
e t a r y  fee  charged. 

Commerci a1 F l y i  ng 

A1 1  general  a v i a t i o n  f l y i n g  normal l y  conducted f o r  d i r e c t  f i n a n c i a l  
r e t u r n ,  except  i n s t r u c t i o n a l  f l y i n g .  It inc l udes  a i r  t a x i  opera t ions ,  
a e r i a l  appl  i c a t i o n ,  f i r e  c o n t r o l ,  a e r i a l  mapping o r  photography, a e r i a l  
a d v e r t i s i n g ,  power/pipel  i n e  p a t r o l ,  and f i s h  s p o t t i n g .  

M i  sce l  1  aneous F l  y i  rig 

Other k inds  o f  f l y i n g  n o t  covered under t h e  o t h e r  t h r e e  broad cate-  
go r i es .  I n  some ins tances ,  t he  c r i t e r i o n  o f  d i r e c t  f i n a n c i a l  r e t u r n  
may o r  may n o t  be present .  

shows t h e  d i s t r i b u t i o n ,  by percentage o f  t he  t o t a l  acc iden t s  i n  t h e  
sample, of acc iden t s  o c c u r r i n g  i n  each o f  t he  f o u r  major  k i nds  o f  f l y i n g  ca te -  
gor ies .  The t o t a l  sample compares f avo rab l y  i n  terms o f  percentage d i  s t r i b u -  
t i o n  t o  a l l  acc iden t s  i n  t h e  1974-78 per iod .  Weight c l a s s  A  had a  h i ghe r  per-  
centage of i n s t r u c t i o n a l  and noncommerci a1 acc iden t s  than t h e  heav ie r  we igh t  
c lasses.  Iiowever, i n  a1 1  c lasses commercial ope ra t i ons  were predominant. 

2.2.1.2 Acc ident  Type. Two acc iden t  t ypes  may be coded f o r  each acc iden t  
as descr ibed i n  t h e  NTSB A i r c r a f t  Acc ident  Report  i n s t r u c t i o n s  ( re ference 22). 
The f i r s t  acc iden t  t ype  general  l y  descr ibes  t h e  condi t i o n  t h a t  i n i t i a t e d  t h e  
acc iden t  sequence. The second acc iden t  type, when used, descr ibes  t he  r e s u l t -  
i n g  s i t u a t i o n  f o l  l ow ing  t h e  f i r s t  acc iden t  type. As an example, cons ide r  a  



T A B L E  3. FREQUENCY OF ACCIDENT OCCURRENCE ACCORDING TO KIND OF FLYING CATEGORY 

A1 1 Total Weight Weight Weight Weight 
Accidehts Sample Class Class Class Class 

1974-78 1974-78 A B C D 

Commerci a1 

M i  scel laneous 15.2 17.3 20.6 13.1 20.0 22.2 

Percentage of Total 100.0 100.0 100.0 100.0 100.0 100.0 

Number of Accidents 1,351 31 1 136 136 3 0 9 

case in which engine fuel starvation occurs fol lowed by a poorly executed auto- 
rotative landiny resulting in a i r c r a f t  damage. The f i r s t  accident type for  
th i s  example would be "engine fa i lure  or malfunction" and the second accident 
type would be coded as "hard landing," An accident in which a poorly executed 
power-on landing caused significant damage would generally be coded as a hard 
1 andi ng or ground col 1 i  sion wi t h  no second accident type. 

Since not a1 1 acc'idents evaluated had two accident types coded, the f i r s t  acci- 
dent type was used for  comparison of the samples. The most common f i r s t  acci- 
dent types are  shown in table  4 as a percentage frequency of occurrence for 
a l l  accidents in the sample. Other accident types occurred less  frequently 
and were n o t  included in the table .  In general, the trends seen for a l l  acci- 
dents occurring in the evaluation period follow through to  the total  sample 
and the individual weight classes. 

2.2.1.3 Phase of Uperation. The phase of operation coded on the accident 
report describes the f l igh t  s ta tus  a t  the time of the accident and corresponds 
t o  the accident type. Therefore, there are two phases of operation coinciding 
with the two accident types. Five general categories are used to  describe the 
phase of operation: s t a t i c ,  t ax i ,  take-off, infl  ight ,  and landing. A1 t h o u g h  
there i s  a f iner  breakdown for each of these categories, only the f ive major 
phases were used for  comparison of the samples. Table 5 shows the frequency 
of occurrence of accidents in each of these categories. The compari son uses 
the f i r s t  phase of operation corresponding to  the f i r s t  accident type. 

There i s  very close ayreernent in the accident percentages between a1 1 of the 
samples. More than half of the accidents were in i t ia ted  while the a i r c ra f t  
were in f l i gh t ,  which includes normal cruizn, climbing and descent, and hover- 
i ng . 

2.2.1,4 Terrain a t  Impact Si te .  The terrain type l is ted by accident in- 
vestiqators in  the Aircraft Accident Report was, in most cases, an indication 
of t h e  terrain in the general area of the accident and n o t  necessarily tha t  
impacted. For developiny crash scenarios, i t  was important to  know the condi- 
t ions to  which the a i r c r a f t  was subjected. Therefore, fo r  t h i s  study, the 
terrain classif icat ion was expanded to include additional categories and allow 
inclusion of two terrain codi ngs corresponding t o  the actual impacted terrain.  
As an example, consider the following case: engine fa i lure  necessitates an 



TABLE 4. FREQUENCY OF OCCURRENCE OF PREDOMINATE FIRST ACCIOENT TYPES 

A1 1 T o t a l  Weight Weight Weight Weight  
Acc iden ts  Sample Class Class Class Class 

1974-78 1974-78 A 8 C D 
Acc iden t  Type (percen t )  (percent)  (pe rcen t )  ( p e r c e n t 1  ( p e r c e n t )  (pe rcen t )  

Hard l a n d i n g  8.5 6.7 10.3 4.3 0. 11.1 

R o l l  over  7.2 6.7 3.7 11.6 0. 0. 

C o l l i s i o n  w i t h  
Ground/Water 

C o l l i s i o n  w i t h  
Wires/Pol es 

C o l l i s i o n  w i t h  
Trees 

A i r f rame F a i l u r e  
i n  F l i g h t  

Engine F a i l u r e  
o r  M a l f u n c t i o n  

T a i l  Ro to r  F a i l u r e  

Main Ro to r  F a i l u r e  

Other  

Percentage o f  T o t a l  

Number o f  Acc iden ts  1,351 3 1  1 136 136 30 9 

TABLE 5. FREQUENCY OF PHASE OF OPERATION CORRESPONDING TO FIRST ACCIOENT TYPE 

A1 1 T o t a l  Weight Weight h e i g h t  Weight 
Acc iden ts  Sample Class Class Class Class 

1974-78 1974-78 A B C D 
Phase o f  Opera t ion  (percen t )  ( p e r c e n t )  (pe rcen t )  ( p e r c e n t )  ( p e r c e n t )  ( p e r c e n t )  

S t a t i c  2.3 1.3 0.7 2.3 0. 0. 

Taxi  3.0 2.9 3.0 3.7 0. 0. 

Ta ke-of  f 17.7 15.3 12.6 17.9 13.8 22.2 

I n f l i g h t  55.0 58.0 GO. 7 53.0 62.1 77.8 

Landing 22.0 22.5 23.0 23.1 24.1 0. 

Percentaqe o f  T o t a l  100.0 100.0 100.0 100.0 100.0 100.0 

Number o f  Acc iden ts  1,351 311 136 136 30 9 

a u t o r o t a t i v e  land ing .  The p i l o t  a t tempts  t o  c l e a r  a  h e a v i l y  wooded area, and 
as a r e s u l t  o f  low r o t o r  RPM, a  hard l a n d i n g  occurs on a f rozen,  rock-covered 
f i e l d .  The acc iden t  i n v e s t i g a t o r  may have coded t he  t e r r a i n  type as  " t r e e s "  
due t o  t h e  wooded area. For t h i s  study, t h e  t e r r a i n  codes a c t u a l l y  used would 
be " f r o z e n "  and "rocky."  Th is  i s  an impo r tan t  d i s t i n c t i o n  f o r  des ign cons ider -  
a t i o n s  because t h e  ground, i n  t h i s  case, would n o t  have p rov ided  any cush ion ing  
and t h e  presence o f  rocks  may have impeded t h e  a b i l i t y  o f  t he  l and ing  gear t o  
f u n c t i o n  e f f e c t i v e l y .  



Table 6 shows the frequency of terrain types a t  the impact s i t e  for  the evalu- 
ated accidents, Because of the changes in the coding procedure, a meaningful 
comparison could not be made between the evaluated accidents and a l l  accidents 
occbrring during the evaluation period, Note tha t  the cumulative percentage 
of terrain types i s  greater than 100 percent because two types co 
for each accident. 

The data in table 6 indicate that  approximately 40 percent of the accidents 
occur on level ,  f l a t  ground. For design purposes, a number of terrain cate- 
gories can be combined that  include similar impact conditions. Table 7 shows 
a grouping of the predominate terrain conditions for each accident that  will 
be more useful for  developing design scenarios. 

The terrain classif icat ion i s  useful for determining the conditions in which 
the energy absorption capability of the landing gear could be uti l ized to  
absorb crash energy. From the predominate te r ra in  types l i s t ed  in table  7, 
the gear could function on impact (within the l imits  of a i r c r a f t  orientation) 
for the following terrain types: so f t ,  prepared surface, and frozen. Acci- 
dents occurring on t h i s  terrain account for  62.3 percent of the to t a l .  A re- 
view of the survivable accidents in the sample indicated that  the landing gear 
functioned t o  some degree to  lessen impact severity in 53 percent of the cases. 
The reduction in number of accidents in which the gear actually function i s  
prirnarily due to  the effect  of a i r c ra f t  orientation a t  impact. 

2.2.1.5 Injury Severity. The distribuxion of injur ies  occurring a t  vari- 
ous severity levels was also used for  comparing the evaluated sample to  a1 1 
accidents occurring in the sample period. Table 8 l i s t s  the percentage of occu- 
pants receiving injur ies  of a specified severity level ,  as we1 1 as those who 
were uninjured. 

The data in table 8 indicate that  a greater percentage of the occupants in the 
total  sample received fatal  or serious injur ies  than did those in the al l  acci- 
dents sample. This would indicate that  the evaluated sample contained a dispro- 
portionate number of severe accidents. The original investigative procedures 
contributed to th i s  bias because the investigator was more l ikely to  spend a 
greater amount of time documenting the circutnstances of a fa ta l  or severe crash 
than one with very l i t t l e  damage or injury. As a resu l t ,  the severe and fatal  
accident reports f i l ed  a t  NTSB, when there were data available, tended to con- 
tain more useful information for  the evaluation ef for t .  

The bias in the severity of accidents contained in the total  sample will have 
some effect  on the resul ts  of analyses based on cumulative percentage of a 
parameter. The cumulative frequency of vertical impact veloci ty, which i s  based 
on the percentage of accidents that  occur with a vertical velocity component 
a t  or below a specified level,  i s  an exampla of a parameter that will be a f -  
fected. However, paragraph 2.2.4 presents an analysis of survivabil i ty and 
injury severity data that  can be used to  establish envelopes for survivable 
conditions n o t  affected by the sample bias di scussed above. 

2.2.2 IMPACT ATTITUDE. The a i r c ra f t  a t t i tude  a t  the time of the major impact 
was determined by examining the structural damage in each quadrant of the a i r -  
frame, from occupant injury patterns a t  various locations in the a i r c r a f t ,  and 
from knowing the phase of f l igh t .  The a i r c r a f t  a t t i tude  i s  described as angular 



---- -- - 
TABLE 6. FREQUENCY OF TERRAIN CLASSIFICATION 

AT ACCIDENT IMPACT SITE 

T o t a l  \ . {e ight  Weight Weight Weight 
Sample Class Class Class Class 

T e r r a i  11 1974-78 A B C 0 
C l a s s i f i c a t i o n  ( pe rcen t )  ( pe r cen t )  ( pe r cen t )  ( pe r cen t )  (percent) - 

Mountainous 12.5 

Hi1 l y  8.9 

Rol 1 i r l r ~  6.7 

Level ,  F l a t  39.0 

Rocky 4.8 

Sandy 2.0 

Trees 17.6 16.2 17.4 16.7 44.4 

City Area 3.8 5.9 2.9 0. 0. 

Pl owed 5.1 9.6 1.5 3 .3  0. 

Water 

Sloped 2.2 3.7 1.5 0. 0. 

Snow 

Paved 

Of fshare  Rig  1.0 0. 2.2 0. 0. 

S o f t  10.2 9.6 11.6 6.7 11.1 

Other 1.6 1 .5  1.5 3 .3  0. 

Unknown -- 2.2 - -- 1.5 -- 3.6 0. 0. - -- 
TOTAL 141.9 148.6 135.0 136.5 166.5 

--- 
Nuniber o f  
Acc idents  



TABLE 7. DISTRIBUTION OF MAJOR TERRAIN TYPES FOR 311 
ACCIDENTS I N  THE TOTAL SAMPLE (1974-78) 

Vegetat ion Contact w i t h  t r ees ,  
l a r y e  shrubs 15.9 

Uneven Ground Rocks, stumps, l o g s  8.6 

Prepared Surface Paved, hard d i  rt, g rave l  17.9 

Water 11.3 

Snow 1.3 

Frozen Frozen ground, i c e  4.3 

Of fshore  Rig 

TABLE 8. FREQUENCY OF OCCURRENCE OF INJURY SEVERITY 

All Accidents* Total  Sample Weight Class  Weight Class  Weight Class  CIeight Class  
I n j u r y  1974-78 1974-78 A B C D 

Severi  t y  l p e r c e  nt/Elo. ) Jpercen t lNo . )  jpe rcen t /No . )  lpe rcen t /No . )  (percent /No.)  l p e r c e n t / N o . )  

Fa ta l  11.2/308 22.6/171 29.1/74 16.8/ 59 27.7/36 10.5/2 

S e r i o u s  10.4/286 13.4/101 16.5/42 10.5/37 10.8/14 42.1/8 

Eli nor 18.3/503 21.3/161 16.9/43 23.3/82 25.4/33 15.8/3 

None 60.1/1,653 42.7/322 37.5/95 49.4/174 36.1/47 31.6/6 

TOTAL 100.0/2,750 100.0/755 100.0/254 100.0/352 100.0/130 100.0/19 

*Source: NTSB Annual Review of  A i r c r a f t  Accident  Data f o r  1974 t o  1978 ( r e f e r e n c e  21) .  

d e v i a t i o n s  from t h e  n e u t r a l  p i t c h ,  r o l l ,  and yaw axes which a r e  shown i n  f i g -  
u r e  5. Th i s  s e c t i o n  p resen ts  t a b l e s  l i s t i n g  t h e  d i s t r i b u t i o n  o f  p i t c h ,  r o l l ,  
and yaw ang le  f o r  t h e  t o t a l  sample. The angle d i s t r i b u t i o n s  f o r  t he  i n  1  
we igh t  c lasses  a re  presented i n  Appendix E. 

d t t i  tude ped based on p l e  o f  311 acc iden ts .  
It was n o t  p o s s i b l e  t o  determine t h e  p i t c h ,  r o l l ,  o r  yaw angle f o r  every  acc iden t .  
Therefore,  t h e r e  a r e  a s i g n i f i c a n t  number o f  acc iden ts  l i s t e d  as  "unknown" i n  t h e  
angle d i s t r i b u t i o n s .  



F igu re  5. A i r c r a f t  coo rd ina te  and a t t i t u d e  d i r e c t i o n s .  

2.2.2.1 P i t c h  Angle D i s t r i b u t i o n .  The d i s t r i b u t i o n  o f  p i t c h  ang le  f o r  
t h e  t o t a l  sample i s  shown i n  t a b l e  9. I n  approx imate ly  o n e - t h i r d  of a l l  of 
t he  acc iden t s  i n  which p i t c h  angle c o u l d  be determined, t h e  a i r c r a f t  was l e v e l  
a t  impact. There i s  a  h i ghe r  i nc i dence  o f  impacts  w i t h  a  nose-up a t t i t u d e  (pos i -  
t i v e  p i t c h  ang le )  than  nose-down. This  i s  ma in l y  due t o  t h e  s i g n i f i c a n t  number 
o f  acc iden t s  t h a t  occur  w h i l e  a t t emp t i ng  t o  reduce t h e  a i rspeed and s i n k  r a t e  
w i t h  excess ive f l a r i n g .  

Seventy-one percen t  o f  a1 1  acc iden ts  had a  p i t c h  angle between -10 and +10 de- 
grees, and t h e  220-degree i n t e r v a l  i n c l u d e s  87 percen t  o f  a l l  acc iden ts .  

2.2.2.2 R o l l  Angle D i s t r i b u t i o n .  The r o l l  a t t i t u d e  d i s t r i b u t i o n  f o r  a1 1  
a i r c r a f t  i s  l i s t e d  i n  t a b l e  10. There was some i n d i c a t i o n  i n  t he  data t h a t  
t h e  r o l l  d i r e c t i o n  had a  h i ghe r  f requency toward t he  p i l o t ' s  s i d e  o f  t h e  a i r -  
c r a f t .  However, t h e  p o s i t i o n  t h a t  t h e  p i l o t  occupies v a r i e s  among h e l i c o p t e r  
models, and on t h e  average, t h e  d i s t r i b u t i o n  o f  r o l l  angles was symmetric about 
t h e  n e u t r a l  p o s i t i o n  (zero  degrees). 



TABLE 9. DISTRIBUTION OF PITCH ANGLE AND DIRECTION AT 
IMPACT FOR THE TOTAL SAMPLE ( 3 1 1  ACCIDENTS). 

No. o f  Acc iden ts  

Anclle Per D i r e c t i o n  To ta l  
Percent 

o  f Cumulat ive 
( IGg ) Lev e 1  Down Acc idents  To t a  1 Percent Up - 

Tota l  Acc idents  w i t h  Known 
P i t c h  Angle 

Acc idents  w i t h  Unknown 
P i t c h  Angle 96 - 

TOTAL 311 

The da ta  i n  t a b l e  10  i n d i c a t e  t h a t  a lmost  t w o - t h i r d s  o f  t h e  acc i den t s  occur  i n  
t h e  l e v e l  p o s i t i o n ,  w i t h  72 percen t  o c c u r r i n g  w i t h i n  + I 0  degrees and 8 0  pe rcen t  
w i t h i n  +20 degrees. The grouping o f  acc i den t s  i n  t h e  76- t o  90-degree i n t e r v a l  
i n c l udes  most r o l  l o ve rs .  

R o l l  ang le  i s  one o f  t h e  c r i t i c a l  parameters f o r  l a n d i n g  gear design. The d i s -  
t r i b u t i o n  o f  v e r t i c a l  impact  speed a t  va r i ous  r o l l  ang les w i l l  have t he  g r e a t e s t  
i n f l u e n c e  on t h e  des ign.  A d i s c u s s i o n  o f  t h e  re1 a t i o n s h i p  between v e r t i c a l  impact 
speed and r o l l  a n g l e  a s  r e l a t e d  t o  l and ing  gear i s  presented i n  paragraph 2.2.5. 

2.2,2.3 Yaw A t t i t u d e .  The yaw ang le  was t h e  most d i f f i c u l t  impact para- 
meter t o  es t imate .  I n  many acc iden ts  where t h e r e  was a l o s s  o f  d i r e c t i o n a l  
c o n t r o l ,  t h e  a i r c r a f t  impacted w i t h  a  s i g n i f i c a n t  yaw angle  and, i n  many cases, 



TABLE 10. UISTRIBUTION OF ROLL ANGLE AND DIRECTION 
AT lMPACT FOK THE TOTAL SAMPLE (311  
A C C I  DENTS) 

No. o f  Acc idents  
Per D i  r e c t i o n  Percent 

Ang 1  e  To ta l  o f  Cumulative 
(Dey) e f t  Number -- Tota l  Percent  ---- 

Tota l  Acc idents  Wi th  Known 
R o l l  Angle 

Accidents w i t h  Unknown 
R o l l  Angle 

TOTAL 311 

a  l a r g e  yaw ra te .  The rnagtlitude o f  these parameters was very  d i f f i c u l t  t o  e s t i -  
mate from the  a c c i  s c r i p t i o n  and damage photographs. The yaw angle d i s -  
t r i b u t i o n  f o r  a c c i  i n  which an es t ima te  o f  t he  yaw magni tude cou ld  be made 
i s  g iven  i n  t a b l e  n  es t ima te  cou ld  n o t  be made i n  t h e  remain ing acc iden ts ;  
however, i n  a s i g n  number of these acc iden t s  i t  was known t h a t  t h e  yaw 
ang le  was l a rge .  Because o f  t h e  d i f f i c u l t y  i n  es t i r na t i ny  yaw angle,  a scendr io  
was developed (see paragraph 2.3,l) f o r  acc iden t s  w i  t t i  
The r e l a t i v e  s e v e r i t y  o f  t h i s  c l a s s  o f  acc iden ts  i s  c o  
scenar io  types i n  paragraph 2.3.2. 



TABLE 11. DISTRIBUTION OF YAM ANGLE AND DIRECTION 
AT IMPACT FOR THE TOTAL SAMPLE (311  
A C C I  UEIITS) 

No, o f  Accidents 

Anc~ 1  e  - Per D i r e c t i o n  - Cumulative 
(oes> Righ t  - Lev e  1  L e f t  Percent 

151- 180 1 0  1 - 0.5 -- 100.0 

To ta l  Accidents w i t h  Known 
Yaw Angle 188 100.0 

Acc idents  w i t h  Unknown 
Yaw Angle 

TOTAL 311 

2.2 .3  IMPACT VELOCITY. Impact v e l o c i t y  was est imated i n  i n t e r v a l s  i n  a  s i m i l a r  
manner t o  t he  impact angles, and as descr ibed i n  Appendix B. Three v e l o c i t y  
components were used, each c a l c u l a t e d  i n  t h e  a i r c r a f t  coo rd ina te  systern as shown 
i n  f i g u r e  5. Frequency d i s t r i b u t i o n  h is tograms a r e  presented f o r  each component, 
w i t h  var ious  segments o f  t he  eva lua ted  sample i nd i ca ted ,  such as nonsurv ivable,  
low s e v e r i t y ,  and s i g n i f i c a n t  s u r v i v a b l e  acc iden ts .  The low s e v e r i t y  group 
i n c l u d e s  acc iden ts  t h a t  were su rv i vab le ,  y e t  d i d  n o t  meet t he  minimum i n j u r y ,  
damage, o r  f i r e  c r i t e r i a  of  t h e  s i g n i f i c a n t  s u r v i v a b l e  subset. Also, t h i s  sec- 
t i o n  i nc l udes  cumula t i ve  frequency curves f o r  each v e l o c i t y  component. The 
9 5 t h - p e r c e n t i l e  v e l o c i t y  i s  inc luded  w i t h  each o f  t he  cumula t i ve  frequency p l o t s  
f o r  use i 1-1 comparing these da ta  t o  s i m i l a r  m i  1  i t a r y  he1 i c o p t e r  acc iden t  data.  
V e l o c i t y  d i s t r i b u t i o n  h is tograms f o r  each o f  the  f o u r  weight  c lasses arc pre- 
sented i n  Appendix F. 



2.2.3.1 V e r t i c a l  Impact V e l o c i t y .  The f requency d i  s t r i  b u t i o n  o f  t h e  ve r -  
t i c a l  v e l o c i t y  component f o r  a1 1  a i r c r a f t  i s  shown i n  f i g u r e  6. The d i s t r i  bu- 
t i o n  f o r  t h e  t o t a l  sample i s  i n d i c a t e d  by  t h e  t o t a l  h e i g h t  o f  each column which 
i s  p r o p o r t i o n a l  t o  t he  percentage o f  acc iden t s  w i t h  t he  i n d i c a t e d  v e l o c i t y .  
The s u r v i v a b l e  sample d i s t r i b u t i o n  would be t h e  h e i g h t  of each column minus 
t he  nonsu rv i vab le  segment. The s i g n i f i c a n t  s u r v i v a b l e  acc iden t  sample co r res -  

t o  t h e  column h e i  y h t  w i  t hou t  t h e  nonsurv ivab le  and low-sever i  ty acc iden ts .  

Velocity (f 

F igu re  6. Frequency o f  occurrence o f  v e r t i c a l  impact v e l o c i  ty, 
t o t a l  sample (195 acc iden t s  ou t  o f  311 w i t h  known 
v e r t i c a l  impact v e l o c i t y ) .  

The numerical  da ta  used i n  develop ing f i g u r e  6 a r e  l i s t e d  i n  t a b l e  12 i n  a  cuniu- 
l a t  i v e  percentage format.  The develop ing cumula t i ve  f r e -  
quen ch as t how 

2  3 



Veloc i  t y  1974-78 Acc idents  Acc idents  
( f t / s e c )  ( pe rcen t )  ( pe rcen t )  ( pe rcen t )  

No. o f  Acc idents  
w i t h  Known 
V e r t i c a l  Veloc i  ty 195 

No. o f  Acc idents  
w i t h  Unknown 
V e r t i c a l  V e l o c i t y  116 - 2 3 - 14 

The 9 5 t h - p e r c e n t i l e  l e v e l s  o f  v  ed i n  t h i s  s tudy  were 
8, 24, and 26 f t / s e c  f o r  t he  t o t a l  sample, f o r  s u r v i v a b l e  acc idents ,  and f o r  
i g n i f i c a n t  s u r v i v a b l e  acc idents ,  r e s p e c t i v e l y .  As des ign  requirements,  t h e  U.S. 
i l i t a r y  uses t h e  9 5 t h - p e r c e n t i l e  l e v e l  o f  v e l o c i t y  components, based on an a c c i -  

den t  sample s i m i l a r  t o  t h e  s i g n i f i c a n t  s u r v i v a b l e  set .  The acc iden t  s t u d i e s  
used t o  e s t a b l i s h  these l e v e l s  were conducted i n  t h e  1960's ( r e fe rence  23). The 



Cumulative frequency (percent) 

Cumulat ive f requency of  occurrence of  v e r t i c a l  impact 
v e l o c i t y ,  s i g n i f i c a n t  s u r v i v a b l e  acc iden ts .  

c u r r e n t  U.S. Army 9 5 t h - p e r c e n t i l e  v e r t i c a l  v e l o c i t y  des ign  goal  i s  42 f t / s e c .  
However, a  r e c e n t  s tudy  o f  l and ing  gear des ign and t e s t  c r i t e r i a  f o r  t h e  U.S. 
Army ( r e f e r e n c e  24) i nd i  ca tes  t h a t  t h e  ac tua l  9 5 t h - p e r c e n t i l  e  su rv i vab le  ver-  
t i c a l  v e l o c i t y  change seen i n  r ecen t  acc iden t s  (1975-1980) may be c l o s e r  t o  
30 f t / s e c .  

2.2.3.2 Longi t u d i  na l  Impact Ve loc i  ty. The l o n g i t u d i n a l  impact v e l o c i t y  
h is togram i s  presented i n  f i g u r e  3 f o r  t he  t o t a l  sample. The data f o r  t he  curnu- 
l a t i v e  frequency analyses f o r  t h e  t h r e e  sample s e t s  a r e  presented i n  t a b l e  13. 
The corresponding cumula t i ve  frequency p l o t  f o r  t h e  s i g n i f i c a n t  s u r v i v a b l e  
sample i s  shown i n  f i g u r e  9. 

The cumula t i ve  f requency p l o t  i n d i c a t e s  t h a t  t h e  9 5 t h - p e r c e n t i l e  l e v  50 ft/ 
sec. For comparison, t h e  U.S. Army des ign requ i rement  i s  a l s o  f o r  50 f t / s e c  
i n  t h e  1  i n a l  d i r e c t i o n .  

.3,3 L a t e r a l  Impact V e l o c i t y .  The l a t e r a l  impact v e l o c i t y  h is togram 
n ted  i n  f i g u r e  10. The problems w i t h  e s t i m a t i n g  yaw angle,  discussed 

p r e v i o u s l y  i n  paragraph 2.2,2.3, presented t h e  same t ype  o f  problem w i t h  es t imat -  
i n g  l a t e r a l  v e l o c i t y ,  s i n c e  t h i s  component i s  based on f l i g h t  path v e l o c i t y  
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Figure 8. Frequency of occurrence of longitudinal impact velocity, 
total  sample (190 accidents out of 311 with known 
longi tudi nal impact vel oci ty)  . 

and yaw angle. However, in most cases in which the yaw angle was large, the 
accompanying f l igh t  path velocity was small, resulting in a low lateral  ve- 
locity.  Therefore, i t  i s  believed tha t  the cumulative distribution shown in 
figure 10 i s  representative. 

The cumulative frequency of la teral  velocity for  a1 1 a i r c r a f t  i s  presented in 
figure 11. The curve indicates that  the 95th-percentile level i s  10 f t / sec .  
I t  should be noted that  for  a run-on crash sequence with slide-out, the la teral  
velocity i s  n o t  greatly threatening to  the occupant. The conditions under which 
the a i r c r a f t  ro l l s  over or impacts a rigid obstacle in f l i g h t  are much more 
serious. This was considered in developing the recommended design c r i t e r i a .  



TABLE 13. CUCIULATIVE FREQUENCY OF OCCURRENCE OF 
LONGITUDINAL VELOCITY FOK ALL WEIGHT 
CLASSES 

To ta l  S i g n i f i c a n t  
Sample Su rv i vab le  Surv ivab le  

Veloc i  ty 1974-78 Acc idents  Accidents 
( f t / sec )  ( pe rcen t )  ( pe rcen t )  ( pe rcen t )  

No, o f  Accidents 



Cumulative frequency (percent) 

F igu re  9. Cumul a t i v e  f requency of occurrence o f  1  ongi  t u d i  na l  
impact v e l o c i t y ,  s i g n i f i c a n t  s u r v i v a b l e  acc iden ts .  

2.2.4 VELOCITY COCiPONEllT CORRELATIONS. The p rev ious  sec t i ons  i n  t h i  s chap te r  
have been devoted t o  t a b u l a t i o n s  o f  t h e  i n d i v i d u a l  v e l o c i t y  and ang le  components. 
These parameters a i d  i n  unders tanding t h e  most severe environment t h a t  t h e  e x i s t -  
i n g  a i r c r a f t  can w i t hs tand  and t he  occupant su r v i ve .  However, t h i s  t ype  o f  an- 
a l y s i  s  p rov ides  1  i t t l e  i n f o r m a t i o n  about t y p i c a l  impact and s u r v i v a b i l i t y  con- 
d i t i o n s  f o r  an o f f - a x i s  impact, i .e., when t h e  impact v e l o c i t y  i s  n o t  d i r e c t e d  
a long  t h e  a i r c r a f t  x, y, o r  z ax i s .  Th is  s e c t i o n  cons iders  t h e  i n t e r r e l a t i o n -  
s h i p  o f  va r ious  v e l o c i t y  components and t h e i r  e f f e c t  on s u r v i v a b i  li t y - r e l a t e d  
f a c t o r s .  

Eva lua t i on  o f  each acc i den t  p rov ided  an es t ima te  of t h e  magnitude of t h e  t h r e e  
v e l o c i t y  components and a de te rm ina t i on  of t h e  s u r v i v a b i l i t y  o f  t h e  impact con- 
d i  t i o n s .  It would be p o s s i b l e  t o  p l o t  t h e  impact v e l o c i t y  components f o r  each 
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F igu re  10. Frequency of occurrence o f  l a t e r a l  impact v e l o c i t y ,  
t o t a l  sample (189 acc iden ts  o u t  of  311 w i t h  known 
1 a t e r a l  impact ve l  o c i  t y )  . 

acc iden t  on a three-dimensional  yraph. Coding t h e  su rv i vab i  li ty f o r  each a c c i -  
den t  p o i n t  would p e m i  t c o n s t r u c t i o n  of an envelope of s u r v i v a b l e  v e l o c i t y  com- 
b i n a t i o n s .  The obvious problem w i t h  t -hree-dimensional  graphs i s  t he  d i f f i c u l t y  
i n  d i s p l a y i n g  t h e  p o s i t i o n  o f  i n d i v i d u a l  po in t s .  I n  t h i s  sec t ion ,  two-dimensional 
p l o t s  a r e  used t o  show t h e  acc iden t  d i s t r i b u t i o n  accord ing  t o  t h e  magnitude o f  
i n d i v i d u a l  v e l o c i t y  components. 

2.2.4.1 S u r v i v a b i l  i ty Envelopes. Three graphs a r e  presented, f i g u r e s  
12, 13, and 14, showiny t h e  acc iden t  d i s t r i b u t i o n  accord ing  t o  ve1ocit.y com- 
ponents and s u r v i v a b i l i t y .  The l o n y i  t u d i  na l  - v e r t i c a l  v e l o c i t y  d i s t r i b i t i o n  
shown i n  f i g u r e  12 i s  t h e  most i n f o rma t i ve ,  because these two components a r e  
general  l y  much l a r g e r  than t h e  l a t e r a l  component, 
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F igu re  11. Cumulative f requency o f  occurrence of  l a t e r a l  
v e l o c i t y ,  s i g n i f i c a n t  s u r v i v a b l e  acc iden ts .  

I n  each o f  these f igu res ,  an e l l i p s o i d a l  su r f ace  i s  used t o  represen t  t h e  locus  
o f  maximum v e l o c i t i e s  t h a t  appear t o  be s u r v i v a b l e  o r  p a r t i  a1 l y  su rv i vab le .  
The i n t e r c e p t  on each o f  t he  axes co inc ides  w i t h  an acc iden t  having a  u n i d i r e c -  
t i o n a l  v e l o c i  ty  component; these i n t e r c e p t s  a r e  t he  same as t h e  95 th -percen t i  l e  
components determined i n  paragraph 2.2.3 f o r  t h e  s i g n i f i c a n t  s u r v i v a b l e  sample. 
These curves p rov ide  an i n d i c a t i o n  o f  t he  s u r v i v a b l e  c o n d i t i o n s  f o r  impacts 
w i t h  v e l o c i t y  components i n  more than one d i r e c t i o n .  A lso presented a r e  en- 
velopes d e s c r i b i n g  t h e  95th-percent i l e  l e v e l  o f  a1 1  evaluated acc iden t s  ( s u r v i v -  
ab le ,  p a r t i a l l y  su rv i vab le ,  and nonsurv ivab le ) .  

2.2.4.2 I n j u r y  Envelopes. The graphs presented i n  t he  prev ious s e c t i o n  
use s u r v i v a b i l  i ty as t he  index f o r  de te rmin ing  t h e  maximum t o l e r a b l e  impact 
v e l o c i t i e s .  I n j u r y  s e v e r i t y  can a l s o  be used as t he  index t o  determine t o l e r -  
a b l e  cond i t i ons .  Using i n j u r y  s e v e r i t y  t o  code t h e  acc iden t s  on a  v e l o c i t y  
component graph g ives  an i n d i c a t i o n  o f  t y p i c a l  l e v e l s  produc ing i n j u r i e s  o f  
va r i ous  s e v e r i t i e s .  It becomes much e a s i e r  t o  assess t h e  to1 e r a b l e  c o n d i t i o n s  
as i n c r e a s i n g  v e l o c i t i e s  produce i n j u r i e s  t h  ange from minor  t o  severe and 
f i n a l  l y  f a t a l  . 
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Figure 12. Accident s u r v i v a b i l  i ty f o r  l o n g i  t u d i n a l -  
v e r t i c a l  impact v e l o c i t y  components. 

The f i r s t  yraph o f  t h i s  type, f o r  the  l o n g i  t u d i  n a l - v e r t i c a l  v e l o c i t y  components 
w i t h  lap-be l t -on ly  r e s t r a i n t ,  i s  shown i n  f i g u r e  15. An envelope o f  these acc i -  
dents i n d i c a t e s  t h a t  18 f t / s e c  pure v e r t i c a l  and 23 f t / s e c  pure l o n y i  t ud ina l  
impact speeds a re  the  l e v e l s  a t  which the  i n j u r i e s  a r e  c o n s i s t e n t l y  severe o r  
f a t a l .  F igure l b  i s  a  p l o t  o f  i n j u r y  cond i t i ons  f o r  occupants res t ra ined  w i t h  
a  l a p  b e l t  and shoulder harness (some type o f  upper t o r s o  r e s t r a i n t ) .  The 
v e r t i c a l  impact l eve l  ( i  .e. i n  t he  a i r c r a f t  v e r t i c a l  a x i s )  which c o n s i s t e n t l y  
produced severe o r  f a t a l  i n j u r i e s  was approximately 23 f t / sec ,  which i s  s i g -  
n i f i c a n t l y  h igher  than the  v e l o c i t y  range i n  the  lap-be l t -on ly  cond i t ion .  How- 
ever, f o r  main ly  l ong i  t ud ina l - t ype  impacts, no ser ious o r  f a t a l  i n j u r i e s  were 
found i n  the  sample, even a t  very h igh  v e l o c i t i e s .  This  i nd i ca tes  t h a t  an upper 
t o r s o  r e s t r a i n t  i s  e f f e c t i v e  i n  p revent ing  the  secondary, impact-type i n j u r i e s  
(head and to rso  s t r i k e s )  t h a t  a re  common i n  l o n g i t u d i n a l  impacts w i t h  small 



Accident Code 

o Surv~vable ,- 0 

Partially Survlvable N 
0 

g Clonsurvrvable 0 
N 
0 

m aa 

Envelope Code 

95th-percentile 
survivable accidents 

95th-percentile all 
evaluated accidents 

- Lateral Velocity (ft/sec) 

Figure 13. Accident survivabil i ty fo r  longitudinal- 
la teral  impact velocity components. 

a i r c ra f t .  Upper torso res t ra in ts  may a1 so have s l  ightly increased the tolerable 
vertical impact conditions. This type of injury i s  a  function of the acceler- 
ation levels experienced by the occupant and i s  influenced by spinal posture 
and the axial -load-bearing capabili ty of the vertebral bodies. References 2 
and 8 suggest that  upper torso res t ra in t  may help t o  maintain a  proper spinal 

Postcrash f i r e*  was also analyzed w i t h  
nts. Figure 17  shows the dis t r ibut ion 

evaluation phase, infl i g h t  and pos tcrash f i r e s  were noted. 
in i t ia ted  on impact were considered pertinent e  de- 
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r e  14. Accident su rv i  vabi 1  i ty f o r  v e r t i c a l  - 
l a t e r a l  impact v e l o c i t y  c  

o f  acc idents  w i  t h  and w i  thout  postcrash f i r e s  f o r  t he  l o n y i  t u d i  nal - v e r t i c a l  
v e l o c i t y  components. The d i s t r i b u t i o n  o f  acc idents w i t h  f i r e  appears t o  be 
almost random; i .e., f o r  almost any combinat ion o f  impact v e l o c i t i e s  the re  i s  
a  s i g n i f i c a n t  chance o f  f i r e .  The data presented i n  f i g u r e  17 do n o t  i n d i c a t e  
t h a t  t he re  i s  s t rong c o r r e l a t i o n  between t h e  magnitude o f  impact v e l o c i t y  and 
occurrence o f  postcrash f i r e .  However, i n f e r r i n g  t h i s  concl us ion from f i g u r e  17 
i s  somewhat misleading. The d i s t r i b u t i o n  o f  acc idents shown i n  t h i s  f i g u r e  i s  
a  r e s u l t  o f  t he  i n a b i l i t y  t o  d iscern  between impact damage and f i r e  damage a t  

impact speeds, r impact 



- 3 0   vertical V e l o c i t y  ( f t / s e c )  

I n j u r y  Code 

0 None 

@ Minor 

4 Ser .  -us  

A P a t a l  

I L o n g i t u d i n a l  V e l o c i t y  ( f t / s e c )  

Envelope Code 

imReglon o f  rnlnor m j u r y  

- n - ~ n ~ R e g l o n  o f  o n s e t  o f  s e r l o u s  I n j u r y  

95th-percentile survivable 
accidents 

F igu re  15. I n j u r y  s e v e r i t y  d i s t r i b u t i o n  w i t h  
lap-be1 t - o n l y  r e s t r a i n t .  

v e l o c i t i e s  w i t h  known impact cond i t i ons .  Therefore,  o n l y  those acc iden t s  i n  
which pos tc rash  f i r e  occurred and t he  impact v e l o c i t y  cou ld  be es t imated  b y  
means o t h e r  than damage c o r r e l a t i o n  were used i n  f i g u r e  17. 

Tabu la t ion  o f  t h e  acc iden ts  w i t h  f i r e  accord ing  t o  t h e  s u r v i v a b i l i t y  codes does 
i n d i c a t e ,  as expected, t h a t  t h e  chance o f  pos tc rash  f i r e  inc reases  w i t h  inc reas-  
i n g  acc iden t  s e v e r i t y .  Th is  t r e n d  can be seen i n  t h  
For  t h e  t o t a l  sample o f  311 acc iden t s  eva luated,  11 
be s u r v i v a b l e  (25  o u t  o f  226 acc iden t s )  had pos t c ra  
pos tc rash  f i r e  increased t o  approx imate ly  43 and 52 
v i v a b l e  and nonsurv ivab le  acc idents ,  r e s p e c t i v e l y  

LANDING GEAR DESIGN CONSIDERATIONS. Design c r i t e r i a  f o r  l a n d i n g  gear 
t y p i c a l  l y  s p e c i f y  a  minimum v e r t i c a l  impact v e l o c i t y  t h a t  can be sus ta ined  
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F igu re  1G. I n j u r y  s e v e r i t y  d i s t r i b u t i o n  w i t h  
l a p  b e l t  and shou lder  harness. 

i t h o u t  fuse lage  con tac t ,  and a range o f  poss ib l e  r o l l  angles through which 
he gear must ac t .  For a  p u r e l y  v e r t i c a l  impact, i n  which t h e  gear on each 

s i d e  of t h e  a i r c r a f t  con tac t s  t h e  ground s imul taneously ,  des igns can be simple 
and e f f i c i e n t .  However, t h e  requi rement  t o  s imu l taneous ly  w i  ths tar id  r o l l  and 
v e r t i c a l  impact general  l y  c rea tes  des ign and we igh t  problems. These problems 
can be d imin ished,  however, through an a n a l y s i s  o f  t he  s t a t i s t i c a l  d i s t r i  bu- 
t i o n  of acc iden t  c o n d i t i o n s  (such as impact v e l o c i t y  versus r o l l  ang le ) ,  which 
a l l ows  an o p t i m a l l y  balanced c o n s i d e r a t i o n  o f  we igh t  and e f f e c t i v e n e s s  th roughout  
t h e  e n t i r e  system. M in im iz i ng  t h e  l a n d i n g  gear we igh t  means t h a t  o t h e r  crash- 
wor thy system components which a r e  i n h e r e n t l y  much more w e i g h t - e f f e c t i v e ,  such 
as upper t o r s o  r e s t r a i n t s  and energy-absorbing seats,  can be u t i l i z e d  t o  p rov ide  
a l a r g e  percentage o f  t h e  p r o t e c t i v e  c a p a b i l i t y  f o r  t h e  occupants. Th is  approach 
may a l s o  app ly  t o  a i r c r a f t  w i t h  r e t r a c t a b l e  gear, i n  which t h e  c o n t r i b u t i o n  o f  
t h e  gear t o  t h e  o v e r a l l  c rashwor th iness system w i l l  be minimal.  



' O  T 
Vertical Velocity (ft/sec) 

o NO Flre 

e Postcrash Fire 

Longitudinal Velocity (ft/sec) 

F igu re  17. D i s t r i b u t i o n  o f  acc iden ts  w i t h  
pos tc rash  f i r e .  

I t i s  impo r tan t  t o  develop t he  d i s t r i b u t i o n  o f  v e r t i c a l  impact v e l o c i t i e s  w i t h  
r o l l  ang le  i n  o rde r  t o  p rov ide  r e a l i s t i c  des ign c r i t e r i a .  F igure  1 h i  s  .' 

d i s t r i b u t i o n  f o r  a1 1  a i r c r a f t  types. 

2.3 CRASH SCENARIOS 

S i x  c rash  scenar ios were developed t o  represen t  t h e  var ious  types o f  impact 
cond i t i ons .  These s i x  scenar ios i n c l u d e  t he  c o n d i t i o n s  found i n  approx imate ly  
89 percen t  o f  a l l  t h e  acc iden t s  evaluated. It should be noted t h a t  these t y p i -  
c a l  c rash  types p resen t  t he  f i n d i n g s  o f  t h e  a c t u a l  impact cond i t i ons .  Some o f  
t h e  scenar ios  a r e  more impor tan t  from an i n j u r y  f requency and s e v e r i t y  stand- 
p o i n t .  The s i x  c rash  scenar ios were used t o  develop "design scenar ios"  and 
assoc ia ted  des ign c r i t e r i a .  



TABLE 14, I N C I D E N C E  OF POSTCRASH FIRE ACCORDING TO SURVIVABILITY 
CODE (303 ACCIDENTS OUT OF 311 WITH KNOWN POSTCKASH 
FIRE HISTORY) 

Number o f  Accidents/Nuniber w i t h  Postcrash F i r e  

To ta l  Weight Weight Weight Weight 
Sarnp 1 e Class Class Class Class 

S u r v i v a b i l i t y  1974-78 A B C D 

Surv ivab le  226/25 92/15 10718 21/0 6/ 2  

P a r t i a l  l y  2 119 8/ 4  8/ 3  3/ 1 2/ 1 
Su rv i vab le  

Nonsurv ivable 5 G/ 29 33/23 16/ 5  6 /  2 1/ 0 

To ta l  Acc idents  
w i  t h  Unknown 
F i r e  H i  s t o r y  - 8 - 3 - 5 0 - 0 - 

TOTAL 31 1 13 6 136 3 0 9 

The remain ing paragraphs o f  t h i s  s e c t i o n  desc r i be  t h e  s i x  c rash  scenar ios and 
t h e i r  f requency o f  occurrence. A1 so, t h e  frequency o f  i n j u r y  f o r  each scenar io  
and t h e  d i s t r i b u t i o n  o f  impact v e l o c i t i e s  i s  discussed. 

2.3.1 SCENARIO TYPES. As d iscussed i n  the  p rev ious  sec t ion ,  s i x  scenar ios 
were developed t o  descr ibe  t y p i c a l  impact condi  t i o n s ,  The types and cha rac te r -  
i s t i c s  o f  t h e  s i x  scenar ios a r e  descr ibed on t h e  f o l  l ow ing  pages. 

1. E s s e n t i a l l y  f l a t  impact r e l a t i v e  t o  ground ( a i r  t o  ground) 

andiny gear can a c t  t o  a t t enua te  v e r t i c a l  force,  a l though 
e r r a i n  f e a t u r e s  may i n h i b i t  f u n c t i o n i n g  o r  t he  gear may be re -  
r a  c t  ed. 

V e r t i c a l  v e l o c i t y  i s  g r e a t e r  than  t h e  l o n g i t u d i n a l  component 
( Impact ang le  g rea te r  than  45 degrees).  

Angles a r e  l e s s  than +20-degree p i t c h ,  220-degree r o l l .  

2. High l o n g i t u d i n a l  impact v e l o c i t y  ( a i r  t o  ground) 

Long i t ud ina l  v e l o c i t y  i s  s i g n i f i c a n t l y  g r e a t e r  than  t h e  v e r t i c a l  
component ( 0  t o  20-degree f l i g h t  pa th  ang le ) .  

Landing gear may be t o r n  o f f  and absorb very  l i t t l e  v e r t i c a l  o r  
l o n g i  t u d i n a l  energy. 



~ o l l  angle (deg) 

Figure 18. Impact velocity as a  function of rol l  angle, a l l  
a i r c ra f t  types, s ignif icant  survivable sample 
(120 accidents). 

Angles are less  than 520-degree pitch, 220-degree r o l l ,  
520-degree yaw. 

Rollover (ground t o  ground) 

lvlajor impact i s  o n  s ide or  top of fuselage. 

There i s  a  low vertical  or longitudinal velocity. 

Wire impact in f l igh t  

Aircraft has significant a i r  speed a t  time of wire 
s t r ike .  



The w i r e  s t r i k e  i s  on t he  f r o n t a l  p l ane  o f  t h e  a i r c r a f t ,  

Uncunt ro l  l e d  f l  i g h t  usual  l y  f o l  lows, 

5. Water impact ( a i r  t o  wa te r )  

Landing gear do n o t  f u n c t i o n  t o  absorb any impact energy. 

P r i n c i p a l  impact f o r ces  a re  d i s t r i b u t e d  over  a  l a r g e  fusulacje 
a  rea  . 

6, High yaw r a t e  impact ( a i r  t o  ground) 

Typ ica l  l y  component f a i l u r e ,  o r  ma1 f u n c t i o n  (e.g., t d i l  r o t o r  
ma1 f u n c t i o n )  leads  to  l a t e r a l  s t a b i  1  i ty c o n t r o l  d i f f i c u l t i e s .  

Longi t u d i n a l  and v e r t i c a l  v e l o c i t y  components a re  smal l ,  yaw 
r a t e  may be l a r g e .  

Uncunt ro l  l e d  yawi ny a c t i o n  causes f l a i l  i ng-type i n j u r i e s .  

The eva lua ted  a c c i d e n t  sample con ta i ned  311 acc i den t s .  I n  248 o f  these cdses 
t h e r e  LJas s u f f i c i e n t  i n f o r m a t i o n  t o  eva lua te  t h e  scenar io  type and t h e  impact  
pardri ieters. Table 15 l i s t s  t h e  d i s t r i  bc l t ion o f  these acc iden ts  accord ing  t o  
t h e  s i x  scenar io  types. The most common c rash  scenar io  i s  t h e  v e r t i c a l  i inpact,  
vllhich accounts f o r  approx imate ly  28 percen t  o f  t he  acc i den t s .  Each of t he  o t h e r  
f i v e  scenar io  types accounts f o r  approx imate ly  1 0  pe rcen t  o f  t h e  acc iden ts .  
The s i x  scenar ios  r ep resen t  t h e  c o n d i t i o n s  found i n  79 percen t  of t h e  a c c i d e n t  
cases. The re rna i~ i i ny  acc i den t  t ypes  g e n e r a l l y  f a l l  i n t o  two c lasses :  t h e  catas-  
t r o p h i c  uncon t ro l  l e d  f l  i gi l t  and t h e  r e l a t i v e l y  rninor l a n d i n g  acc i den t s .  I n  
t h i s  second t ype  o f  acc iden t ,  t h e  impact f o r c e s  may be low, b u t  damage r e s u l t s  
p r i m a r i l y  due t o  a  ta i l -boom s t r i k e  by t h e  main r o t o r .  IJe i ther  o f  these two 
a c c i d e n t  t ypes  i n f l u e n c e s  t h e  c rashwor th iness  des ign  o f  t h e  a i r c r a f t  o r  war ran ts  
be ing  cons idered as a  separa te  scenar io .  

2.3.2 INJURY FREQUENCY FOR THE SCENARIO TYPES. The number and s e v e r i t y  o f  
i n j u r i e s  were t abu la ted  f o r  each scenar io  t ype  i n  o rde r  t o  assess t h e  r e l a t i v e  
hazard o f  each c rash  type. Tables 16 and 17 l i s t  t h e  number o f  people on board 
t h e  a i r c r a f t  f o r  each scenar io  and t h e  percentage t h d t  r ece i ved  minor,  se r ious ,  
o r  f a t a l  i n j u r i e s  f o r  t h e  t o t a l  sample and f o r  t h e  s u r v i v a b l e  o r  p a r t i a l l y  su r -  
v i v a b l e  acc iden ts .  

Table 16, which i nc l udes  t h e  nonsu rv i vab le  acc idents ,  shows t h a t  t h e  v e r t i c a l  
impact,  w i r e  s t r i k e ,  and water impact  were t h e  most hazardous scenar ios  i n  terms 
o f  a c t u a l  number o f  occupants i n  t h e  sample r e c e i v i n g  f a t a l  o r  se r i ous  i n j u r i e s .  
R e l a t i v e l y  few se r i ous  o r  f a t a l  i n j u r i e s  occur red  i n  t h e  l o n g i t u d i n a l ,  r o l l o v e r ,  
and h i g h  yaw r a t e  impacts.  I n  terms o f  percentage of ma jo r  i n j u r y  ( s e r i o u s  o r  
f a t a l ) ,  t h e  v e r t i c a l  impact scenar io  had moderate r a t e s  (25.4 percen t ) ,  a l t hough  
t h e  l a r y e  number o f  acc i den t s  f o r  t h i s  scena r i o  t ype  y i e l d e d  a  l a r y e  number o f  
f a t a l  and se r i ous  i n j u r i e s .  The w i r e  s t r i k e  and water impact acc i den t s  had 
ve ry  h i g h  percentages o f  ma jo r  i n j u r i e s :  65 and 63 percen t ,  r e s p e c t i v e l y .  
Acc idents  o c c g r r i n g  i n  water have a  h i g h  percentage o f  f a t a l i t i e s  due t o  drown- 
i n g ~  t h a t  r e s u l t  f rom re1 a t i v e l y  m i  no r  i n j u r i e s  and/or problems i n  egress ing  
t h e  a i r c r a f t .  The h i g h  i n j u r y  r a t e s  f o r  water  a re  n o t  i n d i c a t i v e  o f  irnpact 



TABLE 15. ACCIDENT FREQUENCY ACCORDING 
TO SCENARIO TYPE 

Scenar io  No. o f  
Type D e s c r i p t i o n  Acc idents  Percentage 

1 High v e r t i c a l  7  0  28,2 
impact v e l o c i  ty 

2 High l o n g i t u d i n a l  2 1  8.5 
impact v e l o c i  t y  

3 Rol l o v e r  3 4  13.7 

4 & i r e  s t r i k e  2 5 10.1 

5 Water impact 24 9.7 

G High yaw r a t e  2 1  8.5 

A l l  o t h e r  - 5 3 21.3 

No. o f  Acc idents  w i t h  
Known Scenar io  Type 2 48 100.0 

No. o f  Accidents w i t h  
Unknown Scenar io  Type - 63 

TOTAL 311 

f o r c e  i n j u r i e s  alone, b u t  r a t h e r  due t o  t h e  compl i c a t i t l g  f a c t o r  o f  pos tc rash  
s u r v i v a l  i n  t h e  water  environment. 

Table 17 shows t he  same type o f  comparison f o r  t he  s u r v i v a b l e  and p a r t i a l l y  
su rv i vab le  acc iden ts .  The v e r t i c a l  impact and water impact scenarios aga in  
represen t  t h e  most severe cond i t i ons  i n  terms o f  numbers o f  i n j u r i e s .  The w i r e  
s t r i k e  scenar io  does n o t  appear t o  be as ser ious  because a l a r g e  percentage o f  
these acc iden t s  were c l a s s i f i e d  as nonsurv ivab le  due t o  t h e  uncon t ro l  l a b l e  f l i g h t  
c h a r a c t e r i s t i c s  f o l  1 owing w i r e  s t r i k e .  However, s t u d i e s  i n d i c a t e  t h a t  many o f  
these nonsurv ivab le  acc iden ts  cou ld  a c t u a l l y  be prevented by p roper  implementa- 
t i o n  o f  a  w i r e  s t r i k e  p r o t e c t i o n  system ( re fe rence  25). 

2.3.3 IMPACT YELOCITIES FOR THE SCENARIO TYPES. The cumula t i ve  f requenc ies  
o f  v e r t i c a l  and l o n g i t u d i n a l  v e l o c i t y  were t a b u l a t e d  f o r  scenar ios i n  which 
these parameters would be meaningful  f o r  des ign purposes. F igure  19 shows t he  
curflulat i v e  frequency curves f o r  t h e  v e r t i c a l  impact scenar io  us ing  t he  s  i g n i -  

can t  s u r v i v a b l e  sample. The 9 5 t h - p e r c e n t i l e  v e r t i c a l  v e l o c i t y  f o r  scenar io  
mber 1, 26 f t / s e c ,  i s  t h e  same as t h e  v e r t i c d l  component f o r  a l l  s i g n i f i c a n t  

s u r v i v a b l e  acc iden t s  i n  t h i s  sample. The l o n g i t u d i n a l  component f o r  t h i s  
scenar io  i s smal l ,  w i t h  95 percen t  o c c u r r i n g  a t  o r  be1 ow 12 f t / s e c .  



TABLE 16, INJURY FREQUENCY FOR SCENARIO TYPES BASED 014 THE 
TOTAL SAMPLE (248 ACCIDENTS OUT OF 311 WITH 
KNOWN SCENARIO TYPE) 

Scenario 
D e s c r i p t i o n  

1 High v e r t i c a l  
impact v e l o c i t y  

2  High l o n g i  t u d i  na l  
impact v e l o c i  t y  

3 Rol l o v e r  

4  Wire s t r i k e  

5 Water i ~npac t 

6 High yaw r a t e  

A1 1 o t h e r  

I n j u r y  Percentage* To ta l  
No. 

Fa ta l  Ser ious Minor  OnBoard 

5.3 17.1 18.3 169 

7.9 10.5 26.3 

2.4 3.7 46.3 8 2 

42.9 22.4 10.2 49 

46.7 16.7 90 

9.5 9.5 30.9 4 2 

31.9 12.9 18.9 - 116 

TOTAL 586 

No. of  
Fa ta l  and 

Serious 
I n j u r i e s *  

4  3  

7 

5 

3 2 

5  7  

8 

5 2  - 
204 

* A l l  types o f  i n j u r i e s  inc luded.  

The l o n g i t u d i n a l  impact scenar io  has a l a r g e  l o n g i t u d i n a l  component and a smal 1  
v e r t i c a l  component, as expected, F igure  20 i n d i c a t e s  t h a t  t h e  9 5 t h - p e r c e n t i l e  
1 ongi  t u d i  na l  and v e r t i c a l  ve l  o c i  ty components f o r  scenar io  number 2  a r e  72 f t / sec  
and 10 f t / s e c ,  r e s p e c t i v e l y .  

F i gu re  2 1  shows t he  cumula t i ve  frequency curve  f o r  l a t e r a l  v e l o c i t y  r o l l o v e r  
acc iden t s  ( scena r i o  number 3). For t h i s  scenario,  t he  p r i n c i p a l  impact f o r ces  
were g e n e r a l l y  a p p l i e d  l a t e r a l l y  o r  on t h e  t op  q u a r t e r  (90 t o  120 degrees r o l l  
ang le ) .  The l a t e r a l  v e l o c i t y  used t o  develop f i g u r e  2 1  was based on t h e  impact  
v e l o c i t y  component pe rpend i cu la r  t o  t h e  ground j u s t  p r i o r  t o  t h e  p r i n c i p a l  i m -  
pact ,  I t was found t h a t  95 percent  o f  a l l  r o l l o v e r  impacts had a l a t e r a l  impact 
v e l o c i t y  o f  9.2 f t / s e c  o r  l ess .  



TABLE 17. INJURY FREQUENCY FOR SCENARIO TYPES BASED ON SUKVIVABLE AND 
PARTIALLY SURVIVABLE ACCIDENTS (208  ACCIDENTS OUT OF 211 
SURVIVABLE AND PARTIALLY SUKVIVABLE ACrI DENTS WITH 

NOWN SCENARIO TYPE) 

No. o f  
To ta l  Fa ta l  and 

Scenar io  No. Se r i  ous 
Type Fa ta l  Ser ious Minor  On Board I n j u r i e s *  

- 

1 High v e r t i c a l  0.5 17,2  
Impact v e l o c i  ty 

2 H i g h l o n g i t u d i n d l  0. 11.4 
impact v e l o c i  t y  

3 Rol l o v e r  2.4 3.7 

4 M i  r e  s t r i  ke 9.7  35.5 

5 Water impact 16.5 19.4 37.3 6 7 2 4 

High yaw r a t e  

Other 6.1  15.9 26.8 - 82 18 - 
TOTAL 49 7 9 7 

*A1 1 types o f  i n j u r i e s  i n c l  uded. 



Verti 
(95th 
= 26 

cal component 
percentile 

f t/sec) 

Cumulative frequency (percent) 

ure 19. Cumulative frequency of occurrencg of impact 
velocity components, significant survivable 
accidents, scenario no. 1 (70 accidents). 



Cumulat ive f requency  ( p e r c e n t )  

F i g u r e  20. Cumulat ive frequency o f  occurrence o f  impact 
v e l o c i t y  components, s i g n i f i c a n t  s u r v i v a b l e  
acc iden ts ,  scenar io  no. 2 ( 2  1 acc iden t s ) .  



L a t e r a l  c o m p o n e n t  
( 9 5 t h  p e r c e n t i l e  = 9 . 2  f t / s e c )  

\ 

C u m u l a t i v e  f r e q u e n c y  ( p e r c e n t )  

F igu re  21. Cumulative frequency o f  occurrence o f  impact 
v e l o c i t y  components, s i g n i f i c a n t  s u r v i v a b l e  
acc idents ,  scenar io  no. 3 ( 3 4  acc iden t s ) .  



3.0 IDENTIFICATION OF INJURY/FATALITY CAUSATIVE FEATURES 

The main goal  o f  t h i s  t a s k  was t o  ass i gn  a  cause t o  each known i n j u r y  and t o  
r ank  these  causes accord ing  t o  t h e  f requency and sevr=,-i ty o f  t h e  hazard. I n j u r y  
d e s c r i p t i o n s  were t a b u l a t e d  d u r i n g  t h e  e v a l u a t i o n  phase o f  t h e  Task I e f f o r t  
desc r i bed  i n  Sec t i on  2.0. Ex tenua t ing  c i  rcums tances, such as component f a i l u r e s  
o r  un ique a c c i d e n t  k inemat ics ,  were a l s o  no ted  t o  a i d  i n  de te rmin ing  t h e  cause 
o f  an i n j u r y .  The i n j u r y  s t a t i s t i c s  were compi led accord ing  t o  s e v e r i t y ,  cause 
( o r  hazard) ,  scenar io ,  and a i r c r a f t  we igh t  c l a s s .  The outcome o f  t h i s  work i s  
a  r ank ing  o f  t h e  hazards i n d i c a t i n g  t h e  a i r c r a f t  systems i n  need o f  improvement 
t o  p rov i de  occupant p r o t e c t i o n  i n  " s u r v i v a b l e "  acc i den t s ,  

As noted i n  Sec t i on  2.0, t h e r e  a r e  some j nhe ren t  b iases  i n  t h e  eva lua ted  a c c i -  
den t  sample ma in l y  due t o  t h e  o r i g i n a l  i n v e s t i g a t i v e  procedures.  The f i n a l  
s e c t i o n  i n  t h i s  chap te r  addresses t h i s  problem b y  p resen t i ng  a  s t a t i s t i c a l  de- 
s c r i p t i o n  o f  expected i n j u r i e s  and t h e i r  assoc ia ted  causes f o r  an average year .  
These s t a t i s t i c s  were based on an average o f  t h e  da ta  f rom t h e  f i v e - y e a r  eva lu -  
a t i o n  per iod ,  w i t h  t h e  known b iases accounted f o r .  

3.1 TABULATION OF INJURIES 

Each i n j u r y ,  w i t h  an e x p l i c i t  d e s c r i p t i o n  o f  t h e  body r e g i o n  and s e v e r i t y ,  was 
t a b u l a t e d  w i t h  parameters d e s c r i b i n g  t h e  he1 i c o p t e r  a c c i d e n t  sequence. The 
p r ima ry  emphasis was p laced on i d e n t i f i c a t i o n  o f  i n j u r y  causes r a t h e r  than  a  
c a t a l o y i n g  o f  i n j u r i e s  themselves, The source o f  t h i s  i n f o r m a t i o n  was t h e  A i r -  
c r a f t  Acc iden t  Reports,  ob ta ined  from t h e  NTSB. I n j u r y  d e s c r i p t i o n s  were found 
i n  t h e  o p e r a t o r ' s  o r  i n v e s t i g a t o r ' s  n a r r a t i v e ,  w i tness statements,  and autopsy 
r e p o r t s .  It i s  genera l  l y  regarded t h a t  t h e  most re1  i a b l e  source o f  i n j u r y  i n -  
f o rma t i on  i s  t h e  i n - p a t i e n t  c h a r t  o r  h o s p i t a l  d i  scharye r e c o r d  ( r e f e r e n c e  26), 
a1 though t h i s  was seldom a v a i l a b l e .  A  s i g n i f i c a n t  improvement i n  t h e  qua1 i ty 
o f  a c c i d e n t  r e p o r t i n g  c o u l d  be a t t a i n e d  by  c o n s i s t e n t l y  o b t a i n i n g  i n j u r y  i n -  
f o rma t i on  f rom t h e  most re1  i a b l e  sources. 

I n j u r i e s  were ca tego r i zed  us i ng  t h e  Abbrev ia ted  I n j u r y  Scale  (AIS)  r a t i n g  system, 
r e fe rence  26. The separate  body reg ions  and s e v e r i t y  codes used i n  t h e  AIS 
a r e  l i s t e d  i n  t a b l e s  18 and 19, r e s p e c t i v e l y .  The maximum AIS r a t i n g  f o r  an 
i n j u r y  t o  each o f  t h e  seven body segments was used t o  desc r i be  t h e  i n j u r y  sever -  
i t y  t o  each occupant.  An o v e r a l l  r a t i n g  o f  b o d i l y  i n j u r y ,  such as t h e  I n j u r y  
S e v e r i t y  Score ( ISS) ,  was n o t  used i n  t h i s  s tudy  because o f  t h e  need t o  m a i n t a i n  
r eco rds  o f  i n d i v i d u a l  i n j u r i e s  f o r  t r a c e a b i l i t y  o f  cause. The ve rs i on  o f  t h e  
Abbrev ia ted  I n j u r y  Scale used i n  t h i s  s tudy,  AIS-80, con ta i ns  more than  500 
separate  i n j u r y  d e s c r i p t i o n s  which covered a l l  i n j u r i e s  found i n  t he  a c c i d e n t  
sample w i t h  t h e  excep t i on  o f  drowning. Drowning i s  n o t  a  t rauma- re la ted  i n j u r y  
and t h e r e f o r e  i s  n o t  i nc l uded  i n  t h e  AIS; however, f o r  t h e  purposes o f  t h i s  
s tudy,  i t  was accorded an AIS r a t i n g  o f  6  when i t  was known t h a t  t h e  drowning 
was a  d i r e c t  r e s u l t  o f  i n j u r i e s  sus ta ined  i n  t h e  acc iden t .  

As d iscussed e a r l i e r  i n  t h i s  sec t i on ,  a  " c a t a l o g i n g "  o f  s p e c i f i c  i n j u r i e s  was 
n o t  cons idered  as impo r tan t  as t h e  causes o r  hazards assoc ia ted  w i t h  each i n j u r y .  
In t h e  remain ing sec t i ons  o f  t h i s  chapter ,  t h e  AIS a t t r i b u t a b l e  t o  a  p a r t i c u l a r  
hazard i s  used. The i n j u r y  d e s c r i p t i o n s  were taken  d i r e c t l y  f rom t h e  many 
sources o f  t h e  acc i den t  r epo r t s ,  and a l t hough  few a r e  w r i t t e n  i n  m e d i c a l l y  
accep tab le  t e rm ino logy ,  most d i d  con ta i n ,  i n  some form, an i n j u r y  d e s c r i p t i o n .  
Table 20 l i s t s  t h e  number o f  acc i den t s  w i t h  i n j u r y  d e s c r i p t i o n s  found i n  t h e  
311  acc i den t s  sample. 

4G 



TABLE 18. SEPARATE BODY SECTIONS IDENTIFIED 
Ild AIS-80 (REFERENCE 26) 

Body Sec t ion  D e s c r i p t i o n  

Ex te rna l  Surface o f  any body r e g i o n  

He ad Bony s k u l l ,  b ra i n ,  face, eye, ea r  

Neck Neck, t h r o a t  

Thorax Thorac ic  organs, i n c l  u d i  ng r i b  cage 

Abdomen/Pel v i  c Contents Abdominal /pe l  v i  c organs 

Spine Spi n a l  c o l  umn/cord 

E x t r e m i t i e s  Upper and lower  1 imbs, bony p e l v i s  

TABLE 19. INJURY SEVERITY CODES USED 
I N  AIS-80 (REFERENCE 26) 

AIS - Sever i  ty Code 

M i  n o r  

Moderate 

Ser ious 

Severe 

C r i t i c a l  

Maximum i n j u r y ,  
v i r t u a l  l y  unsu rv i vab l  e 

Unknown 

3.2 RANKING OF INJURY-CAUSATIVE HAZARDS 

This  s e c t i o n  descr ibes  t h e  rank iny  o f  hazards accord ing  t o  t he  s e v e r i t y  and 
f requency o f  i n j u r i e s  t h a t  they  caused. The methodology used f o r  t h i s  rank ing  
f o l l o w s  t h e  techniques developed b y  Hicks and Adams ( r e f e r e n c e  27) a t  t h e  U.S. 
Army Safe ty  Center. Th is  technique uses a "mechanism o f  i n j u r y  occurrence1' 
t h a t  descr ibes  t h e  process th rough which each i n j u r y  occurs.  The mechanism i s  



- -  

TABLE 20. PERCENTAGE OF ACCIDENTS WITH OCCUPANT INJURY 
DESCKI PTIONS ACCORDING TO A C C I  DENT SEVERITY 
(311  ACCIDENTS I N  EVALUATION SA:'?LE) 

Surv ivable,  no i n j u r i e s  126 126" 

minor  i n j u r i e s  5 7 2 7 

se r ious  o r  
f a t a l  i n j u r i e s  7 5 6 7 

Nonsurv ivable - 5 3 30  - 
TOTAL 311 2 50 

*The documentat ion conta ined i n  these acc iden t  r e p o r t  
was s u f f i c i e n t  t o  determine t h a t  no s i g n i f i c a n t  i n -  
j u r i e s  occurred. 

descr ibed  i n  two p a r t s :  t h e  ac t i on ,  o r  i n j u r y  process, and t h e  q u a l i f i e r , s o r  
c o n t r i b u t i n g  f a c t o r  t o  the  i n j u r y .  As an example, cons ider  the f o l l o w i n g  hazard:  

ACTION: BODY EXPOSED TO FIRE 

QUALIFIER: WHEN FUEL SYSTEFl FAILED ON INPACT 

I n  t h i s  study, a s e t  o f  14 mechanisms, o r  hazards, were developed and each i n -  
d i v i d u a l  i n j u r y  t o  a body r e g i o n  o f  an occupant was assigned a mechanism. Each 
hazard was ranked accord ing t o  two f a c t o r s :  t h e  frequency o f  i n j u r i e s  caused 
by  t h e  hazard and t h e  most severe i n j u r i e s  t h a t  t h e  hazard can cause. Tables 
2 1  and 22 desc r i be  t h e  rank iny  ca tegor ies .  Each hazard was then assigned t o  
one o f  e i g h t  " s i g n i f i c a n c e  groups" based on t h e  combinat ion o f  f requency and 
s e v e r i t y  i n d i c i e s  as shown i n  t a b l e  23. Tables 2 1  through 23 were taken fro111 
re fe rence  27. 

The i n j u r y  hazards w i t h i n  each s i g n i f i c a n c e  group were then rank-ordered accord- 
i n g  t o  t he  accumulated AIS r a t i n g s  f o r  i n j u r i e s  i d e n t i f i e d  i n  t h i s  s tudy.  The 
accumulated AIS i s  t h e  summation o f  a1 1 AIS r a t i n g s  f o r  s u r v i v a b l e  acc iden t s  
a t t r i  bu tab le  t o  a p a r t i c u l a r  hazard; t h i  s takes i n t o  account f requency (number 
o f  i n j u r e d  occuparits) and i n j u r y  s e v e r i t y ,  Table 24 shows t he  rank ing  o f  haz- 
ards ordered from most t o  l e a s t  dangerous. 

p r o v i s i o n s  need t o  be considered i n  i n t e r p r e t i n y  t h e  rank ing  o f  
hazards presented i n  t a b l e  24. The sample s i z e  o f  t h e  acc iden ts  w i t h  known 
i n j u r i e s  i s  n o t  d i r e c t l y  comparable t o  i t l j u r i e s  t h a t  would be expected ove r  a 
c e r t a i n  t ime  per iod .  Therefore,  t h e  accumulated AIS r a t i n g  i s  o n l y  u s e f u l  f o r  



TABLE 21. CRASH HAZARD FREQUENCY RANKING 
(FROM REFERENCE 27) 

Frequency D e s c r i p t i v e  Mathematical  
Index Nomen c  1  a  t u  r e  D e f i n i t i o n *  

A Frequent 0.5 < f 

B Reasonably probable 0.1 < f (0 .5  

C Occasional 0.05 < f ( 0.1 

D Renio t e  0.01 < f ( 0.05 

E Improbable f < 0.01 
-- -- 

*f i s  de f i ned  as t h e  r e l a t i v e  frequency o f  
occurrence o f  a  hdzard and i s  c a l c u l a t e d  as 
f = Frequency o f  occurrence o f  c rash  hazard/ 
number o f  acc iden ts  s tud ied .  

TABLE 22. CRASH HAZARD SEVERITY RANKING 
(FROM REFERENCE 27) 

S e v e r i t y  D e s c r i p t i v e  
Index Womencla t u r e  D e f i n i t i o n *  

I L i  f e - t h r e a t e n i  ng Resu l ts  i n  f a t a l  o r  
c r i t i c a l  i n j u r y  

I I Ser ious Resu l ts  i n  major  i n j u r y  

I I 1  Fla r g i  rial Resu l ts  i n  minor  i n j u r y  

I V Negl i y i  b l  e  Resul ts  i n  no more than 
minimal i n j u r i e s  

*Worst c r e d i b l e  r e s u l t .  

r ank ing  t he  r e l a t i v e  s e v e r i t y  o f  each hazard. Paragraph 3.3 o f  t h i s  s e c t i o n  
cons iders  t h e  p o t e n t i a l  f o r  i n j u r i e s  caused by  each hazard f o r  a  t y p i c a l  yea r  
o f  r o t o r c r a f t  acc iden ts .  

I n  ana lyz ing  t h e  i n j u r y  data,  i t  was found t h a t  burn i n j u r i e s  occurred i n  
approx imate ly  20 percen t  o f  t he  acc iden ts  w i t h  known i n j u r i e s .  The i n j u r i e s  
a t t r i b u t a b l e  t o  pos tc rash  f i r e s  i n d i c a t e d  t h a t  t h i s  was t h e  most dangerous 



TABLE 23. HAZARD SIGNIFICANCE GROUPS B4SED ON 
FREQUENCY AND SEVERITY II\IdICES (FR@I 
REFERENCE 27) 

-- -- 
Sign i f i cance 

G r -  - -- 

s i n g l e  hazard. F u r t h e r  exa~ni  n a t i o n  o f  t h e  acc i den t  r e p o r t s  revea led  t h a t  t h i  s  
hazard i s  even more p r e v a l e n t  than t he  i n j u r i e s  would i n d i c a t e .  I n  dn add i -  
t i o n a l  2 5  pe rcen t  o f  t h e  acc iden ts ,  f u e l  leakage occurred i n  c l o s e  p rox im i  ty 
t o  t h e  occupants w i t h o u t  i g n i t i n g ,  o r  t h e  occupdnts were e x t r a c t e d  from t h e  
bu rn i ng  wecl tage and/or t h e  f i r e  was ex t i ngu i shed  by ground personnel h e f o r e  
thermal  i n j u r i e s  occurred.  

The rank ing  i n  t a b l e  24 i n d i c a t e s  t h a t  t h e r e  a r e  f i v e  hazards, a l l  i n  s i g n i -  
f i cance  group 2, t h a t  overshadow a l l  o f  t h e  o t h e r  hazards t h a t  were i d e n t i f i e d  
i n  t h i s  study. The mechanis~ns i r l vo l  ved i n  these f i v e  hazards were: burns due 
t o  f u e l  system f a i l u r e  on impact,  s p i n a l  i n j u r i e s  due t o  excess ive v e r t i c a l  
l oad ing ,  i n j u r i e s  o f  a l l  t ypes  due t o  i n f l i y h t  w i r e  s t r i k e  on t h e  f r o n t a l  p l ane  
of t h e  h e l i c o p t e r ,  secondary impact  o f  t h e  upper t o r s o  and head due t o  r e s t r d i n t  
sys tern d e f i c i e n c i e s ,  and secondary impact due t o  l a c k  o f  upper t o r s o  r e s t r a i n t .  
Table 25 surnrnarizes t he  major  areas wor thy o f  improvement, based on t he  i n j u r i e s  
and f d t a l i t i e s  which occurred i n  " s u r v i v a b l e "  acc iden ts .  Research and develop- 
ment requi rements  needed t o  p rov i de  enhanced crashwor th iness a re  suggested. 
The pos tc rash  f i r e  hazard i s  rattked as t h e  p r imary  area f o r  improvement due t o  
t h e  h i g h  number o f  i n j u r i e s  and t h e  a d d i t i o n a l  acc i den t s  i n  which ser ior ts  f u e l  
1  eaks occurred,  

The accumulated AIS r a t i n g  was a l s o  used t o  exarnine t h e  r e l a t i v e  s e v e r i t y  of 
i n j u r i e s  f o r  impacts i n  each o f  t h e  s i x  scenar ios .  Table  2 G  i n d i c a t e s  t he  accu- 
mulated AIS f o r  each scenar io  accord ing  t o  t he  f ou r t een  hazards used p r e v i o i ~ s l y  
i n  t h i s  sec t i on ,  The AIS r a t i n g s  were based on ac tua l  i n j g r i e s  t a b u l d t e d  dur -  
i n g  t he  e v a l u a t i o n  e f f o r t .  The n u ~ ~ i b e r  o f  i n j u r i e s  examined rep resen t s  o n l y  a 
smal l  p o r t i o n  o f  t h e  a c t u a l  number o f  i n j u r i e s  occ idr r iny  d u r i n g  t he  e v a l ~ ~ d t i o n  



TABLE 24. RANK-ORDERED LISTING OF CRASH HAZARDS FOR THE CIVILIAN ROTORCRAFT FLEET 

Hazard Significance Frequency Severity Accumulated 
Ranking Group Description Index Index A1 S 

1 2 Body exposed to  f i r e  when fuel B I 147 
system failed on impact 

2 2 Body received excessive decel er-  B I 145 
ative force when a i r c r a f t  and 
seat  a1 lowed excessive loading 

3 2 Body exposed t o  impact conditions B I 110 
due to  inf l ight  wire s t r ike  

4 2 Body struck a i r c r a f t  structur 8 7 
because design provided inade 
quate clearance and/or 
a1 lowed excessive motio 

5 2 Body struck a i r c r a f t  s 
to lack of upper torso restra 

6 4 Body drowned because injuries pre- D I 
vented escape from a i r c r a f t  

7 4 Body struck a i rc ra f t  structure D I 
because res t ra int  was not used 
properly 

8 4 Body struck a i r c r a f t  structure C I I 
when structure col l apsed exces- 
sively 

9 4 Body struck a i r c r a f t  s I 
when seat failed 

10 4 Body struck by external objec D I 
when main rotor blade entered 
occupiable space 

11 4 Body struck by external object D I 
when object (other than main 
rotor blade) entered occu 
space 

12 6 Body struck a i rc ra f t  structure I I 8 
when res t ra in t  system fa i l ed 

13 6 Body injured during postcrash D I I I 2 
egress 

14 7 Body exposed to  chemical E I11 1 
agents on impact 



TABLE 25. SUMMARY OF POTENTIAL AREAS FOR IMPROVED CRASHkORTHINESS I N  THE 
U. S. C I V  I L ROTORCRAFT FLEET 

1 Fuel sys tem component f a i  1  - 1 Detemi i  ne des ign r e q u i r e -  
u r e  on impact  a l l o w i n g  f u e l  ments c o n s i s t e n t  w i t h  t h e  4 

t o  come i n  c o n t a c t  w i t h  9 5 t h - p e r c e n t i l e  s u r v i v a b l e  
i g n i t i o n  sources. impact.  Develop and c e r t i  f y  

l i g h t w e i g h t  c e l l  m a t e r i a l s  
and f i  t t i n y s ,  and standard- 
i z e  des ign techniques. 

2  Occupant r e s t r a i n t  system 4,5,12 Develop, c e r t i f y ,  and r e -  
a l  lows l o n y i  t u d i  na l  and q u i r e  use o f  an e f f e c t i v e  
l a t e r a l  movement o f  upper r e s t r a i n t  system(s)  which 
body on impact.  Cockp i t  p rov i des  l o n g i t u d i n a l  and 
and c a b i n  geometry p r o v i d  l a t e r a l  r e s t r a i n t  f o r  t h e  
i nadequate c learance.  upper body. Develop des ign  

c r i t e r i a  f o r  d e l e t h a l  i z i  ng 
i n t e r i o r  sur faces.  Design 
goal should  be t o  p reven t  
i n j u r i o u s  head and ches t  
c o n t a c t  w i t h  a i r c r a f t  s t r u c -  
t u r e  i n  impacts  up t o  t h e  
95 th -pe rcen t i  l e  s u r v i v a b l e  
impact,  

3 A i r f r ame  and seats  t r a n s m i t  2, 9  Conduct t r a d e o f f  s t u d i e s  t o  
i n t o l e r a b l e  v e r t i c a l  loads de tenn i  ne degree o f  p ro tec -  
t o  occupants and separate  t i o n  c o n s i s t e n t  w i t h  c o s t ,  
from a i r c r a f t ,  r e s u l t i n g  i n  weight ,  and space c o n s t r a i n t s .  
s p i n a l  i n j u r y .  Eva luate cand ida te  energy 

a b s o r p t i o n  concepts f o r  sea ts  
and l and ing  gear. Develop 
des ign  c r i t e r i a .  

4 I n f l i g h t  w i r e  s t r i k e  r e s u l t s  3 Implement w i r e  i d e n t i  f i c a -  
i n  uncon t ro l  l e d  f l i g h t  and t i o n  and avoidance t r a i n -  
random, severe impact con- i n g  procedures.  Devel op 
d i  ti ons w i r e  d e t e c t i o n / p i l o t  warn- 

i n g  dev ice.  Cont inue c e r t i -  
f i c a t i o n  o f  mechanical w i r e  
c u t t e r s .  

pe r iod .  Therefore,  t h e  t o t a l  accuinulated AIS f o r  each scenar io  shou ld  be used 
f o r  comparison purposes o n l y  t o  determine t h e  r e l a t i v e  s e v e r i t y  o f  t h e  hazard.  

Table 26 i n d i c a t e s  t h a t  t h e  v e r t i c a l  impact scenar io  i s  t h e  most hazardous o f  
t h e  s i x  scenar ios ,  accoun t ing  f o r  30 percen t  o f  t h e  AIS t o t a l .  Excessive 

5 2  



TABLE 2 6 .  ACCUMULATED AIS FOR CRASH HAZARDS ACCORDING TO ACCIDENT SCENARIO TYPE 

D e s c r i p t i o n  Rol l o v e r  S t r i k e  Impact  

1 Body exposed t o  f i r e  when f u e l  system 57 29 0 5 1 1 9 147 
f a i l e d  on  impac t  

2 Body r e c e i v e d  e x c e s s i v e  d e c e l e r a t i v e  9 1 7 0 7 40 0 145 
f o r c e  when a i r c r a f t  and s e a t  a1 lowed 
e x c e s s i v e  l o a d i n g  

3 Body exposed t o  impac t  c o n d i t i o n s  due 0 0 0 110 0 0 110 
t o  i n f l i g h t  w i r e  s t r i k e  

4 Body s t r u c k  a i r c r a f t  s t r u c t u r e  because 22 29 17 2 13 4 87 
des i g  n  p r o v i d e d  inadequa te  c l e a r a n c e  
and/or  r e s t r a i n t  a1 lowed e x c e s s i v e  
m o t i o n  

5 Body s t r u c k  a i r c r a f t  s t r u c t u r e  due t o  23 6 19 17 11 6 82 
l a c k  o f  upper t o r s o  r e s t r a i n t  

G Body drowned because i n j u r i e s  pre- 0 0 0 0 54 0 54 
vented escape f r o m  a i r c r a f t  

7 Body s t r u c k  a i r c r a f t  s t r u c t u r e  because 8 16 0 3 2 0 29 
r e s t r a i n t  was n o t  used p r o p e r l y  

8 Body s t r u c k  a i r c r a f t  s t r u c t u r e  when 2 12 0 5 3 0 22 
s t r u c t u r e  c o l  1  apsed e x c e s s i v e l y  

9 Body s t r u c k  a i r c r a f t  s t r u c t u r e  when 8 0 0 0 4 0 12 
s e a t  f a i l e d  

10 Body s t r u c k  by  e x t e r n a l  o b j e c t  when 0 0 6 6 0 0 12 
main r o t o r  b l a d e  e n t e r e d  o c c u p i a b l e  
space 

11 Body s t r u c k  b y  e x t e r n a l  o b j e c t  when 3 0 1 6 0 0 10 
( o t h e r  o b j e c t  t h a n  ma in  r o t o r  b lade)  
e n t e r e d  o c c u p i a b l e  space 

12 Body s t r u c k  a i r c r a f t  s t r u c t u r e  when 4 0 4 0 0 0 8 
r e s t r a i n t  system f a i l e d  

13 Body i n j u r e d  d u r i n g  p o s t c r a s h  egress 1 0 0 0 1 0 2 

14 Body exposed t o  chemical  agen ts  on  0 1 0 0 0 0 1 
impac t  

T o t a l  2 19 100 4 7 207 129 19 721 

Percentage o f  30 14 6 29 18 3 100 
T o t a l  AIS 

v e r t i c a l  fo rces  cause almost h a l f  o f  t he  i n j u r i e s  i n  acc iden ts  o f  t h i s  type. 
Wire s t r i k e  i s  t h e  second most hazardous scenar io ,  account ing f o r  29 pe rcen t  
o f  t h e  t o t a l  A I S  r a t i n g  i n  t he  sample. The l o n g i t u d i n a l  and water impact con- 
d i t i o n s  produce 14 and 18 percer l t  o f  t h e  t o t a l  A I S  score, r e s p e c t i v e l y .  The 
remain ing two scenarios,  r o l l o v e r  and h i g h  yaw r a t e ,  produce very  smal l  per-  
centages o f  t h e  i n j u r y  t o t a l s ,  w i t h  most o f  these i n j u r i e s  o f  t he  low s e v e r i t y ,  
secondary- impact type. 



3 , 3  - ACCIDENT STATISTICS FOR AN AVERAGE YEAR 

T radeo f f  s t u d i e s  f o r  c rashwor th iness des ign  r e q u i r e  a  base l i ne  o f  a c c i d e n t  and 
i n j u r y  s t a t i s t i c s  f o r  ana l ys i s .  The s t a t i s t i c s  presented i n  p rev ious  sec t i ons  
o f  t h i s  chap te r  c o n t a i n  b iases  t h a t  skew t h e  da ta  toward t h e  severe end o f  t h e  
spectrum. An a t t emp t  was rnade t o  account  f o r  t h e  two known b i ases  i n  t h e  sample 
t h a t  were a  r e s u l t  o f  t h e  o r i g i n a l  a c c i d e n t  i n v e s t i g a t i o n  procedure.  The f i r s t  
b i a s  i s  i n  t he  d i s t r i b u t i o n  o f  acc i den t s  w i t h  known i n j u r i e s  accord ing  t o  t h e  
s i x  scenar ios .  For example, i n  a  s i g n i f i c a n t  percentage o f  t h e  w i r e  s t r i k e  
acc iden ts ,  t h e  i n j u r i e s  were known due t o  t he  l a r y e  percentage o f  au tops ies  
performed on t he  occupants. The second b i a s  r e s u l t s  from t h e  i n v e s t i g a t i v e  
p r a c t i c e  o f  exami n i  ng acc i den t s  o f  g r e a t e r  seve r i  ty o r  ques t ionab le  cause i n  
y r e a t e r  d e t a i l .  Table 8  e x h i b i t s  t h i s  b i a s  by comparing t h e  number o f  occupants 
r e c e i v i r ~ g  minor,  se r ious ,  and f a t a l  i n j u r i e s  f o r  a1 1  acc i den t s  d u r i n g  1974 t o  
1978 and t he  eva lua ted  sample. An d t t emp t  was made t o  account f o r  these b iases  
i n  t h e  development o f  an es t ima te  o f  t h e  number and s e v e r i t y  o f  i n j u r i e s  occu r r -  
i n g  d u r i n g  a  t y p i c a l  yea r  i n  t h e  e v a l u a t i o n  pe r i od .  

The v a l i d i t y  o f  ana lyses based on t h e  average yea r  s t a t i s t i c s  r e q u i r e s  t h a t  
the  f o l  l ow ing  assumptions be niade: 

a. The f l e e t  s i z e  and model compos i t i on  d i d  n o t  change s i g n i f i c a n t l y  
over  t h e  f i ve -year  per iod,  

b. The average number o f  f l i g h t  hours pe r  a i r c r a f t  arid acc i den t  r a t e s  
were cons t a n  t, 

c. Crashworthiness o f  t h e  he1 i c o p t e r  f l e e t  d i d  n o t  change drarnat ica l  l y  
over  t h e  e v a l u a t i o n  p e r i  od. 

The es t ima te  o f  average a c c i d e n t  and i n j u r y  s t a t i s t i c s  i n d i c a t e s  t h a t  t h e r e  
were approx imate ly  292 acc i den t s  per  yea r  i n v o l v i n g  594 h e l i c o p t e r  occupdnts.  
Table  27 shows t h e  breakdown o f  acc i den t s  accord ing  t o  t h e  we igh t  c l ass .  The 
b u l k  o f  t h e  t o t a l  acc i den t s  occur  i n  Weight Classes A and B w i t h  approx i ina te ly  
60 and 34 pe rcen t  o f  t h e  acc iden ts ,  r e s p e c t i v e l y .  The average number o f  su r -  
v i v a b l e  and nonsurv ivab le  acc i den t s  i s  l i s t e d  i n  t a b l e  28. Approx imate ly  8  per-  

Ore su r -  c e n t  o f  t h e  acc i den t s  were c l a s s i f i e d  as nonsurv ivab le  and 40  pe rcen t  wL 
v i v a b l e  w i t h  i n j u r i e s  and f a t a l i t i e s .  The d i s t r i b u t i o n  o f  i n j u r y  s e v e r i t y  f o r  
occupants i n  s u r v i v a b l e  acc i den t s  and a l l  acc i den t s  i s  presented i n  t a b l e  29, 
Based on t h e  da ta  i n  t a b l e  29, i~ t o t a l  o f  32 percen t  o f  t h e  occupants i n  sur-  
v i v a b l e  acc i den t s  w i l l  be i n j u r e d  (175 o u t  o f  545). 

Table 30 presents  an es t ima te  o f  t he  f requency and s e v e r i t y  o f  i n j u r i e s  t h a t  
were a t t r i b u t e d  t o  t h e  14 hazards i d e n t i f i e d  i n  t h i s  program f o r  occupants i n -  
j u r e d  i n  s u r v i v a b l e  acc iden ts .  The r a t e s  presented i n  t h i s  t a b l e  a r e  averages 
f o r  a1 1  models i n  t h e  he1 i c o p t e r  f l e e t .  Note t h a t  t h e  t o t a l  i n j u r y  r a t e  f o r  
a l l  hazards adds up t o  126.8 percen t .  Th is  r e f l e c t s  t h e  p o s s i b i l i t y  o f  an i n -  
j u r e d  occupant r e c e i v i n g  i n j u r i e s  as a  r e s u l t  o f  more than one hazard. 



TABLE 27. ESTIMATED AVERAGE YEARLY 
ACCIUENT TOTALS FOR THE 
FOUR WEIGHT CLASSES 

Wei y h t  Percentage Num be r 
Class o f  Acc iden ts  o f  Acc idents  

TABLE 28. ESTIMATED AVERAGE YEARLY DISTRIBUTION OF 
ACCIUENTS ACCORDING TO SURVIVABILITY 
AND INJURY SEVERITY 

Percentage Number 
Acc ident  S e v e r i t y  o f  Acc idents  o f  Acc idents  

No i n j u r i e s  51.7 15 1 

Surv ivab le  w i t h  i n j u r i e s  40.1 117 
o r  f a t a l i t i e s  

Nonsurvivable 

TOTAL 



TABLE 29. ESTIMATED AVERAGE YEARLY DISTRIBUTION 
OF OCCUPANT IIIJURY SEVERITY FOR 
SURVIVABLE AND ALL ACCIDENTS 

- 
Occupants 

i n  Surv ivab le  Occupants i n  

I n j u r y  Accidents a1 1 acc idents  

Severi  ty - No. Percent - No. Percent 

Fa ta l  2 3 4.2 6 7 11.3 

Serious 5 7 10.5 62 10.4 

M i  nor  9 5 17.4 9 5 16.0 

None - 370 67.9 - 370 62.3 

TOTAL 545 100.0 594 100.0 



TABLE 30. AVERAGE YEARLY INJURY FREQUENCY ATTRIBUTABLE TO THE FOURTEEN 
HAZARDS FOR AN OCCUPANT INJURED I N  A  SUk'dIVABLE ACCIDENT 

Moderate Severe L i f e  
I n j u r y  I n j u r y  Threatening 

AIS 1 o r  2  AIS 3  o r  4  AIS 5  o r  6  To ta l  
D e s c r i p t i o n  (percen t )  (pe rcen t )  (percent )  i p e r c e n t )  

Hazard 
No. 

Body exposed t o  f i r e  when f u e l  3.7 3.1 
f u e l  system f a i l e d  on impact 

Body rece ived  excess ive deceler -  14.3 12.7 
a t i v e  f o r c e  when a i r c r a f t  and seat  
a1 lowed excessive load ing  

Body exposed t o  impact condi t i ons  0.7 1.5 
due t o  i n f l i g h t  w i r e  s t r i k e  

Body s t r uck  a i r c r a f t  s t r u c t u r e  33.7 2.0 
because des ign prov ided inade- 
quate c learance and/or r e s t r a i n t  
a1 1  owed excessive mot ion 

Body s t r uck  a i r c r a f t  s t r u c t u r e  due 15.3 4.6 
t o  l a c k  o f  upper t o r s o  r e s t r a i n t  

Body drowned because i n j u r i e s  0.0 0.0 
prevented escape from a i r c r a f t  

Body s t r uck  a i r c r a f t  s t r u c t u r e  1.2 0.7 
because r e s t r a i n t  was no t  used 
p rope r l y  

Body s t r uck  a i r c r a f t  s t r u c t u r e  5.1 0.7 
when s t r u c t u r e  c o l  1  apsed ex- 
cess i ve l y  

Body s t r u c k  a i r c r a f t  s t r u c t u r e  0.7 0.8 
when sea t  f a  i 1 ed 

Body s t r uck  by ex te rna l  ob j ec t  0.0 0.0 
when main r o t o r  blade entered 
occupiab le  space 

Body s t r uck  by ex te rna l  ob j ec t  0.9 0.4 
when o b j e c t  ( o t he r  than  main 
r o t o r  b lade)  entered occupi-  
ab l e  space 

Body s t r uck  a i r c r a f t  s t r u c t u r e  0.0 0.8 
when r e s t r a i n t  system f a i l e d  

Body i n j u r e d  du r i ng  pos tc rash  1.2 0.0 
egress 

Body exposed t o  chemical agents 0.8 - 0.0 
on impact 

TOTAL 77.6 27.3 



4.C ANALYSIS - OF THE CIVIL ROTORCRAFT CRASH ENVIRONMENT 

4 ,1  INTRODUCTION 

Cur ren t  r e g u l d t o r y  standdras f o r  h e l i c o p t e r  des ign a ~ r i r e s s  minitiium requiret i ients 
f o r  crashwor th iness.  A t  t he  t in ie  o f  t h e i r  i ncep t i on ,  1  i t t l e  i nforn ia t ion  on 
c rash  s u r v i v a l  was ava i  'l able,  and s i r lce t h a t  t ime most o f  t he  crashwor th iness 
advances i n  c i v i l i a n  h e l i c o p t e r s  have been a t t a i n e a  t h rouyh  " v o l u n t a r y "  e f f o r t s  
o f  the  i i~anu fac tu re rs .  However, i n  t he  fo reseeab le  f u t u r e ,  i t  i s  expected t h a t  
crashwor th iness des iyn  requi rements w i  1  l be i n t r oduced  f o r  c i v i  1  i a n  r o t o r c r a f t .  

Tile FHA has i n i t i a t e d  prograins such as t h i s  one t o  p rov ide  necessary informa- 
t i o n  f o r  t he  decis ion-making process. Such i n f o r m a t i o n  should enable t h e  FAA 
t o  de te r r i~ ine  i f  r r ~ o d i f i c a t i o n s  t o  t he  Federal A v i a t i o n  Regu la t ions  (FAR) a r e  
warranted. This s e c t i o n  discusses some o f  t he  cons ide ra t i ons  i nvo l ved  i n  se t -  
t i n g  a  l e v e l  o f  crashwor th iness t o  be a t t a i n e d  i n  c i v i l i a n  r o t o r c r a f t .  The 
remain ing paragraphs o f  t h i s  s e c t i o n  compare t h e  c i v i l  h e l i c o p t e r  crash env i r on -  
ment t o  human to le rance ,  t o  t he  m i l i t a r y  c rash  environment, and t o  t he  capab i l -  
i t i e s  o f  crashworthy systems i n  e x i s t i n g  p roduc t ion  a i r c r a f t .  

4.2 COMPARISON OF HUMAN TOLERANCE TO THE CIVIL ROTORCRAFT CRASH ENVIRONMENT 

Genera l l y  t h r e e  c lasses  o f  i n j u r i e s  a re  cons idered when d i scuss ing  human t o l e r -  
ance i n  a  c rash  environment:  i n t e r n a l  i n j u r i e s  due t o  whole-body dece le ra t i on ,  
secondary impact i n j u r i e s  due t o  c o n t a c t  w i t h  surrounding s t r u c t u r e ,  and f i r e -  
re1 a ted  i n j u r i e s  due t o  therrnal exposure o r  i n h a l a t i o n  o f  combustion products .  
The f i r s t  two c lasses  o f  i n j u r i e s  a re  d i r e c t l y  r e l a t e d  t o  t h e  p r i n c i p a l  impact 
fo rces ,  and they  a re  d e a l t  w i t h  i n  t he  f o l l o w i n g  paragraphs. Thermal i n j u r y  i s  
general  l y  a  pos t c rash  s u r v i v a l  p rob l  en and i t  i s  t r e a t e d  sepa ra te l y  i n  paragraph 
4.3.4. 

A s u b s t a n t i a l  amount o f  i n f o r m a t i o n  has been compi led on t o l e r a n c e  t o  whole-body 
a c c e l e r a t i o n .  Stud ies have been conducted w i t h  human vo lun tee rs  approaching 
t n e  onse t  o f  s i y n i f i c a n t  i n j u r y ,  and beyond t h i s  p o i n t  w i t h  animal su r roga tes .  
U n f o r t u n a t e l j ,  the  a c c e l e r a t i o n  l e v e l s  t h d t  cause s p e c i f i c  i n j u r i e s  a re  n o t  
e a s i l y  de f i ned  due t o  t h e  wide v a r i a t i o n  i n  s t r e n g t h  o f  human t i s sues .  E ibdnd 's  
cv l~ ip i  l a t i o n  o f  human t o 1  erance ( re fe rence  10)  t o  whole-body a c c e l e r a t i o n  i s  
y e n e r a l l y  used as a  g u i d e l i n e  f o r  s e t t i n g  i n j u r y -p roduc iny  l eve l s ,  and w i l l  be 
used here. The remainder o f  t h i s  s e c t i o n  compares the  v e l o c i t y  components, 
found i n  Task I o f  t h i s  study, t o  t he  a b i l i t y  o f  t he  body t o  w i t hs tand  t he  asso- 
c i a t e d  fo rces .  

Secondary impact can range from compara t i ve ly  m inor  e x t r e m i t y  i n j u r y ,  t o  l i f e -  
t h r e a t e n i n g  ches t  and head damage. D e l e t h a l i z a t i o n  o f  i n t e r i o r  sur faces c o u l d  
lessen  t he  s e v e r i t y  o f  i n j u r y  due t o  secondary impact; however, t h i s  i s  n o t  an ,. 

f f e c t i v e  p reven t i ve  measure. R e s t r a i n t  o f  t he  body t o  p rec lude  impact o f  t h e  
h e s t  and head i s  the  most e f f e c t i v e  means o f  reduc ing t h e  secondary impact 
azard. For a  we1 1  - r e s t r a i n e d  occupant i n  a  c rash  environment, whole-body 

a c c e l e r a t i o n  becomes a  l i m i t i n g  f a c t o r  i n  t he  body 's  a b i l i t y  t o  w i t hs tand  t h e  
r e s t r a i n i n g  fo rces .  

4.2.1 WHOLE-BODY ACCELERATION TOLERANCE TO 95TH-PERCENTILE CRASH LEVELS. The 
9 5 t h - p e r c e n t i l e  s i g n i f i c a n t  s u r v i v a b l e  v e l o c i t y  components were i d e n t i f i e d  i n  



Task I o f  t h i s  e f f o r t  (Sec t i on  2,0), However, human t o l e r a n c e  da ta  a r e  g e n e r a l l y  
expressed i n  terms o f  acce le ra t i on ,  which i s  a  design-dependent f u n c t i o n  r e l a t e d  
t o  t he  c rush ing  c h a r a c t e r i s t i c s  o f  t h e  a i r f r ame .  A  range o f  a c c e l e r a t i o n  pu l se  
shapes were examined f o r  each of  t h e  9 5 t h - p e r c e n t i l e  v e l o c i t i e s  t o  determine 
i f the  r e s u l t a n t  a c c e l e r a t i o n  env i  ronment woul d  be hs7ardous by known standards. 
Table 3 1  shows f i v e  poss ib l e  d e c e l e r a t i o n  pu lses f o r  each v e l o c i t y  component. 
These were de r i ved  based on c h a r a c t e r i s t i c  s topp ing  d is tances  i n  t h e  v e r t i c a l  
and l a t e r a l  d i r e c t i o n s  ( 6  i n . ) ,  and i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  ( 2  t o  10 f t ) . *  
The v e r t i c a l  and l a t e r a l  s topp ing  d i  stances represen t  t he  ground deforn la t ion 
and c rush ing  o f  t h e  a i r c r a f t  s t r u c t u r e  i n  t h e  p r i n c i p a l  impact. Landing gear 
de fo rmat ion  was n o t  considered s ince  t h e  f o r ces  a r e  general l y  l ow  and c o n t r i b u t e  
l i t t l e  to s low ing  t he  a i r c r a f t  i n  a c rash  o f  maximuill s e v e r i t y .  The l o n g i t u d i n a l  
s topp ing  d i s tance  i s  o f t e n  several  o rders  o f  magnitude l onge r  and represen ts  
t he  d i s tance  t h a t  t h e  a i r c r a f t  moves pa ra l  l e l  t o  t he  ground w h i l e  be ing slowed 
by con tac t  fo rces .  If t h e  con tac t  f o r c e s  a r e  low, such as f r i c t i o n  between 
t he  ground and a i r c r a f t  fuselage, then t h e  s topp ing  d i s tance  w i l l  be la rge ,  
o f t e n  exceedi t ~ g  100 ft. However, l o n g i t u d i n a l  s topp ing  d is tances  can be very  
s h o r t ,  on t h e  o rde r  o f  2  ft, i f  t h e  u n d e r f l o o r  s t r u c t u r e  begins t o  plow and 
scoop t h e  ground o r  water .  Equations f o r  c a l c u l a t i o n  o f  t he  a c c e l e r a t i o n  pu l se  
c h a r a c t e r i  s t i c s  a r e  presented i n Appendix C. 

Two assumptions were made i n  us ing  t h i s  a n a l y s i s  t o  r e l a t e  t h e  c rash  environment 
t o  human to l e rance ,  F i r s t ,  i t  was assumed t h a t  t h e  occupant was sub jec ted  t o  
t h e  same d e c e l e r a t i o n  pu lse  as t h a t  d e r i v e d  f o r  t h e  a i r f r ame  i n  t a b l e  31; i .e., 
t h e r e  was no dynamic overshoot  i n  t h e  i n t e r f a c e  between t h e  occupant and a i r -  
frame. Th i s  f a c t o r  needs t o  be cons idered i n  i n t e r p r e t i n g  t h i s  s imple ana l ys i s ,  
s i n c e  i n  t h e  v e r t i c a l  d i r e c t i o n ,  t h e r e  i s  a lmost  always an a m p l i f i c a t i o n  o f  
t he  i n p u t  pu l se  due t o  t he  e l a s t i c  s t r u c t u r e  o f  cushions and bu t t ock  t i s sue .  
There can a l s o  be a  dynamic overshoot  i n  t h e  l o n g i t u d i n a l  o r  l a t e r a l  d i r e c t i o n  
if t h e  r e s t r a i n t  system uses h i gh  e l o n g a t i o n  webbing o r  i f  r e s t r a i n t  system 
s lack  e x i s t s  a t  t h e  t i m e  o f  the  acc iden t .  The second assurnption was t h a t  t h e  
e f f e c t s  o f  combi ned-mode impact need n o t  be considered, i .e. , t h a t  t h e  a i r c r a f t  
v e l o c i t y  vec to r  a t  impact was para l  l e l  t o  t h e  d i r e c t i o n  used i n  development o f  
t h e  hunian t o l e r a n c e  data.  

F i gu re  22 p resen ts  a  comparison o f  t he  human to l e rance  c r i t e r i a  f o r  headward 
(tG ) a c c e l e r a t i o n  w i t h i n  t h e  environment produced by t he  f i v e  pu lse  shapes 
sho6n i n  t h e  f i r s t  colurnn o f  t a b l e  31. Even w i t h o u t  cons ide r i ng  t h e  e f f e c t s  
o f  dynamic overshoot,  t h e  f i v e  pu lse  shapes a1 1  fa1  I i n  t h e  r e g i o n  o f  moderate 
i n j u r y .  F i gu re  23 shows t h e  r e l a t i v e  f requency o f  sp ina l  i n j u r i e s ,  based on 
t h e  data c o l l e c t e d  i n  Task 11, f o r  va r ious  v e r t i c a l  impact v e l o c i t i e s .  The 
curve  i n  f i g u r e  23 i n d i c a t e s  a  50-percent sp ina l  i n j u r y  r a t e  f o r  a  26- f t / sec  
v e r t i c a l  impact.  

Human t o l e r a n c e  t o  spineward ( - G  ) a c c e l e r a t i o n  w i t h  adequate r e s t r a i n t  i s  ve ry  
h igh ,  w i  t h  i n c i d e n t s  o f  vo l  u n t a r j  exposures exceeding 40 G caus ing no permanent 
damage. The r e l a t i o n s h i p  betweer1 these  human to l e rance  data and t h e  p r o j e c t e d  
c rash  environment i s  shown i n  f i g u r e  24. For  b o t h  s topp ing  d is tances  examined 
( 2  f t  and 10 f t ) ,  t h e  cur-ves f a l l  w i t h i n  t he  ranges o f  un in j u red ,  v o l u n t a r y  

*These s topp ing  d is tances  were chosen as r e p r e s e n t a t i v e  o f  t h e  s u r v i v a b l e  a c c i -  
dents i n v e s t i g a t e d .  



TABLE 31. POSSIBLE DECELERATION PULSE SHAPE CHARACTERISTICS FOR THE 95TH-PERCENTILE SURVIVABLE VELOCITY CHANGES 

Initial velocity 

Final velocity 
Stopping distanc 

Rectangular 

Triangular 

Triangular 

Half sine 

b .038 sec 

Vertical lmpact 

26 ft/sec 

0 
6 in. 

h .058 sec 

.028 sec 

Deceleration pulse characterlstlcs m 
m 

Lateral lmpact 

10 ft/sec 

0 

6 ln. 

038 sec 

.150 sec 

Lonqltudlnal mpact 

.lo0 sec 
------------------------------ 

50 ft/sec* 

0 
10 ft 

.075 sec 

50 ft/sec c 

0 1- 
0 

2 ft 
0 
r- 
a 

.lo0 sec 

4 G 
1 
.400 sec 

8 G 

.400 sec 

.300 sec 

- 
.400 sec 

.I20 sec 

.060 sec ----------------------- 

.080 sec 

*Note time scale change for this column. 





50  p e r c e n t  

V e r t i c a l  v e l o c i t y  - f t / s e c  

F i g u r e  23. R e l a t i v e  f requency  o f  s p i n a l  i n j u r i e s  versus 
change i n  v e r t i c a l  v e l o c i t y  f o r  occupants 
i n  U .S .  C i v i l  r o t o r c r a f t  acc i den t s .  

exposure, as  i s  con f i rmed by  t h e  da ta  c o l l e c t e d  i n  t h i s  s tudy.  I n  a1 1  t he  a c c i -  
dents  i n c l u d e d  i n  t h e  sample t h e  i nc i dence  o f  i n j u r y  f o r  w e l l - r e s t r a i n e d  occu- 
pants  i n  high-speed l o n g i t u d i n a l  crashes was a lmost  zero, as shown i n  f i g u r e  16. 

The 

tha  

r e  has been very  1  i t t l e  research  conducted on who1 e-body t o1  erance t o  l a t e r a l  
) a c c e l e r a t i o n ,  However, i n  one t e s t  w i t h  a  v o l u n t e e r  an average a c c e l e r a t i o n  
11.5 ti was endured f o r  0.1 sec. Th is  impact g r e a t l y  exceeds t h e  environment 
t t h e  9 5 t h - p e r c e n t i l e  l a t e r a l  v e l o c i t y  component o f  10  f t / s e c  would produce. 

The s t a t i s t i c s  t a b u l a t e d  i n  t h i s  s tudy  f o r  r o l l o v e r - t y p e  crashes, which rep- 
resen ted  t h e  b u l k  o f  t h e  l a t e r a l  impacts, i n d i c a t e d  t h a t  most i n j u r i e s  were o f  
t h e  l ow -seve r i t y ,  f l a i l i n g  type,  r a t h e r  than  t h e  i n t e r n a l  i n j u r y  t ype  o f t e n  
caused by  excess ive a c c e l e r a t i o n .  
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4 .2 ,k  CUIIICLUSIUI\IS 13ASFIU -- ON HUkAN TOLEflAhCE, Th i s  s imp le  a n a l y s i s  o f  t h e  c rash  
env l  r o n K t  f o r  t h e  9 5 t h - p e r c e n t i l e  v e l o c i  t y  components i n d i c a t e s  t h a t  o n l y  i n  
t h e  v e r t i c a l  d l  r e c t i o n  do' t he  condi  "cons approach t h e  human t o l e r a n c e  l e v e l .  
Th is  i s  v a l i d a t e d  by  t h e  l a r g e  number o f  s p i n a l  i n j u r i e s  t h a t  were found. There- 
fore ,  -in t he  v e r t i c a l  d i r e c t i o n  t h e r e  i s  a  need t o  mod i f y  t h e  a c c e l e r a t i o n  en- 
v i ronment  exper ienced by  an occupant th rough  t h e  use o f  l o a d - l i m i t i n g  l a n d i n  
gear,  f use lage  s t r u c t u r e ,  o r  sea ts  ( o r  p o s s i b l y  a  comb ina t ion  o f  these i terns 3 . 
It shou ld  be no ted  t h a t  l o a d - l i m i t i n g  dev ices  may a l s o  be d e s i r a b l e ,  a l t hough  
n o t  r e q u i r e d  by human to le rance ,  i n  t h e  l o n g i t u d i n a l  o r  l a t e r a l  d i r e c t i o n s  t o  
reduce peak s t r u c t u r a l  loads under c rash  c o n d i t i o n s .  Also,  a l though  po p r o o f  
has been presented here, i t  i s  g e n e r a l l y  acknowledged t h a t  human t o l e r a n c e  t o  

i r e s  and secondary impact t o  t h e  head and ches t  i s  low enough t o  r e q u i r e  pre- 
e n t i v e  measures, such as f u e l  conta inment  ana adequate r e s t r a i n t  i n  crashwor thy 
i r c r a f  t. 

4.3 COMPARISON OF THE CIVIL AND NILITARY ROTOKCKAFT CRASH ENVIRONIYENT 

comparison o f  the c i v i l  and n i i l i t a r y  c rash  environments was conducted t o  de te r -  
i ne t h e  r e l a t i v e  degrees o f  s im i  l a r i  t y  between t h e  t y p i c a l  impact c o n d i t i o n s .  
he i n t e n t  was t o  determine which aspects  o f  n ~ i l i t a r y  c rashwor th iness  techno logy  
nd e x l s t i r ~ g  hardware a r e  a p ( ~ l i c a b 1 e  t o  t h e  c i v i l  h e l i c o p t e r  f l e e t .  Data used 
o r  t h i s  comparison were coon~piled f rom t h e  sources l i s t e d  i n  t a b l e  32. 

4 3  1 TERRAliu AT ~PIPHCT SITE. A comparison o f  t h e  p r ima ry  t e r r a i n  f e a t u r e s  
a t  t h e  impact s i t e  f o r  c i v i l ,  U.S. Army, and U.S. Navy a i r c r a f t  i s  shown i n  

i y u r e  25. L i v i  1  a c c i d e n t  exper ience d i f f e r s  s i y r ~ i f i c a n t l y  f rom t h e  m i l i t a r y  
n l y  i n  t h e  l a r g e r  number o f  acc i den t s  t h d t  occur red  on prepared sur faces  o r  

i n t o  water.  Acc iden ts  i n  which l and iny  year  would have had t h e  o p p o r t u n i t y  t o  
u n c t i o n  i n c l u d e d  those acc i den t s  on s o f t  ground, prepared sur face ,  and f r ozen  
round (see t a b l e  7  f o r  d e s c r i p t i o n  o f  t e r r a i n ) .  S ix ty - two  pe rcen t  o f  t he  c i v i l  
c c i d e n t s  s t u d i e d  were i n  t h i s  ca tegory ,  which i s  s i m i l a r  t o  t h e  58 pe rcen t  
nd i ca ted  i n  t h e  Army a i r c r a f t  study. Thus, t h e  percentages o f  c i v i l  and m i l i -  
a r y  acc i den t s  i n  which t h e  gear cou ld  have f unc t i oned  were approx imate ly  t h e  
ame. On t h i s  bas i s  i t  would be d e s i r a b l e  t o  use t h e  l a n d i n g  gear i n  the  energy 

abso rp t i on  system (gear ,  fuse lage ,  and sea t s )  o f  c i v i l  h e l i c o p t e r s  t o  t he  same 
degree as i s  c u r r e n t l y  used i n  U,S. Army h e l i c o p t e r s ,  i . e n ,  f o r  about 20 pe rcen t  
o f  t h e  energy a b s o r p t i o n  c a p a b i l i t y .  

4.3,2 AIRCRAFT ATTITUDE AT ICIPACT. The h e l i c o p t e r  a t t i t u d e  a t  impact i s  de- 
s c r i b e d  i n  terms o f  t h e  p i t c h ,  r o l l ,  and yaw angles.  F igures  26, 27, and 28 
show t h a t  t h e  d i s t r i b u t i o n  o f  these angles i s  a p p r o x i n ~ a t e l y  t h e  same f o r  t he  
c i v i  1  i a n  and Army a c c i d e n t s a m p l e s .  Thus, i t  would appear t h a t  c i v i  1  i a n  crash-  
wor th iness  des ign  requ i r enen t s  cou ld  f o l l o w  ( i n  form)  those  used by t h e  U.S. 
m i l i t a r y  w i t h  a p p r o p r i a t e  m o d i f i c a t i o n s  made t o  account f o r  d i f f e r e n c e s  i n  impact 

e l o c i t i e s  f o r  t h e  c i v i l  c rash  environment,  

4.3.3 SbkVIVHtlLE IFIPACT VELOCITIES. A coniparison o f  t h e  c i v i  l i a n  and m i  1 i t a r y  
impact v e l o c i t y  components i n d ~ c a l e s  t h a t ,  as a  group, t he  c i v i l i a n  acc i den t s  
occur  a t  lower v e l o c i t i e s .  F i gu re  29 s h o w  t h e  9 5 t h - p e r c e n t i l e  s u r v i v a b l e  ve r -  
t i c d l -  l o n y i  t u d i n a l  v e l o c i t y  component curves f o r  c i v i  1  i an ,  Army, and havy he1 i- 
copte rs .  It can be i n f e r r e d  from t h i s  comparison t h a t  95 percen t  o f  a l l  c i v i l i a n  
tie1 i c o p t e r  crashes occur  a t  s i  g n i  f i c a n t l y  l owe r  v e r t i c a l  impact speeds than  do 
those o f  t h e  Army o r  havy f l e e t s  ( w i t h  t h e  excep t ion  of t h e  da ta  compi led f o r  t h e  
Hrniy Lh-58A). Based on c u r r e n t  des ign t rends ,  v e r t i c a l  impact speed has t h e  
y r e a t e s t  i n f l u e n c e  on crashwor thy des i yn. Therefore,  t h e  hurr~an body can t o l e r a t e  



TABLE 32. SURVEY OF REFERENCES USED IN COf4PARISON OF THE CIVIL AND MILITARY CRASH ENVIRONMENT 

Aircraft 

Civil He1 icopter 
Fleet 

U.S. Army Rotary- 
Wing and Light 
Fixed-Wing Aircraft 

U.S. Army OH-58A 

U.S. Army 
Helicopter Fleet 

Reference 
Source No. 

Chapter 2 and 3 of 
t h i s  Report 

Aircraft Crash 
Survival Design 
Guide 
U S A R T L - T R - ~ ~ - ~ ~ ~  

Engineering Analysis 
of Crash Injury in Army- 
OH-58A Aircraft 
USASC-TR-79-1 

Analysis of U.S.  arm^ 
Aviation Mishap 
Patterns 
USAARL-TR-82-2 

U.S. Army 
Helicopter Fleet 
(Be1 1 He1 icopter Study) 

U.S. Army 
Helicopter Fleet 

U.S. Navy Helicopter 
Fleet 

Response 

Accident Selection 
Accident Period Cri ter ia  

1974 - 1978 Significant survivable 
conditions: 

a .  Postcrash f i r e ,  o r  
b. A t  l e a s t  one injury,  o r  
c .  Substantial s t ructural  

damage 

July 1960 - June 1965 One or more of following 
Jan. 1971 - Dec. 1976 conditions: 

a .  Substantial s t ructural  
damage 

b. Postcrash f i r e  
c. Personnel in jur ies  
d. A t  least  one survivor 

1971 - 1976 A1 1 OH-58A accidents 

1970-1981 Unknown 

1974 - 1978 All Accidents of Army 
He1 icopters 

1968 - 1976 All Accidents of 
Army he1 icopters 

Jan. 1969 - May 1971 Survivable Accidents with: 
a .  Aircraft destruction or  

substantial damage 
b. Takeoff, landing, or 

i n f l i g h t  phase of 
operation 

c .  Occupants involved in 
crash 

ve ry  l i t t l e  v e r t i c a l  load ing ;  t h e  impact energy must be absorbed w i t h i n  t h e  a i r -  
c r a f t  s t r u c t u r e  through c o n t r o l  l e d  crushing.  Si nce t h e  absorbed impact eneryy 
i s  p r o p o r t i o n a l  t o  t h e  square o f  t h e  impact v e l o c i t y ,  t h e  d i f f e r e n c e s  e x h i b i t e d  
between t h e  c i v i l i a n  and m i l i t a r y  v e r t i c a l  c rash  environment have s i gn i f i cance . "  

*The impact energy i s  approx imate ly  equal t o  t he  d i f f e r e n c e  i n  k i n e t i c  energy 
be fo re  and a f t e r  t h e  p r i n c i p a l  impact.  I n  equa t ion  form: 

1 2 2 Impact energy = 7 m (Vi - Vf) 

where m = mass o f  t h e  a i r c r a f t  
Vi = i n i t i a l  v e r t i c a l  v e l o c i t y  
Vf  = f i n a l  v e r t i c a l  v e l o c i t y  



u. S. c i v i l i a n  h e l i c o p t e r s  . . . . 
U.S. Army h e l i c o p t e r s ,  
Des ign  Guide  

0 n U .  S .  Navy h e l i c o p t e r s  
a, 

S o f t  V e g e t a t i o n  Uneven P r e p a r e d  Water  Snow/ 
ground ground s u r f  a c e  f r o z e n  

T e r r a i n  t y p e  

F igure  25. Comparison o f  p r imary  t e r r a i n  f e a t u r e s  a t  impact 
s i t e  f o r  c i  v i l  and ini 1  i t a r y  he1 i c o p t e r  acc iden ts .  

For  example, t h e r e  i s  a  f a c t o r  o f  2.6 between t l i e  ar~iount of v e r t i c a l  energy 
t h d t  must be absorbed i n  t h e  U.S. A r m y  des ign requi rement  o f  42 . f t / sec  and i n  
t h e  9 5 t h - p e r c e n t i l e  s u r v i v a b l e  l e v e l  o f  c i v i l  i a n  acc iden ts ,  2G f t / s e c .  The 
m i  1  i t a r y  v e r t i c a l  energy abso r2 t i on  requ i rement  i s  c l e a r l y  n o t  necessary f o r  
c i v i  1 i d n  a i r c r a f t  and would impose a  s i g n i f i c a n t ,  and u n j u s t i f i a b l e ,  we igh t  
and c o s t  pena l t y .  

In t h e  l o r ~ g i  t u d i  na l  d i r e c t i o n ,  t h e  c i v i l  and Army acc iden t s  show reasonably  sim- 
i l a r  v e l o c i t i e s ,  converg ing  a t  approx imate ly  50 f t / s e c  and i n d i c a t i n g  t h a t  t y p i -  
c a l  f l  i y h t  c h d r a c t e r i s t i c s  seldom produce crashes exceeding t h i s  l e v e l  . The 95th- - 
p e r c e n t i l e  v e l o c i t y  cu rve  f o r  t h e  U.S. Army OH-58A i s  shown i n  f i g u r e  29 t o  il- 
l u s t r a t e  an impo r tan t  p o i n t :  under  t h e  r i g h t  c o n d i t i o n s ,  w i t h  p roper  r e s t r a i n t  
and an u n d e r f l o o r  s t r u c t u r e  t h a t  r e s i s t s  "plowing," ve ry  h i g h  l o n g i t u d i n a l  
v e l o c i  t i e s  m t i  be susta ined.  The U.S, Army Safe ty  Center has determined t h a t  
t h e  l o n g i t u d i n a l  9 5 t h - p e r c e n t i l e  s u r v i v a b l e  l e v e l  i n  t h e  OH-58.4 i s  a p p r o x i ~ ~ a t e l y  
140 f t / sec  ( r e f e r e n c e  28). A1 though these h i g h  v e l o c i t i e s  a re  s u r v i v a b l e ,  i t  
woald be hard t o  j u s t i f y  s e t t i n g  des ign  requi rements  t o  these l e v e l s  when 95 
percen t  o f  $31 1 t h e  s u r v i v a b l e  c i v i l i a n  acc i den t s  occur  below 50 f t / s e c .  It 
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0 Civil - Civil - 

9CitllY all accidents 9 5th; survivable 

- U. S. clv; lian helicopters 
--- U.S. Army helicopters, 95th% 

current design requirements 
----- U.S. Army OH-58A 95tha 

survivable 
-a- - U.S. Navy helicopters, 

95 th8 survivable, land 

- -- U.S. Navy helicopters 
95th% survivable, water 

- -- 

Longitudinal impact velocity - ft/sec 

F igu re  29. Comparison o f  t he  c i v i l i a n  and m i l  i t a r y  
95t  h-percent i l e  impact v e l o c i t y  components. 

should a l s o  be noted t h a t  t h e  demands p laced on an a i r c r a f t  t o  r e s i s t  l o n g i -  
t u d i n a l  impacts a r e  r e l a t i v e l y  low, a s  evidenced by the  f a c t  t h a t  t h e  OH-56A 
model, which was n o t  designed t o  r i go rous  crashwor thy requirements,  p rov ides  

p a r i s o n  o f  

1. The v e r t i c a l  m i l i t a r y  des ign requi rements a r e  more severe than  re -  
qu i r ed  f o r  c i v i l i a n  h e l i c o p t e r s ,  cons ide r i ng  the  d i s t r i b u t i o n  o f  a c c i -  
den ts  f o r  t h e  two groups. 



2. I n  t h e  l o n g i  t u d i  r ial d i r e c t i o n ,  t h e  m i l i t a r y  and c i v i l i a n  acc iden t s  
show reasonably  s i m i l a r  impact v e l o c i t i e s ,  i n d i c a t i n g  t h a t  t h e  m i  1  i- 
t a r y  des ign methodology f o r  occupant r e t e n t i o n  and r e s i s t a n c e  t o  plow- 
i n g  o f  t h e  fuse lage  should be d i r e c t l y  appl  i c a b l  e. 

4.3.4 POSTCRASH FIRE HAZARD. The da ta  compi led on t h e  hazards o f  pos tc rash  
f i r e  i n  U.S. Army he1 i c o p t e r  acc iden t s  a r e  d e t a i l e d  and c o n c l u s i v e  ( r e fe rence  
30).  I n  1,000 non-combat, s u r v i v a b l e  acc iden t s  f o r  he1 i c o p t e r s  wi t hou t  t h e  
U.S. Army Crashworthy Fuel System (CWFS), t h e r e  were 133 pos tc rash  f i r e s ,  13.3 
percen t  o f  t h e  acc iden ts .  I n  t h e  c i v i l i a n  s tudy  i t  was found t h a t  34 ou t  o f  
247 acc iden t s  i n v o l  ved pos tc ras t i  f i r e s ,  o r  13.8 percent .  Therefore,  t h e  m i l  - 
i t a r y  and c i v i l i a n  pos tc rash  f i r e  hazard appears t o  be very  s i m i l a r .  Table 33 
compares t h e  i n j u r y  exper ience o f  non-CWFS equipped c i v i l i a n  and m i l i t a r y  he1 i- 
copters  i n v o l  ved i n  s u r v i v a b l e  acc iden ts .  Approx imate ly  11 pe rcen t  o f  t h e  i n -  
j u r i e s  and f a t a l i t i e s  i n  Army h e l i c o p t e r s  were caused by f i r e s .  I n  comparison, 
14  pe rcen t  o f  t h e  i n j u r i e s  and f a t a l i t i e s  i n  c i v i l i a n  acc iden t s  were thermal l y  
induced. These s t a t i s t i c s  p o i n t  o u t  t h e  very  severe hazard assoc ia ted  w i t h  
pos tc rash  f i r e s .  

TABLE 33. INJURIES AND FATALITIES I N  SURVIVABLE ACCIDENTS 
FOR HELICOPTERS NOT EQUIPPED WITH CRASHWORTHY 
FUEL SYSTEMS 

Percentage o f  

I n j u r i e s  F a t a l i  t i e s  I n j u r i e s  and 
Fa ta l  i t i e s  

Samp 1 e Thermal Non-Thermal Thermal Non-Thermal Caused by  F i  r e  

U.S. Army 64  1,297 9 5 1 59 10.9 
He1 i c o p t e r s  
1967- 1969 
1000 Acc idents  
133 Postcrash F i r e s  

U.S. C i v i l i a n  13 174 18 4 2 14.4 
He1 i c o p t e r s  
1974-1978 
86  Acc idents  
wi t h  known i n j u r i e s  

I n  1968, t h e  U.S. Army committed i t s e l f  t o  e l i m i n a t i n g  pos tc rash  f i r e s  i n  sur -  
v i v a b l e  acc iden ts .  Pro to type  crashwor thy f u e l  systems were developed. A1 1 
h e l i c o p t e r s  procured by t h e  Army a f t e r  1970 were equipped w i t h  a  CWFS, and an 
ex tens i ve  r e t r o f i t  program was begun f o r  o l d e r  a i r c r a f t .  Some o f  t h e  very  en- 
couraging r e s u l t s  presented by Knapp, e t  a l .  ( r e f e r e n c e  30) a r e  discussed i n  
t h e  f o l l o w i n g  paragraphs. 

Dur ing a seven-year p e r i o d  (1970-1976) t h e r e  were 1,258 s u r v i v a b l e  U.S. Army 
acc iden t s  f o r  h e l i c o p t e r s  equipped w i t h  a  CWFS. Table 34 shows t he  i n j u r y  ex- 
per ience  i n  these acc iden ts  compared t o  acc iden t s  d u r i n g  t h e  same pe r i od  f o r  



TABLE 34., COMPARISON OF INJURIES I N  U.S. ARMY HELICOPTERS WITH 
AND WITHOUT CR.ASHWORTHY FUEL SYSTEMS (REFERENCE 30) 

Surv i  \r Nonsu r v i  vab le  

ka/O CkFS With CWFS 

Thermal I n j u r i e s  5 251 38 G 13 28 

nnal  F a t a l i t i e s  3  4  0  3 1 1 

errnal F a t a l i  t i e s  120 44 2  29 85 

Accidents 1,160 1,258 6  1 3  2  

Postcrash F i r e s  4  3  16 4  2  18 

non-CWFS-equipped h e l i c o p t e r s .  To summarize t h e  r e s u l t s  o f  t a b l e  34, t h e r e  
were 16 pos tc rash  f i r e s  i n  s u r v i v a b l e  acc iden ts  o f  h e l i c o p t e r s  equipped w i t h  a 
CWFS. These f i r e s  r e s u l t e d  i n  f i v e  thermal i n j u r i e s  b u t  no f a t a l i t i e s .  Th is  
compares ext remely  f avo rab l y  w i t h  43 inc idences o f  f i r e s  and 34 f a t a l i t i e s  i n  
a i r c r a f t  n o t  equipped w i t h  a  CFWS, and represen ts  a  75-percent r e d u c t i o n  i n  
thermal i n j u r i e s  and t h e  t o t a l  e l  i m i n a t i o n  of  thermal f a t a l i t i e s .  

4.3,5 INJURY UISTRIBUTION BY BODY REGION. The f requency o f  major  and f a t a l  
i n j u r i e s  accord ing  t o  body r e g i o n  i s  compared f o r  c i v i l  and Army s u r v i v a b l e  
crashes i n  f i g u r e  30. The most s t r i k i n g  d i f f e r e n c e  i n  t h i s  comparison i s  t h e  
g r e a t e r  percentage of s p i n a l  i n j u r i e s  f o r  c i v i l i a n  h e l i c o p t e r  acc iden ts .  There 
a r e  two f a c t o r s  b e l i e v e d  t o  c o n t r i b u t e  t o  t h i s  r e l a t i v e l y  h i gh  percentage o f  
sp ina l  i n j u r i e s .  

F i r s t ,  i n  t h e  c i v i l i a n  acc iden t  sample t h e r e  was a  s i g n i f i c a n t  number o f  a c c i -  
dents i n v o l  v i  ny a i r c r a f t  equipped w i t h  lap-be1 t - o n l y  r e s t r a i n t .  Reference 8  
suggests t h a t  t h e  l a c k  o f  upper t o r s o  r e s t r a i n t  p e r n ~ i t s  increased s p i n a l  mis- 
a1 i ynnent ,  thus lower iny  s p i n a l  t o l e r a n c e  t o  v e r t i c a l  acce le ra t i on .  The mag- 
n i t u d e  o f  t h i s  e f f e c t ,  however, i s  d i f f i c u l t  t o  q u a n t i f y .  

The second f a c t o r  t h a t  would c o n t r i b u t e  t o  t he  h i g h e r  percentage o f  s p i n a l  i n -  
j u r y  i s  t h e  o l d e r  aye o f  t h e  occupants i n  c i v i l i a n  acc idents .  F i gu re  3 1  com- 
pares t he  age d i s t r i b u t i o n  f o r  c i v i l i a n  p i l o t s  i n v o l v e d  i n  general  a v i a t i o n  
acc iden t s  and U.S. Army a v i a t o r s .  It was assumed, w i t h o u t  t h e  b e n e f i t  o f  addi -  
t i o n a l  data,  t h a t  these two d i s t r i b u t i o n s  approx imate ly  r ep resen t  t he  occupants 
t h a t  would be i nvo l ved  i n  these two c lasses o f  acc iden ts .  The U.S. Army a v i a -  
t o r s  g e n e r a l l y  f a l l  between 19 and 30 years of age, w i t h  a  mean age o f  26 years.  
The general  a v i a t i o n  p i l o t  group i s  d i s t r i b u t e d  from 25 t o  55 years  o f  age w i t h  
a  mean age o f  38 years.  The average o l d e r  age of  t he  c i v i l i a n  f l y i n g  popula- 

pred isposes t h i s  group t o  a g r e a t e r  percentage o f  sp ina l  i n j u r i e s  because 
s t r e n g t h  i s  reduced w i t h  age. The r e s u l t s  o f  an a n a l y t i c a l  s tudy  based 
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---- U . S .  g e n e r a l  a v i a t i o n  
p i l o t s  i n v o l v e d  i n  

15 30 6 0  75 

Age - y e a r s  

Figure 31. Comparison of the age distributions for  U.S. 
general aviation p i lo ts  involved in accidents 
and for  U.S. Army aviators. 

on crush t e s t s  of vertebral segments are  showrt in figure 32 (reference 33).  
The analytical modeling was conducted for  a  rectangular input pulse, and the 
curve shown represents the acceleration level that  presumably would cause a  
50-percent injury rate.  Based on the mean ages in the sample dis t r ibut ion,  
there i s  approximately a  13-percent reduction in the spinal injury tolerance 
fo r  the c iv i l ian  p i lo t  population. 

The lower bone strength and spinal tolerance of the civi l ian helicopter occu- 
pants indicates the need to  reduce the litnit-load factor for c iv i l  applications 
from that  used by the Army. Currently, the U,S. Army uses 14.5 G a s  the l imit  
load for seats in the UH-GOA Black Hawk he1 icopter. Accident experience with 
th i s  new a i r c r a f t  i s  providing validation of th i s  l imit  load for  preventing 
spinal injur ies  in Army pi lo ts ;  however, a  l imit  load in the range of 11.5 t o  
12.5 G may be more appropriate for  c ivi l  applications. 

4,4 EXISTING CRASHWORTHINESS TECHNOLOGY 

The concepts and technology required to  implement crashworthiness in civi 1 i  an 
he1 icopters exis ts  today. Piost of these concepts were developed for military 



C o n d i t i o n s  

50% p r o b a b i l i t y  o f  s p i n a l  
c o m p r e s s i o n  f r a c t u r e  

Age - y e a r s  

F i g u r e  32. E f f e c t  o f  aye on s p i n a l  i n j u r y  t o l e r a n c e  
t o  v e r t i c a l  a c c e l e r a t i o n  ( r e fe rence  33).  

he1 i c o p t e r s  d u r i n g  t h e  p a s t  15 years  , a1 though severa l  c i v i  1  models i nco rpo ra ted  
e l  eriients o f  c ras  hwor th iness techno1 ogy. Some a i r c r a f t  components, such as crash-  
wor thy f u e l  systems, r e s t r a i n t  systems, and wi r e  s t r i k e  p r o t e c t i o n  systems a r e  
a v a i l a b l e  as "o f f - the-she1 f "  i tems f o r  r e t r o f i t .  F~any o the rs  cou ld  be mod i f i ed  
t o  meet t h e  needs o f  t he  c i v i l  h e l i c o p t e r  c rash  environment. Th i s  s e c t i o n  d i s -  
cusses some o f  t h e  c u r r e n t  crashwor thy technology a v a i l a b l e  i n  p roduc t ion  a i r -  
c r a f t  and some o f  t h e  d e t a i l e d  research programs t h a t  have r e c e n t l y  been com- 
p l e t e d  t o  a i d  des igners.  Th is  i s  n o t  in tended t o  be a  comprehensive l i s t ,  b u t  
r a t h e r  a  sampl i ny o f  e x i  s t i n y  capabi 1  i t i e s .  

4.4.1 CRASHWORTHINESS I N  CIVIL HELICOPTERS. Several manufacturers have de- 
s igned f ea tu res  w i t h  crashwor th iness capab i l  i t i e s  i n t o  t h e i r  a i r c r a f t ,  t h a t  
exceed t h e  minimum FAR requi rements.  One such a i r c r a f t  i s  t h e  Be1 1  222, which 
was conceived and developed t o  meet t h e  needs o f  t h e  c i v i l i a n  market. Th is  
e i gh t -p l ace ,  8,000-lb a i r c r a f t  was designed f o r  execu t i ve  t r a v e l  o r  o f f s h o r e  
o i l - r i g  support .  The performance and crashwor th iness c a p a b i l i t i e s  o f  t h e  222 
a r e  descr ibed  i n  r e fe rences  34 and 35. 



Seats in the a i r c r a f t  are designed with s t a t i c  load factors of 8 G forward, 
8 G downward; and 4 G in the la teral  direction. A1 1 positions are equipped 
b~i t h  4-point res t ra in t  systems ( 1  ap be1 t and shoulder harnesses). In  addi t ion, 
the crewseats are designed to  absorb energy in the vertical direction, provid- 
ing protection from spinal injury in crashes u p  to  an estimated 25 f t / sec .  
Dynamic t e s t s  have been conducted by the FAA Civil Aeromedical Ins t i tu te  (CAMI) 
f o r  evaluation of the sea t  performance (reference 34). The passenger seats  
are equipped with crushable foam under the sea t  pan to  provide vertical force 
attenuation. The available 2- t o  3-in. crush distance i s  estimated t o  provide 
protection in vertical impacts u p  t o  approximately 20 f t /sec.  

The fuel system i s  equipped wi t h  four impact-resistant fuel cel ls .  Breakaway 
f i t t i n g s  are used on the two external c e l l s ,  located in the wing structure,  t o  
rniriimize the possibil i ty of fuel spil lage on impact. Fuel l ines have e i ther  - 
breakaway f i t t i n g s  or extra length t o  preclude tearing when the a i r c ra f t  deforms 
in an accident. The bladder material and f i t t i n g s  are of the type developed 
under an FAA-sponsored program t o  develop a CWFS for general aviation a i r c r a f t  
(reference 36). The bladder material has approximately 10 times the puncture 
resistance of standard material. Table 35 presents a comparison of the bladder 
material used in standard, mil i tary,  and Be1 1 fuel systems. 

TABLE 35. COMPARISON OF BLADDER MATERIAL PROPERTIES 
FOR STANDARD, HILITARY, A N D  BELL CIVIL 
CRASH-RESISTANT FUEL SYSTEMS 

Standard Mi 1 i ta ry 
Bladder NIL-T-27422B Safety Cell 

Test/Description US-566RL US-751 US- 75 6 

Drop Height With N A 65 f t  50 f t *  
No Spillage ( fu l l  ) (80% ful l  ) 

Constant Rate Tear 

Para1 lel /Warp N A 4 0 0 f t / l b  210 .0 f t l l b  
45-degree Warp N A 

Tensile Strength 

Warp 
Fill 

Impact Penetration 

5-lb Chisel 

Paral lel /Warp 
45-degree Warp 

Screwdriver 

*Also dropped from 65 f t  with no spillage. 



6 e l l  has a l s o  equi  pped a  number o f  o t h e r  models w i  t h  c r a s h - r e s i s t a n t  f ea tu res .  
Energy-absorbing sea ts  a r e  a v a i l a b l e  f o r  t h e  412 and 214ST. A  CWFS has been 
i nco rpo ra ted  i n t o  t h e  f o l  l ow ing  models: 206 B I  II, 206 L-3, 412, 214 B, and 
214ST, 222. Table 36  l i s t s  t h e  weight  p e n a l t i e s  assoc ia ted  w i t h  t h e  c rashwor thy  
f e a t u r e s  i n  Be1 1 models. I t appears t h a t  a  1.0 t o  1.5 pe rcen t  we igh t  p e n a l t y  
w i l l  be i n c u r r e d  i n  a t t a i n i n g  t h e  l e v e l s  o f  c rashwor th iness  ach ieved i n  these  
Be1 1  niodel s. 

TABLE 36. WE1 M T  PENALTIES ASSOCIATED NITH 
CRASHWORTHY COMPONENTS I N  BELL 
HELICOPTER MODELS (REFERENCE 35) 

Models ' W e i g h t  
Pena l t y  ( 1  b )  

Passenger 's Shoulder Harness 55 122 161 
and Energy A t t enua t i ng  Seats 

28 35 5 0  Crash-Resis tant  Fuel System 

TOTAL 83 157 211 

Percentage o f  Gross Weight 1.1 1.4 1.2 

4.4.2 CRASHWORTHINESS I l l  MILITARY HELICOPTERS. The U.S. m i  1  i t a r y  has s t r o n g l y  
supported t h e  development o f  c rashwor th iness  techno1 oqy. The r e s u l t s  o f  e a r l y  
research  programs were used i n  deve lop ing  speci  f i c a t i o k  such as MIL-STD-1290- 
( r e f e r e n c e  7 )  f o r  genera l  c ras  hwor th iness,  MIL-S-58095(AV) ( r e f e r e n c e  G )  f o r  
energy-absorbing sea t ing ,  and MIL-T-27422B ( r e f e r e n c e  37) f o r  c r a s h - r e s i s t a n t  
f u e l  systems. The l a t e s t  r e v i s i o n  o f  t h e  U.S. Army A i r c r a f t  Crash S u r v i v a l  
Design Guide ( r e fe rences  1 th rough  5) c o n t a i n s  des ign  c r i t e r i a  f o r  Army a i r -  
c r a f t  based on research  conducted up t o  1979. 

The U.S. Army has r e t r o f i t t e d  a  number o f  c rashwor thy components i n t o  o l d e r  
he1 i c o p t e r s ,  such as CWFS i n  most he1 i c o p t e r  models, and energy-absorbing crew- 
sea ts  and cargo r e s t r a i n t s  i n  t h e  CH-47. However, t h e  t r u e  t e s t  o f  t he  system 
c rashwor th iness  c a p a b i l i t i e s  w i l l  be i n  t h e  new gene ra t i on  o f  m i l i t a r y  h e l i -  
cop te r s :  t h e  U.S. Ar~ny 's  UH-6OA Black Hawk and AH-64A Apache, and t he  U.S. 
Navy SH-GOB Seahawk. The c ras  hwor th iness capabi  1  i t i e s  o f  these a i r c r a f t  a r e  
d iscussed i n  r e fe rences  38 and 39. 

The Army conducted a  f u l l - s c a l e  c rash  t e s t  o f  a  YAH-63 h e l i c o p t e r  t o  v a l i d a t e  
t h e  c r i t e r i a  con ta i ned  i n  t h e  s p e c i f i c a t i o n s  d i  scussed above ( r e fe rence  40).  
V a l i d a t i o n  o f  these  des ign  concepts has a l s o  occur red  through t h e  a c c i d e n t  ex- 
per ience  o f  t h e  UH-6OA a i r c r a f t .  A remarkable  degree o f  p r o t e c t i o n  has been 
e x h i b i t e d  i n  severa l  ex t reme ly  severe a c c i d e n t s  ( r e fe rences  41  and 42). 

I n  an e f f o r t  t o  con t i nue  r e f i n i n g  t h e  crashwor thy subsystem des ign process, 
t h e  U.S. m i l i t a r y  has sponsored severa l  r e c e n t  s t ud ies .  S i ko r sky  was engaged 



t o  conduct a sens i t iv i ty  analysis of the l i f e  cycle costs associated with four 
levels o f  crashworthiness in several he1 icopter designs: a metal Medium Uti 1 i ty 
Transport he1 icopter (IYUT) , a metal Army Scout He1 icopter (ASH), and a composite 
Army Scout He1 icopter (reference 43). The Army contracted with Be1 1 and Si korsky 
t o  develop the technol oyy required to  provide crashworthiness ( t o  the levels 
contained i n MIL-STD-1290) in a1 1 composite he1 i c o p t ~ r s  (references 44 and 45). 
The technol ogy devel oped in the Advanced Composite Ai rf rame Prog rarn (ACAP) i s 
d i rec t ly  applicable t o  8,000- t o  9,000-lb class c iv i l  a i r c r a f t .  References 46 
and 47 discuss developments in the ACAP e f fo r t .  Simula Inc. has recently con- 
ducted two programs sponsored joint ly  by the Army, Navy, FAA,  and Air Force. 
These programs investigated the sens i t iv i ty  of design parameters in energy- 
absorbing seating systems and the spinal fracture tolerance level of cadavers 
in energy-absorbi ng seats (references 48 and 49) .  

4.4.3 CRASH-RESISTANT COMPONEIITS. A number of crash-resistant components are 
avai 1 able throush the comnlercial access0r.y market. For exanpl e ,  Robertson Avi a- 
t ion,  Inc. prodices crash-resistant fuel systems for the Huyhes 500, and Bell 
206. In addition, t h i s  corilpany also has designs available for  primary crash- 
res i s tan t  fuel systems that  were derived from mi l i tary models manufactured by 
Hughes, Be1 1 ,  Boeiny-Vertol , and Si korsky. Canada's Bristol Aerospace L t d .  
ri~anufactures wire s t r i  ke protection systems, distributed b] Aeronautical Ac- 
cessories Inc. , for  the Bel 1 204, 205, 206, 212, 214, and Huyhes 500. hiyh- 
sCrenyth corlmercial res t ra in t  system are available from American Safety, 
Davis, and Pacific Scient i f ic .  This l i s t  i s  by no means complete, and i t  i s  
presun~ed that  other ri~dnufacturers produce similar crash-tolerant components. 



5,O CONCLUSIONS 

This  s tudy was funded t o  p rov ide  a  da ta  base t o  suppor t  FAA ru le-making e f f o r t s .  
Three hundred and e leven  acc iden t  r e p o r t s  f rom t h e  f i v e - y e a r  p e r i o d  o f  1974 t o  
1978 con ta ined  s u f f i c i e n t  i n f o r m a t i o n  t o  warrant  t,:ami na t i on .  For t h e  acc iden ts  
i n  which s u f f i c i e n t  documentat ion ex i s ted ,  t h e  c rash  sequences were c a r e f u l  l y  
recons t ruc ted  t o  determine t he  crash environment. The r e s u l t  i s  a  data base 
c o n t a i n i n g  s t d t i s t i c a l  d e s c r i p t i o n s  o f  t h e  d i s t r i b u t i o n  o f  impact  angles and 
v e l o c i t i e s .  The da ta  were compi led f o r  f o u r  weight c lasses,  a l though i t  was 
found t h a t  t h e r e  was v e r y  l i t t l e  d i f f e r e n c e  between we igh t  c lasses  i n  any o f  
t h e  i n v e s t i g a t e d  parameters. 

It was found t h a t ,  i n  t h e  t y p i c a l  r o t o r c r a f t  acc iden t ,  t h e  p i t c h ,  r o l l  and yaw 
angles were smal l .  For example, 7 1  percen t  o f  t h e  r o t o r c r a f t  impact ing t h e  
ground had p i t c h  angles o f  +20 degrees o r  l ess .  Corresponding ly ,  t h e  percent -  
ages o f  acc iden t s  w i t h  r o l l  and yaw angles below 210 degrees were 72 percen t  
and 88 percent,  r e s p e c t i v e l y .  The impact v e l o c i t i e s  developed i n  t h i s  s tudy 
were based on 154 s i g n i f i c a n t  s u r v i v a b l e  acc idents .  Based on a  s t a t i s t i c a l  
summary o f  these acc iden ts ,  t h e  95 th -percen t i  l e  severe s u r v i v a b l e  v e r t i c a l  , 
l o n g i t u d i n a l ,  and l a t e r a l  v e l o c i t y  components were found t o  be 26 f t / s e c ,  50 
f t / s e c  and 10 f t / s e c ,  r e s p e c t i v e l y .  A1 though many se r i ous  i n j u r i e s  and f a t a l  i- 
t i e s  occur red  i n  acc iden t s  w i t h  v e l o c i t i e s  below the  9 5 t h - p e r c e n t i l e  l e v e l ,  
these c o n d i t i o n s  were found t o  reasonably represen t  t h e  upper l i m i t s  o f  su r -  
v i v a b i  1 i ty i n  t h e  r o t o r c r d f t  f l e e t  examined. 

S i x  c rash  scenar ios  were developed t o  represen t  t h e  va r i ous  type  o f  acc iden ts  
which were i d e n t i f i e d  i n  t h e  s tudy.  These s i x  scenar ios  i nc l uded  app rox i -  
ma te l y  89 percen t  o f  t he  acc iden t s  surveyed. The s p e c i f i c  scenar io  types were: 
v e r t i c d l  impact, l o n g i t u d i n a l  impact, r o l  l ove r ,  w i r e  s t r i k e ,  water impact, and 
h i y h  yaw r a t e  impact. I n  terms o f  t h e  nuniber o f  i n j u r i e s  o c c u r r i n g  i n  a c c i -  
den ts  o f  each type, t h e  v e r t i c a l  impact scenar io  was t h e  most hazardous. Both 
t h e  water  impact and w i r e  s t r i k e  scenar ios were found t o  produce s i g n i f i c a n t  
numbers o f  i n j u r i e s .  The o t h e r  t h r e e  scenar ios were found t o  be much l e s s  
hazardous. 

The c i v i l  c rash environment c h a r a c t e r i s t i c s  were compared t o  those determined 
f o r  m i l i t a r y  h e l i c o p t e r s .  It was found t h a t  m i l i t a r y  des ign v e l o c i t i e s  (which 
were de r i ved  from a  s tudy s i m i l a r  t o  t h i s  one) i n  t h e  v e r t i c a l  and l a t e r a l  d i -  
r e c t i o n s  were more severe than those o f  t h e  c i v i l  acc iden t  data.  Based on 
t h i s  comparison, i t  was determined t h a t  c u r r e n t  m i l i t a r y  des ign c r i t e r i a  would 
be t o o  s t r i n g e n t  f o r  c i v i l  r o t o r c r a f t .  Sec t ion  6.0 presents  recommended des ign 
c r i t e r i a  based on t h e  c i v i l  c rash  environment i d e n t i f i e d  i n  t h i s  study. 

The c rash  f o r c e  magnitudes imposed on an occupant i n  t he  recommended des ign 
c rash  environment were con~pared t o  l e v e l s  o f  human to l e rance .  It was found 
t h a t ,  f o r  a  we1 1  - r e s t r a i n e d  occupant, o n l y  t he  v e r t i c a l  impact f o r ces  exceeded 
t h e  l e v e l s  expected t o  produce se r i ous  i n j u r i e s  (ma in l y  s p i n a l  i n j u r i e s ) .  Th is  
i n d i c a t e s  a  need t o  r e q u i r e  v e r t i c a l  energy abso rp t i on  i n  t h e  l and ing  year ,  
a i r f r ame ,  o r  seats  t o  ma in ta i n  a  t o l e r a o l e  environment f o r  t h e  occupants. I n  
t h e  l o n y i  t u d i n a l  and l a t e r a l  d i r e c t i o n s ,  t he  c rash  environment i s  n o t  expected 
t o  produce d e c e l e r a t i v e  load ings  t h d t  exceed t o l e r a b l e  l e v e l s  f o r  a  p r o p e r l y  
r e s t r a i n e d  occupant. Eneryy-absorpt ion techniques may be used i n  these d i  rec -  
t ions t o  enable t he  a i r f r a m e  t o  s u s t a i n  t he  impact f o r ces ;  however, eneryy-ab- 
s o r p t i o n  w i t h i n  t h e  sea t  o r  r e s t r a i n t  sys ten~  i s  n o t  n e c e s s a r i l y  d e s i r a b l e  



because i t  would expand t h e  occupant s t r i k e  envelope and i nc rease  t h e  chances 
o f  secondary impact w i t h i n  t h e  c o c k p i t ,  

Th i s  s tudy a l s o  i n c l u d e d  an a n a l y s i s  of i n j u r i e s  and i n j u r y - c a u s i n g  mechanisms 
n  acc iden ts  o c c u r r i n g  d u r i n g  t h e  1974 t o  1978 per iod ,  N ine t y - f ou r  o u t  o f  132 
u r v i v a b l e  acc iden t s  o c c u r r i n g  d u r i n g  t h i s  p e r i o d  , m t a i n e d  i n j u r y  desc r i p t i ons ,  

orn t h i s  i n f o r m a t i o n  i t  was p o s s i b l e  t o  i d e n t i f y  14 hazards, o r  i n j u r y - c a u s i n g  
hanisms, t h a t  were p resen t  i n  t h e  c i v i l  c rash  environment.  These 14 hazards 
e  ranked accord ing  t o  t h e i r  f requency o f  occurrence and t h e  s e v e r i t y  o f  i n -  

j u r i e s  t h a t  were produced. It was found t h a t  t h e r e  were f o u r  predominate hazards 
t h a t  cou ld  be addressed t o  improve c i v i  1  r o t o r c r a f t  c rashwor th iness.  These 
nazdrds i nc l ude :  thermal i n j u r i e s  from pos tc rash  f i r e ,  f a i l u r e  o f  t he  r e s t r a i n t  
system t o  p r o t e c t  a g a i n s t  secondary impact, excess ive v e r t i c a l  impact loads 

ransrni t t e d  t o  t h e  occupant, and i n f l  i g h t  w i r e  s t r i k e s  which r e s u l t  I n  uncon- 
% 

r o l  l ed  f l i y h t .  

The numbers dnd s e v e r i t i e s  o f  i n j u r i e s  i n  " s u r v i v a b l e "  c i v i l  r o t o r c r a f t  acc i -  
dents  i n d i c a t e  t h e  need f o r  improved des ign requirements.  For example, based 
on an averaye y e a r l y  r a t e  o f  t he  f i v e  years  examined, approx imate ly  40 pe rcen t  
o f  t h e  s u r v i v a b l e  acc iden t s  had i n j u r i e s  and/or f a t a l i t i e s .  There were 545 
occupants i n v o l v e d  i n  s u r v i v a b l e  r o t o r c r a f t  acc iden ts .  Out o f  these 545 occu- 
pan ts  23 were f a t a l l y  i n j u r e d ,  57 rece i ved  se r i ous  i n j u r i e s ,  and 95 sus ta ined  
minor  i n j u r i e s .  It i s  these f a t a l i t i e s  and i n j u r i e s  which occur  i n  s u r v i v a b l e  
acc iden ts  t h a t  crashwor th iness improvements can h e l p  t o  a l l e v i a t e .  

The da ta  presented i n  t h i s  r e p o r t  p rov ide  a  comprehensive a n a l y s i s  o f  t h e  s t a t e  
o f  crashwor th iness e x i s t i n g  i n  c u r r e n t  r o t o r c r a f t  models. Th is  s tudy  c o u l d  
p rov ide  t h e  b a s i s  f o r  i n i t i a t i n g  a  rev iew o f  a p p l i c a b l e  r o t o r c r a f t  r e g u l a t i o n s  
FAR Pa r t  27 and P a r t  29. 



6.0  RECOMMENDATIONS 

The data developed in th is  study indicate a need for improved crashworthiness 
in U.S. c iv i l  rotorcraf t .  This need i s  based on the number of serious in- 
juries and f a t a l i t i e s  that  occur in accidents judged t o  be survivable in the 
current rotorcraf t  f l e e t .  The technology exis t s  t o  reduce s ignif icant ly the 
nulnber and severity of these injur ies  in future a i r c ra f t  through crashworthi- 
ness improver~~ents. However, the just i f icat ion for  these improvements from a 
cost standpoint has not been investigated. The costs ,  and resulting benefits, 
w i  1 1  be d i rec t ly  related to  the degree of protection sought. Even without 
considering the economics of these irnprovenlents the data in th i s  study sug- 
yests d n  upper l imit  t o  the degree of protection. This level of protection 
coincides with the most severe impact conditions found to occur for c iv i l  heli-  
copters. Clbviously, there will be son~e cost-effective level of protection 
betweer1 the existing f l e e t  technoloyy level and the riiaxirnum necessary to  pro- 
viue coil~plete protection to  a1 l occupants. 

As notea above, the crashworthiness technology does ex is t  t o  achieve even the 
mxin~um level of protection. The state-of-the-art  i s  continual ly being ad- 
vanced for m i  l i  tary a i r c ra f t .  However, crashworthiness has never been incor- 
porated universally in the conlpetitive a i r c r a f t  iriarketplace. The approach 
taken by the FAA t o  briny about improvement, should be both assertive and 
cautious. Fron-i the assertive standpoint, the FAA must perceive the need for  
crashworthiness improvements and conduct whatever programs are necessary to  
verify th i s  need. A t  the same time, a cautious approach needs to  be taken in 
set t ing the level of crashworthiness protection to be achieved. Although many 
of the major U.S, helicopter manufacturers possess the capabili ty to  design 
crashworthiness into the i r  a i r c ra f t ,  the learning curve for a1 l c iv i l  manu- 
facturers will be steep to incorporate i t  in a cost-effective manner. 

The current focus should be to  develop design c r i t e r i a  based on a responsible 
assessnient of the c iv i l  crash environment. The manufacturers will need a se t  
of design c r i t e r i a  to  investigate the ramifications involved in incorporating 
improved crashworthiness. Concurrently, the FAA needs t o  provide R & D money 
to develop key techno1 ogies and cost-effective approaches to meet the proposed 
levels of protection. The remainder of th i s  section presents a suggested se t  
of design c r i t e r i a  based on the identification of the c iv i l  crash environment. 
Recommendations for  future work t o  be conducted under FAA sponsorship are  also 
included. 

6 .1  CRASHWOKThIhESS UESIGN CRITERIA FOR U.S. CIVIL KOTOKCRAFT 

The recomenaea approach presented in th i s  paragraph i s  based on providing pro- 
tection u p  to and includiny the 95th-percentile survivable crash environment 
iuentified in Section 3.0. An argument could be made to base the design c r i -  
te r ia  on the 95th-percentile impact conditions (which includes both survivable 
and nonsurvivable accidents). Using th i s  approach, the design c r i t e r i a  would 
be related to  accident kinematics and not t o  survivabili ty levels in the 
existing he1 icopter f l ee t .  However, the 95th-percenti le survivable level of 
protection appears to be both reasonable and attainable within the development 
period of the next generation of commercial helicopters. 



6.2 _IMPACT VELOCITY COMPONENTS 

l o c i t i e s  f o r  c e r t i f i c a t i o n  o f  new r o t o r c r a f t  models a r e  based 
5 th -pe rcen t i  l e  s u r v i v a b l e  l e v e l  o f  acc iden t s  eva l  uated f o r  t h e  1974-78 

7 1 i s t s  t h e  des ign v e l o c i t y  compon~nts  f o r  new models. The 
uce t h e  number o f  f a t a l i t i e s  and t h e  s e v e r i t y  o f  i n j u r i e s  i n  
en ts .  

TABLE 37. RECOMMENDED DESIGN VELOCITY 
CHANGES FOR CERTIFICATION OF 
NEW MODELS 

Design V e l o c i t y  
D i r e c t i o n  Along Change 
Ai r c r a f t  Ax i  s  ( f t / s e c )  

V e r t i c a l  (Downward) 2 6 

L a t e r a l  10 

Lonyi  t u d i n a l  (Forward) 50 

he v e l o c i t y  components presented i n  t h i s  s e c t i o n  a r e  c h a r a c t e r i s t i c  o f  t he  
i r c r a f t  k inemat ics  p r i o r  t o  impact.  Th is  does n o t  p rov ide  s u f f i c i e n t  i n f o r -  

mat ion  f o r  des ign purposes. The v e l o c i t y  change i n  t h e  p r i n c i p a l  impact, de- 
c e l e r a t i o n  pulse, and a i r c r a f t  a t t i t u d e  a re  a l  1  r e q u i r e d  t o  s p e c i f y  des ign  
c r i t e r i a .  Recommended va lues  o f  these parameters a r e  suggested i n  *he f o l l o w i n g  
paragraphs. 

6.3 INPACT PULSE DECELERATION CHARACTERISTICS 

F ive  des i yn  condi t i o n s  were developed t o  p rov ide  general  a i  r f rame requi rements 
f o r  p r o t e c t i o n  i n  severe, b u t  su rv i vab le ,  acc idents .  These c o n d i t i o n s  represen t  
a  s i g n i f i c a n t  p o r t i o n  o f  t he  acc iden ts  t h a t  were eva lua ted  i n  t h i s  s tudy.  F ig-  
u r e  33 i l l u s t r a t e s  t h e  f i v e  c o n d i t i o n s  a p p l i c a b l e  t o  t h e  des ign o f  new r o t o r c r a f t .  

The impact c o n d i t i o n s  s p e c i f i e d  i n  numbers 1 and 2 r e l a t e  t o  the  v e l o c i t y  com- 
ponents f o r  t h e  9 5 t h - p e r c e n t i l e  s u r v i v a b l e  impact l e v e l .  These two c o n d i t i o n s  
ill be t h e  major  t e s t s  o f  t he  energy absorp t ion  system and a n t i - p l o w i n g  capa- 

1 i t y  o f  t he  a i r f r ame .  I n  a d d i t i o n ,  t h e  a c c e l e r a t i o n  environment produced by 
ese impact c o n d i t i o n s  w i l l  a f f e c t  t h e  des ign requi rements f o r  i n t e r n a l  a i r -  
a f t  components. - 

e  f i r s t  two c o n d i t i o n s  w i l l ,  undoubtedly,  have t h e  g r e a t e s t  e f f e c t  on s t r u c -  
a1 design. Impact c o n d i t i o n s  3, 4, and 5 a r e  based on  "packaging" cons ider -  
ons f o r  t h e  occupants. A l though they  a r e  l e s s  severe o v e r a l l  f o r  t h e  a i r -  
me, t h e  l o c a l i z e d  loads produced by these impact c o n d i t i o n s  a r e  impo r tan t  

f o r  p rese rv i ng  1  i v a b l e  volume w i t h i n  t he  c o c k p i t  and cab in  areas. 



Condition 
Number 

Impact 
Condition* 

Impact 
Surface 

Intent 

4igh-speed, run on landing. 
Ysjor impact deforms/removes 
gear, damages fuselage under- 
structure. "Plowing" of 
fuselage should be prevented. 

Sof t 
ground 

Pure vertical impact. All 
energy-absorption capability 
of gear depleted. In order 
to minimize hazard to occu- 
pants, fuselage understruc- 
ture and/or seats must atten- 
uate deceleration pulse. 
Overhead structure and high 
mass items must stay in place. 

Hard, 
moot h 
surface 

Sliding aircraft encounters 
rigid obstacle. Airframe must 
be strong enough to prevent 
structural deformation that 
impinges on occupants. Less 
than 15 percent reduction in 
cockpit volume is desirable. 

Rigid 
obstacle 

Impact in 90-degree roll at- 
titude to either side. Contact 
forces distributed over buried 
airframe surface. Internal 
volume should not be reduced by 
more than 15 percent. 

Soil or 
water. 
Aircraft 
buried 
2 in. 2 in. 

10 ft/sec 

Frontal plane of cockpit impacts 
ground as aircraft flips end 
over end. 4-G load distributed 
over airframe structure (not 
canopy) buried in ground. In- 
trusion into livable volume of 
cockpit should be minimized. 

Soil. 
Aircraft 
buried 
2 in. 

*y = flight path angle. 

vFp = Flight Path Velocity. 

Figure 33. Recomrnended airframe design impact condi t i  ons 
for  newly ce r t i f i c a t ed  ro torc ra f t  models. 

8 3 



r p l d y  dn impo r tan t  r o l e  i n  t h e  o v e r a l l  energy a b s o r p t i o n  system o f  
I n  crashes o f  d i r c r a f t  w i t h  r e l a t i v e l y  f l a t  impact c o n d i t i o n s ,  

gear  deform w h i l e  s low iny  a i r c r a f t  v e r t i c a l  v e l o c i t y .  It was determined 
t h i s  s tudy  t h a t  t he  year  may have f unc t i oned  i n  53 pe rcen t  o f  t h e  acc i den t s .  
Lhe renraininy 47 pe rcen t  o f  t h e  acc iden ts ,  e i t h e r  t h e  t e r r a i n  t ype  (such as 

water ) ,  t e r r a i n  f ea tu res ,  o r  impact a t t i t u d e  rendered t h e  year  i n e f f e c t i v e .  
Cons iber iny  t h e  percentage o f  acc i den t s  i n  which t h e  gear  a c t u a l l y  f unc t i oned ,  
a  s i g n i f i c a n t  an~ount o f  t h e  v e r t i c a l  eneryy -absorp t ion  c a p a b i l i t y ,  which i s  
neeaea t o  p r o v i d e  t o l e r a b l e  a c c e l e r a t i o n  l e v e l s  f o r  t h e  occupants, shou ld  be 
p laced i n  o t h e r  system components. These components i n c l u d e  t h e  u n d e r f l o o r  
s t r u c t u r e  and s e a t i n g  syster~is. On t h e  o t h e r  hand, inc reased  gear energy absorp- 
t i o n  c a p a b i l i t y  would p reven t  fuse lage/ground c o n t a c t  i n  a  l a r g e  number o f  l e s s  
severe acc i den t s .  The sav inys i n  s t r u c t u r a l  impact  damage may make inc reased  
gear c a p a b i l i t i e s  advantageous. The f o l l o w i n g  methodology i s  suggested f o r  
s e t t i n g  energy -absorp t ion  requi rements  f o r  l a n d i n  

An a n a l y s i s  o f  r o t o r c r a f t  conforming t o  FAR Par a t e s  t h a t  t h e  10.23 
f t / s e c  r ese rve  energy s i n k  speed p rov ides  appro 5.5 pe rcen t  o f  t h e  
energy abso rp t i on  capabi  1  i ty  r e q u i r e d  t o  d i s s i p a t e  t h e  95 th -pe rcen t i  l e  v e r t i -  
c a l  impact speed o f  26 f t / s e c .  Th i s  i s  based on t h e  r a t i o s  o f  k i n e t i c  energy 
a t  impact, i .e . ,  

1 2  2  7 'RE - (10.2 f t / s e c )  = 1 5 a 5  percent Percent o f  €/A capabi  1  i ty = - 
- Ill Vg5  2  (26.0 f t / s e c ) '  

A s im i  l a r  c a l c u l a t i o n  f o r  m i  1  i t a r y  a i r c r a f t  complying w i t h  MIL-STD-1290 i n d i -  
cd tes  t h a t  20- f t / sec  year  would d i s s i p a t e  approx imate ly  22.7 percen t  o f  t h e  
42 - f t / sec  des ign  speed. It i s  b e l i e v e d  t h a t  t h e  energy -absorp t ion  requi rements  
shoulu  fa1  1 i n  t h e  15 t o  23 percen t  range. The exac t  gear c a p a b i l i t y  w i t h i n  
t n i s  range should  be l e f t  as an o p t i o n  t o  t h e  des i yne r  w i t h  t h e  p r o v i s i o n  t h a t  
t h e  o v e r a l l  v e r t i c a l  energy -absorp t ion  systerir be ab le  t o  d i s s i p a t e  t h e  95th-  
p e r c e n t i l e  des i yn  in ipdct  speea i n  a  t o l e r a b l e  manner. 

6.4.1 V e r t i c a l  Energy-Absorpt ion Requirements. Landing year  should  be designed 
t o  p r o v i d e  maxin~uni s i n k  speed c a p a b i l i t y  o f  between 15 and 23 pe rcen t  o f  t h e  
iri ipact k i n e t i c  eneryy f o r  t he  des ign  v e r t i c a l  impact v e l o c i t y  o f  26 f t / s e c .  
The des ign  shou ld  be based on niaxirnunl a i r c r a f t  gross weight ,  a  2/3-G r o t o r  l i f t  
f a c t o r ,  and symmetric, v e r t i c a l  impact. The recommended maxi~ium s i n k  speed i s  
12.0 f t / s e c .  

The e f f e c t i v e n e s s  o f  t he  l and ing  gear energy -absorp t ion  c a p a b i l i t y  must be v e r i -  
f i e d .  It i s  recommended t h a t  a  v e r t i c a l  d rop  t e s t  be conducted s i m u l a t i n g  a  

* Th i s  s e c t i o n  dea l s  p r i m a r i l y  w i t h  f i x e d  l a n d i n g  gear.  The exper ience  w i t h  
r e t r a c t a b l e  gear under c rash  c o n d i t i o n s  i s  l i m i t e d ;  h o p e f u l l y  t h i s  s u b j e c t  
w i l l  be addressed i n  f u t u r e  work. 



zero  r o l l  and p i t c h  a t t i t u d e  a t  impact u s i n g  a j i g  drop t e s t  f o r  wheeled gear 
and a weighted-frame drop t e s t  f o r  s k i d ,  ear .  The performance o f  gear a t  v a r i -  9 ous r o l l  and p ~ t c h  angles should be v e r l  l e d  a n a l y t ~ c a l  l y  o r  by  dynamic t e s t -  
ing .  The requi rements f o r  1 andi  ng gear of f - a x i  s  performance a re  d e s c r i  bed i n  
t h e  f o l  l ow ing  sec t i on .  

6.4.2 Landing Gear Performance Envelope. It i s  recommended t h a t  l and ing  gear 
should be designed t o  f u n c t i o n  w i t h i n  the  envelope shown i n  f i g u r e  34a. The 
r e q u i r e d  des ign v e r t i c a l  s i n k  speed f o r  t h e  gear '  i s  indexed t o - t h e  r o l l  angle 
due t o  t h e  t r e n d  o f  lovier impact speeds w i t h  i n c r e a s i n g  r o l l  angle, shown i n  
f i g u r e  18. The recotiimended des ign s i n k  speeds f o r  t he  r o l l - a n g l e  range i s  
shown i n  f i g u r e  34b. 

6.5 SEATING SYSTEMS 

Seat ing  systems i n  r o t o r c r a f t  meet ing t he  proposed requi rements o u t l i n e d  i n  
t h i s  chap te r  should per form t h r e e  f unc t i ons :  reduce v e r t i c a l  i ~ n p a c t  loads 
t r a n s m i t t e d  t o  t he  occupant t o  t o l e r a b l e  l e v e l s ,  p rov ide  s t r e n g t h  i n  t h e  l o n y i -  
t u d i n a l  and l a t e r a l  d i r e c t i o n s  t o  r e s i s t  i n e r t i a l  fo rces ,  and p r o t e c t  t he  occu- 
pant  from secondary impact. The v e r t i c a l  energy abso rp t i on  c a p a b i l i t y  should 
complement t h e  l and ing  gear des ign so t h a t  t he  o v e r a l l  energy abso rp t i on  sys- 
ten1 meets t h e  des ign requirements.  I n  t h e  l o n g i t u d i n a l  and l a t e r a l  d i r e c t i o n s ,  
t h e  sea t  should p rov ide  t h e  a b i l i t y  t o  r e s i s t  dynamic loads w i t hou t  f a i l u r e .  
Energy abso rp t i on  i n  these d i r e c t i o n s  i s  n o t  necessary, o r  des i r ab le ,  because 
i t  en la rges  t h e  occupant s t r i k e  envelope w i t h i n  t h e  c o c k p i t  o r  cab in .  It i s  
recognized t h a t  i n  some cases, e s p e c i a l l y  i n  mod i f y i ng  e x i s t i n g  a i r f r a m e  de- 
s igns,  use o f  l o a d - l i m i t i n g  sea t  at tachment dev ices may be necessary t o  p reven t  
f a i l u r e  of t h e  a i r f r a m e  under c rash  load ing .  

As discussed i n  s e c t i o n  4.3.5, c u r r e n t  mi 1  i t a r y  energy-absorbing seats a r e  based 
on a 14.5-6 1 i m i  t - l o a d  f a c t o r  f o r  t h e  50 th -percen t i  1  e  occupant weight.  Consider-  
i n g  t he  age d i s t r i b u t i o n  f o r  c i v i l  versus m i l i t a r y  p i l o t s ,  as shown i n  f i g u r e  31, 
and t h e  r e d u c t i o n  i n  bone s t r e n g t h  t h a t  occurs w i t h  i nc reas ing  age, a  l i m i t - l o a d  
des ign f a c t o r  o f  12 G i s  recommended f o r  c i v i l  a p p l i c a t i o n s .  It i s  b e l i e v e d  
t h a t  a  s i g n i f i c a n t  percentage o f  occupants i n v o l v e d  i n  r o t o r c r a f t  acc iden ts  
a re  a d u l t  males. U n t i l  conc lus i ve  data a re  a v a i l a b l e ,  i t  i s  recommended t h a t  
t h e  weights  l i s t e d  i n  t a b l e  38 be used f o r  des ign  purposes. 

6.5.1 Seat Design Requirements f o r  New R o t o r c r a f t .  Cockpi t  and cab in  sea ts  
should be designed t o  p rov ide  v e r t i c a l  energy abso rp t i on  and unimpeded s t r o k e  
d is tance* .  ~ n - e n e r ~ ~  absorber l i m i t - l o a d  f a c t o r  o f  12 G + 1 G i s  recommended. 
For f i xed- load  energy-absorbing systems, t h e  1 i m i  t l oad  should be c a l c u l a t e d  
accord ing t o  t he  f o l  lowing equat ion:  

5 0 t h - p e r c e n t i l e  Male Mova b l  e  
Design L i m i t  Load = 12 x  Occupant V e r t i c a l  + Seat 

E f f e c t i v e  Weight Weight 

"Underseat i tems should n o t  be a l lowed t o  e n t e r  t h i s  r e s t r i c t e d  space. 
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Figure 34. Landi ng gear design requirement envelopes. 



TABLE 38. RECOMbiENDED DESIGN WEIGHTS BASED 
019 U. S . C I \I1 L IAN POPULATIOl\r ( FROPI 
KEFEKENCE 50) 

95 th  P e r c e n t i l e  
U.S. Adu l t  Male 

50th P e r c e n t i l e  
U.S. Adu l t  Male 

5 t h  P e r c e n t i l e  
U.S, Adu l t  Male 

50th Pe rcen t i  l e  
U.S. Adu l t  Female 

V e r t i c a l  
Design E f f e c t i v e  
k e i  gh t *  h e i g h t  
0 0 

* L i g h t l y  c l ad ,  c l o t h i n g  weight  3  l b .  

I t  i s  d e s i r a b l e  t o  i n c o r p o r a t e  v a r i a b l e - l o a d  energy-absorbing dev ices t o  account 
f o r  t h e  wide ranye o f  occupant weights f o r  t h e  c i v i l  popu la t i on .  

The a i r f r a m e  des iyn  impact c o n d i t i o n s  presented i n  paragraph 6.2 p r o v i d e  r e -  
quirements f o r  seat1 ng-system capabi 1 i ty. c o n d i t i o n  number 2, a  p u r e l y  v e r t i c a l  
~ n ~ p d c t ,  p laces requ i rements on t h e  v e r t i c a l  energy absorp t ion ,  It i s recom- 
mended t h d t  t h e  v e r t i c a l  v e l o c i t y  change n o t  be reduced by t h e  l and ing  gear 
v e l o c ~ t y  Increment. The l a n d i n g  gear w i l l  n o t  f u n c t i o n  on some v e r t i c a l  impacts 
dnd/or t he  year nray be r e t r a c t e d .  The recommended v e r t i c a l  d e c e l e r a t i o n  pu lse  
f o r  sea t  des ign i s  shown i n  f l y u r e  35a. 

I n  t h e  l o n y i  t u d i n a l  d i r e c t i o n ,  i t i s recommended t h a t  t h e  des ign d e c e l e r a t i o n  
pu l se  f o r  seats  i n  t he  l o n g i t u d i n a l  d i r e c t i o n  meet t h r e e  s p e c i f i c  requi rements:  
250-G/sec onse t  r a t e ,  16-G peak, and 50- f t / sec  v e l o c i t y  change. F igure  35b 
shows severa l  p o s s i b l e  pu lse  shapes t h a t  meet these requi rements.  

The l a t e r a l  s e a t i n g  system des ign requi rements a r e  based on t h e  most severe 
demands from r o l l o v e r - t y p e  acc iden ts  o r  v e r t i c a l  impacts w i t h  a  s i g n i f i c a n t  
r o l l  angle.  F igure  35c shows t h e  worst  recommended l a t e r a l  des ign c o n d i t i o n .  
The sea t  s t r o k e  necessary t o  meet t h e  v e r t i c a l  sea t  d e c e l e r a t i o n  pu lse,  f i g -  
u r e  35a, was es t imated  f rom t e s t  da ta  descr ibed  i n  r e f e r e n c e  48. F igure  36 
shows t he  es t imated  sea t  s t r o k e  f o r  va r i ous  v e r t i c a l  v e l o c i t y  changes and occu- 
pan t  s i zes .  For t he  v e r t i c a l  des ign requi rement  o f  26 f t / s e c  w i t h  t he  recom- 
mended 12-6 des ign  l i m i t  load,  t h e  50 th -pe rcen t i l e  occupant would need approx i -  
ma te l y  3.8 i n ,  o f  v e r t i c a l  s t r oke .  S i m i l a r l y ,  t he  9 5 t h - p e r c e n t i l e  occupant 
would need 4.5 i n .  o f  v e r t i c a l  s t r o k e  c a p a b i l i t y .  



Time 

a .  V e r t i c a l  dece le ra t ion  pu l se  

0.060 0.125 0.195 Time ( s e c )  

b.  Longitudinal dece le ra t ion  pulses  

c. L a t e r a l  dece lera  

F i g u r e  35. Recommended dynami c decel  e r a t i  or1 condi  . t ions 
f o r  s e a t i n g  system des ign.  
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F igu re  3G. V e r t i c a l  sea t  s t r o k e  requi rements f o r  50th- and 
9 5 t h - p e r c e n t i l e  male occupants. 

6.5.2 S t a t i c  and Uynarnic Seat ing System Test  Requirements. Two types o f  t e s t -  
i n u  a r e  recommended t o  v e r i f y  sea t  ~ e r f o r m a n c e  under c rash  loadinci. S t a t i c  
(OF q u a s i - s t a t i c )  l o a d i n g  va j  i d a t e s '  t he  des ign concept and s t a t i c " s t r u c t u r a 1  
a n a l y s i s  modeling. S t a t i c  t e s t i n g  i s  n o t  a  s u b s t i t u t e  f o r  dynamic c rash  t e s t s  
which prove t h e  performarice under r a p i d  l o a d i n g  and dynamic load  m a g n i f i c a t i o n  
caused by overshoot.  

Table 39 l i s t s  t h e  dynamic load  f ac to r s  ( i n  m u l t i p l e s  o f  e f f e c t i v e  weight,  o r  
G's) recomrnended f o r  v a l i d a t i n g  sea t i ng  system design. The e f f e c t i v e  we igh t  
i n  each d i r e c t i o n  i s  t h e  l i s t e d  des ign occupant we igh t  p l us  t h e  app rop r i a te  
sea t  weight.  The sea t i ng  system should be capable o f  s u s t a i n i n g  t h e  a p p l i e d  
loads  w i t h o u t  f a i  1  u r e  o f  components t h a t  would j eopa rd i ze  t he  r e t e n t i o n  capa- 
b i l i t y  o f  t h e  occupant o r  sea t  performance. S t d t i c  loads should be a p p l i e d  i n  
a  d i s t r i b u t e d  manner t h d t  s imu la tes  i n e r t i a l  l oad ing .  Loads f o r  t he  upward, 
forward, and l a t e r a l  c o n d i t i o n s  should be a p p l i e d  through a  body b l o c k  ( r i g i d  
t o r s o  segment) t h a t  d i s t r i b u t e s  t he  load t o  t h e  sea t  through t he  r e s t r a i n t  sys- 
tem. 
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TABLE 39. SEAT DESIGN AND STATIC TEST REQUIREMENTS 

P e r c e n t i l e  
Tes t  Loadi ng O i  r e c t i o n  Load Occupant 
Ref, With Respect t o  Fac to r  Used i n Load 
No, Fuse1 age F l o o r  Requ i red  Determi n a t i o n  Condi t i  ons 

1 Upward 6-G minimum 9 5 

2 Downward 1 2 r t l G  50 Contro l  l e d  
Deformat ion 

25-G mi n  imum 5 0 Subsequent t o  
c o n t r o l  l e d  
de fo rmat ion  

3 Af tward 1 0 4  minimum 9 5 

4 Forward 20-1; nrimimun~ 9 5 

5 L a t e r a l  10-6 mimimum 9 5 

Two dynamic t e s t s  a r e  recommended f o r  v a l i d a t i n g  performance o f  seats  under 
r e a l i s t i c  impact cond i t i ons .  F igure  37 shows t h e  two t e s t  requirements.  Test  1 
i s  designed t o  exe rc i se  t h e  v e r t i c a l  energy-absorpt ion system i n  t h e  presence 
o f  l o n g i t u d i n a l  and l a t e r a l  l oad  vec to rs .  The second t e s t  i s  in tended t o  demon- 
s t r a t e  t h a t  t h e  sea t i ng  system can r e t a i n  t h e  occupant under h i gh  l o n g i t u d i n a l  
and l a t e r a l  dynamic load ing .  For each t e s t  c o n d i t i o n ,  t o l e rances  a r e  p rov ided  
f o r  t h e  peak d e c e l e r a t i o n  and assoc ia ted  t ime du ra t i on .  The o f f s e t  s lope  i s  
n o t  d e f i n e d  because i t  i s  d i f f i c u l t  t o  c o n t r o l  i n  t e s t i n g ,  and i t  has l i t t l e  
o v e r a l l  e f f e c t  on performance, 

6.6 RECOMMENDATIONS FOR FUTURE WORK 

The f o l  l ow ing  paragraphs desc r i be  general  tasks  recommended f o r  f u t u r e  f und ing  
by t h e  FAA. These tasks  would p rov ide  a  data base t o  suppor t  improved crash-  
wor th iness  requi rements i n  FAR Pa r t s  27 and 29. 

D e t a i l e d  Design C r i t e r i a / D e s i g n  Guide 

The recommended des iyn  c r i t e r i a  con ta ined  i n  Chapter 6 o f  t h i s  r e p o r t  
should be expanded i n  d e t a i l  t o  i n c l u d e  a l l  aspects  o f  r o t o r c r a f t  
desi5n. Table 40 l i s t s  areas t h a t  should be addressed i n  develop ing 
comprehensive des ign c r i t e r i a .  The outcome o f  t h i s  work cou ld  be 
two r e p o r t s  i n  adv i so ry  c i r c u l a r  formats:  one c o n t a i n i n g  recom- 
mended m o d i f i c a t i o n s  t o  FAR Pa r t s  27 and 29, and a  des ign gu ide 
comparable t o  t h e  U.S, Army's A i r c r a f t  Crash Su rv i va l  bes ign Guide, 
c o n t a i n i n g  technology a p p r o p r i a t e  f o r  t h e  c i v i l  r o t o r c r a f t  c rash  
env i  ronment . 
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Figure 37. Dynamic t e s t  requirements for  qua1 i f icat ion 
o f  seating systems. 



TABLE 40. AREAS TO BE ADDRESSED FOR DEVELOPMENT 
OF LETAILEU DESIGN CRITERIA 

1. Human t o l e r a n c e  c r i t e r i a .  

2. Crash r e s i s t a n t  fue l  systems. 

3. A i r f rame s t r u c t u r a l  des iyn.  

4. V e r t i c a l  energy abso rp t i on  system. 

5. Eneryy-absorbing s e a t i n g  systems. 

6. Anthropornetry o f  r o t o r c r a f t  occupants. 

7  . Landing gear design. 

8. R e s t r a i n t  system design, 

9  . Reten t ion  s t r e n g t h  f o r  high-mass items, 

10. Re ten t ion  s t r e n g t h  f o r  a n c i l  l a r y  equipment. 

11. Cargo t iedown r e s t r a i n t s .  

12. De le tha l  i z a t i o n  o f  i n t e r i o r  ( i n c l u d i n g  
f l a m m a b i l i t y ) .  

13. Pos t c r a s h  egress. 

14. Ditching/flotationcharacteristics 

1 5  h i r e s t r i k e  p r o t e c t i o n .  

Pro to type  Crashworthy K o t o r c r a f t  Demonstrat ion P r o j e c t  

The FAA should suppor t  development o f  a  p ro to t ype  crashworthy he1 i- 
c o p t e r  ( p o s s i b l y  m o d i f i c a t i o n  o f  an e x i s t i n g  model ) t o  demonstrate 
t h e  f e a s i  b i  1  i ty  o f  i n c o r p o r a t i n g  t h e  recommended des i y n  c r i t e r i a .  
The precedents f o r  t h i s  t ype  o f  p r o j e c t  a r e  t h e  AG-1 p r o t o t y p e  a g r i -  
c u l t u r a l  a i r c r a f t  p r o j e c t  sponsored by t h e  CAA i n  1950 and t h e  Ex- 
per imenta l  Sa fe t y  Veh ic le  (ESV) automot ive program sponsored by t he  
Department o f  T ranspo r ta t i on  i n  t h e  e a r l y  1970's. The demonstrat ion 
p r o j e c t  cou ld  cu lm ina te  w i t h  f u l l - s c a l e  c rash  t e s t s  t o  v a l i d a t e  t h e  
des ign technology.  

Cost/Benef i  t Ana lys is  

The goal  o f  t h i s  task  would be t o  examine cos t s  assoc ia ted  w i t h  c i v i l  
r o t o r c r a f t  acc iden t s  and b e n e f i t s  assoc ia ted  w i t h  p r o v i d i n g  va r i ous  



degrees o f  crashworthiness p r o t e c t  ion. This r e p o r t  reco~nmends t h a t  
the  95t h-percent i 1  e  surv ivab le  crash env i  ronment o f  cu r ren t  r o t o r c r a f t  
models be used as the  bas is  f o r  design requirements i n  f u t u r e  models. 

e s t  a  more appropr ia te  l eve l  f o r  

A program should be i n i t i a t e d  t o  c o r r e c t  d e f i c i e n c i e s  i n  the a n a l y t i -  
cd l  techniques described i n  Appendix A. I n  some cases, these programs 
cou ld  be mod i f ied  t o  meet t he  needs o f  r o t o r c r a f t  design. These an- 
a l y t i c a l  methods would be used t o  support t h e  Prototype Crashworthy 

o r c r a f t  Demonstration Pro jec t .  The a p p l i c a b i l i t y  t o  the  c e r t i f i -  
i o n  process should a lso  be i nves t i ga ted .  

Improved Crash I n v e s t i g a t i o n  Procedures 

es and procedures f o r  documenting r o t o r c r a f t  acc idents 
proved. The Nat ional  Transpor ta t ion  Safety Board (NTSB) 
d  t h i s  i ssue i n  recent  years. Improvements are  necessary 

col  l e c t i n g  data s u i t a b l e  f o r  crash k inemat ics reconst ruc t ion ,  i n  
l u a t i  ny f a c t o r s  a f f e c t i n g  human s u r v i  vabi 1 i ty, and i n  t a b u l a t i n g  
u r y  types and seve r i t y .  Improved acc ident  r e p o r t i n g  forms and 

cont inued t r a i n i n g  f o r  i n v e s t i g a t o r s  should be the  subject  o f  t h i s  
task. 
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ANALYTICAL METHOUS FOR ROTORCRA FT 
CRASHWORTHINESS EVALUATION 

A n a l y t i c a l  methods a r e  a v a i l a b l e  f o r  t h e  crashwor th iness e v a l u a t i o n  o f  a i r c r a f t  
s t r u c t u r e s  and seats.  A1 though s t a t i c ,  1  i near  e l  a s t i c  s t r u c t u r a l  analyses a r e  
conducted r o u t i n e l y  th roughout  t h e  i n d u s t r y ,  crashwor th iness analyses r e s i d e  
general  ly i n  t h e  r e a l  m o f  appl i ed research. Nonl i near, dynamic s t r u c t u r a l  an- 
a lyses  a r e  general  l y  expensive t o  run,  and a  s i g n i f i c a n t  degree o f  eng inee r i ng  
judgement i s  r e q u i  red  i n  model development. Occupant s imu la t i ons  have become 
commonplace i n  t h e  automobi le  i n d u s t r y  f o r  e v a l u a t i o n  o f  r e s t r a i n t  systems and 
v e h i c l e  i n t e r i o r s ,  b u t  t h e  models used t h e r e  do n o t  represen t  t h e  sea t  i n  s u f f i  
c i e n t  d e t a i l  t o  be use fu l  i n  a i r c r a f t  c rashwor th iness ana l ys i s .  

The f o l  l ow ing  sec t i ons  descr ibe  s t r u c t u r a l  a n a l y s i s  methods , and seat/occupant 
model s  , emphasizing ava i 1  ab l  e  , v a l  i dated t o o l  s. 

A.1 STRUCTURAL ANALYSIS 

Ana l ys i s  o f  t h e  c rash  behav io r  o f  a i r c r a f t  s t r u c t u r e s  i s  compl icated by t h e  
complex n o n l i n e a r  m a t e r i a l  and geometr ic n a t u r e  o f  t h e  s t r u c t u r a l  response. 
Large d e f l e c t i o n s  and r o t a t i o n s  i n  t h e  deformed s t r u c t u r e ,  r eg ions  o f  i n t e n s e  
c u r v a t u r e  ( w r i n k l i n g ) ,  m a t e r i a l  s t r a i n  r a t e  e f f e c t s ,  and i n t e r f e r e n c e  and con- 
t a c t  amony s t r u c t u r a l  components d u r i n g  t h e  response a r e  some o f  t h e  d i f f i -  
c u l  t i e s  found i n  model ing t h e  c rash  response o f  a i r c r a f t  s t r u c t u r e s .  

Th is  s e c t i o n  p resen ts  t h e  requi rements f o r  a n a l y t i c a l  models t o  be used i n  c rash  
a n a l y s i s  o f  a i r c r a f t  s t r u c t u r e s  as w e l l  as  eva lua t i ons  o f  a v a i l a b l e  c rash  dy- 
nami cs  computer programs. 

A. 1.1 REQUIREMENTS FOR ANALYTICAL MODELS. S imu la t i on  of a i r c r a f t  s t r u c t u r e s  
i n  a  c rash  environment r e q u i r e s  a n a l y t i c a l  models t h a t  can produce s u f f i c i e n t l y  
accura te  r e s u l t s  w i t h i n  acceptable t jme  and c o s t  c o n s t r a i n t s .  From an economic 
s tandpo in t ,  i t  i s  d e s i r a b l e  t o  develop t h e  s i m p l e s t  a n a l y t i c a l  model o f  t h e  
s t r u c t u r e  f e a s i b l e  w i t h  t he  requ i red  l e v e l  o f  accuracy. A ques t i on  t o  be 
answered then  i s  how d e t a i l e d  a  model i s  r e q u i r e d  w i t h i n  t h e  c o n s t r a i n t s  o f  
economic v i  ab i  1  i ty . 
The purpose o f  c rash  s imu la t i ons  can be grouped i n t o  two ma jo r  ca tego r i es :  

1. Eva lua t i on  o f  gross v e h i c l e  response, design t rends,  s t r u c t u r d l  de- 
s i g n  and impact parameters, and gross energy d i s s i p a t i o n .  

2. Ana lys is  o f  designs where t h e  d e t a i l e d  behavior  o f  i n d i v i d u a l  com- 
ponents i s  c r i t i c a l ,  o b t a i n i n g  loads requ i red  f o r  i n p u t  t o  o t h e r  an- 
a lyses,  and d e t a i l e d  s t r e s s  a n a l y s i s  i n  s i z i n g  s t r u c t u r a l  components. 

It i s  u s u a l l y  n o t  c o s t  e f f e c t i v e  and/or  accura te  t o  use t h e  same a n a l y t i c a l  
model f o r  bo th  o f  these purposes. 

Hybr id  model s  t h a t  combine exper imenta l  and numerical  methods i n  which t h e  s t r u c -  
t u r e  i s  d i v i d e d  i n t o  a  number o f  r e l a t i v e l y  l a r g e  sec t i ons  o r  subassemblies 



are  cost effect ive and suff ic ient ly  acccnrate for evaluation of gross vehicle 
response. The sections and s?lbassemblies are treated 13s lumped masses and non- 
1 inear beam and spring elernents. The crash behavior of each of these compo- 
nents i s  determined externally by t e s t  or separate analysis. 

ini  t e  element tnodel s that  employ more formal approximation techniques in the 
ret izat ion of the structure and rely on the fundamental principles of struc- 
1 ~nechanics are required for analyses where the detailed response of in- 
dual components i s  desired. Tne s t i f fness  character is t ics  of the individual 

elements are calculated internal ly and depend interactively on the loadi ny path, 
illaterial properties, and the changing shape and position of the structure.  
CurrerlCly available computer prog rams tha t  u t i l  i z e  hybrid and f i n i t e  element 
models of the a i r c r a f t  structure are described in paragraph A.1.2. While an 
accurate and versat i le  computer program i s  essential fur  an adequate crash an- 
alysi s ,  particularly for hybrid models, some expertise in modeling a vefiicle 
for  nonl inear dynamic analysis i s  a1 so necessary. A thorough understanding of 
the theory, as  well as suff ic ient  experience, i s  required by the analyst who 
prepares the model and i t s  input data for  the computer program. 

A. 1.2 EVALUATIOI\I UF AVAILABLE PROGRAMS. A number of comprrter prograrlls for 
analysis of a i r c r a f i  structures in a crash envi ronment have been developed and 
some of these have begun to find use in the design process. The more signi- 
f icant  prog rams have been c r i t i ca l  ly reviewed recently by several authors, in- 
cludi n g  Saczalski (reference A - 1 ) ,  I-layduk, e t  a1 . (reference A - 2 ) ,  klcIvor ( re f -  
erence A- 3 ) ,  and Kama t (reference A-4).  These prog rams, representing di fferent 
levels of capabili ty and appl icabi l i ty ,  can be grouped into two main c?dsses:  

1. Hybrid programs. 

2. Finite eleriient programs. 

Hybr id-type programs require structural component crush data derived from te s t s  
or separate analyses as input. data. Several simple hybrid simulation programs 
are  available (references A-5 through A-11). The vehicle i s  represented by one 
to  ten lumped masses and up  t o  50 degrees of freedom. Large structural dssem- 
bl  ies  are modeled as nonl inear springs. The two most notable of these programs 
are those authored by Q t l i n ,  e t  a l .  (reference A-10) and tierridge and Mitchell 
(reference A - 1 1 ) .  The work done by Herridye and Mitchell i s  oriented towards 
automobile crash impacts, while the Ga t l i  ti program ( C R A S H )  sirnula tes tile ver- 
t ical  crash impact of the helicopter fuselage modeled with rigid masses con- 
nected to nonlinear axial and rotary spri ngs in a predetermined arrangement. 
These sirnula tions are  two-dimensional . 
More advanced hybrid programs employ beam and spring elements and lumped masses 
a t  the intersection of beam elements in ei ther  two-dimensional or three- 
dirnerls iorlal configurations . Typical of the advanced hybrid prog rams are those - 
developed by researchers a t  Lockheed-Cali forrii a (reference A-12), Cal span ( re f -  
erence A- l 3 ) ,  Phil co-Ford (reference A-14), and Chrysler Corporation (reference 
A-15). In the a i r c ra f t  industry, program I<ilASH, developed a t  Lockheed-Cal i fornia 
by Wittlin, e t  a l . ,  i s  the most widely used advanced hybrid crash si~nlrlation 
program. 

Finite element proyrams attempt to surpass the limitations of the lumped- 
parameter approach of the hybrid programs by empl oyiny more formal approximtion 



techniques i n  t h e  d i s c r e t i z a t i o n  of t he  s t r u c t u r e  and a  g r e a t e r  re1 i ance  on 
t h e  fundamental p r i n c i  p l es  of  s t r u c t u r a l  mechanics, The 1  i m i t a t i o n s  o f  t h e  
f i n i t e  element approach a r e  found i n  t he  i n h e r e n t  tendency toward more compl i -  
ca ted  and expensive computat ions and d i f f i c u l t i e s  found i n  model ing t h e  exten-  
s i v e l y  complex phenomena, such as l a r g e  d e f l e c t i o n s  qnd r o t a t i o n s  i n  t h e  de- 
formed s t r u c t u r e ,  r eg ions  o f  i n t e n s e  c u r v a t u r e  ( w r i n k l i n g )  , m a t e r i a l  s t r a i n  
r a t e  e f f e c t s ,  and i n t e r f e r e n c e  and con tac t  d u r i n g  t h e  response, which a r e  asso- 
c i a t e d  w i t h  t h e  c rash  environment.  These model ing procedures a r e  n o t  t o t a l  l y  
f r e e  o f  r e l i a n c e  on t e s t i n g ,  and good a n a l y t i c a l  eng ineer ing  judgement must be 
used. The f i n i t e  element computer programs s u i t a b l e  f o r  c rash  s i m u l a t i o n  i n -  
c lude  WRECKER by Yeung, e t  a l .  ( r e f e r e n c e  A-16), ACTION by  Melosh, e t  a l .  ( r e f -  
erence A-17), DYCAST b y  P i fko ,  e t  a l .  ( r e fe rence  A-18), and MSC/NASTRAN b y  
MacNeal -Schwendler Co rpo ra t i on  ( r e fe rence  A-19). 

Reference A-2 presents  t h e  r e s u l t s  produced by t h r e e  programs, KRASti, ACTION, 
and DYCAST, used t o  analyze t h e  dynamic response o f  a  twin-engine, low-wi ng 
a i r p l a n e  s e c t i o n  sub jec ted  t o  a  27.5-f t /sec v e r t i c a l  impact v e l o c i t y  c rash  con- 
d i  t i o n .  The r e p o r t  con ta ins  b r i e f  d e s c r i p t i o n s  o f  t h e  t h r e e  computer proyrams, 
t h e  r e s p e c t i v e  a i r c r a f t  s e c t i o n  mathematical model s, p e r t i n e n t  data from t h e  
t e s t  performed a t  NASA Langley, and a  comparison o f  a n a l y s i s  versus t e s t  r e -  
s u l t s .  Cost and accuracy comparisons among t h e  t h r e e  analyses a r e  presented 
t o  i l l u s t r a t e  t h e  p o s s i b l e  uses o f  each o f  t h e  programs. 

The remainder o f  t h i s  s e c t i o n  discusses t he  computer programs o f  g r e a t e s t  po- 
t e n t i a l  use i n  a i r c r a f t  s t r u c t u r a l  c rashwor th iness.  

A.1.2.1 Program KRASH. The computer program KRASH was o r i g i n a l l y  de- 
veloped by Lockheed-cal i f o r n i a  Company under U.S. Army support ,  t o  analyze t h e  
dynamic response o f  h e l i c o p t e r s  subjected t o  a  m u l t i d i r e c t i o n a l  c rash  env i ron-  
ment. Subsequent devel opnient o f  KRASH was sponsored by t he  Federal A v i a t i o n  
Admini s t r a t i o n  (FAA), The yenera l  a v i a t i o n  ve rs i on  o f  KRASH has been exe rc i sed  
on f o u r  f u l l - s c a l e ,  s ing le -eng ine ,  high-wi ng, a i r c r a f t  c rash  t e s t s  performed 
a t  NASA Langley Research Cente r ' s  Impact Dynamics Research F a c i l i t y .  

Program KKASH i s  a  h y b r i d  s t r u c t u r a l  c rash  s i m u l a t i o n  program. It u t i l i z e s  
n o n l i n e a r  s p r i n g  and beam elements and r i g i d  body masses arranged i n  a  t h r e e -  
dimensional  framework t o  s imu la te  t h e  fuse lage s t r u c t u r e .  The nonl i n e a r  char-  
a c t e r i s t i c s  needed t o  desc r i be  t h e  s t r u c t u r a l  elements a re  de r i ved  from t e s t s  
o r  o t h e r  analyses and i n p u t  t o  KRASH. 

A  summary o f  t he  f e a t u r e s  o f  t h e  KRASH program impo r tan t  t o  t he  eng ineer ing  
user  a r e  t he  f o l l o w i n g :  

Lumped-mass r e p r e s e n t a t i o n  f o r  a i r c r a f t  s t r u c t u r e  and occupants. 

Nonl i n e a r  ex te rna l  s p r i n g  elements used t o  model n o n l i n e a r  c rushab le  
s t r u c t u r e ,  l a n d i n g  gear, s o i l ,  f r i c t i o n ,  and p lowing reac t i ons .  

Nonl inear  beam elements t o  model a i  r f ra lne s t r u c t u r e .  Nonl i n e a r  prop- 
e r t i e s  a re  de f ined  v i a  s t i f f n e s s  r e d u c t i o n  f r a c t i o n s  (KR) . S t r u c t u r e  
f a i l u r e  can be modeled by s p e c i f y i n g  f o r ces  o r  displacements a t  f a i l -  
ure.  



I n i t i a l  c o n d i t i o n s  o f  l i n e a r  and anguf a r  v e l o c i t y  about t h r e e  axes 
and impact i n t o  a h o r i z o n t a l  ground and/or i n c l i n e d  slope. 

Symmetric and unsymmetric impact condi  t i o n s .  

r ge  s t r u c t u r  
ss l ess  nodes 

a themat ica l  model a n a l y s i s  c o n t a i n i n g  up t o  8 0  masses and 150 
n t e r n a l  beam elements, w i t h  up t o  180 n o n l i n e a r  degrees o f  f r e e -  

dom. 

Output parameters a v a i l a b l e  f rom program KRASI-I a r e  as f o l  lows: 
r 

Mass p o i n t  response t i m e  h i  s t ~ r i e s  (d isp lacement ,  v e l o c i  ty ,  acce le ra -  
t i o n ) ,  

D i s t r i b u t i o n  o f  k i n e t i c  and p o t e n t i a l  energy by  mass i tem, d i  s t r i  bu- 
t i o n  o f  s t r a i n  and damping energy by  beam element, and c r u s h i n g  and 
s l i d i n g  f r i c t i o n  energy assoc ia ted  w i t h  each e x t e r n a l  sp r i ng .  

Occupant s u r v i v a l  i n d i c a t o r s :  1  i v a b l e  volume change, mass p e n e t r a t i o n  
i n t o  an occup iab le  volume, p robab i l  i ty o f  i n j u r y  i n d i c a t e d  by Dynamic 
Response Index (DRI). 

O v e r a l l  v e h i c l e  c.g. t r d n s l a t i o n a l  v e l o c i t y .  

Energy d i s t r i b u t i o n  by  mass, beam, and s p r i n g  elements. 

A  comprehensive d i  scuss ion of t h e  t h e o r e t i c a l  development, i nput -ou tpu t  tech-  
niques, and model ing g u i d e l i n e s  can be found i n  r e fe rences  A-20 th rough  A-22. 
I n f o r m a t i o n  re1  a ted  t o  t h e  program's system requi rements  i s  con ta ined  i n  r e f -  
erence A-23. 

Examples o f  he1 i c o p t e r  s t r u c t u r e  models analyzed by KRASH a r e  t h e  e x i s t i n g  
u t i l i t y  niodel shown i n  f i g u r e  A-1 and medium cargo model shown i n  f i g u r e  A-2 
( r e f e r e n c e  A-24). Also, demons t ra t ing  t h e  use o f  KRASH t o  model a  s t r u c t u r e  
i n  g r e a t e r  d e t a i l ,  f i g u r e  A-3(a) i l l u s t r a t e s  a  hd l f -model  o f  t he  cargo h e l i -  
c o p t e r  nose sec t i on ,  where synlmetry i s  u t i l i z e d  i n  model ing t h e  s t r u c t u r e  t o  
t h e  l e f t  o f  t h e  a i r c r a f t  mid-plane. Reference A-25 descr ibes  t h e  drop t e s t  o f  
t h e  nose s e c t i o n  o f  t h e  cargo he1 i c o p t e r  a t  an impact v e l o c i t y  o f  33.3 f t l s e c ,  
as shown i n  f i g u r e  A-3(h), and t h e  c o r r e l a t i o n  o f  t e s t  da ta  w i t h  KKASH p red i c -  
t i o n s .  Other dppl  i c a t i o n s  o f  prog ram KKASH i nc l  ude a n a l y s i  s  o f  c rashwor thy 
f l o o r  des ign concepts  ( r e f e r e n c e  A-26) and a n a l y s i s  o f  he1 i c o p t e r  fuse lage  
s t r u c t u r e s  cons t ruc ted  o f  composi te m a t e r i a l s  ( r e f e r e n c e  A-27). 

A.1.2.2 Pro ram DYCAST. The computer program DYCAST (Dynamic Crash h- 
i s  o f  S t r u c t u r e s  _f___ i s one module o f  t h e  PLANS ( P l a s t i c  and Large d e f l e c t i o n  
y s i s  o f  S t r u c t u r e )  system o f  n o n l i n e a r  f i n i t e  element s t r u c t u r a l  a n a l y s i s  

p u t e r  codes. These programs have been developed under c o n t r a c t  t o  NASA 
g l e y  Research Center as p a r t  o f  a  j o i n t  NASA/FAA program i n  general  a v i a t i o n  

crashwor th iness.  The PLANS system o f  programs i s  descr ibed  i n  r e fe rence  A-1. 
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F igu re  A-1. Model o f  e x i s t i n g  u t i l i t y  h e l i c o p t e r  
( f rom re fe rence  A-12). 

The ma jo r  DYCAST f e a t u r e s  o f  importance t o  t h e  eng ineer ing  use r  a r e  t he  f o l  low- 
i n g :  

l a s t i c i t y ,  where t h r e e  types of s t r e s s - s t r a i n  curves a r e  pe rm i t t ed :  
l a s t i c - p e r f e c t l y  p l a s t i c ,  e l a s t i c - l i n e a r l y  hardening, and e l a s t i c -  

nonl  i n e a r l y  hardening. M a t e r i a l  p r o p e r t y  types p rov ided  f o r  i n c l u d e  
i s o t r o p i c  p lane  s t ress ,  o r t h o t r o p i c  w i t h  i d e a l  p l a s t i c i  ho - 
t r o p i c  w i t h  o r t h o t r o p i c  s t r a i n  hardening. 

Element 1  i b r a r y  t h a t  i nc l udes  s t r i n g e r s ,  beams, membranes, p l a tes ,  
and spr ings.  

Very 1 arge d i  splacements and r o t a t i o n s .  

d i f f e r e n t  numerical  so l  u t i o r i  methods, t h r e e  w i t h  i n t e r n a l  ly -  
d  t ime steps. 



F i g u r e  A-2. Model o f  e x i  s t i n g  medium cargo he1 i c o p t e r  
( f r om  r e f e r e n c e  A-24). 

De tec t i on  o f  f a i l e d  members, 

R e s t a r t  capabi  1  i ty . 
User -o r ien ted  i nput /ou tpu t  format .  

DYCAST accounts  f o r  two types o f  n o n l i n e a r i t i e s  which occur  i n  dynam ica l l y  
loaded s t r u c t u r e s :  m a t e r i a l  and geometr ic .  The n o n l i n e a r  m a t e r i a l  behav ior ,  
e x h i b i t e d  by meta ls  y i e l d i n g  p l a s t i c a l  ly, i s  accounted f o r  i n  t h e  s i m u l a t i o n  
through t h e  s t r e s s - s t r a i n  curves i n  t h e  i n p u t  data.  The element s t i f f n e s s  du r -  
i n g  t h e  s i m u l a t i o n  i s  determined us i ng  t h e  tangent  modul i  cor responding t o  t h e  
c u r r e n t  s t r e s s  and s t r a i n ,  general  i z e d  f o r  m u l t i a x i a l  s t a t e s  a t  va r i ous  p o i n t s  
on t h e  element c ross  sec t i on .  

Geometric nonl  i n e a r i  t i e s  due t o  l a r g e  deformat ions o f  t h e  s t r u c t u r e  change t h e  
e f f e c t i v e  s t i f f n e s s  o f  t h e  s t r u c t u r e  and a r e  t r e a t e d  i n  DYCAST by an inc rementa l  
convected c o o r d i n a t e  approach. A f t e r  each t ime  increment,  t h e  s t r u c t u r e  i s  
re formed w i t h  s t r a i g h t  elements between t h e  d i sp l aced  nodes; t h e  p rev ious  va lues 
o f  accumulated s t r a i n ,  s t r ess ,  and i n t e r n a l  l oads  a r e  c a r r i e d  fo rward  as i n i t i a l  
s t a t e s  i n  t h e  re formed elements. 





C u r r e n t l y ,  bo th  e x p l i c i t  and imp1 i c i  t a1 g o r i  thms a r e  implemented i n  DYCAST. 
Cen t ra l  d i f f e r e n c e s  and modi f i e d  Adams p r e d i c t o r - c o r r e c t o r  rnethods a r e  t h e  ex- 
p l i c i  t a l g o r i  thins; and Newmark-Beta and Wilson- methods d r e  t h e  i m p l i c i t  a l g o r i -  
thms. A l l  methods b u t  c e n t r a l  d i f f e r e n c e s  pe rm i t  a  v a r i a b l e  t ime  s tep  through- 
o u t  t h e  a n a l y s i s .  

The r e s t a r t  f e a t u r e  a1 lows a  l a r g e  problem t o  be r u n  i n  severa l  pa r t s .  Th i s  
minirnizes t h e  heavy demand on computer f a c i l i t i e s  and a l l ows  t h e  user  t o  exd~nine 
t h e  response as i t  progresses. 

The o u t p u t  da ta  i n c l u d e  t h e  f o l l o w i n g :  

Nodal d isplacements,  v e l o c i  t i e s ,  and a c c e l e r a t i o n s .  

El ernent s t r a i n s  and s t r esses  th rough  t h e  c ross  sec t ions .  

System energy d-i s t r i b u  t i o n .  

P l o t s  o f  t ime  h i s t o r i e s  o f  d isplacements,  v e l o c i  t i e s ,  and acce le ra -  
t i o n s  a t  u s e r - s p e c i f i e d  nodes. 

P l o t s  o f  t h e  deformed s t r u c t u r e  a t  any t ime and f rom any v i ew ing  angle.  

Fu r t he r  i n f o r r m t i o n  on  OYCAST i s  g i ven  i n  re fe rences  A-18, A-28, and A-29. 
Reference A-2 p resen t s  a  comparison o f  DYCAST and KRASH model ing o f  t h e  same 
s e c t i o n  o f  t he  fuse lage  s t r u c t u r e .  DYCAST a n a l y s i s  o f  h e l i c o p t e r  f use lage  
s t r u c t u r e s  cons t ruc ted  o f  composi te ma t e r i d l  s  i s  presented i n  r e fe rence  A-27. 

A. 1.2.3 Program MKECKER, Program WRECKER has been developed b y  I I T  Re- 
search I n s t i t u t e  under t h e  sponsorsh ip  o f  t he  Na t i ona l  Highway T r a f f i c  Sa fe t y  
Administration f o r  use i n  c rashwor th iness  a n a l y s i s  o f  automot ive s t r u c t u r e s .  

The ma jo r  hRECKER f e a t u r e s  o f  impor tance t o  t h e  eng inee r i ng  use r  a r e  t h e  f o l  low- 
i n g :  

S t a t i c  dnd dynamic a n a l y s i s  capab i l  i ty, i n c l  ud i  r ~ g  geometr ic  and ma- 
t e r i a l  n o n l i n e a r i t y  w i t h  s t r a i n - r a t e  e f f e c t s .  

P la te ,  sp r i ng ,  and beam elements w i t h  o p t i o n a l  f o r c e  and moment re -  
leases. 

Both e x p l i c i t  and impl  i c i  t s o l u t i o n  procedures ( f i x e d  t ime s tep  o n l y ) .  

Res ta r t  c a p a b i l i t y  ( e x p l i c i t  s o l u t i o n  procedure o n l y ) .  

A  c a p a c i t y  o f  approx imate ly  150 nodes, 150 elements, 100 d isp lacment  
boundary c o n d i t i o n s ,  and f i v e  d i f f e r e n t  s e t s  o f  r l i d te r ia l  p r o p e r t i e s .  

The o r i g i  na l  v e r s i o n  o f  WRECKER, documented i n  r e fe rence  A-30, u t i l  i z e s  o n l y  
t he  e x p l i c i t  s o l u t i o n  procedure;  t he  c u r r e n t  ve r s i on  WRECKER I I ,  descr ibed  i n  
r e fe rence  A- 16, has bo th  exp l  i c i  t and impl i c i  t s o l u t i o n  procedures.  

I n  t h e  e x p l i c i t  s o l u t i o n  procedure, i n t e r n a l  loads d t  t h e  nodes a re  c a l c u l a t e d  
f rom d i r e c t  i n t e g r a t i o n  o f  element s t r e s s  f i e 1  ds w i  t h o u t  r e fe rence  t o  element 



o r  assembled-s t i f f n e s s  mat r i ces .  The p r imary  advantage o f  t h i s  procedure i s  
t h a t  t h e  program can be accommodated i n  a  r e l a t i v e l y  smal l  amount o f  i n - c o r e  
memory. The exp l  i c i  t s o l u t i o n  method, however, r e q u i  r es  r e l a t i v e l y  sma l l  t ime 
s teps  ( t y p i c a l l y  1/1000th o f  t h a t  r e q u i r e d  by t he  i m p l i c i t  method) f o r  conver-  
gent s o l u t i o n s .  

The i m p l i c i t  method r e q u i r e s  t h e  f o rma t i on  o f  element tangent  s t i f f n e s s  mat r i ces ,  
assembly o f  these ma t r i ces  i n t o  a  master s t i f f n e s s  ma t r i x ,  and i n v e r s i o n  o f  
t h e  master s t i f f n e s s  m a t r i x  a t  each t ime s tep.  Th is  method r e q u i r e s  cons ider -  
a b l y  more i n - co re  computer memory and computat ions. However, t he  i m p l i c i t  
method i s  capable o f  c a r r y i n g  ou t  dynamic a n a l y s i s  a t  s u b s t a n t i a l l y  g r e a t e r  
t ime  s teps than  r e q u i r e d  by  t h e  e x p l i c i t  method and permi ts  s i m u l a t i o n  o f  quas i -  
s t a t i c  c rush  phenomena i n v o l  v i  ng s l o w l y  v a r y i n g  l o a d i n g  and s t r u c t u r a l  response. 

The t rea tment  o f  l a r g e  displacements and r o t a t i o n s  employs decomposit ion o f  
t h e  element displacement f i e l  d  i n t o  a  r i g i d  body r o t a t i o n  and t r a n s l a t i o n  asso- 
c i a t e d  w i t h  t h e  l o c a l  coo rd ina te  system moving w i t h  t h e  element, and a  remain- 
i n g  d i  splacement f i e l  d which descr ibes  t h e  de fo rmat ion  o f  t he  element r e l a t i v e  
t o  t h e  c u r r e n t  p o s i t i o n  o f  t h e  element axes. In t h i s  manner, ex t reme ly  l a r g e  
r o t a t i o n s  and d e f l e c t  ions  can be accommodated by t h e  a n a l y s i  s  wi t h  an accuracy 
depending on t h e  s i z e  o f  t h e  elements r e l a t i v e  t o  t h e  cu rva tu re  o f  t h e  s t r u c t u r e .  

The computer program c u r r e n t l y  uses s imple e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  laws : 
a  u n i a x i a l  r e l a t i o n  f o r  beam and s p r i n g  elements, and a  b i a x i a l  s t r a i n  harden- 
i n g  Von-Mi ses r e l a t i o n  f o r  p l a tes .  Element f o r ces  and bending moment f o r  g i ven  
s t r a i  n  f i e l d s  a r e  c a l c u l a t e d  by piecewi se 1  i n e a r  numerical  i n t e g r a t i o n  o f  t h e  
s t resses  a t  se lec ted  p o i n t s  i n  t h e  c ross  sec t i on .  Opt ions o f  
c u r v a t u r e  r e l a t i o n s h i p s  and s t r a i n  r a t e  e f f e c t s  a r e  a l s o  prov 

The ou tpu t  da ta  from WRECKER i n c l u d e  t he  f o l l o w i n g :  

Nodal displacements,  v e l o c i t i e s ,  and acce le ra t i ons .  

Element s t r a i n s  and s t resses  through t h e  c ross  sec t  

exp l  i c i  t moment- 
ded. 

ons. 

The e x p l i c i t  ve r s i on  o f  WRECKER I 1  was v a l i d a t e d  through a  s e r i e s  o f  t e s t  prob- 
lems i n v o l v i n g  beams, p la tes ,  and she1 1s sub jec ted  t o  var ious  types o f  l oad ing .  
References A-16 and A-30 c o n t a i n  t h e  r e s u l t s  o f  automobi le  c rash  s i m u l a t i o n s  
and t e s t s  as we1 1  as comparison o f  e x p l i c i t  and i m p l i c i t  so l u t i ons .  

A. 1.2.4 Program MSC/NASTRAN, Program MSC/NASTRAN i s  a  p r o p r i e t a r y  ver -  
s i o n  o f  NASTRUN, t h e  NASA-sponsored computer program f o r  s t r u c t u r a l  a n a l y s i s  
by t h e  f i n i t e  element method. MSC/NASTRAN has been marketed by t h e  MacNeal- 
Schwendler Corpora t ion  s i nce  1972. The l a t e s t  v e r s i o n  o f  t he  program, Vers ion  
61, i n c l u d e s  n o n l i n e a r  a n a l y s i s  c a p a b i l i t i e s  f o r  s t a t i c  and t r a n s i e n t  dynamics 
problems ( r e f e r e n c e  A-19). The n o n l i n e a r  capab i l  i t i e s  f o r  s t a t i c  and t r a n s i e n t  
analyses a r e  p rov ided  as se l f - con ta ined  s o l u t i o n  sequences SOL 66 and SOL 99, 
r e s p e c t i v e l y .  These developments have superceded t he  o r i g i n a l  MSC/NASTRAId p ro -  
v i s i o n s  f o r  " D i f f e r e n t i  d l  S t i f f n e s s "  o r  "Piecewise L i nea r "  analyses, which a r e  
now cons idered obso le te .  

The n o n l i n e a r  s t a t i c  and t r a n s i e n t  dynamic a n a l y s i s  f ea tu res  of MSC/NASTRAN 
impo r tan t  t o  t h e  eng ineer ing  user  a r e  summarized be1 ow: 



Nonl i near  m a t e r i a l  p r o p e r t y  op t i ons  i r i c l  u d i  ng p l a s t i c  and nonl  i near  
e l a s t i c  types, work-hardeniny f u n c t i o n s  and r u l e s  ( I s o t r o p i c ,  Kinematic,  
o r  combined) and y i e l  d f u n c t i o n s  (Von M i  ses, Tresca, Fiohr-Coulonib, 
Drucker-Prager) . A1 so i nc l uded  a r e  f a c t o r s  f o r  s t r e s s  1  i i n i  t s  and 
work hardening modules. 

d  r o t a t i o n s  ( s m a l l  element d i s t o r t i o n s ) .  

l / geome t r i c  n o n l i n e a r  a n a l y s i s  i n c l u d i n g  
gap, beam, quadr i  1  a t e r a l  and t r i a n g u l a r  membrane/pla te /shel  1  , 

hexa and penta s o l i d  elements. 

ewmark-Beta method f o r  t r a n s i e n t  i n t e g r a t i o n  combi ned w i  t h  t h e  modi- 
thod f o r  n o n l i n e a r  s o l u t i o n  i t e r a t i o n s .  

ns n o t  e x p l i c i t l y  p rov ided  f o r  use r  i n p u t  i n  SOL 99. 
These must be generated by i n i t i a l  t r a n s i e n t  subcases o r  by r e s t a r t s  
f rom a  p rev ious  s t a t i c  s o l u t i o n .  

S t a t i c  supereleinent l o g i c  p rov ided  w i t h  t h e  r e s t r i c t i o n  t h a t  a l l  non- 
1  i near  e f f e c t s  a r e  p resen t  i n  t h e  r e s i d u a l  superelement. The e f f e c t s  
o f  t h e  upstream superelements a r e  reduced t o  1  i n e a r  s t i f f n e s s  ma t r i ces  
a t tached  t o  t h e  res idua l  g r i d  po in t s .  

Res ta r t  c a p a b i l i t y .  

User -o r ien ted  i nput /ou tpu t  format .  

I n  t h e  n o n l i n e a r  s t a t i c  ana l ys i s ,  SOL 66, t h e  l oad ing  sequence f o r  t he  s t r u c t u r e  
i s  de f i ned  v i a  t h e  subcase l o g i c  i n  t h e  Case Contro l  Eeck. The t o t a l  l oad  and 
boundary c o n d i t i o n s  a r e  de f i ned  i n  each subcase w i t h  t h e  subcase sequence Pol low-  
i n g  t h e  ac tua l  phys i ca l  load ing  sequence. W i t h i n  each subcase t h e  loads may 
be subdiv ided i n t o  equdl increments,  and, i n  a d d i t i o n ,  each load  increment may 
r e q u i r e  severa l  i t e r a t i o n s .  User c o n t r o l  ove r  t h e  load  increments and i t e r a t i o n  
convergence i s provided. 

Nonl i near  t r a n s i e n t  dynamic ana l ys i s ,  SOL 99, and nonl  i near s t a t i c  ana l ys i s ,  
SOL 66, share t h e  same computer code and s o l u t i o n  techniques and p rov ide  s i m i l a r  
da ta  s to rage  and r e s t a r t  f a c i l i t i e s .  The t r a n s i e n t  s o l u t i o n  i s  perfornied i n  a 
s tepwise manner w i t h  t ime  s teps r e p l a c i n g  l oad  s teps and w i t h  e f f e c t s  o f  mass 
and damping ma t r i ces  added t o  t h e  s t i f f n e s s  ma t r i ces .  S o l u t i o n  methods used 
a r e  Newmark-Beta method f o r  t r a n s i e n t  i n t e g r a t i o n  and mod i f i ed  Newton's method 
f o r  nonl  i near  i t e r a t i o n s  . The addi  t i o n a l  i t e r a t i o n  s teps p rov ide  eyu i  1  i br ium 
s o l u t i o n s  a t  each t i m e  s tep,  thereby  guarantee ing s t a b i l i t y  and accuracy f o r  
a r b i t r a r y  t ime  s tep  s ize .  

The o u t p u t  da ta  i n c l u d e  t h e  f o l l o w i n g :  

Nodal d i  splacements, v e l  o c i  t i e s ,  and acce le ra t i ons .  

Element i n t e r n a l  loads and s t r e s s e s / s t r a i  ns. 

P l o t s  o f  t ime h i s t o r i e s  o f  d i  splacemerts,  v e l o c i t i e s ,  and accelera-  
t i o n s  a t  use r - spec i f i ed  nodes. 



P l o t s  o f  t he  defornied s t r u c t u r e  a t  user -se lec ted  t imes and v iew ing  
angles,  

A. 1.3 RECOMMENUED ICIPROVEPIENTS TO AVAILABLE PROGRMIS. The conc l  us ions t h a t  
can be drawn from t h i s  e v a l u a t i o n  o f  computer ized rnethods o f  a n a l y s i s  f o r  crash-  
wor th iness  a p p l i c a t i o n s  a r e  as f o l  lows: 

A t  p resen t  bo th  advanced h y b r i d  (KRASH) and n o n l i n e a r  f i n i t e  element 
(DYCAST, WRECKER, MSC/NASTRAN) programs a re  needed. The h y b r i d  type 
o f  d n a l y s i s  i s  u s e f u l  f o r  p r e l  i rn inary  des ign  ana l ys i s ,  and f o r  para- 
m e t r i c  s t u d i e s  f o r  t h e  e n t i r e  a i r f r a m e  s t r t l c t u r e .  The f i n i t e  element 
proyram has t h e  p o t e n t i a l  f o r  d e t a i l e d  s t r u c t u r a l  a n a l y s i s  us i ng  t h e  
eng ineer ing  des ign data and may be used t o  develop i n p u t  t o  the  h y b r i d  
t ype  o f  ana l ys i s .  

A l l  o f  these programs can be improved f o r  more u s e r - f r i e n d l y  i n p u t /  
o u t p u t  and a d d i t i o n a l  capabi 1  i t i e s  r e q u i  red  f o r  c ras  hwor th iness an- 
a l y s i  s  work. Speci f i c  recomm r e  i nc l uded  i n  t h e  f o l  l ow i  ng 
sec t ions .  

A.1.3.1 Recommended Improvemer~ts t o  KRASH. The f o l  l ow ing  improvements 
t o  program KRASI-I a re  recoinrnended: 

dd d e s c r i p t i v e  names t o  i d e n t i f y  i n p u t  da ta  types. 

crease t h e  number o f  massless nodes and beams. 

low a r b i t r a r y  mass p o i n t  numbering by user, 

Develop NASTRAN t o  KKASH i nput  preprocessor.  

Develop a  g raph i c  postprocessor  f o r  deformed and undeformed model 
geometry p l o  t l i n g .  

Add a  shear panel element t o  t h e  element l i b r a r y .  

Provide a  p l d s t i c  h inge  element f o r  t he  i n t e r n a l  s t r u c t u r e  model ing 
s i n c e  t he  a i r f r a m e  s t r u c t u r e  o f t e n  f a i l s  l o c a l l y  a t  a  weak spot.  A 
p l a s t i c  h inge element can be fo rmu la ted  t o  a l l o w  f o r  i n t e r a c t i v e  f d i l -  
u r e  modes. 

Increase t he  number o f  piecewi se 1  i near s lopes f o r  t h e  l o a d - d e f l e c t i o n  
curves f o r  ex te rna l  s p r i  ny s. 

A1 low t h e  use r  t o  app ly  a r b i t r a r y  boundary condi t i o n s  t o  model . 
Al low s u b s t r u c t u r i n g  by i n p u t i n g  a  12 X 12 s t i f f n e s s  m a t r i x .  

Elmploy a  v a r i d b l e - t i m e  s tep  i n t e g r a t o r  t o  reduce program execu t ion  
cos ts .  Also, an i m p l i c i  t i n t e g r a t o r  such ds t h e  Newmark-Beta  neth hod 
should improve numerical  s t a b i l i t y .  

Provide r i g i d  body mot ion a n a l y s i s  o p t i o n  f o r  impacts such as r o l l o v e r  
where no s i g n i f i c a n t  s t r u c t u r a l  response occurs f o r  l ong  per iods  o f  
t ime. Th is  would g r e a t l y  reduce program execut iur l  costs .  



e Add damping t o  t h e  ex te rna l  sp r ings ,  

Mod i fy  t h e  s t i f f n e s s  r e d u c t i o n  f e a t u r e s  (KR) t o  app ly  t o  beain element 
damping as w e l l  as s t i f f n e s s ;  i .e. ,  t h e  damping f a c t o r  should be re-  
duced by t h e  same f a c t o r  as t h e  s t i f f n e s s  r a t e  o f  t h e  beam element. 

A.1.3.2 Recommended Improvements t o  DYCAST. The recommended improvements 
program DYCAST a r e  as f o l  lows: 

Add a core-sandwich p l a t e  element t o  t h e  element l i b r a r y  t o  model 
honeycomb and o t h e r  co re  s t r u c t u r a l  components. 

a1 c u l a t e  t h e  Dynamic Response Index as an occupant -dece le ra t i ve  i n -  
e r  and p rov ide  i t  as p a r t  o f  t h e  o u t p u t  data. 

i n g  procedures i n  which bo th  e x p l i c i t  and i m p l i c i t  i n -  
t e g r a t i o n  methods may be used w i t h i n  t h e  same s t r u c t u r a l  model as a 
neans o f  improv ing computat ional  e f f i c i e n c y  and accuracy. 

Provide a programmer's manual . Thi s i s p a r t i c u l a r l y  imp 
t h e  users who would l i k e  t o  be ab le  t o  mod i fy  t h e  code f o r  t h e i r  own 
a p p l i c a t i o n s  r a t h e r  than  use i t  as a b l ack  box. 

A. 1.3.3 Recommended Improvements t o  WRECKER. Recommended improvements 
t o  program WRECKER a r e  as f o l  lows:  

Arrange i n p u t  da ta  s im i  1 a r  t o  e x i  s t i n g  general  purpose f i  n i  te-element 
programs. D e s c r i p t i v e  keywords l i k e  "NODE" and "BEAM" should be used 
t o  i d e n t i f y  d i f f e r e n t  da ta  types. 

Develop an i t e r a t i o n  scheme w i t h i n  each t ime  s tep  so t h a t  t h e  l oad  
e q u i l i b r i u m  e r r o r  , shown below, i s  minimized. 

where , 
- 
Pn = Average load  over  t ime p e r i o d  ( t  < tn < tn+l) 

.. @ - - 
'n> 'n = Correspondi ng a c c e l e r a t i o n  and ve l  o c i  ty vec to r s  

- 

I1 
= Average e l a s t o - p l a s t i c  element t o t a l  f o r c e  vec to r .  

Implement a preprocessor  t h a t  op t im izes  t h e  bandwidth o f  t he  master 
s t i f f n e s s  ma t r i x .  P a r t i c u l a r l y  f o r  l a r g e  problems, t he  bandwidth 
o p t i m i z e r  can reduce t h e  npu t a t i o n a l  e f f o r t  
s i g n i f i c a n t l y .  



Implement an ou t -o f - co re  equa t ion  s o l v e r  t o  handle very  l a r g e  problems 
t h a t  cannot be so lved i n - co re  w i t h  t h e  e f f i c i e n t  sparse m a t r i x  tech-  
n iques.  S t i f f n e s s  ma t r i ces  cou ld  be blocked, and i t  would be neces- 
sa ry  t o  a1 low o n l y  two o f  these  b locks  i n - co re  a t  a  t ime  i n s t e a d  o f  
t h e  e n t i r e  m a t r i x .  Using an ou t -o f - co re  equa t ion  so l ve r ,  ve ry  l a r g e  
problems cou ld  be so lved  w i t h  1  i i n i t e d  compi fer  memory a t  t h e  expense 
o f  increased i npu t -ou tpu t  t ime. 

A1 low a r b i t r a r y  node and element numbering. This c a p a b i l i t y  c o u l d  
be p a r t i c u l a r l y  u s e f u l  d u r i n g  m o d i f i c a t i o n  o f  t he  model when nodes 
and elements can be added o r  d e l e t e d  w i t h  no renumbering. 

Present a1 1  ou tpu t  i n  nea t  t a b u l a r  forms f o r  displacements,  element 
i n t e r n a l  r e a c t i o n s  and s t resses ,  and c o n s t r a i n t  f o r ces  s i m i l a r  t o  
those o f  e x i s t i n g  general  purpose f i n i t e  element programs. The cu r -  
r e n t  o u t p u t  formats f o r  displacements,  fo rces ,  s t resses ,  e tc . ,  a r e  
very  cun~bersome. 

Develop a  graphic  postprocessor  f o r  deformed and undeformed p l o t s  o f  
t h e  s t r u c t u r a l  model, as w e l l  as f o r  t ime  h i s t o r y  p l o t s  o f  d i sp lace -  
ments, v e l o c i  t i e s ,  and acce le ra t i ons .  

Implement t he  c a p a b i l i t y  t o  model open c ross  sec t i on  beams i n  t h e  
p l a s t i c  range. Th is  i s  a  very  ser ious  l i m i t a t i o n  o f  t h e  c u r r e n t  ver-  
s i o n  of t h e  program. 

I nco rpo ra te  shear pane1 , membrane, and sandwich p l a t e  elements i n t o  
t h e  program. Shear panel and membrane elements do o f f e r  c o s t - e f f e c t i v e  
a1 t e r n a t i v e s  t o  p l a t e  elements when used a p p r o p r i a t e l y .  Sandwich 

a t e  elements can be used t o  model some o f  t h e  modern composite s t r u c -  
res .  

A. 1.3.4 Recommended Improvements t o  I"ISC/IiASTRAN. Recommended improvernents 
t o  MSC/NASTRAN a r e  as f o l  lows: 

The nonl  i near ana l ys i  s  capabi 1  i t i e s  i n  MSC/NASTRAN, Vers ion 61, have 
been developed f o r  general  purpose use. Therefore,  some capabi 1  i t i e s ,  
1  i ke ex te rna l  c rush  spr ings ,  occupant s u r v i v a l  i n d i c a t o r s ,  and energy 
d i s t r i b u t i o n  data assoc ia ted  w i t h  programs developed spec i  f i c a l  l y  
f o r  crashwor th iness,  a r e  n o t  a v a i l a b l e .  The p o s s i b i l i t y  o f  i n c o r p o r a t -  
i n g  these c a p a b i l i t i e s  as s p e c i a l  purpose modules t o  be invoked b y  
r i g i d  fo rmat  a1 t e r s  (RFL) should be i n v e s t i g a t e d .  

Beam element f o rmu la t i on  f o r  m a t e r i a l  n o n l i n e a r i t y  i n v o l v e s  a t  each 
end p l a s t i c  hinyes, which couple a x i a l  mot ion and r o t a t i o n s .  L i nea r  
m a t e r i a l  behavior  i s  assuined f o r  t h e  cen te r  s e c t i o n  o f  t h e  beatn and 
a l s o  f o r  t ransverse  shear and t o r s i o n .  Th is  n o n l i n e a r  beam formu- 
l a t i o n  i s  inadequate. f o r  crashwor th iness ana l ys i s .  I n  t h e  p l a s t i c  
range beam element s t i f f n e s s  m a t r i x  c o e f f i c i e n t s  should be c a l c u l a t e d  
by numer ica l  i n t e g r a t i o n  over  t h e  beam cross  sec t i on  and over  t h e  
l e n g t h  o f  t h e  beam. To accornpli sh t h i s  severa l  d i s t i n c t  beam c ross  
s e c t i o n  types used i n  a i r c r a f t  s t r u c t u r e s  ( i  .e., tubes, L-, T-, S-, 
I - sec t i ons ,  e t c  . )  should be i nco rpo ra ted  i n t o  the  program. 



AIRFRAME MODELING USING KRASH AND DYCAST. A s e c t i o n  o f  DC-10 f use lage  
was modeled t o  eva lua te  and t o  i l l u s t r a t e  t h e  use o f  programs KRASH and DYCAST 
i n  a manner complementing each o t h e r  by u s i n g  t h e  s t r ong  p o i n t s  o f  each o f  t h e  

F igure  A-4. DC-10 fuse lage  s t r u c t u r e  
1039.00 ( l o o k i n g  a f t ) ,  



Prograin KRASH was used t o  develop a  two-dimensional model o f  t h e  fuse lage  frame 
s t r u c t u r e  as shown i n  f i g u r e  A-5. Due t o  non-symmetric l o c a t i o n  o f  the  seats  
a  f u l l  model o f  t h e  s t r u c t u r e  was developed. The upper  fuselage and passenger 
f l o o r  were modeled us ing  beam elements. The l owe r  fuse lage  was modeled by two 
n o n l i n e a r  e x t e r n a l  sp r i ngs  s i m u l a t i n g  t h e  f o r c e - d e f l a c t i o n  c h a r a c t e r i s t i c s  o f  
t h e  lower  fuselage s t r u c t u r e .  The we igh t  o f  t h e  fuse lage  was 25 l b / i n .  The 
l owe r  fuse lage  frame mass was lumped a t  nodes 10 and 11. 

F igure  A-5. Program KRASH model o f  t h e  DC-10 fuse lage  
a t  s t a t i o n  1039.00. 

- The masses f o r  a l l  n i n e  passengers were i nc l uded  i n  t h e  model b u t  o n l y  one 
passenger i s  inodeled i n  d e t a i l .  The o t h e r  passenger and sea t  masses a r e  lumped 
d t  f l o o r  nodes 10 though 17. Masses 19 and 20 rep resen t  t h e  upper t o r s o  o f  
t h e  cen te r  passenger, The l owe r  t o r s o  and sea t  mass f o r  t h i s  passenger were 
lumped a t  node 18. A D R I  beam element i s  a l s o  connected between nodes 18 and 
20. These beam element a x i a l  s t i f f n e s s e s  were se lec ted  t o  be 10 Hz and 8 Hz 
f o r  t h e  c e n t e r  passenger and D R I ,  r e s p e c t i v e l y .  The occupant weight  and sea t  

i g h t  p e r  occupant used were 170 1  b  and 25 1  b ,  r e s p e c t i v e l y .  



Program DYCAST was used t o  modc?l t h e  l owe r  fuse lage  frame i n  o r d e r  t o  determine 
t h e  n o n l i n e a r  f o r c e - d e f l e c t i o n  c h a r a c t e r i s t i c s  of  t h a t  area. The r e s u l t s  f rom 
t h e  DYCAST a n a l y s i s  were then  i nco rpo ra ted  i n t o  t h e  KRASH a n a l y s i s  as ex te rna l  
s p r i n g  p r o p e r t i e s .  The two-dintensional DYCAST model o f  t h e  lower  fuse lage  frame 
i s  shown i n  f i g u r e  A-6, Due t o  t h e  symmetry o f  t h a t  p ? r t  o f  t h e  fuse lage,  o n l y  
t h e  l e f t  h a l f  o f  t h e  frame was modeled. I n  o r d e r  t o  en fo r ce  t h e  boundary con- 
d i  t i ons ,  nodes 9 and 10 were f u l l y  r e s t r a i n e d ,  Nodes 1 and 4  were f r e e  t o  move 
i n  t h e  v e r t i c a l  d i r e c t i o n ;  a l l  o t h e r  t r a n s l a t i o n a l  and r o t a t i o n a l  degrees of 
freedom a t  these nodes were r e s t r a i n e d .  

F igure  A-6. Program DYCAST model o f  t h e  DC-1C 
fuse lage  a t  s t a t i o n  1039.00. 

The n o n l i n e a r  f o r c e - d e f l e c t i o n  c h a r a c t e r i s t i c s  were determined from a  s t a t i c  
ana l ys i s ,  and s p e c i f i e d  d isp lacements were app l i ed  a t  nodes 1 and 2 i n  an i n c r e -  
mental manner. The i m p l i e d  a p p l i e d  f o r ces  were then determined from t h e  reac-  
t i o n s  a t  nodes 9 and 10. Th i s  procedure u t i l i z e s  t h e  c a p a b i l i t i e s  o f  DYCAST 
as an e f f e c t i v e  n o n l i n e a r  f i n i t e  element a n a l y s i s  program. 

A. l .4 . l  Resu l ts  o f  KRASH and DYCAST Analys is .  Program DYCAST was used 
t o  per form a  s t a t i c  ana l ys i  s  t o  determine t h e  n o n l i n e a r  f o r c e - d e f l e c t i o n  charac- 
t e r i  s t i c s  o f  t he  lower  fuse1 age frame. Speci f i e d  d i  splacements were appl i ed 
a t  nodes 1 and 2 i n  increments o f  0.10 i n .  App l ied  loads corresponding t o  t h e  
incrementa l  displacements were then  determined from the  r e a c t i o n s  a t  nodes 9  9 

and 10. The n o n l i n e a r  f o r c e - d e f l e c t i o n  curve  o f  t h e  lower  fuse lage  frame ob- 
t a i n e d  from DYCAST s t a t i c  a n a l y s i s  i s  shown i n  f i g u r e  A-7. The beam element 
connected between nodes 6  and 7  f a i l e d  a f t e r  about  e f l e c t i o n  a t  

om t h e  DYCAST a n a l y s i s  were i n c o r p o r a t  ASH a n a l y s i s  
as ex te rna l  s p r i n g  p rope r t i es .  Program KRASH was then used t o  per form a  dynamic 
a n a l y s i s  o f  t he  fuse lage franie and n i n e  passengers. The impact v e l o c i t y  used 



D e f l e c t i o n  - i n .  

F igu re  A-7. Nonl i near  f o r c e - d e f l e c t i o n  curve  o f  t h e  l owe r  fuse lage  
frame ob ta ined  f rom DYCAST s t a t i c  ana l ys i s .  

was 20 f t / s e c .  An i n t e g r a t i o n  t i m e  s tep  o f  l o m 5  sec was used f o r  t h e  s imu la t i on .  
The t o t a l  s i m u l a t i o n  t ime was 0.150 sec. 

A u s e f u l  KRASH o u t p u t  i s  t h e  energy-versus-t ime curves shown i n  f i g u r e  A-8. 
The energy d i s t r i b u t i o n  curves a l l o w  the  engineer  t o  r e a d i l y  determine how t h e  
energy i s  managed by  t h e  s t r u c t u r e  d u r i n g  t h e  c rash  sequence, and t o  eva lua te  
t h e  r o l e s  o f  t h e  crushable s t r u c t u r e ,  s t r a i n  i n  t h e  i n t e r n a l  s t r u c t u r e ,  f r i c -  

- t i o n ,  and damping i n  absorb ing t h e  i n i t i a l  k i n e t i c  energy o f  t h e  a i r c r a f t .  

Another u s e f u l  KRASH o u t p u t  i s  t h e  cen te r -o f -g rav i  ty ve l  o c i  t y -versus- t ime re -  
sponse o f  t h e  a i r c r a f t  shown i n  f i g u r e  A-9. The c e n t e r - o f - g r a v i t y  v e l o c i t y  
r ep resen ts  on average v e l o c i t y  o f  a1 1  t h e  masses d u r i n g  t h e  c rash  sequence. 
Th is  a i d s  t h e  eng ineer  i n  deter12 in ing t h e  o v e r a l l  a i r c r a f t  response d u r i n g  t h e  
c rash  sequence. 
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Figure A-8. Energy-versus-time curves from KRASH analysis. 

Figures A-10 and A - 1 1  show the vertical f loor accelerations a t  node 18 and the 
DKI for  the center passenyer. Floor accelerations are f i l te red  using a 100 Hz 
f i rs t -order  f i l t e r .  Although the val idi ty  of the DRI as  an indicator of vertical 
spine compression injury i s  questionable, the D R I  responds as a low-frequency , 
spring-mass system similar t o  the upper body vertical response to seat and f loor  
excitation. 

External spring compression-versus-time curves are  shown in figure A-12. The 
l e f t  external spring had about 1.0 in .  more deformation than the r ight  external 
spring due to non-symmetric location of the passenger seats.  Neither the upper 

passenger floor suffered any permanent deformation, 

I t  should be emphasized that  the DC-10 fuselage frame was modeled primarily t o  
." 

evaluate and i l l u s t r a t e  the use of programs KRASH and DYCAST in a manner com- 
plementing each other. Therefore, the resu l t s  presented in t h i s  section should 
n o t  be considered as the outcome of a rigorous analysis. A rigorous analysis 
of the 10-ft DC-10 section would require three-dimensional f i n i t e  el ernent model - 
iny tha t  includes beam and membrane elements to simulate the a i r c r a f t  skin, a s  
well as fuselage frame elements, accurate material and section properties, and 
local joint  strength analysis, a l l  beyond the scope of th i s  e f for t .  
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F igu re  A-9. Veh ic le  c e n t e r  o f  g rav i t y -versus- t ime 
curve  f rom KRASH ana l ys i  s. 

A.l,4.2 Resource Requirements. Both KRASH a  rid DYCAST analyses were per-  
formed or1 a  D i g i t a l  VAX-11/750 computer. Representat ive CPU t imes  f o r  both 
analyses a r e  presented i n  t a b l e  A-1. 

A.2 SEAT/OCCUPANT SIWULATION 

The des ign  o f  crashworthy seats  and r e s t r a i n t  systems f o r  a i r c r a f t  p resen ts  a  
complex eng ineer ing  problem, t h e  s o l u t i o n  o f  which can be g r e a t l y  a ided  by 
s u f f i c i e n t l y  r i go rous  a n a l y t i c a l  techniques. The c rash  environment can vary  
w ide l y  f rom one acc iden t  t o  another,  thus  a  g r e a t  number o f  c o n d i t i o n s  must be 
eva lua ted  t o  e s t a b l  i sh those c r i t i c a l  t o  occupant s u r v i v a l .  For example, t h e  
r e s t r a i n t  system must l i m i t  t h e  movement o f  t h e  occupant s u f f i c i e n t l y  t o  e l i m i -  
n a t e  t h e  p o s s i b i l i t y  o f  head s t r i k e  on r i g i d  c o c k p i t  s t r u c t u r e .  Also, t h e  
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F igu re  A-10. V e r t i c a l  a c c e l e r a t i o n  a t  Node 18 (100 Hz 
low-pass f i  1  t e r e d )  f rom KKASH ana l ys i  s. 

r e l a t i v e l y  l ow  t o l e r a n c e  o f  t he  human body t o  acce le ra t i ons  i n  a  d i r e c t i o n  
para1 l e l  t o  t h e  sp ine  r e q u i r e s  t h e  cons ide ra t i on  o f  v e r t i c a l  impact f o r ces  which 
a r e  u s u a l l y  present  and o f t e n  s i g n i f i c a n t  i n  crashes o f  l i g h t ,  f i xed-w ing  a i r -  
c r a f t  and h e l i c o p t e r s .  A very  s t rong ,  r i g i d  sea t  i s  n o t  a  t r u l y  v a l i d  s o l u t i o n ,  
s i nce  i t  would n o t  o n l y  i n c u r  ser ious  we igh t  pena l t i es ,  b u t  would t r a n s m i t  h i g h  -, 

v e r t i c a l  impact f o r ces  d i r e c t l y  t o  t h e  occupant. I n  h e l i c o p t e r s ,  i t  i s  u s u a l l y  
n o t  p r a c t i c a l  t o  cons ide r  des ign ing  s u f f i c i e n t  energy-absorbing c a p a b i l i t y  i n t o  
t h e  lower  a i r f r a m e  s t r u c t u r e  t o  p r o t e c t  aga ins t  these v e r t i c a l  forces,  as t h e  
c rush  space i s  g e n e r a l l y  n o t  a v a i l a b l e .  Rather, a  crashworthy sea t  f o r  these 
a i r c r a f t  should i n c l u d e  t h e  c a p a c i t y  t o  absorb energy through c o n t r o l l e d  de- 
f o rma t i on  i n  t he  v e r t i c a l  d i r e c t i o n ,  thus reduc ing  t he  accompanying loads. 
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F igu re  A-11. D R I  f o r  t h e  c e n t e r  passenger (node 20) 
f rom KRASH a n a l y s i s .  

n i t i a l  des ign phases, i t  i s  d e s i r a b l e  t o  eva luate,  i n  some d e t a i l ,  e x i s t -  
and r e s t r a i n t  systems i n  t h e i r  sur rounding cockp i t s ,  thus  e s t a b l i s h i n g  

i s t i n g  weaknesses. It i s  then  d e s i r a b l e  t o  make m o d i f i c a t i o n s  and t o  eva lua te  
e  e f f e c t  o f  these m o d i f i c a t i o n s  on improv ing t h e  s u r v i v a b i l i t y  o f  t h e  system. 

These eva lua t i ons  must be conducted f o r  a  g r e a t  many o f  t h e  p o s s i b l e  c rash  en- 
vironments, t hus  c o n s t i t u t i n g  a  r e l a t i v e l y  l a r g e  ma t r i x ,  Tes t i ng  i s  ext remely  
expensive and r e q u i r e s  a  g r e a t  deal  o f  t ime,  s i nce  des ign  m o d i f i c a t i o n s  must 

and f a b r i c a t e d  p r i o r  t o  t e s t i n g .  Therefore,  an a n a l y t i c a l  tech-  
i r e  
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F igu re  A- 12, Ex te rna l  s p r i n g  compression-versus-t ime 
curves f rom KRASH a n a l y s i s .  

A number o f  one-, two-, and three-dimensional  mathematical  models o f  t h e  human 
body have been developed f o r  crash s u r v i v a b i  1 i ty a n a l y s i  s. These models va ry  
i n  complex i t y  and possess from one t o  f o r t y  degrees of freedom. The s imp les t  
models have been developed p r i m a r i l y  f o r  p r e d i c t i o n  o f  i n j u r y  t o  a s i n g l e  com- 
ponent o r  subsystem o f  t h e  body. The Dynamic Response Index (DRI), c a l c u l a t e d  
from t h e  response o f  a s i n g l e  damped-spring-mass system, has c o r r e l a t e d  t o  t h e  
p r o b a b i l i t y  o f  sp ina l  i n j u r y  i n  t h e  f i r i n g  o f  an e j e c t i o n  sea t  ( r e f e r e n c e  A-31) .  
Two-dimensional occupant models have been developed and used by both automobi le  
and a i r c r a f t  manufacturers,  as descr ibed  i n  r e fe rences  A-32 and A-33, respec- 
t i v e l y .  S imu la t i on  o f  t h e  three-d imensional  response o f  t h e  e n t i r e  body r e -  
q u i r e s  many more degrees o f  freedom, b u t  pe rm i t s  more general  use. Most o f  
t h e  th ree-d in~ens iona l  models have been developed f o r  use i n  e v a l u a t i o n  of auto-  
111ob-i l e  i n t e r i o r  des ign wi tti respec t  t o  i n j u r i e s  caused by secondary impacts, 
such as t he  three-d imensional  models descr ibed  i n  re fe rences  A-34 th rough A-37. 
Seats have been represented i n  a very  s imple manner because i n  automobi les t he  



TABLE A-1. DIGITAL VAX-11/750* CPU TIME 
FOR DYCAST AND KRASH ANALYSES 

CPU Time 
Analysi  s  (Minutes)  

DYCAST ( S t a t i c  Ana l ys i s )  

100 increments 

2 i te ra t i ons / i nc remen t  (average) 

KRASH (Dynamic Ana l ys i s )  

~t = sec 

tmax = 150 msec 

P r i n t  i n t e r v a l  ( t p / A t )  = 500 

* M i  t hou t  f l o a t i n g  p o i n t  acce le ra to r .  

r o l e  o f  t h e  sea t  des ign i n  de te rmin ing  occupant s u r v i v a l  i s  min imal .  Therefore,  
a  s i m u l a t i o n  model in tended s p e c i f i c a l l y  f o r  a i r c r a f t  appl  i c a t i o n ,  i n c l u d i n g  a  
r i g o r o u s  sea t  model, i s  r e q u i r e d  f o r  use i n  a i r c r a f t  s e a t l r e s t r a i n t  system de- 
s ign .  

A.2.1 REQUIREMENTS FOR AIRCRAFT OCCUPANT/SEAT SIMULATION. The sea t  p l ays  a  
s i g n i f i c a n t  r o l e  i n  t h e  crashwor th iness o f  1 i g h t ,  f ixed-wing a i r c r a f t  and he1 i- 
copters .  Therefore,  an a n a l y t i c a l  model t h a t  i s  t o  be u s e f u l  i n  e v a l u a t i o n  o f  
occupant s u r v i v a b i l i t y  must model t h e  response o f  t h e  sea t  i n  s u f f i c i e n t  d e t a i l  
t o  p e r m i t  e v a l u a t i o n  o f  des ign changes. To be most u s e f u l  t o  des ign engineers,  
t h e  sea t  model should use o n l y  a v a i l a b l e  dimensions arid mater i  a1 p r o p e r t i e s ,  
thus  making a  f i n i t e  element approach most des i r ab le .  

For s i m u l a t i o n  o f  symmetric impacts, e.g., forward-  o r  a f t - f a c i n g  seats  w i t h  a  
symmetric r e s t r a i n t  system i n a  zero-yaw env i  ronment, a  two-dimensional model 
i s  adequate. However, f o r  more general  use a  three-dirnensional  s i m u l a t i o n  cap- 
d b i l i  ty i s  des i r ab le .  

For a  model t o  be u s e f u l  t o  engineers whose p r imary  f u n c t i o n  i s  t he  des ign  o f  
seats,  r e s t r a i n t  systems, and t h e  a i r c r a f t  i n t e r i o r ,  an a n a l y t i c a l  t ~ o l  should 
r e q u i r e  as i n p u t  o n l y  i n f o r m a t i o n  t h a t  i s  a v a i l a b l e .  Output da ta  should i n c l u d e  
a l l  i n f o r m a t i o n  o f  p o t e n t i a l  u t i l i t y  concern ing i n j u r y  t o  t h e  occupant and r e -  
sponse o f  t h e  seat,  i n c l u d i n g  s t resses  i n  t h e  sea t  s t r u c t u r e  and d isp lacements 
t h a t  reduce t h e  c learance  between t h e  occupant and t h e  c o c k p i t  sur faces.  



A ,  2,2 AVAILABLE SEAT/OCCU?Ai\lT -- SIMULATION PROGRAMS. Two seat/occupant s imula- 
"Lon proqrams a r e  d i  ~ c u s s e d  i n  f u r t h e r  d e t a i  1  below. Proqram SON-LA ( re fe rences  . - 
A-38 and A-39) i s  t h e  o n l y  program t h a t  i n c l u d e s  s u f f i c i e n t  d e t a i l  i n ' t h e  sea t  
model t o  be o f  general  use. The PROMETHEUS I I program ( re fe rence  A-40) i s  i n -  
c luded  because i t  had been used i n  an a i r c r a f t  sea t  e v a l u a t i o n  program. 

I A. 2.2.1 Program SOP!-LA. The SOH-LA (Seat/Occupant Model - L i g h t  A i r c r a f t )  
program, has been developed under t h e  sponsors h i p  of t he  Federal Av i  a t i o n  Admi n- 
i s t r a t i o n  f o r  a n a l y s i s  of a i r c r a f t  seats  and r e s t r a i n t  systems i n  a  c rash  en- 

I v i  ronment. The program combines a  dynamic model of t he  human body w i t h  a  f i n i t e  
element model of t h e  sea t  s t r u c t u r e .  It i s  in tended t o  p rov ide  t h e  des ign eng i -  
neer  w i t h  a  t o d l  t o  analyze the  s t r u c t u r a l  elements o f  t h e  sea t  as w e l l  as eva l -  
ua te  t h e  dynamic response o f  t he  occupant d u r i n g  a  crash.  

The o r i g i n a l  model was descr ibed  i n  a  r e p o r t  t h a t  was pub l i shed  by t h e  FAA i n  
1975 ( r e fe rence  A-41). A number o f  m o d i f i c a t i o n s  have been made t o  t h e  model 

I s ince  then  t o  improve s i m u l a t i o n  qua1 i ty and add d e s i r a b l e  ou tpu t .  Several 

1 t e s t i n g  programs have been conducted by t h e  FAA C i v i l  Aeromedical I n s t i t u t e  
(CAiYII) t o  p rov ide  da ta  f o r  v a l i d a t i o n  o f  t h e  mathematical model. The f i n a l  , 

[ model a.nd i t s  v a l i d a t i o n  a r e  descr ibed  i n  r e fe rence  A-38, w i t h  i n s t r u c t i o n s  
f o r  use o f  t h e  computer program i n  r e fe rence  A-39. These re fe rences  descr ibe  

I 
I t he  f i n a l  phase o f  v a l i d a t i o n ,  wil ich cons i s ted  of s i m u l a t i n g  dynamic t e s t s  o f  
I 

I p r oduc t i on  general  a v i a t i o n  seats.  Capabil i t i e s  of t he  program a r e  descr ibed  
f i r s t ,  fo l lowed by a  d i scuss ion  o f  t h e  a c t u a l  s imu la t i ons .  

I 

A.2.2.1.1 - Occupant Model. Program SOM-LA i nc l udes  a  three-d imensional  
model o f  t he  human body, c o n s i s t i n g  o f  12 r i g i d  segments, as shown i n  f i g u r e  
A- 13, The midtorso,  1 ower neck, shoulder,  and h i p  j o i n t s  a r e  ba l  1-and-socket 
type, each possessing t h r e e  r o t a t i o n a l  degrees o f  freedom. The upper neck, 
el bow, and knee j o i n t s  a re  h inge- type j o i n t s ,  each adding one degree o f  freedom. 
I n  t o t a l ,  t he  occupant system possesses 29 degrees of freedom. Resistance a t  
each o f  t h e  body j o i n t s  i s  modeled us ing  bo th  a  n o n l i n e a r  t o r s i o n a l  s p r i n g  and 
a v iscous t o r s i o n a l  damper, The r e l a t i v e  c o n t r i b u t i o n s  of each o f  these elements 
can be v a r i e d  t o  s imu la te  e i t h e r  a  human occupant o r  an anthropomorphic dummy. 
I n  model ing mot ion o f  t h e  human body, r e s i s t a n c e  of  t he  j o i n t s  i s  c o n t r o l l e d  
mos t l y  by v iscous damping, whereas r e s i s t a n c e  i n  dummy j o i n t s  i s  dominated by 
a  cons tan t  f r i c t i o n a l  torque. 

The ex te rna l  f o r ces  t h a t  a c t  on t h e  12 body segments can be cha rac te r i zed  a s  
e i t h e r  c o n t a c t  f o r ces  o r  r e s t r a i n t  fo rces .  The con tac t  fo rces  a p p l i e d  t o  t h e  
occupant a r e  those f o r ces  exer ted  by t h e  cushions and f l o o r ,  i l l u s t r a t e d  i n  
f i g u r e  A-14. They a r e  c a l c u l a t e d  by f i r s t  determining, from occupant d i sp lace -  
ment, t h e  p e n e t r a t i o n  o f  a  r i g i d  con tac t  su r f ace  f i x e d  t o  a  body segment i n t o  
e i t h e r  a  cushion o r  t h e  f l o o r .  Using t h e  deformat ion,  t h e  f o r c e  i s  then com- 
puted us ing  an exponent ia l  model : 

To each normal fo rce ,  a  damping tern1 i s  a p p l i e d  which i s  p r o p o r t i o n a l  t o  t h e  
d e f l e c t i o n  r a t e .  A v a r i a b l e  damping c o e f f i c i e n t  i s  p r o p o r t i o n a l  t o  t h e  i n -  
stantaneous s t i f f n e s s .  F r i c t i o n  f o r ces  a r e  a l s o  app l i ed  by t h e  sea t  bottom 
cushion and t h e  f l o o r ,  Each f r i c t i o n  f o r c e  i s  d i r e c t e d  oppos i te  t o  t h e  



F igu re  A-13. Twel ve-segment ( three-d imensional  ) occupant model. 

t a n g e n t i a l  component o f  r e l a t i v e  v e l o c i t y  between t h e  occupant segment and t h e  
a p p r o p r i a t e  cushion o r  f l o o r  sur face.  

The method used i n  c a l c u l a t i n g  t h e  f o r ces  exer ted  on t h e  body by t h e  r e s t r a i n t  
system d i f f e r s  cons ide rab l y  frorii t h a t  descr ibed  above f o r  t h e  c o n t a c t  fo rces .  
The p r ima ry  redson f o r  t h i s  d i f f e r e n c e  i s  t h a t  r e s t r a i n t  f o r c e s  do n o t  a c t  a t  
any f i x e d  p o i n t  on t h e  occupant, b u t  r a t h e r ,  t h e  p o i n t s  o f  appl  

r e s t r a i n t  sys tem geometry. 

1  though o t h e r  c o n f i g u r a t i o n s  can be se lec ted  by t h e  user,  a  r e  
c o n s i s t i n g  o f  a  l a p  be1 t and d iagonal  shoulder  s t r a p  w i l l  be used as an example. 
The r e s t r a i n t  loads  a re  t r a n s m i t t e d  t o  t h e  occupant model through e l l i p s o i d a l  
sur faces f i x e d  t o  t h e  upper and l owe r  t o r s o  segments. These sur faces a r e  shown 
i n  f i g u r e  A-15. The l o c a t i o n s  o f  t h e  anchor p o i n t s  Al, A*, and Ag and t h e  
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F igu re  A-14. Ex te rna l  f o r ces  o f  cushions and f ' l oo r .  

Floor 

webbing p r o p e r t i e s  a r e  determined by user  i n p u t .  The buck le  B f o r  a s i n g l e  
shoulder  be1 t i s  l oca ted  accord ing t o  an i n p u t  parameter which s p e c i f i e s  t he  
d i s tance  frorn t h e  app rop r i a te  anchor p o i n t ,  i n  t h i s  case A , a long  t h e  pa th  o f  
t h e  l a p  be1 t. For a  doub le -s t rap  shoulder  harness, t h e  buEkle i s  p laced on 
t h e  abdominal con tac t  su r f ace  between i t s  i n t e r s e c t i o n s  w i t h  t h e  t h i g h  sur faces.  

The r e s t r a i n t  f o r ces  a r e  determined i n  t h e  same manner f o r  both t h e  upper and 
lower  t o r so .  F i r s t ,  t h e  be1 t loads a r e  c d l c u l a t e d  from t h e  d isp lacements o f  
t h e  t o r s o  segments, and t h e  r e s u l t a n t  f o r c e  on each segment i s  then  a p p l i e d  a t  
t h e  p o i n t  a long  t h e  a r c  o f  con tac t  between t h e  b e l t  and t h e  e l l i p s o i d a l  su r f ace  
where t h e  f o r c e  i s  normal t o  t h e  sur face.  F r i c t i o n  between t he  shoulder  b e l t  
and t h e  ches t  a long  t h e  l e n g t h  o f  t he  b e l t  i s  taken  i n t o  account by reduc ing  

i n  t h e  be1 t between t h e  ches t  and buck le  by a  cons tan t  f r a c t i o n  o f  
i n  t h e  f r e e  l e n g t h  between t h e  anchor p o i n t  and t h e  body sur face.  

a b i l i t y  o f  t h e  p o i n t  o f  a p p l i c a t i o n  of  r e s u l t a n t  be1 t loads t o  move r e l a -  
t i v e  t o  t h e  t o r s o  sur faces  a l l ows  s i m u l a t i o n  o f  submarining under t h e  l a p  b e l t .  



F igu re  A-15. R e s t r a i n t  system c o n f i g u r a t i o n  parameters. 

C h a r a c t e r i s t i c s  r e q u i r e d  by t he  occupant model f o r  each o f  t he  segments a r e  
t h e  leng th ,  mass, center -o f -mass- locat ion,  and mass moments o f  i n e r t i a .  Also 
needed a r e  t h e  dimensions o f  body c o n t a c t  su r faces  t h a t  a r e  used f o r  c a l c u l a -  
t i o n  o f  ex te rna l  f o r c e s  exer ted  on t h e  occupant by t h e  sea t  cushions o r  r e -  
s t r a i n t  system and f o r  p r e d i c t i o n  o f  impact between t he  occupant and t h e  cock- 
p i t  i n t e r i o r .  For  two s tandard occupants, a  5 0 t h - p e r c e n t i l e  human male and a  
5Ot h -percen t i  l e  anthropomorphic dumtqy, a1 1  t he  r e q u i r e d  data a r e  s to red  w i t h i n  
t h e  program. For  o t h e r  occupants, t h e  above - l i  s ted  da ta  must be p rov ided  as 
i n p u t .  

I n  o rde r  t o  ach ieve even more economical program s o l u t i o n s  f o r  cases where occu- 
pan t  response i s  expected t o  be symmetr ical  w i t h  r espec t  t o  t h e  X-Z plane, a  
second occupant model was inc luded  i n  SOFI-LA. A1 though a1 1  f o r ces  a p p l i e d  t o  
t h i s  model, such as those o f  t he  r e s t r a i n t  system, a r e  cornputed t h r e e  dimension- 
a l l y ,  i t s  response i s  r e s t r i c t e d  t o  symmetric p lane  mot ion. A1 1  segments re -  
main para1 l e l  t o  t h e  X-Z plane, and bo th  arms move i d e n t i c a l  ly ,  as do bo th  l egs .  
Because o f  t h e  p o t e n t i a l  f o r  v e r t e b r a l  i n j u r y  i n  a i r c r a f t  acc iden t s  t h a t  i n v o l v e  
a  s i g n i f i c a n t  v e r t i c a l  component o f  impact v e l o c i  ty, some measure o f  v e r t e b r a l  
l o a d i n g  was cons idered d e s i r a b l e  i n  t h e  occupant model. The p lane  mot ion  occu- 
pant  model was con f i gu red  t o  i n c l u d e  beam elements i n  bo th  t h e  t o r s o  and neck, 
as shown i n  f i g u r e  A-16, r e p l a c i n g  j o i n t s  t h a t  e x i s t  i n  t he  bas ic  th ree-  
ditnensional model. The p lane mot ion model has e leven degrees o f  freedom, and 
t h e  e i g h t  j o i n t s  numbered i n  f i g u r e  A-16 a r e  h inge- type j o i n t s  whose r e s i s t a n c e  
i s  modeled as descr ibed  above f o r  t h e  three-d imensional  model. Ax ia l  and f l e x -  
u r a l  s t i f f n e s s e s  o f  t h e  two beam elements a r e  represented by exponent ia l  func-  
t i o n s ,  w i t h  a  v iscous damping term added. 



Figure A-16. Plane motion occupant model. 

A.2.2.1.2 Seat Model. The seat  s t ructure i s  modeled using the f i n i t e  
element model of analysis, selected because i t  i s  n o t  dependent on previous 
testing, and i t  has the f l ex ib i l i t y  t o  deal with a wide range of design con- 
cepts. The S@l-LA sea t  analysis includes triangular plate elements, three- 
dimensional beam e lewnts ,  and spring elements. I t  has the capabili ty to  model 
large di splacements, nonl i near material behavior, local buckl ing, and various 
internal releases for beam elements. 

Nonlinear material formulation i s  based on a uniaxi a1 e las t ic -p las t ic  s t ress-  
s t ra in  law for beam and spring elements and a biaxial e las t ic -p las t ic  s t ress -  
s t ra in  law (Won 1'9i ses yield c r i te r ion)  f o r  plate elements. Internal releases 
for beam elements include shear (transverse sliding j o i n t ) ,  moment (transverse 
hinge jo in t ) ,  thrust  (axial  sl iding j o i n t ) ,  and torque (axial hinge joint)  re- 
leases. Also, a simple local buckling model for thin-walled tubes subjected 
t o  axial compressive and/or bending loads was incorporated into the program. 
This model simulates the reduction in bending r ig id i ty  of the tube as the cross 
section d i s to r t s  during local buckl i ng.  



A.2.2.1.3 S imu la t ion  Computer Program. The d i g i  t a l  computer program 
based on t h e  occdpant and sea t  models descr ibed  above has been w r i t t e n  e n t i r e l y  
i n  FORTRAN t o  ensure a  h i gh  degree o f  c o m p a t i b i l i t y  w i t h  va r i ous  d i g i t a l  com- 
p u t e r  systems, During development, t h e  program has been run  on I B M 9  Univac, 
CDC, and DEC computer systems. 

I n p u t  da ta  a r e  read by t h e  program i n  t h e  f o l l o w i n g  seven b locks :  

1. S imu la t ion  and o u t p u t  c o n t r o l  i n f o r m a t i o n .  

Cus h  
t i o n  
l oad  
cush 

2. Cushion p r o p e r t i e s .  

3. R e s t r a i n t  system d e s c r i p t i o n .  

4. Crash condi t i ons ,  

5. Occupant d e s c r i p t i o n ,  

6. Seat des ign i n fo rma t i on .  

7. Cockpi t  d e s c r i p t i o n .  

i o n  l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c s  a r e  descr ibed  by an exponent ia l  func-  
, whose c o e f f i c i e n t s  a re  p rov ided  as i n p u t  data.  The e q u i l i b r i u m  (zero  
) th icknesses  f o r  bo th  t he  sea t  arid back cu ns a r e  entered, as i s  the 
i o n  damping c o e f f i c i e n t  f o r  zero d e f l e c t i o n .  

The r e s t r a i n t  system used i n  t he  s i r nu la t i on  may s i s t  o f  t he  l a p  b e l t  d lone  
o r  combined w i t h  d s i n g l e -  o r  doub le -s t rap  shou lder  harness. A l a p  be1 t t iedown 
s t r a p  can a1 so be inc luded .  The webbing f o r ce -e longa t i on  curve i s  approximated 
by t h r e e  l i n e a r  segments, which a r e  descr ibed  by i n p u t  o f  p o i n t s  on the  curve. 
The f o r c e  i s  computed by l i n e a r  i n t e r p o l a t i o n  i n  t h i s  t a b l e .  The s l ack  i n  t he  
webbing i s  a l s o  p rov ided  by i n p u t  i n  u n i t s  o f  leng th .  The anchor p o i n t s  fcjr 
t h e  l a p  be1 t 2  shoulder  harness, and t iedown s t r a p  a r e  l oca ted  by i n p u t  o f  rec -  
t a n g u l a r  coo rd ina tes  i n  t h e  a i r c r a f t  r e fe rence  system and may be f i x e d  t o  e i t h e r  
t h e  d i r c r a f t  o r  t h e  seat .  

The a i r c r a f t  c rash  condi t i o n s  a r e  de f i ned  by t h e  i r l i  t i a l  v e l o c i t y  and a t t i  tude 
and t h e  a c c e l e r a t i o n  as a  f u n c t i o n  o f  t ime. S i x  components o f  v e l o c i t y  a re  
requ i red :  t h r e e  t r a n s l a t i o n a l  i n  t h e  a i r c r a f t  coo rd ina te  systern and t h e  yaw, 
p i t c h ,  and r o l l  r a t e s .  Each o f  t he  s i x  a c c e l e r a t i o n  components, which d e f i n e  
t h e  mot ion o f  t he  a i r c r a f t  coo rd ina te  system, i s  descr ibed  by up t o  16  p o i n t s  
i n  t ime  and acce le ra t i on .  

The i n p u t  da ta  requ i red  t o  descr ibe  t h e  sea t  c o n s i s t  o f  noddl coord ina tes ,  
m a t e r i a l  p r o p e r t i e s ,  c ross  s e c t i o n  geoinetries, element l o c a t i o n s ,  and dt tachinent 
condi  t i  ons . 
For  p r e d i c t i o n  o f  impact between t h e  occupant and t he  a i r c r a f t  i n t e r i o r ,  t e n  
p lanes a re  used t o  represen t  t he  cab in  sur faces.  During execrr t ion o f  the pro-  
gram, t h e  d i s tance  between each o f  t h e  occupant con tac t  su r faces  and t h e  cab in  
sur faces  i s  c a l c u l a t e d .  When con tac t  occurs,  t he  r e l a t i v e  v e l o c i t y  o f  impact 
i s  computed and s to red  f o r  ou tpu t  w i t h  su r f dce  i d e n t i f i c a t i o n .  



The i n i t i a l  p o s i t i o n  of t h e  a i r c r a f t  occupant i s  computed f o r  t h e  i n p u t  para- 
meters shown i n  f i g u r e  A-17. It i s  assumed t h a t  t h e  occupant i s  seated sym- 
m e t r i c a l l y  w i t h  r espec t  t o  t h e  a i r c r a f t  (XA - ZA) p lane  or ,  e q u i v a l e n t l y ,  t h a t  
t h e  body segnient y axes a r e  a1 1  pa ra l  l e l  t o  t h e  Y ax i s .  The angu la r  c o o r d i -  
na tes  y. ( i  = 1) 2, 3, 4) de f ine  t h e  r o t a t i o n  of !!egrnen:c 1-4 r e l a t i v e  t o  t h e  
ZA a x i  s ]  and, because o f  t h e  symmetry c o n d i t i o n s ,  segment 6 i s  p a r a l  l e l  t o  seg- 
ment 4. The ang le  y descr ibes  t h e  p o s i t i o n  of t h e  f o rea rm ' s  r e l a t i v e  t o  t h e  
upper  arms. The d i s k i n c e  X i s  t h e  i n i t i a l  X-coord inate o f  t h e  heels .  The 
i n i t i a l  i z a t i o n  procedure c o k i  s t s  o f  s e a t i n g  t h e  occupant i n  such a  p o s i t i o n  
t h a t  s t a t i c  e q u i l i b r i u m  i s  ach ieved among t h e  f o r c e s  exe r t ed  by t h e  sea t  cush- 
ion ,  f l o o r ,  and e i t h e r  t h e  r e s t r a i n t  system o r  t h e  back cushion, depending on 
t h e  a i r c r a f t  a t t i  tude. 

I n i t i a l  p o s i t i o n  i n p u t  parameters. 



Output da ta  c o n s i s t  o f  t e n  b l ocks  o f  i n f o r m a t i o n  t h a t  a re  se lec ted  f o r  p r i n t i n g  
by user  i n p u t .  The data i n c l u d e  t i ~ i i e  h i s t o r i e s  o f  t he  f o l l o w i n g  va r i ab les ,  
which a r e  s to red  d u r i n g  t h e  s o l u t i o n  a t  t he  predetermined p r i n t  i n t e r v a l s :  

1. Occupant segment p o s i t i o n s  i n  t he  a i r c r a f t  ~ o o r d i n a t e  system ( X ,  Y 3  
Z, p i t c h ,  and r o l l ) .  

2. Occupant segment v e l o c i t i e s  i n  t h e  a i r c r a f t  coo rd ina te  system ( X ,  Y, 
and Z ) .  

3. Occupant segment acce le ra t i ons  i n  t he  segment-f i x e d  coo rd ina te  systems 
(x, y, z,  and r e s u l t a n t s ) .  

4. R e s t r a i n t  system loads. 

5. Cushion loads.  

6. Ai r c r a f t  d i  sp l  acement, v e l  o c i  ty , and a c c e l e r a t i o n .  

7, I n j u r y  c r i t e r i a  ( S e v e r i t y  Index, DRI, e t c , )  

8. D e t a i l s  o f  c o n t a c t  between t h e  occupant and t h e  a i r c r a f t  i n t e r i o r .  

9. Seat s t r u c t u r e  nodal forces.  

10. Seat s t r u c t u r e  element s t resses.  

P r i n t e r  p l o t s  a r e  p rov ided  f o r  occupant segment acce le ra t i ons ,  r e s t r a i n t  system 
loads, and cush ion  loads. The o p t i o n  o f  two d i f f e r e n t  f i l t e r s  i s  p rov ided  f o r  
t h e  occupant segment a c c e l e r a t i o n s  and cushion loads. Data a r e  s to red  by  t h e  
program f o r  subsequent p i c t u r e  p l o t s  o f  occupant and sea t  p o s i t i o n  a t  user -  
se lec ted  t imes d u r i n g  t h e  s imu la t i on ,  

A.2.2,1.4 Model V a l i d a t i o n .  SOM-LA v a l i d a t i o n  has been based on da ta  
f rom severa l  s e r i e s  o f  d e c e l e r a t i o n  s l e d  t e s t s  conducted a t  t h e  FAA C i v i l  Aero- 
medical  I n s t i t u t e  (CAMI). The response o f  t h e  combined occupant and sea t  models 
has been v e r i f i e d  by  compari son w i t h  da ta  from t e s t s  t h a t  u t i l i z e d  s p e c i a l l y  
designed and f a b r i c a t e d  seats  t h a t  had rep laceab le  legs.  Tes t  c o n d i t i o n s  were 
se lec ted  t o  cause s i g n i f i c a n t  p l a s t i c  de fo rmat ion  o f  t h e  l egs .  These t e s t  
s e r i e s  a r e  descr ibed  i n  d e t a i l  i n  r e fe rence  A-42. Response o f  t he  occupant 
model, p a r t i c u l a r l y  t o  a  v e r t i c a l  i n p u t  acce le ra t i on ,  was v a l i d a t e d  us ing  da ta  
f rom o t h e r  t e s t  s e r i e s  t h a t  were conducted w i t h  a  r i g i d  sea t  and w i t h  a  produc- 
t i o n  energy-absorbing h e l i c o p t e r  seat.  The t e s t  c o n f i g u r a t i o n  f o r  some o f  t h e  
energy-absorbing he1 i c o p t e r  sea t  t e s t s  i s  il l u s t r a t e d  i n  f i g u r e  A-18. For  im- 
pac t  c o n d i t i o n s  o f  42 f t / s e c  and the  a c c e l e r a t i o n  pu l se  shown i n  f i g u r e  A-19, 
s i g n i f i c a n t  sea t  and dummy acce le ra t ions ,  sea t  s t roke ,  and energy absorber  load  
p r e d i c t e d  by SON-LA a r e  compared w i t h  t e s t  da ta  i n  f i g u r e s  A-20 th rough A-23. 

F i n a l  v a l i d a t i o n  used da ta  from t e s t s  o f  p r o d u c t i o n  general  a v i a t i o n  seats.  
One o f  t h e  seats  i s  shown p r i o r  t o  a  t e s t  i n  f i g u r e  A-24, and t h e  f i n i t e  element 
model o f  t h e  sea t  s t r u c t u r e ,  i n  f i g u r e  A-25. The s l e d  d e c e l e r a t i o n  i s  shown 
i n  f i g u r e  A-26. S i g n i f i c a n t  dummy a c c e l e r a t i o n s  and be1 t fo r ces  a r e  compared 
w i t h  t e s t  da ta  i n  f i g u r e s  A-27 through A-31, The p r e d i c t e d  p rogress ion  o f  p las -  
t i c  de fo rmat ion  th roughout  t h e  sea t  s t r u c t u r e  i s  i l l u s t r a t e d  i n  f i g u r e  A-32, 
and occuparit response, i n  f i g u r e  A-33. 
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Figure  A-18. Test c o n f i g u r a t i o n  f o r  CAN1 t e s t s  w i t h  
energy-absorbi  ng he1 i c o p t e r  sea t .  

A.2.2.1.5 Resource Requirements. CPU t imes  f o r  t h r e e  s imu la t i ons  on two 
d i f f e r e n t  computer systems a r e  presented i n  t a b l e  A-2. The energy-absorbi  ng 
h e l i c o p t e r  sea t  was modeled us ing  t h e  two-degree o f  freedom lumped-parameter 
seat  op t i on ;  t h e  o t h e r  two used t h e  f i n i t e  element sea t  model. A l l  t e s t s  a r e  
descr ibed  i n  r e fe rence  65. 

A.2.2.2 Program PROMETHEUS. As descr ibed  i n  r e fe rence  A-33, PROMETHEUS 
was developed under  O f f i c e  o f  Naval Research suppor t ,  s t a r t i n g  w i t h  t he  e x i s t -  
i n g  Dynamic Science - Ar izona S t a t e  U n i v e r s i t y  program SIMULA. At t h i s  p o i n t  
PROMETHEUS was an i n t e r a c t i v e  two-dimensional occupant model c o n s i s t i n g  o f  seven 
mass segments, as shown i n  f i g u r e  A-34. Shoulder and h i p  nodes were connected 
t o  t h e  sea t  s t r u c t u r e  by sp r i ngs  rep resen t i ng  be1 t s ,  and t he  sea t  was formed 
o f  sp r i ngs  and dashpots. 

Under Na t i ona l  Highway T r a f f i c  Sa fe t y  A d m i n i s t r a t i o n  support ,  PR 
r e f i n e d  t o  i n c l u d e  two arms and two l egs  w i t h  d i s t r i b u t e d  mass, and f i n i t e  
shou lder  and h i p  widths,  as shown i n  f i g u r e  A-35. M o d i f i c a t i o n s  t o  t he  con tac t  
model were a l s o  made t o  pe rm i t  s i m u l a t i o n  o f  t h e  s tand ing  v i c t i m  s t r u c k  f rom 
t h e  s i d e  by an automobi le.  PROMETHEUS 11, descr ibed  i n  r e fe rence  A-40, approx i -  
mates t he  v e h i c l e  sur face  w i t h  f l a t  panels w i t h  s p e c i f i a b l e  o r i e n t a t i o n s  and 
s t i f f n e s s e s .  



Time, see 

F i  guru  A-19. Sled d e c e l e r a t i o n  f o r  energy-absorbi  ng sea t  t e s t .  

PKOPiETHEUS 111 i s  a  Boeiny p r o p r i e t a r y  program t h a t  prov ides f ea tu res  di f%c!rent 
than  i t s  predecessors.  I n  t he  e a r l i e r  ve rs ions  t he  a r t i c u l a t i o n  o f  t he  sp ine  

- was l i m i t e d ,  b e l t  and harness were "pinned" t o  t h e  j o i n t s ,  and anchors c o u l d  
n o t  be moved t o  any poss ib l e  p o s i t i o n  o f  choice.  The l a t e s t  v e r s i o n  i n c l u d e s  
submarining, and added s p i n a l  j o i n t s  and cornpression f ea tu res  inore c l o s e l y  
approx imat iny t h e  r e a l  spine. F i gu re  A-36 no tes  some of t he  added f e a t u r e s  o f  
PROMETHEUS I I I versus t he  e a r l i e r  ve rs ion .  

PROMETIdEUS I I I re f inements  ( r e f e r e n c e  A-43) i n c l  ude t h e  f o l  l ow i  ny : 

Body Dimens ions  

klass D i s t r i b u t i o n  

NeckIWai s t  S t i f f n e s s  

l i usc l  e Tension 

J o i n t  F r i c t i o n  
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Figure 8-20. Energy-absorbi ng he1 i copter seat  
t e s t ,  seat z-acceleration . 
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Figure A-21. Energy-absorbi ng he1 icopter seat  t e s t ,  
dummy pel vi s z-acceleration. 

8-34 



owl - simulation 
164  

--- Test data 

w 
c.3 
n: y -000 - 
W 

-1200 - 

-1600 - 

-2000 
0.00 0.05 

Fi  y ure A-23. Energy-absorbi n 
t e s t ,  energy absorber force. 





PROGRRM SOH-LA SEAT STRUCTURE MODEL 

I NONflDJUSTfiBtE PILOT SEAT 12-6 FORWflRD TEST 081- t 10 

I PLOT NO. 1, TIME' - 0.0000 SEC. 

F i gu re  A-25. F i n i t e  element model o f  sea t  s t r u c t u r e .  
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ure A-26. Sled deceleration, C&II general 
aviation seat t e s t  example. 
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Figure A-27. General aviation sea t  t e s t  example, 
pel vi s  x-acceleration. 
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Figure A-28. General aviation sea t  t e s t  example, 
chest x-acceleration. 
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Figure A-29. General aviation seat  t e s t  example, 
r ight  lap be l t  force. 
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Figure A-30. General aviation seat t e s t  example, 
l e f t  lap belt force. 
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Figure A-31. General aviation seat t e s t  example, 
s houl der be1 t force. 
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Figure A-32. General aviation sea t  t e s t  example, predicted 
progression of plast ic  deformation. 



I PRL)GRRIl Sot'-1.A OCCUPAIII' MODEL I I NONROJUSTRBLE P ILOT SERT 12 -6  PORWARD TEST R81- l :O I 
TIME - 0 .0000  SEC. 

J"" 

PRCGRRt' SOH-LP OCCUPRNT flODEL 

NONRDJUSTRBLE P ILOT SERT 12-8 FORHARD TEST P81-110 

TIME - .0800  SEC. 

PROGRAll SON-LA OCCUPANT MODEL 

PROGRAM SOH-LR OCCUPANT MODEL 

NONADJUSTABLE PILOT SERT 12-Q FORURRD TEST RBI -110  

TIME - . I 2 0 0  SEC. 

m 
In 

NONRDJUSTRBLE PILOT ' V T  12-6 FORWRRD TEST R81-110 

TIME - .0400  SEC. 

F i gu re  A-33. General a v i a t i o n  sea t  Tes t  A81-110, 
p red i c ted  occupant p o s i t i o n .  
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PROGRAM SOH-LA OCCUPANT MODEL 

NONADJUSTRBLE PILOT SERT 12-6 FORWARO TEST R81-110 

TIME - . I600 SEC. 

y. . 

PROGRAM SOH-LA OCCUPANT MODEL 

t4ONAOJUSTWLE PILOT SERT 12-6 FORURRO TEST A81-110 

TIME - .2400 SEC. 

PROGRAM SOM-LA OCCUPANT MODEL 

NONADJUSTRBLE PTI.OT SERT 12-6 FORWARO TEST R81-110 

TIME - .2000 SEC. 

PROGRAM son-LA OCCUPANT MODEL 

NONROJUSTWLE PILOT SEAT 12-6 FORWARO TEST RBI-110 

TInE - . a 0 0  SEC. 

F i gu re  A-33 (Contd) . General a v i a t i o n  sea t  Tes t  A81-110, 
p red i c ted  occupant p o s i t i o n .  



TABLE A-2. EXECUTION TIMES FOR THREE SIMULATIONS RUN h'ITH 

e a t  Simu- 
ruc -  l a t i o n  CPU Time (mi n )  

Occupant t u r e  Time CDC DEC 
S imu la t i on  Case Model DOF ( sec )  Cyber 175 VAX 11/750 

Energy-absorbi ng He1 i c o p t e r  2 D 2 0.250 0.22 6.03 
Seat; 5-Point  Res t ra i n t ;  
43.5-f t /sec, 41.5-6 
V e r t i c a l  Impact 

CAM1 Tubular-Leg 2 D 100 0.276 5.87 70.03 
V a l i d a t i o n  Tes t  Seat; 
4-Point  R e s t r a i n t ;  44- 
f t / s e c ,  9.25-9.05-6 
Long i t ud ina l  Impact 

General A v i a t i o n  Seat, 3D 172 0.235 18.24 100.40 
3-Point  R e s t r a i n t ;  
50- f t /sec,  12.4-6 
Longi t u d i  na l  Impact 

@ J o i n t  
F igu re  A-34. PROMETHEUS occupant 

model. m ~ i s t r i b u t e d  mass 

F igu re  A-35. PROLIETHEUS I 1  occupant 
model. 



Old PROMETHEUS New PROMETHEUS I11 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Features I I Features 
I 

e Seven-segment articulation 1 e Submarining 
I 

I - Pelvis rotation 
e Rigid hinge links I 

I - Buckle position 
a Belts pinned to joints e Spinal changes 

Limited belt anchors I - Nine-segment articulation 
I - Compression/shear loads 
I 
1 - Compressible lumbar/neck 
I e Improved restraint/seat modeling 
I - Optional anchors 
I - Added strands 

ushioning/stretc 

Improved input definition 

! o Improved graphic/tabular output 

I Added output force/torque/ 
I velocity/acceleration 
I 
I @# Initial positioning automated 

Figure A-36. PROMETHEUS I11 refinements (from reference A - 1 7 ) .  



Pel v i  s  - Design I n t e r a c t i o n s  

Ang 1  e  
Lenyth 
Center o f  Mass 
S t i f f n e s s  
F r i c t i o n  

Back - S t i f f n e s s  

Erectness 
Compression 

Be1 t s  - Anchor Poin ts /Angles 

Locat ion/Pos i  t i o n  on Body 
Mass P r o p e r t i e s  
bamping Tension 
S t r e t c h  
S lack 
Length 
F r i c t i o n  

Seat Pan - Angle 

F r i  c t i o n  
Cushioning 
V i  scos i  ty 

Seat Back - Angle 

Cushioning 
V i  scos i ty 

A -2 .3  COMPARATIVE EVALUATION OF SEAT/OCCUPANT SIMULATION MODELS. PROMETHEUS 
I 1  I appears t o  i n c l u d e  most o f  t h e  f ea tu res  d e s i r a b l e  f o r  h e l i c o p t e r  c rashwor th i -  
ness eva lua t i on ,  w i t h  t h e  excep t i on  o f  three-d imensional  capab i l  i ty, thus pre-  
c l u d i n g  i t s  use i n  a n a l y s i s  o f  s i d e - f a c i n g  seats,  t h r e e - p o i n t  r e s t r a i n t  systems, 
and non-symmetric impacts.  However, i t s  p r o p r i e t a r y  n a t u r e  and 1 i m i  t e d  a v a i l a b l e  
documentat ion prevented a  complete eva lua t i on .  

SOM-LA, i n  a  J u l y  1983 v e r s i o n  d i s t r i b u t e d  t o  t h e  FAA and severa l  a i r c r a f t  manu- 
f a c t u r e r s ,  has been run  success fu l l y  on  CDC, IBM, and DEC computer systems. 
It has three-d imensional  c a p a b i l i  ty and a1 1  o u t p u t  f e a t u r e s  general  l y  cons idered  
t o  be d e s i r a b l e  f o r  sea t  and r e s t r a i n t  system eva lua t i on .  
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APPENDIX B 

CODES USED FOR COklPLETING 
ACCIDENT EVALUATION WORKSHEET 



Case Number: The datz of the accident and FAA regis t rat ion numbers are  used 
as a case number to  identify each accident. 

Nodel : Sel f explanatory 

Db'iG : - Damage Classification 
D - Destroyed 
S - Substantial 
bl - Mi nor 
N - None 

Terrain: This entry describes the type of terrain a t  the accident s i t e .  
Some examples of the types o f  terrain and codes are  l is ted below: 

Code - Code 

A - Mountainous J - Plowed 
B - Hilly I( - Water 
C - Rolling L - Sloped 
D - Level, f l a t  M - Snow 
E - Frozen P - Paved 
F - Rocky R - Off-shore Rig 
G - Sandy S - Soft 
H - Dense w i t h  t rees Y - Other 
I - City Area Z - Unknown 

Fi re: 

A / C  W t :  

If f i r e  was a factor in the accidents, a coded entry i s  made to  
describe the type of f i r e .  

Code 

P - Postcrash 
I - Inflight 
G - Ground, n o t  associated with the accident 
X - Unknown 

Aircraft weight. The maximurn gross weight of each a i r c ra f t  i s  
used to  determine i t s  weight c lassif icat ion as l is ted below: 

Code Code 



Seats : Nuniher o f  seats  i n  each h e l i c o p t e r ,  i n c l u d i n g  t h e  crew. 

Code - 
A - 1-3 Seats 
6 - 4-10 
C - 11-20 
D - 21+ 

Su r v i  vab i  1  i ty: Su rv i vab le  ( S )  , p a r t i a l  l y  s u r v i v a b l e  ( P )  , o r  non-surv i  vab le  (N) , 
o r  w i t h  i n s u f f i c i e n t  da ta  t o  determine impact c o n d i t i o n s :  sur-  
v i v a b l e  ( I ) ,  p a r t i a l  l y  s u r v i v a b l e  (Z), non-surv ivab le  ( 3 ) ,  o r  
unknown (4 ) .  

I n j u r i e s :  These da ta  a re  taken d i r e c t l y  f rom the  NTSB computer f i l e  and 
i n d i c a t e  t he  number and s e v e r i t y  of i n j u r i e s  on l y .  The t ype  
and cause o f  i n j u r i e s  a r e  recorded sepa ra te l y  on t he  acc iden t  
e v a l u a t i o n  worksheet, 

Fa ta l  - Nunlber o f  occupants w i t h  f a t a l  i n j u r i e s .  

Ser ious - Number o f  occupants w i t h  se r i ous  i n j u r i e s .  

Minor  - Wumber o f  occupants w i t h  minor  i n j u r i e s .  

None - Nuniber o f  occupants un in j u red .  

On Board - To ta l  number o f  occupants. 

Opera t iona l  Th is  s e c t i o n  descr ibes  t h e  cond i t i ons ,  such as k i n d  o f  f l y i n g ,  
Cond i t ion :  phase o f  opera t ion ,  and type  o f  acc iden t .  

Acc ident  Type # 1  - Descr ibes t h e  p r i n c i p a l  o r  p r imary  even t  t h a t  - 
occur red  lead ing  t o ,  o r  caus ing t he  acc iden t .  The acc iden t  types 
and d e f i n i t i o n s  o f  NTSB a r e  used: 

Code 

A - Ground-water loop  o r  swerve 
B  - Dragged w ing t i p ,  pad, o r  f l o a t  
C - Wheel s-up 
D - Wheel s-down l and ing  i n  water  
E - Gear co l l apsed  
F - Gear r e t r a c t e d  
G - Hard l and ing  
H - Nose over/down 
I - Ro l l ove r  
J - Overshoot 
K - Undershoot 
L - C o l l i s i o n  w i t h  a i r c r a f t  
M - C o l l i s i o n  w i t h  ground/water 
N - C o l l i d e d  w i t h :  



- Ki I-es/pol es 
1 - Trees 
2 - Residences 
3 - Other b u i l d i n g s  
4 - Fence, Fenceposts 
5 - E l e c t r o n i c  towers,  guy w i res  
6 - Runway o r  approach l i g h t  

- A i r p o r t  hazard 
- Animal s  1 i ves tock  
- Crops 

- Flagman, 1  oader 
6 - D i tches  
C - Snowbank 
D - Parked d i r c r a f t  
E - Automobi le 
F - Dirt bank 
Y - Other  

P - B i r d  s t r i k e  
Q - S t a l l  
KO - F i r e  o r  exp los i on  i n  f l i g h t  
R 1  - F i r e  o r  exp los i on  
SO - A i r f r ame  f a i l u r e  i n  f l i g h t  
S1 - A i r f r a~ne  f a i l u r e  on ground 
T - Engine tearaway 
U - Engine f a i l u r e  o r  m a l f u r ~ c t i o n  
V2 - T a i l  r o t o r  f a i l u r e  
V3 - blain r o t o r  f d f  l u r e  
W - Ro to r  acc i den t  t o  person 
X - J e t  in take /exhaus t  a c c i d e n t  t o  person 
Y - J e t / r o t o r  b l a s t  
Z - Turbulence 

0 - H a i l  damage t o  a i r c r a f t  
1 - L i g h t n i n g  s t r i k e  
2  - Evasive maneuver 
3 - Uncontrol  l e d  a1 t i tude d e v i d t i o n  
4 - D i t c h i n g  
5 - M iss i ng  a i r c r a f t ,  n o t  recovered 
6 - M i  sc? l  laneous 
7 - Undetermined 

Acc iden t  Type #2 - I n  some ins tances ,  a  second acc i den t  type - 
i s  repo r t ed  t o  g i v e  a b e t t e r  i n d i c a t i o n  o f  what occurred.  The 
same codes l i s t e d  f o r  Acc iden t  Type # I  w i l l  be used f o r  Acc iden t  
Type #2. 

Phase o f  Operat ion # 1  - Descr ibes t h e  phase o f  f l i g h t  a t  the  t ime  -- 
t h e  f i r s t  acc i den t  t ype  occurred,  The broad c a t e g o r i e s  and codes 
a r e  l i s t e d  below. a d i t i o n a l  cod ing may be used t o  f u r t h e r  de- 
f i n e  t h e  f l i g h t  phase i n  t h e  same way as  t h e  NTSB. 



Code Code 

A - S t a t i c  D - I n f l i g h t  
B - Taxi E - Landi ng 
C - Takeoff  

Phase o f  Operat ion #2 - This phase i s  the  same as def ined f o r  # 1  
except i t  i s  associated w i t h  acc ident  Type #2,  

Kind o f  F l y ing  - The codes and d e f i n i t i o n s  es tab l ished by the  
NTSB a r e  used t o  descr ibe the  k ind  o f  f l y i n g  each a i r c r a f t  was 
i nvo l ved  i n  a t  t he  t ime o f  t he  accident .  Some examples o f  the  

l y i n g  codes a r e  li OW: 

t r u c t i o n a l  - dual 
commercial - busi  

Crash Describes the  crash kinematics present  a t  t ime o f  impact. 
Envi ronmen t : 

A i  rspeed - Ai  rspeed o f  he1 i c o p t e r  measured i n  knots a t  t ime o f  
occurrence i s  used i f  known (same code as s ink  r a t e  except i n  
knots) .  

F l i g h t  Path Vel oc i  ty - Ve loc i t y  he1 i copter  was t r a v e l i n g  along 
t h e  f l i g h t  path measured i n  knots i s  used i f  known (same code 
as s ink  r a t e  except i n  knots).  

F l i g h t  Path Angle-Di r e c t i o n  - The angle between the  he1 i c o p t e r  
f l i g h t  path and the  hor izon a t  the  rnor~ient of impact. The angle 
andWd i rbc t i on  a re  coded as shown on t h e  f o l l o w i n g  page. 

Code - 
0 
A 
B 
C 
D 
E 
F  
G 
H 
I 
J 
X 

Degrees - Code D i r e c t i o n  

0 
1- 1 0  U UP 

11-20 D Down 
21-30 Z Level 
31-45 
46-60 
61-75 
76- 90 
91-120 

121-150 
15 1- 180 
Unknown 

Sink Rate: Ve loc i t y  o f  he1 i c o p t e r  i n  the  v e r t i c a l  d i r e c t i o n  measured i n  f e e t  
per second. 



Code FPS FPS 

0 0 
A 1- 5 C; 3 1- 
B 6-10 H 36-40 

a l r c r a f t  a t t i t u d e  a t  impact, i n c l u d i n g  p i t c h ,  r o l l ,  and yaw 
l e s  and d i r e c t i o n s  i s  computed and coded as shown below. 

Code Degrees Code 

0 0 
A 0-10 R R i g h t  
B 11-20 L e f t  
C 21-30 D own 
D 31-45 U 
E 46-60 Z 

UP 
Level 

F 61-75 
G 76- 90 
H 9 1- 120 
I 121-150 
J 151-180 
X Unknown 



APPENDIX C 

DECELERATION EQUATIOI4S COMMONLY USED 
I N ACCI  DENT RECONSTRUCTION 



DECELERATION EQUATIONS 

FOR THE CASE Vf # 0 - 
I. RECTANGULAR PULSE 

Pulse Durat ion:  t = vo - Vf 
32.2G 

D e c e l  . I Time Dece le ra t i on  Level  : Vo 2 - v f2  v 

G = 64.4G 
V e l o c l t y  

T l m e  yo2 vf2 
Stoppi  ng Di stance: s = 64.46 , 

S = V o t  - 32. 26 t2  2 

11. TRIANGULAR PULSE NO. 1 

2(V0 - Vf) 
Pulse Dura t ion :  t = 

32.26 

D e c e l .  2vO2 + 2vovf - 4vf 2 
Time ~ e c h l  e r a t i  on Level  : G = 

96.6s 
V e l o c l t y  

T i m e  
2v02 + 2V0Vf - 4Vf 2 

Stopping Di stance: S = 

O r :  S = V o t  - 32. 26 t2  
3 

111. TRIANGULAR PULSE NO. 2 . 

. ,. . Pu lse Dura t ion :  t =.. . . 2(vo - v f )  
. .  . 
, , ' .  .32.2G . . 

2 

Stopping D i  stance: S = vo vf2 
32.26 

O r :  S = V o t  - 
C- 2 4 



DECELERATION EQUATIONS 

FOR THE CASE V f  - # 0 

I V .  TRIANGULAR PULSE NO. 3 

D e c e . .  Gmt 
T i m e  

V e l o c i t y  
T i m e  

V. HALF SINE PULSE 

D e c e l .  
T i m e  

L 

T i m e  

Pulse Durat ion:  

Dece le ra t ion  Level : 

Stopping D i  stance: 

O r :  

Pulse Durat ion:  

Dece le ra t ion  Level : 

Stopping D i  stance: 

O r :  





APPENDIX D 

SAMPLE CASE TO DEMONSTRATE 
ACCIDENT RECONSTRUCTION 

SUMMARY: A smal l ,  p iston-powered he1 i c o p t e r ,  m o d i f i e d  f o r  s i ng le - sea t  a g r i -  
c u l t u r a l  opera t ions ,  was be ing used t o  seed t h e  median o f  an i n t e r s t a t e  highway. 
The p i l o t  s t a t e d  t h a t  he was beginn ing a seeding r u n  a t  approx imate ly  20 f t  
AGL w i t h  an i n d i c a t e d  a i rspeed o f  40 mph w i t h  a  7 k n o t  headwind. The p i l o t  
f a i l e d  t o  see t h e  three-phase power l i n e  c r o s s i n g  t h e  highway. The r o t o r  mast 
and r o t o r  head con tac ted  t h e  t h r e e  s t rands  o f  w i r e  and severed them. The a i r -  
c r a f t  con t inued  a long  t h e  median f o r  5 1  f t  pas t  t h e  i n i t i a l  w i r e  c o n t a c t  p o i n t ,  
where i n i t i a l  ground con tac t  was made. Fol l ow ing  i n i t i a l  ground con tac t ,  t h e  
h e l i c o p t e r  s l i d  an a d d i t i o n a l  5 1  f t  then  r o l l e d  on to  t h e  r i g h t  s i d e  corning t o  
r e s t  135 degrees coun te rc lockwise  t o  t h e  f l i g h t  path.  Ground scars  occurred 
o n l y  a t  t h e  p o i n t  o f  i n i t i a l  ground con tac t .  

AIRCRAFT DAMAGE: The a i r c r a f t  was destroyed. The upper t ransmiss ion  r o t o r  
mast and r o t o r  head had separated from t h e  lower  t ransmiss ion ,  bu t  a l l  com- 
ponents were w i t h  t h e  wreckage. Wire was found wrapped around t h e  r o t o r  mast. 
Both l and ing  gear crosstubes were bent  upward approx imate ly  G i n ,  due t o  ver-  
t i c a l  impact fo rces .  The l e f t  s k i d  was undeformed except  t h a t  t h e  fo rward  10  
i n .  were broken o f f ,  appa ren t l y  f rom snagging as t h e  a i r c r a f t  s l i d .  The r i g h t  
s k i d  f o l d e d  under t h e  a i r c r a f t  as i t  r o l l e d  over .  The c o c k p i t  mainta ined i t s  
s t r u c t u r a l  i n t e g r i t y  d u r i n g  t he  r o l l o v e r .  

SURVIVAL ASPECTS: The p i l o t  was wearing a l a p  b e l t ,  dua l  shou lder  harness, 
and a helmet a t  t h e  t i m e  o f  t h e  acc iden t .  The p i l o t  was un in j u red ,  however 
t h e  helmet r ece i ved  two deep gashes on t h e  t op  l e f t  s ide .  The i n v e s t i g a t o r  
suggested t h a t  t h e  helmet prevented a se r i ous  head i n j u r y .  

ACCIDENT KINEMATICS: F igu re  D - 1  shows a ske tch  o f  t h e  acc iden t  sequence. The 
ground scars  a t  t h e  i n i t i a l  con tac t  p o i n t  i n d i c a t e d  t h a t  t h e  a i r c r a f t  impacted 

zero  degrees p i t c h ,  r o l l ;  and yaw. The fo rward  v e l o c i t y  o f  t h e  

I 

S m k  rate 

F igu re  D-1. Acc ident  sequence. 



r e l a t i v e  t o  t h e  ground a t  t h e  t ime o f  t h e  w i r e  s t r i k e  was c a l c u l a t e d  by sub- 
t r a c t i n g  t h e  i n d i c a t e d  a i  rspeed fro111 t h e  headwind v e l o c i t y :  

V1 = 59 f t / s e c  ( 4 0  niph) 

o f  0.4 G, which i s  a  t y p i c a l  s l i d i n g  c o e f f i c i e n t  o f  f r i c t i o n  f o r  g  
(Reference 17). The d i s tance  t r ave led ,  S, d u r i n g  t he  s l i d e  i s  r e l a t e d  t o  t h e  
i n i t i a l  and f i n a l  v e l o c i t y  by t h e  equat ion :  

= 36 f t / s e c  

o f  t he  w i r e  s t r i k e ,  i n  o r d e r  t o  so lve  a  s e t  o f  equat ions d e s c r i b i n g  the  i n i t i a l  
impact.  It was est imated t h a t  t h e  impu l s i ve  f o r c e  supp l ied  by t h e  w i res  slowed 
t h e  a i r c r a f t  by  5 f t / s e c .  Therefore,  t h e  a i r c r a f t  v e l o c i t y  (V2) j u s t  a f t e r  
t h e  w i res  snapped was 42 f t / s e c .  Th is  was used t o  es t ima te  an average s i n k  
r a t e  knowing t h a t  t he  a i r c r a f t  h e i g h t  decreased 20 f t  d u r i n g  t he  t irne t h a t  t h e  
a i r c r a f t  t r ave rsed  5 1  f t  a t  42 f t / s e c .  The average s i n k  r a t e  i s  then:  

A symmetric t r i m g u l a r  d e c e l e r a t i o n  pu l se  was used t o  s i rnu la te  t h e  v e r t i c a l  
impact c o n d i t i o n s .  Using a  t y p i c a l  pu l se  d u r a t i o n  o f  0.065 sec (based on c rash  
t e s t  da ta )  t h e  v e r t i c a l  d e c e l e r a t i o n  pu l se  has t he  c h a r a c t e r i s t i c s  shown i n  
F igure  D-2. The s topp ing  d i s tance  f o r  t he  d e c e l e r a t i o n  pu lse i s  6.5 i n .  which 
co inc ides  w i t h  t h e  obser ied gear d e f l e c t i o n  o f  approx imate ly  6  i n .  



T i m e  ( s e c )  

Figure  8-2. Est imated v e r t i c a l  d e c e l e r a t i o n  pu l se  
f o r  p r i n c i  pa l  i inpact. 

A  f i r s t  impress ion i s  t h d t  16.5 f t / s e c  s i n k  r a t e  i s  t oo  h igh,  cons ide r i ng  t he  
observed damage t o  t h e  s k i d  gear. However, upon f u r t h e r  exarninat ior~ i t  was 
noted t h a t  t h e  a i r c r a f t  i s  s i g n i f i c a n t l y  below t h e  des ign gross weight  f o r  t he  
gear due t o  t he  d i  r f rame m ~ d i f i c ~ j t i o n s  ( s i n g l e  sea t  c o c k p i t )  and f u e l  load  a t  
impact.  The observed gear damage may have been reasonable cons ide r i ng  t h e  
appl  i 2d i n e r t i a l  l oad ing .  

A  l o n g i t u d i n a l  f o r c e  was s imu l taneous ly  a p p l i e d  t o  t he  a i r c r a f t  due t o  f r i c t i o n .  
F i gu re  D-3 shows t h e  l o n g i t u d i n a l  d e c e l e r a t i o n  pu lse,  t h a t  i s  the  v 2 r t i c a l  p l l s e  
m u l t i p l i e d  by t he  c o e f f i c i e n t  o f  s l i d i n g  f r i c t i o n ,  (0.4).  The l o n g i t u d i n a l  
d i r c r a f t  v e l o c i t y  was decreased b y  6.6 f t / s e c  d u r i n g  t h i s  i n i t i a l  impact.  F ig -  
u r e  D-4 1  i s t s  the  approximate impact parameters. 

Add i t i ona l  i t e r a t i o n s  cou ld  have been conducted t o  r e f i n e  t he  magnitude of t h e  
impact parameters. However, s i nce  t he  i n i t i d l  c a l c u l a t i o n  was based on t h e  
p i l o t ' s  es t ima te  o f  h e i g h t  ( 2 0  f t )  and v e l o c i t y  ( 4 0  mph), i t  was be l i eved  t h a t  
f u r t h e r  re f inement  was u n j u s t i f i e d .  



Time (see) 

F i g u r e  D-3. Est imated l o n g i t u d i n a l  d e c e l e r a t i o n  
pu l se  f o r  p r i n c i p a l  impact.  

Principal 
impact 

F i g u r e  D-4. Es t i rnated a i r c r a f t  v e l o c i t y  
d u r i n g  acc i den t  sequence. 



APPENDIX E 

P ITCH,  ROLL, AND YAW ANGLE 
D I S T R I B U T I O N  BY WEIGHT CLASS 



-- - ----- -.---- -- 
TASLE E-1 .  DISTRIBlJTION OF PITCH ANGLE AIYD DIRECTION 

AT IblPACT FOR WEIGHT CLASS A 

i ._ rcent  
Any l e  Di r e c t i o o  - - -- Total o f Curmu 1 a t  i ve 

(deyL !I? - -  Level DOWII -- Number Total -.-- Percent 

0 3 3 3 3 32.7 32.7 

1-10 2 6 12 3 3 37.6 70,3 

11-20 11 4 15 14.8 85 .1  

21-30 1 0 1 1.0 86.1 

31-45 1 3 4 4.0 90.1 

46-60 1 2 3 3.0 93.1 

6 1- 75 0 0 0 0.0 93.1 

76-90 0 2 2 2.0 9 5 , l  

9 1- 120 0 1 1 1.0 96.1 

121- 150 0 3 3 3 - 0  99.1 

15 1- 180 0 1 - 1 -- 1.0 100.1 

TOTAL 101 100.1 
-- - ----- ------- 

----- 
TABLE E-2. DISTRIBUTION OF PITCH ANGLE AND DIKECTION 

AT IMPACT FOR WEIGHT CLASS B 

Percent 
Angle p- 

Direction To ta1 o f  Cunimula t i v e  
(deg) @ - Level Down - Number - .-- Total ---- Percent -.--- 

91-120 0 1 1 1.1 99.0 

12 1- 150 0 0 0 0.0 99.0 

151- 180 0 1 - 1 --- 1.1 100.0 

TOTAL 9 1 100.1 



-- - - -  
TABLE E-3. DISTRIBUTION OF PITCH ANGLE AND DIRECTION 

AT IMPACT FOR WEIGHT CLASS C 

Any 1 e Cummulative 
-!&.%L Percen t  

151- 180 0 1 - 1 5.9 99.9 

TOTAL 17 99.9 

------ - 
TABLE E- ISTRIBUTION OF PITCH ANGLE AND 1)IiIECTION 

T IMPACT FOR WEIGHT CLASS O 

Angle  
_o 
0 

1- 10 

11-20 

21-30 

31-45 

4G-60 

61-75 

76-90 

91-120 

12  1- 150 

151- 180 

D i r e c t i o n  

Leve l  "k -- Down 

1 

3 0 

2 1 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

TOTAL 

r c e r ~  i; 
To t a  o f 
Nurn b e r  T o t a l  

1 14.3 

3 42.8 

3 42.8 

0 0.0 

0 0.0 

0 0.0 

0 0.0 

0 0.0 

0 0.0 

0 0.0 

0 - 0.0 

7 99.9 

Cunmula t i v e  
Percen t  --- 

14.3 

57.1 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 



TABLE E-5. DISTRIBUTION OF ROLL ANGLE AND DIRECTION 
AT IMPACT FOR WEIGHT CLASS A 

Any 1 e 
L!!kLL- 

15 1- 180 2 0 - 2 - 2.0 -- 100.0 

TOTAL 100 100.0 

TABLE E-6. DISTRIBUTION OF ROLL ANGLE AND I I I I IECT ION 
AT IMPACT FOK MEIGHT CLASS B 

D i r e c t i o n  --.--- - 
Kiy_h - t Leve l  -- L e f t  -- 

57 

4 2 

4 4 

0 1 

9 3 

0 0 

0 0 

7 4 

1 1 

0 0 

6 0 

TOTAL 

Percen t  
T o t a l  o f 
Nu in be r T o t a l  -- 

5 1 GO. 6 

Cummulative 
Percen t  ----- 

60.6 

67.0 

75.5 



TABLE E DISTRIBUTION OF ROLL ANGLE AND DIRECTION 
AT IMPACT FOR WEIGHT CLASS C 

---- pep-- - 

Angle Di r e c t i o r l  Cummulative 
( d e g )  Righ t  - Percent - 

121- 150 0 0 0 0.0 100.0 

151-180 0 0 - 0 0.0 100.0 

TOTAL 17 100.0 
-- ------- -.- 

TABLE E-8, DISTRIBUTION OF ROLL ANGLE AND DIRECTION 
AT IMPACT FOR WEIGHT CLASS D 

Ancile i3i r e c t i o n  --- 
(dGg) R igh t  - Level -- i e f  t 

4 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

TOTAL 

Percent 
Tota l  o f Cumnlulative 
Number -.-.- --- 

4 

1 

1 

1 

0 

0 

0 

0 

0 

0 

0 - 
7 

Tota l  - .-.- 
57.1 

14.3 

14.3 

14.3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 -- 
100.0 

Percent -- --- - -- 
57.1 

71.4 

85.7 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 



- - - - -.----- ----- 
TABLE E-9. DISTRIBUTION OF YAW ANGLE AND DIRECTION 

AT IMPACT FOR WEIGHT CLASS A 
- 

Ang 1 e Cummu 1 d t i  ve 
(degL ----- Percent 

21-30 2 0 2 2.2 86.5 

3 1-45 1 1 2 2.2 89.0 

46-60 1 0 1 1.1 90.1  

51-75 2 0 2 2 .2  92.3 

7 G- 90 3 0 3 3.3 95.6 

91-120 1 0 1 1.1 96.7 

121- 150 0 2 2 2 ,2  98.9 

151-180 1 0 - 1 1.1 100.0 

TOTAL 9 1  100.0 
------ ---- 

- - --  -- 
TAULE E-10. DISTRIt3UTION OF YAW ANGLE AND L)lllECTION 

AT IMPACT FOR WEIGHT CLASS B 

Percerl t 
Ang 1 e ---- Direction Total of cummuG t i v e  
( d e g )  Right Level Total Percent --- Left -- Number - --- ----- 

151-180 0 0 - 0 0 .‘o -- 100.1 

TOTAL 7 4 100.1 



--- - ----- -- 
TABLE E-11. DISTKIUUTION OF YAW ANGLE AND DIRECTION 

AT INPACT FOR WEIGHT CLASS C 

Percen t  
o f  

T o t a l  ---.- 

70.5 

D i  r e c t i w  

R i g h  t -- Leve l  L e f t  
12 

3 2 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

TOTAL 

Ang 1 e 
(deg  ) 

T o t a l  
Nun1 be r -- 
12 

5 

Cumniu 1 d ti ve 
Percen t  ------ 
70.5 

99.9 

TABLE E-12. DISTRI3UTIOI\I OF YAW ANGLE AN0 LII4ECTION 
AT IMPACT FOR WEIGHT CLASS D 

D i r e c t i o n  

f i i g h t  Leve l  -- L e f t  

4 

Percerl t 
o f  

T o t a l  ---- 
66.7 

Angle  
(decll- 
0 

1- 10 

11-20 

21-30 

31-45 

46-60 

61-75 

76-5 0 

91-120 

121-150 

151- 180 

T o t a l  
Number ---- 

4 

Cumlnula t i v e  
Percen t  ---- 
66.7 

83.4 

100.1 

100.1 

100.1 

100.1 

100.1 

100.1 

100.1 

100,1 

100.1 

0 

0 

TOTAL 





APPENDIX F 

VERTICAL AND LONGITUDINAL IMPACT 
VELOCITY BY WEIGHT CLASS 
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Figure F-1. Frequency of occurrence of vertical  impact 
velocity, Weight Class A (89 accidents). 
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F igu re  F-2. Frequency o f  occurrence o f  v e r t i c a l  impact 
v e l o c i t v .  Weiaht Class B (87 acc iden t s ) .  
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Figure F-3, Frequency of occurrence o f  vertical impact 
velocity, Weight Class C ( 1 2  accidents). 
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-4. Frequency of occurrence of vertical  impact 
velocity, Weight Class D ( 7  accidents). 
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80 r'-J .... S i g n i f i c a n t  S u r v i v a b l e  
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F i g  requency o f  occurrence o f  1  ongi  t u d i  na l  impact 
e l o c i t y ,  Me iyh t  Class A (87 acc iden t s ) .  



Velocity (ft/sec) 

equency o f  occurrence o f  1 ongi  t u d i  na l  impact 
l o c i  ty, Weight Class B (82 acc iden t s ) .  



Velocity (ft/sec) 

Figure F-7. Frequency of occurrence of lonyi tudi nal impact 
velocity, height Class C ( 16  accidents). 
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F i  yu re  F-8. Frequency o f  occurrer lce of l o n g i  t u d i  na l  impact 
v e l o c i t y ,  Weight Class D ( 5  acc iden t s ) .  

*u.s. G O V E R N M E N T  PRINTING OFFICE:  1 9 8 5 - 5 0 5 - 0 8 0 / 2 0 0 9 5  

F- 9 








