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1 .  INTRO D UCTIO N

T h i s  r e p o r t  p r e s e n t s  i n t e r i m  r e s u l t s  i n  t h e  e v a l u a t i o n  o f  a  

p r o t o t y p e  h e a d  s h i e l d  f o r  h a z a r d o u s  m a t e r i a l  t a n k  c a r s  w i t h  

r e s p e c t  t o  t h e  m a i n t e n a n c e  o f  i t s  s t r u c t u r a l  i n t e g r i t y  u n d e r  

n o r m a l  s e r v i c e  l o a d s .  I t  d e a l s  w i t h  t h e  b e h a v i o r  o f  t h e  s h i e l d  

u n d e r  c a r  c o u p l i n g  i m p a c t s  w h i c h  i s  o n e  o f  t h e  m o s t  s e v e r e  e n v i r o n 

m e n t s .  S u b s e q u e n t  i n v e s t i g a t i o n s  w i l l  e v a l u a t e  t h e  p e r f o r m a n c e  

o f  t h e  s h i e l d  u n d e r  o t h e r  a s p e c t s  o f  t h e  l o a d  e n v i r o n m e n t .  T h e  

e v a l u a t i o n  o f  t h e  s h i e l d ' s  a b i l i t y  t o  r e d u c e  t h e  p r o b a b i l i t y  o f  

h e a d  p u n c t u r e  i n  t h e  a c c i d e n t  e n v i r o n m e n t  i s  n o t  w i t h i n  t h e  s c o p e  

o f  t h i s  p r o g r a m .

1 . 1  B a c k g r o u n d

T h e  p r o g r a m  t o  e v a l u a t e  a  p r o t o t y p e  h e a d  s h i e l d  i s  i n  s u p p o r t  

o f  t h e  F R A / T S C  p r o g r a m  d e a l i n g  w i t h  t h e  a p p l i c a t i o n  o f  t a n k  c a r  

h e a d  s h i e l d s  f o r  p r o t e c t i o n  a g a i n s t  p u n c t u r e .  T h e  p r i n c i p a l  

h a z a r d  o c c u r s  i n  d e r a i l m e n t s  w h e n  c a r s  s e p a r a t e  a n d  c o u p l e r s  o f  

a d j a c e n t  c a r s  m a y  b e  f o r c e d  a g a i n s t  t h e  t a n k  h e a d s  c a u s i n g  t h e i r  

r u p t u r e  a n d  t h e  s u b s e q u e n t  r e l e a s e  o f  h a z a r d o u s  m a t e r i a l s .  T h e  

a d d i t i o n  o f  a  h e a d  p r o t e c t i o n  s h i e l d  a t  t h e  e n d s  o f  c a r s  c a r r y i n g  

h a z a r d o u s  g a s e s  u n d e r  p r e s s u r e  i s  e x p e c t e d  t o  b e  a n  e f f e c t i v e  m e a n s  

o f  r e d u c i n g  s u c h  p u n c t u r e s .  H o w e v e r ,  i n  o r d e r  t o  r e t a i n  t h e i r  

e f f e c t i v e n e s s  a n d  t o  a v o i d  c a u s i n g  a n  a c c i d e n t  t h e m s e l v e s ,  t h e  

p r o t e c t i v e  s h i e l d s  m u s t  r e m a i n  f i x e d  s e c u r e l y  t o  t h e  c a r s  t h r o u g h o u t  

t h e i r  e x p e c t e d  l i f e t i m e s .

T h e  o v e r a l l  p u r p o s e  o f  t h i s  p r o g r a m  i s  t o  d e t e r m i n e  t h e  r e l i 

a b i l i t y  a g a i n s t  f a t i g u e  d a m a g e  o f  o n e  o r  m o r e  p r o t o t y p e  h e a d  p r o 

t e c t i o n  s h i e l d s . F a t i g u e  d a m a g e  o f  t h e  t a n k  s h e l l  o r  o f  t h e  

s t r u c t u r a l  c o m p o n e n t s  o f  t h e  c a r  t o  w h i c h  t h e  s h i e l d  i s  a t t a c h e d ,  

m ay  d e v e l o p  d u r i n g  n o r m a l  s e r v i c e  o p e r a t i o n s  r e s u l t i n g  i n  d a m a g e  

t o  t h e  b a s i c  c a r  s t r u c t u r e  o r  t o  t h e  s h i e l d .  I f  s i g n i f i c a n t  f a t i g u e  

d a m a g e  s h o u l d  o c c u r  t h e r e  i s  t h e  p o s s i b i l i t y  o f  a  s e p a r a t i o n  o f  t h e  

s h i e l d  f r o m  t h e  c a r .
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U n d e r  F R A  a u t h o r i z a t i o n ,  L o u i s i a n a  T e c h  U n i v e r s i t y  (L T U ) h a s  

h a d  th e ^  r e s p o n s i b i l i t y  t o  d e v e l o p  p r o t o t y p e  h e a d  p r o t e c t i o n  s h i e l d  

d e s i g n s  a n d  s e l e c t  o n e  o r  m o r e  o f  t h e s e  d e s i g n s  f o r  f a b r i c a t i o n .

T h e  g o a l  o f  t h i s  p r o g r a m  i s  t o  d e t e r m i n e  t h e  s a f e t y  m a r g i n  o f  t h e s e  

s p e c i f i c  d e s i g n s  a g a i n s t  f a t i g u e  f a i l u r e  s o  t h a t  t h e  r e l i a b i l i t y  

o f  t h e  s y s t e m  c a n  b e  p r o j e c t e d  o v e r  t h e  s e r v i c e  l i f e  o f  t h e  c a r .

T h e  e v a l u a t i o n  o f  t h e  h e a d  s h i e l d  i n v o l v e s  t h r e e  g e n e r a l  

t a s k s :

•  d e f i n i t i o n  o f  t h e  l o a d  s p e c t r a  d e s c r i b i n g  
t h e  e n v i r o n m e n t  o f  t h e  s h i e l d  a t t a c h m e n t  
t o  a  t a n k  c a r ,

•  d e t e r m i n a t i o n ,  b o t h  b y  a n a l y t i c a l  a n d  e x p e r i 
m e n t a l  m e a n s ,  t h e  f a t i g u e  d a m a g e  s e n s i t i v i t y  
o f  o n e  o r  m o r e  p r o t o t y p e  h e a d  s h i e l d  d e s i g n s  
i n c l u d i n g  t h e  c a l c u l a t i o n  a n d  v e r i f i c a t i o n  o f  
s e r v i c e  l i f e  e x p e c t a n c y ,

•  e s t a b l i s h m e n t  o f  g u i d e l i n e s  f o r  s e c u r i n g  h i g h -  
i n t e g r i t y  l o n g - l i f e  a t t a c h m e n t  o f  h e a d  s h i e l d s  
t o  t a n k  c a r s .

T h i s  r e p o r t  d e a l s  w i t h  t h e  r e s u l t s  o f  a  p r e l i m i n a r y  i n v e s t i g a t i o n  

o f  o n e  a s p e c t  o f  t h e  d e f i n i t i o n  o f  t h e  l o a d  e n v i r o n m e n t ,  n a m e l y ,  

t h e  b e h a v i o r  o f  t h e  s h i e l d  u n d e r  c a r  i m p a c t  c o n d i t i o n s .

1 . 2  C h a r a c t e r i s t i c s  o f  LTU  S h i e l d

T h e  b a s i c  p r i n c i p l e  w h i c h  i s  f o l l o w e d  i n  t h e  LTU  s h i e l d  d e s i g n  

i s  t o  A v o id  d i r e c t  a t t a c h m e n t  t o  t h e  t a n k  h e a d  a n d  m i n i m i z e  l o a d  

t r a n s f e r  t o  t h e  s t u b  s i l l .  T h e  w e i g h t  o f  t h e  s h i e l d  i s  s u p p o r t e d  

b y  a  s t r u c t u r a l  m e m b e r w h i c h  s p a n s  t h e  w i d t h  o f  t h e  c a r  b e t w e e n  

t h e  s i d e  s i l l s .  T h i s  m em b er a l s o  r e s t s  o n  t h e  s t u b  s i l l ,  w h i c h  

t h e r e f o r e  s u p p o r t s  so m e  o f  t h e  w e i g h t  o f  t h e  s h i e l d .  T h e  u p p e r  

p o r t i o n  o f  t h e  s h i e l d  i s  h e l d  i n  p o s i t i o n  b y  tw o  s u p p o r t i n g  

m e m b e r s ,  o n e  o n  e a c h  s i d e  o f  t h e  c a r ,  w h i c h  c o n n e c t  t h e  s i d e s  o f  

t h e  s h i e l d  w i t h  t h e  t a n k  c a r  b o l s t e r .  Two d i f f e r e n t  d e s i g n s  o f  

t h i s  m em b er h a v e  b e e n  t e s t e d ,  o n e  p r o v i d i n g  m o r e  f l e x i b i l i t y  t h a n  

t h e  o t h e r  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 .
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F i g u r e s  1  a n d  2  s h o w  t h e  v e r s i o n  o f  t h e  s h i e l d  d e s i g n  w h i c h  

u t i l i z e s  a  s t r a p  s i d e  s u p p o r t  b e t w e e n  t h e  s h i e l d  a n d  t h e  t a n k  c a r  

b o l s t e r .  T h e  s t r a p  p r o v i d e s  s u b s t a n t i a l  f l e x i b i l i t 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 u r e  2  s h o w s  a  d e t a i l e d  v i e w  o f  t h e  s t r a p  

a n d  o f  t h e  a n g l e  w h i c h  s p a n s  t h e  w i d t h  o f  t h e  c a r  a n d  p r o v i d e s  

v e r t i c a l  s u p p o r t  f o r  t h e  s h i e l d .  F i g u r e  3  s h o w s  t h e  v e r s i o n  o f  

t h e  s h i e l d  d e s i g n  w h i c h  u t i l i z e s  a  t u b e  s u p p o r t  m e m b e r b e t w e e n  

t h e  s h i e l d  a n d  t h e  t a n k  c a r  b o l s t e r .  T h i s  d e s i g n  p r o v i d e s  a  m o r e  

r i g i d  c o n n e c t i o n  i n  t h e  l o n g t i d u i n a l  d i r e c t i o n .  A  d e t a i l e d  v i e w  

o f  t h e  m e t h o d  o f  c o n n e c t i n g  t h e  a n g l e  t o  t h e  s i d e  s i l l s  i s  sh o w n  

i n  F i g u r e  4 .  T h i s  f i g u r e  a l s o  i l l u s t r a t e s  t h e  s u p p o r t  g i v e n  b y  

t h e  s t u b  s i l l  t o  t h i s  a n g l e  a t  t h e  c e n t e r  o f  t h e  c a r .  T h e r e  i s  

a  s h im  b e t w e e n  t h e  s t u b  s i l l  a n d  t h e  s u p p o r t  a n g l e  w h i c h  i s  n o t  

v i s i b l e  i n  t h e  p h o t o g r a p h .  I n i t i a l l y  a  g a p  w a s  l e f t  b e t w e e n  t h e  

a n g l e  a n d  t h e  s t u b  s i l l  t o  a c c o m m o d a te  a  l o a d  c e l l  f o r  t h e  m e a 

s u r e m e n t  o f  v e r t i c a l  l o a d s . W hen t h i s  m e a s u r e m e n t  t e c h n i q u e  

p r o v e d  t o  b e  i m p r a c t i c a l  a  s h im  w a s  i n s e r t e d  t o  s u p p o r t  t h e  a n g l e .  

T h e  a n g l e  r e s t s  o n  t h e  s h im  a n d  i s  n o t  d i r e c t l y  c o n n e c t e d  t o  t h e  

s h im  o r  t h e  s t u b  s i l l .
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F i g u r e  1  SH IE L D  WITH STR A P CONNECTION TO B O L ST E R





F i g u r e  3  SH IE L D  WITH TUBE CONNECTION TO BO L ST E R





2. TEST PLAN
A  p r e l i m i n a r y  r e v i e w  o f  t h e  h e a d  s h i e l d  d e s i g n  i n d i c a t e d  t h a t  

o n e  o f  t h e  m o s t  s e v e r e  l o a d  e n v i r o n m e n t s  w o u ld  b e  t h e  i n e r t i a l  

l o a d s  a c c o m p a n y in g  s u d d e n  a c c e l e r a t i o n s  o f  t h e  c a r  o n  w h i c h  t h e  

s h i e l d  i s  m o u n t e d .  T h e r e f o r e ,  i t  w a s  d e c i d e d  t h a t  t h e  b e h a v i o r  

o f  t h e  s h i e l d  u n d e r  c a r  c o u p l i n g  i m p a c t  c o n d i t i o n s  w o u ld  b e  t h e  

f i r s t  a s p e c t  o f  t h e  l o a d  e n v i r o n m e n t  t o  b e  e v a l u a t e d .

2 . 1  T e s t  P r o c e d u r e s

Two t y p e s  o f  c a r ,  i m p a c t  t e s t s  w e r e  p l a n n e d  a n d  c o n d u c t e d .

T h e  s h i e l d  w a s  i n s t a l l e d  o n  t h e  ahm m er c a r  f o r  t h e  f i r s t  t e s t s .

T h i s  t y p e  o f  t e s t  i s  i l l u s t r a t e d  i n  F i g u r e  5 a  a n d  i s  s u b s e q u e n t l y  

r e f e r r e d  t o  a s  t h e  "h a m m e r  c a r "  t e s t .  U n d e r  t h e s e  c o n d i t i o n s  t h e  

p r i m a r y  l o a d  a c t i n g  o n  t h e  s h i e l d  i s  a  l o n g i t u d i n a l  i n e r t i a l  l o a d  

w h i c h  r e s u l t s  f r o m  a  s u d d e n  d e c e l e r a t i o n  o f  t h e  c a r  w h e n  i t  i s  

s t o p p e d  b y  i m p a c t i n g  i n t o  t h e  s t a n d i n g  c a r s .

T h e  p r o t o t y p e  h e a d  s h i e l d  w a s  i n s t a l l e d  o n  a  3 3 , 0 0 0  g a l l o n  

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

1 1 2 A 3 4 0 W  f o r  n o n - i n s u l a t e d  p r e s s u r e  t a n k  c a r s .  T h e  c a r ,  d e s i g n a t e d  

RAX 2 0 3 ,  h a d  a n  e m p ty  w e i g h t  o f  9 1 , 2 0 0  l b s  a n d  a n  a l l o w a b l e  l o a d e d  

f a i l  l o a d  o f  2 6 3 , 0 0 0  l b s .  I t  w a s  e q u i p p e d  w i t h  a  d r a f t  g e a r  c o n 

f o r m i n g  t o  A A R s p e c i f i c a t i o n  M - 9 0 1 E .  T h e  s h i e l d  a n d  t a n k  c a r  w e r e  

i n s t r u m e n t e d  w i t h  t r a n s d u c e r s  t o  p r o v i d e  a  c o n t i n u o u s  o u t p u t  o f  

s t r a i n ,  a c c e l e r a t i o n s ,  l o a d s ,  e t c .  T h e  s h i e l d  w a s  i n s t a l l e d  o n  

t h e  B - e n d  ( h a n d - b r a k e  e n d )  o f  t h e  c a r  w h i c h  w a s  p o s i t i o n e d  s o  t h a t  

t h e  h e a d  s h i e l d  w a s  o n  t h e  l e a d i n g  ( s t r i k i n g )  e n d  o f  t h e  c a r .

T h e  t a n k  c a r  w a s  i m p a c t e d  i n t o  t h r e e  s t a n d i n g  1 0 0  t o n  c a p a c i t y  

h o p p e r  c a r s .  E a c h  c a r  w a s  l o a d e d  w i t h  s a n d  t o  a  2 2 0 , 0 0 0  l b  r a i l  

l o a d .  T h e s e  c a r s  w e r e  e q u i p p e d  w i t h  d r a f t  g e a r  c o n f o r m i n g  t o  AAR 

s p e c i f i c a t i o n  M - 9 0 1 .  T h e  h a n d - b r a k e s  o f  t h e  s t a n d i n g  c a r s  w e r e  

a p p l i e d  a n d  t r a c k  s k a t e s  w e r e  p l a c e d  b e h i n d  o n e  s e t  o f  w h e e l s  o n  

e a c h  c a r . I t  w a s  r e c o g n i z e d  t h a t  t h i s  r e s u l t e d  i n  m o r e  s e v e r e  

r e s i s t i n g  f o r c e s  t o  t h e  i m p a c t i n g  t a n k  c a r  t h a n  f r e e  s t a n d i n g  c a r s , 

b u t  t h e  t e s t  s e t u p  r e p r e s e n t e d  a n  u p p e r  l i m i t  t o  t h e  s e v e r i t y  o f  

t h e  c o n d i t i o n s  t h a t  c a n  b e  f o u n d  i n  s e r v i c e  a n d  a l l o w e d  c l o s e  

c o n t r o l  i n  t h e  r e p e a t a b i l i t y  o f  t e s t  c o n d i t i o n s .
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L o a d e d  C a r

( b )  A n v i l  C a r  T e s t

F i g u r e  5 ARRANGEMENT OF CARS FOR IM PACT T E S T S
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T h e  t a n k  c a r  w a s  e m p ty  f o r  t h e  h am m er c a r  t e s t s .  T h i s  c o n d i 

t i o n  r e s u l t s  i n  m o r e  s e v e r e  c a r  d e c e l e r a t i o n s  t h a n  t e s t i n g  w i t h  

a  l o a d e d  c a r .  T h e  c a r  w a s  a c c e l e r a t e d  t o  p r e d e t e r m i n e d  v e l o c i t i e s  

b y  r e l e a s i n g  i t  o n  a n  i n c l i n e d  r a m p . T h e  f i r s t  i m p a c t  t e s t  w a s  

c o n d u c t e d  a t  a p p r o x i m a t e l y  3  m ph a n d  s u b s e q u e n t  i m p a c t  v e l o c i t i e s  

w e r e  i n c r e a s e d  i n  a p p r o x i m a t e l y  3 / 4  m ph i n c r e m e n t s .  T h e  i m p a c t  

v e l o c i t i e s  w e r e  i n c r e a s e d  u n t i l  t h e  f o r c e  l i m i t a t i o n  ( a p p r o x i m a t e l y

1 , 2 0 0 , 0 0 0  l b s )  w a s  r e a c h e d  i n  t h e  d jm a m o m e te r  c o u p l e r .

T h e  s e c o n d  t y p e  o f  t e s t  u s e d  f o r  t h e  e v a l u a t i o n  o f  t h e  p r o t o 

t y p e  t a n k  c a r  h e a d  s h i e l d s  w a s  c o n d u c t e d  i n  a c c o r d a n c e  w i t h  P a r a 

g r a p h  2 4 - 5  o f  t h e  A A R T a n k  C a r  S p e c i f i c a t i o n s .  T h i s  t e s t  i s  s p e c i 

f i e d  a s  a  m e t h o d  o f  e v a l u a t i n g  h e a d  s h i e l d  d e s i g n  i n  t h e  F e d e r a l  

R e g u l a t i o n  w h i c h  r e q u i r e s  h e a d  s h i e l d s  o n  h a z a r d o u s  m a t e r i a l  t a n k  

c a r s .  T h e  t e s t  i s  c o n d u c t e d  b y  i m p a c t i n g  a  l o a d e d  c a r  i n t o  a  

s t a n d i n g  t a n k  c a r  e q u i p p e d  w i t h  t h e  h e a d  s h i e l d  a s  i l l u s t r a t e d  i n  

F i g u r e  5 b .  T h i s  t e s t  p r o c e d u r e  i s  s u b s e q u e n t l y  r e f e r r e d  t o  a s  t h e  

" a n v i l  c a r "  t e s t .

2 . 2  I n s t r u m e n t a t i o n

T h e  i n s t r u m e n t a t i o n  w a s  c o n f i g u r e d  t o  d e v e l o p  t h e  f o l l o w i n g  

i n f o r m a t i o n :

•  t h e  m a g n i t u d e  o f  t h e  f o r c e s  t r a n s m i t t e d  
t o  t h e  c a r  f r o m  t h e  s h i e l d ,

•  t h e  v i b r a t i o n a l  r e s p o n s e  o f  t h e  s h i e l d  
t o  t h e  i m p a c t ,

•  s t r a i n  l e v e l s  w i t h i n  t h e  s h i e l d .

T h e  t r a n s d u c e r s  u s e d  t o  d e v e l o p  t h e  d a t a  a r e  d e s c r i b e d  i n  t h e  

f o l l o w i n g  p a r a g r a p h s .  T h e  l o c a t i o n s  o f  t h e  t r a n s d u c e r s  a r e  s h o w n  

i n  F i g u r e s  6 t h r o u g h  1 0 .  T h e  s p e c i f i c  c h a r a c t e r i s t i c s  o f  t h e  

t r a n s d u c e r s  a r e  l i s t e d  i n  A p p e n d i x  A .

A c c e l e r o m e t e r s  ( F i g u r e  6 ) m o u n te d  o n  t h e  p l a t e  o f  t h e  s h i e l d  

w e r e  u s e d  t o  d e t e r m i n e  t h e  v i b r a t i o n a l  m o d e s  i n  t h e  h e a d  s h i e l d  

s t r u c t u r e .  A c c e l e r o m e t e r s  ( F i g u r e  6 ) m o u n t e d  o n  t h e  s t u b  s i l l  

w e r e  u s e d  t o  d e t e r m i n e  r i g i d  b o d y  m o t i o n s  o f  t h e  c a r .  ,

1 0



F i g u r e  6 TRANSDUCER LO CATIO N S FRONT VIEW  OF S H IE L D
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F i g u r e  1 0  S T R A IN  GAGE PLACEMENT ON HEAD S H IE L D  SUPPO RT ANGLE 
NEAR CEN TER OF CAR
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S t r a i n  r o s e t t e s  ( F i g u r e  6 ) w e r e  u s e d  t o  d e t e r m i n e  t h e  s t r e s s  

f i e l d  i n  t h e  p l a t e  a d j a c e n t  t o  t h e  s i d e  s u p p o r t  c o n n e c t i o n s .  T h e  

d a t a  f r o m  t h e s e  g a g e s  w e r e  a l s o  u s e d  t o  i d e n t i f y  p r i n c i p a l  v i b r a 

t i o n a l  f r e q u e n c i e s .  A d d i t i o n a l  s t r a i n  g a g e s ,  o r i e n t e d  h o r i z o n t a l l y ,  

w e r e  p l a c e d  o n  t h e  f r o n t  a n d  b a c k  s i d e  o f  t h e  p l a t e  n e a r  t h e  c e n t e r  

o f  t h e  s h i e l d  ( F i g u r e  6 ) .

S t r a i n  g a g e s  ( F i g u r e  7 )  m o u n te d  o n  t h e  s i d e  s u p p o r t s  w e r e  

u s e d  t o  d e t e r m i n e  t h e  l o n g i t u d i n a l  i n e r t i a l  l o a d s  t r a n s m i t t e d  t o  

t h e  c a r  s t r u c t u r e  t h r o u g h  t h e s e  e l e m e n t s .  W hen t h e  s t r a p  s i d e  

s u p p o r t s  w e r e  u s e d  s t r a i n  g a g e s  w i r e d  i n t o  b e n d i n g  b r i d g e s  w e r e  

p l a c e d  a t  tw o  e l e v a t i o n s  a s  sh o w n  i n  F i g u r e  7 .  T h e  m a g n i t u d e  a n d  

e l e v a t i o n  o f  t h e  l o n g i t u d i n a l  l o a d  c o u l d  b e  e s t i m a t e d  f r o m  t h e  tw o  

s e t s  o f  m o m en t d a t a .  S t r a i n  g a g e s  w e r e  m o u n t e d  i n  o n l y  o n e  p o s i 

t i o n  w h e n  u s i n g  t h e  r i g i d  t u b e  s i d e  s u p p o r t s  a n d  t h e  o u t p u t s  o f  

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

e s t i m a t e  o f  t h e  l o n g i t u d i n a l  l o a d  t h r o u g h  t h e  t u b e  a n d  t h e  e l e v a 

t i o n  o f  i t s  l i n e - o f - a c t i o n .

S t r a i n  g a g e s  w e r e  m o u n t e d  o n  t h e  s u p p o r t  a n g l e  b e t w e e n  t h e  § i d e  

s i l l  a n d  t h e  s h i e l d  a t t a c h m e n t ,  t o  d e t e r m i n e  t h e  b e n d i n g  m o m e n ts  

i n  t h e  a n g l e  i n  b o t h  t h e  h o r i z o n t a l  a n d  v e r t i c a l  p l a n e s  p a r a l l e l  

t o  t h e  m e m b e r ( F i g u r e s  8 a n d  9 ) .  B y  k n o w in g  t h e  d i f f e r e n c e s  i n  t h e  

b e n d i n g  m o m e n ts  b e t w e e n  t h e  tw o  s e t s  o f  g a g e s  i t  i s  p o s s i b l e  t o  

c a l c u l a t e  t h e  v e r t i c a l  a n d  h o r i z o n t a l  c o m p o n e n t s  o f  s h e a r  i n  t h e  

m e m b e r a n d  t h u s  d e f i n e  t h e  i n t e r f a c i a l  l o a d s  b e t w e e n  t h e  s u p p o r t  

a n g l e  a n d  t h e  s i d e  s i l l .  S t r a i n  g a g e s  w e r e  a l s o  m o u n t e d  o n  t h e  

s u p p o r t  a n g l e  a d j a c e n t  t o  t h e  s t u b  s i l l  ( F i g u r e  1 0 )  t o  e s t i m a t e  

t h e  b e n d i n g  m om en t i n  t h e  v e r t i c a l  p l a n e  a n d  t h u s  i n d i c a t e  t h e  

v e r t i c a l  l o a d  t r a n s f e r  t o  t h e  s t u b  s i l l  b y  t h i s  m e m b e r .

M o v e m e n t o f  t h e  s h i e l d  w i t h  r e s p e c t  t o  t h e  c a r  w a s  m o n i t o r e d  

b y  a  d i s p l a c e m e n t  g a g e  ( F i g u r e  6 ) b e t w e e n  t h e  t o p  o f  t h e  s h i e l d  

a n d  t h e  t a n k  h e a d .  A  d y n a m o m e te r  c o u p l e r  w a s  u s e d  i n  t h e  a n v i l  

c a r  t o  p r o v i d e  a  r e c o r d  o f  c o u p l e r  f o r c e  a s  a  f u n c t i o n  o f  t i m e  

d u r i n g  t h e  i m p a c t .
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H ig h  s p e e d  m o t i o n  p i c t u r e s  w e r e  a l s o  t a k e n .  On tw o  o f  t h e  

t e s t s  o n e  c a m e r a ,  o p e r a t i n g  a t  a p p r o x i m a t e l y  5 0 0  f p s ,  w a s  p o s i t i o n e d  

t o  o b t a i n  a  s i d e - o n  v i e w  o f  t h e  s h i e l d .  On a l l  t e s t s  t h r e e  c a m e r a s ,  

o p e r a t i n g  a t  6 4  f p s  w e r e  p o s i t i o n e d  t o  o b t a i n  a d d i t i o n a l  d a t a  o n  

t h e  b e h a v i o r  o f  t h e  s h i e l d .

T h e  d a t a  w a s  r e c o r d e d  o n  m a g n e t i c  t a p e  a t  7 . 5  i n s . / s e c .  Two 

r e c o r d e r s  w e r e  u s e d  f o r  t h i s  p u r p o s e .  T h e  r e c o r d e r s  w e r e  l o c a t e d  

w i t h i n  t h e  M i n e r  i n s t r u m e n t a t i o n  f a c i l i t y  a d j a c e n t  t o  t h e  t e s t  

t r a c k .  T h e s e  r e c o r d e r s  w e r e  c o n n e c t e d  t o  t h e  t r a n s d u c e r s  o n  t h e  

t a n k  c a r  t h r o u g h  a  1 5 0 0  f t  l o n g  h a r d - w i r e  s y s t e m .  T h e  c a b l e s  a r e  

h u n g  f r o m  t r o l l e y s  a d j a c e n t  t o  t h e  t e s t  t r a c k  s o  t h a t  t h e y  c a n  

f o l l o w  t h e  m o v e m e n t  o f  t h e  c a r .

2 . 3  T e s t  O p e r a t i o n s

F o u r  s e r i e s  o f  i m p a c t  t e s t i s  w e r e  p e r f o r m e d :  tw o  t e s t

s e r i e s  w i t h  t h e  s t r a p  ( f l e x i b l e )  s i d e  s u p p o r t s  a n d  o n e  w i t h  t h e  

t u b e  ( r i g i d )  s i d e  s u p p o r t s  u t i l i z i n g  t h e  h am m er c a r  t e s t  p r o c e d u r e ,  

a n d  o n e  t e s t  s e r i e s  w i t h  t h e  s t r a p  s u p p o r t  s y s t e m  u t i l i z i n g  t h e  

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

T h e  f i r s t  t e s t  w a s  p e r f o r m e d  o n  N o v e m b e r  5 ,  1 9 7 4  u t i l i z i n g  t h e  

h am m er c a r  t e s t  p r o c e d u r e  a n d  t h e  s t r a p  s i d e  s u p p o r t s .  T h e  i m p a c t  

s p e e d s  a n d  a s s o c i a t e d  m axim u m  c o u p l e r  f o r c e s  a r e  t a b u l a t e d  a s  

f o l l o w s :

I m p a c t  V e l o c i t y  
(m ph)

M axim u m  C o u p l e r  F o r c e  
( 1 0 0 0  l b s )

3 . 2 5 N R *

3 . 9 4 NR

4 . 5 5 NR

5 . 2 4 NR

5 . 8 0 4 7 9

6 . 8 4 6 8 0

7 . 2 6 9 0 8

7 . 9 4 1 0 5 1

8 . 5 1 1 1 7 7

9 . 2 5 1 3 0 3

----------------------
N R : n o t  r e c o r d e d .
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The second test series was performed on November 13, 1974 
utilizing the hammer car test procedure and the tube side supports. 
The impact speeds and associated maximum coupler forces are tabu
lated as follows:

The third impact series was performed on December 17, 1974. 
It was a repeat of the conditions utilized on the first test.
The test was repeated because during the analysis of the data it 
was discovered that some of the transducers did not produce the 
required information. Also, there was an indication of severe 
loading of the horizontal member supporting the shield and it was 
desired to verify this data. The impact speeds and associated 
maximum coupler forces are tabulated as follows:

Impact Velocity 
(mph)_____

Maximum Coupler Force 
(1000 lbs)______

3.00
3.90
4.74
5.48
6.31
7.21
8.06
8.86

166
288
403
505
628
765

1140
1380

Impact Velocity 
(mph)

Coupler Force 
(1000 lbs)

2; 96 
3.84 
4.68 
5.48 
6.29 
7.20 
7.98 
8.02

223
300
430
440
694
905

1260
1260
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The fourth impact test series was performed on February 4, 
1975 utilizing the anvil car test procedure and the strap side 
supports for the shield. The impact speeds and associated maximum
coupler forces are tabulated as follows:

Impact Velocity 
(mph)

Coupler Force 
(1000 lbs)

3.94 325
5.98 650
7.04 1200
7.36 1300
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3. TEST RESULTS
The results from the first three impact test series (hammer 

car tests) showed that the stresses within the shield itself and 
the loads within the side supports were within acceptable limits, 
but that the angle which supported the weight of the shield was 
highly stressed. The high angle stresses were due to the excita
tion of vertical vibratory motions. As expected, the dynamic 
response of the shield with the strap supports was greater than 
the shield with the tube supports. The results from the fourth 
test series (the anvil car test) showed unexpectedly high loads 
in the supporting structure of the shield which were due in part 
to the dynamic response sensitivity of the shield to the displace
ment of the tank car as it is struck by the impacting car. The 
test data are compared and described in the following subsections.
3.1 Comparison of Hammer Car Test Data

This section compares data from the hammer car tests of 
November 13th (tube side supports) and December 17th (strap side 
supports).
Shield Displacement

Figure 11 compares the maximum longitudinal displacement of 
the top of the shield as a function of impact velocity for both 
methods of shield connection to the bolster. As expected, the 
strap support allows approximately twice the deflection of the 
shield as the tube support. The frequencies for the fundamental 
longitudinal mode of vibration were 4.8 Hz when the strap supports 
were used and 10.1 Hz when the tube supports were used.
Strains in Shield Plate

The greater flexibility provided by the strap support results 
in lower strains in the shield itself. This is shown by the data 
presented in Figures 12 and 13. Figure 12 compares maximum hori
zontal strains measured at the center of the shield for the two 
versions of the support system as a function of impact velocity.
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Figure'll MAXIMUM LONGITUDINAL DISPLACEMENT (AWAY 
FROM CAR) OF TOP CENTER OF SHIELD
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Figure 12 MAXIMUM HORIZONTAL STRAINS MEASURED ON GAGES 
AT CENTER OF SHIELD
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Figure 13 MAXIMUM HORIZONTAL STRAINS MEASURED ON LEFT 

SIDE OF SHIELD
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Note that all strains are well below the elastic limit of the 
material (approximately l,300ii in./in.) and that the strains 
with the strap support are approximately one-half of those.with 
the tube support. Figure 13 makes a similar comparison of hori
zontal strains measured at the left hand side of the shield.
Again it will be noted that the strains are below the elastic 
limit and that they are significantly higher with the tube 
support system.
Forces Transmitted Through the Side Supports

The magnitude and character of the inertial forces trans
mitted from the shield to the car structure are of particular 
interest to the evaluation of the shield structural system.
There are two paths for these loads: through the side support
structure and through the horizontal support angle. We discuss 
first the loads transmitted through the side supports.

The data presented in Figures 14 through 16 show the magnitude 
of the maximum transient loads exerted on the tank car bolster 
through both the strap and tube side support systems. Figure 14 
shows the maximum longitudinal load acting through the strap 
supports as a function of impact velocity. Note that these 
inertial loads are higher on the left side of the car (facing 
the shield) where the hand brake is located. The distance above 
the base of the shield of the line-of-action of this load is 
shown in Figure 15 as a function of impact velocity. These dis
tances are approximately constant over the range of impact veloc
ities. The line-of-action is slightly lower on the left side 
where the hand brake is located.

Figure 16 shows the maximum longitudinal inertial loads acting 
through the tube supports as a function of impact velocity. Note 
that the loads are from two to six times higher than the corre
sponding loads transmitted through the strap supports. This data 
is not as accurate as the strap load data because of the low strain 
levels in the tubes. It is estimated that the data presented in
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Figure 14 MAXIMUM LONGITUDINAL INERTIAL LOAD ACTING 
THROUGH STRAP SHIELD SUPPORTS
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F i g u r e  1 6  MAXIMUM LO N G ITU D IN A L IN E R T IA L  LOAD A C T IN G  
THROUGH TU BE S H IE L D  SU PPO RTS
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F i g u r e  1 6  i s  w i t h i n  2 5  p e r c e n t  o f  t h e  t r u e  v a l u e s . T h e  d i s t a n c e  

o f  t h e  l i n e - o f - a c t i o n  o f  t h e  l o n g i t u d i n a l  l o a d  a b o v e  t h e  b a s e  o f  

t h e  s h i e l d  w i t h  t h e  t u b e  s u p p o r t s  w a s  d e t e r m i n e d  t o  b e  a p p r o x i 

m a t e l y  3 5  i n c h e s  o v e r  t h e  r a n g e  o f  i m p a c t  v e l o c i t i e s . T h e  c a p a c 

i t y  o f  t h e  t a n k  c a r  b o l s t e r  t o  w i t h s t a n d  t h e  l o n g i t u d i n a l  l o a d s  

f r o m  t h e  s h i e l d  s i d e  s u p p o r t s  h a s  b e e n  c a l c u l a t e d  t o  b e  i n  e x c e s s  

o f  1 0 , 0 0 0  l b s  s o  t h a t  t h e  m axim u m  f o r c e s  f r o m  e i t h e r  t h e  t u b e  o r  

s t r a p  s i d e  s u p p o r t s  a r e  w i t h i n  a c c e p t a b l e  l i m i t s .

F o r c e s  T r a n s m i t t e d  t h r o u g h  t h e  S u p p o r t  A n g l e

T h e  s e c o n d  p a t h  o f  l o a d  t r a n s f e r  b e t w e e n  t h e  s h i e l d  a n d  c a r  

i s  t h r o u g h  t h e  h o r i z o n t a l  a n g l e  w h i c h  s u p p o r t s  t h e  w e i g h t  o f  t h e  

s h i e l d .  A s  p r e v i o u s l y  s t a t e d ,  t h i s  a n g l e  i s  w e l d e d  t o  t h e  s i d e  

s i l l s  a n d  r e s t s  o n  t h e  s t u b  s i l l  s o  t h a t  t h e  l o a d s  a r e  t r a n s 

f e r r e d  i n t o  t h e  s t r u c t u r e  o f  t h e  c a r  a t  t h e s e  p o i n t s .

L o a d  t r a n s f e r  t h r o u g h  t h i s  m em b er u n d e r  c a r  i m p a c t  c o n d i t i o n s  

i n v o l v e s  c o m p l e x  r e s p o n s e  p h e n o m e n a . T h e  p r i m a r y  l o a d  w o u ld  b e  

e x p e c t e d  t o  b e  a  l o n g i t u d i n a l  i n e r t i a l  l o a d ,  a l t h o u g h  so m e v e r t i 

c a l  e x c i t a t i o n  w o u l d  n o t  b e  u n e x p e c t e d .  A  l o n g i t u d i n a l  i n e r t i a l  

l o a d  a c t i n g  o n  t h e  a n g l e  a t  t h e  s h i e l d  s u p p o r t s  w o u ld  b e  r e a c t e d  

b o t h  b y  a x i a l  t e n s i l e  a n d  s h e a r  f o r c e s  i n  t h e  a n g l e .  T h e  a x i a l  

t e n s i l e  f o r c e s  w o u ld  b e  d u e  t o  t h e  f a c t  t h a t  t h e  o u t e r  p o r t i o n s  

o f  t h e  a n g l e  a r e  b e n t  w i t h  r e s p e c t  t o  a  t r a n s v e r s e  r e f e r e n c e  

l i n e .  T h e  s h e a r  f o r c e s  w o u ld  b e  d u e  t o  t h e  r i g i d  c o n n e c t i o n s  a t  

t h e  s i d e - s i l l / a n g l e  a n d  s h i e l d / a n g l e  i n t e r f a c e s  a n d  w o u ld  r e s u l t  

f r o m  b e n d i n g  o f  t h e  a n g l e .  V e r t i c a l  l o a d s  c a r r i e d  t h r o u g h  t h i s  

m em b er w o u ld  b e  t r a n s m i t t e d  b o t h  t o  t h e  s t u b  s i l l  a n d  t h e  s i d e  

s i l l s .

On t h e  f i r s t  s e r i e s  o f  t e s t s  a  l o a d  c e l l  w a s  i n s t a l l e d  b e 

t w e e n  t h e  a n g l e  a n d  t h e  s t u b  s i l l  i n  a n  a t t e m p t  t o  m e a s u r e  l o a d  

t r a n s f e r  a t  t h i s  p o s i t i o n ,  i f  a n y .  L o a d  t r a n s f e r  t o  t h e  s i d e  s i l l s  

t h r o u g h  s h e a r  i n  t h e  a n g l e  w a s  m e a s u r e d  b y  i n s t a l l i n g  tw o  s e t s  o f  

b e n d i n g  b r i d g e s  b e t w e e n  t h e  s h i e l d  a t t a c h m e n t  a n d  t h e  s i d e  s i l l  

( s e e  F i g u r e s  8 a n d  9 ) .  T h e s e  s e t s  o f  g a g e s  p e r m i t t e d  t h e  d e t e r 

m i n a t i o n  o f  m o m e n ts  o n  t h e  p r i n c i p a l  a x e s  o f  t h e  a n g l e s  a t  tw o
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l o c a t i o n s ,  t h u s  a l l o w i n g  f o r  t h e  c a l c u l a t i o n  o f  s h e a r  f o r c e s .

T h e s e  s h e a r  f o r c e s  w e r e  r e s o l v e d  i n t o  l o n g i t u d i n a l  a n d  v e r t i c a l  

c o m p o n e n t s .

T h e  t e s t s  r e v e a l e d  t h a t  u n d e r  c a r  i m p a c t  t h e  l o n g i t u d i n a l  

d i s p l a c e m e n t  o f  t h e  s h i e l d  i s  c o u p l e d  i n t o  a  v e r t i c a l  m o t i o n  w h i c h  

d i s p l a c e s  t h e  s u p p o r t  a n g l e  i n  a  v e r t i c a l  d i r e c t i o n .  T h i s  m o t i o n  

w a s  m o s t  p r o n o u n c e d  w i t h  t h e  s t r a p  s i d e  s u p p o r t s .  T h e  a n g l e  w a s  

l i f t e d  o f f  t h e  s t u b  s i l l  a n d  i m p a c t e d  a g a i n s t  i t  d u r i n g  t h e  d o w n 

w a r d  p h a s e  o f  t h e  m o t i o n .  . T h e r e  w a s  l e s s  v e r t i c a l  m o t i o n  d e v e l 

o p e d  w i t h  t h e  t u b e  s i d e  s u p p o r t s ,  b u t  t h e  l i f t i n g  o f  t h e  a n g l e  o f f  

t h e  s t u b  s i l l  w a s  s t i l l  o b s e r v e d  d u r i n g  t h e  h i g h e r  v e l o c i t y  i m p a c t s .

T h i s  p h e n o m e n a  d a m a g e d  t h e  l o a d  c e l l  p l a c e d  b e t w e e n  t h e  a n g l e  

a n d  t h e  s t u b  s i l l  o n  t h e  f i r s t  t e s t  s e r i e s  m a k in g  i t  i m p o s s i b l e  

t o  m e a s u r e  t h e  l o a d s  t r a n s f e r r e d  a t  t h i s  p o s i t i o n .  T h e  s t r e s s e s  

w i t h i n  t h e  a n g l e  m e a s u r e d  b y  t h e  b e n d i n g  b r i d g e s  w e r e  s u b s t a n t i a l .

On t h e  f i r s t  s e r i e s  o f  t e s t s  t h e  y i e l d  p o i n t  o f  s e v e r a l  g a g e s  w a s  

e x c e e d e d  a t  i m p a c t  v e l o c i t i e s  a b o v e  7 m ph . On t h e  s e c o n d  a n d  

t h i r d  t e s t  s e r i e s  t h e r e  w a s  n o  a p p a r e n t  y i e l d i n g  i n d i c a t e d  b y  t h e  

g a g e s .

F i g u r e s  1 7  t h r o u g h  2 2  sh o w  t h e  r e s u l t s  o f  a  c o m p u t e r  a n a l y s i s  

o f  t h e  d a t a  f r o m  t h e  tw o  s e t s  o f  b e n d i n g  b r i d g e s  o n  t h e  r i g h t  s i d e  

o f  t h e  c a r  f o r  t h e  s e c o n d  a n d  t h i r d  t e s t  s e r i e s .  T h i s  d a t a  p e r m i t s  

c o m p a r i s o n  o f  t h e  u s e  o f  t h e  r i g i d  a n d  f l e x i b l e  “s i d e  s u p p o r t s .

T h e s e  f i g u r e s  s h o w  p l o t s  o f  t h e  v e r t i c a l  a n d  l o n g i t u d i n a l  s h e a r  

l o a d s  a s  a  f u n c t i o n  o f  t i m e ,  w h i c h  a r e  t r a n s f e r r e d  t h r o u g h  t h e  

a n g l e  a n d  a c t  o n  t h e  s i d e  s i l l  f o r  t h e  t h i r d ,  f i f t h  a n d  s e v e n t h  

i m p a c t  t e s t s  o f  e a c h  s e r i e s .  T h e s e  d a t a  w e r e  o b t a i n e d  b y  p r o c e s 

s i n g  t h e  a n a l o g  d a t a  o n  a  N o v a  1 2 2 0  m i n i - c o m p u t e r . T h e  p r o c e d u r e  

i n c l u d e d  d i g i t i z i n g  t h e  s i g n a l  f r o m  e a c h  b e n d i n g  b r i d g e ,  p e r f o r m i n g  

t r a n s f o r m a t i o n s  t o  d e t e r m i n e  t h e  m o m e n ts  a b o u t  t h e  p r i n c i p a l  a x e s ,  

c o m p u t in g  t h e  s h e a r  l o a d s  w i t h  r e s p e c t  t o  t h e  p r i n c i p a l  a x e s , a n d  

c o m b i n i n g  t h e  l o n g i t u d i n a l  a n d  v e r t i c a l  c o m p o n e n t s  o f  t h e  s h e a r  

l o a d s .
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Figures 17 through 19 show the vertical and longitudinal 
shear loads associated with the use of flexible strap side sup
ports. Note that in each case the vertical load component rapidly 
grows in magnitude into a complex waveform which exceeds the mag
nitude of the longitudinal shear load. The fundamental frequency 
of the vertical shear load is approximately 10 Hz although the 
presence of higher frequency components is evident. The longitu
dinal waveform shows the fundamental 4.8 Hz vibration associated 
with the longitudinal shield vibration. A higher frequency com
ponent, approximately 40 Hz, is apparent through the first cycle 
of the longitudinal shear load, but this has decayed substantially 
after .2 sec. Note the high vertical shear loads associated with 
the 7.98 mph impact. These loads are associated with the vertical 
impacting of the angle against the stub sill.

Figures 20 through 22 show similar data associated with the 
use of rigid tube side supports. Note that the peak magnitudes 
are lower. The lower levels of shear load are in agreement with 
the observation of reduced vertical vibration of the shield with 
the rigid tube side supports. Table 1 summarizes the longitudinal 
and vertical shear load data for all of the impact tests of the 
second and third sefies.
3.2 Anvil Car Tests

The anvil car impact tests, which were conducted in accor
dance with Paragraph 24-5 in the AAR Tank Car Specifications, in
volved impacting a fully loaded 70 ton capacity (nominal) car, 
(referred to as the hammer car) into the standing loaded tank car 
(referred to as the anvil car) equipped with the shield. Two 
loaded 70 ton capacity cars were also coupled to the tank car 
providing additional restraint to the motion of this car when it 
is struck. The shield was at the struck end of the tank car and 
was equipped with the strap (flexible) supports for this test.

Initially it was believed that this test would be less severe 
than the hammer car tests. The tests revealed, however, that the 
maximum loads on the shield and the supporting structure were
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Table 1
Maximum Shear Loads on Right Side Sill 
from Support Angle for Impact Tests 

with Flexible and Rigid Side Supports

Maximum Shear Load on Side Sill

Vertical(lbs) Longitudinal(lbs)

Impact
Velocity

Down Up Forward Backward
(mph)

3.00 . 900 500 500 200
3.90 1100 300 800 300
4.74 1600 400 700 500

Flexible 5.48 2100 600 500 700Strap Side 
Supports 6.31 3000 900 600 900

7.21 4000+ 900 1200 1100
8.06 4000+ 1000 1000 1000
8.86 4000+ 700 1000 1200

2.96 400 300 100 0
3.84 400 300 100 0
4.68 800 1000 300 200

Rigid 5.48 1000 900 200 300
Tube Side 
Supports 6.29 1600 1300 600 700

7.20 1800 1500 500 700
7.98 3200 2400 600 1100
8.02 3900 2900 800 ' 1300
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somewhat higher than on the hammer car tests. Figure 23 compares 
the maximum displacement between the end of the tank and the top 
of the shield for the two types of tests. The maximum displace
ment always occurred at the first peak for the hammer car tests. 
With the anvil car test the second peak was somewhat higher than 
the first peak.

The large displacements and strains measured on the anvil car 
tests were somewhat surprising in view of the fact that the shield 
equipped car is initially at rest and that it is displaced a rela
tively short distance, on the order of 6 to 30 inches, from the 
effects of the impact by the hammer car.

A detailed study of the motions of the struck car suggests 
that the start-stop motion, which is imparted to the car by the 
impact, is in phase with the fundamental mode of longitudinal os
cillation of the shield and that this tends to amplify the shield 
displacement. Figure 24 shows the displacement of the struck car 
as a function of time in both the longitudinal and vertical direc
tions. This data was derived from motion pictures taken of the 
impact. Note that in addition to the longitudinal motion there 
is a smaller vertical motion of the car which is on the order of 
5 Hz. Figure 25 shows the longitudinal velocity of the struck 
car as a function of time, The sharp rise and fall in the velocity 
within the first .1 sec could be the reason that the dynamic re
sponse of the fundamental mode (4.8 Hz) of the shield is amplified 
after the first peak.

The amplification of response phenomena following the first 
peak is also noted in Figures 26 and 27 when comparing strain data 
from the center and left side of the shield for the two types of 
tests. Strain data from the center of the shield, Figure 26, show 
the first peak of the anvil car test is below comparable data from 
the hammer car test, but that the second peak is substantially 
higher. Strain data from the left side of the shield, Figure 27, 
show that the first peak of the anvil car test is approximately 
the same as comparable data from the hammer car tests, and that 
the second peak is slightly higher.
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Data from the strain gages on the support angle showed that 
the gages were strained beyond the yield point. . This was the 
result of the severe vertical oscillations of the shield, which, 
as noted on the earlier tests, involved coupling of the longi
tudinal displacement into a complex vertical vibration. This 
caused the support angle, to be alternately lifted off the stub 
sill and impacted downward on it.
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4 .  CO NCLUSIO NS AND RECOMMENDATIONS

T h e  t e s t  r e s u l t s  c o n f i r m  t h e  o r i g i n a l  a s s u m p t i o n  t h a t  c a r  

c o u p l i n g  i m p a c t s  a r e  a  s e v e r e  e n v i r o n m e n t  f o r  c o n s i d e r a t i o n  i n  

t a n k  c a r  h e a d  s h i e l d  d e s i g n  a n d  e v a l u a t i o n .  T h e  t w o  v e r s i o n s  o f  

t h e  p r o t o t y p e  LTU s h i e l d  e x a m i n e d  i n  t h e s e  t e s t s  w i t h s t o o d  a  t o t a l  

o f  3 0  c a r  c o u p l i n g  i m p a c t s  w i t h  n o  a p p a r e n t  d a m a g e  t o  t h e  s h i e l d  

o r  i t s  s u p p o r t i n g  s t r u c t u r e ,  e x c e p t  f o r  a  s m a l l  a m o u n t  o f  i n e l a s t i c  

d e f o r m a t i o n  i n  t h e  a n g l e  s u p p o r t i n g  t h e  s h i e l d .  T h e  s h i e l d  w i t h  

t h e  t u b e  s i d e  s u p p o r t s  d e f l e c t e d  l e s s  i n  r e s p o n s e  t o  t h e  i n e r t i a l  

l o a d s  a s s o c i a t e d  w i t h  t h e  c a r  i m p a c t  t h a n  t h e  s h i e l d  w i t h  t h e  m o r e  

f l e x i b l e  s t r a p  s i d e  s u p p o r t s .  F r o m  t h e  l i m i t e d  c o m p a r a t i v e  d a t a  

o b t a i n e d  t h u s  f a r  i t  w o u l d  a p p e a r  t h a t  r e d u c i n g  t h e  d y n a m i c  r e s p o n s e  

i s  a  d e s i r a b l e  c h a r a c t e r i s t i c  o f  s h i e l d  d e s i g n  b e c a u s e  i t  l e s s e n s  

t h e  p r o b a b i l i t y  o f  c o u p l i n g  p r i m a r y  r e s p o n s e  m o t i o n s  i n t o  u n d e s i r 

a b l e  m o d e s  o f  v i b r a t i o n  w h i c h  l e a d  t o  h i g h l y  s t r e s s e d  c o m p o n e n t s .

T h e  f o r c e s  t r a n s m i t t e d  t o  t h e  t a n k  c a r  b o l s t e r  t h r o u g h  t h e  

s i d e  s u p p o r t s  w e r e  l e s s  w i t h  t h e  f l e x i b l e  s t r a p  s i d e  s u p p o r t  t h a n  

w i t h  t h e  m o r e  r i g i d  t u b e  s u p p o r t .  A l t h o u g h  a  f a t i g u e  e v a l u a t i o n  

o f  t h e  s i d e  s u p p o r t  c o n n e c t i o n  t o  t h e  b o l s t e r  h a s  n o t  y e t  b e e n  

c o m p l e t e d ,  i t  i s  b e l i e v e d  t h a t  a  r e l i a b l e  c o n n e c t i o n  c a n  b e  d e s i g n e d  

t o  c a r r y  t h e  f o r c e s  t r a n s m i t t e d  b y  e i t h e r  t y p e  o f  s u p p o r t .  T h e  

s t r a i n s  m e a s u r e d  i n  t h e  s h i e l d  p l a t e  w e r e  l o w e r  w i t h  t h e  f l e x i b l e  

s i d e  s u p p o r t s  t h a n  w i t h  t h e  r i g i d  s i d e  s u p p o r t s ,  b u t  i n  a l l  c a s e s  

t h e y  w e r e  s u b s t a n t i a l l y  b e l o w  t h e  y i e l d  s t r e n g t h  o f  t h e  m a t e r i a l .

T h e  m o s t  u n d e s i r a b l e  c h a r a c t e r i s t i c  o f  t h e  s h i e l d  d e s i g n  w a s  

t h e  b e h a v i o r  o f  t h e  h o r i z o n t a l  s u p p o r t  a n g l e .  T h e  i n e r t i a l  l o a d s  

a s s o c i a t e d  w i t h  c a r  i m p a c t  a r e  p r i m a r i l y  l o n g i t u d i n a l ,  b u t  t h e  

l o n g i t u d i n a l  d i s p l a c e m e n t s  o f  t h e  s h i e l d  i n  r e s p o n s e  t o  t h i s  l o a d  

w e r e  r a p i d l y  c o u p l e d  i n t o  v e r t i c a l  v i b r a t i o n s .  A s  d e s c r i b e d  e l s e 

w h e r e  i n  t h i s  r e p o r t ,  t h i s  r e s u l t s  i n  s t r e s s e s  w i t h i n  t h e  a n g l e  

s u f f i c i e n t  t o  c a u s e  y i e l d i n g  a n d  t h e  i m p a c t  o f  t h e  a n g l e  a g a i n s t  

t h e  s t u b  s i l l .  A l t h o u g h  a  d e t a i l e d  f a t i g u e  e v a l u a t i o n  o f  t h e  

b e h a v i o r  o f  t h e  a n g l e  a n d  i t s  e f f e c t  o n  t h e  s i d e  s i l l s  a n d  s t u b
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s i l l  h a s  n o t  y e t  b e e n  p e r f o r m e d ,  i t  i s  o b v i o u s  t h a t  t h i s  c h a r 

a c t e r i s t i c  o f  t h e  p r e s e n t  d e s i g n  i s  n o t  a c c e p t a b l e  f r o m  t h e  

s t a n d p o i n t  o f  l o n g - l i f e  r e l i a b i l i t y .

T h e  l a r g e  d i s p l a c e m e n t s  a n d  s t r e s s e s  m e a s u r e d  i n  b o t h  t h e  

s h i e l d  a n d  i t s  s u p p o r t i n g  s t r u c t u r e  d u r i n g  t h e  a n v i l  c a r  i m p a c t  

t e s t s  e m p h a s i z e s  t h e  i m p o r t a n c e  o f  c o n s i d e r i n g  t h e  d y n a m i c  m o t i o n s  

a s s o c i a t e d  w i t h  c a r  a c c e l e r a t i o n s  i n  t h e  p r e d i c t i o n  o f  s h i e l d  

r e s p o n s e .  F u r t h e r  e f f o r t s  t o  d e v e l o p  s a t i s f a c t o r y  a n a l y t i c a l  

m e a n s  o f  p r e d i c t i n g  s h i e l d  r e s p o n s e  u n d e r  v a r i o u s  i m p a c t  c o n 

d i t i o n s  a r e  r e c o m m e n d e d .

T h e  n e x t  s t e p  i n  t h e  e v a l u a t i o n  o f  t h e  p r o t o t y p e  h e a d  s h i e l d  

i s  t o  e x a m i n e  i t s  b e h a v i o r  u n d e r  o v e r - t h e - r o a d  c o n d i t i o n s .  T h e  

p a r t i c u l a r  f a c t o r s  o f  c o n c e r n  i n  t h e s e  t e s t s  w i l l  b e  t o  d e t e r m i n e  

i f  v i b r a t i o n s  o f  t h e  c a r  c a n  b e  c o u p l e d  i n t o  u n d e s i r a b l e  h i g h  

a m p l i t u d e  v i b r a t i o n s  o f  t h e  s h i e l d ,  w h i c h  w o u l d  l e a d  t o  h i g h  

s t r e s s e s  i n  t h e  s u p p o r t i n g  s t r u c t u r e .  H o w e v e r ,  i t  i s  r e c o m m e n d e d  

t h a t  b e f o r e  t h e s e  t e s t s  a r e  c o n d u c t e d  t h e  p r e s e n t  d e s i g n  o f  

t h e  s h i e l d  b e  m o d i f i e d  t o  m i n i m i z e  t h e  u n d e s i r a b l e  d y n a m i c  b e h a v i o r  

w h i c h  l e a d s  t o  t h e  h i g h  s t r e s s e s  i n  t h e  s u p p o r t  a n g l e .  O ne p o s s i b l e  

m o d i f i c a t i o n  w o u l d  b e  t o  f i r m l y  a t t a c h  t h e  a n g l e  t o  t h e  s t u b  s i l l .

I t  i s  r e c o m m e n d e d  t h a t  t h e  i m p a c t  t e s t s  b e  r e p e a t e d  f o l l o w i n g  t h i s  

m o d i f i c a t i o n  t o  v e r i f y  t h e  i m p r o v e d  p e r f o r m a n c e  o f  t h e  d e s i g n  

b e f o r e  b e g i n n i n g  t h e  o v e r - t h e - r o a d  t e s t s .
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Appendix A
Description of Instrumentation

G a g e  C h a n n e l T r a n s d u c e r  D e s c r i p t i o n L o c a t i o n R e c o r d e r C a l i b r a t i o n
N o . N o . P r o c e d u r e

( N o t e  1 ) ( N o t e  2 ) ( N o t e  3 )

A c c e l e r o m e t e r s  
( N a t u r a l  F r e q u e n c y )  

T r i a x i a l  A c c e l e r o m e t e r

U p p e r  L e f t  C o r n e r  
o f  S h i e l d  ( s e e  F i g .  6 )

(C EC  4 - 2 0 4 - 0 0 1 2 )

1 5 0 g  L o n g .  ( 8 8 0  H z) 1 2 g  S t a t i c ;

2 1 5 g  L a t .  ( 5 3 0  H z) 1 lO g  S h a k e  
T a b l e  '

3 1 5 g  V e r t .  ( 5 3 0  H z) 1 P o s t  T e s t
4 L o n g .  A c c e l .  ( C o l u m b i a U p p e r  R i g h t  C o r n e r  o f 1' B a l l i s t i c

R e s .  C o r p .  M o d e l  3 0 0 ,  
3 0 0 0  H z)

S h i e l d P e n d u lu m

5 V e r t .  A c c e l ,  ( s a m e  a s  a b o v e )

6 L o n g .  A c c e l .  ( S t a t h a m  A 5 - S t u b  S i l l ,  B e h i n d  S h i e l d 1
6 0 0 - 3 5 0 ,  1 0 0 0  H z) ( s e e  F i g s .  6 a n d  7 )

7 L o n g .  A c c e l .  ( C o l u m b i a  R e s .  
C o r p .  M o d e l  3 0 0 ,  3 0 0 0  H z)

1

8 V e r t .  A c c e l ,  ( s a m e  a s  a b o v e ) 1

S t r a i n  R o s e t t e  ( M i c r o - U p p e r  L e f t  C o r n e r  o f
m e a s u r e m e n t  E A - 0 6 - 1 2 5 R D - 3 5 0 ) S h i e l d  ( s e e  F i g .  6 ) :

9 , 1 0 , 1 1 F r o n t  S i d e 2
1 2 , 1 3 , 1 4 B a c k  S i d e 2

F o u r  S t r a i n  G a g e s , Two E a c h S t r a p  S p r i n g  a t .  L o w e s t L o n g i t u d i n a l
W i r e d  i n t o  a  B r i d g e  S e n s i - P o s i t i o n  ( s e e  F i g .  7 ) L o a d  a t  S t r a p
t i v e  t o  B e n d i n g  M o m en t S p r i n g  S h i e l d

1 5

( M i c r o - m e a s u r e m e n t  
W K - 0 6 - 2 5 0 B G - 3 5 0 )  
S e e  N o t e  4 L e f t  S i d e '2

C o n n e c t i o n

1 6 R i g h t  S i d e 3



Appendix A
Description of Instrumentation (Cont.)

G a g e  C h a n n e l T r a n s d u c e r  D e s c r i p t i o n L o c a t i o n R e c o r d e r C a l i b r a t i o n
N o . N o . P r o c e d u r e

( N o t e  1 ) ( N o t e  2 ) ( N o t e  3 )

Sam e a s  N o s . 1 5  a n d  1 6 S t r a p  S p r i n g  N e a r L o n g i t u d i n a l
C o n n e c t i o n  t o  S h i e l d L o a d  a t  S t r a p
( s e e  F i g .  7 ) S p r i n g  S h i e l d

1 7 ■ L e f t  S i d e 2 C o n n e c t i o n

1 8 R i g h t  S i d e 3

F o u r  S t r a i n  G a g e s S u p p o r t  A n g l e
L e f t  S i d e  ( s e e  F i g .  8 )

1 9 Two E a c h  W i r e d  i n t o A d j a c e n t  t o  S i d e  . 2 V e r t i c a l  L o a d20 S e p a r a t e  B r i d g e s  
S e n s i t i v e  t o  B e n d i n g

S i l l 2
M om en t

21 A d j a c e n t  t o 222 S h i e l d  S u p p o r t 2
S u p p o r t  A n g l e
R i g h t  S i d e  ( s e e  F i g .  9 )

2 3 S am e a s  N o s .  1 9 - 2 2 A d j a c e n t  t o  S i d e 3
2 4 S i l l 3

2 5 A d j a c e n t  t o  S h i e l d 3
2 6 S u p p o r t 3

2 7 Two S t r a i n  G a g e s  W i r e d S u p p o r t  A n g l e  a t  R i g h t 3
i n t o  A  B r i d g e  S e n s i t i v e  
t o  B e n d i n g  M o m en t

o f  S t u b  S i l l  ( s e e  F i g . 10)



Appendix A
Description of Instrumentation (Cont.)

G a g e  C h a n n e l  
N o .

( N o t e  1 )

T r a n s d u c e r  D e s c r i p t i o n  L o c a t i o n  R e c o r d e r  C a l i b r a t i o n
N o .  P r o c e d u r e  

( N o t e  2 )  ( N o t e  3 )

2 8
2 9

Two S t r a i n  G a g e s ,  O ne o n  N e a r  C e n t e r  o f  t h e  . 2
t h e  F r o n t  S i d e  o f  t h e  P l a t e  S h i e l d  ( s e e  F i g .  6 )  2
a n d  t h e  o t h e r  o n  t h e  R e a r
S i d e  o f  t h e  P l a t e  O r i e n t e d
H o r i z o n t a l l y  ( M i c r o -
m e a s u r e m e n t  E A - 0 6 - 2 5 0  B F - 3 5 0 )

3 0 D i s p l a c e m e n t  ( C e l e s c o  P T - 1 0 1 -  B e t w e e n  T o p  o f  S h i e l d  3  D i s p l a c e  C a b l e  
1 5 A ,  1 5  i n .  T r a v e l )  a n d  T a n k  H e a d  L e a d

( s e e  F i g s .  6 a n d  7 )

3 1
Ui
o

L o a d  C e l l  ( H o u s t o n  B e t w e e n  S u p p o r t  A n g l e  3  L o a d  T e s t  
S c i e n t i f i c  2 0 0 0 - 5 . 5 )  a n d  S t u b  S i l l  M a c h i n e

3 2 D y n a m o m e t e r  C o u p l e r  A n v i l  C a r  (H am m er C a r  2 L o a d  T e s t
f o r  A A R 2 4 - 5  T e s t )  M a c h i n e

N o t e  1 G a g e  C h a n n e l  N o s . 2  t h r o u g h  8 
a n d  3 1  d i s c o n t i n u e d  a f t e r  
f i r s t  t e s t  s e r i e s

N o t e  2 R e c o r d e r  N o .  1 :  I I T R I  A m p e x  A R - 2 0 0  m o u n t e d  o n  t a n l e  c a r  •

R e c o r d e r  N o .  2 :  M i n e r  B e l l  a n d  H o w e l l  C P R - 4 0 1 0  l o c a t e d  a d j a c e n t  t o  t e s t  t r a c k  

R e c o r d e r  N o .  3 :  I I T R I  A m p e x  F R - 1 3 0 0  l o c a t e d  a d j a c e n t  t o  t e s t  t r a c k

N o t e  3 : S t r a i n  g a g e  c h a n n e l  d a t a  w e r e  i n t e r p r e t e d  u s i n g  t h e  g a g e  f a c t o r  t o  c a l c u l a t e  
s t r a i n s  w i t h  r e f e r e n c e  t o  a n  e l e c t r i c a l  c a l i b r a t i o n  s i g n a l

N o t e  4 : F o r  t e s t s  w i t h  t u b e  s u p p o r t s  g a g e  N o s .  1 5 - 1 8  r e f e r  t o  i n d i v i d u a l  s t r a i n  g a g e s  
p l a c e d  o n  t h e  t u b e s  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  a t  t h e  c e n t e r  o f  t h e  t u b e
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A f t e r  a  d i l i g e n t  r e v i e w  o f  t h e  w o r k  p e r f o r m e d  u n d e r  t h i s  

c o n t r a c t ,  n o  n e w  i n n o v a t i o n ,  d i s c o v e r y ,  i m p r o v e m e n t  o r  i n v e n t i o n  

w a s  m a d e .
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