
is, Scale Modeling, and Full Scale Tests 

chad Huerta 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 







SAND77-0270  

NOVEMBER 1 9  77  

A n a l y s i s ,  S c a l e  Model ing,  and F u l l  S c a l e  T e s t s  of a Truck 
Spen t -Nuc lea r -Fue l  S h i p p i n g  System i n  High V e l o c i t y  Impacts  

A g a i n s t  a R i g i d  B a r r i e r  

M .  Hue r t a  ~- 

A p p l i e d  Mechanics 
D . iv i s ion  1 2 8 2  

NOTICE 

sponsored by the United Stater Government. Neither the 
United Stater nor the United Stater Department of 
Energy, nor any of their employees, nor any of the~r 
contractors, subcontractors, or their employer, makes 
any warranty. cxprclr or implied, or assumes any legal 
liability or responsibility for the accuracy. completeness 
or uilulncu of any mformation. apparatus, product or 
p r w s  discloud. or rcpmvnb that its Y*L would not 
mfTinac pnvalelv owned nphu. 

ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  a n a l y s e s  conduc ted  t o  p r e d i c t  t h e  

r e s p o n s e  o f  a t r u c k  t ‘ r a c t o r - t r a i l e r  s y s t e m  w i t h  a 
s p e n t - n u c l e a r - f u e l  s h i p p i n g  c a s k  i n  v e r y  s e v e r e  ( 9 8 - 1 3 5  

k i l o m e t e r s  per h o u r )  h e a d - o n  c r a s h e s  i n t o  a r i g i d  c o n c r e t e  
s t r u c t u r e .  T h e  a n a l y s e s  i n c l u d e  b o t h  m a t h e m a t i c a l  a n d  
p h y s i c a l  s c a l e  model ing  o f  t h e  s y s t e m .  T h e  r e s u l t s  o f  t h e  
a n a l y s e s  a r e  c o m p a r e d  t o  t h e  r e s u l t s  o f  i n s t r u m e n t e d  
f u l l - s c a l e  tes ts  c o n d u c t e d . a s  t h e  l a s t  s t e p  i n  t h e  r e s e a r c h  
pTogram d e s c r i b e d  i n  t h e  r e p o r t .  
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SUMMARY 

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

m o d e l i n g  o f  a h i g h w a y  s p e n t - n u c l e a r - f u e l  s h i p p i n g  s y s t e m  
i n v o l v e d  i n  a s e v e r e  t r a n s p o r t a t i o n  a c c i d e n t  a t  two s e p a r a t e  
v e l o c i t i e s .  T h e  s h i p p i n g  s y s t e m  a n a l y z e d  c o n s i s t s  o f  a 
t r a c t o r - t r a i l e r  sys tem and  a l e a d  s h i e l d e d  c a s k  c o n t a i n e r .  
R e s u l t s  o f  t h e  a n a l y s e s ,  w h i c h  p r e d i c t  t h e  r e s p o n s e  o f  t h e  
t r a n s p o r t a t i o n  sys t em and cask  t o  head-on c r a s h e s  i n t o  a v e r y  
r i g i d  c o n c r e t e  t a r g e t ,  a r e  c o m p a r e d  t o  t h e  r e s u l t s  o f  
i n s t r u m e n t e d  f u l l - s c a l e  t e s t s  conducted  a s  p a r t  of t h e  
p r  og r am. 

The m a t h e m a t i c a l  a n a l y s e s  a r e  accompl ished  i n  two s t e p s .  
F i r s t ,  t h e  o v e r a l l  sys t em is modeled u s i n g  a lumped-parameter 
c o m p u t e r  p r o g r a m .  T h i s  f i r s t  s t e p  p r o v i d e s  i n f o r m a t  i o n  
r e g a r d i n g  t h e  r e s p o n s e  o f  t h e  v e h i c l e  and  t h e  r i g i d  b o d y  
mot ion  o f  t h e  cask  i n  t h e  impact .  A s e c o n d  s t e p  u t i l i z e s  a 
f i n i t e  e l e m e n t  c o m p u t e r  p r o g r a m  t o  c a l c u l a t e  t h e  d e t a i l e d  
d e f o r m a t i o n  r e s p o n s e  of t h e  c a s k .  T h e s e  a n a l y s e s  w e r e  d o n e  
for s y s t e m  i m p a c t  v e l o c i t i e s .  o f  9 7  a n d  1 2 9  kph ( 6 0  and  8 0  

r?Ph) .  

T h e  lumped-parameter  model i n d i c a t e d  t h a t  t h e  v e h i c u l a r  
s y s t e m  would be c o m p l e t e l y  d e s t r o y e d  a t  bo th  v e l o c i t i e s .  A t  

t h e  l o w e r  v e l o c i t y  i t  p r e d i c t e d  t h a t  t h e  m i t i g a t i n g  
s t r u c t u r e s  w o u l d  p r e v e n t  t h e  c a s k  f r o m  u n d e r g o i n g  a n y  
d e f o r m a t i o n  t o  i t s  b a s i c  body s t r u c t u r e .  A t  t h e  h i g h e r  
v e l o c i t y ,  t h e  lumped-parameter model p r e d i c t e d  t h a t  t h e  c a s k  
would i m p a c t  t h e  t a r g e t  s u f f i c i e n t l y  h a r d  t o  u n d e r g o  some 
d e f o r m a t i o n .  T h i s  i n f o r m a t i o n  was u s e d  a s  i n p u t  t o  t h e  



f i n i t e - e l e m e n t  m o d e l ,  t h e  s e c o n d  s t e p  i n  t h e  m a t h e m a t i c a l  
a n a l y s i s .  T h e  f i n i t e - e l e m e n t  m o d e l  p r e d i c t e d  s l i g h t  
mushrooming o f  t h e  cask body, b u t  c o n t a i n m e n t  of  t h e  f u e l .  

A second p h a s e  i n  t h e  a c c i d e n t  a n a l y s i s  i n c l u d e d  s c a l e  
mode l ing  o f  t h e  t r a n s p o r t  sys tem.  One-e ighth  scale models  of  
t h e  t r a c t o r ,  t r a i l e r ,  and cask were c o n s t r u c t e d .  T h e s e  w e r e  
impact t e s t e d  i n t o  s c a l e d  c o n c r e t e  t a r g e t s  a t  t w o  d i f f e r e n t  
v e l o c i t i e s .  
mathemat i ca l  
was s e v e r e l y  
cask d i d  n o t  
s e c o n d  t e s t ,  
much a s  w a s  
a n a l y s i s .  

R e s u l t s  o f  t h e s e  t e s t s  a g r e e d  w e l l  w i t h  t h e  
a n a l y s e s .  I n  b o t h  t e s t s ,  t h e  v e h i c u l a r  s y s t e m  
damaged. I n  t h e  f i r s t  l o w  v e l o c i t y  t e s t ,  t h e  
s u s t a i n  a n y  m e a s u r a b l e  d e f o r m a t i o n s .  I n  t h e  
t h e  impact  e n d  o f  t h e  ca sk  mode l  was d e f o r m e d  
p r e d i c t e d  b y  t h e  m a t h e m a t i c a l  f i n i t e - e l e m e n t  

T h e  l a s t  s t e p  i n  t h i s  s t u d y  i n v o l v e d  f u l l - s c a l e  t e s t s .  
Used b u t  r e p r e s e n t a t i v e  v e h i c u l a r  s y s t e m s  and a lead s h i e l d e d  
cask were u t i l i z e d .  Two s e p a r a t e  t e s t s  w e r e  c o n d u c t e d  a t  
v e l o c i t i e s  o f  9 8  and 135  kph  ( 6 1  and 84 mph).  The r e s u l t s  o f  
t h e  f u l l - s c a l e  t e s t s  a g r e e d  w e l l  w i t h  t h e  a n a l y s e s .  T h e  
v e h i c u l a r  s y s t e m s  were c o m p l e t e l y  d e s t r o y e d  i n  e a c h  t e s t .  
A f t e r  t h e  f i r s t  t e s t ,  t h e  b a s i c  b o d y  s t r u c t u r e  o f  t h e  ca sk  
was c o m p l e t e l y  undeformed and t h e  same c a s k  was u s e d  i n  t h e  
s e c o n d  t e s t .  Damage t o  t h e  c a s k  i n  t h e  s e c o n d  t e s t  a g r e e d  
v e r y  w e l l  w i t h  r e s u l t s  p r e d i c t e d  by t h e  m a t h e m a t i c a l  a n a l y s e s  
and  t h e  scale  models .  The impact end o f  t h e  cask was s l i g h t l y  
expanded.  A t  i ts  w o r s t  p o i n t ,  t h e  d i a m e t r a l  e x p a n s i o n  was 
3 % .  T h e  c a s k  v e r y  c a p a b l y  m a i n t a i n e d  i t s  c o n t a i n m e n t  
a b i l i t y .  

The f u l l - s c a l e  t e s t s  p r o v i d e d  much d a t a  r e g a r d i n g  t h e  
r e s p o n s e  o f  a s h i p p i n g  c a s k  i n  a n  a c c i d e n t  e n v i r o n m e n t .  A 

number o f  c o n c l u s i o n s  have  been drawn b a s e d  on  t h e  f i n d i n g s  
o f  t h i s  s t u d y .  These  a r e  i n c l u d e d  i n  t h e  f i n a l  s e c t i o n  o f  
t h e  r e p o r t .  

n 
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1 . 0  I n t r o d u c t i o n  

T h e  t r a n s p o r t a t i o n  p h a s e  o f  t h e  n u c l e a r  f u e l  c y c l e  
r e q u i r e s  t h a t  i r r a d i a t e d  f u e l  e lements  ( s p e n t - n u c l e a r - f u e l )  
b e  s h i p p e d  from a r e a c t o r  s i t e  t o  a r e p r o c e s s i n g  p l a n t  o r  t o  
permanent  s t o r a g e .  T h i s  m a t e r i a l  is s h i p p e d  i n  v e r y  m a s s i v e  
r a d i a t i o n - s h i e l d e d  c o n t a i n e r s  u s u a l l y  termed s h i p p i n g  c a s k s .  
C a s k s  a r e  s h i p p e d  e i t h e r  o n  a r a i l r o a d  c a r  o r  a t r u c k  
t r a c t o r - t r a i l e r  s y s t e m .  S a n d i a  L a b o r a t o r i e s  is c u r r e n t l y  
i n v o l v e d  i n  a f u l l - s c a l e  t e s t i n g  p r o g r a m  w h e r e ,  a s  a f i n a l  
s t e p ,  casks  t o g e t h e r  w i t h  t h e i r  t r a n s p o r t  s y s t e m  a r e  b e i n g  
t e s t e d  t o  d e t e r m i n e  t h e i r  a b i l i t y  t o  w i t h s t a n d  e x t r e m e l y  
s e v e r e  a c c i d e n t  cond it i o n s .  

T h i s  report  descr ibes  t h e  a n a l y s i s  and r e s u l t s  of crash 
tests i n v o l v i n g  a cask and  i t s  t r u c k  t r a n s p o r t  s y s t e m .  
T h e s e  tests were c o n d u c t e d  by S a n d i a  Laborator ies  f o r  t h e  
E n v i r o n m e n t a l  C o n t r o l  Technology D i v i s i o n  of t h e  U .  S.  

Depar tment  o f  Energy .  The t w o  tes ts  d e s c r i b e d  i n  t h i s  
report  r e p r e s e n t  t h e  f i r s t  phase of t h e  broader s e r i e s .  A 

d e s c r i p t i o n  o f  t h e  o v e r a l l  t e s t  program and i t s  p u r p o s e s  
c a n  be  found i n  R e f e r e n c e  [I] *. 

I n  t h e  tests r e p o r t e d  he re ,  u s e d  t r u c k  t r a c t o r - t r a i l e r  
s y s t e m s  were impacted head-on i n t o  a v e r y  r i g i d  a n d  m a s s i v e  
c o n c r e t e  t a r g e t  a t  r e s p e c t i v e  v e l o c i t i e s  of 98 a n d  1 3 5  kph** 
( 6 1  and 8 4  mph) .  N e a r l y  i d e n t i c a l  t r a n s p o r t  s y s t e m s  

* Numbers i n  b r a c k e t s  i n d i c a t e  r e f e r e n c e s  a t  t h e  end o f  t h e  
t e x t .  

* *  T h i s  a b b r e ' v i a t i o n  w i l l  be used t o  i n d i c a t e  k i l o m e t e r s  
p e r  hour  
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c a r r y i n g  t h e  same 2 0 , 5 0 0  kg ( 4 5 , 0 0 0  l b )  c a s k  w e r e  u s e d .  A 

schematic o f  t h i s ’ l e a d  s h i e l d e d  cask  c o n t a i n e r  is  shown i n  
F i g u r e  1.1. 

I 

I n  t h e  t e s t s  d e s c r i b e d  h e r e ,  t h e  c a s k  was w a t e r  f i l l e d  
a n d  c a r r i e d  u n i r r a d i a t e d  f u e l  e l e m e n t s .  I t  w a s  moun ted  h e a d  

f o r w a r d  on i t s  normal  s h i p p i n g  t r a i l e r ,  u s i n g  t h e  o r i g i n a l  
t i e d o w n  sys t em.  The cask was equ ipped  w i t h  c o n v e n t i o n a l  t y p e  
b a l s a  wood impact l i m i t e r s  on  b o t h  e n d s .  The  t e s t s  w e r e  
c o n d u c t e d  on J a n u a r y  1 8  and March 1 6 ,  1 9 7 7 .  

T h e  o v e r a l l  program f o r  t h e  t e s t s  i n c l u d e d  a n  a n a l y s i s  
e f f o r t  a imed a t  p r e d i c t i n g  t h e  r e s p o n s e  o f  t h e  f u l l - s c a l e  
s y s t e m  and ,  i n  p a r t i c u l a r ,  t h e  damage t o  t h e  s h i p p i n g  c a s k .  

T h e  a n a l y s i s  i n c l u d e d  i n d e p e n d e n t  m a t h e m a t i c a l  a n d  s c a l e  
m o d e l i n g  o f  t h e  f u l l - s c a l e  t e s t .  T h e  r e s u l t s  o f  t h e  
a n a l y s i s ,  i n c l u d i n g  b o t h  m a t h e m a t i c a l  a n d  s c a l e  m o d e l i n g ,  
w e r e  f i r s t  r e p o r t e d  in [ 2 1  a n d  [ 3 ] .  T h e  p r e s e n t  r e p o r t  
b r i n g s  t o g e t h e r  i n  a c o n c i s e ,  c o m p r e h e n s i v e  m a n n e r ,  a 
d e s c r  i p t  i on  of  t h e  mathemat i c a l  a n a l y s i s ,  s ca l e  model i n g  , and 
r e s u l t s  of t h e  f u l l - s c a l e  tests.  

T h e  m a t h e m a t i c a l  a n a l y s e s  were accompl i shed  w i t h  t h e  u s e  
o f  two p r e - e x i s t i n g  computer  programs.  The f i r s t  o f  t h e s e  was 
used  t o  a n a l y z e  t h e  o v e r a l l  s y s t e m  r e s p o n s e  w i t h  a lumped 
p a r a m e t e r  m o d e l .  A s e c o n d  s t e p  i n  t h e  n u m e r i c a l  a n a l y s i s  
u t i l i z e d  a dynamic f i n i t e  e l e m e n t  model o f  t h e  s h i p p i n g  cask. 
T h i s  model p r o v i d e d  d e t a i l e d  i n f o r m a t i o n  o f  t h e  s t r u c t u r a l  
r e s p o n s e  o f  t h e  c a s k ,  i n c l u d i n g  p o s s i b l e  p e r m a n e n t  
d e f o r m a t i o n s  a n d  s l u m p  o f  t h e  l e a d  s h i e l d i n g  m a t e r i a l .  
S e c t i o n  2 i n c l u d e s  a d e s c r i p t i o n  o f  t h e  m a t h e m a t i c a l  
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F i g u r e  1.1 Schematic of t h e  l ead  s h i e l d e d  cask  used  i n  t h e  f u l l -  
sca le  t e s t s .  
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I 

( n u m e r i c a l )  work per formed p r i o r  t o  c o n d u c t i n g ’  t h e  f u l l - s c a l e  
tes ts  as w e l l  a s  t h e  r e s u l t s  o f  t h e  work. 

A second p h a s e  i n  t h e  a n a l y s i s  u t i l i z e d  s c a l e  m o d e l i n g .  
Scale models  o f  t h e  s y s t e m  i n c l u d i n g  t h e  c a s k ,  t r a i l e r ,  and  
t r a c t o r  s t r u c t u r e s  were b u i l t  and impact  t e s t e d  a g a i n s t  model 
c o n c r e t e  t a r g e t s .  T h e s e  e x p e r i m e n t s  p r o v i d e d  m u c h  
i n f o r m a t i o n  r e g a r d i n g  t h e  e x p e c t e d  b e h a v i o r  o f  t h e  f u l l  sca le  
s y s t e m  and c o n f i r m e d  t h e  ma themat i ca l  a n a l y s i s .  The  s c a l e  
mode l ing  work is d e s c r i b e d  i n  d e t a i l  i n  S e c t i o n  3 .  

T h e  f u l l - s c a l e  t e s t s  w e r e  p e r f o r m e d  a f t e r  t h e  
m a t h e m a t i c a l  a n a l y s i s  and s ca l e  model ing  were c o m p l e t e .  For 

p u r p o s e s  o f  d a t a  a c q u i s i t i o n ,  e a c h  o f  t h e  f u l l - s c a l e  t e s t s  
had  e x t e n s i v e  h i g h  s p e e d  p h o t o c o v e r a g e  a s  w e l l  a s  o n b o a r d  
i n s t r u m e n t a t i o n  o p e r a t i n g  t h r o u g h  a t e l e m e t r y  p a c k a g e  b o l t e d  
t o  t h e  cask. ,A l a r g e  amount  o f  d a t a  w e r e  g a t h e r e d  i n  e a c h  
c a s e  a n d  u s e d  a s  a b a s i s  f o r  c o m p a r i n g  t h e  p r e t e s t  
p r e d i c t i o n s  w i t h  t h e  ac tua l  r e s p o n s e  of t h e  f u l l - s c a l e  
sys t em.  

S e c t i o n  4 o f  t h i s  r e p o r t  d e s c r  i b e s  t h e  f u l l - s c a l e  t e s t  - 
p r o c e d u r e  a n d  r e s u l t s .  S e c t i o n  5 c o m p a r e s  t h e  p r e t e s t  
a n a l y s i s  p r e d i c t i o n s  w i t h  r e s u l t s .  f rom t h e  f u l l - s c a l e  t e s t s .  
C o n c l u s i o n s  and recommendat  i o n s  b a s e d  on  o b s e r v a t i o n s  made 
t h r o u g h  t h i s  p h a s e  o f  t h e  f u l l - s c a l e  t e s t i n g  p r o g r a m  a r e  
i n c l u d e d  i n  S e c t i o n  6 .  



2 .0  Mathemat i ca l  A n a l y s i s  

2 . 1  I n t r o d u c t i o n  

D e t a i l e d  m a t h e m a t i c a l  a n a l y s e s  w e r e  p e r f o r m e d  p r i o r  t o  
c o n d u c t i n g  t h e  f u l l - s c a l e  t e s t s .  T h e s e  a n a l y s e s  were  
d e s i g n e d  t o  p r e d i c t  t h e  r e s p o n s e  of t h e  f u l l - s c a l e  sys t em and 
i n  p a r t i c u l a r ,  o f  t h e  s h i p p i n g  c a s k  a t  s y s t e m  i m p a c t  
v e l o c i t i e s  of  9 7  and 1 2 9  kph ( 6 0  and 8 0  mph).  

The m a t h e m a t i c a l  a n a l y s i s  w a s  accompl i shed  i n  two s t e p s .  
F i r s t ,  t h e  e n t i r e  t r a n s p o r t  s y s t e m ,  i n c l u d i n g  t h e  v e h i c l e  

and t h e  cask,  was a n a l y z e d  u s i n g  a l u m p e d - p a r a m e t e r  m o d e l .  
T h i s  model p r o v i d e d  i n f o r m a t i o n  r e g a r d i n g  t h e  b e h a v i o r  of t h e  
v e h i c u l a r  sys t em.  Al so ,  u s i n g  a l u m p e d - p a r a m e t e r  mode l  a n d  
t r e a t i n g  t h e  cask as a r i g i d  body,  o u t p u t  f rom t h i s  model was 
used  t o  d e t e r m i n e  t h e  impact v e l o c i t y  i n p u t  t o  a d e t a i l e d  
dynamic f i n i t e  e l e m e n t  model o f  t h e  c o n t a i n e r .  T h i s  s e c t i o n  
d e s c r i b e s  b o t h  o f  t h e s e  t e c h n i q u e s  a n d  r e s u l t s  o f  t h e i r  
a p p l i c a t i o n .  

2.2 Lumped-Par ameter  Model 

In t h e  lumped-parameter  model ,  t h e  t r a n s p o r t  s y s t e m  w a s  
d i s c r e t i z e d  i n t o  m a s s e s  a n d  c o u p l i n g s .  T h e  m o d e l  w a s  
o n e - d i m e n s i o n a l :  t h e r e f o r e ,  e a c h  mass h a d  o n e  d e g r e e  o f  
t r a n s l a t i o n a l  f reedom. The c o u p l i n g  d e f i n i t i o n s  were b a s e d  
on s t r u c t u r a l  a n a l y s i s  estimates o f  t h e i r  l o a d - d  i s p l a c e m e n t  
b e h a v i o r .  Once t h e  mode l  w a s  c o n s t r u c t e d ,  t h e  SHOCK [ 4 ]  
computer  program w a s  u s e d  t o  s o l v e  t h e  s y s t e m  o f  e q u a t i o n s  
a s s o c i a t e d  w i t h  it. The d i s p l a c e m e n t - t i m e  and v e l o c i t y - t i m e  



h i s t o r i e s  computed f o r  t h e  mass e lements  p r o v i d e d  e s t i m a t e s  
o f  t h e  d e f o r m a t i o n  a n d  d y n a m i c  r e s p o n s e  o f  t h e  f u l l - s c a l e  
s y s t e m ,  i n c l u d i n g  t h e  r i g i d  body dynamics  of t h e  cask. 

T h e  a p p l i c a b i l i t y  o f  a o n e - d  i m e n s  i o n a l  m o d e l  w a s  
d e t e r m i n e d  b y  p r e l i m i n a r y  c a l c u l a t i o n s  b a s e d  o n  t h e  
r o t a t i o n a l  moment of  i n e r t i a  of t h e  ca sk  and  t r a i l e r  a n d  on 
t h e  c a l c u l a t e d  s t r e n g t h s  o f  t h e  t r a i l e r  a n d  t i e d o w n  
s t r u c t u r e s .  T h e s e  b a s i c  c a l c u l a t i o n s  i n d i c a t e d  t h a t  n o  
a p p r e c i a b l e  r o t a t i o n  of t h e  sys t em would o c c u r  as t h e  v e h i c l e  
s y s t e m  c r u s h e d  d u r i n g  t h e  impact. H e n c e ,  a one-d i m e n s  i o n a l  
model was judged  t o  be a p p r o p r i a t e .  

F i g u r e  2 . 1  is a s c h e m a t i c  o f  t h e  l u m p e d  pa rame te r  mode l  
w h i c h  was f o r m u l a t e d  f o r  t h i s  s t u d y .  I n  t h i s  m o d e l ,  t h e  
s y s t e m  ( i n c l u d i n g  t h e  t a r g e t )  was modeled w i t h  e i g h t  d i s c r e t e  
masses and t e n  c o u p l i n g s .  Mass 1 ( t h e  t a r g e t )  was h e l d  f i x e d  
and  t h e  r e m a i n i n g  masses were g i v e n  i n i t i a l  v e l o c i t i e s  e q u a l  
t o  t h e  i m p a c t  v e l o c i t y .  I n  f i g u r e  2 . 1 ,  c o u p l i n g  3 - 4  
r e p r e s e n t s  t h e  t r a c t o r - t r a i l e r  f i f t h  w h e e l  c o n n e c t i o n .  
C o u p l i n g s  5-6 and 6-7 s imulate  t h e  cask t i e d o w n s .  C o u p l i n g s  
1 - 4  and  1-6 r e p r e s e n t  t h e  i n t e r a c t i o n s  between t h e  f r o n t  e n d  
of  t h e  t r a i l e r  and t h e  t a r g e t  and t h e  cask and  t h e  t a r g e t .  
These  were  g i v e n  a p p r o p r i a t e  amounts of d i s p l a c e m e n t  w i t h o u t  
l o a d i n g .  C o u p l i n g  1 - 6  i n c l u d e d  t h e  e f f e c t s  o f  t h e  impact 
l i m i t e r  on t h e  f r o n t  end o f  t h e  c o n t a i n e r .  The r e m a i n d e r  o f  
t h e  c o u p l i n g s  r e p r e s e n t  f rame e l e m e n t s .  

I n  t h e  model ,  e x t e n s i v e  u s e  was made o f  t h e  h y s t e r e s i s  
o p t i o n  a v a i l a b l e  i n  t h e  SHOCK program. T h i s  o p t i o n  was u s e d  
t o  s imula t e  l a r g e  d e f o r m a t i o n  p l a s t i c  b e h a v i o r .  I n  t h i s  t y p e  
of  c o u p l i n g ,  l o a d i n g  a n d  u n l o a d i n g  c u r v e s  f o l l o w  d i f f e r e n t  
p a t h s  s i m u l a t i n g  c r u s h  u p  a n d  p e r m a n e n t  d e f o r m a t i o n  o f  a n 
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Schematic i l l u s t r a t i o n  of  t he  lumped parameter model. 
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s t r u c t u r e .  A p p e n d i x  A i n c l u d e s  a d d i t i o n a l  d e t a i l s  o f  t h e  
lumped-parameter  model. 

Computer r u n s  w i t h  t h i s  mode l  a t  i m p a c t  v e l o c i t i e s  o f  
b o t h  9 1  and 1 2 9  kph i n d i c a t e d  t h a t  t h e  t r a c t o r  f r a m e  a n d  c a b  
would be  I c o m p l e t e l y  c r u s h e d .  C a l c u l a t i o n s  a l s o  k i n d i c a t e d  

t h a t  t h e  f r o n t  end o f  t h e  t r a i l e r  would plow t h r o u g h  t h e  cab, 
b r e a k i n g  t h e  f i f t h  w h e e l  c o n n e c t i o n  a n d  c r u s h i n g  s u b s t a n -  
t i a l l y .  Rega rd ing  t h e  dynamics o f  t h e  cask,  t h e  S H O C K  mode l  
i n d i c a t e d  t h a t  i t  wou ld  i m p a c t  t h e  w a l l  w i t h  a r e l a t i v e l y  
h i g h  v e l o c i t y  d i r e c t l y  r e l a t e d  t o  t h e  b e h a v i o r  o f  t h e  t iedown 
sys t em.  

B e c a u s e  of u n c e r t a i n t i e s  which e x i s t  i n  h a r d w a r e  ( w h i c h  
a r e  much g r e a t e r  i n  o l d ,  u s e d  e q u i p m e n t )  , p a r a m e t e r s  i n  t h e  
m o d e l  d e s c r i b e d  a b o v e  were v a r i e d  t o  o b t a i n  i n f o r m a t i o n  
r e g a r d i n g  a p o s s i b l e  r a n g e  o f  sys t em r e s p o n s e .  I n  p a r t i c u l a r ,  
t h e  s t r e n g t h  of  t h e  cask tiedown s y s t e m  was v a r i e d .  R e s u l t s  
of  t h e  p a r a m e t r i c  s t u d y  p r o v i d e d  d e f i n i t i o n s  o f  " f a v o r a b l e "  
and  " u n f a v o r a b l e "  cask r e s p o n s e s .  I n  t h e  u n f a v o r a b l e  case,  
t h e  c o n t a i n e r  b r o k e  f r e e  f r o m  t h e  t r a i l e r  s t r u c t u r e  v e r y  
e a r l y  i n  t h e  impact w i t h  o n l y  a small  r e d u c t i o n  i n  v e l o c i t y .  
I n  t h i s  case,  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  c o n t a i n e r  would 
impact t h e  wal l  a t  a r e l a t i v e l y  h i g h  v e l o c i t y  a n d  t h a t  t h e  
v e l o c i t y  change  a t  t a r g e t  i m p a c t  wou ld  b e  l a r g e  a n d  r a p i d .  
I n  t h e  f a v o r a b l e  case,  t h e  c o n t a i n e r  remained  a t t a c h e d  t o  t h e  
t r a i l e r  a n d  c o n t i n u o u s l y  s l o w e d  a s  t h e  f r o n t  e n d  o f  t h e  
t r a i l e r  c r u s h e d .  I n  t h i s  c a s e ,  t h e  c o n t a i n e r  would  i m p a c t  
t h e  wal l  a t  a lower v e l o c i t y .  

F i g u r e  2 . 2  i l l u s t r a t e s  t h e  c a l c u l a t e d  d i s p l a c e m e n t - t  i m e  
h i s t o r i e s  f o r  t h e  c a s k  i n  t h e  two  e x t r e m e  c a s e s  f o r  t h e  
s l o w e r ,  9 7  kph,  impact. The c o n d i t i o n  where t h e  t i e d o w n s  
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f a i l  p r o d u c e s  a q u i c k e r  impact  o f  t h e  cask i n t o  t h e  w a l l  a n d  
c o m p l e t e l y  c r u s h e s  t h e  impact l i m i t e r .  I n  t h e  more f a v o r a b l e  
c a s e  i t  was c a l c u l a t e d  t h a t  t h e  impact l i m i t e r  w o u l d  n o t  
c r u s h  c o m p l e t e l y ,  r e s u l t i n g  i n  much s m a l l e r  f o r c e s  b e i n g  
t r a n s m i t t e d  t o  t h e  cask .  A s  c a n  be s e e n  from t h e  f i g u r e ,  it 
was c a l c u l a t e d  t h a t  t h e  c o n t a i n e r  wou ld  b o t t o m  o u t  a g a i n s t  
t h e  t a r g e t  i n  a b o u t  0 . 3  second .  

F i g u r e  2 . 3  i l l u s t r a t e s  t h e  v e l o c i t y - t i m e  h i s t o r i e s  
c a l c u l a t e d  f o r  t h e  cask i n  t h e  two  c a s e s .  A s  c a n  b e  s e e n ,  
when t h e  t i e d o w n s  b r e a k  e a r l y ,  it was c a l c u l a t e d  t h e  c a s k  
would impact  t h e  w a l l  w i t h  o n l y  a small r e d u c t i o n  i n  
v e l o c i t y .  The impact  l i m i t e r  i n  t h i s  c a se  wou ld  b e  c r u s h e d  
comple te ly ,  m i t i g a t i n g  t h e  impact  somewhat. ( T h e  impact i n t o  
t a r g e t  p o i n t  is  d e f i n e d  a s  t h a t  c o n f i g u r a t i o n  w h e r e  t h e  

impact l i m i t e r  b e g i n s  t o  c r u s h . )  The  p o i n t  a t  w h i c h  t h e  
l i m i t e r  c r u s h e s  c o m p l e t e l y  c a n  b e  d i s t i n g u i s h e d  b y  t h e  
d e f i n i t e  c h a n g e  i n  s l o p e  w h i c h  o c c u r s  a f t e r  t h i s  p o i n t .  
A f t e r  b o t t o m i n g  t h e  l i m i t e r ,  t h e  ca sk  wou ld  s t i l l  h a v e  a 
v e l o c i t y  o f  a b o u t  7 5  kph ( 4 7  mph) .  

I n  t h e  f a v o r a b l e  c o n d i t i o n ,  w h e r e  t h e  cask d i d  n o t  l e a v e  
t h e  t r a i l e r  s t r u c t u r e  c o m p l e t e l y ,  a l a r g e  amoun t  o f  e n e r g y  
wou ld  go i n t o  d e f o r m i n g  t h e  t r a i l e r  s t r u c t u r e .  T h e  c a s k  
v e l o c i t y  would be g r e a t l y  r educed  by t h e  time t h a t  it reached  
t h e  w a l l .  The model t h e n  i n d i c a t e d  t h a t  t h e  ca sk  would  n o t  
h a v e  enough v e l o c i t y  l e f t  t o  bo t tom o u t  t h e  l i m i t e r ,  and  it 
would undergo  a much m i l d e r  shock .  Such an  impac t  wou ld  n o t  
r e s u l t  i n  f o r c e s  s u f f i c i e n t l y  l a r g e  t o  deform t h e  cask.  

T h e  a n a l y s i s  o f  t h e  f u l l - s c a l e  t e s t ,  c o n d u c t e d  a t  1 2 9  
kph,  was accompl i shed  w i t h  e s s e n t i a l l y  t h e  same m o d e l .  I n  
o r d e r  t o  r e f l e c t  b e t t e r  t h e  ha rdware  a v a i l a b l e  f o r  t h i s  t e s t ,  
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c o u p l i n g  1 - 6  was m o d i f i e d  t o  m o r e  a c c u r a t e l y  m o d e l  t h e  
d i s t a n c e  b e t w e e n  t h e  f r o n t  e n d  o f  t h e  cask and  t h e  w a l l .  
F i g u r e  2.4 i l l u s t r a t e s  t h e  d i s p l a c e m e n t s  c a l c u l a t e d  f o r  t h e  
h i g h e r  impact  v e l o c i t y .  A s  can  be s e e n ,  t h e  c u r v e  is  q u i t e  
l i n e a r  t o  t h e  p o i n t  a t  w h i c h  t h e  c a s k  b o t t o m s  a g a i n s t  t h e  
w a l l .  I t  w a s  c a l c u l a t e d  t h a t  t h i s  e v e n t  would  o c c u r  i n  0 . 2  
s e c o n d ,  and t h a t  t h e  l i m i t e r  would b e  c o m p l e t e l y  c r u s h e d  i n  
e a c h  case. F i g u r e  2 . 5  i l l u s t r a t e s  t h e  v e l o c i t y - t i m e  h i s t o r y  
c a l c u l a t e d  f o r  t h e  cask. Again a f a v o r a b l e  a n d  u n f a v o r a b l e  
case is d e p i c t e d .  I n  t h e  w o r s t  case,  it was c a l c u l a t e d  t h a t  
t h e  impact l i m i t e r  would be c o m p l e t e l y  c o m p a c t e d  a t  1 0 9  kph 
( 6 8  m p h ) .  Under  t h e  m o s t  f a v o r a b l e  c o n d i t i o n s ,  i t  was 
c a l c u l a t e d  t h a t  t h i s  wou ld  o c c u r  a t  8 4  kph ( 5 2  m p h ) .  T h e  
t i m e  r e q u i r e d  f o r  t h e  t o t a l  h o r i z o n t a l  v e l o c i t y  t o  b e  
d i s s i p a t e d  was c a l c u l a t e d  t o  be 0 . 2  s e c o n d s .  For  b o t h  t h e  
f a v o r a b l e  and u n f a v o r a b l e  c a s e s  i t  was c a l c u l a t e d  t h a t  t h e  
cask impact  would be v e r y  s e v e r e  and  wou ld  c o m p l e t e l y  c r u s h  
t h e  l i m i t e r ,  w i t h  t h e  ca sk  s t  i l l  m a i n t a i n i n g  a r e l a t i v e l y  
h i gh  v e l o c i t y .  

. 

T h e  l u m p e d - p a r a m e t e r  m o d e l  c a l c u l a t i o n s  f o r  b o t h  
v e l o c i t i e s  p red ic ted  cask d e c e l e r a t i o n  l e v e l s  du r  i ng  c r u s h  u p  
o f  t h e  s t r u c t u r e ,  p r i o r  t o  t h e  cask s o l i d l y  h i t t i n g  t h e  w a l l ,  
o f  l e s s  t h a n  2 0  9 ' s .  T h i s  was u s e d  a s  a b a s i s  f o r  
d e t e r m i n i n g  whether  t h e  head b o l t s ,  which keep t h e  cask cover  
i n  p lace,  would be a d e q u a t e  t o  p r e v e n t  t h e  c o v e r  f r o m  b e i n g  
d i s l o d g e d  d u r i n g  c r u s h  u p  of t h e  s t r u c t u r e .  - - S i n c e  t h e  h e a d  
was mounted t o w a r d s  t h e  f r o n t  o f  t h e  t r u c k ,  i n e r t i a l  l o a d s  
f r o m  t h e  h e a d  i t s e l f ,  f u e l  e l e m e n t s ,  i m p a c t  l i m i t e r ,  a n d  
c o o l a n t  w a t e r  would a c t  t o  s t r e s s  t h e  h e a d b o l t s  i n  t e n s i o n .  
The c l o s u r e  s y s t e m  was c a r e f u l l y  i n v e s t i g a t e d  and found t o  be 
a d e q u a t e .  Appendix c i n c l u d e s  d e t a i l s  of  t h i s  c a l c u l a t i o n .  
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T h e  r e s u l t s  d e s c r i b e d  a b o v e  i n d i c a t e d  t h a t  t h e  c a s k  
c o u l d  be e x p e c t e d  t o  impact t h e  w a l l ,  w i t h  r u b b l e  f rom 
t h e  c a b  i n  b e t w e e n ,  a t  a s u b s t a n t i a l  v e l o c i t y .  I n  c a s e s  
where  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  impact l i m i t e r  would be 
c o m p l e t e l y  c r u s h e d ,  t h e  c a s k  w o u l d  e n c o u n t e r  a s o l i d  
c o n s t r a i n t  and p o s s i b l y  deform.  The e x t e n t  and n a t u r e  o f  t h e  
d e f o r m a t i o n  was n u m e r i c a l l y  i n v e s t i g a t e d  i n  d e t a i l  b y  m e a n s  
o f  a dynamic  f i n i t e  e l e m e n t  computer program. 

2 . 3  F i n i t e  Element  Model 

The dymamic f i n i t e  e l e m e n t  model was d e s i g n e d  t o  p r o v i d e  
d e t a i l e d  i n f o r m a t i o n  r e g a r d i n g  t h e  p o s s i b l e  r e s p o n s e  o f  t h e  
s h i p p i n g  c a s k  i n  a n  end-on  a x i a l  i m p a c t .  T h e  H O N D O  [ 5 ]  
computer  p r o g r a m  was u s e d  w i t h  t h i s  m o d e l .  A p p e n d i x  B 

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

F i g u r e  2 . 6  i l l u t r a t e s  t h e  a x i s y m m e t r i c  m e s h  f o r  t h e  
cask .  A s  c a n  be s e e n ,  t h e  mesh was made p r o g r e s s i v e l y  f i n e r  
t o w a r d s  t h e  impact e n d ,  o n  t h e  l e f t ,  w h e r e  t h e  g r e a t e s t  
d e f o r m a t i o n  was e x p e c t e d .  With t h i s  model,  t h e  body is g i v e n  
a n  i n i t i a l  v e l o c i t y  i n t o  a r i g i d  p l a n e  w h i c h  p r e v e n t s  n o d e  
p e n e t r a t i o n .  T h i s  e f f e c t i v e l y  s i m u l a t e s  a n  impact i n t o  a n  
u n y i e l d i n g  s u r f a c e  a t  t h e  v e l o c i t y  i n p u t  t o  t h e  model.  

The cask  s h e l l s  a n d  t h e  l e a d  s h i e l d i n g  m a t e r i a l  were 
modeled s e p a r a t e l y  w i t h  a s l i d i n g  i n t e r f a c e  b e t w e e n  them.  A 

f r i c t i o n l e s s  c o n d i t i o n  was a s s u m e d  a t  t h e  i n t e r f a c e .  The  
s t i f f e n i n g  e f f e c t  of  t h e  c o o l i n g  f i n s  w a s  n e g l e c t e d .  F i g u r e  
2 .6  shows an  expanded v i ew o f  t h e  impact end.  Here t h e  s t e e l  
a n d  t h e  l e a d  s h i e l d i n g  m a t e r i a l  c a n  b e  v e r y  c l e a r l y  
d is t ingu  i s h e d .  
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C a l c u l a t i o n s  w i t h  t h e  f i n i t e  e l e m e n t  model were made f o r  
v a r i o u s  impact  v e l o c i t i e s .  For t h e  f u l l - s c a l e  t r u c k ,  a 1 0 5  
kph ( 6 5  mph) impact  i n t o  an  u n y i e l d i n g  s u r f a c e  w a s  c o n s i d e r e d  
t o  be a p r o b a b l e  w o r s t  case,  a l t h o u g h  c a l c u l a t i o n s  w e r e  a l s o  
made f o r  h i g h e r  v e l o c i t i e s .  The c a l c u l a t e d  d e f o r m a t i o n  
r e s u l t s  f o r  t h i s  v e l o c i t y  a r e  d e p i c t e d  i n  F i g u r e  2 . 7 .  A s  can 
be  s een ,  it was c a l c u l a t e d  t h a t  some b u l g i n g  and  hoop s t r a i n s  
would o c c u r  on t h e  impact  end.  T h e  m a x i m u m  h o o p  s t r a i n  was 
c a l c u l a t e d  t o  be 9 % .  I t  w a s  c a l c u l a t e d  t h a t  t h e  ca sk  body  
would be  s h o r t e n e d  by 2 % ,  and  t h a t  ' c h a n g e s  t o  t h e  i n t e r n a l  
c a v i t y  d i m e n s i o n s  would  b e  e x t r e m e l y  s l i g h t .  S i m u l a t e d  
computer  r u n s  a t  v e l o c i t i e s  up  t o  1 2 9  kph ( 8 0  mph) d i d  n o t  
p roduce  s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s .  

2 . 4  D i s c u s s i o n  

A s  h a s  b e e n  d e s c r i b e d ,  a p o s s i b l e  r a n g e  o f  s y s t e m  
r e s p o n s e  was c a l c u l a t e d  w i t h  t h e  lumped p a r a m e t e r  model. The 
i n a b i l i t y  t o  p r e d i c t  a s i n g l e  r e s u l t  was p r i n c i p a l l y  d u e  t o  
u n c e r t a i n t i e s  i n  t h e  u s e d ,  o u t  o f  s e r v i c e ,  e q u i p m e n t  
a v a i l a b l e  f o r  t h e  f u l l - s c a l e  t e s t s .  The mode l  r e s p o n s e  w a s  
most  s e n s i t i v e  t o  t h e  s t r e n g t h  o f  t h e  cask t i e d o w n  s y s t e m .  
Tiedowns which were g i v e n  a s t r e n g t h  g r e a t e r  t h a n  t h e  c r u s h  
s t r e n g t h  of  t h e  t r a i l e r  s t r u c t u r e  a l lowed  t h e  cask  t o  r e m a i n  
w i t h  t h e  v e h i c l e ,  and t ake  a d v a n t a g e  o f  t h e  v e h i c l e ' s  e n e r g y  
a b s o r p t i o n  p o t e n t i a l .  T i e d o w n s  w h i c h  w e r e  made w e a k e r  and  
b r o k e  l o o s e  when t h e  f r o n t  end o f  t h e  t r a i l e r  e n c o u n t e r e d  a 
s o l i d  o b s t a c l e  a l lowed  t h e  cask t o  come l o o s e  and impact  a t  a 
h i g h e r  v e l o c i t y .  

. I t  is  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p o s s i b l e  r a n g e  o f  
cask  r e s p o n s e  i s  b r o a d e r  a s  t h e  t r a n s p o r t  s y s t e m  i m p a c t  

. ... 
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v e l o c i t y  d e c r e a s e s .  T h i s  c a n  be s e e n  b y  c o m p a r i n g  F i g u r e s  
2 . 3  and 2 . 5 .  A t  t h e  h i g h e r  v e l o c i t y ,  t h e  two  v e l o c i t y - t i m e  
c u r v e s  a r e  c l o s e r  t o g e t h e r .  T h i s  is due  t o  t h e  f a c t  t h a t  t h e  
e n e r g y  a b s o r p t i o n  c a p a b i l i t y  of t h e  t r a i l e r  s t r u c t u r e  becomes 
l e s s  s i g n i f i c a n t ,  as it remains c o n s t a n t ,  w h i l e  t h e  k i n e t i c  
e n e r g y  i n c r e a s e s  a s  t h e  s q u a r e  o f  t h e  v e l o c i t y .  T h i s  
b e h a v i o r  h a s  t h e  e f f e c t  o f  i n c r e a s i n g  t h e  a c c u r a c y  o f  t h e  
model as t h e  t e s t  impact  v e l o c i t y  i n c r e a s e s .  

W i t h  t h e  s y s t e m  i m p a c t  v e l o c i t i e s  c o n s i d e r e d ,  t h e  
h i g h e s t  p o s s i b l e  cask i m p a c t  v e l o c i t y  i n t o  t h e  w a l l  ( a f t e r  
c r u s h i n g  t h e  l i m i t e r )  was c a l c u l a t e d  t o  be a b o u t  1 0 5  kph ( 6 5  
mph) as  i s  i n d i c a t e d  i n  F i g u r e  2 . 5 .  A t  t h i s  p o i n t ,  i t  is  
assumed t h a t  a l l  m a t e r i a l  between t h e  cask and t h e  t a r g e t  had 
been  c o m p l e t e l y  c r u s h e d  a n d  t h e  cask would e n c o u n t e r  a s t i f f  
t a r g e t .  The  r e s p o n s e  o f  t h e  c a s k  f r o m  t h i s  p o i n t  o n  i s  
c a l c u l a t e d  w i t h  t h e  H O N D O  f i n i t e  e l e m e n t  m o d e l ,  w h i c h  
computes  t h e  d e f o r m a t i o n s  w h i c h  w i l l  o c c u r .  

T h e  r e s u l t s  o f  t h e  HONDO c a l c u l a t i o n s  a r e  c o n s i d e r e d  t o  
b e  c o n s e r v a t i v e  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  t h e  u n y i e l d i n g  
s u r f a c e  o f  t h e  HONDO model is s t i f f e r  and  a b s o r b s  less e n e r g y  
t h a n  t h e  r e a l  t a r g e t .  S e c o n d l y ,  t h e  hoop s t i f f e n i n g  e f f e c t s  
of t h e  c o o l i n g  f i n s  were n o t  i n c l u d e d  i n  t h e  f i n i t e  e l e m e n t  
model.  F i n a l l y ,  it w a s  assumed t h a t  t h e r e  w a s  no  i n t e r f a c e  
f r i c t i o n  between t h e  l e a d  and t h e  s t e e l .  These  t h r e e  
f a c t o r s  t e n d  t o  i n c r e a s e  t h e  c a l c u l a t e d  d e f o r m a t i o n s  t o  t h e  
c a s k  b o d y  a n d  l e a d  m o t i o n  w i t h i n  t h e  s t e e l  s h e l l s .  
T h e r e f o r e ,  t h e s e  r e s u l t s  were c o n s i d e r e d  t o  b e  c o n s e r v a t i v e  
i n  terms o f  cask d e f o r m a t i o n s .  

A s  h a s  been  men t ioned ,  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  
h e a d  b o l t s  were s u f f i c i e n t l y  s t r o n g  t o  p r e v e n t  d i s l o d g m e n t  of  
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t h e  h e a d  d u r i n g  c r u s h  u p  o f  t h e  v e h i c u l a r  s t r u c t u r e .  I t  

s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  c a s k  u n d e r g o e s  h i g h e r  
d e c e l e r a t i o n s  when it r e a c h e s  t h e  t a r g e t .  However ,  i n  t h e  
f i n a l  i m p a c t ,  t h e  head i s  l o d g e d  b e t w e e n  t h e  cask  b o d y  and  
t h e  t a r g e t .  The re  is no mechanism f o r  f a i l i n g  t h e  head b o l t s  
o r  d i s l o d g i n g  t h e  h e a d  i n  t h i s  i m p a c t  g e o m e t r y .  The  cask  
head  w a s  t h e r e f o r e  p r e d i c t e d  t o  remain  i n  p lace.  

The a n a l y s i s  i n d i c a t e d  t h a t ,  even  under  t h e  u n f a v o r a b l e  
i m p a c t  c o n d i t i o n s  t h a t  m i g h t  o c c u r  i n  a 1 2 9  kph ( 8 0  m p h )  
i m p a c t ,  t h e  ca sk  would  b e  o n l y  s l i g h t l y  d e f o r m e d  o n  t h e  
impact end and would n o t  b e  b r e a c h e d .  The  c a l c u l a t e d  h o o p  
s t r a i n s  o f  t h e  o u t e r  s h e l l  were j u d g e d  t o  b e  c a p a b l e  o f  
i n i t i a t i n g  a c r a c k  i n  t h e  o u t e r  s h e l l  i f  f l a w s  w e r e  p r e s e n t .  
However, i t  w a s  n o t  a n t i c i p a t e d  t h a t  a n  e x t e r n a l  f r a c t u r e  
would t h r e a t e n  c o n t a i n m e n t  o f  t h e  f u e l ,  b u t  i t  w a s  e x p e c t e d  
t h a t  t h e  impact, i n  e i t h e r  case,  migh t  damage t h e  head g a s k e t  
l e a d i n g  t o  some s l i g h t  s e e p a g e  o f  c o o l i n g  f l u i d .  

I n  summary, t h e  m a t h e m a t i c a l  a n a l y s i s  i n d i c a t e d  t h a t  i n  
a 1 2 9  kph impact t h e  cask would h i t  t h e  t a r g e t  i n  an end-on  
c o n d i t i o n  c a u s i n g  some b u l g i n g  o f  t h e  impact end o f  t h e  ca sk  
b u t  n o t  t h r e a t e n i n g  i t s  c o n t a i n m e n t  a b i l i t y .  C a l c u l a t i o n s  
a l s o  i n d i c a t e d  t h a t  t h e  i n n e r  c a v i t y  d i m e n s i o n s  would  c h a n g e  
v e r y  s l i g h t l y .  I n  a d d i t i o n ,  t h e  d u r a t i o n  o f  t h e  i m p a c t s  was 
c a l c u l a t e d  t o  be 0 . 3  and 0 . 2  s e c o n d s  r e s p e c t i v e l y  f o r  t h e  two 
impact  v e l o c i t i e s .  



3.0  S c a l e  Models 

3 .1  8 I n t r o d u c t i o n  

S c a l e  m o d e l s  o f  t h e  f u l l - s c a l e  s y s t e m  w e r e  b u i l t  a n d  
t es ted  t o  c o n f i r m  and complement t h e  m a t h e m a t  i c a l  a n a l y s i s .  
Using a s c a l e  f a c t o r  of  8 ( l i n e a r  d imens ions  1 /8  a s  l a r g e  a s  
t h e  p r o t o t y p e  f u l l - s c a l e  s y s t e m ) ,  m o d e l s  o f  t h e  c a s k  a n d  
v e h i c u l a r  sys t em were d e s  i q n e d  and  f a b r  i c a t e d .  T h e  s y s t e m  
s c a l e  models  were t e s t ed  a t  a s l e d  t r a c k  by  i m p a c t i n g  t h e m  
i n t o  s c a l e d  c o n c r e t e  t a r g e t s .  E x t r a  c a s k  m o d e l s  w e r e  
c o n s t r u c t e d  f o r  t e s t s  no t  i n v o l v i n g  t h e  v e h i c u l a r  s t r u c t u r e .  
T h e s e  were t e s t ed  by impact ing  them w i t h  a m a s s i v e  s t e e l  ram 
a t  a pneumat ic  a c t u a t o r  f a c i l i t y  a t  v e l o c i t i e s  up t o  1 2 9  kph 
( 8 0  mph).  High speed  f i l m s  were o b t a i n e d  from each t e s t  and 
a n a l y z e d  t o  s t u d y  t h e  r e s p o n s e  of t h e  m o d e l s  c l o s e l y .  T h i s  

s e c t i o n  d e s c r i b e s  t h e  s c a l e  models  and t e s t  r e s u l t s .  F i r s t ,  
some b a c k g r o u n d  i n f o r m a t i o n  r e g a r d i n g  s c a l e  m o d e l i n g  o f  a 
s t r u c t u r a l  impact  problem w i l l  be rev iewed.  

3.2 Modeling Theory 

S c a l e  m o d e l i n g  h a s  p r e v i o u s l y  b e e n  u s e d  t o  m o d e l  
s t r u c t u r a l  i m p a c t  p r o b l e m s  [ 7 , 8 ] .  I n  b o t h  o f  t h e s e  
r e f e r e n c e d  s t u d i e s ,  a d i m e n s i o n a l  a n a l y s i s  o f  s i m p l e  
s t r u c t u r e s  s u b j e c t e d  t o  impac t s  s e v e r e  enough t o  c a u s e  l a r g e  
p l a s t i c  d e f o r m a t i o n s  was made. The  t a r g e t s  i n  each c a s e  were 
e s s e n t i a l l y  u n y i e l d i n g  s u r f a c e s .  I n  these  s t u d i e s ,  a number 
o f  p e r t i n e n t  p a r a m e t e r s  w e r e  i d e n t i f i e d  and  a r r a n g e d  i n t o  
d i m e n s i o n l e s s  g r o u p s  c a l l e d  P i  t e r m s .  ( T e c h n i q u e s  f o r  d o i n g  
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t h i s  a r e  d e s c r i b e d  i n  R e f e r e n c e s  9 ,  1 0 ,  & 11.) I n  [ 7 , 8 ]  i t  
was assumed t h a t  t h e  model and p r o t o t y p e  were c o n s t r u c t e d  o f  
s i m i l a r  m a t e r i a l s .  The r e s u l t s  i n d i c a t e d  t h a t ,  i f  m a t e r i a l  
s t r a i n  r a t e  and g r a v i t y  e f f e c t s  w e r e  i n s i g n i f i c a n t ,  t h e  P i  
t e r m s  o f  an e x a c t  model cou ld  be k e p t  e q u a l  t o  t h o s e  o f  t h e  
p r o t o t y p e .  T h i s  i n d i c a t e s  t h a t  t h e  r e s p o n s e  o f  t h e  mode l  
s y s t e m  would be s i m i l a r  , t o  t h e  p r o t o t y p e  and  i t  was d e d u c e d  
t h a t  s c a l e  model t e s t  r e s u l t s  c o u l d  be  d i r e c t l y  r e l a t e d  t o  
t h e  p r o t o t y p e .  Both  s t u d i e s  i n c l u d e d  e x p e r i m e n t a l  w o r k ,  
u t i l i z i n g  e x a c t  r e p l i c a  m o d e l s ,  f o r  v e r i f i c a t i o n  o f  t h e  
a n a l y s i s .  I n  b o t h  c a s e s ,  a g r e e m e n t  b e t w e e n  m o d e l  a n d  
p r o t o t y p e  was found t o  be e x c e l l e n t .  

T h e  p e r t i n e n t  p a r a m e t e r s  and t h e  d i m e n s i o n a l  a n a l y s e s  of 
[ 7 , 8 ]  a r e  a p p l i c a b l e  t o  t h e  p r o b l e m  o f  m o d e l i n g  t h e  
f u l l - s c a l e  t e s t s  o f  t h i s  r e p o r t .  The s t r u c t u r e s  i n  t h e  
c u r r e n t  problem,  however,  a r e  c o n s i d e r a b l y  more  c o m p l i c a t e d  
a n d  t h e  a d d i t i o n a l  a s s u m p t i o n  t h a t  a somewha t  s i m p 1  i f  i e d  
s t r u c t u r e  w i l l  g i v e  v a l i d  r e s u l t s  m u s t  be made. S u b s t i t u t i o n  
o f  an a p p r o x i m a t e  ( s i m p l i f i e d )  model ,  as opposed t o  an  e x a c t  
g e o m e t r i c a l  m o d e l ,  i s  o f t e n  d o n e  d u e  t o  p r a c t i c a l  
c o n s i d e r a t i o n s .  Such a model is u s u a l l y  termed an " a d e q u a t e "  
model [ l o ] .  T h e  models  o f  t h i s  s t u d y ,  d e s c r i b e d  l a t e r ,  were  
d e s i g n e d  a c c o r d i n g  t o  t h  is c o n c e p t .  For c o m p l e t e n e s s ,  
t h e  r e l a t i o n s h i p s  between t h e  model and p r o t o t y p e  w i l l  f i r s t  
be r ev iewed ,  f o l l o w i n g  c l o s e l y  t h e  r e s u l t s  of [ 7 ] .  - 

L e t t i n g  n be t h e  s c a l e  f a c t o r  ( n  = 8,  i n  t h i s  c a s e )  and  
t h e  s u b s c r i p t s  m and  p d e n o t e  m o d e l  a n d  p r o t o t y p e ,  t h e  
f o l l o w i n g  r e l a t i o n s h i p s  e x i s t  when t h e  impact  v e l o c i t i e s  a r e  
e q u a l  f o r  t h e  model and p r o t o t y p e :  
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D e f l e c t  ion  Ym = Yp/n 

P S t r e s s  or  P r e s s u r e  sm = s 

F o r c e  f = fp /n  2 
m 

Energy e = ep/n3 m 

Mass 

T i m e  

A c c e l e r  a t  ion  

3 m = m / n  
P 

t = t / n  
m P 

a = n a  
rn P 

I n  p a r t i c u l a r ,  i t  c a n  b e  s e e n  t h a t  d e f o r m a t i o n s  
( d e f l e c t i o n )  i n  t h e  model  a n d  p r o t o t y p e  a r e  s i m i l a r .  From 
t h e  t i m e  r e l a t i o n ,  it c a n  b e  s e e n  t h a t  e v e n t s  i n  t h e  mode l  
o c c u r  f a s t e r  by t h e  s c a l e  f a c t o r .  Thus a c c e l e r a t i o n s  i n  t h e  
model a r e  h i g h e r  by t h e  s c a l e  f a c t o r .  

A s  ment ioned  above ,  g r a v i t y  e f f e c t s  h a v e  t o  b e  a s s u m e d  
t o  be  i n s i g n i f i c a n t .  For  c o m p l e t e  s i m i l i t u d e ,  t h e  g r a v i t y  
f i e l d  of t h e  m o d e l  h a s  t o  b e  g r e a t e r  b y  t h e  s c a l e  f a c t o r .  
T h i s  means t h a t  i n  a s c a l e  mode l  t e s t ,  w h e r e  t h e  g r a v i t y  
f i e l d  c a n n o t  b e  a l t e r e d ,  v e r t i c a l  m o t i o n s  w i l l  b e  
e x a g g e r a t e d .  T h e  a s s u m p t i o n  t h a t  g r a v i t y  e f f e c t s  c a n  b e  
n e g l e c t e d  i s  v a l i d  i n  a h o r i z o n t a l  i m p a c t  w h e r e  o n l y  
i n s i g n i f i c a n t  v e r t i c a l  f o r c e s  a r e  g e n e r a t e d .  The p r i n c i p a l  
i m p a c t  w i l l  s c a l e  c o r r e c t l y  and  t h e  d y n a m i c  b e h a v i o r  a n d  
d e f o r m a t i o n s  o f  t h e  m o d e l  s t r u c t u r e  w i l l  s i m u l a t e  t h e  
p r o t o t y p e  a c c o r d i n g  t o  t h e  above r e l a t i o n s h i p s .  However, t h e  
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rebound p h a s e  and t h e  l a t e r  t i m e  t r a j e c t o r i e s  o f  f r a g m e n t s  
and s e p a r a t e d  components  w i l l  n o t  s ca l e  c o r r e c t l y .  

The a s sumpt ion  t h a t  mater ia l  s t r a i n  r a t e  e f f e c t s  c a n  be  
n e g l e c t e d  is c o n s i d e r e d  q u i t e  v a l i d  [ 1 2 ] .  T h i s  is i n  view of 
t h e  r e l a t i v e l y  low d i f f e r e n c e  i n  s t r a i n  r a t e s  b e t w e e n  model  
and  p r o t o t y p e .  I n  t h i s  c a s e ,  t h e  mode l  s t r u c t u r e  w i l l  see 
s t r a i n  r a t e s  which a r e  h i g h e r  by t h e  s ca l e  f a c t o r ,  8 .  I t  is 
g e n e r a l l y  a g r e e d  t h a t  s t r a i n  r a t e  e f f e c t s  may b e c o m e  
s i g n i f i c a n t  o n l y  when t h e y  d i f f e r  b y  s e v e r a l  o r d e r s  o f  . 

magni tude .  

3 . 3  Model Descr i p t  i o n  

T h e  s c a l e  m o d e l  d e s i g n e d  f o r  t h i s  s t u d y  i n c l u d e d  
s t r u c t u r a l  models  o f  t h e  t r a c t o r ,  t r a i l e r ,  impact  l i m i t e r ,  
cask,  and t h e  t i edown  s y s t e m .  I t  was d e s i g n e d  t o  r u n  on a 
r a i l  a t  a s l e d  t r a c k .  The model w a s  pushed u p  t o  s p e e d  b y  a 
s m a l l  r o c k e t  powered s led  and a l lowed  t o  c o a s t  i n t o  a s c a l e d  

c o n c r e t e  t a r g e t .  F i g u r e  3.1 is a pho tograph  of  t h e  model and 
p u s h e r  s y s t e m  a t  t h e  s l e d  t r a c k .  C o n s t r u c t i o n  d e t a i l s  f o r  
t h e  model a r e  i n c l u d e d  i n  Appendix D .  

n 

The t r a c t o r  and t r a i l e r  s t r u c t u r e s  were c o n s t r u c t e d  from 
f l a t  s h e e t  m e t a l  f o r m e d  i n t o  c h a n n e l  s h a p e s  and  w e l d e d  i n  
p l a c e .  They were d e s i g n e d  t o  s i m u l a t e  t h e  mass and s t i f f n e s s  
o f  t h e  f u l l - s c a l e  p r o t o t y p e .  The k i n g p i n  c o n n e c t i o n  was 
s i m u l a t e d  w i t h  a 1/4" s t e e l  p i n .  Because of t h e  n e c e s s i t y  of  
t e s t i n g  t h e  mode l  on a t r a c k ,  a x l e  a n d  w h e e l  masses were  
s i m u l a t e d  w i t h  s h o e s  c o n f o r m i n g  t o  t h e  s h a p e  o f  t h e  r a i l ,  
c l e a r l y  v i s i b l e  i n  F i g u r e  3.1. The f l a n g e s  on t h e  r a i l  w e r e  
removed f r o m  a s e c t i o n  d i r e c t l y  i n  f r o n t  o f  t h e  t a r g e t  t o  
a l l o w  f r e e  v e r t i c a l  mot ion  o f  t h e  model a t  t h i s  p o i n t .  
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F i g u r e  3 . 1  Scale model  of t h e  t r a n s p o r t  system. 
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The  model impact  l i m i t e r  was c o n s t r u c t e d  o u t  o f  b a l s a  
wood encased i n  a s h e e t  metal band s p o t  welded a t  t h e  j o i n t .  
I t  was a t t ached  w i t h  a d h e s i v e  t o  t h e  f r o n t  e n d  o f  t h e  c a s k .  
T h e  c a s k  mode l  i t s e l f  was q u i t e  d e t a i l e d .  T h e  h e a d  a n d  
c l o s u r e  s y s t e m  were s i m u l a t e d  v e r y  c l o s e l y  u s i n g  s c a l e d  down 
b o l t s .  The s h e l l s  were made o u t  o f  3 0 4  s t a i n l e s s  s t e e l  w i t h  
c h e m i c a l  g r a d e  lead  c a s t  i n t o  t h e  a n n u l a r  r e g i o n .  T h e  mode l  
casks  were a lways  w a t e r - f i l l e d  f o r  t e s t i n g .  The  cask t i edown  
s y s t e m  w a s  modeled by s c a l i n g  down t h e  b o l t i n g  s t r e s s  a r e a s  
and a p p r o x i m a t i n g  t h e  geomet ry  w i t h  small  s t e e l  p l a t e s ,  
a s  c a n  be s e e n  i n  F i g u r e  3 . 1  

T h e  m o d e l s  were b e l i e v e d  t o  b e  s t r u c t u r a l l y  a d e q u a t e  
s i n c e  t h e  c a s k  a n d  t i e d o w n  s y s t e m  w e r e  m o d e l e d  i n  d e t a i l .  
A l s o ,  t h e  m a j o r  s t r u c t u r a l  e l e m e n t s  i n  t h e  v e h i c l e  w h i c h  

c o u l d  t r a n s m i t  f o r c e s  t o  t h e  c o m p o n e n t s  w e r e  c a r e f u l l y  
m o d e l e d .  S i n c e  m o s t  o f  t h e  p r o t o t y p e  v e h i c l e  d e t a i l  i s  
e s s e n t i a l l y  n o n - s t r u c t u r a l ,  i ts  o m i s s i o n  d o e s  n o t  a f f e c t  t h e  
dynamic r e s p o n s e  o f  t h e  cask.  

3 . 4  Model Tests  and R e s u l t s  

Two t r a n s p o r t  s y s t e m  s c a l e  t e s t s  w e r e  c o n d u c t e d  w i t h  
r e s u l t i n g  i m p a c t  v e l o c i t i e s  o f  9 8  a n d  1 2 3  kph ( 6 1  a n d  7 6  
mph).  Both t e s t s  were e x t e n s i v e l y  c o v e r e d  w i t h  h i g h  s p e e d  
p h o t o g r a p h y ,  w h i c h  a l lowed  c l o s e  o b s e r v a t i o n  of t h e  r e s p o n s e  
o f  t h e  models .  The d y n a m i c s  o f  t h e  m o d e l  c a s k  t h r o u g h  t h e  
impact  were c l o s e l y  a n a l y z e d  by examining  t h e  f i l m s .  Damage 
t o  t h e  v e h i c u l a r  s y s t e m  a n d  t h e  c a s k  m o d e l s  was  a l s o  
c a r e f u l l y  e x a m i n e d .  

The f i r s t  t e s t  was i n t e n d e d  t o  s i m u l a t e  a 9 7  kph ( 6 0  
mph)  impact. T h i s  t e s t  r e s u l t e d  i n  no  damage  t o  t h e  c a s k .  
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A f t e r  t h i s  t e s t ,  it was d e c i d e d  t o  s i m u l a t e  t h e  u n f a v o r a b l e  
r e s p o n s e  c o n d i t i o n  w i t h  a 127  kph ( 8 0  mph) i m p a c t .  For  t h i s  
t e s t ,  i t  w a s  d e c i d e d  t o  u s e  w e a k e r  b o l t s  i n  t h e  t i e d o w n  
s y s t e m  t o  p r e c i p i t a t e  a n  e a r l y  f a i l u r e  r e s u l t i n g  i n  t h e  more 
s e v e r e  impact  which t h e  c a s k  m i g h t  e x p e r i e n c e .  T h e  i m p a c t  
v e l o c i t y  a c h i e v e d  i n  t h e  t e s t  was 1 2 3  kph ( 7 6  m p h ) .  T h e  

t i e d o w n  s y s t e m  f a i l e d  e a r l y  as a n t i c i p a t e d  a l l o w i n g  t h e  c a s k  
t o  go i n t o  t h e  t a r g e t  a t  a v e r y  s l i g h t  r e d u c t i o n  i n  v e l o c i t y .  
The cask s u s t a i n e d  v e r y  m i n i m a l  damage i n  t h i s  w o r s t  e x p e c t e d  
c o n d i t i o n .  T e s t  r e s u l t s  a re  d e s c r i b e d  i n  more d e t a i l  below. 

F i g u r e s  3 . 2  and 3 . 3  i l l u s t r a t e  t h e  sequence of  e v e n t s  i n  
t h e  f i r s t  mode l  t e s t .  I n  t h i s  t e s t ,  t h e  t r a c t o r  m o d e l  
c r u s h e d  c o m p l e t e l y  a t  i m p a c t  w i t h  t h e  c o n c r e t e .  T h e  p i n  
c o n n e c t i o n  between t h e  t r a c t o r  a n d  t r a i l e r  f a i l e d  e a r l y  i n  
t h e  impact  a l l o w i n g  t h e  f r o n t  end o f  t h e  t r a i l e r  s t r u c t u r e  t o  
c r u s h  t h e  c a b  and s o l i d l y  impact t h e  t a r g e t .  A t  t h i s  t i m e ,  
t h e  f r o n t  end o f  t h e  t r a i l e r  c r u s h e d  p a r t i a l l y  a n d  b u c k l e d  
u p w a r d s  a l o n g  t h e  f a c e  o f  t h e  t a r g e t .  T h e  c a s k  m o d e l  
remained  n e a r l y  h o r i z o n t a l  mov ing  f o r w a r d  t h r o u g h  t h e  c a b  
s t r u c t u r e  and s o l i d l y  impacted t h e  t a r g e t  i n  n e a r l y  an end-on 
c o n d i t i o n ,  p a r t i a l l y  c r u s h i n g  t h e  impact  l i m i t e r .  Subsequent .  
t o  t h e  l a s t  f r a m e  i n  F i g u r e  3 . 3 ,  t h e  c o n t a i n e r  r o t a t e d  
somewhat w i t h  t h e  r e a r  p o r t i o n  moving upward. 

F i g u r e  3 . 4  shows t h e  r e s u l t a n t  damage t o  t h e  m o d e l .  A s  
c a n  be seen,  t h e  t r a c t o r  was c o m p l e t e l y  c r u s h e d  a n d  r e m a i n e d  
i n  f r o n t  o f  t h e  t a r g e t .  Th.e f r o n t  e n d  o f  t h e  t r a i l e r  
s t r u c t u r e  c r u s h e d  p a r t i a l l y  and t h e n  b u c k l e d  u p w a r d s  coming  
be tween t h e  cask and t h e  t a r g e t .  The impact  l i m i t e r  c r u s h e d  
p a r t i a l l y  and came t o  r e s t  beh ind  t h e  buckled,  up p o r t i o n  
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Figure 3.2 Early sequence of events in a scale model test. 
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Figure 3 . 3  Late sequence of events i n  a s c a l e  model t e s t .  
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Figure 3 . 4  Sca le  model a f t e r  an impact test .  
n 
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of t h e  t r a i l e r  s t r u c t u r e .  The cask model was i n t a c t ,  w i t h o u t  
a n y  m e a s u r a b l e  d e f o r m a t i o n s .  N o  l e a k a g e  o f  w a t e r  was 
d e t e c t e d .  

The d u r a t i o n  o f  t h e  impac t ,  from t h e  t i m e  t h e  f r o n t  e n d  
of  t h e  t r a c t o r  t ouched  t h e  t a r g e t  t o  t h e  p o i n t  i n  t i m e  when 
t h e  c a s k  bo t tomed o u t  a g a i n s t  t h e  t a r g e t ,  w a s  0 . 0 4  s e c o n d .  
The v e l o c i t y  t i m e  c u r v e  was s m o o t h  w i t h  n o  a b r u p t  c h a n g e s .  
The d i s p l a c e m e n t - t i m e  and v e l o c i t y - t i m e  c u r v e s  " o b t a i n e d  f r o m  
h i g h  s p e e d  f i l m s  by f o l l o w i n g  a p o i n t  nea r  t h e  cask c e n t e r  of  
g r a v i t y  a r e  i n c l u d e d  i n  A p p e n d i x  E .  T h i s  d a t a  w i l l  b e  
compared t o  r e s u l t s  from t h e  c o r r e s p o n d i n g  f u l l - s c a l e  t e s t  i n  
Section 5. 

The model i n  t h e  s e c o n d  t e s t  b e h a v e d  i n  b a s i c a l l y  t h e  
s a m e  m a n n e r .  D a m a g e  t o  t h e  v e h i c u l a r  s y s t e m  w a s  
a p p r o x i m a t e l y  t h e  same as i n  t h e  f i r s t  t e s t  e x c e p t  t h a t  t h e  
f r o n t  end of t h e  t r a i l e r  was c r u s h e d  t o  a g r e a t e r  amoun t  and  
d i d  n o t  b u c k l e  upward as  c l e a r l y .  The t i e d o w n s  i n  t h i s  t e s t  
b r o k e  e a r l y  i n  t h e  i m p a c t ,  and t h e  cask w e n t  i n t o  t h e  t a r g e t  
much h a r d e r  a t  a b o u t  105  kph ( 6 5  mph).  

F i g u r e  3 . 5  is a c l o s e  u p  v i e w  o f  t h e  m o d e l  ca sk  a f t e r  
t h i s  , s econd ,  more s e v e r e ,  t e s t .  The model d i d  n o t  e x h i b i t  a 
l a r g e  a m o u n t  o f  h o o p  s t r a i n  on t h e  i m p a c t  e n d ,  w i t h  t h e  
maximum b e i n g  3 % .  Lead s l u m p ,  measured on t h e  o p p o s i t e  e n d ,  
was 0.355 c m  ( . 1 4  i n . ) .  The cove r  r e m a i n e d  f i r m l y  i n  p l a c e  
and t h e  c o n t a i n m e n t  i n t e g r i t y  o f  t h e  cask was n o t  t h r e a t e n e d .  
The d u r a t i o n  o f  t h i s  model impact  w a s  0 . 0 2 6  s e c o n d .  F i g u r e  
3.6 i l l u s t r a t e s ,  i n  a n  e x a g g e r a t e d  f a s h i o n ,  t h e  d e f o r m a t i o n  
p r o f i l e  f o r  t h e  cask.  The cask r e s p o n s e  i n  t h i s  s c a l e  model  
t e s t  w i l l  b e  c o m p a r e d  w i t h  t h e  r e s u l t s  o f  t h e  s e c o n d  
f u l l - s c a l e  t e s t  i n  Section 5.  
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Figure 3 . 5  Scale model cask after the high ve loc i ty  impact test .  
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Figure 3 . 6  Magnified deformation pa t t e rn  for  a s c a l e  model cask. 
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A s  m e n t i o n e d  a b o v e ,  some c a s k  m o d e l s  were t e s t e d  i n  
e x t r a  s e v e r e  c o n d i t i o n s  w i t h o u t  a v e h i c l e  s t r u c t u r e .  T h e s e  
were t e s t e d  a t  a n  a c t u a t o r  f a c i l i t y  by impac t ing  t h e m  w i t h  a 
v e r y  m a s s i v e  s t e e l  ram w e i g h i n g  a b o u t  2 0 0  t i m e s  a s  much  a s  
t h e  c a s k  m o d e l .  T h e s e  t e s t s  w e r e  c o n d u c t e d  t o  f u r t h e r  
e x p l o r e  t h e  p o s s i b l e  r e s p o n s e  or  f a i l u r e  modes o f  t h e  cask i n  
s i t u a t i o n s  w h i c h  w e r e  much more  s e v e r e  t h a n  t h e  p l a n n e d  
f u l l - s c a l e  tes ts .  The c a s k s  w e r e  e n d - i m p a c t e d  w i t h  impact 
l i m i t e r s  i n  p l a c e .  

F i g u r e  3 . 7  i l l u s t r a t e s  a model t e s t e d  i n  t h i s  manner  a t  
1 2 9  kph ( 8 0  m p h ) .  I n  t h i s  f i g u r e ,  t h e  m o d e l  h a s  b e e n  
s e c t i o n e d  i n  o r d e r  t o  i l l u s t r a t e  d e f o r m a t i o n s  t o  t h e  
c o n t a i n e r  and l e a d  mot ion  w i t h i n '  t h e  s h e l l s  more c l e a r l y .  I n  
t h i s  case,  t h e r e  was a m a x i m u m  h o o p  s t r a i n  o f  1 3 %  n e a r  t h e  
impact  end and  a l e a d  s l u m p  o f  1 . 0  c m  ( . 4  i n . )  on t h e  back  

end.  The c o v e r  remained  . f i r m l y  i n  place.  

3.5 D i s c u s s i o n  

The s y s t e m  sca le  model tes ts  conf i rmed  r e s u l t s  o b t a i n e d  
f rom m a t h e m a t i c a l  a n a l y s i s  w e l l .  A s  had been  p r e d i c t e d ,  t h e  
t r a c t o r  was c o m p l e t e l y  c r u s h e d .  T h e  t r a i l e r  s t r u c t u r e  h i t  
t h e  w a l l  s o l i d l y  a n d  c r u s h e d .  The  c a s k  r e m a i n e d  c l o s e  t o  
h o r i z o n t a l  g o i n g  fo rward  t h r o u g h  t h e  t r u c k  c a b  a n d  i m p a c t i n g  
t h e  w a l l  i n  a n  a l m o s t  end-on  c o n f i g u r a t i o n .  A t  t h e  l o w e r  
v e l o c i t y ,  it came t h r o u g h  w i t h o u t  m e a s u r a b l e  d e f o r m a t  i o n s .  
I n  t h e  h i g h e r  v e l o c i t y  t e s t ,  t h e  ca sk  s u s t a i n e d  o n l y  m i n o r  
damage  w h i c h  was  n o t  v i e w e d  a s  a t h r e a t  t o  t h e  c a s k ' s  
i n t e g r  i t y .  
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T h e  a c t u a t o r  tests showed t h a t  even  a t  a c o n d i t i o n  which  

was much more s e v e r e  t h a n  c o u l d  be e n c o u n t e r e d  i n  t h e  f u l l  
s c a l e  t es t s ,  t h e  c a s k  would n o t  be g r o s s l y  deformed nor 
would it be breached. On t h e  bas i s  of t h e  scale model tes ts ,  
it was p r e d i c t e d  t h a t ,  e v e n  i n  t h e  more  s e v e r e  o f  t h e  two 
f u l l  sca le  t es t s ,  t h e  cask would come t h r o u g h  w i t h  o n l y  minor 
d e f o r m a t i o n s .  The  models  i n d i c a t e d  t h a t  t h e  f u l l - s c a l e  c a s k  
would n o t  be  b r e a c h e d .  
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4.0 Full Scale T e s t s  

4 . 1  I n t r o d u c t i o n  

Two f u l l - s c a l e  tests were conduc ted  u s i n g  t h e  same cask  
' w i t h  d i f f e r e n t ,  b u t  s i m i l a r ,  v e h i c u l a r  s y s t e m s .  The impact 

v e l o c i t i e s  were 98 and 135 kph ( 6 1  and  84 mph).  The v e h i c l e s  
and cask were i m p a c t e d  i n t o  a s p e c i a l l y  c o n s t r u c t e d  r i g i d  
r e i n f o r c e d  c o n c r e t e  t a r g e t .  The t es t s  had  e x t e n s i v e  h i g h  
s p e e d  f i l m  c o v e r a g e  a s  w e l l  a s  o n b o a r d  i n s t r u m e n t a t i o n  
o p e r a t i n g  t h r o u g h  a t e l e m e t r y  u n i t .  T h i s  s e c t  i o n  d e s c r  i b e s  
t h e  t e s t  p r o c e d u r e  and p r e s e n t s  r e s u l t s  from b o t h  t e s t s .  

4.2 T e s t  Descr i p t  io,ns 

The t e s t s  were conduc ted  a t  a s l e d  t r a c k  f a c i l i t y  w h e r e  
a road  was c o n s t r u c t e d  t o  t h e  l e v e l  o f  t h e  t o p  o f  t h e  r a i l s .  
I n  t h e  t e s t s ,  t h e  v e h i c l e  w h e e l s  b r i d g e d  a t r e n c h  a n d  a 
s e c t i o n  o f  t r a c k  l e a d i n g  t o  t h e  t a r g e t .  T h e  s y s t e m  w a s  
g u i d e d  by t h e  r a i l s  but r o l l e d  on i t s  t i r e s .  R o c k e t  m o t o r s  
mounted on a s l e d  a t t a c h e d  t o  t h e  t r a c k  were f i r e d  i n  s t a g e s  
t o  a c c e l e r a t e  t h e  s y s t e m  u p  t o  s p e e d  a t  a c o n t r o l l e d  
a c c e l e r a t i o n  l e v e l  o f  a b o u t  0 . 5  g .  A sand  b r a k e  w a s  u s e d  t o  
d i s e n g a g e  t h e  p u s h e r  s l e d ,  a n d  t h e  t r a n s p o r t  s y s t e m  w a s  
a l l o w e d  t o  c o a s t  i n t o  t h e  t a r g e t .  

F i g u r e  4 . 1  i l l u s t r a t e s  t h e  t r a n s p o r t  s y s t e m  u s e d  i n  t h e  
f i r s t  t e s t .  To m a k e  it more r e p r e s e n t a t i v e  o f  c u r r e n t  d a y  
e q u i p m e n t ,  t h e  c a s k  was e q u i p p e d  w i t h  b a l s a  wood i m p a c t  
l i m i t e r s  on e a c h  e n d ,  a s  can b e  seen  i n  t h e  f i g u r e .  T h e  
2 0 , 5 0 0  kg ( 4 5 , 0 0 0  l b )  c a s k  was a t t a c h e d  t o  t h e  5 0 0 0  k g  
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F i g u r e  4 . 1  F u l l - s c a l e  system i n  t h e  f i r s t  t e s t .  

F i g u r e  4 . 2  F u l l - s c a l e  system i n  t h e  s e c o n d  test .  
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I n  o r d e r  t o  a c c , e l e r a t e  t h e  s y s t e m  i n  a s t r a i g h t  l i n e  
i n t o  t h e  t a r g e t ,  t h e  t r a c t o r  was g u i d e d  b y  t h e  r a i l s  a n d  

c o n n e c t e d  t o  t h e m  by9 a s y s t e m  o f  t r a c k  s h o e s .  F i g u r e  4 . 4  
i l l u s t r a t e s  t h e  g u i d e  s y s t e m  i n s t a l l e d  u n d e r  t h e  r e a r  a x l e  

( 1 1 , 0 0 0  l b )  t r a i l e r  u s i n g  t h e  s t a n d a r d  t i e d o w n s  t h a t  w e r e  
u s e d  w h i l e  i t  w a s  i n  s e r v i c e .  T h e  t r a c t o r  w a s  a u s e d  
commerc ia l  u n i t  weighing  5900  kg ( 1 3 , 0 0 0  l b s . ) .  

T h e  v e h i c u l a r  s y s t e m  u s e d  i n  t h e '  s e c o n d ,  h i g h e r  
v e l o c i t y ,  t e s t  was a l m o s t  i d e n t i c a l .  T h e r e  w a s  , however  , a 
s l i g h t  d i f f e r e n c e  i n  f i f t h  wheel  c o n n e c t i o n  l o c a t i o n s  w h i c h  

d i n  t h e  s econd  t e s t  moved t h e  cask and  t r a i l e r  f o r w a r d  a b o u t  
3 0  c m  ( 1 2  i n . ) .  F i g u r e  4 . 2  i l l u s t r a t e s  t h e  t r a n s p o r t  s y s t e m  
used  i n  t h e  second t e s t  as  it is b e i n g  a c c e l e r a t e d  down t h e  
t r a c k .  ( T h i s  sys t em i s  m o s t  e a s i l y  d i s t i n g u i s h e d  f r o m  t h e  
f i r s t  by t h e  f a c t  t h a t  it had a l i g h t  c o l o r e d  e x h a u s t  s t a c k  
w h e r e a s  t h e  f i r s t  h a d  a b l a c k  s t a c k ) .  T h e  t r a i l e r s  a n d  
t i e d o w n  s y s t e m s  were i d e n t i c a l .  T h e  t r a c t o r  was v e r y  s i m i l a r  
a n d  s t r u c t u r a l l y  e q u i v a l e n t .  

I n  each t e s t ,  t h e  s y s t e m  w a s  a c c e l e r a t e d  u p  t o  s p e e d  b y  
a v e r y  s i m i l a r  s y s t e m  o f  r o c k e t  m o t o r s .  The d i f f e r e n t  impact  
v e l o c i t i e s  were a c h i e v e d  by v a r y i n g  t h e  number o f  r o c k e t s  and  
t h e  a c c e l e r a t i n g  d i s t a n c e .  F i g u r e  4 . 3  i l l u s t r a t e s  t h e  r o c k e t  
m o t o r s  and p u s h e r  s l e d  used i n  t h e  s e c o n d  t e s t .  A t o t a l  o f  
f i v e  l a r g e  a n d  t h r e e  s m a l l  r o c k e t s  w e r e  f i r e d  i n  t h r e e  
s t a g e s .  The s l e d  was c o n n e c t e d  t o  t h e  r a i l s  w i t h  t r a c k  s h o e s  
and pushed  a g a i n s t  t h e  back of t h e  t r a i l e r ,  as can be seen i n  
t h i s  f i g u r e .  The s l e d  was d i s e n g a g e d  f r o m  t h e  t r a i l e r  b y  a 
s a n d  b r a k e  b u i l t  i n t o  t h e  t r e n c h  between t h e  r a i l s .  T h e  same 
t e c h n i q u e  a n d  a v e r y  s i m i l a r  p u s h e r  s l e d  w e r e  u s e d  i n  t h e  

f i r s t  t e s t .  
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F i g u r e  4.. 3 P r o p u l s i o n  system u s e d  i n  t h e  s e c o n d  t e s t .  
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I l l u s t r a t i o n  of t h e  r a i l  guide system. 
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assembly  o f  t h e  t r a c t o r s .  A s i m i l a r  s y s t e m  was u s e d  u n d e r  
t h e  f r o n t  a x l e s .  To a l l o w  t h e  s y s t e m  t o  b e  f r e e  t o  move  
v e r t i c a l l y  a t  impac t ,  t h e  r a i l  f l a n g e s  w e r e  removed f r o m  a 
s e c t i o n  o f  t r a c k  d i r e c t l y  i n  f r o n t  of t h e  t a r g e t .  T h u s ,  t h e  
s y s t e m  was u n r e s t r a i n e d  by t h e  r a i l s  i n  t h e  v i c i n i t y  o f  t h e  

t a r g e t .  t 

F i g u r e  4 . 5  i l l u s t r a t e s  a c l o s e u p  v i e w  o f  t h e  t a r g e t  
w h i c h  was d e s i g n e d  t o  b e  e x t r e m e l y  r i g i d  a n d  s p e c i a l l y  
c o n s t r u c t e d  f o r  t h e  f u l l - s c a l e  t e s t  s e r i e s .  T h e  h e a v i l y  
r e i n f o r c e d  c o n c r e t e  p o r t i o n  and i t s  f o u n d a t i o n  h a d  a mass o f  
6 2 7  kg ( 6 9 0  t o n s ) .  T h i s  is backed w i t h  1 5 4 5  kg ( 1 7 0 0  t o n s )  
o f  e a r t h .  The  f a c e  o f  t h e  t a r g e t  is 3.05m ( 1 0  f t )  t h i c k ,  
16.56111 ( 2 0  f t )  w i d e ,  a n d  6.56m ( 2 0  f t )  h i g h .  T h e  p i p e  
c a s i n g s  t o  t h e  s i d e s  and back of t h e  t a r g e t  a r e  e a r t h  f i l l e d  

and p l a c e d  t h e r e  t o  b e t t e r  r e t a i n  t h e  e a r t h  b a c k i n g  b e h i n d  
t h e  c o n c r e t e .  T h e  t a r g e t  w a s  i n s t r u m e n t e d  w i t h  
a c c e l e r o m e t e r s  t o  r e c o r d  mot ion .  

F i g u r e  4 . 6  i l l u s t r a t e s  t h e  t a r g e t  a s  s e e n  b y  l o o k i n g  
down t h e  t r a c k .  Here t h e  t r e n c h  be tween t h e  r a i l s  and  t h e  
s a n d  which c a t c h e s  t h e  pushe r  s l e d  a r e  c l e a r l y  v i s i b l e .  A s  

c a n  be  seen,  t h e  road  bed was c o n s t r u c t e d  t o  t h e  t o p  o f  t h e  
r a i l s .  The ove rhead  cameras  suspended  between two  p o l e s  can  
a l s o  be seen i n  t h e  f i g u r e .  

E x t e n s i v e  h i g h  speed  p h o t o c o v e r a g e  a n d  i n s t r u m e n t a t  i o n  
were  p r o v i d e d  f o r  t h e  tes ts .  Numerous cameras  were p l a c e d  a t  
t h e  s i t e  t o  f i l m  t h e  e v e n t  f rom v a r i o u s  a n g l e s .  The cask was 
i n s t r u m e n t e d  w i t h  f i v e  a c t i v e  p i e z o r e s i s t i v e  a c c e l e r o m e t e r s  
and two t r i a x i a l  s t r a i n  g a g e  r o s e t t e s .  T h e  m i d d l e  s t r a i n  
g a g e  i n  e a c h  r o s e t t e  was a l i g n e d  w i t h  t h e  c i r c u m f e r e n t i a l  
d i r e c t i o n  o f  t h e  cask.  Two a c c e l e r o m e t e r s  w e r e  p l a c e d  n e a r  n 



Figure 4 . 5  Close up v iew of t h e  t a r g e t .  

Figure 4 . 6  I l l u s t r a t i o n  of t he  guide r a i l s  and t a r g e t .  
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t h e  f r o n t ,  two near t h e  r e a r ,  and one a t  t h e  cask  c e n t e r  on  
one s i d e .  The r o s e t t e  s t r a i n  gages  were i n s t a l l e d  o n  t h e  
cask outer  s h e l l  very c l o s e  t o  t h e  impact end. F igure  4.7 
i l l u s t r a t e s  a port ion of the  f r o n t  end of cask. Here one o f  
t h e  r o s e t t e s  and an a c c e l e r o m e t e r  a r e  c l e a r l y  v i s i b l e  and 
marked by  a r rows .  A l l  t h e  a c t i v e  c a s k  i n s t r u m e n t a t i o n  
operated through a te lemetry package, i l l u s t r a t e d  i n  F igure  
4.8, which was bolted t o  t he  back end of the cask and f i t t e d  
i n t o  a c a v i t y  i n  t h e  r e a r  impact l i m i t e r .  The w i r e s  were 
routed through l i g h t  s t a i n l e s s  s t e e l  condui ts  which were tack 
we lded  t o  t h e  s i d e s  o f  t h e  c a s k .  S i g n a l s  f r o m  t h e  
instrumentat ion and te lemetry package, which has a f requency  
c a p a b i l i t y  o f  2000 Hz,  were remote ly  recorded  on  magnet ic  
t a p e  f o r  l a t e r  p l a y b a c k .  T h e  t r a i l e r  s t r u c t u r e  w a s  

i n s t r u m e n t e d  w i t h  t w o  a c t i v e  a c c e l e r o m e t e r s  l o c a t e d  
underneath the  cask and o p e r a t e d  through a sma l l  t e l e m e t r y  
pack. I n  addi t ion  t o  t he  a c t i v e  instrumentat ion,  some c r u s h  
d i s k  and b a l l  t y p e  p a s s i v e  a c c e l e r o m e t e r s  were p l a c e d  a t  
v a r i o u s  l o c a t i o n s  th roughou t  t h e  s t r u c t u r e  and t h e  c a s k .  
Passive water pressure sensors  were placed ins ide  the  cask t o  
record peak water pressure a t  impact. Appendix F ,  which is a 
r e p r i n t  of a memorandum prepa red  p r i o r  t o  conduc t ing  t h e  
t e s t s ,  desc r ibes  the  i n s t r u m e n t a t  ion p l a n  i n  d e t a i l .  T h i s  

p lan was c lose ly  adhered t o  i n  b o t h  t e s t s .  

4.3 T e s t  Resul ts  

4.3.1 F i r s t  Test 

I n  t h e  f i r s t  t e s t ,  t h e  system impacted a t  9 8  kph ( 6 1  
mph) . The photometr i c s  and instrumentation func t ioned  w e l l .  
F i g u r e s  4.9 t h rough  4.12 i n c l u d e  a s e r i e s  o f  p h o t o g r a p h s  
i l l u s t r a t i n g  the  sequence of events  i n  t h e  f i r s t  t e s t .  These 

n 



F i g u r e  4 . 7  Close u p  view of cask i n s t r u m e n t a t i o n .  
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Figure 4 . 8  I l l u s t r a t i o n  of  t he  te lemetry package on t h e  cask. 



TIME, 

t =  

t =  

t =  

t !  

SECONDS 

-. 025 

0.0 

I .025 

.050 

F i g u r e  4 . 9  F i r s t  t e s t  e v e n t  s e q u e n c e  t o  0 .050  s e c o n d .  
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F i g u r e  4 .10  F i r s t  t es t  e v e n t  s equence  from 0.075 t o  0.150 second .  
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TIME, SECONDS 

t = .075 

t = .loo 

t = .I25 

t = . 1 5 0  
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TIME, SECONDS 

t = .I75 

t = .zoo 

t = .225 

t = .250 

F i g u r e  4.11 F i r s t  t e s t  e v e n t  s equence  from 0 . 1 7 5  t o  0 .250  second .  
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TIME, SECONDS 

t = .275 

t = .300 

t = .325 

t = .350 

F i g u r e  4 . 1 2  F i r s t  t e s t  e v e n t  sequence from 0 . 2 7 5  t o  0.350 second.  
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were o b t a i n e d  from 'a s i d e  camera f i l m  by p h o t o g r a p h i n g  e v e r y  
t e n t h  f rame.  T i m e  z e r o  w a s  d e s i g n a t e d  as  t h e  i n s t a n t  when 
t h e  f r o n t  end o f  t h e  t r a c t o r  t o u c h e d  t h e  w a l l .  T h e  e v e n t s  
f o l l o w i n g  c o n t a ' c t  and  s p a n n i n g  0 . 3 5  s e c o n d  can  c l e a r l y  be  
s e e n  i n  t h e s e  p h o t o g r a p h s .  

A s  t h e s e  i l l u s t r a t i o n s  r e v e a l ,  t h e  t r u c k  t r a c t o r  was 
c o m p l e t e l y  d e s t r o y e d  ( q u i t e  e a r l y ) .  T h e  t r a i l e r  moved 
f o r w a r d  t h r o u g h  t h e  c a b  and s o l i d l y  impacted t h e  t a r g e t .  The 

f r o n t  end o f  t h e  t r a i l e r  t h e n  c r u s h e d  a n d  b u c k l e d  up a l o n g  
t h e  f a c e  o f  t h e  t a r g e t .  The c a s k  r e m a i n e d  a t t a c h e d  t o  t h e  
t r a i l e r  a n d  e s s e n t i a l l y  h o r i z o n t a l  d u r i n g  c r u s h  up  o f  t h e  
v e h i c u l a r  s t r u c t u r e .  By t h e  t ime t h a t  t h e  c a b  h a d  b e e n  
c r u s h e d  s o l i d ,  t h e  v e l o c i t y  of t h e  cask w a s  down t o  a b o u t  4 3  
k p h  ( 2 7  m p h ) .  A t  t h i s  p o i n t  i n  t i m e ,  t h e  i m p a c t  l i m i t e r  
began  t o  c r u s h  b u t  was n o t  c o m p l e t e l y  c o m p a c t e d  b e f o r e  t h e  
cask came t o  a h o r i z o n t a l  s t o p .  Fo l lowing  t h e  t a r g e t  impac t ,  
t h e  c a s k  a n d  t r a i l e r  r o t a t e d  t h r o u g h  a m a x i m u m  a n g l e  o f  
a p p r o x i m a t e l y  30° w i t h  t h e  h o r i z o n t a l  a n d  d r o p p e d  b a c k  down 
t o  t h e  r o a d  i n  f r o n t  o f  t h e  t a r g e t .  

T h e  t i m i n g  f o r  t h e  o c c u r r e n c e  of  t h e  p r i n c i p a l  e v e n t s  i n  
t h i s  t e s t  was as  f o l l o w s :  

TIME ( S E C O N D S )  

0.0 

0.030 

0 . 0 4 0  

0 .075 

EVENT 

T r a c t o r  c o n t a c t s  face of  t a r g e t  

F i f t h  wheel c o n n e c t i o n  b r e a k s  

Tandem a x l e  a s sembly  s h e a r s  o f f  
t r a c t o r  

T r a i l e r  c o n t a c t s  back end of c a b  



TIME (SECONDS) 

0.103 

0.138 

0.181 

0.222 

EVENT 

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

Buck l ing  is i n i t i a t e d  i n  t r a i l e r  
f r ame  

F r o n t  end o f  impact  l i m i t e r  
c o n t a c t s  c a b  

C a s k  moves s l i g h t l y  r e l a t i v e  t o  
t iedown s t r u c t u r e  

0.242 Cab is c o m p l e t e l y  c r u s h e d  

0 .277  T r a i l e r  a x l e s  s h e a r  o f f  

0 .303 C a s k  comes t o  a h o r i z o n t a l  s t o p  

F i g u r e  4 . 1 3  i l l u s t r a t e s  t h e  c o n d i t i o n  o f  t h e  s y s t e m ,  
i n c l u d i n g  t h e  c a s k ,  i m m e d i a t e l y  a f t e r  t h e  t e s t .  Here t h e  
manner i n  which t h e  t r a c t o r  w a s  c o m p l e t e l y  c r u s h e d  and t h e  
upward b u c k l i n g  o f  t h e  t r a i l e r  f r a m e  can  b e  c l e a r l y  s e e n .  
The c a b . a n d  t r a i l e r  s t r u c t u r e s  came b e t w e e n  t h e  c a s k  and  t h e  

t a r g e t ,  c u s h i o n i n g  t h e  impact s o m e w h a t .  T h e  c a s k  moved  
s l i g h t l y  i n  r e l a t i o n  t o  t h e  t i e d o w n  s y s t e m ,  c o m p l e t e l y  
f a i l i n g  t h e  f r o n t  c o n n e c t i o n .  T h e  r e a r  t i e d o w n  was  
e x t e n s i v e l y  damaged b u t  d i d  n o t  f a i l  c o m p l e t e l y .  N o t e  i n  
t h i s  f i g u r e  t h a t  t h e  rear  t i e d o w n  p a r t i a l l y  t o r e  l o o s e  f r o m  
t h e  t r a i l e r  s t r u c t u r e  a n d  t h a t  t h e  c a s k  moved  s l i g h t l y  
r e l a t i v e  t o  t h e  t i edown .  The impact  l i m i t e r  r o t a t e d  somewhat 
o v e r  t h e ’ f r o n t  end o f  t h e  cask ,  as c a n  be s e e n ,  b u t  r e m a i n e d  
a t t a c h e d  t o  t h e  cask.  

6 7  
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F i g u r e  4 . 1 3  I l l u s t r a t i o n  of t h e  f u l l - s c a l e  system a f t e r  
t e s t .  

t h e  f i r s t  



The cask i tself  remained  i n t a c t  w i t h  o n l y  m i n o r  damage  
t o  e x t e r n a l  f e a t u r e s .  Some e x t e r n a l  p i p i n g  n e a r  t h e  f r o n t  
end  a s  w e l l  as some o f  t h e  c o o l i n g  f i n s  were damaged.  T h e  

b a s i c  b o d y  o f  t h e  c a s k  was  u n d e f o r m e d  a n d  t h e r e  was n o  
l e a k a g e .  T h e  h e a d  b o l t  t i g h t n e s s  was f o u n d  t o  h a v e  b e e n  
l e s s e n e d  somewhat by t h e  impact  o r  t h e  r e l a x a t i o n  o f  t h e  head  
g a s k e t .  The  c o v e r  was removed w i t h o u t  d i f f i c u l t y  a n d  t h e  

f u e l  e l e m e n t s  were found t o  be i n t a c t  and undamaged. 

, -  

T h e  s h o c k  w h i c h  t h e  c a s k  u n d e r w e n t  i n  t h i s  t e s t  w a s  
l i m i t e d  by  t h e  c r u s h  s t r e n g t h  o f  t h e  m i t i g a t i n g  s t r u c t u r e s .  
T h e s e  s t r u c t u r e s  were n o t  c o m p l e t e l y  c r u s h e d  i n  t h i s  t e s t ;  
t h e r e f o r e ,  t h e  c a s k  d i d  n o t  e n c o u n t e r  t h e  r i g i d i t y  o f  t h e  
c o n c r e t e  t a r g e t .  F i g u r e  4 . 1 4  i s  a d e c e l e r a t i o n - t i m e  p l o t  
o b t a i n e d  from t h e  h i g h  s p e e d  pho tography  d a t a  by f o l l o w i n g  a 
s p o t  a t  t h e  c e n t e r  of  t h e  cask on one s i d e .  A s  c a n  be s e e n ,  
a peak g l e v e l  o f  a b o u t  1 8  g ' s  was c a l c u a l t e d  f r o m  t h e  f i l m  
d a t a .  F i g u r e  4 . 1 5  i s  a p l o t  o f  c a s k  d e c e l e r a t i o n  a s  a 
f u n c t i o n  o f  d i s p l a c e m e n t .  T h i s  p l o t  i n d i c a t e s  r e l a t i v e l y  low 
l e v e l s  i n  t h e  e a r l y  s t a g e s  o f  t h e  impact  which c l i m b  r a p i d l y  
i n  t h e  f i n a l  1 . 5  m ( 6 0  i n )  o f  t r a v e l .  

Appendix G i n c l u d e s  p e r t i n e n t  d a t a  f rom t h i s  t e s t .  T h e  

d i s p l a c e m e n t - t i m e  a n d  v e l o c i t y - t i m e  c u r v e s  i n c l u d e d  i n  t h a t  
a p p e n d i x  were o b t a i n e d  f r ' om t h e  f i l m s  b y  f o l l o w i n g  t h e  

c e n t r a l  s p o t  o n  t h e  c a s k .  T h e  d i s p l a c e m e n t - t i m e  c u r v e  
i n d i c a t e s  t h a t  t h e  cask came t o  a h o r i z o n t a l  s t o p .  0 .31 second 
a f t e r  t h e  f r o n t  e n d  o f  t h e  t r a c t o r  m a d e  c o n t a c t .  T h e  
v e l o c i t y - t i m e  c u r v e  i n d i c a t e s  a smooth  d e c r e a s e  i n  v e l o c i t y  
w i t h o u t  a n y  a b r u p t  c h a n g e s  i n  s l o p e ,  i n d i c a t i n g  a s m o o t h  
d e c e l e r a t i o n .  

- 
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Figure 4 . 1 4  Cask dece le ra t ion  as  a funct ion of time for t he  f i r s t  
t e s t  (from f i l m  d a t a ) .  

70 



I I I I 

CASK DECELERATION 
vs D I SPLACEMENT 

0 5 10 15 20 

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

0 1 2 3 4 5 6 
METERS 

CASK DISPLACEMENT 

- 
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The f i l m  d a t a  were a l s o  used t o  p l o t  t he  a t t i t u d e  of t h e  
ca sk  through t h e  impact .  These  d a t a ,  a l s o  i n c l u d e d  i n  
Appendix G ,  ind ica te  t h a t  the  cask bottomed o u t  a g a i n s t  t h e  
t a r g e t  w i t h  i t s  center  l i n e  making an angle of approximate ly  
1 6 O  w i t h  respec t  t o  the  hor izonta l .  

Cask accelerometer da ta  were obtained up t o  0 . 2 5  second 
a f t e r  t h e  f r o n t  end o f  t h e  system made c o n t a c t  w i t h  t h e  
t a r g e t .  A t  t h i s  p o i n t ,  some w i r e s  were s e v e r e d  and t h e  
s i g n a l s  were l o s t .  Four d e c e l e r a t i o n  t r a c e s  were ob ta ined  
from accelerometers on the  cask and a re  included i n  Appendix 
G .  These da t a  have been f i l t e r e d  t o  50 Hz. The r e s u l t s  a r e  
i n  agreement w i t h  the  f i l m  da ta  ind ica t ing  peaks o f  about  2 0  
g ' s .  

The a c t i v e  a c c e l e r o m e t e r s  mounted on t h e  t r a i l e r  
s t r u c t u r e  ind ica ted  peak dece lera t ion  l e v e l s  of about 2 0  g l s ,  
which a r e  i n  good agreement w i t h  t h e  s i g n a l s  o b t a i n e d  from 
t h e  cask. These t r a i l e r  u n i t s ,  however, were l o s t  e a r l i e r  i n  
t i m e  d u e  t o  damage s u s t a i n e d  by  t h e  a n t e n n a .  The p a s s i v e  
t y p e  a c c e l e r o m e t e r s  t h r o u g h o u t  t h e  t r a i l e r  s t r u c t u r e  
i n d i c a t e d  p e a k  g l e v e l s  w h i c h  a r e  b e l i e v e d  t o  b e  
u n r e a l i s t i c a l l y  h i g h ,  w i t h  readings as h i g h  as 1008 g ' s .  The 
p a s s i v e  a c c e l e r o m e t e r s  o n  t h e  c a s k  a l s o  i n d i c a t e d  
u n r e a l i s t i c a l l y  h i g h  readings as h i g h  as 1 6 0 0  g ' s .  

The a c t i v e  water pressure transducer inside the  cask d i d  

not funct ion c o r r e c t l y .  The passive u n i t s  could no t  be read 
i n d i c a t i n g  a p r e s s u r e  be low t h e  t h r e s h o l d  a t  w h i c h  a 
permanent i n d e n t a t i o n  would be made o n  t h e  d e v i c e .  The 
s i g n a l s  from the  accelerometers on the  t a r g e t  s t r u c t u r e ,  when 
in t eg ra t ed ,  indicated e s s e n t i a l l y  ze ro  d i sp lacemen t  f o r  t h e  
t a r g e t  face.  n 



4.3.2 Second T e s t  

The impact  v e l o c i t y  i n  t h e  s e c o n d  t e s t  was 1 3 5  kph ( 8 4  
mph) ,  which r e p r e s e n t s  twice t h e  k i n e t i c  e n e r g y  i n  t h e  f i r s t  
t es t .  A g a i n ,  t h e  p h o t o m e t r i c s  and i n s t r u m e n t a t i o n  f u n c t i o n e d  
w e l l .  F i g u r e s  4.16 - 4.19 i l l u s t r a t e  t h e  sequence o f  e v e n t s  
which o c c u r r e d  i n  t h i s  h i g h e r  v e l o c i t y  impact .  The  d u r a t i o n  
was o n l y  t w o - t h i r d s  as  l o n g  as i n  t h e  f i r s t  t e s t .  I n  t e rms  
o f  d a m a g e ,  t h e  r e s p o n s e  o f  t h e  v e h i c l e  i n  t h i s  t e s t  was 
a p p r o x i m a t e l y  t h e  same as  i n  t h e  f i r s t  t e s t .  The t r a c t o r  w a s  
c o m p l e t e l y  d e s t r o y e d  and  t h e  f r o n t  end o f  t h e  t r a i l e r  c r u s h e d  
a n d  b u c k l e d  u p  i n  a p p r o x i m a t e l y  t h e  same manner  a s  i n  t h e  
f i r s t  t e s t .  The cask r e m a i n e d  w i t h  t h e  t r a i l e r  s t r u c t u r e ,  
w i t h  o n l y  t h e  f r o n t  t i e d o w n  f a i l i n g .  T h e  r e a r  t i e d o w n  
e x h i b i t e d  l ess  damage t h a n  i n  t h e  f i r s t  t e s t .  

A s  i n  t h e  f i r s t  t e s t ,  t h e  ca sk  and  t r a i l e r  c o m p l e t e l y  
c r u s h e d  t h e  c a b .  The c a b  and  b u c k l e d - u p  p o r t i o n  o f  t h e  
t r a i l e r  a g a i n  came between t h e  c a s k  and t h e  t a r g e t .  I n  t h i s  
t e s t ,  t h e  impact  l i m i t e r  d i d  n o t  remain i n  p l a c e  b u t  c r u s h e d  
p a r t i a l l y  a n d  was e j e c t e d  upward o u t  o f  p l a c e ,  a s  c a n  b e  
c l e a r l y  b e  s e e n  i n  F i g u r e s  4 . 1 8  a n d  4 . 1 9 .  T h e  c a s k  

e n c o u n t e r e d  'a h a r d  t a r g e t  w i t h  a v e l o c i t y  o f  a p p r o x i m a t e l y  
1 0 0  kph ( 6 2  m p h ) .  The  c a s k  a t t i t u d e  was much c l o s e r  t o  
h o r i z o n t a l  t h a n  i n  t h e  f i r s t  t e s t ,  p r o d u c i n g  v e r y  c l o s e  t o  a 
p e r f e c t  end-on impac t .  

The sequence  of  e v e n t s  a n d  t imes  f o r  t h i s  t e s t  a r e  a s  
f o l l o w s :  
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F i g u r e  4 . 1 6  S e c o n d  t e s t  e v e n t  s e q u e n c e  t o  0 . 0 5 0  

TIME, SECONDS 

t = -.025 

t = 0.0 

t = .0250 

t = .050 

s e c o n d .  
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KI*= 1 

5zr = 1 

001* = 1 

510. = 1c 

saNom ‘3w 11 



n 



TIM, SECONDS 

t = .I75 

t = .zoo 

t = .225 

t = .250 

F i g u r e  4 . 1 8  S e c o n d  t e s t  e v e n t  s e q u e n c e  from 0.175 t o  0.250 s e c o n d .  
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TIM, SECONDS 

t = .275 

t = ,300 

t = .325 

t = .350 

F i g u r e  4 . 1 9  Second  t e s t  e v e n t  s e q u e n c e  from 0 .275  t o  0.350 s e c o n d  

81 



1 

I 

T'IME (SECONDS) 

0.00 

0 . 0 3 4  

0 . 0 3 6  

0 . 0 4 4  

0 . 0 7 8  

0 . 0 9 1  

0 . 1 2 7  

EVENT 

T r a c t o r  c o n t a c t s  face of t a r g e t .  

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

Tandem ax le  a s s e m b l y  s h e a r s  o f f .  

T r a i l e r  c o n t a c t s  back e n d  of c a b .  

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

B u c k l i n g  is i n i t i a t e d  i n  t r a i l e r  
frame 

F r o n t  e n d  of impact l i m i t e r  
c o n t a c t s  cab 

0 . 1 5 4  Cab is completely c r u s h e d .  

0 . 1 9 0  C a s k  comes t o  a h o r i z o n t a l  s t o p .  

I n  t h i s  t e s t ,  t h e  cask e n c o u n t e r e d  a h a r d e n e d  t a r g e t  a t  
a b o u t  1 0 0  kph  ( 6 2  m p h ) .  T h i s  s e v e r e  impact c a u s e d  r e l a t i v e l y  
l i t t l e  d a m a g e  t o  t h e  c a s k ,  w h i l e  t o t a l l y  d e m o l i s h i n g  t h e  
v e h i c l e .  F i g u r e  4 .20  i s  a n  o v e r a l l  v i e w  of  t h e  a r e a  a f t e r  
t h e  t e s t .  I n  t h i s  f i g u r e ,  i t  c a n  b e  s e e n  t h a t  t h e  c a s k  
r e m a i n e d  a t t a c h e d  t o  a n d  u p r i g h t  w i t h  t h e  t r a i l e r .  The  f r o n t  
impact l i m i t e r ,  w h i c h  c a n  b e  s e e n  i n  F i g u r e  4 . 2 0 ,  came t o  
r e s t  some d i s t a n c e  away f rom t h e  cask a f t e r  b e i n g  e j e c t e d  
upwar d s . 
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. -  
F i g u r e  4 .20  O v e r a l l  v iew o f  t h e  t r a n s p o r t  sys t em and t a r g e t  a r e a  

a f t e r  t h e  second t e s t .  



F i g u r e  4 . 2 1  i l l u s t r a t e s  t h e  s y s t e m  from t h e  s i d e .  As i n  
t h e  f i r s t  t e s t ,  t h e  t r u c k  c a b  was s e v e r e l y  c r u s h e d ,  b u t  t h i s  
time t o  a s l i g h t l y  g r e a t e r  d e g r e e .  The s t r u c t u r e s  which came 
b e t w e e n  t h e  c a s k  a n d  t h e  t a r g e t  were c o m p r e s s e d  t o  a 
t h i c k n e s s  o f  a b o u t  1 3  c m  ( 5  i n . ) .  T h e  f r o n t  e n d  o f  t h e  
t r a i l e r  s t r u c t u r e  c r u s h e d  a n d  b u c k l e d  upward  b u t  d i d  n o t  
t r a v e l  u p  t h e  t a r g e t  a s  f a r  a s  i n  t h e  f i r s , t  t e s t .  T h e  
k i n g p i n ,  w h i c h  c o n n e c t s  t h e  t r a i l e r  t o  t h e  t r a c t o r ,  w a s  
c a u g h t  b e t w e e n  t h e  c a s k  h e a d  and  t h e  t a r g e t ,  l e a v i n g  a n  
i n d e n t a t i o n  i n  t h e  cask h e a d .  1 n . a  f a s h i o n  s i m i l a r  t o  t h e  
f i r s t  t e s t ,  a l l  t h e  a x l e  a s s e m b l i e s  b r o k e  f r e e  f r o m  t h e  
f r a m e s  

F i g u r e  4 . 2 2  is a c l o s e u p  v iew of  t h e  cask a n d  t r a i l e r  
a f t e r  t h e  t e s t .  The re  w a s  some v e r y  s l i g h t  b u l g i n g  o n  t h e  

f r o n t  e n d  o f  t h e  ca sk  and  r a d i a l  c r a c k i n g  o f  some o f  t h e  
c o o l i n g  f i n s  n e a r  t h e  f r o n t .  The f u e l  c o n t a i n m e n t  a b i l i t y  o f  
t h e  c a s k ,  h o w e v e r ,  was n o t  t h r e a t e n e d .  T h e r e  was m i n o r  
s e e p a g e  of  water w h i c h  f i r s t  became n o t i c a b l e  a f t e r  t h e  c a s k  
was b e i n g  l i f t e d  o u t  o f  t h e  wreckage.  I t  w a s  e s t i m a t e d  t h a t  
a b o u t  1 0 0  c c  o f  c o o l a n t  l e a k e d .  N o  m o i s t u r e  c o u l d  b e  

d e t e c t e d  on  t h e  t r a i l e r  s t r u c t u r e ;  h e n c e ,  t h e  s e e p a g e  w a s  
i n i t i a t e d  i n  t h e  p r o c e s s  o f  r e m o v i n g  t h e  c a s k  f r o m  t h e  
wreck age .  

F i g u r e  4.23 i l l u s t r a t e s  t h e  f r o n t  end o f  t h e  c a s k  a f t e r  
t h e  impac t .  A s  can be s e e n ,  t h e  c o v e r  is  f i r m l y  i n  p l a c e .  
The most  r e a d i l y  a p p a r e n t  damage  is t h e  i n d e n t a t i o n  i n  t h e  
head  c a u s e d  by t h e  k i n g p i n .  F i g u r e  4 . 2 4  and 4 .25  i l l u s t r a t e  
b o t h  s i d e s  o f  t h e  f r o n t  e n d  o f  t h e  c a s k  a f t e r  t h e  i m p a c t .  
Some s l i g h t  b u l g i n g  and r a d i a l  cracks o f  t h e  c o o l i n g  f i n s  are 
n o t i c e a b l e  i n  t h e s e  p h o t o g r a p h s .  A l s o ,  it can  be  seen  t h a t  

n 
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Figure 4 . 2 1  Side view of the transport system after the second test. 
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F i g u r e  4 . 2 2  Close up s i d e  view of t h e  cask and v e h i c l e  a f t e r  t h e  
s e c o n d  tes t .  
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Figure 4.23 End v i ew of t h e  impact end of  t h e  cask a f t e r  t he  
second t e s t .  
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F i g u r e  4 . 2 5  R i q h t  s i d e  view of t h e  impact  end of  t h e  cask a f t e r  
t h e  second  t e s t .  
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t h e  f r o n t  a t t a c h m e n t  p l a t e  on t h e  cask  w a s  b e n t  b a c k w a r d s  
somewhat. 

F i g u r e  4.26 i l l u s t r a t e s ,  i n  an e x a g g e r a t e d  f a s h i o n ,  t h e  
a v e r a g e  cask  d e f o r m a t i o n  p r o f i l e  o b t a i n e d  f r o m  p o s t - t e s t  
measurements  of t h e  cask.  The maximum hoop s t r a i n  was 3 % .  
The d e f o r m a t i o n  w a s  l a r g e l y  c o n f i n e d  t o  t h e  f r o n t  1 . 5  m ( 6 0  
i n )  o f  t h e  cask.  A l e n g t h  measurement on t h e  cask i n d i c a t e d  
t h a t  it s h o r t e n e d  by 6 c m  (2 .36  i n )  o r  1 . 6 % .  On t h e  back end 
of t h e  c a s k ,  t h e r e  was a . 9 5  c m  ( . 3 7 5  i n )  g a p  b e t w e e n  t h e  
l e a d  s h i e l d i n g  and t h e  o u t e r  s h e l l .  

The i n s t r u m e n t a t i o n  a n d  d a t a  r e d u c t i o n  f o r  t h e  s e c o n d  
t e s t  were s i m i l a r  t o  t h a t  o f  t h e  f i r s t .  A g a i n ,  d a t a  w e r e  
o b t a i n e d  f r o m  m o t i o n  p i c t u r e  f i l m s  a n d  f r o m  o n b o a r d  
i n s t r u m e n t a t i o n .  P e r t i n e n t  d a t a  f o r  t h i s  t e s t  a r e  i n c l u d e d  
i n  Appendix H .  

Fo r  p u r p o s e s  o f  c o m p a r i s o n  w i t h  t h e  f i r s t  t e s t ,  a 
d e c e l e r a t i o n  p l o t  was c a l c u l a t e d  from t h e  f i l m  v e l o c i t y - t i m e  
d a t a  a s  i n  t h e  f i r s t  t e s t .  F i g u r e  4 . 2 7  i l l u s t r a t e s  t h e  
r e s u l t s .  A s  c a n  be s e e n ,  it w a s  c a l c u l a t e d  t h a t  t h e  c a s k  
s u s t a i n e d  a d e c e l e r a t i o n  o f  7 0  g ' s ,  w h i c h  is a p p r o x i m a t e l y  
f o u r  times h i g h e r  t h a n  i n  t h e  l o w e r  v e l o c i t y  t e s t .  F i g u r e  
4 . 2 8 ,  a l s o  o b t a i n e d  f r o m  f i l m  d a t a ,  i s  a p l o t  o f  c a s k  
d e c e l e r a t i o n  as  a f u n c t i o n  o f  cask d i s p l a c e m e n t .  

T h e  d i s p l a c e m e n t - t i m e  c u r v e  f o r  t h e  c a s k ,  i n c l u d e d  i n  
Appendix H ,  is more l i n e a r  t h a n  t h e  c o r r e s p o n d i n g  c u r v e  f o r  
t h e  f i r e s t  t e s t  and i n d i c a t e s  t h a t  t h e  ca sk  t r a v e l e d  t o  i t s  
maximum h o r i z o n t a l  d i s p l a c e m e n t  i n  0 . 1 9  s e c o n d .  T h e  
v e l o c i t y - t i m e  c u r v e  f o r  t h e  cask o b t a i n e d  f r o m  t h i s  t e s t  is 
n o t  a s  s m o o t h  a s  t h a t  f r o m  t h e  f i r s t  t e s t  i n d i c a t i n g  a 
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d e f i n i t e  change i n  s lope a t  1 0 0  kph ( 6 2  mph),  co r re spond ing  
t o  an elapsed t i m e  of 0.155 second. A t  t h i s  p o i n t  i n  t i m e ,  
t h e  vehicular  s t r u c t u r e s  between the  cask and t h e  t a r g e t  were 
completely crushed and r e s i s t a n c e  t o  cask motion s t i f f e n e d .  
The f i n a l  s lope of t h e  cu rve  i n d i c a t e s  an ave rage  cask and 
t r a i l e r  dece le ra t ion  of approximately 7 0  9 ' s .  

The  cask a t t i t u d e  th roughou t  t h e  impact i n  t h e  second 
t e s t  remained much more hor izonta l  than i n  t he  f i r s t  t e s t  a s  
ind ica ted  by the  p l o t  i n  Appendix H .  The cask  ang le  a t  t h e  
t i m e  t h a t  i t  bottomed o u t  a g a i n s t  t h e  t a r g e t  was 2 O  f rom 
hor i zon ta l .  

Five accelerometer t r a c e s  from d i f f e r e n t  l o c a t i o n s  on 
t h e  cask were obtained from t h i s  t e s t .  Peak a c c e l e r a t i o n s  
r e c o r d e d  v a r i e d  f r o m  1 2 5  t o  1 8 5  9 ' s .  T h e  a c t i v e  
accelerometers on t h e  t r a i l e r  s t r u c t u r e  were l o s t  p a r t i a l l y  
through t h e  impact. They recorded a maximum of 50 g ' s  p r i o r  
t o  f a i l i n g .  Again, a l l  accelerometer s i g n a l s  were f i l t e r e d  
t o  5 0  Hz. 

T h e  p a s s i v e  a c c e l e r o m e t e r s  a g a i n  i n d i c a t e d  
u n r e a l i s t i c a l l y  h i g h  l e v e l s  which were no t  v e r y  d i f f e r e n t  
from those  r eco rded  i n  t h e  f i r s t  t e s t .  Leve l s  a s  h i g h  a s  
1 0 0 0  g ' s  on t h e  ' t r a i l e r  s t r u c t u r e  and 800 g ' s  on t h e  cask 
were observed. 

The water  p r e s s u r e  t r a n s d u c e r s  i n s i d e  t h e  c a s k  were  
destroyed i n  t h e  impact. The recording system for t h e  t a r g e t  
a c c e l e r o m e t e r s  a l s o  m a l f u n c t i o n e d .  H o w e v e r ,  c l o s e  
examination of the  f i l m s  d id  not revea l  any de tec t ab le  t a r g e t  
motion. 

94  



The  cask a c t i v e  a c c e l e r o m e t e r  s i g n a l s  were i n t e g r a t e d  t o  
c a l c u l a t e  d i s p l a c e m e n t - t i m e  and  v e l o c i t y - t i m e  c u r v e s  f o r  t h e  
cask. The  f i v e  a c c e l e r o m e t e r s  g a v e  v e r y  s i m i l a r  r e s u l t s .  
Curves  c o r r e s p o n d i n g  t o  t h e  back l e f t  a c c e l e r o m e t e r  have  been 
i n c l u d e d  i n  A p p e n d i x  H .  T h e s e  a c c e l e r o m e t e r  r e s u l t s  a r e  
a g a i n  i n  good ag reemen t  w i t h  t h e  f i l m  d a t a  i n  terms o f  p u l s e  
s h a p e  and t imes.  T h e  p e a k s ,  h o w e v e r ,  a r e  somewhat  h i g h e r  
t h a n  t h o s e  i n d i c a t e d  b y  t h e  f i l m  d a t a .  T h e  i n t e g r a t e d  
a c c e l e r o m e t e r  v e l o c i t y  and d i s p l a c e m e n t  d a t a  a r e  a l s o  i n  good 
ag reemen t  w i t h  t h e  f i l m  d a t a .  

T h e  s t r a i n  g a g e s  o n  b o t h  s i d e s  o f  t h e  cask  g a v e  v e r y  
s i m i l a r  r e a d i n g s .  They  i n d i c a t e d  l o w  s t r a i n s  u p  t o  a b o u t  
0 .18 s e c o n d .  A t  t h i s  t i m e ,  t h e  s i g n a l s  t o o k  a l a r g e  s t e p  
j u m p  t o  t h e  maximum v a l u e  o f  t h e  c a l i b r a t i o n  r a n g e ,  w e l l  
beyond t h e  y i e l d  p o i n t  o f  t h e  m a t e r i a l .  T h u s ,  t h e  s t r a i n  
g a g e s  i n d i c a t e d  t h a t  t h e  ca sk  d i d  n o t  s u s t a i n  p e r m a n e n t  
d e f o r m a t i o n s  u n t i l  v e r y ' l a t e  i n  t h e  impact. The  r e s u l t s  from 
t h e  r i g h t  s i d e  r o s e t t e  have  been i n c l u d e d  i n  Appendix  H .  

T h e  impact  f i r m l y  wedged t h e  h e a d  i n  p l ace  a n d  it w a s  
removed o n l y  w i t h  c o n s i d e r a b l e  d i f f i c u l t y  b y  j a c k i n g  it  o u t  
w i t h  sc rews . '  A f t e r  t h e  head was r e m o v e d ,  a l a r g e  f o r c e  had  

t o  be appl ied t o  p u l l  o u t  t h e  f u e l  e l e m e n t s .  T h i s  w a s  d u e  t o  
t h e  f o r m a t i o n  o f  a s l i g h t  b u l g e  on t h e  i n n e r  d i a m e t e r  a t  t h e  
impact e n d .  F i g u r e  4 . 2 9  i l l u s t r a t e s  t h e  e l e m e n t s  b e i n g  

. p u l l e d  o u t .  A s  c a n  be s e e n ,  some o f  t h e  i n d i v i d u a l  f u e l  r o d s  
b u c k l e d  i n  t h e  i m p a c t ,  b u t  t h e  b u n d l e  r e t a i n e d  i t s  b a s i c  
c o n f i g u r a t i o n .  F i g u r e  4.30 i l l u s t r a t e s  t h e  o v e r a l l  c o n d i t i o n  
o f  t h e  f u e l  b u n d l e .  A l s o ,  t h e  b a l l a s t  a t t a c h e d  t o  t h e  back 
end  can be seen i n  t h i s  f i g u r e .  
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F i g u r e  4 . 2 9  F u e l  b u n d l e  b e i n g  p u l l e d  o u t  of t h e  cask a f t e r  t h e  
s e c o n d  t e s t .  
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4 . 4  D i s c u s s i o n  

I n  t h e  f i r s t  t e s t  a t  9 8  kph  ( 6 1  mph) t h e  m a i n  cask b o d y  
was n o t  p e r m a n e n t l y  d e f o r m e d .  T h i s  was d u e  t o  t h e  e n e r g y  
shock  a t t e n u a t i o n  o f  t h e  v e h i c l e  a n d  i m p a c t  l i m i t e r  a n d  t o  
t h e  f a c t  t h a t  t h e  t i edown  s y s t e m  h e l d  t h e  cask t o  t h e  t r a i l e r  
s t r u c t u r e .  The  second t e s t ,  a t  135 kph ( 8 4  mph) r e p r e s e n t i n g  
twice a s  much k i n e t i c  e n e r g y  i n  t h e  sys t em,  r e s u l t e d  i n  v e r y  
minimal  damage t o  t h e  cask and d i d  n o t  pose  a s e r i o u s  t h r e a t  
t o  i ts  f u e l  c o n t a i n m e n t  a b i l i t y .  I n  t h i s  s e c o n d  t e s t  t h e  
v e h i c l e  s t r u c t u r e  d i d  n o t  have s u f f i c i e n t  e n e r g y  a b s o r p t i o n  
c a p a b i l i t y  t o  p r e v e n t  t h e  c a s k  f r o m  e n c o u n t e r i n g  a h a r d  
t a r g e t  a t  a r e l a t i v e l y  h i g h  v e l o c i t y .  T h e  f r o n t  i m p a c t  
l i m i t e r  d i d  n o t  r e m a i n  i n  p l a c e  a n d  i t s  e f f e c t  was v e r y  
m i n i m a l .  T h e  r e s u l t a n t  damage t o  t h e  c a s k  wou ld  n o t  h a v e  
been  g r e a t l y  d i f f e r e n t  i f  it had n o t  been d i s l o d g e d .  T h i s  is 
d u e  t o  t h e  f a c t  t h a t ,  a t  impact, t h e  ca sk  h a d  s e v e r a l  t i m e s  
more e n e r g y  t h a n  t h e  l i m i t e r  c o u l d  be e x p e c t e d  t o  a b s o r b .  

T h e  d e c e l e r a t i o n  l e v e l s  e n c o u n t e r e d  b y  t h e  c a s k  a t  
v a r i o u s  d i s p l a c e m e n t s  and  down t o  a p o i n t  n e a r  t o  t h e  face of  
t h e  t a r g e t  were a l m o s t  i d e n t i c a l  i n  t h e  two t e s t s .  T h i s  can  
be v e r i f i e d  by s u p e r i m p o s i n g  t h e  d e c e l e r a t  ion-d i s p l a c e m e n t  
c u r v e s  f r o m  t h e  two  t e s t s  a n d  s h i f t i n g  t h e  c u r v e  f r o m  t h e  

s e c o n d  t e s t  t o  t h e  r i g h t  3 0  c m  (1 f t )  t o  a c c o u n t  f o r  t h e  
s l i g h t  d i f f e r e n c e  i n  f i f t h - w h e e l  l o c a t i o n s .  When t h i s  is 
d o n e ,  t h e  c u r v e s  can be seen t o  be i n  v e r y  good a g r e e m e n t  t o  
a p o i n t  a b o u t  1 m ( 3 . 3  f t )  f rom t h e  maximum d i s p l a c e m e n t .  A t  

t h i s  p o i n t  t h e  c u r v e s  d i v e r g e  w i t h  t h e  peak f r o m  t h e  s e c o n d  
t es t  b e i n g  much h i g h e r .  T h e  e x c e l l e n t  a g r e e m e n t  t h r o u g h o u t  
t h e  m a j o r i t y  o f  t h e  c r u s h - u p  p h a s e  i n d i c a t e s  t h a t  
s t r u c t u r a l l y  t h e  two v e h i c u l a r  s y s t e m s  r e s p o n d e d  a l m o s t  
i d e n t i c a l l y  i n  terms o f  c r u s h  f o r c e  and e n e r g y  a b s o r p t i o n .  
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A n  e s t i m a t e  o f  t h e  b u c k l i n g  s t r e n g t h  o f  t h e  f r o n t  
p o r t i o n  o f  t h e  t r a i l e r  s t r u c t u r e s  c a n  be o b t a i n e d  b y  n o t i c i n g  
t h e  t i m e s  a t  w h i c h  b u c k l i n g  o c c u r r e d  i n  t h e  s e r i e s  o f  
p h o t o g r a p h s  from t h e  t e s t s  and  by f i n d i n g  t h e  c o r r e s p o n d i n g  g 

l e v e l  i n  t h e  d e c e l e r a t i o n - t i m e  p l o t s .  I t  w i l l  b e  f o u n d  t h a t  
i n  b o t h  cases t h e  d e c e l e r a t i o n  l e v e l  a t  t h a t  p o i n t  i n  t i m e  
w a s  a b o u t  8 9 ' s .  Assuming t h a t  a m e a n  o f  2 5 , 0 0 0  kg ( 5 5 , 0 0 0  
l b )  is b e i n g  d e c e l e r a t e d ,  t h e  c r u s h  o r  b u c k l i n g  s t r e n g t h  o f  
t h e  t r a i l e r  was a p p r o x i m a t e l y  4 4 0 , 0 0 0  l b ,  which  is v e r y  c l o s e  
t o  t h e  n u m b e r  e s t i m a t e d  i n  t h e  l u m p e d  p a r a m e t e r  m o d e l  
(Appendix  A ,  F i g u r e  A - 4 ) .  

R e g a r d i n g  t h e  b e h a v i o r  o f  t h e  t i e d o w n s ,  it s h o u l d  be  
n o t e d  t h a t  t h e y  were d e s i g n e d  t o  w i t h s t a n d  a n  a x i a l ,  l a t e r a l ,  
10-9 l o a d i n g .  T h i s  is a p p r o x i m a t e l y  what  t h e  cask  s u s t a i n e d  
d u r i n g  c r u s h  u p  of  t h e  f r o n t  e n d  of  t h e  t r a i l e r .  Had t h e  
t r a i l e r  s t r u c t u r e  been s l i g h t l y  s t r o n g e r ,  it is p o s s i b l e  t h a t  
t h e  t i e d o w n s  would have  f a i l e d .  The t i edown  s y s t e m  was j u s t  
s t r o n g  e n o u g h  t o  t a k e ,  a d v a n t a g e  o f  t h e  e n e r g y  a b s o r p t i o n  
c a p a b i l i t y  o f  t h e  t r a i l e r .  I n  t h i s  r e s p e c t ,  t h e  t r a n s p o r t  
s y s t e m  t e s t e d  was a p p a r e n t l y  a w e l l - b a l a n c e  d e s i g n .  

I n  t h e  f i r s t  t e s t ,  t h e  d e c e l e r a t i o n  l e v e l s  c a l c u l a t e d  
f r o m  t h e  f i l m  d a t a  a g r e e d  w e l l  w i t h  t h e  a c c e l e r o m e t e r  
r e s u l t s .  I n  t h e  s .econd t e s t ,  t h e  a c c e l e r o m e t e r  s i g n a l s  
e x h i b i t e d  peaks w h i c h  were somewhat h i g h e r  t h a n  t h e  f i l m  d a t a  
i n d i c a t e d .  It m u s t  be d e d u c e d  t h a t  t h e  d i s c r e t e  f i l m  d a t a  
a r e  n o t  s u f f i c i e n t l y  f i n e  t o  c a p t u r e  s o m e  o f  t h e  h i g h  
f r e q u e n c y  peaks .  They do ,  however ,  g i v e  a p u l s e  shape  w h i c h  
is r e p r e s e n t a t i v e  o f  a r i g i d  body d e c e l e r a t i o n  f o r  t h e  c a s k .  
T h i s  was v e r i f i e d  by i n t e g r a t i n g  t h e  f i l m  d e c e l e r a t  i o n - t  i m e  
p l o t s  ( F i g u r e s  4 . 1 4  and  4 . 2 7 ) .  I n  e a c h  c a s e ,  t h i s  p r o c e d u r e  
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i n d i c a t e d  t h e  c o r r e c t  v e l o c i t y  c h a n g e  w h i c h  t h e  c a s k  
under  went .  

T h e  s t r a i n  gage  d a t a  from t h e  second t e s t  i n d i c a t e d  t h a t  
t h e  s t r a i n  w e n t  b e y o n d  t h e  e l a s t i c  r a n g e  a t  0 . 1 8  s e c o n d .  
T h i s  c o r r e s p o n d s  t o  a p p r o x i m a t e l y  t h e  l a s t  1 5  c m  ( 6  i n )  o f  
t r a v e l .  T h u s ,  t h e  c a s k  t h o r o u g h l y  c o m p r e s s e d  t h e  c a b  and  
buck led -up  p o r t i o n  of t h e  t r a i l e r  s t r u c t u r e  b e f o r e  it b e g a n  
t o  deform.  C o n s e q u e n t l y ,  t h e  d e f o r m a t i o n s  w h i c h  t h e  cask  
body s u s t a i n e d  o c c u r r e d  o n l y  d u r i n g  t h e  l a s t  1 0  m i l l i s e c o n d s  
of  t h e  impact. 

T h e  p a s s i v e  a c c e l e r o m e t e r  d a t a  w h i c h  was r e c o r d e d  
i n d i c a t e d  u n r e a l i s t i c a l l y  h i g h  d e c e l e r a t i o n  l e v e l s .  I t  m u s t  
be deduced t h a t  t h e  response of t h e  s t r u c t u r e  w a s  s u c h  t h a t  

it c a u s e d  'the small  b a l l  i n s i d e  t h e  u n i t s  t o  ' impact  t h e  c r u s h  
d i s h  r e p e a t e d l y ,  p r o d u c i n g  a c u m u l a t i v e  e f f e c t .  I n  o t h e r  
w o r d s ,  t h e  a c c e l e r o m e t e r s  " r a t t l e d "  a n d  g a v e  e r r o n e o u s  
r e a d i n g s .  Any f u t u r e  u s e  o f  t h e s e  d e v i c e s  on f u l l - s c a l e  
t es t s  s h o u l d  be  c a r e f u l l y  e v a l u a t e d .  



5.0 Comparison of  A n a l y s i s  and Scale Model T e s t s  

t o  F u l l - s c a l e  T e s t  R e s u l t s  

5 .1  F i r s t  T e s t  

The m a t h e m a t i c a l  a n a l y s i s  and s ca l e  model t e s t s  c l o s e l y  
p r e d i c t e d  t h e  r e s u l t s  of  t h e  f i r s t  f u l l - s c a l e  t e s t .  

I n  comparing t h e  f u l l - s c a l e  t e s t  r e s u l t s  w i t h  t h e  lumped 
p a r a m e t e r  model p r e d i c t i o n s ,  t h e  r e s p o n s e  o f  t h e  f u l l - s c a l e  
s y s t e m  c l o s e l y  p a r a l l e l e d  t h e  c a l c u l a t e d  f a v o r a b l e  r e s u l t s .  
T h e s e  r e s u l t s ,  a s  d e s c r i b e d  p r e v i o u s l y  i n  S e c t i o n  2 . 2 ,  
i n d i c a t e d  t h a t  t h e  ca sk  would  d e c e l e r a t e  g r a d u a l l y  w h i l e  
c r u s h i n g  t h e  v e h i c l e  s t r u c t u r e s .  I t  was c a l c u l a t e d  t h a t  t h e  
t r a c t o r  wou ld  b e  c o m p l e t e l y  d e m o l i s h e d  a n d  t h a t  t h e  f r o n t  
p o r t i o n  o f  t h e  t r a i l e r  would  b e  e x t e n s i v e l y  damaged.  The 
r e s u l t s  a l s o  i n d i c a t e d  t h a t  t h e  k i n e t i c  e n e r g y  o f  t h e  c a s k  
would b e  expended b e f o r e  t h e  i m p a c t  l i m i t e r  was c o m p l e t e l y  
c r u s h e d .  T h u s ,  c a l c u l a t i o n s  i n d i c a t e d  t h a t  u n d e r  t h e s e  
c o n d i t i o n s  t h e  c a s k  would n o t  see a h a r d  t a r g e t  and would n o t  
u n d e r g o  a n y  p e r m a n e n t  d e f o r m a t i o n s  t o  i t s  b a s i c  b o d y  
s t r u c t u r e .  T h i s  p r e d i c t e d  b e h a v i o r  was o b s e r v e d  i n  t h e  
f u l l - s c a l e  t e s t .  

The f u l l - s c a l e  t e s t  r e s u l t s  a l s o  a g r e e d  w e l l  w i t h  t h e  
o b s e r v e d  b e h a v i o r  i n  t h e  s c a l e  m o d e l  t e s t .  A s  t h e  s c a l e  
model p r e d i c t e d ,  t h e  t r a c t o r  w a s  c o m p l e t e l y  d e m o l i s h e d  a n d  
t h e  k i n g  p i n  c o n n e c t i o n  b r o k e n .  The  f r o - n t  p o r t i o n  o f  t h e  
f u l l - s c a l e  t r a i l e r  s t r u c t u r e  plowed t h r o u g h  t h e  c a b ,  h i t  t h e  
t a r g e t ,  and b u c k l e d  upward, coming b e t w e e n  t h e  ca sk  and  t h e  
t a r g e t .  The c a s k  h i t  t h e  t a r g e t  i n  c l o s e  t o  a n  e n d - o n  
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a t t i t u d e  b u t  d i d  n o t  completely crush the  l im.iter nor d i d  it 
s u s t a i n  any deformation t o  i t s  bas ic  s t r u c t u r e .  All of t h i s  
p r e d i c t e d  behavior  was observed i n  t h e  s c a l e  model t e s t .  
Comparisons o f  model - to-pro to type  behavior  can be made by 
examining Figures 3.2 - 3.3 and 4 . 9  - 4 .13 .  

For purposes of a more q u a n t i t a t i v e  comparison,  F igure  
5 .1  compares the  displacement-time r e s u l t s  from t h e  numerical 
a n a l y s i s  and t h e  s c a l e  model t e s t  w i t h  r e s u l t s  f rom t h e  
f u l l - s c a l e  t e s t .  As can be s e e n ,  both a n a l y s i s  t e c h n i q u e s  
( n u m e r i c a l  and s c a l e  model ing)  agreed  w e l l  w i t h  t h e  f u l l  
s c a l e  t e s t s  r e s u l t s .  Figure 5.2 i l l u s t r a t e s  a comparison o f  
t h e  v e l o c i t y - t i m e  r e s u l t s .  A s  c a n  be  s e e n ,  b o t h  t h e  

numerical lumped-parameter model and t h e  scale-model r e s u l t s  
c l o s e l y  p a r a l l e l e d  t h e  v e l o c i t y - t i m e  h i s t o r y  f o r  t h e  
f u l l - s c a l e  c a s k .  T h e  damage which t h e  cask s u s t a i n e d  was 
a l s o  well p red ic ted .  The mathematical model p r e d i c t e d  t h a t  
t h e  impact l i m i t e r  would n o t  be c o m p l e t e l y  c rushed .  T h i s  

precluded any deformation t o  t h e  b a s i c  cask  s t r u c t u r e .  I n  
t h e  s c a l e  model t e s t ,  it was observed t h a t  indeed t h e  impact 
l i m i t e r  was n o t  f u l l y  compressed. The model cask  d i d  no t  
s u s t a i n  any measurable deformation. I n  t h e  f u l l - s c a l e  t e s t ,  
t h e  b a s i c  c a s k - b o d y  s t r u c t u r e  l i k e w i s e  was c o m p l e t e l y  
underformed, ve r i fy ing  t h e  p red ic t ions .  

5.2 Second Test 

The response of the  f u l l - s c a l e  system i n  t he  second t e s t  
a l s o  a g r e e d  w e l l  w i t h  p r e t e s t  p r e d i c t i o n s  b a s e d  o n  
mathemat i c a l  analys  is and s c a l e  model ing.  

The numer ica l  a n a l y s i s  f o r  t h e  second t e s t  i n d i c a t e d  
t h a t  t h e  vehic le  system would be d e s t r o y e d  i n  much t h e  same Q 
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Figure 5.1 Cask displacement as a funct ion o f  time for t he  f i r s t  
t e s t  from a n a l y s i s ,  s c a l e  model, and f u l l - s c a l e .  
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A METE I 

Cask v e l o c i t y  as a f u n c t i o n  of  time f o r  t h e  f i r s t  tesi 
from a n a l y s i s ,  s c a l e  model, and f u l l - s c a l e .  
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manner  a s  i n  t h e  f i r s t  t e s t  b u t  m o r e  q u i c k l y  w i t h  t h e  
d u r a t i o n  of t h e  e v e n t  b e i n g  0 . 2  s econd .  I t  pred ic ted  t h a t  
t h e  ca sk  w o u l d  i m p a c t  t h e  t a r g e t  a t  a r e l a t i v e l y  h i g h  
v e l o c i t y ,  c o m p l e t e l y  c r u s h i n g  t h e  impact  l i m i t e r .  T h u s ,  t h e  
a n a l y t i c a l  model p r e d i c t e d  t h a t  t h e  c a s k  would  u n d e r g o  some 
permanent  d e f o r m a t  ion .  

F i g u r e  5 . 3  i l l u s t r a t e s  t h e  d i s p l a c e m e n t - t i m e  r e s u l t s  
f rom t h e  second  f u l l - s c a l e  t e s t  super imposed  on t h e  f a v o r a b l e  
l u m p e d - p a r a m e t e r  mode l  a n a l y s i s  o f  S e c t i o n  2 .  A s  c a n  b e  
s e e n ,  t h e  d i s p l a c e m e n t - t i m e  b e h a v i o r  o f  t h e  f u l l - s c a l e  s y s t e m  
c l o s e l y  p a r a l l e l e d  t h e  b e h a v i o r  p r e d i c t e d  b y  t h e  a n a l y s i s .  
F i g u r e  5 . 4  i l l u s t r a t e s  a c o m p a r i s o n  o f  t h e  v e l o c i t y - t i m e  
r e s u l t s ,  which a l s o  show good ag reemen t .  T h e  d e c e l e r a t i o n  o f  
t h e  cask i n  t h e  f u l l - s c a l e  t e s t  p r o v e d  t o  b e  s m o o t h e r  t h a n  
t h e  m o d e l  h a d  p r e d i c t e d .  C l o s e  e x a m i n a t i o n  o f  t h e  f i l m s  
i n d i c a t e d  t h a t  t h e  c a s k  e n c o u n t e r e d  a h a r d  t a r g e t  ( a f t e r  
c o m p l e t e l y  c r u s h i n g  t h e  v e h i c l e  s t r u c t u r e s )  a t  1 0 0  kph ( 6 2  
m p h ) .  T h i s  c o m p a r e s  w i t h  a v a l u e  o f  1 0 5  k p h  ( 6 5  m p h )  
p r e d i c t e d  b y  t h e  l u m p e d - p a r a m e t e r  m o d e l .  T h e  f i n a l  
d e c e l e r a t i o n  o f  t h e  c a s k  i n  t h e  f u l l - s c a l e  t e s t  w a s  m i l d e r  
t h a n  t h e  model p r e d i c t e d .  T h e  t i m e  d u r a t i o n  o f  t h e  impact 
a n d  t h e  g e n e r a l  s h a p e  o f  t h e  v e l o c i t y - t i m e  c u r v e s  w e r e  i n  

e x c e l l e n t  ag reemen t .  

The dynamic f i n i t e - e l e m e n t  m o d e l  r e s u l t s  d e s c r i b e d  i n  
S e c t i o n  2 . 3  p r o v e d  t o  b e  o n  t h e  c o n s e r v a t i v e  s i d e ,  a s  
e x p e c t e d ,  b u t  s t i l l  g a v e  e x c e l l e n t  i n d i c a t i o n s  of  how t h e  
cask would deform i n  t h e  f i n a l  impact i n t o  t h e  t a r g e t .  An 

e x a m i n a t i o n  of t h e  deformed f i n i t e - e l e m e n t  mesh ( F i g u r e  2 . 7 )  
a n d  t h e  m e a s u r e d  d e f o r m a t i o n  c o n t o u r  o f  t h e  cask  ( F i g u r e  
4 .26)  i n d i c a t e  e x c e l l e n t  q u a l i t a t i v e  a g r e e m e n t ,  a l t h o u g h  t h e  
peak d e f o r m a t i o n  p r e d i c t e d  was o v e r  e s t i m a t e d .  The mode l  
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Figure 5.3 Cask displacement as  a funct ion of t i m e  for t he  secon 
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i n d i c a t e d  a maximum hoop s t r a i n  o f  9 %  ; w h e r e a s  m e a s u r e m e n t s  
o n  t h e  f u l l - s c a l e  c a s k  a f t e r  t h e  i m p a c t  i n d i c a t e d  a 3 %  
s t r a i n .  The  f i n i t e - e l e m e n t  mode l  i n d i c a t e d  t h a t  t h e  cask  
w o u l d  s h o r t e n  b y  2 % ;  a c t u a l  m e a s u r e m e n t s  o n  t h e  c a s k  

i n d i c a t e d  a 1 . 6 %  c o m p a c t i o n .  T h e  l a r g e r  d e f o r m a t i o n s  
i n d i c a t e d  by  t h e  f i n i t e  e l e m e n t  model  a r e  p a r t l y  d u e  t o  t h e  
s l i g h t l y  h i g h e r  i m p a c t  v e l o c i t y  u s e d  i n  t h e  m o d e l  a n d  t o  
c o n s e r v a t i v e  a s s u m p t i o n s  made i n  t h e  m o d e l ' s  c o n s t r u c t  i on .  

The second  sca le  model t e s t  d i s c u s s e d  i n  S e c t i o n  3 . 4  d i d  1 

n o t  c o r r e s p o n d  e x a c t l y ,  i n  t e r m s  o f  i m p a c t  v e l o c i t y ,  t o  t h e  
s e c o n d  f u l l - s c a l e  t e s t ,  b e i n g  somewhat  l o w e r  ( 1 2 2  v s .  1 3 5  
k p h ) .  However, s i n c e  t h e  t i e d o w n s  were a r t i f i c a l l y  weakened  
i n  t h e  s c a l e  m o d e l  t e s t ,  t h e  mode l  c a s k  t o r e  l o o s e  o f  t h e  
t r a i l e r  e a r l y  i n  t h e  impact  and  h i t  t h e  t a r g e t  a t  a v e l o c i t y  
comparab le  t o  t h a t  i n  t h e  second f u l l - s c a l e  t e s t ,  w h e r e  t h e  

s y s t e m  impacted  a t  a h i g h e r  v e l o c i t y  b u t  t h e  t i e d o w n s  h e l d  
a l l o w i n g  c o n s i d e r a b l e  s l o w i n g  of t h e  cask.. T h e r e f o r e ,  it is 
r e a s o n a b l e  t o  compare t h e  r e s u l t a n t  damage t o  t h e  casks.  

The d e f o r m a t i o n s  o f  t h e  model c a s k  ( F i g u r e  3 . 5 )  a r e  i n  
e x c e l l e n t  ag reemen t  w i t h  t h o s e  s u s t a i n e d  b y  t h e  f u l l - s c a l e  
u n i t .  I n  e a c h  case,  t h e  maximum hoop s t r a i n  w a s  3 % .  F i g u r e  
5.5 compares  t h i s  m a g n i f i e d  d e f o r m a t i o n  p r o f i l e  i n  t h e  t w o  
tests w i t h  t h e  model d i m e n s i o n s  b e i n g  m u l t i p l i e d  by  t h e  s c a l e  
f a c t o r .  As can be s e e n ,  t h e  d e f o r m a t i o n s  a r e  v e r y  s i m i l a r .  
Most o f  t h e  d i f f e r e n c e  is due  t o  t h e  f a c t  t h a t ,  b e c a u s e  s t o c k  
t u b i n g  w a s  u s e d  i n  t h e  m o d e l ,  i t  was s l i g h t l y  o f f  s c a l e  
( a b o u t  2 % ) .  I f  t h e  model d e f o r m a t i o n  c u r v e  i n  F i g u r e  5 . 5  i s  
s h i f t e d  upwards t o  a c c o u n t  f o r  t h i s  , t h e  a g r e e m e n t  i m p r o v e s  
s i g n i f i c a n t l y .  
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Q 5 . 3  D i s c u s s  i o n  

B o t h  t h e  a n a l y t i c a l  a n d  s c a l e - m o d e l  i n g  t e c h n i q u e s  
y i e l d e d  r e s u l t s  which a c c u r a t e l y  p r e d i c t e d  t h e  b e h a v i o r  o f  
t h e  f u l l - s c a l e  sys t em.  The r e s p o n s e  of  t h e  f u l l - s c a l e  sys t em 
w a s  e n t i r e l y  p r e d i c t e d  i n  t e r m s  o f  t h e  r i g i d  body dynamics of  
t h e  cask t h r o u g h  t h e  impact  and t h e  r e s u l t a n t  damage  t o  t h e  
c a s k  o c c u r r i n g  d u r i n g  t h e  f i n a l  c a s k - t a r g e t  i m p a c t .  T h e  

r e s p o n s e  o f  t h e  v e h i c u l a r  s y s t e m  and  t h e  t i m e  f r a m e  f o r  t h e  
impact  were a l s o  i n  good agreement  w i t h  t h e  p r e t e s t  a n a l y s i s  
and scale  model ing .  

A n a l y t i c a l l y ,  t h e  d i s p l a c e m e n t  f o r  t h e  cask i n  t h e  f i r s t  
t e s t  was somewhat o v e r e s t i m a t e d  ( F i g u r e  5.1) due  t o  t h e  f a c t  
t h a t  a s h o r t e r  t r a c t o r  was s u b s t i t u t e d  for t h e  t e s t .  A 

s l i g h t  m o d i f i c a t i o n  was made t o  t h e  mode l  b e t w e e n  t e s t s  t o  
m o r e  a c c u r a t e l y  r e f l e c t  t h e  h a r d w a r e ,  a n d  t h e  a g r e e m e n t  
be tween a n a l y s i s  and t h e  a c t u a l  t e s t  i m p r o v e d  ( F i g u r e  5 . 3 ) .  
The n u m e r i c a l l y  c a l c u l a t e d  v e l o c i t y  t i m e  h i s t o r i e s  € o r  t h e  
cask a c c u r a t e l y  and c o n s e r v a t i v e l y  p r e d i c t e d  w h a t  was seen i n  
t h e  r e a l  t e s t .  

P r e l i m i n a r y  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  ca sk  wou ld  
impact  t h e  t a r g e t  i n  c l o s e  t o  a n  end-on  c o n f i g u r a t i o n .  The 
s e c o n d  s t e p  i n  t h e  a n a l y s i s ,  t h e  d y n a m i c  f i n i t e  e l e m e n t  
model ,  p r e d i c t e d  t h a t  t h e  d e f o r m a t i o n s  w h i c h  t h e  c a s k  would  
s u s t a i n  i n  t h e  f i n a l  impact  ( e v e n  i n  t h e  w o r s t  p o s s i b l e  case)  
w o u l d  n o t  v i o l a t e  t h e  c a s k ' s  i n t e g r i t y  o r  c a u s e  l o s s  o f  
c o i i t e n t s .  ( T h i s  a n a l y s i s  was c a r r i e d  t o  v e l o c i t i e s  o f  1 2 9  
kph ( 8 0  mph) a l t h o u g h  it was f e l t  t h a t  t h e  h i g h e s t  p r o b a b l e  
impact  v e l o c i t y  would be 1 0 5  kph ( 6 5  mph) . )  T h u s ,  t h e s e  two 
a n a l y t i c a l  t e c h n i q u e s  used  t o g e t h e r  p r e d i c t e d  t h e  r e s p o n s e  of  
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t h e  v e h i c l e  and c a s k  i n  a v e r y  v i o l e n t  a c c i d e n t  w i t h  a v e r y  
r e a s o n a b l e  d e g r e e  of a c c u r a c y .  

The s c a l e  m o d e l s  a l s o  s i m u l a t e d  t h e  b e h a v i o r  o f  t h e  
p r o t o t y p e  q u i t e  w e l l .  A m o r e  d e t a i l e d  c o m p a r i s o n  was  
p o s s i b l e  i n  t h e  f i r s t  t e s t ,  where t h e  impact v e l o c i t i e s  were  
e q u a l .  I n  t h i s  c a s e ,  t h e  s c a l e  model  t e s t  y i e l d e d  r e s u l t s  
w h i c h  c l o s e l y  p a r a l l e l e d  t h e  p r o t o t y p e  r e s p o n s e  , i n d i c a t i n g  
t h a t  p r a c t i c a l  and a d e q u a t e  s c a l e  m o d e l s  c a n  be c o n s t r u c t e d  
t o  s i m u l a t e  t h e  behav io r  of t h i s  t y p e  of f u l l - s c a l e  h a r d w a r e  
i n  a v e r y  s e v e r e  a c c i d e n t .  I n  t h e  s e c o n d  t e s t ,  where  t h e  
f i n a l  i m p a c t  o f  t h e  c a s k  was v e r y  c o m p a r a b l e  t o  w h a t  t h e  
f u l l - s c a l e  cask  s u s t a i n e d ,  t h e  d e f o r m a t i o n s  e x h i b i t e d  by  t h e  
model c a s k  were i n  e x c e l l e n t  ag reemen t  w i t h  t h o s e  e x h i b i t e d  
by  t h e  p r o t o t y p e .  

T h u s ,  t h e  r e s u l t s  o f  b o t h  t h e  a n a l y t i c a l  work and t h e  
s c a l e  model ing  a g r e e d  w e l l  w i t h  t h e  f u l l - s c a l e  t e s t  r e s u l t s .  
T h e  m o d e l s  were  a l w a y s  c o n s t r u c t e d  w i t h  s o m e  d e g r e e  o f  
c o n s e r v a t i s m ,  and t h i s  was r e f l e c t e d  i n  c o m p a r i s o n s  w i t h  t h e  

r e s p o n s e  of  t h e  f u l l - s c a l e  sys tem.  
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6.0 C o n c l u s i o n s  and Recommendat i o n s  

A p r i m a r y  p u r p o s e  o f  t h e  tes ts  was t o  assess t h e  u t i l i t y  
and v a l i d i t y  o f  mathematical  and  s c a l e  model ing  t e c h n i q u e s  i n  
p r e d i c t i n g  t h e  r e s p o n s e  o f  s h i p p i n g  c a s k s  i n  two  e x t r e m e l y  
s e v e r e  a n d  u n l i k e l y  t r a n s p o r t a t i o n  a c c i d e n t  c o n d i t i o n s .  
T h e s e  t w o  t e s t s  h a v e  s h o w n  t h a t ,  d e s p i t e  c o m p l i c a t i o n s  
i n t r o d u c e d  b y  t h e  u n c e r t a i n t i e s  o f  u s e d  e q u i p m e n t ,  t h e s e  
a n a l y s i s  t e c h n i q u e s  c a n  g i v e  v e r y  good  i n d i c a t i o n s  o f  t h e  
r e s p o n s e  o f  f u l l - s c a l e  s h i p p i n g  casks  and  t r a n s p o r t  s y s t e m s .  
The p re t e s t  a n a l y s e s ,  i n c l u d i n g  b o t h  n u m e r i c a l  work and s ca l e  
mode l ing ,  a c c u r a t e l y  p r e d i c t e d  t h e  r i g i d  body dynamics  of  t h e  
cask and i t s  f i n a l  c o n d i t i o n  a f t e r  t h e  impact .  The i n f l u e n c e  
of t h e  v e h i c l e  s t r u c t u r e  was a l s o  w e l l  p r e d i c t e d .  T h e s e  same 
t e c h n i q u e s  a p p l i e d  t o  new d e s i g n s ,  w h i c h  are  more a c c u r a t e l y  
d e f i n e d  i n  t e r m s  o f  c o n s t r u c t i o n  d e t a i l s  a n d  m a t e r i a l  
p r o p e r t i e s ,  w i l l  p roduce  b e t t e r  r e s u l t s .  

S c a l e  m o d e l i n g  is a v e r y  p r a c t i c a l  way o f  p r e d i c t i n g  
damage  t o  s h i p p i n g  c a s k s  i n  e x t r e m e l y  s e v e r e  i m p a c t s  a t  
skewed a n g l e s  o r  o n t o  i r r e g u l a r  s u r f a c e s .  C o n s t r u c t  i o n  and  
t e s t i n g  o f  s c a l e  mode-1s  i s  r e l a t i v e l y  i n e x p e n s i v e  a n d  

s t r a i g h t f o r w a r d .  M a t h e m a t i c a l l y ,  t h e s e  p r o b l e m s  a r e  
e x t r e m e l y  d i f f i c u l t  t o  h a n d l e .  A t h r e e - d i m e n s i o n a l  
f i n i t e - e l e m e n t  m o d e l ,  w h i c h  wou ld  b e  n e c e s s a r y  u n d e r  s u c h  
c o n d i t i o n s ,  is n o t  y e t  p r a c t i c a l .  S o m e w h a t  s i m p l i f i e d  
( a d e q u a t e )  scale  models  used  i n  impact  t e s t s  w i l l  a c c u r a t e l y  
p r e d i c t  t h e  r e s p o n s e  o f  t h e  new d e s i g n .  
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n 
For the  ana lys i s  o f  an end impact ,  t h e  f i n i t e - e l e m e n t  

technique d e s c r i b e d  and demonst ra ted  i n  t h i s  r e p o r t  g i v e s  
v e r y  r e a s o n a b l e  r e s u l t s .  I t  i s  f e l t  t h a t  t h e  s l i d i n g  
i n t e r f a c e  f e a t u r e  i s  ve ry  n e c e s s a r y  when a n a l y z i n g  a l e a d  
sh ie ld ing  c o n t a i n e r .  A p o s s i b l e  r e f inemen t  t o  t h i s  model 
would  be t o  i n c l u d e  f r i c t i o n  i n  t h e  i n t e r f a c e .  A l so ,  t h e  
e f f e c t  o f  t he  f i n s  m i g h t  be compensated for by increasing the  
model thickness  of  the  o u t e r  s h e l l ,  un i formly  smearing t h e  
f i n  a r e a  o n t o  t h e  o u t e r  s u r f a c e .  I t  i s  f e l t  t h a t  t h i s  
t e c h n i q u e  w i t h  a s m a l l  amount o f  r e f i n e m e n t s  w i l l  y i e l d  
exce l l en t  r e s u l t s .  

The lumped-parameter model of t h e  sys tem r e p r e s e n t e d  a 
f i r s t  e f f o r t  a t  a p p l y i n g  t h i s  t e c h n i q u e  t o  a n a l y z e  a n  e n t i r e  

t r a n s p o r t  system. As a f i r s t  e f f o r t ,  it was kep t  s i m p l e .  
The accu racy  o f  t h e  model c o u l d  be  i n c r e a s e d  by b e t t e r  
force-displacement information for t he  coupl ings,  and a f i n e r  
d i s c r e t i z a t i o n  of  the  s t r u c t u r e .  B e t t e r  force-d  i sp l acemen t  
information can be obtained from s t a t i c  crush t e s t s  o f  s c a l e  
model  c o m p o n e n t s  o f  t h e  s y s t e m .  I t  i s  b e l i e v e d  t h a t  
s t r a i n - r a t e  e f f e c t s  f o r  s t r u c t u r e s  s u c h  a s  t h e s e  c a n  be 
neglected.  T h i s  was, t o  some e x t e n t ,  confirmed b y  o b s e r v i n g  
t h a t  t he  vehicular  crush r e s i s t ance  i n  b o t h  f u l l - s c a l e  t e s t s ,  
a t  t h e  two impact v e l o c i t i e s ,  was a b o u t  e q u a l .  A f i n e r  
d i s c r e t i z a t i o n  of t he  s t r u c t u r e  s h o u l d  have p r o v i s i o n s  f o r  
t h e  shear ing of f  of wheel and a x l e  a s s e m b l i e s ,  o n  both t h e  
t r a c t o r  and t r a i l e r  models. T h i s  recommendation is based on 
f i l m  a n a l y s i s  f o r  both t e s t s .  Such improvemen t s  t o  t h e  
lumped-parameter model w i l l  r e s u l t  i n  more re f ined  and b e t t e r  
p r e d i c t  ions.  

Analys is  and t e s t i n g  have shown t h a t  a l ead  s h i e l d e d  
conta iner  of  the  type described i n  t h i s  r e p o r t  is ex t r eme ly  
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rugged  a n d  c a n  undergo  a v e r y  s e v e r e ,  r e a l i s t i c ,  e n d - i m p a c t  
i n t o  a v e r y  r i g i d  s u r f a c e  w i t h  r e l a t i v e l y  minor d e f o r m a t i o n s  
r e s u l t i n g .  T h e  c o n t a i n m e n t  a b i l i t y  o f  t h e  c a s k  was n o t  
s e v e r e l y  t h r e a t e n e d .  

T h i s  i n v e s t i g a t i o n  r e v e a l e d  t h a t  t h e  cask t i edown  s y s t e m  
is a s e n s i t i v e  p a r a m e t e r  i n  t h e  s y s t e m  i m p a c t  r e s p o n s e .  I n  
o r d e r  t o  t a k e  a d v a n t a g e  o f  t h e  s i g n i f i c a n t  e n e r g y  a b s o r p t i o n  
c a p a b i l i t y  o f  t h e  t r a i l e r ,  t h e  t i e d o w n s  m u s t  be s u f f i c i e n t l y  
s t r o n g  t o  h o l d  t h e  c a s k  a s  t h e  t r a i l e r  s t r u c t u r e  c r u s h e s .  
T h u s ,  it is b e l i e v e d  t h a t  t h e  t r a i l e r  and  t i e d o w n s  s h o u l d  b e  
a n  i n t e g r a l  and  b a l a n c e d  d e s i g n .  

T h e  g o o d  c o r r e l a t i o n  b e t w e e n  a n a l y s i s  a n d  s c a l e  
m o d e l i n g  a n d  t h e  r e s u l t ' s  o f  t h e  f u l l - s c a l e  t e s t s  h a s  
d e m o n s t r a t e d  t h a t  g i v e n  a n  a c c i d e n t  s i t u a t i o n  o r  i m p a c t  
e n v i r o n m e n t ,  t h e  r e s p o n s e  o f  a f u l l - s c a l e  s y s t e m  c a n  b e  
p red ic t ed  w i t h  a r e a s o n a b l e  d e g r e e  of a c c u r a c y .  
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A P P E N D I X  A 

Detai ls  of t h e  Lumped-Parameter Model 

T h i s  a p p e n d i x  i n c l u d e s  s o m e  d e t a i l s  o f  t h e  
lumped-parameter  model i l l u s t r a t e d  i n  F i g u r e  2 .1  o f  t h e  t e x t .  
T h i s  m o d e l  f o r m u l a t i o n  waas u s e d  w i t h  t h e  SHOCK c o m p u t e r  
p r o g r a m .  B a s i c a l l y ,  S H O C K  n u m e r i c a l l y  s o l v e s  t h e  
second-o rde r  d i f f e r e n t i a l  e q u a t i o n s  o f  mot ion  assoc ia ted  w i t h  
a s p r i n g  mass model g i v e n  some i n i t i a l  c o n d i t i o n s .  S p r i n g  
( c o u p l i n g )  d e f i n i t i o n s  may be n o n - l i n e a r  a n d  c a n  l o a d  a n d  
u n l o a d  a l o n g  d i f f e r e n t  p a t h s ,  s i m u l a t i n g  a h y s t e r e s i s  e f f e c t .  
I n  t h e  mode l  o f  t h i s  s t u d y ,  e x t e n s i v e  u s e  was made o f  t h e  
HYSTER o p t i o n  t o  s i m u l a t e  c rush -up  o f  s t r u c t u r e s .  The HYSTER 

type  1 c o u p l i n g  c a n  be used  t o  s i m u l a t e  o n l y  a c o m p r e s s i v e  or 
t e n s i l e  l o a d  u s i n g  numerous l i n e  segmen t s .  The HYSTER t y p e  2 
o p t i o n  c a n  s i m u l a t e  b o t h  a c o m p r e s s i v e  a n d  t e n s i l e  l o a d  b u t  
is l i m i t e d  t o  fewer  l i n e  segmen t s .  

T h e  c o u p l i n g  d e f i n i t i o n s  u s e d  i n  t h i s  m o d e l  a r e  
i l l u s t r a t e d  i n  F i g u r e s  A - 1  t h r o u g h  A - 9 .  Damping was n o t  used 
i n  t h e  model .  

T h e  w e i g h t  v a l u e s ,  i n  p o u n d s ,  o f  t h e  masses  w e r e  a s  
follows: 

M2 = 6,000 
M 3  = 7,000 

M 4  = 1 , 3 0 0  
M 5  = 2,600 
M6 = 45,000 
M 7  = 2,600 
M 8  = 4,600 
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Appendix A ( c o n t ' d )  

Mass 1 was h e l d  f i x e d  w h i l e  t h e  o t h e r s  w e r e  g i v e n  i n i t i a l  
v e l o c i t y  c o n d i t i o n s  e q u a l  t o  t h e  e x p e c t e d  s y s t e m  i m p a c t  
v e l o c i t y .  T h i s  model was used  t o  a n a l y z e  b o t h  a 60  and an 8 0  
mph impact. For t h e  a n a l y s i s  o f  t h e  s e c o n d  t e s t ,  t h e  f r e e  
t r a v e l  o f  c o u p l i n g  1 - 6  ( F i g u r e  A-9) was s h o r t e n e d  b y  3 0  
i n c h e s  t o  more a c c u r a t e l y  r e f l e c t  t h e  f u l l - s c a l e  ha rdware .  

T h e  c o u p l i n g  d e f i n i t i o n s  w e r e  s t r . u c t u r a 1  a n a l y s i s  
e s t i m a t e s  b a s e d  on m e a s u r e m e n t s  made o f  t h e  h a r d w a r e  a n d  
e x p e c t e d  y i e l d  s t r e n g t h  v a l u e s  o f  t h e  m a t e r i a l s .  I n  model ing  
s l e n d e r  elements s u b j e c t  t o  b u c k l i n g ,  some j u d g m e n t  m u s t  b e  
made r e g a r d i n g  t h e i r  c r u s h  f o r c e .  For  e x a m p l e ,  t h e  t r a i l e r  
s t r u c t u r e  was a s sumed  t o  c r u s h  a t  a l o a d  e q u a l  t o  o n e - h a l f  
t h e  y i e l d  f o r c e  based on i t s  c r o s s - s e c t i o n a l  a r e a .  
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I n p u t  t o  t h e  HONDO Program 
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A P P E N D I X  B 

I n p u t  t o  t h e  HONDO Program 

T h e  mesh f o r  t h e  dynamic f i n i t e - e l e m e n t  cask  mode l  u s e d  

w i t h  t h e  HONDO p r o g r a m  was g e n e r a t e d  u s i n g  Q M E S H  [ 6 ] ,  a 
s e p a r a t e  p r o g r a m .  The cask  mode l  a c t u a l l y  c o n t a i n s  t w o  
s e p a r a t e  f i n i t e - e l e m e n t  b o d i e s ,  o n e  c o r r e s p o n d i n g  t o  t h e  
l e a d  s h i e l d i n g  m a t e r i a l  a n d  t h e  o t h e r  t o  t h e  s t e e l  s h e l l s .  
T h e  s e p a r a t e  m a t e r i a l s  a r e  f r e e  t o  i n t e r a c t  a n d  s l i d e  
r e l a t i v e  t o  one a n o t h e r .  Node m o t i o n  o f  o n e  i n t o  t h e  o t h e r  
i s  r e s t r i c t e d  b y  r e s t o r i n g  f o r c e s  w h i c h  a c t  w h e n  a n o d e  
c r o s s e s  t h e  b o u n d a r y .  The m a t e r i a l s  a r e  a l l o w e d  t o  s l i d e  
r e l a t i v e  t o  each o t h e r  w i t h  or  w i t h o u t  f r i c t i o n .  The e n t i r e  
body is g i v e n  a n  i n i t i a l  v e l o c i t y  i n  t h e  a x i a l  d i r e c t i o n  i n t o  
a s i m u l a t i o n  o f  a n  u n y i e l d i n g  s u r f a c e .  T h i s  is a c c o m p l i s h e d  
i n  t h e  H O N D O  m o d e l  b y  p r e v e n t i n g  n o d e  m o t i o n  p a s t  a 
z - c o o r d i n a t e  v a l u e  ( s ee  F i g u r e  2 . 6 )  w i t h  a v e r y  s t i f f  s p r i n g  
boundary  c o n d i t i o n .  T h e  c o m p u t a t i o n a l  r e s u l t s  o f  t h i s  mode l  
t h e n  i n d i c a t e  t h e  d e f o r m a t i o n s  t h a t  a c a s k  wou ld  s u s t a i n  i n  
a n  end impact  i n t o  a r i g i d  t a r g e t .  

A b i l i n e a r  e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  c u r v e  is u s e d  

t o  d e s c r i b e  t h e  d e f o r m a t i o n  b e h a v i o r  of t h e  m a t e r i a l s .  T h i s  
t h e n  means t h a t  an e l a s t i c  modulus and a p l a s t i c  modulus m u s t  
be i n p u t  t o  t h e  p r o g r a m .  O t h e r  m a t e r i a l  p r o p e r t i e s  w h i c h  
m u s t  be  i n p u t  i n c l u d e  y i e l d  s t r e n g t h ,  P o i s s o n ' s  r a t i o ,  a n d  
d e n s i t y .  T h e  t a b l e  b e l o w  i n c l u d e s  t h e  v a l u e s  u s e d  i n  t h i s  
a n a l y s i s .  
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A P P E N D I X  B ( c o n t ' d )  

LEAD - STEEL 

n 

E l a s t i c  modulus ,  P s i  

P l a s t i c  modulus,  Psi 

Y i e l d  S t r e n g t h ,  P s i  

Po i s s o n s  ' r a t  i o  
D e n s i t y ,  l b s / i n  3 

29.0 x 106 27.75 x lo3 

3.0 105 24.75 x 202 
35.0 x 103 4.3 x 103 

.42 .30 

.282 .409 



APPENDIX C 

Analysis of the C a s k  Closure  System 

127 



APPENDIX C.  

A n a l y s i s  of t h e  Cask  C l o s u r e  S y s t e m  

T h i s  a p p e n d i x  c a l c u l a t e s  s t r e s s e s  i n  t h e  h e a d  b o l t s  d u e  
t o  i n e r t i a l  l o a d s  of t h e  c o n t e n t s ,  t h e  c a s k  h e a d ,  a n d  t h e  
impact l i m i t e r .  T h e  c a s k  is  e q u i p p e d  w i t h  1 6  - 3 / 4  i n c h  
b o l t s  w h i c h  keep t h e  h e a d  i n  p lace.  T h e  impact l i m i t e r  is  
a t t a c h e d  t o  f o u r  of t h e  h e a d  b o l t s .  T h e  f o l l o w i n g  d a t a  is 
u s e d  i n  t h e  a n a l y s i s  

b o l t  r o o t  d i a m e t e r :  0 .620  i n  
b o l t  r o o t  area:  0 .302  i n 2  
b o l t  u l t i m a t e  s t r e s s :  1 1 0 , 0 0 0  p s i  
w e i g h t  of c a s k  i n t e r n a l s :  1 , 9 0 0  l b s  

w e i g h t  of cask h e a d :  1 , 1 2 0  l b s  

w e i g h t  of  impact l i m i t e r :  1 , 6 0 0  l b s  

I t  h a s  b e e n  c a l c u l a t e d  t h a t  t h e  c a s k  w i l l  s e e  a 
maximum o f  2 0  g ' s  d u r i n g  c r u s h - u p  of  t h e  s t r u c t u r e .  ( T h e  
f i n a l  impact o f  t h e  c a s k  i n t o  t h e  w a l l  c a n  p r o d u c e  much 
h i g h e r  peak d e c e l e r a t i o n s  b u t  t h e s e  a r e  n o t  v i e w e d  a s  a 
t h r e a t  t o  t h e  b o l t i n g  s y s t e m . )  T h e  s t r e s s  i n  t h e  f o u r  
b o l t s  s u p p o r t i n g  t h e  impact l i m i t e r  is 

A s s u m i n g  t h a t  t h e  i n e r t i a l  l o a d  o f  t h e  i n t e r n a l s  a n d  
t h e  h e a d  is c a r r i e d  b y  t h e  r e m a i n i n g  1 2  b o l t s ,  t h e  s t r e s s  
i n  t h e s e  b o l t s  is: 

n 

n 



APPENDIX C ( c o n t ' d )  

T h e ! b o l t s  s u p p o r t i n g  t h e  l i m i t e r  a r e  t h e n  s t r e s s e d  t o  
a h i g h e r  v a l u e .  T h i s  means t h a t  t h e y  w i l l  s t r a i n  more a n d  
t h e  a s s u m p t i o n  t h a t  t h e  i n e r t i a l  l o a d s  of  t h e  i n t e r n a l s  and 
h e a d  w i l l  b e  c a r r i e d  by  t h e  r e m a i n i n g  1 2  b o l t s  is v a l i d .  

S h e a r  s t r e s s  i n  t h e  t h r e a d e d  sys tem c a n  be c a l c u l a t e d  
as  f o l l o w s :  The n u t s  a r e  0 . 7 5  i n .  h i g h .  T h e  s h e a r  a r e a  
is: 

A = ( r o o t  d i a m e t e r ) ( ~ ) ( 0 . 7 5 )  
A = ( 0 . 6 2 0 ) ( ~ ) ( 0 . 7 5 )  = 1.46 

T h e  h i g h e s t  s t r e s s e d  b o l t s  c a r r y  8 , 0 0 0  l b s .  T h e  s h e a r  
s t r e s s  is t h e n :  

T = - -  8ooo  - 5479 
1 .46  

The u l t i m a t e  nominal  s t r e n g t h  o f  t h e  b o l t i n g  m a t e r i a l  i s  
1 1 0 , 0 0 0  p s i  a n d  t h e  u l t i m a t e  s h e a r  s t r e n g t h  c a n  b e  
c o n s e r v a t i v e l y  e x p e c t e d  t o  b e  h a l f  t h i s  v a l u e .  T h e  

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

l i m i t s .  

I n  o r d e r  t o  v e r i f y  m a t e r i a l  p r o p e r t i e s ,  two  o f  t h e  
b o l t s  were s t a t i c a l l y  t e s t e d  i n  t e n s i o n .  They e a c h  t o o k  a 
minimum l o a d  o f  3 5 , 0 0 0  l b s .  a n d  e x h i b i t e d  a v e r y  l a r g e  
amount of  d u c t i l i t y .  T h e s e  t e s t  r e s u l t s  t h e n  i n d i c a t e  a 
ma te r i a l  s t r e n g t h  of 1 1 5 , 0 0 0  p s i .  I t  is  c a l c u l a t e d  t h a t  
t h e  b o l t i n g  s y s t e m  w i l l  n o t  f a i l  d u e  t o  i n e r t i a l  l o a d s  

d u r i n g  c r u s h - u p  of t h e  v e h i c l e  s t r u c t u r e .  
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RS 1282/2008 

An Instrumentation P1 an for  a Truck and Spent-Nuclear-Fuel S h i p p i n g  
Cask Impact Test 

M. Huerta, L. M. Ford 

Nov. 1976 

Abstract 

T h i s  memorandum describes the instrumentatjon plan t o  be used 

i n  monitoring a 60 mph impact t e s t  of a truck spent-nuclear-fuel s h i p p i n g  

system. 

Area 111 tes t  f ac i l i t y .  

This ful l -scale  t e s t  i s  scheduled to  be run a t  the Sandia Labs 



I n t r o d u c t i o n  

This memorandum descr ibes the ins t rumenta t ion  f o r  the  f u l l  sca le  

t r a c t o r - t r a i l e r  t e s t  t o  be conducted i n  Area >III. This i s  t o  be a 60 

MPH impact i n t o  a concrete t a r g e t  which has a l ready been const ructed on 

the  Nor th  end o f  the o l d  s l e d  t rack  f a c i l i t y .  The ins t rumenta t ion  p lan  

o u t l i n e d  here i s  cons i s ten t  w i t h  the te lemetry  package and sensors a v a i l -  

ab le  t o  the  t e s t  program and a l s o  w i t h  the t ime frame which has been estab- 

l i s h e d  f o r  running the  t e s t .  

The ins t rumenta t ion  p lan  i s  designed t o  mon i to r  i tems t h a t  can be 

c o r r e l a t e d  w i t h  ana lys is  and a l so  i tems which may be o f  i n t e r e s t  a t  a l a t e r  

date. Th is  has been done i n  view o f  the  f a c t  t h a t  t h i s  i s  a very unique 

t e s t  t o  run  and a reasonable amount o f  ins t rumenta t ion  should be included. 

As much d e t a i l  as poss ib le ,  w i t h o u t  having the hardware a v a i l a b l e  f o r  

inspec t ion ,  has been included. F ina l  d e t a i l s  w i l l  be discussed w i t h  

personnel o f  inst rumentat ion,  D i v i s i o n  9483, as soon as the  hardware 

becomes ava i l ab le .  

The f o l  lowing i tems have been es tab l i shed as the d e s i r a b l e  parameters 

t o  mon i to r  du r ing  the tes t .  

1. R i g i d  body acce le ra t i on  o f : t h e  cask body. 

2. A t tenuat ion  o f  g - leve ls  through the '  s t ruc tu re .  

3. Permanent s t r a i n s  i n  t h e  cask body and c losure  system. 

4. 

5. 

Lead mot ion o r  slump w i th in  the  cask body. 

Dynamics o f  the cask:dur ing the t e s t .  

6. Hydros ta t i c  pressure o r  water  hammer e f f e c t  w i t h i n  the  

. cask cav i t y .  I .  

Acce lera t ion  response o f  t he  f u e l  elements w i t h i n  the cask 

cav i  ty  . 
Record o f  sequence o f  events du r ing  the tes t .  

connect ion breaking, tie-downs breaking, e t c . )  

7. 

8. ( F i f t h  wheel 
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The instrumentation and photo 

tion regarding each of these 

The instrumentation will 

coverage des cri  bed here 

tems . 
include active and pass 

w i  1 1 provi de i nforma- 

ve accelerometers, 

act i  ve and passi ve pressure transducers , s t r a in  gages , and on-off switches 

which will provide time records of events d u r i n g  the t e s t .  

photocoverage will be included. 

picture cameras positioned a t  various angles. 

mounted on the t r a i l e r  s t ructure  and will be aimed a t  the cask tie-down. 

The target  will  be instrumented w i t h  accelerometers t o  record target  motion. 

Detail description of various components of the t e s t  instrumentation and 

photo coverage are described i n  separate sections below. 

Extensive 

This will include high frame ra te  motion 

Two onboard cameras will be 

Equipment 

Equipment available for  instrumenting th i s  t e s t  includes a telemetry 

package with a capacity of transmitting 12 channels of 2KHZ data. These 

channels are fixed and cannot, f o r  instance,be combined t o  form fewer 

higher frequency channels., This T.M. Package also has four on-off channels 

which can be used i n  conjunction w i t h  crush switches t o  record times a t  which 

d i f fe ren t  events happen. This package will be bolted to  the back end of the 

cask. 

unit  containing 2 accelerometers i s  available. 

as a u n i t  w i t h  the accelerometers and can be bolted to  any par t  of the structurc 

Different models of piezoresist ive accelerometers, as well as active and passivc 

pressure transducers and s t r a in  gages are available. All active sensors, excepl 

I n  addition to  the large T.M. package just described, a smaller T.M. 

The smaller T.M. i s  packaged 

for  the accelerometers contained in the small T.M. u n i t ,  will operate t h r o u g h  

the 12 channel telemetry u n i t .  

principle of a ball  crushing a thin aluminum disk a re  also available. 

Numerous motion picture cameras are available for  filming the t e s t .  

Passive accelerometers which operate on the L 

, 
., 
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Photocoverage 

By f a r  the  most valuab e data t h a t  w i l l  be obta ined from t h i s  t e s t  w i l l  

be i n  the  form of h igh  speed motion p i c t u r e  f i lms .  

be aimed a t  t he  system from var ious d i rec t i ons .  

t he  tie-downs w i l l  be mounted on the t r a i l e r  t o  record  tie-down response. 

F igure 1 i l l u s t r a t e s  camera loca t ions .  This  p lan  has been designed by T. A. 

Le igh ley o f  photometr ics,  D i v i s i o n  9412, and i s  based on experience obta ined 

from f i l m i n g  p re l im ina ry  sca le  model t es ts .  High speed cameras l oca ted  on 

the s ides w i l l  be surveyed i n  p lace  t o  determine t h e i r  exac t  l o c a t i o n  w i t h  

respect  t o  the  ta rge t .  

reduc t ion  process.) 

Numerous cameras w i l l  

Two onboard cameras viewing 

(This  w i l l  be necessary i n fo rma t ion  i n  the  data 

The equipment w i l l  be s e t  up on the  morning of the  tes t .  

I n  o rder  t o  have proper l i g h t i n g ,  i t  has been determined t h a t  the  t e s t  

be run a t  approximately 3:OO p.m. 

t o  prevent  poss ib le  disturbances t o  cables, an absolute minimum number o f  

personnel w i l l  be al lowed i n  the  immediate t e s t  area on the  day of t he  t e s t .  

Redundant tri gger i  ng c i  r c u i  t s  and power sources w i  11 be prov ided f o r  the 

cameras. 

mal f unc t  i on. ) 

I t  has a l so  been determined t h a t  i n  o rder  

(This  w i l l  min imize the  p o s s i b i l i t y  o f  hav ing a b lock  o f  cameras 

I t  i s  expected t h a t  a l a r g e  amount o f  q u a n t i t a t i v e  data can be obta ined 

from the f i l m s .  

t o r i e s  f o r  var ious p o i n t s  on the  s t r u c t u r e  and on the cask. 

f i l m  data reduct ion,  t he  t r a c t o r  and t r a i l e r  frame w i l l  be s t r i ped .  

centers o f  the  wheels w i l l  be pa in ted  w i t h  a b r i g h t  coJor. 

of t he  cask should be pa in ted  w i t h  a b r i g h t  co lo r .  

pa i  n t i  ng scheme w i  11 be communicated s h o r t l y  a f t e r  the equipment a r r i  ves. 

This w i l l  i nc lude  displacement t ime and ve loc i t y - t ime  h i s -  

For purposes o f  

The 

Also, some areas 

D e t a i l s  concerning the  
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I n  conjunct ion w i t h  the  photocoverage, a f i x e d  reference as i n d i c a t e d  i n  

F igure 2 w i l l  be prov ided by D i v i s i o n  9412. 

Ac t i ve  Accelerometers 

The a c t i v e  accelerometers w i l l  have t o  operate through the  te lemet ry  

system which has a 2KHZ frequency response l i m i t a t i o n .  It has been deter-  

mined t h a t  t he  predominant frequency response o f  the  cask w i l l  probably be 

below t h i s  l e v e l .  The frequency l i m i t a t i o n  o f  the  te lemetry  u n i t  does n o t  

present  a problem w i t h  regard t o  accelerometer s ignals .  The expected f re-  

quency response l e v e l  o f  t he  cask i s  a lso  w i th in  the c a p a b i l i t y  o f  the 

accelerometers. The type o f  accelerometers which w i l l  be used t o  mon i to r  

the cask mot ion are p i e z o r e s i s t i v e  Endevco models 2262-200 and 226lA-2500. 

The model 2262 i s  a damped low na tu ra l  frequency (3000 HZ) accelerometer. 

I t  w i l l  p rov ide  good r e s o l u t i o n  a t  l o w  g leve ls .  

been exper imenta l l y  determined t o  be reasonably l i n e a r  up t o  2KHZ. 

2261A-2500 i s  an undamped accelerometer w i t h  a n a t u r a l  frequency o f  31KHZ 

and a peak g c a p a b i l i t y  o f  2500 g 's .  

s i b l e  h igh  g spikes.  

I t s  frequency response has 

The model 

These w i l l  be used t o  capture any pos- 

A t o t a l  of f i v e  a c t i v e  accelerometers w i l l  be mounted on the sides o f  

t he  cask body mon i to r ing  acce le ra t ions  i n  the a x i a l  d i r e c t i o n .  Two o f  these 

w i l l  be near the  head end, two near the bottom end, and one loca ted  approx i -  

mately i n  the  middle (see F igure 2). 

t he  cask. 

on bo th  s ides o f  the cask a t  each end. These b locks are  p a r t  o f  t he  cask s h e l l  

The midd le  accelernmpter 

These w i l l  be mounted on the sides o f  

For mounting purposes, there  are some l a r g e  s t a i n l e s s  s t e e l  b locks 

and the  accelerometers can be mounted i n  these areas. 

w i l l  have t o  be mounted on a smal l  s t a i n l e s s  s t e e l  cube welded t o  the  cask 

s h e l l .  ( A l l  accelerometers w i l l  be mounted w i t h  screws and denta l  cement.) 

The f r o n t  l oca t i ons  w i l l  have an Endevco model 2262-200 and one 2261A- 

000 g ' s  respec t i ve l y .  2500 accelerometer. These w i l l  be c a l i b r a t e d  t o  200 and 
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- 1  

The middle u n i t  will be a model 2261A-2500 calibrated t o  500 g 's .  

two units i n  the back will be similar t o  the front units. These will be 

calibrated to  200 and 500 9's. 

The 

Wiring t o  the accelerometers from the T.M. Package will be along the 

sides of the cask. 

routed through these. Wires will  be routed along both sides of the cask. 

T h i s  will  minimize the possibil i ty of w i p i n g  out a l l  the accelerometer 

signals by having a wire bundle  cut b y  debris. 

Holes will  be dr i l led  i n  the fins and wires will be 

The smalla T.M. package containing two accelerometers will be bolted 

t o  the t r a i l e r  s t ructure  underneath the cask (see Figure 2 ) .  

Passive Accelerometers 

Numerous passive accelerometers will  be used throughout  the 

s t ructure  as indicated on Figure 2. This includes units on the t rac tor  

frame, t r a i l e r  s t ructure ,  and s h i p p i n g  cask. In addition t o  these loca- 

t ions,  the fuel elements-md fuel basket inside the cask will a lso be 

instrumented w i t h  t h i s  type of accelerometer. Exact locations will be 

determined after the hardware can be inspected. 

On the t rac tor  and t r a i l e r  frame, these passive accelerometers wi l l  
. '. . ' 7  

be mounted on cross-members i n  areas tha t  are  re la t ively well protected. 

On the cask body, they will be mounted between fins. These accelerometers 

should give an indication of the g-level attenuation through the vehicular 

s t ructure  and cask. 

I. 

\ 

The nominal range fo r  these devices us ing  the thinnest d i s k  is 200- 

1000 g ' s .  Readings lewer than this can be obtained w i t h  some loss o f  
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accuracy. 

data can be obtained from these. Their response time is f a s t  enough t o  

record any s ignif icant  peak g levels,  

Although a lower range is desirable, i t  i s  f e l t  that  meaningful 

Pressure Transducers 

Pressure transducers will be included to  monitor hydrostatic pressures 

generated on the head end of the cavity. Three passive type transducers 

will. be located inside the cask cavity. 

psi. One active transducer will be located i n  an overflow pipe near the cask 

head end. 

readings w i t h i n  the cavity will be used for  estimating s t ra ins  i n  the head 

These have a range of 0-20,000 

The range of this unit  i s  0-1200 psi. Hydrostatic pressure 

bo1 t s .  

C r u s h  Switches 

Crush switches are on-off devi'ces which can be used t o  record the time 

of an event such as the f i f t h  wheel connection breaking. 

age available fo r  the tests includes provisions f o r  four of these channels. 

Recommended locations for  these are  on the front end of the t rac tor ,  the 

The telemetry pack- 

front end of the t r a i l e r ,  a t  the f i f t h  wheel connection, and a t  the front cask 

tie-down. These will give indications o f  when the t rac tor  f i r s t  impacts the 

wall, the time when the f i f t h  wheel connection breaks, the time when the 

front  end of the t r a i l e r  impacts the back end of the cab, and the time when 

the front  t i e  down breaks i f  indeed th i s  occurs. These units will be wired 

t o  the telemetry package located on the back end of the cask. 

routed along the t r a i l e r  and t rac tor  s t ructure  wherever convenient and well 

Wires will be 

protected . 
Strain Gages 

Two s t r a in  gage rosettes will be mounted on the cask outer shell 

near the head end. These will be mounted on the sides of the cask. This 



?- 

is the area of the cask tha t  will probably be strained the most as any 

lead motion within the shell  will tend to bulge out the outer she l l .  

system will be calibrated t o  read L 2000 m’icro inches per inch of s t ra in  

a t  this point. This will record s t ra ins  well beyond the yield point. 

Shell s t ra ins  a t  th i s  p o i n t  may be correlated with analytical calculations 

a t  a l a t e r  date. 

The 

T.M. Package 

The large T.M. package has dimensions of approximately 13” x 13” x 

13” and weighs about 80 lbs. 

as i l l u s t r a t ed  i n  Figure 2 .  

the cask come off the t r a i l e r .  

and should remain functional t h r o u g h o u t  the event. 

I t  will be bolted to  the back end of the cask 

This allows i t  t o  move with the cask should 

The instrumentation i s  very well protected 

Target Instrumentation 

as indicated i n  Figure 2.  These units can be hard wired 

sion 9335 will ins ta l l  and record the o u t p u t  of these un 

As a point of in te res t ,  the concrete target  should be instrumented 

The units will be placed on the top of the target  w i t h  accelerometers. 

D i  v i  - 
11 be 

separately . 
ts. They w 

ins ta l led  on the face of the target  near the top .  

Miscellaneous - 

Precautions will be taken to  prevent a dust cloud from obscuring the 

system from photo coverage dur ing  the impact. 

be cleaned prior t o  testing and the dirt area i n  front o f  the target  will  

The t rac tor  and t r a i l e r  will 

155 



The system should be ex tens ive ly  s t i l l  photographed p r i o r  t o  tes t ing .  

This should i n c l u d e  t h e  t r a c t o r ,  t r a i l e r ,  k i n g  p i n  connection, t i e  downs, 

and cask. These w i l l  be use fu l  i n  p o s t - t e s t  ana lys is  o f  the s t ruc tu re .  
b 

The b o l t s  on the cask c losure system w i l l  be torqued t o  a s p e c i f i c  

value. 

a f t e r  t h e  t e s t  t o  d e t e c t  any changes. 

These torque values and the head area w i l l  be c a r e f u l l y  checked 
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