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Three low-wing g e n e r a l - a v i a t i o n  a i r p l a n e s ,  each w i t h  a mass of 2700 kg,  
were c r a s h  t e s t e d  a t  27 m/sec a long  a f l i g h t - p a t h  a n g l e  o f  -1 5O w i t h  r o l l  
a n g l e s  of 0°, -15O, and -30° a t  t h e  Langley impact dynamics r e s e a r c h  f a c i l i t y .  
These t e s t s  a r e  p a r t  of a program being conducted under c o n t r o l l e d  impact 
c o n d i t i o n s  to de te rmine  t h e  e f f e c t s  of s e l e c t e d  impact pa ramete rs  on c r a s h  
response .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  r o l l  a n g l e  was t h e  o n l y  impact param- 
e t e r  v a r i e d .  Although o t h e r  f a c t o r s  such  as f l i g h t  p a t h ,  yaw, p i t c h ,  v e l o c i t y ,  
a n g u l a r  r a t e s ,  impact s u r f a c e s ,  and f i r e  can a f f e c t  a i r p l a n e  c r a s h  behav ior ,  
such f a c t o r s  a r e  n o t  c o n s i d e r e d  i n  t h i s  r e p o r t .  

The c r a s h  tests, i r r e s p e c t i v e  of r o l l  a t t i t u d e ,  e x h i b i t e d  two d i s t i n c t  
s e q u e n t i a l  impacts:  an  i n i t i a l  impact when t h e  f u s e l a g e  nose  f i r s t  c o n t a c t e d  
t h e  ground, and a second impact when t h e  c a b i n  area i n  t h e  v i c i n i t y  of t h e  wing 
s p a r  c o n t a c t e d  t h e  ground. The second impact produced t h e  h i g h e s t  a c c e l e r a -  
t i o n s  i n  t h e  c a b i n  a r e a .  Changing t h e  r o l l  a t t i t u d e  from O0 t o  -15O or -30° 
r e s u l t e d  i n  a lower peak-to-peak normal a c c e l e r a t i o n  t r e n d  i n  t h e  c a b i n  a r e a .  
The peak-to-peak normal a c c e l e r a t i o n s  forward of t h e  main spar  i n c r e a s e d  
s l i g h t l y  o r  remained a t  t h e  l e v e l  of t h e  O0 test when r o l l  was in t roduced .  
Forward of t h e  main s p a r ,  t h e  l o n g i t u d i n a l  a c c e l e r a t i o n s  were e s s e n t i a l l y  t h e  
same f o r  t h e  -15O test and t h e  O 0  t e s t ,  b u t  were reduced by 50 p e r c e n t  i n  t h e  
-30° test.  L o n g i t u d i n a l  a c c e l e r a t i o n s  i n  t h e  c a b i n  area were approx imate ly  
t h e  same f o r  a l l  t e s t s .  There  was a g e n e r a l  r e d u c t i o n  i n  peak-to-peak normal 
and l o n g i t u d i n a l  a c c e l e r a t i o n s  i n  t h e  seat pan and dummy p e l v i s  r e g i o n s  due t o  
t h e  i n t r o d u c t i o n  of r o l l .  

INTRODUCTION 

With t h e  r a p i d  growth o f  p r i v a t e  and commercial a i r  t r a f f i c  s i n c e  World 
War 11, c a u s e s  o f  passenger  i n j u r i e s  and d e a t h s  i n  s e v e r e  b u t  p o t e n t i a l l y  sur-  
v i v a b l e  c r a s h e s  have been i n c r e a s i n g l y  emphasized. The N a t i o n a l  Advisory 
C m i t t e e  f o r  Aeronau t ics  (NACA), p redecessor  of t h e  N a t i o n a l  Aeronau t ics  and 
Space A d m i n i s t r a t i o n  (NASA), conducted a s e r i e s  o f  f u l l - s c a l e  a i r p l a n e  c r a s h  
t e s t s  wi th  ins t rumented  dummies i n  t h e  e a r l y  1 9 5 0 ' s  ( r e f s .  1 and 2)  . These 
t e s t s  were performed by a c c e l e r a t i n g  an a i r p l a n e  a l o n g  a h o r i z o n t a l  gu ide  r a i l  
i n t o  a n  e a r t h e n  mound. L a t e r  NACA s t u d i e s  shed some l i g h t  on t h e  dynamic 
response  o f  s e a t  s t r u c t u r e s  t o  impact l o a d s  ( r e f .  3)  and r e s u l t e d  i n  a C i v i l  
Aeronau t ics  A d m i n i s t r a t i o n  (CAA) update  i n  s t a t i c  s e a t  s t r e n g t h  requ i rements .  
The a i r p l a n e s  p r e v i o u s l y  t e s t e d  by NACA, however, were n o t  s t r u c t u r a l l y  r e p r e -  
s e n t a t i v e  of c u r r e n t  g e n e r a l - a v i a t i o n  a i r p l a n e s .  T h e r e f o r e ,  i n  1973, a j o i n t  
g e n e r a l - a v i a t i o n  c r a s h - t e s t  program was i n i t i a t e d  by t h e  F e d e r a l  A v i a t i o n  
A d m i n i s t r a t i o n  (FRA) and NASA. 

A s  p a r t  of t h i s  program, t h e  NASA Langley Research Cente r  (LaRC) is  con- 
d u c t i n g  a s e r i e s  of c r a s h  t e s t s  a t  t h e  Langley impact dynamics r e s e a r c h  f a c i l -  
i t y  to o b t a i n  i n f o r m a t i o n  on s ing le -  and twin-engine a i r p l a n e s  under control led  



f r e e - f l i g h t  cond i t i ons ,  The v a r i a t i o n s  i n  des i r ed  impact parameters  f o r  t he  
two-engine a i r p l a n e s  a r e  shown i n  t a b l e  1, Objec t ives  s f  t he  t e s t  program are 
to  d e r i v e  an understanding of what happens t o  the  s t r u c t u r e  of an  a i r p l a n e  sub- 
j e c t &  to c ra sh  l oads  and t o  l e a r n  how var ious  impact parameters  a f f e c t  t h e  mag- 
n i t ude  arid p t t e r n  of L i e  s t r u c t u r a l  damage, T h i s  inforr1ta"cion i s  e s s e n t i a l  for 
p r e d i c t i n g  s t r u c t u r a l  c o l l a p s e  and designing new concepts f o r  s e a t s ,  occupant 
r e s t r a i n t  systems, and cab in  i n t e r i o r s .  Crash- tes t  d a t a  can a l s o  be used to 
a s s e s s  t he  v a l i d i t y  of e l a s t o - p l a s t i c ,  l a rge -de f l ec t i on  ana lyses ,  a s  descr ibed  
i n  r e f e r ence  4. 

There a r e  c e r t a i n  l e t h a l  c r a shes  i n  which t h e  a i r p l a n e  s t r u c t u r e  is so 
seve re ly  damaged t h a t  no hope of s u r v i v a l  e x i s t s  f o r  t he  occupants.  The c r a s h  
s t u d i e s  a t  LaRC, however, a r e  focused on those c r a shes  i n  which t h e  impacted 
s t r u c t u r e  r e t a i n s  s u f f i c i e n t  " l i v a b l e  volume" f o r  p o t e n t i a l  occupant su rv iva l .  
A " l i v a b l e  volume" is a volume s u f f i c i e n t  to maintain space between t h e  occu- 
pant  and t h e  s t r u c t u r e .  

I n  t he  p r e s e n t  i n v e s t i g a t i o n ,  t h r e e  a i r p l a n e s  were c ra sh  t e s t e d  a t  an 
impact f l i gh t -pa th  v e l o c i t y  of 27 m/sec, which is approximately 70 pe rcen t  of 
t he  f l i g h t  s t a l l  speed f o r  t h i s  type of a i r p l a n e ,  a long a f l i g h t - p a t h  ang le  
of -15O, with r o l l  a t t i t u d e s  of 0°, -15Or and -30°. E f f e c t s  of changing t h e  
r o l l  angle  a t  impact (with angle  of a t t a c k ,  p i t c h ,  and f l i g h t - p a t h  v e l o c i t y  
he ld  cons t an t )  a r e  d i scussed  i n  terms of a c c e l e r a t i o n  and s t r u c t u r a l  damage. 
Other test parameters ,  p a r t i c u l a r l y  yaw angle  and v e r t i c a l  v e l o c i t y ,  v a r i e d  
from t h e  nominal va lues  i n  these  tests. The e f f e c t s  of t he se  v a r i a t i o n s  were 
not  considered i n  t he  a n a l y s i s  of t he  da ta .  I t  should be emphasized t h a t  t h e s e  
tests were n o t  conducted f o r  t h e  purpose of eva lua t ing  t h e  s a f e t y  of a p a r t i c -  
u l a r  a i r p l a n e ,  but r a t h e r  to ga ther  da t a  on c r a sh  phenomena which should be 
h e l p f u l  i n  designing f u t u r e  a i r p l a n e s .  

The purpose of t h i s  r e p o r t  is t o  d i s c u s s  s t r u c t u r a l  damage and a c c e l e r a t i o n  
time h i s t o r i e s  f o r  a i r p l a n e s  t e s t e d  a t  t h r e e  r o l l  angles .  A motion-picture  f i lm  
supplement on these  tests a t  t h e  t h r e e  r o l l  angles  is a v a i l a b l e  on loan.  A 
r eques t  ca rd  form and a d e s c r i p t i o n  of t h e  f i lm  a r e  found a t  t h e  back of t h i s  
paper. 

TEST FACILITY 

The f u l l - s c a l e  c r a sh  tests were performed a t  t h e  Langley impact dynamics 
r e sea rch  f a c i l i t y  shown i n  f i g u r e  1 .  The f a c i l i t y  is descr ibed  more completely 
i n  r e f e r ence  5. The bas i c  s t r u c t u r e  of t h e  f a c i l i t y  is t h e  gant ry ,  which is 
7 3  m high and 122 m long. A movable br idge spans t he  gan t ry  a t  t h e  66-m l e v e l  
and can t r a v e r s e  t he  l eng th  of t h e  gantry.  A c o n t r o l  room and an obse rva t ion  
room a r e  l oca t ed  i n  t h e  bu i ld ing  a t  t he  base of t he  gantry.  Along t h e  c e n t e r  
l i n e  of t he  gant ry  a t  ground l e v e l  is a s t r i p  of r e in fo rced  conc re t e  122 m long,  
11 m wide, and 0.2 m t h i ck  which is used a s  the  impact su r f ace .  The impact sur-  
f a c e  and a movable backboard have a pa in t ed  1-m g r i d  system f o r  photographic  
background, 

The systems necessary to perform t h e  f u l l - s c a l e  c r a sh  t e s t s  a r e  shoim i n  
f i g u r e  2 ,  Swing-cable p ivo t -poin t  p la t forms  Imated a t  t h e  west end of t h e  



g a n t r y  suppor t  t h e  winches,  sheaves ,  and p u l l e y  sys tems f o r  c o n t r o l l i n g  t h e  
l e n g t h  of t h e  swing c a b l e s ,  A pu l lback  p l a t f o r m ,  a t t a c h e d  to t h e  unders ide  of 
t h e  m v a b l e  b r i d g e ,  s u p p o r t s  a winch, sheave,  and p u l l e y  system f o r  c o n t r o l l i n g  
t h e  l e n g t h  o f  t h e  p u l l b a c k  c a b l e .  The swing and pu l lback  c a b l e s  a t t a c h e d  t o  
t h e  l i f t i n g  h a r n e s s ,  which make up the tes t -specimen siispensiort system, a r e  
shown i n  f i g u r e  3 .  

The a i r p l a n e ,  suspended by two swing c a b l e s  from t h e  g a n t r y ,  is p u l l e d  to 
t h e  d e s i r e d  h e i g h t  by t h e  p u l l b a c k  c a b l e .  The t e s t  sequence beg ins  when t h e  
a i r p l a n e  is r e l e a s e d  from t h e  pu l lback  c a b l e  and swings pendulum s t y l e  i n t o  
t h e  impact s u r f a c e ,  a s  shown i n  f i g u r e  4. The swing c a b l e s  a r e  pyro techn i -  
c a l l y  s e p a r a t e d  p r i o r  t o  ground c o n t a c t  when t h e  specimen is approx imate ly  2 m 
from t h e  impact s u r f a c e  a l o n g  t h e  f l i g h t  pa th .  The a i r p l a n e ,  t h e r e f o r e ,  is 
f r e e  from r e s t r a i n t  dur ing  t h e  c r a s h  sequence.  The u m b i l i c a l  ( f i g .  3)  remains 
a t t a c h e d  d u r i n g  t h e  impact f o r  d a t a  a c q u i s i t i o n  and is p y r o t e c h n i c a l l y  sepa- 
r a t e d  a t  approx imate ly  0.75 s e c  a f t e r  swing-cable s e p a r a t i o n .  

The f l i g h t - p a t h  and a t t i t u d e  a n g l e s  of t h e  a i r p l a n e  a r e  i d e n t i f i e d ,  
t o g e t h e r  w i t h  t h e  a x e s  and f o r c e  d i r e c t i o n s ,  i n  f i g u r e  5. The f l i g h t - p a t h  
a n g l e  was set f o r  -15O ( f i g .  4 )  by a d j u s t i n g  t h e  l e n g t h  o f  t h e  swing c a b l e s  
f o r  each t e s t  ( r e f .  6), and t h e  r o l l  a n g l e  was o b t a i n e d  by i n d i v i d u a l  r e l a -  
t i v e  ad jus tments  o f  t h e  swing c a b l e s .  The pu l lback  h e i g h t  o f  t h e  a i r p l a n e  was 
c a l c u l a t e d  t o  g i v e  a f l i g h t - p a t h  v e l o c i t y  of 27 m/sec. T h i s  v e l o c i t y  is t h e  
maximum o b t a i n a b l e  a t  t h e  f a c i l i t y  f o r  a smooth g rav i ty - induced  swing and is 
approx imate ly  70 p e r c e n t  of t h e  f l i g h t  s t a l l  speed f o r  t h i s  type  of a i r p l a n e .  

DESCRIPTION OF TEST AIRPLANES 

The test  a i r p l a n e s  were twin-engine g e n e r a l - a v i a t i o n  t y p e s  wi th  a nomi- 
n a l  mass o f  2700 kg and a c a p a c i t y  of s i x  to e i g h t  passengers .  The t h r e e  a i r -  
p l a n e s  and t h e i r  t e s t  pa ramete rs  a r e  shown i n  f i g u r e  6. The a i r p l a n e s  c o n s i s t  
o f  a f u s e l a g e  s t r u c t u r a l  s h e l l ,  wings w i t h  n a c e l l e  f a i r i n g s ,  and l a n d i n g  gear  
( r e t r a c t e d ) .  The mass and c e n t e r  of g r a v i t y  of t h e  empennage were s i m u l a t e d  
by t w o  c o n c e n t r a t e d  masses which r e p r e s e n t  t h e  f in - rudder  and s t a b i l i z e r - e l e v a t o r  
c m b i n a t i o n s .  The a i l e r o n s  and f l a p s  were a l s o  s i m u l a t e d  by c o n c e n t r a t e d  masses. 
Masses were added a t  t h e  a p p r o p r i a t e  l o c a t i o n s  t o  s i m u l a t e  t h e  mass and c e n t e r  of 
g r a v i t y  of t h e  eng ines ,  p r o p e l l e r s ,  and s p i n n e r s .  The f u e l  b l a d d e r s  were f i l l e d  
wi th  c o l o r e d  water t o  s i m u l a t e  t h e  f u e l  mass and t o  h e l p  l o c a t e  b ladder  l e a k a g e ,  
i f  any,  dur ing  t h e  t e s t i n g .  S p o i l e r s  were a t t a c h e d  t o  t h e  wings t o  minimize t h e  
aerodynamic l i f t .  

The s e l e c t e d  arrangements  of seats, anthropomorphic dummies, and r e s t r a i n t  
sys tems a r e  shown i n  f i g u r e  7. For t h e  -15O and -30° r o l l  t e s t s ,  Hybrid I1 
anthropomorphic dummies were used (see r e f .  7 ) ,  and t h e i r  r e s p e c t i v e  masses a r e  
g i v e n  b e s i d e  each dummy i n  f i g u r e  7. For t h e  o0 r o l l  t e s t ,  which was performed 
b e f o r e  t h e  Hybrid I1 dummies had been a c q u i r e d ,  dummies normal ly  used f o r  s e a t  
e j e c t i o n  s t u d i e s  were used. These e a r l i e r  dummies have f r e e  h i p  j o i n t s  i n  con- 
t r a s t  t o  t h e  r e s t r i c t e d  j o i n t s  used on t h e  Hybrid I1 d u m i e s .  The masses of 
t h e s e  e a r l i e r  dummies a r e  a l s o  g iven  i n  f i g u r e  7. The a i r p l a n e  used i n  t h e  
O0 r o l l  t e s t  had no f l o a r  boards ,  ins t rument  p a n e l ,  o r  f u r n i s h i n g s  ( e x c e p t  
s e a t s ) ;  whereas t h e  a i r p l a n e s  used i n  - 1 5 ~  and -30° r o l l  t e s t s  had f l o o r  



bards .  ALP t e s t  airplanes contained bat ter ies ,  instrumentation junction 
boxes, a pyrotechnic programer, and various e lec t r  ica% junction boxes and 
c i rcu i t s  needed to  prform the crash t e s t ,  Concentrated masses were also 
used to  simulate some items FJhich are integral to a complete airplane and 
were arranged to provide the proper balance and center-of-gravity lwa t ion ,  

Onboard instrumentation consisted of accelerometers, load ce l l s ,  and high- 
speed motion-picture cameras to  provide data pertaining to  the dynamic behavior 
of the airplane structure,  cabin seats,  and anthropomorphic dummies. External 
photographic coverage (see f ig .  2)  of the crash sequence was provided by track- 
ing cameras and fixed motion-picture cameras located on the side of,  in front 
of, and above the t e s t  specimen a t  impact position. 

Accelerometers were calibrated in a centrifuge prior to  each t e s t  and 
were l inear in amplitude to  +1 percent throughout the frequency range of 4 t o  
5000 Hz. The accelerometer locations are shown i n  figure 8. The accelerom- 
e te rs  were oriented in normal, longitudinal, and transverse directions with 
respect t o  the airplane axes. Each location - for example, 2B9N - is desig- 
nated by its coordinates as follows: the f i r s t  number "2" indicates the lon- 
gitudinal coordinate; the f i r s t  l e t t e r  "B" indicates the vert ical  coordinate 
(floor to  roof);  the second number "9" indicates the transverse coordinate; 
and the second l e t t e r  "N" indicates the accelerometer orientation with respect 
to the airplane body-axes system. (That is, the accelerometer location on the 
floor beam nearest the nose is designated "2B9," and the accelerometer a t  that 
location oriented in the normal direction is designated "2B9N.") The longi- 
tudinal and transverse orientations are designated "L" and "TI" respectively. 

Data signals were transmitted through an umbilical cable to  a junction box 
on top of the gantry and from there, through hard wire, t o  the control room, 
where the data signals were recorded by FM tape recorders. To correlate data 
signals on the F'M recorders and the external motion-picture film, a time code 
was recorded simultaneously on the magnetic tape and on the film. There was 
also a time-code generator onboard the airplane for use with the onboard cam- 
eras. To obtain the horizontal velocity of the airplane a t  impact, a Doppler 
radar unit was placed on the impact surf ace approximately 60 m a f t  of the 
impact point and the signal was recorded on the E'M tapes. 

The accelerometer data and data-reduction techniques are described br ief ly  
i n  the appendix and more completely in reference 8. Piezoelectric accelerom- 
e te rs  were -used on the airframe and the dummies i n  the O0 r o l l  t e s t .  Strain- 
gage accelerometers were used i n  the anthropomorphic dummies for the -15O and 
-30° r o l l  t es t s .  The output of the piezoelectric accelerometers, however, 
exhibited various degrees of zero s h i f t  w i t h  increasing time. This problem 
was compounded by the multiplicity of pulses to  which each accelerometer was 
subjected during the tests .  A s  a  resul t  there is some unknown error i n  the 
absolute value of accelerations recorded from the piezoelectric accelerometers 
a f te r  the f i r s t  pulse, 



A c a s u a l  i n s p c t i o n  of t h e  a c c e l e r a t i o n  t r a c e s  does  n o t  r e v e a l  the z e r o  
s h i f t  nor an e r r o r  i n  t h e  a b s o l u t e  v a l u e  of the a c c e l e r a t i o n s  record&.  O n l y  
a f t e r  Cne a c c e l e r a t i o n  traces a r e  l n t e g ~ a t e d  and t h e  r e s u l t s  a r e  compared with 
k n o m  v e l o c i t y  v a l u e s  does  t h e  e f f e c t  o f  z e r o  shift become e v i d e n t ,  All peak- 
t o - p a k  a c c e l e r a t i o n  va lues  a r e  k l i e v e d  t o  be a c c u r a t e .  Hence, d a t a  are  &a- 
l y z e d  i n  terms of peak-to-peak v a l u e s  f o r  comparat ive  purposes .  

RESULTS AND DISCUSSION 

Assessment of S t r u c t u r a l  Damage 

R o l l  test  a t  oO.- The p h o t o g r a p h i c  sequence o f  t h e  o0 r o l l  t e s t  is pre -  
s e n t e d  i n  f i g u r e  9. t h e  a i r p l a n e  on t h e  g l i d e  p a t h  p r i o r  t o  impact is shown 
i n  f i g u r e  9 ( a ) .  F i g u r e  9 ( b )  shows t h e  a i r p l a n e  a t  0.02 sec a f t e r  impact w i t h  
t h e  swing c a b l e s  s e p a r a t e d  t o  p e r m i t  f r e e  f l i g h t  a t  impact. Crushing o f  t h e  
nose  (0.07 sec) is shown i n  f i g u r e  9  (c) , and f i g u r e  9  (d )  shows t h e  wings f l a t  
on t h e  impact s u r f  a c e  and t h e  i n i t i a l  movement of t h e  dummies (0.1 2 s e c )  . Fig-  
u r e  9 ( e )  shows t h e  slapdown of t h e  a f t  f u s e l a g e  s e c t i o n  and t h e  r e s u l t i n g  wrin- 
k l e s  i n  t h e  s k i n  s u r f  ace, s e p a r a t i o n  o f  t h e  f u s e l a g e  a l o n g  t h e  lower window 
l e d g e ,  and t h e  door opening (0.17 sec) . The c o n t i n u i n g  deformat ion  of t h e  test  
specimen d u r i n g  s l i d e  o u t  (0.22 s e c )  is  shown i n  f i g u r e  9  ( f )  . I n s p e c t i o n  o f  
t h e s e  f i g u r e s  i n d i c a t e s  t h a t  t h e  l i v a b l e  volume of t h e  c a b i n  was main ta ined  
throughout  t h e  c r a s h  sequence. 

The e x t e r i o r  damage t o  t h e  a i r p l a n e  f o r  t h e  O0 r o l l  t e s t  is shown i n  f i g -  
u r e  10. A s  seen  i n  t h e  o v e r a l l  view of  t h e  r i g h t  s i d e  ( f i g .  1 0 ( a ) ) ,  buck l ing  
o c c u r r e d  i n  t h e  nose  s e c t i o n ,  a t  t h e  f i r e  w a l l ,  and a long  t h e  bottom of t h e  
f u s e l a g e .  R i v e t  s h e a r  f a i l u r e  is e v i d e n t  a f t  from t h e  escape  ha tch  a l o n g  t h e  
window l e d g e  and downward a t  t h e  r e a r  of t h e  t h i r d  window. (See f i g s .  10 (a )  
and 10 (b) .) Also,  r i v e t  f a i l u r e  is shown under t h e  f  i r s t - p a s s e n g e r  window 
( f i g .  10 (c) ) and a c r o s s  t h e  t o p  of t h e  f u s e l a g e  a f t  of t h e  p i l o t  and c o p i l o t  
s e a t s  ( f i g .  1 0 ( d ) ) .  The breakage of t h e  p i l o t ' s  windsh ie ld  and s i d e  window 
o c c u r r e d  because of de format ion  of t h e  forward c a b i n  s e c t i o n  ( f i g .  1 0 ( d ) ) .  

Damage t o  t h e  c a b i n  i n t e r i o r  is shown i n  t h e  f o u r  photographs  o f  f i g u r e  11.  
The f i r s t  photograph ( f i g .  11 ( a )  ) is  a view look ing  a f t  from t h e  c o c k p i t ,  where 
buck l ing  can be seen i n  t h e  s t i f f e n e r s  which t i e  t o g e t h e r  t h e  two main f l o o r  
beams. Also shown is t h e  f i v e - p o i n t  r e s t r a i n t  worn by the f i r s t - p a s s e n g e r  
dummy. F i g u r e  11 (b) is a  view look ing  forward from t h e  t a i l  s e c t i o n  and a g a i n  
shows t h e  main f l o o r  beams and t h e  buckled s t i f f e n e r s .  The a p p a r e n t  upward 
movement of t h e  f l o o r  s e c t i o n  is shown by t h e  outward r o t a t i o n  o f  t h e  s e a t s .  
The f o u r  photographs  of f i g u r e  7 1 a l s o  show t h e  l a y o u t  of s e a t s ,  dummies, add i -  
t i o n a l  masses, i n s t r u m e n t a t i o n  equipment,  and moderate i n t e r i o r  damage. 

R o l l  test a t  -1 5O.- Sequence photographs  of t h e  a i r p l a n e  d u r i n g  a  -1 5O r o l l  
impact t e s t  a r e  shown i n  f i g u r e  12, The photograph ( f i g .  1 2 ( a ) )  shows t h e  c a b l e  
s e p a r a t i o n  and f ree - f  l i g h t  a t t i t u d e  p r i o r  t o  impact.  F i g u r e  1 2  (b) (0.03 sec) 
shows t h e  t e s t  a i r p l a n e  a s  t h e  nose  s e c t i o n  c o n t a c t s  t h e  impact s u r f a c e  and t h e  
l e f t  wing has i rnpcked  and k g u n  t o  deform, I n  f i g u r e  1 2  ( 6 )  (0.08 s e c )  t h e  



f u s e l a g e  i n  the vicinity of the f i r e  w a l l  h a s  made c o n t a e b  arid t h e  i n i t i a l  
r e a c t i o n  of %he dumy p i l o t  and f i r s t - p a s s e n g e r  dumy  to t h e  c r a s h  is evi-  
d e n t ,  A s  t h e  main f u s e l a g e  c o n t a c t s  the impact s u r f a c e  jQ,13  s e c )  and r i g h t  
wing, s l a p d o ~ m  ( 0 - 1 8  sec, figs. 1 2 ( d )  and 1 2 ( e ) )  has  occur red ,  the pilot dumy 
~ m p c t s  t h e  ~ n s t r u m e n k  p a n e l ,  and the f u s e l a g e  h a s  begun t o  s e p a r a t e  a long  t h e  
window l e d g e  on t h e  l e f t  s i d e  of t h e  t e s t  specimen; a l s o ,  t h e  door has  s t a r t e d  
t o  open. I n  f i g u r e s  12 ( e )  and 12 ( f )  , a s  t a i l  slapdown o c c u r s  (0.18 sec and 
0.23 sec, r e s p e c t i v e l y ) ,  t h e  t e n s i l e  l o a d i n g  i n  t h e  t o p  p o r t i o n  o f  t h e  fuse -  
l a g e  c a u s e s  s e p a r a t i o n  of t h e  l e f t  and c e n t e r  windsh ie ld  s u p p o r t s .    his f a i l -  
u r e  of t h e  windsh ie ld  s u p p o r t s  then  c a u s e s  s e p a r a t i o n  o f  t h e  w i n d s h i e l d  and a 
rearward movement of t h e  t o p  p o r t i o n  of t h e  c a b i n .  These e f f e c t s  a r e  shown by 
t h e  misal ignment  of t h e  p a i n t e d  b lack  l i n e s  on t h e  f u s e l a g e  s i d e  r e p r e s e n t i n g  
t h e  under ly ing  s t r u c t u r e .  The t o p  p o r t i o n  of t h e  c a b i n  i n  t h e  v i c i n i t y  o f  t h e  
f i r s t -  and second-passenger dummies has  begun t o  "neck down" and t h e  f i r s t -  
passenger  d u m y  h a s  impacted t h e  p i l o t  seat. The e n g i n e  cowling on t h e  l e f t  
s i d e  h a s  s h e a r e d  i ts r i v e t s  and s e p a r a t i o n  has  begun. Also  shown is t h e  window 
breakage a l o n g  t h e  l e f t  s i d e .  

The e x t e r i o r  damage r e s u l t i n g  from t h e  impact is shown i n  f i g u r e  13. The 
rear view of t h e  l e f t  s i d e  i n  f i g u r e  13 ( a )  shows s t r u c t u r a l  damage to t h e  t o p  
s u r f a c e  of t h e  wing a t  about  o n e - t h i r d  o f  t h e  wing semispan from t h e  t i p .  The 
r e a r  view of the r i g h t  s i d e  i n  f i g u r e  13 (b )  shows t h e  t a i l - s e c t i o n  s e p a r a t i o n  
and l o o s e  emergency escape h a t c h  w i t h  r i v e t  s h e a r  and s h e e t  metal s e p a r a t i o n  
under t h e  window frame i n  t h e  v i c i n i t y  of t h e  second-passenger seat. A f u l l  
view of t h e  l e f t  s i d e  of t h e  test a i r p l a n e  i n  f i g u r e  1 3 ( c )  shows t h e  damaged 
wing, c a b i n  and t a i l  s e p a r a t i o n ,  broken windows, and t h e  misal ignment  of t h e  
t o p  p o r t i o n  o f  t h e  cab in .  A c lose -up  view ( f i g .  13 ( d ) )  of t h e  r i g h t  s i d e  o f  
t h e  c a b i n  and c o c k p i t  a r e a s  shows t h e  loosened  escape  h a t c h ,  buck l ing  of t h e  
s k i n ,  broken c o p i l o t  s i d e  window, and s e p a r a t i o n  and deformat ion  o f  t h e  wind- 
s h i e l d  c o r n e r  p o s t .  F i g u r e s  1 3 ( e )  and 1 3 ( f )  show more c l e a r l y  t h e  damage a t  
t h e  base  o f  t h e  windsh ie ld  and l e f t  s i d e .  The deformat ion a c r o s s  t h e  t o p  of 
t h e  c a b i n  ( f i g .  1 3  (e) ) and t h e  s u b f l o o r  c r u s h i n g  d i d  n o t  s i g n i f i c a n t l y  reduce  
t h e  l i v a b l e  volume i n s i d e  t h e  c a b i n  a r e a .  

The damage done t o  t h e  a i r p l a n e  i n t e r i o r  i n  t h e  -15O r o l l  test is shown i n  
f i g u r e  14. A view look ing  forward i n  t h e  c a b i n  a r e a  ( f i g .  1 4  ( a ) )  shows o n l y  a 
s l i g h t  a p p a r e n t l y  upward movement of t h e  c e n t e r  f l o o r  a r e a ,  a s  c a n  be d e t e r -  
mined by t h e  outward r o t a t i o n  of t h e  acce le romete r  b locks .  F i g u r e  1 4 ( b )  shows 
t h e  forward c a b i n  and c o c k p i t  a r e a  w i t h  f i x t u r e s  removed. Also e v i d e n t  are 
s l i g h t  a p p a r e n t l y  upward movement o f  t h e  c a b i n  f l o o r  c e n t e r  s e c t i o n  and t h e  
s e p a r a t i o n  of t h e  c a b i n  a long t h e  window l e d g e .  The buckled l e f t  main s p a r  
near  t h e  main s p a r  s p l i c e  can be seen i n  f i g u r e  1 4 ( c ) ,  which is a t o p  view o f  
t h e  main s p a r  i n s i d e  t h e  c a b i n .  A view of t h e  f l o o r  s u p p o r t  w i t h  s m a l l  amounts 
of buck l ing  o f  t h e  c ross - suppor t  s t r u c t u r e s  is  shown i n  f i g u r e  1 4 ( d ) .  The t o r n  
and s e p a r a t e d  t a i l  s e c t i o n  shown i n  f i g u r e  14 ( e )  , i n  a view a f t  o f  t h e  door ,  
shows t h e  e f f e c t s  of t a i l  slapdown dur ing  impact. 

R o l l  t e s t  a t  -30°.- The pho tograph ic  sequence of t h e  -30" r o l l  test is 
shown i n  f i g u r e  95. Wing deformat ion  a f t e r  i n i t i a l  impact is shorn  i n  f i g -  
ure 15  ( a ) ,  F i g u r e s  15 (b )  t o  15 ( f )  g r a p h i c a l l y  i l l u s t r a t e  how t h e  l e f t  wing 
of t h e  a i r p l a n e  bends duriw impact and attenuates some of  t h e  impact e n e r w ,  



Movement of the pilot d u m y  has started and may be noted in figure 1 5 ( c ) ,  The 
airplane pivots about its left wing after initial impact for approximately 
6,30 see k f o r e  right wing sla@own o c c u r s ,  The resulting cabin deformation 
and slide out are shown in figures 1 5 ( d )  to 1 5 ( f ) .  It can be seen that the 
livable volume was maintained throughout the impact sequence. 

The e x t e r i o r  damage t o  t h i s  a i r p l a n e  is shown i n  f i g u r e  9 6 .  An o v e r a l l  
f r o n t  view of t h e  a i r p l a n e  i n  f i g u r e  1 6 ( a )  shows t h e  upward deformat ion  o f  t h e  
l e f t  wing and t h e  l e f t  and c e n t e r  windsh ie ld  p o s t s  s e p a r a t e d  a t  t h e i r  lower 
f u s e l a g e  a t t achments .  The s e p a r a t i o n  of t h e  p o s t s  was caused by t h e  t e n s i l e  
l o a d  on t h e  t o p  p o r t i o n  of t h e  c a b i n  d u r i n g  t a i l  slapdown. Evidence of t h e  
t e n s i l e  l o a d  can be s e e n  i n  f i g u r e  1 6 ( b )  by t h e  misal ignment  o f  t h e  b lack  ver -  
t i c a l  s k i n  l i n e s  ( r e f e r e n c e  l i n e s )  between t h e  p i l o t  and f i r s t - p a s s e n g e r  dum- 
mies. I n  t h e  r i g h t  s i d e  views ( f i g s .  16 (c) and 16 ( d ) )  s k i n  buck l ing  i s  shown 
i n  t h e  a f t  p o r t i o n  of t h e  f u s e l a g e .  A r e a r  view of t h e  l e f t  s i d e  of t h e  air-  
p l a n e  ( f i g .  1 6 ( e ) )  shows s e p a r a t i o n  of t h e  c a b i n  a long  t h e  window l e d g e  and 
misal ignment  o f  t h e  p a i n t e d  l i n e s  of t h e  u n d e r l y i n g  a i r f r a m e  s e c t i o n s .  

The i n t e r i o r  c a b i n  damage i n  t h e  -30° r o l l  t e s t  is shown i n  f i g u r e  1 7 .  
A view l o o k i n g  fo rward  i n  t h e  c a b i n  s e c t i o n  ( f i g .  1 7 ( a ) )  shows o n l y  a  s l i g h t  
a p p a r e n t  r i s e  i n  t h e  c e n t e r  p o r t i o n  of t h e  f l o o r  m a n i f e s t e d  by t h e  outward 
r o t a t i o n  of t h e  s e a t s .  A view of t h e  r e a r  s e c t i o n  of t h e  a i r p l a n e  ( f i g .  1 7 ( b ) )  
shows o n l y  minor f u s e l a g e  s e p a r a t i o n  a long  t h e  lower p o r t i o n  o f  t h e  f u s e l a g e .  
The windsh ie ld  p o s t ,  p i l o t  s i d e  window, and c o p i l o t  windsh ie ld  were broken and 
a r e  shown i n  f i g u r e  1 7 ( c )  ; a l s o  shown is a  s l i g h t  buck l ing  of t h e  main s p a r .  
Damage t o  t h e  c r o s s  members between t h e  f l o o r  beams is  shown i n  f i g u r e  1 7 ( d ) .  
Damage t o  t h e  main s p a r  is shown i n  a  t o p  view i n  f i g u r e  1 7 ( e ) .  

The l e f t  wing i n  t h e  -30° r o l l  test is shown i n  f i g u r e  1 8  w i t h  s k i n  dam- 
age e v i d e n t  on t h e  t o p  s u r f a c e  ( f i g .  18 ( a ) )  and w i t h  s k i n  t e a r s  and r i v e t  s h e a r  
shown i n  t h e  c lose-up ( f i g .  1 8 ( b ) ) .  A s e c t i o n  of t h e  damaged wing w i t h  t h e  
upper s k i n  removed is shown i n  f i g u r e s  18 (c) and 18 ( d )  . Rib and r e a r  s p a r  
f r a c t u r e  is e v i d e n t  i n  t h e  c lose-up view ( f i g .  1 8  (d) ) i n  t h e  v i c i n i t y  of t h e  
ou tboard  f u e l  b l a d d e r .  The broken r i b  s e c t i o n s  punctured t h e  f u e l  b ladder  i n  
s e v e r a l  p l a c e s .  

Comparison o f  Damage 

E x t e r n a l  damage t o  t h e  nose  s e c t i o n  of t h e  t h r e e  a i r p l a n e s  was m o s t  s e v e r e  
i n  t h e  -30° r o l l  test .  Buckling was more pronounced both  i n  a  wider a r e a  o f  t h e  
nose  s e c t i o n  and i n  t h e  f i r e  w a l l  f o r  t h e  O0 r o l l  t e s t  t h a n  f o r  t h e  -15O r o l l  
t e s t .  A l l  t h r e e  t e s t s  exper ienced  some w i n d s h i e l d  p o s t  s e p a r a t i o n ,  b u t  damage 
was most s e v e r e  i n  t h e  -15O r o l l  t e s t ,  where a l l  t h r e e  p o s t s  s e p a r a t e d .  

On t h e  l e f t  s i d e  of t h e  f u s e l a g e ,  damage was most s e v e r e  f o r  t h e  -15O r o l l  
t e s t  and l e a s t  s e v e r e  f o r  t h e  O0 r o l l  t e s t .  There  was more r i v e t  s h e a r  and  
wider s e p a r a t i o n  of t h e  lower edge of t h e  f i r s t -  and th i rd -passenger  window 
frames f o r  t h e  -15O r o l l  t e s t  t h a n  for  t h e  -3O0 r o l l  t e s t .  

Damage on the right s i d e  of the fuselage was most severe in the -95O roll 
test and least severe in the -3O0 test. Separation of the Lower portion of the 



escape h a t c h  frame from t h e  f u s e l a g e  o c c u r r e d  i n  t h e  .-15° r o l l  t e s t ;  r i v e t  
s h e a r  under t h e  four th -passenger  window frame o c c u r r e d  i n  t h e  O0 r o l l  t e s t ,  
Only minor w r i n k l i n g  of t h e  s k i n  o c c u r r e d  i n  t h e  r i g h t  s i d e  of t h e  fuselage 
f o r  t h e  -3O0 r o l l  t e s t .  

The t a i l  s e c t i o n s  of t h e  a i r p l a n e s  r e c e i v e d  a lmos t  e q u a l  damage f o r  t h e  
O0 and -30° r o l l  t e s t s ;  t h i s  damage was most s e v e r e  f o r  t h e  -IS0 r o l l  t e s t ,  
where damage t o  t h e  s k i n  ( w r i n k l i n g )  was more pronounced. There  was a s l i g h t  
s e p a r a t i o n  of t h e  t a i l  s e c t i o n  a t  t h e  lower r i g h t  corner  of t h e  door frame i n  
t h e  -30° r o l l  t e s t ,  w h i l e  i n  t h e  -15O r o l l  t e s t ,  a lmos t  t h e  e n t i r e  t a i l  s e c t i o n  
s e p a r a t e d  from t h e  f u s e l a g e  a t  t h e  a f t  edge of t h e  door .  The t a i l  s e c t i o n  was 
h e l d  t o  t h e  f u s e l a g e  o n l y  a long  t h e  r i g h t  lower s i d e .  

I n  t h e  O0 r o l l  t e s t ,  s e v e r e  r i v e t  s h e a r  f a i l u r e  o c c u r r e d  on  t h e  r o o f  
between t h e  p i l o t  and f i r s t - p a s s e n g e r  l o c a t i o n ,  l e a v i n g  a gap  from a f t  of 
t h e  p i l o t  window t o  a f t  of t h e  c o p i l o t  window. A s l i g h t  r i v e t  s h e a r  f a i l u r e  
o c c u r r e d  i n  t h e  -30° r o l l  test;  l e a s t  damage was observed i n  t h e  -15O ro l l  
tes t .  Also,  buck l ing  a long  t h e  l e n g t h  of t h e  roof  abou t  1 5  cm t o  t h e  l e f t  o f  
c e n t e r  occur red  i n  t h e  O0 r o l l  t e s t ,  w h i l e  none was observed i n  t h e  o t h e r  two 
tests. 

I n t e r i o r  damage was most s e v e r e  i n  t h e  O0 r o l l  t e s t  i n  t h e  p i l o t  and 
c o p i l o t  f l o o r  and f i r e  w a l l  a r e a  and l e a s t  s e v e r e  i n  t h e  same a r e a s  i n  t h e  
-30° r o l l  test .  Damage t o  t h e  main s p a r  i n s i d e  t h e  c a b i n  was abou t  t h e  same 
f o r  t h e  O0 and -15O r o l l  tests; it w a s  l e s s  s e v e r e  f o r  t h e  -30° r o l l  tes t .  
Damage i n  t h e  c r o s s  members between t h e  f l o o r  beams was a l s o  most s e v e r e  f o r  
t h e  O0 r o l l  t e s t  and l e a s t  s e v e r e  f o r  t h e  -30° r o l l  t e s t .  Cross  members 
between t h e  window s i d e  and f l o o r  beams exper ienced  most damage i n  t h e  
-15O r o l l  t e s t  and l e a s t  damage i n  t h e  -30° r o l l  test .  I n  t h e  i n t e r i o r  o f  
t h e  t a i l  s e c t i o n ,  however, damage w a s  most sever,e i n  t h e  -15O r o l l  t e s t  and 
l e a s t  s e v e r e  i n  t h e  O0 r o l l  test .  

O v e r a l l  comparisons i n d i c a t e  t h a t  t h e  -30° r o l l  test r e s u l t e d  i n  t h e  
l e a s t  damage i n  and around t h e  passenger  compartment. 

Floor-Beam Normal A c c e l e r a t i o n s  

For completeness ,  a l l  a c c e l e r a t i o n  d a t a  f o r  each c r a s h  t e s t  a r e  i n c l u d e d  
i n  t h e  appendix i n  p l o t s  accord ing  t o  t h e i r  l o c a t i o n  and o r i e n t a t i o n .  Data f o r  
s e l e c t e d  p o r t i o n s  of normal,  l o n g i t u d i n a l ,  and t r a n s v e r s e  a c c e l e r a t i o n  a l o n g  
t h e  f l o o r  beam on t h e  f l o o r  under t h e  f i r s t - p a s s e n g e r  s e a t  ( f i g .  7 )  and i n  t h e  
p e l v i s  of t h e  f i r s t - p a s s e n g e r  dummy a r e  p r e s e n t e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

R o l l  t e s t  a t  OO.- I n  f i g u r e  1 9 ( a ) ,  e i g h t  normal a c c e l e r a t i o n  t r a c e s  from 
t h e  O0 r o l l  t e s t  a r e  p r e s e n t e d ,  and t h e  times of s i g n i f i c a n t  e v e n t s  a r e  n o t e d .  
The e i g h t  a c c e l e r o m e t e r s  were spaced a long t h e  l e f t  f l o o r  beam of t h e  a i r p l a n e  
( s e e  i n s e r t ,  f i g .  1 9 ( a )  and f i g .  8 ( a ) )  from t h e  f i r s t  nose frame (2B9N) t o  t h e  
door of t h e  c a b i n  (1 9B9N) . A c c e l e r a t i o n s  i n  t h e  c a b i n  compartment reached a 
maximum i n  t h e  v i c i n i t y  of t h e  main s p a r  and diminished p r o g r e s s i v e l y  from t h a t  
pint rearward.  W"cA091 sec ( f i g ,  1 9 ( a ) )  t h e  wing made ground contact  and 



peak-to-peak a c c e l e r a t i o n s  of 130g and 50g o c c u r r e d  on t h e  f l o o r  nex t  t o  t h e  
f i r s t - p a s s e n g e r  a i s l e  s e a t  l egs  ( I  5B9W and 13B9N) 

R o l l  t e s t  -- a t  -9Ei0.- Nine normal a c c e l e r a t i o n  t r a c e s  a long t h e  f l o o r  s t r u c -  
ture a r e  shown i n  f i g u r e  ?9!b) for  t h e  - 7 ! j 0  r o l l  t e s t .  Only t h o s e  f i v e  a l o n g  
t h e  l e f t  f l o o r  beam a r e  mmpared w i t h  t h e  Oo r o l l  t e s t .  Pour a d d i t i o n a l  a c e e l -  
e r o m e t e r s  were added a long  t h e  r i g h t  f l o o r  beam f o r  t h e  -15" and -30° t e s t s .  

The i n i t i a l  impact of t h e  l e f t  wing p r i o r  t o  z e r o  t i m e  of t h i s  p l o t  
caused  o n l y  s l i g h t  f u s e l a g e  a c c e l e r a t i o n s  b e f o r e  i n i t i a l  nose c o n t a c t  was made 
a t  0.025 sec. For t h e  -1 5O r o l l  t e s t ,  t h e  r i g h t  wing slapdown (second impact)  
o c c u r r e d  a t  0.155 s e c ;  5 m i l l i s e c o n d s  l a t e r  t h e  c a b i n  s e p a r a t e d  a t  t h e  d o o r .  
T h i s  s e p a r a t i o n  produced t a i l  s e c t i o n  slapdown and induced low a c c e l e r a t i o n s  
i n  t h e  c a b i n  s e c t i o n  ( s m a l l  p o s i t i v e  peaks  o f  16B9N) a t  0.1 61 s e c .  

R o l l  t e s t  a t  -3O0.- The a c c e l e r o m e t e r s  a long t h e  f l o o r  s t r u c t u r e  i n  
t h e  -30° r o l l  test ( f i g .  1 9 ( c ) )  were i n  t h e  same l o c a t i o n s  a s  t h o s e  i n  t h e  
-1 5O ro l l  test ( f i g .  8 (b)  ) . Again, o n l y  t h e  f o u r  a c c e l e r a t i o n s  a l o n g  t h e  
l e f t  f l o o r  beam a r e  compared w i t h  t h e  O0 r o l l  test .  

~ c c e l e r a t i o n s  were h i g h e s t  a t  t h e  nose  of t h e  a i r p l a n e  and d imin i shed  
toward t h e  p i l o t - c o p i l o t  compartment and t h e n  i n c r e a s e d  s l i g h t l y  i n  t h e  c a b i n  
a r e a .  The r i g h t  wing slapdown (second impact)  o c c u r r e d  a t  0.280 s e c ,  b u t  o n l y  
s m a l l  a c c e l e r a t i o n  peaks  o c c u r r e d  i n  t h e  f l o o r  beam. 

Comparisons of normal floor-beam a c c e l e r a t i o n s  .- I n  t h e  O0 r o l l  t e s t  t h e  
nose  s e c t i o n  was f i r s t  t o  make c o n t a c t  w i t h  t h e  impact s u r f a c e ,  whereas i n  t h e  
-15O and -30° r o l l  tests t h e  a i r p l a n e  sk idded  on t h e  l e f t  wing f o r  0.095 and 
0.290 s e c ,  r e s p e c t i v e l y ,  b e f o r e  nose  c o n t a c t  was made. 

For each test, a comparison of f l o o r  a c c e l e r a t i o n  t r a c e s  i n d i c a t e s ,  i n  
g e n e r a l ,  h igher  a c c e l e r a t i o n s  forward of t h e  main s p a r  compared w i t h  a c c e l e r a -  
t i o n s  a f t  o f  t h e  main s p a r .  Higher ampl i tude a c c e l e r a t i o n s  w i t h  l o n g e r  dura-  
t i o n  were exper ienced  a t  t h e  f r o n t  of t h e  nose  s e c t i o n  (2B9N) i n  t h e  O0 r o l l  
tes t  than i n  t h e  -15O r o l l  test; lower v a l u e s  were ekper ienced  f o r  t h e  -30° r o l l  
test. At t h e  f i r e  w a l l  (8B9N), a c c e l e r a t i o n s  were h i g h e s t  f o r  t h e  O0 r o l l  test 
and l o w e s t  f o r  t h e  -15O rol l  test.  A t  t h e  f i r s t - p a s s e n g e r  l o c a t i o n  (15B9N and 
16B9N) a c c e l e r a t i o n s  were h i g h e s t  f o r  t h e  O0 r o l l  t e s t  and l o w e s t  f o r  t h e  
-30° r o l l  t e s t .  At t h e  th i rd -passenger  l o c a t i o n ,  a c c e l e r a t i o n s  were h i g h e s t  
f o r  t h e  -15O r o l l  test and l o w e s t  f o r  t h e  O0 r o l l  t e s t .  

Floor-Beam L o n g i t u d i n a l  A c c e l e r a t i o n s  

I n  f i g u r e  20, f u s e l a g e  floor-beam l o n g i t u d i n a l  a c c e l e r a t i o n s  a r e  p r e s e n t e d  
f o r  t h e  0°, -95O, and -30° r o l l  t e s t s ,  w i t h  t imes  of s i g n i f i c a n t  e v e n t s  no ted .  

R o l l  t e s t  a t  O0.- Seven a c c e l e r o m e t e r s  ( f i g .  2 O ( a ) )  were spaced a long  t h e  
l e f t  f l o o r  beam of t h e  a i r p l a n e  from t h e  f i r s t  nose frame (2B9L)  t o  t h e  r e a r  of 
t h e  th i rd -passenger  s e a t  ( 1 9 B 9 L ) ,  The response  t o  ground c o n t a c t  is f e l t  i n i -  
tially a t  t h e  f i r s t  nose frame f 2 B 9 L ) ,  A s  c o n t a c t  p r o g r e s s e s  rearward t o  t h e  



ins t rument  p a n e l  ( 9 B 9 L ) ,  t h e  l o n g i t u d i n a l  a c c e l e r a t i o n  magnitudes d i m i n i s h  to  
about  50 p e r c e n t  of t h e  normal a c c e l e r a t i o n  magni tudes .  Wing ground c o n t a c t  
(second impact)  is  shown a t  0,091 s e e .  The p s i t i v e  a c c e l e r a t i o n  -peak i n  17B9L 
and 99B9L a t  0 , 4 6 4  s e c  c o i n c i d e s  w i t h  t h e  t ime of f u s e l a g e  s e p a r a t i o n  a c r o s s  
t h e  c a b i n  roof i n  t h e  v i c i n i t y  o f  t h e  main s p a r ,  a s  determined from motion 
p i c t u r e s ,  

R o l l  t e s t  a t  -15O.- Nine l o n g i t u d i n a l  acce le romete r  t r a c e s  a l o n g  t h e  f l o o r  
s t r u c t u r e  i n  t h e  -15O r o l l  impact test a r e  shown i n  f i g u r e  2 0 ( b ) .  Again,  f o r  
comparison purposes ,  o n l y  t h o s e  f o u r  a long  t h e  l e f t  f l o o r  beam a r e  d i s c u s s e d .  
A s  f o r  t h e  normal a c c e l e r a t i o n s ,  t h e  f u s e l a g e  f l o o r  s t r u c t u r e  does  n o t  e x h i b i t  
s i g n i f i c a n 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 s  d u r i n g  i n i t i a l  wing ground c o n t a c t .  
A c c e l e r a t i o n s  occur  i n  t h e  c a b i n  ( a f t  of t h e  main s p a r )  when t h e  f u s e l a g e  i n  
t h e  v i c i n i t y  o f  t h e  main s p a r  c o n t a c t s  t h e  impact s u r f a c e .  I t  can be s e e n  i n  
f i g u r e  2 0 ( b )  t h a t  a l l  a c c e l e r a t i o n  t r a c e s  e x h i b i t  r a t h e r  low a c c e l e r a t i o n s  w i t h  
l e s s  rearward p r o g r e s s i o n  o f  t h e  impulse t h a n  o c c u r r e d  i n  t h e  O0 test .  

R o l l  test a t  -3Q0.- I n  f i g u r e  2 0 ( c ) ,  n i n e  a c c e l e r a t i o n  t r a c e s  a l o n g  t h e  
f l o o r  s t r u c t u r e  a r e  p r e s e n t e d  f o r  t h e  -30° r o l l  t e s t .  Only t h e  f o u r  a l o n g  t h e  
l e f t  f l o o r  beam a r e  compared w i t h  t h e  O0 r o l l  t e s t .  A s  i n  t h e  -15O r o l l  t e s t ,  
t h e  f l o o r  s t r u c t u r e  does n o t  e x p e r i e n c e  l o n g i t u d i n a l  a c c e l e r a t i o n  p u l s e s  d u r i n g  
t h e  i n i t i a l  impact of t h e  l e f t  wing and o n l y  e x h i b i t s  an  a c c e l e r a t i o n  p u l s e  f o r -  
ward o f  t h e  main s p a r  d u r i n g  nose  impact .  The c a b i n  (a f  t of t h e  main s p a r )  does  
n o t  respond t o  t h e  nose impact ,  bu t  t o  t h e  f u s e l a g e  c o n t a c t  w i t h  t h e  impact s u r -  
f a c e  i n  t h e  v i c i n i t y  o f  t h e  main s p a r .  

The a c c e l e r a t i o n s  i n  t h e  -30° r o l l  t e s t  forward of t h e  main s p a r  were less 
t h a n  h a l f  of t h o s e  o b t a i n e d  f o r  t h e  O0 and -1 5O r o l l  t e s t s .  I n  t h e  c a b i n  sec -  
t i o n  a f t  of t h e  main s p a r ,  t h e  -30° r o l l  test  shows a c c e l e r a t i o n  magni tudes  
approx imate ly  t h e  same a s  t h o s e  f o r  t h e  O0 r o l l  t e s t ,  bu t  h igher  t h a n  t h o s e  f o r  
t h e  -15O r o l l  tes t .  The c a b i n  l o n g i t u d i n a l  a c c e l e r a t i o n s  a t  f u s e l a g e  main s p a r  
c o n t a c t  a r e  about  one-half  t h e  magnitude o f  t h e  normal a c c e l e r a t i o n s  f o r  t h e  
-30° test .  

The r i g h t  wing slapdown i n  t h e  -15O and -30° r o l l  t e s t s  c a u s e s  v e r y  l i t t l e  
d i s t u r b a n c e  of t h e  f u s e l a g e  l o n g i t u d i n a l  a c c e l e r a t i o n s .  L o n g i t u d i n a l  a c c e l e r a -  
t i o n s  a t  t h e  nose  (2B9N) and f i r e  w a l l  (8B9N) were h i g h e s t  i n  t h e  O0 r o l l  test  
and l o w e s t  i n  t h e  -30° r o l l  tes t .  I n  t h e  c a b i n  a r e a  t h e  a c c e l e r a t i o n s  were low 
f o r  a l l  t h r e e  tests, approx imate ly  50g b u t  were h i g h e s t  f o r  t h e  -30° r o l l  tes t  
and l o w e s t  f o r  t h e  -15O r o l l  t e s t .  

Floor-Beam Transverse  A c c e l e r a t i o n s  

R o l l  t e s t  a t  -15O.- The f u s e l a g e  floor-beam t r a n s v e r s e  a c c e l e r a t i o n s  a r e  
p r e s e n t e d  i n  f i g u r e  21. For t h e  -15O r o l l  t e s t  ( f i g .  2 1 ( a ) ) ,  o n l y  minimal 
e x c i t a t i o n  of t h e s e  a c c e l e r o m e t e r s  o c c u r r e d  b e f o r e  nose c o n t a c t  was made. Nose 
c o n t a c t  produced high a c c e l e r a t i o n s  i n  t h e  f i r s t  two nose  frames w h i l e  t h e  cock- 
p i t  a r e a  exper ienced  low a c c e l e r a t i o n s .  The c a b i n  ( a f t  of t h e  main s p a r )  d i d  
n o t  respond until t h e  f u s e l a g e  a t  t h e  main spar  made c o n t a c t  wi th  t h e  impact 



s u r f a c e ;    en t h e  t w o  acceberomete rs  mounted nearest t h e  main s p a r  jl6Bt3T and 
16B10T) showed Low a c c e l e r a t i o n  pulses  of approximately  IOg, b u t  h i g h e r  mayni- 
t u d e s  were measured for the two a f t  (1 9B9T and 99B10T) a c c e l e r o m e t e r s ,  These 
h i g h e r  a c c e l e r a t i o n s  i n  t h e  th i rd -passenger  a r e a  a r e  caused by t h e  r o l l i n g  of 
t h e  f u s e l a g e  upon impact and by the l a t e r a l  momentum of t h e  t a i l ,  A t  t h e  time 
of r i g h t  wing s l a p d o m  (0.956 s e c ) ,  an a c c e l e r a t i o n  p u l s e  or' abou t  20g was pro- 
duced i n  t h e s e  f o u r  l s e a t i o n s .  

R o l l  t e s t  a t  -30°.- I n  f i g u r e  21 (b )  , n i n e  t r a n s v e r s e  a c c e l e r a t i o n  t r a c e s  
a r e  shown f o r  t h e  -30° r o l l  t e s t  and,  i n  g e n e r a l ,  they show a c c e l e r a t i o n  magni- 
t u d e s  s i m i l a r  t o  t h e  -15O r o l l  t e s t .  

Floor-Beam Maximum Peak-to-Peak Normal and 

L o n g i t u d i n a l  A c c e l e r a t i o n s  

F i g u r e  22 shows a p r o f i l e  of the maximum normal and l o n g i t u d i n a l  peak-to- 
peak a c c e l e r a t i o n s  a l o n g  t h e  l e f t  f l o o r  beam f o r  t h e  oO, -15O, and -30° r o l l  
tests. The h i g h e s t  peak-to-peak l e v e l s  measured a t  any t i m e  dur ing  t h e  t e s t s  
a t  each acce le romete r  l o c a t i o n  a l o n g  t h e  f l o o r  beam a r e  shown. 

The average  v a l u e  of t h e  h i g h e s t  peak-to-peak a c c e l e r a t i o n s  a long  t h e  f l o o r  
beam i n  t h e  normal d i r e c t i o n  ( f i g .  2 2 ( a ) )  f o r  t h e  0°, -150, and -300 r o l l  tests 
is shown ( f i g .  2 2 ( a ) )  t o  be 106g, 809, and 91 g ,  r e s p e c t i v e l y .  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  ( f i g .  22 ( b )  ) , t h e  average  o f  t h e  peak- to-peak a c c e l e r a t i o n  v a l u e s  
f o r  t h e  0°, -15O, and -30° r o l l  t e s t s  was 47g, 43g, and 34g, r e s p e c t i v e l y .  

The p r o f i l e  o f  normal peak-to-peak a c c e l e r a t i o n s  i n  f i g u r e  2 2 ( a )  i n d i c a t e s  
t h e  e f f e c t  of a i r p l a n e  r o l l  on t h e  f l o o r  s t r u c t u r e  a c c e l e r a t i o n s  d u r i n g  impact.  
The o0 r o l l  test  had t h e  h i g h e s t  peak-to-peak a c c e l e r a t i o n  p u l s e s  i n  t h e  nose  
and i n  t h e  v i c i n i t y  of t h e  main s p a r .  The -15O and -30° r o l l  t e s t s  had t h e  
h i g h e s t  normal peak-to-peak a c c e l e r a t i o n s  i n  t h e  nose of t h e  a i r p l a n e .  A s  
opposed t o  t h e  o0 r o l l  t e s t ,  however, t h e  a c c e l e r a t i o n s  decreased  from t h e  
nose  to t h e  v i c i n i t y  of t h e  c o c k p i t ;  then  they  i n c r e a s e d  toward t h e  a f t  por-  
t i o n  of t h e  a i r p l a n e  c a b i n .  

A s  shown i n  f i g u r e  22 (b )  , t h e  O 0  and -1 5O r o l l  tests had n e a r l y  c o n s t a n t  
l o n g i t u d i n a l  peak-to-peak a c c e l e r a t i o n  p r o f i l e s  f o r  t h e  e n t i r e  l e n g t h  o f  t h e  
f l o o r  beam. 

A c c e l e r a t i o n s  on Cabin S e a t s  and Occupants 

The normal a c c e l e r a t i o n s  on t h e  f l o o r  under t h e  s e a t  and on t h e  p e l v i s  o f  
t h e  f i r s t  passenger  a r e  p r e s e n t e d  i n  f i g u r e  23. Accelerometers  were mounted on 
t h e  f l o o r  a d j a c e n t  t o  each of t h e  f o u r  seat l e g s  i n  t h e  specimen f o r  t h e  O0 r o l l  
test .  I n  t h e  specimens used f o r  t h e  -15O and -30° r o l l  t e s t s ,  one acce le romete r  
each was mounted i n  t h e  dummy p e l v i s ,  on t h e  s e a t  pan, and on t h e  f l o o r  midway 



between t h e  two s e a t  l e g s  on t h e  a i s l e  s i d e  and midway between t h e  two s e a t  l e g s  
on t h e  window s i d e .  

Normal a c c e l e r a t i o n s  a t  0' r o T P , -  F igu re  2 3 ( a )  shows t h e  normal a c c e l e r a -  
t i o n s  f o r  t h e  O0 r o l l  t e s t  specimen, Peak-to-peak a c c e l e r a t i o n s  o f  73Qg and 
81g were recorded  on t h e  f l o o r  under t h e  two f r o n t  s e a t  Legs a t  t h e  f i r s t -  
passenger  l o c a t i o n ,  and a c c e l e r a t i o n s  of 76g were recorded  i n  t h e  p e l v i s  
approx imate ly  0.024 sec l a t e r .  The peak-to-peak a c c e l e r a t i o n s  on t h e  f l o o r  
under t h e  r e a r  s e a t  l e g s  were 60g and 809. A 369 p u l s e  on t h e  p e l v i s  o c c u r r e d  
approx imate ly  0.01 7 s e c  l a t e r .  

Normal a c c e l e r a t i o n s  a t  -15O r o l l . -  The a c c e l e r a t i o n s  f o r  t h e  f i r s t -  
passenger  s e a t ,  s e a t  pan,  and dummy p e l v i s  a r e  shown i n  f i g u r e  23 (b) . The 
a c c e l e r a t i o n s  on t h e  s e a t  pan and dummy p e l v i s  show t h e  r e a c t i o n  o f  t h e  dummy 
t o  t h e  impact o f  t h e  nose  s e c t i o n .  Following wing impact ,  t h e  dummy a t  t h e  
f i r s t - p a s s e n g e r  p o s i t i o n  was f o r c e d  toward t h e  l e f t  window and t h e n  back i n t o  
an u p r i g h t  p o s i t i o n .  T h i s  u p r i g h t i n g  was a s s o c i a t e d  w i t h  a l o g  p u l s e  on  b o t h  
t h e  p e l v i s  and s e a t  pan (0.04 s e c ) .  During f u s e l a g e  main s p a r  c o n t a c t ,  a  pos i -  
t i v e  10g p u l s e  caused t h e  dummy t o  rebound and l i f t  up on t h e  s e a t .  The p r i -  
mary i n p u t  t o  t h e  seat o c c u r r e d  a t  f u s e l a g e  main s p a r  c o n t a c t  (0.12 sec).  

Normal a c c e l e r a t i o n s  a t  -30° r o l l  .- A c c e l e r a t i o n s  f o r  t h e  f l o o r  under t h e  
f i r s t - p a s s e n g e r  s e a t ,  s e a t  pan, and dummy p e l v i s  f o r  t h e  -30° r o l l  t e s t  s p e c i -  
men a r e  shown i n  f i g u r e  2 3 ( c ) .  The acce le romete r  on t h e  window s i d e  o f  t h e  
f i r s t - p a s s e n g e r  s e a t  shows t h e  same o s c i l l a t o r y  motion as i n  t h e  -15O r o l l  t e s t  
r e s u l t i n g  from t h e  l o a d i n g  o f  t h e  wing a f t  a t t achment  t o  t h e  f u s e l a g e .  Accel- 
e r a t i o n s  on t h e  a i s l e  s i d e  a r e  l o w  d u r i n g  t h e  wing s k i d  t ime a s  a r e s u l t  of t h e  
deformat ion and f a i l u r e  o f  t h e  wing s t r u c t u r e  ( s e e  f i g .  18) , which r e s u l t e d  i n  
d i s c o n t i n u i t i e s  and less t r a n s m i s s i o n  of f o r c e s  t o  t h e  f u s e l a g e .  As t h e  f u s e -  
l a g e  a t  t h e  main s p a r  l o c a t i o n  c o n t a c t s  t h e  impact s u r f a c e ,  a c c e l e r a t i o n s  of 
a b o u t  -409 and -50g on t h e  f l o o r  under t h e  a i s l e  and window s i d e  s e a t s  are 
r e f l e c t e d  a s  a p u l s e  o f  approximately  209 on t h e  s e a t  pan a t  about  t h e  same 
t i m e .  The dummy p e l v i s  a c c e l e r a t i o n  a l s o  was approx imate ly  209. As i n  t h e  
-15O r o l l  t e s t  specimen, t h e  s m a l l  r e v e r s i n g  o f  t h e  a c c e l e r a t i o n  t r a c e s  on t h e  
s e a t  pan and dummy p e l v i s  p r i o r  t o  nose c o n t a c t  is a s s o c i a t e d  w i t h  t h e  u p r i g h t -  
i n g  o f  t h e  dummy i n  its s e a t .  Normal a c c e l e r a t i o n s  on t h e  f l o o r  a t  t h e  f i r s t -  
passenger  l o c a t i o n  and a t  t h e  dummy's p e l v i s  were h i g h e s t  f o r  t h e  O0 r o l l  t e s t  
and l o w e s t  f o r  t h e  -15O r o l l  t e s t .  I t  shou ld  be no ted  t h a t  p i e z o e l e c t r i c  
a c c e l e r o m e t e r s  were used i n  t h e  dummy p e l v i s  f o r  t h e  O0 r o l l  tes t ,  whereas  
s t r a i n - g a g e  a c c e l e r o m e t e r s  were used f o r  t h e  -15O and -30° r o l l  t e s t s .  

L o n g i t u d i n a l  a c c e l e r a t i o n s  a t  0°, -15O, and -30° r o l l . -  The l o n g i t u d i n a l  
a c c e l e r a t i o n s  f o r  t h e  f i r s t - p a s s e n g e r  s e a t  and dummy p e l v i s  a r e  shown i n  f i g -  
u r e  24. Accelerometer  l o c a t i o n s  were t h e  same a s  f o r  t h e  normal a c c e l e r o m e t e r s  
e x c e p t  f o r  t h e  s e a t  pan a c c e l e r a t i o n s ,  which a r e  n o t  shown. I n s t e a d ,  l a p - b e l t  
t ime h i s t o r y  f o r c e s  ( l o a d s )  a r e  shown f o r  t h e  -15O and -30° r o l l  tests. 

Floor  l o n g i t u d i n a l  a c c e l e r a t i o n s  f o r  t h e  t h r e e  t e s t s  were n o t  h igher  t h a n  
60g a t  t h e  f i r s t - p a s s e n g e r  l o c a t i o n ,  Response t o  t h e  impact a t  t h e  dummy's 
p e l v i s  was an a c c e l e r a t i o n  p u l s e  o f  1159 f o r  t h e  O0 r o l l  test and 10g f o r  t h e  
-15O and -30° t e s t s ,  Eap-belt  Loads were approx imate ly  600 N for b o t h  -45O and 
-30" t e s t s ,  Belt loads were n o t  measured i n  t h e  Qo r o l l  test. 



Transverse  a c c e l e r a t i o n s  a t  -15O and -3a0 r o l l , -  The t r a n s v e r s e  a c e e l e r a -  
t i o n  t ime h i s t o r i e s  a r e  p r e s e n t e d  i n  f i g u r e  25 f o r  t h e  -15O and -30° r o l l  t e s t  
specimens,  The a c c e % e r s m e t e r s  were mounted i n  t h e  d u m y  p e l v i s  and on t h e  
f l o o r  beam midway between t h e  a i s l e - s e a t  l e g s  and on t h e  frame midway between 
t h e  two window-seat l e g s .  There were no t r a n s v e r s e  a c c e l e r o m e t e r s  for t h e  
O0 r o l l  t e s t  specimen f o r  t h e  f i r s t - p a s s e n g e r  l o c a t i o n .  

Transverse  a c c e l e r a t i o n s  f o r  t h e  -1 5O and -30° r o l l  t e s t s  ( f i g s .  25 ( a )  
and 25 ( b ) )  were g e n e r a l l y  below 50g a t  bo th  f l o o r  l o c a t i o n s  when t h e  r i g h t  
wing of t h e  a i r p l a n e  slammed o n t o  t h e  impact s u r f a c e .  Response t o  t h e  impact 
a t  t h e  dummy's p e l v i s  was an a c c e l e r a t i o n  p u l s e  of abou t  59 f o r  both  t e s t s .  

SUMMARY OF RESULTS 

Three  f u l l - s c a l e  twin-engine a i r p l a n e s  were c r a s h  t e s t e d  a t  r o l l  a n g l e s  
o f  0°, -15O, and -30° wi th  a f l i g h t - p a t h  a n g l e  o f  -15O and a v e l o c i t y  of 
27 m/sec. These t e s t s  were p a r t  of a program to i n v e s t i g a t e  a i r p l a n e  response  
to  c o n t r o l l e d  c r a s h  c o n d i t i o n s .  The r e s u l t s  a r e  summarized i n  t h e  f o l l o w i n g  
o b s e r v a t i o n s :  

1 .  S t r u c t u r a l  damage t o  t h e  f u s e l a g e s  i n  t h e  0°, -15O, and -30° t e s t s  con- 
s i s t e d  of s k i n  buck l ing ,  r i v e t  s h e a r  f a i l u r e ,  and s e p a r a t i o n  of t h e  c a b i n  a l o n g  
t h e  window ledge .  The r i v e t  s h e a r  and deformat ion  a c r o s s  t h e  t o p  of t h e  c a b i n  
i n  a l l  t h r e e  tests d i d  n o t  s i g n i f i c a n t l y  reduce t h e  l i v a b l e  volume i n s i d e  t h e  
c a b  i n .  

2. I n  t h e  oO, -15O, and -30° t e s t s ,  moderate buck l ing  o f  t h e  f l o o r  beams 
and s u p p o r t i n g  frames and buck l ing  of t h e  l e f t  main s p a r  near  t h e  s p a r  s p l i c e  
were observed.  The a i r p l a n e  used i n  t h e  -15O r o l l  test exper ienced  a n e a r  
t o t a l  s e p a r a t i o n  of t h e  t a i l  s e c t i o n ,  i n  t h e  v i c i n i t y  of t h e  door.  

3. Of t h e  t h r e e  a i r p l a n e s  t e s t e d ,  t h e  a i r p l a n e  i n  t h e  -30° r o l l  t e s t  
exper ienced  t h e  l e a s t  s t r u c t u r a l  damage, e x c e p t  f o r  t h e  l e f t  wing, which was 
s e v e r e l y  damaged. 

4. For each  of t h e  t h r e e  t e s t s ,  a  t r e n d  i n  normal a c c e l e r a t i o n  l e v e l s  was 
observed  a long  t h e  l e f t  f l o o r  beam: a c c e l e r a t i o n s  were h igh  i n  t h e  nose,  lower 
i n  t h e  p i l o t - c o p i l o t  compartment, and h igh  i n  t h e  c a b i n  a f t  of t h e  main s p a r .  
The l o n g i t u d i n a l  a c c e l e r a t i o n s  on t h e  l e f t  f l o o r  beam showed average v a l u e s  o f  
less t h a n  50g f o r  a l l  t h r e e  t e s t s .  

5. I n  t h e  c a b i n  a r e a  a t  t h e  f i r s t - p a s s e n g e r  l o c a t i o n ,  normal a c c e l e r a t i o n s  
on  t h e  f l o o r  (1 30g) and a t  t h e  dummy's p e l v i s  (76g) were h i g h e s t  f o r  t h e  O0 r o l l  
test and recorded 20g or l e s s  i n  t h e  -1 5O and -30° r o l l  t e s t s .  F loor  l o n g i t u d i -  
n a l  a c c e l e r a t i o n s  were n o t  h i g h e r  than  60g f o r  a l l  t h r e e  t e s t s .  L o n g i t u d i n a l  
a c c e l e r a t i o n s  a t  t h e  dummy's p e l v i s  were 1159 f o r  t h e  O0 t e s t  and 109 f o r  t h e  
-95O and -30° t e s t s .  Lap b e l t  l o a d s  were approx imate ly  600 N f o r  both  t h e  -15O 
and t h e  -30° t e s t s .  B e l t  l o a d s  were n o t  measured f o r  t h e  0° t e s t .  T r a n s v e r s e  
a c c e l e r a t i o n s  on the f l o o r  were below 50g; i n  t h e  dunany's p e l v i s  t r a n s v e r s e  
a c c e l e r a t i o n s  were about 59 f o r  both t h e  -15O and t h e  -30° tests, T r a n s v e r s e  
a c c e l e r a t i o n s  were no t  measured a t  t h e s e  l x a t i o n s  i n  the Bo t e s t ,  



6 *  For these par t icular  t e s t s  on low-wing airplanes impacting a concrete 
surface, the introduction of r o l l  angle reduced the Loads transmitted t o  the 
occupant dumies ,  

EangLey Research Cente r  
N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
September 10,  1979 

REFERENCES 

1 .  P r e s t o n ,  G. Merritt; and Moser, J a c o b  C.: Crash Loads. NACA Conference on 
A i r p l a n e  Crash-Impact Loads, Crash  I n j u r i e s  and P r i n c i p l e s  o f  S e a t  Design 
f o r  Crash Wor th iness  (Cleveland,  O h i o ) ,  Apr. 1956, pp. 2-1 - 2-47. 

2. Eiband, A. Mart in ;  Simpkinson, S c o t t  H.;  and Black,  Dugald 0.: Accelera-  
t i o n s  and Passenger  Harness  Loads Measured i n  Fu l l -Sca le  L igh t -Ai rp lane  
Crashes .  NACA TN 2991, 1953. 

3. P i n k e l ,  I. I r v i n g ;  and Rosenberg, Edmund G.: S e a t  Design f o r  Crash  Worthi-  
ness .  NACA Rep. 1332, 1957. (Supersedes  NACA TN 3777.) 

4. Alfaro-Bou, E.; Hayduk, R. J.; Thomson, R. G.; and Vaughan, V. L., Jr.: 
S i m u l a t i o n  o f  A i r c r a f t  Crash and Its V a l i d a t i o n .  A i r c r a f t  Crashworthi -  
ness ,  Kenneth S a c z a l s k i ,  George T. S i n g l e y  111, Walter  D. P i l k e y ,  and 
Ronald L. Huston, eds . ,  Univ. P r e s s  o f  V i r g i n i a ,  c.1975, pp. 485-497. 

5. Vaughan, V i c t o r  L., Jr . ;  and Alfaro-Bou, Emil io :  Impact Dynamics Research 
F a c i l i t y  f o r  F u l l - S c a l e  A i r c r a f t  Crash Tes t ing .  NASA TN D-8179, 1976. 

6. C a s t l e ,  Claude B.; and Alfaro-Bou, Emil io :  L i g h t  A i r p l a n e  Crash  T e s t s  a t  
Three  F l i g h t - P a t h  Angles. NASA TP-1210, 1978. 

7. Humanoid Systems. Repor t  on P a r t  572 (GM HYBRID-11) Anthropomorphic T e s t  
Dummy. Alder  son Biotechnology Corp., Jan .  31 , 1 974. 

8. Alfaro-Bou, Emil io ;  and Vaughan, V i c t o r  L., Jr.: L i g h t  A i r p l a n e  Crash  T e s t  
a t  Impact V e l o c i t i e s  o f  13 and 27 m/sec. NASA TP-1042, 1977. 



TABLE I.- NOMINAL IMPACT PARAMETERS FOR 'IWIN-ENGINE AIRPLANE 

CRASH TEST PROGRAM 

Data source 

Reference 8 

Reference 8 and 
p re sen t  paper 

Reference 6 

Reference 6 

Unpublished 

Unpublished 

Present  paper 

Present  paper 

aSpecif i c a l l y  d iscussed  i n  p re sen t  paper. 
%laximum v e l o c i t y  f o r  f r e e  f a l l  due to he igh t  l i m i t a t i o n .  
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deg 
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0 

0 

0 

0 

0 

-1 5 

- 30 

Yaw 
angle,  

deg 
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0 

0 

0 

0 

0 

0 

0 
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Figure 1 . -  Langley impact dynamics research f a c i l i t y .  
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Figure 2. - Diagram of Langley impact dynamics research f a c i l i t y .  
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Figure 3 . -  Airplane suspension system. 



Figure 4.- Crash sequence of t e s t  airplane. 



1.' Flight -path angle 

a, Angle of attack 

0 Pitch angle 

1 
Flight path + Z (Normal) 

4 Roll angle 

(Transverse) \ I \  I 

Flight path' 1 

+ Yaw angle 

+ X (Longitudinal) 

F igure  5.- F l i g h t  p a t h ,  c r a s h  a t t i t u d e ,  axes ,  and f o r c e  d i r e c t i o n s .  



Test paramefer Planned 

Flight path, deg -15-0 
Free-fl ight Pime, sec 0.07 
Angle of a t tack,  deq 0.0 
Pi tch  angle, deg -15.0 
Yaw angle, deg 0.0 
Ro l l  angle, deg 0.0 
Flight-path velocity, m/sec 26.8 
Ver t ica l  velocity, m/sec 6,9 
Horizontal velocity, m/sec 25.9 

(a) O0 t e s t .  

Test parameter Planned Actual  

Fl ight path, deg - 15.0 
Free-f l ight t ime, sec 0.07 
Angle of at tack, deg 0.0 
Pitch angle, deg -15.0 
Yaw angle, deg 0.0 
Rol l  angle, deg -15.0 
Flight-path velocity, m/sec 26.8 
Vert ica l  velocity, m/sec 6.9 
Horizontal velocity, m h s c  25,9 26.4 

(b) -1 5O test. 

Test parameter Planned Actual 

Fl ight pa th ,  deg - 15.0 
Free-f l ight time, sec 0.0 7 
Angle of a t tack,  deg 0.0 
Pi tch angle, deg -15.0 
Yaw angle, deg 0.0 
Rol l  angle, deg -30.0 
Flight-path velocity, m/sec 26.8 
Vert ical  velocity, m/sec 6.9 
Horizontal velocity, m/sec 25.9 

(c) -30° test. 
E-79-293 

Figure 6.- T e s t  a i rp lanes  and test parameters. 



Copi lo t  w i t h  lop b& r 2 ~  passenger wi th belt 

(a) O0 t e s t  specimen. 

Copilot with l a  

Pi lo t  wi th I 

(b) -1 5O t e s t  specimen. 

Pi lo t  w i th  lap  
shoulder belts 

(c) -30° test specimen. 

F igure  7 , -  Arrangement of seats, dummies, and r e s t r a i n t  systems 
for various roll angles ,  



Accelerometer i den l i l i ca l  

3 Floor 

Roof and tall 

O, Wheel well and wings 

B Dumm~es 

- -- 
- 
- Accelerometers ~n dumm~es 

I I  C 8  
I I  C 8  

,P~lot, head, normal 12 F 8 
Pilot, head, longitud~nal 12 F 8 
1st passenger, pelvlc , normal 16 C 8 
1st possenger, pelvic, longrtudinal 16 C 8 
1st possenger. head, normal 16 F 8 
1st passenger. head, long~tud~nal 16 F 8 

(a) O0 test. 

, 1 Accelerometers In dumm~es 

1st passenger, seat pan, normal 
1st passenger, pelv~c, normal 
1st possenger, pelvic, long~tudinol 
1st possenger, pelv~c, transverse 
1st passenger, chest, normal 
1st passenger, chest, longltud~nal 
1st possenger, chest, tronsverse 

-1st passenger, head, normal 
1st passenger. heod, long~tud~nal  

- 1st passenger. head, transverse 
0 - - 2nd possenger, seat pan, normal 
5 2nd passenger, pelv~c. normal 
4 

2 

_ 2nd possenger, pelv~c, longitudinal 
- -  2nd passenger. pelvic, transverse 

, - 2nd possenger, chest, normal 
2na possenger, chest, long~tudlnal 
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Figure 8.- Accelerometer locations. 



( a )  P r i o r  t o  impact .  (b) Time = 0.02 sec. 

(c) Time = 0.07 sec. (d) Time = 0.1 2 sec. 

(e) Time = 0.1 7 sec. ( f )  Time = 0.22  s e c .  
L-79-294 

F i g u r e  9.- P h o t o g r a p h i c  sequence  o f  O0 r o l l  tes t .  



(a) Overal l  view of r i g h t  s ide .  (b) Close-up view of r i g h t  s ide .  

( c )  Close-up view of l e f t  s ide .  (d) Close-up view of l e f t  s i d e  and top  of fuselage.  

Figure 10.- Exterior  damage t o  O0 t e s t .  1-78-95.2 



(a)  View looking rearward. (b) View looking forward. 

(c) View through doorway. 

Figure 11 . - In te r io r  

(d) View of cockpit area. 

L-78-96 
damage t o  O0 t e s t .  



(b) Time = 0.03 sec. 

e = 0.08 sec. (d) Time = 0.13 sec. 

( e )  Time = 0.18 sec. (f) Time = 0.23 sec. 
E-49-295 

F i g u r e  1 2 . -  Photographic  sequence of -15O r o l l  t e s t ,  



L-79-296 
Figure 13.-  Exterior damage t o  -15O tes t .  



( a )  View looking forward i n  
cabin area  with f loor .  

(b) View of cockpit  area. 

(c) Top view of main spar .  

(d )  View look ing  forward i n  c a b i n  (e) View look ing  rearward.  
area with floor removed. 

E-79-29? 
F i g u r e  14, -  Inter ior  damage to -Is0 test, 



(a) Time = 0.02 sec. (b) Time = 0.12 sec. 

(c) Time = 0.22 sec. 

( e )  Time = 0.32 s e c .  (f) Time = 0.37 s e c ,  
L-79-298 

F i g u r e  15.-  Pho tograph ic  sequence of -30° r o l l  t e s t .  



Figure 16.- Exterior damage to  -30° tes t .  



( a )  \ l ie$  lookirg f o r r 8 a r d  i n  (b) View looking rearward 
c a p i n  a r ea  \.:it11 f l c o r .  i n  c a b i n .  

( c )  View o f  cockpi t .  ( d )  \ l i e w  look ino  fon 'arc ' i  i n  (e) Top v ~ c i . ~  o f  
c a t  i r w i  ti1 f  1 o o r  removed. riain spa r ,  

L-79-308 
Figure 17.- Interior damage to -30° test. 



L-79-301 
F i g u r e  1 8 .  - Damage to left wing in -3Q0 test, 
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Figure 19.- Time histories of normal accelerations. 
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F igure  19.- Continued. 
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Figure 1 9. - Concluded. 
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Figure 20.- Time his tor ies  of floor-beam longitudinal accelerations. 
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Figure 20.- Continued. 
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Figure 20.- Concluded. 
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Figure 21.- Time histories  of floor-beam transverse accelerations. 
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Figure  21 . - Concluded. 
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Figure 22.- Peak-to-peak accelerations along the l e f t  floor beam. 
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Figure 23.- Normal accelerations on floor and on dummy pelvis at first-passenger location. 
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Figure 23.- Continued. 



Between sea t  legs,  a i s l e  s ide  

. , . , . . I  . . .  , . . .  . , ,  . . , , . , . . . . . 1 . . . . , ; :  i i i r  Between sea t  1 eqs , window s i  d@ 

Acceleration, 
g units 

50 

16C8N 0 

-50 

50 elv is  
16D8N 0 

-50 

I I I 1 I I I I I 1 I I I I I I I I I I I 

0 -02 .04 .06 -08 -10 .I2 -14 .I6 .I8 -20 -22 .24 .26 .28 -30 -32 -34 .36 .3R 4 0  
Time, sec 

(c) -30° test. 

F i g u r e  23.- Concluded. 
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F igure  24.- Longi tud ina l  a c c e l e r a t i o n s  on f l o o r  and on dummy p e l v i s  a t  f i r s t - pa s senge r  location, 
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Figure 24.- Continued. 



Acceleration, 
units 

Restraint 

Time, sec 

(c) -30° test. 

Figure 24. - Concluded. 



! 

I I I I I I I I I I I 1 1 I I I I I I I 

0 .02 .04 .06 -08 .I0 .I2 .I4 .I6 .I8 -20 .22 .24 -26 -28 .30 .32 -34 3 6  .3% 4'0 
Time,  sec 

I 

- T " " ' " ,  

(a) -1 5O test. 

Between seat legs, a is le  side _ 

I  

50 
Between seat legs, window s ide  

16BBT 0 

-50 

Between seat legs, window side 
.-. ,- L 

I 

Acceleration, 
g units 

h--r-vP 

I 

I I I I I I I I I I I 1 I I I I I I I I 

0 -02 .04 .06 .08 .10 .I2 .I4 .I6 .I8 .20 .22 .24 -26 .28 .30 .32 .34 .36 .38 40  
Time.  sec  

r 

I 1 1 

I I .  I + I  I 1 1  

(b) -30° test. 

I 

I I I I I  - ,  I 1 , .  

l ! l , /  

I gs. aisle s i d e  I 

Figure 25.- Transverse accelerations on floor and on dummy pelvis at first-passenger location, 

-"I: ' ] j- I - _ !  1 , -  - 1 I .  ! 
Accelerot~on. 

g un~ts 

I 1 

l . l . . . I  

1 

I / ' I T  

1 - - -  

j 
Pelvis t 

j 

I 

1 + -* - 

1 

I 

l j l , l  

1  

! 
I I 

1 
- +  1 



Inc luded  i n  t h i s  appendix is t h e  complete  s e t  of a c c e l e r a t i o n  time h i s -  
t o r i e s  f o r  t h e  t h r e e  c r a s h  t e s t s  and a schemat ic  t o  h e l p  de te rmine  t h e  accel- 
erometer  l o c a t i o n s  cor responding  t o  t h e  t i m e  h i s t o r i e s .  (See f i g s .  A1 t o  A4.) 

The d a t a  have been passed  through a 4- t o  3300-Hz band-pass f i l t e r  d u r i n g  
record ing  and t h e n  d i g i t i z e d  a t  4000 samples p e r  second. The d i g i t i z e d  d a t a  
were smoothed by a l e a s t - s q u a r e s  f i t  through every  50 p o i n t s  on a t h i r d - o r d e r  
polynomial  and a 10-point  o v e r l a p  f o r  c o n t i n u i t y .  

The d a t a  are grouped accord ing  t o  t h e  acce le romete r  l o c a t i o n  and o r i e n -  
t a t i o n .  The a c c e l e r o m e t e r  l o c a t i o n  is r e p r e s e n t e d  i n  t h e  schemat ic  by an  
X,Y, Z c o o r d i n a t e  s y s  tem. The acce le romete r  normal, l o n g i t u d i n a l ,  and t r a n s -  
v e r s e  o r i e n t a t i o n s  are i n d i c a t e d  on t h e  t r a c e s  by N,  L, and T, r e s p e c t i v e l y .  
Thus, t h e  f i r s t  acce le romete r  a d j a c e n t  t o  t h e  f l o o r  beam i n  t h e  normal d i r e c -  
t i o n  i s  r e p r e s e n t e d  by 2B9N. Each s t a t i o n  block a long  t h e  X-, 2-, and Y-axes 
is 25.4 c m  i n  l e n g t h .  

On t h e  d a t a  p l o t s ,  t h e  a b s c i s s a  r e p r e s e n t s  e l a p s e d  time i n  seconds .  Zero 
t ime is t h e  t ime a t  i n i t i a l  c o n t a c t ,  t h a t  is, t h e  t ime a t  which t h e  f u s e l a g e  
f i r s t  c o n t a c t e d  t h e  impact s u r f a c e .  For t h e  -15O rol l  test ,  t h e  i n i t i a l  wing 
ground c o n t a c t  ocur red  a t  -0.070 sec and f o r  t h e  -30° r o l l  t e s t ,  t h e  i n i t i a l  
wing ground c o n t a c t  o c c u r r e d  a t  -0.066 sec. The a c c e l e r a t i o n s  i n  t h e  o r d i n a t e  
a r e  expressed  i n  g u n i t s  and each t r a c e  is i d e n t i f i e d  by t h e  l o c a t i o n  and 
and o r i e n t a t i o n  of t h e  r e c o r d i n g  acce le romete r .  



Figure A1 . - Accelerometer locations (typical) . 



(a) Normal accelerations adjacent to floor beam. 

Figure A2.- Acceleration time histories for O0 test. 
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(b) Longitudinal accelerations adjacent to floor beam. 

Figure A2.- Continued. 
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(c) Normal accelerations on cabin floor and wing. 

Figure A2.- Continued. 
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(d) Longitudinal accelerations on cabin floor and other accelerations. 

Figure A2. - Continued. 



Acceieration. 
g units 50 

Pd 
1 8 W  0 M 

2: 

R 

(e) Normal and longitudinal accelerations on roof. 

Figure A2.- Continued. 
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(f) Accelerations on pilot and first passenger. 

Figure A2. - Concluded. 
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(a) Normal accelerations adjacent to floor beam. 

Figure A3.- Acceleration time histories for -15O test. 



Acceleration. 

(b)  Longi tud ina l  a c c e l e r a t i o n s  ad j acen t  t o  f l o o r  beam. 

Figure A3. - Continued . 
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(c) Transverse  a c c e l e r a t i o n s  a d j a c e n t  t o  f l o o r  beam. 

F igu re  A3.-  Continued. 
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( d )  Remaining normal s t r u c t u r a l  a c c e l e r a t i o n .  

F i g u r e  A3. - Continued.  
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( e )  Remaining l o n g i t u d i n a l  s t r u c t u r a l  a c c e l e r a t i o n s .  

F igure  A3.  - Continued. 
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(f) Remaining t r a n s v e r s e  s t r u c t u r a l  a c c e l e r a t i o n s .  

F igure  A3.-  Continued. 
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(g)  Acce le ra t ion  t i m e  h i s t o r i e s  i n  f i r s t -passenger  dummy. 

Figure A3.- Continued. 
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(h) Acceleration time histories in second-passenger dummy. 

Figure A3.-  Concluded. 
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(a)  Normal accelerations adjacent t o  floor beam. 

Figure A4.- Acceleration time h is tor ies  for -30° tes t .  
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(b) Longitudinal  a c c e l e r a t i o n s  ad j acen t  t o  f l o o r  beam. 

Figure A4.- Continued. 
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(c) Transverse accelerations adjacent to floor beam. 

Figure A4.- Continued. 
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(d)  Remaining normal s t r u c t u r a l  acce l e r a t i ons .  

Figure A4. - Continued. 
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(e) Remaining l o n g i t u d i n a l  s t r u c t u r  a 1  a c c e l e r a t i o n s .  

F igure  A4. - Continued. 
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( f )  Remaining t r a n s v e r s e  s t r u c t u r a l  a c c e l e r a t i o n s .  

F i g u r e  A4. -  Continued.  
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(g) Acceleration time histories in first-passenger dummy. 

Figure A4.- Continued. 
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(h) Acceleration time histories in second-passenger dummy. 

Figure A4. -  Concluded. 
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