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10 p e r  c e n t  o r  less, and only  two o f  t h e  d a t a  p o i n t s  d i f f e r  by more 

than 15 p e r  cen t  from t h e  va lue  p red ic t ed  by us ing  Equation 15. 

One a d d i t i o n a l  r e l a t i o n s h i p  t h a t  i s  of  i n t e r e s t  i n  comparing t h e  

t es t  d a t a  wi th  va lues  obta ined  by us ing  Equation 15 and a l s o  a s  a b a s i s  

f o r  s c a l i n g  up t h e  model t e s t  d a t a  t o  p r e d i c t  r e s u l t s  wi th  f u l l - s c a l e  

casks  i s  t h e  c o r r e l a t i o n  o f  t h e  combined d a t a  f o r  t h e  0.5-inch-diameter 

punch from Tables  I1 and I V .  The c o r r e l a t i o n  f o r  t h e s e  d a t a  obta ined  

by us ing  t h e  method o f  l e a s t  squares  i s  given i n  Equation 16. 

(EF/S)5c = 0 . 7 4 t l S 4  , (16) 

where t h e  s u b s c r i p t  5c r e f e r s  t o  t h e  combination of  t h e  d a t a  given i n  

Tables  I1 and I V  f o r  t h e  0.5-inch-diameter punch. 

Equat ion 16 r e p r e s e n t s  50 p e r  cen t  of  t h e  combined da ta  l i s t e d  

i n  Tables  I1 and I V .  

from t h e  va lue  t h a t  could be obta ined  by s u b s t i t u t i n g  a va lue  of  0 .5  

inch f o r  d i n  Equation 15. 

The c o e f f i c i e n t  0.74 d i f f e r s  by about 6 p e r  cen t  

11. CORRELATION OF DATA FOR CYLINDRICAL MODELS 

The o b j e c t i v e  o f  t he  c y l i n d r i c a l  model t e s t s  was t o  e v a l u a t e  t h e  

e f f e c t  of  cu rva tu re  o f  t he  j a c k e t  upon puncture  r e s i s t a n c e  o f  casks  by 

ob ta in ing  a modifying f a c t o r  o r  f a c t o r s  t h a t  could be used wi th  t h e  

t es t  d a t a  f o r  t h e  p r i s m a t i c  models t o  p r e d i c t  t h e  puncture  r e s i s t a n c e  

of  f u l l - s i z e  c y l i n d r i c a l  casks .  

c y l i n d r i c a l  model t e s t s  shown i n  Figure 16 sugges ts  a r e l a t i o n s h i p  f o r  

a given punch s i z e  o f  t h e  form 

A p l o t  of  t h e  d a t a  taken i n  t h e  
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:c, - G D  , (17) 

mergy f o r  a c y l i n d r i c a l  j a c k e t ,  inch- 

* of  t h e  cask j a c k e t ,  inches ,  

squares  , t h e  f o 1 lowing r e  1 a t  ion  sh  i p  s 

950 - 16D , 
1280 - 16D , 
1560 - 16D , (20) 

r e f e r  t o  t h e  punch d iameters  0.4 ,  0.5,  

which t h e  equa t ions  apply.  Equat ions 

r a 0.075-inch-thick j a c k e t  wi th  an 

300 pounds p e r  square inch.  This  va lue  

h i s  t h e  a r i t h m e t i c  mean of six va lues  

each o f  t h r e e  models wi th  d i f f e r e n t  

n from t h i s  mean va lue  f o r  any o f  t h e  

p e r  c e n t .  

6 and Equat ions 18, 19, and 20 sugges t s  

he d a t a  f o r  c y l i n d r i c a l  models o f  t h e  

f (d)  - 16D , (21) 
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where f(d) is a function of the size punch in inches and where the 

subscript cc refers to the combined data for cylindrical models. A 

plot of the diameter of the punch versus the intercepts in Equations 

18, 19, and 20 is shown in Figure 20. This plot indicates that the 

term f(d) in Equation 21 can be adequately defined by a relationship 

of the form 

f(d) = c, + c4d , 
where C, and C, are constants and d is the diameter of the punch in 

inches. 

Using the method of least squares to fit the data plotted in 

Figure 20, 

f(d) = -256 + 3040d . (23) 

Substituting the value of f(d) given by Equation 23 into Equation 21, 

= 3040d - 256 - 16D , (24) Ecc 

where the range of application is for 

7.55 5 D/d - < 15.5, 

55 5 D/t 5 95, 

jacket thickness, t, of 0.075 inch, and 

ultimate tensile strength of jacket material, S, of 51,300 

pounds per square inch. 

If Equation 24 is divided by Equation 15 and the values of t = 0.075 

and S = 51,300 are inserted, the result is 

cc 3040d - 256 - 16D 
? E = - =  

3260d’ a6 

I: EF . 
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PUNCH DIAMETER (INCHES) 

Figure 20. Derived values of f(d) as a function of the punch 
diameter for the cylindrical model test data. 
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where the  range o f  a p p l i c a t i o n  of Equation 25 i s  l i m i t e d  t o  t h e  range 

of a p p l i c a t i o n  o f  Equation 24.  

A g r a p h i c a l  r e p r e s e n t a t i o n  o f  Equation 25 i s  shown i n  Figure 21 .  

The s o l i d  l i n e s  i n  Figure 2 1  r e p r e s e n t  t h e  a c t u a l  range o f  t h e  tes t .  

It i s  apparent  t h a t ,  w i t h i n  t h e  range of t h e  t es t  r e p o r t e d  he re ,  t h e  

E va lue  i n c r e a s e s  w i t h  dec reas ing  punch s i z e  f o r  a s p e c i f i c  c y l i n d r i -  

c a l  j a c k e t .  This  t r e n d  appears  t o  be due t o  t h e  sma l l e r  d e f l e c t i o n s  

r equ i r ed  t o  b r i n g  t h e  whole s u r f a c e  of t h e  end o f  sma l l e r  punches i n t o  

c o n t a c t  w i th  t h e  c y l i n d r i c a l  j a c k e t .  

r 

It i s  apparent  from Equation 25 t h a t  a r e l a t i v e l y  complicated 

gene ra l  term i s  necessa ry  t o  modify t h e  puncture  equa t ions  f o r  p r i s -  

matic casks  so t h a t  t h e s e  equa t ions  can be used t o  p r e d i c t  i n c i p i e n t  

puncture  o f  c y l i n d r i c a l  ca sks .  Further ,  s i n c e  on ly  one j a c k e t  m a t e r i a l  

and t h i c k n e s s  was t e s t e d  i n  t h e  c y l i n d r i c a l  model t e s t s ,  a r e l a t i o n -  

s h i p  more complicated than Equation 25 might be necessary.  

m a t e r i a l  and t h i c k n e s s  of j a c k e t s  f o r  c y l i n d r i c a l  casks must be con- 

s ide red ,  a more d i r e c t  approach t o  t h e  problem of p r e d i c t i n g  t h e  

i n c i p i e n t  puncture  energy of j a c k e t s  f o r  c y l i n d r i c a l  ca sks  seems t o  

be i n d i c a t e d .  

I f  t h e  
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Figure 21. Ratio of incipient puncture energy for cylindrical 
models to the incipient puncture energy for prismatic models (E,) versus 
the diameter of the cylindrical models. 



CHAPTER V I  

PREDICTION OF INCIPIENT PUNCTURE OF THE PROTOTYPE CASKS . 
I. PRISMATIC CASKS 

The r e l a t i o n s h i p s  developed i n  Chapter V provide two p o s s i b l e  

methods of p r e d i c t i n g  t h e  i n c i p i e n t  puncture  of t h e  p ro to type  sh ipp ing  

cask whose j a c k e t  m a t e r i a l  i s  s t e e l  and whose s h i e l d i n g  material i s  

l e a d .  The f i r s t  of t h e s e  methods i s  t h e  d i r e c t  a p p l i c a t i o n  o f  Equation 

15, and t h e  second of t h e s e  methods i s  t h e  geometric scale-up of t h e  

model d a t a  t o  the  range of t h e  p ro to type  casks.  

Geometr ical ly  sca l ed  model d a t a  should p r e d i c t  t h e  performance 

of a p ro to type  cask i f  t r u e  models o f  t h e  p ro to type  a r e  used i n  the  

model t e s t .  A t r u e  model, one i n  which a l l  s i g n i f i c a n t  c h a r a c t e r i s t i c s  

o f  t h e  p ro to type  a r e  reproduced, i s  g e n e r a l l y  q u i t e  d i f f i c u l t  t o  pro- 

duce and i s  n o t  n e c e s s a r i l y  r equ i r ed  i f  t he  p r e d i c t i o n  o f  on ly  one 

c h a r a c t e r i s t i c  of t h e  p ro to type  i s  d e s i r e d .  (12) Thus, i f  t h e  models 

of t h e  p r i s m a t i c  casks  included those c h a r a c t e r i s t i c s  of t h e  p ro to type  

casks  t h a t  s i g n i f i c a n t l y  a f f e c t  t h e  i n c i p i e n t  puncture  energy of t h e  

p ro to type  casks,  then a s c a l e  f a c t o r  based on a c h a r a c t e r i s t i c  l e n g t h  

such as t h e  diameter  of t h e  punch should r e l a t e  t h e  i n c i p i e n t  puncture  

energy o f  t h e  models t o  t h a t  of  t h e  p ro to type  casks.  

I f  t h e  diameter  of  t h e  punch i s  taken as t h e  c h a r a c t e r i s t i c  

l eng th  i n  s c a l i n g  up t h e  model cask da ta ,  t h e  s c a l e  f a c t o r  i s  12 f o r  

62 



. 

63 

t h e  d a t a  taken wi th  a 0.5-inch-diameter punch because a punch diameter  

o f  6.0 inches  i s  t h e  s tandard  f o r  pro to type  casks.  

l i n e a r  dimensions o f  t he  model cask must be sca l ed  by a f a c t o r  o f  12, 

Therefore ,  a l l  

and t h e  weight o f  t h e  model ( o r  energy a t  impact) must be  sca l ed  by a 

f a c t o r  of (12)3 o r  1728. Thus, Equation 16 sca l ed  up t o  p r e d i c t  t h e  

i n c i p i e n t  puncture  energy of  p ro to type  casks  becomes 

E /1728 ? ( )p = 0.74(5]'*~ 

(;) = 39 t l  *4 . 
P 

Equat ions 15 and 26 p r e d i c t  s l i g h t l y  d i f f e r e n t  va lues  f o r  t h e  

i n c i p i e n t  puncture  energy o f  t h e  pro to type  casks.  A comparison o f  

t hese  two equat ions  i s  shown i n  F igure  22 a long  wi th  t h r e e  da t a  p o i n t s  

t h a t  were taken f o r  t h e  r e s u l t s  of  t h e  t e s t s  made wi th  t h e  pro to type  

cask t h a t  were r epor t ed  i n  Reference 4. 

Since Equation 26 appears  t o  p r e d i c t  t h e  r e s u l t s  o f  tes ts  wi th  

p ro to type  casks  reasonably w e l l ,  i t  seems worthwhile t o  a r range  t h a t  

equat ion  i n  a more convenient form. The energy of  a cask upon impact, 

(27) E = Wh 

where 

W = weight of t h e  cask, pounds, and 

h = h e i g h t  from which t h e  cask i s  dropped 

= 40 inches  t o  s a t i s f y  t h e  requirements  o f  Reference 1. 

Combining Equat ions 26 and 27, 

(28) t = (w/s)o'7' . 
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Figure  22. Resu l t s  of tests made w i t h  pro to type  p r i s m a t i c  cask 
compared w i t h  t h e  r e s u l t s  p red ic t ed  from t h e  p r i s m a t i c  model t e s t  da t a .  



65 

in 28 f o r  v a r i o u s  va lues  of t he  u l t i m a t e  t e n s i l e  

r i a l s  i s  shown i n  Figure 23 t o  f u r t h e r  i n c r e a s e  

the  j a c k e t  t h i c k n e s s  f o r  which puncture  i s  

11. CYLINDRICAL CASKS 

i e  c y l i n d r i c a l  model t e s t s  show t h a t  i n  t h e  

t e s t ed ,  t he  models of c y l i n d r i c a l  ca sks  are more 

Ian those of p r i s m a t i c  casks  of equal  weight 

s t r e n g t h  of t h e  j a c k e t s  a r e  t h e  same. For D/d 

m u  U /  L L Q L L U D  S l eaLe l  than those  evaluated,  t he  i n c i p i e n t  puncture 

energy f o r  t h e  c y l i n d r i c a l  models should approach the  va lues  obtained 

wi th  p r i s m a t i c  models s i n c e  the  c y l i n d r i c a l  s u r f a c e  approaches a f l a t  

s u r f a c e  as a l i m i t .  For D/d and D / t  r a t i o s  sma l l e r  than those  evalu- 

a t ed ,  t h e  change i n  puncture  r e s i s t a n c e  as t h e s e  r a t i o s  a r e  decreased 

i s  no t  c lear .  For dec reas ing  D / t  r a t i o s ,  t h e  puncture  energy should 

i n c r e a s e  because t h e  cask i s  approaching t h e  l i m i t i n g  case  o f  

D / t  =I D = 2 , 
D 2  

which i s  t h e  D / t  va lue  f o r  a s o l i d  s t e e l  cask.  

r a t i o s ,  t h e  puncture  energy may o r  may n o t  

ea se  wi th  which t h e  c y l i n d r i c a l  j a c k e t  deforms l o c a l l y  t o  b r i n g  the  

For dec reas ing  D/d 

increase,  depending upon t h e  

whole s u r f a c e  of t h e  punch i n  c o n t a c t  w i th  t h e  j a c k e t .  For a cask wi th  

a s m a l l  d iameter ,  t h e  l eng th  of t h e  cask might be much g r e a t e r  than i t s  
b 
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CASK WEIGHT TO PRODUCE PUNCTURE (LBS.) 

Figure 23. Thickness of jacket versus weight of cask to produce 
puncture for various ultimate tensile strength values for jacket mate- 
rials. 
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