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RISK OF TRANSPORTING SPENT ElUCLEAR FUEL BY TRUCK 

H. K. E l d e r ,  W .  B. Andrews, and R. E. Rhoads 
B a t t e l  l e y  P a c i f i c  Nor thwes t  L a b o r a t o r i e s  

Spent n u c l e a r  f u e l  has been r o u t i n e l y  t r a n s p o r t e d  f r o m  r e a c t o r  p l a n t s  t o  s t o r a g e  and r e p r o -  
c e s s i n g  f a c i l i t i e s  f o r  o v e r  25 y e a r s .  D u r i n g  t h i s  t i m e  o v e r  3600 sh ipments o f  spen t  f u e l  have 
been made. The s a f e t y  r e c o r d  f o r  t h e s e  sh ipments has been e x c e l l e n t .  As t h e  n u c l e a r  i n d u s t r y  
grows, . i t  i s  expected t h a t  t h e  number o f  shipments made a n n u a l l y  w i l l  i nc rease .  To h e l p  i n s u r e  
t h e  c o n t i n u e d  h e a l t h  and s a f e t y  o f  t h e  genera l  p u b l i c ,  r e s e a r c h  programs .have been i n s t i t u t e d  t o  
improve t h e  l e v e l  o f  unders tand ing  o f  t h e  s a f e t y - r e l a t e d  aspec ts  o f  t r a n s p o r t i n g  n u c l e a r  m a t e r i a l s .  
P a c i f i c  Nor thwest  L a b n r a t n r y  (FNI.) i s  c u r r e n t l y  c o n d u c t i n g  a  t r a n s p o r t a t i o n  research  program 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 r ;  o f  En\ f i ronmenta l  C o n t r o l  Technology. One o f  t h e  
o b j e c t i v e s  o f  t h i s  program i s  t o  assess t h e  r i s k  o f  t r a n s p o r t i n g  energy m a t e r i a l s  f o r  c u r r e n t  
and f u t u r e  s h i p p i n g  systems. T h i s  paper p r e s e n t s  r e l i m i n a r y  r e s u l t s  o f  a  s t u d y  t o  assess t h e  ? r i s k  o f  t r a n s p o r t i n g  spen t  n u c l e a r  f u e l  by  t r u c k .  ( ) 

Risk,  as used i n  t h e  c o n t e x t  o f  t h i s  paper, i s  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  r a d i o a c t i v e  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 .  The 
r i s k  methodology used t o  e v a l u a t e  t h e  r i s k  i n  s h i p p i n g  s p e n t  f u e l  was i n i t i a l l y  a p p l i e d  t o  t h e  
sh ipment  o f  p l u t o  ium by t r u c k ( 2 )  and has subsequen t l y  been a p p l i e d  t o  t h e  t r a n s p o r t  o f  o t h e r  
energy 1 n a t e r i a l s . 7 3 ~ 4 )  The methodology i n c l u d e s :  1 ) a  d e s c r i p t i o n  o f  t h e  s p e n t  f u e l  t r a n s p o r t  
system, 2 )  i d e n t i f i c a t i o n  o f  p o t e n t i a l  r e l e a s e  sequences, 3)  e v a l u a t i o n  o f  t h e  p r o b a b i l i t i e s  and 
consequences o f  t h e  re leases ,  and 4 )  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  inc1l.rde.s p r n 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 shipped, s h i p p i n g  package d e s c r i p -  
t i o n s ,  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, t r a n s p o r t  r o u t e s  used and weather  and p o p u l a t i o n  
d i s t r i b u t i o n  i n f o r m a t i o n .  Release sequences a r e  i d e n t i f i e d  by f a u l t  t r e e  a n a l y s i s  techn iques .  
Releases a r e  e v a l u a t e d  u s i n g  package f a i l u r e  da ta ,  normal t r a n s p o r t  and t r a n s p o r t  a c c i d e n t  
env i ronment  d a t a  and mathemat ica l  models f o r  m a t e r i a l  d i s p e r s i o n  and r e s u l t a n t  h e a l t h  e f f e c t s .  
T h i s  i n f o r m a t i o n  i s  combined t o  c a l c u l a t e  t h e  s h i p p i n g  system r i s k  wh ich  i s  compared t o  o t h e r  
known r i s k s .  The d a t a  may be f u r t h e r  ana lyzed  t o  de te rmine  t h e  p r i m a r y  c o n t r i b u t o r s  t o  t h e  r i s k  
and i d e n t i f y  p o s s i b l e  methods f o r  r e d u c i n g  t h e  r i s k ,  i f  t h e  c u r r e n t  r i s k  l e v e l  i s  judged by 
s o c i e t y  t o  be unacceptable.  

SHIPPING SYSTEM DESCRIPTION 

The a n a l y s i s  was based on t h e  spen t  f u e l  s h i p p i n g  requ i rements  f o r  a  n u c l e a r  i n d u s t r y  
c o n s i s t i n g  o f  100 n u c l e a r  r e a c t o r s  o f  1000 Megawatt e l e c t r i c a l  c a p a c i t y .  T h i s  l e v e l  i s  expected. 
t o  be reached i n  t h e  e a r l y  t o  mid-1980s. The smount o  f u e l  sh ipped p e r  y e a r  f r o m  t h e  100 
r e a c t o r s  was e s t i m a t e d  t o  be 1854 FIT o f  heavy meta l .  ( 5  f 



spent .  nuclear fuel  may be e i t h e r  Stored o r  reprocessed and used a s  addi t ional  r eac to r  fue l .  
The reprocessing of spent nuclear fuel  i s  cu r ren t ly  the  sub jec t  of national  and inter.nationa1 
debate.  A t  t he  present time, reprocessing has been i n d e f i n i t e l y  suspended in  the  United S ta t e s .  
For completeness, two spent  fuel  shipping scenar ios  were examined: the  "once through" fuel  
cycle  and fuel  reprocessing.  In the  "once through" fuel  cycle ,  fuel  elements a r e  used i n  a 
power r e a c t o r ,  shipped to  an intermediate s torage  f a c i l i t y ,  and eventual ly  placed in  a permanent 
disposal  f a c i l i t y .  Federal r epos i to r i e s  f o r  spent fuel  and radioact ive  wastes a r e  not projected 
t o  be in  opera t ion u n t i l  a f t e r  the  mid-1980s, s o  only shipments t o  in ter im s to rage  were consid- 
ered f o r  t h i s  case.  Four in ter im spent fuel  s torage  f a c i l i t i e s  were assumed t o  be in  opera t ion 
i n  t h e  United S t a t e s  in  the  reference year .  These were assumed t o  be located a t  Morris, IL, 
Barnwell, SC, Oak Ridge, TN, and Hanford, MA. A t  the  present  time, no reprocessing f a c i l i t i e s  
a r e  opera t ing in  the  United S t a t e s .  For the  reprocessing case,  a l l  spent  fuel  was assumed t o  be 
shipped from the  r eac to r  t o  fuel  reprocessing p lan t s  located  a t  Barnwell, SC, and Oak Ridge, TN. 

Estimated shi.ppi'ng route  d is tances  from reac to r s  t o  spent  fuel  s torage  f a c i  1 i t i e s  o r  fuel  
reproces ing p lan t s  were determined using a model shipping system. Exist ing and proposed 
r e a c t o r s t 6 )  were grouped according t o  type (PUR o r  BWR) and loca t ion ,  and d i s t ances  from these  
groups t o  t h e  neares t  assumed in ter im s torage  o r  reprocessing f a c i l  i t y  were ca lcu la t ed .  Es t i -  
mates of t h e  amounts of spent fuel  shipped per year  from each reac to r  group were made based on 
t h e  number, s i z e  and type of reactors  in  each group. From these  amounts, the.number of assem- 
b l i e s  shipped and the  number of  shipments by truck were ca lcula ted .  I t  was assumed t h a t  20% of 
the  spent  fuel  t ranspor ted  during the  reference  time period i s  shipped by t ruck.  Table 1 shows 
t h e  shipping c h a r a c t e r i s t i c s  assumed f o r  the  study.  

For t h i s  study spent fuel  was assumed t o  be shipped i n  a typica l  water f i l l e d  t ruck cask 
designed t o  t r anspor t  one PWR o r  two BWR fuel  assemblies. .  The reference  cask used f o r  the  study 
i s  pic tured i n  Figure 1. The cask i s  lead shielded and water f i l l e d  with a borated water neutron 
sh ie ld .  Impact l i m i t e r s  of s t a i n l e s s  s tee l -sheathed balsa wood a r e  placed a t  each end of  the  
cask t o  provide protec t ion from impact damage. The approximate loaded cask weight i s  23 IrlT, t he  
eve-rall length  544 cm (214 in .  ) and the  diameter 96 crn (39 i n .  ) .  Cask overpres,sure protec t ion 
i s  provided by a rupture  disk assembly which vents t o  atmosphere i f  t he  cavi ty  pressure  exceeds 
76 atm. 

TABLE 1.  Summary of Shipping Charac te r i s t i c s  
f o r  Spent Fuel by Truck in  Mid-1980s - 

h u n t  Spent Fuel 
Per Shipment (FITHM) 

Material Shipped 
Per Ycar (MTHM) 

Age of Fuel a t  Shipment 
(Time a f t e r  Discharge 
from Reactor i n  Days) 

iiumber of Assemblies 
Shipped per Year by 
Truck 

ijumber of Shipments 
Per Year by Truck 

Average Shipment. 
Distance ( k m ) :  
Once Through Fuel Cycle 
Reprocessing Fuel Cycle 

Accident Probabi 1 i ty 
(number/ km)  

PWR 0.461 
BWR 0.189 - 

38n 

PWR 550 
BWR G70 
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1 .FIGURE 1 .  Reference Spent Fuel Shipping Cask 

RELEASE SEQUENCE IDENTIFICATION 

The next s t e p  in  the  r i s k  assessment was t o  i d e n t i f y  poss ib le  ways t h a t  r e l eases  could 
occur ( r e l e a s e  sequences) from a  truck cask in  an accident .  Faul t  t r e e  ana lys i s  was used to 
iden t i fy  combinations of condit ions which could r e s u l t  i n  a  r e l ease .  Releases of radioact ive  
material  were postulated and the  s e r i e s  of events which would have to  occur t o  cause the  re leases  
were examined. Figure 2 hows the  top of the  f a u l t  t r e e  t h a t  was developed f o r  t h i s  study.  The S PNL computer code  ACORN(^ was used t o  p l o t  t he  f a u l t  t r e e .  The top event on the  t r e e  i s  t he  
postulated r e l ease  of radioact ive  material  t o  the  environment during spen t  fuel  shipment. The 
major modes of f a i l u r e  were found to  be through re l ease  of material  from one of t h e  main compo- 
nents of t h e  cask: the  cask l i d ,  c losure  s e a l ,  cask wal l ,  pressure  r e l i e f  device,  dra in  valve 
o r  the  vent valve, Detailed f a u l t  t r e e s  f o r  the  f a i l u r e  of each of these  cask components were 
then develcped. Rr?iease of radioact ive  material  from each component was postula ted  t o  occur 
from 1 )  accident  forces  t h a t  f a i l  the  component and the  fuel  and 2 )  f a i l u r e  of  the  component 
from accident  forces  o r  substandard packaging condit ions r e s u l t i n g  in  a  lo s s  of cav i ty  coolant .  
Both the  cask component and the  fuel  may f a i l  from the  same accident  event o r  they may f a i l  from 
d i f f e r e n t  events.  Loss of coolant f a i l u r e  sequences may r e s u l t  i n  r e l ease  of r a d i o a c t i v i t y  in  
the  cav i ty  coolant  i t s e l f  o r  coolant a c t i v i t y  plus f i s s i o n  pro.ducts escaping from overheated 
fuel  rods. The contr ibut ion to  t h e  f a i l u r e  sequences of packaging c losu re  e r r o r s ,  cask const.ruc- 
t i on  flaws o r  changes in the  package condit ion from normal t r anspor t  fo rces  were a l s o  considered. 
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Each of the  f a u l t  t r e e  branches f o r ' t h e  d i f f e r e n t  cask components were developed down t o  
basic events which can be assigned f a i l u r e  p r o b a b i l i t i e s .  The f a u l t  t r e e  provides a compact 
notation f o r  ident i fy ing and summarizing several  thousand re l ease  sequences. Release sequences 
contained in  the  f a u l t  t r e e  were ident-if ied with the  I - !FAULT(~)  f a u l t  t r e e  ana lys i s  code. 

RELEASE SEQUENCE EVALUATION 

After  the  re1 ease  sequences have been i d e n t i f i e d ,  the  occurrence frequency (re1 ease sequence 
p robab i l i ty )  and the  amount of r ad ioac t iv i ty  released ( r e l e a s e  f r a c t i o n )  a r e  est imated f o r  each 
r e l ease  sequence and the  potent ia l  consequences of the  r e l ease  a r e  determined. The r e l ease  
sequence p r o b a b i l i t i e s  a r e  determined by es t imat ing the  occurrence frequency of each of the  
basic events in  t h e  f a u l t  t r e e .  The f a u l t  t r e e s  were developed t o  a point  where data  on bas ic  
events could be obtained through e i t h e r  ana lys i s  o r  survey. The estimated basic event proba- 
b i l i t i e s  were determined using package c losu re  da ta ,  cask f a i l u r e  thresholds  and t r anspor t  
accident  data .  

F a c i l i t i e s  rout inely  receiving spent fuel  were surveyed t o  determine the  condit ion of t h e  
casks during t r anspor t .  The p r o b a b i l i t i e s  developed from the  r e s u l t s  of the  survey were used 
f o r  events involving package c losure  e r r o r s  and the  e f f e c t  of normal t r a n s i t  fo rces  on the  cask. 

. ,  
The p robab i l i ty  of package f a i l u r e  in  an accident  was developed by combining truck transpor- 

t a t i o n  accident  environment data with es t imates  of the  response of the  package t o  s t r e s s e s  
produced i n  t ruck accidents .  Package response t o t h e  most s i g n i f i c a n t  s t r e s s e s  imposed in 
highway accidents  was.estimated i n  terms of f a i l u r e  thresholds .  A f a i l u r e  threshold i s  the  
level  of applied thermal o r  mechanical s t r e s s e s  t h a t  produce a r e l ease  of r ad ioac t iv i ty  in  an 
accident.  Accident environment information developed by Sandia ~ a b o r a t o r i e s ( 9 )  was the  primary 
bas i s  f o r  est imating the  p robab i l i ty  of producing forces  in an accident  t h a t  exceed the  package 
f a i l u r e  thresholds .  

Package ' f a i l u r e  threshold est imates were obtained using mathematical an 1 s i s ,  engineering 
es t imates  and the  r e s u l t s  of a f u l l  s ca le  t e s t  of a water cooled truck cask.?a? Detailed a n a l y s i i  
and experimental t e s t s  were beyond the  scope of t h i s  study.  Two b a r r i e r s  t o  r e l ease  of radio- 
a c t i v e  material  a r e  present f o r  the  spent fuel  cask. These b a r r i e r s  a r e  the  fuel  rod cladding 
and t h e  spent  fuel  cask body. Rela t ively  small amounts of a c t i v i t y  a r e  present  in  the  cav i ty  
coolant and a r e  released i f  t he  cask body i s  breached. All l a r g e r  r e l eases  of r ad ioac t iv i ty  
from t h e  cask must breach both the  fuel  and the  cask. Fa i lu re  thresholds  were derived f o r  both 
the  fuel  and cask. The most s i g n i f i c a n t  types of  accident-imposed s t r e s s e s  which a f f e c t  the  
spent fuel  cask and fuel  were determined t o  be: end impact, s i d e  impact, f i r e ,  and impact 
followed by f i r e .  'The responses of the  cask and fuel  t o  each type of s t r e s s  associa ted  with the 
accident environment were ca lcu la t ed  independently. Puncture f a i lu re ' i n fo rmat ion  was obtained 
from accident  environment data t h a t  r e l a t e s  f a i l u r e  frequency t o  the  equivalent  s t e e l  thickness 
of the  cask. The forces  produced by immersion were determined not t o  be s i g n i f i c a n t  f o r  truck 
t r anspor t a t ion  of spent  f u e l .  

The amount of radioact ive  material  released t o  the  environment f o r  each r e l ease  sequence i s  
conveniently expressed a s  a r e l ease  f r a c t i o n  the  f r ac t ion  of t h e  cask inventory re leased by 
t h a t  sequence of events.  The r e l ease  f r a c t i o n s  used in  t h i s  study were developed from the  
r e s u l t s  ava i l ab le  i n  ex i s t ing  1 i  t e r a t u r e  on r e l eases  from spent  f u e l .  Pub1 ished 1 i  t e r a t u r e  
reported only experimental accident  simulations and known chemical and physical responses of the  
spent fue l .  Because no actual  accidental  r e l ease  data  i s  avai . lable,  engineering judgment was 
required t o  a r r i v e  a t  real  i s t i c  r e l ease  es t imates .  

~ a d i o a c t i v e  material  i s  ava i l ab le  f o r  r e l ease  from the  truck cask under pos tula ted  accident  
condit ions in  the  form of vapors, l i qu ids  and ae roso l s .  Vapors c o n s i s t  of noble f i s s i o n  gases 
and elements v o l a t i l  ized from the  fuel  a t  e levated  temperatures. The cav i ty  coolant represents  

l a ) ~ e r s o n a l  comnunlcation with M. Huerta on Prel iminary Test  Resul ts ,  Sandia Laboratories,  
A1 buquerque, NI.1, August 1977. 



t h e  only po ten t i a l  l i qu id  re lease .  Aerosols a r e  re leased a s  a r e s u l t  of  vaporizing contaminated 
cav i ty  coolant o r  the  r e l ease  of f i n e s  from the  fuel  pel l e t s .  In order  t o  be a v a i l a b l e  f o r  
r e l e a s e  from t h e  truck cask,  the  a c t i v i t y  must f i r s t  escape t h e  fuel  rods i n t o  the  cask cavi ty .  
Four mechanisms have been i d e n t i f i e d  which may lead t o  s i g n i f i c a n t  r e l ease  from the  fue l .  rods. 

1.  Gas Gap Release i s  t he  ene rge t i c  venting of  pressurized gases from t h e  fuel  element 
plenum and p e l l e t  cladding gap. High temperature creep o r  mechanical fo rces  can 
cause the  necessary cladding rupture .  Available f o r  r e l ease  a r e  noble gases,  v o l a t i l e  
halogens and ent ra ined p a r t i c u l a t e s  which have migrated from the  fuel  matrix during 
i r r a d i a t i o n .  

2.  Vaporization Release i s  the  v o l a t i l i z a t i o n  of low me1 t i n g  point  f i s s i o n  products 
and t h e i r  gaseous t r anspor t  t o  the  cask cav i ty .  I f  t he  high temperature environment 
occurs before fuel  cladding rupture ,  then a dr iv ing fo rce  f o r  r e l ease  i s  t he  venting 
of  fuel  cladding in t e rna l  pressure.  Cesium i s  a primary cons t i tuen t  of t h e  semi- 
v o l a t i l e  elements. 

3 .  Leaching of f i s s i o n  products from. the  fuel  p e l l e t s  requires  d i r e c t  contact  of 
aqueous cask cav i ty  coolant .  Leached a c t i v i t y  escapes the  cask with t h e  cav i ty  
coolant.  

4. Oxidation of  some f r a c t i o n  of the  U02 fuel  p e l l e t s  t o  U308 may take place in  t h e  
unl ikely  event of a l a rge  cask rupture .  A cask breach l a r g e  enough t o  al low flowing 
a i r  t o  contact  the  fuel  i s  necessary f o r  t h i s  type of r e l ease .  Material re leased 
would be in  the  form of noble gases,  v o l a t i l i z e d  f i s s i o n  products and sub 10 pm 
p a r t i c u l a t e s .  

' 

The re l ease  sequences developed from t h e  f a u l t  t r e e  were divided i n t o  e i g h t  d i f f e r e n t  
ca tegor ies  based on postulated accident  condi t ions ,  and r e l e a s e  f r a c t i o n s  were assigned t o  each 
category. For each accident  category,  r e l ease  f r a c t i o n s  were developed f o r  f i v e  d i f f e r e n t  
c l a s s e s  of  r ad ioac t ive  mater ia l .  Those c l a s ses  were noble gases,  Iodine, Cesium and Ruthenium, 
Actinides,  and a l l  o the r  s i g n i f i c a n t  mixed f i s s i o n  products. Table 2 shows the  accident  catego- 
r i e s  and the  associa ted  r e l ease  f r a c t i o n s .  Fuel rod overheating r e s u l t i n g  from accidents  involv- 
ing a f i r e  t h a t  l a s t s  long enough t o  cause r e l ease  of the  cav i ty  coolant  o r  a lo s s  of  cav i ty  
coolant from o the r  accident  forces  r e s u l t s  in  the  l a r g e s t  po ten t i a l  r e l eases .  This occurs 
because pressurized creep rupture  of the  cladding expels much more a c t i v i t y  than l e s s  energet ic  
venting following an impact type f a i l u r e  of the  f u e l .  

RISK CALCULATION A N D  ASSESSMENT 

The consequences of the  pos tula ted  r e l eases  of r ad ioac t ive  material  from spent  fuel  fpllow- 
ing an accident  a r e  dependent on the  type of r e l ease ,  t he  population d i s t r i b u t i o n  near t h e  
accident ,  t he  weather condit ions a t  t he  time of r e l e a s e  and assumptions about the  heal th  e f f e c t s  
of  t h e  material  t h a t  i s  re leased.  This assessment included a p r o b a b i l i s t i c  treatment of the  
weather and population d i s t r i b u t i o n s  along the  shipping routes .  Neather information was 
obtained by averaging ac tual  data from 26 r eac to r  s i t e s  throughout t h e  country.  Population 
d i s t r i b u t i o n  information was obtained by dividing the  U . S .  i n t o  four  population zones ar:d 
assigning a r ep resen ta t ive  population d i s t r i b u t i o n  fo  each zone using census data projected t o  

. . t h e  1980s. The number of accidents  in  each zone was then estimated based on the  shipping d i s -  
tance  in  t h a t  zone. Radiation doses t o  the  public from the  r e l eases  were ca lcu la t ed  f o r  each of 
t h e  population and weather d i s t r i b u t i o n s  using standard atmospheric d ispers ion and inhala t ion 
models. .Th  . h  a1 t h  e f f e c t s  'from t h i s  population dose were est imated using information developed 

I 
f e  i n  t h e  BEIR 10 repor t .  These es t imates  a r e  believed to  be conservative.  

The shipping system r i s k  i s  determined by mu1 t i p l y i n g  the  probabil 'i  ty of a r e l ease  sequence 
occurr ing by the  estimated consequences f o r  each weather and population d i s t r i b u t i o n  (adjus ted  

! f o r  the  f r a c t i o n  of accidents  occurring in  each population zone f o r  each weather condi t ion)  and 

I summing over a l l  r e l ease  sequences. This ca l cu la t ion  was c a r r i e d  ou t  f o r  both the "once-through" 
and reprocessing fuel  cycles .  The r i s k  spectrum f o r  t h e  once-through cycle  f o r  the  number of 

I shipments projec ted  f o r  the  mid-1980s i s  presented in  Figure 3. The. r i s k  spec t ra  f o r  



TABLE 2. Accident Release Fractions o f  Radioactive Material to the Atmosphere F m m  the Truck , 

Transport of Spent Fuel 

Accident Case 

1. Small undetected 
leak  of  c a v i t y  
coo lant  , 

2. Slow leak  o f  
. . c a v i t y  coo lant  

due t o  gasket 
f a i l u r e  

3. Impact and slow 
leak  o f  c a v i t y  
coo lant  

4. Severe cask impact 
w i t h  a r a p i d  l oss  
of c a v i t y  coo lant  

5. Cask invo lved i n  
a 1010°C f i r e  

F rac t i ona l  Release o f  Cask A c t i v i t y  
Release Noble Gases . 

Mechanisms (Kr, Xe) I od ine  F i ss ion  Products A O F P ' ~ )  Ac t i n i des  

Leaching 

Leaching -- - - cs 1.2 l o - 9  -- - - 

1. Gap a c t i v i t y  0.3 0.1 cs  4.2 x 6.5 5.3 
2. Leaching 

6. Cask impact 1. 
fo l lowed by a 2. 
1010°C f i r e  

3 .  
7. Severe cask impact 1. 

fo l lowed by a 2. 
10IO°C f i r e  

3. 

8. Rapid l oss  o f .  1. 
c a v i t y  coo lant  2. ' 

due t o  cask 
c losu re  device 
f a i l u r e  

1. Gap a c t i v i t y  0.31 0.12 cs  3.0 ,1.5 l o - 6  1.0 
2. V o l a t i l i z a -  RU 1.0 x l o -q  

t i o n  
3. Ox idat ion  

1. Gap a c t i v i t y  0.3 0.1 . ~ s 1 . 5 ~ 1 . 0 - ~  l x l ~ - 5  1 ~ 1 0 - j  
2. V o l a t i l e s  

Gap a c t i v i t y  
V o l a t i l i z a -  
t i o n  
Leaching 

Gap a c t i v i t y  
V o l a t i l i z a -  
t i o n  
Ox idat ion  

Gap a c t i v i t y  . 
V o l a t i l e s  

'al~ll Other F i ss ion  Products. 

( b ) ~ n d i c a t e s  n e g l i g i b l e  a c t i v i t y  released (RF'< 



PLUTONIUhI SHI Ph!ENTS I AS OXIDE PO-IOER B Y  AIR 

N.  FATALITIES 

FIGURE 3.  Risk Spectrum for  Shipment of Spent Fuel to  
Interim Storage and Other Risk Spectra 

transportation of other radioactive materials and for  other r isks in society are included in the 
figure for  comparison. The curves indicate that  the r i sk  to society from transporting spent 
fuel by truck i s  much less  than the r i sk  from natural events or  from other man-caused events. 
The spent fuel h'pping r isk i s  comparable to  the r isk of transporting uranium hexafluoride by 
truck and t r a i n f 4 j  and plutoni m by truck and t ra in  and less  than the r isk of transporting 
pl.utonium by cargo a i rc raf t .  (3Y For the 1980's shipping levels used in t h i s  study, a t r ~ , c k  
carrying spent fuel would be expected to  be involved .in a minor accident once every 1.1 years. 
An accident that  resulted in one or more la ten t  cancer f a t a l i t i e s  i s  estimated to occur once in 
17,.500 years. The r isk for the reprocessing scenario i s  about 204; less  than the r isk shown for  
the once-through fuel cycle. Although the average shipping distance for  the reprocessing case 
i s ' l a rge r ,  the r i sk  i s  somewhat lower because the shipping routes, on average, are  through less  
populated .sections of the country. 

" Sensi t ivi ty studies were performed to determine the most important .contributors to the 
r isk.  Impact forces were found to  contribute to  about 69% of the releases, fa i lure  by f i r e  
contributed to  approximately 28% and non-standard package conditions to only about 3% of the 
releases. To i l l u s t r a t e  the sens i t iv i ty  of the r isk to the release fract ions,  i t  was assumed 
tha t  a l l  release fractions were increased by a factor  of ten. This case represents an upper 
l imit  example since the release fractions used in the base case analysis are believed to be 
co?servati.ve. This was shown to  increase the r isk by a factor  of eight which indicates that  the 



r i s k  o f  s p e n t  f u e l  sh ipment  i s  s i g n i f i c a n t l y  dependent on t h e  amount o f  m a t e r i a l  r e l e a s e d  i n  an 
acc iden t .  Conserva t i ve  ex tens ions  o f  e x i s t i n g  d a t a  were used i n  t h e  a n a l y s i s  t o  de te rmine  t h e  
r e l e a s e  f r a c t i o n s .  A d d i t i o n a l  d a t a  on t h e  f r a c t i o n s  o f  r a d i o a c t i v i t y  r e l e a s e d  under  s i m u l a t e d  
a c c i d e n t  c o n d i t i o n s  c o u l d  i n c r e a s e  t h e  c e r t a i n t y  o f  t h e  r i s k  e v a l u a t i o n .  

Two p o s s i b l e  methods f o r  r e d u c i n g  t h e  r i s k  o f  t r a n s p o r t i n g  spen t  f u e l  by  t r u c k  were i n v e s -  
t i g a t e d .  M o d i f y i n g  t h e  r e f e r e n c e  cask t o  reduce t h e  e f f e c t s  o f  f i r e  by  r e p l a c i n g  t h e  r u p t u r e  
d i s k  w i t h  a  p ressure  r e l i e f  v a l v e  'was found t o  reduce t h e  r i s k  l e v e l  by 24% It was found  t h a t  
a  s i g n i f i c a n t  method o f  r e d u c i n g  t h e  r i s k  would be t o  s t o r e  t h e  f u e l  l o n g e r  than  2  y e a r s  b e f o r e  
shipment. The h e a t  g e n e r a t i o n  r a t e  i n  t h e  spen t  f u e l  would then  be loy i  enough t o  p r e v e n t  f u e l  
f a i l u r e  by  o v e r h e a t i n g  w i t h  no c a v i t y  c o o l a n t  i n  t h e  cask. S e n s i t i v i t y  a n a l y s i s  showed t h a t  
s h i p p i n g  o n l y  f u e l  t h a t  had been c o o l e d  two y e a r s  o r  l o n g e r  \.!auld reduce t h e  r i s k  l e v e l  82%. 
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