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RISKS OF SHIPPING URANIUM HEXAFLUORIDE BY TRUCK AND TRAIN 

J.  F. Johnson, W. B. Andrews 
B a t t e l l e ,  P a c i f i c  Nor thwest  L a b o r a t o r i e s  

The shipment of uranium h e x a f l u o r i d e  i s  an i m p o r t a n t  t r a n s p o r t a t i o n  1 ink .be tween many o f  
t h e  components o f  t h e  n u c l e a r  f u e l  c y c l e .  T h i s  paper d iscusses  and p r e s e n t s  t h e  r e s u l t s  o f  an 
a n a l y s i s  o f  t h e  r i s k s  o f  t r a n s p o r t i n g  uranium h e x a f l u o r i d e  (UF ) by t r u c k  and r a i l .  The study,  
c a r r i e d  o u t  as a  p a r t  o f  P a c i f i c  Nor thwest  L a b o r a t o r y ' s  (PNL) ? r a n s p o r t a t i o n  S a f e t y  S t u d i e s  
P r o j e c t ,  was conducted f o r  t h e  T r a n s p o r t a t i o n  Branch o f  DOE'S D i v i s i o n  o f  Envi ronmenta l  C o n t r o l  
Technology. 

I n  t h e  c o n t e x t  o f  t h i s  paper, r i s k  i s  d e f i n e d  as t h e  p r o d u c t  o f  t h e  p r o b a b i l i t y  o f  a 
r e l e a s e  .o f  m a t e r i a l  t o  t h e  env i ronment  and t h e  consequences r e s u l t i n g  f r o m  t h e  r e l e a s e .  A l though  
a  few a c c i d e n t s  i n v o l v i n g  UF6 c o n t a i n e r s  have o c c u r r e d  d u r i n g  t r a n s p o r t a t i o n ,  t h e y  a r e  i n s u f f i -  
c i e n t  i n  number and consequences t o  p r o v i d e  d a t a  f o r  a  r i s k  assessment o f  UF t r a n s p o r t . ,  For  
t h i s  reason,  t h i s  s t u d y  used t h e  p r e d i c t i v e  r i s k  assessment methodology deve?oped i n  t h e  Trans- 
p o r t a t i o n  S a f e t y  S t u d i e s  P r o j e c t .  T h i s  methodology was d iscussed  i n  a  number o f  papers presented 
a t  t h e  F o u r t h  I n t e r n a t i o n a  Symposium on Packaging and T r a n s p o r t a t i o n  o f  R a d i o a c t i y e  M a t e r i z l  s  
and e a r l i e r  s t u d i e s .  ( 1  ~ ~ 9 3 1  The methodology i s  composed o f  f o u r  b a s i c  s teps :  

0 A  d e t a i l e d  d e s c r i p t i o n  o f  t h e  t r a n s p o r t a t i o n  system 
@ The i d e n t i f i c a t i o n  o f  p o s s i b l e  m a t e r i a l  r e l e a s e  sequences 

The e v a l u a t i o r ~  o f  .the p r o b a b i l i t i e s  and t h e  conscquences o f  t h e  r e l e a s e s  . 
a C a l c u l a t i o n  and assessment o f  t h e  r i s k . '  

The system d e s c r i p t i o n  i n c l u d e s  p r o j e c t e d  i n d u s t r y  c h a r a c t e r i s t i c s ,  amounts t o  be sh ipped 
and t h e  number o f  shipments r e q u i r e d ,  m a t e r i a l  c h a r a c t e r i s t i c s ,  t r a n s p o r t  mode and c a r r i e r ,  
c o n t a i n e r  t ypes ,  r o u t e s  (and any r e s t r i c t i o n s ) ,  and weather  and p o p u l a t i o n  zones. Release 
sequences a r e  i d e n t i f i e d  u s i n g  f a u l t  t r e e  analyses.  Releases a r e  e v a l u a t e d  u s i n g  c o n t a i n e r  
f a i l u r e  d a t a  and mathemat ica l  models f o r  d i s p e r s i o n  and hea1t.h e f f e c t s .  The r i s k  i s  t h e n  
c a l c u l a t e d  and compared t o  o t h e r  known r i s k s .  Only  r e l e a s e s  r e s u l  t i n  f r o m  t r a n s p o r t a t i o n  
a c c i d e n t s  o r  nonstandard c o n t a i n e r  closur,es ( o r  comb ina t ions  o f  bo th?  were cons idered .  

SYSTEM DESCRIPTION 

The t r a n s p o r t a t i o n  system cons idered  i n  t h e  s t u d y  was based on a  r e f e r e n c e  y e a r  i n  wh ich  
100 one-thousand megawatt c a p a c i t y  l i g h t  w a t e r  r e a c t o r s  a r e  o p e r a t i n g  i n  t h e  U.S. T h i s  capac- 
i t y  was chosen t o .  a l l o w  comparisons t o  be made w i t h  t h e  r e l a t i v e  r i s k s  i n v o l v e d  i n  s h i p p i n g  
p lu ton ium,  wh ich  were e v a l u a t e d  i n  e a r l i e r  s tud ies. ( l . ,2 ,3)  The m a t e r i a l s  cons idered  i n  t h i s  
s t u d y  were n a t u r a l  and s l i g h t l y  e n r i c h e d  ( a p p r o x i m a t e l y  4% 23%) UF6. A l though  UF6 a t  h i g h e r  



. '  enrichment l eve l s  i s  t ranspor ted ,  shipp.ing regula t ions  d i f f e r  g rea t ly ,  and q u a n t i t i e s  involved 
a r e  i n s i g n i f i c a n t  when compared to  the  amoun.ts of natura l  and s l i g h t l y  enriched material  shipped. 
Shipments of UF6 from reprocessing plants  were a l so  considered,  although t h i s  may. or may not be 
a fu tu re  option.  Their  inclusion causes the  r e s u l t s  t o  be conservat ive . .  

This study represents  a departure from the  format used in  e a r l i e r  r i s k  assessments. 
Previous s t u d i e s ( l , 2 , 3 )  analyzed the  r i s k  involved in  shipping a l l  material  used i n  the  r e fe r -  
ence yea r  by one t ranspor ta t ion  mode. This study analyzes a system using both t ruck and t r a i n  
t r anspor t a t ion .  To accura te ly  represent  and y e t  reasonably evaluate  the  UF6 shipment system, 
some simp1 i fy ing  assumptions were made. Piggy-back shipments were combined with r a i l  shipments 
t o  reduce t ranspor ta t ion  modes t o  two. Assumptions on conta iner  types reduced the  number of 
cyl inder  conf igura t ions  t o  four:  1 ) 14-ton-cyl inde r s ;  2 )  10-ton-cyl inders without overpack; 3 )  
10-ton-cyl inders  with overpacks; and 4 )  2 112-ton-cyl inders vii t h  overpacks. A diagram of the  
modified shipping system i s  shovin i n  Figure 1 .  

RELEASE SEQUENCE IDENTIFICATION 

In order  t o  determtne the  probabi l i ty  of a conta iner  f a i l i n g  during a t r anspor t  accident ,  
poss ib le  r e l ease  sequences must be postulated.  These sequences may be i d e n t i f i e d  i n  a va r i e ty  
of ways. I t  was f e l t  t h a t  t he  most complete l i s t i n g s  of r e l ease  sequences a r e  obtained by 
deductive reasoning processes t h a t  work backwards from a r e l ease  through the  poss ib le  chain of 
events t h a t  could produce the  re lease .  As in the  previous s t u d i e s ,  f a u l t  t r e e  ana lys i s  was 
used . to  perform these  reasoning processes. Only those r e l ease  sequences within the  se l ec ted  
scope of ana lys i s  were evaluated. In addi t ion  t o  r e l eases  caused by forces  produced in  t rans-  
por ta t ion  accidents ,  r e l eases  r e su l t ing  from package c losure  e r r o r s  o r  de te r io ra t ion  in the  
condi t ion  of the  packaging re su l t ing  from the  normal t r anspor t a t ion  environment were consi-  
dered. Fa i lu re  associa ted  with d e l i b e r a t e  sabotage o r  d ivers ion attempts was not considered. 
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RELEASE S,EQUENCE EVALUATION 

I d e n t i f i e d  r e 1  ease sequences were eva lua ted  t o  de te rmine  t h e  p r o b a b i  1  i ty o f  occur rence  and 
t h e  r e s u l t i n g  env i ronmenta l  consequences. I n  o r d e r  t o  c a l c u l a t e  t h e  p r o b a b i  1  i t y  o f  a  c o n t a i n e r  
f a i l i n g  d u r i n g  an acc iden t ,  i t  was necessary t o  e s t i m a t e  c o n t a i n e r  f a i l u r e  t h r e s h o l d s ,  examine 
t h e  a c c i d e n t  env i ronment ,  and de te rmine  package c o n d i t i o n s  d u r i n g  normal t r a n s i t .  

, Bo th  t h e  t r u c k  and r a ' n  a c c i d e n t  env i ronments were e v a l u a t e d  u s i n g  i n f o r m a t i o n  developed 
by  Sandia L a b ~ r a t o r i e s . ( ~ ~ ~ ~  For  t h i s  s tudy ,  t h e  s t r e s s e s  p r e s e n t  i n  t r u c k  and t r a i n  a c c i d e n t s  
were d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :  f i r e ,  impact ,  and punc tu res .  O ther  s t r e s s e s ,  such as 

' c r u s h  and immersion were found  t o  c o n t r i b u t e  i n s i g n i f i c a n t l y  t o  t h e  l i k e l i h o o d  o f  UFg c y l i n d e r  
f a i l u r e s  and were n o t  i n c l u d e d .  Puncture data,  f o r  b o t h  t r u c k  and t r a i n  a c c i d e n t s  was v e r y  
sparse  and c o n s e r v a t i v e  es t imates  had t o  be made. R i s k  s e n s i t i v i t y  s t u d i e s  (d iscussed  l a t e r )  
were c a r r i e d  o u t  t o  de te rmine  t h e  e f f e c t  o f  these  es t imates  on t h e  o v e r a l l  r i s k .  

Package f a i l u r e  t h r e s h o l d  es t imates  were o b t a i n e d  u s i n g  mathemat ica l  a n a l y s i s ,  t h e  r e s u l t s  
o f  d e s t r u c t i v e  t e s t s ,  and e n g i n e e r i n g  es t imates .  Only t h r e s h o l d s  r e l a t i n g  t o  t h e  a c c i d e n t  
env i ronment  pos ing  a  t h r e a t  t o  t h e  c y l i n d e r  ( f i r e ,  impact ,  p u n c t u r e )  were eva lua ted .  Conserva- 
t i v e  assumptions were r e q u i r e d  i n  some i n s t a n c e s  t o  c a r r y  o u t  t h e  a n a l y s i s .  S e n s i t i v i t y  s t u d i e s  
were c a r r i e d  o u t  t o  de te rmine  t h e  e f f e c t  o f  these  assumptions on t h e  o v e r a l l  r i s k .  

To adequa te ly  ana lyze  t h e  response o f  a  UFg c y l i n d e r .  t o  an a c c i d e n t  s i  t i l a t i o n ,  i t  was 
necessary t o  de te rmine  t h e  genera l  package c o n d i t i o n  d u r i n g  normal t r a n s p o r t .  To .ob ta in  a  data 
bank o f  c o n t a i n e r  c o n d i t i o n s  d u r i n g  normal t r a n s p o r t  f o r  use i n  t h e  r i s k  a n a l y s i s ,  a  su rvey  was 
conducted o f  f a c i l i t i e s  wh ich  r o u t i n e l y  r e c e i v e  UFg. R e s u l t s  o f  t h i s  su rvey  a r e  summarized i n  
Tab le  1. The survey  d i d  n o t  i n d i c a t e  t h a t  package c l o s u r e  e r r o r s  were pre5en.t i n  s i g n i f i c a n t l y  
l a r g e  numbers. 

The f i n a l  s t e p  i n  t h e  e v a l u a t i o n  o f  r e l e a s e  sequences i s  t h e  d e t e r m i n a t i o n  o f  r e l e a s e  
f r a c t i o n s .  When re leased ,  UF6 r e a c t s  w i t h  w a t e r  i n  t h e  atmosphere t o  f o r m  HF (hydrogen f l u o r - i d e  
gas)  and UO2F2 ( u r a n y l  f l u o r i d e ) .  For  t h e  purpose o f  t h i s  r i s k  a n a l y s i s ,  t h e  r e l e a s e  sequences 
were p laced  i n t o  one o f  f o u r  c a t e g o r i e s ,  and r e l e a s e  f r a c t i o n s  were ass igned  t o  each: 

e Al.1 r e l e a s e  sequences i n v o l v i n g  a  breach o f  t h e  c y l i n d e r  w i t h  no f i r e  p r e s e n t  were 
ass igned  a  r e l e a s e  f r a c t i o n  o f  10-3. The d u r a t i o n  o f  t h e  r e l e a s e  was assumed t o  be 
15 n i inutes b e i n g  l i m i t e d  by t h e  f a c t  t h a t  t h e  p a r t i c u l a t e  UO2F2 tends t o  p l u g  up 
t h e  r e l e a s e  pathway. 

r Release sequences i n  wh ich  t h e  c y l i n d e r  was breached ( e x c l u d i n g  e x p l o s i v e  r u p t u r e s )  
w i t h  f i r e  p r e s e n t  were ass igned a  r e l e a s e  f r a c t i o n  o f  0.1. The d u r a t i o n  was assumed 
t o  be 20 minu tes  i n  l e n g t h .  Again, t h e  amount r e l e a s e d  i s  l i m i t e d  by  c l o g g i n g  o f  
t h e  r e l e a s e  p a t h  by UO2F2. 

r The e x p l o s i v e  f a i l u r e  o f  a  c y l i n d e r  w i t h o u t  overpack i n  t h e  f i r e  env i ronment  was 
ass igned  two r e l e a s e  f r a c t i o n s :  an i n i t i a l  e l e v a t e d  r e l e a s e  ( f i r e  plume) o f  0.1 
w i t h  a d u r a t i o n  o f  1  minute,  and a secondary (ground l e v e l )  r e l e d ~ e  of 0.9 u v e r  d 
span o f  4  hours.  

The exp1os;ve f a i l u r e  o f  a  c y l i n d e r  w i t h  overpack i n  t h e  f i r e  env i ronment  was a l s o  
ass igned  two r e l e a s e  f r a c t i o n s :  an i n i t i a l  e l e v a t e d  r e l e a s e  o f  0 .8 w i t h  a  d u r a t i o n  
o f  1  minute,  and a  secondary (ground l e v e l )  r e l e a s e  o f  0.2 o v e r  a  4-hour t i m e  p e r i o d .  

To express t h e  r i s k  f r o m  UF6 r e l e a s e s  i n  a  fo rm s u i t a b l e  f o r  compar ison t o  o t h e r  s o c i e t a l  
r i s k s  c o n v e r s i o n  f a c t o r s  were developed t o  a1 l o w  m o d i f i c a t i o n  o f  t h e  consequence p o r t i o n  o f  t h e  
r i s k  number ( i n  t h i s  case, t o  f a t a l i t i e s ) .  Areas wh ich  were e v a l u a t e d  i n c l u d e :  h e a l t h  e f f e c t s ,  
mete ro logy ,  demography, and q u a n t i t y  made a i r b o r n e  and d ispersed .  

A l l  p roduc ts  o f  a  UFg r e l e a s e  r e p r e s e n t  a  h e a l t h  hazard when i n h a l e d .  Hydrogen f l u o r i d e  
gas p resen ts  a  danger wh ich  i s  chemical i n  n a t u r e  o n l y .  The e f f e c t s  o f  i n h a l a t i o n  3 f  U02F2 a r e  
b o t h  chemical  and r a d i  1  g i c a l  i n  na tu re .  For  UFg r e l e a s e s  i n v o l v i n g  m a t e r i a l  w i t h  an e n r i c h -  
ment o f  l e s s  than  10% q3!U, t h e  chemica l  t o x i c i t y  i s .  g e n e r a l l y  cons idered  a  f a r  g r e a t e r  t h r e a t  



TABLE 1. Data Bank-P ckage C losure  Exper ience  Obta ined 
by Suruer(af (For  P e r i o d  1971-1975) 

2  1/2-Ton 10-Ton 14-Ton 
t b d e l  Model Hodel 

30A 308 48X 48Y - - - -  

A. PACKAGES RECEIVED 
1975 

TOTAL 

B. GENERAL CONDITIOll OF SHIPMENT (1971-1975) 

1. Do you f o r m a l l y  examine and record the  con- 
d i t i o n  o f  received c y l i n d e r s ?  Yes = 8  1  = NO Ans. No = 1  

2. I s  the  H/U r a t i o  v e r i f i e d  upon r e c e i p t ?  Yes = 2  2  = No Ans. No = 6 
( Inspec t  b u t  do n o t  record )  

3. Number o f  t imes H/U r a t i o  exceeded spec i f i ed  
l i m i t s .  

4. Number o f  t imes enrichment exceeded speci -  
f i e d  l i m i t s .  

5. Number o f  c y l i n d e r s  rece ived  o v e r f i l l e d .  

6. Number o f  c y l i n d e r s  received ovcrpressur ized 

7. Number rece ived  w i t h  contaminat ion .(UF6. 
U02F2, e tc .  ), ou ts ide  c y l  i ndc r .  

C. CYLINDER CONDITION (1971-1975) 

1. Number o f  c y l i n d e r s  removed from serv ice  due 
t o  d e t e r i o r a t i o n .  1  2  0 

2 .  Ihlmhnr of c1y ind~ t -z  wit-h badly corroded 
s h e l l s .  0 0 0 

3. Number o f  c l y i n d e r s  received w i thou t  
requ i red  p r o t e c t i v e  va lve  cover. 

4. Number o f  c l y i n d e r s  rece ived  w i t h  welds 
danugcd (cxample, vessel f r e s h l y  dent.ed i n  
area o f  weld r e s u l t i n g  i n  poss ib le  p a r t i a l  
weld f a i l u r e ,  e tc . ) .  7  0  1  

0. VALVE CONDITION (1971-1975) 

1.  Nuinher o f  c y l i n d e r s  r e q u i r i n g  valve 
replacement. . . 13 28 60 

2. Number o f  c l y i n d e r s  ' w i t h  va lve  and/or vessel 
threads p a r t i a l l y  s t r ipped .  .. 0  5 0 

3. Number o f  c l y i n d e r s  w i t h  va lve  crossthreaded. 0  7  0 

'4. Numb'er o f  c y l i n d e r s ' w i t h  va lve  n o t  complete ly  . . 
closed. 0  0 .  0 

5. Number o f  c l y i n d e r s  w i t h  va lve  loose o r  i n s u f -  
f i c i e n t  threads engaged. 0  0  7 

6. Number o f  c y l i n d e r s  rece ived  w i t h  va lve  dam- 
aged (example, va lve bent  and f r e s h  metal 
exposed a t  coup1 ing ,  etc .  ). 0  14 1 



TABLE 1. Data Bank-P ckage C losure  Exper ience o b t a i n e d  f by .Survey ( a  (For  P e r i o d  1971-1975) ( c o n t ' d )  

'E. PLUG CONDITION (1971-1975) 

1. Number'of c y l i n d e r s  r e q u i r i n g  p l u g  
replacement. 

2. ~ " m b e r  o f  c l y i n d e r s  w i t h  p l u g  loose o r  w i t h  
, i n s u f f i c i e n t  threads engaged. 

3. Number o f  vessels w i t h  p l u g  and o r  vessel 
threads p a r t i a l l y  s t r ipped .  

4. Number o f  vessels w i t h  p l u g  ct-osstht-eaded. 

5. Number o f  c l y i n d e r s  received w i t h  p l u g  
damaged from rough t reatment  dur ing  hand l ing  
o r  sh ipp ing  (example, p lug  bent  and f resh 
metal exposed a t  coupl ing,  etc . ) .  0  0  0  

F. OVERPACK CONDITIONS (1 971 -1 975) 

1. Number o f  c y l i n d e r s  rece ived  i n  overpack. 2480 3164 878 

2. Number o f  c y l i n d e r s  received w i t h o u t  over-  
pack when requi red.  0  , O  . O  

3. Number o f  c y l i n d e r s  received w i t h  gross 
damage t o  overpack. 0  0  0  

4.  Number o f  c l y i n d e r s  received w i t h o u t  s e a l i n g  
gasket i n  overpack. 0  0 .  0  

5. Number rece ived  w i t h  d e t e r i o r a t e d  gasket. 3  1  0  

6. Number received w i t h  c losure  b o l t s  loose. 4 0  4 0  0  

7. Number w i t h  miss ing c losure  b o l t s :  

a. A l l  c losure  b o l t s  miss ing 
b. Some c losure  b o l t s  m iss ing  

8. Number rece ived  w i t h  damaged overpack 
mat ing surface. 

G. TRANSPORTATION MODE 

Approximate Percentage o f  Cy l inders  Received By: 

1. R d i l  0  3 12 14 

2. Truck 88 . 97 88 62 

.3. Piggy-Back (Truck on R a i l  c a r )  12 0  0  24 
4. Other  (p lease s p e c i f y )  0  0  0  0  - -  - -  
TOTAL 100% 100% '. 100% 100% 

H. DO FUTURE PLANS (NEXT 10 YEARS) INCLUDE FACILITIES 
TO HANDLE 10 AND OR 14-TON UF6 CYLINDERS I F  SUCH 
FACILITIES 00 NOT CURRENTLY EXIST? Yes = 3  No = 7 

( a ) ~ f  accurate numbers a r e  n o t  a v a i l a b l e ,  approximate values o r ' e s t i m a t e s  based on bes t  
r e c o l l e c t i o n s  can be used and a r e  requested. 

COMMENTS 
---,... "..-..... ..... .. .. ,.-... .....- 



i. 
C 
i' than the  . radiotoxic i  t y .  A1 though enrichment l e v e l s  g rea te r  than 3.5-4.0% were not considered [ 

i n  t h i s  ana lys i s ,  t he  study addressed both chemical and radiological  heal th  e f f e c t s .  
f 

Meteorological information was obtained by averaging ac tual  data from 26 reac to r  s i t e s  
throughout the  country. Population d i s t r i b u t i o n  information was obtained by dividing the  U.S. I 

i n t o  four population zones and assigning a  representa t ive  population d i s t r i b u t i o n  t o  each zone, 
using census data extrapolated'  t o  1980. The dis tance  t raveled  in  each zone was then estimated.  

The products of the  UF r e l ease ,  HF and U02F2, were assumed t o  be neu t ra l ly  buoyant when 
a i rborne .  In r e l eases  invofving f i r e ,  the  products were assumed t o  be ca r r i ed  a l o f t  and released 
from the  f i r e  plume (e levated  r e l e a s e ) .  In instances where s o l i d  chunks of UFg lay  on t h e  i 

ground and slowly hydrolized over a  period of time (4 hours) ,  i t  was assumed t h a t  only the  HF 
became a i rborne;  a l l  U02F2 was assumed t o  remain on the  ground. Accepted dispers ion models 
were used t o  determine areas  of po ten t i a l ly  f a t a l  concentra t ions .  A key assumption was t h a t  a l l  
individuals  located within an area exposed t o  a  f a t a l  gas concentration would be k i l l e d .  . 

In the  case of a  r e l ease  of UF6 resu l t ing  from a  t r anspor t a t ion  accident ,  t he  assumption 
of no evacuation of the  area near the  r e l ease  s i t e  would be overly conservat ive .  Because of 
t h e  nattiri? of the  HF gas generated during the  r e l ease  (concentra t ions  well below those ass.umed 
f a t a l  cause extreme i r r i t a t i o n  t o  eyes and nose) only those unable t o  evacua-te themselves from 
t h e  area would be in  danger. For t h i s  reason, a  95% evacuation level  was assumed in  t h i s  
s.tudy. The e f f e c t s  of t h i s  assumption wi l l  be discussed l a t e r .  

1 

RISK EVALUATION OF UF6 SHIPMENTS 
f' 
i 
r 

Because of the  complex nature of the  shipping system model, t he  r i s k  ana lys i s  was divided 
i n t o  four  p a r t s ,  each pa r t  corresponding t o  one of the  four  shipping package conf igura t ions .  C 

The r i s k  involved with shipping each of the  four  cyl inder  conf igura t ions  was determined and i s  
presented in  Table 2. These r i s k s  were then summed t o  determine the  overa l l  t ranspor ta t ion  
system r i s k .  

Risk spectrum curves f o r  the  four  individual conta iner  conf igura t ions  a r e  shown in  Figure 2  
along with the  r i s k  spectrum f o r  the  e n t i r e  shipping system f o r  the  reference  yea r .  Because i 

t h e  shipment of UF6 i n  14-ton cyl inders  by r a i l  contr ibutes  the  g r e a t e s t  port ion t o  the  t o t a l  
system r i s k  ( e spec ia l ly  in  the  high consequence portion of the  s p e c t r a ) ,  the  t o t a l  and 14-ton 
risk curves a r e  v i r t u a l l y  iden t i ca l .  Figure 3  shows the  UF6 shipment r i s k  spectrum i n  persp 
t i v e  with o ther  r i s k s ,  including those from previous r i s k  assessment s t u d i e s  in  t h i s  ~ e r i e s . f ~ ; ~ * ~ )  - 

I 

t- 
TABLE 2 .  Summary of UF6 Shipping Risks - 

Shipping . 
Container 

2.5- ton (308) 
With Overpack 

10-ton (48X) 

10-ton (48X) 
With Overpack 

14-ton (48X) 

P robab i l i t y  P robab i l i t y  
Transport o f  Accident of '  Re1 ease 

Mode (eventslyear)  (eventslyear)  

Truck 1.1 1 . 0  x  lo -2  

Truck . 9 . 6 ~ 1 0 - '  ' 1 . 1 x 1 0 - ~  

Rai l  1 .4  x  2.80 x  

Rai 1  

P robab i l i t y  
o r  S ign i f i can t  

Release 
(eventslyear)  

1.7 

Probab i l i t y  o f  
Release Result ing 

I n  l iDea th  
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FIGURE 2. R i s k  Spec t ra  f o r  I n d i v i d u a l  FIGURE 3. R i s k  Spectrum f o r  Shipment 
T r a n s p o r t  Modes and T o t a l  o f  UFg and Other  R i s k  Spec t ra  
f o r  S h i p p i n g  System 

The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  r i s k  o f  s h i p p i n g  UF6 by t r u c k  and r a i l  i s  w e l l  
below t h e  s p e c t r a  p resen ted  f o r  man caused even ts  and n a t u r a l  d i s a s t e r s .  Tile r i s k  o f  s h i p p i n g  
UF6 i s  g e n e r a l l y  h i g h e r  than  t h e  r i s k  o f  s h i p p i n g  p l u t o n i u m  by t r u c k  and r a i l ,  b u t  l ower  than  
t h e  r i s k  o f  s h i p p i n g  p l u t o n i u m  by a i r .  A t  t h e  low consequence-high~~probability end o f  t h e  
spectrum, t h e  r i s k s  of s h i p p i n g  p l u t o n i u m  by a i r  and UF6 a r e  s i m i l a r ,  w h i l e  a t  t.he h i g h  conse- 
quence-low p r o b a b i l i t y  end, t h e  UF6 r i s k  i s  s i m i l a r  t o  t h a t  f o r  s h i p p i n g . p l u t o n i u m  o x i d e  by t r u c k  
and r a i l .  Again, i t  shou ld  be no ted  t h a t  these  s p e c t r a  do n o t  d i f f e r e n t i a t e  between l a t e n t  ( l o n g  
te rm)  and a c u t e  ( s h o r t  te rm)  f a t a l i t i e s .  

MAJOR CONTRIBUTORS TO OVERALL RISK 

D u r i n g  t h e  a n a l y s i s  o f  each o f  t h e  f o u r  c o n t a i n e r  c o n f i g u r a t i o n s ,  t h e  r e l e a s e  sequences 
were grouped i n t o  f o u r  c a t e g o r i e s  co r respond ing  t o  t h e  f o u r  r e l e a s e  f r a c t i o n s  d e s c r i b e d  e a r l  i e r .  
I n  e v a l u a t i n g  t h e  r e l e a s e  sequences i n  each o f  these f o u r  groups,  t h r e e  e f f e c t s  o f  t h e  r e l e a s e d  
mate r ia l s ,we . re  addressed: t h e  chemical e f f e c t s  o f  HF gas; and t h e  chemical  and r a d i o l o g i c a l  
e f f e c t s  o f  U02F2. 



For a1 1  cyl inder  conf igura t ions ,  only r e l ease  sequences in  which t h e  cyl inder  f a i l e d  explo- 
s i v e l y  in  a  f i r e  presented the  potent.ia1 f o r  producing f a t a l i t i e s .  These r e l e a s e  sequences 
correspond t o  the  t h i r d  and four th  r e l ease  f r a c t i o n  groups described e a r l i e r .  In a l l  o the r  
re lease .sequences ,  mater ia ls  released were e i t h e r  dispersed and d i l u t e d  so  thoroughly t h a t  a  
l e tha l  level  could be found only a t  the  source point ,  o r  the  mater ia ls  were not dispersed from 
t h e  accident  a t  a l l .  Furthermore, only HF gas was found t o  have t h e  po ten t i a l  t o  produce 
f a t a l i t i e s .  Radiation doses from U02F were found to  be i n s i g n i f i c a n t  and concentrations of 
l!g2F2 were i n s u f f i c i e n t  t o  present  a  caemical hazard when compared t o  t h e  chemical e f f e c t s  of 
HF gas. A personnel hazard e x i s t s  only in  an area 2 km o r  l e s s  from the  accident  s i t e .  (The 
radius  of  the  zone of l e tha l  concentration can be as small as 20 m depending on t h e  type of 
r e l ease  and the  weather condit ions a t  t he  time of  the  acc iden t ) .  

RISK SENSITIVITY STUDIES 

Before discussing the  s e n s i t i v i t y  of the  r i s k  evaluation t o  the  value of c e r t a i n  system [ 
parameters, i t  i s  important t o  point  out a  fundamental s e n s i t i v i t y  of the  r i s k  evaluat ion.  The 
ca lcula ted  r i s k  i s  a  function of shipping assumptions. Use of d i f f e r e n t  shipping rou tes ,  d i f f e r -  [ 
en t  conta iners ,  changes in the  predicted indust ry  growth r a t e ,  e t c . ,  would r e s u l t  i n  a  d i f f e r e n t  i 
r i s k .  In genera l ,  reevaluation of the  r i s k  would be required f o r  these  changed condi t ions .  

For t h i s  r i s k  assessment, t he  area presenting the  g r e a t e s t  uncer ta in ty  i s  evacuation of 1' 
peopl'e from the v i c i n i t y  of the  accident.  Hydrogen f l u o r i d e  gas in  concentrations f a r  below t 

t h a t  necessary t o  cause physical damage i s  highly i r r i t a t i n g  t o  the  eyes and nose. To t e s t  the  i e f f e c t s  of evacuation on the  r i s k  of shipping UF6, s e n s i t i v i t y  s tud ies  assuming no evacuation,  
90% evacuation,  and 99% evacuation were ca r r i ed  ou t .  T h e , r e s u l t s  of these  s e n s i t i v i t y  analyses I 
a r e  compared graphical ly  with the  base case (which assumed 952 evacuation) in  Figure 4. 

L 
i, 

: The s e n s i t i v i t y  of the  r i s k  t o  the  presence of f i r e  in  a  r a i l  acc ident  was t e s t e d .  All of 
the  ca r s  in a  t r a i n  a r e  not expected t o  be exposed to  the  f i r e ,  because of the  s i z e  of the  t r a i n  
r e l a t i v e  t o  the  f i r e  s i z e .  Accident environment data ind ica te  t h a t  the  ca r  carrying UF6 cyl inders  . ' 
would be d i r e c t l y  exposed t o  the  f i r e  in 14% of a l l  r a i l  acc idents  involving f i r e .  To t e s t  t h i s  k assumption, a  s e n s i t i v i t y  study was ca r r i ed  out in which i t  was assumed t h a t  in 100% of a l l  raL:~l 
accidents  involving a  shipment of UFg, the  cyl inders  would be exposed t o  the  f i r e  ( a  highly i 

conservative assumption). The r e s u l t s  a r e  shown in  Figure 4. f 
C 

A s e n s i t i v i t y  study was ca r r i ed  out  t o  determine the  e f f e c t s  of packaging e r r o r s  on the  
r i s k .  The case was evaluated assuming no packaging e r r o r s  were present during the  shipment. 
The r e s u l t s  of the  s e n s i t i v i t y  ana lys i s  show t h a t  the  r i s k  i s  i n s e n s i t i v e  t o  packaging e r r o r s .  

The evaluation assumed t h a t  only one conta iner  f a i l e d  in an accident  but a t  an accident  
frequency mul t ip l ied  by the  number of conta iners  in the shipment. The ana lys i s  did not include 
t h e  p o s s i b i l i t y  of mul t ip le  conta iner  f a i l u r e s  in a  s i n g l e  accident .  Because f i r e  i s  the  only 
portion of the  accident  environment which can cause s i g n i f i c a n t  r e l eases  of UF6 with the  poten- 
t i a l  f o r  causing f a t a l i t i e s ,  t he  p a s s i b i l i t y  of mul t ip le  conta iner  f a i l u r e s  was addressed. 

To determine the  e f f e c t s  o'f multip'le conta iner  f i r e  f a i l u r e s  i n  the  r i s k  of t ranspor t ing 
UF6, a  specia l  s e n s i t i v i t y  study was ca r r i ed  cu t .  Assumptions on f i r e  magnitude and locat ion 
were used t o  determine the  probabi l i ty  of a  ce r t a in  number of cyl inders  being exposed t o  the  
f i r e .  Analyses were made from one cyl inder  t o  a l l  cyl inders  in  a  shipment exposed and f a i l i n g .  
Consequences were evaluated in  the  sane manner a s  f o r  the  base case .  The r e s u l t s  of t h i s  sup- 
plemental s e n s i t i v i t y  study a r e  shown in Figure 5 along with the  r e s u l t s  of the  evaluation of 
thc  base case.  
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FIGURE 4. R i s k  Spec t ra  f o r  S e n s i t i v i t y  FIGURE 5 .  Risk  Spectrum E v a c u a t i o n . o f  
Cases S i n g l e  and M u l t i p l e  Con ta iner  

F a i l u r e  
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