
t h i s  would s i g n i f i c a n t l y  a f f e c t  

e c y l i n d r i c a l  casks  i s  l imi t ed ,  

a i l a b l e  wi th  t h e  r e s u l t s  pre-  

. This  comparison can be made 

t d a t a  wi th  t h e  j a c k e t  t h i ckness  

determines t h e  s c a l e  f a c t o r .  

a c t e r i s t i c  length ,  t h e  s c a l e  

75 ? 

e l  and pro to type  c y l i n d r i c a l  

p ro to type  cask, inches,  and 

model, inches .  

t h  any j a c k e t  t h i ckness  but  

ach v a r i a b l e  must be d iv ided  by 

r .  For l i n e a r  s ca l ing ,  l eng ths  

he s c a l e  f a c t o r  and energy must 

t o r .  Thus, Equation 24 becomes 

256 - 16(D/f) . (30) 

5 6 P  - 16DP , (31)  

t e  t h a t  Equat ion 31 a p p l i e s  t o  
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I f  i t  i s  now assumed t h a t  t h e  i n c i p i e n t  puncture  energy of a 

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

s t r e n g t h  of t h e  j a c k e t  material, Equation 31 can be w r i t t e n  as 

(E cc ) P = (S/51,300)(3040dP - 2 5 6 P  - 16DfZ) . 

(Ecc/S)p = (10.5d - 0.0554D)P - 11.8P . 

(32) 

S u b s t i t u t i n g  t h e  va lue  of f given by Equation 29 i n t o  Equation 32, 

(33) 

The r e s u l t s  o f  s e v e r a l  t e s t s  o f  p ro to type  casks (3, 13) are 

given i n  Table V I 1  a long wi th  the  i n c i p i e n t  puncture  energy p r e d i c t e d  

by Equation 33. The i n c i p i e n t  puncture e n e r g i e s  t h a t  would be pre-  

d i c t e d  by s c a l i n g  up t h e  p r i s m a t i c  model d a t a  us ing  t h e  punch diameter  

as t h e  c h a r a c t e r i s t i c  l eng th  t h a t  determines t h e  s c a l e  f a c t o r  a r e  a l s o  

given i n  Table V I I .  Only t h r e e  of t h e  c a s e s  l i s t e d  i n  Table V I I ,  Cases 

4 ,  5, and 6, had D/d and D / t  r a t i o s  t h a t  a r e  w i t h i n  t h e  range covered 

by t h e  model t es t .  

o f  t h e  model t e s t s ,  and f o r  t h a t  reason, t h e  r e s u l t s  of t h e  t e s t  w i th  

t h a t  cask would have been va luab le  h e r e  had t h e  impact energy n o t  been 

so fa r  below t h e  va lue  of i n c i p i e n t  puncture  energy p r e d i c t e d  by 

Equations 26 and 33. 

The Case 2 cask had a D/d r a t i o  w e l l  below t h e  range 

I n  a l l  of t h e  cases l i s t e d  i n  Table V I 1  except  Cases 1 and 2, 

t h e  j a c k e t  of t h e  cask w a s  r e p o r t e d  t o  have been punctured. However, 

i t  must be noted t h a t  a complete d e s c r i p t i o n  of t h e  cond i t ions  of d e f o r -  

mation is no t  a v a i l a b l e .  I n  Case 4 ,  i t  i s  known t h a t  t h e  l i n e  of 

a c t i o n  of t h e  punch was n o t  pe rpend icu la r  t o  t h e  s u r f a c e  of t h e  cask, 

b u t  similar information is  no t  a v a i l a b l e  f o r  t h e  o t h e r  cases .  

. 
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TABLE VI1 

RESULTS OF PROTOTYPE CYLINDRICAL CASK TESTS COMPARED WITH 
RESULTS PREDICTED FROM CYLINDRICAL MODEL TESTS 

Test Incipient Puncture Energy 
Punch Jacket Cask Jacket Cask Impact Predicted By 

Case Diameter Thickness Diameter U.T.S.a Weight Energyb Equation 33 Equation 16c 
No. (in.) (in.) (in.) D/d D/t (p.s.i.) (lb.) (in.-lb.) (in. - lb .) (in. - lb . ) 

~ ~~ ~~ 

1 6 0.5 30 5 60 62,300 11,350 817,200 844,000 920,000 
2 6 0.312 18 3 57.7 53,500 2,600 156,000 305,000 390,000 
3 4 0.375 30 7.5 80 55,000 11,350 204,300 277,000 288,000 
4 2 0.375 30 15 80 55,000 11,350 68,100 113,000 94,500 
5 2 0.312 18 9 57.7 53,500 2,600 62,400 85,000 73,200 
6 1.43 0.312 18 12.6 57.7 53,500 2,600 62,400 54,300 56,400 

%timate tensile strength values obtained from one specimen taken from each jacket thickness. 

bPuncture occurred in all cases except Cases 1 and 2. 

Jacket 
material was mild steel. 

In Case 1 the punch penetrated 1/8 inch into the 
1/2-inch shell, indicating that the test impact energy was near the incipient puncture energy. 
penetration was not symmetrical about the line of action of the punch. 

In Case 4 the 

CEquations scaled up from Equation 16 for 
6.0-inch punch, E/S = 39tlS4; 
4.0-inch punch, E/S = 20.7t' *4 ; 
2.0-inch punch, E/S = 6.74t' .4 ; and 
1.43-inch punch, E/S = 5.37t1 ''. 



i t  puncture  energy 

i than 13 per  c e n t  from 

i, t h e  j a c k e t  of t h e  cask 

ich case than w a s  pre-  

: 4,  i t  i s  known t h a t  

l i c u l a r  t o  t h e  s u r f a c e  of 

inching. 

nent between t h e  r e s u l t s  

? r e s u l t s  p r e d i c t e d  by 

appears  t h a t  u n t i l  more 

r l i n d r i c a l  ca sks  might 

:asks. Because t h e  equa- 

mnc tu re  e n e r g i e s  g r e a t e r  

2s l i s t e d  i n  Table V I I ,  a 

3 ob ta ined  wi th  t h e s e  

rence between t h e  observed 

p e r  cen t  (Case 3 ) ,  u s i n g  

t o  1 . 3  t imes t h e  t r u e  

iethod o f  s e l e c t i n g  a s a f e  

.ameters are from 18 t o  

JW L L I L L I C D .  L 'UL LQDKD WIIUDC U I Q I I I C L C L B  a ~ c  g ~ ~ ~ i e r  than 30 inches,  t h e  

weight c o r r e c t i o n  f a c t o r  must f o r  t h e  p r e s e n t  be l e f t  t o  t h e  judgment of 

t h e  cask des igne r .  

w a s  1/8 inch  i n t o  a 1/2- inch-thick j a c k e t ,  i n d i c a t i n g  t h a t  t h e  impact 

energy f o r  t h a t  ca se  was very c l o s e  t o  t h e  i n c i p i e n t  puncture  energy. 

The p e n e t r a t i o n  of t h e  punch i n  Case 1 of Table V I 1  

. 
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Judging from t h a t  case ,  i t  seems reasonable  t o  assume t h a t  t h e  i n c i p i e n t  

puncture  energy f o r  a cask whose diameter  i s  i n  excess  o f  30 inches  

would be p red ic t ed  w i t h i n  a c l o s e  percentage by Equation 28.  

. 



CHAPTER VI1 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS . 
I. SUMMARY 

Prismatic and cylindrical models of steel-jacketed lead-shielded 

ing casks for radioactive materials were tested to obtain infor- 

n concerning the puncture resistance of prototype casks. The 

tests for prismatic casks included tests on several types of 

ial that are likely to be used for cask jackets and several other 

of material with mechanical properties in the range of those o f  

ials that might possibly be used for jackets. The thickness of 

acket material and the diameter of the punch were varied in the 

of prismatic models. The shielding material used in the cask 

s was chemical lead for both the prismatic and the cylindrical 

. 

tests. In the model tests for cylindrical casks, the jacket 

ial and thickness were held constant while the diameters of the 

s and the punches were varied. 

A correlation of the data obtained in the prismatic model tests 

:ed the equation 

E F /S = 2.4d' .6 tlo4 , (15) 

appears to adequately represent the model test data reported here 

iat reported by Spaller. ( 4 )  A separate correlation for the test 

gith the 0.5-inch-diameter punch was also obtained. This 

72 
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c o r r e l a t i o n  i s  expressed by Equation 16, which a l s o  included d a t a  from 

Reference 4.  

= 0.7t1*4 . 

Equation 1 6  was sca l ed  up geometr ica l ly  t o  t h e  equat ion  

(2) = 39t1.4 , 
P 

which appears  t o  be app l i cab le  f o r  use i n  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 t h e  pro to type  p r i s m a t i c  cask.  Equat ions 15 and 26 

were compared g r a p h i c a l l y  i n  F igure  22 wi th  t h e  r e s u l t s  of  pro to type  

p r i s m a t i c  cask t e s t s  r epor t ed  by S p a l l e r  ( 4 ) ,  and Equation 26 w a s  

found t o  be i n  good agreement w i t h  t h e  t e s t  da t a  f o r  t h e  p r i s m a t i c  

cask.  

A c o r r e l a t i o n  of  t h e  d a t a  r e s u l t i n g  from t h e  c y l i n d r i c a l  model 

t e s t s  produced t h e  equat ion  

E = 3040d - 256 - 16D . (24) cc  

Equation 24 i s  a p p l i c a b l e  f o r  on ly  one j a c k e t  m a t e r i a l  and th i ckness ,  

and i t  was compared wi th  t h e  p r i s m a t i c  model t e s t  d a t a  t o  o b t a i n  t h e  

r a t i o  of  t h e  i n c i p i e n t  puncture  energy f o r  c y l i n d r i c a l  models t o  the  

r a t i o  of  t h e  i n c i p i e n t  puncture  energy f o r  p r i s m a t i c  models. This  

r a t i o ,  

3040d - 256 - 16D 
2260d’ m6 

E =  r 

Within t h e  range of  parameters  t e s t e d ,  Equation 25 shows t h a t  t h e  

models of c y l i n d r i c a l  casks  a r e  most d i f f i c u l t  t o  puncture .  
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To evaluate the extent to which the cylindrical model test data 

can be used to predict puncture o f  prototype cylindrical casks, 

Equation 24 was scaled up by using the jacket thickness as the charac- 

teristic length that determines the scale factor and by assuming that 

the incipient puncture energy of cylindrical casks is directly propor- 

tional to the ultimate tensile strength of the jacket material. The 

result of scaling up Equation 

E \  cc = (10.5d 1s; p 

The results of several 

casks that have been reported 

24 was 

- 0 .0554D)F  - 11.8'P . 

tests made with cylindrical prototype 

( 3 ,  13) were compared with the results 

( 3 3 )  

predicted by using Equation 33 and with the results 

scaling up the data obtained from the prismatic model tests. Neither 

method used to predict the results of the tests made with cylindrical 

prototype casks provided conservative results consistently. However, 

in the tests made with cylindrical prototype casks that were reported 

as having resulted in punctured jackets, no general description of the 

jacket deformation was given and no specific indication that the result 

ing deformation was symmetrical about the center line of the punch was 

made. 

for prismatic casks be used in predicting the necessary jacket thick- 

nesses for  cylindrical casks. 

predicted by 

Therefore, it was suggested that a method based on the equations 

t 
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11. CONCLUSIONS " 

c The principal objective of this study was to determine the 

influence of the curvature and the material properties of jackets upon 

the incipient puncture energy of steel-jacketed lead-shielded shipping 

casks. 

from the results of the tests. 

With regard to these two aims, five conclusions may be drawn 

1. For jackets of prismatic casks made of steel materials with 

between 41 and 69 per cent elongation in a 1-inch gauge length, the 

incipient puncture energy of the jacket is directly proportional to 

the ultimate tensile strength of the jacket material. 

2 .  It is not conservative to select jacket thicknesses for 

cylindrical casks with diameters of less than 30 inches by using the 

data for prismatic casks per se. 

3 .  The puncture data obtained from the cylindrical model tests 

were well ordered but the test program was not general enough. The 

linear scaling method used with the thickness of the jacket being 

taken as the characteristic length that determined the scale factor 

resulted in an equation that did not consistently predict existing 

data obtained from tests with the cylindrical cask prototype. It 

appears that the thickness of the jacket and possibly the type of 

material must be varied to produce a general equation for puncture. 

4 .  There is good agreement between the test results for pris- 

matic models and the prismatic cask prototype. 

obtained for the cylindrical model were well ordered, it seems 

Since the test data 
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