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ABSTRACT 

r 

This  r e p o r t  assesses t h e  environmental  consequences of t h e  t r a n s p o r t a t i o n  
of r a d i o a c t i v e  materials i n  dense ly  popula ted  urban areas, i n c l u d i n g  esti-  
mates of t h e  r a d i o l o g i c a l ,  n o n r a d i o l o g l c a l ,  and s o c i a l  impacts  a r i s i n g  from 
this process .  The c h a p t e r s  of t h e  r e p o r t  and t h e  appendices  which fo l low 
d e t a i l  t h e  methodology and r e s u l t s  f o r  each of f o u r  c a u s a t i v e  even t  c a t e g o r i e s :  
i n c i d e n t  f r e e  t r a n s p o r t ,  v e h i c u l a r  a c c i d e n t s ,  human e r r o r s  o r  d e v i a t i o n s  from 
accepted  q u a l l t y  a s su rance  p r a c t i c e s ,  and sabotage  o r  malevolent  a c t s .  The 
numerical  r e s u l t s  are expressed  in terms of t h e  expected r a d i o l o g i c a l  and 
economic impacts  from each .  'Following t h e s e  d i s c u s s i o n s ,  a l t e r n a t i v e s  t o  t h e  
c u r r e n t  t r a n s p o r t  p r a c t i c e  are cons idered .  Then, t h e  d e t a i l e d  a n a l y s i s  is 
extended from a l i m i t e d  area of New York C i t y  t o  o t h e r  urban areas. The 
appendices  c o n t a i n  t h e  d a t a  bases  and s p e c l f i c  models used t o  e v a l u a t e  t h e s e  
impacts ,  as w e l l  as d i s c u s s i o n s  of chemical  t o x i c i t y  and t h e  s o c i a l  impacts 
of r a d i o a c t i v e  material  t r a n s p o r t  2n ur0an areas. The l a t t e r  are eva lua ted  
f o r  each c a u s a t i v e  even t  ca tegory  i n  terns of psycho log ica l ,  s o c l o l o g i c a l ,  
p o l i t i c a l ,  l e g a l ,  and o r g a n i z a t i o n a l  impacts .  The r e p o r t  is fol lowed by an 
e x t e n s i v e  b ib l iog raphy  cover ing  t h e  many f i e l d s  of s tudy  which were r e q u l r e d  
i n  performing t h e  a n a l y s i s .  
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EXECUTIVE SUMMARY 

Purpose Of This Assessment 

The Final Environmental Statement on the Transportation of Radioactive Material by 
Air and Other Modes (NUREG 0170) concluded that the risks associated with such 
transportation are low, although severe accidents in urban areas have the potential 
for large radiological and economic consequences. 
radioactive material transport in urban areas and addresses the specific urban 
features which influence the resulting environmental impacts. 
clude the geographic and demographic makeup, and vehicular, population, and trans- 
portation patterns in the city. 

The present study investigates 

These features in- 

Previous efforts have not identified a most important population exposure pathway 
or group. 
population groups to evaluate their relative significance. In addition, because 
different causative events contribute to the overall environmental impacts, this 
assessment addresses four of these: incident-free transport, vehicular accidents, 
human errors, and sabotage or malevolent act. 

This assessment examines several pathways and a number of urban-specific 

Not only does radioactive material transport produce radiological and economic 
consequences, but also it can have social impacts. 
to examine both the quantitative environmental impacts of radioactive material 
transport in urban areas and the more subjective effects of this process. 

The objective of this study is 

Method of ADDrOaCh 

Using previous s t u d i e s  on r ad ioac t ive  material transport in the United States as a 
general foundation, we examined the urban area to determine which population groups 
were most likely to be exposed to materials in transit. After identifying these 
groups, we constructed computer simulation models to assess the expected population 
exposure, from either incident-free transport or vehicular accidents, to each 
group. 
of the accident analyses. 

The impacts from human errors or sabotage were examined using adaptations 

A section of New York City encompassing portions of the boroughs of Manhattan, 
Brooklyn, and Queens was selected for the initial application of the computer mod- 
els. Using the results of sensitivity analyses and insights gained from detailed 
examination of several classes of radioactive materials, the initial results were 
extended to a selected set of the top Standard Metropolitan Statistical Areas 
(SMSAs) in the United States. Twenty sites were selected, ranging from several of 
the densely populated areas on the eastern seaboard to the more spread out, but 
still heavily populated, areas on the west coast. In addition, several alterna- 
tives to current transport practice were examined. These include transport mode 
changes, increased damage resistance for shipping packages, rerouting of materials 

9 



around t h e  urban a r e a ,  and a series of o p e r a t i o n a l  a l t e r n a t i v e s  which would a f f e c t  
t h e  popu la t ion  groups wi th in  t h e  urban area most c l o s e l y  a s s o c i a t e d  with the  t r a n s -  
po r t  p rocess  (warehouse personnel ,  h a n d l e r s ,  etc.). 

This  assessment  c o n t a i n s  d e t a i l e d  d e s c r i p t i o n s  of t he  urban area s t u d i e d ,  t h e  simu- 
l a t i o n  and h e a l t h - e f f e c t s  models used f o r  e v a l u a t i n g  r a d i o l o g i c a l  and economic i m -  
p a c t s ,  and an e v a l u a t i o n  of t he  s o c i a l  impacts of t he  t ransport-  of r a d i o a c t i v e  
materials i n  urban areas. The material inc luded  i n  t h i s  assessment  comes from a 
number of d i f f e r e n t  sou rces ,  i nc lud ing  t h e  Task Group on Radioac t ive  Material 
Transpor t  i n  Urban Environs,  e s t a b l i s h e d  t o  assist t h e  Sandia s t a f f  i n  developing 
the  scope and d e t a i l s  of t he  s tudy.  
sen ted  i n  terms of expected numbers of h e a l t h  e f f e c t s  p e r  shipment year .  

The r e s u l t s  of a l l  of t h e  ana lyses  are pre-  

R e s u l t s  

Inc ident -Free  Transpor t  

For t h e  s e l e c t e d  N e w  York C i ty  s tudy  area, the  o v e r a l l  popula t ion  dose from 
i n c i d e n t - f r e e  t r a n s p o r t  of r a d i o a c t i v e  materials were found t o  be l e s s  t han  10 
person rem per shipment year .  This  i s  equ iva len t  t o  an number of expected l a t e n t  
cancer  f a t a l i t i e s  (LCF) f o r  the total population at risk of the order of per 
shipment year .  The popula t ion  groups r e c e i v i n g  the m a j o r i t y  of t h i s  dose w e r e  
hand le r s ,  warehouse personnel ,  t r a n s p o r t  v e h i c l e  crew, p e d e s t r i a n s ,  and people i n  
v e h i c l e s .  

When the  a n a l y s i s  was extended t o  o t h e r  urban areas, the  va lues  f o r  popu la t ion  dose 
ranged from 4 person rem 
San Diego area, t o  a h igh  of -200 person r e m  l a t e n t  cancer  f a t a l i t y )  f o r  
Newark. This  range i s  not  unexpected s i n c e  t h e r e  are widely d i f f e r e n t  popu la t ion  
and shipment p a t t e r n s  a c r o s s  the  na t ion .  

l a t e n t  cancer  f a t a l i t y )  per  shipment y e a r ,  f o r  t h e  

Vehicular  Accidents  

Rad ioac t ive  m a t e r i a l s  are shipped i n  e i t h e r  nond i spe r s ib l e  ( o r  s p e c i a l )  form 
(me ta l s  o r  doubly encapsu la t ed  sources )  o r  i n  d i s p e r s i b l e  ( o r  normal) form. 
types  of materials were inc luded  i n  t h e  shipment model developed f o r  t h i s  a n a l y s i s  
and have r equ i r ed  d i f f e r e n t  methods f o r  a s s e s s i n g  t h e  expected consequences of 
v e h i c u l a r  a c c i d e n t s  i nvo lv ing  them. When t h e  r e s u l t s  of t h e  s e p a r a t e  a n a l y s e s  were 
combined, t he  expected numbers of h e a l t h  e f f e c t s  per  shipment yea r  were c a l c u l a t e d .  
For t h e  b a s e l i n e  acc iden t  a n a l y s i s ,  t he  expected r e s u l t s  are approximately lo-' 
e a r l y  morbid i ty ,  l a t e n t  cancer  f a t a l i t y ,  and g e n e t i c  e f f e c t  p e r  shipment 
year  ( l i m i t e d  New York C i ty  a r e a ) .  The r e s u l t s  c a l c u l a t e d  us ing  METRAN show no 
v a s t  d i f f e r e n c e s  from those  found i n  NUREG 0170. 
shipment a c t i v i t y  were c a l c u l a t e d  t o  be -$l mi l l i on .  

Both 

Economic r i s k s  from a y e a r ' s  

For o t h e r  urban areas, t h e  expected number of l a t e n t  cancer  f a t a l i t i e s  per  shipment 
year  (shipment l e v e l  f o r  each urban area) ranges from f o r  San Diego t o  a h i g h  
of -0.2 f o r  Chicago. These v a r i a t i o n s  ar ise  from s e v e r a l  d i f f e r e n t  sou rces  inc lud -  
i n g  the popu la t ion  and shipment d i f f e r e n c e s  r e f e r r e d  t o  earlier,  but  he re  an addi-  
t i o n a l  f a c t o r  is the s p e c i f i c  character of t h e  shipments i n  each urban area. 

10 



Human E r r o r s  o r  Devia t ions  from Accepted Qua l i ty  Assurance Practices 

Human e r r o r s  can occur  a t  any s t a g e  dur ing  t h e  t r a n s p o r t  sequence, and pre- t rans-  
po r t  e r r o r s  can cause impac t s  dur ing  t r a n s i t .  To e v a l u a t e  environmental  impacts ,  
t h e  a c c i d e n t  a n a l y s i s  model w a s  a l t e r e d ,  wi th  t h e  acc iden t  r a t e s  rep laced  by i n c i -  
dent  or occurrence rates f o r  known i n c i d e n t s  involv ing  human e r r o r s .  From t h i s  
p o i n t ,  t h e  a n a l y s i s  p a r a l l e l e d  t h a t  of veh icu la r  a c c i d e n t s  i n s o f a r  as expected 
numbers of h e a l t h  e f f e c t s  p e r  shipment year  were c a l c u l a t e d .  I n  t h i s  case, no 
e a r l y  e f f e c t s  have been observed,  but  approximately l a t e n t  cancer  f a t a l i t y  i s  
expected pe r  shipment year f o r  t h e  l i m i t e d  New York C i t y  a r ea .  Economic r i s k  from 
human e r r o r s  would t o t a l  approximately $lo4.  

Extens ion  t o  o t h e r  urban areas r e s u l t e d  i n  a range of expected va lues  from 
l a t e n t  cancer  f a t a l i t y  pe r  shipment year  f o r  San Diego t o  -0.4 l a t e n t  cancer  f a t a l -  
i t y  pe r  shipment yea r  f o r  Chicago. 
v e h i c u l a r  acc iden t s .  

This o v e r a l l  range i s  c o n s i s t e n t  w i th  t h a t  f o r  

Sabotage or Malevolent Acts  

There are no d a t a  a v a i l a b l e  wi th  which t o  estimate the  p r o b a b i l i t y  of occur rence  of 
sabotage  o r  malevolent  a c t s .  Although a 
s u c c e s s f u l  a t t a c k  i s  considered u n l i k e l y ,  we assumed t h a t  one occurred  and calcu-  
l a t e d  t h e  consequences i n  terms of expected numbers of h e a l t h  e f f e c t s .  S e v e r a l  
d i f f e r e n t  materials were examined i n  terms of t h e  numbers of h e a l t h  e f f e c t s  t o  be 
expected g iven  t h a t  t h e  event  occurred.  R e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  t h a t  f o r  
a range of materials, expected numbers of e a r l y  f a t a l i t i e s  would be s m a l l ,  expected 
numbers of e a r l y  m o r b i d i t i e s  would range from ones t o  hundreds,  and expected num- 
b e r s  of l a t e n t  cancer  f a t a l i t i e s  would range from ones t o  thousands i n  t h e  l i m i t e d  
area cons idered .  
material s e l e a s e d .  Thus, t h e r e  is  unques t ionably  a wide range of environmental  i m p a c t s  
p o t e n t i a l l y  exceeding $1 b i l l i o n  f o r  t h e  l a r g e s t  r a d i o a c t i v e  material  release. 

This  prec ludes  c a l c u l a t i n g  r i s k  v a l u e s .  

Economic e f f e c t s  are s t r o n g l y  dependent upon t h e  amount of r a d i o a c t i v e  

Generic  ex tens ion  of t he  sabotage c a l c u l a t i o n s  i s  r e s t r i c t e d  by s e v e r a l  f a c t o r s .  
In general, i t  can be stated tha t  the results for  a particular event can be s c a l e d ,  
approximate ly  l i n e a r l y ,  with popula t ion  d e n s i t i e s .  However, t he  s c a l i n g  must be 
done with c a u t i o n  s i n c e  s e v e r a l  assumptions are i n h e r e n t  i n  t h e  c a l c u l a t i o n s  which 
a f f e c t  t he  e x t r a p o l a t i o n .  

A l t e r n a t i v e s  t o  Curren t  Transpor t  P r a c t i c e  

A number of a l t e r n a t i v e s  t o  c u r r e n t  t r a n s p o r t  p r a c t i c e  have been cons ide red ,  and 
the  expected v a l u e s  f o r  r a d i o l o g i c a l  consequences o r  r i s k  have been de termined ,  
assuming t h e  o p e r a t i o n  of t h e  a l t e r n a t i v e  f o r  an e n t i r e  year of shipment a c t i v i t y .  
I n  g e n e r a l ,  t he  e f f e c t s  of implementing t h e s e  a l t e r n a t i v e s  ranged from no change i n  
t h e  c a l c u l a t e d  r i s k  t o  r educ t ion  i n  t h e  expected numbers of e a r l y  m o r b i d i t i e s  re- 
s u l t i n g  from v e h i c u l a r  acc iden t s .  Decreases i n  t h e  expected number of l a t e n t  can- 
cer f a t a l i t i e s  by f a c t o r s  of two t o  f i v e  were a l s o  observed. I n  some cases, where 
implementat ion of t h e  a l t e r n a t i v e  involved changes of shipment t i m e ,  a range of 
va lues  f o r  expected r a d i o l o g i c a l  h e a l t h  e f f e c t s  was c a l c u l a t e d ,  wi th  some shipment 
t i m e s  r e s u l t i n g  i n  a dec rease  i n  the expected number of h e a l t h  e f f e c t s .  I n  t h e  
sabotage  case, a range of expected number of h e a l t h  e f f e c t s  was a l s o  observed,  
depending upon t h e  p a r t i c u l a r  a l t e r n a t i v e .  
i n  t r a n s p o r t  mode, no change i n  t h e  expected number of h e a l t h  e f f e c t s  was observed 
f o r  t he  i n c i d e n t - f r e e  and human e r r o r  s i t u a t i o n s ,  a l though consequences from a 
sabotage  event  i nc reased  s i g n i f i c a n t l y  and the  acc iden t  r i s k  doubled. Rerout ing 

For t h e  a l t e r n a t i v e  invo lv ing  changes 
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materials outside the urban area resulted in decreased numbers of expected health 
effects from vehicular accidents, sabotage, and human errors because of the lower 
populations and vehicular traffic patterns in these areas. The treatment of re- 
routing has involved comparisons of expected consequences of severe accidents for a 
limited number of shipment types; thus, no risk comparisons are made. 

Social Impacts of the Transport of Radioactive Materials in Urban Areas 

The social impacts study concludes that transportation issues are a particularly 
visible component of the nuclear energy controversy. Although the number of trans- 
portation incidents which have occurred has been small and the consequences slight, 
the political and legal attention given transportation is likely to increase. 
These impacts may ultimately prove more significant in decisions regarding the 
transportation of radioactive materials than will strictly technical concerns. 
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INTRODUCTION 

Rad ioac t ive  m a t e r i a l  t r a n s p o r t  i s  i n c r e a s i n g  as a d d i t i o n a l  u ses  of t h e s e  s u b s t a n c e s  
are found whether f o r  d i a g n o s t i c  procedures ,  i n d u s t r i a l  purposes ,  p roduc t ion  of 
e l e c t r i c a l  power, o r  d i s p o s i t i o n  of waste. 
d r e s s  t h e  p a t t e r n  of r a d i o a c t i v e  m a t e r i a l  shipments and t h e  envi ronmenta l  impacts  
of t h e  t r a n s p o r t  of t h e s e  materials a c r o s s  t h e  United S t a t e s .  The r e s u l t s  
r e p o r t e d  i n  Reference 2 r a i s e d  s p e c i f i c  q u e s t i o n s  about  t h e  t r a n s p o r t  of materials 
through dense ly  populated urban areas. 
some of t h e s e  ques t  i ons .  

S t u d i e s  have been performed t h a t  ad- 

The c u r r e n t  e f f o r t  i s  d i r e c t e d  a t  answering 

For t h e  purposes  of t h i s  s tudy ,  r a d i o l o g i c a l  impacts  are assumed t o  be produced by 
fou r  c a u s a t i v e  even t s :  i n c i d e n t - f r e e  t r a n s p o r t  ( a l s o  c a l l e d  normal o r  acc iden t -  
f r e e  t r a n s p o r t ) ,  v e h i c u l a r  a c c i d e n t s ,  human e r r o r s  o r  d e v i a t i o n s  from accepted  
q u a l i t y  a s su rance  p r a c t i c e s ,  and sabotage  o r  malevolent  act .  The c a l c u l a t e d  
impacts  f o r  t h e  f i r s t  t h r e e  of t hese  a r e  eva lua ted  both from consequence and r i s k  
p e r s p e c t i v e s .  Only r a d i o l o g i c a l  consequences of sabotage  o r  malevolent  act  a r e  
addressed .  All types  and modes of shipment are examined wi th  t h e  excep t ions  of 
m a t e r i a l s  shipped i n  l i m i t e d  q u a n t i t i e s  ( t h e  r a d i o l o g i c a l  impact of shipments  of  
t h e s e  m a t e r i a l s  has been found t o  be i n s i g n i f i c a n t 2 )  and defense  shipments.  Mate- 
r i a l s  have been c a t e g o r i z e d  on t h e  b a s i s  of t h e i r  u l t i m a t e  use ,  w i th  f o u r  s e p a r a t e  
end uses  cons ide red :  med ica l ,  i n d u s t r i a l ,  f u e l  c y c l e ,  and waste. 

The remaining c h a p t e r s  of t h i s  r e p o r t  d e s c r i b e  t h e  r e s u l t s  of t h e  a n a l y s i s  f o r  each  
c a u s a t i v e  e v e n t ,  i n  t h e  o rde r  given above, and a l s o  addres s  t h e  q u e s t i o n s  of a l -  
t e r n a t i v e s  t o  c u r r e n t  t r a n s p o r t  p r a c t i c e .  The f i n a l  chap te r  c o n t a i n s  the  d e t a i l s  
of an ex tens ion  of t h e  s p e c i f i c  a n a l y s i s  f o r  a s i n g l e  urban a r e a  t o  a v a r i e t y  of 
o t h e r  urban areas. These o t h e r  a r e a s ,  t h e  20 l a r g e s t  Standard Met ropo l i t an  S t a t i s -  
t i c a l  Areas (SMSAS) a s  de f ined  f o r  1978,3 have va r ious  r a d i o a c t i v e  material ship-  
ping p a t t e r n s  which a r e  q u i t e  d i f f e r e n t  from t h e  l i m i t e d  New York C i t y  area chosen 
f o r  t h e  i n i t i a l  a n a l y s i s .  They a l s o  have d i f f e r e n t  popu la t ion  c h a r a c t e r i s t i c s  and 
pe r sona l  t r a v e l  p a t t e r n s .  An e x t e n s i v e  set  of d e t a i l e d  appendices  i s  provided  
which i n c l u d e s  the  d a t a  c o l l e c t i o n  methods, a n a l y t i c a l  methodology, and s e n s i t i v i t y  
a n a l y s i s  techniques  used f o r - t h e  de t e rmina t ion  of t h e  r epor t ed  impacts .  Also i n -  
c luded  as appendices  are a b r i e f  examinat ion of t h e  chemical  t o x i c i t y  of t h e  t r a n s -  
po r t ed  materials and a summary of t h e  s o c i a l  impacts  of r a d i o a c t i v e  material sh ip -  
ment i n  urban areas. 

1.1 Background of t h e  Study 

I n  March 1 9 7 7 ,  t h e  U.S. Nuclear Regula tory  Commission (NRC) announced i n  t h e  
Fede ra l  R e g i s t e r  i t s  i n t e n t i o n  t o  p repa re  a g e n e r i c  Environmental  Impact S ta tement  
(EIS)  on t h e  t r a n s p o r t a t i o n  of r a d i o a c t i v e  materials i n  urban areas and t h a t  Sandia  
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National Laboratories had been selected and had begun work to provide NRC with 
additional technical information on the expected environmental impacts. The pres- 
ent draft environmental assessment is a part of the technical basis for NRC con- 
sideration of possible rule changes in Parts 71 and 73 to Title 10 of the Code of 
Federal Regulations (10CFR71 and 10CFR73) -- those pertaining to transport of 
radioactive materials. The environmental impacts addressed include radiological, 
nonradiological, and economic impacts. This investigation uses a risk methodology 
approach similar to that in Reference 2 but includes detailed consideration of the 
special characteristics of urban areas as they affect the transport of radioactive 
materials. 

In response to the diversity of opinions, and technical and nontechnical concerns, 
Sandia National Laboratories, with the approval of NRC, formed a task group of 
individuals, from industry environmental groups, and other government agencies, 
with some knowledge in this area. The function of this group was to assist in 
obtaining the most comprehensive and useful assessment possible. Membership of the 
Task Group on Transportation of Radioactive Materials in Urban Environs is given in 
Appendix M. 

1.2 Purpose and Scope 

The purpose of this assessment is to examine the overall environmental impacts from 
radioactive material transport in densely populated urban areas. Impacts addressed 
in this study include radiological health effects, economic costs, nonradiological 
health effects arising from the chemical nature of the materials, and social im- 
pacts of the transportation of these materials. The radiological health effects 
included are expected numbers of latent cancer fatalities, genetic effects, early 
fatalities, and early morbidities.* These would result from exposure to external 
penetrating radiation from or inhalation of the materials. Economic impacts can 
arise from any spillage or delay in transit of materials and include those from 
emergency response to an accident, survey and cleanup costs, evacuation costs, and 
possible land-use denial expenses for large accidents, which include relocation 
costs for those affected. Several nonradiological impacts are addressed in the 
report. First, there are the additional accidental injuries and deaths attribut- 
able to the movement of radioactive materials by exclusive-use vehicles. Second, 
materials may present health hazards which are attributable to the chemical forms 
of materials. Finally, there are important social impacts resulting from urban 
radioactive material transport. 

To address the radiological impacts described above, four causative events are used 
t o  describe various aspects of the transport process. First, incident-free trans- 
port includes all portions of the process during which nothing out of the ordinary 
occurs during shipment. Reference 2 uses the term "normal" transport for this 
situation, but the present report views "normal" transport as divided into two 
parts: (1) incident-free transport, defined above, and (2 )  human errors or devia- 
tions from accepted quality assurance practices, where something abnormal occurs, 
affecting the shipment, which is not the result of a vehicular accident. This 
subdivision allows the separate evaluation of the risks to the public from these 
types of occurrences. For comparisons with earlier work, the two sets of impacts 
must be summed to obtain the previously defined "normal" transport case. In 

*The expected radiological health effects are calculated using the computer 
models developed for this study. 
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incident-free transport, then, there is no release of radioactivity and no loss Of 
shielding. Resultant impacts come from exposure of nearby people to levels of 
external penetrating radiation which normally exist outside the package shielding. 

The second causative event, vehicular accidents, can result in damage to the pack- 
age with either a reduction in the effective amount of shielding around the mate- 
rial or a release of material from the package, or  perhaps both. If the trans- 
ported material is nondispersible, the major effects observed would be decrease o r  
destruction of the package shielding and/or delay in transporting the material, 
resulting in increased external exposure o r  longer exposure times to normal levels. 
On the other hand, for dispersible materials, several pathways for exposure exist. 
A s  in the nondispersible case, increased external exposure is a possibility, but 
the dispersible material can also become aerosolized and present other hazards. 
The aerosol might be inhaled as the cloud passes, or  it might expose individuals to 
external radiation during cloud passage (cloudshine). Also, material in the cloud 
can be redeposited on the ground, away from the accident site, and this material 
would be an additional external exposure source (groundshine). 

For human errors, the third causative event, the analysis considers problems re- 
sulting from labeling o r  packaging faults o r  deviations from accepted quality as- 
surance practices. The resulting environmental impacts are similar to those from 
vehicular accidents but are dependent upon the frequency and magnitude of the human 
errors. Most human errors do not produce compromises of package integrity; thus 
the risk contributions most probably result from the shipments acting only as ex- 
posure sources. 
dents or from incidents involving human errors. 

Substantial economic losses can result either from vehicular acci- 

The final causative event, sabotage o r  malevolent act, differs from the first three 
because it is deliberate. Because of this aspect, there is the potential for large 
releases of material, resulting in radiological and economic consequences on the 
same scale as an extremely severe accident. Theft or  diversion of radioactive 
materials can potentially result in significant environmental consequences if mate- 
rial is deliberately moved to locations where large consequences may be expected. 

Beyond considering the four causative event categories, this analysis considers all 
radioactive materials shipped in urban areas, except limited and defense shipments. 
A s  mentioned earlier, materials are considered to have four end uses, and through 
analysis of data collected for the summary reports included in Reference 1, several 
transport modes are included. These modes are truck, air passenger, air freight, 
rail, and barge ( o r  ship). Detailed analysis of the urban area selected for the 
initial assessment, a limited area in the center of New York City, indicated that 
only the first three transport modes were found in the data base. Thus, to address 
the effects of other transport modes and urban area characteristics, this study 
extends the initial analysis to other densely populated urban areas. The study 
also considers certain alternatives to current transport practice as well as the 
social impacts of radioactive material transport in urban areas. 

1.3 General Approach 

The general approach.to this environmental assessment involved the development of 
computer models to quantify the radiological impacts using dynamic simulation tech- 
niques and the use of more qualitative techniques for the evaluation of nonradio- 
logical impacts. The task group previously described provided comments and sugges- 
tions, and advice on the scope of work, data bases, important subprograms, and key 
tasks developed in the assessment. 
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Initially, an approximate representation of the urban environment was developed. 
The urban area was divided into geographical units (cells) which were characterized 
by demographic, traffic, and shipment patterns as required by the analysts. A 
limited section of New York City, comprising portions of the boroughs of Brooklyn, 
Manhattan, and Queens, was chosen for application of the computer models and to 
provide an urban basis for interpretation of the results. 

More qualitative techniques have been employed to assess the nonradiological im- 
pacts such as chemical toxicity of the materials and observed or presently per- 
ceived social impacts resulting from the transport of radioactive materials in 
urban areas. Anticipated social impacts were assessed by a review of the recent 
literature and application of pertinent information to develop the important social 
consequences of transport of radioactive materials in urban areas. These social 
impacts were evaluated for each of the causative event categories. 

Results of sensitivity analysis and other insights gained from the limited New York 
City case were used to extend the initial study to other urban areas. 
techniques were used, in part, to evaluate the effects of certain alternatives to 
current transport practice. 

Also, these 

1.4 Radiological Impact Assessment 

The models developed to calculate the radiological impacts incorporate those fea- 
tures of urban areas believed to affect the radiation doses received by the sur- 
rounding population. Included are such features as shielding afforded by build- 
ings, large and variable traffic flow and population patterns (time and location 
dependent), and urban pedestrian patterns. Location-dependent variables have been 
specified using a grid composed of cells of equal and specified geographical ex- 
tent. Each cell was characterized by a set of parameters, some of which varied 
with time of day. The resulting data bases served as input to a radiological con- 
sequence model, METRAN, which allows quantification of the impacts from incident- 
free transport and from vehicular accidents. Adaptation of the vehicular accident 
sections of METRAN allowed calculation of the impacts from human errors. Using 
METRAN in a consequence-only mode, the expected health effects from sabotage or 
malevolent act could also be assessed. Where the radioactive material could be 
released and aerosolized, separate meteorological dispersion models were developed 
to describe the street channeling and other urban-specific effects on the aerosol 
cloud movement. These calculations were performed independently and served as 
additional input to the METRAN code. Radiological consequences were described in 
terms of expected numbers of health effects and expected economic impacts. 

1.4.1 DescriDtion of the Urban Area 

A 100-square-kilometre region in the boroughs of Manhattan, Brooklyn, and Queens 
was used in the detailed analysis. 
cells to facilitate data collection. The area was chosen to cover the maximum 
amount of land area with as much variation of land use as was possible within the 
calculational constraints. Figure 1-1 illustrates the selected area. To investi- 
gate the meteorological dispersion of aerosolized material, it is assumed that 
there are four 30-metre-high vertical cells, so that the meteorological grid is 
10 x 10 x 4 and Cartesian in three directions. 

This area was subdivided into one hundred 1-km2 
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Figure 1-1. Basic Grid f o r  Portions of Manhattan, Queens, and Brooklyn 
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The parameters required for the analysis have several different kinds of dependen- 
cies: some are assumed to be independent, and thus individual values of these suf- 
fice; others are dependent upon geographical location, and 100 values for each must 
be determined. 
To facilitate the collection of these data, the urban day was divided into time 
spans or intervals to reflect the fluxes of people and vehicles which result from 
work patterns in the city. Certain of these time-dependent parameters are indepen- 
dent of geography; thus a single value, assumed valid for the length of a specific 
time span, has been obtained for each span. Others, both geographical and time 
dependent, required much more specific data collection. Table 1-1 lists the urban 
day/time span breakdown and gives examples of the parameters which fall into each 
of the classes described above. A complete description of the data base can be 
found in Appendix A. 

Several parameters were required that possessed a time dependence. 

Once the geographical and demographic characteristics had been determined, infor- 
mation on the radioactive material shipment patterns was collected. The grid 
representation allowed for the determination of specific shipment routes. Con- 
straints in the computer modeling allowed only eight directions for movement from 
one cell center to another. Figure 1-2 illustrates idealized routes through a 
four-cell grid. Exact routing information for shipments in New York City were 
approximated using the constraints mentioned earlier. End-use classification of 
the materials in the standard shipments model allowed assumptions to be made about 
the times at which different substances would be shipped into, out of, or through 
the area (Appendix A). 

1.4.2 Computational Method for Radiological Consequences 

The general program structure used to calculate radiological consequences and risk 
is illustrated in Figure 1-3. The executive program, METRAN, quantifies radiologi- 
cal and economic impacts as a function of the input data described above. METRAN 
receives additional input information for dispersible materials, as predicted by 
the meteorological dispersion codes, MICMET and PICMET in terms of downwind volu- 
metri.c and surface concentrations of the dispersed material. MICMET is a micro- 
meteorological dispersion model developed to treat some of the features of airflows 
likely to be encountered in urban. street channeling and at street intersections. 
The model is used to provide both estimates of dispersion to the environment 
shortly after the release and initial conditions for the urban/regional transport 
model, PICMET, which follows the concentrations of radioactive material for larger 
distances and times. In PICMET, the mean wind field is constructed from available 
measurements of the horizontal mean wind field, the mean building height, and the 
fraction of open area in the surface layer of cells. For incident-free transport, 
the results are expressed in terms of total integrated population dose which can 
then be converted into expected numbers of health effects. For vehicular acci- 
dents, human errors and sabotage, METRAN estimates the expected numbers of latent 
cancer fatalities, genetic effects, early fatalities, and early morbidities. 

1.4.3 Estimated Radiological Impacts 

The approach to an assessment of the radiological impacts involved the development 
of models for several urban dose groups. Table 1-2 lists the dose groups for 
incident-free transport, vehicular accidents, and human errors. Only total- 
population radiological consequences are reported for sabotage. 
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Table 1-1 

Time Span Description and 
Parameter List 

Time Span 
Number 

1 

2 

3 

4 
5 

6 

Independent Parameters 

Population densitylwarehouse 

Crew separation distance 

Vehicle length 

Vehicle stop time at intersections 

Stopped vehicle separation distance 

Minimum and maximum exposure 
distances for warehouse 
personnel, people in 
a i r  terminals, etc .  

Time-Dependent 
Parameters 

Vehicle velocities 

Fraction of intersections 
stopped at 

Air terminal 
population densities 

People per vehicle 
(average) 

Pedestrian 
density 

Interval 
(hours). 

1800 - 0700 

0700 - 0830 

0830 - 1130 

1130 - 1300 

1300 - 1630 

1630 - 1800 

Cell-De pendent 
Parameters 

Fraction of cell area 
occupied by 
streets, buildings 

Street width 

Sidewalk width 

Construction material 
for buildings 

Number of floors per 
building (average) 

Height of building story 

Number of lanes per 
side of street 

Cell- and Time- 
Dependent Parameters 

Population density 

Vehicle separation 
distance 

Pedestrian velocity 

Traffic counts 

Transient population 
density 
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Urban Descr iptor?;  

Route D e f i n i t i o n  

T r a n s p o r t ,  Source 
.nformation 

Rad ia t ion  Doses-- Urban Wind 

Health E f f e c t s  F l o w  Data 

Figure 1-3. Radiological Consequences Method 



3 Table 1-2 

Urban Dose Groups 

Incident-Free Transport 

Truck Mode: 
Pedestrians 

People in,Vehicles 
People in Buildings 

Transport Vehicle Crew 

Warehouse Personnel 

Handlers 

b 

b 

Human Vehiculara a Accident s Errors 

Pedestrians Pedestrians 

People in Vehicles 
People in Buildings People in Buildings 

Transport Vehicle Crew 

People in Vehicles 

Transport Vehicle Crew 

Air Mode: 

Persons in Air Terminals 
(Cargo/Passenger) 

Water Mode: 

Dock Personnel 

Rail Mode: 

Persons in Rail Terminals 

Persons Sharing Transport Link 

Persons along Rail Right of Way 

a Both consequences from individual accidents and accident risk are calcu- 

bMembers of these dose groups are considered part of the transport process 
lated. 

although the shipment is not moving when they are exposed. 

In the incident-free case, the dose rate from a point. source of ionizing radia- 
tion was integrated over distance and time to deduce exposure to several sur- 
rounding population groups, including crewmen, pedestrians, people in vehicles, 
people in buildings, handlers, and warehouse personnel. 
tion at risk in this manner allowed the inclusion of unique radiation exposure 
geometries for each subgroup. 

Subdividing the popula- 

Although the environmental impact of accidents may not be severe from an annual 
risk perspective, individual vehicular accidents during the transport of radio- 
active materials in urban areas have the potential for causing significant 
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health and economic consequences. Radioactive material in transit was charac- 
terized as dispersible or nondispersible under accident conditions. Impacts 
from nondispersible material accidents were treated like impacts from incident- 
free transport accidents, with the added factor of accident delay time. As 
already mentioned, inhalation of aerosolized material, cloudshine, and ground- 
shine are all possible causes of impacts from dispersible materials. Impacts 
can also come from nonaerosolized material remaining at the scene of an acci- 
dent. Risk (probability of an event multiplied by the consequences of the 
event) was computed using vehicular accident rates and a corresponding release 
fraction adapted in part from Reference 2. Economic consequences of a given 
accident or human error were also calculated using techniques described in 
Appendix K. 

The contribution to the risk from human errors was assessed using an approach 
similar to that for vehicular accidents. The probability term, however, has 
been computed using estimated urban incident rates evaluated by package type. 

The radiological impacts from sabotage were computed using the urban accident 
consequences model with appropriate modification in the source terms considered. 
In this case, comparisons were also made with another model used to determine 
the consequences of such events. 

1.4.4 Nonradiological Impacts 

Analysis of nonradiological impacts, such as social impacts or chemical toxic- 
ity, usually involved less quantitative techniques than those described previ- 
ously. This more qualitative approach was needed for social impacts since the 
responses of individuals and groups to occurrences within any of the causative 
event categories could not be rigorously quantified. Personnel at Battelle 
Human Affairs Research Centers, Seattle, performed an assessment of the social 
impacts resulting from the transport of radioactive materials in densely popu- 
lated urban areas. The executive summary of their report is included in this 
document as Appendix L. 

Additional nonradiological impacts from chemical toxicity of the materials, and 
those resulting from transport by exclusive-use vehicles were also assessed. 
The analysis of chemical toxicity yielded a rank ordering of those materials 
presenting acute toxic hazards from their chemical nature. Details of the 
approach to this problem can be found ia Appendix J of this report. The results 
of the analysis performed in Reference 1 for the estimated number of nonradio- 
logical deaths and injuries attributable to use of exclusive-use vehicles were 
extrapolated for the limited New York City analysis. Nonradiological impacts 
resulting from explosive use during sabotage events are discussed in Chapter 5. 

1.5 Sensitivity and Error Analyses 

The objectives of the sensitivity analyses were to determine the order of impor- 
tance of the input parameters in characterizing the output variables and, where 
possible, to provide simplified, closed-form equations for calculating doses and 
for performing error analyses. Generally, the input parameters were varied over 
plausible ranges, and the resulting output from METRAN was fitted by linear 
least-squares methods to obtain regression equations. The values for input 
variables were selected according to appropriate response surface designs. The 
fitting was done in a stepwise fashion until only the most important input 
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variables appeared in the regression equations. 
transport, this process has produced sufficiently adequate results so that the 
equations could be rescaled, using multiplicative factors not treated in the 
regression analysis. This has resulted in a set of simplified equations that 
can be used in lieu of the more complicated METRAN program. 
accidents and, by analogy, for human errors, the regression analysis had to stop 
short of producing simplifying equations because of the greater complexity Of 
the models and the interactions of the METRAN code with the independent 
meteorological models. 

In the case of incident-free 

For vehicular 

Using the fitted regression equations for each population group, the change in 
each input variable producing a doubling (100% change) was calculated. 
magnitudes of these variations measure the sensitivity of the response variables 
to changes in the input and permit the latter to be ranked in order of their 
influence. 

The 

The error analyses were performed on the regression equations obtained above. 
Error propagation formulas were derived from Taylor expansions of the regression 
equations (Appendix D). Since the model equations consist mostly of series of 
product terms, and magnitudes or distribution of errors in the input variables 
are not known, these are expressed as relative errors. 

1.6 Alternatives to Current Transport Practices 

Several alternatives to current transport practice were examined. These include 
time of. shipment restriction, package type changes/overpack, rerouting of mate- 
rials, and operational alternatives (e.g., decrease in storage time). 
case, the authors have attempted to quantify the effects that a particular 
alternative would have on the impacts resulting from current transport practice. 
For incident-free transport, the simplifying equations derived in the sensitiv- 
ity analysis have been used, where possible, to evaluate the effects of a par- 
ticular alternative. For vehicular accidents and human errors, the METRAN code 
has been used to evaluate the alternative's impacts as needed. Rerouting cer- 
tain types of shipments has been treated explicitly by routing the materials 
outside the New York City SMSA. Different demographic and traffic parameters 
are used. Accidents are postulated to occur on sections of highway outside New 
York City, and the consequences of these accidents are evaluated. The two sets 
of accident consequences are then compared (within and outside the city). 
similar assessment is made for incident-free transport by considering the 
changes in travel distances, pedestrian populations, etc. and calculating the 
resulting integrated doses. The consequences from a sabotage event occurring 
during rerouting are also discussed. In the case of some alternatives, where 
quantification of the expected change has not been feasible, the reasons for not 
giving numerical results are discussed. 

In each 
V 

A 

1.7 Generic Extension 

Using insights gained from detailed consideration of the mechanics of the calcu- 
lational tools (METRAN, sensitivity analysis, etc.) and the analysis results, it 
was possible to develop techniques for extending the analysis for the limited 
New York City case to other urban areas. As mentioned earlier, the 20 top SMSAS 
for 197&13 were chosen for examination. 
obtained from data forming the basis for Reference 1. 
acquire this information are the same as those described in Appendix A for the 
limited New York City case. 

Shipment patterns for each SMSA were 
The techniques used to 
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For i n c i d e n t - f r e e  t r a n s p o r t ,  t h e  a n a l y s i s  has  c o n s i s t e d  of apply ing  t h e  s impl i -  
f i e d  equa t ions  f o r  t h e  major dose groups ( h a n d l e r s ,  warehouse pe r sonne l ,  pedes- 
t r i a n s ,  people  i n  v e h i c l e s ,  and crew) t o  t h e  shipment p a t t e r n s  desc r ibed  above. 
Seve ra l  assumptions are made t o  a l low t h e  a p p l i c a t i o n  of t h e  equat ions .  These 
inc lude  c o n s t a n t  v a l u e s  f o r  number of v e h i c l e s  i n  any urban area, d i s t a n c e  
t r a v e l l e d  a c r o s s  t h e  area, and c i t y - s p e c i f i c  p e d e s t r i a n  d e n s i t i e s .  The impor- 
t a n t  shipment parameter  f o r  t h i s  p o r t i o n  of t h e  a n a l y s i s  i s  t o t a l  t r a n s p o r t  
i ndex  (TI)  sh ipped  i n  t h e  area. 

For v e h i c u l a r  a c c i d e n t s  and human e r r o r s ,  materials were ca t egor i zed  on t h e  
bases  of d i s p e r s i b i l i t y ,  shipment s i z e ,  average  photon energy per  d i s i n t e g r a -  
t i o n ,  and r a d i o l o g i c a l  t o x i c i t y .  The r a d i o l o g i c a l  t o x i c i t y  i s  r e l a t e d  t o  t h e  
average  dose r ece ived  per  c u r i e  of material depos i t ed  i n  t h e  body organs.  The 
c a l c u l a t e d  r i s k  v a l u e s  f o r  t h e  l i m i t e d  New York C i ty  case were subdivided i n t o  
t h e  same c a t e g o r i e s  and f u r t h e r  broken down by major c o n t r i b u t i n g  dose groups.  
These d a t a  were then  coupled wi th  demographic and t r a f f i c  d a t a  and t h e  t o t a l  
c u r i e s  shipped by ca t egory  t o  produce a f i r s t - o r d e r  approximation t o  t h e  r i s k s  
from t r a n s p o r t  of materials i n  each SMSA. 

I n  t h e  case of sabotage  o r  malevolent  ac t ,  some s t a t emen t s  can be made about  
s c a l i n g  of t h e  r e p o r t e d  consequences wi th  popu la t ion  d e n s i t y  i n  o t h e r  urban 
areas. This  i s  d i scussed  i n  more d e t a i l  i n  Chapter  7. 

1.8 S o c i a l  Impacts  of t h e  T r a n s p o r t a t i o n  of Rad ioac t ive  Materials 

An e x t e n s i v e  s e a r c h  of a v a i l a b l e  l i t e r a t u r e  was made t o  a s s e s s  t h e  s o c i a l  
impacts  from r a d i o a c t i v e  material t r a n s p o r t  i n  urban areas. S o c i o l o g i c a l ,  
p sycho log ica l ,  o r g a n i z a t i o n a l ,  l e g a l ,  and p o l i t i c a l  impacts  have been examined. 
These areas were addressed  f o r  each c a u s a t i v e  event  ca tegory .  The r e s u l t s  of 
the. a n a l y s i s  are inc luded ,  i n  summary form, as Appendix L of t h i s  r e p o r t .  

1.9 Comments on 1985 Shipment Es t ima t ion  f o r  New York C i t y  

Reference 2, t h e  a n a l y s i s  of r a d i o a c t i v e  material t r a n s p o r t  f o r  t h e  United 
S t a t e s ,  i n c l u d e s  an ex tens ion  of t h e  1975 r e s u l t s  t o  sh ipp ing  e s t i m a t i o n s  and 
expec ted  r e s u l t s  f o r  1985. Severa l  problems were encountered when examining 
t h i s  p rocess  f o r  N e w  York C i ty ,  i n c l u d i n g  tremendous u n c e r t a i n t i e s  about  demo- 
g raph ic ,  t r a f f i c ,  and r a d i o a c t i v e  material use f o r  t h e  c i t y .  Res ident  popula- 
t i o n  i s  expected t o  dec rease  g r a d u a l l y ,  a l though  commercial (and perhaps resi- 
d e n t i a l )  expansion i s  being at tempted.  Changes i n  popu la t ion  w i l l  a f f e c t  
t r a f f i c  f low p a t t e r n s  and could a l ter  r a d i o a c t i v e  material use i n  t h e  c i t y  (more 
o r  fewer h o s p i t a l s ,  g r e a t e r  i n d u s t r i a l  u se ,  etc.) .  Because of t h e s e  and o t h e r  
problems a s s o c i a t e d  wi th  meaningful  d a t a  c o l l e c t i o n ,  t h e  a u t h o r s  f e e l  t h a t  
ex tens ion  of t h e  1975 a n a l y s i s  t o  1985 i s  not  p o s s i b l e  wi th  any degree o f  
accuracy.  

1.10 Rela ted  S t u d i e s  

S e v e r a l  s t u d i e s  performed i n  r e c e n t  yea r s  act  as foundat ions  f o r  o r  re la te  
c l o s e l y  t o  t h i s  i n v e s t i g a t i o n .  

WASH-1238 and i t s  two supplements addres s  t h e  shipment of f r e s h  f u e l ,  spen t  
f u e l ,  and waste a s s o c i a t e d  wi th  t h e  o p e r a t i o n  of l i gh t -wa te r  r e a c t o r s . 6  
r e p o r t s  t reat  shipment by t r u c k ,  r a i l ,  and barge and estimate t h e  e f f e c t s  a long  
t h e  t r a n s p o r t  r o u t e s  t o  and from r e a c t o r  sites. 

The 
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NUREG-0073 and BNWL-1972 report the results of a survey conducted on quantities 
and types of shipments of radioactive materials between March 1974 and February 
1975.1 9 
18 000 licensees. Detailed questionnaires were mailed to Special Nuclear Mate- 
rial licensees who shipped 1 gram or more of material and also to 150 "major 
shippers." This information serves as the foundation for a data base on the 
U.S. radioactive material shipment pattern. 
tant information for Sandia studies on radioactive material transport. 

In this investigation, questionnaires were sent to about 2300 of about 

This data base has provided impor- 

NUREG-0170, the predecessor to the current effort, assesses the environmental 2 
impacts resulting from transport of radioactive materials throughout the U.S. 
This study estimates that "normal" transport produces no short-term deaths, but 
in a statistical basis induces 1.2 latent cancer fatalities per shipment year. 
The comparable value is an existing rate of 3x105 cancer fatalities per year 
from all causes. Transportation accidents were estimated to produce only 1 
latent cancer fatality in 200 years of shipping activity at the 1975 level. In 
spite of this risk level, specific accidents, occurring in high population 
zones, were found to have the potential for significant consequences -- as many 
as 150 latent cancer fatalities and more than $100 million in decontamination 
costs. The details of the effects of the urban environment on these estimates 
were provided an impetus for another study to specifically analyze transporta- 
tion impacts in urban areas. 

1.11 Summary 

The other chapters of this report detail the methodology and results for each of 
the four causative events in terms of the expected radiological and economic 
impacts from each. Following these discussions, alternatives to the current 
transport practice are considered and the detailed analysis is extended to other 
urban areas. 
evaluate these impacts, as well as discussions of chemical toxicity and social 
impacts. Collectively, the report assesses the environmental consequences of 
the transportation of radioactive materials in urban areas, including estimates 
of radiological, nonradiological, and social impacts arising from this process. 

The appendices contain the data bases and specific models used to 
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2 

INCIDENT-FREE TRANSPORT 

2.1 General  D i scuss ion  of t h e  Inc ident -Free  Transpor t  Model 

T ranspor t  of r a d i o a c t i v e  materials can cause environmental  impacts  even when no 
a c c c i d e n t s  o r  o the r  a b n o r m a l i t i e s  compromise package i n t e g r i t y .  These impacts  
r e s u l t  from exposure of sur rounding  popu la t ions  t o  e x t e r n a l  p e n e t r a t i n g  r a d i a -  
t i o n .  Reference l i n d i c a t e s  t h a t  t h e  r a d i o l o g i c a l  impacts from i n c i d e n t - f r e e  o r  
"normal" t r a n s p o r t  could be s i g n i f i c a n t l y  g r e a t e r  on an annual  r i s k  b a s i s  t h a n  
those  r e s u l t i n g  from v e h i c u l a r  a c c i d e n t s .  

Although t h e  consequences t o  i n d i v i d u a l s  may be small, o v e r a l l  popu la t ion  i m -  
p a c t s  from low-dose, low-dose-rate r a d i a t i o n  exposure can occur  and may be 
s i g n i f i c a n t  because of t h e  l a r g e  number of annual  shipments ,  many of which occur  
i n  urban a r e a s .  1-3 
r e s u l t s  of t h e  a n a l y s i s  are desc r ibed  i n  t h i s  chap te r .  

The model used t o  e v a l u a t e  t h e  r a d i o l o g i c a l  impacts  and t h e  

2.1.1 S tandard  Shipments Model 

A s t a n d a r d  shipments model i s  used t o  d e s c r i b e  t h e  movement of r a d i o a c t i v e  
m a t e r i a l  through a 100-km' s e c t i o n  of New York C i t y  and t o  account  f o r  shipments  
which o r i g i n a t e  i n  o r  are d e s t i n e d  f o r  t h a t  area. ( In fo rma t ion  from Reference  3 
was accepted  as t h e  bes t  a v a i l a b l e  d a t a ,  a l t hough  e r r o r s  may be con ta ined  the re -  
i n . )  
Brooklyn, and Queens -- i s  shown i n  F igure  1-1 and desc r ibed  i n  d e t a i l  i n  Appen- 
d i x  A. 

The s p e c i f i c  100 km2 chosen f o r  s tudy  -- compris ing p a r t s  of Manhattan,  

I s o t o p e s  have been a s s igned  an end use on t h e  b a s i s  of g e n e r a l  i n fo rma t ion  about  
t he  material, i nc lud ing  h a l f  l i f e  and accepted  use.* The end uses  cons ide red  
are medical ( i n c l u d i n g  r e s e a r c h  materials) ,  i n d u s t r i a l ,  f u e l  c y c l e  ( i n c l u d i n g  
f u e l  c y c l e  was te s ) ,  and waste materials. 
of Reference 3 supply  s p e c i f i c  i n fo rma t ion  on t r a n s p o r t  mode and package type.  

Tables  4.6 and 4.7 on pp 4-19 and 4-20 

The s t anda rd  shipments model l i s ts  t h e  i s o t o p e s  by shipment mode and f u r t h e r  
c a t e g o r i z e s  them by end use and package type  ( s e e  Tables  2-1 through 2-3). 
S p e c i f i c  r o u t e s  are e s t a b l i s h e d  f o r  each shipment mode (Table  2-4): t r u c k ,  
t r a i n ,  barge ,  a i r  f r e i g h t  and a i r  passenger.  The a i r  shipments  i n c l u d e  over- 
f l i g h t s  a c r o s s  t h e  g r i d  and o v e r f l i g h t s  w i th  r e t u r n  t o  t h e  g r i d  by t r u c k  as t h e  
secondary mode. Details of t h e s e  r o u t e s  are i n  Appendix A. 

*Examination of s u p p l i e r  ca t a logues  f r e q u e n t l y  supp l i ed  in fo rma t ion  on 
material end use.  

27 



Table 2-1 

Standard Shipments Informat ion  by End Use a 

Percent  

b Packages of 
End Use P e r  Year T o t a l  T I  P e r  Year 

Med i c a 1 2. 23x104 80.1 8. 12x103 

I n d u s t r i a l  3. 10x103 11.1 1. 85x103 

Fuel Cycle 2 . 3 4 ~ 1 0 ~  8.4 5. 89x102 

Waste 9 . 6 0 ~ 1 0 ~  0.4 4 . 5 8 ~ 1 0 ~  

T o t a l s  2 . 7 8 ~ 1  O4 1 . 0 6 ~ 1  O4 

Percent  
of 

T o t a l  

76.5 

17.5 

5.6 

0.4 

a M a t e r i a l s  shipped as l i m i t e d  o r  exempt q u a n t i t i e s  a r e  not  i n -  
c luded.  A l i m i t e d  shipment does not  have t o  conform t o  the  same 
packaging r e g u l a t i o n s  as o t h e r  shipments because even a 100% 
r e l e a s e  would c o n t r i b u t e  only n e g l i g i b l y  t o  o v e r a l l  impact.  

from t h e  package s u r f a c e .  
b T I  = Transpor t  index ,  a measure of t he  dose ra te  a t  -1 metre  

Table 2-2 

Standard Shipments Information by Primary Mode 

Per  cen t  Percent  
Shipment Packages of of  

P e r  Year T o t a l  T I  P e r  Year T o t a l  . Mode 

52.7 Truck 1. 48x104 53.3 5 . 5 8 ~ 1 0  

A i r  F re igh t*  4 . 7 5 ~ 1 0 ~  17.0 2 . 9 4 ~ 1 0 ~  27.7 

A i r  Passenger* 5. 95x103 21.4 1. 51x103 14.2 

Barge 2. 31x103 8.3 5 . 7 5 ~ 1  O2 5.4 

T o t a l s  2 . 7 8 ~ 1 0 ~  1 . 0 6 ~ 1  04. 

*The t o t a l  packages pe r  year given f o r  a i r  f r e i g h t  and a i r  
passenger  inc lude  those  which a r e  e v e n t u a l l y  re routed  i n t o  t h e  
a r e a  by t ruck .  
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Table 2-3 

Standard Shipments Information by Package Type 

Percent Percent 
Package Packages of  o f  

Per Year Total TI Per Year Total 

A 2. 5Ox1O4 90.0 9. 34x103 88.1 

TY Pe 

B 2.69~10~ 9.7 1. 23x103 11.6 

Dr um 7.0~1 O1 0.3 1 . 6 6 ~ 1 0  0.2 

Cask 1 .2X1O1 0.1 1.2xlO 0.1 
2.78~1 O 4  1 . 0 6 ~ 1 0 ~  Totals 

Table 2-4 

a Standard Shipments Information by Route 

Rout e 
Number 

1 

8 

9 

10 

11 ' 

12 
1 3  

14 

1 5  

16 
1 7  

Material 
End Use 

Medical 

Medical 

Medical 

Medical 

Industrial 

Industrial 

Industrial 

I n d u s t r i a l  

Fuel cycle 

Industrial 

Waste 

Fuel cycle 

Medical 

Industrial 

Medical 

Waste 

Fuel cycle 
(spent fuel 
shipments) 

- Modeb 

1' - Air freight 
2" - Truck 
Truck 

Air freight overflight 

Truck 

Truck 

Air passenger overflight 

1" - Air freight 
2' - Truck 
Truck 

Ship 

1' - Air passenger 
2' - Truck 
Truck 

Truck 

Air passenger overflight 

Air freight overflight 

lo - Air passenger 
2" - Truck 
Truck 

Truck 

aFurther information on specific isotopes shipped by each route may k obtained 

blo indicates primary transport mode. 

from routing tables in Appendix A. 

2" indicates secondary transport mode. 
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Comparing the  shipment model f o r  t he  l i m i t e d  New York C i ty  area wi th  the  na t ion-  
wide sh ipping  p a t t e r n  r epor t ed  i n  Reference 1, t h e  New York d a t a  r e p r e s e n t  1.3% 
of the  t o t a l  number of packages shipped per yea r ,  0.5% of t h e  t o t a l  c u r i e s  per  
y e a r ,  and only  0.2% of t h e  t o t a l  t r a n s p o r t  index (TI) .  Unlike t h e  Reference 1 
case, medical-use shipments r ep resen t  80% of t h e  t o t a l  number of packages com- 
pared wi th  approximately 4.2% f o r  t h e  nat ionwide d a t a ,  and they  r e p r e s e n t  -77% 
of t h e  t o t a l  T I  compared wi th  the  nat ionwide value of 14%. When the t o t a l  
c u r i e s  shipped are compared, t h e  l i m i t e d  New York C i ty  and Reference 1 d a t a  are 
remarkably c o n s i s t e n t :  bo th  va lues  are between 1% and 2%. The observed d i f f e r -  
ences  are due a t  least  i n  p a r t  t o  t h e  s p e c i f i c  uses  of r a d i o a c t i v e  materials i n  
t h e  urban s i t u a t i o n .  

2.1.2 Rad io log ica l  Consequence Model 

The model t o  e v a l u a t e  the  r a d i o l o g i c a l  consequences from i n c i d e n t - f r e e  t r a n s p o r t  
i s  based on the  formula f o r  dose rate from a p o i n t  source  of i o n i z i n g  r a d i a t i o n .  
This  formula c o n t a i n s  an exponen t i a l  f a c t o r  account ing f o r  t h e  a t t e n u a t i o n  of 
photons i n  t h e  absorb ing  medium which sur rounds  t h e  r e c e p t o r ,  a second term 
which accounts  f o r  t h e  inverse-square dose-rate  r educ t ion  w i t h  d i s t a n c e  from t h e  
source ,  and a t h i r d  term which accounts  f o r  dose- ra te  bu i ldup  caused by i n e l a s -  
t i c  photon s c a t t e r i n g  i n  the  a t t e n u a t i n g  medium. This  dose- ra te  bu i ldup  f a c t o r  
(DBF) can be f o r  a s i n g l e  medium (e.g., a i r ,  i n  t h e  case of p e d e s t r i a n s )  o r  f o r  
a series (e.g., a i r / b u i l d i n g  m a t e r i a l / a i r ,  f o r  people i n  b u i l d i n g s ) .  To adapt  
th is  equa t ion  f o r  materials i n  t r a n s p o r t ,  terms s p e c i f i c a l l y  r e l a t e d  t o  t h e  
t r a n s p o r t  process are in t roduced .  
shipment,  and a package shape f a c t o r  t o  account  f o r  a c t u a l  source  geometry. 

These terms inc lude  t h e  T I , 3  packages pe r  

I n  a d d i t i o n ,  t he  movement of t h e  shipment must be cons idered;  i .e.,  t h e  v e h i c l e  
c a r r y i n g  t h e  r a d i o a c t i v e  material i s  moving a t  some v e l o c i t y  V. The r e s u l t i n g  
fo rmula t ion ,  Equat ion 6 of Appendix B ,  forms t h e  b a s i s  f o r  many of t h e  i n t e -  
g r a t e d  dose expres s ions  used i n  t h i s  a n a l y s i s .  

A t  t h i s  p o i n t ,  t h e  a n a l y s i s  d ive rges  from previous work i n  t h a t  t h e  exposure t o  
groups p e c u l i a r  t o  urban areas i s  c a l c u l a t e d .  The dose groups cons idered  are 

P e d e s t r i a n s  

People i n  v e h i c l e s  

People i n  b u i l d i n g s  

C r e w  of t h e  t r a n s p o r t  v e h i c l e  

0 Warehouse personnel  exposed whi le  t h e  

Those who handle  t h e  package dur ing  t r a n s f e r s  from 

People  a t  r a i l  t e rmina l s  

People sha r ing  t h e  r a i l  t r a n s p o r t  l i n k  

People a long  t h e  ra i l  right-of-way 

People  i n  dock areas (cons idered  t o  be 
f r e i g h t  docks,  no t  passenger  docks) 

People  a t  a i r  passenger  t e r m i n a l s  

People a t  a i r  f r e i g h t  t e rmina l s  

package i s  i n  s t o r a g e  

one v e h i c l e  t o  another  o r  a t  f r e i g h t  depo t s  
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Specific dose calculations for each of these groups can be found in Appendix B O  
The following sections will briefly describe the techniques used to evaluate the 
doses to the various groups. 

Pedestrians 

The most important characteristic of this dose group is the number of pedes- 
trians present in any grid cell (given by PedD: 
Other important parameters include street and sidewalk widths, average vehicle 
velocity, pedestrian velocity, and the distance the transport vehicle travels in 
the cell. The direct dose to pedestrians is calculated both for those moving in 
the same direction as the transport vehicle and those moving in the opposite 
direction. In addition, albedo dose is calculated to account for the dose 
received by pedestrians due to scattering from the ground and adjacent struc- 
tures. Figure 2-1 is a diagram of tke geometry used for the incident-free dose 
to pedestrians. 

persons/km2 of sidewalk). 

I 

w 
s c  - Transport Vehicle 

Source 

0 -  0 - 0  Street  - 0 -  
Cencerline 

Figure 2-1. Geometry for Incident-Free Dose to Pedestrians 

The overall expression used to calculate dose to pedestrians from truck travel 
on two-way streets is given in Equation 9, Appendix B. An adaptation of this 
expression (Equation 41,  Appendix B) is made for truck travel on one-way 
streets. For truck travel on freeways, dose to pedestrians is assumed to be 
zero. 

People in Buildings 

Dose to people in buildings is computed iii a way similar to that for pedes- 
trians. The basic differences are that structural shielding is considered and 
that people are assumed to be stationary inside the building (see Figure 2-2). 
The model can account for attenuation coefficients for the various building con- 
struction materials, buildup factor for air, and building materials, etc. 
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Populated Area of Bui ld ing  

~ Bui ld ing  S t r u c t u r e  Thickness 
.~ -xWb 

1 
w I Sidewalk Width 
S 

5- 
I 

* e w Street Width s t  

F igu re  2-2. Geometry f o r  Inc ident -Free  Dose t o  People  i n  Bui ld ings  and Veh ic l e s  

I n  t h e  t r a n s p o r t  p rocess ,  t h e  v e h i c l e  i s  moving p a s t  t h e  people i t  exposes .  To 
account  f o r  t h i s ,  t he  model c a l c u l a t e s  t h e  dose a t t e n u a t i o n  due t o  ob l ique  
impingement of t h e  r a d i a t i o n  on t h e  b u i l d i n g  su r face .  When t h e s e  f a c t o r s  are 
combined wi th  t h e  necessa ry  popu la t ion  d e n s i t y  in fo rma t ion ,  dose t o  people  i n  
b u i l d i n g s  can be c a l c u l a t e d .  The expres s ion  f o r  i n t e g r a t e d  dose t o  people  i n  
b u i l d i n g s  f o r  one-way and two-way s t reet  t r a v e l  i s  g iven  i n  Equat ion 28, Appen- 
d i x  B;  f o r  freeway t r a v e l ,  Equat ion 4 4 ,  Appendix B. 

People  i n  Veh ic l e s  

The u rban- spec i f i c  parameters  necessary  f o r  t h e  a n a l y s i s  of dose t o  people i n  
v e h i c l e s  i n c l u d e  average t r a v e l i n g  speed ( i n c l u d i n g  i n t e r s e c t i o n  d e l a y s ) ,  people  
per  v e h i c l e ,  and number of v e h i c l e s  i n  any g r i d  c e l l  a t  any t i m e .  Vehic les  
t r a v e l i n g  i n  urban areas tend t o  p l a toon  (form groups due t o  t r a f f i c  s i g n a l s ,  
freeway e n t r a n c e s ,  e t c . ) ,  and t h i s  i s  a l s o  f a c t o r e d  i n t o  t h e  a n a l y s i s .  

The expres s ion  f o r  same-direct ion dose i s  g iven  i n  Equat ion 36, Appendix B. For 
v e h i c l e s  t r a v e l i n g  i n  t h e  oppos i t e  d i r e c t i o n ,  t h e  model t reats  people i n  vehi- 
cles as s t a t i o n a r y  wi th  t h e  shipment pas s ing  by a t  t w i c e  t h e  c r u i s i n g  speed 
(Equat ion  38, Appendix B) .  
expressed  i n  Equat ion  39 of Appendix B. 

The t o t a l  i n t e g r a t e d  dose f o r  people i n  v e h i c l e s  i s  
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C r e w  

The i n t e g r a t e d  dose t o  t h e  crew i s  c a l c u l a t e d  by us ing  an expres s ion  wi th  t h r e e  
m u l t i p l i c a t i v e  terms: one account ing  f o r  a t t e n u a t i o n  of photons i n  t h e  absorb- 
i n g  medium, one f o r  inverse-square geometr ic  dose r e d u c t i o n ,  and t h e  t h i r d  f o r  
dose- ra te  bu i ldup  caused by i n e l a s t i c  s c a t t e r i n g  i n  t h e  a t t e n u a t i n g  medium. 
e x a c t  expres s ion  f o r  i n t e g r a t e d  dose to  crew is  given i n  Equat ion  4 0 ,  Appendix 
B. For t r a v e l  on freeways,  t r a v e l  v e l o c i t y  i s  a d j u s t e d ,  r e s u l t i n g  i n  t h e  ex- 
p r e s s i o n  i n  Equat ion  40 w i t h  freeway v e l o c i t y  s u b s t i t u t e d .  

The 

War e ho use  Pe r  s onne 1 

For t h i s  dose group, i t  is  assumed t h a t  personnel  ma in ta in  a minimum d i s t a n c e  
from t h e  shipment when s t o r e d .  (Because of b u i l d i n g  geometry,  a maximum achiev-  
a b l e  d i s t a n c e  from t h e  shipment is used.)  The computation of i n t e g r a t e d  dose 
f o r  warehouse personnel  i s  performed over  an  annulus  of i n t e g r a t i o n  w i t h  a 
c o n s t a n t  warehouse popula t ion  d e n s i t y  assumed over  t h e  e n t i r e  annulus  ( s e e  
F igu re  2-3) .  When t h e  l e n g t h  of t i m e  t h e  shipment remains i n  s t o r a g e  i s  in -  
c luded ,  t h e  expres s ion  f o r  i n t e g r a t e d  dose t o  warehouse personnel  i s  g iven  i n  
Equat ion  53, Appendix €3. 

. a x e  

F igure  2-3. Geometry f o r  C a l c u l a t i n g  Dose t o  Warehouse Personnel .  
This  geometry i s  a l s o  a p p l i c a b l e  t o  people  a t  r a i l  
t e r m i n a l s ,  i n  dock areas, o r  i n  a i r  passenger  
te rmina ls .  
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Handlers  

Handlers  are exposed t o  materials i n  t r a n s i t  on ly  dur ing  t r a n s f e r s .  The expres- 
s i o n  f o r  i n t e g r a t e d  dose t o  hand le r s  i s  simply a f u n c t i o n  of t h e  number of 
hand l ings ,  packages per shipment,  and T I  pe r  package. The expres s ion  f o r  i n t e -  
g r a t e d  dose i s  g iven  i n  Equat ion 5 1 ,  Appendix B. 
f o r  dose t o  hand le r s  of casks.  This  is g iven  i n  Equat ion 5 2 ,  Appendix B. 

A d i f f e r e n t  expres s ion  i s  used 

People  a t  R a i l  Terminals  

People  i n  t e rmina l  areas are exposed only  dur ing  t h e  t i m e  t h e  t r a i n  remains i n  
t h e  t e rmina l  a r ea .  The i n t e g r a t e d  dose t o  people i n  ra i l  t e r m i n a l s  i s  a func- 
t i o n  of t h e  popu la t ion  d e n s i t y  i n  t h e  t e rmina l ,  T I  pe r  package, and package 
shape f a c t o r ,  which accounts  f o r  a c t u a l  package dimensions. An annulus  w i t h i n  
which t h e  exposable  popu la t ion  i s  l o c a t e d  i s  assumed, g i v i n g  t h e  expres s ion  
found i n  Equat ion  4 5 ,  Appendix B. 
t echnique  i n  t h i s  i n s t a n c e  t o  account  f o r  t h e  geometry of t h e  popu la t ion  around 
t h e  source .  

The a n a l y s t s  have used a n  annu la r  i n t e g r a t i o n  

People  Shar ing  t h e  Transpor t  Link 

For people  aboard t r a i n s ,  the development of i n t e g r a t e d  dose expres s ions  i s  
similar t o  t h a t  f o r  people  i n  v e h i c l e s  dur ing  t r u c k  t r a n s p o r t  ( s e e  Equat ion  4 0 ,  
Appendix B ) .  The d i f f e r e n c e s  are b a s i c a l l y  those  s p e c i f i c a l l y  r e l a t e d  t o  
t r a i n s :  v e l o c i t y  and people  per t r a i n .  The r e s u l t i n g  e x p r e s s i o n  i s  Equat ion  
4 6 ,  Appendix B. 

People  Along R a i l  Right-of-way 

An o v e r a l l  popu la t ion  d e n s i t y  a long  r a i l  right-of-way w a s  c a l c u l a t e d  (Equat ion  
4 7 ,  Appendix B) because i t  w a s  no t  p o s s i b l e  t o  perform t h e  c a l c u l a t i o n  f o r  
d i s c r e t e  dose groups.  In s t ead  of an annulus  of i n t e g r a t i o n ,  t h e  l i m i t s  of 
i n t e g r a t i o n  have been taken  from t h e  minimum r a i l  right-of-way d i s t a n c e  t o  400 
metres* (F igu re  2-4) .  Equat ion 4 8  i n  Appendix B was de r ived  by combining t h e  
c a l c u l a t e d  popu la t ion  d e n s i t y  w i t h  t h e  o t h e r  t r a i n - s p e c i f i c  parameters  d e s c r i b e d  
ear l ier .  

People  i n  Dock Areas 

The technique  desc r ibed  ear l ier  f o r  warehouse personnel  i s  used aga in  h e r e ,  
i.e., t h e  exposable  popu la t ion  ( h e r e  t h e  dock popu la t ion )  i s  assumed t o  be  
w i t h i n  an annulus  of i n t e g r a t i o n .  The expres s ion  i s  dependent upon t h e  l e n g t h  
of t i m e  t h e  water t r a n s p o r t  v e h i c l e  remains i n  t h e  dock area. Docks are assumed 
t o  occupy only  one-half of t h e  area, t h e  o t h e r  h a l f  being water. A f a c t o r  of 
1 / 2  i s  in t roduced  t o  account  f o r  t h i s  assumption (Equat ion 50, Appendix B ) .  

People  i n  A i r  Terminals  (Passenger  o r  Cargo) 

The d e r i v a t i o n s  f o r  a i r  passenger  and a i r  f r e i g h t  t e rmina l s  are t h e  same excep t  
f o r  popu la t ion  d e n s i t i e s  and maximum exposure r a d i i .  The b a s i c  expres s ion  i s  
t h e  same as t h a t  used f o r  people i n  r a i l  t e rmina l s  o r  dock areas. It i s  depen- 
den t  upon t h e  l e n g t h  of t i m e  t h e  p lane  remains i n  t h e  t e rmina l  area, which may 
va ry  f o r  passenger  and cargo  p l anes  (Equat ion  4 9 ,  Appendix B) .  

*400 metres is  an a r b i t r a r i l y  assumed va lue  f o r  t h i s  a n a l y s i s .  
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Figure  2-4. Geometry f o r  Ca lcu la t ing  Dose t o  People a long  R a i l  
Right-of-way ( i n t e g r a t i o n  along a s t r i p )  

2.2 Rad io log ica l  Impact  

The r a d i o l o g i c a l  consequence code, METRAN, q u a n t i f i e s  t h e  i n c i d e n t - f r e e  environ-  
mental  impacts  r e s u l t i n g  from t h e  t r a n s p o r t  of s t anda rd  shipments of r a d i o a c t i v e  
materials through the  New York C i ty  g r i d  i n  terms of annual  person r e m  f o r  t he  
shipment year considered (1974-1975). The t o t a l  r a d i o l o g i c a l  impact f o r  t h e  
l i m i t e d  New York Ci ty  g r i d  is about 10 person r e m  per year. 

2.2.1 Inc ident -Free  Rad io log ica l  Impacts by  End U s e  ( f o r  NYC shipment model 
compressed t o  100-km s tudy  area) 

Medical-use r a d i o i s o t o p e s  c o n s t i t u t e  t h e  l a r g e s t  component (78%) of t h e  
i n c i d e n t - f r e e  impacts.  This r e s u l t  i s  t o  be expected s i n c e  Table  2-1 shows t h a t  
t h e s e  r a d i o i s o t o p e s  c o n s t i t u t e  more than  80% of t h e  yea r ly , sh ipmen t s  and about  
77% of t he  annual T I .  

I n d u s t r i a l - u s e  i s o t o p e s  rank second (17%). This  i s ' a l s o  p r e d i c t a b l e  s i n c e  11% 
of the  shipments i n  t h e  urban area involve  t h e s e  r a d i o i s o t o p e s  wi th  18% of t h e  
t o t a l  T I .  

Nuclear f u e l  cyc le  shipments and shipments of r a d i o a c t i v e  waste account f o r  t h e  
remaining 5%. 
t h e  small number of waste shipments i n  t h e  urban r eg ion  dur ing  t h e  survey year .  

The small c o n t r i b u t i o n  from t h e  waste ca t egory  i s  mainly due t o  
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1 ,The impacts received by specific urban population groups are summarized by 
material end use in Table 2-5. 

2.2.2 Incident-Free Radiological Impacts by Transport Mode 

Essentially all of the incident-free impacts result from truck transport of the 
radioactive materials and from the storage and handling of the materials shipped 
by air. Only 4% of the total impacts result from exposure to persons in air 
terminals while the materials are being on-loaded or off-loaded from aircraft. 
Approximately 70% of the incident-free impacts result from truck transport and 

1 26% from exposure of handlers and warehouse personnel during storage of air 
freight and air passenger shipments. This exposure may well be considered 
occupational in nature and thus would further reduce the incident-free impacts. 
A summary of radiological impacts by transport mode is given in Table 2-6. 

2.2.3 Incident-Free Radiological Impacts by Package Type 

A summary of incident-free impacts by package type is presented in Table 2-7. 
Eighty-six percent of annual person rem is attributable to lightly shielded Type 
A packages. Type B packages, drums, and casks account for the remaining 15% of 
the radiological impact. Some of these packages are transported by barge 
through the grid. These shipments do not expose the large number of people 
ad jo in ing  routes followed by trucks carrying Type A packages. 

2.2.4 Summary of Impacts from Incident-Free Transport 

The impacts from incident-free transport in the urban area are summarized in 
Table 2-8 by person rem per shipment year for the exposed population groups. 

These groups, in descending order of impact, are handlers, people in vehicles, 
warehouse personnel, pedestrians, crew, people in air passenger terminals, and 
people in buildings. More than 95% of the impact is distributed among the first 
five of these dose groups. 

About 10 person rem have been estimated for the limited New York City analysis 
of incident-free transport. The use of 25 expected latent cancer fatalities per 
million person rem (see Appendix G )  for the low-dose, low-dose-rate exposures 
typical of incident-free transport yields a prediction of less than 1 latent 
cancer fatality per shipment year. 

Through rough scaling, the approximately 7 person rem for the 1.06~10~ TI per 
year for the limited New York City example can be extended to the 4.54~10~ TI 
per year included in the analysis of Reference 1 for the entire nation. The 
comparison is on the basis of total TI shipped per year since it is external 
exposure resulting from radiation levels outside the package which is signi- 
ficant. 
9790 person rem estimated in Reference 1. 

2.3 Sensitivity and Error Analysis 

The extrapolation gives a value of 3000 person rem compared with the 

- 

The analysis for the incident-free model evaluates the sensitivity of the re- 
sponse variable (integrated dose, in person rem) for each dose group when the 
shipment proceeds on a one-cell route by a given transport mode/road type. 
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T a b l e  2-5 

I n c i d e n t - F r e e  R a d i o l o g i c a l  Impacts  ( p e r s o n  r e d y e a r  of s h i p p i n g  a c t i v i t y )  on  P o p u l a t i o n  Groups by End Use 

P e o p l e  P e o p l e  
Warehouse P e o p l e  P e o p l e  S h a r i n g  on R a i l  A i r  A i r  

P e r c e n t  P e r s o n n e l  Crew i n  People  i n  i n  R a i l  Rail R i g h t -  P a s s e n g e r  Cargo 
End Use of  T o t a l  H a n d l e r s  ( S t o r a g e )  (Truck) P e d e s t r i a n s  V e h i c l e s  B u i l d i n g s  D e p o t s  Link  of-Way T e r m i n a l  T e r m i n a l  S h i p  T o t a l s  

Medica l  74 1.6 0.73 0.52 0.95 1.3 0.012 0.19 - 5.3 

____-- 

I n d u s t r i a l  18 0.46 0.46 0.07 0.07 0.16 <0.01 0.03 - 1.3 

Fuel  Cycle  8 0.48* 0.003 0.009 0.07 CO.01 - 0.6 

Waste  (1 0.006 0.01 . 0.02 <0.001 - - (0.1 

T o t a l s  2.5 1.2 0.6 1.0 1.6 -0.015 - 0.22 - -7.2 

*This  h y p o t h e t i c a l  v a l u e  assumes one h a n d l i n g  of a c a s \ .  dur.ng t r a x s p o r : .  

T a b l e  2-6 

I n c i d e n t - F r e e  R a d i o l o g i c a l  I m p a c t s  ( p e r s o n  r e m l y e a r  of s h i p p i n g  a c t i v i t y )  on P o p u l a t i o n  Groups by Mode 

P e o p l e  P e o p l e  
Warehouse P e o p l e  P e o p l e  S h a r i n g  on R a i l  A i r  A i  r 

P e r c e n t  P e r s o n n e l  C r e w  i n  People  i n  i n  Rail  R a i l  Right -  P a s s e n g e r  Cargo 
Mode of  T o t a l  H a n d l e r s  ( S t o r a g e )  ( T r u c k )  P e d e s t r i a n s  V e h i c l e s  B u i l d i n g s  Depots  L i n k  of-Way T e r m i n a l  T e r m i n a l  S h i p  T o t a l s  _ _ _ _ _ _ _ _  

A i r  p a s s .  
over -  

- -1.0 f l i g h t s  14 0.4 0.4 0.22 

A i r  f r e i g h t  

- 1.5 
o v e r -  
f l i g h t s  21 0.7 0.8 

Trucka  65 1.4b 0.6 1.0 1.6 0.015 - -4.7 

Barge 

T o t a l s  2 . 5  1.2 0.6 1.0 1.6 -0.015 0.22 - -7.2 

a I n c l u d e s  c o n t r i b u t i o n s  from a i r  f r e i g h t  and a i r  p a s s e n g e r  s h i p m e n t s  which a r e  r e r o u t e d  i n t o  NYC g r i d  by t r u c k .  

b I n c l u d e s  0.48 p e r s o n  rem p e r  sh ipment  y e a r  from a h y p o t h e t i c a l  h a n d l i n g  of a c a s k  d u r i n g  t r a n s p o r t .  

T a b l e  2-7 

I n c i d e n t - F r e e  R a d i o l o g i c a l  Impacts  ( p e r s o n  remfyear  o f  s h i p p i n g  a c t i v i t y )  on  P o p u l a t i o n  Groups by Package Type 

P e o p l e  P e o p l e  
Warehouse . P e o p l e  P e o p l e  S h a r i n g  on Rail A i r  Air 

Package  P e r c e n t  P e r s o n n e l  Crew i n  People  i n  i n  Rail Rail  Rtght- P a s s e n g e r  Cargo 
Type of  T o t a l  H a n d l e r s  ( S t o r a g e )  ( T r u c k )  P e d e s t r i a n s  V e h i c l e s  B u i l d i n g s  Depots  L i n k  of-Way T e r m i n a l  T e r m i n a l  S h i p  T o t a l s  

A 86 1.9 1.0 0.6 1.0 1.5 0.012 0.17 - 6.2 

B 7 0.16 0.2 0.04 0.02 0.06 <O.Ol 0.05 - 0.5 

Drum (0.1 <0.001 <0.001 <0.01 0.005 0.006 <0.001 - 0.01 

Cask 8 0.48* (0.01 <0.007 0.07 CO.01 - 0.56 

T o t a l s  2.5 1.2 0.6 1.0 1.6 0.015 0.22 - 7.2 

*This  h y p o t h e t i c a l  v a l u e  assumes one h a n d l i n g  of  a c a s k  d u r i n g  t r a n s p o r t .  
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Dose GrouD 

Table  2-8 

Summary of Rad io log ica l  Impacts 
Inc ident -Free  Transpor t  by 

Dose Group 

Handler s 

People  i n  Vehic les  

Warehouse Personnel  

P e d e s t r i a n s  

C r e w  

People  i n  A i r  
Passenger  Terminals  

People  i n  Bui ld ings  

People  i n  R a i l  Depots* 

People  Shar ing  R a i l  
T ranspor t  Link* 

People  i n  R a i l  
Right-of-way* 

People  i n  A i r  Cargo 
Terminals* 

People  i n  Dock Areas* 

T o t a l  

*No impact has been 
por ted  shipments  i n  t h e  

T o t a l  Person  R e m / Y r  

2.5 

1.6 

1.2 

1.0 

0.6 

0.2 

0.015 

-- 

Erom 

Percen t  o f .  T o t a l  

-3 5 

- 

22 

17 

>14 

-8.4 

-3 

-0.3 

-- 

--. 

7.2 

c a l c u l a t e d  f o r  people  i n  dock areas s i n c e  t h e  re- 
l i m i t e d  New York C i ty  shipment model are a l l  

th rough shipments.  
A i r  f r e i g h t  shipments have been assumed t o  a r r i v e  a t  f a c i l i t i e s  o u t s i d e  
t h e  t e rmina l  area, hence no impact has been c a l c u l a t e d  f o r  people  i n  a i r  
cargo  t e rmina l s .  

No shipments by ra i l  are found i n  t h e  shipment model. 

38 



For multiplicative factors, the sensitivity is easily determined; 
factor doubles the dose. Therefore multiplicative factors are fixed at nominal 
values and the remaining variables are examined, resulting in scaled regression 
equations. 

i.e., doubling a 

The process of producing scaled regression equations allows for the development 
of specific information on a desired route. 
applied to one cell at a time, it is only necessary to determine values of the 
appropriate parameters for individual cells and sum the integrated doses for 
each to determine the overall integrated dose for a given route. Using this 
technique, the incident-free model is no longer specifically tied t o  100 km2 in 
New York City but can be transposed to any urban area, given standard shipment 
information and data on the new urban area. 

If each of these equations is 

The error analysis of the incident-f ree transport model indicates the following: 

With the exceptions listed below, most of the coefficients of the error 
equations are less than unity. The variables for which relative errors 
are magnified are 

Dose Groups Variables 
Crew Source to crew distance (d2) 

People in vehicles 

People in buildings 

People in air terminals 

(two-way streets) Street width (wst) 
Building wall thickness (w,) 

Minimum exposure distance (r4) 

A complete list of the variables appearing in the error 
equations can be found in Appendix D. 

For a predominant dose group, pedestrians, a 10% error in each of the 
six variables appearing in the error equation will result in a maximum 
relative error of 60%. 
underestimated by 0.6 or overestimated by the same amount. Note that 
these results do not lend themselves to a probabilistic interpretation. 

Thus the integrated dose to pedestrians could be 

2.4 Conclusions 

The overall population dose received as a result of the incident-free shipment 
of radioactive materials in 100 km2 of  New York City is about 10 person rem per 
shipment year. The predominant contributors to this dose are medical/research 
shipments in Type A packages transported by truck. A majority of the incident- 
free population dose is received by two specific dose groups (people in vehicles 
and handlers) and three other groups, two of which are associated with the 
mechanics of the transport process (pedestrians, warehouse personnel, and crew). 
The urban-specific dose groups receive 36% of the incident-free dose, while the 
other three groups receive 60% of the dose. If the contribution to the dose 
from crew, handlers, and warehouse personnel exposures are considered occupa- 
tional exposure, the overall incident-free population dose would decrease by 
almost a factor of 2. 

Use of scaled regression equations resulting from the sensitivity analysis of 
the incident-free model allows for simple application of the urban-specific 
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transport model to other urban areas given special features such as standard 
shipment data characteristic of the site- and city-specific demographic in- 
formation. 

'NUREG-01 70. 

'NUREG-007 3. 

NOTES 

3Analysis of raw data from BNWL-1972. 

4WASH-1 238 

' 5 .  Shapiro, Exposure of Airport Workers to Radiation from Shipment of 
Radioactive Materials, NUREG-0154, Washington: U.S. Nuclear Regulatory 
Commission, January 1977. 

%. S. Department of Commerce, Statistical Abstract of the United States, 
1978. 
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IMPACTS OF TRANSPORTATION ACCIDENTS 

The a n a l y s i s  of t h e  impacts of t r a n s p o r t a t i o n  a c c i d e n t s  i nvo lv ing  r a d i o a c t i v e  
materials i n  urban a r e a s  i s  subdivided i n i t i a l l y  i n t o  two c a t e g o r i e s  based on 
t h e  d i s p e r s i b i l i t y  of t he  m a t e r i a l  involved i n  t h e  acc iden t .  Impacts  from 
a c c i d e n t s  i nvo lv ing  nond i spe r s ib l e  o r  special-form materials r e s u l t  from i n -  
c reased  exposure e i t h e r  because of t h e  de lay  i n  t r a n s i t  of t h e  material o r  
because of r educ t ion  i n  t h e  a v a i l a b l e  s h i e l d i n g  due t o  acc iden t  deformat ion  
f o r c e s .  D i s p e r s i b l e  materials can be a e r o s o l i z e d ,  producing an i n h a l a t i o n  
hazard t o  people  near  t h e  acc iden t .  I n  a d d i t i o n ,  because t h e  a e r o s o l  c loud  
d i s p e r s e s  as a r e s u l t  of the  p r e v a i l i n g  meteoro logica l  c o n d i t i o n s ,  d i s p e r s i b l e  
materials can expose people i n  downwind areas. P a r t  of a d i s p e r s i b l e  shipment 
can remain a t  the  acc iden t  s i t e ,  r e s u l t i n g  i n  increased  exposure t o  t h e  sur -  
rounding popula t ion .  Material i n  t h e  a e r o s o l  cloud causes  inc reased  c loudsh ine  
and groundshine doses  t o  the  popula t ion  along t h e  r o u t e  of c loud passage. 
some of t he  depos i t ed  material i s  resuspended by wind, t r a f f i c ,  o r  o t h e r  means, 
i t  can become a long-term i n h a l a t i o n  hazard as w e l l .  

Two f a c t o r s  are involved in e v a l u a t i n g  t h e  impact of an a c c i d e n t  from a r i s k  ( o r  
expected va lue )  p e r s p e c t i v e :  p r o b a b i l i t y  and consequence. The p r o b a b i l i t y  t h a t  
an a c c i d e n t  occurs  i s  presented  i n  terms of t h e  expected number of a c c i d e n t s  of  
a given s e v e r i t y  p e r  year  as a f u n c t i o n  of t r a n s p o r t  mode. The amount of d i s -  
p e r s a l  o r  i nc reased  exposure i s  r e l a t e d  t o  package c o n d i t i o n  a f t e r  t h e  a c c i d e n t  
by t h e  release f r a c t i o n ,  which d e s c r i b e s  the  s e v e r i t y  dependence of package 
response  f o r  v a r i o u s  package types.  These r e l e a s e  f r a c t i o n s ,  t o g e t h e r  w i th  
mode-specif ic  a c c i d e n t  rates and severi ty-dependent  f r a c t i o n a l  occur rences  f o r  
a c c i d e n t s ,  form the  b a s i s  f o r  t h e  c a l c u l a t i o n s  of p r o b a b i l i t y  of package 
response.  

If 

The consequence of an a c c i d e n t  i s  def ined  a s  the  e f f e c t  of t h e  release o r  ex- 
posure which r e s u l t s  f rom-an  a c c i d e n t  of a s p e c i f i c  s e v e r i t y  invo lv ing  a p a r t i c -  
u l a r  shipment and package type.  The product of consequence and o v e r a l l  package 
response i s  def ined  as t h e  "expected v a l u e  of r a d i o l o g i c a l  r i s k "  and i s  ex- 
pressed  i n  terms of expected r a d i o l o g i c a l  consequences f o r  a given type of 
shipment. 
(1) ear ly f a t a l i t i e s ,  ( 2 )  e a r ly  m o r b i d i t i e s ,  ( 3 )  l a t e n t  cancer  f a t a l i t i e s ,  and 
( 4 )  g e n e t i c  e f f e c t s . *  

For each shipment type ,  fou r  p o t e n t i a l  h e a l t h  e f f e c t s  are cons ide red :  

Expected r a d i o l o g i c a l  r i s k  va lues  are c a l c u l a t e d  f o r  each shipment type and 
summed over  a l l  shipments t o  o b t a i n  t h e  annual  r a d i o l o g i c a l  r i s k  r e s u l t i n g  from 
a year  of shipment a c t i v i t y  a t  t h e  g iven  l e v e l .  The va lue  of expected annual  

*Values f o r  each of t he  h e a l t h  e f f e c t s  are c a l c u l a t e d  us ing  t h e  METRAN 
computer models. 
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r a d i o l o g i c a l  a c c i d e n t  r i s k  r e p r e s e n t s  a s t a t i s t i c a l  measure of t h e  annual  p u b l i c  
hazard  posed by urban t r a n s p o r t  of r a d i o a c t i v e  materials. This  type of a n a l y s i s  
does not d i s t i n g u i s h  t h e  c o n t r i b u t i o n s  t o  o v e r a l l  r i s k  of h igh-probabi l i ty / low-  
consequence a c c i d e n t s  from those  of low-probabilitylhigh-consequence a c c i d e n t s .  
Because of t h e  heightened pub l i c  and r e g u l a t o r y  concern over  low-probabi l i ty1  
high-consequence even t s ,  shipments which could cause p o t e n t i a l l y  seve re  conse- 
quences i f  involved i n  an a c c i d e n t  are cons idered  s e p a r a t e l y  t o  complete t h e  
a n a l y s i s .  I n  some cases, t h e s e  shipments occur  wi th in  the  l i m i t e d  shipment d a t a  
base f o r  New York C i t y  and so are inc luded  i n  t h e  expected v a l u e  r i s k  c a l c u l a -  
t i o n .  For those  shipments no t  inc luded  i n  t h e  d a t a  base,  t h e  c a l c u l a t e d  va lues  
do n o t  c o n t r i b u t e  t o  t h e  expected v a l u e  of r i s k .  Although t h e  passage of t h e s e  
shipments  through urban areas may not  be documented, t h a t  p o s s i b i l i t y  e x i s t s  
and, as a r e s u l t ,  must be considered.  

The remainder of t h i s  chap te r  i s  d iv ided  i n t o  f i v e  s e c t i o n s .  Sec t ion  3.1 d i s -  
c u s s e s  t h e  a c c i d e n t  model i n  genera l .*  This  s e c t i o n  touches on t h e  use  of d a t a  
d i s c u s s e d  i n  d e t a i l  i n  Appendices A and C and on t h e  me teo ro log ica l  model used 
i n  t h e  d i s p e r s a l  a c c i d e n t  case. The nex t  s e c t i o n  d e s c r i b e s  t h e  method used f o r  
o b t a i n i n g  t h e  expected va lues  of r a d i o l o g i c a l  r i s k  f o r  t h e  l i m i t e d  New York C i ty  
s t anda rd  shipment model. Following t h i s  d i s c u s s i o n  i s  a s e c t i o n  on t h e  poten- 
t i a l  h e a l t h  e f f e c t s  and i n d i r e c t  economic impact of an acc iden t .  The next  
s e c t i o n ,  3 . 4 ,  ana lyzes  low-probability/high-consequence a c c i d e n t s .  F i n a l l y ,  
t h e r e  i s  a d i s c u s s i o n  of a s e n s i t i v i t y  and e r r o r  a n a l y s i s  performed on the 
METRAN a c c i d e n t  models and a s h o r t  summary of t h e  o v e r a l l  a c c i d e n t  r e s u l t s .  

3.1 METRAN Accident  Model 

A s  shown i n  F igure  3-1, t h e  METRAN a c c i d e n t  a n a l y s i s  i nvo lves  t h e  melding of t h e  
o u t p u t s  of s e v e r a l  submodels t o  provide  e i t h e r  i n d i v i d u a l  a c c i d e n t  consequences 
o r  expected annual  r a d i o l o g i c a l  r i s k .  The model, desc r ibed  i n  d e t a i l  i n  Appen- 
d i x  C ,  c o n s i d e r s  three types  of a c c i d e n t s :  ( 1 )  those  invo lv ing  release of a 
d i s p e r s i b l e  material, ( 2 )  t hose  invo lv ing  r educ t ion  o r  e l i m i n a t i o n  of s h i e l d i n g  
from a n o n d i s p e r s i b l e  material ,  and ( 3 )  t hose  which s imply de lay  a package 
wi thout  any release of c o n t e n t s  o r  s h i e l d i n g  reduct ion .  Two s p e c i f i c  a c c i d e n t  
geometr ies  -- midblock and i n t e r s e c t i o n ;  fou r  popula t ion  groups -- crew, pedes- 
t r i a n s ,  people  i n  v e h i c l e s ,  and people  i n  bu i ld ings ;  and t h r e e  street  types  -- 
f reeways,  one-way streets, and two-way streets a r e  analyzed.  Various o t h e r  
modes, r a i l ,  water, and a i r ,  r e s u l t  i n  o t h e r  exposure s i t u a t i o n s ,  as d i scussed  
i n  Appendix C. Meteoro logica l  i n p u t  based on t h e  MICMET and PICMET codes 
(Appendices E and F)  provide  t h e  atmospheric  d i s p e r s a l  i npu t .  The e x t e n s i v e  
land-use and popu la t ion  d i s t r i b u t i o n  d a t a  base (Appendix A) provides  an  estimate 
of t h e  t i m e  and l o c a t i o n  dependencies  of t h e  popu la t ion  a t  r i s k .  Accident  
rates,  a c c i d e n t  s e v e r i t y  d a t a ,  and release f r a c t i o n  in fo rma t ion  are a l s o  ex- 
t r a c t e d  f o r  t h e  d a t a  base t o  h e l p  determine t h e  consequence and/or  r i s k .  

In t h e  case of bo th  nonre l ease  a c c i d e n t s  and a c c i d e n t s  i nvo lv ing  exposure t o  
n o n d i s p e r s i b l e  sou rces ,  t h e  exposure magnitude depends d i r e c t l y  on t h e  l e n g t h  of 
exposure.  This  so-ca l led  de l ay  time i s  a severi ty-dependent  parameter s p e c i f i e d  
i n  Appendix A. 

*Details can be found i n  t h e  appendices  t o  t h i s  document and i n  References  1 
and 2. 
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3.1.1 Accidents Involving Nondispersible Materials 

The estimation of nonrelease accident consequences'are dependent on the trans- 
port index of the shipment, the accident delay time, the number of people in the 
vicinity in each of the four dose groups, and the actual exposure geometry. 
Nonrelease accidents can involve either dispersible or nondispersible materials 
and fall in the category of high-probabilityllow-consequence accidents since 
they include "fender-bender'' accidents which may significantly delay a trans- 
porting vehicle without any substantial cargo damage. 

The consequences of accidents above the package damage threshold involving 
nondispersible materials are a strong function of the number of curies exposed, 
the number of exposable people, the particular exposure geometry for each dose 
group, and the accident delay time. Consequences of nondispersible source 
accidents are generally confined to the immediate area of the accident, because 
of the l/r2 reduction in dose rate with distance coupled with the shielding 
afforded by the buildings present in urban areas. 

Nondispersal Source Accidents on Two-way Streets 

Dose to Pedestrians -- The expression' for dose to pedestrians depends upon the 
location of the individual along the linear path which the vehicle was following 
when the accident occurred, and his perpendicular location on the sidewalk. The 
expression (Equation 6, Appendix C) includes consideration of pedestrian den- 
sity, accident delay time, the source strength, and intersection and midblock 
accident occurrence factors. 

Dose to People in Buildings -- The dose to people in buildings will depend upon 
the location of the individuals in buildings and on the distance "down the 
block" from the accident site. The model considers oblique geometry as in 
Appendix B (dose to people in buildings). 
cated only adjacent to the outs@e walls of the buildings, a single integral is 
used to account for distance down' the street. The expression includes a summa- 
tion over all floors to account for the vertical distribution of people in 
buildings. Equation 10, Appendix C, is the expression for integrated dose to 
people in buildings; it includes consideration of the number of people involved 
(population density plus transient population), building wall thickness, dose- 
rate buildup factor for the building material, fraction of the cell area occu- 
pied by buildings, and accident delay time. Terms to account for unshielded as 
well as shielded material and for accident location appear in the expression for 
people in buildings. 

Since people are assumed to be lo- 

Dose to People in Vehicles -- Vehicles are assumed to provide no shielding, so 
the individual dose to people in vehicles is calculated in the same manner as 
for pedestrians (Equation 2, Appendix C). 
tions, vehicles are assumed to be stopped at the outer edge of the intersection. 
In the midblock case, the vehicles traveling in the direction opposite to that 
in which the accident occurs are allowed to move at a reduced speed (one-half 
the cruising velocity). Vehicles moving in the same direction as that in which 
the accident occurs are assumed to be stopped. Two terms in the midblock ex- 
pression account for same and opposite direction doses. 
C, gives the overall expression for dose t o  people in vehicles and includes 
consideration of source strength, accident delay time, and number of people per 
vehicle. 

For accidents occurring in intersec- 

Equation 18, Appendix 
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Nondispersa l  Source Accidents  on Freeways 

S ince  it is  assumed t h a t  t h e r e  a r e  no p e d e s t r i a n s  on freeways,  t h e  p e d e s t r i a n  
dose i s  set  t o  zero.  
ea r l ie r  expres s ion  f o r  a midblock a c c i d e n t  occur r ing  on a ve ry  w i d e  s t reet .  
b a s i c  changes i n c l u d e  t h e  minimum exposure d i s t a n c e  and t h e  number of exposed 
b u i l d i n g  f a c e s .  The method of c a l c u l a t i n g  ob l ique  impingement a l s o  changes,  
r e s u l t i n g  i n  Equat ion 20, Appendix C ,  f o r  dose t o  people i n  b u i l d i n g s  from 
freeway a c c i d e n t s .  

Geometry f o r  dose t o  people  i n  b u i l d i n g s  i s  similar t o  t h e  
The 

S ince  a c c i d e n t s  on freeways seldom d i s a b l e  t r a f f i c  i n  both  d i r e c t i o n s ,  t h e  model 
assumes, as i n  t h e  two-way s t reet  midblock a n a l y s i s ,  t h a t  on ly  t h e  s i d e  on which 
t h e  a c c i d e n t  occurs  i s  s topped.  T r a f f i c  i n  t h e  oppos i t e  d i r e c t i o n  con t inues  t o  
move normally.  
p l i e d  h e r e ,  and t h e  dose from the  expres s ion  i n  Appendix B fo r  people  t r a v e l i n g  
o p p o s i t e  t o  t h e  shipment i s  modif ied t o  account  f o r  t h e  f a c t  t h a t  t h e  source  i s  
s topped i n s t e a d  of moving. The n e t  r e s u l t  is  g iven  i n  Equat ion 2 2 ,  Appendix C. 

The phenomenon of p l a toon ing ,  developed i n  Appendix B,  i s  ap- 

Nondispefsa l  Source Accidents  on One-way Streets 

S ince  t h e r e  i s  no oppos i t e  d i r e c t i o n  t r a f f i c  stream on one-way s t ree ts ,  t h e  
major change i s  i n  dose t o  people i n  v e h i c l e s .  A midblock a c c i d e n t  i s  su r -  
rounded by streams of t r a f f i c  moving p a s t  i t  i n  t h e  same d i r e c t i o n .  The ad- 
j u s t e d  expres s ion  f o r  dose t o  people i n  v e h i c l e s  i s  g iven  i n  Equat ion  2 3 ,  
Appendix C. 

Nondispersa l  Source A i r  Transpor t  Accidents  

A i r c r a f t  a c c i d e n t s  i n  urban areas can occur  anywhere. 
are assumed t o  be those  f o r  t r u c k  t r a n s p o r t  a c c i d e n t s  on two-way streets (see 
Appendix C). 

The dose e x p r e s s i o n s  used 

Nondispersa l  Source R a i l  T ranspor t  Accidents  

Although r a i l  shipments do no t  appear  i n  t h e  New York C i t y  shipment d a t a  base ,  
the model is  capable  of handl ing  t h i s  t ype  of acc iden t .  Although a c c i d e n t s  
could occur  anywhere i n  t h e  urban area, high-speed c o l l i s i o n s  caus ing  s ign i -  
f i c a n t  damage t o  packages would most l i k e l y  occur  o u t s i d e  of terminal a reas .  
Thus, a development analogous t o  i n c i d e n t - f r e e  dose t o  people  a long  r a i l  r i g h t -  
of-ways i s  used,  r e s u l t i n g  i n  Equat ion  2 4 ,  Appendix C. 

Nondispersa l  Source Water Transpor t  Accidents  

Only water t r a n s p o r t  a c c i d e n t s  o c c u r r i n g  i n  t h e  dock area could cause s i g n i -  
f i c a n t  exposure i n  an urban area. 
analogous t o  Equat ion  5 0 ,  Appendix B ,  i s  used. 

Equat ion 2 5 ,  Appendix C,  a n  equa t ion  

3 . 1 . 2  Accidents  Involv ing  D i s p e r s i b l e  M a t e r i a l  

Accidents  s eve re  enough t o  d i s p e r s e  r a d i o a c t i v e  material can r e s u l t  i n  up t o  
f i v e  d i f f e r e n t  doses :  from i n h a l a t i o n  of a i r b o r n e  material, from c loudsh ine  
exposure ,  from groundshine exposure,  from material remaining a t  t h e  scene of t h e  
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a c c i d e n t ,  and from i n h a l a t i o n  and c loudshine  from material resuspended a f t e r  
be ing  i n i t i a l l y  depos i t ed  on the ground. I n g e s t i o n  of r a d i o a c t i v e  contaminat ion 
from a v e h i c u l a r  a c c i d e n t  i s  not  cons idered  i n  t h i s  a n a l y s i s .  

Because of t h e  a d d i t i o n a l  complexity a f fo rded  by c o n s i d e r a t i o n  of me teo ro log ica l  
c o n d i t i o n s ,  t h e  c a l c u l a t i o n s  of t h e s e  consequences are more involved and t h e  
d i s c u s s i o n  of t h i s  source  of exposure i s  expanded somewhat. 

Direct I n h a l a t i o n  Dose 

The consequences of r a d i a t i o n  exposure from t h e  d i r e c t  i n h a l a t i o n  pathway are 
s t r o n g l y  dependent on both  t h e  r a d i o a c t i v e  source  term, t h e  p r e v a i l i n g  atmo- 
s p h e r i c  c o n d i t i o n s ,  and t h e  l o c a t i o n  of t h e  popula t ion .  The source-term parame- 
ters of i n t e r e s t  i n c l u d e  t h e  number of c u r i e s  of m a t e r i a l  r e l e a s e d  from t h e  
package and a e r o s o l i z e d ,  t h e  phys io log ica l  pathway fol lowed by material once 
inha led ,  and t h e  dose t o  a s p e c i f i c  organ which r e s u l t s  from i n h a l a t i o n .  The 
r e l a t i o n s h i p s  between these  f a c t o r s  and t h e i r  use  are d i scussed  i n  g r e a t e r  
d e t a i l  i n  Appendices B and H. The atmospheric  d i s p e r s i o n  p rocesses ,  desc r ibed  
i n  Appendices E and F, c o n t r o l  t h e  downwind cloud dimensions and material con- 
c e n t r a t i o n s  as a f u n c t i o n  of mean wind v e l o c i t y ,  l o c a l  s u r f a c e  roughness  ( i n -  
c lud ing  b u i l d i n g  he igh t  and f r a c t i o n  of a r e a  occupied by b u i l d i n g s ) ,  and 
a tmospher ic  t u rbu lence  parameters .  

Cloudshine Dose 

Those persons  who are immersed i n  t h e  pas s ing  cloud of r a d i o a c t i v e  material may 
consequent ly  be exposed t o  e x t e r n a l  p e n e t r a t i n g  r a d i a t i o n .  The amount of dose  
r ece ived  by t h i s  pathway is  dependent on t h e  energy of t h e  emi t t ed  photons,  t h e  
l e n g t h  of exposure,  and t h e  c o n c e n t r a t i o n  of t h e  cloud. 

Remnant Dose 

I n  many cases, a s i g n i f i c a n t  amount of material may remain undispersed  a t  t h e  
scene of an  acc iden t .  This material w i l l  ac t  a s  an  exposure sou rce ,  g i v i n g  some 
a d d i t i o n a l  dosage t o  persons i n  t h e  immediate area depending on t h e i r  exposure 
geometry, l e n g t h  of exposure,  and t h e  amount of material p re sen t .  

Groundshine Dose 

Some of t h e  material which i s  d i s p e r s e d  i n  an a c c i d e n t  w i l l  be depos i t ed  down- 
wind of t h e  a c c i d e n t  s i t e  on b u i l d i n g  f l o o r s ,  w a l l s ,  s t ree t s ,  etc. This  mate- 
r i a l  can act as a d i r e c t  r a d i a t i o n  source ,  caus ing  s u b s t a n t i a l  exposure t o  
people t r a v e l i n g  i n  t h e  contaminated area. The model computes t h i s  exposure by 
assuming an i n f i n i t e  p lane  source  of monoenergetic photons. I f  t h e  area is  
contaminated above c leanup l e v e l  and/or  land-use d e n i a l  ( i n t e r d i c t i o n )  l e v e l s ,  
t h e  m i t i g a t i n g  e f f e c t  of t h e s e  a c t i o n s  on exposure i s  cons idered .  

Resuspension Dose 

Deposited material can be resuspended by v a r i o u s  mechanical f o r c e s  such as wind, 
v e h i c u l a r  t r a f f i c ,  s t reet  c l ean ing ,  etc. The resuspended material then  becomes 
a d i r e c t  i n h a l a t i o n  source.  
pension dose f a c t o r  which o p e r a t e s  d i r e c t l y  on t h e  d i r e c t  i n h a l a t i o n  dose t o  
g i v e  the  t o t a l  dose due bo th  t o  d i r e c t  i n h a l a t i o n  and i n h a l a t i o n  of resuspended 
material. 

This  exposure pathway i s  eva lua ted  us ing  a resus-  
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Addi t iona l  d i s c u s s i o n  of i n h a l a t i o n  dose fo l lows  t o  i l l u s t r a t e  t h e  v a r i o u s  
a s p e c t s  of t h e  process  used t o  e v a l u a t e  a p a r t i c u l a r  type  of d i s p e r s a l  a c c i d e n t  
dose.  

3.1.3 I n h a l a t i o n  Dose from Accidents  Invo lv ing  D i s p e r s i b l e  Materials 

A compl ica t ing  f a c t o r  w i th  v e h i c u l a r  a c c i d e n t  a n a l y s i s  i s  t h e  dependence of 
h e a l t h - e f f e c t  consequences of an i n d i v i d u a l  i n h a l a t i o n  dose rece ived  on t h e  
p a r t i c u l a r  body organ o r  set of organs exposed. 
t i c u l a r  organ i s  dependent upon r ad ionuc l ide  c h a r a c t e r i s t i c s  as w e l l  as upon t h e  
concentration of the material in the cloud,  
organ doses  from i n h a l a t i o n  t o  lungs  (1-year and 50-year d o s e s ) ,  bone marrow 
(1-year and 50-year d o s e s ) ,  lower l a r g e  i n t e s t i n e ,  bone, t h y r o i d ,  and gonads. 
For t h e  l a s t  f o u r ,  on ly  50-year t o t a l  doses  are cons idered .  

The i n h a l a t i o n  dose t o  a par- 

This analysis considers i n d i v i d u a l  

P e d e s t r i a n s  

A s  a cloud of r a d i o a c t i v e  m a t e r i a l  l eaves  t h e  a c c i d e n t  s i t e ,  t h e  me teo ro log ica l  
models (Appendices E and F) c a l c u l a t e  an atmospheric  d i l u t i o n  f a c t o r  a t  s t reet  
l e v e l  which d e s c r i b e s  t h e  c o n c e n t r a t i o n  of par t ic les  t o  which d i f f e r e n t  dose 
groups are exposed du r ing  cloud passage and t h e  amount of material d e p o s i t e d  
from t h e  cloud a s  i t  passes .  Since these  f a c t o r s  change as t h e  cloud d i s p e r s e s ,  
i t  i s  assumed t h a t  a p e d e s t r i a n  remains w i t h i n  a s p e c i f i c  c e l l  f o r  t h e  d u r a t i o n  
of c loud passage. The dose rece ived  by a p a r t i c u l a r  p e d e s t r i a n  is t h e  sum over  
a l l  t i m e  s t e p s  of t h e  product  of t h e  d i l u t i o n  f a c t o r s ,  t h e  l e n g t h  of each t i m e  
s t e p ,  and t h e  r a d i o l o g i c a l  source  term (Equat ion 27 ,  Appendix C ) .  As i n d i c a t e d  
i n  Appendix E ,  t h e r e  are s h o r t  t i m e  s t e p s  ( c e l l  of r e l e a s e )  and long t i m e  s t e p s  
( o t h e r  a f f e c t e d  c e l l s ) ;  t h u s  the  summation must be a c r o s s  both  sets  of t i m e  
steps. 
i n t e r s e c t i o n  cases i s  g iven  i n  Equat ion 29, Appendix C. P e d e s t r i a n  d e n s i t y  i s  
s t i l l  allowed t o  vary  t o  s imula t e  t h e  d i u r n a l  v a r i a t i o n ,  bu t  i t  i s  no longe r  a 
s imple  m u l t i p l i c a t i v e  f a c t o r  becoming part of t h e  summation process .  Details  of 
t h e  development of t h i s  expres s ion  are g iven  i n  Appendix C. 

The i n t e g r a t e d  dose a c r o s s  a l l  t i m e  s t e p s  and f o r  t h e  midblock and 

People  i n  Veh ic l e s  

The development of t h i s  expres s ion  i s  analogous t o  t h a t  f o r  dose t o  p e d e s t r i a n s .  
No al lowance i s  made f o r  f i l t r a t i o n  of t h e  cloud of d e b r i s  as it e n t e r s  t h e  
v e h i c l e .  The t o t a l  i n d i v i d u a l  dose t o  people  i n  v e h i c l e s  i s  t h e  same as f o r  
p e d e s t r i a n s  (Equat ion  27, Appendix C). The t o t a l  number of people  i n  v e h i c l e s  
i s  r equ i r ed  i n  t h i s  case (people  per  v e h i c l e  t i m e s  number of v e h i c l e s ) .  When 
t h i s  f a c t o r  is  inco rpora t ed ,  t h e s g e n e r a l  expres s ion  f o r  i n t e g r a t e d  dose t o  
people  i n  v e h i c l e s  i s  g iven  by Equat ion 30, Appendix C. 

People  i n  Bu i ld ings  

The c o n c e n t r a t i o n  of a i r b o r n e  r a d i o a c t i v e  material i n s i d e  a b u i l d i n g  depends on 
t h e  rate of exchange of o u t s i d e  a i r  w i t h  t h e  a i r  i n s i d e  t h e  bui ld ing .  Equat ion  
31, Appendix C ,  g i v e s  an  expres s ion  f o r  t h e  b u i l d i n g  dose f a c t o r  ( r a t i o  of dose 
i n s i d e  t o  d o s e . o u t s i d e ) .  The model t a k e s  account  of two v e n t i l a t i o n  t y p e s  
(cont inuous  i n t a k e  and a i r - cond i t ioned  systems) .  For d e t a i l s  of t h e s e  systems 
and t h e  remainder of t h e  b u i l d i n g  dose development, t h e  r eade r  i s  r e f e r r e d  t o  
Appendix C. The expres s ion  f o r  i n t e g r a t e d  dose t o  people  i n  b u i l d i n g s  is given 
i n  Equat ion  32, Appendix C. 
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Exact development of expres s ions  f o r  o t h e r  a c c i d e n t  doses  can be found a l s o  i n  
Appendix C. 

3.2 Summary of Direct Rad io log ica l  E f f e c t s  from Accidents  

' 
1 

Once t h e  i n t e g r a t e d  and i n d i v i d u a l  doses  from a s p e c i f i c  a c c i d e n t  have been 
c a l c u l a t e d  as desc r ibed  above, i t  is  necessary  t o  combine t h e  r e s u l t s ,  de te rmine  
t h e  expected number of h e a l t h  e f f e c t s ,  and expres s  t h e  consequences i n  terms of 
expected annual  va lues .  The output  parameters  a r e  e a r l y  f a t a l i t i e s ,  e a r l y  
m o r b i d i t i e s ,  l a t e n t  cancer  f a t a l i t i e s ,  and g e n e t i c  e f f e c t s ,  and r e s u l t  from 
i n h a l a t i o n  and/or  e x t e r n a l  exposure.  Details of t h e  h e a l t h  e f f e c t s  models and 
convers ion  techniques  are desc r ibed  i n  Appendices C and G. 

Expected numbers of e a r l y  f a t a l i t i e s  are obta ined  by m u l t i p l y i n g  doses  r ece ived  
by i n d i v i d u a l s  by t h e  p r o b a b i l i t y  of a f a t a l i t y  g iven  a s p e c i f i c  dose and then  
summing over  t h e  va r ious  computed i n d i v i d u a l  doses  (Equat ion  4 3 ,  Appendix C ) .  

, E a r l y  m o r b i d i t i e s  are c a l c u l a t e d  ana logous ly  except  t h a t  i n  t h i s  case t h e r e  i s  
assumed t o  be a 100% occurrence  of morbid i ty  above a s p e c i f i e d  dose th re sho ld  
(Equat ion  4 4 ,  Appendix C). I n  o r d e r  t o  p r e d i c t  t h e  number of l a t e n t  cance r  
f a t a l i t i e s  and/or  g e n e t i c  e f f e c t s ,  t h e  i n t e g r a t e d  exposure a s s o c i a t e d  wi th  e a r l y  
f a t a l i t i e s  i s  s u b t r a c t e d  from t h e  t o t a l  i n t e g r a t e d  exposure.  The remainder  i s  
then  conver ted  t o  expected number of long-term e f f e c t s  by m u l t i p l y i n g  t h e  ad- 
j u s t e d  dose t o  a p a r t i c u l a r  organ rece ived  i n  an  a c c i d e n t  by t h e  a p p r o p r i a t e  
h e a l t h - e f f e c t s  c o e f f i c i e n t  f o r  t h a t  organ and t h e  dose-rate  e f f e c t i v e n e s s  f a c t o r  
and then  summing over  a l l  organs  (Equat ion  4 5 ,  Appendix C), The dose - ra t e  
e f f e c t i v e n e s s  f a c t o r  i s  a v a r i a b l e  i n  t h e  a n a l y s i s  and can be chosen by t h e  
a n a l y s t .  For t h i s  s tudy ,  a dose- ra te  e f f e c t i v e n e s s  f a c t o r  of  0.2 is  used f o r  
a l l  dose rates less than  1 rem/day (-400 rem/year)  and a dose-rate  e f f e c t i v e n e s s  
f a c t o r  of 1.0 i s  used f o r  doses  g r e a t e r  t han  1 rem/day. I n  a d d i t i o n  a dose - ra t e  
e f f e c t i v e n e s s  f a c t o r  of 1.0 i s  used f o r  a l l  h igh  l i n e a r  energy t r a n s f e r  (LET) 
r a d i a t i o n  sources ,  r e g a r d l e s s  of dose rate.  

To c a l c u l a t e  t h e  t o t a l  expected h e a l t h  e f f e c t s ,  i t  is  necessa ry  t o  e v a l u a t e  t h e  
expected number of a c c i d e n t s  of a g iven  s e v e r i t y  i n  a p a r t i c u l a r  ce l l .  The 
r e s u l t s  desc r ibed  above are f o r  a c c i d e n t s  of a given s e v e r i t y  occur r ing  i n  a 
s p e c i f i c  c e l l  a long  t h e  route .  The expected number of a c c i d e n t s  (Equat ion  4 6 ,  
Appendix C )  i s  t h e  product  of t h e  d i s t a n c e  t r a v e l e d  i n  a c e l l ,  t h e  a c c i d e n t  rate 
per u n i t  d i s t a n c e  of t r a v e l ,  and t h e  f r a c t i o n  of a c c i d e n t s  of a g iven  s e v e r i t y .  

, It should be noted t h a t  t h e  expec ted  number of a c c i d e n t s  f o r  a g iven  ce l l  and 
s e v e r i t y  i s  dependent on both t r a n s p o r t  mode and t i m e  span. Combining t h e  above 
wi th  t h e  c a l c u l a t e d  number of consequences f o r  a given c e l l  and s e v e r i t y ,  t h e  
expected numbers of h e a l t h  e f f e c t s  are obta ined  (Equat ion  4 7 ,  Appendix C) .  F i -  
n a l l y ,  t h e  expected numbers of h e a l t h  e f f e c t s  are summed over a l l  modes and 
r o u t e s  t o  o b t a i n  t h e  t o t a l  expected va lues  f o r  a s p e c i f i c  s e t  of s t a n d a r d  
shipments.  

3.3 R e s u l t s  of Ana lvs i s  

The r e s u l t s  of t h i s  p o r t i o n  of t h e  a n a l y s i s  are presented  from s e v e r a l  d i f f e r e n t  
p e r s p e c t i v e s  f o r  easy  comparison of t h e  impacts  of v e h i c u l a r  a c c i d e n t s  w i t h  
those  from t h e  o t h e r  c a u s a t i v e  events .  The impacts from t h e  e n t i r e  shipments 
model are p resen ted ,  and then  impacts  from p a r t i c u l a r  shipments are analyzed.  
I n  e v a l u a t i n g  t h e s e  r e s u l t s ,  t h e  r eade r  should keep f o u r  concepts  i n  mind. 
F i r s t ,  t h e  expected v a l u e  of annual  r a d i o l o g i c a l  r i s k ,  as de f ined  h e r e ,  i s  a 
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d s t a t i s t i c a l  measurement of t h e  hazard t o  t h e  p u b l i c  over  a l l  t i m e  from 1 yea r  of 
shipment a c t i v i t y ,  no t  t h e  number of h e a l t h  e f f e c t s  expected t o  occur  annual ly .  
Second, t h e  popu la t ion  a t  r i s k  i s  t h e  e n t i r e  popu la t ion  of t h e  s p e c i f i e d  urban  
a r e a  s i n c e ,  f o r  d i s p e r s i b l e  m a t e r i a l s ,  t h e  a e r o s o l  c loud could pass  over  any 
p o r t i o n  of t h e  c i t y  g iven  t h e  a p p r o p r i a t e  me teo ro log ica l  cond i t ions .  S i m i l a r l y ,  
f o r  n o n d i s p e r s i b l e  m a t e r i a l s ,  t h e  a c c i d e n t  could occur  anywhere i n  t h e  c i t y ,  no t  
j u s t  a long  t h e  r o u t e s  s p e c i f i e d  i n  t h i s  s tudy.  F i n a l l y ,  t h e  exposed p o p u l a t i o n  
i s  t h a t  p o r t i o n  of t he  o v e r a l l  popu la t ion  d i r e c t l y  a f f e c t e d  by i n c r e a s e d  e x t e r -  
n a l  exposure and/or  by r a d i o a c t i v e  d e b r i s  from a s p e c i f i c  release. 

Before summarizing t h e  r e s u l t s  of t h e  a n a l y s i s ,  a few comments on d a t a  changes 
s i n c e  t h e  working d r a f t  of t h i s  r e p o r t  (Reference 10) w a s  publ i shed  are i n  
o rde r .  The major change has been i n  the  c o n s i d e r a t i o n  of material which can be 
r e l e a s e d  from a spen t  f u e l  sh ipp ing  cask. I n  t h e  prev ious  a n a l y s i s ,  a f r a c t i o n  
of t h e  e n t i r e  cask  c o n t e n t s  was assumed t o  be r e l e a s e d  and a e r o s o l i z e d .  A f t e r  
c o n s i d e r a t i o n  of tes t  d a t a  on cask  response t o  seve re  a c c i d e n t s ,  t h e  a u t h o r s  
dec ided  t h a t  t h i s  assumption was not  r e a ~ o n a b l e . ~  
d e n t s  i n  t h e  p re sen t  s tudy  i s  based upon t h e  more r ea l i s t i c  assumption t h a t  t h e  
major source  of r a d i o a c t i v e  material which would be r e l e a s e d  i n  a seve re  acci- 
den t  i s  t h e  material  depos i t ed  on t h e  cask i n t e r i o r  and e x t e r i o r  s u r f a c e s  of t h e  
f u e l  e lements  du r ing  t h e i r  l i f e s p a n  i n  t h e  r e a c t o r  (known as r e a c t o r  "crud" and 
c o n t a i n i n g  predominant ly  primary system c o r r o s i o n  products ) .  References  4 and 5 
i n d i c a t e  t h a t  f o r  150-day cooled f u e l ,  t h e  major contaminant  i n  t h e  c rud  is  
cobalt-60. The o t h e r  m a t e r i a l s  p r e s e n t  a f t e r  t h e  f u e l  has  been removed from t h e  
r e a c t o r  have r e l a t i v e l y  s h o r t  h a l f  l i v e s  and, f o r  p r a c t i c a l  purposes ,  are gone 
a t  t h e  end of t h e  f i r s t  150 days. For a g e n e r i c  3-e1ementy water-cooled c a s k  
(s imilar  t o  a NFS-4 o r  NAC-1 c a s k )  c o n t a i n i n g  16  x 16  a r r a y s  of f u e l  p i n s  per  
e lement ,  t h e  a v a i l a b l e  inven to ry  of CO-60 can be c a l c u l a t e d  us ing  t h e  conserva-  
t i v e  d a t a  i n  References 4 and 5 :  namely, 180 mic rocur i e s  per  cm2 (pCi/cm2) of 
p in  su r face .  The r e s u l t  of t h e  computat ion i s  t h a t  about  154 c u r i e s  of CO-60 
are p r e s e n t  on t h e  s u r f a c e  of t h e  f u e l  p ins .  Recent i n fo rma t ion  i n d i c a t e s  t h a t  
approximate ly  20% of t h e  adhered crud could be e a s i l y  removed by p h y s i c a l  shock. 
Other  sou rces  of "crud" are a l s o  p re sen t  i n  t h e  cask;  however, t h e s e  have no t  
been q u a n t i f i e d ,  and t h e  assumption i s  made t h a t  t h e  154 c u r i e s  r e p r e s e n t s  t h e  
f r a c t i o n  of the t o t a l  a v a i l a b l e  inven to ry  which could be r e l e a s e d .  It i s  
recognized t h a t  o t h e r  materials ( n o t  c o r r o s i o n  p roduc t s )  are a v a i l a b l e  f o r  
release. I n  p a r t i c u l a r ,  noble  gases  and cesium-137 a r e  p re sen t  as a r e s u l t  of 
normal l e v e l s  of p e r f o r a t i o n  of t h e  f u e l  p i n s  i n  a r e a c t o r .  There may be s i g -  
n i f i c a n t  q u a n t i t i e s  of krypton-85 a v a i l a b l e  f o r  release. S ince  t h e  l e v e l s  of 
noble  gases  i n  g e n e r a l  would c o n t r i b u t e  n e g l i g i b l y  t o  t h e  o v e r a l l  popu la t ion  
dose i n  comparison to  the  l e v e l s  of CO-60, Kr-85 i s  no t  cons idered  f u r t h e r .  
Cs-137 i s  recognized t o  produce h e a l t h  e f f e c t s  a t  a l e v e l  comparable t o  t h o s e  o f  
CO-60. However, Reference 6 i n d i c a t e s  t h a t  i n  contaminated cask  coo lan t  wa te r ,  
90% of t h e  contaminant i s  Co-60 wh i l e  o n l y  1% i s  Cs-137. Thus, t h e  assumption 
i s  made h e r e  t h a t  t h e  a v a i l a b l e  CO-60 produces t h e  t o t a l  h e a l t h  e f f e c t s  which 
w i l l  be observed. In  conc lus ion ,  t h e  source  term i n  Reference 10 f o r  spen t  f u e l  
d i s p e r s a l  has been r ep laced  by a more r e a l i s t i c  v a l u e ,  c o n s i s t i n g  s o l e l y  of 
Co-60, which would become a v a i l a b l e  f o r  release i f  t h e  t r a n s p o r t  v e h i c l e  were 
shocked s e v e r e l y  enough i n  c o l l i s i o n  t o  jar  l o o s e  and release t h e  depos i t ed  
"crud." The a u t h o r s  b e l i e v e  t h i s  i s  an improved approach t o  t h e  spen t  f u e l  

The a n a l y s i s  of cask  acci- 
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v e h i c u l a r  a c c i d e n t  ana lys i s .*  The q u a n t i t y  of "crud" a v a i l a b l e  f o r  release 
would be a s t r o n g  f u n c t i o n  of t h e  cask  type.  That i s ,  t h e  use of a i r  o r  i n e r t  
gas  c o o l a n t s ,  i n s t e a d  of water w i l l  s t r o n g l y  i n f l u e n c e  t h e  "crud" source  terms. 

To examine t h e  i n f l u e n c e  of meteorology on t h e  a c c i d e n t  r i s k ,  t h e  a n a l y s i s  was 
performed f o r  one t i m e  of day (1630 hour s ) ,  t h e  f o u r  c a r d i n a l  wind d i r e c t i o n s ,  
and t h r e e  separate wind speeds ( 2 ,  4 ,  and 8 m/s).  These c a l c u l a t i o n s  i n d i c a t e  
t h a t  as wind speed i n c r e a s e s ,  t h e  c a l c u l a t e d  number of expected e a r l y  morbidi-  
t i es  d i s a p p e a r s  s i n c e  t h e  materials are d i spe r sed  more r a p i d l y  and t h e  i n i t i a l  
exposure l e v e l s  t o  i n d i v i d u a l s  c l o s e  t o  t h e  a c c i d e n t  s i t e  are accord ing ly  low- 
e red .  Values f o r  l a t e n t  e f f e c t s  do not  change markedly wi th  d i f f e r e n t  wind 
speeds and d i r e c t i o n s .  Thus, t h e  t a b l e s  which fo l low are f o r  a s i n g l e  set of 
me teo ro log ica l  c o n d i t i o n s  ( 2  m / s ,  sou th  wind) wi th  a c c i d e n t  occur rence  t i m e  set 
a r b i t r a r i l y  t o  1630 hours .  

Table  3-1 summarizes t h e  c o n t r i b u t i o n s  t o  t h e  expected va lue  of r a d i o l o g i c a l  
r i s k  by material  end-use c a t e g o r i e s .  The major c o n t r i b u t o r s  t o  t h e  expec ted  
r i s k  are f u e l  c y c l e  and medical  shipments c o n t r i b u t i n g  t o g e t h e r  more than 80% of 
t h e  expec ted  e f f e c t s .  

Table  3-1 

End-Use Con t r ibu t ions  t o  Expected Rad io log ica l  Risk  Values 
from Veh icu la r  Accidents  per Year of Shipping A c t i v i t y  

Amount 
Shipped No. of 
( C i / y r )  f Shipments pe r  y e a r  f - -  End Use 

Medical 4 . 6 ~ 1 0 '  0.017 2.2x104 0.80 

I n d u s t r i a l  7 . 1 ~ 1 0 ~  0.026 3. lX1o3 -0. I I 

Fuel  Cycleb 2 . 6 ~ 1 0 ~  0.96 2 . 3 ~ 1 0 ~  -0.08 
( i n c l u d i n g  f u e l  
c y c l e  was te s )  

Waste 5 . 7 ~ 1 0 - ~  - -  9 . 6 ~ 1 0 '  -0.004 

T o t a l  -2. 7x106 ~ . 8 ~ 1 0 ~  

Expected 
Number of Expected 
La ten t  Number of Number of 

Expected 

Cancer Gene t i c  Ea r ly  
F a t a l i t i e s  F a  E f f e c t s  Fa Morb id i t i e s  2 

5 . 3 ~ 1 0 . ~  -0.39 7 . 4 ~ 1 0 . ~  0.39 - - 

2 . 3 ~ 1 0 . ~  -0.17 3 .4~10 . "  0.18 - 

1.0 6.1x10-" -0.44 8. IxlO-' 0.43 2 . 7 ~ 1 0 . ~  

a f  = F r a c t i o n  of c o n t r i b u t i o n  to  expected va lue  of r a d i o l o g i c a l  r i s k .  

bFuel  c y c l e  shipments  a r e  assumed t o  have a d i s p e r s i b l e  component of  154 c u r i e s  of Co-60. 
n o n d i s p e r s i b l e  f u e l  and f i s s i o n  product  con ten t s  a s  we l l  a s  t h e  noble  gases .  

The 2 . 6 ~ 1 0 ~  f i g u r e  i n c l u d e s  t h e  

* I n c l u s i o n  of a Cs-137 release i n  a d d i t i o n  t o  the  assumed CO-60 v a l u e  was 
determined t o  a l t e r  t h e  r a d i o l o g i c a l  consequences from a spen t  f u e l  t r a n s p o r t  
a c c i d e n t  by less than  10%. This was confirmed by us ing  METRAN and CRAC ana l -  
yses .  
Reference  12 .  

The Cs-137 release (25  c u r i e s )  w a s  c a l c u l a t e d  from t h e  assumptions i n  
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Table 3-2 displays the contributions to expected risk by transport mode. 
aircraft overflights are allowed in the limited New York City area, with sec- 
ondary mode rerouting by truck, since no air terminals are located there. 
Examination of these air/truck shipments shows that the truck contribution 
predominates. 
Truck“ are combined to reflect this assumption, the contribution of truck trans- 
port to latent cancer fatalities and to genetic effects is -100%. 

Only 

Theref ore, when the rows labeled “Truck,“ “Air ,“ and “Air and 

Table 3 - 2  

Contributions of Transport Modes to Expected Radiological Risk Values 
from Vehicular Accidents per Year of Shipping Activity 

Expected 
Number Expected Expected 

Transpor t  Shipped No. of Cancer Genet ic  of Ea r ly  
Amount of L a t e n t  Number o f  , Number 

F Morb id i t i e s  2 Mode ( C i l y r )  __ f Shipments pe r  yea r  f F a t a l i t i e s  2 E f f e c t s  __ 

Truck 2 . 7 ~ 1 0 ~  0.98 1 . 5 ~ 1 0 ~  0.53 7.2x10-‘ 0.53 9 .7~10 .“  0.51 2 . 7 ~ 1 0 - ~  1.0 

A i  ra  5 . 5 ~ 1 0 ” ~  0.02 i . i x i ~ l * ~  -0.39 9 . 7 ~ 1 0 . ~  <0.001 1 . 4 ~ 1 0 - ~  <0.001 - - 

A i r  and 
- - Truck‘ - - 6 . 5 ~ 1 0 . ~  0.47 9.2xlO-” 0.49 - - 

Barge 4.9 <0.001 2 . 3 ~ 1 0 ~  -0.08 3 . 2 ~ 1 0 - ~  <0.001 4. ~ X I O - ~  <0.001 2 . 7 ~ 1 0 . ~  

To ta l  -2 .7~10‘  2 . ~ ~ 1 0 ~  - 1 . 4 ~ 1 0 . ~  1 . 9 ~ 1 0  - 3  

aAir f r e i g h t  and a i r  passenger  a r e  combined. 

bShipping a c t i v i t y  f o r  a i r  o v e r f l i g h t  and a i r f t r u c k  a r e  combined. 

‘V i r tua l ly  a l l  of  t he  r i s k  from t h i s  mode combination comes from the  t r u c k  l i n k .  

Sepa ra t e  va lues  a r e  l i s t e d  for r i s k  c o n t r i b u t i o n s .  

Table 3-3 displays contributions by package type. 
account for 57% of the expected risk values while cask shipments produce 43% of 
the calculated values. 

Type A and Type B packages 

Table 3-4 summarizes the risk contributions from materials as a function of the 
dispersibility of the shipment. Dispersible shipments cause slightly more than 
two-thirds of the total health effects. As might be expected, the entire early 
morbidity risk results from dispersible shipments, specifically the recorded 
spent fuel shipments, as seen in Tables 3-1 through 3-3. 

Table 3-5 lists the most sfgnificant standard shipments in terms of contribution 
to the various health effect categories. 
shipment population of 130) result in over 90% of the expected value. of radio- 
logical risk from accidents. Shipments of spent fuel and magnesium-28 contrib- 
ute 1.7% of latent cancers and genetic effects. Spent fuel produces all of the 
early effects (early morbidities). 
table are various industrial and medical materials. 

These 10 shipments (out of a total 

The remainder of the shipments listed in the 
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Table 3-3 

Contributions of Package Type to Expected Radiological Risk Values 
from Vehicular Accidents per Year of Shipping Activity 

Expected 
Number 

Package Shipped No. of Cancer 
Amount of Latent 

Type (Cilyr) f Shipments per year f Fatalities F 

A 2 . 4 ~ 1 0 ~  0.01 2. 5x104 0.90 5 . 8 ~ 1 0 - ~  0.41 

B 9.2~10'  0.03 2. 7x103 -0.10 2 . 2 ~ 1 0 - ~  0.16 

Cask 2 . 6 ~ 1 0 ~  0.96 1.2x101 <0.001 6 . 1 ~ 1 0 - ~  0.43 

Drum 9 . 7 ~ 1 0 - ~  <0.001 7 . 0 ~ 1 0 ~  <0.01 8 . 9 ~ 1 0 - ~  <0.001 

Expected 
Number of 
Genetic 
Effects 

7 . 9 ~ 1 0 ' ~  

3 .  Oxlo+ 

8.1~10-4 

1.2x10-6 

Expected 
Number 
of Early 

F Morbidities J- 

0.41 

0.16 

0.43 2 . 7 ~ 1 0 - ~  1.0 

- - 

- - 

<o. 001 - 

Total 2 . 7 ~ 1 0 ~  2.8x104 1 . ' 4 ~ 1 0 - ~  1 . 9 ~ 1 0 - ~  2 . 7 ~ 1 0 - ~  

Table 3-4 

Contributions to Expected Radiological Risk Values from Vehicular 
Accidents on the Basis of Dispersible Nature of Shipments 

Expected Expected Expected 
Amount Number of Number of Number of Number of 
Shipped Shipments Latent Cancer Genetic Early Nature of 

Shipment (Ci/yr) f per Year f Fatalities __ F Effects __ F Morbidities _f_ 

Dispersible 2 . 4 ~ 1 0 ~  0.01 2 . 6 ~ 1 0 ~  0.94 1 . 1 ~ 1 0 - ~  0.82 1 . 5 ~ 1 0 " ~  0.81 2 . 7 ~ 1 0 - ~  1.0 

Nondispersible 
(Special Form) 2 . 7 ~ 1 0 ~  0.99 1 . 7 ~ 1 0 ~  0.06 2 . 5 ~ 1 0 - ~  0.18 3 . 5 ~ 1 0 - ~  0.19 - - 

Totals -2. 7x106 - 2 . 8 ~ 1 0 ~  -1.4~10-3 -1.9~10-3 2 . 7 ~ 1 0 - ~  

Changes in consequence modeling have resulted in enhanced sensitivity of the 
results to the level of contamination caused by an accident. Table 3-6 illus- 
trates the population group contributions to health effects for the materials 
given in Table 3-5. The breakdown is by curies per package and dispersibility. 
For dispersible materials, the dose groups receiving the majority of the effects 
are pedestrians and people in buildings, although the fractional contributions 
to these groups depend upon the nature of the materials. For nondispersible 
materials, the major recipients of the health effects are pedestrians and people 
in vehicles. For exposure sources the contributions to health effects arise 
from (1) nonrelease accidents (release fraction is zero), and ( 2 )  direct expo- 
sure and remnant material for nonzero release fractions. Several dose pathways 
are possible for dispersible materials. 
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Table 3-5 

Contributions of Specific Standard Shipments 
to 

Material 

Spent Fuela 

Mg-28 (52 Ci/Type A pkg) 

Co-60 (4700 Ci/Type B pkg) 

Ir-192 (100 Ci/Type B pkg) 

Mo-99 (1.3 Ci/Type A pkg) 

Mo-99 (1.2 Ci/Type A pkg) 

Ir-192 (80  Ci/Type A pkg) 

Au-198 (13 Ci/Type A pkg) 

Co-60 (4700 Ci/Type B pkg) 

Mo-99 (91 Ci/Type B pkg) 

b 

b 

Sub t o ta 1 

All OthersL 

Material 

Spent Fuel 

Expected Radiological Risk Values 
from Vehicular Accidents 

Fractional Contribution 
to Expected Number of 
Latent Cancer Fatalities 

0.44 

0.23 

0.07 

0.06 

0.04 

0.03 

-0.03 

0.02 

0.01 

0.01 

0.94 

0.06 

Fractional Contribution 
to Expected Number of 
Earlv Morbidities 

1.0 

Fractional Contribution 
to Expected Number of 
of Genetic Effects 

0.43 

0.24 

0.07 

0.07 

0.04 

0.04 

-0.03 

0.02 

0.01 

0.01 

0.96 

0.04 

aThese health effects result entirely from groundshine. Direct inhalation is 
not a significant contributor except in high-severity accidents which do not 
contribute greatly to the overall risk. 

vary because of different routes through the study area. 

material type, e.g., for Mg-28 the number of shipments is 46, for spent fuel the 
number is 12, etc. 

bBoth Co-60 shipments are in nondispersible form; however, risk contributions 

C Fractional contributions are listed for total number of shipments of each 
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Tab le  3-6 

P o p u l a t i o n  and Dose Pathway C o n t r i b u t i o n s  t o  Hea l th  E f f e c t s  

F r a c t i o n a l  C o n t r i b u t i o n  by Dose Pathway L a t e n t  Cancer F a t a l i t i e s *  

T o t a l  F r a c t i o n a l  C o n t r i b u t i o n  
C o n t r i b u t i o n  to 

Expected H e a l t h  E f f e c t s  B u i l d i n g s  V e h i c l e s  P e d e s t r i a n s  

- 5x10-’ 0.4 0.6 

Expo- Inha la -  Ground- Cloud- Nonrelease 
s u r e  t i o n  s h i n e  s h i n e  Accident  - ~ _ _ _ -  

- - - - 1.0 

M a t e r i a  1 

Mo-99 

Mo-99 

Au-198 

Mg-28 

SpF-INH 

XO-99 

CO-60. 

Ir-192 

Ir-192 

CO-60 

D e s c r i p t i o n  

<2 C i  d i s p e r s i b l e  
(1 .2  Ci/pkg)  

- 6x10-’ 0.4 0.6 1.0 <2 C i  d i s p e r s i b l e  
(1 .3  Ci/pkg)  

>2 C i  d i s p e r s i b l e  
(13  Ci/pkg)  

>2 C i  d i s p e r s i b l e  
(52  Ci/pkg)  

>2 C i  d i s p e r s i b l e  

> 2  C i  d i s p e r s i b l e  
(91  C i /pkg)  

3 ~ 1 0 - ~  0.3 - 0.7 1.0 

3x 1 0-4 0.4 - 0.6 1.0 

6 ~ 1 0 - ~  0.98 - 0.02 

2x10-5 0.3 - 0.7 

1.0 

1.0 

- 1x10-4 0.3 0.7 >2  C i  n o n d i s p e r s i b l e  
(4700 Ci/pkg)  

Route 5 

1.0 

0.3 

0.3 

0.3 

0.7 

0.7 

0.7 

1.0 

1.0 

1.0 

4 ~ 1 0 - ~  >2  C i  n o n d i s p e r s i b l e  
(80 Ci/pkg)  

rYPe A 

>2 C i  , n o n d i s p e r s i b l e  
(100 Ci/pkg)  

Type B 

> 2  C i  n o n d i s p e r s i b l e  
($700 Ci/pkg)  

Route 2 

9x10-’ 

2x10-5 

*Only l a t e n t  cance r  f a t a l i t i e s  a r e  expres sed  h e r e  s i n c e  t h e  p a t t e r n  of f r a c t i o n a l  c o n t r i b u t i o n s  i s  t h e  same € o r . g e n e t i c  e f f e c t s ,  a l t h o u g h  t h e  
t o t a l  c o n t r i b u t i o n s  a r e  not  t h e  same. 
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For low-sever i ty  a c c i d e n t s ,  t h e  e n t i r e  e f f e c t  comes from t h e  nonre l ease  a c c i d e n t .  
When t h e  release f r a c t i o n  i s  n o t  ze ro  and t h e  material  i s  a e r o s o l i z e d ,  t h r e e  
exposure pathways are p o s s i b l e :  remnant,  c loudsh ine ,  and groundshine.  There i s  
a l s o  t h e  i n h a l a t i o n  dose pathway. 
c loudsh ine  i s  n o t  s i g n i f i c a n t .  
t o  b o t h  l a t e n t  cance r  f a t a l i t i e s  and g e n e t i c  e f f e c t s  ( s e e  Table  3-6). 

Analys is  of t h e s e  pathways h a s  r e v e a l e d  t h a t  
Groundshine i s  t h e  most s i g n i f i c a n t  c o n t r i b u t o r  

c3 

F u r t h e r  a n a l y s i s  of t h e  d a t a  r e v e a l s  t h a t  c e r t a i n  a c c i d e n t  s e v e r i t i e s  c o n t r i b u t e  
most s i g n i f i c a n t l y  t o  t h e  o v e r a l l  r i s k .  For d i s p e r s i b l e  materials shipped i n  
Type A packages,  a c c i d e n t s  of s e v e r i t i e s  11 through V produce more than  95% of 
t h e  observed h e a l t h  e f f e c t s .  For d i s p e r s i b l e  materials shipped i n  Type B pack- 
ages  (non-fuel-cycle m a t e r i a l s ) ,  a c c i d e n t s  of s e v e r i t i e s  III through V I  r e s u l t  
i n  more than  98% of t h e  c a l c u l a t e d  h e a l t h  e f f e c t s .  I f  d i s p e r s i b l e  f u e l  c y c l e  
materials shipped i n  casks  are examined, s e v e r i t y  111 and s e v e r i t y  IV a c c i d e n t s  
produce 98% of t h e  observed h e a l t h  e f f e c t s .  Nondispers ib le  material a c c i d e n t s  
of i n t e r m e d i a t e  s e v e r i t i e s  c o n t r i b u t e  the  major p o r t i o n  of t h e  h e a l t h  e f f ec t s .  
Given t h e  above in fo rma t ion ,  w e  conclude t h a t  a c c i d e n t s  of i n t e r m e d i a t e  s e v e r i t y  
are t h e  most s i g n i f i c a n t  i n  t h e  c a l c u l a t i o n  of r i s k  va lues .  

I n  summary, t h e  expected va lues  of r a d i o l o g i c a l  r i s k  are dominated by t h e  f e w  
spen t  f u e l  shipments  and by medical-use shipments ,  w i th  a l l  of t h e  expec ted  
e a r l y  m o r b i d i t i e s  coming from t h e  spen t  f u e l  shipments.  
expected h e a l t h  e f f e c t s  come from t ruck  t r a n s p o r t  of t h e  materials, a l though  
t h i s  may w e l l  be an a r t i f a c t  of t he  computer models. Shipments i n  Type A pack- 
ages  and casks  dominate t h e  expected h e a l t h  e f f e c t s ,  c o n t r i b u t i n g  e q u a l l y  t o  t h e  
c a l c u l a t e d  va lues .  D i s p e r s i b l e  materials dominate the  expected number of h e a l t h  
e f f e c t s ,  a l t hough  much of t h e  t o t a l  r e s u l t s  from exposure t o  material d e p o s i t e d  
on t h e  ground dur ing  cloud passage. Seve ra l  r o u t e s  used i n  t h e  a n a l y s i s  pass  
through c e l l s - a d j a c e n t  t o  t h e  n o r t h e r n  boundary of t h e  s tudy  area. S ince  acci- 
d e n t s  occur r ing  i n  t h e s e  ce l l s  dur ing  p r e v a i l i n g  s o u t h e r l y  winds (assumed f o r  
Tables  3-1 through 3-6) could a f f e c t  areas of t h e  c i t y  o u t s i d e  t h e  g r i d ,  t h e  
a n a l y s i s  was repea ted  us ing  t h e  f o u r  c a r d i n a l  wind d i r e c t i o n s  and t h r e e  d i s t i n c t  
wind speeds t o  examine t h e  v a r i a t i o n  of t h e  o v e r a l l  r e s u l t s  f o r  t h e s e  d i f f e r e n t  
c o n d i t i o n s .  Table  3-7 p r e s e n t s  t h e  r e s u l t s  of t h i s  a n a l y s i s .  The g r e a t e s t  
v a r i a t i o n  i s  observed i n  t h e  c a l c u l a t e d  numbers of expec ted  e a r l y  m o r b i d i t i e s .  
A s  wind speed i n c r e a s e s  independent  of d i r e c t i o n ,  t h e  number of e a r l y  e f f e c t s  
decreases .  A s  t h e  wind speed i n c r e a s e s  above 8 m / s ,  the c a l c u l a t e d  number of 
e a r l y  m o r b i d i t i e s  becomes zero.  The a n a l y s i s  i n d i c a t e s  t h a t ,  f o r  t h e  most p a r t ,  
a s i n g l e  cho ice  of wind d i r e c t i o n  and speed i s  s u f f i c i e n t  t o  gauge the l e v e l  of  
e s t ima ted  r a d i o l o g i c a l  e f f e c t s .  

E s s e n t i a l l y  100% of t h e  

3.4 Direct Economic Impacts  

The e x t e n s i v e  r a d i o a c t i v e  contaminat ion  of an area from a major a c c i d e n t  involv-  
i ng  r a d i o a c t i v e  material can r e s u l t  i n  l a r g e  economic c o s t s  t o  homeowners, 
bus inesses ,  and governmental  agencies .  These c o s t s  c o n s i s t  of immediate emer- 
gency response c o s t s ;  c leanup and recovery  c o s t s ,  r a d i o l o g i c a l  survey  c o s t s ,  
s t reet  c leanup c o s t s ,  b u i l d i n g  c leanup c o s t s ,  evacua t ion  c o s t s ,  s e c u r i t y  c o s t s ,  
and land-use d e n i a l  c o s t s  as determined by t h e  p a r t i c u l a r  s i t u a t i o n .  Each of 
t h e s e  c o s t s ,  d e t a i l e d  i n  Appendix K ,  is a f u n c t i o n  of a c c i d e n t  s e v e r i t y .  

The g e n e r a l  methodology i n  economic impact assessment  i nvo lves  f i v e  p r i n c i p a l  
s t e p s  : 
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Table 3-7 

Expected Rad io log ica l  Risk Values from 
Vehicular  Accidents  by Wind Di rec t ion  and Speed 

Expected 
Expected Number of Expected Number Number of 

Wind Wind Latent Cancer of Genetic Early 
Direction Speed (m/s) Fatalities Effects Morbidities 

S 2 1.4~10-~ 1.9~10-3 2.7~10-5 

S 4 1.4~10-3 1.9~10-3 4.2~10-6 

S 8 1.4~1 0-3 2.0~10-3 0 

W 2 1.5~1 0-3 2. oxi 0-3 3.3~1 0-5 

W 4 1.5~10-~ 2. iX10-3 8.4~10-~ 

W 8 1.4~1 0-3 1.9~1 0-3 0 

N 2 1.5~10-~ 2. iX10-3 2.7~10-~ 

N 4 1.6~10-~ 2. ~ ~ 1 0 - 3  4. 2 ~ 1 0 - ~  

N 8 1.6~10-~ 2.3~10-~ 0 

E 2 1.3~10-~ 1.7~10-~ 3.3~10-~ 

E 4 1.3~10-~ 1.8~10-~ 8.4~10-~ 

E 8 1.2~10-3 1.7~10-3 0 

Average 
Values 1.4~10-~ 2.0~10-3 1. ~ ~ 1 0 - 5  

1. C a l c u l a t i o n  of t h e  a c t u a l  downwind contaminat ion l e v e l s  

2. Comparison of a c t u a l  l e v e l s  w i th  d e s i r e d  cleanup l e v e l s  

3. S e l e c t i o n  of c leanup technique r equ i r ed  

4. 

5. 

Assessment of c o s t s  based on c leanup technique  s e l e c t e d  

C a l c u l a t i o n  of economic r i s k  i n  a para l le l  f a sh ion  t o  r a d i o l o g i c a l  

r i s k .  

The c o s t s  are a s t rong  f u n c t i o n  of both t h e  amount of m a t e r i a l  r e l e a s e d  and t h e  
d e s i r e d  cleanup l e v e l .  
economic impact and the  amount of material r e l eased  and a e r o s o l i z e d  f o r  t he  
cleanup l e v e l  of 0.2 p C i / m 2  c u r r e n t l y  recommended by t h e  Environmental  Pro tec-  
t i o n  Agency (EPA) f o r  both long- and shor t - l i ved  materials.” F igu res  3-3 and 
3-4 show t h e  c o n t r i b u t i o n  of each of t h e  components of economic impact t o  t h e  
t o t a l  amount f o r  long- and shor t - l i ved  materials. For smaller releases of 
long-l ived materials,  t h e  c o s t s  of surveying  the  area dominate t h e  o v e r a l l  
c o s t s .  
b u i l d i n g  cleanup,  and evacuat ion  become s i g n i f i c a n t .  A t  h igh  l e v e l s  ( > l o 0  
c u r i e s ) ,  c o s t s  a s s o c i a t e d  wi th  permanent land-use d e n i a l  account f o r  v i r t u a l l y  
a l l  of the  economic impact. For releases of sho r t - l i ved  material ,  survey ,  
s t r e e t  c leanup,  and bu i ld ing  cleanup c o s t s  dominate t h e  smaller releases. I n  
the  case  of i n t e r m e d i a t e  and l a r g e r  releases, however, c o s t s  a s s o c i a t e d  wi th  
evacuat ion  and bu i ld ing  cleanup account f o r  v i r t u a l l y  a l l  of t h e  c o s t  impact.  
The f i g u r e s  d i s p l a y  t h e  c o s t s  f o r  t h e  l i m i t e d  New York C i ty  s tudy  a r e a  and t h u s  
are t runca ted  a t  the  edges of t he  g r id .  This t r u n c a t i o n  levels  off some of t he  
c o s t  curves  and i s  an a r t i f a c t  of t h e  modeling. 

F igure  3-2 shows t h e  r e l a t i o n s h i p  between t h e  d i r e c t  

As t h e  r e l eased  amount i n c r e a s e s ,  c o s t s  a s s o c i a t e d  wi th  street  c leanup,  

56 



I I 1 I I 1 1 

I I I I 1 I I 

l o5  100 l o 3  l o4  1 10 0.01 0 . 1  

Amount of Material Aerosolized- 
(curies) 

Figure 3-2. Economic Impact versus Amount of Material Aerosolized. 
level is 0.2 uCi/m2 for both long- and short-lived materials. 

The cleanup 
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Figure 3-3. Cost Components for Urban Releases of Long-Lived Materials. 
The cleanup level is 0.2 pCi/m2. 
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Figure 3-4 .  Cost Components for Urban Release 2 
cleanup level is 0.2 W i / m  . of Short-Lived Materials. The 
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Figure  3-5 shows the  r e l a t i o n s h i p  of c leanup l e v e l  t o  t o t a l  c o s t  f o r  r e l e a s e s  of 
long-l ived materials. For small releases, there i s  a very  l a r g e  spread i n  
c o s t s ,  r e f l e c t i n g  t h e  l a r g e  d i f f e r e n c e  between on-scene emergency response 
c o s t s ,  which r e q u i r e  a r e l a t i v e l y  small amount of t i m e ,  and c o s t s  f o r  survey  
which t ake  a r e l a t i v e l y  l a r g e  amount of t i m e  and t e c h n i c a l  e x p e r t i s e .  The 
curves  are roughly p a r a l l e l  f o r  i n t e rmed ia t e - l eve l  releases where c o s t s  a r e  
dominated by c leanup and evacuat ion.  
d e n i a l  occurs  and where t h e  decontaminat ion f a c t o r s  are extremely l a r g e ,  t h e  
c o s t s  are r e l a t i v e l y  i n s e n s i t i v e  to  c leanup l e v e l  because permanent land-use 
d e n i a l  i s  r equ i r ed  f o r  a l l  cases .  
i s  a r e s u l t  of being near  t he  th re sho ld  f o r  permanent land-use d e n i a l .  In  the  
case  of t h e  0.2 pCi /m2 r e l e a s e ,  t h e  t o t a l  of evacuat ion  and bu i ld ing  cleanup 
c o s t s  i s  s l i g h t l y  g r e a t e r  i n  the  neighborhood of 10 c u r i e s  than i n  the  i n t e r d i c -  
t i o n  c o s t  f o r  t h e  same geographica l  area f o r  a cleanup l e v e l  of 0.1 p C i / m 2 .  

For very l a r g e  releases, where land-use 

The ove r l ap  between 0.2 p C i / m 2  and 0.1 pCi /m2 

A s  d i scussed  i n  Appendix K ,  t he  ha l f  l i f e  of a r ad ionuc l ide  de te rmines ,  i n  p a r t ,  
t he  type of approach taken  t o  t h e  o v e r a l l  c leanup e f f o r t .  F igure  3-6 shows t h e  
e f f e c t  of c leanup l e v e l  on t o t a l  c o s t  f o r  va r ious  releases of sho r t - l i ved  mate- 
r i a l .  In  t h e  low and in t e rmed ia t e  ranges ,  t h e  c o s t s  are comparable t o  those  f o r  
long-l ived materials, a l though they are somewhat smaller. A t  levels  g r e a t e r  
than  10 c u r i e s ,  however, t h e  c o s t s  a s s o c i a t e d  wi th  releases of sho r t - l i ved  
materials are s i g n i f i c a n t l y  less, p r i n c i p a l l y  due t o  the  permanent land-use 
d e n i a l  i n  t he  case  of long-l ived materials. This  f a c t o r  i s  omi t ted  from t h e  
c o s t s  f o r  sho r t - l i ved  materials because the  approach assumed i s  one of "evacuate  
and w a i t  f o r  decay." 

Because of the  overwhelming c o n t r i b u t i o n  of permanent land-use d e n i a l  t o  c o s t s  
of l a r g e  r e l e a s e s  of long-l ived materials, t h e s e  c o s t s  aye r e l a t i v e l y  i n s e n s i -  
t i v e  t o  the  p a r t i c u l a r  urban area being s tud ied  (assuming, of course ,  t h a t  urban 
land  va lue  i s  r e l a t i v e l y  cons t an t  from c i t y  t o  c i t y ) .  S i m i l a r l y ,  t h e  dominance 
of survey c o s t s  f o r  small releases means t h a t  t hese  c o s t s ,  t oo ,  w i l l  no t  vary  
much from c i t y  t o  c i t y .  Evacuat ion and bu i ld ing  cleanup c o s t s  dominate i n t e r -  
mediate  releases, and t h e s e  c o s t s  s c a l e  roughly wi th  popula t ion  dens i ty .  
f o r e ,  c o s t s  f o r  r e l e a s e s  of long-l ived materials can be approximated f o r  o t h e r  
c i t i es  knowing only popu la t ion  d e n s i t y  v a r i a t i o n s .  

There- 

In t e rmed ia t e  and l a r g e  releases of sho r t - l i ved  materials are dominated by evac- 
u a t i o n  and bu i ld ing  cleanup c o s t s  so these  can be approximated from c i t y  t o  c i t y  
knowing t h e  r a t i o  of popu la t ion  d e n s i t i e s  f o r  t h e  v a r i o u s  c i t ies .  Low-level 
release c o s t s  are dominated by survey c o s t s ,  which are e s s e n t i a l l y  independent 
of t h e  c i t y  involved.  

I n  e v a l u a t i n g  t h e s e  economic impacts ,  two t h i n g s  must be kept  i n  mind. F i r s t ,  
t hese  are, a t  b e s t ,  order-of-magnitude e s t ima tes .  More a c c u r a t e  p r e d i c t i o n s  
would r e q u i r e  d e t a i l e d  d e s c r i p t i o n s  of t h e  a c t u a l  acc iden t  s i t e ,  p r e v a i l i n g  
meteorology, and downwind land-use p a t t e r n s  r a t h e r  than  t h e  more g e n e r i c  de- 
s c r i p t i o n s  used i n  METRAN. Second, METRAN cannot q u a n t i f y  a l l  economic c o s t s  
s i n c e  t h e r e  are s e v e r a l  i n d i r e c t  c o s t s  which are more a f u n c t i o n  of p u b l i c  
response than  a f u n c t i o n  of t he  a c t u a l  contaminat ion " f o o t p r i n t  ." Examples of 
t hese  c o s t s  i nc lude  c o s t s  of l i t i g a t i o n ,  i n d i r e c t  bus iness  l o s s e s  (due,  f o r  
example, t o  f e a r  of p o s s i b l e  danger ,  even a f t e r  c leanup) ,  and a c t u a l  c o s t s  t o  
government agenc ie s  d e a l i n g  wi th  t h e  i n c i d e n t .  
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F i g u r e  3-5. R e l a t i o n s h i p  of Economic Impacts t o  Amount of Long-Lived Material 
Released f o r  D i f f e r e n t  Cleanup Levels  
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F i g u r e  3-6 .  R e l a t i o n s h i p  of Economic Impacts t o  Amount of Short-Lived Material 
Released f o r  D i f f e r e n t  Cleanup Levels  
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Estimation of the expected economic risks from the transport of radioactive 
materials for the limited New York City study area is accomplished in a parallel 
fashion t o  t ha t  f o r  expected radiological risks, i.e., the probability that an 
accident of a given severity will occur is multiplied by the expected economic 
consequences of that accident. The severity dependent “economic risks“ are then 
summed across all severities and shipment types to obtain an overall value for 
expected economic risk. Table 3-8 summarizes the economic risk calculations for 
the same wind conditions used elsewhere ( 2  m/s, south wind). 
economic risk is summarized by end use, mode, and package type. The expected 
numbers of latent cancer fatalities are included for ease of comparison with the 
earlier tables in this chapter. Examination of the contributions to economic 
risk resulting from the dispersible nature of the shipments indicates that 
essentially all of the risk arises from dispersible shipments. This is reason- 
able since in the case of nondispersible materials, there is no requirement for 
survey, decontamination, etc. 

The estimated 

Table 3-8 

Expected Economic Risk Values 
from Vehicular Accidents 

End Use 

Medical 
Industrial 
Fuel Cycle 
Waste 

Mode - 
Truck 

Air 
Air and Truck 
Barge 

Package Type 
A 
B 
Cask 
Dr urn 

Expected Value 
of Economic Risk 
per Year of Shipping 

Activity ($ )  

1 . 4 ~ 1 0 ~  

1. 9x104 

3 . 1 ~ 1 0 ~  

5. .I x 100 

6 .  4x104 

l.OX10’ 

1. 4x106 

1. 3x1Oo 

1. 4x106 

6 .  2x104 

3. iX104 

4.lxlOO 

Expected Number 
of Latent Cancer Fatalities 

F per Year of Shipping Activity 

0.97 5 . 3 ~ 1 0 - ~  

0.01 2 . 3 ~ 1 0 - ~  

0.02 6. lx l  0-4 

<0.001 8 . 2 ~ 1 0 - ~  

0.04 7. 2x10-4 

<o. 001 9 . 7 ~ 1 0 - ~  

0.96 6 . 5 ~ 1 0 - ~  

<o. 001 3 . 2 ~ 1 0 - 8  

0.94 

0.04 

0.02 

<o. 001 

5 . 8 ~ 1 0 - ~  

2. 2x10-4 

6. l ~ l O - ~  

8 . 9 ~ 1 0 - 7  

Totals -1. 5x106 1 . 4 ~ 1 0 - ~  

F 

0.39 

0.17 

0.44 

<o. 001 

0.53 

<0,001 

0.47 

<o. 001 

0.41 

0.16 

0.43 

<o. 001 
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Table 3-9 examines the effect of wind speed on estimated economic risks and 
latent cancer fatalities for three wind speeds and four directions. The small 
variation observed in estimates of the economic risk are consistent with those 
observed for expected numbers of latent cancer fatalities, indicating that wind 
speed and direction are not significant factors in the determination of economic 
risk. 

3.5 

Table 3-9 

Estimates of Economic Risk Values as a Function of 
Wind Speed for Vehicular 

Ac c i dent s 

Wind Speed 
(m/s> 

2 

4 

8 

2 

4 

8 

2 

4 

8 

2 

4 

8 

Average Values 

Wind 
Direct ion 

S 

S 
S 
W 

W 

W 

N 

N 
N 

E 
E 
E 

Est imat ed 
Economic 
Risk ( $ )  

1. 5x106 

1. 5x106 

1.2x106 

-1. 5x106 

1 . 4 ~ 1 0 ~  

9. 9x105 

1. 4x106 

1. 5x106 

1.1x106 

1 . 6 ~ 1 0 ~  

1. 8x106 

9. 5x105 

1. 4x106 

Expected Number 
of Latent Cancer 

Fatalities 

1 . 4 ~ 1 0 - ~  

1 . 4 ~ 1 0 - ~  

1 .4~10-3  

1 . 5 ~ 1  0-3 

1 .5~10-3  

1 . 4 ~ 1  0-3 

1 . 5 ~ 1  0-3 

1 . 6 ~ 1  0-3 
1 . 6 ~ 1 0 - ~  

1 . 3 ~ 1 0 - ~  

1 . 3 ~ 1  0-3 

* 

1. 2x10-3 

1 . 4 ~ 1  0-3 

Low-ProbabilityIHigh-Consequence Accidents 

Quantification of risk using the product of probability and consequence is only 
one form of risk analysis used in decision making. In dealing with potentially 
high-consequence but low-probability events, an approach called "mini-max" is 
also useful.7 This technique involves the calculation of the consequences of 
certain events separate from their probability, keeping in mind that at some 
point the consequences will be intolerably severe, even at an extremely low 
probability. This section considers the consequences of high-level releases 
that might occur. Several shipments were selected from the actual New York City 
shipment model specified in Appendix A. However, since these shipments were 
averaged to some degree, other potentially high-consequence shipments were 
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added. 
v a r i o u s  o t h e r  sou rces ,  and r e p r e s e n t  shipments t h a t  could conce ivably  have an 
urban d e s t i n a t i o n  o r  o r i g i n ,  o r  t h a t  could pass  through an  urban area. 
shipments  s e l e c t e d  f o r  t h i s  mini-max a n a l y s i s  are s p e c i f i e d  i n  Table  3-10. 
f i r s t  t h r e e  e n t r i e s  are s t anda rd  shipments eva lua ted  i n  t h e  r i s k  a n a l y s i s ;  t h e  
remainder  are a d d i t i o n s  from t h e  B a t t e l l e  survey. 

These a d d i t i o n a l  shipments were s e l e c t e d  from t h e  Bat te l le  survey' and 

The 
The 

Table  3-10 

Shipments Used f o r  Mini-Max Risk Analys is  

Isotope/Form Shipment Size (Ci) Physical Form Brief Description Shipment Mode Package Type 

Mo-99 91 Dispersible Radiopharmaceutical Truck B 
SOUKCe material 

CO-60 4.7~10~ Nondispersible Teletherapy source Truck Cask 

Spent Fuel 1 . 5 4 ~ 1 0 ~ ~  Dispersible Spent reactor fuel 
2.17~10~ Nondispersible 

Truck Cask 

Plutonium 1 . 1 3 ~ 1 0 ~ ~  Dispersible Overseas fuel Cargo air BPu 

Po-210 1. 44x102 Dispersible Industrial source 
mat e r ia 1 

Truck B 

CO-60 3. 15x105 Nondispersible Irradiator source Truck Cask 

aThe description of spent fuel here is based on specific information obtained from Brookhaven National 
Laboratory concerning actual shipments through New York City. A s  such, it is significantly smaller than the 
large shipments of typical commercial reactor fuel discussed in Chapter 5. 

assumed, as discussed in Appendix A ,  that only 5% of the released material from a shipment of this size becomes 
air borne. 

bThis shipment represents 100 kg of Pu02 using the reactor-grade mixture discussed in Chapter 5. It is 

The consequence a n a l y s i s  has  been performed us ing  t h e  METRAN code t o  e v a l u a t e  
the  e f f e c t s  of maximum s e v e r i t y  a c c i d e n t s .  R e s u l t s  f o r  l a t e n t  cancer  f a t a l i -  
t i e s ,  e a r l y  m o r b i d i t i e s ,  e a r l y  f a t a l i t i e s ,  and economic c o s t s  a r e  p re sen ted  i n  
Table  3-11. 

3 . 6  S e n s i t i v i t y  and E r r o r  Ana lys i s  

Techniques s imilar  t o  those  desc r ibed  i n  Chapter 2 f o r  i n c i d e n t - f r e e  t r a n s p o r t  
were a p p l i e d  t o  t h e  nond i spe r sa l  a c c i d e n t  case s i n c e  t h e  two problems are s i m i -  
l a r l y  s t r u c t u r e d .  I n  i n c i d e n t - f r e e  t r a n s p o r t  t h e  source  i s  moving, whereas i n  
t h e  n o n d i s p e r s a l  a c c i d e n t  case, t h e  shipment i s  s t a t i o n a r y  f o r  an a c c i d e n t  d e l a y  
time, AT,. 
equa t ions  than  those  i n  METRAN t o  " m i m i c "  t h e  model. 
d e r i v a t i o n  are d i scussed  i n  d e t a i l  i n  Appendix D. B r i e f l y ,  t h e  equa t ions  f o r  
dose t o  p e d e s t r i a n s  invo lve  street width ,  p e d e s t r i a n  d e n s i t y ,  and a c c i d e n t  d e l a y  
time. For people  i n  v e h i c l e s ,  t h e r e  are t h r e e  equa t ions  f o r  d i f f e r e n t  road 
types  which cons ide r  s t ree t  ( o r  f reeway) wid th ,  t r a f f i c  count ,  people  per  ve- 
h i c l e ,  photon energy ( o n l y  f o r  f reeways)  and a c c i d e n t  de l ay  t i m e .  
b u i l d i n g s ,  t h e r e  are equa t ions  f o r  d i f f e r e n t  road types  invo lv ing  popu la t ion  
d e n s i t y ,  t r a n s i e n t  popu la t ion ,  street width ( o r  freeway wid th ) ,  f r a c t i o n  of t h e  
c e l l  which i s  b u i l d i n g s ,  s idewalk wid th ,  and a c c i d e n t  d e l a y  t i m e .  E r r o r  equa- 
t i o n s  were a l s o  developed and are presented  i n  d e t a i l  i n  Appendix D. 

Because of t h e  s i m i l a r i t y ,  i t  w a s  p o s s i b l e  t o  gene ra t e  s impler  
These equa t ions  and t h e i r  

For people  i n  
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Table 3-11 

Results of Low-ProbabilityIHigh-Consequence Accident Analysis a b c  

CO-60 0.01 
(4.7~10~ Ci)d 

Spent Fuel 1 
(154/2.17x105 Ci)e 

Plutonium 
(1.13~10~ Ci)f 

1800 

Po-210 
(144 Ci) 

10 

CO-60 
(3. 15x105 Ci)d 

3 

0 

0 

0 

0 

4x104 

zX1o9 

290 5 2x10g 

60 3 9x10’ 

0 0 4x10q 

Latent Cancer Early Early Direct Economic 
Isotope Fatalities Morbidities Fatalities Impact ( $ )  Comments 

On-scene costs: <0.1% 

Street cleanup: 0.6% 
Building cleanup: -0.18% 
Evacuation costs: -77% 
Security costs: -18% 

Emergency response: 20% 
On-scene recovery: 80% 

On-scene costs: <0.1% 
Survey costs: 0.7% 
Street cleanup: <0.1% 
Building cleanup: 0.7% 
Evacuation costs: -1% 
Security costs: 2% 
Land-use denial: 95% 
On-scene costs: <0.1% 
Survey costs: 0.5% 
Street cleanup: 0 
Building cleanup: 0 
Evacuation: 0 
Security costs: 4% 

On-scene costs: <O.I% 
Survey costs: 0.1% 
Street cleanup: (0.1% / 

Building cleanup: 0.5% 
Evacuation: -100% 
Security costs: <O. 1% 
Emergency response: 20% 
On-scene recovery: 80% 

Mo-99 0.05 0 0 2x108 
(91 Ci) Survey costs: -4% 

Land-use denial: 95% 

aRelease fractions for maximum credible accidents are assumed to be the maximum value of release fraction for 
the accident analysis, i.e., package for Types A, B, drum, and cask release; release fraction = 1; for BPu, release 
fraction = 0.1, for  exposure source casks, release fraction = 3.1~10-~. 

bProbability of occurrence of these accidents can be estimated by multiplying the accident rate (No. of 
accidentslkm of travel) times the distance traveled in the cell (km) times the fraction of all accidents occurring 
in a densely populated urban area that result in the maximum release.’ The distance traveled in the cell is taken 
to be 1 km. For the materials in this table, the probabilities are as follows: 

Probability of Occurrence per Shipment 
f o r  a Single Cell of Travel 

Mo-99 Type B Package 2x10-11 

Spent Fuel Cask -- release 2x10-l 

Co-60 (both shipments) Cask -- exposure 8x10-”+ 

Spent Fuel 
Po-210 

Plutonium 

Cask -- exposure 8x10-“ 

Type B Package 2Xlo-ll 
Type BPu Package Z X ~ O - ~ ~  

Using this technique, the probability of occurrence of the most severe accident for material transported in Type A 
or LSA packages is 3x10 ’. 

‘Values in table represent effects weighted for midblock and intersection locations for accidents. 

dSpecial form (nondispersible). 

e154 curies dispersible/2. 1 7 ~ 1 0 ~  curies nondispersible. 

10% released; 5% of released material is aerosolized. 

66 



For t h e  d i s p e r s a l  a c c i d e n t  case, the  s i t u a t i o n  i s  q u i t e  d i f f e r e n t .  Because O f  

t h e  compl ica t ing  me teo ro log ica l  f a c t o r s ,  i t  has  n o t  been p o s s i b l e  t o  produce 
s impl i fy ing  equa t ions  as i n  the  o t h e r  cases .  Treatment of t h e  d i s p e r s a l  acci- 
den t  involved parameters common t o  the  meteoro logica l  models MICMET and PICMET 
(see Appendix E )  and t o  METRAN, as well as those unique t o  the  consequence 
c a l c u l a t i o n s .  Output v a r i a b l e s  examined have been l a t e n t  cancer  f a t a l i t i e s  
(from groundshine and i n h a l a t i o n  pathways -- t h e  o t h e r s ,  e.g., c loudsh ine ,  w e r e  
found t o  be s e v e r a l  o r d e r s  of magnitude less s i g n i f i c a n t ) ,  g e n e t i c  e f f e c t s  ( a s  
i n  l a t e n t  cancer  f a t a l i t i e s ) ,  e a r l y  f a t a l i t i e s ,  and e a r l y  morb id i t i e s .  The 
v a r i a b l e s  examined are not  expected va lues  of r a d i o l o g i c a l  r i s k  but  simply t h e  
consequences r e s u l t i n g  from t h e  most severe  a c c i d e n t  pos tu l a t ed .  
assumptions were used t o  decrease  the  t o t a l  number of input  v a r i a b l e s  t o  be 
considered.  The n a t u r e  of t h e  assumptions are d e t a i l e d  i n  Appendix D. When t h e  
r e d u c t i o n  process  was complete,  t he  input  v a r i a b l e s  remaining t o  be cons idered  
are street  wid th ,  s idewalk wid th ,  f r a c t i o n  of ce l l  area occupied by b u i l d i n g s ,  
t o t a l  c u r i e s  per  package, c leanup l e v e l ,  as we l l  as t h e  me teo ro log ica l  d a t a ,  
which inc luded  s t reet  and sidewalk wid ths ,  wind speed,  and f r a c t i o n  of material 
s t r i k i n g  t h e  lowest  boundary which i s  r e f l e c t e d  ( o r  absorbed) .  
c .a t ion  i n  t h i s  p o r t i o n  of t h e  a n a l y s i s  i s  t h a t  t h e  bu i ld ing  i n t a k e  system can  
a l s o  be v a r i e d ,  i.e., cont inuous bu i ld ing  i n t a k e  o r  an a i r - cond i t ion ing  system 
can be assumed. 

S impl i fy ing  

An added compli- 

Taking a l l  of t h e s e  f a c t o r s  i n t o  account and vary ing  the  inpu t  parameters over  
reasonable  ranges ,  i t  i s  p o s s i b l e  t o  rank o rde r  t h e  importance of t h e s e  t o  each  
of t h e  output  v a r i a b l e s .  The d e t a i l s  of t h i s  rank o rde r ing  are i n  Appendix D of 
t h i s  r e p o r t .  

3.7 Nonradio logica l  Impacts from Transpor t  i n  Exclusive-Use Vehic les  

Because r a d i o a c t i v e  materials are a n e g l i g i b l e  f r a c t i o n  of t h e  t o t a l  shipments  
of a l l  commercial cargo,  t he  only  nonrad io log ica l  i m p a c t s  which can be a t t r i b -  
uted t o  r a d i o a c t i v e  material shipments are those  which r e s u l t  from shipments i n  
exc lus ive-use  veh ic l e s .  To cons ide r  the  nonrad io log ica l  r i s k s  i n  t r a n s p o r t a t i o n  
a c c i d e n t s  f o r  exc lus ive-use  v e h i c l e s ,  p rev ious ly  developed methods are used. 
Data from Reference 1 provide  acc iden t  in format ion  f o r  f u e l  c y c l e  shipments.  
Shipments from only one r e a c t o r  passed through t h e  g r i d  du r ing  t h e  1975 survey  
per iod  used elsewhere i n  t h i s  study. Values of 0.03 i n j u r y  and 0.003 f a t a l i t y  
are obta ined  f o r  exclusive-use shipments of f u e l  c y c l e  material. 1 

The o t h e r  s i g n i f i c a n t  use of exclusive-use t rucks  i s  i n  t h e  shipment of 
molybdenum-99/technetium-9% gene ra to r s .  Reference 1 assumes t h a t  10% of t h e  
g e n e r a t o r s  are t r a n s p o r t e d  by exclusive-use t rucks .  For t h e  New York C i ty  s tudy  
area, t h i s  would imply an  average  T I  q u a n t i t y  of 1.2 T I  per  shipment and a t o t a l  
of 2 . 8 3 ~ 1 0 ~  shipments  per year (see Appendix A -- Routing Informat ion)  c a r r i e d  
by exclusive-use v e h i c l e s .  
t h e s e  shipments i s  12 km (Appendix A). As a conse rva t ive  estimate, the upper 
bound of t h e  t o t a l  exc lus ive-use  v e h i c l e  t r a v e l  i n  t h e  g r i d  would be 3 . 4 8 ~ 1 0 ~  
km/yr. 
i n j u r y  and about  0.0001 f a t a l i t y  per  year.  

The maximum d i s t a n c e  t r a v e l e d  i n  t h e  g r i d  by one of 

Comparing t h i s  d i s t a n c e  t o  d a t a  i n  Reference 1 l e a d s  t o  va lues  of 0.002 

S i m i l a r l y  f o r  ca rgo  a i r l i n e s ,  t h e  assumption i s  made t h a t  r o u t i n e  f l i g h t s  are 
made p r i m a r i l y  f o r  Mo-99/Tc-99m gene ra to r s .  
t o t a l  of 1 . 1 6 ~ 1 0 ~  a i r  f r e i g h t  shipments of Mo-99/Tc-99m are made. 
aga in ,  t h a t  10% of a l l  a i r  cargo  shipments are exclusive-use shipments g i v e s  a 

For t h e  New York C i ty  s tudy  area,  a 
Assuming, 
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t o t a l  of 1. 16x102 shipments/yr  by ded ica t ed  carrier. 
shipment d i s t a n c e  t r a v e l e d  i n  the  s tudy  area is  10 km; thus  t h e  t o t a l  d i s t a n c e  
t r a v e l e d  i s  1 . 1 6 ~ 1 0 ~  km/yr. 
dent/km, these  f l i g h t s  would be expected t o  r e s u l t  i n  about 1 . 7 ~ 1 0 - ~  a c c i d e n t /  
year. '  Assuming a crew of two, a v a l u e  of 3 . 4 ~ 1 0 ' ~  f a t a l i t y  per yea r  would be  
expected.  

The average a i r  f r e i g h t  

Using t h e  average a c c i d e n t  rate of 1 . 4 4 ~ 1 0 - ~  acc i -  

Summarizing, nonrad io log ica l  impacts r e s u l t i n g  from exclusive-use t r a n s p o r t  
v e h i c l e s  f o r  r a d i o a c t i v e  materials shipments would be approximately 0.03 i n j u r y  
and 0.003 f a t a l i t y  per  shipment year  f o r  t h e  l i m i t e d  New York C i ty  area. 

3.8 Conclusions 

The o v e r a l l  expected annual  r a d i o l o g i c a l  r i s k s  due t o  v e h i c u l a r  a c c i d e n t s  i n  t h e  
l i m i t e d  New York C i t y  s tudy  area are g u i t e  small ( 1 . 4 ~ 1 0 - ~  l a t e n t  cancer  f a t a l -  
i t y ,  1 . 9 ~ 1 0 - ~  g e n e t i c  e f f e c t ,  2.7~10-  The r i s k  i s  dominated 
by Type A packages of medical-use i s o t o p e s  and spent  f u e l  shipments by t ruck .  
The l a r g e s t  c o n t r i b u t o r  t o  the  o v e r a l l  r i s k  i s  t h e  groundshine dose rece ived  by 
the  popu la t ion  exposed t o  d i spe r sed  material which i s  depos i t ed  dur ing  cloud 
passage and remains on the  ground. 
mate ly  80% of t h e  o v e r a l l  r i s k ,  whi le  l a r g e  nond i spe r s ib l e  shipments c o n t r i b u t e  
most of t h e  remainder.  
medical-use shipments  i n  Type A packages t r a n s p o r t e d  a t  l eas t  i n  p a r t  by t ruck .  
For very  severe  a c c i d e n t s ,  t he  economic impacts could be up t o  s e v e r a l  b i l l i o n  
d o l l a r s ,  a l though most a c c i d e n t s  would be less c o s t l y ,  e s p e c i a l l y  those  involv-  
i n g  shor t - l i ved  r a d i o i s o t o p e s  used f o r  medical purposes.  
a c c i d e n t s  have t h e  p o t e n t i a l  f o r  caus ing  s i g n i f i c a n t  numbers ( t e n s  t o  thousands)  
of l a t e n t  e f f e c t s  and l e s s e r  numbers (ones  t o  hundreds) of e a r l y  e f f e c t s .  Since 
t h e s e  a c c i d e n t s  have very  low p r o b a b i l i t i e s  of occurrence,  they  do not  con t r ib -  
u t e  s i g n i f i c a n t l y  t o  the  t o t a l  expected va lues  of r i s k .  S e n s i t i v i t y  a n a l y s i s  
r e s u l t s  provide rank o rde r ing  of important  v a r i a b l e s  f o r  d i s p e r s a l  a c c i d e n t s  and 
s i m p l i f y i n g  equa t ions  f o r  nond i spe r sa l  acc iden t s .  Thus, t h e  parameters  impor- 
t a n t  f o r  t he  use of t h e  METRAN methodology i n  o t h e r  c i t i e s  can be i d e n t i f i e d .  

e a r l y  morbidi ty) .  

D i s p e r s i b l e  materials c o n t r i b u t e  approxi- 

Economic r i s k  from the  shipments i s  dominated by 

Extremely seve re  

Q 

68 



NOTES 

'NUREG-01 70 

2J. M. Taylor and S. L. Daniel, RADTRAN: A Computer Code to Analyze 
Transportation of Radioactive Material, SAND76-0243, Albuquerque: 
Laboratories, April 1977. 

Sandia 

3R3. Yoshimura and M. Huerta, A Crash Test of a Nuclear Spent Fuel Cask and 
Truck Transport System, SAND77-0419, Albuquerque: 
1978. 

Sandia Laboratories, January 

4W. E. Berry and R. B. Diegle, Survey of Corrosion Product Generation, 
Transport, and Deposition in Light Water Nuclear Reactors, Final Report, EPRI 
NP-522, TPS 76-663, Palo Alto, CA: Electric Power Research Institute, March 
1979. 

'G. E. Zima, Comments on Fuel Crud as a Safety and Operational Factor of 
Independent Spent Fuel Storage Installations (IS-FSI), NUREG/CR-0163, PNL-2657, 
Richland, WA: Battelle Pacific Northwest Laboratories, November 1978. 

6K. J. Eger and G. E. Zima, Commentary on Spent Fuel Storage at Morris 
Operation, NUREG/CR-0956, PNL-3065, Richland, WA: 
Laboratories, July 1979; and personal communication with K. Eger, 25 June 1979. 

Battelle Pacific Northwest 

7J. R. Benjamin, M. Shinozuka, and H. C. Shah, "Acceptable Risk in Reactor 
Safety Studies," in Proceedings of the 3rd International Conference on Struc- 
tural Mechanics in Reactor Technology, September 1975. 

'BNWL- 197 2. 

91. B. Wall et al, 
NUREG-0340, Washington: 

Overview of Reactor Safety Study Consequence Model, 
U.S. Nuclear Regulatory Commission, 1977; Reactor 

Safety Study Consequence Model CRAC, Computer Code Users Manual, available from 
Argonne Code Center ,  Argonne National Laboratory, IL. 

''A= R. DuCharme et al, Transport of Radionuclides in Urban Environs: 
Working Draft Assessment, SAND77-1927, Albuquerque: 
1978. 

Sandia Laboratories, May 

"LJ. S. Environmental Protection Agency, Proposed Guidance on Dose Limits 
for Persons Exposed to Transuranium Elements in the General Environment, EPA 
520/4-77-016, Washington: USEPA, September 1977. 

1 2 ~ ~ G - 0 0 6 9  

69 , 70 





4 

ENVIRONMENTAL IMPACTS FROM HUMAN ERRORS AND 
DEVIATIONS FROM ACCEPTED QUALITY ASSURANCE PRACTICES 

Human e r r o r s  and d e v i a t i o n s  from accepted  q u a l i t y  a s su rance  (QA) p r a c t i c e s  can  
produce environmental  impacts similar t o  those  produced by v e h i c u l a r  a c c i d e n t s ,  
i . e . ,  through l o s s  of s h i e l d i n g ,  l o s s  of containment ,  o r  through de lay  of t h e  
shipment.  The d e t a i l e d  i n c i d e n t s  s e l e c t e d  f o r  a n a l y s i s  i n  t h i s  chap te r  a r e  those  
s p e c i f i c a l l y  r e l a t e d  t o  t h e  t r a n s p o r t  p rocess  and inc lude  problems i n  packaging,  
l a b e l i n g ,  handl ing  and stowage of t h e  r a d i o a c t i v e  m a t e r i a l .  Human e r r o r s  which 
r e s u l t  i n  v e h i c u l a r  a c c i d e n t s  a r e  t r e a t e d  as such (Chapter  3 ) .  Devia t ions  from 
accepted  QA p r a c t i c e s  inc lude  both f a i l u r e  t o  adhere  t o  normal procedure and l a c k  
of q u a l i t y  c o n t r o l .  

Records of a c t u a l  i n c i d e n t s  i nvo lv ing  r a d i o a c t i v e  m a t e r i a l  t r a n s p o r t  i n  urban 
areas repor t ed  t o  governmental  agencies  were analyzed t o  estimate t h e  p r o b a b i l i t y  
of occur rence  of an inc ident  on a per-shipment basis. Since quality assurance 1 
p r a c t i c e s  va ry  depending on t h e  package type  (e.g., Type A packages a r e  con- 
t r o l l e d  d i f f e r e n t l y  from spen t  f u e l  c a s k s ) ,  t h e  p r o b a b i l i t y  of occur rence  of an 
i n c i d e n t  i s  e s t ima ted  a s  a f u n c t i o n  of package type.  A s e p a r a t e  a n a l y s i s  e s t i -  
mates t h e  p r o b a b i l i t y  of occur rence  of an i n c i d e n t  i nvo lv ing  a spen t  f u e l  cask  
s i n c e  t h e r e  have been no r e p o r t s  f i l e d  wi th  t h e  a p p r o p r i a t e  agenc ie s  f o r  t h i s  
shipment type.  

Package-dependent i n c i d e n t  p r o b a b i l i t i e s  a r e  used i n  t h e  r a d i o l o g i c a l  consequence 
code METRAN, o p e r a t i n g  i n  a s p e c i a l  mode, t o  estimate t h e  c o n t r i b u t i o n  of human 
error or QA d e v i a t i o n s  to t he  r i s k  of t r a n s p o r t i n g  r ad ioac t ive  ma te r i a l s  i n  urban 
areas. The d e f i n i t i o n  of e s t ima ted  v a l u e  of r a d i o l o g i c a l  r i s k ,  g iven  i n  t h e  
i n t r o d u c t i o n  of Chapter 3 ,  a p p l i e s  h e r e  a l s o .  

From a systems p o i n t  of view, human e r r o r  occurs  when t h e r e  i s  a r e d u c t i o n  o r  
p o t e n t i a l  r e d u c t i o n  i n  system r e l i a b i l i t y  o r  s a f e t y ,  e.g., f a i l u r e  t o  perform t h e  
necessa ry  t a s k ,  performance of a r e q u i r e d  t a s k  o u t  of sequence,  o r  i n a c c u r a t e  
marking of t h e  t r a n s p o r t  index  on t h e  package. 

4.1 T r a n s p o r t a t i o n  

Rad ioac t ive  materials are n o t  unique i n  t h e  complexi ty  of t he -  t r a n s p o r t  p rocess .  
Opera t ions  s p e c i f i c a l l y  r e l a t e d  t o  t r a n s p o r t a t i o n  i n  which human e r r o r s  could  
occur  inc lude  packaging and l a b e l i n g  of t h e  shipment;  temporary stowage of pack- 
ages ,  handl ing ,  s e c u r i n g ,  s towing,  and r o u t i n g  o p e r a t i o n s  p r i o r  t o  i n i t i a l  move- 
ment of t h e  material;  i n - t r a n s i t  t r a n s f e r s ;  and movements of t h e  shipment by t h e  
r e c e i v e r  t o  i t s  f i n a l  d e s t i n a t i o n .  I n c i d e n t  r e p o r t s ,  examined i n  t h i s  a n a l y s i s ,  
d e s c r i b e  s e v e r a l  of t h e  p rev ious ly  l i s t e d  e r r o r  t ypes  and form t h e  b a s i s  f o r  
d e t e r m i n a t i o n  of occur rence  r a t e s  f o r  human e r r o r s  and d e v i a t i o n s  from accep ted  
QA p r a c t i c e s  as a f u n c t i o n  of package type.  
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4.2 Methodology f o r  Risk Assessment 

Risk from human e r r o r s  and d e v i a t i o n s  from accepted  QA p r a c t i c e s  are expressed  as 
expected h e a l t h  e f f e c t s  as a f u n c t i o n  of t h e  type of package i n  which t h e  mate- 
r ia l  is shipped.  In  gene ra l  terms, t h e  r i s k  may be formulated a s  fo l lows:  

a b c  

where 

R = t o t a l  annual  r i s k  from human e r r o r s  and d e v i a t i o n s  from 
QA practices (expec ted  number of human h e a l t h  e f f e c t s )  

i = index  over s e v e r i t y  c a t e g o r i e s  

a = number of s e v e r i t y  c a t e g o r i e s  (= 3 f o r  casks ;  = 8 f o r  
a l l  o t h e r  package types )  

j = index  over  package t y p e s  

b = number of package types  

k = index  over  materials 

c = number of materials 

N = c u r i e s  per  package f o r  k t h  material shipped i n  j t h  
j p k  package type  

PPSjYk = packages per  shipment f o r  k t h  m a t e r i a l  shipped i n  j t h  
package type  

RFi = release f r a c t i o n  f o r  j t h  package i n  a c c i d e n t  of i t h  
,j s e v e r i t y  

Kk = h e a l t h  e f f e c t s  convers ion  f a c t o r  f o r  k t h  material 
(expec ted  h e a l t h  e f f e c t s  per c u r i e  r e l e a s e d  o r  exposed)  

SPY = shipments  per year  of k t h  m a t e r i a l  i n  j t h  package type  
j ,k  

C = i n c i d e n t  ra te  f o r  i t h  s e v e r i t y  i n c i d e n t  i nvo lv ing  j t h  
package type 

Severi ty-dependent  f r a c t i o n a l  occur rences  f o r  human e r r o r s  were developed from 
t h e  d a t a  provided i n  t h e  DOT and NRC i n c i d e n t  r e p o r t s  and are r e f l e c t e d  i n  Table  
4-5. Release f r a c t i o n s  c o n s i s t e n t  wi th  t h e  a c c i d e n t  a n a l y s i s  are used f o r  pack- 
age  Types A; B, LSA, and drum. A s e p a r a t e  s e c t i o n  of t h e  chap te r  i s  devoted t o  
f r a c t i o n a l  occur rences ,  release f r a c t i o n s ,  and i n c i d e n t  rates f o r  cask  t r a n s p o r t .  
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Sources of i n fo rma t ion  on t h e  number and type of i n c i d e n t s  i nvo lv ing  r a d i o a c t i v e  
material shipments have been developed wi th  t h e  a s s i s t a n c e  of the Task Group on 
T r a n s p o r t a t i o n  of Rad ioac t ive  Material i n  Urban Environs.  S e v e r a l  members Sup- 
p l i e d  c o n t a c t s  w i t h i n  t h e i r  own o r g a n i z a t i o n s  o r  have suggested i n d i v i d u a l s ,  
a g e n c i e s ,  o r  groups t h a t  l e d  t o  r e l e v a n t  i n fo rma t ion .  

Unfo r tuna te ly ,  most p o t e n t i a l  d a t a  sou rces  have not  maintained r e c o r d s  t h a t  could 
r e a d i l y  be a p p l i e d  t o  t h i s  s tudy.  F requen t ly ,  a p p l i c a b l e  d a t a  could on ly  be 
e x t r a c t e d  from the  a c t u a l  r e p o r t s  of i n v e s t i g a t i o n s  made by t h e  r e g u l a t o r y  
agenc ie s .  
t h e  Department of T r a n s p o r t a t i o n  (DOT) w i t h i n  15  days i f  d e a t h ,  i n j u r y ,  f i r e ,  
breakage,  s p i l l a g e ,  o r  suspected r a d i o a c t i v e  contaminat ion occur s  as a r e s u l t  of 
t r a n s p o r t a t i o n  of r a d i o a c t i v e  materials. '  S i m i l a r  r e p o r t s  must be f i l e d  w i t h  the 
NRC f o r  any i n s t a n c e  i n  which t h e r e  i s  s u b s t a n t i a l  r e d u c t i o n  i n  the e f f e c t i v e n e s s  
of any authorized packaging du r ing  use.2 
v e i l l a n c e  agency ex is t s ,  t h a t  agency w i l l  u s u a l l y  make and f i l e  a r e p o r t  of  an 
i n c i d e n t  i n v e s t i g a t i o n .  False  alarms o r  i n s i g n i f i c a n t  e v e n t s  are r a r e l y  r e p o r t e d  
t o  t h e  f e d e r a l  l e v e l  bu t  do remain a matter of record a t  t h e  l o c a l  l e v e l  f o r  
s h o r t  p e r i o d s  of t i m e .  Reports of i n c i d e n t s  thought t o  be newsworthy are a l s o  
g e n e r a l l y  f i l e d  and t h u s  made a p a r t  of t h e  r eco rd .  

Regu la t ions  r e q u i r e  that  a d e t a i l e d  i n c i d e n t  r e p o r t  be submit ted t o  

I f  a l o c a l  ( c i t y ,  county,  s t a t e )  su r -  

4.2.1 DOT I n c i d e n t  Reports  

DOT r e p o r t s  on i n c i d e n t s  i nvo lv ing  t r a n s p o r t a t i o n  of r a d i o a c t i v e  materials i n  
urban areas are a v a i l a b l e  f o r  t h e  pe r iod  1 January 1971 through 3 August 1977. 
These i n v e s t i g a t i v e  r e p o r t s ,  which d e s c r i b e  t h e  e v e n t s  as r e p o r t e d  a t  t h e  t i m e  of 
t h e  i n c i d e n t ,  are summarized i n  Appendix H. Of t h e  251 i n c i d e n t s  f o r  t h a t  
p e r i o d ,  on ly  t h e  153 o c c u r r i n g  i n  urban areas are included.  Other i n fo rma t ion  
de r ived  from t h e  d e t a i l e d  r e p o r t s ,  such as t h e  probable  cause  of t h e  i n c i d e n t s  
and t r a n s p o r t  mode a f f e c t e d ,  are summarized i n  Table 4-1. Human e r r o r s  o r  devia- 
t i o n s  from accep ted  QA p r a c t i c e s  were found t o  a f f e c t  141 of t h e  t o t a l  153 i n c i -  
d e n t s .  I n c i d e n t s  were about e q u a l l y  d iv ided  among a i r  and s u r f a c e  modes of 
t r a n s p o r t . *  

The probable  causes  of t he  i n c i d e n t s  s t u d i e d  i n c l u d e  the  fo l lowing :  

Stowage -- Shipments are blown o f f  vehicles, crushed by following ve- 
h i c l e s ,  run over by f o r k l i f t s ,  damaged by o t h e r  f r e i g h t ,  f a l l  from 
v e h i c l e s ,  o r  s u f f e r  water damage as a r e s u l t  of i n s e c u r e  o r  i n e f f e c t i v e  
placement on a v e h i c l e  o r  w i t h i n  a t e rmina l  area. 

Handling -- When dropped o r  punctured,  shipments l o s e  package i n t e g r i t y  
through damage t o  i n t e r n a l  c o n t a i n e r s  o r  e x t e r n a l  packaging material. 

' 

Packaging -- Shipments l o s e  i n t e g r i t y  by f a i l u r e  of e x t e r n a l  c o n t a i n e r s ,  
omission of i n t e r n a l  padding, d e f e c t i v e  va lve  c l o s u r e s , .  c o r r o s i o n ,  
improper packaging, welding f a i l u r e s ,  o r  drum r u p t u r e .  

shipment. 
The f t jLoss  -- Radioac t ive  materials are s t o l e n  o r  m i s d i r e c t e d  i n  

* 
The e v e n t s  charged t o  a i r  shipments u s u a l l y  occur as a r e s u l t  of a c t i o n s  

performed d u r i n g  ground o p e r a t i o n s  b e f o r e  o r  a f t e r  f l i g h t  ( a  package f a l l s  o f f  a 
l o a d i n g  dock, f a u l t y  t iedowns, e t c . ) .  
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Disposal -- A damaged radioactive material container is discarded in an 
u n a u t h o r i z e d  f a s h i o n .  
Labeling -- Improper label or radiation level is given on package. 

As shown by Table 4-1, stowage, handling, and packaging account for the bulk of 
the human error incidents. Traffic accidents are not considered, and theft is 
considered a purposeful act rather than a human error. This set was further 
reduced to include only those for 1975 before the incident rates were calculated. 

Table 4-1 

Department of Transportation Investigative Reports on 
Radioactive Material Incidents in Urban Areas -- 1971-1977 

Incident Cause 

Stowage 

Hand ling 
Packaging 

Theft/Loss 

Unknown 

TOTAL 

Transport Mode 
Air 

Road 

Train 

Water 
TOTAL 

No. of 
Reports 

51 

39 

50 

4 

9 

153 

- 

No. of 
Reports 

78 

72 

2 

1 

153 
- 

Percent 
of Total 

33.3 

25.5 

32.7 

2.6 

5.9 

Percent 
of Total 

51.0 

47.1 

1.3 

0.6 

Human Error/Deviations Percent 
from QA of Total 

51 36.2 

39 27.6 

50 35.5 

1 .o 
141 

- 0.7 

4.2.2 NRC Incident Reports 

Transportation incident reports for 1975 were provided by the NRC from its five 
regional offices. Reports pertinent t o  urban areas are synopsized in Appendix I. 
As summarized in Table 4-2, 8 of the 19 incidents contained in the NRC files 
which occurred in urban areas (excluding those also reported by DOT) can be 
attributed to human errors. As in the case of the incidents reported to the DOT, 
packaging, handling, and stowage account for the majority of human errors or 
deviations from accepted QA practices. 
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Additional information was obtained from the NRC for incidents reported by its 
agreement states for the period July 1976-July 1977. These reports are sum- 
marized in Table 4-3. Of the 23 incidents related to transportation, 7 involved 
human errors of the types in the other incident reports. 

Table 4-2 

Nuclear Regulatory Commission Regional Office Reports 
of Transportation-Related Radioactive Material Incidents 

in Urban Areas, 1975 

Incident Cause 

Stowage 
Hand 1 ing 

Packaging 
Procedure 

Theft/Loss 
Unknown* 

TOTAL 

No. of 
Reports 

2 
2 

3 
1 

4 
7 

19 
- 

Percent 
of Total 

10.5 
10.5 

15.8 
5.3 

21.1 

36.8 

Human Error/ 
Deviations 
from QA 

Percent 
of Total 

25.0 

25.0 

37.5 

12.5 
- 
- 

* 
Could not be directly attributed to human error. 

Table 4-3 

Nuclear Regulatory Commission Agreement States Reports on Incidents 
Related to Urban Transportation of Radioactive Materials 

197 6-1 97 7 

Incident Cause 

Stowage 
Hand 1 ing 
Procedure 

Theft/Loss 

E qui pmen t 
Failure 

Unknown 

TOTAL 

No. of 
Reports 

1 
6 

23 

Percent 
of Total 

8.7 
17.4 

4.4 

39.1 

4.4 
26.0 

HumanError/ 
Deviations 
from QA 

Percent 
of Total 

28.6 

57.1 

14.3 
- 
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4.2.3 Other  Data Sources  

Other  d a t a  sou rces  have been i n v e s t i g a t e d  i n  o rde r  t o  o b t a i n  a b e t t e r  p e r s p e c t i v e  
on t h e  types  of human e r r o r  and g e n e r a l  e r r o r  rates i n  sh ipp ing  t o  be expected.  

S t u d i e s  performed i n  n ine  s t a t e s  p lus  New York C i t y ,  a;id c o l l a t e d  by Los Alamos 
S c i e n t i f i c  L a b o r a t o r i e s ,  i n d i c a t e  t h a t  t h e  same procedures  a r e  u s u a l l y  fo l lowed 
a t  t e r m i n a l s  f o r  a l l  types  of shipments ,  i nc lud ing  r a d i o a c t i v e   material^.^ 
s p e c i a l  p rocedures ,  s p e c i a l  stowage, o r  s p e c i a l  loading  are c o n s i s t e n t l y  a p p l i e d  
t o  r a d i o a c t i v e  material shipments.  

No 

Add i t iona l  i n fo rma t ion  necessary  t o  t h i s  a n a l y s i s  i s  a c t u a l  shipment f requency by 
package type.  The 1975 shipment d a t a  base i s  coupled wi th  t h e  i n c i d e n t  r e p o r t s  
f o r  1975 t o  e s t i m a t e  t h e  i n c i d e n t  rates by package type.  

4.3 Es t ima t ion  of Urban I n c i d e n t  Rates 

Equat ion 1 r e q u i r e s  an i n c i d e n t  rate as a f u n c t i o n  of r a d i o a c t i v e  material sh ip-  
ment type.  Data desc r ibed  i n  t h e  prev ious  s e c t i o n s  i n d i c a t e  t h a t  few i n c i d e n t s  
have occurred  which involved a small f r a c t i o n  of t h e  hundreds of d i f f e r e n t  i so-  
topes  shipped annual ly .  Therefore ,  a r e l i a b l e  i n c i d e n t  ra te  by i s o t o p e  cannot  be  
c a l c u l a t e d  d i r e c t l y  from the  da t a .  The package type employed may be a more 
s i g n i f i c a n t  parameter  a f f e c t i n g  t h e  occurrences  of e r r o r s ,  s i n c e  only  a few 
package types  are t y p i c a l l y  employed. Thus, t h e  a v a i l a b l e  d a t a  can be used t o  
estimate i n c i d e n t  rates as a f u n c t i o n  of packaging. 

The i n c i d e n t  r a t e  per  package f o r  package Type k may be expressed  as 

(2a )  T o t a l  No. of i n c i d e n t s  i nvo lv ing  package Type k E =  k T o t a l  No. of packages of Type k shipped 

Since  t h e  i n c i d e n t  r e p o r t s  do not  normally i n d i c a t e  package type ,  t h e  t o t a l  
number of i n c i d e n t s  f o r  a p a r t i c u l a r  m a t e r i a l  i n  a g iven  package type  i s  es t i -  
mated as fo l lows :  

T o t a l  i n c i d e n t s  T o t a l  Type A packages f o r  X 
i nvo lv ing  X 1 [ T o t a l  packages of X 

i nvo lv ing  

Thus t h e  expres s ion  f o r  Ek i n  Equat ion  2a can be rep laced  by 

N 

B j F j k  

where 
j= 1 

B = t o t a l  urban i n c i d e n t s  per year  f o r  i s o t o p e  j 
j 

j k  
F = f r a c t i o n  of i s o t o p e  j shipments made i n  Type k packages 
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n = number of Type k packages of i s o t o p e  j shipped per year  
j k  

N = t o t a l  number of i s o t o p e s  i n  t h e  shipment model 

Note t h a t  f o r  t hose  m a t e r i a l s  w i th  no r epor t ed  urban i n c i d e n t s ,  t he  va lue  of B = 
0. 
number of shipments of Type k packages per year .  Nonzero va lues  f o r  B have been 
ob ta ined  from t h e  summarized urban i n c i d e n t  r e p o r t s  i n  Appendices H and I and 
combined wi th  t h e  da t a  from Reference 4.  

However, t h e  sum expressed  i n  t h e  denominator of Equat ion  3 e q u a l s  t h e  t o t a l  

Values obta ined  f o r  t h e  terms i n  Equat ion 3 are g iven  i n  Table  4-4. 
l a t e d  urban i n c i d e n t  rates a r e  per  package shipped on a nat ionwide annual  b a s i s .  
Other i n c i d e n t  r a t e s  can be c a l c u l a t e d  us ing  a l l  1975 i n c i d e n t s  (DOT and NRC) if 
an  e v a l u a t i o n  of a n a t i o n a l  average and not  of an u rban- spec i f i c  set  i s  d e s i r e d .  
The e s t ima ted  urban i n c i d e n t  rates by package type  are a s  shown i n  Table  4-50 

The ca lcu-  

The r e l e a s e  f r a c t i o n s  by s e v e r i t y  and package type are summarized i n  Table  4-6. 
DOT and NRC i n c i d e n t  r e p o r t s  i n d i c a t e d  t h a t  i n  7 1 %  of t h e  cases, no measurable  
release t o  t h e  environment occurred.  For a Category 1 a c c i d e n t ,  t he  p r o b a b i l i t y  
of occurrence  w a s  se t  a t  0.71. The remaining seven p r o b a b i l i t i e s  of occur rence  
were s c a l e d  i n  comparison wi th  t h e  f r a c t i o n a l  occur rences  f o r  v e h i c u l a r  a c c i d e n t s  
d i scussed  i n  Appendix A. The r e s u l t i n g  se t  of occur rence  p r o b a b i l i t i e s  a r e  g iven  
i n  Table  4-6. Hypo the t i ca l  d e s c r i p t i o n s  a r e  a l s o  provided f o r  t h e  s e v e r i t y  
c a t e g o r i e s  used i n  t h e  a n a l y s i s .  

4.4 Analys is  of Cask I n c i d e n t  Rate  

Data from Reference  5,  Table  7.2 i n d i c a t e  t h e  fo l lowing  in fo rma t ion :  

* T o t a l  number of cask  shipments ( r a i l  and t r u c k )  -- 3939 

Number of i n c i d e n t s  which could be t r a c e d  d i r e c t l y  t o  a human e r r o r  o r  
d e v i a t i o n  from accepted  QA p r a c t i c e s  -- 16 

A t a b u l a t i o n  (by cause )  of t hese  human e r r o r  o r  q u a l i t y  a s su rance  i n c i d e n t s  i s  
g iven  i n  Table  4-7. 

The 16 occurrences  i n  3939 shipments  r e s u l t  i n  an o v e r a l l  r a t e  of 4 . 1 ~ 1 0 - ~  
i n c i d e n t s  per  shipment. It i s  assumed t h a t  the  maximum r e s u l t  of a human e r r o r  
i s  t h e  r e l e a s e  of a l l  contaminated coo lan t  water  i n  t h e  cask. Reference 6 pro- 
v i d e s  in fo rma t ion  on t h e  q u a n t i t y  of m a t e r i a l  t h a t  could be r e l eased .  
i n fo rma t ion  i s  summarized i n  Table  4-8. 

Th i s  

It i s  recognized  t h a t  i n e r t  gases  and t r a c e s  of t r i t i u m  and i o d i n e  would a l s o  be 
r e l e a s e d  from t h e  p e r f o r a t e d  rods.  Using the  assumptions i n  Reference  7 ,  t h e  
q u a n t i t y  of t h e s e  materials i n  t h e  cask dur ing  "normal" t r a n s p o r t  i s  approxi-  
mate ly  1 2  c u r i e s .  A s  i n  t h e  a c c i d e n t  a n a l y s i s ,  t h e s e  m a t e r i a l s  would c o n t r i b u t e  
n e g l i g i b l y  t o  t h e  o v e r a l l  popu la t ion  dose ,  hence they  a r e  no t  cons idered  f u r t h e r  
( s e e  S e c t i o n  3.3 i n  Chapter 3) .  
made t h a t  a l l  of t h e  material i n  Table  4-8 i s  c o b a l t  60. Reference 6 i n d i c a t e s  
t h a t  f o r  t h e  "normal" t r a n s p o r t  s i t u a t i o n ,  90% of t h e  a c t i v i t y  i n  t h e  coolan t  i s  
c o b a l t  ( d i s s o l v e d  "crud" m a t e r i a l )  and 1% i s  cesium ( leached  from f u e l  rods ) .  
Thus, t he  assumption t h a t  a l l  contaminat ion  i s  Co-60 i s  no t  unreasonable .  
h e a l t h  e f f e c t s  c o e f f i c i e n t s  (rem per K i  v a l u e s  -- see Appendix H) used f o r  t h e  
"human e r r o r "  cask  i n c i d e n t  a r e  those  f o r  CO-60. 

A d d i t i o n a l l y ,  t h e  c o n s e r v a t i v e  assumption i s  

The 
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Table 4-4 

Determination of Urban Incident Rates f o r  1975 DOT and NRC Data 

B. 
1 
5 
1 
1 

1 
3 
2 

6 
2 
3 
2 

1 
2 

2 

2 

1 

1 
2 

3 

BjLQ FA 

l.OxlO0 
1. 1x10-1 
9. 1x10-1 
l.oxloo 
9. ax1o-l 

9. 8xlO-l 

5. 1x10-1 

8. 5x10-1 

1.ax10- 
9.7~10-1 

1. 5x10-1 

6.5~10-1 
9.9x10- 

4. 1x10-2 
9.9x10-1 

9.ax10- 
7.3~10-~ 

3. 8x10-1 

BjA FL BjB FL 
-3 3.8~10 

- 
8.5x10-' 

- 
5. ~ X L O - ~  
1.4~10-1 
1 . ~ ~ 1 0 - ~  

9.8~1 f3 
6.0~10-~ 
6.5x10-' 
2. 8x10-2 

- 

9. O X ~ O - ~  
1.2x10-2 

- 

BjL 

1. 9x10-2 
- 

8.5~10-~ 
- 

1. 8x10-2 
2.9~10-1 
7.3~10-~ 
2.0x10-2 
1. 8x1~-3 

2. 8x10-2 

1. 8x10-2 

1. 3x10-1 

- 

2.5x10-' 

JLSA B. FNS Radionuclide 

C-14 
Cd-115m 
CO-57 
Cr-51 
H-3  

I- 125 
1-131 
Ir-192 
Mo-99 
Pu 
Ra-226 
Tc-99m 
Th 
U 
Xe-133 
Fissile Mat'l 
Nonspecified 
Waste Mat'l 
2 B. Totals Jk j 
where Bjk = B.F J jk 

N 

5.0~10~ 
1. 1x10-1 
9. 1x10-1 
1.ox100 

0 2.9x10 
1.7~10' 

0 5.9~10 
3. 5x10-1 
2.9~10 
1.ox10 
1.5~10-1 

0 2.0x10 
1.3~10' 

0 

0 

8. :x10-2 
9.9x10-1 
7.3x10-' 
2.0x10 
l.lxl0 

0 

0 

2.8~10-~ 
- 
- 

1. aX1 o - ~  
1.9~10-~ 
3 . 5 ~ 1 0 ~ ~  
1.9x10-2 
1.9~10-~ 

- 
2.4~1 O-' 

4. 3x10-1 
1.2xl o-2 

1. 2x10-3 
1.7~10-~ 

5.7~10-~ 

- 
8. 9x10-1 

- 
- 

1.4x10-2 
- 

1.4~1 0-3 

8. 1x10-1 
2.5x10-' 
3.9~10-1 
3. 9x10-1 

- 

5.3~10-~ 
1. 1x10-1 

- 
9. 3x10-1 

- 
4.9~10-~ 

- 

8.9xlO-l 
- 

- 
3.5~10-~ 
1.0~10-~ 

9. 1x1~-4 
2. oxl o - ~  

1.7~1 0-3 

- 
4. 1x10-2 

8. 1x1~-3 

- 

1.6~10' 
7.5~10-~ 
7.8~10-1 
3. 9x10-1 

1. 1x10-2 

- 

2. 3x10-1 
- 

9. 3x10-1 
- 

1.5x10-' 

- 

7. lX1oe3 
- 

7. Z X ~ O - ~  
3. 4x10-1 
8.3~10-1 

- 
1.4~1 O-' 

- 
1.4~10-~ 
6. 7x10-1 
1.7~10' 

- 
6. l ~ l O - ~  1.2x10-2 

- 

4.8~10-~ 

- 
- 

1. 1x10-2 

- 

1.7x10-' 
5. 9x10-1 

- 
3.5x10-' 
1.8x10 0 

- 

2. 1x10-2 

- 
6.4~1 O-' 

2.9~10~ 

1.71~10 

1.7~10-~ 

6 

2.3x10-' 6.5~10-1 

4. 3 5 ~ 1 0 ~  

1.5~10-~ 

4. 2x1O0 

6.24~10~ 

6.7~10-~ 

7.0~1 0-1 

2.2 lX1o4 

3. Z X ~ O - ~  

' "jk J=1 
3. 45x103 

6.7x10+ Incident Rate, % 



Category 

4 

5 

Table 4-5 

Urban Area I n c i d e n t  Rates by Package Type 

Urban I n c i d e n t  Rates 
Package Type* ( p e r  package sh ipped)  

A 

B 

L 

LSA 

LQ 
NS 

* 
L = l i m i t e d  ( fo rmer ly  exempt) shipments 

LSA = low s p e c i f i c  a c t i v i t y  shipments 
LQ = l a r g e  q u a n t i t y  shipments 
NS = package type no t  s p e c i f i e d  i n  

Reference 4. 

Table  4-6 

P r o b a b i l i t y  of Occurrence 

D e s c r i p t i o n  

No measurable release 

No s i g n i f i c a n t  release 

For f r a g i l e  packaging-- 
p a r t i a l  release of c o n t e n t s  

For f r a g i l e  packaging-- 
t o t a l  release of c o n t e n t s  

For s t u r d y  packaging (e.g. ,  
Type B) t o t a l  release of 
c o n t e n t s  

Release F r a c t i o n s  
by Package Type (RFij - ) 

L S’A - Fi A B 

0.710 0 0 0 

0.232 0.01 0 0.01 

0.045 0.1 0.01 0.1 

0.010 1.0 0.1 1.0 

0.0018 1.0 1.0 1.0 

0.0007 1 1.0 1.0 1.0 

5 . 5 ~ 1 0 - ~  1.0 1.0 1.0 

9 . 7 ~ 1 0 - ~  1.0 1.0 1.0 
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Table 4-7 

Summary of Causes of Cask Incidents 

Cause 
Impact limiters not properly 

Higher external radiation readings 

Closure bolts not properly torqued 

Missing closure bolts 
Closure seal leaking* 

Vent valve not closed 
TOTAL 

installed 

than permitted 

No. of Incidents 

1 

5 

6 

1 

1 
2 

16 
- 

*This was the only recorded case where a release to the 
environment was documented. 

Table 4-8 

Levels of Contamination in Cask Coolant 

Transport 
Situation 

"Normal" 

b "Maximum Con- 
tamina tion" 

a Level of 
Contamination Source of Total Quantity 
(pCi/ml) Contamination of Material (Ci) 

0.1 Dissolved "crud" material 0.042 
and cesium leached from 
perforated fuel rods 

3 . 0  Dissolved "crud" material 1.25 
and abnormal levels of 
cesium from additional 
perforated fuel rods 

a This calculation assumes 4.18~10' cm" of coolant, characteristic of the 
NFS-4 or NAC-1 truck cask. 

bThis level occurred in 1 shipment out of 800. 
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In order to apply the METRAN model to human errors involving the special case of 
spent fuel casks, release fractions and fractional occurrences must be deter- 
mined. Information from Table 4-7 reveals that in 94% of the incidents, no 
release to the environment occurred. The information from Reference 5 is used to 
subdivide the remaining 6.25% (1 incident out of 16) between categories of nomi- 
nal release to the environment and a maximum release to the environment. This 
information is also summarized in Table 4-9. 

Table 4-9 

Fractional Occurrences and Release Fractions for 
Human ErrorsICask Incidents 

Release 
Occurrence Fractional Fractions 
Categories Description Occurrences of CO-60 

A No release to environment 0.94 0 

B Minimum release 

C Maximum release 

0.06 0.034 

7.8~1 0-5 1 

For the cask exposure case, it is assumed that a human error or deviation from QA 
practices would not create the kinds of forces necessary to cause a circumferen- 
tial crack in the cask wall (this i s  the assumption used in the accident release 
fraction determination). Thus the release fractions for all severities for cask 
exposure are set to zero. 

4.5 Environmental Impacts of Human Errors or Deviations from Accepted 
OA Practices 

Equation 1 contains a term Ci 
human error of severity i f o r  package Type j. Since the incident rates are only 
a function of package type, Cij may be expressed as follows: 

which represents the probability per year of a 
t j  

* E  C i j  = Fi 
j 

where 

( 4 )  

Fi = probability of occurren 2 of a human error or 
deviation from accepted quality assurance practices 
of severity i 

E = package type j incident rate 
j 

Table 4-10 summarizes the results of the application of the METRAN consequence 
code with the human error incident rates and occurrence probabilities replacing 
the similar accident-related parameters (accident rates, etc.). 
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Table 4-10 

Package-Type Con t r ibu t ions  t o  Expected Risk  Values fr8m 
Human E r r o r s  o r  Devia t ions  from Accepted QA P r a c t i c e s  

Package Type 

Ab 

Bb 

b Drum 

Cask' 

Expected Number of La ten t  Cancer 
F a t a l i t i e s  per  Shipment Year 

T i m e  of Day: 1200 1630 2400 

4. ~ x I O - ~  3 . 6 ~ 1 0 - ~  5 . 1 ~ 1 0 - ~  

2 . 4 ~ 1  0-5 1. 2x1 o - ~  3. g X i  o - ~  
1. oxlo+ l . l X l O +  1. 1x10-8 

1. 8x1 o - ~  1. 0-3 1 . 4 ~ 1  Oe3 

a Values are presented  only  f o r  expected number of l a t e n t  cancer  
f a t a l i t i e s  s i n c e  t h e  breakdown f o r  expected numbers of g e n e t i c  e f f e c t s  i s  
q u i t e  similar wi th  t o t a l s  of ~ . O X ~ O - ~  a t  1630 hour s ,  2 . 5 ~ 1 0 - ~  a t  
1200 hours ,  and Z X ~ O - ~  a t  2400 hours.  

bCalcula ted  us ing  DOT HMIR d a t a  f o r  i n c i d e n t  ra tes  ( s e e  S e c t i o n  4.3).  
C 1 

Calcu la t ed  us ing  d a t a  from Reference 5 ( s e e  S e c t i o n  4.4).  

A s  i n  t h e  a c c i d e n t  case, t h e r e  i s  only  a smal l  v a r i a t i o n  between t h e  t i m e  of day 
runs ;  t hus  a s i n g l e  set of v a l u e s  t o  estimate t h e  r a d i o l o g i c a l  r i s k  i s  used. 
S p e c i f i c a l l y ,  t h e  t i m e  1630 i s  chosen, w i th  a 4-m/s south  wind. For t h i s  set of 
d a t a ,  Tables  4-11 and 4-12 p r e s e n t  t h e  breakdown on t h e  b a s i s  of end use  and 
t r a n s p o r t  mode. 

R e s u l t s  of t h e  a n a l y s i s  are expressed  as t o t a l  expected h e a l t h  e f f e c t s  as i n  the  
v e h i c u l a r  a c c i d e n t  case. Again, t h e  expected r i s k  v a l u e s  are per shipment y e a r ;  
however, i n  t h i s  i n s t a n c e  t h e  most meaningful  breakdown is  on t h e  b a s i s  of 
package type  

Major c o n t r i b u t i o n s  t o  t h e  t o t a l  expected r i s k  are from casks ,  Type A ,  and Type B 
packages. Examination of t h e  economic r i s k s  from human e r r o r s  o r  d e v i a t i o n s  from 
accepted  QA p r a c t i c e s  r e v e a l s  t h a t  t h e  major c o n t r i b u t o r s  t o  t h e  t o t a l  of $ 2 . 9 ~ 1 0 ~  
are medical-use shipments  (92%) and shipments  i n  Type A packages (75%), wi th  Type B 
packages c o n t r i b u t i n g  an a d d i t i o n a l  18%. Shipments having a t  least  p a r t  of t h e i r  
t r a n s p o r t  by t r u c k  c o n s t i t u t e  99% of t h e  economic r i s k .  
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Table 4-11 

End-Use Category Con t r ibu t ions  t o  Expected Number of 
La ten t  Cancer Fa t a l i t i e s  from Human E r r o r s  

Expected Number of 

Med i ca l  a 1 . 3 ~ 1  0-5 

Indus t r i a l a  6.4x10+ 

1 . 4 ~ 1  o - ~  Fuel  Cycle 
a Waste 

-3 
TOTAL - 1 . 4 ~ 1 0  

End Use La ten t  Cancer F a t a l i t i e s  

b 

1.2xl o-8 

a 
Calcula ted  us ing  DOT HMIR d a t a  f o r  i n c i d e n t  r a t e s  ( s e e  

S e c t i o n  4.3). 

Sec t ion  4.4). 
bCalcula ted  us ing  DOT HMIR d a t a  from Reference 5 ( see  

Table  4-12 

Transport-Mode Con t r ibu t ions  t o  Expected Number of  
La ten t  Cancer F a t a l i t i e s  from Human E r r o r s  

Expected Number of 
Transpor t  Mode La ten t  Cancer F a t a l i t i e s  

Trucka 1 . 4 ~ 1  f 3  
3 . 5 ~ 1  0-8 A i r  

A i r  and t r u c k  b 7.7x10+ 

2 . 7 ~ 1 0 - ~  Barge 

b 

b 

a 
Ca lcu la t ed  u s i n g  DOT HMIR d a t a  f o r  i n c i d e n t  rates 

(see S e c t i o n  4.3).  

S e c t i o n  4.4). 
bCalcula ted  us ing  d a t a  from Reference  5 ( s e e  

4 . 6  Summary 

C o n t r i b u t i o n s  t o  t o t a l  expec ?d r a d i o l o g i c  1 i k f r  m human e r r o r s  has  been 
eva lua ted  us ing  urban i n c i d e n t  rates by package type.  
are - 1 . 4 ~ 1 0 ~ ~  l a t e n t  cancer  f a t a l i t y  and - 2 ~ l O - ~  g e n e t i c  e f f e c t .  

Expected h e a l t h  e f f e c t s  
These r e s u l t s  
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I 

are obtained using the accident consequence portion of METRAN and represent a 
conservative estimate of the effects of human errors, since it is assumed that 
the error results in release and dispersal of materials in a manner similar to a 
vehicular accident, i.e., release fractions and aerosol fractions are assumed in 
most cases to be the same as in the accident analysis. In reality, the aerosol 
fractions (and possibly release fractions) would probably be smaller than esti- 
mated, but in the absence of better data, the conservative assumptions have been 
utilized. As mentioned earlier, human errors resulting in accidents are not 
included in this analysis. Although there are possible synergisms that would 
connect the human error with a vehicular accident, the two were considered 
separable for this treatment. The results should be interpreted carefully since 
the source of the initial data for the determination of incident rates were 
vastly different. 

e 

NOTES 

'49CFR171.15. 

210CFR7 1.61. 

3U. S. Nuclear Regulatory Commission, Summary Report of the State Surveillance 
Program on the Transportation of Radioactive Materials, NUREG-0393, Washington: 
USNRC, March 1978. 

4 B ~ L - 1  972 

5Battelle Pacific Northwest Laboratories, An Assessment of the Risk of 
Transporting Spent Nuclear Fuel By Truck, PNL-2588, Richland, WA: PNL, November 
1978. 

6Personal communication from K. Eger, General Electric, Morris, Illinois, 25 
June 1979. 

7WASH- 1 2 3 8. 
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5 

SABOTAGE, SECURITY, AND SAFEGUARDS IN LJRBAN TRANSPORT 

5.1 Introduction 

A s  a result of the continued growth of the nuclear industry, the level of pu'blic 
concern about the safety and physical security of nuclear materials in transit has 
increased. A significant portion of this concern is engendered by the world-wide 
increase in terrorist activity, 1-4 together with the possibility that nuclear mate- 
rials and facilities may become the targets of such  attack^.^ Such public con- 
cern has led to studies on possible threats to the nuclear industry7 and evalua- 

8 9  tions of the environmental impacts of the transportation of nuclear materials. 
Therefore, although there appear to be no documented incidents of sabotage to 
nuclear materials in transit, the question must be addressed. Sabotage involves 
human motivations and the probability of human actions which are unquantifiable 
with our present knowledge. Thus, in order to examine the impact of sabotage, this 
study assumes that a sabotage attempt is made and that it is successful. In addi- 
tion, it is assumed that the intent of the adversary is to inflict public harm 
(both radiologic and economic) either by dispersal of radioactive material or 
direct radiation exposure. Other actions, e.g., theft for ransom, are certainly 
possible, but they would not have the immediate effects of a dispersal. Various 
shipments are analyzed from this viewpoint as possible targets. Assuming an attack 
which leads to a release of radioactive materials, estimates of the consequences of 
postulated radioactive releases from these shipments are made using the consequence 
model developed for the safety portion of this study. 

At the time this study was initiated, spent fuel, low enriched fresh fuel, radio- 
graphy sources, and radiopharmaceuticals were not subject to safeguards require- 
ments during transit. Subsequently, the NRC published interim rules requiring 
certain safeguards for spent fuel. The effect of these interim requirements has 
not been addressed in this study, primarily because treating such a situation from 
a risk viewpoint would require knowledge (or an estimate) of the probability of an 
adversary attack against spent fuel and knowledge of adversary capabilities. This 
information is not .available'and any such estimates would have considerable uncer- 
tainty. Therefore, for purposes of this study, spent fuel is considered without 
safeguards. The study considers the nature of the shipments, the quantity of  
radioactivity per shipment, and material dispersibility and toxicity, as well as 
the access to the shipment that a potential adversary might have in the urban 
environment (Sections 5.2 and 5.3). The public consequences of a successful direct 
sabotage or theft (with ultimate dispersal) are estimated in Section 5.4. Special 
characteristics of the urban area are included in the analysis, namely (1) the high 
population densities with attendant heavy vehicular and pedestrian traffic densi- 
ties, (2) large diurnal variation in population, numbers of vehicles, and pedestri- 
ans, and ( 3 )  the effect of high-rise buildings on the dispersal of radioactive 
material and the radiation shielding of occupants afforded by such buildings. 
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For radioactive material shipments subject to safeguards (special nuclear materials 
(SNM), such as plutonium, uranium-233 (U-233), or uranium enriched to greater than 
20% in U-235 and, now, spent fuel), the impact of the urban environment on the 
function of the safeguards system is discussed. In particular, attention is 
directed toward the response times, capabilities, and tactics of law enforcement 
agencies, and how these may be affected by the increased population and traffic 
densities associated with an urban area. The potential consequences of theft of 
such materials with the intent of manufacturing nuclear explosive devices has been 
treated elsewhere and is not included in this study. - 
5.2 Potential Modes of Sabotage 

It is possible to divide the various types of shipments and related packaging in 
use in the nuclear industry into two broad classes based upon the degree of 
resistance they offer to unauthorized penetration. One group includes the large 
packages (usually casks) that are used for material such as spent fuel and large 
teletherapy sources. Special tools and heavy equipment are normally required to 
handle and open these packages; therefore, unauthorized penetration will require 
energy-intensive techniques such as explosives. The second group includes packages 
which contain low-level sources. Many of these packages can be opened with simple 
hand tools or even, in some instances, without tools. Because the contained 
material has low levels of radioactivity, there is litle hazard to the public. 
This is discussed further in a later section. 

The packages (casks) which require energy-intensive methods for unauthorized 
penetration also contain the largest amounts of radioactive material and thus 
provide the greatest potential for public harm. Therefore, it i s  appropriate to 
consider further some of the potential methods of sabotage that might be employed 
against these packages 

5.2.1 Explosives 

To avoid providing potential adversaries with a "cookbook" of methods, much of the 
ensuing discussion is qualitative and may appear subjective. However, the 
discussion is based on more quantitative analyses. High explosives are available 
commercially in a variety of chemical and physical forms. However, for this study, 
the exact form of the explosive is not of as much interest as the manner in which 
the explosives might be used. For purposes of this study, high-explosive attacks 
sufficient to cause a release of material are categorized as (1) airblast, (2) 
contact or breaching charges, (3) shaped charges, and ( 4 )  platter charges. Each of 
these methods is discussed in the following paragraphs. A variety of hand-held, 
antitank-type weapons might puncture a package but not cause a rupture sufficient 
to release a large amount of the contents. 

Air bla s t 

In a sabotage attack involving airblast, a high-explosive charge would be posi- 
tioned close to a package and detonated, employing the resulting air shock wave to 
disrupt package integrity. The inherent strength and massive nature of large 
packages, such as shipping casks, suggest that the amount of high explosive would 
have to be large. There are some precedents for terrorist use of relatively large 
amounts of high explosive, such as the attack on the University of Wisconsin in 
1970, which involved approximately 770 kg of a fertiliz'er-fuel oil mixture. l o  Gen- 
erally speaking, terrorist activities have not involved such large amounts of high 
explosives. Nevertheless, such a mixture may be attractive to an adversary because 
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the components can be obtained and the explosive prepared without revealing to 
suppliers the end purpose. 11 

There are some constraints on the use of airblast that reduce its effectiveness and 
attractiveness from an adversary's point of view. First, the readily available 
explosives are bulky. For example, several tonnes of fertilizer-fuel oil mixture 
occupy several cubic metres and would require truck transport. Second, the quan- 
tity of high explosive involved would necessitate that the adversary place the 
charge and then move to a safe distance before detonation. The airblast overpres- 
sures can cause personnel and property damage at considerable distances (hundreds 
of metres for tonnes of high explosive) so moving to a safe distance would reduce 
the adversary's control over the situation. Third, use of airblast would require 
that the target (truck or railcar) be detained within range of the blast, or that 
the charge be prepositioned with assurance that the target would pass close by. 
This would also require that the firing system be sufficiently sophisticated to 
insure charge detonation at the appropriate time. 

In summary, although airblast is straightforward for an adversary to employ, the 
practical constraints and target characteristics discussed above decrease the like- 
lihood of success if employed against large radioactive material packages. 

Breaching Charges 

In a sabotage attempt involving breaching charges, high explosives would be placed 
in direct contact with a package and detonated. 
high explosives to breach large concrete structures.12 
would be coupled directly into the package, possibly leading to fracture, spalla- 
tion, and rupture. Here, as with airblast, the strength and massive nature of the 
large packages would necessitate the use of significant quantities of explosives. 
It is generally conceded that explosives useful in this type of attack are availa- 
ble "on the street'' in quantities such that an adversary could acquire the neces- 
sary explosives without contacting government agencies controlling the sale of such 
material. 

This is analogous to the use o f  
The energy of the charge 

With this method of attack it would be necessary for the adversary to gain access 
to the shipment so that the charge could be placed. With sufficient preparation 
(knowledge of routes, type of package to be attacked, materials of construction, 
etc.), a small group could presumably complete such an attack in a short time. 
Access could be achieved while the truck is parked in a terminal or rest stop. 
Alternatively, the truck could be hijacked and then driven to some point where the 
sabotage would cause the desired public harm. 
sives required is large enough so that the adversary would have to leave the imme- 
diate area before detonation, the use of simple time-delay fuses would be suffi- 
cient to permit the adversary to accomplish the attack because the high explosive 
is in contact with the surface. 

Although the amount of high explo- 

As with airblast attack, there are some inherent constraints which will affect the 
adversary's success. The weight of high explosives required makes it unlikely that 
"hit and run" tactics would be successful if employed. A potential alternative is 
the theft or hijacking of the truck, the installation of explosives at some hidden 
or remote location, followed by detonation and release at some predetermined point. 
Such a scheme also has inherent constraints. For instance, although mobile, a 
truck with a large radioactive material cask is quite distinct and would be quite 
obvious unless it were hidden or camouflaged in some manner. Also, movement of 
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hazardous cargo  of any type ,  a l though i t  may not  be guarded per s c ,  i s  f r e q u e n t l y  
coord ina ted  wi th  l a w  enforcement agencies .  It is  u n l i k e l y  t h a t  a t h e f t  o r  
h i j a c k i n g  would go undetec ted  f o r  a s i g n i f i c a n t  per iod  of t i m e .  Furthermore,  a 
number of t h e  t r u c k  systems are over  l e g a l  roadway weight l i m i t s ,  and, t h e r e f o r e ,  
t h e i r  r o u t e s  a r e  c a r e f u l l y  planned and coord ina ted ,  i nc lud ing  i n  many i n s t a n c e s  
requi rements  f o r  some type of e s c o r t  v e h i c l e  o r  movement only  du r ing  s p e c i f i e d  
hours.  A l l  of t h e s e  se rve  t o  compl ica te  t h e  h i j a c k i n g  of a t r u c k  shipment.  

Because casks  designed f o r  r a i l  shipment are t h e  most massive,  t h e  weight of explo- 
s i v e  r equ i r ed  t o  breach them i s  q u i t e  l a r g e .  This  nega te s  t h e  p o s s i b i l i t y  of a n  
a t t a c k  on f o o t  ( i .e. ,  whi le  t h e  shipment i s  i n  a r a i l  ya rd ) .  S i m i l a r l y ,  an a t t empt  
t o  p l a c e  e x p l o s i v e s  whi le  t h e  t r a i n  w a s  h a l t e d  by an  o b s t r u c t i o n  o r  s imilar  means 
would appear  t o  r e q u i r e  a reasonably  s i z e d ,  w e l l  t r a i n e d  group. Because t h e  loca-  
t i o n  of t h e  release would be d i f f i c u l t  f o r  an  adve r sa ry  t o  c o n t r o l  ( d i c t a t e d  more 
by access than  a v a i l a b i l i t y  of pub l i c  t o  i n t i m i d a t e  o r  harm), and t h e  e f f o r t  t o  
accomplish sabotage  e x t e n s i v e ,  t h e  use  of breaching charges  a g a i n s t  r a i l  packages 
would seem u n a t t r a c t i v e  f o r  an adve r sa ry  i n t e n t  upon maximizing pub l i c  harm. 

Therefore ,  a t t a c k s  wi th  breaching charges  a g a i n s t  truck-mounted packages appear  
p o s s i b l e ,  a l t hough  l o g i s t i c a l  and o t h e r  c o n s t r a i n t s  may reduce t h e i r  a t t r a c t i v e n e s s  
t o  an  adversary .  Success fu l  a t t a c k s  a g a i n s t  t h e  ve ry  massive r a i l  packages a re  
cons idered  beyond t h e  c a p a b i l i t i e s  of small groups. 

Shaped Charges 

I n  t h i s  type of a t t a c k ,  s p e c i a l l y  shaped h igh  exp los ives  are placed on t h e  package 
and de tona ted .  A high-temperature ,  high-pressure j e t  from t h e  shaped charge  
punches a hole  i n t o  and through t h e  material. 
which must be p laced  i n  d i r e c t  c o n t a c t  w i th  t h e  t a r g e t ,  shaped charges  have s tand-  
o f f  requi rements  which are a f u n c t i o n  of t a r g e t  t h i ckness  and t h e  charge weight and 
geometry.12 l 3  l4 
presumably be s t o l e n  by an  adversary .  Also, w i th  t h e  in fo rma t ion  a v a i l a b l e  i n  t h e  
o p e n . l i t e r a t u r e  i t  would be p o s s i b l e  f o r  a moderately s k i l l e d  e x p l o s i v e s  hand le r  t o  
f a b r i c a t e  a rudimentary shaped charge.  

I n  c o n t r a s t  t o  breaching  cha rges ,  

Shaped charges  have been f a b r i c a t e d  f o r  t h e  m i l i t a r y  and could  

A s  wi th  breaching  charges ,  i t  would be necessary  f o r  t h e  adve r sa ry  t o  g a i n  access 
t o  t h e  t a r g e t  t o  p l a c e  t h e  charge.  Again, s imple access could be ob ta ined  wh i l e  a 
t r u c k  is  parked i n  a t e rmina l  o r  rest s top .  However, use of shaped charges  would 
r e q u i r e  t h a t  t h e  a t t a c k e r  know t h e  d e s i g n  f e a t u r e s  of t h e  package i n  some d e t a i l  t o  
p rope r ly  p l ace  t h e  charge.  Thus, a l though  shaped charges  can be handled by one o r  
two men, t h e  " h i t  and run" t a c t i c  i s  no t  cons idered  a r ea l i s t i c  way t o  i n i t i a t e  a 
release from a l a r g e  r a d i o a c t i v e  material cask. 
h i j a c k i n g  of t h e  t r u c k  fol lowed by exp los ive  i n s t a l l a t i o n  would perhaps be easier 
f o r  t h e  adversary .  Therefore ,  t h e  c o n s t r a i n t s  ( t r u c k  v i s i b i l i t y ,  p rear ranged  
r o u t e s ,  hazardous cargo  e s c o r t ,  e t c . )  d i scussed  under breaching  charges  a l s o  app ly  
here .  

A s  w i th  t h e  breaching charge ,  

For railcar casks ,  an a t t a c k  wi th  shaped charges  i s  p o s s i b l e  s i n c e  t h e  r e q u i s i t e  
materials can be c a r r i e d  by men on f o o t .  However, t h e  requirement  t o  modify t h e  
t a r g e t  t o  i n s u r e  e f f e c t i v e  charge placement i s  more s i g n i f i c a n t  wi th  t h e s e  l a r g e r  
packages than  those  t h a t  are t r u c k  mounted. Therefore ,  t h e  adve r sa ry  would have t o  
have some unobserved and u n i n t e r r u p t e d  time before  t h e  t a r g e t  was moved (assuming 
it  i s  on a s i d i n g  or i n  t h e  ya rd )  o r  a way t o  c o n t r o l  t h e  movement. Here a g a i n ,  
t h e  release l o c a t i o n  i s  no t  r e a d i l y  c o n t r o l l a b l e  by t h e  adve r sa ry  wi thout  an  e f f o r t  
i nvo lv ing  t h e  takeover  of some r a i l  f a c i l i t i e s .  / 
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Although it appears that an attack using shaped charges might conceivably be 
attempted against either truck- or rail-mounted shipping containers, the uncer- 
tainties in cask design and charge placement facing the adversary decrease his 
likelihood of success. 

Platter Charges 

In this attack, a flat steel plate becomes a blunt projectile under the action of a 
driving explosive. In such an attack, it is not necessary that the adversary have 
direct access to the target, although he does have t o  get reasonably close. 
cause the plate is simply driven by high explosive, it is not precisely aimable in 
the sense that an artillery weapon i s  aimed. 
with practice, a demolitionist can hit a target the size of a 55-gallon drum about 
20% of the time at a range of 2 3  metres using a 1 to 3 kg projectile. The massive- 
ness of the large packages discussed earlier suggests that very heavy platters 
would be required. 

Be- 

However, it has been stated12 that 

Considering the characteristics of platter charges, if an adversary were to attempt 
an "ambush" type of attack, he would have to know the physical dimensions of the 
target and have a means to insure that it passed within range of the charge. 
Because the platter charge is uncontained, any support system for the explosive 
(truck, for example) would be destroyed on detonation. Therefore, the adversary 
would have to have a firing system that enables him to operate from a safe 
distance. Uncertainties in target position and platter performance lead to the 
conclusion that such attacks would not be attractive to a potential adversary. 

5.2.2 Mechanical 

Some energy-intensive techniques that might be employed in an attempt to penetrate 
massive casks may be described as mechanical instead of explosive. 
instances, the employment of a mechanical technique requires that an operator be 
close by: for example, gas cutting torches, power saws, burn bars, etc.* Although 
an adversary might attempt to use such devices, it is clear that for those packages 
which contain sufficient gamma-emitting radioactive material to pose a threat to 
the public, doing so would put him in considerable danger should he successfully 
penetrate the package. The levels of external penetrating radiation in close prox- 
imity t o  unshielded spent fuel, for example, can lead to fatal doses in seconds. 
Thus, it appears that the "hands-on" mechanical techniques would be unattractive to 
any adversary. 

In most 

There have also been suggestions that a release from a stolen cask could be ini- 
tiated by deliberate accidents: 
drop on the roadway below, crashing it into a bridge or overpass abutment, or 
initiating similar accident-like events. 
spent fuel packages in accident situations have demonstrated that such an a 
is unlikely to result in releasing radioactive material to the environment. 
Other large packages are designed to resist the same accident environments. 

for example, running it from a highway overpass to 

Recent tests on the survivability of 
roach 
-18 *;\ Pg 

*The study assumes that an adversary intent upon dispersal does not have 
sophisticated, radiation-shielded, remote handling equipment. 

**Initial reports including photographs of test casks are also included in 
Nuclear News, Vol. 20, Nos. 3 ,  4 ,  9 ,  and 14, 1977. 
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Another accident-like sabotage event that has been suggested is to run a package 
off a bridge into a river or lake. Because of the impact resistance demonstrated 
in the referenced crash tests, simply dropping a package into water is unlikely to 
cause release. Furthermore, packages are designed to withstand at least 170 kilo- 
pascals external pressure, so submergence into water 15  to 18  metres deep will have 
no effect. Other analyses suggest that seals will maintain their integrity to even 
greater depths. 9 

5.2.3 Summary of Possible Attacks 

Possible attacks against large radioactive material casks have been discussed, and 
some factors affecting the likelihood of success of such attacks have been outlined 
in a qualitative way, but there has been no attempt here to quantify that likeli- 
hood. It is assumed in later sections that an adversary successfully sabotages a 
radioactive material package. 
the amount and form of the radioactive material that might be released. Impacts of 
such releases are then estimated using consequence models. This underlying assump- 
tion must be kept in mind when interpreting the results. 

Based on that assumption, consideration is given to 

5.3 Nonsafeguarded Shipments, Potential Adversary Actions, and Release Fractions 

The shipments of radioactive materials that are currently unprotected may be con- 
veniently grouped into seven categories for purposes of this analysis. These are 

1. Irradiated or spent fuel from reactors using low enrichment uranium* 
2. Nonfissile isotopes (large sources) 

3. Nonfissile isotopes (small sources) 
4. Less than strategic quantities of SNM 

5. Radiopharmaceuticals 
6 .  Low-level wastes 

7. Low enriched uranium 

These sources are listed in order of decreasing curie level per package, with the 
last three being nearly comparable. High-level waste is not considered here for 
several reasons. One, such waste is not currently being shipped. Two, because 
commercial spent fuel reprocessing has been deferred, the physical form and 
radionuclide content of any resultant high-level waste have not been completely 
defined. Three, shipping containers for high-level waste are only in the 
conceptual design stage. All of these facts combine to make any attempt at a 
sabotage analysis of this material speculative at best. Each of the seven groups 
is considered in further detail below, first in terms of potential adversary 
actions, next in terms of potential releases, and finally in terms of estimated 
consequences (Section 5 . 4 ) .  

*As noted earlier, this was the situation at the initiation of this study, and 
no attempt is made here to examine the effectiveness of the interim NRC rules re- 
garding spent fuel. 
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5.3.1 P o t e n t i a l  Adversary Act ions 

For each ca t egory  of shipment ,  p o t e n t i a l  adve r sa ry  ac t ions  are discussed consid- 
e r i n g  package c o n t e n t s  and s t r u c t u r e .  

I r r a d i a t e d  (Spent )  Fue l  

Shipments of spen t  f u e l  from l igh t -wa te r  r e a c t o r s  us ing  low en r i ched  uranium repre-  
s e n t  t h e  l a r g e s t  s i n g l e  source  of r a d i o a c t i v i t y  r o u t i n e l y  shipped.  
f u e l  element may con ta in  i n  excess  of l o 6  c u r i e s  of r a d i o a c t i v i t y  even a f t e r  
120-150 days coo l ing  t i m e  a t  t h e  r e a c t o r  s i te .  
sou rce  because under e x i s t i n g  c o n d i t i o n s ,  i t  is  u n l i k e l y  t h a t  f u e l  w i th  less  cool- 
i n g  t i m e  would be shipped. To 
an  adve r sa ry  i n t e n t  upon p u b l i c  h a r m  by d i s p e r s a l  of r a d i o a c t i v e  m a t e r i a l  o r  d i r e c t  
r a d i a t i o n  exposure,  t h i s  l e v e l  of r a d i o a c t i v i t y  may r e p r e s e n t  a n  a t t r a c t i v e  t a r g e t  
f o r  sabotage  o r  t h e f t  f o r  l a te r  d i s p e r s a l . *  

A s i n g l e  s p e n t  

Fuel  t h i s  age  was s e l e c t e d  a s  t h e  

I n  f a c t ,  most shipments w i l l  be of much o l d e r  f u e l .  

However, t h e  very  r a d i o a c t i v i t y  t h a t  makes spen t  f u e l  an  a t t r a c t i v e  t a r g e t  a l s o  
s e r v e s  t o  enhance shipment r e s i s t a n c e  t o  adve r sa ry  a t t a c k .  Because of i t s  h igh  
r a d i a t i o n  l e v e l ,  spen t  f u e l  r e q u i r e s  cons ide rab le  s h i e l d i n g  f o r  s a f e  hand l ing ,  
which l e a d s  t o  ve ry  massive,  and t h e r e f o r e  d u r a b l e ,  sh ipp ing  casks.  These casks  
weigh from 23 t o  91  tonnes depending upon t h e  number of e lements  t o  be c a r r i e d  and 
t h e  t r a n s p o r t  mode ( t r u c k  o r  r a i l ) .  Wall c o n s t r u c t i o n  of t h e s e  casks  may i n c l u d e  
s t a i n l e s s  s tee l  a long  wi th  l e a d  and/or  dep le t ed  uranium. Many of t h e  newer d e s i g n s  
a l s o  i n c l u d e  a bora ted  water j a c k e t  f o r  s h i e l d i n g  purposes.  

Access t o  shipments  of spent  f u e l  would be p o s s i b l e  f o r  a n  adve r sa ry  i n t e n t  upon 
sabo tage  or  t h e f t .  Truck shipments a long  t h e  normal road system could be reached 
a t  rest and/or  r e f u e l i n g  s t o p s  by fo l lowing  t h e  t r u c k  o r  by c o l l u s i o n  wi th  t h e  
d r i v e r .  T r a f f i c  t i e -ups  could be caused which might s t o p  t h e  shipment and permit  
access. Of cour se ,  i n  t h e  l a t t e r  i n s t a n c e  t h e  adve r sa ry  runs  t h e  r i s k  of having  
h i s  own p rogres s  impeded by t r a f f i c .  I f  t h e  shipment t r a v e l s  on urban thorough- 
f a r e s ,  normal t r a f f i c  c o n t r o l  could cause  s t o p s  and g i v e  a n  adve r sa ry  a n  oppor- 
t u n i t y  t o  approach t h e  t ruck .  This  could be a p o s s i b l e  a l t e r n a t i v e ,  e s p e c i a l l y  i f  
t h e f t  of t h e  spen t  f u e l  were t h e  in ten t .**  R a i l  shipments could  be reached e n r o u t e  
if t h e  adve r sa ry  had knowledge of the r o u t e  and used vehicles or  sabotage  t o  b lock  
r a i l  c ros s ings .  
however, t h i s  would reduce t h e  o p t i o n s  a v a i l a b l e  t o  t h e  adve r sa ry  s i n c e  i t  gener- 
a l l y  would r e q u i r e  him t o  move on f o o t .  Therefore ,  a l though  t r u c k  shipments  are  
cons ide red  a c c e s s i b l e ,  r a i l  shipments are only  a c c e s s i b l e  wi th  d i f f i c u l t y .  

R a i l c a r s  could be reached i n  t h e  ya rds  du r ing  t r a i n  makeup; 

The mass iveness  of t h e  spen t  f u e l  ca sk  and t h e  type  of access a v a i l a b l e  t o  a n  
adve r sa ry  l i m i t  t o  a c o n s i d e r a b l e  degree  t h e  sabotage  schemes t h a t  could be em- 
ployed. The casks  are q u i t e  i n v u l n e r a b l e  t o  small-arms f i r e  o r  small e x p l o s i v e  
charges .  The re fo re ,  even though such i tems are possessed by d i s s i d e n t  groups ,  a 
s u c c e s s f u l  a t t a c k  appears  un l ike ly .  
s a b o t e u r  is fo rced  to cons ide r  o t h e r  a l t e r n a t i v e s .  Any a t t empt  t o  open t h e  cask  
and mechanica l ly  d i s p e r s e  t h e  f u e l  poses  s i g n i f i c a n t  problems. The casks  

I f  t h e  i n t e n t  i s  d i s p e r s a l ,  t h e  p o t e n t i a l  

*Theft  w i th  t h e  i n t e n t  t o  p rocess  spen t  f u e l  t o  recover  nuc lea r  weapon material 
i s  beyond t h e  scope of t h i s  s tudy  and i s  no t  examined here .  
disagreement  as t o  t h e  t e c h n i c a l  c a p a b i l i t i e s  r equ i r ed  t o  accomplish such repro-  
c e s s i n g  . 

In  a d d i t i o n ,  t h e r e  i s  

5 1 9  

**Again, t h e  i n t e r i m  r u l e s  r ega rd ing  spent  f u e l  are not  cons idered  here .  
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r e q u i r e  heavy-duty handl ing  equipment (overhead c r a n e s ,  e t c . )  and, i n  some in -  
s t a n c e s ,  s p e c i a l  t o o l s  t o  open the  c l o s u r e  system. I f  t h e  cask were s u c c e s s f u l l y  
opened, t h e  adve r sa ry  would have t o  contend wi th  an  i n t e n s e  r a d i a t i o n  f i e l d  w h i l e  
a t t empt ing  t o  remove f u e l  from the  cask. Thus, s u c c e s s f u l  d i s p e r s i o n  by s imple 
mechanical  means i s  u n l i k e l y .  

With t h e s e  c o n s i d e r a t i o n s  i n  mind, i t  is  concluded t h a t  an a t t empt  t o  cause a 
release wi th  s i g n i f i c a n t  pub l i c  impact w i l l  n e c e s s a r i l y  invo lve  an  a t t a c k  w i t h  
e x p l o s i v e  cha rges ,  as desc r ibed  i n  S e c t i o n  5.2.1. 

N o n f i s s i l e  I s o t o p e s  (Large Sources)  

Some shipments  (10' t o  l o 6  c u r i e s )  of n o n f i s s i l e  i s o t o p e s  p re sen t  a source  of 
r a d i o a c t i v e  m a t e r i a l  t h a t ,  on a curie-per-shipment b a s i s ,  may be only  s l i g h t l y  less 
than  t h a t  f o r  spen t  f u e l  shipments.  Therefore ,  l i k e  spen t  f u e l ,  such shipments may 
appear  t o  be a n  a t t r a c t i v e  t a r g e t  t o  an  adve r sa ry  i n t e n t  upon crea t img p u b l i c  harm 
by d i s p e r s a l  o r  d i r e c t  r a d i a t i o n  exposure.  
a c t i v i t y  t h a t  may make it an a t t r a c t i v e  t a r g e t  f o r  caus ing  p u b l i c  harm s e r v e s  t o  
enhance r e s i s t a n c e  t o  a t t a c k .  Large shipments of gamma-emitting sources  r e q u i r e  
cons ide rab le  s h i e l d i n g  f o r  s a f e  handl ing .  This  i n  t u r n  l e a d s  t o  massive,  and 
t h e r e f o r e  d u r a b l e ,  sh ipp ing  con ta ine r s .  
d reds  of k i lograms t o  t e n s  of tonnes depending upon t h e  amount of material t o  be 
shipped.  These c o n t a i n e r s  are designed t o  m e e t  DOT and NRC requi rements  f o r  Type B 
o r  l a r g e - q u a n t i t y  packages. Typ ica l ly ,  t h e s e  c o n t a i n e r s  w i l l  have a l e a d  o r  de- 
p l e t e d  uranium s h i e l d  m a t e r i a l  between an inne r  and o u t e r  l a y e r  of s t a i n l e s s  s teel .  

For tuna te ly ,  t h e  ve ry  l e v e l  of radio-  

Such c o n t a i n e r s  o r  casks weigh from hun- 

The sabotage  p o t e n t i a l  of t h e s e  c o n t a i n e r s  i s  q u i t e  s imilar  t o  t h a t  f o r  spen t  f u e l  
ca sks .  Because t h e s e  c o n t a i n e r s  move i n  i n t e r s t a t e  commerce, an adve r sa ry  i n t e n t  
upon sabotage  o r  t h e f t  can conce ivably  g a i n  access. Truck shipments  can be reached 
i n  r e s t l r e f u e l i n g  s t o p s  o r  t r u c k  t e r m i n a l s ,  o r  through d r i v e r  c o l l u s i o n .  T r a f f i c  
t i e -ups  could be caused which would s t o p  t h e  shipment and permit  access. I f  t h e  
c o n t a i n e r  were being moved t o  an i n d u s t r i a l  o r  medical  c e n t e r ,  normal t r a f f i c  
c o n t r o l  could cause  s t o p s  t h a t  would permit  an  adve r sa ry  t o  approach t h e  v e h i c l e .  
Rail shipments  could a l s o  be reached i f  t h e  adve r sa ry  had knowledge of t h e  shipment 
r o u t i n g ,  a l though access t o  r a i l  ya rds ,  t r a n s f e r  p o i n t s ,  etc.  could  be more 
d i f f i c u l t  t han  access t o  motor f r e i g h t  f a c i l i t i e s .  For example, a c o n t a i n e r  i n  a 
ra i l  yard may w e l l  be a c c e s s i b l e  only  on f o o t .  

The massiveness  of t h e s e  c o n t a i n e r s ,  which i n c r e a s e s  as t h e  q u a n t i t y  of material 
i n c r e a s e s ,  and t h e  l i m i t e d  access a v a i l a b l e  t o  a p o t e n t i a l  adve r sa ry  l i m i t  h i s  
choice  of a t t a c k  schemes. I f  t h e  i n t e n t  i s  d i s p e r s a l ,  t h e  adve r sa ry  has some 
a l t e r n a t i v e s ,  a l though  they  a l l  p re sen t  an  a s s o c i a t e d  hazard.  Any c o n t a i n e r  w i t h  
s h i e l d i n g  t h i c k n e s s e s  s u f f i c i e n t  f o r  more than a few hundred c u r i e s  of a gamma 
emitter w i l l  be i n v u l n e r a b l e  t o  small arms f i r e  and a t t a c k s  invo lv ing  small amounts 
of h igh  exp los ive .  I f  t h e  adversary  cons ide r s  opening t h e  c o n t a i n e r  he f a c e s  addi -  
t i o n a l  problems. To move t h e  c o n t a i n e r s  o r  open t h e i r  c l o s u r e s  w i l l  r e q u i r e  some 
type  of mechanical a s s i s t a n c e  ( f o r k  l i f t s ,  c r a n e s ,  e t c . )  s imply because of t h e  
weight of t h e  s h i e l d i n g .  I f  t h e  c o n t a i n e r  i s  opened, t h e  adve r sa ry  h a s - t o  contend 
wi th  an i n t e n s e  r a d i a t i o n  f i e l d  wh i l e  a t t empt ing  t o  remove t h e  con ten t s .  There- 
f o r e ,  d i s p e r s i o n  by mechanical  means w i l l  be ve ry  d i f f i c u l t  t o  achieve.  A d e l i b e r -  
a te  a c c i d e n t  ( c r a s h i n g  i n t o  an  abutment,  running of f  an overpass ,  etc.)  i s  no t  
l i k e l y  t o  produce any s i g n i f i c a n t  release of material because t h e  c o n t a i n e r s  a r e  
des igned  t o  r e t a i n  i n t e g r i t y  under j u s t  such cond i t ions .  Given t h e s e  f a c t o r s ,  t h e  
sabo teu r  i s  fo rced  t o  cons ide r  t h e  use  of exp los ive  charges  t o  cause  d i s p e r s a l .  
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The alternatives available to the adversary here are the high-explosive attacks 
presented in Section 5.2.1. 

Nonfissile Isotopes (Small Sources) 

Sources for radiography and well-logging are the principal concern in this group- 
ing. Radiography sources are usually gamma emitters (CO-60, Cs-137, Ir-192) doubly 
encapsulated in stainless steel. When new, radiography source strengths are typi- 
cally 100 curies or less.2o A well-logging source typically consists of a neutron 
source (Am-241/Be) of a few tens of curies, combined with a gamma source (Cs-137) 
of several curies. 2o 
Because of the double encapsulation, both types of sources are considered 
special form (essent ia l ly  nondispersible). 
saboteur a very attractive target. 
to spent fuel or the large nonfissile sources, the design of these sources is such 
that they will withstand considerable abuse without releasing their contents. 
Although the shipping containers could be stolen (in some instances they are small 
enough to be hand carried and even opened), the radiation field in close proximity 
to the unshielded source is sufficiently intense that adversaries could not handle 
the actual sources without some type of shielding and remote handling capability. 
If an adversary were to steal such sources with the intent to cause public harm by 
secreting the unshielded source in a public place, the potential effects would be 
extremely limited. 

These sources are also double-canned in stainless steel. 

Sources of these types do not offer a 
In addition to the low source strength compared 

Radiopharmaceuticals 

Radiopharmaceuticals are used in the diagnosis and treatment of disease. These 
products have two principal characteristics that make them unattractive targets 
for an adversary. First, these isotopes generally have relatively short half lives 
(a few days or less). Second, they are shipped with a few curies at most in a 
single package. 

Although theft of (or from) such a shipment is a possibility, it would be nearly 
impossible for an adversary to accumulate sufficient material to create any wide- 
spread hazard because the activity in some packages would be decaying while other 
packages w e r e  collected. Any dispersal of a single package would be sufficiently 
diluted that no significant hazard would be presented to the public. 

Less-than-Strategic Quantities of SNM 

Under existing regulations, limited quantities of SNM may be shipped without 
safeguards. This quantity is 5000 grams, determined from this formula: grams = 
(grams contained U-235) + 2.5x(grarns U-233 + grams plutonium).21 
were a single isotope, then it could be as much as 5 kilograms of U-235, or 2 kilo- 
grams of U-233 or plutonium.** None of these materials presents a significant 

If the shipment 

*Source material for radiopharmaceuticals (such as Mo-99) is shipped in sig- 
nificant curie quantities. 
subsection, entitled "Nonfissile Isotopes (Large Sources) ." 
a nuclear explosive is not addressed in this study. 

Multicurie shipments are considered in the earlier 

**As stated earlier, theft of material for purposes of producing or fabricating 
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direct radiation hazard because they are primarily alpha emitters and have low spe- 
cific activity compared to other isotopes. 22 

On the other hand, because these materials are alpha emitters they can pose a 
significant hazard if inhaled or absorbed through open wounds. For purposes of 
this investigation, absorption through open wounds is considered unlikely and is 
not addressed further. In addition, because plutonium has a much longer effective 
half life in the lung (between 200 and 500 days for f'u versus 100 days for U) and a 
much larger specific activity than uranium, only the misuse of plutonium is 
considered here. 

At the present time, plutonium is shipped primarily as plutonium dioxide (powder or 
pellets) in Type B packaging. A recent survey indicates that some 88% of the 
shipments that involve less than 2 kg of plutonium are actually quantities less 
than 100 grams.23 
between 1 and 100 grams. The bulk of these shipments is by contract or common 
carrier. Because these materials move on interstate carriers, it must be presumed 
that a determined adversary could gain access at some point in the transportation 
cycle, for example, truck terminals, rest stops, etc. Because of the Type B 
packaging, it is unlikely that deliberate accidents (crashes into bridge abutments, 
etc.) would successfully release any significant quantities of these materials. 
Likewise, because it may be only part of a shipment inventory, direct explosive 
attack would not guarantee the adversary a successful dispersal. For an adversary 
intent upon public harm, the most attractive scheme appears to be theft of one or 
more packages followed by dispersal at some later time and location. 

About 37% of the shipments (65% of the packages) involve amounts 

Low-Level Wastes 

Low-level wastes include the byproducts of various operations with radioactive 
materials. Such wastes include soft materials such as contaminated paper, 
clothing, rags, etc. These soft materials are usually compacted and placed in 
55-gallon drums for shipment to disposal sites. An individual drum may weigh over 
100 kg and contain up to a curie of activation and fission products. Liquid 
wastes--for example, contaminated resins and sludges--are dewatered, mixed with 
solidifying agents (frequently concrete), and placed in 55-gallon drums. These 
drums usually contain less than 20 curies total activity, although some small frac- 
tion may contain as much as 100 curies. The former are shipped in Type A packages, 
while the latter are shipped in Type B. 

In all cases above, when the material is in the transportation sector, it is a 
solid inside at least a 55-gallon drum. The total activity available in a full 
shipment of soft waste (approximately 50 drums) is typically less than 50 curies. 
To disperse this activity effectively, an adversary would have to ensure that every 
drum was opened and the contents volatilized because the activity is bound to the 
cloth and paper surfaces, either mechanically or chemically. The only realistic 
path to such volatilization is fire. Although it is conceivable that a truck 
loaded with such containers could be set ablaze, it appears unlikely that the 
adversary could successfully release any significant amount of material for several 
reasons. First, in any populated area there would be a fire department response to 
extinguish the blaze. Second, not only would the fire have to be set, but the 
drums would have to be opened to ensure that their contents were exposed to the 
flames. 
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For those  wastes t h a t  have been s o l i d i f i e d ,  an  adve r sa ry  would be fo rced  t o  con- 
s i d e r  t h e  use of h igh  exp los ives  t o  rup tu re  t h e  drums and break up t h e  con ten t s .  
C e r t a i n l y  i n  t h e  case of Type A shipments ,  a t t a c k  wi th  e x p l o s i v e s  could  r u p t u r e  t h e  
drums and cause  some breakup of t h e  con ten t s .  For Type B sh ipments ,  t h i s  would be 
more d i f f i c u l t  because of t h e  e x t r a  packaging, bu t  i t  could  be done. 
n e c e s s i t a t e  reasonably  long access t o  t h e  v e h i c l e ,  s o  t h a t ' h i j a c k i n g  of a shipment 
would be r equ i r ed  i f  an adversary  s e l e c t e d  such m a t e r i a l  a s  a t a r g e t .  Cons ider ing  
t h a t  a f u l l  load  of waste r e p r e s e n t s  a source  of on ly  1000 t o  5000 c u r i e s  t c t a l  
a c t i v i t y - - a l l  so l id i f i ed - - such  shipments  do not  appear  t o  be a t t r a c t i v e  t a r g e t s  f o r  
a n  adve r sa ry  i n t e n t  upon c r e a t i n g  p u b l i c  h a r m .  

This  would 

Low Enriched Uranium 

Low enr i ched  uranium ( l e s s  than  5 %  U-235) i s  t h e  f u e l  used i n  l i gh t -wa te r  power 
r e a c t o r s .  Typ ica l  shipments  of f r e s h  f u e l  may c o n s i s t  of 6 t o  1 2  a s sembl i e s  i n  
s p e c i a l l y  des igned  c o n t a i n e r s  ( 6  t o  1 2  c o n t a i n e r s  t o  a s e m i t r a i l e r ) .  The t o t a l  
a c t i v i t y  i n  such a f r e s h  f u e l  shipment i s  0.5 t o  perhaps 2 c u r i e s  per  c o n t a i n e r .  
The a c t i v e  material (uranium oxide)  i s  encapsula ted  i n  the  f u e l  rods  and assem- 
b l i e s ,  which are then  packaged. D i s p e r s a l  by mechanical  means would no t  produce 
a i r b o r n e  m a t e r i a l .  D i s p e r s a l  by exp los ives  could produce a i r b o r n e  par t ic les  
c o n t a i n i n g  only  small amounts of r a d i o a c t i v e  material ,  p r i m a r i l y  an  a l p h a  emitter. 
S imply  scat ter ing t h e  f u e l  on t h e  ground would not  produce any s i g n i f i c a n t  
r a d i o l o g i c a l  hazard because t h e  a v a i l a b l e  a c t i v i t y  i s  so small. 

5.3.2 Es t ima t ion  of Rad ioac t ive  M a t e r i a l  Releases  f o r  Var ious  Shipping Ca tegor i e s  

I n  t h e  preceding  s e c t i o n ,  nonsafeguarded shipments were c a t e g o r i z e d  and some 
p o s s i b l e  adve r sa ry  a c t i o n s  a g a i n s t  them i d e n t i f i e d  and d i scussed .  These p o s t u l a t e d  
a t t a c k s  have been q u a n t i f i e d  t o  a l i m i t e d  extent.  
sabotage  a t t a c k  w a s  assumed t o  be at tempted.  Based upon t h a t  assumption,  t h e  
r e sources  r e q u i r e d  by t h e  a t t a c k e r  were cons ide red ,  e.g., t h e  amount of h igh  explo- 
s i v e  r equ i r ed  t o  d i s r u p t  l a r g e  package i n t e g r i t y .  After t h e  r e s o u r c e s  were ex- 
amined, t h e  amount of r a d i o a c t i v e  material t h a t  could be r e l e a s e d  w a s  e s t i m a t e d  
based upon t h e  damage t o  t h e  package and c o n t e n t s  t h a t  could reasonably  be expected 
from t h e  a t t a c k .  

That i s ,  a p a r t i c u l a r  t ype  O f  

It must be emphasized t h a t  t h e  material releases sugges ted  and summarized here have 
not  been v e r i f i e d  exper imenta l ly .  Although programs have been i n i t i a t e d  t o  inves-  
t i g a t e  t h e  n a t u r e  of t h e  releases r e s u l t i n g  from exp los ive  a t t a c k s  a g a i n s t  spen t  
f u e l  ca sks ,  i t  w i l l  be sometime y e t  b e f o r e  d a t a  are a v a i l a b l e .  The re fo re ,  t h e  
c o n s i d e r a t i o n s  presented  h e r e  are based on eng inee r ing  judgment and t h e  ex t r apo la -  
t i o n  of a v a i l a b l e  d a t a  t o  t h e  p r e s e n t  s tudy.  With t h i s  c a v e a t ,  t h e  release esti-  
mates w i l l  be used as t h e  sou rce  term t o  estimate t h e  p u b l i c  consequences of t he  
p o s t u l a t e d  a t t a c k .  

I r r a d i a t e d  (Spent)  Fue l  

A s  i n d i c a t e d  earlier,  spen t  f u e l  shipments  r e p r e s e n t  t h e  l a r g e s t  s i n g l e  r a d i o a c t i v e  
material  source  i n  t h e  t r a n s p o r t a t i o n  s e c t o r ;  t h i s  may make them a t a r g e t  f o r  sabo- 
tage.  Based upon the  massive n a t u r e  and o t h e r  des ign  c h a r a c t e r i s t i c s  of t h e s e  
casks ,  i t  has  been concluded t h a t  t h e  m l y  r e a l i s t i c  way t o  a t t a c k  such shipments  
i n  o rde r  t o  cause  d i s p e r s a l  i s  wi th  h igh  exp los ives .  Analys is  i n d i c a t e s  t h a t  i f  
a i r b l a s t  were used as t h e  mechanism t o  t r a n s m i t  energy t o  t h e  cask ,  l a r g e  amounts 
of h igh  e x p l o s i v e  would have t o  be de tona ted  i n  ve ry  c l o s e  proximi ty  t o  have any 

95 



I 

chance of disrupting the cask integrity. In such an attack, the most likely result 
is failure of the cask closure mechanism, with some fuel elements being exposed and 
perhaps even ejected. There is probably no mechanism to create airborne respirable 
material except for noble gases that might be released from cracked or ruptured 
fuel pins. In a breaching attack, the analysis indicates that a significant amount 
of high explosive, precisely employed, is necessary to disrupt package integrity. 
Because the explosives are in direct contact with the cask in this attack and 
because of the energy densities involved, coupled with the brittle nature of the 

size might become airborne. For such an attack, it is reasonable to assume that 
all the fuel elements are at least fractured and that some noble gases will be 
released. 

spent f u e l  p e l l e t s ,  i t  i s  believed that  some radioactive material  of respirable  

In the analysis, mechanisms for creating respirable particles were also postulated. 
For example, with shaped charges, the jet energy may be intensely coupled with the 
cask and contents, creating respirable material. The release estimated for a 
platter charge attack is very similar to that for the breaching attack, since the 
interactions are primarily mechanical and may be intensely coupled. The release 
fractions are summarized later in the subsection entitled "Summary of Estimated 
Release Fractions ., " 
Nonfissile Isotopes (Large Sources) 

The situation with large quantities of nonfissile isotopes is very similar to that 
for spent fuel. That is, the shipping casks are inherently massive, so the only 
credible way to cause significant dispersion is with high explosives. Again the 
analysis indicates that significant amounts of high explosives are required. How- 
ever, because the volume occupied by the radioactive material is much smaller in 
these shipments than for spent fuel (0.03 to 0.06 m3 compared to 0 . 3  to 0.34 
m3),24 25 there is a potential for a larger fraction of the material to be re- 
leased. Perhaps as much as several tenths of a percent may appear in respirable 
form, although in this instance it will be a single nuclide and not a mixture of 
fission products and actinides. The release fractions assumed are summarized in 
"Summary of Estimated Release Fractions." 

Nonfissile Isotopes (Small Sources) 

As indicated earlier, theft of such sources may be possible. If stolen, it is 
unlikely that an adversary could successfully disperse anything other than the 
encapsulated source. Any attempt to cut into or grind the capsules would expose 
the adversary to a hazardous radiation field. Furthermore, because these sources 
are solids, metals, or inorganic salts, it would be extremely difficult to create 
particles small enough for airborne dispersal. Attempts to disperse the material 
explosively could lead to the individual capsules being scattered around if there 
were more than one present. However, their small sizes, coupled with their 
generally metallic nature and double canning, make it quite improbable that there 
would be any release. The scattered capsules could be a source of direct exposure, 
although the affected area would be quite small. 

Radiopharmaceuticals 

Radiopharmaceuticals are shipped with so little activity in a single package that 
they are not considered to be a target for adversary activity. Therefore, no 
release is estimated for these packages. 
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Less-than-Strategic Quantities of SNM 

A s  indicated earlier, the majority of the plutonium shipments in this category 
involves packages containing 100 grams or less. Furthermore, it was suggested that 
the attack scheme most likely to produce public harm is theft followed by disper- 
sal. If an adversary steals plutonium with the intent to disperse it, it is 
assumed that he is sufficiently aware of its properties and toxicity so as to pro- 
tect himself while handling it. In this analysis, only dispersal which leads to 
inhalation of the material is considered as the threat. The fraction of any ship- 
ment that is respirable (particles less than approximately 10 rn aerodynamic diam- 
eter) is a strong function of the method of preparation. Particle size distribu- 
tions have been reported that have a respirable content from 4 to 40%,  and to be 
consistent with earlier studies ,’ this analysis assumes that approximately 20% of 
the material is respirable. Because the quantities of material involved are easily 
handled by one or two persons, a number of dispersal mechanisms are conceivable. 
One approach is for the adversary to simply scatter the stolen material in an area 
of heavy foot traffic (transportation terminals for instance) and rely on the move- 
ment of people to disperse it. However, even assuming 20% respirable material, the 
degree of public hazard from this approach may vary significantly because the 
amount of material that will become airborne and inhaled is uncertain. Of course, 
significant surface contamination would result. A second alternative is to intro- 
duce the material into the ventilation system of a major public facility (theater, 
sports arena, etc.). This would certainly cause major contamination and cleanup 
problems and would expose hundreds to tens of thousands of people to the respirable 
component. A third alternative would be explosive dispersal of the stolen material 
in a heavily populated area (e.g., business district during rush hour or an outdoor 
sports event). In the latter instance, a small explosion to scatter material could 
expose up to 100 000 people to the respirable component as well as to surface con- 
tamination from scattered material. Based upon these considerations and recog- 
nizing the variability in shipments, this analysis will examine the effects of 
theft and dispersal of 100 to 1000 grams of plutonium assumed to be 20% respirable. 

Low-Level Wastes 

A s  indicated earlier, a typical shipment of soft waste represents a source of some 
50 curies and requires a very unique set of conditions, probably involving exten- 
sive and intensive fire to initiate release. Therefore, these shipments are con- 
sidered such unlikely targets f o r  adversary action that no release fraction is 
estimated. 

Shipments of solidified waste have a potential for 1000 to 5000 curies total activ- 
ity in the shipment. Furthermore, such shipments can conceivably be attacked with 
high explosives. However, to cause an inhalation hazard, the contents must be 
reduced to particles with aerodynamic diameters less than 10 pm. Explosive attack 
against solid targets like these drums could certainly rupture them and fracture 
the contents, but it would not pulverize the contents enough to cause a significant 
airborne release. Such an attack would create a direct radiation hazard and a 
cleanup problem. For purposes of analysis and comparison with other events, it 
will be assumed that 1% of the contents is released in respirable form and that 50% 
of the contained activity becomes a direct radiation source. This accounts for 
self-shielding, etc. within large pieces that would probably result from the explo- 
sive attack. 
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Low Enriched Uranium 

Because t h e  t o t a l  a v a i l a b l e  a c t i v i t y  i n  f r e s h  f u e l  is so low, i t  i s  no t  cons idered  
an a t t r a c t i v e  t a r g e t  t o  an  adve r sa ry  i n t e n t  on p u b l i c  harm. Therefore  no release 
f r a c t i o n  i s  e s t ima ted .  

Summary of Es t imated  Release F r a c t i o n s  

Est imates ,  based upon p o s s i b l e  sabotage  a t t a c k s ,  of t h e  r a d i o a c t i v e  materials 
r e l e a s e d  from t h e  v a r i o u s  sh ipp ing  c o n t a i n e r s  are summarized i n  Table  5-1. These 
estimates d i f f e r  from those  publ i shed  p rev ious ly  because of changes i n  t h e  quant i -  
t a t i v e  ana lyses .  Because t h e  spen t  f u e l  e lements  c o n t a i n  gases  as w e l l  as s o l i d s ,  
t h e  n a t u r e  of t h e  p o t e n t i a l  release w i l l  be d i f f e r e n t  from o t h e r  shipments where 
only  s o l i d s  are involved.  For t h e  spen t  f u e l ,  i t  has  been c o n s e r v a t i v e l y  assumed 
t h a t  any f r a c t u r i n g  of t h e  p i n s  w i l l  permit  a s i g n i f i c a n t  f r a c t i o n  of gases  t h a t  
have migra ted  i n t o  t h e  plenum t o  escape.  This  assumption i s  c o n s e r v a t i v e  because a 
f r a c t u r e  some d i s t a n c e  away from t h e  plenum may o r  may no t  permit  t h e  escape  of 
t h e s e  gases .  Based upon t h e s e  estimates and cons ide r ing  t h e  absence of expe r i -  
mental  d a t a  s p e c i f i c a l l y  addres s ing  t h i s  ques t ion ,  t h r e e  r e l e a s e - f r a c t i o n  combina- 
t i o n s  are examined f o r  spen t  f u e l  t o  e s t a b l i s h  t h e  s e n s i t i v i t y  of t h e  consequence 
estimates t o  t h e  assumptions made r ega rd ing  release f r a c t i o n s .  These t h r e e  combi- 
n a t i o n s  are 

1. Base l ine  estimate: 10% of  noble  gases ,  0.07% o f  s o l i d s  as a e r o s o l i z e d  

2. Upper estimate: 25% of noble  gases ,  0.2% of s o l i d s  as a e r o s o l i z e d  

3. Lower e s t i m a t e :  10% of noble  gases ,  0.02% of s o l i d s  as a e r o s o l i z e d  

r e s p i r a b l e  material  

r e s p i r a b l e  m a t e r i a l  

r e s p i r a b l e  material 

The r e l e a s e  f r a c t i o n  estimates f o r  t h e  o t h e r  t ypes  of shipments  are a l s o  summarized 
i n  Table  5-1. In  t h e s e  c a s e s ,  t h e  r a d i o a c t i v e  material i s  presumed t o  be sh ipped  
as a s i n g l e  i s o t o p e  i n  s o l i d  form. For t h e  e s t i m a t i o n  of d i s p e r s a l  consequences 
f o r  t h e  n o n f i s s i l e  i s o t o p e s  ( l a r g e  s o u r c e s ) ,  t h r e e  cases have been examined: 
0.28%, 0.8%, and 0.08% of t h e  c o n t e n t s  i n  r e s p i r a b l e  form. The d i r e c t  r a d i a t i o n  
c a s e s  w i l l  be t h e  same as f o r  t h e  spen t  f u e l .  For n o n f i s s i l e  i s o t o p e s  ( s m a l l  
s o u r c e s ) ,  on ly  a d i r e c t  r a d i a t i o n  source  w i l l  be cons idered  i n  t h e  consequence 
e s t ima t ion .  No release i s  p o s t u l a t e d  f o r  t h e  r ad iopha rmaceu t i ca l s  o r  t h e  low 
enr iched  uranium. For t h e  remaining two groups,  t h e  consequences w i l l  be e s t i m a t e d  
f o r  t h e  release f r a c t i o n s  i n d i c a t e d  i n  Table  5-1. 

5.4 Es t ima t ion  of t h e  Consequences of Sabotage At tack  

The p u b l i c  consequence of sabotage d i r e c t e d  toward r a d i o a c t i v e  material has s e v e r a l  
unique a spec t s .  A s  an  example, f o r  f i x e d  f a c i l i t i e s  such as power p l a n t s ,  a n  
a c t u a l  sabotage  act  would probably no t  i nvo lve  any of t h e  g e n e r a l  p u b l i c ;  o n l y  t h e  
u l t i m a t e  p o t e n t i a l  r e s u l t  of such sabotage--the release of r a d i o a c t i v e  material-- 
could have f a r - r each ing  e f f e c t s .  I n  c o n t r a s t ,  f o r  an  act  of sabotage  d i r e c t e d  
a g a i n s t  r a d i o a c t i v e  material i n  t r a n s i t ,  t h e  d i s p e r s a l  may be d e l i b e r a t e l y  i n i t i -  
a t e d  i n  a p u b l i c  l o c a t i o n ,  f o r  example, a c i t y  s t reet  o r  a t r u c k  t e r m i n a l ,  u s ing  
s i g n i f i c a n t  q u a n t i t i e s  of h igh  exp los ives .  Therefore ,  t h e  immediate consequences 
of the  e x p l o s i v e  a t t a c k  i t s e l f  must be cons idered  a long  wi th  t h e  immediate and 
long-term r a d i o l o g i c a l  consequences r e l a t e d  t o  t h e  release of r a d i o a c t i v e  material. 



Table 5-1 

a Summary of Potential Release Fractions 

Shipment 

Spent  Fuela  

N o n f i s s i l e  I s o t o p e  
( l a r g e  s o u r c e )  

N o n f i s s i l e  I s o t o p e  
( s m a l l  s o u r c e )  

Radiopharmaceut ica l  

Less-  t han-S t r a  t e g i c  
Quant i ty  SNH 

Low-leve l  Wastes 

Low Enriched Uranium 

b 

F r a c t i o n  
D i s p l a c e d  

from Container  

0 - l . o e  

0 - 1.0 

1.0 

0. 

1.0 

0.5 

0 .  

F r a c t i o n  
Remaining 

i n  Container  

>0.99 - 0.0 

0.95 - 0.0 

0 

1.0 

0 

0.5 
1.0 

F r a c t i o n  
a s  S c a t t e r e d  
S o l i d  Source  

.007 - 1.0 

.02 - 1.0 

1.0 

0.8 

0.5 

F r a c t i o n  
D i s p e r s e d  a s  

R e s p i r a b l e  

0.0007 - 0 

0.003 - 0 

0.2 

0.01 

a A n a l y s i s  i s  f o r  truck-mounted c a s k s .  

bRelease  f r a c t i o n s  a r e  f u n c t i o n s  o f  a t t a c k  mode; t h i s  i n c l u d e s  e n t i r e  range 

‘Refers o n l y  to s o l i d  m a t e r i a l .  

e s t i m a t e d .  

For s p e n t  f u e l  i t  is assumed that  v a r i o u s  
amounts of  t h e  n o b l e  g a s e s  a r e  r e l e a s e d  from t h e  plenum I f  t h e  rod i s  f r a c t u r e d -  

Such considerations are taken into account in this analysis, at least in a qual- 
itative manner. 

5.4.1 The Consequence Models 

The consequences of a release of radioactive material were estimated using the 
consequence model METRAN, which is described in Appendices B and C. Several 
specific features should be mentioned here. METRAN has provisions for considering 
the details of cloud dispersion on a small geographic scale. This is done using a 
combination of a three-dimensional layered Gaussian dispersion model and a 
particle-in-cell dispersion model (Appendices E and F). 
priate when small airborne releases in urban areas are considered. 
provisions for following airborne material concentrations vertically from ground 
level to a height of 120 metres. The basic calculational elements are cells 1 
kilometre square and 30 metres high. The total calculational grid is a volume 10 
kilometres by 10 kilometres by 120 metres-high. As employed here, METRAN is used 
to estimate the effects of radiation from cloudshine, groundshine, and inhaled 
radionuclides. 
and pedestrians. 
tion. The release point (any one of the surface cells) and the release time are 
selected by the analyst. 
exposed to the cloud wherever they happen to be at time of cloud passage (e.g., 
inside buildings or on the street). 

Such a treatment is appro- 
METRAN also has 

The model explicitly accounts for people in buildings, in vehicles, 
The actual population densities are a function of time and loca- 

No special protective action is assumed, and people are 

In addition to the estimates made with METRAN, some parallel estimates have been 
made using CRAC, the consequence model developed for the Reactor Safety Study.26 27 
Although CRAC was not developed with the intent to apply it to releases that may be 
created in the transportation sector, consequence estimates made with CRAC can be 
useful if interpreted with appropriate regard for the modeling assumptions. CRAC 
uses time-averaged shielding factors to account for population location and does 
not require the type of detailed population information used in METRAN. Also, CRAC 
uses only a Gaussian diffusion approach to the cloud dispersion problem and, there- 
fore, may not have sufficient detail close to the release point to examine street 

-- 99 



canyon effects on cloud progression. On the other hand, CRAC is not restricted to 
considering a 100-km2 grid, but can be used to follow cloud progression out to any 
selected distance. CRAC also can be used to accumulate results for many different 
accident or sabotage times throughout a calendar year and thereby obtain mean 
values and distributions of the estimated consequences over a variety of meteoro- 
logical conditions. In this particular study, the results using METRAN are con- 
sistent with those obtained using CRAC within the constraints of the two models. 

With the preceding considerations concerning the range of consequences and the 
computational tools in mind, the consequence estimates for each of the various 
classes of shipments for which dispersal is considered realistic are presented in 
Sections 5.4.2 through 5.4.5. 

5.4.2 Irradiated (SDent) Fuel 

A s  established in the earlier discussions, any realistic attack against spent fuel 
shipments can be expected to involve significant quantities of high explosives. 
Likewise, if an adversary is intent upon public harm, any such attack is likely to 
take place in densely populated areas. 
sider the nonradiological effects of such an attack along with the radiological 
effects. 

It therefore becomes appropriate to con- 

Consequences of the Use of High Explosives 

There are two principal mechanisms for creating damage and causing public conse- 
quences using large amounts of high explosive. One is the air shock or blast wave 
which propagates radially outward from the blast center. The second is the 
high-velocity debris created by the interaction of the explosive or the shock wave 
with surrounding structures. Assuming, for this discussion, that an attack on a 
spent fuel cask may involve as much as several tonnes of explosive, two types of 
consequences must be considered. 
and direct blast effects on people. Blast damage to surrounding structures is 
considered first. 

These are blast damage to surrounding structures 

The blast overpressures associated with the detonation of tens, hundreds, and 
thousands of kilograms of high explosive are shown as a function of distance in 
Figure 5-l.* Depending upon the amount of explosive, overpressures greater than 
6.9 kPa can be expected to distances of approximately 40 to 200 metres. Based upon 
observed blast effects,30 windows will be broken to even greater distances. In 
addition, cinderblock buildings can be damaged at distances of 15 to 80 metres (-20 
kPa level), and reinforced concrete structures can be damaged at distances of 8 to 
40 metres (-100 kPa level). It is nearly impossible to estimate the casualties 
attributable to collapsing structures, flying debris, etc., but. at the population 
densities typical of an urban environment, the number of casualties will be 
significant. For instance, at the evening rush hour (4:30 pm) in one calculational 
cell of the grid, as many as 15 000 people could be within a 200-metre radius of 
any given point: some in buildings, some in vehicles, some pedestrians. Other 
locations will have comparable numbers, although the exact number is location and 
time dependent. A l l  of these people will be exposed in one way or another to the 
direct and collateral effects of the detonation of high explosive. 

*Adapted from data in References 28 and 29. 
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1 13 100 1000 

Distance from Detonation Point (metres) 

Figure 5-1. Blast Overpressure versus Distance for High-Explosive Charges 
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People may be affected by the direct overpressure of a blast wave by being struck 
with flying debris from surrounding structures, or by striking the ground or other 
surfaces after being thrown by the gust loading from the blast wave. If just the 
direct effects of the overpressure are considered, Glasstone30 reports that there 
is a 0.99 probability of fatality for people exposed to overpressures of 380 to 450 
kPa. Assuming that an attack with tens to hundreds of kilograms of explosives 
occurs at a midblock location and in stalled traffic, and considering only pedes- 
trians and those in vehicles, it is estimated that for the cited cell at rush hour, 
some 10 to 5 0  fatalities could result from overpressure alone. The total number of 
fatalities due to the explosion would be even greater due to the collateral damage 
mechanisms discussed above. Other cells would be comparable. 

It will be noted later that these immediate, nonradiological (direct and collater- 
al) effects of a sabotage attack in a densely populated area may be as significant 
or more significant than the radiological effects, even with attacks employing only 
tens of kilograms of high explosives. 

Consequences of the Radioactive Material Release--METRAN Estimates 

The METRAN model has been used to examine the three releases from a spent fuel cask 
summarized in "Summary of Estimated Release Fractions." The spent fuel radionu- 
clide inventory has been generated using the latest version of the fuel burnup code 
ORIGEN,42 assuming light-water reactor fuel with 33 000 MWd/MTHM* burnup at 
4OkW/kg power density and 150 days cooling. 
contain radionuclides equivalent to 1.4 MTHM charged to the reactor. The resultant 
cask inventory is shown in Table 5-2. 
for releases occurring in four different cells of the grid, at three times, and for 
midblock and intersection street locations. The calculation conditions are shown 
in Table 5-3. This calculational approach provides 24 separate consequence esti- 
mates for each assumed release magnitude. An example of one set is given in Table 
5-4. Because of the limited area encompassed by the METRAN grid, the total popula- 
tion at risk is a strong function of the location of the release point, the weather 
(especially wind direction), and the time of day. Therefore, it is not appropriate 
to simply average all the estimates together to generate mean values for the city. 
For purposes of comparison, however, it is reasonable to average the consequence 
estimates for a release in a given cell at different times and wind speeds to ob- 
tain an average for each release location. Such averages are presented in Table 
5-5 for the postulated releases from spent fuel casks. 

The truck-mounted cask is assumed to 

Consequence estimates have been generated 

The estimated consequences (Table 5-4) do show substantial sensitivity to the time 
of day for midblock releases and less so for intersection releases. However, 
varying the time at which a release occurs introduces two variables, population 
location and wind speed, the effects of which may be either offsetting or cumula- 
tive. The noontime and rush hour releases would have more people, both in build- 
ings and outdoors, thus potentially increasing the number of exposures. But these 
times also have higher average wind speeds, so cloud dispersal (dilution) is en- 
hanced. Nevertheless, for midblock releases in cell C, the influence of the diur- 
nal variation in the population density in a predominantly business district is 
evident in that the estimated latent cancer fatalities for a midnight release are 
many times lower than those at noon or rush hour. Similar conditions exist for 
cell A. At the same time, the low wind speed at midnight permits sufficient expo- 
sure close-in to cause early fatalities, even with the smaller nighttime 
population. The reasons for the reduced sensitivity to time of day for 
intersection releases are less clear. It is presumed to be due in part to the 
manner in which the cloud splitting is handled in the model. 

*MTHM = Metric Tons of Heavy Metal. 
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T a b l e  5-2 

S p e n t  F u e l  Cask  R a d i o n u c l i d e  I n v e n t o r y  

1.4 XTHM C h a r g e d  t o  R e a c t o r  ( 3  E l e m e n t s )  
33  000 MWd/>lTHL.I Burnup a t  4 0  kW/kg 

150 Days C o o l i n g  

* 
R a d i o n u c l i d e  

CO-58 

CO-60 

Kr-85 

Sr-89 

Sr -90  

Y-90 

Y-91 

Zr-95  

Nb-95 

Rn-103 

Ru-106 

Te- 127  

Te-127111 

Te- 129  

Te-12% 

CS- 134 

Cs-136 

CS-137 

Ba-140 

La- 1 4 0  

C e - 1 4 1  

Ce- 1 4 4  

P r - 1 4 3  

Nd-147 

Np-239 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Am-241 

Cm-242 

Cm-244 

* 
R a d i o n u c l i d e s  w i t h  s i g n i f i c a n t  h e a l t h  e f f e c t s  b a s e d  upon R e a c t o r  S a f e t y  S t u d y  

(see R e f e r e n c e  2 6 ) .  
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Table 5-3 

Summary of METRAN Case Conditions 

1. Cell of Release 

2. Time of Release 

3. Location 

4. Population Density 

5. Wind Speed and Direction 

A--Expressway 

B--Industrial area 

C--High population density 

D--High population density 

Noon 

Evening rush hour 

Midnight 

Midblock 

Intersection 

Typical of hyperurban 
environs (varies with time 
and location) 
Cell A--26 000 to 52 000/km2 

Cell B--24 000 to 46 000/km2 

Cell C--50 000 to 77 000/km2 
Cell D--35 000 to 38 000/km2 

Noon--8 m/s, south 

Rush hour--4 m/s, south 

Midnight--2 m/s, south 
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C e l l  o fb  
Release 

A 

B 

C 

D 

Table 5-4 

METRAN Consequence Estimates -- Basel ine  

T i m e  

1200 
1630 
2400 

1200 
1630 
2400 

1200 
1630 
2400 

1200 
1630 
2400 

1200 
1630 
2400 

1200 
1630 
2400 

1200 
1630 
2400 

1200 
1630 
2400 

Locat ionC 

MB 
MB 
MB 

I NT 
INT 
INT 

MB 
MB 
MB 

I N T  
INT 
INT 

MB 
MB 
MB 

I NT 
INT 
I N T  

MJ3 
MB 
MB 

I NT 
INT 
INT 

d e 
F a t a l i t i e s  

0 
0 

<1 

0 
<1 

2 

0 
0 
2 

0 
<1 

1 

0 
0 
1 

0 
<1 
<2 

0 
0 

<1 

0 
0 

<1 

Estimate: Spent 

Ea r ly  
M o r b i d i t i e s  

28 1 
638 

27 

64 
80 
7 1  

20 
15 
22 

71 
90 
59 

697 
880 

32 

96 
117 
75 

31 
32 
21 

31 
32 
21 

Fuela 

La ten t  Cancer 
F a t a l i t i e s d  

152 
199 

37 

46 
62 
70 

42 
50 
30 

67 
75 
47 

269 
318 

33 

71 
84 
66 

26 
32 
34 

26 
32 
3 4  

a 

bSee Table  5-3. 

Assumed release from a three-element cask :  10% of the  noble gas  and 0.07% of 
t h e  s o l i d s  as r e s p i r a b l e  material. 

'MB = Midblock, INT = I n t e r s e c t i o n .  

dEar ly  F a t a l i t i e s  occur  wi th in  1 yea r  a f t e r  exposure t o  the  r a d i o a c t i v e  mate- 
r i a l .  Ea r ly  Morb id i t i e s  a r e  i l l n e s s e s  appear ing  w i t h i n  weeks a f t e r  exposure.  
La ten t  Cancer F a t a l i t i e s  occur  over any time subsequent t o  t h e  exposure as a r e s u l t  
of t he  i n i t i a l  exposure and of any long-term exposure t o  low l e v e l s  of contamina- 
t i o n .  I.e., 40 l a t e n t  cancers  would r ep resen t  an average of less than  2 cance r s  p e r  
year  over a 30-year per iod  f o r  t h e  popu la t ion  group exposed. 

These are f a t a l i t i e s  from t h e  r a d i o l o g i c a l  e f f e c t s  of t h e  release. Blast 
e f f e c t s  from exp los ives  used t o  a t t a c k  a cask  could cause t e n s  of f a t a l i t i e s  
( s e e  the  s u b s e c t i o n ,  "Consequences of t h e  Use of High Explos ives") .  I n  f a c t ,  i f  
e x p l o s i v e s  a r e  used, e a r l y  r a d i o l o g i c a l  f a t a l i t i e s  a r e  h igh ly  u n l i k e l y  because 
those  c l o s e  enough t o  r e c e i v e  l e t h a l  r a d i a t i o n  doses  would be k i l l e d  by t h e  explo- 
s ion .  
e a r l y  dea ths  from r a d i a t i o n  i n  t h i s  p a r t i c u l a r  i n s t ance .  

e 

That i s ,  t h e  l e t h a l  r a d i u s  f o r  b l a s t  e f f e c t s  exceeds t h e  l e t h a l  r a d i u s  f o r  
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B a s e l i n e  
E s t i m a t e  

Upper  
Estimate 

Lower 
Estimate 

Table  5-5 
Consequence E s t i m a t e s  f o r  Releases from Spent Fuel :  

Average f o r  Three Release T i m e s  

Avg. Number of 
C e l l  o f a  Avg. Number o f c  Avg. Number o f  L a t e n t  C a n c e r  
Release L o c a t i o n b  E a r l y  F a t a l i t i e s  E a r l y  M o r b i d i t i e s '  F a t a l i t i e s '  

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

A 
B 
C 
D 

MB 
MB 
MB 
MB 

INT 
INT 
I NT 
LNT 

MB 
MB 
MB 
MB 

I NT 
I NT 
I NT 
INT 

MB 
MB 
MB 
MB 

INT 
I NT 
I NT 
INT 

<1 
<1 
< I  

<<1 

< 1  
<1 

1 
<<1 

<1 
3 
1 
2 

6 
4 
7 
2 

<<1 
<< 1 
<<1 
<<1 

<<1 
<<1 
<< 1 
<<1 

320 
20 

5 4 0  
30 

70 
70 

IO0 
30 

6 8 0  
100 

1 000 
6 5  

150 
200 
220 

6 5  

3 
10 
4 
4 

1 7  
16 
2 1  

4 

130 
4 0  

210 
30 

60 
65 
75 
30 

370 
100 
590 

80 

140 
160 
180 

80 

38 
12 
60 

9 

19 
20 
23 

9 

a S e e  T a b l e  5-3. 

bMB - M i d b l o c k ,  INT - I n t e r s e c t i o n .  

' E a r l y  F a t a l i t i e s  o c c u r  w i t h i n  1 y e a r  a f t e r  e x p o s u r e  t o  t h e  r a d i o a c t i v e  
mater ia l .  E a r l y  M o r b i d i t i e s  are i l l n e s s e s  a p p e a r i n g  w i t h i n  weeks  a f t e r  e x p o s u r e .  
L a t e n t  C a n c e r  F a t a l i t i e s  o c c u r  o v e r  a n y  time s u b s e q u e n t  t o  t h e  e x p o s u r e  as a r e s u l t  
o f  t h e  i n i t i a l  e x p o s u r e  and  of  a n y  l o n g - t e r m  e x p o s u r e  t o  low l e v e l s  o f  c o n t a m i n a -  
t i o n .  I.e., 40 l a t e n t  c a n c e r s  would r e p r e s e n t  a n  a v e r a g e  of less t h a n  2 c a n c e r s  p e r  
y e a r  o v e r  a 3 0 - y e a r  p e r i o d  f o r  t h e  p o p u l a t i o n  g r o u p  e x p o s e d .  

d T h e s e  are  f a t a l i t i e s  f rom t h e  r a d i o l o g i c a l  e f f e c t s  of  t h e  release.  
e f f e c t s  f r o m  e x p l o s i v e s  u s e d  t o  a t t a c k  a c a s k  c o u l d  c a u s e  t e n s  o f  f a t a l i t i e s  ( s e e  
t h e  s u b s e c t i o n ,  " C o n s e q u e n c e s  of  t h e  Use of  H i g h  E x p l o s i v e s " ) .  I n  f a c t ,  i f  
e x p l o s i v e s  a r e  u s e d ,  e a r l y  r a d i o l o g i c a l  f a t a l i t i e s  are h i g h l y  u n l i k e l y  b e c a u s e  t h o s e  
c l o s e  e n o u g h  t o  r e c e i v e  l e t h a l  r a d i a t i o n  d o s e s  would be k i l l e d  by t h e  e x p l o s i o n .  
T h a t  i s ,  t h e  l e t h a l  r a d i u s  f o r  b l a s t  e f f e c t s  e x c e e d s  t h e  l e t h a l  r a d i u s  f o r  e a r l y  
d e a t h s  f rom r a d i a t i o n  i n  t h i s  p a r t i c u l a r  i n s t a n c e .  

eAssumed release f rom a t h r e e - e l e m e n t  c a s k :  10% of  t h e  n o b l e  g a s  a n d  0.07% o f  
t h e  s o l i d s  as r e s p i r a b l e  mater ia l .  

fAssumed release f rom a t h r e e - e l e m e n t  c a s k :  25% o f  t h e  n o b l e  g a s  and 0.2% o f  
t h e  s o l i d s  as r e s p i r a b l e  mater ia l .  

gAssumed release f r o m  a t h r e e - e l e m e n t  c a s k :  1OI o f  t h e  n o b l e  g a s  and  0.02% o f  
t h e  s o l i d s  as  r e s p i r a b l e  material. T h i s  l o w e r  estimate release f o r  t h e  a s s u m e d  
t h r e e - e l e m e n t  c a s k  i s  a p p r o x i m a t e l y  t h e  e q u i v a l e n t  f o r  a b a s e l i n e  estimate release 
f o r  a s i n g l e - e l e m e n t  c a s k .  

Blast 
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It should be noted  t h a t  r e l a t i v e l y  small changes i n  popu la t ion  l o c a t i o n  can have 
a s t r o n g  i n f l u e n c e  upon METRAN estimates of e a r l y  e f f e c t s .  
t h re sho ld  model f o r  e a r l y  e f f e c t s ;  t h e r e f o r e ,  changes i n  where people  are l o c a t e d  
can put  s i g n i f i c a n t  numbers of people above o r  below a p a r t i c u l a r  dose threshold .*  
A t  p r e s e n t ,  t h e  p e d e s t r i a n  popu la t ion  d e n s i t y  i s  a f u n c t i o n  of t h e  time of day bu t  
n o t  of t h e  cell.  The t o t a l  number of p e d e s t r i a n s  i s  c e l l  dependent ,  however, 
because of t h e  c e l l - t o - c e l l  v a r i a t i o n  i n  t o t a l  s t ree t  area. 
and v e h i c u l a r  popu la t ion  a r e  both  time-of-day and c e l l  dependent.  

METRAN employs a 

Bui ld ing  popu la t ion  

The magnitude of t h e  averaged consequence e s t i m a t e s  (Table  5-5) e x h i b i t s  some 
c o r r e l a t i o n  wi th  t h e  g r i d  l o c a t i o n  of t h e  release. C e l l  C ,  which has t he  l a r g e s t  
popu la t ion  d e n s i t y  of t h e  f o u r  ce l l s  cons ide red ,  a l s o  e x h i b i t s  t h e  g r e a t e s t  number 
of e s t ima ted  l a t e n t  cancer  f a t a l i t i e s  f o r  a l l  release magnitudes.  S i m i l a r  t r e n d s  
hold f o r  t he  e a r l y  morb id i t i e s .  Because t h e r e  are so few e a r l y  f a t a l i t i e s  pre- 
d i c t e d  f o r  t h e  smaller releases ( b a s e l i n e  and lower e s t i m a t e s )  and because they  
would n e c e s s a r i l y  occur  very  c l o s e  t o  t h e  release p o i n t ,  t h e s e  r e s u l t s  are not  ve ry  
s e n s i t i v e  t o  t h e  ce l l  of release. 

I n  a t t empt ing  t o  understand t h e  v a r i a t i o n s  i n  r e s u l t s  shown i n  Tab les  5-4 and 5-5, 
i t  must be r e a l i z e d  t h a t  t h e  l a r g e  number of v a r i a b l e s  i n  t h e  METRAN model, many 
w i t h  r a t h e r  s u b t l e  i n t e r a c t i o n s ,  may make it  imposs ib le  t o  i s o l a t e  s p e c i f i c  causes  
f o r  t h e  v a r i a t i o n s .  A s  noted earlier,  simply changing t h e  t i m e  of day i n t r o d u c e s  
bo th  popu la t ion  and wind v a r i a t i o n s .  Also,  t h e  f i n i t e  s i z e  of t h e  METRAN g r i d  
i n f l u e n c e s  t h e  r e s u l t s  s i n c e  f o r  releases i n  ce l l s  nea r  t h e  boundary (such as  c e l l  
A) and depending upon wind d i r e c t i o n ,  t h e  cloud may not  t r a v e r s e  much of t h e  g r i d .  
The doses  t o  people  i n  b u i l d i n g s  depend on t h e  t o t a l  number of people  i n  b u i l d i n g s  
and t h e  average  number of f l o o r s .  Also ,  b u i l d i n g  h e i g h t s  o r  " su r face  roughness" 
w i l l  a f f e c t  t h e  a tmospher ic  d i s p e r s i o n  and consequent ly  t h e  p r o j e c t e d  dose.  
F i n a l l y ,  i n  t h e  computat ion of c loud s p l i t t i n g ,  t h e  i n t e r a c t i o n  between s t reet  
d i r e c t i o n s  and wind d i r e c t i o n  is  complex. For example, i f  a s t reet  i s  perpendicu- 
l a r  t o  wind d i r e c t i o n  i n  a midblock r e l e a s e ,  t h e r e  w i l l  be fewer e a r l y  e f f e c t s  
because t h e  v e r t i c a l  d i s p e r s i o n  reduces  concen t r a t ions .  
P a r a l l e l  t o  t h e  wind v e c t o r ,  t h e  c loud  can move a long  t h e  s t ree t  and expose 
p e d e s t r i a n s .  
e x p l a i n  a l l  t h e  d i f f e r e n c e s  i n  t h e  estimates. It should a l s o  be noted t h a t  evolu- 
t i o n s  i n  t h e  d a t a  base and the  modeling approach have l e d  t o  r e s u l t s  which d i f f e r  
from earlier d r a f t s  of t h i s  r e p o r t .  No a t t e m p t  i s  made he re  t o  c a t a l o g  a l l  such 
changes. 
d a t a  and model. 

But i f  t h e  s t reet  i s  

Given t h e s e  and similar c o n s i d e r a t i o n s ,  no a t t empt  w i l l  be made t o  

Rather ,  t h e s e  p r e d i c t i o n s  are t h e  b e s t  estimates based on the c u r r e n t  

The average  consequence estimates f o r  t h e  t h r e e  releases are shown i n  Table  5-6, 
when t h e  release occur s  i n  c e l l  B, n e a r  t h e  g r i d  c e n t e r .  The d a t a  s imply i n d i c a t e  
t h e  r e l a t i o n s h i p  of consequences t o  release magnitude. It might be expected t h a t  
t h e  lower estimates would be a n  o r d e r  of magnitude lower t h a n  t h e  upper estimates 
s i n c e  t h e  p r i n c i p a l  change is  r educ t ion  of t h e  s o l i d s  p o r t i o n  of t h e  source  term by 
an  o r d e r  of magnitude, and t h i s  is  e s s e n t i a l l y  t h e  case. 

*It is emphasized t h a t  a t h r e s h o l d  model i s  used on ly  f o r  e a r l y  e f f e c t s .  
Long-term e f f e c t s  o r  l a t e n t  cancer  f a t a l i t i e s  are e s t ima ted  us ing  popu la t ion  dose  
c r i t e r i a  i n  accord  wi th  accepted  p r a c t i c e .  
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Table 5-6 

Average-Consequence Estimate Comparison, Midblock Releases 
from Spent Fuel in Cell B 

Early Latent 'Cancer b a Estimate Fatalities Morbidities Fatalities 

Baseline <1 19 40 

Upper 2.8 99 104 

Lower <<1 10 12 

a 

bEarly Fatalities occur within 1 year after exposure to 
the radioactive material. Early Morbidities are illnesses 
appearing within weeks after exposure. Latent Cancer Fatalities 

See "Summary of Estimated Release Fractions." 

occur over any time subsequent to the exposure as a result of the 
initial exposure and of any long-term exposure to l o w  levels of 
contamination; i.e., 40 latent cancers would represent an average 
of less than 2 cancers per year over a 30-year period for the 
population group exposed. 

C These are fatalities from the radiological effects of the 
release. Blast effects from explosives used to attack a cask 
could cause tens of fatalities (see the subsection "Consequences 
of the Use of High Explosives.") In fact, if explosives are used, 
early radiological fatalities are highly unlikely because those 
close enough to receive lethal radiation doses would be killed 
by the explosion. That is, the lethal radius for blast effects 
exceeds the lethal radius for early deaths from radiation in this 
particular instance. 

The estimates of early consequences also decline by a factor of 10 but this may be 
coincidental because the dose response is nonlinear and because of the threshold 
effects just discussed, which would not be expected to scale linearly with dose. 
That is, a change in source-term magnitude may or may not have a major impact upon 
the estimates, depending upon the number of persons receiving doses at or near a 
threshold. Also, in the computational scheme, the population dose to those who 
become early fatalities reduces the population dose available to induce latent 
cancers. 
from direct scaling. 

This also contributes to the deviation of the latent cancer predictions 

In Table 5-7, the METRAN estimates for a release in cell B are compared with the 
estimates from a CRAC calculation for a release at the grid center and for the same 
area. 26 27 (The CRAC estimates made in support of this work are described in the 
following subsection.) Generally speaking, there is agreement between the two 
calculational techniques. 
expected for four reasons: 

The larger estimates of early morbidities by METRAN are 

1. METRAN is designed to handle the close-in meteorology with finer resolu- 
tion than CRAC. 
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2. Because METRAN w a s  s p e c i f i c a l l y  designed f o r  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 ,  i t  assumes d i f f u s i o n  of a "cold c loud;"  t h a t  i s ,  t h e  release 
cloud has  no thermal  buoyancy, and t h e r e f o r e  a l a r g e  p o r t i o n  of t h e  r ad io -  
a c t i v e  material s t a y s  near  t h e  ground where the  p e d e s t r i a n s  can be 
a f f e c t e d .  
ground c lose - in ,  t hus  reducing the  low-level popu la t ion  dose which l e a d s  
t o  l a t e n t  cancers .  

The lower boundary of t h e  METRAN g r i d  i s  assumed t o  absorb  50% of t h e  
m a t e r i a l  t h a t  i n t e r a c t s  w i th  i t ,  which tends  t o  keep t h e  c e n t r o i d  of t h e  
release cloud low. 

t h r e s h o l d  become e a r l y  m o r b i d i t i e s ,  whereas CRAC uses  dose response  cu rves  
t o  estimate e a r l y  m o r b i d i t i e s .  

This  assumption a l s o  permi ts  m a t e r i a l  t o  be depos i t ed  on t h e  

3. 

4.  METRAN assumes t h a t  a l l  persons r ece iv ing  doses  above the  e a r l y  morbid i ty  

The thermal  sou rce  i n  CRAC was used t o  account  f o r  t h e  e f f e c t s  of h igh  exp los ives  
l o f t i n g  t h e  material  and thus  reducing  t h e  c lose - in  ground l e v e l  c o n c e n t r a t i o n s .  
The CRAC estimates were made wi th  buoyancy i n  t h e  c loud ,  t h e  magnitude of which was 
chosen a f t e r  c o n s u l t a t i o n  wi th  personnel  experienced wi th  exp los ives .  
run  wi thout  a thermal  source  i n  the  c loud ,  t h e  e s t i m a t e s  of e a r l y  e f f e c t s  rise. 
The a u t h o r s  sugges t  t h a t  thermal  buoyancy be used f o r  t h e  sabotage  cases. 
probably  be t r e a t e d  i n  METRAN by the  way t h e  material  i s  d i s t r i b u t e d  i n  t h e  f o u r  
l a y e r s  ( s e e  Appendix E). 

If  CRAC i s  

This  can 

Given t h e  d i f f e r e n c e s  i n  the  two models, t h e  agreement of t h e  l a t e n t  cancer  f a t a l i -  
t y  estimates i s  cons idered  good. 
t i e s  i s  g r e a t e r  than  t h e  METRAN estimate, but  t h i s  i s  a t t r i b u t a b l e  i n  p a r t  t o  t h e  
d i f f e r e n c e s  i n  popu la t ion  and i n  p a r t  t o  t h e  way the  two models t reat  long-term ex- 
posure  t o  contaminated ground. In  METRAN, a pe rmis s ib l e  ground c o n c e n t r a t i o n  l e v e l  
i s  s p e c i f i e d  by t h e  a n a l y s t .  A s  t h e  release i s  fol lowed,  t h e  r e s u l t i n g  ground 
contaminat ion  i s  compared t o  t h e  pe rmis s ib l e  l e v e l s .  I f  contaminat ion  i s  g r e a t e r  
t han  40 t i m e s  t h e  pe rmis s ib l e  l e v e l ,  decontaminat ion i s  assumed imposs ib l e ,  and t h e  
a r e a  i s  s u b j e c t  t o  permanent land-use d e n i a l ,  s o  t h e r e  i s  no long-term exposure.  
I n  c o n t r a s t ,  CRAC computes t h e  dose commitment due t o  exposure t o  t h e  ground con- 
t amina t ion :  i f  i t  is  less than  25  rem l i f e t i m e  ( f o r  urban p o p u l a t i o n s ) ,  t h e  
popu la t ion  i s  exposed t o  t h a t  ground contaminat ion.  
ment i n  any s p a t i a l  i n t e r v a l  i s  greater than 2 5  r e m ,  CRAC assumes t h a t  decontamina- 
t i o n  occur s  (decontaminat ion  f a c t o r  (DF) z 20)  then  a g a i n  examines t h e  dose  
commitment. I f  t h e  p r o j e c t e d  dose s t i l l  exceeds 25 rem i n  any s p a t i a l  i n t e r v a l ,  
land-use d e n i a l  i s  s t a r t e d .  Because METRAN uses  t h e  f i x e d - l e v e l  model wi th  a low 
p e r m i s s i b l e  l e v e l ,  t h e r e  i s  more such a r e a  and thus  less popula t ion  exposure.  

The CRAC estimate of t o t a l  l a t e n t  cancer  f a t a l i -  

I f  t h e  p r o j e c t e d  dose commit- 

All of t h e  consequence estimates have been made wi th  t h e  popu la t ion  " in-p lace ,"  NO 
a t t empt  was made t o  model o r  account  f o r  evacua t ion  t o  avoid e a r l y  exposure because 
evacua t ion  may no t  be p o s s i b l e  i n  a l l  i n s t a n c e s .  
t o  reduce t h e  e s t ima ted  consequences i n  some cases. 

E f f e c t i v e  evacua t ion  could s e r v e  
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In  summary, f o r  t h e  p o s t u l a t e d  b a s e l i n e  r e l e a s e  from a truck-mounted spen t  f u e l  
cask of 10% of t h e  noble  gases  and 0.07% of t h e  remaining r ad ionuc l ides ,  a few 
e a r l y  f a t a l i t i e s ,  t e n s  t o  s e v e r a l  hundreds of e a r l y  m o r b i d i t i e s ,  and t e n s  t o  
hundreds of l a t e n t  f a t a l i t t e s  may be expected.* I f  exp los ives  are used,  e a r l y  
r a d i o l o g i c a l  f a t a l i t i e s  are h igh ly  u n l i k e l y  because those  c l o s e  enough t o  r e c e i v e  
l e t h a l  r a d i a t i o n  doses  would be k i l l e d  by t h e  explos ion .  That i s ,  t h e  l e t h a l  
r a d i u s  f o r  b l a s t  e f f e c t s  exceeds the  l e t h a l  r a d i u s  f o r  e a r l y  dea ths  from r a d i a t i o n  
i n  t h i s  p a r t i c u l a r  i n s t ance .  

Consequences of t h e  Radioac t ive  Material Release--CRAC Est imates  

CRAC, t h e  consequence model of t h e  Reactor  Sa fe ty  Study, w a s  used t o  examine t h e  
p o s t u l a t e d  release from spent  f u e l  casks  f o r  s e v e r a l  reasons :  (1) t h e r e  i s  con- 
s i d e r a b l e  expe r i ence  a v a i l a b l e  i n  t h e  use of t h i s  model, ( 2 )  i t  a l lows  consequences 
t o  be e s t ima ted  out  t o  cons ide rab le  d i s t a n c e s  from the  release p o i n t ,  and ( 3 )  
parameters  may be v a r i e d  i n  t h e  model t o  exp lo re  t h e  e f f e c t s  of r a d i a t i o n  exposure 
pathways. 

I n  t h i s  p a r t i c u l a r  a n a l y s i s ,  t h e  release i s  cen te red  on t h e  METRAN g r i d ,  us ing  a 
s i n g l e  popu la t ion  d i s t r i b u t i o n  based on METRAN d a t a  f o r  a f t e rnoon  bu i ld ing  occu- 
pancy. This  s i n g l e  popula t ion  d i s t r i b u t i o n  i s  j u s t  an approximation t o  the  t i m e  
vary ing  METRAN d a t a :  CRAC does not  have p rov i s ions  f o r  a t ime-varying d i s t r i b u -  
t i o n .  For r a d i a l  d i s t a n c e s  beyond the  METRAN g r i d  (approximately 5.25 km), the  
d e t a i l e d  popu la t ion  d i s t r i b u t i o n  employed i s  e q u i v a l e n t  t o  approximately 16 000 
people  per km2 out  t o  16  km, 3800 people  per km2 between 16 and 48 k m ,  380 people  
per km2 between 48 and 88 km, and 38  people per  km2 beyond 88 km. The d e t a i l e d  
d i s t r i b u t i o n  accounts  f o r  t h e  f a c t  t h a t  t h e r e  i s  no popula t ion  i n  the  seaward area 
by s e t t i n g  t h e  popu la t ion  equa l  t o  zero  i n  c e r t a i n  segments. The t o t a l  popu la t ion  
thus  inc luded  c l o s e l y  approximates t h e  a c t u a l  popula t ion  wi th in  800 km of t h e  
assumed r e l e a s e  po in t .  

CRAC o p e r a t e s  b a s i c a l l y  on a r a d i a l  computat ional  mesh. The c i r c u l a r  a r e a  i s  
cen te red  a t  t h e  release po in t  and d iv ided  i n t o  16  segments of 22.5'. Each segment 
has  34 r a d i a l  i n t e r v a l s .  For t h i s  s tudy ,  t h e  i n t e r v a l  spacing is  approximately 60 
metres o u t  t o  360 metres from the release p o i n t  ( t o  approximate METRAN); t hen  t h e  
i n t e r v a l  width expands. The o u t e r  r a d i u s  of each i n t e r v a l  is shown i n  Table  5-8. 
In  t h i s  a n a l y s i s ,  a release cloud i s  permi t ted  t o  t r a v e r s e  each segment (16 seg- 
ments f o r  91 sequences of weather c o n d i t i o n s ) ,  r e p r e s e n t a t i v e  of weather near  t h e  
release po in t .  The mean va lue  of r epor t ed  consequences r e p r e s e n t s  t h e  mean from 
1456 separate tr ials.  Computing t h e  mean i n  t h i s  manner e s s e n t i a l l y  accounts  f o r  
any weather i n  any d i r e c t i o n .  

Each of t h e  t h r e e  releases mentioned ear l ier  w a s  examined under the  fo l lowing  
cond i t ions .  F i r s t ,  t h e  popula t ion  w a s  l i m i t e d  t o  t h e  area (100 km2) covered by t h e  
METRAN g r i d .  Second, t h e  popula t ion  base was expanded t o  inc lude  people out  t o  800 
km, as desc r ibed  ear l ier .  The r e s u l t s  are shown i n  Table 5-9. 

*Other ana lyses  i n d i c a t e  t h a t  consequence estimates (LCFs) f o r  spen t  f u e l  
cooled as long as 5 y e a r s  w i l l  be comparable t o  those  f o r  f u e l  cooled on ly  150 
days. For example, us ing  C M C  and the  popula t ion  t o  800 km ( s e e  Table  5-9) t h e  
consequences of a r e l e a s e  from 5-year-old f u e l  are 70% of those  from 150-day-old 
f u e l .  
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S e v e r a l  o b s e r v a t i o n s  are i n  o rde r  concerning t h e s e  r e s u l t s :  

1. Approximately 60% of t h e  l a t e n t  cancer  f a t a l i t i e s  p r e d i c t e d  occur  c l o s e  t o  
t h e  release po in t  ( l e s s  than  5 km). This  i s  observed by comparing t h e  
r e s u l t s  f o r  on ly  t h e  METRAN g r i d  wi th  t h e  r e s u l t s  where t h e r e  are people 
p re sen t  t o  800 km. 

I n h a l a t i o n  of r a d i o n u c l i d e s  i s  t h e  dominant exposure mode f o r  l a t e n t  
e f f e c t s  (99%).  This  i s  a t t r i b u t a b l e  t o  t h e  presence  of s l g n i f i c a n t  
q u a n t i t i e s  of a c t i n i d e s  ( a lpha  e m i t t e r s )  which must be taken i n t o  t h e  body 
t o  cause  s i g n i f i c a n t  exposure.  

The r a d i u s  f o r  e a r l y  f a t a l i t i e s  and ear ly  m o r b i d i t i e s  ( s e e  Table  5-9) are 
so c l o s e  t o  t h e  release po in t  t h a t  t h e  e f f e c t s  of any exp los ive  used would 
dominate. 

2. 

3. 

An a l t e r n a t e  view of t h e  s p a t i a l  d i s t r i b u t i o n  of l a t e n t  cancer  f a t a l i t i e s  i s  shown 
i n  F igu re  5-2, where cumula t ive  l a t e n t  f a t a l i t i e s  are p l o t t e d  a g a i n s t  downwind 
d i s t a n c e  from t h e  release poin t .  The change i n  s lope  i n  t h e  v i c i n i t y  of 10 km 
i n d i c a t e s  t h a t ,  as t h e  popu la t ion  d i s t r i b u t i o n  has  been modeled he re  and us ing  t h e  
CRAC model, t h e  m a j o r i t y  of t h e  l a t e n t  f a t a l i t i e s  w i l l  occur  i n  t h e  popu la t ion  near  
t h e  release poin t .  This  i s  f u r t h e r  i l l u s t r a t e d  by F igu re  5-3, i n  which t h e  pro- 
j e c t e d  1-year lung dose i s  shown a s  a f u n c t i o n  of d i s t a n c e  from t h e  release po in t .  
For t h e s e  estimates, lung  cance r s  account  f o r  more than  80% of t h e  p r e d i c t e d  
f a t a l i t i e s  due t o  i n i t i a l  exposure and nea r ly  50% of t h e  t o t a l  l a t e n t  cancer  
f a t a l i t i e s .  

Although t h e  emphasis has been on releases from truck-mounted spen t  f u e l  casks  
(based  upon a n a l y s i s  and arguments i n  Sec t ions  5.2 and 5.3),  t h e r e  i s  a good 
p o s s i b i l i t y  t h a t  shipments w i l l  a l s o  be made by r a i l .  The re fo re ,  t h e  b a s e l i n e  
e s t i m a t e  release has  been examined assuming a r a i l  ca sk  a s  t h e  source.  Although i t  
i s  c e r t a i n l y  no t  clear t h a t  r a i l  t r a f f i c  would n e c e s s a r i l y  move through urban 
c e n t e r s ,  t h i s  l i m i t e d  a n a l y s i s  w i th  CRAC provides  some comparison w i t h  t ruck -  
mounted cask  r e s u l t s .  An a t t a c k  a g a i n s t  a r a i l  cask  would probably invo lve  l a r g e r  
q u a n t i t i e s  of h igh  exp los ive  than  an  a t t a c k  a g a i n s t  a truck-mounted cask. 
r e s u l t s  are shown i n  Table  5-10. Comparison of t h e s e  r e s u l t s  with the  ea r l i e r  CRAC 
e s t i m a t e s  f o r  t h e  release from truck-mounted casks  i n d i c a t e s  t h a t  t h e  estimates of 
e a r l y  f a t a l i t i e s  and m o r b i d i t i e s  do not scale l i n e a r l y  wi th  source  s t r e n g t h ;  a g a i n ,  
t h i s  i s  because of t h e  response  models d i scussed  earlier.  Using C M C ,  t h e  pre-  
d i c t e d  l a t e n t  cance r  f a t a l i t i e s  do scale approximate ly  as t h e  t o t a l  sou rce  s t r e n g t h  
f o r  t h e  same popu la t ion  d i s t r i b u t i o n .  This  w a s  no t  t h e  case u s i n g  METRAN. Again, 
i t  should be noted  t h a t  t h e  m a j o r i t y  of t h e  f a t a l i t i e s  occur  c l o s e  t o  t h e  release 
p o i n t  w i th  t h e  popu la t ion  d i s t r i b u t i o n  employed here .  The popu la t ion  d e n s i t i e s  are 
s o  h igh  t h a t  ch ron ic  exposure pathways o t h e r  than i n h a l a t i o n  and groundshine are 
i n s i g n i f i c a n t .  This  would n o t  be t r u e  f o r  a uniform popu la t ion  d i s t r i b u t i o n  of 
hundreds p e r  squa re  k i lome t re .  

The 

One f i n a l  comment on the  CRAC ana lyses :  I n  a l l  of t h e  consequence estimates re- 
por ted  he re ,  t h e  " c e n t r a l  estimate" dose model was used based upon t h e  p rev ious  
usage i n  t h e  Reac tor  S a f e t y  Study.26 27 
" l i n e a r  response" dose model i n  which no t h r e s h o l d s  o r  response  curves  are assumed. 
The n e t  r e s u l t  i s  t h a t  l a t e n t  cance r  f a t a l i t i e s  are approximate ly  2 t o  2-1/4 times 
g r e a t e r  i f  l i n e a r  response i s  assumed. 

Seve ra l  c a l c u l a t i o n s  were made us ing  t h e  
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Table  5-8 

CRAC Es t imate  -- Radial  I n t e r v a l s  

I n t e r v a l  No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
2 2  
23 
24 
25 
26 
27 
28 

30 
31 
32 
33 
34 

29 . 

Rad i u s  
(km) 

0.06 
0.12 
0.19 
0.26 
0.32 
0.37 
0.5 
0.8 
1.2 
1.6 
2.4 
3.2 
3.6 
7.2 

11.2 
16.0 
28.0 
32.0 
40.0 
48.0 
56.0 
64.0 
72.0 
80.0 
88.0 
96.0 

104. 
112.  
136. 
160- 
240. 

500. 
800. 

320. 

Rad i u s  
(mi)  

0.04 
0.08 
0.12 
0.16 
0.2 
0.23 
0.31 
0.5 
0.75 
1.0 
1.5 
2. 
2.27 
4.5 
7.0 

10.0 
17.5 
20. 
25. 
30. 
35. 
40. 
45. 
50. 
55. 
60. 
65. 
70. 
85. 

100. 
150. 
200. 
350. 
500. 
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Table 5-9 

CRAC Consequence Estimates f o r  Releases from Spent Fuel Casks 

E a r l y  F a t a l i t i ' e s  E a r l y  Morbidi ies L a t e n t  Cancer F a t a l i t i e s  
Mean/Peakc e a k C  E s t i m a t e  Mean/Peakb C d Mean /Peak 

1. Popu la t ion  Limited t o  METRAN Grid 

Base 1 i n e  0.2119 

Upper 1/86 

Lower 0 

Bas e l  i n e  0.2/19 f 

2. Popu la t ion  P r e s e n t  t o  800 km 

B a s e l i n e  0.2/19 

Upper 1 /86 

Lower 0 

B a s e l i n e  0.2/19 
f 

1/76 

11 /220 

0.3132 

1/76 

1/76 

11 /220 

0.3/32 

1/76 

I n i t i a l  

17/89 

511220 

5/23 

17/86 

27/90 

80/280 

7/26 

26/88 

T o t a l  

771310 

1901790 

241100 

771310 

130 1490 

360/1350 

40/  140 

130/490 

F r a c t i o n s  . 'I a See "Summary of Est imated Release 

For t h e  b a s e l i n e  estimate, t h e  mean r a d i u s  f o r  e a r l y  f a t a l i t i e s  i s  1.3 metres, b 

peak 60 metres. Mean r a d i u s  f o r  m o r b i d i t i e s  i s  2.6 metres, peak 60 metres. 
C E a r l y  F a t a l i t i e s  occur  w i t h i n  1 yea r  a f t e r  exposure t o  t h e  r a d i o a c t i v e  mate- 

r i a l .  E a r l y  M o r b i d i t i e s  are i l l n e s s e s  appearing w i t h i n  weeks a f t e r  exposure.  
L a t e n t  Cancer F a t a l i t i e s  occur over any t i m e  subsequent t o  the exposure as a r e s u l t  
of t h e  i n i t i a l  exposure and of any long-term exposure t o  low l e v e l s  of contamina- 
t i o n .  I.e.,  40 l a t e n t  c a n c e r s  would r e p r e s e n t  an  ave rage  of l ess  t h a n  2 c a n c e r s  
pe r  yea r  over a 30-year pe r iod  f o r  t h e  popu la t ion  group exposed. 

e f f e c t s  from e x p l o s i v e s  used t o  a t t a c k  a cask  could cause t e n s  of f a t a l i t i e s  ( s e e  
t h e  s u b s e c t i o n ,  "Consequences of t h e  Use of High Explosives") .  I n  f a c t ,  i f  
e x p l o s i v e s  are used, e a r l y  r a d i o l o g i c a l  f a t a l i t i e s  are h i g h l y  u n l i k e l y  because 
those  c l o s e  enough t o  r e c e i v e  l e t h a l  r a d i a t i o n  doses  would be k i l l e d  by t h e  
explosion.  That i s ,  t h e  l e t h a l  r a d i u s  f o r  b l a s t  e f f e c t s  exceeds l e t h a l  r a d i u s  f o r  
e a r l y  d e a t h s  from r a d i a t i o n  i n  t h i s  p a r t i c u l a r  i n s t a n c e .  

i n i t i a l  exposure.  I n  CRAC, t h i s  i s  d i r e c t  c loudsh ine  and l-day exposure t o  ground 
con tamina t ion  p l u s  dose i n  1 yea r  due t o  r a d i o n u c l i d e s  inha led  du r ing  cloud 
passage. T o t a l :  These are t o t a l  l a t e n t  cancer  f a t a l i t i e s  p r e d i c t e d  as r e s u l t  of 
i n i t i a l  exposure,  r e suspens ion ,  and long-term exposure t o  contaminated ground. 

These are f a t a l i t i e s  from t h e  r a d i o l o g i c a l  e f f e c t s  of t h e  release. Blast 
d 

e I n i t i a l :  These are l a t e n t  cancer f a t a l i t i e s  p r e d i c t e d  t o  occur as r e s u l t  of 

Only exposure pathway i s  from inha led  r a d i o n u c l i d e s .  f 
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Figure 5-2. Cumulative Latent Cancer Fatalities as Function 
of Distance from Release Point (Baseline 
Estimate Release from Spent Fuel) 
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F i g u r e  5-3. P r o j e c t e d  1-Year Lung Dose as a Funct ion of  D i s t a n c e  
from Release P o i n t  (Base l ine  Estimate Release 
from Spent Fue l )  
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Table  5-10 

CRAC Consequence Estimates f o r  Releasg from 
Railcar-Mounted Spent Fuel  Cask 

E a r l y  Fa ta l i t i e s  E a r l y  Morb id i t i e s  La ten t  Cancer Fa t a l i  t ies  
Estimate Mean/Peak Mean/ Peak Mean/Peak 

I n i t i a l  T o t a l  

1. Popu la t ion  Limited t o  METRAN Grid 

Base 1 i n e  2/92 15/240 62/290 220/930 

2. Popu la t ion  P resen t  t o  800 km 

95/360 420/1500 Base l ine  2/92 151240 

a 
Rail-mounted cask c o n t a i n s  inven to ry  e q u i v a l e n t  t o  4.75 MTHM charged t o  r e a c t o r  

Assumed release: 10% of t h e  noble  gases  and 0.07% of the  s o l i d s  as r e s p i r a b l e  

compared t o  t h e  1.4 MTHM f o r  truck-mounted cask. 
b 

material. 

I n  summary, estimates f o r  l a t e n t  cancer  f a t a l i t i e s  ob ta ined  from CRAC e s s e n t i a l l y  
ag ree  w i t h  estimates from METRAN. 
l a t e n t  f a t a l i t i e s  may occur  as a r e s u l t  of t h e  b a s e l i n e  estimate release i n  a 
dense ly  populated area. 
t h e s e  popu la t ion  d e n s i t i e s ,  e a r l y  f a t a l i t i e s  and m o r b i d i t i e s  are r e s t r i c t e d  t o  
areas very  c l o s e  t o  t h e  release p o i n t ,  and t h e  l a t e n t  f a t a l i t i e s  w i l l  be man i fe s t  
mainly i n  the popu la t ion  located w i t h i n  10 t o  15 k m  of the release p o i n t .  

The a n a l y s i s  i n d i c a t e s  t h a t  t e n s  t o  hundreds of 

The a n a l y s i s  a l s o  i n d i c a t e s  t h a t  f o r  such releases, g iven  

5.4.3 N o n f i s s i l e  I s o t o p e s  (Large Sources)  

It w a s  e s t a b l i s h e d  ear l ier  t h a t  any real is t ic  a t t empt  a t  d i s p e r s a l  of material 
shipped i n  l a r g e  casks  can be expected t o  invo lve  s i g n i f i c a n t  q u a n t i t i e s  of h i g h  
exp los ive .  The d i s c u s s i o n  i n  "Consequences of t h e  Use of High Explos ives"  of t hose  
consequences d i r e c t l y  a s s o c i a t e d  wi th  t h e  employment of h igh  e x p l o s i v e s  a l s o  ap- 
p l i e s  here .  Althou h shipments of n o n f i s s i l e  i s o t o p e s  can invo lve  l a r g e  quant i -  
t i e s ,  as much as 10 c u r i e s ,  t h e r e  i s  u s u a l l y  only  a s i n g l e  r a d i o n u c l i d e  involved ,  
as c o n t r a s t e d  t o  the  t e n s  of n u c l i d e s  involved i n  a spent  f u e l  shipment. 

E 

I 

Both t h e  METRAN and CRAC models were used t o  estimate t h e  consequences f o r  t h r e e  
l e v e l s  of r e s p i r a b l e  release, based upon t h e  d a t a  i n  "Summary of Est imated Release 
F rac t ions . "  The releases cons idered  are 0.28%, 0.8%, and 0.08% of t h e  t o t a l  
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shipment. 
k i l o c u r i e s  (kCi)  of CO-60 i n  metal form and 15  kCi of Cs-137 as cesium ch lo r ide .  
The r e s u l t s  from METRAN and CRAC are summarized i n  Table  5-11. The r e s u l t s  from 
METRAN are f o r  a cell-B midblock release averaged over the  t h r e e  release times 
(noon, ru sh  hour ,  and midnight) .  
mates assume a release a t  the g r i d  center and c e l l  B i s  t h e  ad jacen t  cel l .  

Based upon a v a i l a b l e  d a t a , 2 3  two i s o t o p e  shipments were examined: 200 

A s  befo re ,  c e l l  B i s  used because t h e  CEUC es t i -  

METRAN c o n s i s t e n t l y  p r e d i c t s  e a r l y  e f f e c t s  f o r  t h e  c o b a l t  releases whi le  CRAC does 
no t .  A s  d i scussed  ear l ier ,  t h i s  i s  not  unexpected because of t he  d i f f e r e n t  tech-  
n iques  by which t h e  two codes handle  a tmospheric  d i s p e r s i o n  and cloud d e p l e t i o n ,  
and because of t h e  use of t h re sho lds  i n  METRAN v e r s u s  dose-response curves i n  CRAC. 
METRAN has more d e t a i l  c l o s e  t o  t h e  release p o i n t ,  and t h e  lower boundary i s  as- 
sumed t o  absorb  50% of t h e  material which i n t e r a c t s  with i t .  A s  discussed  ear l ier  
under t h e  r e s u l t s  f o r  spent  f u e l ,  t h e  d i f f e r e n c e s  i n  t o t a l  l a t e n t  cancer  pred ic-  
t i o n s  may be a t t r i b u t a b l e  t o  the  d i f f e r i n g  techniques  used t o  handle  long-term 
exposure t o  contaminated ground and t o  popula t ion  d i f f e r e n c e s .  In  t h e  event  of a 
release from a CO-60 shipment ,  t h e r e  could be s e v e r a l  e a r l y  m o r b i d i t i e s  and t e n s  t o  
hundreds of l a t e n t  cancer  f a t a l i t i e s .  I f  h igh  exp los ives  are t h e  means of d i s p e r -  
s a l ,  then  the  immediate e f f e c t s  of t he  b l a s t  might be expected t o  overshadow t h e  
r a d i o l o g i c a l  e f f e c t s .  
a l b e i t  t h e  p r e d i c t e d  consequences are much smaller than  those  f o r  t he  c o b a l t  ship-  
ment. The l a r g e r  estimate of l a t e n t  cancer  f a t a l i t i e s  f o r  t h e  smallest cesium 
release, as compared t o  the baseline release, is a resul t  of the way METRAN handles 
cleanup ve r sus  i n t e r d i c t i o n .  That i s ,  i f  t h e  contaminat ion i s  above a s p e c i f i e d  
l e v e l ,  p u b l i c  use' i s  denied and ch ron ic  exposure i s  reduced. For the smaller 
release, t h i s  would no t  occur ,  and thus  a d d i t i o n a l  l a t e n t  cancers  are p red ic t ed .  
I n  t h i s  c a s e ,  e s p e c i a l l y ,  i t  is  observed t h a t  t he  e f f e c t s  of using h igh  exp los ives  
t o  i n i t i a t e  t h e  release from a s h i e l d e d  cask  can dominate t h e  p u b l i c  consequences 
of t h e  event .  

S imi l a r  r e s u l t s  are presented  f o r  a release of cesium, 

I n  summary, t h e  atmospheric  d i s p e r s a l  of material from shipments of n o n f i s s i l e  
i s o t o p e s  may l ead  t o  t e n s  t o  hundreds of l a t e n t  f a t a l i t i e s .  The immediate conse- 
quences of the  use of high exp los ives  i n  t h e  a t t a c k  w i l l  l i k e l y  be comparable. 

5.4.4 Less- than-St ra teg ic  Q u a n t i t i e s  of SNM 

Most shipments of l e s s - t h a n - s t r a t e g i c  q u a n t i t i e s  of s p e c i a l  nuc lea r  materials (SNM) 
involve  less than  100 grams of plutonium.23 Therefore ,  a s c e n a r i o  invo lv ing  t h e f t  
o r  m u l t i p l e  t h e f t s  fol lowed by a d i s p e r s a l  on a c i t y  street is  pos tu l a t ed .  A l -  
though plutonium i n  oxide form i s  a powder t h a t  could be "dumped" o r  thrown from a 
h igh  b u i l d i n g ,  such an act  would r e s u l t  i n  l i m i t e d  d i s p e r s a l .  Explosive d i s p e r s a l  
i s  t h e r e f o r e  assumed i n  t h i s  a n a l y s i s .  Because i t  i s  d i f f i c u l t  t o  even g e t  p lu to-  
nium d iox ide  powder a i r b o r n e  i n  s i g n i f i c a n t  q u a n t i t i e s ,  i t  w a s  assumed f o r  purposes 
of t h e  consequence estimates t h a t  an adversary  would not  a t t e m p t  a d i s p e r s a l  w i th  
less  than 100 grams. 

I n  t h i s  a n a l y s i s ,  t h e  plutonium mixture  employed is  c h a r a c t e r i s t i c  of t h a t  from 
rep rocess ing  of r e a c t o r  f u e l  1 year a f t e r  removal from t h e  r e a c t o r .  The i s o t o p i c  
composi t ion of t h i s  plutonium is  g iven  i n  Table  5-12. Based upon the  ear l ier  
d i s c u s s i o n ,  20% of t h e  d i spe r sed  material i s  assumed t o  be of r e s p i r a b l e  s i z e .  The 
consequences of an outdoor release were es t imated  wi th  METRAN and CRAC. The 
averaged r e s u l t s  from t h e  METEUN p r e d i c t i o n s  are presented  i n  Table  5-13, and t h e  
METRAN r e s u l t s  from a r e l e a s e  i n  c e l l  B are compared wi th  CRAC estimates i n  Table  
5-14. 
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Table 5-11 

METRAN and CRAC Consequence E s t i m a t e s  -- 
Releases of N o n f i s s i l e  I s o t o p e s  (Large Sources)  

a b Early 
_ _ ~  Elorbid i t i c , a  F a t a l i t i e s  

pa- 

l. Cobalt  (200 I:Ci Sllipment, 0.28% Respi rab le  Release)  

NETKtpC 
CRAC 
cRAce 

<< 1 
0 
0 

2.2 
0 
0 

2. Cobalt  (200 kCi Shipment, 0.8% Respi rab le  Release)  

MET R;1N 
CRAC 
cKAce 

<1 
0 
0 

11.2 
0 
0 

3. Cobalt  (200 kCi Shipment, 0.08% Respi r a b l e  Release)  

U E T ~ N '  

cRAce 
CRAC 

0 
0 
0 

0.4 
0 
0 

4. Cesium (15 kCi Sh ipsen t ,  0.28% Respi rab le  Release)  

M E T R ~ '  
CRAC 
CR4Ce 

0 
0 
0 

0 
0 
0 

5. Cesium ( 1 5  kCi Shipment, 0.8% Respi rab le  Release)  

METYN' 

cRAce 
CRAC 

0 
0 
0 

0.6 
0 
0 

6. Ccsium (15 kCi Shipment, 0.08% Respi rab le  Release)  

H E T R ~ N '  

cRAce 
CRAC 

0 
0 
0 

0 
0 
0 

Latent  Cnncer 
~ a t a l  i t i  esa 

4.1 
5 3  
106 

9.9  
93  

240 

1.9 
1 9  
3 4 

4.8 
5 . 5  
9 .  

1.1 
14 
25 

4 . 5  
1.7 
2.7 

aEar ly  F a t a l i t i e s  occur wi th in  1 year a f t e r  exposure t o  t h e  rad io-  
a c t i v e  mater ia l .  & ~ l y  Elorbidj t i e 5  a r e  i l l r w s s e s  appear ing  wi th in  weeks 
a f t e r  exposure.  La ten t  Cancer F a t a l i t i e s  occur over any  t i m e  suhsequcrlt t o  
t h e  exposure a s  a r e s u l t  of the  i n i t i a l .  exposure and of any 1.ong-term 
exposure t o  l o w  l e v e l s  of contamination. I.e., 40 l a t e n t  cancers  would 
r ep resen t  an average  of less than 2 cance r s  per year over a 30-year period 
f o r  t h e  populat ion groiip exposed. 

Blas t  e f f e c t s  from explos ives  used t o  a t t a c k  a cask  could cause t ens  o f  
f a t a l i t i e s  ( s e e  t h e  subsec t ion ,  "Consequenc-s of t h e  Use of High 
Explosives").  In f a c t ,  i f  explos ives  a r e  used, early r ad io log ica l  f a t a l i t i e s  
a re  higli ly u n l i k e l y  because those  c l o s e  enouch t o  r cce ivc  l c t h a l  r a d i a t i o n  
doses would be ki l . led by t h e  explosion. That i s ,  t h e  l e t h a l  r ad ius  f o r  b l a s t  
e f f e c t s  cxcecds tllc l e t h a l  r ad ius  f o r  early deatlis from r a d i a t i o n  i n  t h i s  
p a r t i c u l a r  i n s t ance .  

These a r e  f a t a l i t i e s  from the  r ad io log ica l  e f f e c t s  01 t h e  release. 

'Average of midblock r e l c s s e  for  three r e l e a s e  times i n  c e l l  B. 

dllean from CRhC f o r  g r id  popula t ion  only. 
'Mean from C U C  f o r  g r id  p lus  population t o  800 km. 
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Table 5-12 

Isotopic Composition of Plutonium Shipment* 

I sot ope Weight Percent 

PU-238 
Pu-239 
PU-240 
Pu-241 
Pu-242 
Am-241 

1.79 
60.65 
22.64 
10.95 
3.63 
0.43 

100.00 

*Based upon LWR fuel having 33 000 
MWd/MTHM at 40 kW/kg burnup, 1 year after 
removal from the reactor. 

In contrast to the other releases investigated, where early morbidities (especially 
with METRAN) often equal or exceed the latent cancer fatalities, the latent effects 
are by far the most dominant from the dispersal of SNM. This is not surprising 
because the plutonium is an alpha emitter; and cancers of the lung (42%) and bone 
(40%), where the plutonium is deposited, dominate the latent fatalities. This also 
implies that under the overall assumptions of the study, the dispersal of a kilo- 
gram of plutonium has the potential, in the long term, to cause significant numbers 
of fatalities. The METRAN and CRAC estimates again show reasonable agreement in 
the latent predictions. In this instance, the METRAN early estimates are probably 
more reasonable because this dispersal, is essentially a cold cloud compared to the 
release from the spent fuel cask. 

Neither METRAN nor CRAC was designed to analyze the effects of a release in an 
enclosed sports arena. 
CRAC was exercised for plutonium dispersal with small spatial zones, no heat in the 
release cloud, and a population density that approximates a large outdoor stadium 
holding 100 000 spectators. These results suggest that tens to hundreds of early 
fatalities and hundreds to thousands of early morbidities and latent fatalities can 
be caused. The results also suggest that more than 90% of the effects would be 
manifest in those exposed at the stadium. 

In an attempt to explore the effects of such a release, 

In summary, a public dispersal of approximately 1 kg of plutonium could produce a 
few early fatalities, tens to hundreds of early morbidities, and hundreds to thou- 
sands of latent fatalities. A similar release under the conditions of an outdoor 
sporting event could increase these consequences somewhat. 

5.4.5 Low-Level Waste 

A s  indicated earlier, because there is so little activity available in low-level 
waste shipments (1000 to 5000 curies), it is unlikely that any attempt at dispersal 
would be made with the intent to create public harm. Nevertheless, because an 
attack on low-level waste could have nuisance value, the effects of a release are 
considered. 
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Table 5-13 

Average METRAN Consequence E s t i m a t e s  -- D i s p e r s a l  
of Less - than -S t r a t eg ic  Q u a n t i t i e s  of SNM 

Ear ly  E a r l y  L a t e n t  Cancer 
Cell  of Release F a t a l i t i e s *  Morb id i t i e s*  Fa ta l i t i e s*  

i000-g D i s p e r s a l  

A 0.2 
B 0.3 
C 0.3 
D 0.1 

100-g D i s p e r s a l  

A 0 
B 0 
C 0 
D 0 

486 
154 
7 66 
127 

93 
8 

237 
13 

1 808 
552 

2 897 
41  1 

192 
s9 

296 
45 

*Early F a t a l i t i e s  occur w i t h i n  1 yea r  a f t e r  exposure t o  t h e  r a d i o a c t i v e  
mater ia l .  E a r l y  M o r b i d i t i e s  are i l l n e s s e s  appea r ing  w i t h i n  weeks a f t e r  exposure.  
L a t e n t  Cancer Fa t a l i t i e s  occur  over any t i m e  subsequent t o  t h e  exposure as a r e s u l t  
of t h e  i n i t i a l  exposure and of any long-term exposure t o  low l e v e l s  of contamina- 
t i o n .  I.e.,  40 l a t e n t  cance r s  would r e p r e s e n t  an  average of less than 2 c a n c e r s  
per  y e a r  over a 30-year pe r iod  f o r  t h e  popu la t ion  group exposed. 

Table  5-14 

Comparison of METRANa and CRAC Consequence E s t i m a t e s  -- 
D i s p e r s a l  of Less- than-Strategic  Q u a n t i t i e s  of SNM 

E a r l y  b E a r l y  
F a t a l i t i e s  M o r b i d i t i e s  F a t a l i t i e s  

1000-g D i s p e r s a l  

METRAN 0.3 
CRAC 0.08 

100-g D i s p e r s a l  

METRAN 0 
- CRAC 

154 
5 

8 
- 

552 
660 

59 
60 

a 

b 

material. Ea r ly  M o r b i d i t i e s  are  i l l n e s s e s  appearing w i t h i n  weeks a f t e r  exposure.  
L a t e n t  Cancer F a t a l i t i e s  occur over any t i m e  subsequent t o  t h e  exposure as a r e s u l t  
of t h e  i n i t i a l  exposure and of any long-term exposure t o  low l e v e l s  of contamina- 
t i on .  I .e. ,  40 l a t e n t  cance r s  would r e p r e s e n t  an  average of less t h a n  2 c a n c e r s  
p e r  yea r  over  a 30-year per iod f o r  t h e  popu la t ion  group exposed. 

Average v a l u e s  f o r  release i n  c e l l  B. 

E a r l y  F a t a l i t i e s  occur  w i t h i n  1 yea r  a f t e r  exposure t o  t h e  r a d i o a c t i v e  
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Assuming t h a t  1% of t h e  shipment i s  r e l e a s e d  i n  r e s p i r a b l e  form, about  50 c u r i e s  
could be r e l eased .  It is  d i f f i c u l t  t o  p r e d i c t  which r a d i o n u c l i d e s  might be 
inc luded  i n  a s p e c i f i c  shipment of such wastes. However, cons ide r ing  t h a t  t h e  
release of 560 c u r i e s  of Co-60 on ly  l e a d s  t o  t e n s  of c a s u a l t i e s  and t h a t  t h e  
release of  42 c u r i e s  of Ce-137 l e a d s  t o  e s s e n t i a l l y  no c a s u a l t i e s  i n  a dense ly  
popula ted  area ( s e e  S e c t i o n  5.4.3),  i t  fo l lows  t h a t  t h e  d i s p e r s a l  of 50 c u r i e s  of 
low-level  waste is  u n l i k e l y  t o  r e s u l t  i n  any i l l n e s s  o r  f a t a l i t i e s .  To suppor t  
t h i s  conc lus ion ,  CRAC has  been e x e r c i s e d  f o r  a 50-curie  release which c o n t a i n s  
approximate ly  30% cesium, 50% ruthenium and 18% s t ront ium.  For t h i s  s i t u a t i o n ,  
CRAC p r e d i c t s  no e a r l y  e f f e c t s  and less than  one l a t e n t  cancer  f a t a l i t y  ( i . e . ,  mean 
and peak v a l u e s  are less than  1 ) .  

I n  summary, a release from low-level wastes would pose no s i g n i f i c a n t  hazard t o  t h e  
g e n e r a l  pub l i c .  

5.4.6 Consequences of a Release of Rad ioac t ive  Material--Areas Af fec t ed  and 
Economic I m D a c t  

I n  t h e  preceding  s e c t i o n s ,  t he  METRAN and CRAC models were employed t o  examine t h e  
p u b l i c  h e a l t h  consequences of a d e l i b e r a t e  release of r a d i o a c t i v e  materials from 
v a r i o u s  sh ipp ing  con ta ine r s .  Another a s p e c t  of such releases t h a t  must be con- 
s i d e r e d  i s  t h e  e x t e n t  of t h e  a r e a  which may be contaminated by d e p o s i t i o n  from t h e  
p a s s i n g  cloud and the  c o s t s  a s s o c i a t e d  wi th  c leanup,  i nc lud ing  those  a s s o c i a t e d  
w i t h  temporary o r  permanent r e l o c a t i o n  of the a f fec ted  popula t ion .  

A t  p r e s e n t ,  t h e  METRAN model does not  i n c l u d e  t h e  c a p a b i l i t y  t o  fo l low t h e  cloud 
p r e c i s e l y  and the reby  estimate t h e  a c t u a l  a f f e c t e d  area. However, METRAN r e s u l t s  
do i n d i c a t e  which cel ls  are a f f e c t e d  and t h e  f r a c t i o n a l  area of each c e l l  involved:  
t h a t  i s ,  those  ce l l s  w i t h i n  t h e  computat ional  g r i d  i n  which some c o n c e n t r a t i o n  of 
a i r b o r n e  material appears .  F igure  5-4 i n d i c a t e s  t h e  ce l l s  a f f e c t e d  by a s p e c i f i c  
release a t  midblock from a s p e n t  f u e l  ca sk  i n  c e l l  B f o r  t h e  t h r e e  release t i m e s  
cons ide red  i n  t h e  s tudy.  The p r e v a i l i n g  wind f low i s  from t h e  south.  A t  noon, 
h ighe r  wind speeds  cause  some ce l l s  a d j a c e n t  t o  t h e  release t o  be sk ipped ,  whi le  a t  
midnight ,  low speed a l lows  l a t e r a l  d i f f u s i o n  t o  occur .  

Es t imated  releases i n  o t h e r  ce l l s  e x h i b i t  s imilar  behavior .  It i s  p o s s i b l e  t o  
e x t r a c t  an  estimate of t h e  s u r f a c e  a r e a  t r a v e r s e d  by t h e  cloud from t h e  CRAC atmo- 
s p h e r i c  d i s p e r s a l  model. Because t h e  area estimate i s  a mean va lue  from many 
computa t ions ,  i t  is  no t  d i r e c t i o n a l l y  dependent;  t h a t  i s ,  i t  is  a mean downwind 
area; For purposes  of comparison, F igu re  5-5 shows t h e  CRAC estimate of c loud  
coverage superimposed on one of t h e  METRAN c a l c u l a t i o n s .  This  i n d i c a t e s  t h a t  near  
t h e  release, t h e  a f f e c t e d  area i s  much smaller than  would be p r e d i c t e d  by s imply 
count ing  ce l l s  i n  t h e  METRAN g r i d  i n  which a c t i v i t y  appears .  F igure  5-6 shows t h e  
CRAC mean estimate of c loud area o u t  t o  2.5 km from t h e  release p o i n t ,  and F igu re  
5-7 shows t h e  mean c loud  area out  t o  100 km. 

To estimate t h e  economic impact of t h e  releases due t o  sabotage ,  some i d e a  of t h e  
p o t e n t i a l  s u r f a c e  contaminat ion  l e v e l s  i s  requi red .  For t h i s  a n a l y s i s ,  i t  is  
assumed t h a t  t hose  s u r f a c e  areas wi th  more t h a n  0.2 p C i / m 2  w i l l  r e q u i r e  decontami- 
na t ion .32  This  i s  about  a f a c t o r  of 3 lower than  cleanup l e v e l s  r epor t ed  and used 
elsewhere.  
n a t i o n  l e v e l s  g r e a t e r  than 8 v C i / m 2  (DF f a c t o r s  g r e a t e r  than  4 0 )  could no t  be 
decontaminated and p u b l i c  u se  would have t o  be denied. The model employed h e r e  
( d e s c r i b e d  i n  d e t a i l  i n  Appendix K )  accounts  f o r  t h e  c o s t s  of land-use d e n i a l  as 
w e l l  as o t h e r  c o s t s  such  as emergency response ,  r a d i o l o g i c a l  su rveys ,  evacua t ion ,  
s e c u r i t y ,  etc. 

33 34 It i s  f u r t h e r  assumed t h a t  t hose  b u i l d i n g  s u r f a c e s  wi th  contami- 
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Ncon Re lease  

Rush-Hour Release  

Plidnight Release  

\ 
C e l l  B 

F igu re  5-4 .  P a t t e r n  of Grid S e c t o r s  Affec ted  by a Re lease  
i n  C e l l  B 

C e l l  B 

F igure  5-5. Mean Area Affec ted  by Release  i n  C e l l  B (Cut 
Es t ima te )  Superimposed on METRAN Ce l l s  Affec ted  
by Rush Hour Release  i n  Cell B 
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Figure 5-6. CRAC Estimate of Cumulative Area Traversed by Radioactive Cloud 
as Function of Downwind Distance from Release Point (10 metres 
to 10 kilometres) 
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Figure 5-7. CRAC Estimate of Cumulative Area Traversed by Radioactive Cloud as a 
Function of Downwind Distance from Release Point (1 to 1000 
kilometres) 
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Any attempt to quantify economic impact involves many assumptions. Therefore, the 
following results are only order-of-magnitude estimates. More accurate analysis 
requires, among other things, details of land use near the actual point of release 
(and for larger releases, to considerable distances downwind), the nature of the 
release (magnitude, radionuclides involved), and the weather conditions at release 
time and for sometime thereafter. Nevertheless, the costs may be approximated as 
proportional to the area contaminated, the type of land use, and the population 
density. The Reactor Safety Study26 addresses such questions for the case of a 
reactor accident; similar methodology has been used in this study. 

A brief summary of the parameters used in the economic analysis is presented in 
Table 5-15. These data are abstracted from a more complete tabulation in Appendix 
K. The results of the analysis for the baseline estimate releases are shown on 
Table 5-16. The individual costs vary with time of release (affected by wind speed 
and population distribution) and location--midblock or intersection. In general, 
lower wind speeds mean higher contamination levels close to the release point. In 
this case, land-use denial is required and cleanup costs are not calculated. For 
the intersection release, the effect of the cloud "splitting" is observed in that 
even the midvelocity wind for the rush hour release produces lower levels of 
contamination thus allowing cleanup. Also, the total cost of a midblock release is 
relatively insensitive to time of release--the cost varies only about 10%--while 
the intersection release is more sensitive, as the midnight cost is only about 17% 
of the noontime cost. In Table 5-17, the cost data for the three spent fuel re- 
leases are presented, averaged for the three release times. The results are n o t  
very sensitive t o  the level of release over the range considered. This is attribu- 
table to land-use denial over significant areas, and the cost of this dominates. 
It is anticipated that there would be more sensitivity to the release magnitude if 
the entire affected area were considered rather than just the existing METRAN grid. 

A number of features in this analysis warrant emphasis: 

1. 

2. 

3 .  

4. 

5. 

6. 
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This analysis is based upon the release point being within an urban 
environment and is limited t o  the METRAN grid. 

This analysis of necessity makes only an order-of-magnitude estimate. 

The analysis does not take into account the repair and cleanup costs that 
would be associated with the damage resulting from the use of high 
explosives in the sabotage attack. 

Although the results imply decreased costs as release magnitude decreases, 
in all likelihood there will be some minimum cost associated with any 
public release regardless of size. Likewise, the estimates here imply 
"leveling" of costs as release magnitude increases, due to the fact that 
once an area is above a contamination level which requires land-use 
denial, further contamination will not increase the cost. 

The indirect sociopolitical, economic, and litigation costs of the loss 
(however temporary) of the business, finance, and government facets of an 
urban area have not been estimated or included. 

Finally, the values here are in 1979 dollars. Projections should take 
appropriate account of inflation. 



Table 5-15 

Summary of Economic Cost Parameters 

Par ame t e r 

Acceptable cleanup level 

Upper limit, lightly contaminated 

Lower limit, moderately contaminated 

Upper limit, moderately contaminated 

Loaded salary, health physics technicians 

Survey Rate 

Cost for Street cleanup 1 < DF < 2 
2 < DF - < 40 - 

Cost for building cleanup 1 < DF - < 2 

2 < DF < 40 - - 

Cost for parks/open areas 1 < DF < 2 
2 7 - DF 7 - 40 

Evacuation cost 

Income loss, individual 

Income loss, corporate 

Land value 

Moving expense, people 

Moving expenses, agencies 

Security guards, loaded salary 

Fencing costs 

Values Chosen* 

0.2 vci/m2 

DF = 2 

DF = 20 

DF = 40 (model assumes techniques 
for DF = 20 done twice) 

$20 000/yr ($9/h) 

60-120 m2/h 

$4. 38/m2 
$247 /m2 (replacement) 

$506/capita (residential) 
$44/capita (3-5 story residential) 
$22/capita (>6 story residential) 
$3l/capita (commercial) 

$1607/capita (residential) 
$44l/capita (3-5 story residential) 
$205/capita (>6 story residential) 
$462/capita (commercial) 

$lOl/capita 
$673/capita 

$200/capita (10 days) 

$718/capita (10 days) 

76/capita (10 days) 

$57 17l/capita 

$587/capita 

$690/capita 

$5.80/h 

$9.80/m (6-ft chain link) 

*All cost values in 1979 dollars. Cleanup costs cited are on a per-capita 
basis since such data are readily available (see, for example, Reference 26). A DF 
of 2 implies that contamination levels after cleanup are one-half those before 
cleanup; a DF of 20 implies post-cleanup levels that are 5% of original levels. 

127 



c o s t  
E l  emen t 

On- s c e n e  
emerg .  r e s p .  

On-scene 
r e c o v e r y  

S u r v e y  c o s t  

S t r e e t  c o s t  

Bu i I d  i n g  
c o s t  

Evac .  c o s t  

S e c u r i t y  
c o s t  

I n t e r d i c t .  
c o s t  

T o t a l  

T a b l e  5-16 

Summary o f  Economic C o s t s  -- 
C e l l  B B a s e l i n e  Estimate R e l e a s e *  

M i d b l o c k  I n t e r s e c t i o n  

Noon Kush h o u r  M i d n i g h t  Noon Kush h o u r  M i d n i g h t  

3 . 7 ~ 1 0  3 . 7 ~ 1 0  ’ 3 . 7 ~ 1 0  3 . 7 ~ 1 0  ’ 3 . 7 ~ 1 0  3 . 7 ~ 1 0  

1 . 7 ~ 1 0 ~  2 . 3 ~ 1 0 ~  2 . 3 ~ 1 0 ~  2 . 9 ~ 1 0 ~  2 . 8 ~ 1 0 ~  1 . 7 ~ 1 0 ~  

l . l x106  0 0 1 . 8 ~ 1 0 ~  2 . 2 ~ 1 0 ~  0 

1 . 6 ~ 1 0 ~  0 0 3 . 6 ~ 1 0 ~  3. 1x107 0 

7 .2~10‘  0 0 1 . 4 ~ 1 0 ~  1 . 3 ~ 1 0 ~  0 

3 . 7 ~ 1 0 ~  6. 1x107 6. 1x107 4 . 9 ~ 1 0 ~  4 . 9 ~ 1 0 ~  4 . 9 ~ 1 0 ~  

2 . 0 ~ 1 0 9  2 . 1 ~ 1 0 ~  2.2x109 2 . 9 ~ 1 0 9  1 . 8 ~ 1 0 ~  4.5x108 

2. iX1o9  2. 2x109 2 . 3 ~ 1 0 9  3 . 0 ~ 1 0 ~  1 . 9 ~ 1 0 ~  5 . 0 ~ 1 0 ~  

* A l l  c o s t s  i n  1979 d o l l a r s .  

T a b l e  5-17 

Summary of Economic  C o s t s  -- A v e r a g e  f o r  
T h r e e  Release Times i n  Ce l l  B” 

c o s t  
E 1 emen t 

On- s c e n e  
emerg .  r e s p .  

On-scene 
r e c o v e r y  

S u r v e y  
c o s t  

S t r e e t  c o s t  

Bldg  c o s t  

Evac .  c o s t  

S e c u r i t y  
c o s t  

I n t e r d i c t .  
c o s t  

T o t a l  

M i d b l o c k  I n t e r s e c t i o n  

Low B a s e l i n e  H i g h  Low B a s e l i n e  H i g h  

2 . 4 ~ 1 0 ~  2. 1x106 2 . 4 ~ 1 0 ~  2 . 5 ~ 1 0 ~  2 . 5 ~ 1 0 ~  2 . 5 ~ 1 0 ~  

4 . 4 ~ 1 0 ~  3 . 7 ~ 1 0 ~  0 1 . 3 ~ 1 0 ~  1 . 3 ~ 1 0 ~  1 . 3 ~ 1 0  

6. 7x106 5. 3x106 0 1 . 1 ~ 1 0 ~  2 . ~ ~ 1 0 ~  ~ 5 ~ 1 0 7  

3 . 4 ~ 1 0 ~  2 . 4 ~ 1 0 ~  0 5 . 7 ~ 1 0 ~  9x106 8 . 0 ~ 1 0 ~  

* A l l  c o s t s  i n  1979 d o l l a r s .  

128 



I n  summary, t h e  geograph ica l  coverage and t h e  economic impact have been e s t i m a t e d  
f o r  a range of d e l i b e r a t e  releases wi th in  an urban area. For t h e  l a r g e s t  release 
examined (-11 kCi ) ,  t h e  impact i s  spread  over  numerous p o l i t i c a l  s u b d i v i s i o n s ,  and 
releases i n  t h e  range 1 t o  10 kCi are e s t ima ted  t o  have c o s t s  on t h e  o rde r  of $ lo9 .  

5.4.7 Consequences from Nondispersed Sources  

I n  s e v e r a l  of t h e  releases p o s t u l a t e d ,  t h e r e  may be a s u b s t a n t i a l  amount of mate- 
r i a l  e j e c t e d  from the  sh ipp ing  c o n t a i n e r  bu t  not  a e r o s o l i z e d .  
a source  of d i r e c t  r a d i a t i o n  and subsequent ly  a c leanup problem. It was a n t i c i -  
pated t h a t  t h i s  source  would not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  p u b l i c  r i s k .  To 
e x p l o r e  t h i s  q u e s t i o n ,  t h e  METRAN code has been exe rc i sed  i n  t h e  mode used f o r  
s p e c i a l  form ( i . e . ,  n o n d i s p e r s i b l e )  m a t e r i a l .  I n  t h i s  mode, t h e  source  i s  t r e a t e d  
as a p o i n t  sou rce  i n  t h e  middle of t h e  s t reet .  Therefore ,  t h e  p e d e s t r i a n  d i s t a n c e  
of c l o s e s t  approach i s  t h e  s idewalk and t h e  c l o s e s t  approach f o r  v e h i c l e s  i s  t h e  
crosswalk.  The v e h i c l e s  proceeding on one s i d e  of t h e  street  a r e  presumed t o  be 
bumper-to-bumper. These c o n d i t i o n s  are presumed t o  e x i s t  a t  t h e  t i m e  of sabotage  
and s h o r t l y  t h e r e a f t e r .  

That i s ,  i t  becomes 

The two shipment types  of major concern i n s o f a r  a s  d i r e c t  r a d i a t i o n  i s  concerned 
are t h e  i r r a d i a t e d  ( s p e n t )  f u e l  and n o n f i s s i l e  i s o t o p e  ( l a r g e  sou rces )  shipments  
because of t h e  source  s t r e n g t h s  involved.  In  t h e s e  classes of shipments ,  r e l e a s e  
mechanisms can be p o s t u l a t e d  i n  which s u b s t a n t i a l  amounts of t h e  m a t e r i a l  are 
s imply e j e c t e d  from t h e  cask and s c a t t e r e d  on the  ground. To e s t a b l i s h  an upper 
bound, i t  has  been assumed t h a t  t h e  e n t i r e  c o n t e n t s  are o u t s i d e  t h e  sh ipp ing  con- 
ta iner - -a  c o n s e r v a t i v e  assumption i n  terms of t h e  r ea l i s t i c  r e l e a s e  mechanisms. 
The r e s u l t s  a t  t h r e e  r e l e a s e  times are shown i n  Table  5-18. A s  would be expec ted ,  
t h e  l a t e n t  cancer  f a t a l i t i e s  a s  a r e s u l t  of d i r e c t , r a d i a t i o n  are minor compared t o  
t h e  e a r l y  f a t a l i t i e s  and morb id i t i e s .  

Seve ra l  o t h e r  p o i n t s  should be noted. F i r s t ,  t h e  e a r l y  consequences e s t ima ted  he re  
a r e  i n s e n s i t i v e  t o  t h e  c e l l  of release. This  i s  due t o  t h e  t r a f f i c  "packing" 
assumption desc r ibed  above and t o  t h e  f a c t  t h a t  p e d e s t r i a n  d e n s i t y  i s  t i m e -  bu t  n o t  
ce l l -dependent .  A s  modeled i n  METRAN, t h e r e  a r e  about  t h r e e  t imes  more f a t a l i t i e s  
and m o r b i d i t i e s  among p e d e s t r i a n s  than  among people  i n  v e h i c l e s  du r ing  d a y l i g h t  
hours and about s i x  times more among people i n  veh ic l e s  than  among p e d e s t r i a n s  a t  
midnight ,  which simply r e f l e c t s  t h e  r e l a t i v e  popu la t ion  d e n s i t i e s .  

Second, no e a r l y  consequences are p r e d i c t e d  f o r  people  i n  b u i l d i n g s  because of t h e  
assumed d i s t a n c e  from the  sou rce  and t h e  s h i e l d i n g  a f fo rded  by t h e  b u i l d i n g  mate- 
rials. In  c o n t r a s t ,  t h e  p e d e s t r i a n s  and people  i n  v e h i c l e s  are no t  sh i e lded .  The 
dose t o  p e d e s t r i a n s  i n c l u d e s  an  a lbedo  t e r m  t o  account  f o r  r a d i a t i o n  s c a t t e r i n g  
from s t reets  and a d j a c e n t  b u i l d i n g  walls. Th i rd ,  no e a r l y  consequences a r e  pre- 
d i c t e d  f o r  t h e  case of a cesium release because of t h e  c o n s t r a i n t s  t h e  model p l a c e s  
on t h e  d i s t a n c e  of c l o s e s t  approach. For comparison purposes ,  t h e  d i s t a n c e s  a t  
which dose t h r e s h o l d s  f o r  e a r l y  f a t a l i t i e s  and m o r b i d i t i e s  (assuming 15-minute 
exposure)  are equa l l ed  o r  exceeded are shown i n  Table  5-19. 

It i s  clear from the  d a t a  t h a t  d i r e c t  r a d i a t i o n  from t h e  cesium source ,  even a t  15 
kCi ,  does not  pose a major t h r e a t  t o  p u b l i c  h e a l t h  and s a f e t y .  It i s  a l s o  appa ren t  
t h a t  f o r  t hose  r e l e a s e s  invo lv ing  d i s p e r s a l  and i n  which t h e r e  i s  some r e s i d u a l  
mater ia l  on t h e  ground, t h e  consequences r e s u l t i n g  from inha led  r a d i o n u c l i d e s  w i l l  
outweigh those  from d i r e c t  r a d i a t i o n .  
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Table 5-7 

Comparison of Average METRAN Consequence Estigate 
t o  CRAC Mean Est imate  f o r  Midblock, C e l l  B 

La ten t  e d E a r l y  
E s t ima t e Model F a t a l i t i e s  Mor b id  i t i e s Cancer F a t a l i t i e s  

Base l ine  METRAN <1 
CRAC <1 

Upper METRAN 2.8 
CRAC 1 

Lower METRAN <<1 
CRAC 0 

19 
1 

99 
11 

10 
<1 

40 
7 7  

104 
195 

12 
24  

a CRAC c a l c u l a t i o n  l i m i t e d  t o  same 10 by 10 km a r e a  as METRAN, assuming a 
r e l e a s e  a t  c e n t e r  ( C e l l  B). 

bSee "Summary of Estimated Release Frac t ions ."  
c E a r l y  Fa ta l i t i e s  occur w i t h i n  1 year  a f t e r  exposure t o  t h e  r a d i o a c t i v e  

material. Ea r ly  M o r b i d i t i e s  are i l l n e s s e s  appearing w i t h i n  weeks a f t e r  
exposure.  La ten t  Cancer F a t a l i t i e s  occur  over any t i m e  subsequent  t o  t h e  
exposure as a r e s u l t  of t he  i n i t i a l  exposure and of any long-term exposure t o  
low l e v e l s  of contaminat ion.  I .e. ,  40 l a t e n t  cancers  would r e p r e s e n t  a n  
average of less than 2 cance r s  p e r  yea r  over  a 30-year per iod  f o r  t h e  popu- 
l a t i o n  group exposed. 

Blast e f f e c t s  from exp los ives  used t o  a t t a c k  e cask could cause t e n s  of 
f a t a l i t i e s  ( s e e  the  subsec t ion ,  "Consequences of t he  Use of High 
Explos ives") .  I n  f a c t ,  i f  exp los ives  are used, e a r l y  r a d i o l o g i c a l  f a t a l i t i e s  
are h igh ly  u n l i k e l y  because those  c l o s e  enough t o  r e c e i v e  l e t h a l  r a d i a t i o n  
doses  would be k i l l e d  by t h e  explosion.  That i s ,  t h e  l e t h a l  r a d i u s  f o r  b l a s t  
e f f e c t s  exceeds t h e  l e t h a l  r a d i u s  f o r  e a r l y  dea ths  from r a d i a t i o n  i n  t h i s  
p a r t i c u l a r  i n s t ance .  

exposure,  resuspens ion ,  and long-term exposure t o  contaminated ground. The 
t e x t  d i s c u s s e s  t h e  d i f f e r e n c e s  i n  manner i n  which METRAN and CRAC t reat  t h e  
long-term exposure.  

dThese a r e  f a t a l i t i e s  from the  r a d i o l o g i c a l  e f f e c t s  of t h e  release. 

e These are t o t a l  l a t e n t  cancer  f a t a l i t i e s  p red ic t ed  as r e s u l t  of i n i t i a l  
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Table 5-18 

Consequences of Direct Radiation -- 15-Minute Exposure 

Time of 
Release 

Early a b 
Fatalities 

Early a 
Morbidities 

Latent Cancer 
Fatalitiesa 

1. Spent Fuel (5.37 X i )  

Noon 
Rush Hour 
Midnight 
Average 

2. Cobalt-60 (200 kCi) 

Noon 
Rush Hour 
Midnight 
Average 

3. Cesium-137 (15 kCi) 

Noon 
Rush HOUI 
Midnight 
Average 

108 
65 
20 
66 

509 
295 
109 
304 

25 
13 
4 
14 

24 
15 
6 
15 

392 
227 
85 
235 

15 
76 
2 
31 

0.23 
0.13 
0.04 
0.13 

aSee footnote d, Table 5-4. 

bSee footnote e, Table 5-4. 

Table 5-19 

Dose Threshold-Distance Relationship, 15-Minute Exposure 

Distance (metres) 

Pedestrians Passengers 
Vehicle 

Dose (rem) 

1. Spent Fuel (5.37 MCi) 

700; 
400 
50' 

16 
21 
51 

14 
18 
45 

2. Cobalt-60 (200 kCi) 

700: 
400 
50' 

3 .  Cesium-137 (15 kCi) 
700; 
400 
50' 

11 
15 
39 

10 
13 
34 

1.7 
2.4 
6.6 

1.5 
2.1 
5.9 

aAbove 700 rem, Pf = 1.0 and Pm = 1.0 

bAbove 400 rem, Pf 2 0.4 and P = 1.0 
= 0.0 and Pm 

m 
Above 50 rem, = 1.0; less than 50 rem, 

Pf 0.0 and Pm :fO.O. 
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One further point must be emphasized. 
disrupt the shipping container integrity sufficiently to "spill" the contents would 
have to employ thousands of kilograms of high explosives. In light of the possible 
effects of high explosives discussed earlier under "Consequences of the Use of High 
Explosives," it is highly likely that those persons close enough to be affected by 
d-irect radiation will have undergone severe physical trauma or died from the 
explosion, and therefore direct radiation becomes of secondary importance t o  direct 
blast consequences. 

An attack violent enough to overturn and 

In summary, although direct radiation could cause hundreds of early fatalities if 
an entire spent fuel shipment were spilled, for the more realistic modes of 
potential sabotage, the dispersed material will dominate the public health 
consequences. 

5.4.8 Summary of Consequences 

The consequences in Table 5-20 have been estimated for the urban environment based 
upon the release fractions postulated in the subsection "Summary of Estimated Release 
Fractions'' and the public health effects as defined in the blast effects analysis and 
as model.ed by the METRAN and CRAC codes. 

Economic effects are strongly dependent upon the amount of radioactive material released. 
Thus, there is unquestionably a wide range of environmental impacts potentially exceed- 
ing $1 billion f o r  the largest radioactive material release. 

Source 

Spent Fuel 
Truck 
Rail 

Nonfissile Isotopes 
(large sources) 

SNM 

Low-Level Waste 

Table 5-20 

a Summary of Public Consequences 

Early Early Latent Cancer 
Fatalities Morbidities Fatalities 

10's - 100's 10's - 100's b 
10 ' Sb 
1 0 ' s  10 's  - 100's 100's - 1000's 

- 1 ' s  - 10's 10's 

1's 10's  - 100's 100's - 1000's 

1 ' s  -- -- 
a Based upon the baseline estimate release fraction postulated for each 

category. 

bFor spent fuel, the early fatalities (and a significant portion of the 
early morbidities) are the result of the explosive attack and not exposure to 
radiation. 
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5.5 Effects of Urban Areas on the Functions of Transportation Safeguards 

Unlike the majority of shipments discussed at length above, some shipments of SNM 
(such as plutonium and U-233) and spent fuel are currently being safeguarded.* 
Additional safeguard measures have been proposed by the NRC.35 
the impacts of the urban environment on the functioning of transportation safeguard 
systems are considered. Particular attention is paid to the response times, capa- 
bilities, and tactics of the supporting local law enforcement agencies (LEAs) and 
the effects of increased population and traffic densities in the urban areas as 
contrasted with suburban and semirural areas. There is an active program underway 
to systematically model transportation safeguard systems, including convoy config- 
urations, conflict simulations, and law enforcement agency availability. 

In this section, 

Because this detailed modeling and analysis is still in progress, the observations 
here are considered to be semiquantitative to qualitative based upon the available 
data. The analysis is being conducted assuming those systems outlined in the 
proposed rules to be the first line of response to any threat or attack. 

The proposed rule 3 6  for transportation safeguards incorporates several concepts and 
features which are summarized here for convenient reference. The proposed rule has 
three principal objectives: 

1. Restrict access and activity in the vicinity of transports. 

2. Prevent the unauthorized access into, or removal of strategic special 

3. Provide a response capability (force) to insure that the first two objec- 

nuclear material from, transports. 

tives can be accomplished. 

For road shipments, whether by special truck or armored cars, there are some addi- 
tional criteria established. These are 

1. There will be seven armed escorts, possibly including drivers, with two in 
the cargo vehicle. 

2. The cargo vehicle will have a bullet-resistant cab and a penetration- 
resistant cargo compartment. 

3. There will be at least two bullet-resistant escort vehicles. 

4. Shipments will use primary highways. (For most urban areas this tacitly 
implies the interstate highway system or comparable expressways.) 

5. There will be continuous radio communication intraconvoy with backup, and 
there will be radio contact with a movement control center at least every 
30 minutes. 

6 .  There will be communications with local LEAs. 
7. When stopped (refueling, rest, or emergency only) at least three escorts 

will have the transport under surveillance with nine available to respond. 
Two escorts will be sufficiently remote to retain contact with local LEAS 
in the event of a single attack. 

*The interim rule for spent fuel was not considered explicitly in the discus- 
sion, although the comments appear generally applicable. 
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With t h e s e  c o n d i t i o n s  i n  mind, t h e  e f f e c t s  of t h e  urban environment may be ex- 
p lored .  These obse rva t ions  and conc lus ions  on l o c a l  LEA response  and c a p a b i l i t i e s  
are based upon a l i m i t e d  a n a l y s i s  of d a t a  provided by s e v e r a l  thousand l o c a l  LEAS." 

5.5.1 Response T ime  and Numbers of Local  LEAs 

The l i m i t e d  sample of a v a i l a b l e  d a t a  sugges t s  t h a t  i n  ve ry  l a r g e  c i t i e s  ( t h o s e  w i t h  
popu la t ion  g r e a t e r  than 1 000 O O O ) ,  30 t o  50 o f f i c e r s  can respond t o  ca l l s  f o r  
a s s i s t a n c e  i n  10 minutes  o r  less. This  response u s u a l l y  r e p r e s e n t s  less  t h a n  10% 
of those  on duty.  S imi l a r  c o n d i t i o n s  appear  t o  p r e v a i l  i n  c i t i e s  wi th  popu la t ions  
i n  t h e  500 000 t o  1 000 000 ca t egory ,  a l though t h e  response  r e p r e s e n t s  a l a r g e r  
f r a c t i o n  of t hose  on du ty ,  perhaps 25% o r  so. Even i n  c i t i e s  wi th  100 000 t o  
500 000 popu la t ion ,  t h e  10-minute response l e v e l  i s  s i g n i f i c a n t ,  i n  t h e  range of 10 
t o  30 o f f i c e r s .  However, i n  some a r e a s  t h i s  may be n e a r l y  one-half of t h e  t o t a l  
number of o f f i c e r s  on duty.  I n  those  c i t i e s  of less  than  100 000, t h e  response  i s  
more l i k e i y  10 o r  so ,  which f r e q u e n t l y  r e p r e s e n t s  n e a r l y  a l l  t h e  o f f i c e r s  on duty.  
I n  small c i t i e s - - t h o s e  wi th  less than  25 000 bu t  g r e a t e r  t h a n  10 000--the response  
i s  t y p i c a l l y  around 10, but  aga in  t h i s  r e p r e s e n t s  n e a r l y  a l l  those  on duty.  The 
a c t u a l  numbers obvious ly  va ry  from c i t y  t o  c i t y  and s h i f t  t o  s h i f t ;  t h e  numbers 
quoted h e r e  are "averaged" over t h r e e  s h i f t s  f o r  t h e  c i t i e s  examined. Neverthe- 
less, t h e  fo l lowing  conc lus ions  may be drawn. In  urban a r e a s ,  t h e  number of de- 
f e n d e r s  ( e s c o r t s  p lus  l o c a l  LEAs) can be quadrupled i n  10 minutes  o r  l ess ,  and even 
i n  s m a l l e r  c i t i e s  t h e  number can be doubled. This  s i m p l e  d i f f e r e n c e  i n  numbers 
appea r s  t o  provide  the  urban LEA and t h e  shipment e s c o r t s  much more f l e x i b i l i t y  i n  
responding t o  an a t t a c k  than  would be t h e  case i n  small c i t i e s  o r  a s e m i r u r a l  
environment.  Also ,  because the  responding f o r c e  i n  l a r g e  c i t i e s  r e p r e s e n t s  on ly  a 
small f r a c t i o n  of t h e  o f f i c e r s  o n ' d u t y ,  t h e  urban  LEA should be b e t t e r  a b l e  t o  cope 
w i t h  d i v e r s i o n a r y  o r  m u l t i p l e  a t t a c k s .  

I f  t h e  impact of p r o t r a c t e d  engagements (1 hour o r  more) are cons ide red ,  then  t h e  
sample a g a i n  s u g g e s t s  t h a t  t h e  urban LEAs a r e  a b l e  t o  respond wi th  s i g n i f i c a n t l y  
g r e a t e r  numbers, f i v e  t o  seven times t h e  . i n i t i a l  response ,  wi thout  n e c e s s a r i l y  
c a l l i n g  upon of f -duty  personnel  o r  o u t s i d e  a s s i s t a n c e .  
t o t a l  response  i n  1 hour may only  be two times t h e  i n i t i a l  response ,  and even a t  
t h a t  w i l l  r e q u i r e  personnel  o t h e r  t han  t h e  duty  s h i f t .  

I n  t h e  smaller c i t i e s ,  t h e  

5.5.2 C a p a b i l i t i e s  of Responding LEA--Individuals 

It i s  i n t e r e s t i n g  t o  n o t e ,  based upon t h e  sample, t h a t  t h e  c a p a b i l i t i e s  of i nd iv id -  
u a l  o f f i c e r s ,  i n  terms of equipment they b r i n g ,  are not  s t r o n g l y  r e l a t e d  t o  t h e  

*The survey was conducted by t h e  I n t e r n a t i o n a l  Assoc ia t ion  of Chiefs  of P o l i c e  
f o r  Sandia  L a b o r a t o r i e s ,  Department 1710, under Department of Energy programs. The 
survey  responses  are being c o r r e l a t e d  and ana lyzed ,  and a d e t a i l e d  r e p o r t  w i l l  be 
publ ished.  It  i s  emphasized t h a t  t h e  obse rva t ions  made h e r e  are based upon a 
l i m i t e d  random sample of t h e  survey. responses  and are t h e r e f o r e  s u b j e c t  t o  modif i -  
cat i o n  as t h e  f u l l  ' a n a l y s i s  proceeds.  



1 

I 

s i z e  of c i t y  i n  which they serve .  P a t r o l  c a r s  appea r  t o  r o u t i n e l y  carry shotguns,  
and i n  t h e  l i m i t e d  sample examined, about t h ree -qua r t e r s  i n d i c a t e d  t h a t  a t  least  
some o f f i c e r s  would respond wi th  r i f l e s ,  a l though t h e  t y p e  (au tomat ic  o r  semiauto- 
ma t i c )  w a s  no t  s p e c i f i e d .  In  l a r g e r  urban areas, c i t i e s  g r e a t e r  than 500 000, t h e  
responding o f f i c e r s  would a l s o  have gas  guns and personal  body armor. I n  t h e  
smaller c i t i e s ,  t h e  survey seems t o  i n d i c a t e  t h a t  about ha l f  t h e  responding o f f i -  
c e r s  would be equipped wi th  gas  guns and armor. This  would appear  t o  provide t h e  
urban LEA more f l e x i b i l i t y  i n  d e a l i n g  wi th  a s i t u a t i o n .  

I n d i v i d u a l  o f f i c e r  t r a i n i n g  and exper ience  i s  l e s s  amenable \ t o  q u a n t i f i c a t i o n ,  bu t  
i t  i s  l i k e l y  t h a t  t h e  l a r g e  c i t y  f o r c e s  w i l l  have more formal and r e g u l a r  t r a i n i n g  
than  those  i n  small  c i t i e s  and towns. It i s  a n t i c i p a t e d  t h a t  t h e  urban o f f i c e r  i s  
b e t t e r  prepared t o  handle  an armed c o n f r o n t a t i o n  than an o f f i c e r  from a semi ru ra l  
area, simply because he meets such s i t u a t i o n s  f r e q u e n t l y  i n  t h e  course  of h i s  
normal d u t i e s .  

5.5.3 C a p a b i l i t i e s  of Responding LEA--Special Teams 

The a v a i l a b i l i t y  of s p e c i a l l y  t r a i n e d  teams t o  handle  unique s i t u a t i o n s  i s  ve ry  
much a f u n c t i o n  of c i t y  s i z e .  The sample sugges ts  t h a t  very l a r g e  c i t i e s  most 
l i k e l y  have a s p e c i a l  weapons team of some type  ( t h e  so-ca l led  SWAT teams) ,  teams 
of h i g h l y  s k i l l e d  marksmen ( s n i p e r s ) ,  and s p e c i a l l y  equipped and t r a i n e d  r i o t  
squads. I n  a d d i t i o n ,  n e a r l y  a l l  t h e  l a r g e  c i t i e s  have personnel  t r a i n e d  i n  hos tage  
n e g o t i a t i o n s  and q u a l i f i e d  exp los ive  ordnance d i s p o s a l  (EOD) expe r t s .  A l l  of t hese  
special  teams have come i n t o  e x i s t e n c e  i n  l a r g e  urban areas over  the  p a s t  few 
decades i n  response  t o  a v a r i e t y  of s o c i o p o l i t i c a l  p r e s s u r e s  and i n c i d e n t s .  I n  
c i t i e s  of i n t e r m e d i a t e  s i z e  (100 000 t o  1 000 000), t h e  sample i n d i c a t e s  t h a t  more 
than  h a l f  have SWAT, r i o t  c o n t r o l ,  and exp los ive  ordnance d i s p o s a l  teams. L e s s  
than  about h a l f  of t h e s e  c i t i e s  have some s n i p e r  team c a p a b i l i t y ,  and even fewer 
have any t r a i n e d  n e g o t i a t o r s  f o r  hos tage  s i t u a t i o n s .  In  c i t i e s  smaller than  100 
000, less than  h a l f  have any s p e c i a l  teams, SWAT, s n i p e r ,  r i o t  c o n t r o l ,  o r  hos t age  
n e g o t i a t i o n  teams. Above 25 000, about  h a l f  w i l l  have some EOD c a p a b i l i t i e s ,  bu t  
such c a p a b i l i t y  i s  nonex i s t en t  i n  smaller c i t ies .  

The obvious conclus ion  i s  t h a t  t h e  l a r g e r  t h e  c i t y ,  t h e  more l i k e l y  i t  i s  t o  have 
s p e c i a l l y  t r a i n e d  teams. Again, t h i s  provides  t h e  urban LEA wi th  more f l e x i b i l i t y  
i n  response t o  an a t t a c k  on safeguarded shipments ,  as w e l l  as the  a b i l i t y  t o  br ing  
s p e c i a l l y  t r a i n e d  personnel  i n t o  t h e  a c t i o n .  The only drawback i s  t h a t  t h e  re- 
sponse t i m e  of such teams i s  t y p i c a l l y  around 30 minutes ,  so t h a t  t h e  e s c o r t s  and 
t h e  i n i t i a l l y  responding LEA would have t o  hold t h e  s i t u a t i o n  mti l  t h e  s p e c i a l  
teams a r r i v e d .  

5.5.4 C a p a b i l i t i e s  of Responding LEA--Equipment 

A s  might reasonably  be expected,  t h e  informat ion  i n  t h e  survey aga in  s u g g e s t s  a 
s t r o n g  dependence upon c i t y  s i z e .  For example, more than ha l f  of t h e  c i t i es  wi th  
g r e a t e r  t han  1 000 000 popula t ion  possess  some t y p e  of armored veh ic l e .  Ci t ies  
under 1 000 000 t y p i c a l l y  do not  but r e l y  i n s t e a d  on agreements with t h e  Na t iona l  
Guard o r  S ta te  Pol ice .  Cities l a r g e r  t han  500 000 n e a r l y  always have equipment 
vans and s p e c i a l  communications vans (obvious ly  c o r r e l a t i n g  with t h e  e x i s t e n c e  of 
s p e c i a l  teams).  Ci t ies  under 25 000 seldom have e i t h e r  item, while  about  h a l f  of 
t h e  c i t i e s  between t h e s e  two extremes w i l l  have one i t e m  o r  t he  o the r .  I n  terms of 
a i r b o r n e  suppor t ,  i t  appears  t h a t  a l l  of t h e  l a r g e r  c i t i e s  have p o l i c e  h e l i c o p t e r s  
and about  h a l f  a l s o  have fixed-wing a i r c r a f t .  In  c i t i e s  of 100 000 t o  1 000 000, 
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b e t t e r  than  one- th i rd  have h e l i c o p t e r s ,  and less than  one-third have a i r c r a f t .  
Below 100 000 popu la t ion ,  city-owned h e l i c o p t e r s  and a i r c r a f t  a r e  n e a r l y  nonexis- 
t e n t ,  and below 25 000, they  a r e  nonexis ten t .  

A s  with  the  special  teams, o t h e r  pressures--some r o u t i n e ,  some extraordinary--have 
caused t h e  urban LEA t o  be b e t t e r  equipped and prepared t o  respond t o  a v a r i e t y  of  
t h r e a t s  and events .  C e r t a i n l y ,  the  a v a i l a b i l i t y  of armored v e h i c l e s  and a i r  sur-  
v e i l l a n c e  pu t s  t h e  urban LEA i n  a b e t t e r  p o s i t i o n  than the  semirural  LEA t o  cope 
wi th  an armored a t t a c k .  

5.5.5 

There is perhaps a n a t u r a l  tendency 'to b e l i e v e  t h a t  t he  increased  t r a f f i c  d e n s i t y  
of t h e  urban area as compared wi th  t h e  r u r a l  a r e a  w i l l  a u t o m a t i c a l l y  i n h i b i t  t h e  
response  of l a w  enforcement agencies .  This  tendency is  no doubt s t r eng thened  by 
t h e  personal  exper ience  of bumper-to-bumper v e h i c l e s  i n  rush  hour c i t y  t r a f f i c  
c r eep ing  along a t  a few k i lome t re s  p e r  hour. However, t h i s  s i t u a t i o n  must be 
examined from t h e  p e r s p e c t i v e  of t h e  proposed r u l e s .  

I n f l u e n c e  of Higher T r a f f i c  Dens i ty  

I f  t h e s e  shipments are requi red  t o  use  primary highways, t h i s  imp l i e s  t h a t  they 
w i l l  move on t h e  i n t e r s t a t e  highway system o r  s imilar  c o n t r o l l e d  access expressways 
i n  most urban areas. It is a l s o  presumed, a l though not  s p e c i f i e d  i n  the  proposed 
r u l e s ,  t h a t  because an e s c o r t e d  shipment i s  e s s e n t i a l l y  a convoy o p e r a t i o n ,  r o u t i n g  
would be s e l e c t e d ,  o r  a t  least  scheduled,  t o  avoid the  rush  hour conges t ion  i n  o r  
near  major urban areas.* With t h i s  c o n s i d e r a t i o n ,  i t  i s  then  a p p r o p r i a t e  t o  com- 
p a r e  t h e  urban and r u r a l  s i t u a t i o n s  based upon the  average  t r a f f i c  d e n s i t i e s .  

The a v a i l a b l e  d a t a  on highway use pe rmi t  some comparison of urban and r u r a l  four -  
l a n e  and s ix - l ane  two-way highways. Although e igh t - l ane  expressways exis t  i n  urban 
areas, they  are seldom found i n  r u r a l  areas. 
each  d i r e c t i o n )  t h e  average urban t r a f f i c  f low i s  about  1.8 times t h e  r u r a l  average 
on a vehicles-per-hour-per-lane b a s i s .  For s ix- lane  freeways,  t h i s  r a t i o  i n c r e a s e s  
t o  about 6.5. This sugges t s  t h a t  i n  urban areas it  w i l l  be more d i f f i c u l t  t o  
o p e r a t e  a convoy of t h r e e  v e h i c l e s .  
freeways (on the o r d e r  of 1000 p e r  hour pe r  l a n e  f o r  t he  l a r g e r  expressways) w i l l  
make i t  d i f f i c u l t  f o r  t h e  e s c o r t s  t o  i n s u r e  t h a t  they  can reach t h e  t r a n s p o r t  
qu ick ly  because of t h e  tendency of o t h e r  d r i v e r s  t o  f i l l  i n  gaps which may exis t  
between v e h i c l e s  by " l ane  jumping" i n  an  a t t e m p t  t o  move f a s t e r  than t h e  g e n e r a l  
t r a f f i c  flow. This  s i t u a t i o n  i s  f u r t h e r  aggrava ted  by t h e  f r equen t  access p o i n t s  
i n  t h e  urban freeway system, wi th  t h e  a t t e n d a n t  cons t an t  i n f l u x  of v e h i c l e s  from 
s i d e  roads.  I n  some urban areas, freeway ex i t s  may be as c l o s e  toge the r  as 0.8 t o  
1.2 km, wh i l e  i n  o t h e r  areas t h e r e  may w e l l  be t e n s  of k i lome t re s  between e x i t s .  
Of cou r se ,  t h i s  h igh  frequency of a c c e s s  a l s o  works t o  assist the safeguards  s y s t e m  
simply because it provides  more r o u t e s  by which responding LEA can reach  t h e  scene  
and may permit  more f o r c e s  t o  respond. 

For four - lane  freeways (two l a n e s  

For example, t h e  t r a f f i c  d e n s i t y  on the  urban 

This  i nc reased  v e h i c l e  d e n s i t y  i n  t h e  urban area would a l s o  make it  easier f o r  
v e h i c l e s  c a r r y i n g  an adve r sa ry  a t t a c k  f o r c e  t o  approach t h e  t r a n s p o r t  ( say  i n  a n  
a d j a c e n t  l a n e )  wi thout  a rous ing  undue s u s p i c i o n  on the  p a r t  of t h e  e s c o r t s .  

*This presumption i s  based i n  part on the  requirement i n  the  proposed r u l e  t o  
avoid areas of n a t u r a l  d i s a s t e r  and c i v i l  d i s tu rbances .  
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Furthermore, it has been suggested that "staged" accidents could be employed by an 
adversary to halt the transport vehiclee41 
arouse suspicion in the urban area simply because traffic-delaying accidents are 
not uncommon on these freeways. Therefore, the escorts will have to be particu- 
larly alert for such events. The urban traffic density can also present the es- 
corts and responding LEA with additional constraints on their response to an adver- 
sary. The presence of hundreds of "innocent bystanders" in the passing (or 
stopped) vehicles could generate considerable reluctance on the part of the escorts 
to engage in an armed confrontation. In fact, this readily available pool of 
potential hostages could be employed by an adversary to negate or inhibit escort 
response. 

Again, such events are less likely to 

On the other hand, the very traffic density which inhibits the function of the 
safeguards team may also have a strong effect upon an adversary. For example, if 
the transport is effectively immobilized by the crew, the adversary must open the 
transport by forceful means and remove the contents in full view of hundreds of 
passing vehicles. In light of the current popularity of CB radio usage, it is 
highly unlikely that such an undertaking would go unreported, even if the transport 
and escort vehicle radios had been disabled. 
scenarios are set in isolated areas away from cities, apparently because of the 
presumed desire on the part of the adversary to operate clandestinely if possible. 

In this regard, numerous postulated 

In summary, the increased traffic density in the urban area will make it more 
difficult to maintain clear access to the transport, and the presence of other 
vehicles can inhibit escort responses. On the other hand, the same increased 
traffic density forces the adversary into the open and increases the likelihood of 
detection and intervention by LEAS. 

5.5.6 Influence of Pedestrian Densitv 

Upon cursory examination, it would appear that the pedestrian density associated 
with the urban area would have a detrimental effect upon safeguards. That is, the 
presence of many bystanders and potential hostages would seriously inhibit the 
escort response. However, when viewed in the light of the proposed rule requiring 
that routes be restricted to primary highways, the pedestrian population will have 
essentially no effect upon the functioning of the safeguards system: in most urban 
areas, primary highways are generally freeways and devoid of pedestrians. 

5.5.7 Influences of Other Urban Characteristics 

Other aspects of the urban environment can influence the functioning of the safe- 
guards system, or at least influence the requirements of the system. For example, 
in most cities, especially those areas near primary highways, there are numerous 
shipping terminals, warehouses, factories, etc., many of which are abandoned or at 
least unoccupied at any given time. 
attacked with theft as the goal, there are many hiding places readily available if 
the adversary is successful. 

systems, as well as escorts, can play a significant role in protecting material in 
transit. 

This means that if a safeguarded shipment is 

Therefore, there is increased need for the safeguards 
, system to prevent access to and removal of material. This means that hardware 

This same condition exists with respect to possible handling and processing of 
stolen material. In most urban areas, especially semi-industrial areas, frequent 
movements of materials would hardly be noticed. Groups of individuals going in and 
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out of a warehouse would simply be taken as part of the normal work force. 
in these areas the necessary utilities are readily available to operate a clandes- 
tine laboratory. Again, this places a premium on maintaining control of the mate- 
rial and preventing an adversary from leaving the scene. 

Also, 
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6 

ALTE RN AT I V E S 

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

Chapters  2 th rough 5 desc r ibed  the  r a d i o l o g i c a l  and economic impacts  from t h e  
t r a n s p o r t a t i o n  of a s p e c i f i e d  se t  of r a d i o a c t i v e  m a t e r i a l s  i n  a dense ly  popula ted  
urban area i n  t h e  con tex t  of c u r r e n t  t r a n s p o r t  p r a c t i c e s .  This  chap te r  d e s c r i b e s  
t h e  e f f e c t s  of s e v e r a l  a l t e r n a t i v e s  t o  o r  r e g u l a t o r y  changes from c u r r e n t  p r a c t i c e .  
These a l t e r n a t i v e s  inc lude  s h i f t s  i n  t r a n s p o r t  mode, changes i n  package t y p e s ,  and 
r o u t i n g  o r  t i m e  of day r e s t r i c t i o n s .  I n  cons ide r ing  a l t e r n a t i v e s ,  t h e  a u t h o r s  
r ecogn ize  t h a t  changes i n  r a d i o l o g i c a l  impacts  may a l s o  r e s u l t  i n  economic and 
s o c i a l  impacts .  Indeed,  t h e s e  l a t t e r  impacts  may be more s i g n i f i c a n t ,  i f  n o t  domi- 
n a n t ,  when cons ide r ing  a l t e r n a t i v e s  t o  c u r r e n t  t r a n s p o r t  p r a c t i c e .  A change i n  
impacts  r e s u l t i n g  from implementat ion of a p a r t i c u l a r  a l t e r n a t i v e  f o r  one c a u s a t i v e  
even t  may w e l l  r e s u l t  i n  no change o r  s i g n i f i c a n t ,  bu t  c o n t r a d i c t o r y ,  changes f o r  
another .  

A s  each a l t e r n a t i v e  i s  addressed ,  a d i s c u s s i o n  of i t s  e f f e c t  on a l l  fou r  c a u s a t i v e  
e v e n t s  ( i . e . ,  comparison wi th  t h e  b a s e l i n e  c a s e )  w i l l  be presented  as w e l l  as a 
d i s c u s s i o n  of t h e  f e a s i b i l i t y  of t h e  a l t e r n a t i v e  i n  view of t h e  p re sen t  urban en- 
vironment ,  t r a n s p o r t  system and c u r r e n t  r e g u l a t o r y  c o n t r o l s .  

S ince  i t  is no t  p o s s i b l e  t o  d e t a i l  t h e  p r e c i s e  manner i n  which a p a r t i c u l a r  a l te r -  
n a t i v e  would be implemented, assumptions are made which are cons idered  a p p l i c a b l e  
t o  c e r t a i n  types  o r  groups of materials. These assumptions a r e  g iven  i n  t h e  d i s -  
cuss ion  for each case. Because of t h e s e  assumptions,  t h e  r e s u l t s  should  be i n t e r -  
p r e t e d  c a r e f u l l y .  The a u t h o r s  do not  cons ider  changes from b a s e l i n e  risk values  of 
less t han  an  o r d e r  of magnitude t o  be s i g n i f i c a n t ,  a l though such changes may w e l l  
be impor tan t  i n  r e g u l a t o r y  d e c i s i o n  making. 

6.2 Base l ine  o r  Reference Cases 

For i n c i d e n t - f r e e  t r a n s p o r t ,  t h e  r e f e r e n c e  case is  t h a t  d i scussed  i n  d e t a i l  i n  
Chapter  2. Materials wi th  d i f f e r e n t  end uses  are allowed t o  e n t e r  t h e  urban  area 
a t  d i f f e r e n t  t i m e s  of day, c o n s i s t e n t  wi th  a c t u a l  sh ipp ing  p r a c t i c e s .  R e s u l t s  of 
t h e  i n c i d e n t - f r e e  a n a l y s i s  a r e  expressed  as t o t a l  expec ted  l a t e n t  cancer  f a t a l i t i e s  
(LCF) pe r  year  of shipment a c t i v i t y  a t  t h e  g iven  l e v e l .  

To o b t a i n  t h e  b a s e l i n e  v a l u e  f o r  l a t e n t  cancer  f a t a l i t i e s ,  t h e  whole-body i n t e -  
g r a t e d  dose (-7 person  rem/shipment year )  i s  converted t o  t h e  h e a l t h  e f f e c t s  va lue  
us ing  the a p p r o p r i a t e  c o e f f i c i e n t s  desc r ibed  i n  Appendix G (25 l a t e n t  cancer  f a t a l -  
i t i e s /106  person  rem). Expected numbers of g e n e t i c  e f f e c t s  (GE) could be s i m i l a r l y  
obta ined  us ing  a convers ion  f a c t o r  of 170 g e n e t i c  e f f e c t s / 1 0 6  person r e m .  To s i m -  
p l i f y  t h e  p r e s e n t a t i o n  of r e s u l t s  i n  t h i s  c h a p t e r ,  on ly  expected numbers of l a t e n t  
cancer  f a t a l i t i e s  are r epor t ed  s i n c e  expected numbers of g e n e t i c  e f f e c t s  would 
f o l l o w  t h e  same gene ra l  pa t t e rn .  The r eade r  i s  r e f e r r e d  t o  t h e  e a r l i e r  c h a p t e r s  of 
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t h i s  document f o r  more d i s c u s s i o n  on g e n e t i c  e f f e c t s .  App l i ca t ion  of t h e  l a t e n t  
cancer  f a t a l i t y  conversion f a c t o r  t o  t h e  inc iden t - f r ee  popula t ion  dose g ives  a 
va lue  of 1 . 8 ~ 1 0 -  expected LCF/shipment year  a t  t he  s p e c i f i e d  l e v e l  ( -1.2~10- 
GE). 

For t h e  r e f e r e n c e  case  f o r  v e h i c u l a r  a c c i d e n t s ,  a l l  shipments begin through t h e  
s tudy  area a t  1630 hours ,  wi th  a s o u t h e r l y  wind speed of 4 m / s .  These cond i t ions  
a r e  f r equen t  a t  1630 hours ,  and the  a p p r o p r i a t e  popula t ion  parameters a r e  about 
midway between t h e  high va lues  observed a t  1200 hours and t h e  r e l a t i v e l y  low v a l u e s  
a t  2400 hours .  Output v a r i a b l e s  examined are expected numbers of e a r l y  f a t a l i t i e s  
(EF),  e a r l y  m o r b i d i t i e s  (EM) and LCF per  shipment year. For t h e  same reasons  g iven  
above, g e n e t i c  e f f e c t s  are not  inc luded  i n  t h e  t a b l e s .  Changes corresponding t o  
those  f o r  cancer  f a t a l i t i e s  would be expected. 

For human e r r o r s  o r  d e v i a t i o n s  from accepted q u a l i t y  assurance  p r a c t i c e s ,  t h e  
1630-hour case i s  a l s o  used f o r  r e fe rence .  Output v a r i a b l e s  a r e  as f o r  v e h i c u l a r  
a c c i d e n t s :  namely, expected numbers of e a r l y  f a t a l i t i e s ,  ear ly  m o r b i d i t i e s ,  and 
l a t e n t  cancer  f a t a l i t i e s .  

The precise meaning of a b a s e l i n e  or  r e fe rence  case f o r  a sabotage event  i s  unc lea r  
s i n c e  t h e  presumption i n  Chapter 5 i s  t h a t  t he  event  has  occurred.  For cons i s t ency  
wi th  t h e  remainder of t he  a n a l y s i s ,  a r e fe rence  va lue  from the  sabotage  ca l cu la -  
t i o n s  f o r  1630 hours w i l l  be used when a p p r o p r i a t e  and resul ts  w i l l  be expressed as  
expected numbers of h e a l t h  e f f e c t s  (consequences,  no t  r i s k ) .  The d i s c u s s i o n  of t h e  
a l t e r n a t i v e s  and t h e i r  e f f e c t s  on sabotage even t s  w i l l  be more n a r r a t i v e  and less  
q u a n t i t a t i v e  than f o r  t h e  o t h e r  c a u s a t i v e  events .  

For each c a u s a t i v e  even t ,  t h e  e f f e c t s  of a p a r t i c u l a r  a l t e r n a t i v e  are expressed  as 
t h e  expected number of h e a l t h  e f f e c t s  r e s u l t i n g  from a y e a r ' s  shipment a c t i v i t y  
wi th  t h a t  a l t e r n a t i v e  i n  ope ra t ion .  To examine t h e  r e l a t i v e  change r e s u l t i n g  from 
t h e  implementat ion of a p a r t i c u l a r  a l t e r n a t i v e ,  t h e  t a b u l a t e d  va lues  can be d iv ided  
by the  g iven  b a s e l i n e  r e s u l t s .  I f  t h e  r a t i o  obta ined  i s  less than  u n i t y ,  t h e  e f -  
fec t  of implementing an a l t e r n a t i v e  i s  t o  reduce t h e  r a d i o l o g i a l  r i s k  and v i c e  
ve r sa .  Where s p e c i f i c  va lues  are not  a v a i l a b l e  o r ,  f o r  some reason ,  no t  meaning- 
f u l ,  t h e  reasons  f o r  t h e i r  absence w i l l  be explained.  

6.3 Transpor t  Mode S h i f t s  

Although the  ma jo r i ty  (98%) of t h e  t o t a l  c u r i e s  t r anspor t ed  i n  t h e  l i m i t e d  New York 
C i ty  area are shipped a t  least  i n  p a r t  by t r u c k ,  o t h e r  t r a n s p o r t  modes could be 
used f o r  some p o r t i o n  of t hese  shipments,  thus  having some e f f e c t  on t h e  r ad io log i -  
cal  r i s k .  These a l t e r n a t e  t r a n s p o r t  modes could inc lude  a i r c r a f t ,  t r a i n s ,  and 
barges .  Even wi th  increased  use of a l t e r n a t e  modes, t h e  major p o r t i o n  of t r a f f i c  
w i t h i n  t h e  urban a r e a  w i l l  s t i l l  be by t ruck  s i n c e  shipments rece ived  a t  t e r m i n a l s  
must s t i l l  be d e l i v e r e d  t o  urban d e s t i n a t i o n s  o r  picked up a t  t h e i r  p o i n t s  of o r i -  
g i n  f o r  t r a n s p o r t  away from the  urban c e n t e r .  Data i n  Chapter  2 of t h i s  r e p o r t  
i n d i c a t e  t h a t  t h e  major po r t ion  of t he  i n c i d e n t - f r e e  dose t o  urban s p e c i f i c  popula- 
t i o n  groups arises from t h e  t ruck  l i n k  of t h e  t r a n s p o r t  process .  O v e r f l i g h t s  of 
t h e  urban area do not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  urban-spec i f ic  popu la t ion  
group dose. Since the  major c o n t r i b u t o r s  t o  t h e  i n c i d e n t - f r e e  popula t ion  dose a r e  
groups r e l a t e d  t o  t h e  s t o r a g e  and handl ing of t h e  shipments rece ived  a t  t e r m i n a l s  
f o r  even tua l  d e l i v e r y  i n  t h e  urban area, requirements  t h a t  shipments c u r r e n t l y  
c a r r i e d  by t r u c k  be routed by an a l t e r n a t e  mode, then s t o r e d  f o r  l a te r  d e l i v e r y ,  
could 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 d e n t - f r e e  case.  
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For t h e  case of v e h i c u l a r  a c c i d e n t s ,  t h e  e f f e c t s  of t h i s  a l t e r n a t i v e  are l e s s  
clear. Regard less  of t h e  t r a n s p o r t  mode chosen, t h e r e  i s t i l l  t h e  p o s s i b i l i t y  of 
an  a c c i d e n t  anywhere a long  t h e  r o u t e  w i t h i n  t h e  urban a rea .  
d i f f e r e n t  t r a n s p o r t  modes cannot  be removed as c o n t r i b u t o r s  t o  t h e  o v e r a l l  r i s k ,  
a l though  t h e  p r o b a b i l i t y  and frequency of a n  a c c i d e n t  and t h e  mode-related a c c i d e n t  
ra te  would change. This  argument a l s o  holds  f o r  t h e  human e r r o r  s i t u a t i o n  i n  t h a t  
changes i n  t r a n s p o r t  mode could a l t e r  t h e  o v e r a l l  r i s k ,  but  e s t i m a t i o n  of t h e  
changes r e s u l t i n g  from a l t e r n a t e  t r a n s p o r t  modes would depend h e a v i l y  on those  
materials chosen f o r  a l t e r n a t e  mode t r a n s p o r t  and t h e  a c t u a l  mode's used. 
problem w i t h  a l t e r n a t e  t r a n s p o r t  modes i s  t h e  t ime ly  a v a i l a b i l i t y  of s e n s i t i v e  
materials,  such as rad iopharmaceut ica ls  w i th  s h o r t  h a l f  l i v e s ,  o r  v i a b i l i t y  f o r  
t h e i r  in tended  purposes .  If t h e  a l t e r n a t e  mode does not  make t h e s e  materials 
a v a i l a b l e  a s  needed, t h e  u s e f u l n e s s  of t h e  a l t e r n a t i v e  i s  d iminished .  

The materials w i t h  

Another 

To e v a l u a t e  t h e  e f f e c t  of t r a n s p o r t  mode changes i n  t h e  sabotage  case, t h e  use  of 
r a i l  as t h e  a l t e r n a t e  mode i s  considered.  Because of t h e  r e s t r i c t i o n s  on r a i l  cars 
( i . e . ,  they  cannot  be maneuvered of f  t h e  r a i l  l i n e ) ,  t h e  materials could be i n t e r -  
cep ted  anywhere a long  t h e  r o u t e ,  much of which l i e s  o u t s i d e  urban  c e n t e r s ,  b u t  
could not  be as r e a d i l y  d i v e r t e d  t o  an opt imal  urban s e t t i n g .  

The e f f e c t s  of implementing t h i s  a l t e r n a t i v e  are eva lua ted  by assuming t h e  
fo l lowing :  

A l l  shipments  routed  through t h e  g r i d  are s h i f t e d  t o  a i r c r a f t  w i th  f l i g h t  
pa ths  of 10 km a c r o s s  t h e  a r e a  ( s e e  Appendix A r o u t i n g  t a b l e s ) ,  w i t h  t h e  
e x c e p t i o n  of t h e  observed spent  f u e l  shipments.  

O r i g i d d e s t i n a t i o n  shipments by t ruck  are a l t e r e d  t o  t r a v e l  by a i r  f r e i g h t  
( a r b i t r a r y )  a c r o s s  t h e  g r i d  and t o  be c a r r i e d  by t r u c k  i n t o  t h e i r  d e s t i n a -  
t i o n s  o r  t h e  r eve r se .  

, 

No mode s h i f t  i s  inc luded  f o r  e x i s t i n g  barge shipments.  

The r e s u l t s  ob ta ined  from t h i s  assessment  are g iven  i n  Table  6-1. 

Table  6-1 

E f f e c t s  of Transpor t  Mode S h i f t s  

Inc ident  Vehicular Human Er ro r s  Sabotagea 
Free (Risk) Accidents (Risk) (Risk)  - (Consequences) 

Expected No. of Expected No. of Expected No. of 
EF EM LCF' - - -  EM LCF, EM LCF ~ _ _ _ -  L C F ~  

Baseline 1 . 8 ~ 1 0 - ~  4 . 2 ~ 1 0 - ~  1.4x1,0-3 0 1 .4~10-  0.2 1 7 7  
Case (7.2 person 

rem) 

2 15 220 Effec t  1 .3~10-  ' 4 . 2 ~ 1 0 - ~  3 . 3 ~ 1 0 - ~  0 - 1 . 4 ~ 1 0 - ~  
of Trans- (5.2 person 
por t  Mode rem) 
S h i f t s  

aConsequences from sabotage events  a r e  given for  CRAC consequence e s t ima tes  f o r  
r e l eases  from spent f u e l  casks f o r  base l ine  Case A (10% noble gases  and 0.07% 
s o l i d s  re leased  a s  r e sp i r ab le  ma te r i a l )  f o r  the  population l imi ted  t o  the  METRAN 
gr id .  Only "mean" values a r e  presented. See Chapter 5, Tables 5-9 and 5-10 f o r  
more d e t a i l .  

bLCF = Latent Cancer F a t a l i t i e s ,  EF = Ear ly  F a t a l i t i e s ,  and EM = Ear ly  Morbidi- 

'Total LCF.  

t i e s .  
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The change i n  r a d i o l o g i c a l  impacts  from inc iden t - f r ee  t r a n s p o r t ,  v e h i c u l a r  acci- 
d e n t s ,  and human e r r o r s  i s  small when t h i s  a l t e r n a t i v e  i s  implemented. In  t h e  case  
of t h e  sabotage  even t ,  however, t h e  consequences of sabotage  of a shipment con ta in -  
ing  much l a r g e r  q u a n t i t i e s  of material, such as a r a i l  cask would have, could be 
s i g n i f i c a n t .  Earlier d i s c u s s i o n  a l l u d e d  t o  t h e  f a c t  t h a t  i t  would be more d i f f i -  
c u l t  f o r  a r a i l  cask t o  be s u c c e s s f u l l y  d i v e r t e d  t o  an opt imal  l o c a t i o n  i n  t h e  
urban area. S ince  no c o n s i d e r a t i o n  has  been g iven  t o  how t h e  shipment a r r i v e d  a t  a 
g iven  p o i n t ,  t he  r epor t ed  consequence estimates must be eva lua ted  wi th  some care. 
An important  f a c t o r  i n  cons ide r ing  t r a n s p o r t  mode s h i f t s  i s  t h e  economic conse- 
quences of t h e i r  use. To conver t  from t rucks  t o  r a i l  o r  a i r  t r a n s p o r t  would re- 
q u i r e  a s i g n i f i c a n t  investment  e s p e c i a l l y  f o r  l a r g e  q u a n t i t y  shipments f o r  which 
new-generation sh ipping  c o n t a i n e r s  might be r equ i r ed .  
however, only wi th  long-range planning and s i z e a b l e  cap i ta l  investment  w i th  on ly  
s m a l l  b e n e f i t  from t h e  r a d i o l o g i c a l  r i s k  pe r spec t ive .  

The a l t e r n a t i v e  i s  f e a s i b l e ,  

6.4 Package Type Changes/Overpack 

Changes i n  t h e  a c c i d e n t  r e s i s t a n c e  of c u r r e n t  packages can e f f e c t  t he  consequences 
o r  r i s k  from t r a n s p o r t  of r a d i o a c t i v e  materials. Type B packages,  having h ighe r  
performance s t anda rds  and used i n  p l ace  of c u r r e n t  Type A packages,  could be 
expected t o  resist acc iden t  damage t o  a g r e a t e r  degree.  Shipments could a l s o  be 
r equ i r ed  t o  have an overpack or  a d d i t i o n a l  l a y e r  of p r o t e c t i o n  which would provide 
e x t r a  s h i e l d i n g  as w e l l  as a d d i t i o n a l  acc iden t  r e s i s t a n c e .  For t h e  case of human 
e r r o r s ,  improved q u a l i t y  assurance  p r a c t i c e s  g e n e r a l l y  a s s o c i a t e d  wi th  s t u r d i e r  
packages might s e rve  t o  reduce t h e  occurrence of some types  of i n c i d e n t s  d i s c u s s e d  
i n  Chapter 4.  
adjus tments  are made: 

A l l  m a t e r i a l s  c u r r e n t l y  shipped i n  Type A packages are assumed t o  be 
shipped i n  Type B packages,  w i th  t h e  except ion  of f u e l  c y c l e  shipments i n  
casks .  No a t t e m p t  has been made t o  assess t h e  a c t u a l  change i n  Transpor t  
Index (TI )  t h a t  might occur  wi th  t h e  package type s h i f t .  I n s t e a d ,  a l l  T I S  
a r e  assumed t o  be decreased by 50% f o r  t h e  a f f e c t e d  shipments.  

To examine the  e f f e c t s  of package type changes t h e  fo l lowing  

For the  a c c i d e n t  and human e r r o r  ana lyses ,  t h e  inc reased  a c c i d e n t  resis- 
t ance  of t h e  package due t o  overpack, e t c .  has  been addressed by s h i f t i n g  
t h e  release f r a c t i o n s  by one s e v e r i t y .  Thus i f  t h e  release f r a c t i o n  f o r  a 
s e v e r i t y  3 a c c i d e n t  were 0.1, it i s  now 0.01, and t o t a l  release of package 
c o n t e n t s  i s  expected t o  occur  i n  a h ighe r  s e v e r i t y  acc iden t .  (See Chapter  
3 ,  Chapter 4 ,  and Appendix A f o r  d e t a i l s . )  

For f u e l  c y c l e  shipments i n  casks ,  i t  i s  assumed t h a t  t h e  i n t e g r i t y  of t h e  
cask  provides  more p r o t e c t i o n  than  a gene r i c  Type B package does,  so  no 
package type adjustment  i s  made f o r  t hese  shipments.  The r e l e a s e  f r a c t i o n  
change descr ibed  above is  a l s o  made f o r  casks.  

Because t h e  sabotage  a n a l y s i s  assumes t h a t  a n  event  and a release have oc- 
c u r r e d ,  t h i s  a l t e r n a t i v e  i s  eva lua ted  by examining t h e  CRAC estimates f o r  a 
Case C (10% of noble  gases  and 0.02% of t h e  s o l i d s )  release as desc r ibed  i n  
Table  5-9. Again, only "mean" va lues  are repor t ed  f o r  t h i s  spen t  f u e l  re- 
l e a s e .  

R e s u l t s  of implementing t h i s  a l t e r n a t i v e  are given i n  Table  6-2. 
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Table 6-2 

Effects of Package Type Changes/Overpack 

Inc i dent Vehicular Human Errors 
Free (Risk) Accidents (Risk) (Risk) 
Expected Expected Expected 
Number of Number of Number of 

LCF EM LCF EM LCF - 

Base line 1.8~10-~ 4.2~10-~ 1.4~10-~ 0 1.4~10- 
Case (7.2 person 

rem) 

Effects of 1. 2x10-4 0 3.5~10-~ 0 -1.4~10-~ 
Package (4.7 person 
Type rem) 
Change s / 
Overpack 

Sabotage 
(Consequences) 

Expect e d 
Number of 

EF EM LCF - - -  
0.2 1 77 

0 0.3 24 

Economic factors are again a consideration, although the capital ,expenditures for 
application of this alternative are probably not as extensive as for transport mode 
shifts. 

6.5 Time of Shipment Restriction 

For some materials, particularly radiopharmaceuticals, a specific delivery time is 
important since the half life of the isotope may be short and use of the material 
during a small time window is critical. Also ,  the delivery or shipment of materi- 
als during normal working hours is an obvious convenience. 
times can affect the dose to the population at risk since the exposable population 
shifts with the time of day. Total numbers >of pedestrians drop dramatically from 
1200 hours to 2400 hours, and there are fewer people in buildings also (see Appen- 
dix A for a discussion of time-of-day population variations). To examine the ef- 
fect of time of shipment restriction on the risk or consequence values for each 
causative event, various assumptions are used. For incident-free transport, the 
route start times are adjusted so that the truck link of multimode shipments is set 
to enter the grid at the specified start time. That is, the air overflight portion 
of the air/truck shipments is set to occur far enough in advance so that the stor- 
age of the material (assumed to be 12 hours as in Chapter 2) would be completed 
before the truck shipment arrived at the boundary of the grid. For example, if the 
start time were 0700 hours, the air overflight was set to occur the preceeding 
evening. Table 6-3 tabulates the results of this analysis. 

Alternate shipment 

Similarly, route start time is Garied across the maximum changes in population 
characteristics and meteorological conditions for vehicular accidents, human er- 
rors, and sabotage consequences. Meteorological conditions, coupled with time of  
day, are (1) 1200 hours -- 8 m/s, south wind; (2) 1630 hours -- 4 m/s, south wind; 
and (3) 2400 hours -- 2 m/s, south wind. Results are summarized in Table 6-4. 
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Table 6-3 

R e s u l t s  of Inc ident -Free  Analys is  €or  Fixed S tar t  T i m e s  

S t a r t  
T i m e  

Est imated 
Person Rem/ 

ShiDment Year 

0700 

0830 

1130 

1300 

1630 

1800 

-12. 

9.6 

-16. 

9.8 

-13. 

5.2 

Base l ine  7.2 
Case 
(Var i ab le  S t a r t  
Time) 

Expected Number 
of 

LCF/Shipment Year 

3. iX10-'+ 

2.4x10-" 

3 . 9 ~ 1 0 - ~  

2.5x10-'+ 

3 . 3 ~ 1 0 - ~  

1 . 3 ~ 1  O-'+ 

1 . 8 ~ 1 0 - ~  

Tab le  6-4 

R e s u l t s  of Shipment-Time R e s t r i c t i o n  Analys is :  
Vehicular  Accidents ,  Human E r r o r s ,  Sabotage 

Causa t ive  Route S t a r t  Expected Number Expected Number 
Event T i m e  of EM of LCF 

Vehicular  1200 3 . 0 ~ 1 0 -  3.9x10-" 
Accidents  1630 4.2XlOI6 1 . 4 ~ 1 0 -  
(R i sk )  2400 2 . 5 ~ 1 0  2 . 9 ~ 1 0 -  
Base l ine  Case 4.2x10-6 1 . 4 ~ 1 0 -  

I 

Human E r r o r s  
(Risk)  

Base l ine  Case 

1200 0 
1630 0 
2400 0 

0 

Sabotage 1200 31 
(Consequences) 1630 32 

Sa bo t a g e  
Case A, 
C e l l  D ,  
METRAN Analys is  

of Spent Fuel  2400 21 

1 4  6 

2 6  
32 
34 



Economic factors are again a major consideration. 
sites and test schedules would have to be altered if materials are delivered at odd 
hours, the economic impacts of this alternative might be significant. The economic 
factors must be weighed against possible changes in the small radiological risk 
observed using current transport practice in deciding on implementation of this 
alternative. 

Since staffing at receiving 

6.6 Operational Alternatives 

Alternatives related to intermediate stops of materials during transit of the mate- 
rial as well as those related to changes in the transport vehicle or its total 
contents are referred to as operational alternatives. Five separate operational 
alternatives are considered: 

Reduction in storage time, 

Cordoning off of storage areas, 

Reduction in number of handlings, 

Extra shielding in the transport vehicle, and 

Containerized shipping. 

6.6.1 Reduction in Storage Time 

TO examine the effect of storage-time reduction, the 12-hour (equivalent to over- 
night) storage of materials is arbitrarily reduced to 6 hours. The distance of 
closest approach to the shipment remains constant at 1.5 metres. The effect Of 
storage time reduction is linear with time for warehouse personnel, thus the 
baseline value from Chapter 2 is reduced from 1.2 person rem to 0.6 person rem per 
shipment year. The resultant 8% decrease in the total population dose is from 7.2 
person rem to 6.6 person rem per shipment year. The 50% decrease in exposure to 
warehouse personnel could be considered important if the dose to these individuals 
is considered part of their occupational exposure. However, the very low value 
calculated for the given level of shipping activity is already quite small, and the 
achieved reduction is probably not significant. 

. 

With the  possibility of start-time restrictions, the dose to warehouse personnel 
could be increased or decreased depending upon requirements that shipments remain 
at storage locations for shorter or longer times until the shipment can be trans- 
ported to its destination. 

Changes in storage time could have an effect on the consequences of vehicular acci- 
dents and/or human errors in the sense that accidents involving these materials 
could occur at times of day which would influence the exposable population. This 
question has been addressed already under time-of-shipment restrictions. 

6.6.2 Cordoning Off Storage Areas 

If warehouse personnel are required to 'remain farther from a shipment while in 
storage, their dose could be reduced. 
age areas, it was assumed that the minimum distance for exposure changes from 
1.5 metres t o  5 metres. The net effect of this change is to reduce the warehouse 
personnel dose from 1.2 person rem per shipment year to -0.4 person rem per ship- 
ment year. 

To assess the effects of cordoning off stor- 

The net effect on the total population exposure is an 11% reduction, 
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from 7.2 to 6.4 person rem per shipment year. 
with a reduction in storage time, the already small warehouse personnel dose 
perhaps could be reduced even further. If the total warehouse personnel exposure 
is removed, the net population dose becomes 6 person rem per shipment year, a 
17% reduction. No other causative event is affected by this alternative. 

If this alternative were coupled 

6.6.3 Reduction in Number of Handlings 

The maximum number of handlings addressed in the analysis is one. If the number of 
handlings is set to zero (no handling in the urban area), the dose to handlers 
becomes zero, which results in a 35% reduction in the total incident-free popula- 
tion exposure. This alternative seems inapplicable since shipments must be loaded 
at their origins o r  off-loaded at their destinations. 

6.6.4 Extra Shielding in the Transport Vehicle 
1 

The significant consequence of this alternative is its effect on exposure to crew 
members during transit. The dose rate allowable in the cab of an exclusive-use 
transport vehicle is set by regulation (see Appendix B). To assess the effect of 
extra shielding in the cab of the vehicle, all materials are assumed to be shipped 
in exclusive-use vehicles, in the absence of better information. 

Reductions of the exclusive-use vehicle limit of 2 mrem/h to 1 mrem/h and to 0.5 
mrem/h results in no change in the calculated crew dose. This indicates that for 
this particular set of standard shipments, the calculated dose rates for crew ex- 
posure are below the 0.5 mrem/h level. The removal of all dose to crew from the 
incident-free population exposure would result in an 8% reduction in the baseline 
calculated value. 

For the accident case, the effect of this alternative is less straightforward. In 
accidents where the material is not dispersed -- i.e., the accident results in 
increased external population exposure -- crew members may receive increased dose 
due to the accident delay time. Quantifying the reduction in exposure that would 
result from increased shielding, is assumedrto be similar to quantifying the re- 
duction in the incident-free case. Because crew dose is much less significant in 
the accident case, the effect on total risk to the population is negligible. This 
same argument holds for human errors resulting in negligible reduction in risk. In 
the sabotage case, the entire dose results from dispersal of the materials; hence 
the effect of this alternative would be zero. 

6.6.5 Containerized Shipping 

Containerized shipping means packaging together several (or many) shipments which 
are bound for a single destination. Examples of containerized shipments include 
packing of many materials into uniform-size containers for stowage in the cargo 
hold of a ship or aircraft and piggyback shipments of truck trailers aboard freight 
trains. One problem with generally applying this alternative is that except for 
large users of radioactive materials, (e.g., waste shipments) the destinations for 
shipments are too numerous to make containerization practical or profitable. To 
address this alternative, the assumption is made that only for waste shipments 
would containerized shipping be practical. Thus, all waste shipments are consid- 
ered to be containerized, and the shipment-specific parameters (curies per package 
and TI per package) are scaled linearly. 
allowed to proceed along their routes. 

The now containerized shipments are 
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I 

Since the incident-free population dose is mostly dependent upon the total TI 
shipped, this alternative would not have any effect. 
accidents and human errors, however, the larger quantities of material could pro- 
duce greater consequences. Table 6-5 presents the results of this analysis. In 
this instance, the baseline cases for vehicular accidents and human errors repre- 
sent the expected numbers of latent cancer fatalities for waste shipments only and 
similarly for the containerized shipping case. 
siders that an event has occurred and calculates consequences from a given release, 
this alternative is n o t  applicable. 

In the case of vehicular 

Since the sabotage analysis con- 

Table 6-5 

Effects of Containerized Shipping 
on Expected Number of Latent Cancer 

Fatalities per Shipment Year 
(Waste Shipments Only) 

I 

Expected Number of 
Latent Cancer 

Causative Event Fatalities 

Vehicular Accidents I 
Baseline Case 8.3~10- 
Containerized Shipping 8.3~10- 

I Human Error 
Baseline Case 1.2x10- 
Containerized Shipping 1.2x10-8 

The cost effectiveness of this alternative is questionable for most urban shipments 
because (1) much of the transport would still have to be on a per shipment destina- 
tion basis, and'(2) for the limited New York City case, no effect is observed in 
the expected numbers of latent cancer fatalities. 

6.7 Reduction or Elimination of Some Shipments 

Except for the sabotage case, where consequences are calculated for an event that 
is assumed to have already occurred, reducing or  eliminating some shipments would 
remove from the total risk numbers the contributions of these shipments. The 
actual amount of the decrease would depend upon the particular shipments involved. 
To address this question, two separate calculations have been made. First, all 
shipments routed through the grid have been eliminated as nonessential to the urban 
area. Second, only large-quantity shipments have been eliminated in line with 
recent proposed restrictions on the shipment of these materials through densely 
populated urban areas. In the limited New York City case, the only shipments fall- 
ing within the regulatory definition of large quantity are the spent fuel shipments 
along Route 17 of the standard shipments model (see Appendix A). The effects of 
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these two options and the values for the baseline case are given in Table 6-6. Re- 
ducing or eliminating some shipments is equivalent to rerouting these materials 
around the urban area. The consequences of rerouting materials with the capacity 
to produce significant consequences in the urban setting (see Tables 3-10 and 3-11) 
are discussed in the next section of this chapter. Here, reducing or eliminating 
shipments as discussed above is a mechanism for examining the effectiveness of this 
alternative on a limited geographical area. The results of the rerouting discus- 
sion would, of course, have to be added to the values in Table 6-6, thus mitigating 
the effects of the shipment reductions. In the case of sabotage, this alternative 
would decrease the availability, of those vehicles within the urban setting for 
diversion. However, since that analysis presents only the consequences of an event 
assumed to have occurred, the effect of this alternative cannot be assessed. 

C 

Table 6-6 

Effects of Reduction or Elimination of Some Shipments 

Causative 
Event 

Incident-Free Transport (Risk) 

LCF 

Vehicular Accidents (Risk) 
EM 
LCF 

Human Errors (Risk) 

EM 

LCF 

Sabotage (Consequences) 

EF 
EM 

LCF 

Bas el ine 
Case 

1.8~1 0-4 

4.2~10-~ 
1.4~10-~ 

0 

1.41510- 

0.2 

1 
77 

Elimination of Elimination o f  Only 
All Through Large-Quantity 
Shipment s Shipments 

0 
7.7~10-~ 

0 
7.7~10-~ 

0 0 
4.8~10- ’ 4.8~10- 

Removing certain shipments may decrease 
availability but not consequences if 
event occurs in urban area. 

6.8 Routing of Radioactive Material around New York City 

This section makes comparisons of the potential health effects and economic impacts 
to various populations resulting from transport of radioactive materials Q 
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through and around New York City ( N Y C )  for all causative event categories discussed 
in Chapters 2 through 5 of the report. 
shipments identified previously are investigated. 
incident-free transport, derived in Appendix D, are used to compare the impacts of 
routing changes in the NYC area. Calculations are performed using the METRAN code 
to compare the potential impacts from vehicular accidents and human errors. In 
these cases, the 100-km2 grid is transposed to the geographical area of interest 
with appropriate adjustments of demographic, traffic, and meteorological data. The 
analysis is then performed assuming that the releases of radioactive material occur 
in a single cell. Comparisons of the potential impacts from sabotage of shipments 
of spent fuel and plutonium are made with the CRAC code (see Chapter 5). 
points along the two routes are used for comparison. 

Seven of the largest radioactive material 
The simplifying equations for 

Four 

Emphasis in this section is on the relative changes in anticipated impacts from a 
given causative event rather than on the absolute values calculated. The analysis 
can be applied to other urban/rural areas, assuming that the necessary input data 
are available. Similar analyses can be performed on other specific routes as de- 
sired. 

Routes chosen for the comparisons represent examples used to exercise the methodol- 
ogy and do not represent a recommendation for routing or not routing around the 
city. Since the results depend heavily on the selected path of travel, extrapola- 
tion to other routes should be made with extreme caution. 

In order to demonstrate the methodology developed to compare the consequences from 
transporting radioactive material around versus through NYC, the following radioac- 
tive shipments are selected:* 

1. CO-60; nondispersible 
4.7~10 Ci/pkg 
TI = 1.3 
1 package/shipment, cask 
6 shipments/year 

2. Co-60; nondispersible 
3.15~10 Ci/pkg 
TI = 1.3 
1 package/shipment, cask 
6 shipments/year 

3. Po-210; dispersible 
1.44~10 Ci/pkg 
TI = 1.0 
1 Type B package/shipment 
2 shipments/year 

91 Cijpkg 
TI = 6.2 
1 Type B package/shipment 
48 shipments/year 

4.  Mo-99;. dispersible 

* 
Only truck transport is considered here since the majority of the impacts 

calculated in Chapters 2 through 5 result from this mode of transport. 
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5. Pu; dispersible 
1.13~10~ Ci/pkg 
TI = 2 
1 Type B package/shipment 
1 shipment/year 

154 Ci/pkg 
TI = 0 
1 package/shipment, cask 
12 shipments/year 

3.74~10 Ci/pkg (sabotage source) 
TI = 0 
1 package/shipment, cask 
1 shipment/year 

6. SPF-IH; dispersible (research reactor fuel) 

7. SPF-IH; dispersible (commercial reactor fuel) 

Shipments 1, 3, 4, and 6 were observed in the New York City shipment model for 1975 
(see Appendix A). Shipments 2 and 5 are included for comparison since they have 
been observed in other urban areas. Shipment 7 is included because of the wide- 
spread interest in commercial spent fuel transport and because of the potential for 
shipments of this material through New York State in the future. 

6.8.1 Route Descriptions 

It is assumed that the route through the urban area follows Interstate 95 (1-95) 
(see Figure 6-1). The urban route starts at the northern intersection of U.S. 
Highway 287 (Hwy-287) and 1-95, north of Yonkers, New York. It passes through New 
York City and Newark and ends at the southern intersection of Hwy-287 and 1-95. 
The route is subdivided into five sections, Pi to P5. The section through the city 
is represented by P2, through Newark by P4, and near the urban areas by Pi, P 3 ,  and 
P5. The length of this route is about 85 km. 

The route around the urban area starts at the northern intersection of Hwy-287 and 
1-95. It follows Hwy-287 to the west and then south of New York City before ending 
at the southern intersection of Hwy-287 and 1-95. This route complies with the 
current requirement that spent fuel shipments should avoid, where practicable, 
heavily populated areas. 
km from Paterson, New Jersey. The length of this route is 154 km and is repre- 
sented by P6. 

The, closest route distance to an urban area is about 6.7 

In the following subsections, the potential impacts of transporting the selected 
radioactive shipments along routes Pi-P5 and Pg are compared. They are also com- 
pared with the calculated results for the urban grid (see Chapter 2). 

6.8.2 Radiological Impacts from Incident-Free Transport 

This subsection describes the potential health effects to the population due to 
incident-free transportation of radioactive material on freeways. The population 
groups at risk are mainly the crew and people in vehicles since it is assumed in 
the analysis that there are no pedestrians on freeways. The dose to people in 
buildings is negligible, as shown in Chapter 2. 
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Figure  6-1. Routes through and around New York C i t y  
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Dose t o  C r e w  

The equa t ions  de r ived  i n  Appendix D a r e  used t o  estimate t h e  i n t e g r a t e d  dose t o  
crew f o r  both r o u t e s .  

The dose t o  crew f o r  t r a v e l  on freeways i s  g iven  by* 

I D  E Q, 
C 

L 
V 

. - .  
NC 

TI PPS SPY 

- d  'air 2 . 
e B a i r (  d2 

2 
d2 

- 
Since  a l l  parameters  remain cons t an t  except  f o r  L and V ,  t h e  r a t i o  of t h e  i n t e -  
g r a t e d  dose f o r  r o u t i n g  around ve r sus  through t h e  urban area i s  g iven  by 

where 

I D R R  

IDUA 

LRR 

Vm 
LUA 

VUA 

= i n t e g r a t e d  dose f o r  r e r o u t i n g  (person  rem) 

= i n t e g r a t e d  dose f o r  urban area r o u t e  (person  r e m )  

= r e r o u t i n g  l e n g t h  (P6  r o u t e )  (me t re s )  

= r e r o u t i n g  average  speed (m/s)  

= r o u t e  l e n g t h  through urban a r e a  (Pl-P5) (me t re s )  

= average  speed through urban area (Pl-P5) (m/s> 

The inpu t  d a t a  r equ i r ed  f o r  t h e  comparison a r e  l i s t e d  i n  Table  6-7. The average  
speed w i l l  va ry  as a f u n c t i o n  of t i m e  of day; t h e r e f o r e  t h e  dose r a t i o  w i l l  a l s o  
va ry  as a f u n c t i o n  of t i m e .  For t h e  a f t e rnoon  rush  pe r iod ,  

z 1.25 l D ~ ~  

I D U A  

Thus, t h e  dose t o  crew i s  inc reased  about  25% by r o u t i n g  around t h e  urban area a t  
t h i s  t i m e .  

* 
Regu la t ions  l i m i t  t h e  maximum a l lowab le  dose ra te  i n  t h e  exclusive-use v e h i c l e  

cab t o  2 m i l l i r o e n t g e n s  per  hour (mR/h). I f  t h i s  v a l u e  i s  exceeded, t h e  a n a l y s i s  
proceeds as though s u f f i c i e n t  s h i e l d i n g  i s  i n  p l ace  t o  reduce the  l e v e l  t o  2 mR/h. 
Equat ion  1 i s  used f o r  dose ra tes  below t h e  maximum allowed. 

Q 
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Table  6-7 

I n p u t  Data t o  Es t imate  Dose t o  C r e w  and People  i n  Vehic les  

Aver age  
Popu la t ion  Route Average Vehic le  Number o f  Veh. Persons  

Zones Length (km) Speed (km/h) pe r  Cell  (veh/km2) p e r  Vehic le  

P 1  9.6 65 65 2.0 

P3 19.2 65 65 2.0 

P2 24.0 32 170 2.7 

P4 

P5 

14.4 

17.6 

58 

65 

120 

65 

2.4 

2.0 

,P6 154.0 72 50 1.5 

NOTES : 
1. Data are f o r  rush  hour (1630 t o  1800). 

2. Values a r e  e s t ima ted  based on in fo rma t ion  from References  3 and 4. Data 
f o r  highways i n  New Jersey and New York a r e  used. 

Number of v e h i c l e s  per  c e l l  from Reference 3 i s  m u l t i p l i e d  by 1.5 t o  
account  f o r  i n c r e a s e  i n  t r a f f i c  volume from 1961 t o  1975, based on d a t a  
from Reference 5 f o r  New J e r s e y  and N e w  York. 

3. 

I f  r o u t i n g  i s  compared a t  n igh t t ime  ( 4 1 0 0  h o u r s ) ,  t h e  average  speeds f o r  urban and 
r u r a l  area freeways are similar and t h e  dose r a t i o  i s  approximately e q u a l  t o  t h e  
r a t i o  of the  r o u t e  l eng th .  Thus, assuming VRR = VU*, 

z -  LRR 2 1 . 8 2  IDRR 
UA 

L 
UA 

ID 

The i n t e g r a t e d  dose t o  t h e  crew (IDu,> from i n c i d e n t - f r e e  t r a n s p o r t  through New 
York C i t y  i s  about  0.6 person  rem per  shipment yea r  ( s e e  Chapter  2) .  
i t  i s  expected t h a t  t h e  dose t o  crew w i l l  i n c r e a s e  by r o u t i n g  around New York C i t y ,  
due t o  t h e  i n c r e a s e  i n  t r a v e l  time. 

I n  g e n e r a l ,  

Dose t o  People  i n  Veh ic l e s  

The dose t o  people  i n  v e h i c l e s  (PIV; see a l s o  Appendix D >  f o r  t r a v e l  on freeways i s  
g iven  by 

2 T I  PPS 0. PPV L N SPY(17.38 - 1.244Vf + 0.02665Vf ) ( 3 )  -12 - 

I D v  = 10 . O K 0  i 

Since  a l l  parameters  remain cons t an t  except  f o r  PPV, L ,  N ,  and V f ,  t h e  r a t i o  of t h e  
i n t e g r a t e d  dose t o  people  i n  v e h i c l e s  f o r  r o u t i n g  around ve r sus  through t h e  urban 
area i s  g iven  by 
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(PPV L 0 N ) R R  (17.38 - 1.244VRR + 0.02665(VRR) 2 
- .  IDVR - - -  

(PPV L o N)UA (17.38 - 1.244VuA + 0.02665(VuA) z -  
IDVU 

IDVR = i n t e g r a t e d  dose t o  people  i n  v e h i c l e s  f o r  r e r o u t i n g  

IDVU = i n t e g r a t e d  dose t o  people i n  v e h i c l e s  f o r  urban a r e a  r o u t e  

(person  rem) 

(person  rem) 

PPVRR = people  per  v e h i c l e  f o r  r e r o u t i n g  

LRR = r e r o u t i n g  l e n g t h  (km) 
= number of v e h i c l e s  i n  t h e  c e l l  f o r  r e r o u t i n g  (veh/km 2 ) 

N~~ 
VRR = average  speed r e r o u t i n g  (m/s)  

PPVUA = people  per  v e h i c l e  on r o u t e  through urban a rea  

LUA = r o u t e  l e n g t h  through urban area (km) 

NUA = number of v e h i c l e s  i n  t h e  c e l l  on r o u t e  through urban area 
(veh/km 2, 

VUA = average  speed o n  r o u t e  through urban area ( m / s )  

Using t h e  i n p u t  d a t a  i n  Table  6-7 f o r  r u s h  hour ,  t h e  above r a t i o  becomes 

- -  - 0.28 
IDVR 

IDVU 

The dose t o  people  i n  v e h i c l e s  i n  t h e  r u r a l  czrca i s  about 28% of t h e  va lue  f o r  t h e  
urban area. However, i f  t h e  urban shipments occurred  l a t e  a t  n i g h t ,  t h e  v e h i c l e  
speeds  would be similar t o  those  i n  t h e  r u r a l  r o u t e  and a l s o  t h e  d i f f e r e n c e s  i n  
number of v e h i c l e s  would be less. Under c e r t a i n  c i rcumstances  (e.g. ,  s imilar speed 
and v e h i c l e  d e n s i t y  but  l onge r  r u r a l  r o u t e ) ,  t h e  i n t e g r a t e d  dose t o  people  i n  vehi-  
cles could be h ighe r  f o r  t h e  r u r a l  rou te .  

It should be observed t h a t  t h e  r a t i o  of t h e  i n t e g r a t e d  dose t o  people  i n  v e h i c l e s  
(and crew) from i n c i d e n t - f r e e  t r a n s p o r t  i s  independent  of t h e  r a d i o a c t i v e  sou rce  
c h a r a c t e r i s t i c s .  For t h e  s p e c i f i c  r o u t e s  cons idered  i n  t h i s  s e c t i o n ,  t h e  maximum 
v a l u e  of t h e  r a t i o  IDm/ID i s  about  1.8 (80% i n c r e a s e ) .  The i n t e g r a t e d  dose t o  
people  i n  v e h i c l e s  from i n c i d e n t - f r e e  t r a n s p o r t  through New York C i ty  i s  about  1.6 
person r e m  per  shipment yea r  ( s e e  Chapter  2). 

u4 

I n  summary, t h e  i n t e g r a t e d  dose t o  people  i n  v e h i c l e s  and crew from i n c i d e n t - f r e e  
t r a n s p o r t  may i n c r e a s e  by r o u t i n g  around New York City.  For t h e  s p e c i f i c  r o u t e s  
cons ide red  i n  t h i s  s e c t i o n ,  t h e  maximum i n c r e a s e  i s  about  80%. However t h e  t o t a l  
i n t e g r a t e d  dose t o  people  i n  v e h i c l e s  and crew i n  New York C i ty  i s  ve ry  small ( 2  
person rem/shipment year ) .  
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6.8.3 Impacts from Vehicular Accidents 

This subsection compares the potential rad io logica l  and economic impacts from ve- 
hicular accidents involving the shipments described in the previous section. The 
impacts are estimated using the METRAN code with a 10-km by 10-km grid. 
located in the urban area (point D, Figure 6 - l ) ,  is described in Appendix A. Simi- 
lar grids with homogeneous characteristics (parameters shown in Table 6-8) are used 
for points A, B, and C (see Figure 6-1). 

The grid, 

Table 6-8 

Parameters at Points A, B, and C 

Population Distribution 

Release Density Building g Vehicles Per 
Radius From Population Fraction of Number of 

Point of 
Release (km) (people/km2)a Per Cell Cell 

A (NW) 0 - 8  3 90 0.02 65 

8 - 10‘ 2070 0.12 65 

A (SE)  0 - 10 207 0.01 65 

B (W) 0 - 10 90 0.005 65 
B ( E )  0 - 10 90 0.005 65 

C (NW) 0 - 10 24 000 0.70 170 

a 

bFraction of buildings for Points A and B were estimated based on 

Population densities were estimated using information from Refer- 
ence 5 (for 1976). 

population densities. 
C At >8 Rm, a more densely populated area is observed. 

Only vehicular accidents of severity VI11 (see Chapter 3)  are considered. 
intent is to use these accidents as upper bounds to compare potential consequences 
on both routes.* 
latent cancer fatalities since specific data are not available to make reasonable 
estimates of early fatalities and early morbidities at points A, B, and C. Early 
fatalities and morbidities are very sensitive to wind speed, population location, 
and geometric arrangements of buildings, streets, and open areas. This information 
is not readily available for the above points. On the other hand, expected numbers 
of latent cancer fatalities are mostly dependent on the release source and popula- 
tion densities, for which there is more information. Therefore, all comparisons 
are made in terms of latent cancer fatalities. 

The 

The consequences are estimated in terms of expected numbers of 

The latent cancer fatalities expected from vehicular accidents involving nondis- 
persible sources (e.g., Co-60) are similar for all points. 
model assumption that vehicles (people in vehicles are the main exposed group) will 

This i s  due to the 

-.u 

*It should be observed that the probability of occurrence of a severity VI11 
accident nationwide is 1. lxlo-’. 157 



s t o p  i n  c l u s t e r s  near  t h e  a c c i d e n t  a r ea .  The economic impacts  are t h e  same f o r  a l l  
t h e  p o i n t s .  

I n  summary, t h e  r a d i o l o g i c a l  and economic impacts of sh ipping  n o n d i s p e r s i b l e  
sou rces  are expec ted  t o  be ve ry  small even i f  t r a n s p o r t e d  through urban areas. The 
economic impacts  are small ( a  few thousand d o l l a r s )  f o r  both r u r a l  and urban areas. 
Table  6-9 summarizes t h e  impacts  from a c c i d e n t s .  

Table  6-9 

Comparsion of Impacts from Vehicular  Accidents  

Po in t  of 
Source Release 

La ten t  Cancer F a t a l i t i e s  Economic Impacts 
Value R a t i o  Valu- Ra t io  

0.01 1 

0.01 1 

0.01 1 

0.01 1 

2.50 0.8 

2.50 0.8 

3.00 1 

3.00 1 

0.27 

0.16 

10.20 

24.00 

0.02 

0.02 

0.04 

0.05 

0.31 

0.31 

0.97 

1.72 

55 

31 

2000 

3300 

0.01 

0.007 

0.43 

1 

0.4 

0.4 

0.8 

1 

0.18 

0.18 

0.56 

1 

0.02 

0.01 

0.60 

1 

4x10 1 

4x10 1 

4x10 1 
4x10 1 

4x10 1 
4x10 1 

4x10 1 

4x10 1 

5x10 0.006 

2x10 0.002 

3x10 0.33 

9x10 1 

4x10 0.02 

2x10 0.01 

2x10 1 

2x10 1 

'9x107 0.05 

9x10 0.05 

4x10 0.20 

2x10 1 

9x10 0.05 

9x10 0.05 

4x10 * 0.20 

2x10 1 
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Q 

The p o t e n t i a l  l a t e n t  cancer  f a t a l i t i e s  from Po-210 and Pu are reduced t o  a few 
pe rcen t  (1%-2%) of t H e  va lues  f o r  t h e  urban rou te .  This  i s  a s i g n i f i c a n t  r e d u c t i o n  
f o r  t h e  Pu source  because of t h e  r e l a t i v e l y  l a r g e  number of expec ted  l a t e n t  cance r  
f a t a l i t i e s .  The r educ t ion  i n  economic impacts i s  a l s o  s i g n i f i c a n t  (95%-99% reduc- 
t i o n ) ,  s i n c e  t h e  c o s t  of s e v e r i t y  V I 1 1  a c c i d e n t s  could be of t h e  o r d e r  of a b i l l i o n  
d o l l a r s  i n  urban a r e a s .  The inpu t  d a t a  t o  estimate t h e  economic impact f o r  t h e  
r u r a l  a r e a  are shown i n  Table  6-10. The p o t e n t i a l  r a d i o l o g i c a l  consequences from 
Mo-99 and SPF-IH are r e l a t i v e l y  smal l  on both r o u t e s ,  but  t h e  
g r e a t l y  reduced i n  t h e  r u r a l  a r ea .  

Table  6-10 

Economic Impact Parameters f o r  Route P6 

Parameter  

1. 

2.  

3. 

4. 

5. 

6. 

7.  

8. 

9. 

10. 

11. 

12. 

13.  

14. 

15. 

16. 

17.  

18. 

Cleanup l e v e l  

Upper l i m i t  of l i g h t l y  contaminated regime 

Lower l i m i t  of moderately contaminated regime 

Loaded s a l a r y  f o r  h e a l t h  phys ics  t e c h n i c i a n  

Survey ra te  

H a l f - l i f e  check va lue  

F i l t e r  d e n s i t y  

Cost f o r  s t reet  c l e a n i n g  l e v e l  

Cost f o r  b u i l d i n g  c leanup (N = 1 ,2 )  l e v e l  1 

Cost f o r  bu i ld ing  c leanup (N = 3 , 4 , 5 )  l e v e l  1 

Cost f o r  b u i l d i n g  c l eanup  (C/I) l e v e l  1 

Cost f o r  park/open area c leanup l e v e l  1 

Evacuat ion c o s t s  

I n d i v i d u a l  income l o s s  

Crops income l o s s  

Cost f o r  b u i l d i n g  c leanup ( N  = 1 ,2 ,3 ,4 ,5 )  l e v e l  2 

Cost f o r  parksfopen  area c l eanup  

Land va lue  

economic impacts  are 

Value 

0.2 pci/m2 

2 pCi/m2 

20 K i / m 2  

$9/h 

120 m2/h 

180 days 

0.02 f i l t e r s / m 2  

$4.38/m 

$506 /cap i t a  

0 

0 

$ l O l / c a p i t a  

$200 /cap i t a  

$575 /cap i t a  

$198 /cap i t a  

0 

$673 /cap i t a  

$1314/capi ta  5 
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The potential economic impacts from the dispersible sources considered in this 
section could be significantly reduced if an accident occurs in a rural area in- 
stead of the' urban area. The percent reduction in radiological effects in the 

per shipment. For example, rerouting of Pu and Po-210 shipments results in signif- 
icant reductions, while Mo-99 shipments show small reductions. 

r u r a l  area would depend on t h e  type of s o u r c e ,  t h e  source  s t r e n g t h ,  and t h e  c u r i e s  

Risk comparisons for the above shipments are not possible, due in part to the lack 
of accident rate information for the specific routes. Shipments of radioactive 
materials through routes where higher accident rates are possible could increase 
the risk to the population, even though the potential consequences from a specific 
accident are reduced. Therefore, the calculations in this section do not indicate 
whether the risk to the public from the above shipments is increased or decreased 
by routing around the urban areas. 

6.8.4 ImDacts from Human Error Incidents 

Analysis of the potential consequences of a human error or deviation from accepted 
quality assurance practices is analogous to that for vehicular accidents. Since 
only consequences (and not risk) are evaluated, the results of the preceeding sec- 
t%ion are also valid for human errors. 
because of lsck of data on human error incident rates for the different routes. 

Changes in population risk are not evaluated 

6.8.5 Impacts from Sabotage Acts 

The potential radiological and economic impacts from sabotage of spent fuel and 
plutonium shipments were zstimated for both routes. These shipments were selected 
for comparison because of their potential to cause significant radiological and 
economic impacts and are used as, upper-bound cases for high consequences. Points A 
and B, having characteristics of the rural area, represent the closest and farthest 
points, respectively, from the urban area. Points C and D represent the urban 
area. The population distributions for points A, By and C are included in Table 
6-11. CMC, the model used in Chapter 5 for evaluating sabotage consequences, is 
also used here. 

The spent fuel source consists of light water reactor fuel with 33 000 MWd/MTHM 
(megawatts day/metric tonne of heavy metal) burnup at 40 kW/kg power density and 
150 days cooling. The truck-mounted cask contains three elements with radionu- 
clides equivalent to 1.4 MTHM charged to the reactor. The baseline estimate for 
the fractions of radioactive material released is 7 ~ 1 0 - ~  of the solids and .1 of 
the noble gases. The basis for this release and a description of the potential 
sabotage acts are presented in Chapter 5. 

In this analysis, the consequences were estimated assuming the same population 
density along 16  segments (each of 22.5' spread) and 5 to 6 radial mesh points, 
depending on the population distributions (see Table 6-11 and Figures 6-1 to 6-5). 
This greatly reduces the needed input data and computational effort. It also pro- 
vides reasonable lower and upper bound results. 

Table 6-12 compares the potential radiological and economical impacts at points A, 
B, and C with the reference case (point D) for the spent fuel release. It shows 
that for the rural area (points A and B), the radiological impacts are reduced 
about one order of magnitude if the wind blows toward the high population areas, 
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and about two orders of magnitude if it blows toward the low population areas. The 
economic impacts are also reduced to a few percent ( 4 %  - 5 % )  of the value for the 
urban area. The radiological impacts at point C are slightly lower than the refer- 
ence point. This was expected since C is also in an urban area but has a lower 
population density. 

Table 6-11 

Population Distributions at Points A, B and C 

Population 
Point of Radius from Release 
Release (km) 

0 - 7.5 

7.5 - 16 

16 - 32 

32 - 48 

>4 8 

0 - 800 

0 - 16 

16 - 32 

32 - 56 

56 - 64 

64 - 80 

80 - 176 

>176 

Distribution 

( people/km 2, 
Population Density 

340 

2070 

5470 

2230  

0 

207 

90 

1050 

5860 

24 220 

7030 

390 

0 

0 - 800 90 

0 - 16 24 220 

16 - 28 7030 

>28 0 

The comparisons for the sabotage of plutonium shipments are presented in Table 
6-13. In this case, the potential latent cancer fatalities are reduced one to two 
orders of magnitude by routing around New York City. This is a significant reduc- 
tion since several thousand latent cancer fatalities are’predicted if a Pu shipment 
were successfully sabotaged in a city. The potential economic impact also shows a 
significant reduction (about 9 5 % )  by rerouting. The analysis has as a basic 
assumption that no attempt is made to move a shipment to a more desirable location 
before the sabotage act is accomplished. 

1 6 1  



Figure  6-2. Release a t  Po in t  A ,  Northwest Winds 
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Q Figure  6-4 .  Release a t  Po in t  B,  West Winds 
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Figure 6-5. Release at Point C, Northwest Winds 
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Table 6-12 

Comparison of Impacts from Sabotage of Spent Fuel 

Point of Total Latent Cancer Fatalities Economic Impact 
Release Avg. (Max.) Ratio Avg. (Max.) Value ( $ )  Ratio 

A (SEI 2.6 (3.0) 0.02 (0.006) 8x10 0.04 

A (NW) 13 ( 2 7 )  0.09 (0.05) 9x10 0.05 

B (W) 16 (58)  0.11 (0.11) 9x10 0.05 

B (E) 1.3 (1.6) 0.009 (0.003) 8x10 7 0.04 

C (NW) 116 (252) 0.83 (0.47) 4x10 0.20 

D 140 (532) 1 (1) 2 x 1 ~ 9  1 

NOTES : 
1. 

2. Source: light-water reactor spent f u e l  

No early fatalities or early morbidities are predicted. 

Release: 7x10 solids 
0.1 noble gas 

3. Point D includes 91 weather sequences (see Chapter 5) .  

4. Economic impacts are calculated using the METRAN code. 

Table 6-13 

Comparison of Impacts from Sabotage of Pu Shipments 

Point of Total Latent Cancer Fatalities Economic Impact 
Release Avg. (Max.) Ratio Avg. (Max.) Value ( $ )  Ratio 

8x107 0.04 A (SEI 43 (59.4) 0.01 (0.004) 

A (NW) 166 (372) 0.04 (0.03) 9x107 0.05 

B (W) 206 (798)  0.05 (0.06) 9x107 0.05 

B ( E )  18.7 (25.8) 0.005 (0.002) 8x107 0.04 

C (NW) 2840 (6890) 0.74 (0.52) 4x108 0.20 

D 3850 (13 300) 1 ( 1 )  2x109 1 

NOTES : 

1. Plutonium shipment: 1 . 1 3 ~ 1 0 ~  curies 
Release fraction: 0.1% 
Aerosolized fraction: 0.05% 
Particle size: 1.0 micron 

2. Economic impacts calculated using the METRAN code. 
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The s p a t i a l  d i s t r i b u t i o n s  of p r o j e c t e d  marrow dose and lung  dose t o  a n  i n d i v i d u a l  
due t o  i n i t i a l  ( 1  y e a r )  and ch ron ic  .(30 t o  4 0  y e a r s )  exposures  are shown i n  F igu res  
6-6 and 6-7, r e s p e c t i v e l y .  
j e c t e d  dose i s  r ece ived  w i t h i n  10 km of t h e  release po in t .  

It i s  clear from t h e s e  f i g u r e s  t h a t  most of t h e  pro- 

I n  summary, t h e  a n a l y s i s  i n d i c a t e s  t h a t  t h e  r a d i o l o g i c a l  consequences from a sabo- 
t a g e  act  could be reduced from one t o  two o r d e r s  of magnitude by r o u t i n g  spen t  f u e l  
and plutonium shipments around the  urban a rea .  The economic impacts  could  a l s o  be 
reduced t o  about  4% t o  5% of t h e  urban va lues .  This  i s  a s i g n i f i c a n t  r e d u c t i o n  
s i n c e  t h e  urban impacts  could be s e v e r a l  b i l l i o n  d o l l a r s .  The r e s u l t s  are h e a v i l y  
dependent  on t h e  assumptions and s p e c i f i c  r o u t e s  s e l e c t e d .  The re fo re ,  c a u t i o n  
should  be employed i n  g e n e r a l i z i n g  t o  o t h e r  c i t i e s  o r  o t h e r  r o u t e s .  
a l s o  i n d i c a t e s  t h a t  t h e  l a t e n t  cancer  f a t a l i t i e s  would occur  mainly i n  t h e  popula- 
t i o n  l o c a t e d  w i t h i n  10 km of t h e  release p o i n t ,  g iven  t h e  assumed popu la t ion  dens i -  
t ies .  

The a n a l y s i s  

6.8.6 Summary and Conclusions 

The a n a l y s i s  shows t h a t  r o u t i n g  around New York C i t y  could a f f e c t  t h e  r a d i o l o g i c a l  
consequences and economic impacts  i n  t h e  fo l lowing  ways. 

Inc ident -Free  Transpor t  

1. Rout ing on freeways w i l l  e l i m i n a t e  t h e  dose t o  p e d e s t r i a n s .  However, 
shipments  w i th  o r i g i n  and/or  d e s t i n a t i o n  i n  urban areas can no t  be rou ted  
e n t i r e l y  by freeways.  

maximum i n c r e a s e  i s  about  80% f o r  t h e  s p e c i f i c  case d i s c u s s e d  i n  t h i s  
s e c t i o n .  

3. Under opt imal  c o n d i t i o n s ,  i n t e g r a t e d  dose t o  people i n  v e h i c l e s  would 
dec rease  t o  about  30% of t h e  v a l u e  i n  t h e  urban area ( f o r  t h e  r u s h  hour  
t i m e  p e r i o d ) ;  however, depending on t h e  t r a f f i c  c o n d i t i o n s ,  r e r o u t i n g  
could i n c r e a s e  t h e  dose t o  people i n  v e h i c l e s  up t o  about  80%. 

4 .  Dose t o  people i n  b u i l d i n g s  would cont inue  t o  be n e g l i g i b l e  i n  comparison 
t o  t h e  o t h e r  groups.  

2. I n t e g r a t e d  dose t o  crew would i n c r e a s e  due t o  longer  d r i v i n g  t i m e .  The 

Vehicular  Accidents  ( S i m i l a r l y  f o r  Human E r r o r  I n c i d e n t s )  

Nond i s p e r  s i b l e  Material Accident  S 

1. P o t e n t i a l  consequences (LCFs) t o  people  i n  v e h i c l e s  are r e l a t i v e l y  small 

2. Economic impacts  are very  small (less than  a few thousand d o l l a r s )  f o r  
i , fo r  bo th  rou te s .  

both rou te s .  

3. - Dose t o  people  i n  b u i l d i n g s  i s  n e g l i g i b l e  i n  comparison t o  o t h e r  groups 
( a t  least  s i x  o r d e r s  of magnitude s m a l l e r ) .  

D i s p e r s i b l e  Material Accidents  

1. For Pu and Po-210 sh ipments ,  t h e  p o t e n t i a l  consequences t o  t h e  popu la t ion  
would dec rease  by one t o  two o r d e r s  of magnitude by r o u t i n g  around New 
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York City. This is a significant reduction for Pu shipments, since a few 
thousand latent cancer fatalities are expected from a severity-VI11 acci- 
dent in the urban area. 

2. For Mo-99 and SpF-IH shipments, the potential consequences to the popula- 
tion would decrease less than one order of magnitude by routing around the 
urban area. 

The potential economic impact in the rural area would decrease to a few 
percent (1% - 5%) of the values for the urban route. This is a signifi- 
cant reduction since the impact in the city would probably be greater than 
$1 billion. 

3. 

c 

8 

4. Even though routing certain radioactive materials around urban areas re- 
duces the magnitude of potential consequences of a serious accident, it 
may also increase the probability that such accidents occur due to higher 
speeds, poorer road conditions, higher accident rates, etc. The probabil- 
ity of accident occurrence was not investigated in this section. 

Sabotage Acts 

1. For plutonium and spent fuel shipments, the potential consequences to the 
population would be decreased one to two orders of magnitude by rerouting 
(assuming the sabotage event occurs at the point of takeover of the 
shipment). 

2.  The potential economic impact for the above shipments would be decreased 
to a few percent ( 4 %  to 5%) of the values for the urban area. This is a 
significant reduction since the impact in the city would probably be 
greater than $1 billion. 

6 . 9  Changes in Form of Material Shipped 

Physical and chemical form of materials currently shipped in the New York City area 
vary from gases to solids and highly dispersible powders to nondispersible metals. 
Changes in either the physical or chemical form of material shipped can have an 
effect on the radiological impacts from the several causative events. For 
incident-free transport, the physical or chemical form of material is not an impor- 
tant parameter. In the accident case, the physical and chemical form determine 
whether the material is treated as an exposure source only or as an inhalation/ 
cloudshine/groundshine source. The same applies for the human errors situation. 
To evaluate the effects of material form changes for accidents and human errors, it 
is assumed that the materials currently shipped in dispersible form are converted 
to a nondispersible form. For the sabotage case, the assumption is made that 
energy-intensive devices are used, possibly vaporizing material otherwise consid- 
ered nondispersible or special form. This alternative, then, is not really appli- 
cable to the sabotage event. Results for this alternative are given in Table 6-14. 

It should be remembered that dispersible materials used in medical applications are 
responsible for a major portion of incident-free, vehicular accidents, and human 
error risk. To require that radiopharmaceuticals, for example, be transported in 
nondispersible form complicates if not denies their use. Since many materials are 
used in diagnostic testing, this alternative is at least impractical in these cases 
since each user facility would have to produce the chemical forms desired from the 
nondispersible shipping form, posing a significant economic burden on the users. 
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Another factor which should be considered is the question of chemical form of the 
materials shipped. Appendix J of this document discusses the chemical toxicity of 
the commonly shipped materials. The conclusions of the analysis indicate major 
problems only with materials transported in large quantities. This is not to say 
that some of these materials could not be harmful (from chemical not radiological 
considerations) but that in general they are shipped in limited quantities so that 
the majority of a shipment would have to be inhaled or ingested by a single indi- 
vidual or a small group for significant effect. From the chemical point of view, 
changes in material form are probably not significant in altering the impacts of 
the several causative events described in Table 6-14. 

Table 6-14 

Effects from Changes in Material Form 

Incident-Free (Risk) Vehicular Accidents (Risk) Human Errors (Risk) Sabotage (Consequences) 
Expected Number of LCF Expected Numbers of - - -  Expected Numbers of 'Expected Numbers of  

EM - EF - EM LCF - EM LCF 
~~ 

Baseline Case 1 .aX10-4 4.2~10-~ 1.4~10-~ 0 1.4~10-~ 0.2 1 77 

Material Form 1.8x10+ 0 3.5~10-~ o 1 . 2 ~ 1 0 - ~  7 7  0.2 1 
Changes 

6.10 Quantity Limits per Package or per Shipment 

Assuming that the total quantity of material shipped, i.e., total curies per year 
for a given radionuclide, remains constant, the impacts of this alternative can be 
discussed by examining the following: 

Changes in the quantity limits per package, thus altering the total number 

For total shipment quantity, changes in the current limits, necessitating a 
of packages shipped 

change in the overal l  numbers of shipments 

For the incident-free case, as long as the total TI shipped per year does not 
change significantly, this alternative will have no effect. The question of 
changes in transport index has been addressed briefly in the section of this chap- 
ter concerned with the alternative of package type changes/overpack. 
of the types of effects expected from this alternative, it is assumed that the TI 
per package does not change but that the quantity shipped is increased. To main- 
tain a constant total for the amount of 'a material to be shipped, this results in a 
decrease in the total number of shipments (or packages) involved. Since the ex- 
pressions used for calculating the integrated population dose are for the most part 
dependent linearly upon TI and total number of shipments, the implementation of 
this option would result in a decrease in the overall population exposure. Con- 
versely, if the TI per package remains the same but quantity limits are decreased, 
the total number of shipments or packages would increase, thus increasing the popu- 
lation exposure. The overall effect of implementing this alternative for the 
incident-free transport case is expected to be small. 

As an example 
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For the accident and human errors cases, the important factor is total curies per 
package as well as total shipments per year. The effect of changes in the quantity 
limits per package for nondispersible materials would follow the same reasoning 
given above for the incident-free case. If a dispersible material is involved, the 
situation is more complex. The consequences of a given accident or human error 
incident would be changed if the quantity limits are different. They would de- 
crease for a lower quantity limit, increase for a larger limit. The second consid- 
eration here is the frequency of shipments (shipments per year) since the calcu- 
lated values for expected number of health effects are dependent upon this factor 
as well as the accident rates and the total distance traveled. 

Using the same examples as in the incident-free case, the quantity limit increase 
would probably result in larger consequences for a given accident or human error, 
but the decrease in the number of shipments tends to lower the overall accident- 
occurrence probability. Conversely, a decrease in quantity limits produces smaller 
consequences but increases the probability that an event will occur. Especially 
important is the resultant increase in the probability that more severe accidents 
would occur. 

The overall impacts of the implementation of this alternative are not in one direc- 
tion. They depend primarily on the exact course of action chosen for the institu- 
tion of quantity limits. 

The sabotage event is different from the other cases in some ways. Here the limi- 
tations on quantities shipped per package or shipment are a discrete number of fuel 
elements (for spent fuel) or the necessary amount of material for a teletherapy 
source, as two examples. Since energetic attack of the transport vehicle is as- 
sumed, it is not clear that there is a decrease in the amount of material available 
for release since the amount of affected material is only a small fraction of the 
total shipment. 

6.11 Phvsical Protection of Laree Ouantitv ShiDments 

The most apparent impact of this alternative would be in the incident-free trans- 
port case, but only if it is assumed that those protecting the shipment are present 
in the vehicle cab. It is more probable that added physical protection would be 
accomplished by individuals riding in some type of escort vehicle. If this is the 
case, those individuals would be exposed as are individuals riding in vehicles 
adjacent to the shipment. Thus, their exposure has already been calculated as part 
of the total population exposure to people in vehicles. Assuming that the added 
crew member is in the vehicle with the drivers, the increase in exposure can be 
calculated. Since the only large quantity shipments in the limited New York City 
case are on Route 17, the effect of the change in number of crew members from two 
to three can be assessed. The increased exposure amounts to a value of 4.6~10-~ 
person rem per shipment year for large quantity materials compared to a value of 
3.1~10-~ person rem per shipment year if only two crew members are present. The 
net effect of this alternative on the total incident-free population dose is negli- 
gible. 

For vehicular accidents, the added physical protection for high curie shipments 
could result in a decrease in the probability of occurrence for all accidents in- 
volving these shipments since the added crew member as an additional observer could 
assist in the avoidance of problems. The amount of reduction in this probability 
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cannot be quantified. 
City model is not large, and the effect on the total population dose would be small 
if not negligible. 

However, the number of high curie shipments in the New York 

Added physical protection for high curie shipments is not expected to contribute 
any major risk reduction when considering human errors. In some instances, how- 
ever, the added crew member might be able to see problems that were the result of 
human errors, thus averting major consequences (e.g., visual inspection indicates 
improper tiedown, loose bolts, etc.). 

For sabotage, physical protection of the high curie shipments is likely t o  result 
in decreased availability of the materials, but beyond this, nothing conclusive 
about the effectiveness of added security can be stated. 

6.12 Summary of Alternatives 

Table 6-15 presents a summary of the effects on the baseline or reference case for 
each alternative. Comments in the. final column indicate the authors opinions of 
the feasibility of implementing each alternative. In the presentation of these 
results, no synergisms between the alternatives have been considered. In the case 
of rerouting, the reader is referred to the details of this discussion within the 
chapter since the results of the analysis are too cumbersome for a tabular format. 
A general conclusion that can be drawn is that, for the most part, implementation 
of any single alternative produces less than an order of magnitude change in the 
calculated radiological risks. Many other factors are involved when a particular 
alternative is considered. These factors include the economic and social impacts 
of implementing the alternative. The social impacts of the transportation of ra- 
dioactive materials in urban areas are addressed in Appendix L of this report. 
Economic consequences are not quantified in this chapter; however, in the discus- 
sion of the feasibility of each alternative, a few words are included which indi- 
cate the general nature of these consequences. 
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Table 6-15 

Summary of Alternatives 

Incident-Free Vehicular 
Transport Accidents Human Error 

Expected Number of Expected Numbers of Expected Numbers of 
Al te rna t ive  LCF EM LCF - EM LCF 

Baseline Case 1. e x l  0 -4  4 . 2 ~ 1 0 - ~  1 . 4 ~ 1 0 - ~  0 1 .4~10-  
(-7 person rem) 

Transport Mode 1 . 3 ~ 1 0 - ~  4 . 2 ~ 1 0 - ~  3 . 3 ~ 1 0 - ~  0 - 1 . 4 ~ 1 0 - ~  
S h i f t s  (-5 person rem) 

Package Type 1.2~10-4 0 
Changes/Overpack (<5 person rem) 

3 . 5 ~ 1 0 - ~  0 

Time of Shipment 1 . 3 ~ 1 0 - ~ ( 1 8 0 0 )  3 . 0 ~ 1 0 - ~  3 . 9 ~ 1 0 - ~ ( 1 2 0 0 )  0 
Rest r ic t ion  
(Low and high 3.9x10-'( 1130) 2 . 5 ~ 1 0 - ~  2 9 ~ 1 0 - ~ ( 2 4 0 0 )  0 
values are re- 
ported.Time of 
day is a lso  
specified.)  

Feas ib i l i t y  

Expected Numbers of Alternative 
EF EM LCF (yeslno) Comments 

Sa bo tage of 

--- 
0.2 1 77 
(CRAC analys is )  

- 

2 15 220 Yes Usefulness is 
(CRAC analys is )  questionable i f  

a l t e r n a t e  mode 
necess i ta tes  use of 
secondary mode 
t ranspor t  t o  or from 
urban destinations.  
Costs might be high 
f o r  equipment for  
o ther  modes. 

-1.4~10- 0 0.3 24 
(CRAC analys is )  

1 . 4 ~ 1 0 - ~ ( 2 4 0 0 )  0 31 26(1200) 
(METRAN analys is )  

1.ex10-3(1200) <i 21 34(2400) 

Yes This a l t e rna t ive  i s  
qu i t e  feas ib le ;  how- 
ever cos t s  for  s h i f t s  
from one package type 
t o  another would be 
t o  manufacturers and 
d i s t r ibu to r s  of 
mater ia l s ,  not t o  
shippers for  trans- 
por t  equipment 
changes. Overpacks 
would have to  be de- 
signed, b u i l t ,  and 
l icensed. 

Alternative i s  

of de l ivery  for  many 
medical shipments is 
reduced. Costs f o r  
s t a f f ing  delivery 
sites and rearrange- 
m e n t  of schedules for  
use could be s ign i f i -  
cant.  Economic conse- 
quences must be 
weighed against  
rad io logica l  r i s k  
reduction. 

Yes feas ib le .  Convenience 



Alternative 

Baseline Case 

Reduction or 
Elimination of 
Some Shipments 
a) all through 

shipments 
eliminated 

b) only large 
quantity 
shipments 
eliminated . 

Change in Form 
of Material Shipped 

Table 6-15 (Continued) 

Summary of Alternatives 

Incident-Free Vehicular 
Transport Accidents 

Expected Number of Expected Numbers of 
LCF EM LCF 

1 . 8 ~ 1 0 ~  4. 2 ~ 1 0 ~ ~  1. 4x107 

0 

0 

1 . 8 ~ 1 0 ~  0 3. ~ x I O - ~  

Human Error 
Expected Numbers of 

EM LCF 

0 1.4~1 O3 

- 

0 

0 

4. ax10-5 

4.8~10~ 

0 1.2~10-5 

Quantity Limits per Variable. Could Variable. Could decrease Variable 
Package or decrease as in as i n  Table 6-2 to 
Shipment Table 6-2 to 

1.2x10- 0 3 . 5 ~ 1 0 ~  

Feasibility 

Expected Numbers of Alternative 
-- EF EM LCF ( yes/no ) Comments 

Sabotage of 

0.2 1 77 
(CRAC analysis) 

- 

Removal of 
certain shipments 
may decrease their 
availability but not 
the radiological con- 
sequences if an 
event occurs in an 
urban area. 

Yes Choice of shipments 
to be eliminated will 
determine the feasi- 
bility of these alter- 
natives. Costs re- 
sulting from reduc- 
tion or elimination 
of certain shipments 
must be considered. 

0.2 1 77 Yes Requirements that 
(CRAC analysis) material be shipped 

in nondispersible 
form would seriously 
affect radiopharma- 
ceutical users. Also. 
manufacturing changes 
could result in dif- 
ferent particle size 
distributions which 
could alter the cal- 
culated consequences. 
From a cost view- 
point, this alterna- 
tive is not effective 
and would have sig- 
nificant impacts on 
the industry, requir- 
ing major revisions 
in the techniques 
used to prepare 
these materials. 

Unknown Yes The possibilities for 
different sets of 
trade-offs are dis- 
cussed in the text. 
Lowering quantity 
limits would increase 
c o s t s .  Increased 
quantity limits would 
result in increased 
consequences from a 
single accident. 



Table 6-15 (Continued) 

Summary of Alternatives 

Inc ident -Free  Vehicular  F e a s i b i l i t y  

Expected Number of Expected Numbers of Expected Numbers of Expected Numbers of  A l t e r n a t i v e  
of Sabotage Human Erro r  T ranspor t  Accidents  

(yes /  no) Comments A l t e r n a t i v e  LCF EM LCF - EM LCF EF EM LCF 

Base l ine  Case  1.8x10-4 4. 2 ~ 1 0 - ~  1 . 4 ~ 1 0 - ~  0 

Phys ica l  P ro tec -  C r e w  dose  f o r  See comments 
t i o n  of High h igh  c u r i e  sh ip-  
Cur i e  Shipments  ments increased  

from 3x10 person 
r e m l s h i p e n t  year  
t o  5x10 person 
remlshipment yea r  
i f  added crew mem- 
ber  i s  i n  t r a n s p o r t  
v e h i c l e  cab. 

O p e r a t i o n a l  
A l t e r n a t i v e s  : 
a )  Reduct ion  i n  1 . 7 ~ 1 0 - ~  

s t o r a g e  t i m e  

b )  Cordoning o f f  1 . 6 ~ 1 0 - ~  
s t o r a g e  areas 

c )  Reduct ion  i n  l.2X10-4 
number of 
hand1  ings 

d )  E x t r a  s h i e l d i n g  1.8X10-4 
i n  t r a n s p o r t  
v e h i c l e  

e) Conta ine r i zed  l . 8 ~ l O - ~  
sh ipmen t s  

Does not apply  

1 . 4 ~ 1 0 -  0 . 2  1 77 
(CRAC a n a l y s i s )  

See comments See comments Yes 

Range gf possible-change: Range of poss ib l e  change: See t i m e  of shipment Yes 
2 . 5 ~ 1 0 - ~  3 . 9 ~ 1 0 - ~  0 -1.4~10- r e s t r i c t i o n  a l t e rna -  
3 . 0 ~ 1 0  2 . 9 ~ 1 0  0 -1.8x10 3 t i v e  f o r  d i scuss ion .  

Does not apply Does not apply  Does not apply Yes 

No Does not apply  Does not  apply  Does not  apply 

Yes Does no t  apply Does not  apply 

4 .2~10-  1 .4~10-  0 1 . 4 ~ 1 0 -  Does not  apply Yes 

\ 

Increased  crew num- 
b e r s  could reduce 
p r o b a b i l i t y  of acc i -  
dent  occur rences  and 
act t o  m i t i g a t e  the  
e f f e c t s  of s e r i o u s  
human e r r o r s  through 
e a r l y  d e t e c t  ion .  

Some schedul ing  in- 
convenience and 
c o s t  i nc rease  . 
would occur.  

Resu l t s  in reduc- 
t i o n  of dose t o  
warehouse personnel.  

Ma te r i a l s  w i th  o r i -  
gins or  d e s t i n a t i o n s  
wi th in  the  urban 
a r e a  must be handled 
a t  some poin t .  

Exclusive-use vehi- 
cles wi th  added 
s h i e l d i n g  could  be 
used at  added cos t  t o  
sh ippe r s ,  a l though 
the  one-time cos t  
could be amortized 
over  , t h e  u s e f u l  l i f e  
of t h e  t r a n s p o r t  
veh ic l e .  

This  a l t e r n a t i v e  
would only  be ap- 
p l i c a b l e  f o r  l a r g e  
n m b e r s  of shipments 
w i th  a s i n g l e  d e s t i -  
n a t i o n ,  e.g., waste 
shipments. The l a r g e  
nlnnber of des t ina -  
t i o n s  i n  urban a r e a s  
dec reases  t h e  app l i -  
c a b i l i t y  of t h i s  
a l t e r n a t i v e .  
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GENERIC EXTENSION 

7.1 Introduction --- 
The limited New York City area was chosen for the initial application of the METRAN 
methodology because of the unique characteristics of this particular urban area. 
Description of the selected area reveals large diurnal variations in population and 
traffic density as well as significant radioactive material transport patterns. 
Although this area possesses most of the features characteristic of any urban area, 
several notable exceptions were discovered. No appreciable rail or barge shipments 
have been observed (see Appendix A). The New York urban transport system also does 
not include features such as beltways which could carry traffic around the more 
densely populated sections of the city. 

This chapter proposes methods for examining the radiological effects of radioactive 
material transportation in other urban areas without resorting to the complex 
models initially exercised. The 20 largest Standard Metropolitan Statistical Areas 
(SMSAS) as defined in 1975, were chosen to examine the radiological effects in 
other densely populated areas. Detailed analysis was performed on data for these 
SMSAs with wide geographical distribution and special characteristics (e.g., large 
rail facilities and significant amounts of water transport). The SMSAs examined 
are 

1. New York 11. Houston 

2. Los  Angeles 
3. Chicago 

12. St. Louis 
13. Pittsburgh 

4. Philadelphia 14. Baltimore 

5. Detroit 15. Minneapolis/St. Paul 

6. San Francisco/Oakland 16. Newark 

7. Washington, D.C. 17. Cleveland 

8. Boston 18. Atlanta 

9. Nassau-Suffolk 19. Anaheim/Santa Ana/Garden Grove 

10. Dallas 20. San Diego 

The majority of the SMSA designations refers to the major metropolitan center 
included in the area, although a few refer to other geographical areas. 

The first step in applying the techniques in Appendices B and C to another area is 
a careful examination of the sensitivity and error analysis results discussed in 
Appendix D. A significant finding of this analysis is that demographic information 
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( p o p u l a t i o n  d e n s i t i e s ,  t r a f f i c  coun t s ,  e t c . )  need n o t  be as d e t a i l e d  as f o r  t h e  New 
York C i ty  case. That i s  t o  say ,  average va lues  may be used f o r  t h e s e  v a r i a b l e s  
wi thout  i n t r o d u c i n g  l a r g e  e r r o r s  i n t o  t h e  c a l c u l a t i o n .  Also, i n  g e n e r a l ,  
demographic v a r i a b l e s  appear  as m u l t i p l i c a t i v e  f a c t o r s  i n  t h e  equa t ions ,  thus  they  
can be e a s i l y  v a r i e d  from one c i t y  t o  t h e  next .  This  i s  e s p e c i a l l y  t r u e  i n  t h e  
i n c i d e n t - f r e e  t r a n s p o r t  case, where t h e  s imple equa t ions  g iven  i n  Appendix D can  be 
used. I f  d a t a  are not  a v a i l a b l e  f o r  a s p e c i f i c  urban area, t h e  average  v a l u e  f o r  
t h e  l i m i t e d  New York C i ty  case i s  used. 

The a c c i d e n t  case i s ,  however, more complicated.  A s  i n d i c a t e d  i n  Appendix D ,  on ly  
a rank o r d e r i n g  of impor tan t  v a r i a b l e s  has  been p o s s i b l e  f o r  t h e  model equa t ions .  
Th i s  i s  a l s o  t h e  case f o r  human e r r o r s  o r  d e v i a t i o n s  from accepted  q u a l i t y  a s su r -  
ance p r a c t i c e s .  Thus t h e  a n a l y s i s  of shipment d a t a  f o r  t h e  SMSAs cannot  be as  
d e t a i l e d  as i n  t h e  i n c i d e n t - f r e e  case .  
malevolent  ac t ,  t h e  a p p l i c a t i o n  of t h e  CRAC and METRAN methodologies ,  o r  some 
a d a p t a t i o n  of them t o  produce consequence estimates f o r  o t h e r  urban areas, i s  t h e  
approach used i n  t h i s  c h a p t e r ,  even though t h i s  a p p l i c a t i o n  i s ,  a t  b e s t ,  
d e s c r i p t i v e .  

For t h e  occurrence  of sabotage  o r  

7.2 Shipment In fo rma t ion  f o r  SMSAs 

The technique  and d a t a  base desc r ibed  i n  Appendix A f o r  development of t h e  l i m i t e d  
New York C i t y  s t anda rd  shipments  model have been a p p l i e d  t o  each of t h e  20 SMSAs. 
O r i g i n a l  d a t a  from which Reference 1 was de r ived  were obta ined  and t a b u l a t e d  by end 
use ,  t r a n s p o r t  mode, and package type.  Where t h e  end use of a s p e c i f i c  material  
could  not  be e a s i l y  d e f i n e d ,  t hose  shipments were inc luded  i n  each p o s s i b l e  
ca t egory  (e.g. ,  i f  t h e  material  could be e i t h e r  medica l  o r  i n d u s t r i a l ,  t h e  r e p o r t e d  
shipments  have been inc luded  i n  both end-use c a t e g o r i e s ) .  
t h a t  t h i s  r e p r e s e n t s  some double-counting of shipments ,  but  do no t  t h i n k  t h a t  t h i s  
i n t r o d u c e s  s i g n i f i c a n t  e r r o r  i n t o  t h e  a n a l y s i s .  S ince  many of t h e  SMSAs on t h e  
e a s t e r n  seaboard ove r l ap ,  i t  should be noted t h a t  t h e  s t anda rd  shipments models 
w i l l  a l s o  double-count some shipments.  Therefore  , comparison of t h e s e  d a t a  wi th  
t h e  summary t a b l e s  i n  Reference 1 i s  n o t  recommended. The exac t  procedures  used t o  
o b t a i n  t h e  s t anda rd  shipments  d a t a  and d e t a i l e d  t a b u l a t i o n s  are desc r ibed  i n  
Reference 2. Table  7-1 summarizes t h e  shipment d a t a  f o r  t h e  20 SMSAs on t h e  bases  
of t o t a l  shipments  per y e a r ,  t o t a l  c u r i e s  t r a n s p o r t e d  per  y e a r ,  and t o t a l  T I  
t r a n s p o r t e d  per  year .  The cor responding  va lues  f o r  t h e  l i m i t e d  New York C i t y  case 
are inc luded  f o r  r e fe rence .  

The a u t h o r s  r ecogn ize  

7.3 Demographic Data 

Reference  3 g i v e s  t o t a l  popu la t ion  and land  area f o r  t h e  major c i t i e s  i n  t h e  SMSAs. 
These d a t a  were conver ted  t o  popu la t ion  d e n s i t i e s  f o r  t h e  areas (persons  per  squa re  
k i l o m e t r e )  f o r  cons i s t ency  and are summarized i n  t h e  f i n a l  column of Table  7-1. To 
account  f o r  nonres iden t  t r a v e l  i n  each urban area an  average  va lue  of 3000 
people/km2 i s  assumed f o r  cons i s t ency  and i n  t h e  absence of o t h e r  a v a i l a b l e  da t a .  
These people  would move i n t o  and o u t  of t h e  urban c e n t e r s  f o r  shopping, b u s i n e s s ,  
etc. This v a l u e  is added t o  t h e  p rev ious ly  determined popu la t ion  d e n s i t y  t o  ap- 
proximate t h e  number of people  i n  b u i l d i n g s  i n  t h e  urban c e n t e r s  dur ing  t h e  day. 
The a u t h o r s  r ecogn ize  t h a t  t h i s  assumption may underes t imate  t h e  daytime popu la t ion  
d e n s i t i e s  i n  t h e  v a r i o u s  urban areas. 
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Little applicable data were available on vehicle densities in the SMSAs. Thus it 
is assumed that the urban vehicle density is a constant. 
SMSAs such as Los Angeles, this may well underestimate the true situation: con- 
versely, in other areas, vehicle density may be significantly overestimated. 

For some vehicle-oriented 

Information was requested from the primary urban center for each SMSA regarding 
pedestrian cordon counts.“ Only Los Angeles provided applicable information in 
this area, from which it was possible to derive values for pedestrian density. The 
value for Los Angeles, 1 . 0 4 ~ 1 0 ~  pedestrians/km’, is used in the calculations. 
all other cases, a value for pedestrian density (2.0x105/km2), derived from the 

In 

limited New York C i t y  case, i s  used. 

Table 7-1 

Standard Shipments Summary for 20 Top SMSAs (1975) 

SMSA 

New York 
Los Angeles 

Chicago 

Philadelphia 

Detroit 

San Francisco/Oakland 

Washington, D.C. 

Boston 

NassaujSuffolk 

Dallas 

Houston 

St. Louis 
Pittsburgh 

Baltimore 

MinneapolisISt. Paul 

Newark 

Cleveland 

Atlanta 

Anaheim/Santa Ana/ 

San Diego 

Limited New York 

Garden Grove 

City Area 

Total 
Shipments 
per Year 

1.8~105 

a. 3 x 1 0 ~  

2.0~105 

1.8~10’  

3. 7x104 
6. 7x104 

5. iX1o4 

2. 8x104 

4. 0x104 

2.0~104 

3 . 5 ~ 1 0 ~  

3.2~10’ 

1. i X i o s  

a. 2x1 o3 
6. l x104 

2.3~10’ 

6 . 8 ~ 1 0 ~  

2. 6x104 

2 . 6 ~ 1 0 ~  

2. iX1o4 

2 . 8 ~ 1 0 ~ .  

Total 
Curies Shipped 

per Year 

1 . 5 ~ 1 0 ~  

2.2x108 

2 . 3 ~ 1  O8 
1. 5x106 

2 . 7 ~ 1  O7 

7.8~10’ 

8 . 9 ~ 1 0 ~  

3 . 6 ~ 1  O6 

5. 7x10’ 

1. 3x10’ 

7. 7x106 

5. 3x107 

6.6~10‘ 

4.1x106 

2 . 7 ~ 1  O4 

1. 5x108 

6. 1x106 

. 2.4~10’ 

4. 2x1 o4 
3. 7x104 

2. 7x106 

Total 
TI Shipped 
per Year 

1. 3 ~ 1 0 ~  

2. 9x104 

9. 9x104 

2 . 3 ~ 1 0 ~  

3. 3x104 

2. 7x104 

l .ox los 

4. 7x104 

3 . 9 ~ 1 0 ~  

1. 3x104 

1.2x104 

1.0~10~ 

1. oX1o5 

1.5~10’ 

7. 2x103 

1.9~10’ 

6. 3x104 

2. 3x104 

1. iX1o4 

Population 
Density 

(per sons/km 

1 . 0 ~ 1 0 ~  

2 . 3 ~ 1 0 ~  

5. 8x103 

5.9~10~ 

4. 2x103 

6. 1x103 

4. 8x103 

5 . 4 ~ 1 0 ~  

3. 4x103 

1.2~103 

1. iX1o3 

3 . 9 ~ 1 0 ~  

3.6~10~ 

4.5x!03 
3 . 0 ~ 1 0 ~  

6 . 3 ~ 1 0 ~  

3. 8x103 

1 . 5 ~ 1 0 ~  

1 . 9 ~ 1 0 ~  

1. 9x103 

3 . 2 ~ 1 0 ~  

* 
Cordon counts accumulate total numbers of people or vehicles entering or 

leaving a prescribed area as a function of time of-day. 
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7.4 Inc ident -Free  Transpor t  

Table 2-8 summarized t h e  r a d i o l o g i c a l  impacts from i n c i d e n t - f r e e  t r a n s p o r t  i n  t h e  
l i m i t e d  New York C i ty  case.  Examination of t h e s e  r e s u l t s  i n d i c a t e s  t h a t  more than  
96% of t h e  popula t ion  dose i s  accumulated by f i v e  groups: h a n d l e r s ,  warehouse 
personnel ,  p e d e s t r i a n s ,  people i n  v e h i c l e s ,  and crew. Only small c o n t r i b u t i o n s  
a r i s e  from dose t o  people i n  a i r  t e rmina l s  and people i n  bu i ld ings .  To examine t h e  
i m p a c t s  from i n c i d e n t - f r e e  t r a n s p o r t ,  t h e  fo l lowing  assumptions are made. 

Q 

Impacts from the  f i v e  major dose groups are the  only ones t o  be eva lua ted .  

Materials shipped by modes o t h e r  than  t r u c k  remain i n  a s t o r a g e  area f o r  12 
hours .  Exposure d i s t a n c e s  f o r  warehouse personnel  are a minimum of 1.5 
metres and a maximum of 100 metres. 

All m a t e r i a l s  having o r i g i n s  o r  d e s t i n a t i o n s  i n  t h e  urban area are handled 

T r a n s i t  through t h e  urban area begins  a t  0700 hours  except  f o r  f u e l  cyc le  
materials, which begin a t  0300 hours  t o  minimize t r a f f i c  compl ica t ions  
and de lays .  

once. 

O r i g i d d e s t i n a t i o n  shipments t r a v e l  on two-way streets. For through ship-  
ments,  t r a v e l  i s  on freeways.  
3.34 m / s ,  freeways = 8.9 m / s ;  v e l o c i t y  a t  0300 hours  on two-way 
streets = 8.06 m/s, freeways = 24.4 m/s.> 

shipment-weighted l e n g t h  from t h e  l i m i t e d  New York C i t y  case ) .  

(Veloc i ty  a t  0700 hours  on two-way streets = 

Each shipment t r a v e l s  a cons t an t  d i s t a n c e  of 7 km a c r o s s  t h e  urban area ( a  

Source-to-crew d i s t a n c e  is nominally 3.1 metres. 

Street width i s  20 metres and s idewalk width,  3 metres. 

Other v a r i a b l e s  which appear i n  t h e  sca l ed  r e g r e s s i o n  equa t ions  are set a t  nominal 
va lues  t o  s i m p l i f y  t h e  approximation of t h e  v a r i o u s  dose 'group impacts  (e.g. ,  
v e h i c l e  count f o r  0700 hours  i s  1180 v e h i c l e s  per  cel l ,  and a t  0300 h o u r s ,  t h e  
va lue  used i s  280 v e h i c l e s  per  c e l l ) .  

For comparison, t h e  New York C i ty  computation was performed a second t i m e  us ing  t h e  
assumptions l i s t e d  above. R e s u l t s  of t h i s  c a l c u l a t i o n  and those  f o r  t h e  o t h e r  
urban areas, as w e l l  as t h e  r e s u l t s  f o r  i n c i d e n t - f r e e  t r a n s p o r t  from Chapter  2 ,  are 
g iven  i n  Tablp 7-2. Rank o rde r ing  of dose groups d i f f e r s  among t h e  c i t i e s  as t h e  
c h a r a c t e r  of t h e  shipments made through or i n t o  and out  of t h e  area change. In  a l l  
ca ses ,  t h e  predominant c o n t r i b u t o r s  t o  t o t a l  i n t e g r a t e d  dose were p e d e s t r i a n s  and 
people  i n  veh ic l e s .  

There are r a t h e r  wide v a r i a t i o n s  among the r e s u l t s  f o r  the d i f f e r e n t  urban areas. 
However, t h e  expected numbers of l a t e n t  cancer  f a t a l i t i e s  per year  of sh ipp ing  
a c t i v i t y  ( c a l c u l a t e d  assuming 25 LCF/106 person  rem) are s t i l l  q u i t e  s m a l l  (from 

LCF f o r  t h e  San Diego area t o  LCF f o r  Newark). I n  those  SMSAs f o r  
which l a r g e  numbers of o r i g i d d e s t i n a t i o n  shipments  were observed,  t h e  estimates of 
doses  t o  people i n  v e h i c l e s ,  p e d e s t r i a n s  and crew are probably upper bounds t o  t h e  
popu la t ion  doses.  This is  t r u e  because of t h e  assumption t h a t  such shipments 
t r a v e l  7 km on c i t y  streets. I n  r e a l i t y ,  some perhaps s i z e a b l e  f r a c t i o n  of t h e  
t r a v e l  f o r  t h e  shipments might be on freeways o r  bel tways,  thus  reducing t h e  over- 
a l l  popu la t ion  exposure.  I n  i n t e r p r e t i n g  t h e  r e s u l t s  i n  Table  7-2, t h e  assumptions 
used i n  t h e  a n a l y s i s  must be taken  i n t o  account.  
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Table 7-2 

Inc iden t -F ree  Gener i c  Ex tens ion  ( P o p u l a t i o n  Doses -- Person  Rem) 

SMSA 

New York C i t y  ( l i m i t e d )  

N e w  York C i t y  ( l i m i t e d ) *  
(Gener i c  e x t e n s i o n  
a s sumpt ions )  

New York 

Los  Angeles 

Chicago 

Phi l a d e l  phia  

D e t r o i t  

San Franc i s c  o /Oa k l a  nd 

Washington, D.C. 

Boston 

People  
i n  Warehouse 

V e h i c l e s  Pe r sonne l  P e d e s t r i a n s  Hand le r s  Crew 
1.6 1.2 1.0 2.5 0.6 

3.8 1 . 2  3 .3  2 .5  1.7 

37 4 22 16 20 

13 5 6 7 5 

9 20 34 2 2  1 7  

14 2 13 19 13 

8 2 3 2 3 

11 6 LO 7 r, 

T o t a l s  

13 

99 

36 

1 0 2  

61 

18 

38 

23 I 3 2 6 23 

23 1 20 12 9 65 

Nassau /Suf fo lk  10 < < 1  3 2 6 21 

D a l l a s  5 3 4 3 2 17  

Houston 

S t .  Louis  

5 3 4 3 2 16 

58 1 4  45 31 20 168 

P i t t s b u r g h  25 3 5 4 11 48  

Ba l t imore  13 1 3 2 6 25 

Minneapo l i s /S t .  Pau l  

N e w a r k  

Cleveland 

A t l a n t a  

Anaheim/Santa Ana/ 
Garden GrOve 

3 2 2 1 1 9 

69 28 52 36 28 213 

12 1 3 2 4 22 

4 1 3 3 1 12 

3 1 1 1 1 7 

San Diego 1 1 I 1 <<1 4 

"Di f f e rences  between t h e  METRAN c a l c u l a t e d  v a l u e s  and those  o b t a i n e d  u s i n g  s i m p l i f i e d  e q u a t i o n s  
a r i s e  from t h e  assumptions of ave raged  v e h i c l e  c o u n t s  a c r o s s  t h e  urban a r e a  ( p e o p l e  i n  v e h i c l e s )  and 
uniform t r a v e l  d i s t a n c e  a t  an assumed t i m e  of day (0700 hour s  For a l l  shipments  e x c e p t  f u e l  c y c l e ) .  
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7.5 Vehicular Accidents 

Extension of the METRAN accident ana,ysis is comp icate by several factors. As 
with the incident-free case, the shipment patterns vary widely, and several mate- 
rials appear in the shipment models for the other cities which are not in the New 
York City set. 
specific, and the importance of these must be evaluated before extending the analy- 
sis. These variables include meteorological patterns for the cities, fraction of 
building area, street area, etc. These are inputs not only to METRAN but also to 
the meteorological dispersion codes MICMET and PICMET (see Appendix E). Sensiti- 
vity analysis treatment of vehicular accidents produces only rank ordering of 
significant variables; thus the techniques employed earlier are not applicable 
here. 

Many variables are used in the accident analysis which are city 

The approach chosen for extension of the vehicular accident case involves an exami- 
nation of the major contributors to overall accident risk from 10 separate catego- 
ries. The categories and a description of the selection process by which materials 
are placed in them follow and are also summarized in Table 7-3. For nondispersible 
materials, the selection process consists solely of subdividing on the basis of 
number of curies per package. Nondispersible shipments of less than or equal to 2 
curies per package comprise Category 1. Category 2 contains all other nondispersi- 
bIe material shipments. 

Dispersible material shipments are categorized based on three factors: 

1. 

2. 

3. 

Curies per package--Shipments of less than or equal to 2 curies per 
package are classified as small and the remainder as large shipments. 

Subdivision of materials is made on the basis of inhalation toxicity by 
examining the average rem per curie value for the material, as determined 
from the 50-year values listed in Appendix G. Materials with average rem 
per curie values less than lx105 are considered to have low 
toxicity. 

Average photon energy per disintegration (Ed)--If a material has a value 
for Ed less than or equal to 0.1 MeV, it is not considered to contribute 
as an external source (groundshine). All  other materials are assumed to 
act as additional external sources, thus contributing to the overall 
groundshine consequences. 

All  other materials are classified as having high toxicity. 

ca1ejiory 
Hurbr-r 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
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The r i s k  c o n t r i b u t i o n s  f o r  t h e  New York C i ty  s t anda rd  shipments model are g iven  i n  
Table  7-4. The major c o n t r i b u t o r s  t o  l a t e n t  cancer  f a t a l i t i e s  and g e n e t i c  e f f e c t s  
a r e  Ca tegor i e s  2 through 6 ,  which c o n s t i t u t e  99% of t h e  t o t a l .  
r i a l s  c o n t r i b u t e  a l l  of t h e  observed e a r l y  m o r b i d i t i e s .  

Category 6 mate- 

F u r t h e r  a n a l y s i s  of t h e  in fo rma t ion  i n  Table  7-4 shows t h a t  p e d e s t r i a n s  are t h e  
major dose group a f f e c t e d  by v e h i c u l a r  acc iden t s .  For materials i n  Ca tegor i e s  1 
and 2 ,  t o t a l  expec ted  l a t e n t  cancer  f a t a l i t i e s  are d iv ided  between p e d e s t r i a n s  and 
people  i n  v e h i c l e s  by a r a t i o  of 7 : 3 .  For materials i n  Ca tegor i e s  3 th rough 6 ,  t h e  
breakdown of l a t e n t  cancer f a t a l i t i e s  i s ,  on t h e  average ,  a r a t i o  of  7 : 3  (pedes- 
t r i a n s  t o  people  i n  b u i l d i n g s ) .  The ma jo r i ty  of t h e  r i s k  from t h e s e  c a t e g o r i e s  
arises from groundshine exposure.  
10 i s  s p l i t  among p e d e s t r i a n s ,  people i n  v e h i c l e s ,  and people  i n  b u i l d i n g s  (56% 
p e d e s t r i a n s ,  8% people  i n  v e h i c l e s ,  and 36% people  i n  b u i l d i n g s ) .  This  change i n  
r a t i o  comes from t h e  fac t  t h a t  t h e  i n h a l a t i o n  pathway from material i n  t h e  a e r o s o l  
c loud predominates  h e r e  and people  i n  b u i l d i n g s  a r e  more v u l n e r a b l e  t o  t h i s  path-  
way. The f r a c t i o n a l  c o n t r i b u t i o n  of materials i n  Ca tegor i e s  7 th rough 10 i s  q u i t e  
small f o r  New York C i ty .  The t r e n d  does not  con t inue ,  however, f o r  c i t i e s  i n  which 
a l a r g e r  f r a c t i o n  of t he  materials shipped i s  wi th in  t h e s e  c a t e g o r i e s .  For f u e l  
c y c l e  materials i n  Ca tegor i e s  3 through 6 ,  t h e  r e l a t i v e  c o n t r i b u t i o n  t o  people  i n  
b u i l d i n g s  predominates  (98%) ,  and t h i s  i s  taken  i n t o  account  i n  t h e  c a l c u l a t i o n s .  

The r i s k  from m a t e r i a l s  i n  C a t e g o r i e s  7 th rough 

The approach t aken  t o  estimate the  a c c i d e n t  r i s k - f o r  o t h e r  c i t i e s  i s  t o  de te rmine  
t h e  f r a c t i o n a l  d i s t r i b u t i o n  of materials shipped by ca t egory  f o r  each urban area. 
For Ca tegor i e s  1 through 2 and 3 th rough 6 ,  t h e  o v e r a l l  r i s k  can be expres sed  as a 
f u n c t i o n  of t h e  a p p r o p r i a t e  demographic parameters  ( p e d e s t r i a n  d e n s i t i e s ,  popula- 
t i o n  d e n s i t i e s )  and t o t a l  c u r i e s  shipped i n  t h a t  ca tegory .  There i s  a l s o  a depen- 
dency on average  t o t a l  photon energy per  d i s i n t e g r a t i o n .  For Ca tegor i e s  7 th rough 
10, t h e r e  i s  t h e  a d d i t i o n a l  f a c t o r  of average  rem per  c u r i e  va lue .  This  has  been 
handled by s e p a r a t i n g  out  Ca tegor i e s  7 and 9 from Ca tegor i e s  8 and 10 w i t h  r e s p e c t  
t o  q u a n t i t y  of m a t e r i a l  shipped ( t o t a l  c u r i e s ) .  

The g e n e r i c  ex tens ion  of a c c i d e n t  r e s u l t s  t o  o t h e r  areas c o n s i s t e d  of f i r s t  
s e p a r a t i n g  t h e  r i s k  v a l u e s  obta ined  f o r  New York C i ty  by ca t egory  and dose group 
us ing  t h e  r a t i o s  d i scussed  ear l ier .  Second, t h e s e  sepa ra t ed  va lues  were m u l t i p l i e d  
by the  r a t i o  of the a p p r o p r i a t e  demographic pa rame te r  (e.g., r a t i o  of p o p u l a t i o n  
d e n s i t i e s  f o r  a g iven  c i t y  t o  t h a t  f o r  New York C i ty ) .  F i n a l l y ,  t h e  q u a n t i t y  
ob ta ined  above i s  m u l t i p l i e d  by t h e  r a t i o  of t o t a l  c u r i e s  shipped f o r  a c i t y  t o  
t o t a l  c u r i e s  shipped f o r  New York C i ty  (by  ca t egory ) .  An example of t h e  technique  
i s  g iven  i n  Equat ion 1 ( f o r  p e d e s t r i a n  c o n t r i b u t i o n ) .  

LCF (Category i )  ( 1 )  . C i t y  B, NYC, ] = p e d e s t r i a n s  p e d e s t r i a n s  (Category i )  NYC 

where i = 1 , l O  and PedD = p e d e s t r i a n  dens i ty .  

I n  t h e  case of materials i n  Ca tegor i e s  1 and 2 ,  t h e  c o n t r i b u t i o n  t o  r i s k  f o r  people  
i n  v e h i c l e s ,  i s  assumed t o  be independent  of t h e  number of v e h i c l e s  ( v e h i c l e  coun t ,  
as d i scussed  e a r l i e r )  bu t  s o l e l y  i n  t o t a l  number of c u r i e s  shipped.  There are many 
o t h e r  dependencies  w i t h i n  t h e  a n a l y s i s  which are no t  being cons idered  he re ;  t h u s  
t h e s e  r e s u l t s  are f e l t  t o  be only  a f i r s t - o r d e r  approximation t o  t h e  r e s u l t s  f o r  
o t h e r  urban areas. 
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Table 7-4 

Category 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Con t r ibu t ion  of 10 Ca tegor i e s  t o  

D e s c r i p t i o n  

Nondispe r s i  b l e  Small 

Nond i s  p e r  s i  b l e  Large 

D i s p e r s i b l e  Small ,  Ex te rna l  Source 

D i s p e r s i b l e  Small ,  E x t e r n a l  Source 

D i s p e r s i b l e  Large,  E x t e r n a l  Source 

D i s p e r s i b l e  Large,  External Source 

D i s p e r s i b l e  Small ,  N o  E x t e r n a l  Source 

D i s p e r s i b l e  Small ,  No E x t e r n a l  Source 

D i s p e r s i b l e  Large,  No E x t e r n a l  Source 

D i s p e r s i b l e  Large,  No E x t e r n a l  Source 

TOTALS 

Low Toxic i ty  

High T o x i c i t y  

Low Toxic i ty  

High T o x i c i t y  

Low Toxic i ty  

High Tox ic i ty  

Low Toxic i ty  

High Tox ic i ty  

Expected Risk Values (New York C i t y )  

Expected 
Number of 

La ten t  Cancer 
F a t a l i t i e s  

2 .6~10-  

2 . 5 ~ 1 0 - ~  

1.2x10- 

2.1x10- 

3 . 6 ~ 1 0 - ~  

6. lx10m4 

2 . 6 ~ 1 0 - ~  

f - 
0.002 

0.18 

0.09 

0.02 

0.26 

0.44 

(0.001 

0.01 

<o. 001 

- 
1.0 

Expected 
Number of 

E a r l y  
Morb id i t i e s  

- 
f - 

1.03 

1.0 

, 



I 

For this first-order approximation, the 10 material categories are partially recom- 
bined. All nondispersible materials are examined together (Categories 1 and 2)  and 
the latent cancer fatalities for a given city are obtained, for pedestrians, as in 
Equation 1. For people in vehicles, the other major contributor, the LCFs are ob- 
tained by a ratio of total curies shipped. Materials having sizeable 00.1 MeV) 
average total photon energy per disintegration (Categories 3 through 6) are also 
combined. Latent cancer fatalities for pedestrians are obtained as described in 
Equation 1. For people in buildings, the pedestrian densities (PedD) in Equation 1 
are replaced by the appropriate population densities. 
gories 7 through 10 are subdivided by average rem per curie values. Except for 
this subdivision, the calculations are identical to those for materials in Cate- 
gories 3 through 6 .  Table 7-5 presents the results of the accident analysis for 
the 20 SMSA standard metropolitan statistical areas. 

A s  described earlier, Cate- 

Several comments on interpretation of these results are necessary. No account is 
taken of route differences among the cities for originldestination or through 
shipments. These differences could be significant, since one factor in determining 
the risk numbers is the actual distance traveled in the city. To illustrate this 
situation, Figures 7-1 and 7-2 are rough maps of the major freeway patterns for New 
York City and Houston, Texas (where most of the risk values can be attributed to 
large, nondispersible material shipments with origins or destinations in the city). 
It is reasonable to assume that carriers would attempt to remain on freeways as 
long as possible (there are fewer stops necessary, and freeways are usually in 
better condition than city streets, and allow for greater speed). In Houston, a 
loop surrounds the city with a number of interconnecting freeways for travel into 
the city. Only in outlying areas would there be the need for appreciable travel 
(more than 3 or 4 ,km) on city streets to pick up or deliver materials. In New York 
City, on the other hand, there are some areas where freeway access is limited. It 
is not possible to estimate the relative effects of the city travel pattern without 
additional information on actual routes or delivery patterns. However, comparing 
the maps for the two cities indicates that the distance traveled off freeways for 
Houston will not be greater than that for New York City. If anything, the travel 
distances will probably be less. -The importance of this comparison is that for 
materials in Categories 1 through 6, the major contribution to risk comes from 
pedestrians. Since it is assumed that no pedestrians are on freeways, the concern 
is with nonfreeway travel distance. 

Another assumption used in the comparison is that vehicular accident rates do not 
differ significantly from city to city. 
approximation. However, for freeway-oriented cities such as Los Angeles, the 
actual vehicular accident rate and fractional occurrences (by severity) could be 
markedly different. 

This is probably valid for a first 

Because pedestrian density plays a prominent role in the analysis, the quality of 
the information is quite important. In only three cases, other than New York City, 
has some information about total numbers of pedestrians for a specific area of the 
city been available (Los Angeles, MinneapolislSt. Paul, and Houston). Sketchy 
information on the fraction of city area occupied by streets, although the best 
available, increases the error in the calculated values for pedestrians per square 
kilometre of sidewalk. Thus, in one important variable necessary for extending the 
limited New York City analysis to other areas, there are several large uncertain- 
ties which must be considered in interpreting the results. Better information in 
this area is crucial to a more accurate analysis. Even for the limited New York 
City analysis, the pedestrian density values are derived from data for Manhattan, 
which are probably overestimates for certain sections of that study area, magni- 
fying the errors in the base case used for the generic extension. 
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T a b l e  7-5 

E s t i m a t e d  Number of  L a t e n t  C a n c e r  
F a t a l i t i e s  from V e h i c u l a r  A c c i d e n t s  f o r  20 SMSAs 

C a t e g o r i e s  1 ,  2 C a t e g o r i e s  3-6 C a t e g o r i e s  7-10 
T o t a l  E s t i m a t e d  Numbers of 

SMSA Ped.  P I V a  Ped. P I B  Ped. P I V  PIB L a t e n t  C a n c e r  F a t a l i t i e s  
b 

N e w  York  C i t y  1.8x10-'+ 7.6~10-~ 3.6~10-" 7.5~10-'+ ~ . O X ~ O - ~  1.5~10-~ 6.6~10-~ 1.4~10-3 

N e w  York 

t o s  h g e l e s  

C h i c a g o  

P h i l a d e l p h i a  

D e t r o i t  

San  F r a n c i s c o / O a k l a n d  

W a s h i n g t o n ,  D.C. 

B o s t o n  

N a s s a u /  Suf  f o l  k 

Dallas  

H o u s t o n  

S t .  L o u i s  

P i t t s b u r g h  

Baltimore 

? l i n n e a p o l i s / S t .  P a u l  

Newark 

C l e v e l a n d  

A t l a n t a  

A n a h e i m l S a n t a  Ana/ 
G a r d e n  G r o v e  

San  D i e g o  

5.0~1 0-' 

1. iX10-3 

1.7x10-' 
1.3~10-'+ 

2.8~10-~ 

1.7~10-~ 

5. lxlo-b 

2. iX10-3 

2.0~10-4 

3.0~1 O-'+ 

1.5x10-" 

9.4~10-~ 

5.6~10-3 

1.8x10-'+ 

2.4~10-~ 

1.2Xlo-b 

1.4~10-~ 

4. iX10-3 

6.3~10-j 

6.4~10-~ 

3. bx10-5 

7.6~10-~ 

1.3~10-5 
9.6~10-5 

2.0x10-5 

1.3~10-5 

3.7~10-~ 
2. iX10-4 
1.5~10-3 

1.4~10-'+ 

1. iX10-4 

4. iX10-3 

7.0~1 0-7 

1.3x10-'+ 

1.7~10-~ 
8.4~10-~ 

9.7~10-~ 

2 . 2 ~ 1 0 - 3  

1.7~10-~ 

9.4~10-~ 

5.9~ 1 0- 

9.4~10-~ 

4. iX10-3 
1. zX1 0-4 

9.4~10-~ 

2.9~10-~ 

2.4~10-~ 
6.6~10-~ 

1.4~10-~ 

6.5~10-3 

1. ~ ~ 1 0 - 4  

1.2x10-3 

7. iX10-4 

3. O X ~ O - ~  

5.9~10-~ 

1.7~1 0-4 

1. 6 ~ 1 0 ~ ~  

8.8~1 0-4 

4. O X ~ O - ~  
I .  4x1 0-1 

3.6x10-'+ 

1.8~10-~ 

1. iX10-3 

2. iX10-4 
4.6~10-~ 

5.3~10-~ 

2.3~10-~ 
6.3~10-5 

8.9~10-~ 

8.1~10-~ 

1.8~10-~ 

3.7~10-~ 

3.4~10-~ 

8.3~10-~ 

7.3~10-~ 

1.7~10-~ 

1.3~10-~ 

9.4~1 0-5 

1.1x10-6 

1.1~10-4 

3.5~10-~ 

6.5~1 0-7 

5.5~10-~ 
7. iX10-5 

5.9~10-5 

5.9~1 0-5 

1.3~ 1 0-7 

1.5~10-6 

1.0~10-5 

1. zX1 0-5 

7. iX10-5 
1.3~1 0-7 

9.4~ 10-5 

3.8~ 10-6 

3.7~10-~ 

1.3~10-~ 

6.5~10-~ 

aPIV = P e o p l e  i n  v e h i c l e s .  

b P I B  = P e o p l e  i n  b u i l d i n g s .  

2.4~10-~ 

5.4~1 0-7 

8.4~10-~ 

2.5~10-~ 

1.6~1 0-7 

1.3~10-~ 
1.7~10-5 

1.4~10-~ 

1.4~10-5 

3.1xl0-8 
3. 5xlO-I 

2.5~10-~ 

3.0~1 0-6 

1 . 7 ~ 1 0 ~ ~  

3.1x10-8 

2. ~ ~ 1 0 - 5  

9.3~10-~ 

9. O X ~ O - ~  
3. iX10-7 

1.6x10-' 8.6~10-~ 

1.3x10-2 

1.1xlo-L 

1.6xlO-1 

1.2x10-3 

2. oxi 0-3 

9. 1x10-4 
5.3~10-j 

1.3~10-j 

4.6x10-'+ 

3.5~10-~ 
1.2x10-3 

5.9~10-j 

8.8~10-~ 

6.7x10-'+ 

3.6~1 @-5 

1.1xlO-L 

8.9~1 O-L 

8.0~10-3 
1.9~1 Od4 

2. 1x10-5 

I 



Figure 7-1. Major Freeway Patterns for New York City 
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Figure 7-2. Major Freeway Patterns for Houston 
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Table 7-6 

Estimated Number of Latent 
Cancer Fatalities 

from Human Errors for 20 SMSAs 

Categories 1, 2 Categories 3-6 Categories 7-10 
Total Estimated Numbers of 
Latent Cancer Fatalities SMSA Ped. PIV Ped. PIB Ped. PIV PIB 

New York City 8.0~10-~ 3.4~10-~ 7.5~10-~ 1.3~10-j 9.0~10-~ 1.3~10-~ 5.8~10-~ 1.4~10-j 

New York 2.5x10-" 

Los Angeles 2. 1x10-4 

Philadelphia 2. 2x10-6 

Chicago 4.0~1 0-4 

Detroit 4.8~10-~ 

San Francisco/Oakland 7.7~10-~ 
Washington ,  D.C. 5.9~10-~ 

Boston 1.2x10-6 
Nassau/ Suf folk 7.7x10-" 

Dallas 2. 4x10e7 
Houston 1.3~10-5 

S t .  Louis 9.4~10-~ 
Pit t sburgh 8.85~10-~ 

Baltimore 7.1x10-6 

Xinneapolis/St. Paul 4.4~10-~ 
Newark 2. S X ~ O - ~  
Cleveland 8.3~10-~ 

Atlanta 1. 1x10-7 
AnaheimfSanta Ana/ 5.3~10-~ 
Garden Grove 

San Diego 5.9x10-8 4.4~10-8 

8.3~10-5 

3.6~10-~ 

3.  ~ x I O - ~  

7.7x10-' 

2.5x10-6 

1.5~10-~ 
1.4x10-" 

1.8~1 0-5 

1.0~10-5 

4.7~10-~ 
1.3~10-5 

2.7~10-~ 

3. O X ~ O - ~  

5 . 4 ~ 1 0 ~ ~  

4. S X ~ O - ~  

4. S X ~ O - ~  

3 .  O X ~ O - ~  
3.9~10-~ 
2.5~10-~ 

2.7~10-7 

6.0~10-~ 

1. 2x10-5 
3. 2x10-1 

5. 5x10T4 

7.3~10-~ 

8. iX10-4 

3.1x10-6 

9.8~10-~ 

3.4~ 1 0- 

5.2~10-~ 
I .  2x10-5 

1.6~10-~ 

1. 8x10-1 

3.6~10-~ 

1.7~1 0-7 

2.3~10-~ 

1. 9x10-1 

1.6~1 0-2 
2.5~1 0-7 

1.1x10-7 

8. ~ x I O - ~  

l.oxlo-8 

3.0~10-~ 

9.4~10-~ 
5.7~1 OW9 

4.8~1 O W 7  

5.9~1 0-7 

5.3~10-~ 

5. Z X ~ O - ~  

1.2x10-9 
1.3~10-~ 

8.9~10-~ 

1.1x10-6 

1. ~ ~ 1 0 - 9  

5.9~10-~ 

8.9~10-~ 

3.4~1 0-8 

3.3~10-~ 

1.2x10-8 

5.8~10-9 

2.0~10-7 

4.7~10-~ 

7.3~1 Od9 
2. 2x10-7 

1. 2x10-7 

1.4~1 U-9 

1.5~10-~ 

1.3~10-~ 

1.3~1 0-7 

2. 8x10-1 

3.1~10-9 

2.2x10-8 

2.6~1 O-& 

1.5~10-~ 

2.8~10-' * 
2.0~10-~ 

8. l ~ l O - ~  

7.9xlO-" 

2.8~1 0-9 

3.7~10-7 

3. 5 ~ 1 0 - ~  

9.0~10-~ 

~ . 8 ~ 1 0 - ~  
1.4~1 0-9 

1.5~10-~ 

1.6~10-~ 

1.5~10-~ 

1. iX10-7 

1. 8xi 0-9 

2.1x10-8 

1.7~10-~O 

2.5~10-~ 

1.5~10-~ 

2.4~10-1 

2.6x10-7 
7.8~1 0-9 

5. 0x10-1 " 
1.9~1 0-9 

4.9~10-7 



7.6 Human E r r o r s  or Dev ia t ions  from Accepted Q u a l i t y  Assurance P r a c t i c e s  

Gener ic  e x t e n s i o n  of t h e  r a d i o l o g i c a l  impacts  from human e r r o r s  i s  performed i n  a 
manner e x a c t l y  p a r a l l e l  t o  t h a t  used above f o r  v e h i c u l a r  a c c i d e n t s .  A s  i n  t h a t  
case, f o r  materials i n  Ca tegor i e s  1 and 2 ,  t h e  t o t a l  l a t e n t  cancer  f a t a l i t i e s  can 
be appor t ioned  between p e d e s t r i a n s  and people  i n  v e h i c l e s  i n  t h e  r a t i o  of 7:3. I n  
C a t e g o r i e s  3 t h rough  6 ,  t h e  p r o p o r t i o n  i s  7:3,  p e d e s t r i a n s  t o  people  i n  b u i l d i n g s ,  
except  f o r  f u e l  c y c l e  materials, where t h e  major c o n t r i b u t i o n  (95%) i s  t o  people  i n  
b u i l d i n g s  wi th  t h e  remainder t o  p e d e s t r i a n s .  For Ca tegor i e s  7 through 10, t h e  
s p l i t  i s  56% t o  p e d e s t r i a n s ,  8% t o  people  i n  v e h i c l e s ,  and 36% t o  people  i n  bu i ld -  
i ngs .  Using e x p r e s s i o n s  similar t o  Equat ion  1, t h e  estimates of r a d i o l o g i c a l  
h e a l t h  e f f e c t s  from human e r r o r s  can be determined.  Table  7-6 p r e s e n t s  t h e  r e s u l t s  
of t h i s  a n a l y s i s .  

7.7 Sabotage 

App l i ca t ion  of t h e  consequence model CRAC t o  releases of materials through sabo tage  
o r  malevolent  act  of a shipment have been d i scussed  i n  d e t a i l  i n  Chapter  5. The 
d i f f i c u l t y  wi th  e x t r a p o l a t i n g  t h e  r a d i o l o g i c a l  consequences,  c a l c u l a t e d  us ing  CRAC, 
have been d i s c u s s e d  i n  d e t a i l  i n  Reference  4. I n  g e n e r a l ,  i t  i s  p o s s i b l e  t o  scale, 
i n  an approximate ly  l i n e a r  f a s h i o n ,  t h e  consequences of t h e  sabotage  c a l c u l a t i o n s  
f o r  areas i n  which t h e  c lose - in  popu la t ion  d e n s i t y  ranges  from approximate ly  
1 . 6 ~ 1 0 ~  t o  about  1 . 4 ~ 1 0 ~  pe r  h2. Since  a l l  urban areas addressed  i n  t h i s  r e p o r t  
have popu la t ion  d e n s i t i e s  w i t h i n  t h i s  range ,  a f i r s t - o r d e r  approximation t o  t h e  
consequences of sabotage  of a shipment could be obta ined  us ing  a l i n e a r  s ca l ing  
f a c t o r  w i t h  popu la t ion  d e n s i t y .  Because t h e  n a t u r e  of i n d i v i d u a l  shipments  i n  each  
urban area is  d i f f i c u l t  t o  d e f i n e ,  numerical  va lues  would no t  be p a r t i c u l a r l y  
meaningful .  Hence, t h e  r eade r  i s  r e f e r r e d  t o  Chapter  5 of th i s  r e p o r t  and t o  t h e  
d e t a i l s  provided i n  Reference 4 f o r  f u r t h e r  i n fo rma t ion  i n  t h i s  area. 

7.8 Summary 

To perform a g e n e r i c  e x t e n s i o n  of t h e  l i m i t e d  New York C i ty  area a n a l y s i s  t o  o t h e r  
c i t i e s ,  t h e  s i m p l i f y i n g  e q u a t i o n s  produced us ing  the s e n s i t i v i t y  a n a l y s i s  f o r  
i n c i d e n t - f r e e  t r a n s p o r t  have been used t o  c a l c u l a t e  dose c o n t r i b u t i o n s  from t h e  
f i v e  major  popu la t ion  subgroups.  The i n c i d e n t - f r e e  a n a l y s i s  depends p r i m a r i l y  on  
t h e  t o t a l  T I  sh ipped  i n  an area. These d a t a ,  combined wi th  t h e  a p p r o p r i a t e  demo- 
g r a p h i c  parameters, were used t o  estimate t h e  i n c i d e n t - f r e e  r a d i o l o g i c a l  impacts  
f o r  t h e  top  20 SMSAs i n  t h e  U.S. The r e s u l t s  i n d i c a t e  t h a t  people i n  v e h i c l e s  and 
p e d e s t r i a n s  a r e  t h e  major dose groups and t h a t  t h e  t o t a l  popu la t ion  dose  can r ange  
from a low of 7 person  rem per  year  of sh ipping  a c t i v i t y  f o r  San Diego t o  a h igh  of 
-350 person  rem per  yea r  of sh ipp ing  a c t i v i t y  f o r  Newark. The range arises from 
t h e  wide ly  d i f f e r e n t  sh ipp ing  p a t t e r n s ,  bo th  i n  terms of t h e  modes by which mate- 
r ia ls  are c a r r i e d  and t h e  t o t a l  T I  t r a n s p o r t e d .  C a l c u l a t i o n s  f o r  t h e  l i m i t e d  New 
York C i ty  case us ing  t h e  set of assumptions of t h e  g e n e r i c  ex tens ion  a n a l y s i s  are 
a l s o  r epor t ed  f o r  comparison. 

I n  t h e  a c c i d e n t  and human e r r o r  cases, t h e  model complex i t i e s  d i d  not  a l l o w  ap- 
proximation of t h e  dose expres s ions  by s i m p l i f y i n g  equa t ions .  A t echnique  was 
developed t o  a l l o w  f o r  t h e  e s t i m a t i o n  of expected numbers of l a t e n t  cancer  f a t a l i -  
t i e s  f o r  o t h e r  urban areas us ing  a breakdown of t h e  l i m i t e d  New York C i t y  shipment 
model and a c c i d e n t  r e s u l t s  ( a l s o  human e r r o r s )  i n t o  10 c a t e g o r i e s .  De ta i l ed  analy-  
sis of t h e  dose group and dose pathway dependencies  of t h e  c a l c u l a t e d  h e a l t h  e f -  
f ec t s  f o r  materials i n  each of t h e s e  c a t e g o r i e s  produced a set of assumptions f o r  
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extending the results to other urban areas. 
latent cancer fatalities from vehicular accidents for a ?ear's shipping activity at 
the given +eve1 for each urban area was a low of 2.1~10- for San Diego to a high 
of 1.6~10- for Chicago. Using a similar technique, the range of estimated numbers 
of latent cancer fatalities from human errors was a low of 4 . 9 ~ 1 0 ~ ~  for San Diego 
to a high of 3.6~10-1 for Chicago. 
from the set of assumptions required for accomplishing the analysis as well as the 
markedly different shipment patterns in the areas. An inherent assumption in this 
analysis is that dispersible materials become airborne without regard to any fac- 
tors which might mitigate the situation. For example, shipments of uranium hexa- 
fluoride, when involved in an accident, might well release significant quantities 
of hydrofluoric acid and much smaller quantities of the available uranium. Thus, 
data about the chemical form of the materials shipped, especially large quantity 
shipments of certain kinds of fuel cycle materials, could strongly influence these 
results. 

The range of estimated numbers of 

The wide ranges for other urban areas result 

Recent information indicates that it may be possible to scale the consequences of a 
release of radioactive materials which might well result from the sabotage or 
malevolent act of a shipment. Too many complex factors must be taken into account 
to allow for meaningful generic extension of the sabotage calculations for the 
limited New York City case. However, references are provided to allow the 
interested reader to investigate this area in greater detail. 

NOTES 

BNWL- 1 97 2. 

2S. F. Herreid, A Method for Determining Radioactive Material Shipment 
Patterns in Urban Areas, SAND79-2071, NUREG/CR-1117, Albuquerque: Sandia Labora- 
tories, May 1980. 

3U.S. Department of Commerce, Statistical Abstract of the United States, 1978. 

4D. M. Ericson, Jr., "Observations on the Use of the Consequence Model CRAC 
for Small Non-Reactor Atmospheric Releases," SAND80-0366, to be published. 
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APPENDICES 



A 

URBAN AREA DATA BASES 

An extensive data base is required to analyze the environmental impact of transpor- 
tation of radioactive material in urban areas. This appendix lists methods for 
derivation, assumptions, sources of information, and values for each parameter. 

Section A 1  describes the division of the urban day into time spans. Section A 2  
discusses land-use parameters. These include 

The study area itself, how it was chosen, and division of the area into 

Amount of open area 
Amount of area occupied by buildings 

Amount of area occupied by streets and sidewalks 

Other related parameters such as street width and sidewalk width 

unit cell s 

Section A 3  discusses building characteristics. These include wall thicknesses, 
construction materials, and ventilation systems. 

Section A4 considers aspects of population peculiar to the urban area, such as the 
large diurnal population fluctuation. This section also concerns itself with popu- 
lation densities, pedestrian densities, and the number of people in the area for 
non-work-related reasons. 

Section A 5  addresses transportation parameters such as traffic densities, vehicle 
and pedestrian velocities, vehicle length, the number of people per vehicle, and 
distances between moving vehicles (separation distances). Parameters involved in 
rail, air, and water transport are also discussed. 

Section A6 discusses shipment characteristics including route, roadway type, mode, 
package type, number of packages, destinations, and transport indices. 

Section A7 discusses the determination of severity-dependent accident rates. This 
section also discusses methods used to estimate the amount of time the shipment 
vehicle may be delayed by an accident. 

A l .  Time Span Specification 

Because most data are not available on an hourly basis, the day has been divided 
along the lines of an urban day as shown in Table A-1 .  
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Table A-1 

Da i ly  T ime  Div i s ion  

T i m e  Span Hours D e s c r i p t i o n  

1 1800 - 0700 Night 

2 0700 - 0830 Morning rush  

3 0830 - 1130 Morning work 

4 1130 - 1300 Noon r u s h  

5 1300 - 1630 Afternoon work 

6 1630 - 1800 Afternoon rush  

Time-dependent d a t a  are p resen ted  as hour ly  average  v a l u e s  f o r  each of t h e  s i x  t i m e  
spans .  The n i g h t  t i m e  span could  be  d iv ided  i n t o  1800-2400 and 0000-0700 f o r  g r e a t e r  
accuracy .  

A2. Land-Use Data 

A2.1 Basic Gr id  

The geograph ica l  area under c o n s i d e r a t i o n  i s  a 100-cell, 10-km by 10-km g r i d  encom- 
pass ing  p o r t i o n s  of t h e  New York C i ty  boroughs of Manhattan, Queens, and Brooklyn 
( F i g u r e  A - 1 ) .  This g r i d  has been s e l e c t e d  t o  cover  t h e  maximum amount of l and  area 
w i t h  as much land-use d i v e r s i t y  as poss ib l e .  

A2.2 Open 'Area 

Open area is c h a r a c t e r i z e d  on maps i n  Reference 2 by v a r i a t i o n s  i n  shading. It has  
been necessa ry  t o  conver t  much in fo rma t ion  on land  use from t h i s  source  t o  t h e  g r i d  
by subd iv id ing  t h e  g r i d  squa res  wi th  a square-count ing technique;  t h i s  f a c i l i t a t e s  
t h e  de t e rmina t ion  of t h e  f r a c t i o n  of t h e  g r i d  which i s  open area. 

A2.3 S t ree t  Area, Bu i ld ing  Area 

The f r a c t i o n  of each g r i d  ce l l  occupied by streets has been determined by combining 
in fo rma t ion  on New York C i ty  Community P lanning  Dis t r ic t s  (CPDs)* wi th  in fo rma t ion  
on s t reet  areas i n  N e w  York C i t y  Heal th  Areas. A t a b u l a t i o n  of s t reet  area ( i n  
a c r e s )  i n  each of t h e  c i t y ' s  Heal th  Areas i s  a v a i l a b l e  a t  t h e  o f f i c e  of t h e  New 
York C i t y  P lanning  Commission. Heal th  Area d a t a  on s t reet  area were conver ted  t o  
street areas f o r  CPDs and then  t o  t h e  g r i d  i t s e l f .  This  i n fo rma t ion  was subse- 
q u e n t l y  used t o  o b t a i n  t h e  f r a c t i o n  of each g r i d  square  occupied by streets. In- 
format ion  on popu la t ion  and s t ree t  areas f o r  t h e  New York C i ty  Heal th  Areas re- 
f l e c t s  1970 census  information.** CPDs range i n  s i z e  from 0.59 km2 t o  10.52 km2. 

*In  1968, t h e  New York C i t y  P lanning  Commission d e l i n e a t e d  62 "Community P lanning  
Dis t r ic t s , "  which are p r o f i l e d  i n  Reference 1. Each CPD has an  a d m i n i s t r a t i v e  
p lanning  board which a d v i s e s  t h e  borough p r e s i d e n t  and c i t y  agenc ie s  on planning.  

**Health Areas are s u b d i v i s i o n s  of t h e  c i t y  on t h e  bases  of h e a l t h  needs.  
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Figure A-1. Basic Grid for Portions of Manhattan, Queens, and Brooklyn 
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Square-counting has  determined t h e  a r e a  of each a f f e c t e d  CPD and the  f r a c t i o n  of 
each g r i d  ce l l  occupied by a p a r t i c u l a r  CPD. 

The f r a c t i o n  of t h e  g r i d  square not  occupied by open area o r  streets is  assumed t o  
be occupied by bu i ld ings .  Values f o r  open a r e a ,  street a r e a ,  and bu i ld ing  a r e a  f o r  
each ce l l  are t a b u l a t e d  i n  Table A-2. 

Table A-2 

C e l l  Area D i s t r i b u t i o n  

C E L L  NO 
I 
2 
3 
4 
5 
6 
7 

OPEN 
0 0 0  
1 0 0  

S T R E E T S  
, 2 4 3  

1 3 5  

B U i  L O I R i G  
75 7 
I 6 5  

C E L L  NO. 
5 1  
5 2  
5 3  

s OPEN 
, 2 0 0  
,000 
, 2 0 0  
, 7 0 0  
0 0 0  
000 

, 2 0 0  
, 0 0 0  
,000 
, 1 0 0  

STREETS 
, 3 6 3  
, 4 3 3  
, 3 4 2  

1 8 9  
. 4 0 8  
, 3 5 6  
, 2 9 2  

3 2  I 
, 3 7 9  
, 2 3  1 
, 2 4 0  

B U 1  L D l  NGS 
, 4 3 7  
, 5 6 1  
, 4 5 8  
I l l  

, 5 9 2  
, 6 9 4  

5 0 8  
, 6 1 9  
, 6 2 1  
, 6 6 9  
, 2 6 0  

2 0 0  
1 . 0 0 0  
000 
,000 
000 

. o o o  
, 0 0 0  
000 
,000 

, 3 1 9  
0.000 

, 3 4 2  
, 2 8 9  
, 3 9 9  
, 3 3 4  
, 3 3 8  

3 0 9  
, 2 0 0  

1 9 2  
4 0 4  

.48 I 
O . O G O  

. 6 5 8  
7 1  I 

, 6 0 1  
, 6 6 6  

6 b 2  
6 9 1  

, 2 5 8  
4 9 b  

.ere 

5 4  
5 5  
5 6  
5 1  
5 8  
5 9  
6 0  
6 1  
6 2  

8 
9 

I O  
1 1  , 5 0 0  

, 0 0 0  
. o o o  
, 5 0 0  
,000 
, 0 0 0  
,000 

0 0 0  
. o o o  
, 6 0 0  
, 1 0 0  
, 0 2 1  
,000 
, 4 0 0  

2 0 0  
, 0 0 0  
. o o o  
. o o o  
000 
6 0 0  
,800 
IO0 
1 9 1  

, 4 0 0  
, 0 1 7  

0 0 0  
. o o o  

I 2  
1 3  
1 4  
1 5  
1 6  
I T  

, 6 0 0  
. I 0 0  
, 5 0 0  
, 0 0 0  
0 0 0  

, 0 0 0  
,000 
,000 
, 0 0 0  
,000 
, 6 0 0  
, 1 0 0  

4 0 0  
000 
5 0 0  

. o o o  
,000 
. O C 9  
, 0 0 0  
. O C O  
, 2 0 0  

4 6  I 
. 4 0  I 
, 2 3 7  
, 3 9 9  
, 4 3 4  
, 3 2 8  
, 4 1 8  
. 4 l b  
, 2 2 6  

1 0 5  
1 3 1  

, 4 7 4  
, 2 2 2  

4 6 8  
4 8 5  

, 4 4 3  

5 3 9  
5 9 9  
2 6 3  
6 0 1  

6 3  
6 +  
6 5  
6 6  

2 5 4  
3 8 5  

, 4 4 8  
. 4 1  I 
, 4 2 4  
, 4 1 4  

3 9 0  
, 3 3 1  

2 q b  
, 0 1 5  
, 5 5 2  
, 5 8 9  

, 5 6 b  
6 7 2  
5 8 2  
,589 

1 7 4  
1 9 5  

, 8 3 6  
5 2 6  

3 3 2  
, 5 1 5  
. 5 5  7 

5 8 1  
, 5 8 6  

0 6 4  
, 2 0 0  
.j 3 3 
4 6 8  
4 4 9  
7 7 6  
5 9 0  

, 5 8 4  
5 9 3  

3 7 8  

6 7  
b 0  
6 9  
70 
T I  
1 2  
1 3  
14  
75 
7 6  
7 7  
18 
1 9  
8 0  
81  
8 2  
8 3  
8 4  
8 5  
8 6  
8 1  
8 8  
8 9  
9 0  
9 1  
9 2  
9 3  

1 8  
1 9  
2 0  
21 
2 2  
2 3  
2 9  
2 5  
2 6  
2 1  
2 8  
2 9  
3 0  
3 1  
3 2  

5 7 6  
, 5 8 6  

6 0 2  
, 6 6 9  
, 2 5 9  

4 9 5  
4 0 9  

, 5 9 5  
,098 
, 5 4 0  
, 5 3 3  
, 5 6 9  

6 3 5  
. 6 4 6  

5 P 7  
470 
5 0 7  

, 3 3 2  
, 6 0 5  

7 2 6  
6 3 2  
5 9 3  

. 6 6 1  
, 5 7 3  

6G7 
V 6 0  
4 2 9  
4 r E  

, 7 0 4  
7 6  I 

, 6 8 3  
6 9 1  
b @ l  

1 4 1  
, 4 0 5  

1 9 1  
4 0 5  
4 0 2  

, 4 6 0  
, 4 6 1  
. 4 3  I 

3 6 5  
, 3 5 4  
, 2 1 3  
, 3 3 0  

1 9 3  

, 4 1 9  
, 4 1 4  
, 3 3 6  

0.000 
3 6 7  

, 3 3 5  
1 5 1  
I 4 1  

, 4 1 0  
. ‘ I 1 6  
, 4 0 1  
r o o  

, 4 3 9  
0.000 

, 2 6 2  
, 2 1 0  

3 9 9  
, 4 0 2  

4 3 5  
, 3 1 3  

3 9 P  
. + I O  

3 9 9  

3 3  
3 4  
3 5  
3 6  
31 
3 8  
3 9  
40 

, 2 0 0  
3 0 0  

, 3 0 0  
100 
000 
000 
000 
000 
000 
000 
3 0 0  
3 0 0  
200  
000 
,000 

0 0 0  
0 0 0  
,000 

, 3 6 8  
, 2 9 5  
, 2 1 4  
, 3 6 8  
. 4 0  1 

3 3 9  

,000 
,000 
000 

I . o o o  
3 0 0  

, 5 0 0  
5 0 0  

. o o o  
000 

, 0 0 0  
,000 
000 
000 

6 0 0  
, 5 6 1  

0.00c 
, 4 3 8  
. 2 9 c  

1 0 1  
, 5 9 8  
, 5 6 5  
, 5 8 7  

6 01 
, 5 9 0  
60 I 

r i  
4 2  
4 3  
4 4  
9 5  
4 6  
4 1  
4 8  
4 9  
5 0  

. 4 2  1 
, 3 9 3  
, 2 4 0  
, 2 7 1  9 4  

9 5  
9 6  
9 7  
9 8  
9 9  

I O 0  

, 3 5 2  
, 2 9 6  
, 2 3 9  
, 3 1 1  

3 0 3  
, 3 1 9  

A2.4  S t r e e t  Width, Sidewalk Width 

Constant va lues  of 20 metres ( s t r e e t  width)  and 3 metres (s idewalk  width)  are used 
f o r  s t reet  and s idewalk widths  s i n c e  they r e f l e c t  reasonable  s t anda rds  f o r  metro- 
p o l i t a n  areas. 2 
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A3. Building Characteristics 

Average building height? have been estimated on the basis of personal observation 
and aerial photographs. 
number of floors per building, assuming a constant floor height of 3 metres. 
(e.g., a 20-floor building is 60 metres high). An architect has estimated that an 
older residential building with exterior supporting walls would have an average 
wall thickness of 0.38 metre, and a newer building with support from the skeleton, 
not the walls alone, would have a wall thickness of 0.20 metre. If a grid cell 
has average building heights of less than 24 metres, it is assumed to be mostly 
residential and to have wall thicknesses of 0.38 metre. Grid cells with buildings 
taller than 24 metres are assumed to be commercial, containing structures with 
wall thicknesses of 0.20 metre. Data for building height and wall thickness ss 

Average building height per cell is indicated by the 

for each 

C E L L  NO 
1 

8 
9 

10 
1 1  
1 2  
1 3  
1 4  
15 

, 1 6  
1 7  
1 8  
1 9  
20 
2 1  
2 2  
2 3  
2 r  
25 
2 6  
2 1  
28 
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
35 
36 
3 1  
3 P  
3 9  
4 0  
4 1  
q ?  
r3 

9 5  
‘ I t .  
r7 
url 
4 9  
- c  

4 4  

cell are given in Table A-3. 

N O . O F  S T O R I E S  
5 
6 
7 

6 
5 
6 
5 
4 
6 
5 
5 
4 
3 
1 
5 
1 

15 
4 
5 
5 
4 
3 
3 
9 

3 0  
9 

1 0  
2 
5 
4 
5 
3 
5 
1 

3 0  
2 0  
1 5  

3 
5 

5 
5 

4 

Most buildings in the 

Table A-3 

Building Characteristics 

W A L L  T H I C K N E S S  ( F l )  
, 3 8 0  
,380 
, 3 8 0  
380 
,380 

, 3 8 0  

, 3 8 0  
380  
380 

, 3 8 0  
380  

380 

2 0 3  
380 

, 3 8 0  
, 3 8 0  
, 3 8 0  

3 8 0  
, 3 8 0  
, 2 0 3  
,203 
, 2 0 3  
, 2 0 3  
380 

, 3 8 0  
, 3 8 0  

380  
, 3 8 0  

3 8 0  
, 3 8 0  
, 2 0 3  
, 2 0 3  
, 2 0 3  

380  
3 P O  

. ? P O  
3 8 0  
3 P O  
1 $ D  

C E L L  NO 
51 
5 2  
5 3  
5 4  
5 5  
5 6  
5 1  
58 
59 
b O  
6 1  
6 2  
6 3  
6 4  
6 5  
6 6  
6 7  
6 8  
6 9  
T O  
7 1  
1 2  
1 3  
1 4  
15 
1 6  
7 7  
1 8  
1 9  
8 0  
8 1  
8 2  
8 3  
8 4  
85 
86 
8 1  
88 
8 9  
9 0  
91  
9 2  
9 3  
9L( 
95 
9 6  
9 1  
9P 
9 9  

1 D O  

study area have either concrete 
the capability to analyze other materials exists, the 

N O . 0 F  S T O R I E S  
10 
2 0  

1 
15 
3 
4 

IO 
5 

IO 
1 
5 
3 

I O  
3 
4 
3 
3 

1 5  
7 
9 
5 
3 

IO 
3 
3 

I 
3 0  

9 
1 
3 
4 
3 
5 
3 
3 
0 

50 
30 
5 
5 
3 
3 
3 
3 
1 

4 

W A L L  T H I C K N E S S  l m )  
, 2 0 3  
, 2 0 3  

3 8 0  
, 2 0 3  

3 8 0  
380  

, 2 0 3  
, 3 8 0  

3 8 0  
, 3 8 0  
, 2 0 3  

3 8 0  
, 3 8 0  
, 3 8 0  

, 3 8 0  
,3811 

, 2 0 3  
, 3 8 0  
, 3 8 0  
, 3 8 0  
, 3 8 0  
, 2 0 3  

3 8 0  
2 0 3  
380  

, 3 8 0  
, 2 0 3  

3 8 0  
3 8 0  

, 3 8 0  
3 8 0  
2 0 3  

, 2 0 3  
, 3 8 0  
, 3 8 0  

, 3 8 0  
. 3 8 0  

380 
3 8 0  
3p0 

, 2 0 3  
2 0 3  
3 8 0  
380  

, 3 8 0  
,380 

3 8 0  
380  
380 

3 8 0  

or brick facing. Although 
absorption of radiation by 

building materials for-the entire study area is assumed to be that of concrete.. 
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A4. Powlation Parameters 

A4.1 PoDulation Densitv 

One of the unique characteristics of an urban area is the large diurnal variation 
in population density. 
of each pertinent CPD (Table A-4).* 
within a single CPD is set equal to the CPD population density. 

Population densities are calculated by determining the area 
The population density of a cell entirely 

Table A-4 

P.opulation Densities of Selected Community Planning Districts 

CPD Area (km’) Population (persons/km Densit% ) - 
Manhat tan 

1 
2 
3 
4 
5 
6 
7 
8 

11 

2.64 
2.36 
2.94 
3.25 
2.86 
2.36 
3.33 
3.50 
2.64 

7 034 
85 357 

182 171 
83 857 
31 458 

121 886 
212 316 
200 189 
154 450 

2 967 
35 750 
61 963 
25 802 
10 997 
51 646 
63 629 
54 194 
58 504 

Brooklyn 

1 7.94 179 458 23 736 
2 3.04 73 609 24 213 
3 6.08 216 983 35 688 
4 3.33 137 895 41 369 

BNY (Brooklyn 0.59 1 134 1 902 
Naval Yard) 

Queens 

10.52 194 384 
9.59 124 146 
5.11 123 598 
3.66 107 961 
6.10 125 167 
5.80 119 019 

18 097 
13 994 
24 101 
27 694 
20 519 
20 521 

* 
Information on total populations for the CPDs was obtained from New York City 

Planning Commission data in Reference 1. 
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I f  t h e  c e l l  o v e r l a p s  more than  one CPD o r  p a r t  of some body of water ,  t h e  
popu la t ion  d e n s i t y  f o r  t h e  c e l l  i s  computed by t a k i n g  t h e  f r a c t i o n  of t h e  
squa re  occupied by each CPD and mul t ip ly ing  by t h e  a p p r o p r i a t e  popu la t ion  
d e n s i t y .  
average  v a l u e  f o r  t h e  c e l l .  
done f o r  c e l l  62. 

The f r a c t i o n a l  popula t ion  d e n s i t i e s  a r e  then  summed t o  o b t a i n  t h e  
Table  A-5 shows how t h i s  c a l c u l a t i o n  h a s  been 

Table A-5 

Sample C a l c u l a t i o n  of Popula t ion  Dens i ty  f o r  Grid C e l l  62 

F r a c t i o n  of 
C e l l  62 Occupied Popula t ion  Dens i ty  

CPD (Manhattan) by Each CPD f o r  CPDs 

2 0.7 36 000 

4 0.2 26 000 

5 0.1 11 000 

Popula t ion  Dens i ty  
f o r  Cell No. 62 = (0.1 x 11 000) + (0.2 x 26 000) + (0.7 x 36 000) 

% 31 000 people/km’ 

The c a l c u l a t i o n  i n  Table  A-5 r e f l e c t s  only the  r e s i d e n t  (n igh t t ime)  popu la t ion  
d e n s i t i e s  of t h e  ce l l .  
ployed i n  each CPD, in format ion  on the  percentage of workers r e s i d i n g  i n  a borough 
who work i n  t h a t  borough, and informat ion  on t h e  number of workers who commute t o  a 
borough to  work have been used t o  c a l c u l a t e  daytime popu la t ion  d e n s i t i e s . 5  Refer- 
ence 3 provides  informat ion  on t h e  des igna t ion  of a g r i d  c e l l  as r e s i d e n t i a l ,  com- 
mercial ,  i n d u s t r i a l ,  or  mixed. The des igna t ions  are used t o  e s t i m a t e  t h e  number of 
r e s i d e n t  workers  who remain i n  t h e  c e l l  and t h e  number who commute o u t  of the  c e l l  
t o  work. For example: 

Values f o r  t h e  number of people  over  16 years of age em- 

Cel l  No. 1 (Manhattan) 

Average popula t ion  d e n s i t y :  64 000 

Resident  workers:  36 000 

Percentage of workers l i v i n g  and working i n  Manhattan: 71.7% 

Res idents  l i v i n g  i n  c e l l  and working i n  Manhattan: 0.717 x 36 000 Z 26 000 

It is a r b i t r a r i l y  assumed t h a t  20% of t h e  r e s i d e n t s  of any c e l l  a l s o  work i n  t h a t  
same ce l l .  Thus 5100 r e s i d e n t s  remain i n  c e l l  I. This c e l l  i s  p r i n c i p a l l y  resi- 
d e n t i a l ;  hence,  most of the  r e s i d e n t s  who work l eave  t h e  ce l l  dur ing  t h e  day. The 
number of r e s i d e n t  workers remaining i n  the ce l l  i s  added t o  t h e  nonworking popula- 
t i o n  t o  o b t a i n  va lues  f o r  daytime r e s i d e n t  populat ion.  
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Census data provides information on the total number of commuters coming into the 
borough to work.5 The total number of people commuting into the grid is distrib- 
uted among the cells by borough. This net commuter flux is added to, or subtracted 
from, the daytime resident population to obtain a more realistic figure for total 
average daytime population. Table A-6 lists values for population density in dif- 
ferent time spans for each cell. 

A4.2 Pedestrian Density 

Determination of pedestrian densities requires a different approach. Table 3.8 in 
Reference 6 lists characteristics of pedestrian flow in terms of effective space 
occupied by a single pedestrian (m2/pedestrian). 
with degrees of pedestrian flow, as shown in Table A-7. Pedestrian densities per 
km2 of sidewalk are calculated by inverting the effective space per pedestrian and 
multiplying by the units conversion factor of lo6 m2/km2. 
given in Table A-7. More accurate information from cordon counts in the area was 
not available; however, the information is not inconsistent with that acquired in 
performing the generic extension t o  other cities described in Chapter 7. 

The six time spans are associated 

These values are also 

A4.3 Transient PoDulation 

In addition to residents and pedestrians, there are people in each cell whose pur- 
pose may not be directly work-related. It is initially assumed that this "tran- 
sient" population is significant only during the day. In the Manhattan central 
business district, 4.3 daily one-way trips are made for every 93 m2 of floor space, 
regardless of floor space utilization and trip purpose.6 
be constant across the grid so that the number of one-way trips for each cell can 
be estimated using the expression 

This value is assumed to 

A n 106m2/km2 lkm2 4.3 trips 

93m2 
No. of one-way trips = fb > 

where 

fb = fraction of grid squares occupied by buildings 
n = average number of floors per building 

A = cell area (= 1 km2) 
5 For example, i n  cell No. 1, f = 0.76 and n = 5. Thus, 1 . 8 ~ 1 0  one-way trips per 

day are associated with cell bNo. 1. 

Reference 2 (p 157) suggests that 19% of all daily trips in urban areas are specif- 
ically for nonwork purposes (7.5% for shopping and 11.8% for miscellaneous rea- 
sons). 
the figure for transient population. This is the total value for the 11 hours of 
the urban work day. 
Therefore 3100 trips per hour are made to grid cell No. 1 for nonworking purposes. 
Since most of these trips are to buildings, it is assumed that all the transient 
population is in buildings during the daytime hours. This may count some people 
twice since the values for traffic count and the pedestrian density clearly include 
some of the transient population. A summary of transient population data is shown 
in Table A-8. This calculation does not account for people who would come into the 
area in the evening for entertainment. 

The total number of one-way trips is multiplied by this fraction to obtain 

An hourly figure is obtained by dividing the result by 11. 
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C E L L  
NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
12  
13  
I 4  
15 
16  
1 7  
18 
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
32  
33 
3 4  
3 5  
36  
37  
38  
3 9  
4 0  
4 1  
42  
43 
4 4  
45 
46 
4 7  
4 8  
49  
5 0  

Table A-6 

Population Density ( persons/km2); Time Span 

1 
6 3 6 2 9 .  
1 7 5 5 1 .  
4 6 8 3 2 .  

0 .  
1 8 0 7 9 .  
1 8 0 9 7 .  
2 1 0 9 9 .  
6 1 9 7 3 .  
2 4 1 0 1 .  
2 0 7 1 8 .  
6 3 6 2 9 .  
1 7 1 5 8 .  
5 1 4 7 4 .  

9 0 4 8 .  
1 8 0 7 9 .  
1 8 0 9 7 .  
1 6 6 4 5 .  
6 1 9 7 3 .  
2 6 2 5 6 .  
2 7 6 9 4 .  
6 3 6 2 9 .  
1 7 1 5 8 .  
5 1 4 7 4 .  
1 0 8 5 8 ,  
1 8 0 7 9 .  

9 0 4 8 .  
1 3 9 9 4 .  
3 0 7 7 1 .  
2 7 6 9 4 .  
2 3 3 9 0 .  
3 8 4 1  1 .  
1 5 1 7 7 .  
4 2 4 2 6 .  

1 6 2 1 .  
1 2 6 6 8 .  
1 6 2 8 7 .  
1 3 9 9 4 .  
35 7 4 0 ,  
1 8 6 9 1 ,  
2 0 5 1 9 .  
2 5 8 0 2 .  
1 0 9 9 7 .  
3 6 1 5 2 .  

7 6 2 7 .  
1 0 0 3 7 .  
1 8 0 9 7 .  
1 3 9 9 4 .  
357qO. 
1 7 2 5 6 .  
2 0 5 1 9 .  

2 
4 8 1 5 5 .  
1 5 3 0 8 .  
4 0 8 4 6 .  

0 .  
1 4 2 8 7 ,  
1 4 4 3 0 .  
2 1 3 0 4 .  
4 8 1 6 0 .  
1 8 6 9 8 .  
1 6 0 8 3 .  
4 8 1 5 5 .  
1 2 9 8 5 .  
3 8 9 5 6 .  

7 2 1 4 .  
1 4 2 8 7 .  
1 4 4 3 0 .  
1 3 0 2 3 .  
4 8 1 6 0 ,  
2 0 5 3 6 .  
2 1 8 3 5 .  
4 8 1 5 5 .  
1 2 9 8 5 ,  
3 8 9 5 6 .  
1 8 2 5 0 .  
2 4 5 2 9 ,  
1 6 8 0 7 ,  
1 0 8 7 6 .  
2 4 0 8 4 ,  
2 1 8 3 5 .  
1 8 1 9 5 .  
8 9 0 8 9 .  
6 7 8 5 5 .  
3 1 3 7 7 .  
1 6 0 9 1 .  
2 0 3 9 6 .  
2 3 6 5 7 .  
1 0 8 7 6 .  
2 7 7 7 8 .  
1 4 6 2 3  .* 

1 6 3 9 0 .  
1 9 3 9 4 .  
6 3 9 5 8 .  
8 6 8 6 8 .  
1 6 0 9 7 .  
1 8 3 6 0 .  
2 4 6 5 0 .  
1 1 5 1 6 .  
2 7 7 7 8 .  
1 3 6 2 9 .  
1 6 4 6 6 .  

3 
3 2 6 8 2 .  
1 3 0 6 5 .  
3 4 8 6 1 .  

0 .  
1 0 4 9 6 .  
1 0 7 6 3 .  
2 1 5 1 0 .  
3 4 3 5 7  * 
1 3 2 9 6 .  
1 1 4 4 9 .  
3 2 6 8 2 .  

8 8 1 2 .  
2 6 4 3 8 .  

5 3 8 1 .  
1 0 4 9 6 .  
1 0 7 6 3 .  

9 4 0 1 .  
3 4 3 5 7 .  
1 4 8 1 6 .  
1 5 9 7 7 .  
3 2 6 8 2 .  

8 8 1 2  * 
2 6 4 3 8 .  
2 5 6 4 3 .  
3 0 9 7 9 .  
2 4 5 6 7 ,  

7759  * 
1 7 3 9 8 .  
1 5 9 7 7 .  
1 3 0 0 1 .  

1 3 9 7 6 8 .  
1 2 0 5 3 3 .  

2 0 3 2 9 .  
2 4 5 6 8 .  
2 8 1 2 4 .  
3 1 0 2 7 .  

1 7 5 9 .  
1 9 8 1 7 .  
1 0 5 5 6 .  
1 2 2 6 1 .  

1 2 9 6 9 6 .  
1 1 6 9 2 0 ,  
1 3 7 5 8 5 .  

2 4 5 6 8 .  
2 6 6 8 4 .  
3 1 0 2 3 .  

9 0 3 9 .  
1 9 8 1 7 .  
1 0 0 0 4 .  
1 2 4 1 4 .  

4 
3 2 6 8 2 .  
1 3 0 6 5 .  
3 4 8 6  1 .  

0 .  
1 OY96. 
1 0 7 6 3 .  
2 1 5 1 0 .  
3 4 3 5 7 .  
1 3 2 9 6 .  
1 1 4 4 9 .  
3 2 6 8 2 .  

8 8 1 2 .  
2 6 4 3 8  I 

5 3 8 1 .  
1 0 4 9 6 .  
1 0 7 6 3 .  

9 4 0 1 .  
3 4 3 5 7  * 
1 4 8 1 6 .  
1 5 9 7 7 .  
3 2 6 8 2 .  

8 8 1 2 ,  
2 6 4 3 8 .  
2 5 6 4 3 .  
3 0 9 7 9 .  
2 4 5 6 7 .  

7 7 5 9 .  
1 1 3 9 8 ,  
1 5 9 7 7 .  
1 3 0 0 1 ,  

1 3 9 7 6 8 .  
120533  

2 9 3 2 9 ,  
2 4 5 6 8 ,  
2 8 1 2 4 ,  
3 1 0 2 7 ,  

1 7 5 9 .  
1 9 8 1 7 .  
1 0 5 5 6 .  
1 2 2 6 1  I 

1 2 9 6 9 6 ,  
1 1 6 9 2 0 .  
1 3 7 5 8 5 .  

2 4 5 6 8 .  
2 6 6 8 4 .  
3 1 0 2 3 .  

9 0 3 9 .  
1 9 8 1 7 .  
1 0 0 0 4 .  
1 2 4 1 4 .  

5 
3 2 6 8 2 .  
1 3 0 6 5 .  
3 4 8 6 1 .  

0 .  
1 0 4 9 6 .  
1 0 7 6 3 .  
2 1 5 1 0 .  
3 4 3 5 7 .  
1 3 2 9 6 .  
1 1 4 4 9 .  
3 2 6 8 2 .  

8 8 1 2 .  
2 6 4 3 8 ,  

5 3 8 1 .  
1 0 4 9 6 .  
1 0 7 6 3  I 

9 4 0 1 .  
3 4 3 5 7 .  
1 4 8 1 6 .  
1 5 9 7 7 ,  
3 2 6 8 2 .  

8 8 1 2 .  
2 6 4 3 8 ,  
2 5 6 4 3 ,  
3 0 9 7 9  a 

2 4 5 6 7 .  
7759  * 

1 7 3 9 8 ,  
1 5 9 7 7 ,  
1 3 0 0 1 ,  

1 3 9 7 6 8 .  
1 2 0 5 3 3 ,  

2 0 3 2 9 .  
2 4 5 6 8 ,  
2 8 1 2 4 .  
3 1 0 2 7 ,  

7 1 5 9 .  
1 9 8 1 7 .  
1 0 5 5 6 .  
1 2 2 6 1 ,  

1 2 9 6 9 6 .  
1 1 6 9 2 0 .  
1 3 7 5 8 5 .  

2 4 5 6 8 ,  
2 6 6 8 4 ,  
31  0 2 3 ,  

9 0 3 9 ,  
1 9 8 1 7 .  
1 0 0 0 4 .  
1 2 4 1 4 .  

6 
4 8 1 5 5 .  
1 5 3 0 8 .  
4 0 8 4 6 .  

0 .  
1 4 2 8 7 .  
1 4 4 3 0 .  
2130 ' t .  
4 8 1 6 0 .  
1 8 6 9 8 .  
1 6 0 8 3 .  
4 8 1 5 5 .  
1 2 9 8 5 .  
3 8 9 5 6 .  

7 2 1 4 .  
142'8 7 .  
1 4 4 3 0 ,  
1 3 0 2 3 .  
4 8 1 6 0 .  
2 0 5 3 6 .  
2 1 8 3 5 .  
4 8 1 5 5 .  
1 2 9 8 5  I 

3 8 9 5 6 ,  
1 8 2 5 0 .  
2 4 5 2 9 .  
1 6 8 0 7 ,  
1 0 8 7 6 .  
2 4 0 8 4 .  
2 1 8 3 5 .  
1 8 1 9 5 .  
8 9 0 8 9 .  
6 7 8 5 5 .  
3 1 3 7 7 .  
1 6 0 9 7 .  
2 0 3 9 6 ,  
2 3 6 5 7 ,  
1 0 8 7 6 ,  
2 1 7 7 8 .  
1 4 6 2 3 .  
1 6 3 9 0 .  
1 9 3 9 4 .  
6 3 9 5 8 .  
8 6 8 6 8 .  
1 6 0 9 7 .  
1 8 3 6 0 .  
2 4 6 5 0 ,  
1 1 5 1 6 .  
2 7 7 7 8 .  
1 3 6 2 9 .  
1 6 4 6 6 .  

A-9 



CELL 
NO. 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74  
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 

A-10 

1 
20641. 
15438. 
41316. 
7129. 

23736. 
23736. 
16066. 
25842. 
20519. 
18467. 
15882. 
31278. 
58867. 
30918. 
23736. 
23736. 
23736. 
35290. 
40232. 
8207. 
7745. 

32463. 
50522. 
37177. 
18988. 
24931. 
33806. 
39664. 
35688. 
16547. 

593. 
2670. 

25972. 
2226 7. 
8405. 

32197. 
35688. 
35668. 
36000. 
35688. 

0. 
2077. 
1483. 

24213. 
24123. 
24213. 
35688. 
35688, 
36000, 
35688. 

Table A-6 (Continued) 

2 
83026. 
68150. 
91568. 
12883. 
32778. 
34050. 
19065. 
25143. 
16466. 
14820. 
68807. 
83210. 
104723. 
27593. 
34332. 
24544. 
33096. 
29985. 
33273. 
6586. 
7293. 

84428, 
62525. 
31469. 
21507. 
25587. 
37542. 
35041. 
30703. 
14250. 

561, 
56490. 
40919. 
20651. 
19770, 
34477. 
34852. 
3061 1 .  
30888. 
30637. 

0. 
28960. 
28364. 
24871. 
70289. 
235 72, 
30621. 
30653. 
30757. 
30637. 

3 
124470. 
120863. 
141821. 
18638. 
41820. 
44364. 
22065. 
24444. 
12414. 
11174. 

12 1733. 
135142. 
150580. 
24268. 
44928. 
25352. 
42456. 
24680. 
26315. 
4965. 
6842. 

136394, 
74529, 
25761, 
24027. 
26244. 
41279. 
30419. 
25718. 
11954. 

530, 
110311. 
55866. 
19036, 
31 136. 
36758. 
34016. 
25554. 
25777. 
25586. 

0. 
55843 * 
55245. 
25530. 

1 1  6455. 
22931. 
25554. 
25618. 
25514. 
27875. 

4 
124770. 
120863. 

18638. 
41820. 
44364. 
22065. 
24444. 
12414. 
11174. 

121733. 
135142. 
150580. 
24268. 
44928, 
25352. 
42456. 
24680, 
26315. 
4965. 
6842. 

136394. 
7452 9. 
25761, 
24027. 
26244, 
41279, 
3041 9. 
25718. 
11954. 

530. 
110311. 
55866. 
19036, 
31136. 
36758. 
34016. 
25554. 
25777. 
25586. 

0. 
55843. 
55245. 
25530. 

1 1  6455. 
22931. 
25554. 
25618. 
25514. 

1 ~ 1 a 2 1 .  

27875. 

5 
124770. 
120863. 
141821, 
18638. 
41820. 
44364. 
22065. 
24444. 
12414. 
11174. 

121 733. 
135142. 
150580. 
24268. 
44928. 
25352. 
42456. 
24680. 
26315. 
4965. 
6842, 

136394. 
74529, 
25761, 
24027. 
26244, 
41279. 
30419. 
25718, 
11954. 

530. 
110311. 
55866. 
19036. 
31136. 
36758. 
34016. 
25554. 
25777. 
25586. 

0. 
55843. 
55245. 
25530. 

1 1  6455. 
22931. 
25554. 
25618. 
25514. 
27875. 

6 
83026. 
68150. 
91568. 
12883. 
32778. 
34050. 
19065. 
25143. 
16466. 
14820. 
68807. 
83210. 
104723. 
27593. 
34332. 
24544. 
33096. 
29985. 
33273. 
6586. 
7293. 

84428. 
62525. 
31469. 
21507. 
2558 7, 
3 7542. 
350fl. 
30703. 
14250. 

561. 
56490, 
40919. 
20651, 
19770. 
34477. 
34852. 
3061 1 .  
30888. 
30637. 

0. 
28960, 
28364. 
24871, 
70289, 
23572. 
30621, 
30653. 
30757. 
30637. 



Table A-8 

CELL 
NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  
12 
13 
1 4  
15 
16 
1 7  
1 8  
19 
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
26  
2 7  
28  
2 9  
3 0  
3 1  
32 
3 3  
3 4  
35 
36  
3 7  
38 
39 
4 0  
4 1  
4 2  
4 3  
4 4  
45 
46  
4 1  
4 8  
7 9  
5 0  

1 
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  
0 .  

Transient Population (persons/km2) 
Time Span 

2 
3 0 7 5 .  

8 0 3  I 
2 7 3 4 .  

0 .  
1 5 9 8 .  
2 8 8 8 .  
2 4 4 2 .  
1 6 2 2 .  
2 6 8 5 .  
1 6 7 9 .  
3 8 9 4 .  
1 0 4 6 .  
2 4 1 8 .  

9 9 8 .  
1 9 9 6 .  

3 
3 0 7 5 .  

8 0 3 .  
2 7 3 4 ,  

0 .  
1 5 9 8 .  
2 8 8 8 .  
2 4 4 2 .  
1 6 2 2 .  
2 6 8 5 .  
1 6 7 9 .  
3 8 9 4 .  
1 0 4 6 .  
2 4 1 8 .  

9 9 8 .  
1 9 9 6 .  

4 
3 0 7 5 .  

8 0 3 .  
2 7 3 4 .  

0 .  
1 5 9 8 .  
2 8 8 8 .  
2 4 4 2 .  
1 6 2 2 .  
2 6 8 5 .  
1 6 7 9 .  
3 8 9 4 .  
1 0 4 6 .  
2 4 1 8 .  

9 9 8 ,  
1 9 9 6 .  

5 
3 0 7 5 .  
803. 

2 7 3 4 .  
0 .  

1 5 9 8 .  
2 8 8 8 .  
2 4 4 2 .  
1 6 2 2 .  
2 6 8 5 .  
1 6 7 9 .  
389'; .  
1 0 4 6 ,  
2 4 1 8 .  

9 9 8 ,  
1 9 9 6 .  

0 .  2 6 8 5 .  2 6 0 5 ,  2 6 8 5 ,  2 6 8 5 .  
0 .  2 3 9 3 ,  2 3 9 3 ,  2 3 9 3 .  2 3 9 3 ,  
0 .  2 3 3 6 ,  
0 .  1 8 9 8 .  
0 .  1 4 6 8 ,  
0 .  3 7 9 7 .  
0 .  1 0 5 5 ,  
0 .  2 8 1 5 .  
0 .  4 9 8 1 .  
0 .  1 9 3 1 .  
0 .  3 9 7 .  
0 .  2 1 9 0 .  
0 .  1 7 2 8 .  
0 .  1 3 8 7 .  
0 .  1 5 4 9 .  
0 .  4 7 1 3 .  
0 .  1 4 2 8 6 .  
0 .  3 4 3 2 .  
0 .  4113 .  
0 .  
0 .  
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0 .  
0 .  
0 .  

5 3 5 .  
2 4 5 8 ,  
2 3 5 3 .  
2 5 6 4 .  
1 4 4 4  .' 
2 6 8 5 .  
3253 .  

1 4 7 1 3 .  
7463 .  
5 2 2 4 .  * 

1 0 8 7 .  
2 8 5 5 .  
2 4 6 6 .  
2 1 1 5 .  
2 8 3 1 .  
2 7 6 6 .  

2 3 3 6 .  
1 8 9 8 .  
1 4 6 8 .  
3 7 9 7 .  
1 0 5 5 .  
2815  I 
4 9 8 1 ,  
1 9 3 1 .  

3 9 7 .  
2 1 9 0 .  
1 7 2 8 .  
1 3 8 7 .  
1 5 4 9 ,  
4 7 1 3 .  

1 4 2 8 6 .  
3 4 3 2 .  
4 1 1 3 .  

2 3 3 6 .  
1 8 9 8 .  
1 4 6 8 .  
3 7 9 7 .  
1 0 5 5 .  
2 8 1 5 .  
4 9 8 1 .  
1 9 3 1 .  

3 9 7  I 
2 1 9 0 .  
1 7 2 8 .  

2 3 3 6 ,  
1 8 9 8 ,  
1 4 6 8 .  
3 7 9 7 ,  
1 0 5 5 .  
2 8 1 5 ,  
4 9 8 1  I 

1 9 3 1 .  
3 9 7 .  

2 1 9 0 .  
1 7 2 8 .  

1 3 8 7 .  1 3 8 7 .  
1 5 4 9 .  1549  I 
4 7 1 3 .  4 7 1 3 .  

1 4 2 8 6 .  1 4 2 8 6 .  
3 4 3 2 .  3 4 3 2 .  
4 1 1 3 .  4 1 1 3 .  

5 3 5 .  5 3 5 .  
2 4 5 8 .  2 4 5 8 .  
2 3 5 3 .  2 3 5 3 .  
2 5 6 4 .  2 5 6 4 .  
1 4 4 4 .  1 4 4 4 .  
2 6 8 5 .  2 6 8 5 .  
3 2 5 3 .  3 2 5 3 .  

1 4 7 7 3 .  1 4 7 7 3 .  
7 4 6 3 .  7 4 6 3 .  
522'1. 5 2 2 4 .  
1 0 8 7 .  1 0 8 7 .  
2 8 5 5 .  2 0 5 5 .  
2 4 6 6 .  ' 2 4 6 6 .  
2 7 7 5 .  2 1 7 5 .  
2 8 3 1 .  2 8 3 1 .  
2 7 6 6 .  2 1 6 6 .  

5 3 5 .  
2 4 5 8 .  

6 
3 0 7 5 .  

8 0 3 .  
2 7 3 4 .  

0 .  
1 5 9 8 .  
2 8 8 8 .  
2 4 4 2 .  
1 6 2 2 .  
2 6 8 5 .  
1 6 7 9 .  
3 8 9 4 .  
1 0 4 6 .  
2 4 1 8 .  

9 9 8 ,  
1 9 9 6 .  
2 6 8 5 ,  
2 3 9 3 .  
2 3 3 6 ,  
1 8 9 8 ,  
1 4 6 8 .  
3 7 9 7 .  
1 0 5 5 .  
2 8 1 5 .  
4 9 8 1 ,  
1 9 3 1 .  

3 9 7 .  
2 1 9 0 .  
1 7 2 8 ,  
1 3 8 7 .  
1 5 4 9 .  
4 7 1 3 .  

1 4 2 8 6 .  
3 4 3 2 .  
4 1 1 3 .  

5 3 5 .  
2 4 5 8 .  

2 3 5 3  (I 2 3 5 3 .  
2 5 6 4 .  2 5 6 4 .  
1 4 4 4 .  
2 6 8 5 .  
3 2 5 3 .  

1 4 7 7 3 ,  
7463 .  
5 2 2 4 .  
1 0 8 7 .  
2 8 5 5 ,  
2 4 6 6 .  
2 7 7 5 .  
2 8 3 1 ,  
2 766 .  

1 4 4 4 ,  
2 6 8 5 .  
3 2 5 3 .  

1 4 7 7 3 .  
7 4 6 3 .  
5 2 2 4 .  
1 0 8 7 .  
2 8 5 5 .  
2 4 6 6 .  
2 7 7 5 .  
2 8 3 1 .  
2 7 6 6 .  



Table A-8 (Continued) 

CELL 
NO. 
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  
6 0  
6 1  
6 2  
6 3  
6 4  
65  
6 6  
6 7  
6 8  
6 9  
7 0  
71  
72  
73  
7 4  
75 
76  
7 7  
78 
7 9  
80 
81 
8 2  
8 3  
84 
8 5  
8 6  
8 7  
88 
8 9  
9 0  
9 1  
92  
93  
9 4  
95 
96  
9 7  
98  
99  
I00 

1 2 
0 .  3 5 4 5 .  
0. 9 1 9 9 .  
0 .  2 6 0 4 .  
0 .  1 4 4 6 .  
0 .  1 4 4 4 .  
0 .  2 0 9 3 .  
0 .  4121 .  
0 .  2 7 5 8 .  
0. 2 5 2 3 .  
0. 2 1 7 4 .  
0. 844 * 
0. 3 0 5 8 .  
0 .  4859 .  
0 .  1 4 9 3 .  
0 .  2 4 4 2 .  
0. 1 3 7 9 .  
0. 5 4 5 2 .  
0. 1 4 2 0 .  
0. 1 8 9 8 .  
0. 422. 
0 .  4 7 9 .  
0. 1 0 1 7 3 .  
0. 2 9 8 5 .  
0. 2 7 5 8 .  
0. 1 3 4 7 .  
0. 1 2 5 7 .  
0. 4519 .  
0. 1 4 1 2 .  
0. 1 4 2 8 .  
0 .  2 1 1 .  
0. 1 6 .  
0. 1 2 9 7 2 .  
0 .  3 4 1 5 .  
0. 2 5 4 7 .  
0. 1 8 9 0 .  
0 .  1 9 1 5 .  
0. 1 4 2 0 .  
0 .  2 4 0 9 ,  
0 .  1 4 6 0 .  
0 .  1 3 6 3 .  
0 .  0 .  
0 .  17766  
0. 7058 
0 .  4 1 4 ,  
0 .  2 4 2 6 .  
0 .  1 3 7 9 ,  
0 .  1428 .  
0 .  1 4 6 8 .  
0 .  1 4 3 6 .  
0 .  1460 .  

A-12 

3 
3 5 4 5 .  
9 1 9 9 .  
2 6 0 4 .  
1 4 4 6 .  
1 4 4 4 .  
2 0 9 3 .  
4 1 2 1 .  
2 7 5 8 .  
2 5 2 3 .  
2 1 7 4 .  
844 * 

3058 .  
4859 .  
1 4 9 3 .  
2 4 4 2 .  
1 3 7 9 .  
5 4 5 2 .  
1 4 2 0 .  
1898 .  
422. 
479.  

10173 .  
2 9 8 5 .  
2 7 5 8 .  
1 3 4 7 .  
1 2 5 7 .  
4519 .  
1412 .  
1 4 2 8 .  

2 1 1 ,  
1 6 .  

1 2 9 7 2 .  
3 4 1 5 ,  
2 5 4 7 ,  
1 8 9 0 .  
1 9 1 5 .  
1 4 2 0 .  
2 4 0 9 ,  
1 4 6 0 .  
1 3 6 3 .  

0 .  
1 7 7 6 6 ,  

7058 .  
414 ,  

2 4 2 6 .  
1 3 7 9 .  
1 4 2 8 ,  
1 4 6 8 ,  
1 4 3 6 .  
1460 .  

4 
3 5 4 5 .  
9 1 9 9 .  
2 6 0 4 .  
1 4 4 6 .  
1 44+, 
2 0 9 3 .  
4 1 2 1 .  
2 7 5 8 .  
2 5 2 3 .  
2 1 7 4 .  
844. 

3 0 5 8 .  
4859  * 
1 4 9 3 .  
2 4 4 2 .  
1 3 7 9 .  
5 4 5 2 .  
1 4 2 0 .  
1 8 9 8 .  

4 2 2 .  
4 7 9 ,  

1 0 1 7 3 .  
2 9 8 5  
2 7 5 8 .  
1 3 4 7 .  
1 2 5 7 .  
4519 .  
1 4 1 2 .  
1 4 2 8 .  

2 1 1  * 
1 6 .  

1 2 9 7 2 .  
3 4 1 5 .  
2 5 4 7 .  
1 8 9 0 .  
1 9 1 5 .  
1 4 2 0 .  
2 4 0 9 ,  
1 4 6 0 .  
1 3 6 3 .  

0 .  
1 7 7 6 6 .  

7058 .  
4 1 4 .  

2 4 2 6 ,  
1 3 7 9 .  
1 4 2 8 .  
1 4 6 8 .  
1 4 3 6 .  
1 4 6 0 .  

5 
3545  a 

9 1 9 9 .  
2 6 0 4 .  
1 4 4 6 .  
1 4 4 4 .  
2 0 9 3 ,  
4 1 2 1 .  
2 7 5 8 .  
2 5 2 3 ,  
2 1 7 4 .  
844. 

3 0 5 8 .  
4859  e 

1493 .  
2 4 4 2 ,  
1379 .  
5 4 5 2 .  
1420 .  
1898 .  

4 2 2 ,  
479 * 

1 0 1 7 3 .  
2 9 8 5 ,  
2 7 5 8 ,  
1 3 4 7 .  
1 2 5 7 .  
4 5 1 9 .  
1 4 1 2 .  
1428 .  

2 1 1 .  
1 6 .  

1 2 9 7 2 .  
3 4 1 5 .  
2 5 4 7 ,  
1890 .  
1 9 1 5 .  
1420 .  
2 4 0 9 ,  
1 4 6 0 .  
1 3 6 3 ,  

0, 
1 7 7 6 6 ,  

7 0 5 8 .  
4 1 4 .  

2 4 2 6 ,  
1 3 7 9 .  
1 4 2 8 .  
1 4 6 8 .  
1 4 3 6 .  
1460 .  

6 
3545 * 
91  9 9 .  
2 6 0 4 .  
1 4 4 6 .  
1 4 4 4 .  
2 0 9 3 .  
4 1 2 1 .  
2 7 5 8 ,  
2 5 2 3 .  
2 1 7 4 .  

8 4 4  a 

3 0 5 8 .  
4859  * 
1 4 9 3 .  
2 4 4 2 .  
1 3 7 9 ,  
5 4 5 2 .  
1 4 2 0 ,  
1 8 9 8 .  

4 2 2 .  
4 7 9 .  

1 0 1 7 3 .  
2 9 8 5 ,  
2 7 5 8 .  
1 3 4 7 .  
1 2 5 7 .  
4 5 1 9 .  
1 4 1 2 .  
1 4 2 8 ,  

2 1 1 .  
1 6 .  

1 2 9 7 2 ,  
3 4 1 5 .  
2 5 4 7 .  
1 8 9 0 .  
1 9 1 5 .  
1 4 2 0 .  
2 4 0 9 ,  
1 4 6 0 .  
1 3 6 3 .  

0 .  
1 7 7 6 6 ,  

7058 .  
4 1 4 .  

2 4 2 6 .  
1 3 7 9 .  
1 4 2 8 .  
1 4 6 8 .  
1 4 3 6 .  
1 4 6 0 .  



Table A-7 

Characteristics of Pedestrian Flow 

Area/Pedestrian 
Time Span Pedestrian Flow (m2> 

1 Night Unl im i t ed * 24.7 

2 Morning rush Constrained 2.95 
3 Morning work Impeded 4.65 

4 Noon Conge st ed 1.25 

5 Afternoon work Impeded 4.65 
6 Afternoon rush Constrained 2.95 

Pedestrians/ 
km2 of sidewalk 

40 500 

339 000 

215 000 
800 000 

215 000 

339 000 

*The value for this time span is based on weighted averages reflecting 
changes in pedestrian flow for evening, late night, and early morning hours. 

A5. Transportation Parameters 

A5.1 Traffic Density 

Information from Reference 6 provides the effective street area and instantaneous 
vehicle count for a significant portion of downtown Manhattan. 
considered typical for cell 4 2  in the limited New York City study area. Additional 
data from this reference allow for further discrimination of the vehicular pattern 
with time of day. To extend these data to other cells, the appropriate vehicle 
density for cell 4 2  is adjusted for street area fraction in each cell, compared 
with that for cell 4 2  and also for the time-weighted average population densities 
for the cells. 
(residential, commercial, etc.), a third correction is used for the time-span de- 
pendent population density for each cell compared to its time-weighted average 
population density, resulting in the following expression: 

These data are 

Because this places too much emphasis on the character of the cell 

where 

Ni(t) = vehicle density in cell i at time t 
(t) = vehicle density in cell 4 2  at time t 

PDi(t) = population density in cell i at time t 
Ncell 4 2  

m42 = time-weighted average population 
density in cell 4 2  

(fst)i = street area fraction in cell i 

(fst)42 = street area fraction in cell 4 2  

Table A-9 summarizes the data for instantaneous vehicle numbers. 



Cell 
Number 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17  

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

A-14 

Table A-9 

Instantaneous Vehicle Numbers 

TS 1 

480 

73 

460 

0 

190 

160 

260 

640 

250 

20 0 

390 

75 

640 

71 

- 

220 

250 

210 

810 

340 

34 0 

650 

75 

640 

64 

230 

110 

200 

44 0 

370 

260 

420 

TS 2 

1250 

220 

1390 

0 

520 

450 

910 

1720 

680 

53 0 

1030 

200 

1660 

200 

590 

69 0 

570 

22 00 

910 

93 0 

1700 

20 0 

1690 

370 

1060 

720 

540 

1200 

1010 

71 0 

3400 

TS 3 

960 

21 0 

1350 

0 

440 

38 0 

1040 

1390 

550 

43 0 

790 

15 0 

1300 

17 0 

490 

58 0 

470 

1770 

740 

77 0 

1310 

15 0 

1300 

59 0 

1520 

1200 

430 

980 

830 

58 0 

6000 

TS 4 

1040 

230 

1460 

0 

470 

410 ’ 

1120 

1500 

590 

460 

860 

160 

1400 

180 

530 

63 0 

510 

1900 

800 

83 0 

1410 

160 

1400 

64 0 

1640 

1290 

470 

1060 

900 

62 0 

6500 

TS 5 

1010 

22 5 

1420 

0 

460 

400 

1090 

1460 

570 

45 0 

830 

160 

1360 

170 

520 

62 0 

490 

1860 

780 

81 0 

1380 

160 

1370 

62 0 

1600 

1260 

460 

1040 

880 

61 0 

6300 

TS 6 

1880 

33 0 

2090 

0 

780 

67 0 

1360 

2580 

1010 

80 0 

1540 

30 0 

2500 

29 0 

880 

1040 

860 

3300 

1360 

1390 

2550 

290 

2530 

56 0 

1590 

1080 

800 

1800 

1510 

1060 

5100 



Q 

Cell 
Number 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 
* 

Table A-9 (continued) 

Instantaneous Vehicle Numbers 

TS 1 

100 

43 0 

45 

140 

150 

120 

410 

24 0 

220 

34 0 

640 

27 0 

64 

110 

170 

100 

350 

160 

200 

230 

210 

44 0 

.4 2 

300 

260 

150 

260 

24 0 

130 

120 

TS 2 

1540 

1100 

330 

80 0 

750 

32 0 

1100 

64 0 

590 

41 00 

2220 

22 30 

47 0 

690 

780 

290 

940 

44 0 
560 

32 20 

3150 

33 40 

260 

1430 

1290 

60 0 

860 

67 0 

370 

17 60 

TS 3 

3110 

810 

580 

1250 

1110 

26 0 

880 

52 0 

500 

6700 

2520 

4000 

810 

1140 

1110 

260 

760 

370 

480 

5480 

6340 

5880 

430 

2070 

1910 

780 

950 

57 0 

310 

3540 

TS 4 

3360 

88 0 

620 

1350 

1200 

28 0 

950 

56 0 

540 

7200 

2720 

4300 

870 

1230 

1200 

280 

a20 

40 0 
520 

5910 

6850 

6340 

460 

2230 

2070 

84 0 

1030 

620 

340 

3820 

TS 5 
3270 

86 0 

610 

1320 

1170 

270 

930 

550 

530 

7100 

2650 

4200 

850 

1200 

1170 

280 

800 

390 

510 

5760 

6670 

6180 

4 50 

2180 

2010 

820 

1000 

600 

330 

3720 

- TS 6 
2320 

1660 

500 

1200 

1120 

48 0 

1640 

95 0 

89 0 

6100 

3300 

3340 

700 

1040 

1170 

44 0 
1400 

66 0 
840 

4830 

4730 

5020 

380 

2140 

1940 

89 0 

1300 

1000 

550 

2650 

- 
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Cell 
Number 
62 
63 

64 
65 

66 
67 

68 
69 

70 
71 

72 
73 

74 
75 

76 
77 

78 
79 

80 
81 

82 
83 

84 
85 

86 
87 

88 
89 

90 
91 

92 

A-16 

Table A-9 (continued) 

Instantaneous Vehicle Numbers 

TS 1 
450 
73 0 
230 
290 
320 
240 

460 
520 
57 
25 
140 

74 0 
260 
27 0 

370 
460 
510 
46 0 

170 
0 

30 
27 0 

100 
38 
410 
46 0 

450 
45 0 
480 
0 

17 

TS 2 
4100 
44 80 
700 
1460 
1140 
11 60 
1340 
14 80 
160 
82 

1240 
31 70 
750 
1080 

1330 
1780 

1570 
1360 

510 
0 

2214 
1460 

330 
310 
1510 
1550 

1330 
1320 
1440 

0 

810 

TS 3 TS 4 TS 5 
7550 
7320 
700 
2170 
1330 
1690 

1250 
1330 
14C 
87 

2260 

4280 
690 
1360 

1540 
2220 

1550 
1290 

490 
0 

4910 
2270 

350 
56 0 
1830 
1720 

1260 
1250 
1360 

0 

1770 

8150 
7900 
750 
2340 
1440 
1820 

1350 
1430 
150 
94 

2440 
4620 
750 
1470 
1670 
2390 
1670 
1390 
530 
0 

5300 
2450 
380 
60 0 
1970 
1850 

1360 
1350 
1470 

0 

1910 

7940 
7700 
730 
2290 
1400 
1780 

1320 
1400 
140 
92 

2380 

4500 
730 
1430 
1620 
2330 
1630 
1360 
510 
0 

5160 
2390 
370 
580 
1920 
1800 

1330 
1320 
1430 

0 

1870 

TS 6 ,  
6150 
6730 
1050 
2200 
1710 
1740 
2010 
2220 
240 
120 

1850 

47 50 
1120 
1610 
1990 
2660 
2350 
2040 
770 
0 

3320 
2200 
500 
47 0 
2270 
2320 
2000 
1980 
2160 

0 

1220 



Cell 
Number 

93 

94 

95 

96 

97 

98 

99 

100 

Table A-9 (continued) 

Instantaneous Vehicle Numbers 

TS 1 

10 

300 

300 

330 

460 

440 

460 

440 

- TS 2 

640 

1060 

3020 

1100 

1350 

1300 

1350 

13 10 

TS 3 

1410 

1240 

5680 

1210 

1280 

1240 

1270 

1350 

TS 4 

1520 

1330 

6130 

1310 

1380 

1330 

1370 

1460 

- TS 5 

1480 

1300 

5970 

1270 

1350 

1300 

1330 

1420 

TS 6 

950 

1590 

4530 

1640 

2030 

1950 

2020 

1960 

A5.2 Vehicle Speeds, Intersection Delay, and Stopped Separation Distance 

Vehicular speeds have been extrapolated from Table 4.5 of Reference 6 and are given 
in Table A-10. 

Table A-10 

Average Vehicle Speed 

Time Span 

1 

2 

3 

4 

5 

6 

v 
(average speed 

including delays, m/ s )  

a. 1 

3.3 

4.1 

3.6 

3.8  

3.3 

Another necessary parameter is the fraction of intersections at which a vehicle 
stops while traveling in a cell (5). Values for 5 for different time spans are 
shown in Table A-11. 
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Table A-11 

F r a c t i o n  of I n t e r s e c t i o n s  a t  Which Vehicle  Must Stop 

5 ( f r a c t i o n  of i n t e r s e c t i o n s  a t  
which v e h i c l e  is  r e q u i r e d  t o  s t o p )  T ime  Span 

1 0 

2 I 

0.5 

0.75 

0.5 

1 

Also r equ i r ed  i s  the  average l e n g t h  of time a v e h i c l e  i s  delayed by s topping  a t  a n  
i n t e r s e c t i o n  (Q). The va lue  assumed f o r  R i s  25 seconds.  T r a f f i c  eng inee r s  i n  
Albuquerque ,  New Mexico, i n d i c a t e  t ha t  t h i s  i s  a reasonable  va lue  f o r  t h e  average  
d u r a t i o n  of an urban red l i g h t .  Note t h a t  t h i s  does not account fo r  m u l t i p l e  de- 
l a y s  a t  t h e  same i n t e r s e c t i o n  r e s u l t i n g  from extremely congested cond i t ions .  That 
f a c t o r  i s  p a r t i a l l y  absorbed i n  t h e  average speed c a l c u l a t i o n .  

A t h i r d  i n t e r s e c t i o n - r e l a t e d  parameter i s  t h e  d i s t a n c e  between v e h i c l e s  stopped a t  
an  i n t e r s e c t i o n  (0 ) .  Experience i n d i c a t e s  a wide v a r i a t i o n  i n  va lues  f o r  t h i s  
d i s t a n c e .  As a f i r s t  approximation,  an  a r b i t r a r y  v a l u e  of 1 metre i s  used f o r  cr. 
Informat ion  from Albuquerque, New Mexico, t r a f f i c  eng inee r s  and obse rva t ions  of 
l o c a l  p a t t e r n s  were t h e  b a s i s  f o r  t h i s  assumption. 

A5.3 P e d e s t r i a n  Speed 

P e d e s t r i a n s  a l s o  t r a v e l  a t  vary ing  speeds.  Information i s  r e a d i l y  a v a i l a b l e  ( see  
Reference 2 )  f o r  degrees  of p e d e s t r i a n  conges t ion .  These,  coupled wi th  urban pe- 
d e s t r i a n  p a t t e r n s  and t imes of day, y i e l d  the  va lues  i n  Table  A-12. 

A5.4 PeoDle D e r  Vehicle  

S ince  urban t r a f f i c  c o n s i s t s  of s e v e r a l  v e h i c l e  t ypes ,  a va lue  f o r  people  per vehi-  
c l e ,  averaged over a l l  v e h i c l e  t ypes ,  has  been c a l c u l a t e d .  The c a l c u l a t i o n  uses  
d a t a  from Reference 2 which i n d i c a t e  t h e  r e l a t i o n s h i p  between t o t a l  person-miles of 
t r a v e l  by a u t o s  ( inc lud ing  t rucks  and t a x i s )  and t o t a l  person-mi les  of t r a v e l  f o r  
buses  on an hour ly  basis f o r  midtown Manhattan. Person-miles of t r a v e l  are con- 
v e r t e d  t o  v e h i c l e - m i l e s  of t r a v e l  by d i v i d i n g  by t h e  assumed v e h i c l e  occupancies  
l i s t e d  i n  Table A-13. 

Ra t ios  of au tos  t o  buses f o r  each t i m e  i n t e r v a l  are then c a l c u l a t e d  by d i v i d i n g  
v e h i c l e - m i l e s  f o r  a u t o s  by t h e  vehic le -mi les  f o r  buses.  (This  assumes t h a t  
vehic le -mi les  f o r  buses and au tos  a r e  equ iva len t . )  
i n  Table A-14. 

Values thus  obta ined  are given 
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Table A-12 

Pedestrian Speeds 

Time Span Pedestrian Speed (m/s> 

1.4 

1.3 

1.3 

1.1 

1.3 

1.3 

Table A-13 

Vehicle Occupancy2 

Vehicle Type Number of Occupants 

Auto  1.5 

Bus 
Rush hour 77 
Off peak hours 43 

Nighttime 24 

Table A-14 

Ratio of Autos to Buses 

Time Span Cars/ Bus 

1 50 

2 69 

3 42 

4 89 

5 44 

6 61 
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From t h e s e  r a t i o s ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  average  number of people per v e h i c l e  
by summing the  percentage of each v e h i c l e  type times i t s  occupancy. ( I t  i s  not  
necessary  t o  d i s c r i m i n a t e  between t r u c k s  and cars a t  t h i s  p o i n t  s i n c e  t h e  occu- 
panc ies  a r e  assumed t o  be the  same f o r  both.)  R e s u l t s  are given i n  Table A-15. 

Table A-15 

Average Number of People per Vehicle  (PPV) 

Car Bus 
T ime  Span Cars ( % >  Occupancy Buses (%) Occupancy 

1 98 1.5 2.0 24 

2 98.6 1.5 1.4 77 

3 97.7 1.5 2.3 43 

4 98.9 1.5 1.1 77 

5 97.8 1.5 2.2 43 
6 98.4 1.5 1.6 77 

A5.5 Vehic le  Length 

PPV 

2.0 

2.6 

2.5 

2.3 

2.4 

2.7 

- 

Standard des ign  v e h i c l e  l e n g t h s  are a v a i l a b l e  i n  Reference 2. O f  i n t e r e s t  are 
those  f o r  t r u c k s  (9.1 m e t r e s ) ,  a u t o s  (5.8 m e t r e s ) ,  and buses  (12.2 me t re s ) .  

A5.6 Vehicle  D i s t r i b u t i o n  

The d i s t r i b u t i o n s  of v e h i c l e s  c a l c u l a t e d  f o r  each t i m e  span a r e  summarized i n  Table  
A-16. 

The average v e h i c l e  l eng th  f o r  each t i m e  span is  obta ined  by mul t ip ly ing  each per- 
cen tage  by t h e  a p p r o p r i a t e  l e n g t h ,  then  summing t h i s  va lue .  The v a r i a t i o n  i n  vehi -  
c l e  l eng th  from one t i m e  span t o  another  is s l i g h t .  An average va lue  of 6.4 metres 
i s  used. 

Table  A-16 

D i s t r i b u t i o n  of Vehicle  Trave l  

T ime  Span Autos (%) Trucks ( X )  Buses ( X )  
1 83.0 15 2.0 

2 83.6 15 1.4 

3 82.7 15 2.3 

4 83.9 1 5  1.1 

5 82.8 15 2.2 

6 83.4 15 1.6 
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A5.7 Vehic le  S e p a r a t i o n  Di s t ances  

Vehic le  s e p a r a t i o n  d i s t a n c e s  are c a l c u l a t e d  us ing  t h e  fo l lowing  a n a l y t i c a l  
expres s ion :  

A .  

s t  W Vehicle  s e p a r a t i o n  - - 
d i s t a n c e  

where 

A = c e l l  a r e a  (m2> 

= s t ree t  a r e a  f r a c t i o n  f o r  c e l l  i ( f s t ) i  
W = s t r ee t  width (me t re s )  s t  

il l a n e s  of s t reet  = s t ree t  wid th  
l a n e  width 

N i ( t )  

Average v e h i c l e  l e n g t h  = 6 . 4  mzt res  

= v e h i c l e  d e n s i t y  f o r  c e l l  i a t  t i m e  t 

Ca lcu la t ed  va lues  are given i n  Table  A-17. 

A5.8 Freeway T r a f f i c  Parameters  

Freeway t r a f f i c  parameters inc lude  speeds ,  s e p a r a t i o n  d i s t a n c e s ,  and wid th .  

Freeway Speeds 

In fo rma t ion  on freeway speeds was obta ined  from Reference 6 .  
speed as a f u n c t i o n  of t i m e  are shown i n  Table A-18. 

Values f o r  average  

Misce l laneous  Freeway Parameters 

The v a l u e  assumed f o r  f reeway width ,  i n c l u d i n g  right-of-way, i s  7 1  metres. Values 
f o r  freeway v e h i c l e  s e p a r a t i o n  d i s t a n c e  are e s t ima ted  from a cu rve  f i t  t o  d a t a  from 
Reference 6 (Table  4 . 6 )  which g i v e s  v e h i c l e  headways (from which s e p a r a t i o n  d i s -  
t a n c e s  can be d e r i v e d )  as a f u n c t i o n  of t r a v e l  speed. The e x p r e s s i o n  used f o r  
c a l c u l a t i n g  the freeway v e h i c l e  s e p a r a t i o n  d i s t a n c e s  i s  

Sepa ra t ion  d i s t a n c e  = 0 .17Vf2  - 1.7Vf + 6 . 4  

where 

Vf  = f reeway v e l o c i t y  (a  f u n c t i o n  of t i m e  of day).  
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Table A-17 

Vehicle  Sepa ra t ion  Dis tances  ( i n  Metres) 

Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., 
Cell  Number TS 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

12 

13 
14 
15 
16 
17 
18 
19 
20 
21 

22 
23 
24 
25 
26 
27 

28 
29 

30 
31 

A-2 2 

132 
500 
183 
0 

48 5 
487 
41 3 
136 
36 3 
416 
134 
511 

166 
971 

4 72 
483 
528 
137 
326 
313 

133 
507 
167 
8 09 
475 
992 
622 
2 84 
312 
377 
224 

TS 2 TS 3 
47 
161 
56 
0 

173 
169 
113 
47 
129 
153 
47 
188 

60 
341 
172 
171 
191 
46 

118 
111 

47 
186 
59 
135 

'98 
146 
226 
100 

110 

134 
22 

63 
170 
58 
0 

206 
201 
98 
59 
162 
190 
63 
252 

79 
4 02 
208 
205 
2 33 
59 
147 
135 

63 
2 50 
79 
82 

66 
85 
286 
124 
136 

166 
9.7 

TS 4 

57 
154 
53 
0 

192 
186 
91 
54 
150 
177 
57 
236 

72 
379 
192 
188 
214 
55 
135 
125 

58 
2 34 
73 
75 
61 
79 
261 
114 
124 

154 
8.5 

TS 5 
59 
158 

55 
0 

197 
191 
94 
56 
156 
181 

59 
236 

75 
402 
196 
191 
223 
56 

139 
128 

59 
234 
74 
78 
63 
81 
267 
116 
127 
157 
9.0 

TS 6 

29 
105 

35 
0 

113 
112 

74 
29 
85 
99 

29 
123 

38 
232 
113 
111 

124 
29 

77 
72 

29 
126 
37 
87 

63 
95 
151 
65 
72 
88 

12.6 



Table A-17 (cont inued)  

Veh. Sep., Veh. Sep., 
C e l l  Number TS 1 

32 

33 
34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 
52 

53 
54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

57 6 

203 

1170 

7 12 

53 1 

6 18 

239 

456 

415 

33 7 

161 

237 

1150 

868 

469 

647 

241 

5 10 

429 

425 

557 

206 

1220 

365 

368 

5 26 

331 

425 

479 

540 

274 

144 

TS 2- 
Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., 

TS 3 

31 

76 

153 

119 

101 

228 

85 

167 

151 

22 

42 

23 

15 1 

133 

97 

219 

86  

182 

149 

24 

31 

22 
192 

72 

80 

127 

96 

148 

164 

31 

24 

18.1 

12.3 

105 

85 

74 

66 

282 

108 

208 

179 

11 

36 

10.0 

85 

78 

66 

245 

108 

217 

175 

11.7 

1 2 . 3  

9.5 

114 

48 

52 

96 

86 

175 

197 

12.1 

10.3 

8.6 

TS 4 TS 5 

10.9 11.4 

96 98 

79 80 

68 70 

61 62 

261 27 1 

99 10 2 

192 196 

165 168 

9.8 10.0 

33 34 

8.9 9.2 

79 81 

72 74 

61 63 

227 227 

99 102 

201 206 

161 165 

10.4 10.8 

10.9 11.3 

8.3 8.7 

106 108 

44 45 

47 49 

89 91 

79 81 

161 166 

179 185 

10.8 11.2 

9.1 9.5 

7.5 7.8 

TS 6 

18.7 

48 

99 

77 

66 

150 

55 

11 1 

98 

12.7 

26 

13.2 

99 

86  

63 

142 

56 

119 

97 

14.1 

18.6 

12.2 

130 

46 

51 

83 

61 

97 

108 

18.3 

14.1 

9.9 
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Table A-17 ( con t inued)  c 
Cell  Number TS 1 

~ 

64 

65 

66 

67 

68 

69 

70 

7 1  
7 2  

7 3  
74  

75 

76 

77 

78  

79 

80 

81 

82 

83 

84 

85  

86 

87 

88 

89 

90 

91 

92 

93  

94 

A-24 

275 

370 

364 

367 

242 

212 

1080 

1140 

261 

169 
227 

467 

352 

25 7 

2 18 

240 

5 34 

0 

3340 

33 3 

406 

1050 

267 

24 1 

241 . 

23 7 

244 

0 

4200 

5 730 

357 

TS 2 

86 

68 

98 

7 1  

79  

7 0  

380 

3 44 

24 

35 

7 5  
112 

93  

6 2  

67 

77 

174 

0 

39 

56 

119 

123 

68 

67 

77 

7 6  

77 

0 

82 

8 3  

97 

TS 3 

86 

44 

83 

47 

85 

7 9  

435 

323 

10.2 

24 

82 
88 

80 

4 8  

68 

81 

181 

0 

14 

3 4  

112 

6 5  

55 

6 0  

82 

8 1  

82 

0 

34 

34 

82 

TS 4 

80 

40  

76 

43  

78 

7 3  

405 

299 

8.9 

22 

75 
81 

73 

44 

62 

7 5  

167 

0 

12.5 

31 

102 

61  

51 

55 

75 

7 5  

75 

0 

31 

31 

76 

TS 5 

82 

41 

78 

44 

80 

7 5  

435 

305 

9.3 

22 

77 
83 

75 

46 

64 

77 

174 

0 

13 

32 

105 

6 3  

52 

57 

77 

76 

78 

0 

32 

32 

78 

TS 6 

55 

4 3  

63 

45  

50 

45  

251 

233 

13.8 

21 

48 
7 3  

60 

3 9  

42 

4 9  

113 

0 

24 

3 5  

7 6  

7 9  

43 

4 3  

49 

4 9  

49 

0 

52 

5 4  

62 



Veh. Sep., 
Cell Number TS 1 

95 360 

96 354 

97 23 9 

98 241 

99 237 

100 241 

Table  A-17 (cont inued)  

Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep.,  
TS 2 TS 3 TS 4 TS 5 

30 13 11.5 12  

102 92 84 87 

77 82  75 77 

77 81 75 77 

77 a2  75 78 

77 74 68 70 

Table A-18 

Freeway Speeds 

Vf ( f reeway speed)  
T i m e  Span ( d s )  

1 24.4 

2 8.9" 

3 9.7 

4 9.7 

5 9.7 

6 8.9* 

*Lower va lues  can occur du r ing  
pe r iods  of ex t remely  heavy t r a f f i c .  

A5.9 R a i l  Parameters  

Veh. Sep., 
TS 6 

18 

66 

49 

49 

49 

49 

Informat ion  on a l l  r a i l  parameters  was obta ined  through p r i v a t e  communications wi th  
people  i n  t h e  r a i l  t r a n s i t  i n d u s t r y  i n  t h e  New York C i t y  a r e a .  

Popu la t ion  D e n s i t i e s  i n  Terminal Areas 

Informat ion  on mass t r a n s i t  c h a r a c t e r i s t i c s  i n d i c a t e s  t h a t  approximately 70 000 
persons use t h e  ma<jor urban ra i l  f a c i l i t i e s  i n  New York du r ing  r u s h  hours  and t h a t ,  
i n  a d d i t i o n ,  t h e r e  are approximately 2000 off-peak u s e r s  of t h e  f a c i l i t y .  Grand 
C e n t r a l  S t a t i o n ,  t h e  major r a i l  t r ans i t  f a c i l i t y  i n  t h e  s tudy  area,  occupies  about  
0.0255 km2 (measured from maps i n  Reference 3).  
metre f o r  each time span are obta ined  by appor t ion ing  t h e  off-peak t r a v e l e r s  as  
i n d i c a t e d  i n  Table  A-19. 

Values f o r  people  per  square  k i l o -  

A-25 



Table A-19 

Popula t ion  D e n s i t i e s  f o r  R a i l  T r a n s i t  F a c i l i t i e s  

T o t a l  People 
i n  Terminal Area 

Time dur ing  E n t i r e  
Span T i m e  Span 

1 2x103 

2 7x104 

3 5x103 

4 8x103 

5 5x103 

6 7x104 

T o t a l s  f o r  
Time Span 

( p e r  km2) 

7. 8x104 

2. 7x106 

2x105 

3. iX105 

2x105 

2 . 7 ~ 1 0 ~  

Tot a1 s /km 
a t  any t i m e  
(assuming 

Totals/km2/h 10-min v i s i t )  

6x103 1 o3 
1 . 8 ~ 1 0 ~  3 . 1 ~ 1 0 ~  

6. 5x104 1. iX1o4 

2 . 1 ~ 1 0 5  3. 5x104 

5 . 6 ~ 1 0  9. 3x103 

1 . 8 ~ 1 0 ~  3. iX105 

Miscel laneous R a i l  Parameters 

Other parameter va lues  a r e  

Length of time a t r a i n  remains i n  t e rmina l  a r e a  (AT ) by time span: depot  

Time Span I n  Depot ( seconds)  

1 7. 2x103 

2 6. Ox102 

3 7. 2x103 

4 1. 8x103 

5 7. 2x103 

6 6. Ox102 

Minimum exposure r a d i u s  r3 = 2.4 metres 

Maximum exposure r a d i u s  r 4  = 6.1 metres  

Dis tance  between pass ing  t r a i n s  r 5  = 6.1 met res  

* Width of right-of-way ( o u t s i d e  t e rmina l  a r e a )  RW = 3 metres 

Tra in  t r a f f i c  count ( N  one way, per second):  

Average t r a i n  speed ( w i t h i n  t e rmina l  a r e a )  vr = 6.7 m / s  

T’  
T i m e  Span T r a i n s / s  

1 1 . 2 5 ~ 1 0 - ~  

2 1 . 5 ~ 1  0-2 

3 1 . 2 5 ~ 1 0 - ~  

4 5x1 0-3 

5 1 . 2 5 ~ 1 0 - ~  

6 1 . 5 ~ 1  0-2 
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People per t r a i n  
s e a t i n g  c a p a c i t y  
An average t r a i n  

A5.10 

(PPT): Values a r e  obta ined  assuming occupancies  of 10% of 
a t  n i g h t ,  50% a t  off-peak hour s ,  and 100% a t  peak t imes.  
has e i g h t  c a r s  wi th  a s e a t i n g  c a p a c i t y  per c a r  of 120. 

PPT 

1 96 

2 960 

3 480 

4 480 

5 480 

6 960 

- T i m e  Span 

A i r  Transpor t  Parameters 

Informat ion  on a i r  t r a n s p o r t  parameters  has been obta ined  through p r i v a t e  communi- 
c a t i o n  wi th  a i r  t r a n s i t  experts i n  t h e  New York C i t y  a rea .  A l l  of t h e s e  va lues  are 
dependent on the  type and l o c a t i o n  of t he  a i r p o r t  under cons ide ra t ion .  

La Guardia Ai rpo r t  i s  t h e  only  a i r p o r t  f a c i l i t y  i n  t h e  s tudy  a r e a .  No cargo  t e r m i -  
n a l  e x i s t s  a t  t h i s  f a c i l i t y ,  so va lues  f o r  ATcterm 
Other in format ion  which has  proven u s e f u l  i n  i t s  o r i g i n a l  Form i n c l u d e s  

are set  t o  zero.  and PDc e r m  

- Average t i m e  a passenger  a i r c r a f t  remains i n  t h e  t e rmina l  area: ATpterm - 
3300 seconds 

Minimum exposure r a d i u s  r6 = 120 metres ( d i s t a n c e  of c l o s e s t  approach f o r  
occupants  of t h e  t e rmina l '  before  board ing)  

Maximum exposure r a d i u s  r ,  = 240 metres (approximate maximum d i s t a n c e  from 
a i r c r a f t  f o r  t e rmina l  occupants  be fo re  board ing)  

A i r  Terminal Popula t ion  D e n s i t i e s  

A i r  t e rmina l  popula t ion  d e n s i t y  in fo rma t ion ,  a v a i l a b l e  on an hour ly  b a s i s ,  has  been 
converted t o  t h e  time-span b a s i s  d i scussed  ear l ie r  (see Table A-20). 
cons ide r  the popula t ion  t o  be only i n  the passenger w a i t i n g  areas of the t e r m i n a l  
b u i l d i n g  and no t  i n  t h e  areas r e s t r i c t e d  t o  employees. 
the  a r e a  of i n t e r e s t  is  0.043 km2 (see Reference 3 ) .  
of  45 minutes  i s  assumed f o r  persons i n  t h e  a i r  te rmina l .  Since the annulus  of  
i n t e g r a t i o n  f o r  a i r  t e rmina l s  i s  0.14 km2, t h e  c a l c u l a t e d  va lues  f o r  popula t ion  
d e n s i t y  are reduced by a f a c t o r  of 0.043/0.14 t o  spread  t h e  popula t ion  over  t h e  
e n t i r e  area of i n t e g r a t i o n .  

These d a t a  

I t , h a s  been determined t h a t  
An approximate l e n g t h  of s t a y  
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Table A-20 

Air Terminal Popula t ion  D e n s i t i e s  

* 
Time Span Persons/h Persons/h/km2 Persons/km2 

1 1. 3x103 2 . 9 ~ 1  O4 6. 8x103 

2 1. 6x103 3. 8x104 8. 7x103 

3 2. 2x103 5. 2x104 1 . 2 ~ 1  o4 
4 2. 5x103 5 .  9x104 1. 4x104 

5 3. 2x103 7. 4x104 1 . 7 ~ 1 0 ~  

6 3. 6x103 8. 5x104 1 . 9 ~ 1  O 4  
* 
Adjusted f o r  annulus  of i n t e g r a t i o n .  

It must be s t r e s s e d  t h a t  t hese  va lues  depend upon the  p a r t i c u l a r  a i r p o r t  being 
cons idered .  

A5.11 Water T ranspor t  Parameters  

The l a s t  mode t o  be cons idered  i s  water t r a n s p o r t .  Information on sh ipping  d a t a  
has  been obta ined  from Task Group member W i l l i a m  Luch and dock o f f i c i a l s  i n  t h e  
New York C i ty  area. Parameters of i n t e r e s t  a r e  

-- t i m e  spen t  a t  dock ( f o r  c o n t a i n e r i z e d  shipments)  24 t o  30 hour s ,  
ATdoc 

Minimum and maximum exposure r a d i i  (12 and 91 metres, r e s p e c t i v e l y )  

d e p e n h n g  upon v e s s e l  s i z e  

-- popula t ion  d e n s i t i e s  a t  t h e  dock/km2 by t i m e  i n t e r v a l  ( t o t a l  PD PDdock f o r  e n t i r e  dock area is  7000 persons) .  I f  1/10 of dock personnel  are a r b i -  
t r a r i l y  assumed t o  be w i t h i n  t h e  annulus  of i n t e g r a t i o n ,  t h i s  would make 
t h e  popula t ion  d e n s i t y  equal  t o  5400/km2. (Th i s  c a l c u l a t i o n  paral le ls  t h a t  
used f o r  a i r  t e rmina l s . )  

The major f a c i l i t y  f o r  cargo s h i p p e r s  i n  t h e  New York C i ty  area is  a t  Po r t  
E l i z a b e t h ,  New Jersey .  
water t r a n s p o r t  i s  assumed t o  pass  through w!kout s topping.  

For t h i s  s tudy ,  PDdo is  assumed t o  be zero  s i n c e  a l l  

A6. ShiDment Informat ion  

The t r a n s p o r t a t i o n  of r a d i o a c t i v e  materials i n t o ,  around, and through a major urban 
area invo lves  such a d i v e r s i t y  of materials,  package t y p e s ,  q u a n t i t i e s ,  package 
r a d i a t i o n  l e v e l s ,  and t r a n s p o r t  modes t h a t  d e t a i l e d  c o n s i d e r a t i o n  of every  ship-  
ments i s  i m p r a c t i c a l .  Therefore ,  real is t ic  assessment  of t h e  r a d i o l o g i c a l  r i s k  asso-  
c i a t e d  wi th  t r a n s p o r t a t i o n  r e q u i r e s  s e l e c t i o n  of a smaller number of shipment types  
f o r  a n a l y s i s ,  This r e p r e s e n t a t i v e  set  of shipments i s  r e f e r r e d  t o  as t h e  s t a n d a r d  
shipments model. 

The shipment model used i n  t h i s  document i s  similar t o  t h a t  used i n  Reference 7 
and i s  based on t h e  same sh ippe r  s u r v e y O 8  This d i s c u s s i o n  o u t l i n e s  t h e  b a s i c  me-  
chanics  used t o  reduce t h e  o v e r a l l  survey d a t a  t o  a workable set of New York C i ty  
"s tandard  shipments.  " 
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I n  t h e  1975 s h i p p e r s '  survey mentioned above, c e r t a i n  s h i p p e r s  completed d e t a i l e d  
q u e s t i o n n a i r e s ,  whi le  o t h e r s  completed summary q u e s t i o n n a i r e s .  The d e t a i l e d  ques- 
t i o n n a i r e s  r eques t ed  informat ion  based upon a c t u a l  sh ipp ing  r e c o r d s ,  while  d a t a  
r eques t ed  by t h e  summary q u e s t i o n n a i r e s  were based upon sh ippe r  estimates. Most 
major  s h i p p e r s ,  i .e.,  t hose  known t o  s h i p  l a r g e  numbers of packages a n n u a l l y ,  and 
a l l  s p e c i a l  nuc lea r  material  l i c e n s e e s  completed d e t a i l e d  q u e s t i o n n a i r e s ,  a l t hough  
a few were missed and s e n t  on ly  summary q u e s t i o n n a i r e s .  Summary q u e s t i o n n a i r e s  
s e n t  t o  a c r o s s  s e c t i o n  of l i c e n s e e s  were in tended  t o  r e p r e s e n t  a l l  l i c e n s e e s  f o r  
sampling purposes.  Thus, t h e  summary q u e s t i o n n a i r e  d a t a  base  was d iv ided  i n t o  two 
s e p a r a t e  groups:  one f o r  minor s h i p p e r s  and t h e  o t h e r  f o r  apparent  major sh ippe r s .  
Therefore ,  t h r e e  d a t a  bases  e x i s t :  one from t h e  d e t a i l e d  q u e s t i o n n a i r e s ,  one from 
t h e  summary q u e s t i o n n a i r e s  completed by minor s h i p p e r s ,  and one from t h e  summary 
q u e s t i o n n a i r e s  completed by apparent  major sh ippe r s .  Each of t h e s e  d a t a  bases  was 
e x t r a p o l a t e d  d i f f e r e n t l y  t o  account  f o r  t h e  e n t i r e  sh ippe r  popula t ion .  The set of 
s t anda rd  shipments  upon which t h i s  r i s k  assessment  i s  based was determined from 
t h e s e  t h r e e  d a t a  bases.* 

Each s t anda rd  shipment i s  s p e c i f i e d  by t h e  i s o t o p e  o r  material being sh ipped ,  t h e  
package type ,  t h e  number of packages shipped per  y e a r ,  t h e  average  number of pack- 
ages  per shipment ,  t h e  average q u a n t i t y  of material per  package, t h e  average  t r a n s -  
p o r t  index  ( T I )  per  package, t h e  t r a n s p o r t  modes, and t h e  s p e c i f i c  urban r o u t e  
fol lowed.  

The s t anda rd  shipments  model uses a subse t  of t h e  t o t a l  shipment d a t a  base compiled 
by merging d a t a  from Reference 8 wi th  a Geographic Data F i l e . '  
i n fo rma t ion  on shipment c h a r a c t e r i s t i c s ,  Reference 8 c o n t a i n s  in fo rma t ion  on sh ip-  
p e r s '  Zip Codes and shipment d e s t i n a t i o n s  by c i t y  and s t a t e .  

In  a d d i t i o n  t o  

Zip  Code d a t a  from Reference 8 have been checked a g a i n s t  a f i l e  of t h e  l a t i t u d e  and 
l o n g i t u d e  of Zip Codes found i n  Reference 9. Government o r g a n i z a t i o n s  whose Z i p  
Codes appeared i n  Reference 8 ,  but  no t  i n  t h e  Geographic Data Base, have been as- 
s igned  t h e  l a t i t u d e  and long i tude  f o r  downtown Washington, D.C. 

A second f i l e  has been prepared from Reference 9 w i t h  a l l  c i t i e s  w i t h i n  each s ta te  
ar ranged  a l p h a b e t i c a l l y .  
are not  i n  t h e  Geographic Data Base. The observed anomalies  are of t h r e e  types :  

About 1/3 of t h e  c i t y / s t a t e  p a i r s  l i s t e d  i n  Reference 8 

1. Typographic o r  t r a n s c r i p t i o n  errors, e.g. ,  

i BIEMINGHAM, AL 
BIRHAMGTON, AL 
BIRMHINGHA, AL 
BIRMINGHAN, AL 
BIRMINGHAM, AK 

a l l  thought  t o  be BIRMINGHAM, AL 

* 
Although t h e r e  is a q u e s t i o n  about t h e  v a l i d i t y  of some entr ies  i n  t h e  d a t a  

ob ta ined  i n  Reference 8, t h e  survey  has  been accepted  as t h e  b e s t  a v a i l a b l e  set  o f  
da t a .  
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3. 

An a b b r e v i a t i o n ,  shor tened  name, o r  f a m i l i a r  name used i n  p l ace  of a given 
name, e.g., 

LA, CA: thought  t o  be LOS ANGELES, CA (max. c i t y  f i e l d  i s  10 c h a r a c t e r s )  
LASL, NM: thought  t o  be LOS ALAMOS, NM 
TRAVIS,  CA ' 

AFB TRAVER, CA 
TRAVIS AFB, CA 

Unresolved, e.g. ,  

M I C  RIDER, CT 
ROSIN,  I L  
[ b l a n k ] ,  CA ( o r  most o t h e r  s ta te  codes)  

a l l  thought t o  be TRAVIS A I R  FORCE BASE, CA 1 TRAVIS AF, CA 

Of approximate ly  2 . 6 ~ 1 0 ~  c i t y l s t a t e  p a i r s  i n  t h e  Reference 8 d a t a ,  3600 are unique. 
A f t e r  c o n s u l t i n g  t h e  Geographic Data Base, t h e  Zip  Code d i r e c t o r y ,  and a geographic  
p l a c e  name d i r e c t o r y ,  fewer than  0.1% of t h e  names have remained unresolved.  Most 
of t h e  unresolved names r e p r e s e n t  on ly  one package o r  shipment per year  ( a  small 
f r a c t i o n  of t h e  tot'al number of packages i n  t h e  d a t a  base) .  

A l a t i t u d e  and long i tude  have been ass igned  t o  each c o r r e c t e d  c i t y l s t a t e  p a i r  i n  
t h e  Geographic Data Base. Knowledge of t h e  l a t i t u d e  and l o n g i t u d e  of bo th  t h e  
o r i g i n  and d e s t i n a t i o n  permits the choice  of a subse t  of data which f i t s  any one 
( o r  a l l )  of t h e  fo l lowing  c r i t e r i a :  

The shipment o r i g i n  i s  i n  t h e  v i c i n i t y  of a g iven  l a t i t u d e  and long i tude  

The shipment d e s t i n a t i o n  i s  i n  t h e  v i c i n i t y  of a g i v e n  l a t i t u d e  and long i -  

An imaginary l i n e  j o i n i n g  t h e  o r i g i n  and d e s t i n a t i o n  passes  through t h e  

tude  

v i c i n i t y  of a g iven  l a t i t u d e  and long i tude  

The expres s ion  " v i c i n i t y  of a g iven  l a t i t u d e  and long i tude"  i s  used t o  c a u t i o n  t h e  
p o t e n t i a l  u se r .  The program assumes t h a t  t h e  l a t i t u d e  and l o n g i t u d e  are a t  t h e  
c e n t e r  of a c i r c l e  of r a d i u s  R measured i n  degrees .  It f u r t h e r  assumes t h a t  t h e  
o r i g i n  and d e s t i n a t i o n  are on t h i s  p l a n a r  g r id .  The d i s t a n c e  on t h e  e a r t h ' s  sur -  
f a c e  r ep resen ted  by one degree  of l a t i t u d e  i s  independent of a given l a t i t u d e .  A 
l o n g i t u d e  degree r e p r e s e n t s  a d i s t a n c e  on t h e  e a r t h ' s  s u r f a c e  t h a t  v a r i e s  w i t h  
l a t i t u d e .  Hence, t h e  " v i c i n i t y "  desc r ibed  is  more e l l i p t i c a l  than  c i r c u l a r  ( s e e  
F igu re  A-2). 

For t h e  New York C i ty  s tudy  area, a c i rc le  of 7-km r a d i u s  has  been drawn cen te red  
on t h e  100-km2 g r i d .  
i n  t h i s  c i rc le .  The 7-km r a d i u s  t o t a l l y  encompasses t h e  s tudy  area. Using t h i s  
approach,  on ly  one shipment had e i t h e r  an  o r i g i n  o r  d e s t i n a t i o n  w i t h i n  t h e  g r i d .  
This  appeared t o  be simply an a r t i f a c t  of the d a t a  base s i n c e  Zip Codes f o r  par- 
t i c u l a r  boroughs i n  New York were n o t  common i n  shipment information--usual ly  o n l y  
New York C i t y  was g iven  as t h e  d e s t i n a t i o n ,  hence a l l  shipments were g iven  c i t y -  
c e n t e r  d e s t i n a t i o n  o r  o r i g i n  Zip Codes. To more f u l l y  examine t h e  New York C i t y  
sh ipments ,  t h e  c e n t e r  of t h e  7-km r a d i u s  c i rc le  was placed a t  t h e  geograph ica l  
c e n t e r  of New York City.  This approach provides  much informat ion  on shipments  w i t h  
o r i g i n s  and d e s t i n a t i o n s  w i t h i n  t h e  c i t y .  (Although t h e  c i r c l e  sur rounding  t h e  
geographic  c i t y  c e n t e r  does not  i n t e r s e c t  t h e  g r i d  area, t h e  types  of shipments  
r each ing  o r  o r i g i n a t i n g  w i t h i n  t h i s  circle are a r b i t r a r i l y  assumed t o  be t y p i c a l  

The d a t a  base was accessed  t o  g i v e  sh ipp ing  in fo rma t ion  with-  
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f o r  t h e  s tudy  a rea . )  In  prepar ing  r o u t i n g  informat ion ,  t y p i c a l  r o u t e s  have b e e n '  
des igna ted  f o r  each kind of i so tope  appearing i n  t h e  output  f o r  t h e  c i t y  c e n t e r  
c i r c l e .  No a t t e m p t  has  been made t o  determine t h e  f r a c t i o n  of t h e  t o t a l  observed 
shipments which s p e c i f i c a l l y  a p p l i e s  t o  the  s tudy  area. Shipments conta ined  i n  the  
gr id-centered  c i r c l e  a r e  a l s o  inc luded  and routed  a s  through shipments.  Although 
t h i s  approach may double-count some shipments ,  t he  f r a c t i o n  so counted i s  consid- 
ered small. 

A6.1 Development of a Standard Shipments Model 

Once the  shipment d a t a  base had been reduced so t h a t  only New York C i ty  shipments  
were inc luded ,  i t  w a s  necessary  t o  reduce the  remaining 3x10' shipments  t o  a work- 
a b l e  set of "s tandard  shipments" a s  d i scussed  i n  Appendix A of Reference 7. This  
r e d u c t i o n  process  involved t h r e e  s t e p s :  e l i m i n a t i o n  of shipments ,  combination o f -  
remaining shipments ,  and c a l c u l a t i o n  of shipment parameters .  

A6.2 E l imina t ion  Phase 

S i x  c a t e g o r i e s  of shipments have been e l imina ted  from the  NYC shipment d a t a  base:  
l i m i t e d  o r  exempt shipments ,  o t h e r  extremely small  shipments ,  mai l  shipments ,  s h i p -  
ments were no mode was s p e c i f i e d ,  government shipments ,  and misce l laneous  ship-  
ments. 

Limited shipments have been shown t o  c o n t r i b u t e  a n e g l i g i b l e  amount t o  t h e  o v e r a l l  
r a d i o l o g i c a l  impact under both i n c i d e n t  and i n c i d e n t - f r e e  c i rcumstances ,  even when 
l a r g e  numbers of packages a r e  shipped ( s e e  Reference 7 ) .  There are very  few l i m -  
i t e d  q u a n t i t y  shipments l i s t e d  i n  t h e  NYC d a t a  base (2.21% of t h e  t o t a l  shipments ,  
0.0061% of t o t a l  c u r i e s ,  and 7 ~ 1 0 - ~ %  of t o t a l  T I ) .  

Because only  small q u a n t i t i e s - o f  r a d i o a c t i v e  m a t e r i a l  can be mai led ,  t h e s e  sh ip -  
ments a r e  t r e a t e d  by 49CFR173.3911° i n  the  same manner as l i m i t e d  shipments.* 
exc luding  t h e s e  shipments ,  0.71% of t h e  t o t a l  shipments ,  2.7x10-'+% of t o t a l  a c t i v -  
i t y ,  and 0.014% of t h e  t o t a l  T I  are e l imina ted .  

By 

C e r t a i n  shipments are small enough t o  be cons idered  n e g l i g i b l e  from both i n c i d e n t  
and i n c i d e n t - f r e e  p o i n t s  of view, even though they are not shipped under t h e  l i m -  
i t e d  q u a n t i t y  r e g u l a t i o n s .  
p e r s i b l e  materials and c u r i e  per package f o r  n o n d i s p e r s i b l e  materials,  an 
a d d i t i o n a l  3% of t h e  t o t a l  shipments ,  2.4% of t h e  t o t a l  c u r i e s ,  and 1.5% of t h e  
t o t a l  T I  are  e l imina ted .  

Using a c r i t e r i o n  of  c u r i e  per  package f o r  d i s -  

Shipments f o r  which no mode has been s p e c i f i e d  account f o r  only 0.57% of t h e  t o t a l  
shipments ,  0.08% of t h e  t o t a l  c u r i e s ,  and 0.41% of t h e  t o t a l  T I .  Rather  than  as- 
s i g n  these  t o  an a r b i t r a r y  mode, they  are excluded from t h e  s t anda rd  shipments 
mode 1. 

Government shipments are o u t s i d e  t h e  scope of t h i s  s tudy  and are a l s o  excluded. 
These account f o r  0.0068% of t h e  t o t a l  shipments ,  1 . 0 ~ 1 0 - ~ %  of t o t a l  c u r i e s ,  and 
0.0014% of t o t a l  TI .  

* 
See U.S. P o s t a l  Se rv ice  P u b l i c a t i o n  6 ,  Apr i l  1971. 
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A. 

Center of Circle is a 
Latitude and Longitude Value 

B. 

C. I 

Types of information which can be acquired: 

A. Either origin or destination is within circle, 

B. Both origin and destination are within circle, 

C. Neither origin nor destination is within circle but path between passes through 
circle, or 

Neither origin nor destination is within circle and path between excludes 
circle. 

D. 

*R is the radius of the circle within which shipment information is requested. 

Figure A-2. Differing Criteria for Shipment Routes into, out of, through, 
and in the Vicinity of a Given Latitude and Longitude 
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I n  summary, 1 . 9 ~ 1 0 ~  shipments  (6 .4% of t h e  t o t a l )  are e l imina ted  from t h e  reduced 
New York C i t y  shipment d a t a  base. This amounts t o  2.4% of t h e  t o t a l  a c t i v i t y  and 
2 %  of t h e  t o t a l  T I .  Shipments have been subdivided by end u s e ,  and t y p i c a l  r o u t e s  
have been e s t a b l i s h e d  f o r  each end-use ca tegory .  Values f o r  c u r i e s  per package, 
packages per  y e a r ,  and T I  per  package have been ob ta ined  by ave rag ing  o v e r a l l  sh ip -  
ments i n  each end-use ca t egory  by each mode. Methods f o r  s p e c i f y i n g  a given r o u t e  
are g iven  i n  Sec t ion  A6.3. 

A6.3 Route S p e c i f i c a t i o n  

In fo rma t ion  on sh ipp ing  r o u t e s  i n  t h e  New York C i ty  a r e a  w a s  made a v a i l a b l e  through 
D r .  Calvin Bran t l ey  of New England Nuclear Corporat ion.  A secondary c a r r i e r  used 
by New England Nuclear  a l s o  supp l i ed  t r a n s p o r t  i n fo rma t ion  from t h e  major a i r p o r t  
f a c i l i t i e s  i n t o  New York ( s p e c i f i c a l l y  t o  Sloane-Ketter ing Cancer Research Cen te r )  
and t o  Long I s l a n d  (used a s  an out-of-gr id  a r e a  d e s t i n a t i o n  f o r  some through sh ip-  
ments) .  

P o s s i b l e  d i r e c t i o n  of t r a v e l  w i t h i n  a c e l l  i s  r e s t r i c t e d  t o  e i g h t  v e c t o r  d i r e c t i o n s  
wi th  e i t h e r  o r i g i n  o r  d e s t i n a t i o n  a t  t h e  c e n t e r  of a c e l l ,  as shown i n  F igure  A-3. 
This  r e s t r i c t i o n  f o r c e s  some approximation of t h e  a c t u a l  r o u t e  fol lowed.  

Transpor t  modes inc lude  t r u c k ,  r a i l ,  passenger  and cargo  a i r c r a f t ,  and w a t e r c r a f t .  
Roadway types  a r e  1 )  one-way s t reets ,  2 )  two-way s t ree ts ,  3 )  f reeway,  and 4 )  
nonroad (used f o r  a l l  t r a n s p o r t  except  t r u c k  o r  van) .  A t y p i c a l  r o u t e  d e s c r i p t i o n  
i s  g iven  i n  Table  A-21. 

1 
4 

5 

Figure  A-3. Vector D i r e c t i o n s  of  Travel  w i t h i n  a C e l l  
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Table A-21 

Typ ica l  Desc r ip t ion  of Route 

C e  11 I n  ou t  Trans p o r t Road 

3 5 5 1 2 
Sequence D i r e c t i o n  Direct i o n  Mode Type 

13 5 

23 5 

5 

0 

1 2 

1 2 

Although n o i s e  abatement ord inances  r e s t r i c t  a i r c r a f t  o v e r f l i g h t s ,  some p o s s i b l e  
r o u t e s  t o  each major a i r p o r t  f a c i l i t y  are included.  Through shipment r o u t e s  on a 
s i n g l e  t r a n s p o r t  v e h i c l e ,  secondary mode t r a n s p o r t  from a n  a i r  f a c i l i t y  back i n t o  
t h e  s tudy  area, and t r a n s f e r  from one v e h i c l e  o r  mode t o  another  are allowed t o  
give the model increased flexibility. Quite frequently, shipments are stored for a 
time be fo re  secondary mode t r a n s p o r t  i s  begun. This t i m e  de l ay ,  c a l l e d  s t o r a g e  
t i m e ,  i s  r o u t e  dependent.  D i f f e r e n t  t y p e s  of shipments are assumed t o  r each  the 
g r i d  a t  v a r i o u s  s t a r t  times, r e s u l t i n g  i n  t i m e  dependencies  w i t h i n  t h e  s t anda rd  
shipments  model. 

A l l  shipments and r o u t e s  a r e  desc r ibed  i n  Tables  A-22 through A-38 and may be 
t r a c e d  us ing  Figure  A-1. 
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I 

0 e 
Table A-22 

Route No. 1; End Use: Medical 

I SOTOPE 

A U-A 98 
CO-60 .+ 
CR-51  
C-14 

H6-197 
H6-203 
1-125 
1-131 

NA-24 
P-32 

XE-133 

no-99 

CELL 
SEQUENCE 

61 
6 2  
63 
64 
65 
66 
67 
68 
69 
7c 
20 
30 
39 
48 . 
47 
46 
35 
34 
33 
23 

I N  
O I R E C T I O N  

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
7 
5 
6 
6 
7 
7 
8 
7 
7 
1 

OUT 
01 R E C T I  OM 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 
6 
6 
7 
7 
8 
7 
7 
1 
a 

TRANSPORT 
MODE 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ROAD 
TYPE 

0 
0 
? 
0 
0 
0 
0 
0 
0 
0 
3 
3 
3 
3 
2 
2 
3 
3 
2 
2 

PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANOLINGS STORACE TIME 
TYPE PACKAGE I NDEXIPKG SHIPMENT PER YEAR PER SHIPMENT l SECONDS) 

A 
A 
A 
A 
A 

DRUM 
A 
A 
A 
A 
A 
A 

1 .30E+01 
1 .80E+O 1 
5 e 4OE-0 3 
4 30E-01 
6 0 5 0  E-0 2 
2.OOE-0 3 
2.70 E-0 1 
1.40 E-02 
1020E+00 
6.00 E-0 3 
2 80 E-0 2 
2.80E+0 1 

4.8800 
09561 
00006 
05163 
03000 
400 0 

00413 
06713 
02100 

A 08750 
00750 
06331 

1. 
1. 
1. 
1. 
10 
1. 
1. 
l e  
1. 
1. 
10 
1. 

64.1 
11.4 
21e7 

506.0 
52.0 
2.0 

486.0 
529.0 
1140.0 

48.4 
34.7 
168.0 

1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

43200. 
43200. 
43200. 
43200. 
43200 
43200. 
43200- 
43200- 
45200. 
43200. 
43200. 
43200. 

* I N D I C A T E S  NONDISPERSIRLE SHIPMENTS 



I S O T O P E  

AU-lSt !  
c o - 5 7  

C ” - 5 1  
c-l’t 

FE-5Y 
G A -  b 7 

H 6 - 1 4 7  

IN-114M 
1 - 1 2 3  
1 - 1 2 5  
1 - 1 3 1  
I - l J l *  
HO-93  
P-32 

TC-99H 
XE-133 

Co-Qc * 

I N - 1 1 1  

Table A-23 

Route No. 2; End U s e :  Medical 

CELL 14 OUT TRANSPORT RO A 0  
D I R E C T I O N  D I  AECTICN MO DE TYPE 

I 5 1 2 
1 3  5 5 1 2 
2.3 5 0 1 2 

i 
- SE Q U t  NCE 
3 

PACKAGE CURIES PER TFANSPORT PCLCKAGES PER SHIPMENTS HANOLINGS STORAGE T I N E  
TYPE PACKAGE I N D E X I P K G  SH IPM EN T PER Y E A R  PER SHIPMENT (SECONDS) 

A 
A 
B 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

.asoo 
0 2 3 3 3  

1030OO 
0 2 6 0  0 

0 0 0 0 0 0  
. t i 0 0 0  
0 0 5 0 0  
0 250 0 

0 0 0 0 0 0  

0 0 6 0  0 
0 0 6 3 2  
0 5 8 7 5  
0 780 4 

2 0 4 0 0 3  

0 4 0 0 a  

. 2 2 8 6  
03146 
0 0 6 2 5  

t 1 N D I C A T f . S  NONOISPERSIBLE SbIPMENTS 

1. 
1. 
1. 
1. 
1 0  
1. 
10 
10 
10 
10 
10 
10 
1 0  
l e  

10 
1. 
l o  

10 

1 0 4 0 0  
1 0 9 0 0  

6 .0  
2 6 0 0 0  
104.0  

5 2 0 0  
1 0 4 . 0  
1C4.0 
156.0 
1 2 1 0 0  
2 b O . O  
2 4 9 . 0  

i a i c . 3  
6 2 4 0 0  

1 2 . 1  

526C.O 
1 1 6 0 0  

2 6 4 0 0  

1. 
10 
10 
1 0  
10 
1 0  
1 0  
1 0  
10 
10 
1 0  
10 
10 
10 
10 
1. 
10 
10 

3 0  
J o  
1 .  

0 0  

2 0  
G o  

9 0  

.I 0 

4 0  

0 

I. 0 



Table  A-24 

Route No. 3 ;  End Use: Medical 

I S O T O P E  

C O - 6 D  * 
C-14 
C-14* 

G A - b 7  
1-123 
M O - 9 Y  

P - 3 2  

CELL 
SEQUENCE 

61 
6 2  
6 3  
5 4  
6 5  
6 6  
6 1  
6 8  
69 
70 

I N  
01 R E C T I  O N  

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

OUT 
D I R E C T I O N  

3 
3 

3 
3 
3 
3 
3 
3 
3 

1 

TRANSPORT 
M O O €  
4 
4 
4 
e 
4 
4 
4 
4 
4 
4 

ROAO 
TYPE 

c 

0 

3 
C 

L 

PACKAGE C U H I E S  PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS S T O R A G E  T I M E  
TYPE PACKAGE: INOEX/PKG SHIPMENT PER Y E A R  PER SHIPMENT ( S E C O N D S )  

A 1a5:!E+OG O . @ O O O  1. 20 0 8  0. 
A 3 m70E-0 3 O o O O C O  1. 91.0 0 .  
A 1.5OE-5 3 0 . 0 0 0 0  10 8.7 0 0  
A I .1 @ E - 0  2 a 0 5 5 0  1. 8 .  7 0. 
A 5 0 3 0 E - 0 3  -342 9 l a  3 0 . 3  0. 
A 5.3CE-0 1 G . O G O 0  1. 21.7 0. 
A 5 . 3 0 f - 3 3  , 0 5 0 0  A .  26.0 0. 

3. 
u t .  
O m  

0. 
3 0 

3 .  
0. 

I N D I C A T L S  IVONOISPEHSIBLE S P I P M E N T S  



Table A-25 

E S O T O P i  

AU-193  
co-57 
C R - 5 1  
C-14 

G A - b 7  
1-123 
1-12 j 
1-1.51 
I - i 3 1 *  

I N - 1 1 1  
W3-99* 

T C - '-? 9 M 
X E - 1 3 3  

Route No. 4 ;  End Use: Commercial 

CELL I N  OUT TRANSPORT R O A O  
SLQULNCE 0 1  R E C T X O N  O I F i E C T I O N  MODE TYPE 

5 
l j  
2 3  
3.5 
5 ;  
30 
4s 
47 
48 
3 9  
3 2  

PACKAGE 
TYPE 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
4 

C U i i I E S  PER 
PACK AGE 

5 
5 - 
3 
7 
Y 

3 
4 
2 
3 
2 
2 
2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

.. 
L 

L 

3 

7 
4 

3 
2 1  

2 
3 
3 
3 

7 ', 
& 

TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS 
I ND E X / 2  K E SHIPHENT PER Y E A R  PER SHIPMENT 

1.3090 
0.0000 
01003 

0.0000 
*1000 
. 0 5 0 0  
8 0 3 3 3  
-6900 

101100 
0.Ci)OO 
2.3300 
-1972 

o.noofJ 

1. 
1. 
1. 
1. 
1. 
1. 
I. 
1. 
1. 

1. 
1. 
1. 

1 1. 

104.0 
208.0 
52.0 
52.0 
5 2 . 0  
104.0 
156.0 

1040 00 
1 6 0 0 0  
104.0 
156.0 

1670 e0 
104-0 

e. 
0. 
0. 
8 .  
0. 
0 .  
0. 
0. 
0. 
0 .  
cl. 
0. 
3. 

STORAGE T I H E  
(SECONDS) 

* I N D I C A T E S  N O N D I S P E R S I B L E  S h I P M E M T S  



I S O T O P E  

CO-62 
CR-51 

EU-152 
FE-55 

H-3 
K R - 8 5  
SE-75 

XE-133 
CS-137 

Tab 1 e A- 2 6 

Route No. 5; End U s e :  I n d u s t r i a l  

CELL I N  OUT T R A N S P O R T  ROAD 
SEQUENCE D I R F C T I O R  DIRECT1 ON HOOE TYPE 

3 
1 3  
23 
33 
34 
3 '5 
45 
44 

PACKAGE 
TYPE 

B 
A 
A 
A 
A 
A 
A 
A 
8 

C U R I E S  PER 
PACKAGE 

4*70E*03 
1 30E-0 3 
2 o O O E - 0 3  
1.50E-0 1 
9 0 3 0 E - 0 3  
5 0 0  0 €00 3 
5 - 8 0 E - 0 4  
1.4OE-01 
2 -4OE+O3 

TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS 
I N D E X I P K G  SHIPHENT PER Y E A R  PER SHIPMENT 

1.3000 
0 2 4 0 0  

0 . O G O O  
00370 
01000 
02333 
0 0 6 2 5  

0 0 0 0 0 0  

.aooo 

1. 
1. 
1. 
1. 
1. 
1. 
1. 
10 
10 

6.0 
260.0 

1 2 0 0  
1.0 

54.0 
2.0 

156.0 
116.0 

2.0 

1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

S T O R A G E  T I M E  
( SECON D S  1 

0. 
2 0  
G. 
a .  ,. 

I N O I C A T E S  N O N O I S P E R S I E L E  S H I P H E N T S  



Table  A-27 

I SOTOP E 

CA-45 
CR-5 1 

H-3 

PO-210  
s-35 

#E-127 
XE-133 

RLA-22 

CELL 
SEQUENCE 

6 1  
5 2  
4 3  
34 
25 
16 

7 

PACKAGE 
TYPE 

Route No. 6;  End U s e :  I n d u s t r i a l  

IN OUT 
DI R E C T I  0 N DIRECTION 

2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 

CURIES PER TRANSPORT 
PACKAGE I NDEXIPKG 

5 00 0 E-0 3 
1.00E-02 
8 a 1  OE-0 3 
5 0 0 E -0 4 
3 e OOE-0 2 
1 m i l 0  E-0 3 
1.20E-02 
207UE-01 

Om0000 
.loo0 

0 B 0 0 0 0  
a 2 0 0 0  
a 1 0 0 0  

000000 
e1000 

0.0000 

TRANSPORT 
flODE 

3 
3 
3 
3 
3 
3 
3 

R O A D  
TYPE 

il 
0 
0 
0 
0 
0 
0 

PACKAGES PER S H I P H E N T S  HANDLINGS STORAGE T I H E  
SHIPHENT PER YEAR PER SHIPPlENT <SECONDS) 

l a  

1- 
1. 
1. 
i o  
l e  

l a  
l a  

4.3 
21e7 
73.7 
4.3 
2.0 
4.3 
2.0 
8.7 

O m  

0. 
O m  

0. 
0 .  
0. 
0. 
O m  

* ' I N D I C A T E S  N O N D I S P E R S I B L E  SHIPMENTS 



i I 

lt SOTOPE 

AM-241 * 
AH-241 4 

CO-60 4 

CR-51 
H-3 

IR-192+ 
IR-192*  

KR-85 
SE-75 
SR-SO* 

s-35 
XE-133 
CS-137 

CELL 
SE QUEHCE 

61  
62 
63 
64 
6 5  
66 
6 7  
68 
69 
70 
20 
30 
39 
48 
47 
4 6  
3 5  
45 
44  

Table  A-28 

Route No. 7; End U s e :  I n d u s t r i a l  

I# 
DltRECTf ON 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
7 
5 
6 
6 
7 
7 '  
8 
5 
7 

out 
DIRECTION 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 
6 
6 
7 
7 
8 
5 
7 
0 

TRAWSP O R 1  
RODE 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ROAD 
TYPE 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 
3 '  
3 
3 
2 
2 
2 
2 
2 

PACUAGE CUUIES PER TRANSPORT PACKAGES PER SHIPRENTS HAHOLINGS STORA6E TIME 
TYPE P A C K ~ E  I#DEX/P#6  SHIP n E l  7 PER YEAR PER SHIPMENT (SCCOHDS) 

A 
B 
A 
A 
A 
A 
B 
A 
A 
A 
A 
A 

DRUM 

1 0ObE-0 1 
1 .3OE+Ol 
1080E+01 
5 40 6-0 3 
1 06 0 €00 2 
8 OOOE t o  1 
1 o00E+02 
2 .50E+0 0 
1 o6OE-02 
8.5 OE-0 2 
4 e60 E-0 3 
2 080E*0 IL 
1 00 0 E-0 * 

00 32 1 
03023 
0 9 5 6 1  
00006  

0 00000 
1809000 
1 o 2250 

03328  
04000 

0.0000 
0 6 3 3 1  
00100 

l e a 2  

1 0  
1. 
1. 
1. 
1. 

10 
l o  

10 
10 
10 
1. 
1. 

1 f 

110.0 
4800 
1104 
21.7 
103.0 

5 2 0 0  
263.0 

8 2 0 1  
52.0 
34.0 
6007 

168.0 
2.0 

1. 
1. 
1 0  
1. 
1. 
1. 
1. 
1 0  
1. 
1. 
1. 
1. 
10 

43200 0 

492000 
432000 
432000 
452000 
432000  
432000 
4 3 2 0 0 0  
432000 
69200. 
432000 
43200. 
4 3 2 0 0 0  

* I RBDI C ATE S MOW 01 SP ER S IBL€  S MI  P MEN TS 



3
 

a
 d
 

H
 

a
 
c
 

3
 

2 

c
.
0

 

O
h

 
0

0
0

 
a
\
 

0
0

0
 

m
x

 
d

a
w

 
z

w
 ... 

e
o
 

0
0

 

t
U
 

a
x

 
o

o
o

 

a
z
 

a
a
 

x
*

 
a
a
a
 

u
c
 

a
 
a
 

v
) 
c
 

z
 

W
 

E
 

IL 

v
) 

W
 

m
 

07 
oc 
w

 
0
 

v
) 

n
 

a
 
z
 
0
 

2
 

w
 

w
 
c
 

u
 

w
 
0
 

z
 

w
 E U
 

a
 

A
-42 



Tab le  A-30 

Route No. 9 ;  End Use: Fue l  Cycle 

CELL IN OUT TRANSPORT ROAD 
SEQUENCE D I R E C T I O N  D I R E C T I O N  MODE TYPE 

91 8 1 5 0 
81 1 1 5 0 
71 1 8 5 0 

I S O T O P E  PACKAGE C U R I E S  PER TRANSPORT PACKAGES PER S H I P H E N T S  HANDLXNGS STORAGE T I M E  
TYPE PACKAGE I N D E X I P K G  SHIPMENT PER YEAR PER SHIPMENT ( S EC ON OS 1 

E N R l C H E D  U B 2e00E-D 3 0 2499 10 2270.0 0 .  
NATCiRAL U B 8e50E-0 3 0 2 0 0 0  i. 36.3  0 0  

0 0  
0 0  

I N O I C A T E S  N O N D I S P E R S I B L E  SHIPMENTS 



Table A-31 

Route No. 10; End Use: I n d u s t r i a l  

ISOTOPE 

AH-241*  
CF-252*  

CR-51 
FE-55 

H-3 
KR-85 

R A - 2 2 6  
SE-75 

SN-113* 
SR-89 

XE-133 

CELL 
SEQUENCE 

6 1  
52 
43 
3 4  
25 
16 

7 
7 

9 

27 
36 
35 
4 5  
4Q 

a 

i a  

IN 
DI RECTI ON 

2 
2 
2 
2 
2 
2 
2 
5 
3 
4 
6 
6 
6 
7 
5 
7 

OUT 
D I R E C T I O N  

2 
2 
2 
2 
2 ,  
2 
2 
3 
2 
6 
6 
6 
7 
5 
7 
0 

1 R ANSPOR T 
MODE 
3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ROAD 
TYPE 

0 
0 
G 
0 
0 
0 
0 
3 

2 
2 
2 
3 
2 
2 
2 

7 v 

PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPHENTS HANDLINGS STORAGE TIME 
TYPE PACKAGE I NDEXIPKG SHIPHENT PER YEAR PER ,SHIPMENT ( S EC ON OS 1 

A 

A 
A 
A 
A 
A 
A 
A 
A 
A 

a 
9 0 ZOE-01 
2.70E-0 2 
2 0 20E-0 1 
2 -0  0 E-0 3 
l e l O E - 0 2  
5 - O O E - 0  1 
2 000 E-0 4 
2050E-04 
2- 2 0  E-O 2 
4 0 50 E-0 2 
I e 6 0 € + 0 0  

0 ~ 0 0 0 0  
5 0 0 0 0 0  
1 0 0 3 0 0  

0.0000 
0 1 5 7 1  

1.0000 
- 2 0 0 0  

1.5000 
04000  
e 1985 

o . o a o o  

t I N D I C A T E S  NONDISPERSXELE S t i I f H E N T S  

I. 
10 
1 0  
1. 
1. 
1 0  
1. 
l e  

I. 
1. 
1. 

30.1 
2.0 

36.3 
4.3 

232.0 
1 4 0 0  
12.1 
52.0 
4 8 . 4  
12.1 
241.0 

10 
1. 
1. 
1. 
1. 
1. 
1 0  
1. 
1 0  

1. 
1 0  

43200.  
4 3 2 0 0 0  
43200. 
4 3 2 0 0 0  
4 3 2 0 0 0  
4 3 2 0 0 0  
4 3 2 0 0 0  
43200, 
4 3 2 0 0 0  
4 3 2 0 0 .  
43200 .  



Table A-32 

Route No. 11; End Use: Waste 

CELL 
SEQUENCE 

3 
1 3  
23 
3 3  
3 4  
3 5  
4 5  
4 7  
4 8  
39 
3 12 

I N  
D I R E C T I O N  

5 

5 
5 
3 
3 
4 
4 
3 
2 
2 

E ” 

OUT 
D I R E C T I O N  

5 
5 
5 
3 
3 
4 
2 
3 
2 
2 
2 

TRANSPORT 
MODE 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ROAO 
TYPE 

2 
2 
2 
2 
3 
2 
2 
3 
3 
3 
3 

I SO TOFE PACKAGE C L R I E S  PER TRAPlSPORT PACKAGES PER S H I P M E N T S  HANDLINGS STORAGE T I H E  
T Y P f  PACKAGE I NDEX/P K G  S H I P f l E N T  PER YEAR PER SHIPMENT ( S E C O N D S )  

UASTE A 4.2015-06 1 0 0 0 0 0  1. 30.0  0 0  9 0  

* INDICATES NONDX5PERSIBLE SHIPf lENTS 



I SOTOPE 

ENRKCHED U 

CELL 
SEQUENCE 

3 
13 
23 
3 3  
3* 
3 5  
4 6  
47 
4 8  
39 
3 0 

Table  A-33 

Route No. 12; End Use: Fuel Cycle 

I N  
01 R E C T I  O N  

5 
5 
5 
5 
3 
3 
Q 
4 
3 
2 
2 

OUT 
D I R E C T I O N  

5 
5 
5 
3 
3 
4 
2 
3 
2 
2 
2 

TRANSPORT 
HO DE 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

* I N D I C A T E S  NONOI  S P E R S I E L E  SHIPMENTS 

ROAD 
TYPE 

2 
2 
2 
2 
3 
2 
2 
3 
3 
3 
3 

PACKAGE C U R I E S  PER TRANSPORT PACKAGES PER S H I P H E N T S  HANDLINGS STORAGE TIME 
TYPE PACKAGE I N D E X I P K G  SHIPHENT PER YEAR PER SHIPHENT (SECONDS) 

B 3.50E-0 6 - 2 5 0 0  10 9.0 0 0  0 .  



I 

ISOTOPE 

C-14 
C R - 5 1  
1 - 1 2 3  
1 -125 
H6-28 
fl0-99 
P-32 
P - 3 3  

TL-201 
X E - 1 2 7  
XE-133  

CELL 
SEQUENCE 

6 1  
5 2  
43 
34 
25 
1 6  

7 

Table  A-34 

Route No. 13; End Use: Medical 

I N  OUT 
D IRECT1 ON D I R E C T I O N  

2 2 
2 2 
2 2 
2 2 
2 2 
2 2 
2 2 

TRANSPORT 
HOD€ 
3 
3 
3 
3 
3 
3 
3 

ROAD 
TYPE 

a 
C 
0 
0 
E 
0 
0 

PACKAGE C U R I E S  PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE T I H E  
TYPE PACKAGE I N D E X I P K G  SHIPMENT PER YEAR PER S H I P H E N T  (SECONDS)  

A 
A 

A 
A 
A 
A 
A 
A 
A 
A 

A' 
1 0 5 0 E - 0 3  
1000E-02 
8 0 0 E-0 2 
1 50 E-0 3 
2 0  20E-04 
1 .40E+00 
1 0 6 0 E - 0 3  
1000E-02 
5070E-03 
10 20E-0 2 
2 0 7  OE-0 1 

0 . 0 0 0 0  
.loo0 
.5000 

0 . 0 0 0 0  
1.0000 
2 0 0 0 0 0  

o G 1 4 3  
0 . 0 0 0 0  

0 1 0 0  0 
0 1 0 0 0  

0 .0000  

1. 
1. 
I o  

1. 
1. 
1. 
10 
1. 
1. 
1. 
10 

3 4 0 7  
21.7 

2 0 0  
147.0 
1200 
4. 3 

30e3 
4.3 
6.0 
2 e o  
8 0 7  

0. 
0. 
0. 
0. 
0 0  
0. 
0. 
0 0  
0. 
0.  
0. 

* I N D I C A T E S  N O N D I S P E R S I B L E  SHIPMENTS 



I SOTOPE 

CO-60 * 
C R - 5 1  
H-3 

IR-192* 
s-35 

Tab le  A-35 

Route No. 1 4 ;  End Use: I n d u s t r i a l  

ROAD 
SEQUENCE D I R E C T I O N  D I R E C T I O N  MODE TYPE 

CELL IN OUT T R ANSP 0 R T 

61 
62 
6 3  
64  
65 
66 
6 7  
6-d 
69  
7 3  

PACKAGE 
TYPE 

A 
A 
A 
A 
A 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

C U R I E S  PER 
PACKAGE 

1 m5OE+O 0 
lolOE-02 
8 0 8 0 E - 0 3  
bmOOE+Ol  
4 0 0 0 E - 0  3 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

a 
a 
0 
0 
0 
c 
0 
0 

I 
i J  

TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS 
I NDEX/PKG SHIPHENT PER YEAR PER SHIPMENT 

I N D I C A T E S  N O N D I S P E R S I B L E  S t i I P f l E N T S  

Om0000 1 m  

.1000 10 
0 0 0 0 0 0  l m  

1 m O O O O  1. 
0 0 0 0 0 0  l m  

20m8 0 0  
2 1 m 7  00 

19100 O m  

2 0 8 8  0. 
130 0 0. 

STORAGE T I f l E  
<SECONDS)  

C m  

t) @ 
I 



I 
- .  - , 

8 0 

Table A-36 

Route No. 15; End U s e :  Medical 

CELL 
MOUE WCE 

61 
5 2  
43 
34 
25 
16 

7 
7 
8 
9 

18 
27 
36 
35 
34 
33 
23 % 

Ill 
D I  RECTI OW 

2 
2 
2 
2 
2 
2 
2 
5 
3 
4 
6 
6 
6 
7 
7 
7 
1 

OUT 
01 RLCTIOM 

2 
2 
2 
2 
2 
2 
2 
3 
2 
6 
6 
6 
7 
7 
7 
1 
0 

TRANSPORT 
nom 
3 
3 
3 
3 
3 
3 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

ROAD 
TYPE 

. o  
0 
0 
0 
0 
0 
0 
3 
3 
2 
2 
2 
3 
3 
3 
2 
2 

I SOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPIIENTS HANDLINGS STORAGE T IRE 
TYPE PACKAGE I NDEXIPKG S H I f  MEN1 PER YEAR PER SHIPMENT (SECONDS) 

AU-198  
CO-57 
C R - 5 1  

C-14 
FE-52 

H6-203 
1-125 
1-131 

K-43 
M6-28 
HO-99 

P-32 
HO-99 

TL-201 
XE-133 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
f3 
A 
A 

7r8OE-0 3 
6 o 0 0 E -0 1 
2.2OE-01 
8 00 0 E -0 5 
2 r52E+O 0 
1.0 0 E-0 2 
1090E-03 
4rOOE-0 2 
2oOOE-03 
5.20E +o 1 
1 .3OE+OO 
10 30E-01 
9.10E+01 
3 01 0 E-0 3 
1060E*00 

02000 
206000  
100330  
0.0000 
400000 

03000 
00046 
04845 
04000 

1 01100 
01318 
04362 

60 1960 
04250 
01985  

1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

10 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

45200. 
452000 
43200. 
452000  
43200. 
43200 
452000 
43200. 
452000 
43200 
43200 o 
45200. 
43200. 
43200. 
43200. 

* IND ICATES lllOWDISP ERSIBLE SHIPNEN 1s 
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Tab 1 ?. A- 3 8 

Route No. 17; End Use: Fuel Cycle 

C E L L  
SEQUENCE 

30 
3 9  
48 
47 
'4 6 
35 
34 
33  
32 
21 
11 
1 

I N  
DI RECTI ON 

b 
6 
6 
7 
7 
8 
7 
7 
7 

1 
1 

a 

OUT 
D I  R EC T I  ON 

6 
6 
7 
7 
8 
7 
7 
7 
8 
1 
1 
1 

TRANSPORT 
HOD€ 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

R O A D  
T Y P E  

3 
3 
3 
3 
3 
3 
3 
2 
2 
3 
3 
3 

I SOTOPE PACKAGE C U R I E S  PER TRANSPORT PACKAGES P E R  S H I P M E N T S  HANDLINGS S T O R A G E  T I N E  
TYPE PACK A 6  E I NDEXIPKG SHIPHENT PER Y E A R  PER SHIPMENT (SECONUS) 

SPF-IH C A S K - 1  1054E+O2 000000 1. 1200 O *  
SPF-EX* CASK-2 2 01 7E+O 2 1.0000 10 1 2 0 0  0 0  

9 0  
0 0  

I N D I C A T E S  N O N D I S P E R S I 8 L E  SHIPMENTS 



A7. Accident Rates and Delay T i m e s  

A7.1 Motor Veh ic l e s  

Reference 11 r e p o r t e d  3.8~10 t o t a l  t r u c k  a c c i d e n t s  du r ing  1975. A d d i t i o n a l l y  
data from Reference  7 i n d i c a t e  t h a t  of t h i s  number of a c c i d e n t s ,  76% o r  2.9~10 
t r u c k  a c c i d e n t s  occur red  i n  urban areas. 
s i b l e  t o  subd iv ide  t h e s e  a c c i d e n t s  by t i m e  of occurrence.  
r e s u l t s  of t h i s  subd iv i s ion .  

Using d a t a  from Reference  10, it is pos- 
Table A-39 p r e s e n t s  t h e  

Table A-39 

C a l c u l a t i o n  of Motor Vehic le  Accident Rates 

Time Span 

1 
2 

3 
4 
5 
6 

F r a c t i o n  of T o t a l  
ACC i d e n t  s 

Occurring During 
T i m e  Span 

0.42 
0.062 

0.16 
0.085 
0.20 

0.075 

Number of 
Urban 

Accidents  

1.2xlO 
1.8~10 

4.6~10 
2. 5x105 
5.8~10 
2.2x105 

Urban 
Vehic le  

K i  lome t r e s 
Traveled 

by T ime  Span 

1.3~10 l o  
2.3~10 

6.4~10 l o  
2.8~10” 
5.3~10 l o  
8.5~10 

Motor Veh ic l e  
Accident 

Rates 
(acc idents /km)  

-9. 1x10-5 
-7.7~10-~ 

7.2~10-~ 

8.8~10-~ 
1.1~10-5 

2.5~10-~. 

The f r a c t i o n a l  breakdown of urban t r u c k  t r a v e l  by t i m e  of day has  been ob ta ined  
from F igure  5-7 of Reference 2 u s i n g  a squa re  count ing  technique. These d a t a  are 
combined w i t h  a v a l u e  of 1 . 9 ~ 1 0 ~ ~  t o t a l  k i l o m e t r e s  of t r u c k  t r a v e l  i n  urban 
areas. l 1  
column i n  t h i s  t a b l e  l i s ts  t h e  c a l c u l a t e d  a c c i d e n t  rates, ob ta ined  by d i v i d i n g  t h e  
number of urban a c c i d e n t s  by t h e  urban v e h i c l e  k i l o m e t r e s  t r a v e l e d .  A f u r t h e r  
s u b d i v i s i o n  of t h e s e  a c c i d e n t  rates is made on t h e  b a s i s  of sever i ty-dependent  
f r a c t i o n a l  Occurrences f o r  i n c l u s i o n  i n  t h e  r i s k  c a l c u l a t i o n s .  The u rban- spec i f i c  
f r a c t i o n a l  occur rences  f o r  t r u c k  a c c i d e n t s  are g i v e n  i n  Table A-40, and t h e  method 
used f o r  t h e i r  de t e rmina t ion  follows. 

These t o t a l  t r u c k  t r a v e l  d a t a  are a l s o  r e p o r t e d  i n  Table A-39. The f i n a l  

The f r a c t i o n a l  occu r rences  by a c c i d e n t  s e v e r i t y  ca t egory  are t aken  from average  
v a l u e s  f o r  p rope r ty  damage a c c i d e n t s  i n  major urban areas* and v a l u e s  f o r  i n j u r y  
and f a t a l i t y  a c c i d e n t s .  It is assumed t h a t  no f a t a l i t i e s  occur i n  any th ing  less 

*Informat ion  w a s  ob ta ined  through te lephone  conve r sa t ions  wi th  p o l i c e  depa r t -  
ments i n  P h i l a d e l p h i a ,  San Francisco,  and Los Angeles s i n c e  New York C i t y  d a t a  were 
unava i l ab le .  

A-52 



seve re  than  Category V a c c i d e n t s  (see Reference 7 ,  Chapter  5 )  and t h a t  i n j u r i e s  
occur  predominant ly  i n  Category I1 - Category I V  a c c i d e n t s .  
r e s e n t s  t h e  average  f o r  a c c i d e n t s  i nvo lv ing  only p rope r ty  damage. 
a l l  a c c i d e n t s  i nvo lv ing  i n j u r i e s  is  0.282, l eav ing  0.004 as  t h e  f r a c t i o n  of acci- 
d e n t s  wi th  f a t a l i t i e s .  F r a c t i o n a l  occur rences  are l i s t e d  i n  Table  A-40. 

A va lue  of 0.714 rep- 
The t o t a l  f o r  

Table  A-40 

F r a c t i o n a l  Occurrence f o r  Urban Truck Accidents  

Accident S e v e r i t y  
Category 

I 

11 

I11 

I V  

V 

V I  

V I 1  

V I 1 1  

A7.2 A i r c r a f t  

F r a c t i o n a l  
Occurrence 

0.71 

0.23 

0.044 

0.010 

0.0021 

8 . 3 ~ 1 0 - ~  

6 . 4 ~ 1  0-5 

1. MO-5 

I n  the  New York C i ty  s tudy  area, 33 km2 are streets, 52 km2 are occupied by bui ld-  
i n g s ,  and t h e  remaining 15 km2 are open a r e a  (water ,  parks ,  e t c . ) .  
s tudy  a d j u s t e d  t h e  a i r c r a f t  a c c i d e n t  rates t o  account f o r  real surface--as  d i s t3n -  
guished from uny ie ld ing  sur face- -ef fec ts .7  
t h e  e n t i r e  n a t i o n  and r e f l e c t  l a r g e  amounts of open area, an adap t ion  of t h e s e  d a t a  
i s  necessary.  
t h e  urban area. 
m u l t i p l i e d  by t h e  a p p r o p r i a t e  urban area i n  km2 (open, streets, b u i l d i n g s ) .  The r e s u l t -  
i ng  numbers have been s t anda rd ized  t o  y i e l d  a set o f  r e v i s e d  p r o b a b i l i t i e s  f o r  t h e  
urban area. These v a l u e s  are l i s t e d  i n  Table  A-41. 

A prev ious  

Since t h e  d a t a  i n  Reference 7 are f o r  

Des igna t ions  of s u r f a c e  type from Reference 7 have been adapted t o  
T h e  p r o b a b i l i t i y  of occurrence  of a p a r t i c u l a r  s u r f a c e  type  h a s  been 

Using t h e  p r o b a b i l i t  
acc iden t  occur rence  
I f  t h e  comparison of 
ings  wi th  hard s o i l /  

y informat ion  i n  Table  A-41, t h e  severi ty-dependent  a i r c r a f t  
p r o b a b i l i t i e s  can be a d j u s t e d  as i n  Appendix H of Reference 7. 

urban open space wi th  w a t e r / s o f t  s o i l  and urban s t r e e t / b u i l d -  
s o f t  rock/hard rock i s  extended t o  t h e  v a l u e s  f o r  Young's modu- 

l u s  and Po i s son ' s  r a t i o ,  then  t h e  v a l u e s  f o r  V / V  
of Reference 7 and used d i r e c t l y .  
A-42 can be computed. 

can be e x t r a c t e d  from Table  H-1 
When t h i s  i s  sone, the  v a l u e s  g iven  i n  Table  

A7.3 R a i l  Transpor t  

Informat ion  on r a i l  t r a n s p o r t  a c c i d e n t  rates has been taken  from Table  5-5 of  Ref- 
e r ence  7. Values f o r  acc iden t  rates t o  be app l i ed  t o  t h i s  s tudy  are l i s t e d  i n  
Table  A-43. 
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Table A-41 

F r a c t i o n a l  Occurrences f o r  A i r c r a f t  Accidents  
i n  Urban Areas 

F r a c t i o n a l  
Occurrences i n  a 

Surface  Type Urban Area Example Urban Areas v/vs 
Water Water 0.055 4.5 

Yie ld ing  s u r f a c e  Parks ,  cemeteries, 0.085 7.1 
o t h e r  open space 

b 
S l i g h t l y  unyield-  S t r e e t s ,  small resi- 0.80 3.0 
ing  s u r f a c e  d e n t i a l  b u i l d i n g s  

Moderately unyield-  Other b u i l d i n g s  
ing  s u r f a c e  

Unyielding s u r f a c e  Abutments, s tee l  C 

re inforcements  

0.051 2.2 

0.01 1.0 

a 

bAri thmetic  mean of va lues  f o r  hard s o i l  and s o f t  rock i n  Reference 7 .  

Rat io  of impact v e l o c i t y  onto  a real s u r f a c e  t o  t h e  impact v e l o c i t y  f o r  
similar damage onto  an uny ie ld ing  su r face .  

A 1% va lue  f o r  unyie ld ing  s u r f a c e  has been added f o r  conservat ism as i n  C 

Reference 7. 

Table A-42 

Adjusted Scheme f o r  Urban A i r c r a f t  Accidents  

Accidenta 
Severity 

VI11 
VI1 
VI 
V 
IV 
I11 
I, I1 

Fractional 
Occurrence 
Unyielding 
Surface 

0.03 

0.04 

0.03 

0.03 

0.05 

0.09 

0.73 

Fraction 
Deleted 

Adjustment 

0.0297 

0.0396 

0.0297 

0.0297 

0.0495 

6.0891 

by . 

b 

Fraction 
Unyielding 

0.0003 

0.0004 

0.0003 

0.0003 

0.0005 

0.0009 

b 

Fraction Added by Adjustment 
- W ys BUS mus 

0 0 0 0 

0 0 0 0.0015 

0 0 0.024 0 

0.0016 0 0.031 0.002 

0.0022 0.0025 0.024 0.003 

0.0016 0.0034 0.024 0.0015 

0.024 0.017 0.11 0.0071 

aOverall accident rate, all categories = 1.44x10-* accident/km. 

bCategories I and I1 not adjusted. 
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- total 

0 

0.0015 

0.024 

0.035 

0.032 

0.031 

0.16 

Fractional 
Occurrence 

Real 
Surfaces 

0.0003 

0.0019 

0.0243 

0.0353 

0.0325 

0.0319 

0.888 



Table A-43 

Fractional Occurrences for Urban Train 
Accidents by Accident Severity Category 

Accident 
Severity 
Category 

I 

IT 
111 

IV 
V 

VI 
VI1 
VI11 

Fractional 
occurrences" 

0.50 

0.30 

0.18 

0.018 

0.0018 

1 . 3 ~ 1 0 -  

6. O X ~ O - ~  

1 .0~10-5  

*Overall accident rate = 
0 . 9 3 ~ 1 0 - ~  railcar accident/ 
railcar-kilometre. 

A7.4 Accident Rates for Water Transport 
~ 

Rates for ship or barge accidents in the study area are identical to those used in 
Reference 7. Pertinent values from Table 57 of Reference 7 are given in Table 
A-44 

Table A-44 

Fractional Occurrences for Urban Water Transport Accidents 

Accident 
Severity 
category 
-: 

I 

11 
111 
IV 
V 
VI 

Fractional 
occurrence* 

0.897 

0.0798 

0.00113 

0.0186 

5 . 2 ~ 1 0 - ~  

7 . 2 ~ 1 0 - ~  
VI1 1 . 9 5 ~ 1 0 - ~  

VI11 1 . 3 ~ 1 0 - ~  

*Overall accident rate 
= 6 . 0 6 ~ 1 0 - ~  accidents/km. 
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A7.5 Delay T i m e  

Accident de l ay  t i m e  i s  def ined  as t h e  l eng th  of t i m e  a carrier v e h i c l e  (and,  there-  
f o r e ,  t h e  t r a n s p o r t e d  m a t e r i a l )  does not  move fo l lowing  an acc iden t .  

Basic  informat ion  on de lay  t i m e  f o r  va r ious  a c c i d e n t s  has  been obta ined  from a 
carrier of r a d i o a c t i v e  materials who f r e q u e n t l y  o p e r a t e s  i n  t h e  New York a rea .  
O f f i c i a l s  have i n d i c a t e d  t h a t  t h e  t i m e  fo l lowing  a minor t r a f f i c  a c c i d e n t  be fo re  
t h e  v e h i c l e  begins  t o  move aga in  i s  from 30 minutes t o  4 hours ,  w i th  an average  of 
around 2 hours .  On the  o t h e r  hand, s eve re  a c c i d e n t s  could cause de l ays  of 6 t o  8 
hours ,  w i th  a maximum of about 24 hours. It has  a l s o  been i n d i c a t e d  t h a t  geogra h- 
i c a l  l o c a t i o n  and t i m e  of day are no t  s i g n i f i c a n t  f a c t o r s  i n  t h e s e  de l ay  t i m e s .  15 

The small q u a n t i t y  of d a t a  a v a i l a b l e  i n  NRC and DOT a c c i d e n t  records  support  t h e  
e s t i m a t e s  f o r  Ca tegor i e s  I1 through V acc idents .*  Values may be q u i t e  h igh  f o r  
more seve re  a c c i d e n t s ,  bu t  t h e  pauc i ty  of a v a i l a b l e  d a t a  makes t h e  number d i f f i c u l t  
t o  ob ta in .  The va lues  i n  Table  A-45 are used f o r  a l l  modes under t h e  assumption 
t h a t  t h e  de l ay  t i m e  i s  more dependent on t h e  o v e r a l l  acc iden t  s e v e r i t y  than on t h e  
mode of t r a n s p o r t .  

Table  A-45 

Est imated Accident Delay Times f o r  Trucks 

S e v e r i t y  
Class 

I 

I1 

I11 

I V  

V 

V I  

V I 1  

V I 1 1  

Est imated Accident 
Delay T ime  ( seconds)  

1 . 8 ~ 1 0 ~  

3 . 6 ~ 1 0 ~  

7. 2x103 

1 . 4 ~ 1 0 ~  

2. 9x104 

4. 3x104 

6. 5x104 

8. 6x104 

A7.6 Release F r a c t i o n s  

I n  o rde r  t o  assess the r i s k  of a t r a n s p o r t a t i o n  a c c i d e n t ,  it is necessa ry  t o  pre- 
d i c t  t h e  f r a c t i o n  of t h e  t o t a l  package c o n t e n t s  which would be r e l e a s e d  from a n  
acc iden t  of a given s e v e r i t y .  The a c t u a l  releases f o r  a p a r t i c u l a r  package type 
would not  n e c e s s a r i l y  be t h e  same f o r  a number of a c c i d e n t s  of t h e  same s e v e r i t y  
class. In  some cases t h e r e  may be no release, whi le  i n  o t h e r s  t h e r e  may be,  f o r  
example, a 10% release. Indeed, i n  an acc iden t  involv ing  a number of r a d i o a c t i v e  

* 
See NRC and DOT i n c i d e n t  r e p o r t s  i n  Appendices H and J of t h i s  r e p o r t .  
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material packages t r anspor t ed  t o g e t h e r ,  some of t he  packages may release p a r t  of 
t h e i r  c o n t e n t s  while o t h e r s  have no release a t  a l l .  The approach taken  i n  t h i s  
assessment  is  i d e n t i c a l  t o  t h a t  used i n  Reference 7 ,  where po in t  estimates are used 
f o r  t he  average  release f r a c t i o n  f o r  each s e v e r i t y  ca t egory  and package type ,  and 
where i t  i s  assumed t h a t  - a l l  such packages,  i nc lud ing  each package i n  a mult ipack-  
age shipment ,  respond t o  such an a c c i d e n t  i n  t h e  same way r e g a r d l e s s  of t r a n s p o r t  
mode o r  package conten ts .  I n  a d d i t i o n ,  i t  is  assumed t h a t  an acc iden t  of a g iven  
s e v e r i t y  produces t h e  same r e l e a s e  f r a c t i o n  f o r  a s p e c i f i c  package type r e g a r d l e s s  
of t r a n s p o r t  mode. 
f o r c e ,  impact ,  and puncture ,  i t  a c t u a l l y  assumes t h a t  t h e  release from a s p e c i f i c  
impact acc iden t  w i l l  equa l  t h e  release from an equ iva len t  c rush  o r  puncture  a c c i -  
den t .  
rence by s e v e r i t y  f o r  each mode. 

Although t h i s  assumption a p p e a r s  t o  d i r e c t l y  equa te  c r u s h  

This equiva lency  is  made by a p p r o p r i a t e  assignment of t h e  f r a c t i o n a l  occur- 

Packaging s t a n d a r d s  do not  r e q u i r e  t e s t i n g  t o  t h e  po in t  of package f a i l u r e ;  t h e  
pauc i ty  of d a t a  on package responses  t o  seve re  a c c i d e n t s  makes i t  d i f f i c u l t  t o  pre- 
d i c t  even t h e  average release f r a c t i o n ,  much less a d i s t r i b u t i o n .  Therefore ,  u n t i l  
r e c e n t l y ,  t h e r e  has  been l i t t l e  informat ion  r e l a t i n g  t h e  response of packages t o  
a c c i d e n t  environments.  A s e r i e s  of severe  impact tes ts  w a s  c a r r i e d  out  u s i n  sev- 
era1 types  of c o n t a i n e r s  commonly used t o  s h i p  plutonium and spent  f u e l s .  
Tests of plutonium c o n t a i n e r s  revea led  s t r u c t u r a l  damage t o  t h e  i n n e r  c o n t a i n e r  
a f t e r  impact on to  uny ie ld ing  t a r g e t s  a t  speeds up t o  those  t y p i c a l  of a Category V 
impac t  acc iden t .  Severa l  c o n t a i n e r s  e x h i b i t e d  some minor s t r u c t u r a l  damage and 
cracking  i n  Category V I  impacts ,  bu t  no v e r i f i e d  release occurred.  Tests of t y p i -  
cal  commercial c o n t a i n e r s  showed t h e  f a i l u r e  of a n o n s p e c i f i c a t i o n  c a s t - i r o n  p lug ,  
material  l o s s ,  and compromise of t h e  o v e r a l l  i n t e g r i t y  of t h e  i n n e r  con ta ine r s .  
one set of tests,  a c o n t a i n e r  was e s t ima ted  t o  have l o s t  6% of i t s  c o n t e n t s  (mag- 
nesium oxide powder, a r a d i o a c t i v e  material s u r r o g a t e )  i n  a Category V I 1  i m p a c t ,  
whi le  o t h e r s  surv ived  Category V I 1 1  impacts  w i th  no l o s s  of con ten t s .  Although 
none of t h e  c o n t a i n e r s  i n  t h i s  tes t  series w a s  sub jec t ed  t o  f i r e ,  o t h e r s  of t h e  
same type surv ived  less seve re  impacts  followed by a 1300°C environment l a s t i n g  f o r  
30 minutes  wi th  no r e l e a s e .  

1 3  ? 4  1 5  

I n  

The responses  of packages are es t imated  us ing  e i t h e r  t h i s  tes t  informat ion  o r  as- 
suming t h a t  packaging begins  t o  f a i l  a t  l e v e l s  j u s t  above those  they are r e q u i r e d  
by r e g u l a t i o n s  t o  surv ive .  The r e l e a s e  f r a c t i o n  e s t i m a t e s  f o r  a l l  package types  
eva lua ted  are shown i n  Table A-46. A more d e t a i l e d  d e r i v a t i o n  of these va lues  f o r  
each package type i s  conta ined  i n  Chapter 5 of Reference 

Table A-46 

Release F r a c t i o n s  

Severity 
Category 

I 
I1 

111 

IV 

V 

VI 

VI1 

VI11 

LSA 
Drum 

0 
0.01 

0.1 

1.0 

1.0 

1.0 

1.0 

1.0 

- 
Type 

0 

0.01 

0.1 

1.0 

1.0 

1.0 

1.0 

1.0 

A - 
Type B 

1975 
No Pu Pu 
0 0 

0 0 

0.01 0 

0.1 0 

1.0 0 

- -  

1.0 0.01 

1.0 0.05 

1.0 0.1 

Cask 
(exposure) 

0 

0 
0 

0 
0 

3. 2x10-7 

3. 2x10-3 

3. Z X I O - ~  

7. 

Cask 
(release) 

0 

0 

0.01 

0.1 

1.0 

1.0 

1.0 

1.0 
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B 

DOSE MODEL FOR INCIDENT-FREE TRANSPORT OF RADIOACTIVE MATERIALS 

Since virtually all packages of radioactive material emit some external penetrating 
radiation, a person adjacent to a transportation route will receive some radiation 
dose as a consequence of the shipment. 
transport dose, is defined as that which results from transport involving no 
vehicular accident, packaging or handling abnormalities (e.g., improper labeling, 
crushing by fork lifts, omission of O-rings), or malevolent attack. 

This dose, referred to as incident-free 

The model used to calculate dose due to incident-free transport is based on the 
transport index (TI), defined in the Code of Federal Regulations as the dose rate in 
mrem/h measured at a distance of 0.9 metre ( 3  feet) from a package (see Reference 
1 ) . *  
vides a convenient benchmark for computing incident-free dose. 

Since the measured value for this parameter is noted on each package, it pro- 

The entire development of the dose computation is based on the following formula for 
dose rate from a point source of ionizing radiation: 

L r 

where 

DR = dose rate (mrem/h)** 

K = dose rate factor (mrem-m2/h) 

p = attenuation coefficient (m-') 

r = distance from source (metres) 

B(r) = dose rate buildup factor (dimensionless) 

* 
The Code of Federal Regulations addresses two types of TI. Radiation TI is 

equal t o  the dose rate measured 0.9 metre from the package; fissile TI is computed 
based on criticality considerations. 
of the two, this assessment assumes that the quoted TI is radiation TI. 
assumption will overestimate dose effects for some packages of fissile material. 

this appendix is in Addendum 1. 

Since the TI rating of a package is the larger 
This 

** 
A complete list of variables, constants, and functions used in the equations in 



-w In this case, e accounts for the attenuation of photons in the absorbing medium 
which surrounds the receptor, l/r2 accounts for the inverse square dose rate reduc- 
tion, and B(r) accounts for the dose buildup caused by inelastic photon scattering 
in the attenuating medium. Attenuation coefficient and B(r) are energy dependent 
(see section B1.2). 
characteristics, it can be replaced by Ko*TI*PPS, as described below. 

is defined to account for the actual package dimen- A package shape factor, 
sions.* The dose rate at a distance r from a shipment of radioactive materials 
containing a certain number of packages, PPS, can be expressed as 

If K is redefined to incorporate package and shipment 

KO , 

KO 
2 DR = 
r 

where PPS = number of packages per shipment. 

Figure B-1 diagrams the most important manipulation in determining integrated popu- 
lation exposures. The questions to be answered are (1) what integrated dose will be 
received by an individual at a specified perpendicular distance d from the path of a 
vehicle carrying radioactive material? and (2) what integrated dose will be received 
by a uniform set of stationary individuals in the strip of length L as the vehicle 
passes that strip? 

d = Minimum D i s t a n c e  from Shipment 
P a t h  t o  I n d i v i d u a l  

A r b i t r a r y  D i s t a n c e  from Shipment 
P a t h  t o  I n d i v i d u a l  a t  a g i v e n  t i m e  = r = 

v 
X 0 

L - m  

t +m 4 

Shipment P a t h  

Figure B-1. Basic Geometry for Integrated Dose Calculations 

* 
Note that the K values used in the model include a factor of 0.84 to allow for 

0 the use of TI in terms of metres rather than feet. 
A packages, 1.49 for Type B, BPu, LSA, and drums, and -110 for casks. 

Vaiues for K are 1.25 for Type 
0 
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Initially it is noted that 

dD 
JT DR = 

where D = total dose. 

By manipulating a definition, 

dx dt = - V 

where V = speed (assumed to be constant). Combining Eqs. ( l ) ,  ( 3 1 ,  and ( 4 1 ,  and 
integrating an expression for total dose from a shipment traveling from -0° to +0° 

past the individual, the following expression is obtained: 

m 

( 3 )  

( 4 )  

Integrating over r instead of x and noting that this function is symmetric about the 
origin results in the following expression for individual dose: 

This expression, derived in more detail in Reference 2, Appendix D, forms the basis 
for many of the ,dose expressions used in the incident-free analysis. 

The unique characteristics of each of the various transport modes with regard to 
incident-free transport are considered in sections B1 through B5. 

B1. Dose Due to Incident-Free Truck TransDort 

This dose can vary significantly depending on the nature of the transport link. 
Three principal transport links are analyzed: two-way streets, one-way streets, and 
freeways. The population exposed as a result of shipment by truck is divided into 
four groups: pedestrians, people in buildings, people in vehicles, and transport 
crew. Each of these groups and transport links will be analyzed in detail in the 
following subsections. 

B 1 . l  Dose Due to Incident-Free Truck Transport on Two-way Streets 

Pedestrians 

Assume a shipment is moving on a street of width w with sidewalks on each side of 
width ws, at a speed V (averaged over cruising periods and stopped periods), as 
shown in Figure B-2. Assume as well that equal numbers of pedestrians are moving in 
each direction at speed v 

St' 

at a density given by PedD (persons/km2 of sidewalk). 
P 
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I & 
I p_ 

I I 

\Transpart Vehicle / 
source 

- Wst 
2 

0 - 0  street - 0 - 0 -  
Centerline 

Figure B-2. Geometry for Incident-Free Dose to Pedestrians 

The dose received by pedestrians, resulting from these assumptions, has four compo- 
nent s : 

1. Dose to pedestrians moving in the same direction as the shipment on the 
same side of the street, 

2. Dose to pedestrians moving in a direction opposite the shipment on the same 
side of the street, 

3. Dose to pedestrians moving in the same direction as the shipment on the far 
side of the street, and 

4.  Dose to pedestrians moving in a direction opposite the shipment on the far 
side of the street. 

Relative motion between shipment and pedestrians is accounted for by considering 
that pedestrians are stationary and-that the shipment is moving past them at a speed 
of V + v (components 2 and 41 ,  or V - v (components 1 and 31." In general, ship- 
ment velgcity is much greater than pedeserian velocity. 
traffic conditions v may be significant with respect to V. 

If it is assumed that the truck travels in the center of either half of the street 
and that truck width and package width are small compared with street width,** the 
distance from the center of the package to the edge of the street at the far side- 
walk is 0.75wst, and the distance from the center of the package to the edge of the 
street at the near sidewalk is 0 . 2 5 ~ ~ ~ .  
individual as the shipment passes can be given by 

However, under congested 

P 

Using Eq. (61, the dose received by an 

* 
This effectively lengthens or shortens the strip of length L shown in Figure 

**Average truck width is 2.6 metres, average package width 0.7 metre, and average 

B-1. 

street width is 20 metres. 
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2K D(x) =r I(X) ( 7 )  

where 

D(x) = t o t a l  i n t e g r a t e d  exposure dose t o  an i n d i v i d u a l  a t  a d i s t a n c e  
x from t h e  pa th  of a r a d i o a c t i v e  shipment ( e f f e c t  of s h i e l d -  
i ng  by t r u c k  is not inc luded)  

K = dose ra te  f a c t o r  f o r  t h e  shipment 

V = shipment speed 

x = perpend icu la r  d i s t a n c e  from i n d i v i d u a l  t o  shipment ( r e p l a c i n g  
D as p rev ious ly  used ) ;  and 

J 
X 

where 

= a t t e n u a t i o n  c o e f f i c i e n t  ( f o r  a i r )  'air 

( r )  = dose bui ldup  f u n c t i o n  ( f o r  a i r )  Bair  

When t h i s  gene ra l  express ion  f o r  D(x) i s  m u l t i p l i e d  by p e d e s t r i a n  d e n s i t y  and i n t e -  
g r a t e d  over  t he  area of exposure,  an expres s ion  f o r  t o t a l  p e d e s t r i a n  exposure pe r  
shipment on each s i d e  of t h e  road is obta ined:  

I D  = Q PedD L 

d 

where 

I D  = i n t e g r a t e d  dose (person-rem) 

PedD = p e d e s t r i a n  d e n s i t y  (persons/km2' of s idewalk,  assumed con- 
s t a n t )  

L = t r i p  l e n g t h  i n  c e l l  (met res )  

d = minimum perpendicular  d i s t a n c e  from shipment pa th  t o  edge of 
s idewalk  (metres) 

w = s idewalk  width (met res )  
S 

Q = gene ra l  u n i t s  convers ion  f a c t o r  
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The dose received by pedestrians from the ground and/or adjacent structures is 
called albedo dose and has three components, as shown in Figure B-3. The magnitude 
of these components relative to free-air exposure is analyzed in Reference 4. 
experimental relationship between groundscatter albedo and height-to-distance ratio 
(h/d) is shown in Figure B-4. A typical value of h/d for urban transport geometries 
is 0.1, so a value of 0.2 from Figure B-4b for groundscatter albedo dose is assumed, 
even though differences exist between the experimental data and the present case. 
There is some variation of this factor with photon energy so an energy considered 
typical for transported radionuclides, 0.4 MeV (Ir-192 decay), was selected. The 
total a1bedo"dose from building backscatter as a function of energy is shown in 
Figure B-5. Using 0.4 MeV, a value of 0.16 for normal backscatter is obtained. If 
it is assumed that each person subtends a finite portion of the reflection given in 
Figure B-5 (0.67 steradians, assuming a 0.9-metre standoff and a 1.8-metre by 
0.3-metre profile), the total albedo of 0.16 becomes 0.017. 

The 

The back catter of 
groundscattered radiation is the product of 0.2 and 0.017, or 3.4~10 3 . 

1. Groundscatter Component of Albedo Dose 
2 .  Building Scatter Component of Albedo Dose 
3. Building Scatter (from Groundscatter) Component of Albedo Dose 

Figure B-3. Albedo Dose Contributions 
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Detector Source 
-0 

@ I - - r d  h 

Concrete 

B-4a. Geometry for Gamma-F.ay Scattering Experiments 
Performed by Clarke and Batter4 

rl 

I 

25 

20 e d = 0.6 

o d = 0.9  

15 

10 
A d = 2.2 metr 

5 

0 

h/d 

B-4b. Increase in Gamma-Ray Dose Rate from an Ir-192 Source 
Due to Scattering from a Concrete Surface4 

Figure B-4. 
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4 Figure B-5. Total Dose Albedos for Gamma Rays Normally Incident on Concrete 

When both albedo dose and direct dose are considered, the integrated dose to 
pedestrians becomes 

ID = Q1 PedD L (2 K TI PPS) ABD 
0 

0. 75wst 0. 25wst 0. 25wSt - J 

where 

2 
2 

13 rem*h*km 

mrem. s em 
Q, = units conversion factor, 2.78~10- 

ABD = albedo dose factor (= 1.22) 
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It should be noted t h a t  as v approaches v , t h e  i n t e g r a t e d  dose approaches i n f i n i t y .  
This  is c l e a r l y  u n r e a l i s t i c  and an a r t i f a e t  of t he  modeling. 
c u l a t i o n ,  a d e f a u l t  v a l u e  i s  assumed when = v . 
The i n t e g r a l s  i n  Eq. ( 9 )  can be eva lua ted  us ing  zero-order Bessel func t ions .*  No 
p e d e s t r i a n  s e l f - s h i e l d i n g  i s  eva lua ted ,  and no s t r u c t u r a l  s h i e l d i n g  from t h e  t r a n s -  
p o r t  v e h i c l e ,  o t h e r  cargo ,  or  o t h e r  i n t e r v e n i n g  v e h i c l e s  i s  assumed. 

I n  t h e  numerical  c a l -  

P 

Two a d d i t i o n a l  f a c t o r s  w i l l  be cons idered:  dose t o  people moving a t  r i g h t  ang le s  t o  
t h e  shipment d i r e c t i o n  on s i d e s t r e e t  s idewalks and dose t o  people  moving i n  c ross -  
walks i n  f r o n t  of t he  shipment whi le  i t  i s  s topped  a t  i n t e r s e c t i o n s .  

The geometry f o r  c a l c u l a t i n g  dose t o  p e d e s t r i a n s  on s i d e s t r e e t s  i s  shown i n  F igure  
B-6.** I f  b u i l d i n g  s h i e l d i n g  is  ignored ,  t h e  dose rece ived  by a person i n  t h e  
cross-hatched area a t  an a r b i t r a r y  d i s t a n c e  x from t h e  shipment can be c a l c u l a t e d  
us ing  

D(x) = 
2K - 
Y 

W 

-'airr Bair(r)dr  

X r J-77 
(10) 

The i n t e g r a t e d  dose r ece ived  by a l l  people on t h e  s idewalk (shaded a r e a s  i n  F igu re  
B-6) as t h e  shipment passes  i s  g iven  by 

2K I D  = - PedD ws 
- L v  

d+% 

m 

l 
X 

r J - 2 - T  r - x  

I f  i t  is  assumed t h a t  people are s t a t i o n a r y  as t h e  shipment pas ses ,  t h e  e x p r e s s i o n  
f o r  i n t e g r a t e d  dose t o  people moving p a r a l l e l  t o  t h e  shipment f o r  one b lock  i s  

d+wS 

J ID,, = 2K PedD I; 
v 

d 
r 

J 
X 

dx 

The numerical  a n a l y s i s  used t o  e v a l u a t e  complex f u n c t i o n s  and i n t e g r a l s  i s  
d i scussed  i n  Addendum 2 t o  t h i s  appendix.  

** 
Note t h a t  p e d e s t r i a n s  moving paral le l  t o  t h e  shipment i n  the  crosswalk area are 

i m p l i c i t l y  inc luded  i n  Eq. ( 9 ) .  
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4 L 

Figure B-6. Geometry for Incident-Free Dose to Pedestrians on Side Street 

The ratio of the perpendicular and parallel components of pedestrian dose is formed 
by 

IDL 

IDI I 
- 

W 
S - 

L 
d+w 

d 

m 

rn 

dx 

dx 

Assuming that an average block is 200 metres long, a sidewalk is 3 metres wide, and 
the closest distance of approach of a vehicle to the sidewalk is 3 metres, this 
ratio is approximately equal to 0.07. 
will further decrease the dose received by pedestrians on sidestreets as the dis- 
tance from vehicle to t'le intersection increases, ignoring perpendicular pedestrian 
flow on sidestreets does not introduce a-significant underestimate of the dose to 
pedestrians. 

Since shielding due to intervening structures 

The second aspect of the perpendicular pedestrian dose calculation is illustrated in 
Figure B-7. 
across the intersection in front of the stopped vehicle. 
dose received by a person walking past the stationary source at a perpendicular 
distance x at a speed v is the same as the dose received at the position of the 
vehicle if the source w&re moving by at a perpendicular distance x at a speed v 
If it is assumed that the vehicle is located at the center of the street, the &tal 
dose received by pedestrians who walk across the street in the crosswalk nearest the 
vehicle can be expressed as 

Here, the source is stationary and the people are moving at a speed v 
It can be shown that theP 
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n 

where 

S i m i l a r l y ,  t h e  dose t o  people i n  c rosswalks  on t h e  f a r  s i d e  of t h e  s t reet  i s  

d+2wS+ws t 

e - p a i r r  . Bair ( r )  d r  
dx (15) 1 , 2  v ‘ W  s t  * PedD I [( r 4- 2 K  

P 

= __ ID 

d+ws+wst 

Note t h a t  dose t o  people  
i n  t h e  shaded a r e a s  i s  c= dy inc luded  i n  t h e  

sis .  

I 
‘ I  
‘ I  
I I  
I I  . - .  _I.-.- 

I sswalks i n  F r o n m  I 
i c l e  Stopped a t  
ersec t i o n  ‘ I  

J I 
W I St 

S t r u c t u r e s  

F igure  B-7. Geometry f o r  Incident-Free-Dose t o  P e d e s t r i a n s  i n  
Crosswalks Ahead of Vehic le  
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A ratio of these values to the dose received during parallel passage can now be - 
formed : 

ID1,1+2 - - . - .  v W st ID1,1 + IDL,2 
- 

- 
IDll P L IDll V 

If the previously mentioned values for L and ws are used, and if values of 20 metres 
for w 10 metres for d, 0.8 m/s for v , and 6.7 m/s for are used, the ratio is 
approximately 0.1. Note that this assdes that the truck stops adjacent to the 
crosswalk each time it 'reaches an intersection. This is conservative since the 
truck can stop anywhere along the block and probably will not be stopped at each 
intersection. The ratio drops off rapidly as the distance from the crosswalk in- 
creases (0.07 for 1 2  metres, 0.01 for 30 metres). Because of these factors, dose 
received by pedestrians in crosswalks is not included. 

sty 

People in Buildings 

Dose to people inside buildings is computed in a similar fashion to dose to pedes- 
trians. 
people are considered stationary inside buildings. The basic geometry is shown in 
Figure B-8. 

Significant differences are (1) structural shielding is considered and (2 )  

/ Populated Area of Bui ld ing  \ 

I w Sidewalk Width 

1 . - w S t r e e t  
S t  

f id t  

Figure B-8. Geometry for Incident-Free Dose to People in Buildings 
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Building Characterization - In order to detail the development of this dose model, 
building types and materials must be considered. Initially, buildings are characte- 
rized by three parameters : 
height. 

principal construction material, wall thickness, and 

Many single-family residences are either frame/stucco, using wall board mounted on 2 
by 4 studs; or masonry with brick or concrete block and associated cosmetic finish- 
ings. This model assumes that single-family residences have shielding equivalent to 
either 20 cm of brick/concrete or 10 to 20 cm of wood and/or insulating materials. 
These dimensions are also typical of older, frame tenement dwellings or low-rise 
buildings (i.e., 3 to 5 floors) where the structural support requirements are mini- 
mal. In larger buildings with increased structural requirements, reinforced con- 
crete is generally used. Large, older buildings probably have exterior walls of 
reinforced concrete, while new, high-rise buildings usually have structural support 
at the center or at corners, and large expanses of plate glass as the fronting 
material. 

The model considers four thickness/material combinations: 

1. 

2. 20 to 25 cm of brick/concrete, 
3. 61 cm of concrete, and 
4. 

10 to 20 cm of wood, 

2 cm of plate g ~ a s s . ~  

Attenuation Coefficient - The linear absorption coefficient describes the attenua- 
tion of radiation in a given material by photoelectric effect, Compton scattering, 
and pair production. Values for this coefficient as a function of energy are shown 
in Table B-1 and plotted in Figure B-9. 

Dose Buildup Factor - When high energy electromagnetic radiation passes through an 
attenuating medium, secondary gamma radiation may be produced by Compton scattering. 
Thus, a dose buildup (caused by the additional dose from secondary radiation) can 
occur. 
dose buildup : 

Reference 6 suggests the following mathematical expression to describe this 

(17) -a pw -a uw B(E,p,wb) = A1 e 2 b + A 2  e 3 b 

where 

E = incident photon energy (MeV) 

u = attenuation coefficient (m-’) (the product pwb is 
called relaxation length) 

A1,A2,a2,a3 = empirical-constants 

wb = wall thickness (metres) 
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1, 
Table B-1 

A t t enua t ion  C o e f f i c i e n t s  f o r  Various Materials ( m - l )  

Photon a Energy (MeV) A i r  

0.5 1.11x10-2 

1.0 0 . 8 1 ~ 1 0 - ~  

2.0 0 . 5 7 ~ 1 0 - ~  

3.0 0 . 4 6 ~ 1 0 - ~  

4.0 0.4 1 ~ 1 0 - ~  

5.0 0 . 3 5 ~ 1 0 - ~  

6.0 0 . 3 2 ~ 1 0 - ~ *  

10.0 0 . 2 6 ~ 1 0 - ~  

b c  Concrete 

22.0 

15.0 

11.0 

8.8 

7.8 

7.1 

6.6* 

6.0 

d e  Wood 

5.0 

4.0 

3.1* 

2.5 

2.1* 

1.8* 

1.7 

1.25* 

d f  Glass 

22.0* 

15.0 

10.5* 

8.6 

7.4* 

6.7* 

6.3 

5.6* 

a 

bReferences 7 and 8. 

Reference 7 ,  Table 8.75. 

C The c o n c r e t e  mixture  i s  one p a r t  P o r t l a n d  cement t o  two p a r t s  sand 
arid f o u r  p a r t s  g r a v e l .  

dReference 8. 
e The wood is an average  of a s h ,  oak, and whi te  pine. The v a l u e s  

a r e  c l o s e s t  t o  t h a t  f o r  whi te  pine.  

fRefe rence  8 f o r  average  p l a t e  g l a s s .  * 
Obtained by i n t e r p o l a t i o n  u s i n g  Figure  B-9. 
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10-31 I I I I I I I I 1 1  

2 4 6 8 10 
P h o t o n  E n e r g y  (MeV) 

F igure  B-9. L inear  A t t enua t ion  C o e f f i c i e n t s  as a 
Energy f o r  Some Materials 

10.0 

1.0 

Funct ion  of 



Reference  6 provides  curves  f o r  A I ,  A 2 ,  a2, and a3 f o r  some m a t e r i a l s .  The cu rves  
f o r  conc re t e  are inc luded  i n  F igure  B-10. Reference 5 p rov ides  bui ldup  f a c t o r  d a t a  
f o r  d i f f e r e n t  t y p e s  of g l a s s  and v a r i o u s  r e l a x a t i o n  l eng ths .  Using Type-8365 g l a s s  
and pwb = 2 ,  bu i ldup  f a c t o r s  f o r  t h i n  b a r r i e r s  of g l a s s  can be es t imated .  

Bui ldup f a c t o r s  f o r  wood are taken  from Reference 6 us ing  vw = 1.0. Bui ldup f a c t o r s  
f o r  a i r  are of t h e  form 

where C(E) i s  an energy-dependent f a c t o r .  Values f o r  C(E) have been chosen t o  make 
t h e  va lues  f o r  B( r )  compat ible  wi th  those  suggested i n  Reference 6. 

- 
I I I I I I I 1 I I 3 . 1 2  

-L 

3 " 

Dose Buildup Fac to r  f o r  Concrete ,  
Po in t  I s o t r o p i c  Source Dens i ty  2.3g/cm - 

10  - 

- 

8 -  

- 

6 -  

- 

4 -  

\\ I 

E (MeV ) 

*Obtained from Reference 6 

F igu re  B-10. Dose Buildup F a c t o r  f o r  Concre te  
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Multiple Slab Geometry -- A multiple slab geometry arises because the photon flux 
must wnetrate a "slab" of air and then a "slab" of building material before it - 

reaches the population of concern, as shown in Figure B-11. Reference 6 suggests 
that for two slabs of a light material (e.g., air) followed by a heavier material 
(e.g., wall) it is most accurate to use the buildup factor for the heavier material 
alone, regardless of slab thickness. Thus this technique is used. 

:so t r o p i c  
P o i n t  Source  
of Y 

I 
I 
I 
I 
I 
I 

! 
I 
I 

I 
B a r r i e r  i l l :  A i r  I B a r r i e r  # 2 :  Air 

I 
I 

I 
I 

I 
I 
I 

c 0 . 2 5  wSt w -  

B a r r i e r  113: 
B u i l d i n g  
M a t e r i a l s  

Exposable  
P o p u l a t i o n  

/ 
Figure B-11. Multiple Slab Geometry 

Attenuation Due to Oblique Impingement -- When radiation impinges perpendicularly on 
a shield, the scattered radiation which penetrates the shield always travels farther 
in the shield- than the remaining uncollided flux. 
obliquely incident on a shield is attenuated as if it were normally incident on a 
shield whose thickness is equal to the effective slant distance may lead to signifi- 
cant dose underestimates since scattered radiation may play an important role. 
Using a technique described in Reference 6 ,  a factor can be derived for the buildup/ 
attenuation tradeoff for oblique impingement: 
of the Peebles dose buildup factor (DBF) as a function of relaxation length and 
angle of incidence. 
that for the straight-through path (cos0 = l.O),the effect of oblique impingement 
can be evaluated. If it is assumed that multifloor buildings have concrete walls 
with an average wall thickness of 61 cm, a relaxation length of approximately 4 can 
be computed. By using this value on Figure B-12 and replotting the ratio discussed 
above as a function of incidence angle, an effective attenuation factor, called the 
obliqueness factor (OF), can be plotted as shown on Figure B-13. The basic informa- 
tion on Figure B-12 is derived from 6-MeV photon buildup in iron. However, the use 
of the technique described above is assumed to minimize the dependence of the 
derived obliqueness factor on both the energy and medium used to derive Figure B-12. 

The assumption that radiation 

Figure B-12 shows a parametric plot 

By taking the ratio of the PeeblesDBF for an arbitrary angle to 

\ 

A 
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Relaxation Leng th  

F i g u r e  B-12. P e e b l e s  Bu i ldup  F a c t o r  ( I r o n  Buildup Used) 

Cosine of Angle of Incidence 

Figure  B-13.  Obl iqueness  Fac to r  
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The ang le  between t h e  c e n t e r  of a p a r t i c u l a r  f l o o r  and a p o i n t  i n  t h e  c e n t e r  of t h e  
street d i r e c t l y  i n  f r o n t  of the  bu i ld ing  would be used i f  t h e  v e h i c l e  always s t ayed  
i n  f r o n t  of t h e  bu i ld ing .  In  f a c t ,  t h e  ang le  subtended by a r ay  pa th  must a l so  
account  f o r  t he  d i s t a n c e  of t he  v e h i c l e  down the  street from the  po in t  d i r e c t l y  i n  
f r o n t  of t h e  b u i l d i n g ,  as shown i n  F igure  B-14. Based on t h i s  geometry, t h e  o b l i q u e  
ang le  of impingement between t h e  r ay  pa th  and a l i n e  normal t o  the  bu i ld ing  a t  t h e  
p a r t i c u l a r  f l o o r  i s  given by 

w / 2 + w  
IT s t  e = - -  - t a n  
L \ J ( r ’ I 2  + ( ( n  - 0.5)h) 

where 

n = number of f l o o r s  i n  bu i ld ings  i n  cel l  

h = he igh t  per  f l o o r  (me t re s )  

Line Normal to Building (Length 

Height of Dose 
Point = (n - 0 . 5 )  

6 (ignored i n  calculation 

- _ _ _  
Distance “Downstreet” = r’ 

of Normal = wst/2 + ws) 

= d W 2  + (Wst/2 + W n ) 2  + 

((n - 0.5)h) 2 

(19 )  

2 d(r’)’ + (wst /2  + wS)’ + ( ( n  - 0.5)h) 

1 w I 2  + ws 
St 

2 (r*j2 + ((n - 0 . 5 ) h )  

Figure  B-14. Obliqueness Geometry 

The s l a n t  d i s t a n c e  from t h e  v e h i c l e  t o  t h e  po in t  of ob l ique  impingement i s  g iven  by 

The obl iqueness  f a c t o r  p l o t t e d  i n  F igure  B-13 can be r e p l o t t e d  as a f u n c t i o n  of 
s l a n t  d i s t a n c e  r. The r e s u l t  is a fami ly  of curves  f o r  va r ious  va lues  of t h e  sum 
(wst/2 + w ) which provides  t h e  obl iqueness  f a c t o r s  used i n  t h e  dose computations.  

S 
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1. S c a t t e r i n g  i n  A i r  
2. S c a t t e r i n g  i n  Glass 
3 .  S c a t t e r i n g  i n  Concrete  
4.  Uncol l ided Flux 
5. Raypath through Floor  

F igure  B-15. Raypaths t o  People i n  Bu i ld ings  

I n  a d d i t i o n ,  t o t a l  c e l l  area can be s p e c i f i e d  by 

2 2 
A = k (Ab + wst + 2ws) 

Solv ing  t h e s e  equa t ions  f o r  k2 and Ab, and s u b s t i t u t i n g  v a l u e s  i n t o  

PT = 4Abk2 

f o r  t o t a l  b u i l d i n g  perimeter i n  t h e  cel l ,  it can be shown t h a t  

Thus, t h e  e q u i v a l e n t  l i n e a r  popu la t ion  d e n s i t y  of people i n  b u i l d i n g s  on each f l o o r  
i s  g iven  by 

B-20 



linear (PD + TC) A (PD + TC)(wst + 2wk) - - n population = ( density 4A&(l -A) 4(  Jq - fb)n 

Using Eq. (27) and the integration technique in Eq. (6), the following expression 
for integrated dose to people in buildings can be derived: 

where 

The integral in Eq. (28) is evaluated numerically in Addendum 2 of this appendix. 
The derivation assumes that the shipment moves from + Q) to - 
in the cell. 
some dose while the source is in an adjacent cell. 

while exposing people 
This approximates the condition where people in one cell may receive 

People in Vehicles 

During a shipment, people in vehicles sharing the link with the transport vehicle 
will be exposed to external penetrating radiation from the package. 
may be exposed: people in vehicles moving in the same direction as the shipment, 
and people in vehicles moving in the direction opposite the shipment (Figure B-16). 
The dose to people moving at right angles to the shipment can be shown to be neglig- 
ible using arguments similar to those used in analyzing dose received by pedestrians 
moving perpendicular to the shipment. 

Two subgroups 

Figure B-16. Incident-Free Dose to People in Vehicles 
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Before t h e s e  r a d i o l o g i c a l  f a c t o r s  can be used t o  compute popu la t ion  dose ,  t h e  d i s -  
t r i b u t i o n  of people  i n  b u i l d i n g s  must be considered.  It is  assumed t h a t  a l l  people  
who are r e s i d e n t s ,  workers ,  o r  t r a n s i e n t  popu la t ion  are i n s i d e  b u i l d i n g s .  This  i s  a 
c o n s e r v a t i v e  assumption s i n c e  some are c l e a r l y  accounted f o r  by e s t i m a t e s  of pedes- 
t r i a n  d e n s i t y  and people  i n  v e h i c l e s .  The expres s ion  used t o  c a l c u l a t e  t h e  popula- 
t i o n  d e n s i t y  i n  b u i l d i n g s  is given by 

A 

A f b  
PPB = (PD + TC) - 

where 

PPB = popu la t ion  d e n s i t y  i n s i d e  b u i l d i n g  i n  c e l l  

PD = o v e r a l l  PO d a t i o n  d e n s i t y  i n  c e l l  ( r e s i d e n t s  2 commuters, 
persons/km !? ) 

2 A = a r e a  of c e l l  (km ) 

2 TC = t r a n s i e n t  popula t ion  d e n s i t y  (persons/km ) 

f b  = f r a c t i o n  of c e l l  a r e a  occupied by b u i l d i n g s  

I f  it is assumed t h a t  people are uniformly d i s t r i b u t e d  on a f l o o r - t o - f l o o r  b a s i s ,  
t h e  number of people  per f l o o r  i s  g iven  by 

PPB 
n PPF = -  (Afb) 

Actua l  ray-path geometry can be complex, as shown i n  F igure  B-15. Rad ia t ion  can 
pass  d i r e c t l y  through b u i l d i n g  materials o r  can have m u l t i p l e  s c a t t e r i n g s  i n  a i r ,  
windows, o r  w a l l '  materials. 
f l o o r  and t h e  h e t e r o g e n e i t y  of t h e  o u t e r  w a l l ,  i t  i s  assumed t h a t  a l l  people  are 
immediately a d j a c e n t  t o  t h e  i n s i d e  of t h e  o u t e r  w a l l  of t h e  bu i ld ing .  Because no 
al lowance i s  made f o r  s h i e l d i n g  by i n t e r i o r  p a r t i t i o n s ,  f u r n i s h i n g s ,  o r  f l o o r  mate- 
r i a l s ,  t h e  a n a l y s i s  is conse rva t ive .  

To account  f o r  t h e  popu la t ion  d i s t r i b u t i o n  on each 

The number of people  passed by a shipment in a n  inc remen ta l  l e n g t h  of t rave l  A r  on a 
g iven  f l o o r  i n  t h e  ce l l  can be ob ta ined  by m u l t i p l y i n g  t h e  l i n e a r  p o p u l a t i o n  d e n s i t y  
per  f l o o r  ( t h a t  'is, people passed per k i lome t re  of t r a v e l )  by t h e  inc remen ta l  d i s -  
t ance  t r a v e l e d .  The e q u i v a l e n t  l i n e a r  popu la t ion  d e n s i t y  per  f l o o r  i s  ob ta ined  by 
d i v i d i n g  t h e  t o t a l  number of people on a s p e c i f i c  f l o o r  i n  t h e  c e l l  by t h e  t o t a l  
b u i l d i n g  pe r ime te r  of t h e  cel l .  A v a l u e  of t o t a l  b u i l d i n g  pe r ime te r  can be d e r i v e d  
from t h e  ce l l  geometry i f  it is assumed t h a t  b u i l d i n g s  are uniform throughout  t h e  
c e l l  and have square  c r o s s  s e c t i o n s .  

I f  t h e  c e l l  c o n t a i n s  k2 b u i l d i n g s  of width Ab, then t h e  f r a c t i o n  of t o t a l  c e l l  area 
occupied by b u i l d i n g s  i s  g iven  by 

k2(AbI2 
2 2 k (Ab + wst + 2ws)  

f b  = ( 2 3 )  

B-19 



The model for dose to people moving in the same direction as the shipment assumes 
that the transport vehicle moves between intersections at the same average velocity 
as the rest of the traffic. Under this assumption, traffic can be modeled as a 
stationary set of vehicles with some specific vehicle separation distance, dl, lined 
up adjacent to, ahead of, and behind the shipment vehicle. Depending upon traffic 
conditions, the transport vehicle will stop at some or all of the intersections 
along its route. When traffic stops under these circumstances, the vehicle pattern 
can again be modeled as a stationary set of vehicles with a shorter separation 
distance, 6. 

The following additional assumptions are made: 

Vehicles accelerate and decelerate instantaneously so that the separation 

No shielding is provided by vehicles. 
People are located at the center of vehicles. 

Traffic is uniform across lanes on each side of street. 

distance changes from dl to 6 instantaneously. 

I 

Using these assumptions, the total integrated dose to each person in a vehicle at a 
distance dl from the transport vehicle during the cruising phase is given by 

where the first factor represents dose rate at a distance dl + R and the second 
represents the time spent at that distance. By noting that for values less than 100 

(d, + R) is approximately equal to 1.0, the metres, the product e-’air(dl + R )  
expression given in Eq. ( 2 7 )  can be simpfified by substituting 1.0 for this product 
for the remainder of the derivation. This results in less than a 10% overestimate 
of integrated dose in a l l  cases. The value for cruising speed V can be derived 
from average velocity, v ,  knowing certain cell and traffic parameters. Initially, 
it is noted that 

Ba i 

C 

1 - - L - 
tQ + -  L 1 v =  

+ - + ( < * - f j i * n )  C - vC D’ 

where 

V = average traffic velocity (m/s) 

L = total distance traveled in cell (metres) 

V = crusing velocity (metres per second) 
C 

L/Vc = time required to drive across cell (seconds) 

5 = fraction of intersections at which vehicle stops 

R = delay time at intersections (seconds) 
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D’ = average  block l e n g t h  (me t re s )  

cQ/D’ = t i m e  spent  stopped a t  i n t e r s e c t i o n s  ( seconds)  

By no t ing  t h a t  average  block l e n g t h  i s  equa l  t o  t h e  sum of b u i l d i n g  wid th ,  s t ree t  
wid th ,  and twice s idewalk width and s u b s t i t u t i n g  f o r  Ab i n  Eq. ( 2 3 ) ,  average block 
l e n g t h  can be shown t o  be equa l  t o  

w + 2 w  s t  S ( 3 1 )  

where f o  = f r a c t i o n  of open area i n  t h e  c e l l  and where f 
i nc lude  a l l  n o n s t r e e t  a r ea .  

i n  Eq. (23 )  i s  assumed t o  b 

S u b s t i t u t i n g  Eq. (31)  i n t o  Eq. ( 3 0 )  and so lv ing  the  r e s u l t i n g  expres s ion  f o r  V c  
y i e l d s  

1 

6 R ( 1  - d f b  + f o  j 1 - -  - 
V w + 2w s t  S 

I n  o rde r  t o  more a c c u r a t e l y  c a l c u l a t e  dose t o  people i n  v e h i c l e s ,  t h e  phenomenon of  
p l a toon ing  must be considered.  Taking i n t o  account t he  l i m i t a t i o n  imposed by 
average  s t r e e t  wid th ,  i t  i s  assumed t h a t  t h e  dose t o  people i n  v e h i c l e s  i s  o n l y  
accumulated by people i n  v e h i c l e s  i n  t h e  two l anes  on each s i d e  l i n e a r l y  ad jacen t  t o  
t h e  l a n e  i n  which the  t r a n s p o r t  v e h i c l e  i s  t r a v e l i n g .  In  a d d i t i o n ,  up t o  two 
v e h i c l e s  d i r e c t l y  ahead of and behind t h e  t r a n s p o r t  v e h i c l e  are a l s o  included.  With 
t h i s  i n  mind, t h e  i n t e r s e c t i o n  s i t u a t i o n  can be v i s u a l i z e d  as shown i n  F igure  B-17,  
w i th  a maximum of 2 4  v e h i c l e s  “a t  r i s k . ”  A “p la toon ing  f a c t o r ”  can be der ived  t o  
a d j u s t  t h e  m a x i m u m  p o s s i b l e  dose f o r  t h e  a c t u a l  number of v e h i c l e s  p re sen t .  This  i s  
done by f i r s t  computing the  maximum i n t e g r a t e d  dose f o r  a t o t a l  c l u s t e r  of f i v e  f u l l  
l a n e s  : 

ID = Q KO T I  PPS PPV AT 

o u t e r  group 
d i s t a n c e  and 

a t t e n u a t i o n  f a c t o r  

i n n e r  group middle group 
d i s t a n c e  and )+ ( d i s t a n c e  and 

a t t e n u a t i o n  f a c t o r  a t t e n u a t i o n  f a c t o r  

where 

Q = gene ra l  u n i t s  convers ion  f a c t o r  

AT = gene ra l i zed  t i m e  

PPV = number of people per v e h i c l e  
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q 2L' 

I n n e r  Group R 
Midd le  Group 

O u t e r  Group 

F igu re  B-17. Model of Dose t o  People  i n  Veh ic l e s  Inc lud ing  
t h e  Phenomenon of  P la toon ing  

Using t h e  s i m p l i f i e d  v e r s i o n  of Eq. (29)  and Figure  B-17, t h e  t h r e e  d i s t a n c e  and 
a t t e n u a t i o n  f a c t o r s  can be s p e c i f i e d  as 

(IGDAF) = 2 2 
.l 

2 4 
2 +  2 (MGDAF) = 2 +  (y2 ( 2 ( d l  + 2 ) )  (dl + R, +($ 

(34a)  
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( wst/L-)2 
If R i s  de f ined  as 7, t hen  

0.5  + 

2 + 2 + 2 ( I  + M + O )  = 2 +  
( d l  + E l 2  &(dl + a> R(dl + a )  (dl  + a >  

4 

4 + 2 2 + R(dl + 2 )  
+ 4 

2 
( d l  + 11) + - R(dl + ( d l  + 2)  

4 

4 
2 2 + 

4(d l  + a )  + T R(dl + a ) 2  4 ( d l  + a )  + R(dl + a )  
4 

2 

- (2.5 + - +  2o + 4 +  10 

R ( 4  + R) (1  + R) (16 + R) 2 
- 

( d l  + 2 )  

Eq. ( 3 3 )  can now be modified a s  fo l lows :  

1 

( d l  + a >  
. I D  = Q KO T I  PPS PPV AT 2 

10 4 20 2 . 5 + - + -  +-+ 
R R + l  R + 4  R + 1 6  

( 3 5 )  

( 3 6  

This  equa t ion  g i v e s  t h e  maximum dose p o s s i b l e  assuming t h a t  t h e  p l a toon  of v e h i c l e s  
c o n t a i n s  24 v e h i c l e s  as shown i n  F igure  B-17. 
number of v e h i c l e s  p r e s e n t ,  the  i n t e g r a t e d  dose of Eq. ( 3 4 )  should be reduced ac- 
co rd inn lv .  This  i s  modeled by assuming t h a t  t h e  a v a i l a b l e  v e h i c l e s  f i l l  t h e  spaces 

I f  t h e r e  i s  less than  t h e  maximum 

- -  
i n  t h e  o r d e r  shown on F igure  B-17. 

The number of v e h i c l e s  a v a i l a b l e  t o  f i l l  space is computed by e v a l u a t i n g  t h e  number 
'of one-way v e h i c l e s  moving i n  each block i n  t h e  ce l l :  

one-way v e h i c l e s  
one-way er c e l l  ) . ( ave rage  1 . [ b lock  l e n g t h  ] 

( v e h i c l e s  per) = t o t a l  one-way v e l o c i t y  average  v e l o c i t y  

street l e n g t h  b lock  

L\  p e r  c e l l  

w :;yo] + 2ws 

- - Q2 N wst (Wst + 2Ws) 

A f s t  (1 - ,/fb + f o )  
( 3 7 )  
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where 

N = t o t a l  number of v e h i c l e s  i n  a c e l l  a t  any given t i m e  

2 2  Q2 = u n i t s  conversion f a c t o r  km / m  ) 

The reduced i n t e g r a t e d  dose r e s u l t i n g  from a reduced number of a v a i l a b l e  v e h i c l e s  i s  
r e l a t e d  t o  t h e  maximum dose (wi th  24 v e h i c l e s  p r e s e n t )  by t h e  p la tooning  f a c t o r  f .  
I f  t h e  number of a v a i l a b l e  v e h i c l e s  exceeds 24 ,  f i s  set  equal  t o  1. Note t h a t  f 
w i l l  t ake  on d i f f e r e n t  va lues  f o r  s topped v e h i c l e s  and moving v e h i c l e s  and w i l l  va ry  
from ce l l  t o  c e l l  and t i m e  span t o  t i m e  span as va lues  of 6 ,  d l ,  w and L '  change. 
General  expres s ions  f o r  p la tooning  f a c t o r s  f o r  vary ing  numbers of a v a i l a b l e  v e h i c l e s  
are given i n  Table  B-2. A s  might be suspec ted ,  most of t h e  dose i s  rece ived  by 
people i n  ad jacen t  v e h i c l e s ,  p a r t i c u l a r l y  those  i n  l a t e r a l l y  ad jacen t  v e h i c l e s .  
This  becomes more s i g n i f i c a n t  as v e h i c l e  s e p a r a t i o n  inc reases .  

s t '  

By i n c o r p o r a t i n g  t h e s e  assumptions i n t o  both t h e  c r u i s i n g  and s topped phases ,  t h e  
f i n a l  form used t o  compute t h e  "same d i r e c t i o n "  dose i s  obta ined:  

I D  = Q K T I  PPS PPV 3 0  

where 

See Table  B-2 

f l  = stq5ped p la tooning  f a c t o r  

X = stopped dose f a c t o r  

f 2  = moving p l a toon ing  f a c t o r  

Y = moving dose f a c t o r  

-7 rem-h Q, = u n i t s  conversion f a c t o r  m r e m -  s 

I f  i t  i s  assumed t h a t  t r a f f i c  v e l o c i t y  i s  t h e  same i n  both d i r e c t i o n s ,  as i n d i c a t e d  
i n  F igure  B-16, people t r a v e l i n g  i n  t h e  oppos i t e  d i r e c t i o n  can be modeled as sta- 
t i o n a r y  wi th  t h e  shipment pass ing  by a t  a speed of 2Vc. 
l i n e a r  popula t ion  d e n s i t y  (LPD) i n  v e h i c l e s  can be s p e c i f i e d  by 

By no t ing  ( 1 )  t h a t  t h e  

N PPV LPD = 

( f s t )  
( 3 9 )  

(2 )  t h a t  t h e  s e p a r a t i o n  d i s t a n c e  i s  wst/2, and ( 3 )  t h a t  t he  t o t a l  exposure t i m e  i n  
each c e l l  i s  g iven  by L/2Vc, t h e  i n t e g r a t e d  dose t o  people moving o p p o s i t e  t o  t h e  
shipment can be expressed as 
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T a b l e  B-2 

Vehicles 
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4 

4 
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0 

0 

0 

0 

0 

1 
2 

3 

4 

5 

6 

7 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

8 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

P l a t o o n i n g  Factor 

b 
platooning Factor f2 

Platooning Factor f l a  (moving) (stopped 1 
0 0 

6 = STSPDT 
dl = VSEPDT 
L = STLANE 
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0 PPV L Nws t ID = Q ,  0 2 K TI PPS 0 -  

fst 0 2Vc 2 A 

By combining E q s .  (35) and (401 ,  the following expression for dose to people in 
vehicles sharing the transport link with the transport vehicle can be obtained: 

ID = KO TI PPS PPV L 

fl x 5 n (1 -““’I 
+ + 

+ 2ws)(B + 212 Vc(dl + (ws t 
{ Q 3  *[ f2 

rJr2 - (wst/2)2 

e-”airr i Nws t [4‘ ’ 2 A fst Vc 
w 12 st 

Crew 

The crew aboard a vehicle transporting radioactive material will be exposed to some 
low level of external penetrating radiation for the duration of the trip. 
characteristic source-to-crew distance d2 is assigned for the particular mode, an 
expression for the dose received by the crew during travel through a cell can be 
written 

If a 

N r  = Q 3 = *  C 
ID 

V crew 

where Nc = number of crew. 

This development assumes no structural 
cargo in the vehicle. Since transport 

d2L 

shielding from the vehicle or from other 
vehicle materials and construction vary from 

vehicles with shielded cabs to delivery vans with no partition between driver and 
source, and since cargo distribution schemes can also vary considerably, a conserva- 
tive assumption of no vehicle shielding for crew is made. 
ported by a tabulation of shielding factors in Reference 13 which suggests that 
vehicles provide negligible shielding from the external penetrating radiation of a 
cloud of airborne radioactive material.* 

This approach is sup- 

* 
In the case of exclusive-use vehicles, the dose rate in any continuously- 

occupied portion of the vehicle (i.e., the cab) is limited by law to 2 mrem/h. 
model limits cab dose rate to this value. 

The 
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B2.2 Modifications to Account for Truck Travel on One-way Streets 

If it is assumed that vehicles on one-way streets are traveling at the center of the 
street, two equations must be modified. 
becomes 

The dose to pedestrians given in Eq. (9) 

ID = Q, PedD L (2  KO TI PPS) ABD e 

0.5w +w st s 1 r (7 + vp) +- ( V  - vp) ) f Y X ) d X  

and the dose to people in vehicles (Eq. (41)) becomes 

ID = Q, KO TI PPS L PPV 

(Wst + 2w ) ( 6  + a>"  
S 

( 4 3 )  

The dose to people traveling in the opposite direction is automatically zero, and 
the formulations for dose to people in buildings and dose to crew remain unaffected. 

B 3 .  Modifications to Account for Truck Travel on Freeways 

Four dose expressions must be modified to allow for travel on freeways: First, 
pedestrian dose is set to zero; second, dose to crew is modified by substituting 
freeway velocity V 
vehicles (Eq. (41)f is modified as follows: 

for average velocity v in Eq. (42); third, the dose to people in 

1 

[Vf (df + 9J2 ] i- ID = K TI PPS PPV L 0 ff Yf o Q3 

where 

ff = freeway platooning factor, computed in a similar way to f2 and 
Y2 using freeway separation distance in place of d, in the 
definition of R 

Yf = freeway dose factor 

Vf = average freeway velocity (metres per second) 

wf = freeway width, including right-of-way (metres) 

B-29 



Finally, dose to people in buildings (Eq.  (28)) is modified as follows: 

4 * K 1'1 PPS (PD + TC) (wst + 2ws) L Ql 0 

vf 4 n (q - fb) ID = 

where 

and the transport vehicle is assumed to be in the center of the freeway. 

B4. Dose Due to Incident-Free Rail TranSD0I-t 

Dose due to incident-free rail transport is similar to that for trucks, with four 
important differences: 

1. Since sidewalks are not situated along railroad tracks, dose to pedestrians 
is not expicitly computed. 

2. Since freight trains may either pass through or stop in passenger terminal 
areas, a "depot dose" is calculated. 

3. Because of the large amounts of structural material continuously interposed 
between source and crew in the form of engines, cars, etc., crew dose is 
considered negligible and is not computed. 

Because the areas along railroad rights-of-way contain people in buildings, 
people in vehicles, and pedestrians, a "right-of-way dose" is computed. 

4. 

Dose Accumulated in Railroad Terminals 

If the populated terminal area is modeled as an annular area with no one closer to 
the package than some distance rl and with people uniformly distributed between that 
radius and some maximum radius r2, Eq. (2) can be integrated using an annular 
differential element to yield the following expression for integrated dose: 

ID = Q 1 TI PPS ATdepot PDdepot 

2 J r r 1 

(47) 
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where 

= average stop time in depot area (seconds) 

= population density in depot area (persons/km ) 

ATdepot 2 

PDdepot 

r 1 = minimum radius (metres) 

r2 = maximum radius (metres) 

Persons Sharing the Transport Link 

Although commercial passenger trains are disappearing on a national level, many 
urban areas still have extensive commuter rail service to suburban areas, and some 
population exposure could be accumulated by people in these trains. The development 
and assumptions are similar to those for dose to people in vehicles traveling in the 
direction opposite to a truck shipment ( E q .  ( 4 0 ) ) .  When factors appropriate to rail 
transport are substituted, the expression becomes 

LNT 

"T 
ID = 2 Q 3  KO TI PPS - 2 PPT 

where 

NT = one-way train traffic count (vehicles per second) 

VT = average train velocity (metres per second) 

PPT = number of persons per train 

r3 = distance between passing trains (metres) 

People Along the Right-of-way 

The location of railroad tracks in relation to streets, buildings, and pedestrian 
areas is highly variable. 
the railroad right-of-way is computed using the average overall population density 

Therefore, an average value for population density along 

given by 
Term 3 
7 

Term 1 Term 2 - iPD< ") Afb + PedD.(. 

A 

2ws) + (N *;PV)., 

2w 
(PD + TC) + PedD* ( 4 9  1 
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where 

Term 1 = total people in buildings in cell 

Term 2 = total pedestrians in cell 

Term 3 = total people in vehicles in cell 

This expression is used in an expression similar to Eq. ( 9 ) ,  in which the integra- 
tion is carried out across a strip from the minimum right-of-way distance to 
approximately 400 metres on both sides of the track. The value of 400 metres was 
subjectively chosen assuming that intervening building and terrain factors not 
explicitly included in the formulation will act to reduce the dose. 
equation is 

The resulting 

400 
I(x)dx L ID 2 PDRw Q, KO TI PPS - 

"T 
RW 

where Rx = minimum right-of-way distance (metres). 

No shielding is considered and no obliqueness effects are included for people in 
buildings. 

B5. Dose Due to Incident-Free Air Transport 

Doses from passenger aircraft service and from cargo aircraft service are con- 
sidered. 
the urban area. The dose accumulated by crew, flight attendants, or onboard 
passengers is dominated by that fraction accumulated in flight rather than in the 
urban area per se and is not evaluated. 

Only the dose to people in the terminal area is considered applicable to 

The fundamental mathematical form for dose to people in terminals is the same as 
that derived for rail depot doses in Eq. (48). 
rail parameters, the following expression is obtained: 

By substituting air parameters for 

PDterm ID = Q l  KO TI PPS ATterm 

(51) 
2 r J 

r4 

where 

= the average stop time in air terminals (seconds) (different 
for passenger and cargo aircraft) ATterm 

2 
= terminal area population density (persons/km (different 
for passenger and cargo terminals) PD t e rm 
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where 

r = minimum radius (metres) 
4 

r5 = maximum radius (metres) 

B6. Dose Due to Incident-Free Water Transport 

Like air transport, the urban component of transport by water is principally accumu- 
lated in the locality where the vehicle stops, i.e., the dock area. 
barges are massive steel structures, and shipping lanes in navigable rivers are 
generally in the channel at some distance from occupied shoreline. 
neither crew nor people along the riverbank would receive appreciable doses. The 
dose received by persons in the dock area is developed similarly to that for rail 
depots and air terminals, with appropriate changes in nomenclature: 

Ships and 

Therefore, 

ID = 0.5 

7 r 

f '6 
Q1 KO TI PPS ATdock PDdock 

- 
Bair ( 1 dr "airr (2nr)e 

r2 

time spent in dock area (seconds) 

person-density in dock area (persons/km ) 

minimum exposure radius (metres) 

maximum exposure radius (metres) 

2 

A factor of 0.5 is included since half the annular area around the vessel is 
arbitrarily assumed to be open water. 

Incident-Free Dose To Handlers 

The expression for dose to handlers is based on two previous assessments of package 
handling: 
siders the handling of large packages such as casks. 
dent of the mode of transport. 

one which considers the handling of small packages and one which con- 
This exposure dose is indepen- 

A study was conducted on the handling of small radioactive packages by cargo 
handlers at airport freight terminals. l 4  
14 ,  the dose to cargo handlers can be specified as 

Using the method discussed in Reference 

where 

Q 
ID = integrated dose to handlers per shipment (person rem) 

NH = number of handlings 
-4 Q4 = 2.5~10 person rem/handling/TI 
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_ _  - .  _--- 
In-the-iETvation of the empirical constant in this equation, a handling is defined 
as all terminal operations associated with a single package. 

In the case of casks, a general formulation based on References 2, 15, and 21 is 
used. It is assumed that a person handling a large cask will probably be close to 
the radioactive source only while attaching or detaching rigging equipment or other- 
wise preparing the cask for transfer. Since the radiation field around a large cask 
is heterogeneous, particularly close to the cask, a dose rate based on some standard 
(such as a spent fuel cask) is used. Additionally, there may be a wide variation in 
handling capability for a particular cask at a particular location, so a standard 
length of handling time is chosen. Two other variables must a lso  be specified: the 
number of handlers and the number of transfers per shipment. By combining all these 
factors, the following general expression is obtained: 

K1 = dose rate at 0.9 metre from cask (typical value, 0.02 rem/h) 

K2 - length of time spent in dose field (typical value, 0.5 hour) 

K3 = number of handlers required (typical value, 2.0) 

K4 = number of transfers per shipment (typical value, 1.0) 

It should be noted that large casks, especially those containing irradiated fuel, 
are not expected to be handled in urban areas. 

Dose to Warehouse Personnel 

If a radioactive package is placed in storage during a shipment, the warehouse per- 
sonnel (other that handlers previously discussed) will be exposed to radiation from 
the package during their normal routine. If it is assumed that the package is 
stored so that no one except handlers will get within a certain exclusion radius rg 
of the package, and that the warehouse personnel are distributed uniformly through- 
out the warehouse to some maximum radius rg at some density PD 
dose received during storage can be predicted by integrating a korm of Eq. (2 )  using 
an annular differential element as discussed earlier: 

the integrated 
s or’ 

PDstor ID = Q KO TI PPS ATstor 1 

where ATStor = storage time (seconds). 

Note that no credit is taken for shielding due to other stored items or internal 
warehouse structural materials. 
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Symbol 

DR 

K 

' 
r 

KO 

T I  

PPS 

'air 

I D  

ADDENDUM 1: VARIABLES, CONSTANTS, AND FUNCTIONS 

Table Ad-1 

L i s t  of Var i ab le s  

Descr iDtion 

Dose r a t e  

Dose r a t e  f a c t o r  

Linear  a t t e n u a t i o n  
c o e f f i c i e n t  

Dis tance  

Package shape f a c t o r  

Transpor t  Index 

Number of packages 
per shipment 

T o t a l  i n d i v i d u a l  dose 

T i m e  ( g e n e r a l )  

Dis tance  ( g e n e r a l )  

Ve loc i ty  ( g e n e r a l )  

Minimum d i s t a n c e  from 
shipment pa th  t o  
i n d i v i d u a l  

Linear  a t t e n u a t i o n  
c o e f f i c i e n t  f o r  a i r  

I n t e g r a t e d  popula t ion  
exposure per shipment 

Un i t s  

mrem/h 

m r e m  m2 / h 

m -1 

metres  

2 m 

mrem/h 

m r  e m  

hours  

met res  

m/h 

metres 

-1 m 

person rem 

Equat ion i n  Which 
Var i ab le  Appears 

1 ,293 
1 ,5 ,6 ,7 ,10 ,11 ,12 ,14 ,15  

1 ,2 ,5 ,6 ,17 ,29  

1 ,2 ,5 ,6 ,7a ,10 ,11 ,12 ,13 ,  
14,15 ,18 ,20 ,28 ,40 ,41 ,45 ,  
46,47,48,51,52,55 

2,9,28,29,33,36,38,40,  
4 1 , 4 2 , 4 3 , 4 4 , 4 5 , 4 6 , 4 7 , 4 8 ,  
50,51,52,55 

2 ,9 ,28 ,29 ,33 ,34 ,36 ,38 ,  
4 0 , 4 1 , 4 2 , 4 3 , 4 4 , 4 5 , 4 6 , 4 7 ,  
48,50,51,53 

2 ,9 ,28 ,29 ,33 ,34 ,36 ,38 ,  
3 9 , 4 0 , 4 1 , 4 2 , 4 3 , 4 4 , 4 5 , 4 6 ,  

3 ,5 ,6 ,7 ,8 ,10  

4 7 , 4 a , 5 0 , ~ , 5 2 , 5 3 , 5 5  

394 
4 ,5 ,7 ,7a ,8 ,10 ,11 ,12 ,13 ,  
14,15,43,50 

4,59697 

6,8,11,12,13,14,15 

7a,10,11,12,13,14,15,28, 
40,41 ,42 ,45 ,46 ,47 ,48 ,51 ,  
52,55 

8 ,9 ,28 ,33 ,36 ,40 ,41 ,42+ 
43,44,45,46,47,48,50,  
51,52,53,54,55 
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Ta le Ad-1 (Continued) 

Equation in Which 
Variable Appears 

8,9,11,12,14,15,43,49 
Symbol 

PedD 

Description 
Pedestrian density 

Units 

persons per 
square kilo- 
metre of 
s idewal k 

Distance traveled in 
cell 

8,9,12,13,16,28,29,30,34 
38,40,41,42,43,44,45,46, 
48,50 

8,9,11,12,13,14,15,19, 
20,23 ,24 ,26 ,27 ,28 ,31 ,32 ,  
37,38,41,43,44,46,49 

8,33,36 

L metres 

Sidewalk width W 
S 

metres 

General units con- 
version factor 

Albedo dose factor 
Street width 

various Q 

ABD 

st W 

9,43 
9,14,15,16,19,20,23,24, 
26,27,28,31,32,34,35,37, 
38,39,40,41,43,44,46,49 
9,10,11,12,16,28,30,32 
37,42,43 
9,14,15,16,43 

11,13 

- 
metres 

- 
V Average shipment 

velocity 
Pedestrian velocity 

Integrated pedestrian 
exposure on side- 
streets per shipment 

Integrated pedestrian 
exposure on parallel 
sidewalks for one 
block 
Integrated pedestrian 
exposure in near 
crosswalk 

Surrogate variable 

Integrated pedestrian 
exposure in far 
cr o s swalk 
Integrated pedestrian 
exposure in crosswalks 
Empirical constants in 
dose buildup factor 
calculation 

m/ s 

m/ s 

person rem 

V 
P 
IDI 

12,13,16 1% person rem 

IDL1 14,16 person rem 

14 
15,16 

al 
IDI, 2 

metres 

person rem 

16 person rem 

- 17 
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Table Ad-1 (Continued) 

Symbol 

Wb 
E 
8 

r' 

n 

h 

PPB 

PD 

TC 

A 

fb 

P PF 

k 

Ab 

pT 

'b 

i 

B1 a 

Description Units 
Building wall thickness metres 

Photon energy MeV 

Oblique angle of radians 
impingement 
Distance of source from metres 
point in street dir- 
ectly in front of 
building 

Number of floors in 
buildings in a cell 
Height per floor metres 

Population density in persons per 
b ui 1 ding s 

- 

square kilo- 
metre of 
building 

Population density persons per 
in cell (residents square kilo- 
2 commuters) metre of cell 
Transient population persons per 
density square kilo- 

metre of cell 
Cell area km2 

Fraction of cell area 
occupied by buildings 
Number of people on persons 
each floor of buildings 
in cell 

Square root of number 
of buildings in ceil 

metres Building width 

Total building perimeter metres 
in cell 
Linear attenuation 
coefficient for building 
material 

- 

-1 m 

Summation variable 
over floors 

Surrogate variable 

- 

metres 

Equation in Which 
Variable Appears 

17,28,46 
17 

19 

19,20 

19,20,22,27,28,46 

19,20,28,46 

21,22 

21,27,28,46,49 

21,27,28,46,49 

21,22,24,26,37,39,40,41, 

21,22,23,26,27,28,31,32, 
37,38,41,44,46 
22 

45,49 

23,24,25 

23,24,25 
25,26 

28,46 

28,46 

28 
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Svmbol 

IDC 

dl 

n 

D' 

fO 

PPV 

AT 

N 

fst 

f 

6 

LPD 
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Table Ad-1 (Continued) 

DescriDtion Units 
Integrated dose to 
people in vehicles 
during the cruising 
phase 

Vehicle separation 
distance during 
cruising phase 

Vehicle length 

Cruising velocity 

Fraction of inter- 
sections stopped at 

Time spent stopped at 
each intersection 

Block length 
Fraction of cell area 
which is open area 

Number of people per 
vehicle 

Time interval 
(general) 
Total vehicles in 
a cell at any time 
Fraction of cell area 
occupied by streets 

Vehicle platooning 
factor 

Vehicle separation 
distance during 
stopped phase 

Linear population 
density 

Integrated dose to crew 

Number of crew per 
vehicle 
So urce-t o-crew 
d i stance 
Vehicle platooning 
(freeways) 

person rem 

metres 

metres 

m/ s 
- 

seconds 

metres 
- 

seconds 

- 

metres 

per sons/ km 

person rem 
- 

metres 

- 

Equation in Which 
Variable Appears 

29 

29,34,35,36,38,41,44,45 

29,30,32,38,40,41,44 

30,32,3a,4i,44 

30,32,38,41,44 

30 

31,32,37 , 38,4 1,44 

33,36,38,39,40,41,44,45 

33,36 

37,39,40,41,45,49 

37,39,40,41,45,49 

38,41 , 44 

39 

42 

42 

42 

45 



Table Ad-1 (Continued) 

Symbol 

vf 

df 

Wf 

82 

ATdepo t 

PDdepot 

1 r 

r2  

3 r 

NT 

VT 
PPT 

PDRW 

RW 

ATterm 

PDterrn 

r 4  

5 r 

' 6  

Description 
Average freeway 
velocity 

Vehicle separation 
distance - freeways 
Freeway width 

Surrogate variable 

Stop time in railway 
depot 

Train depot population 
density 
Minimum rail exposure 
distance 
Maximum rail exposure 
distance 

Distance between 
passing trains 

One-way train traffic 
count 
Average train velocity 

Number of persons per 
train 

Population density 
adjacent to rail right- 
of -way 
R a i l  right-of-way 
distance 
Airport terminal 
s t o p  time 

Air terminal population 
density 

Minimum air terminal 
exposure distance 

Maximum air terminal 
exposure distance 
Stop time in dock area 

Population density in 
dock area 

Minimum dock exposure 
radius 

Units 

m/ s 

metres 

metres 

metres 

seconds 

per sons / km 2 

metres 

metres 

metres 

vehiclesls 

2 people / km 

metres 

seconds 

2 pe r sons / km 

metres 

metres 

seconds 
per sons / km 

metres 

2 

Equation in Which 
Variable Appears 

45 ,46  

4 5  

45,46 

46  

47 

47 

47 

47 

4 8  

48 

48 ,50  

48 

49 ,50  

50 

51 

51 

51 

51 

52 

5 2  

52  

B-39 



Table Ad- (Continued) 
n 

Symbol 

r7 

stor AT 

PDstor 

r8 

r9 

Description 
Maximum dock exposure 
radius 
Number of handlings 

Empirical constants for 
dose to cask handlers 
Time spent in warehouse 
storage 

Population density 
in warehouse 

Minimum warehouse 
exposure distance 

Maximum warehouse 
exposure distance 

Units 
metres 

seconds 

persons/km 

metres 

2 

metres 

Equation in Which 
Variable Appears 

52 

53 
54 

55 

55 

55 
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1 

ADDENDUM 2: NUMERICAL ANALYSIS FOR APPENDIX B 

Q 

%$ 

Evaluation of Integrals 

I. Consider 

J 
C s d- 

where 

2 
c = J(wst./2 + w ) 2  + [h(n - 0.511 , 

S 

2 
s = dr2 + (w /2 + wSl2 + [h(n - 0.511 , and st 

2 [ (wst/2 + ws)/dr + [h(n - 0 . 5 ) l 2  ] -1 0 = ~ / 2  - tan 

In order to remove the! singularity at s = c, we substitute s = c.cosh(t). Then we have 

O3 e -W'cosh(t) OF(wst/2 + ws, 8(t)) dt 

C cosh (t) 

A curve-fitting routine was used to obtain a B-spline representation of OF vs 0 .  
The numerical inte ration of the above integral was approached in the following 
manner using GAUS8f6, an adaptive routine based on the eight-point Gauss-Legendre 
formula : 

1. Compute eC: 

h(n - 0 . 5 ) /  8 = 1 ~ 1 2  - tan 
C 

(3) 

(when s = c, r = 0) 
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Table Ad-2 

Constants 

Equations in Which 
Symbol Value Units Constants Appear 

2 . 7 8 ~ 1 0  -13 rem-h *km2 9,28,40.41,43,45,46,47,50,  
mrm-s emL 51 ,52 ,55  Ql  

Q2 1 o-6 km2 
2- 

37 

2 . 7 8 ~ 1 0 - ~  rem*h 38 ,41 ,42 ,44 ,45 ,48  
Q3 mrm*S 

Q4 handling/TI 
2 . 5 ~ 1 0  -4 person rem/ 5 3  
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Table Ad-3 

Functions 

Symbol Description 

B(r),Bair(r),Bb(r) Dose rate buildup factor 
(general, air, building 
material ) 

I (x)  Specified integral (see 

B(E,lJ,Wb) Generalized dose buildup 

OF(r) Ob1 iquenes s factor 

Eq. (7a)) 

factor 

B-42 

Equations in Which 
Functions Appear 

1,2,5,6,7a,10,11,12,13, 
14,15,18,28,40,41,42,45, 
46,47,48,51,52,55 

7,7a, 9,43,50 

17 

28,46 



77 

2. Locate 0 where 0 is the first spline fit knot > 0, .  

3 .  Compute r ‘ s  for 0 I s ,  j z- i: 
i’ i 

j j 

2 W ws ] - (h(n - 0.5)) 

4 .  Compute s ‘ s  from r ‘ s :  
j j 

s = (Wst/2 + ws) csc(r/2 - 0 . )  
j J 

5. Sum quadratures of length At between spline knots: 

(‘+ i’+ i’+... f tn-1 
tn-2 t2 0 

where 

-1 At = min(cosh l/pc, 1.) 

and terminate on an estimated truncation error equal to 

C 

by means of 

estimated truncation error 
total quadrature sum I TOL, TOL = l.E - 4 

where f is the endpoint of integrations and e corresponds to f .  

If the integration does not terminate in step 6, then for ft 
sum the integrals n-1 

a3 
6.  , 

B-44 
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where 

1 < ETOL, ETOL = 5 . E  - 6 estimated error 
total quadrature sum until 

The truncation error for steps 6 and 7 is estimated by means of 

OF(wst/2 + ws, 0 )  dt 03 -pc*cosh(t) . 
R = L I  C e cosh(t) 

t 
- 

OF(wst/2 + ws, 0 )  la, e-pc*cosh(t) 
dt , 5 

C cosh (t) 

since OF is monotone decreasing in t ( s  increases with t, r increases with S ,  and 
8 increases with r). Then 

and 

and 

a 
ie a x2 + y2 
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where a = w /2 and b = w / 2  + w . st st S 

Converting to polar form, Expression 10 can be rewritten as 

e-”(cr + 1) r dr 
2 de  1 r 

where 

and 

Thus, 

and 

a b 8 = 0 ,  e2 = n / 4 ,  r,(e> = , r2(e> = - 1 sin8 

F(a,B) = lB e-’ (c + l/r) dr 

so  

Evaluating Equation 13, 

or 
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MMDEI from IMSL ( I n t e r -  
O U  9 7  The e x p o n e n t i a l  i n t e g r a l  w a s  eva lua ted  u s i n g  t h e  

n a t i o n a l  Mathematics and S t a t i s t i c a l  L i b r a r i e s ,  I n c . ) .  

111. Consider  

L e t  

where K (x) i s  t h e  modif ied Bessel f u n c t i o n  of t h e  second k i n d ,  and 
0 

This  can be  r e w r i t t e n  as 

o r  

Then , 

d t  = la Ko(td)  d t  

lJ 

cn 

The r o u t i n e s  BESK0118 and INTKO” were used t o  e v a l u a t e  t h e  K 0 Bessel f u n c t i o n  and 
i t s  i n t e g r a l ,  r e s p e c t i v e l y .  
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I V .  Consider  

Applying t h e  conc lus ions  of S e c t i o n  I11 above, 

03 
C 

a 

= -  c2 i” Ko(t)  d t  + i’”p 1 
?J 

P a  ’a t dwldt 
To r e t a i n  s i g n i f i c a n c e ,  w e  compute 

i f  x2 < 1 

and 

1’ K 0 ( t )  d t  = 

1 
X 

P X 1 l 
2 X 

where t h e  forms on [0 ,  X I  and [x, a] are a v a i l a b l e  from 

i f  x2 > 1 

19  INTKO . 
The o u t e r  double  i n t e g r a l  form can be  eva lua ted  us ing  GAUS8 ( see  Reference 16 )  w i t h  
INTKO o n  [x, a] . 
Determine t based on s va lue :  

S ince  c o s h ( t )  = s / c  , l e t  D = s /c ;  

B-48 



then  

e2t - 2De t 1. = 0 

and 

cosh-'(D) = t = h ( D  + d(D + 1 ) ( D  - 1)) 

V. Consider  

- dx 
2 2 

a 0 x + Y  

L e t  

2 2 
Using t h e  s u b s t i t u t i o n  v2 + x + y , 

b CO 

I =  - 1  
a Y 

I f  v = yw, t hen ,  by Equat ion 1 7 ,  

L e t  

- p dy 
jm e-P&2+Y2 2 2 d x  

a 0 x + Y  I 2  - (30) 
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Subs t it1 2 ting v2 = x2 + y gives 

b 03 

If v = yw, then, from Equations 19 and 20, 

Thus, I and I are of the same form as Section IV above and can be computed in the 
same manner. 1 2 

VI. Consider 

Iw e-'r OFi,f ( 0  ,r> dr 

C r 2 
(33) 

where 

c = \1(~,/2)~ + [h(i - 0.5)] 2 

3 Wf/2 
0 = h  - tan-' [ 

dZ2 + [h(i - 0 . 5 ) 1 2  2 

and 
2 2 2 2 

Z = r - [h(i - 0.511 - (wf/2) 

This integral was evaluated using GAUS8 (see Reference 1 6 ) ,  taking Ar = 3./p and 
terminating integration when the amount being added to the accumulated sum relative 
to the sum became less than a specified tolerance. 

VI1 . Consider 

e-pr (c2r + cl) 
dr i a r 

Expression 30 can be shown to be equal to 

b b 
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which, when evaluated, equals 

C 
- (e -’a - e-pb) + c1 [(El(pa) - El(wb)] (36) 
1.I 

The exponential integral was evaluated using the routine MMDEI (see Reference 17). 
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ANALYSIS OF THE RADIOLOGICAL CONSEQUENCES OF ACCIDENTS 
I N V O L V I N G  RADIOACTIVE MATERIALS 

Shipments of r a d i o a c t i v e  m a t e r i a l  may be involved i n  v e h i c u l a r  a c c i d e n t s  which 
r e s u l t  i n  package damage. I f  t h i s  occu r s ,  r a d i o a c t i v e  m a t e r i a l  may be d i s p e r s e d  o r  
become unshie lded  and expose the  surrounding popula t ion .  I f  t h e  a c c i d e n t  i s  not  
s eve re  enough t o  damage t h e  package bu t  i s  s e v e r e  enough t o  d e l a y  t h e  t r a n s p o r t i n g  
v e h i c l e ,  some a d d i t i o n a l  exposure can r e s u l t .  

Accidents which compromise package i n t e g r i t y  can be d iv ided  i n t o  those  i n v o l v i n g  
shipments of d i s p e r s i b l e  m a t e r i a l s  and those invo lv ing  shipments of n o n d i s p e r s i b l e  
materials. I n  t h e  f i r s t  c a s e ,  both t h e  i n h a l a t i o n  and d i r e c t  exposure  a s p e c t s  are 
impor tan t  and should be evaluated.  In the  second c a s e ,  on ly  d i r e c t  exposure is  of 
i n t e r e s t .  The v a r i o u s  combinations of m a t e r i a l  t ypes  and a c c i d e n t  consequences can  
be v i s u a l i z e d  as shown i n  Figure C-I. 

C1. Material C h a r a c t e r i z a t i o n  

The consequences of an acc iden t  i nvo lv ing  release of or  exposure t o  a p a r t i c u l a r  
r a d i o a c t i v e  material depend upon cer ta in  d o s i m e t r i c  parameters.  
material t o x i c i t y  parameters, the  p a r t i c u l a r  p h y s i o l o g i c a l  systems a f f e c t e d ,  t h e  
f r a c t i o n  of r e l e a s e d  m a t e r i a l  which becomes a e r o s o l i z e d ,  t h e  r e s p i r a b l e  f r a c t i o n ,  
and the  r e suspens ion  dose f a c t o r .  The method of o b t a i n i n g  va lues  f o r  each of t hese  
f a c t o r s  f o r  each r a d i o n u c l i d e  and t h e  method by which they  are used are d i s c u s s e d  
i n  Appendix G. 

These i n c l u d e  

C2. Accident Environment/Package Release Model 

The model used t o  d e s c r i b e  t h e  s e v e r i t y  of a c c i d e n t  environments and t o  r e l a t e  
package response  t o  those environments i s  e s s e n t i a l l y  t h e  same as t h a t  used i n  
Reference 1 and is  only summarized i n  t h i s  appendix. De ta i l ed  d a t a  f o r  a c c i d e n t  
occur rence  p r o b a b i l i t i e s  by s e v e r i t y  and mode are provided i n  Appendix A. 

C2.1 Accident Environment S e v e r i t y  C l a s s i f i c a t i o n  

The f r a c t i o n  of conta ined  r a d i o a c t i v e  material r e l e a s e d  t o  t h e  environment i n  an 
a c c i d e n t  depends upon both t h e  s e v e r i t y  of t h e  a c c i d e n t  and t h e  a c c i d e n t  r e s i s t a n c e  
of the package. Very s e v e r e  a c c i d e n t s  could release a l a r g e  f r a c t i o n  of t h e  con- 
t a i n e d  r a d i o a c t i v e  material, whi le  minor a c c i d e n t s  are u n l i k e l y  t o  r e s u l t  i n  any 
release. 
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Figure C-1. Possible Accidents and Their Consequences 
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I n  a d d i t i o n  t o  t h e  o v e r a l l  acc iden t  r a t e  f o r  each mode, t h e  d i s t r i b u t i o n s  of acc i -  
den t s  accord ing  t o  s e v e r i t y  must be determined. The e i g h t - s e v e r i t y  c l a s s i f i c a t i o n  
scheme used i n  t h i s  r e p o r t  a s s i g n s  a p r i n c i p a l  acc iden t  damage mechanism ( impact ,  
c r u s h ,  puncture ,  or  f i r e )  t o  each t r a n s p o r t  mode, and a s s i g n s  t o  each of t he  e i g h t  
s e v e r i t y  c a t e g o r i e s  a mode-dependent occurrence p r o b a b i l i t y .  S y n e r g i s t i c  e f f e c t s  
r e s u l t i n g  from combinations of two or  more damage mechanisms i n  t h e  same acc iden t  
have been examined elsewhere,  and as a r e s u l t  of t h e s e  s t u d i e s ,  t h e  only combina- 
t i o n s  cons idered  i n  t h i s  model involve  a s i n g l e  deformation f o r c e  and f i r e . ’  
Once t h e  occurrence  p r o b a b i l i t i e s  f o r  environments of each s e v e r i t y  have been de- 
te rmined ,  an urban a r e a  acc iden t  r a t e  by s e v e r i t y ,  mode, and t i m e  span i s  obta ined .  

C2.2 Package Response Model 

To assess t h e  r i s k  of a t r a n s p o r t a t i o n  a c c i d e n t ,  t h e  response of a p a r t i c u l a r  pack- 
age type  t o  an acc iden t  of g iven  s e v e r i t y  must be p red ic t ed .  I n  p a r t i c u l a r ,  i t  i s  
necessa ry  t o  know the  f r a c t i o n  of t he  t o t a l  package c o n t e n t s  which might be re-  
l e a s e d ,  a l though t h e  a c t u a l  releases f o r  a g iven  package type  would no t  n e c e s s a r i l y  
be the  same f o r  a number of a c c i d e n t s  of the  same s e v e r i t y  c l a s s .  In  some c a s e s ,  
t h e r e  may be no release, whi le  i n  o t h e r s  t h e r e  may be a release of some o r  a l l  of  
t h e  package con ten t s .  Indeed, i n  any given acc iden t  i nvo lv ing  a number of rad ioac-  
t i v e  material  packages t r a n s p o r t e d  t o g e t h e r ,  some of t h e  packages may release p a r t  
of t h e i r  c o n t e n t s  while  o t h e r s  remain unaf fec ted .  The approach taken  i n  Reference 
1 and i n  t h i s  assessment is t o  d e r i v e  a s i n g l e  v a l u e  r e p r e s e n t i n g  t h e  average  
release f r a c t i o n  f o r  each s e v e r i t y  ca tegory  and package type ( independent  of mode) 
and t o  assume t h a t  a l l  such packages,  i nc lud ing  s e p a r a t e  packages i n  a mult ipackage 
shipment ,  respond t o  t h e  acc iden t  i n  t h e  same way. 

S e c t o r  l o  b 3 i c t  Pezple Are ?hposeC 
( 6 q u d  sect97  oc opposite side) 

Ce:.rer:ine - 
oi Cask 

f : E c e  C-2. Eelrase Frectio~ 
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Two terms must be exp la ined  f u r t h e r :  packages con ta in ing  d i s p e r s i b l e  material and 
packages con ta in ing  nond i spe r s ib l e  materials. For d i s p e r s i b l e  materials,  t h e  
concept of "release" is s t r a i g h t f o r w a r d :  r e l e a s e d  material i s  t h a t  which ends up 
beyond t h e  o u t e r  boundary of the  package a f t e r  an acc ident .  It is  more complicated 
i n  the  case  of nond i spe r s ib l e  materials. A s  d i scussed  ear l ie r ,  t h e  r a d i o l o g i c a l  
consequence of an acc iden t  involv ing  a nond i spe r s ib l e  shipment would r e s u l t  from a 
l o s s  of s h i e l d i n g  which would expose people more d i r e c t l y  t o  some f r a c t i o n  of t h e  
package con ten t s .  For small packages,  t h i s  f r a c t i o n  i s  taken t o  be i d e n t i c a l  t o  
t h e  release f r a c t i o n  f o r  a d i s p e r s i b l e  material c a r r i e d  i n  that  same package. For 
a l a r g e  package, such as a spent  f u e l  cask ,  t h e  e f f e c t  of l o s s  of s h i e l d i n g  is  
modeled by assuming t h a t  t h e  acc iden t  f o r c e s  produce a c i r c u m f e r e n t i a l  c rack  i n  t h e  
con ta ine r .  "Release f r a c t i o n "  i n  t h i s  case i s  t h e  product of t he  f r a c t i o n  of t h e  
source exposing t h e  surrounding popula t ion  and t h e  f r a c t i o n  of t h e  surrounding area 
wi th in  t h e  s e c t o r  being exposed, as shown i n  F igure  C-2. The computation of t h e  
i n t e g r a t e d  popula t ion  dose i s  then  c a r r i e d  ou t  assuming an  e f f e c t i v e  p o i n t  sou rce ,  
t h e  s t r e n g t h  of which i s  t h e  t o t a l  c u r i e s  m u l t i p l i e d  by the  release f r a c t i o n .  

The v a l u e s  used f o r  release f r a c t i o n s  f o r  t h e  v a r i o u s  package types  are g iven  i n  
Table  C-1. These va lues  are model v a r i a b l e s  and can be modified as d e s i r e d  by t h e  
a n a l y s t  . 
I n  the fo l lowing  s e c t i o n s ,  t h e  mathematical  b a s i s  f o r  t h e  r a d i o l o g i c a l  h e a l t h  
e f f e c t  impacts  shown i n  F igure  C-3 i s  provided and a c t u a l  expres s ions  used t o  
c a l c u l a t e  impacts  are der ived .  

C3. Accident  Doses from Nond i spe r s ib l e  Materials 

I f  a shipment of a p a r t i c u l a r  n o n d i s p e r s i b l e  material is involved i n  an acc iden t  of 
s u f f i c i e n t  s e v e r i t y  t o  compromise packaging i n t e g r i t y ,  t h e  e f f e c t i v e n e s s  of t h e  
s h i e l d i n g  

S ever i t  y 
Category 

I 

I1 

I11 
T tl 
I V  

V 

V I  

V I 1  

V I 1 1  

c-4 

around the  source is assumed t o  be reduced. 

Table C-1 

Release F r a c t i o n s  f o r  Package Types 

(Cask releases are f r a c t i o n s  of sou rce  t e r m  
h y p o t h e t i c a l l y  r e l e a s e d  t o  t h e  environment) 

LS A 
Drum 

0 
0.01 

0.1 

1.0 

1.0 

1.0 

1.0 

1.0 

- 
Type 

0 

0.01 

0.1 

1.0 

1.0 

1.0 

1.0 

1.0 

A - 
Type B 

N o  Pu Pu 

0 0 

0 0 

0.01 0 

0.1 0 

1.0 0 

1.0 0.01 

1.0 0.05 

1.0 0.1 

1975 Cask 
(exposure)  

0 

0 

0 

0 

0 

3. ~ x I O - ~  

3 . 2 ~ 1  f5 
3. 1x1~-3 

Cask 
( r e l e a s e )  

0 

0 

0.01 

0.1 

1.0 

1.0 

1.0 

1.0 



External, whole-body exposure 
if shielding is broken/displaced 

Nondispersible 

External whole-body exposure 
from unbreached package in 
delayed trarisport vehicle 

External, whole-body External, whole-body Internal Exposure due 
exposure from passing exposure from deposited to inhalation of material 
cloud (cloudshine) material (groundshine) during cloud passage 

Dispersible Inhalation of resuspended 
material mat e r ial - 

External, whole-body 

External, whole-body 
exposure from spilled 
material which i s  not- 
aerosolized 

Decontamination cost, 
land-use denial cost, exposure from unbreached 
surveillance cost, etc. package in delayed 

transport vehicle 

t 
Remnant material 

External, whole-body 
exposure from material 
which remains inside 
shielding in spite of 
packaging damage (see Appendix K) 

Figure C-3. Radiological Health-Effect Hazard Categories 
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The basic expression* for dose rate at a distance r from the source under these 
circumstances is derived from the information in Reference 3: 

- 
Q, nl * RF PPS * Ed 1.1, e "airr 0 Bair(r> 

(1) 2 DR(r) = 
r 

Q 

where 

Q, = units conversion factor s-Ci-MeV 

n1 = amount of material per package (curies) 

RF = release fraction 

PPS = number of packages per shipment 

Ed = photon energy released per disintegration (MeV) 

u R  = attenuation coefficient of receptor (3.1 m -1 for 
body tissue) 

= attenuation coefficient of air (m-l) "'air 
r = distance from source (metres) 

Bair(r) = dose buildup factor 

This equation is similar to that used in Appendix B to derive expressions for 
incident-free dose rate and can be similarly manipulated. 

C3.1 Dose from Truck Transport 

Dose to Pedestrians 

The individual dose, +(r), received by a pedestrian at a distance r from an acci- 
dent involving an exposure source is given by 

where 

ATa = severity dependent accident delay time (seconds) 
2 

K 1 = source term (rem:m ; see following discussion) 

* A complete list of variables, constants, and functions used in the development 
is given in the addendum to this appendix. 
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I n  a d d i t i o n ,  m a t e r i a l  which remains s h i e l d e d  w i l l  cont inue  t o  expose people whi le  
i n i t i a l  emergency a c t i o n  i s  being taken  t o  remove exposed material. 
material w i l l  con t inue  to  expose people i n  the area throughout the accident delay 
t i m e  ATa. 
a gene ra l  form f o r  a source term from an acc iden t  i nvo lv ing  a n o n d i s p e r s i b l e  sh ip-  
ment can be w r i t t e n  as  

Unshielded 

In  t h i s  c a s e ,  t h e  source term i s  simply KO T I  0 PPS (1 - RF). Thus, 

= (Q, * nl  * PPS * lJr Ed RF) -I- 
K1 

where 

( mre:*mL 1 KO = shape f a c t o r  f o r  s p e c i f i c  package t y p e  

T I  = t r a n s p o r t  index f o r  package ( e q u i v a l e n t  t o  mrem/h) 

-7 remmh 
Q3 = u n i t s  convers ion  f a c t o r  2 . 7 8 ~ 1 0  mrem.s 

JrJf 1 I[.,- Ip- 

jii I . . . . . . . . . . . . . . .  .............. ............... . . . . . . . . . . . . .  .............. .............. . . . .  

X 

. . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  ...................... ...dFT ... r ......... ... ... ... ... 

... 
0 

Area of 
Overlap 

1 .  Dose t o  Pedestrians 
2. Dose to People In Vehicles 
3. Dose.to People in Buildings 

Figure C-4. Dose Due to  Nondispersible Sources 
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2 @ =  {(ustlZ + 

@)= Normal to Building 

@ =  Obliqueness Angle 

@ =  Raypath = is 

+ ( h  (i - 0 . 5 ) )  

Figure C-5. Nondispersible Accident Geometry ( In tersec t ion  Shown) 

The i n t e g r a t e d  dose geometry i s  i l l u s t r a t e d  i n  F igures  C-4 and C-5. 
t i o n  and midblock geometr ies  are cons idered ,  and an acc iden t  l o c a t i o n  occurrence  
p r o b a b i l i t y  i s  ass igned  t o  each geometry based on d a t a  from Reference 4. 
ans  are exposed on e i g h t  s idewalk segments i n  t h e  i n t e r s e c t i o n  case; t h e r e f o r e  t h e  
expres s ion  f o r  i n t e g r a t e d  dose can be w r i t t e n  as 

Both i n t e r s e c -  

P e d e s t r i -  

W 
Qo 

st 
2 + ws 
- 

lay s x2 + y2 

s t  W W - s t  - 
2 2 

where 

Q2 = u n i t s  conversion f a c t o r  

K1 = source term (see Eq. ( 3 ) )  
PedD = p e d e s t r i a n  d e n s i t y  (personslkm 2 of s idewalk)  

w = street width (metres) s t  
w = sidewalk width (met res )  
S 
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There i s  some o v e r l a p  on t h e  c o r n e r s  of t h e  s idewalks.  
can b e  removed by changing t o  p o l a r  c o o r d i n a t e s  and modifying t h e  l i m i t s  
of i n t e g r a t i o n .  

I n  the  case of midblock p e d e s t r i a n  exposure ,  the  l i m i t s  of i n t e g r a t i o n  on t h e  i n n e r  
i n t e g r a l  of Eq. ( 4 )  are modified t o  run from 0 t o  i n f i n i t y ,  and t h e  f a c t o r  of  8 i s  
r ep laced  by a f a c t o r  of 4 ( s i n c e  t h e r e  a r e  fou r  0 t o  Q) segments). 

However, t h i s  o v e r l a p  

This y i e l d s  

I D  = Q, 4 PedD K1 ATa 

W 

B a i r  ( m ) d x  (5 )  
e-"air  

x2 + y2 
0 

S t  

2 

W - 

Eqs .  ( 4 )  and (5 )  can be combined and weighted by t h e i r  i n t e r s e c t i o n  and midblock 
a c c i d e n t  occur rence  f a c t o r s  t o  g i v e  t h e  e x p r e s s i o n  f o r  i n t e g r a t e d  p e d e s t r i a n  
exposure : 

I D  = Q, PedD K1 ATa 
L 

INTF t -Pa i r  X +Y ( G 2 ) d x  

x + Y  

e Bair 
2 2 

_" st st I 2  

where 

INTF = i n t e r s e c t i o n  a c c i d e n t  occur rence  f a c t o r  ( 0 . 4 )  

MBF = midblock a c c i d e n t  occur rence  f a c t o r  (0.6) 

f 

I n  us ing  t h i s  a n a l y s i s ,  several c o n s e r v a t i v e  p o i n t s  should be noted. 
sidewalk l e n g t h  is  assumed t o  be i n f i n i t e .  
a d j a c e n t  cel ls  t o  be included but i s  c l e a r l y  an overes t imate .  
hence,  s idewa lks )  are assumed t o  be s t r a i g h t .  
cons idered .  

F i r s t ,  the  
This a l lows dose t o  p e d e s t r i a n s  i n  

Second, streets (and 
Third,  no t e r r a i n  v a r i a t i o n  i s  
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Dose to People in Buildings 

The individual dose to a person in a building will depend upon the floor that 
person is on and his distance “down the block” from the shipment. With those 
constraints on r, the individual dose expression can be written 

- 
e ”airr 

r 2 
$(r) = K 1 ATa e-”bwb 0 Bb(wb) OF(r) ( 7 )  

where 

OF(r) = obliqueness factor (see Appendix B) 

wb = building wall thickness (metres) 

pb = linear attenuation coefficient for building 

Bb = dose rate buildup factor (see Appendix B) 

material (m-1) 

In order to compute integrated dose to people in buildings, it is first necessary 
to compute the fraction of all people in buildings in a particular cell who will be 
exposed to radiation from the accident. Assuming that buildings are uniform with a 
square cross section, a linear population density can be obtained (per km of build- 
ing perimeter) by dividing the total number of people in the cell by the total 
building perimeter in the cell as in Appendix B. This linear population density is 
given by 

(PD + TC) (wst + 2ws) Q, 

where 

PD = 

TC = 

fb - 
- 

- 
47 - 

2 population density (people/km ) 

transient population (people/km ) 

fraction of cell area occupied by buildings 

2 

units conversion factor e )  m 

If this expression is divided by the number of floors, n, in each building in the 
cell, the density per floor is obtained. 
distance r down any street segment from the accident site is examined, the total 
exposure on the ith floor in that increment is given by 

If an incremental distance Ar at a 

(PD + TC) (wst + 2ws) 
Ar AT 0 a ID = Q2 

‘(A- fb) 
- 
e ”airr OFi(r) 

2 r 
e-”bwb Bb(wb) 0 K1 
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Both t h e  i n t e r s e c t i o n  and midlbock geometr ies  must now be s e p a r a t e l y  eva lua ted  t o  
compute i n t e g r a t e d  exposure.  F igure  C-5 shows t h a t  t h e  only  d i f f e r e n c e  between t h e  
i n t e r s e c t i o n  and midblock geometr ies  i s  t h e  minimum v a l u e  of r ' .  I n  t h e  case of a 
midblock a c c i d e n t ,  r '  can run from 0 t o  -; i n  t h e  i n t e r s e c t i o n  case, r '  can run 
from (wst/2 + ws) t o  OD. 

The f i n a l  expres s ion  f o r  i n t e g r a t e d  exposure t o  people i n  b u i l d i n g s  due t o  nondis- 
p e r s i b l e  source a c c i d e n t s  can now be formed by i n t e g r a t i n g  t h e  dose over  t h e  ex- 
posed d i s t a n c e  on each f l o o r ,  summing t h e  doses  accumulated on each f l o o r ,  account- 
i ng  f o r  t h e  number of exposed b u i l d i n g  segments ( e i g h t  f o r  i n t e r s e c t i o n s ,  fou r  f o r  
midblock) ,  and s e p a r a t i n g  the a c c i d e n t s  i n t o  occurrence l o c a t i o n s .  This y i e l d s  

ID = 

where 

B5 = ,/(wst/2 + w + wbI2 + ( h ( i  - 0.5)12 
S 

Dose t o  People i n  Vehicles  

Because it i s  assumed t h a t  v e h i c l e s  provide no s h i e l d i n g ,  i n d i v i d u a l  dose t o  people 
i n  v e h i c l e s  i s  i d e n t i c a l  t o  dose t o  p e d e s t r i a n s  (developed i n  Eq. ( 2 ) ) .  

The i n t e g r a t e d  dose rece ived  by people i n  v e h i c l e s  i n  t h e  v i c i n i t y  of an i n t e r s e c -  
t i o n  acc iden t  can be v i s u a l i z e d  by t h i n k i n g  of' cars stopped a t  discrete  d i s t a n c e s  
from t h e  a c c i d e n t ,  as shown i n  F igure  C-6. I f ,  as i n  the  f i g u r e ,  t he  l i n e s  of 
v e h i c l e s  extended a l l  t h e  way t o  t h e  a c c i d e n t  s i t e ,  an  i n d i v i d u a l  i n  a v e h i c l e  
l o c a t e d  j v e h i c l e s  away from t h e  s i t e ,  would r e c e i v e  a dose equal  t o  

where 

6 = v e h i c l e  s e p a r a t i o n  d i s t a n c e  (met res )  

R = v e h i c l e  l e n g t h  (me t re s )  
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If an infinite row of vehicles on each of the four radiating streets is assumed, 
the general expression for integrated exposure is 

where L' = number of lanes per side of street. 

The numerator inside the summation is approximately equal to 1.0 for all values of 
'a ' j, and (6 + a ) .  With this in mind, Eq.  (12) can be simplified to 

ID = 4 0 K1 ATa L' PPV (13) 
( 6  + j=1 j 

The equality overestimates the dose by about 7%. 
shown to be equal to 1.64. Thus, Eq. (13) reduces to 

In addition, the summation can be 

1.64 ID = 4 K1 ATa L '  PPV 
( 6  + a ) 2  

(14) 

A portion of this dose is actually accumulated by people in vehicles within the 
intersection. Since it is assumed that only response and recovery vehicles are 
allowed in the intersection area (see Figure C-6), this contribution to the dose 
must be subtracted from that predicted by Eq. (14).* 

1 N '  
1 

j=l 
ID = 4 K1 ATa L '  PPV 

where 

N '  4 IC AT L '  PPV 
- - 1 a 1.64 - $1 

j=l ~ 

(6 + 

N '  = number of cars in intersection in each lane = 
w 12  

distance per car 6 + 1 1  (rounded to next highest integer) 
intersection half-width - st -- 

*It is a l s o  assumed that the vicinity of an accident will be characterized by 
congested traffic flow, No credit is taken for the less congested conditions which 
might occur during periods of reduced traffic flow. 
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a 

n 
0 
0 
@ 
0 
0000 

W st 

a. Cars Extending into Intersection 

b. Cars Kept Out of Intersection 

Figure C-6. Exposure Geometry for Direct Exposure to People in 
Vehicles Resulting from an Intersection Accident 
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To account for dose to people in vehicles from nondispersible source accidents 
occurring midblock, it is assumed that traffic continues to move in the opposite 
direction at half the normal cruising velocity and that traffic moving in the same 
direction as the shipment is essentially stopped. Therefore, the dose expression 
has two components : "same-direction dose" and "opposite-direction dose. " Same- 
direction dose is analogous to the intersection dose derived in Eq. (13). In this 
case, however, there are two radiating street segments (one ahead of the accident 
and one behind the accident), and the lane of stopped vehicles extends only to the 
next intersection. The expression thus becomes 

N ' I  

1 
I D  = 2 K1 AT L' PPV a 

where 

number of vehicles in each lane 1 w + 2ws N" = st 
(6 + a )  2(1 -JTb+Fo) = [ in 1 /2  block length 

In the case of opposite-direction dose, an expressions analogous to that developed 
in Appendix B can be used. since 
t r a f f i c  is assumed t o  be exposed f o r  the  e n t i r e  time per iod  du r ing  which t h e  
accident is being cleared. 

In this situation, L/Vc is replaced by AT a 

When the expressions in Eqs. (16) and ( 1 7 )  are combined using the appropriate 
accident location weighting factor, the final expression for dose to people in 
vehicles from nondispersible source accidents becomes 

I D  = K 1 AT a PPV {INTl?[ 4L' (.64 - 5 -j)] + 
j=1 (6 + aj 

w 12 r 6 - st 
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C3.2 Nondi spe r s ib l e  Source Accidents  on Freeways 

S ince  a r e l a t i v e l y  l a r g e  amount of t r u c k  t r a v e l  i n  urban areas i s  expected t o  occur  
on freeways,  unique a s p e c t s  of t h i s  roadway type wi th  r e s p e c t  t o  n o n d i s p e r s i b l e  
source  a c c i d e n t s  need t o  be considered.  

Dose t o  P e d e s t r i a n s  

S ince  it is  assumed t h a t  t h e r e  are no p e d e s t r i a n s  on freeways,  p e d e s t r i a n  dose from 
n o n d i s p e r s i b l e  source  a c c i d e n t s  i s  zero.  

Dose t o  People i n  Bui ld ings  

The geometry f o r  dose t o  people i n  bu i ld ings  from a freeway a c c i d e n t  i s  similar t o  
t h e  geometry which would r e s u l t  from a midblock a c c i d e n t  on a ve ry  wide s t r e e t .  
The l i n e a r  popula t ion  d e n s i t y  is i d e n t i c a l  t o  t h a t  comp.uted i n  Eq. ( 6 ) ,  but both 
t h e  minimum exposure d i s t a n c e  ( i . e . ,  t h e  lower l i m i t  of i n t e g r a t i o n )  and t h e  number 
of exposed b u i l d i n g  f aces  ( i . e . ,  t o t a l  exposed pe r ime te r )  change. In  a d d i t i o n ,  t he  
expres s ion  used f o r  computing t h e  ang le  of ob l ique  impingement changes a s  shown 
below: 

where 

O f  = a n g l e  of ob l ique  impingement ( f reeways)  

w = freeway width ,  i nc lud ing  median and right-of-way on each s i d e  
(met res )  

(me t re s )  
r '  = d i s t a n c e  from the  acc iden t  s i t e  para l le l  t o  t h e  freeway 

With t h i s  r ev i sed  obl iqueness  expres s ion  and t h e  i n c o r p o r a t i o n  of o t h e r  changes,  
t h e  equa t ion  f o r  i n t e g r a t e d  exposure t o  people i n  b u i l d i n g s  becomes 

Kl 
0 e-'bwb B (w ) (PD + TC) (wst + 2ws) ATa b b  I D = Q  2 4 n ( F b  - f b )  

Dose to People i n  Vehic les  

Accidents  on freeways seldom d i s a b l e  t r a f f i c  i n  both d i r e c t i o n s .  
s i d e r s  t h a t  the s i d e  of t h e  freeway invo lv ing  t h e  shipment i s  e s s e n t i a l l y  s topped ,  
and t h a t  o t h e r  t r a f f i c  cont inues  t o  move normally,  as shown i n  F igure  C-7. It i s  

The model con- 
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Figure C-7. Nondispersible Source Dose to People in Vehicles 
for Freeway Accidents 

assumed that the area around the vehicle is congested and vehicle separation in the 
area immediately surrounding the damaged vehicle is equal t o  the value for inter- 
sections, 6, used in Eqs. ( 1 3 )  through (18). The f l o w  in the area of congestion is 
modeled by assuming a "platoon" of vehicles around the accident site, as discussed 
in Appendix B. The expression 
the shipment therefore becomes 

ID = Ki PPV 

for dose to people traveling the same direction as 

2 ATa ff 

( 6  + a ) 2  
where 

f f  = freeway platooning factor 
X = total freeway platoon dose factor (see Appendix B for 

details) 

The dose to people traveling in the direction opposite the shipment, derived in 
Appendix B, is modified t o  account for the fact that the shipment is stopped 
instead of moving. The net result for total exposure to people in vehicles on 
freeways is 

r 
Q 2 * N * w  

ID = K 1 PPV ATa * [(: I :;- A- * 

where N = total number of vehicles in cell at any time. 
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C3.3 Nondispers ib le  Source Accidents  on One-way S t r e e t s  

A 
Because most urban areas have a s i g n i f i c a n t  number of one-way s t reets ,  the  model i s  
equipped t o  ana lyze  t r a n s p o r t  on t h i s  type of a r t e r i a l .  
changes is  dose t o  people i n  v e h i c l e s  i n  t h a t  i n  t h e  case of one-way s t reets ,  t h e r e  
i s  no o p p o s i t e  d i r e c t i o n  t r a f f i c  stream. I n s t e a d ,  a midblock a c c i d e n t  i s  b a s i c a l l y  
surrounded by "L'-l" streams of t r a f f i c  moving pas t  i t  i n  t h e  same d i r e c t i o n .  

The only  expres s ion  which 

N '  

(1 .64  -= j)] + 
j = l  

ID = K1 AT PPV F N T F  
a 

st . (L '  - 1) . 
L' 

j =N 

C3.4 A i r  Transpor t  

Since a i r c r a f t  a c c i d e n t s  i n  urban areas can occur  a t  any place, the  dose equa t ions  
used are i d e n t i c a l  t o  those  f o r  t r u c k  t r a n s p o r t  on two-way streets. 
probably  ove res t ima te  a c t u a l  doses  because t h e  exc lus ion  area around an a i r c r a f t  
acc iden t  s i t e  i n  a c i t y  w i l l  probably not  a l low p e d e s t r i a n s  o r  people  i n  v e h i c l e s  
as c l o s e  as one-half of a street width. 

This w i l l  

C3.5 R a i l  Transpor t  

A r a i l  acc iden t  of s u f f i c i e n t  s e v e r i t y  t o  damage cargo  is more l i k e l y  t o  occur  
a long t h e  r a i l  r ight-of-way than  i n  t h e  depot  area because of h ighe r  v e l o c i t i e s  and 
l a r g e r  number of grade c ros s ings .  Therefore ,  a development analogous t o  t h e  
inc iden t - f r ee  dose t o  people a long t h e  -right-of-way (Appendix B) is used. 

W 

I D  = K1 ATa PDRW I ( x ) d x  
R 

W 

where 

PDRw = popu la t ion  d e n s i t y  a long right-of-way (people/km 2. 

see Appendix B, Eq. (47 ) )  

C3.6 Water Transpor t  

( 2 4 )  

The dock area is the  only  p l ace  where nond i spe r s ib l e  source  a c c i d e n t s  du r ing  water- 
borne t r a n s p o r t  can expose s i g n i f i c a n t  numbers of people. Hence, an  e q u a t i o n  
analogous t o  Eq. (50)  of Appendix B is used. 
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2 r r  . e -pa i r r  . Bair ( r )  d r  
‘7 

1 PDdock * A T  a -1 r 2 
I D  = K 

‘6 

’ where 

= popu la t ion  d e n s i t y  i n  dock area (persons/km 2 ) 
PDdock 

r6  = minimum dock exposure d i s t a n c e  (met res )  

r7 = maximum dock exposure d i s t a n c e  (metres)  

c4 I Accidents  Involv ing  D i s p e r s i b l e  Mate r i a l s  

An acc iden t  involv ing  a d i s p e r s i b l e  m a t e r i a l  can r e s u l t  i n  up t o  f i v e  d i f f e r e n t  
doses  ( s e e  F igure  C-1). Each of t hese  w i l l  be explored  s e p a r a t e l y .  Doses from 
“nonre l ease”  a c c i d e n t s ,  common t o  both nond i spe r s ib l e  and d i s p e r s i b l e  materials, 
are d i scussed  i n  Sec t ion  C5. 

C4.1 Doses Due t o  I n h a l a t i o n  of Radioac t ive  Material 

I n h a l a t i o n  Dose t o  P e d e s t r i a n s  

The i n d i v i d u a l  c r i t i c a l  organ dose rece ived  by a p e d e s t r i a n  who i n h a l e s  a given 
c o n c e n t r a t i o n  of a i r b o r n e  r a d i o a c t i v i t y  from a p a r t i c u l a r  r ad ionuc l ide  i s  g iven  by 

Q = n PPS RF AER RPC DF BR AT (26)  1 

where 

Q = dose t o  s p e c i f i c  organ (rem) 

n l  = amount of material  per  package ( c u r i e s )  

PPS = packages per shipment 

RF = release f r a c t i o n  

AER = f r a c t i o n  of r e l e a s e d  material which becomes 
a e r o s o l i z e d  

RPC = r a d i o l o g i c a l  dose f a c t o r  f o r  a s p e c i f i c  organ 
(rem t o  s p e c i f i c  organ per c u r i e  of material 
depos i t ed  i n  pulmonary po r t ion  of lung)  

DF = atmospheric  d l u t i o n  f a c t o r  a t  street l e v e l  
( c u r i e s  per m per  c u r i e  r e l e a s e d )  

3 
BR = brea th ing  ra te  (m /h)*  

AT = t o t a l  exposure t i m e  (hour)*  

3 

*In g e n e r a l ,  times used are i n  seconds. However, program cornpatab i l i ty  re- 
quirements  n e c e s s i t a t e  t h e  use  of hours  i n s t e a d  of seconds f o r  t ime- s t ep  l eng th  and 
b rea th ing  rate. 
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A 

The d i l u t i o n  f a c t o r  DF changes as t h e  c loud  of d e b r i s  d i s p e r s e s  from t h e  a c c i d e n t  
s i te .  If it is assumed t h a t  a p e d e s t r i a n  remains wi th in  a s p e c i f i c  c e l l  i n  t h e  
g r i d  for t he  d u r a t i o n  of t h e  cloud passage through t h e  g r i d ,  t h e  dose r ece ived  by 
t h a t  p e d e s t r i a n  dur ing  a cloud t r a n s i t  c o n s i s t i n g  of t t i m e  s t e p s ,  each of l eng th  
AT, would be 

t N  

0 = K2 AT DFk 

k= 1 

where 

( 1 K2 = n1 PPS RF AER RPC BR 

( C i  r e l e a s e d  DFk = d i l u t i o n  f a c t o r  i n  g iven  c e l l  f o r  t ime-step k 

AT = l eng th  of each t i m e  s t e p  ( seconds)  

tN = t o t a l  number of s t e p s  

Because t h i s  expres s ion  uses  t h e  t ime-step l e n g t h  r a t h e r  than  t h e  a c t u a l  c loud  
passage t i m e  past a po in t ,  i n d i v i d u a l  doses  are overest imated.  In  s i t u a t i o n s  where 
doses  are l a r g e  enough t o  r e s u l t  i n  e a r l y  m o r b i d i t i e s  or e a r l y  f a t a l i t i e s ,  t h e s e  
numbers may a l s o  be overes t imated .  

The i n t e g r a t e d  i n h a l a t i o n  dose rece ived  by p e d e s t r i a n s  i n  a s i n g l e  c e l l  dur ing  one 
t i m e  s t e p  i s  computed by mul t ip ly ing  t h e  dose each p e d e s t r i a n  r e c e i v e s  by t h e  
number of exposed p e d e s t r i a n s  i n  t h e  ce l l :  

* A  
* y * R D F  

f s t  2 . w  
S I D  = 0 PedD 

W s t  
(28)  

where 

= f r a c t i o n  of ce l l  area occupied by streets 
2 .  A = ce l l  area (km ) 

y = f r a c t i o n  of area of ce l l  covered by 

f s t  

cloud du r ing  t h e  s p e c i f i e d  t i m e  s t e p  

RDF = resuspens ion  dose f a c t o r *  

2 2-ws*fst.A 
= t o t a l  s idewalk area i n  ce l l  (km 

W s t  

I n  o rde r  t o  combine doses  absorbed du r ing  both s h o r t  and long t i m e  s t e p s ,  i n t e -  
g r a t e d  doses  for both t h e  i n t e r s e c t i o n  and midblock release cases are summed over  

*The resuspens ion  dose f a c t o r  is t h e  d imens ionless  r a t i o  of t h e  t o t a l  dose 
(c loud  passage p l u s  r e suspens ion )  t o  c loud  passage dose and accounts  f o r  a d d i t i o n a l  
dose accrued as material which is i n i t i a l l y  depos i ted  i s  resuspended and inha led .  
It i s  inc luded  i n  Eq. (28) and no t  Eq. (27)  because t h e  impact of r e suspens ion  i s  
s i g n i f i c a n t  on ly  for long-term i n t e g r a t e d  doses.  

c-19 



a l l  t ime s t e p s  i n  each c e l l  and over  a l l  c e l l s  a f f e c t e d  by t h e  cloud. The pedes- 
t r i a n  d e n s i t y  is va r i ed  as r equ i r ed  t o  s imula t e  d i u r n a l  v a r i a t i o n .  The r e s u l t  is 
t h e  i n t e g r a t e d  dose t o  p e d e s t r i a n s  due t o  an  acc iden t  of s p e c i f i c  s e v e r i t y  occur- 
r i n g  i n  a s p e c i f i c  c e l l  a long t h e  rou te :  

12.  W,. f A\ m \ 

"'1 / u= 1 

where 
m = number of s h o r t  t ime s t e p s  ( shor t - te rm atmospheric  

u = summation index f o r  s h o r t  t i m e  s t e p s  

w = summation index f o r  long t i m e  s teps  

t r a n s p o r t )  

q = number of long t i m e  steps (long-term atmospheric  
t r a n s p o r t )  

z = summation index f o r  g r i d  ce l l s  

p = number of c e l l s  i n  g r i d  

ATs = l e n g t h  of small t i m e  s t e p s  (hour s )  

ATL = l e n g t h  of long t i m e  s t e p  (hour s )  

The i n t e g r a t e d  dose i s  s p l i t  i n t o  t h a t  accumulated dur ing  smal l - sca le  a tmospheric  
t r a n s p o r t  a n a l y s i s  i n  t h e  c e l l  where t h e  a c c i d e n t  occurs  and t h a t  accumulated 
dur ing  l a r g e - s c a l e  a tmospheric  t r a n s p o r t  a n a l y s i s  i n  a l l  ce l l s  ( i n c l u d i n g  t h e  ce l l  
where t h e  a c c i d e n t  occur s ) .  This  approach has  been chosen because of d i s t a n c e  
c o n s t r a i n t s  on t h e  small-scale atmospheric  t r a n s p o r t  a n a l y s i s .  Although t h e r e  may 
be l a r g e  d i f f e r e n c e s  i n  t h e  d i l u t i o n  f a c t o r s  a t  a g iven  p l ace  and t i m e  as a r e s u l t  
of i n t e r s e c t i o n  or  midblock releases, t h e  b a s i c  form given i n  Eq. ( 2 9 )  a p p l i e s  t o  
both cases. The s u b s c r i p t e d  1 i n  t h e  s h o r t  t i m e  p o r t i o n  r e f e r s  t o  t h e  c e l l  i n  
which t h e  release occurred ,  and y i s  t h e  area f r a c t i o n  f o r  t h e  cloud i n  t h e  volume 
segment of i n t e r e s t .  

I n h a l a t i o n  Dose t o  People i n  Vehic les  

The dose r e c e i v e d ' b y  people i n  v e h i c l e s  as t h e  cloud of d e b r i s  from an a c c i d e n t  
passes i s  analogous t o  t h e  dose rece ived  by pedes t r i ans .  The i n d i v i d u a l  dose f o r  
one acc iden t  s e v e r i t y ,  one t i m e  s t e p ,  and one c e l l  is given by Eq. (26) .  S ince  i t  
i s  not  p o s s i b l e  t o  p r e d i c t  i f  d r i v e r s  w i l l  have windows up o r  down, o r  i f  they  w i l l  
have ven t s  open o r  c losed ,  no allowance i s  made f o r  p o s s i b l e  f i l t r a t i o n  of t h e  
cloud of d e b r i s  as it  e n t e r s  t h e  veh ic l e .  As was t h e  case f o r  p e d e s t r i a n s ,  t h e  
t o t a l  i n d i v i d u a l  dose f o r  a given acc iden t  can be given by Eq. (27) ,  us ing  ground 
l e v e l  d i l u t i o n  f a c t o r s .  The d e n s i t y  of people  i n  v e h i c l e s  i n  each c e l l  i n  t h e  g r i d  
i s  r equ i r ed  f o r  t h e  i n t e g r a t e d  dose computation. If t h i s  d e n s i t y  i s  inco rpora t ed ,  
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the general expression for integrated dose to people in vehicles from an accident 
of a given severity occurring in a specific cell becomes 

where N = 

m 

u=l 1,U Yl,u ID = k T s  K2 RDF PPV (NlYu DF 

RDF PPV 2 2 (E: w,= 8 DF w,z yw,z w=l z=1 

otal vehicles in the cell at given time. 

Inhalation Dose to People in Buildings 

The concentration of radioactive material inside a building depends on the rate of 
exchange of outside air with the air inside the building. 
enters the building, either through a ventilation system or by diffusion processes 
through windows, doors, cracks in walls, etc., some fraction is filtered out. 
Radioactive decay, deposition on surfaces internal to the building, and recircula- 
tion through ventilating filters and ducts could also act to reduce the inside 
concentration. An equation which relates the dose received by an individual inside 
a building to that received outside the building has been developed in Reference 5. 
This ratio, referred to as Building Dose Factor (BDF), is given by 

A s  airborne material 

'inside - - F BDF = 
@outside + D1 + X + K'cr 

R 

where 

F = ingress fraction (1 minus fraction removed by 
filtration upon entry) 

D1 = deposition factor (s-l) 

K' = recirculating air turnover rate (s-l) 

X = radioactive decay constant for material (s-l)  

= recirculation loop filter efficiency 

R = building air change rate (s-l> 

Building ventilation systems can be divided into two main categories: continuous 
intake systems and central air conditioning systems. Continuous intake systems are 
those which have direct air exchange with the outside through window-mounted intake 
systems or through natural wind processes. This type of system would be found 
primarily in older structures or small, single-family dwellings. Central air- 
conditioning systems occur in larger, high-rise office buidings and typically 
include a relatively limited amount of air intake through a small number of spe- 
cific intake locations coupled with a large amount of conditioning and recircul- 
ation. Central air-conditioning systems normally use a system of filters, precipi- 
tators, and dehumidifying coils. Information has been extracted from References 5 
and 6 to evaluate the BDF for the two systems described above. Initially the decay 
constant is set at zero since the largest value of a decay constant for a shipped 
radioactive material is 3.21~10-~ s-l (Tc-9%) and the smallest is 4.91~10-~~ 
(U-238). Values for air change rate R for homes vary upward from 2.8~10'~ s-l. 

c-21 
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Central air-conditioning systems have typical air change rate values of from 0.001 
to 0.002 s- l .  
devices as well as of the particle size and electrostatic nature of the aerosol. 
In the case of the noble gases, the ingress fraction F is assumed to be 1.0. This 
is conservative, because even noble gas molecules may agglomerate onto particles in 
the ambient aerosol and be removed. 
of values from 0.5 to 1.0, with an average of 0.85, is suggested for homes (see 
Reference 5). Central air-conditioning systems are much more efficient, with 
values for the ingress fraction to rooms and corridors from 0.002 to 0.25 per pass 
for particles with diameters between 1 and 30 microns. 

Filtration is a strong function of the number and type of filtration 

For other gases and/or particulates, a range 

Deposition rates are a function of particle size and air velocity. In a room where 
wall and furnishing surface area is 2.5 times the floor area and where wall deposi- 
tion is 20% of floor deposition, a value for D of 8 . 3 ~ 1 0 - ~  s-l with a range of 
5.6~10-~ to 5.6~10-~ s-l is suggested. 
deposit ion rate. 

Noble gases are considered to have a zero 

The last two parameters, K' and cy, relate to recirculation of air in the system 
and the filter efficiency in the recirculation mode. Almost by definition, there 
is no recirculation in continuous intake systems. For these situations, K'*cr = 0. 
Large central air-conditioning systems have significant recirculation: Reference 6 
suggests that filter efficiencies of 0.75 to 0.998 for 1- to 30-micron particles 
are currently installed and/or commercially available. Reference 5 suggests that 
central systems have recirculation rates of between 1.4~10-~ and 2.8~10-~ s- l .  

Table C-2 summarizes the BDF information and indicates values chosen for this 
analysis. 

Table C-2 

Building Dose Determination 

A .  

& 
Parameter Ranae 

F D1(s-') K ' ( s - ' )  f p  R(3-l) BDF Chosen - Material Type 

Noble gases - (0 - >O - >O - >O 2.8~10-~--8. ~ x I O - ~  1 .o 

0 0 2.8~10-~--8. 3x1C4 .65 
4 Other gases 

and particulates 0.5--1 .O 5.6~10-~--5.6~10- 

B. -v Air-ConditionedSvstems 

Noble gases - < 1  .o - >O 1.4~10-~--2.8~10-~ - >O 0.001--0.002 

and particulates 0.002--0.25 5.6~10-~--5.6~10-~ 1.4~10-~--2.8~10-~ 0.75--0.998 0.001--0.002 
Other gases 

1.0 

0.0086 
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I n d i v i d u a l  Doses -- The d i s p e r s i o n  codes which g ive  v a l u e s  f o r  DF and y provide a 
v e r t i c a l  d i s t r i b u t i o n  of material i n  each of fou r  30-metre-thick zones. With t h i s  
i n fo rma t ion ,  a dose o u t s i d e  t h e  b u i l d i n g  can be computed f o r  each time s t e p  u s i n g  
Eq. (26). By apply ing  t h e  BDF f o r  t h e  a p p r o p r i a t e  type of v e n t i l a t i o n  system, t h e  
dose r ece ived  i n s i d e  t h e  bu i ld ing  i n  each v e r t i c a l  zone can be c a l c u l a t e d .  

I n t e g r a t e d  Doses - The number of people exposed t o  a given c o n c e n t r a t i o n  is equal  
t o  t h e  number of people  i n  t h e  p a r t i c u l a r  b u i l d i n g  i n  each of t h e  v e r t i c a l  zones. 
Thus, f o r  cont inuous i n t a k e  systems,  t he  t o t a l  i n t e g r a t e d  exposure t o  people i n  
b u i l d i n g s  i s  g iven  by 

\1 z 
‘10 PPB, - 1  

L nz= l  ‘ J  

P 10 
w , z  Yw,nz,z 

(32)  w,nz,z DF 

where 

nz  = summation index over v e r t i c a l  d i s p e r s i o n  zones 

z = number of v e r t i c a l  d i s p e r s i o n  zones (assumed t o  be 
4 i n  c u r r e n t  a n a l y s i s )  

10 = number of f l o o r s  per  zone ( 3 0  m/zone 5 3 m/ f loo r )  

The expres s ion  f o r  c e n t r a l  a i r - cond i t ion ing  systems i s  i d e n t i c a l  t o  t h a t  i n  
Eq.  (32 )  wi th  t h e  s i n g l e  replacement of BDFCAC f o r  BDFcont. 

C4.2 Cloudshine Doses from Accidents  Involv ing  D i s p e r s i b l e  Source’s 

For  each i s o t o p e ,  t h e  dose rece ived  due t o  immersion i n  the  cloud fo r  t h e  d u r a t i o n  . 
of i t s  passage’  i s  d i r e c t l y  r e l a t e d -  t o  t h e  concen t r a t ion  of t h e  material  and the 
l e n g t h  of t h e  exposure.  The c loudshine  dose rece ived  by an i n d i v i d u a l  can be 
s p e c i f i e d  by 

4 = Q8 CDF DF AT N1 PPS EW ( 3 3 )  

where 

-17 rem-yr*m 
Q8 = u n i t s  convers ion  f a c t o r  

m r e m -  s m c m  

m r e m e c m  
CDF = c loudshine  dose f a c t o r  ( Ci.yr ’) 

By i n c o r p o r a t i n g  t h e  b u i l d i n g  dose f a c t o r  and t h e  a p p r o p r i a t e  d i l u t i o n  f a c t o r ,  
i n d i v i d u a l  doses  rece ived  by each popula t ion  subgroup can be determined. 
g r a t e d  doses  a r e  computed as before  by summing over  t i m e  s t e p s  and i n c l u d i n g  
popu la t ion  d e n s i t y  and cloud a r e a  f r a c t i o n .  No allowance f o r  s h i e l d i n g  is  inc luded  

In t e -  
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in computing cloudshine doses to people in vehicles.-/ 
Appendix H. 

Values for CDF are given'in 

A s  was the case for inhalation exposure, the use of time-step length rather than 
cloud passage time results in overestimation of individual doses for cloudshine 
exposure. However, this is counterbalanced by the fact that only doses to persons 
in the cloud are computed. 

C4.3 Groundshine Doses from Accidents Involving Dispersible Sources 

For each specific isotope, the dose received from exposure to contaminated ground 
is related to the level of contamination, the length of exposure, and the exposure 
geometry. 

The expressions used to compute this "groundshine" dose are all based on the 
formula for photon flux at a distance x (metres) above a uniformly contaminated 
infinite plane (see References 3 and 8) :  

pho ton  photons s flux ( cm2*s ) = z El (PX) (34) 

where 

S = photon source per unit area (photons per second 
per cm2) 

E1(px) = 1st order exponential integral 
p = linear absorption coefficient (m-l) 

Because dose is a measure of the energy absorbed by a material (in this case, body 
tissue) and since each photon in a multiphoton decay scheme deposits some fraction 
of its energy in a given amount of tissue (described by p ) ,  an exact expression for 
dose requires a detailed description of the decay scheme of each radionuclide. To 
simplify this analysis, the relative flatness of the p-versus-energy curve in the 
energy region of interest is used by assuming that each decay, be it single photon 
or cascade, behaves as if it were a single photon decay. Thus, the energy 
deposited per unit mass per disintegration becomes the total photon energy per 
disintegration, Ed, times the effective attenuation coefficient. For the purposes 
of this analysis, body tissue, the target of groundshine dose, is comparable to dry 
air in terms of energy absorption within the applicable photon ener y range. Thus 
the definition of roentgen as the absorption of 7.1~10~ MeV in 1 cm9 of dry air is 
considered applicable and can be combined with a conversion of S from photons per 
cm2 per second to microcuries per m2. 
metre above the surface, dose rate (in rem per day) becomes 

If El(x) is evaluated at a height of 1 

DR = 3.04~10-~ CULVL Ed (35) 

where CLJLVL = cleanup level (pCi/mL). 
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Eq. ( 3 5 )  must be further modified to account for the radioactive decay of isotopes 
with half lives on the order of a few hours to a few days: 

DR(t) = 3 . 0 4 ~ 1 0 ~ ~  CULVL Ed e 

This equation forms the basis for the remainder of the groundshine analysis. 

The basic exposure scenario is assumed to be as follows: 

1. People are exposed for the first full day following the accident to 
unmodified contamination levels. During this day, it is assumed that 
surveys are being conducted and a determination made of the need for 
evacuation, interdiction, decontamination, etc. 

2. If the decontamination factor DF (see Appendix K) is less than or equal to 
1.0, no remedial action is required, and persons are assumed to be exposed 
for 50 years to radiation from an'area contamined to the level initially 
deposited, as modified by radioactive decay. 

If the decontamination factor is greater than 1.0, a 10-day survey/cleanup 
period is assumed during which no exposure is accrued. This 10-day period 
is followed by 50 years of exposure to the cleaned-up level. 

3. 

There are some exceptions to this basic scenario which are detailed in the discus- 
sion below. 

Groundshine Doses to Pedestrians 

Pedestrian groundshine doses are computed using the contamination level on streets 
and sidewalks (CULVL-DFS, where DFS is the street decontamination factor), with a 
pedestrian density computed by a time-weighted - average of pedestrian densities for 
each time span in each affected cell (PedD). 

-- 5 [mz Ymax W z fst z (1 - e (O :;; ,i) + 
2 . w  s 

St z= 1 z 
r , Z  11 (37) 

where Q9 = units conversion factor ( = 4.39~-10-~ rem/MeV-vCi*d). 

The term y in Eq. ( 3 7 )  describes the maximum fraction of the-cell covered by the 
cloud during its passage. The first term in the brackets describes the initial 
exposure to undecontaminated ground, and the second term describes the 50-year 
exposure to decontaminated area. 

max 

In the case of pedestrians, if the decontamination factor is greater than a fixed 
value determined by the analyst (in this analysis the value is Z) ,  the bracketed 
expression is replaced by the 1-day exposure alone since the cleanup technique for 
that level of contamination is assumed to be outright replacement of all pavement. 
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Groundshine Doses t o  People i n  Bui ld ings  

Groundshine doses  t o  people i n  b u i l d i n g s  are computed us ing  t h e  contaminat ion l e v e l  
on b u i l d i n g  h o r i z o n t a l  area (CULVLoDFB, where DFB i s  t h e  b u i l d i n g  decontaminat ion 
f a c t o r ) ,  with a popula t ion  d e n s i t y  computed by a time-weighted average  of popula- 
t i o n  and t r a n s i e n t  c l i e n t e l e  d e n s i t i e s  f o r  each t i m e  span (PM-TC) i n  each a f f e c t e d  
ce l l .  

I D  = Qg Ed t CULVL A % 

1. 26x104 (33- A 5 / 2  )))I 
I f  t h e  b u i l d i n g  decontaminat ion f a c t o r ,  DFB, i s  g r e a t e r  than a f i x e d  va lue  ( i n  
t h i s  a n a l y s i s ,  t h e  v a l u e  i s  4 0 ) , t h e  bracke ted  expres s ion  i s  rep laced  by t h e  1-day 
exposure term a lone  s i n c e  t h e  area is  assumed t o  be i n t e r d i c t e d  i f  t h e  contamina- 
t i o n  i s  t h a t  severe .  

Groundshine Doses t o  People  i n  Vehic les  

Because of t h e  r e l a t i v e l y  l a r g e  amount of metal s h i e l d i n g  provided by v e h i c l e  
c h a s s i s ,  no groundshine dose is computed f o r  people i n  v e h i c l e s .  

C4.4 Dose Due t o  Material Remaining a t  t h e  Scene of t h e  Accident 

The f r a c t i o n  of r e l e a s e d  material which remains a t  the  acc iden t  s i t e ,  r e f e r r e d  t o  
as t h e  remnant material, can be s p l i t  i n t o  two groups:  material which remains 
i n s i d e  package s h i e l d i n g  and material which escapes  from t h e  package but  does not  
become a i rbo rne .  The f r a c t i o n  of material which remains s h i e l d e d  i n s i d e  t h e  
package is given by "1-RF;" t h e  p o r t i o n  of material which i s  released from t h e  
package but  does no t  become a i r b o r n e  i s  g iven  by "RF*(l-AER)." 
act  as an exposure source  i d e n t i c a l  t o  t h a t  d i scussed  i n  Sec t ion  C3, wi th  a source  
term given  by 

These two groups 

K3 = 1Q6 * nl PPS Ed pr [RF (1 - AER)]I + 
[Q3 T I  PPS ( 1  - RF)] (39)  

S u b s i t u t i o n  of t h i s  source  term f o r  K1 i n  t h e  equat ions  i n  Sec t ion  C3 g ives  t h e  
dose due t o  t h e  material which remains a t  t h e  s i te  of an acc iden t .  

C5. Nonrelease Vehicular  Accidents  

Many v e h i c u l a r  a c c i d e n t s  are not  s eve re  enough t o  d i s p l a c e  package s h i e l d i n g  o r  
release package con ten t s .  Even so ,  t h e s e  a c c i d e n t s  may s t i l l  be seve re  enough t o  
cause t h e  v e h i c l e  t o  remain a t  t h e  acc iden t  s i t e  f o r  an extended pe r iod ,  exposing 
people i n  t h e  area. This s i t u a t i o n  i s  analogous t o  t h e  nond i spe r s ib l e  sou rce  
a c c i d e n t  d i scussed  earlier,  except  t h a t  t h e  source term does not  involve  t h e  c u r i e  
con ten t  s i n c e  t h e  package s h i e l d i n g  i s  no t  a f f e c t e d .  I n s t e a d ,  t h e  source  term can  
be expressed as 
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K4 = Q3 KO TI PPS ( 4 0 )  

basic dose rate equations used to derive expressions for incident-free expo- 
sures in Appendix B can be used to determine integrated doses to pedestrians, 
people in buildings, and people in vehicles. In addition to these groups, crew 
would receive an additional dose by virtue of the delay time. This dose is 
specified as 

where 

N = number of crew 

d = source-to-crew distance (metres) 
C 

2 

C6. 

Previous sections have discussed the determination of individual and population 
exposure consequences of specific accidents. For comparisons between various 
routes or with incident-free impact, some further operations are necessary: 

Summation of Direct Radiological Effects Resulting from Accidents 

\ 1. Combination of groundshine, cloudshine, inhalation, and direct exposure 
doses; 

2. Conversion of doses to expected number of health effects; 

3. Combination of release and nonrelease accident consequences ; and 

4. Expression of consequences in terms of annual expected value, i.e., in 
risk terms. 

As discussed in Appendix H, the "common denominators" for health effects comparison 
are early fatalities, early morbidities, latent cancer fatalities, and genetic 
effects. Use of these parameters allows quantification of population doses to 
various organs resulting from inhalation of radioactive material and/or external 
whole-body radiation doses. 

Individual doses can be converted to expected numbers of early fatalities by 
multiplying the doses received by individuals by the probability of fatality given 
a specific dose and then summing over the various computed individual doses 
received: 

Expected number of 
early fatalities 
per accident 

where 

n1 = number of organs which can be sufficiently 
radiosensitive and physiologically critical 
to cause acute fatality if significantly 
over expo s ed 
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g = number of dose subgroups eva lua ted  

g 
N(Og) = number of people  r e c e i v i n g  dose 0 t o  organ n 

i n  t h e  g iven  a c c i d e n t  

t o  organ n 
Pef (Qg)  = p r o b a b i l i t y  of e a r l y  f a t a l i t y ,  g iven  dose 0 

g 

E a r l y  f a t a l i t y  p r o b a b i l i t i e s  are provided f o r  a set of d i s c r e t e  dose i n t e r v a l s ,  and 
the  people exposed i n  each of t h e s e  i n t e r v a l s  are ass igned  t h e  p r o b a b i l i t y  of ear ly  
f a t a l i t y  a s s o c i a t e d  with the  lowest dose i n  the  i n t e r v a l .  

Ea r ly  m o r b i d i t i e s  are handled s l i g h t l y  d i f f e r e n t l y  because they  are eva lua ted  by 
assuming 100% occurrence  of morbid i ty  above a s p e c i f i e d  dose th re sho ld .  

per a c c i d e n t  
( 4 3 )  

where 

n2  = number of organs which can be exposed s u f f i c i e n t l y  
t o  cause morbid i ty  

t h e  g iven  a c c i d e n t ,  where Q i s  tffe t h r e s h o l d  
dose f o r  t h e  s p e c i f i c  phys ig log ica l  morbid i ty  

N(Qm) = number of people r e c e i v i n g  dose o r  g r e a t e r  i n  

Each computed i n t e g r a t e d  dose can be converted t o  a v a l u e  f o r  expected number of 
l a t e n t  cancer  f a t a l i t i e s  o r  g e n e t i c  e f f e c t s  by mul t ip ly ing  t h e  i n t e g r a t e d  organ 
dose by i t s  a p p r o p r i a t e  c o e f f i c i e n t .  F i r s t ,  however, t h e  i n t e g r a t e d  exposure 
a s s o c i a t e d  w i t h  persons who s u f f e r  e a r l y  f a t a l i t i e s  i s  s u b t r a c t e d  from t h e  t o t a l .  
The remaining i n t e g r a t e d  exposure can then  be converted t o  expected numbers of  
long-term e f f e c t s  as shown: 

number of 

- I D e f , s  C F ~  DEF] ( 4 4 )  ] = 
[ ( IDTota l  , s  

long-term e f f e c t s  
per a c c i d e n t  

wher e 

s = index over va r ious  organs 
t h  = t o t a l  i n t e g r a t e d  popula t ion  dose t o  t h e  s 

lDTotal,s organ rece ived  i n  a s p e c i f i c  acc iden t  (person  
rem) 

persons who w i l l  become e a r l y  f a t a l i t i e s  
(person rem) 

CFs = h e a l t h  e f f e c t  c o e f f i c i e n t  f o r  sth organ f o r  
long-term h e a l t h  e f f e c t  of i n t e r e s t  (number 
of health e f f e c t s  per person r e m )  ( s e e  
Appendix H) 

= i n t e g r a t e d  popula t ion  dose accumulated i n  I D e f ,  s 

DEF = dose- ra te  e f f e c t i v e n e s s  f a c t o r  ( s e e  Appendix H) 
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Note t h a t ,  as d i scussed  ear l ie r ,  t h e  number of e a r l y  f a t a l i t i e s  may be o v e r e s t i -  
mated because of the t ime-step technique  used t o  c a l c u l a t e  i n d i v i d u a l  dose. If 
t h i s  i s  the  case, long-term e f f e c t s  may be underes t imated .  

Once the expected number of consequences per a c c i d e n t  has been e v a l u a t e d ,  a v a l u e  
f o r  r i s k  can be computed. The expected va lues  f o r  h e a l t h  e f f e c t s  computed i n  Eqs. 
( 4 2 ) ,  ( 4 3 1 ,  and ( 4 4 )  are only f o r  a c c i d e n t s  of a s p e c i f i c  s e v e r i t y  o c c u r r i n g  i n  a 
s p e c i f i c  c e l l  a long  t h e  rou te .  Accidents of o t h e r  s e v e r i t i e s  o c c u r r i n g  i n  o t h e r  
ce l l s  must now be considered.  Since consequence pe r  r o u t e  i s  expressed  i n  terms of 
expec ted  numbers of h e a l t h  e f f e c t s ,  t h e  occurrence  ra te  f o r  each s e v e r i t y  c a t e g o r y  
must be cons idered .  Thus, t h e  expected number of a c c i d e n t s  of s e v e r i t y  c i n  c e l l  

is  g iven  by z,  & Z , C ’  

where 

c = index  over acc iden t  s e v e r i t i e s  

= the  d i s t a n c e  t r a v e l e d  i n  c e l l  z (km) Lz 

mode 
dependent 

ARZ = a c c i d e n t  ra te  per u n i t  d i s t a n c e  
(dependent upon t i m e  span when 
t r a n s p o r t  occu r red )  (acc/km) 

c i n  c e l l  z 
e = f r a c t i o n  of a c c i d e n t s  of s e v e r i t y  

c , z  

This can be combined with ear l ie r  expres s ions  t o  g i v e  the t o t a l  expected number of 
h e a l t h  e f f e c t s  of any type from t r a n s p o r t  u s ing  a s p e c i f i c  mode a long  a s p e c i f i c  
r o u t e  : 

H C  
* E  

z , c  z , c  
= E f f e c t s  To ta l  expec ted  

e f f e c t s  1 z = l  c = l  
( 4 6 )  

where 

H = number of c e l l s  on r o u t e  

C = number of a c c i d e n t  s e v e r i t y  c a t e g o r i e s  

E f f e c t s  = expec ted  number of e f f e c t s  from a c c i d e n t  
of s e v e r i t y  c i n  c e l l  z dur ing  t i m e  span 
of i n t e r e s t  (sum of va lues  from E q s .  ( 4 2 1 ,  

E = expec ted  number of a c c i d e n t s  of s e v e r i t y  c 

z’c 

( 4 3 1 ,  ( 4 4 ) )  

’” i n  ce l l  z per  t r i p  through g r i d  (Eq.  ( 4 5 ) ) .  

These v a l u e s  can,  i n  t u r n ,  be summed over a l l  modes of t r a n s p o r t  and a l l  r o u t e s  t o  
g e t  the  f i n a l  expected v a l u e  of h e a l t h  e f f e c t s  f o r  a s p e c i f i c  set  of s t a n d a r d  
shipments . , 
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ADDENDUM: VARIABLES, CONSTANTS, AND FUNCTIONS 

Table Ad-1 

Var i a b l e  s 

Equat ions I n  Which 
Var i ab le  Appears Var i ab le  Descr iDtion Un i t s  

number of c u r i e s  
p e r  package 

r e l e a s e  f r a c t i o n  

number of packages 
per  shipment 

photon energy 
per d i s i n t e g r a t i o n  

a t t e n u a t i o n  c o e f f i c i e n t  

a t t e n u a t i o n  c o e f f i c i e n t  
of a i r  

1 

RF 

n 
C i  
- 

1, 3, 26, 33 

1, 3,  26, 33, 39 

PPS 

Ed 

u 

'air 

f r  

0 

K1 

1, 3, 26, 33, 39 ,  40 

1, 3, 35, 36, 37, 38, 
39 

1, 3 ,  34, 39 

1, 2, 4 ,  5, 6 ,  7 ,  11 ,  
12, 17, 18, 20,  22, 
23, 25, 41 

1, 2 ,  7 ,  9 ,  10 ,  17,  
18, 19, 20, 22, 23 

M e V  
-1 m 

-1 m 

d i s t a n c e  from source  t o  
exposable  popula t ion  

i n d i v i d u a l  dose  

metres 

2 ,  7, 9 ,  11, 26, 27,  
28, 31, 33 

2 r e m o m  
S 

source  term f o r  e x t e r n a l  
exposure 

2 ,  3, 4 ,  5 ,  6 ,  7 ,  9 ,  
10, 11, 12, 13, 14, 
15 ,  16 ,  17 ,  18; 20; 
21, 22, 23, 24, 25 

ATa acc iden t  de l ay  t i m e  2, 4 ,  5, 6 ,  7 ,  9 ,  10 ,  
11, 12, 13, 14, 15, 
16, 17, 18, 21, 22, 
23, 24, 25, 41 

3, 40 

S 

package shape f a c t o r  
2 m r e m * m  

0. 
K 

T I  

I D  

h 

package t r a n s p o r t  i ndex  - 
i n t e g r a t e d  dose person-rem 

3, 39, 40 

4 ,  9 ,  10, 12, 13, 14, 
16, 17,  18, 20, 21,  
22, 23, 24, 25, 28, 
29, 3 0 ,  32,  37,  38, 
41, 44 

PedD p e d e s t r i a n  d e n s i t y  persons p e r  
square k i  1 ome- 
t re  of sidewalk 4 ,  5, 6 ,  28, 29, 37 
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Table Ad-1 (Continued) 

Equations In Which 
Variable Appears Description Units Variable 

W st 4 ,  5 ,  6 ,  8 ,  9 ,  10,  
17,  18, 20, 23, 28,  
29, 37 

20, 29, 37 
4 ,  5,  6 ,  8 ,  9 ,  10, 

street width metres 

sidewalk width metres W 
S 

X integration variable- 
di s tance 
integration variable- 
di s tance 

integration accident 
factor 

midblock accident factor 
attenuation coefficient 
in building material 

4 ,  5 ,  6 ,  17 metres 

metres 
Y 

INTF 

4 ,  5 ,  6 

6 ,  10,  18, 23 

6 ,  10,  18, 23 MBF 

'b -1 m 7 ,  8 ,  9 ,  20 

7 ,  8, 9 ,  10,  20 building wall thickness metres 

population density in cell per sons 
km2 

Wb 
PD 

6,  8, 9 ,  10, 20 

TC transient clientele in cell persons 

km2 6 ,  8, 9 ,  10,  20 

fraction of cell area 
occupied by buildings 

incremental distance 

number of floors per 
b u i l d i n g  

surrogate variable 

height per floor 

fb 6,  8 ,  10,  20 

9 

- 
metres Ar 

n 
9,  i o ,  19, 20, 32 

10 

19, 20 

- 
metres 

metres 
B4 
h 

i summation variable 
or building floors 

summation variable over 
vehicles 
vehicle separation 
d i s t ance metres 
vehicle length metres 

- 

- 

10, 20 

11, 12,  13, 15 ,  16,  
18, 23 

11, 12,  13,  14 ,  15 ,  
16 

11, 12,  13, 14,  15 ,  
16, 18, 21, 22, 23 

12, 13,  14 ,  15,  16 ,  
18, 23 

R 

number of lanes per side 
of street 

L '  
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Table Ad-1 (Continued)  

Var i ab le  

PPV 

N' 

f W 

f 

N 

A 

f s t  

'6 
PD 

RW 

PDdock 

r 6 

r7  

AER 

DF 

BR 

AT 

K2 

k 

t 

RDF 

Desc r ip t ion  

number of persons per 
v e h i c l e  

number of cars i n  i n t e r -  
s e c t i o n  

s u r r o g a t e  v a r i a b l e  

freeway width 

p l a toon ing  f a c t o r  

t o t a l  v e h i c l e s  i n  c e l l  a t  
any t i m e  

c e l l  area 

f r a c t i o n  of ce l l  occupied 
by street 

s u r r o g a t e  v a r i a b l e  

popu la t ion  d e n s i t y  
a long ra i l  r ight-of-way 

popu la t ion  d e n s i t y  i n  
dock area 

minimum dock exposure 
d i s  t ance  

maximum dock exposure  
d i s t a n c e  

f r a c t i o n  of material  
a e r o s o l i z e d  

atmospheric  d i l u t i o n  
f a c t o r  

b rea th ing  r a t e  

t o t a  1 exposure t i m e  

source  term f o r  i n h a l a t i o n  
exposure 

summation v a r i a b l e  over  
t i m e  s t e p s  ( g e n e r a l )  

number of t i m e  s t e p s  
( g e n e r a l  ) 

resuspens ion  dose f a c t o r  

Un i t s  

- 
metres 

met res 
- 

- 
2 km 

- 
- 

persons 

km2 

km2 

persons 

metres 

metres 

C i  

m3 * C i  r e l e a s e d  

m3/h 

hours  
3 r e m - m  

2 

Equat ions In  Which 
Var i ab le  Appears 

12, 13, 14, 15, 16, 
17, 18, 21, 22, 23, 
30 

15, 16, 18, 23 

10 

19, 20, 22 
21, 22 

17, 18, 22, 23, 30 

17, 18, 20, 22, 23, 
28, 29, 37, 38 

17, 18, 20, 22, 23, 
28, 29, 37 

20 

24 

25 

25 

25 

26, 39 

26, 27, 29, 30, 32, 

33 

26 

26, 27, 33 

27, 29, 30, 32 

27 

27 

28, 29, 30, 32 
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Table Ad-1 (Continued) 

Variable 

Y 

'ma x 
llTS 
U 

m 

ATL 
W 

q 
z 

P 
F 

Dl 
x 
K' E~ 

R 
BDF 

PPB 

nz 

Z 

CDF 

S 

K3 

K4 

NC 

Description 

fraction of cell area 
covered by cloud 

maximum value of gamma 
length of short time step 

summation variable over 
short time steps 

number of short time steps 
length of long time steps 

summation variable over 
long time steps 

number of long time steps 
summation variable over 
cells in grid 

number of cells in grid 

building filtration factor 

deposition factor 

decay constant for material 

recirculation loop 
parameter 

building air change rate 
building dose factor 

people per building 

summation variable over 
vertical dispersion zones 

number of vertical disper- 
sion zones 

cloudshine dose factor 

photon source strength 

remnant dose source term 

nonrelease accident source 
term 

number of crewmen 

Units 

- 
hours 

- 

hours 

- 
-1 
- 1  
m 
S 

-1 

- 1  
S 

S 

- 
persons 

km2 

- 
3 mr em em 

ci-yr 
phot ons/cm2 s 

2 remom 
S 
2 remem 

Equations In Which 
Variable Appears 

28, 29 ,  30, 32 

37 ,  38 

29 ,  30, 32 

29, 30 

29 ,  30 

29, 30, 32 

29, 30 

2 9 ,  30 

29, 30, 32,  37 ,  38, 
45 ,  46 

29 ,  30, 32, 37, 38 

31 

31 

31 

31 

31 

32 

32 

32 

32 

33 

34 

39 

40, 41 
41 
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Table Ad-1 (Continued) 

Equations In Which 
Variable Appears Variable 

d2 
CULVL 

t 

PedD 

DFS 

PM-TC 

DFB 

9 

g 
N ( 4  1 

Pef( 4)  

n2 

S 

CF 

DEF 

C 

E. 

L 
AR 

Description Units 

source-to-crew distance 
assumed decontamination 
level 

ha1 f -1if e of isotope 
time-weighted average 
pedestrian density 

41  metres 

pci /m2 3 5 ,  3 6 ,  3 7 ,  38 

3 6 ,  3 7 ,  38  days 
persons 
per km2 of 
sidewalk 37 

street decontamination 
factor 

t ime-wei ght ed average 
density of people in 
buildings 
decontamination factor - 
buildings 
number of early fatality 
types 
number of dose groups 
number of persons receiving 
dose 4 
probability of early 
fatality after receiving 
dose 
number of early morbidity 
types 
summation variable over 
organ types 

long-term health effect 
coefficient 

37 - 
people 

km2 38  

38  

4 2  

4 2  

4 2 ,  43 

42 . -  

4 3  

44 

number of 
effects per 
person-rem 4 4  

dose-rate effectiveness 
factor 

summation variable over 
acc id ent severities 

expected number of 
accident s 

distance traveled in cell 

accident rate 

44 

4 5 ,  46 

4 5 ,  46 

4 5  

45 

- 
metres 

accidents /km 
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V a r i a b l e  

Table  Ad-1 (Continued) 

Desc r ip t ion  

f r a c t i o n  of a c c i d e n t s  of a 
s p e c i f i c  s e v e r i t y  

Uni t s  

number of acc iden t  s e v e r i t y  
c a t e g o r i e s  - 
number of cel ls  on r o u t e  - 

Equat ions In Which 
V a r i a b l e  Appears 

4 5  

4 6  

46 
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Constant Value 

Q2 

43 

45 

Q6 

Q7 

Q8 

Q9 

C-36 

1 o-6 

2.7 8x1 0-7 

4. 8 x 1 f 5  

0.041 

1 o - ~  

4 . 3 9 ~ 1 0 - ~  

Table Ad-2 

Constants 

Units 

km2 

m2 

rem*h 
mrem- s 

- 

remom3 
s Ci *MeV 

remom3 
s Ci *MeV 

km 
m 
- 

rem-yr em3 

rem 
MeV-pCi *d 

Equations In Which 
Constant Appears 

4 ,  6 ,  8 ,  9 ,  10, 14 ,  
17, 18, 20, 22 

3, 39, 40 

1, 3 

39 

8 

33 

37,  38 



Function 

Bair (r) 

Bb 

OF 

'NUREG-0 170. 

2 R. K. Clarke et 
(Albuquerque: Sandia 

Table Ad-3 

Func t ions 

Description 

dose rate buildup factor 
in air 
dose rate buildup factor 
in building material 

obliqueness factor 
- 
e 'air'. Bair(r)dr 

r m  
I 
X 

first-order exponential 
integral evaluated at ux 

NOTES 

Equation In Which 
Function Appears 

1, 2, 4, 5 ,  6, 11, 
17, 18, 22,, 23, 41 

7, 8, 9, 20 

7, 8, 9, 10, 20 

24, 41 

34 

al, Severities of Transportation Accidents, SAND74-0001 
Labo) 

3S. Glasstone and A. Sesonske, Nuclear Reactor Engineering (Cincinnati : 

4National Safety Council, "Accident Facts," pamphlet (Chicago: NSC, 1977). 

5D. C. Aldrich and D. M. Ericson, Jr., Public Protection in the event of a 

Van Nostrand, 1967). 

Nuclear Reactor Accident: Multi-Compartment Ventilation Model for Shelters, 
SAND77-1555 (Albuquerque: Sandia Laboratories, 19//). 

R. I. Weiner, "The Potential of Nuclear Pacemakers as a Terrorist Tool," 6 

Hazard Prevention, Nov/Dec 1978, p 23.  

7WASH 1400-Appendix VI. 

8K. Z. Morgan and J. E. Turner, eds, Principles of Radiation Protection, 
(Huntington, N.Y.: Robert E. Krieger Publishing Co., 1973). 
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D 

SENSITIVITY AND ERROR ANALYSES 

'This appendix describes the methods used to perform the sensitivity and error 
analyses of the mathematical models used in this study. These models are for 

Incident-free transport 

Vehicular accidents 

Deviations from accepted quality assurance practices 

Sabotage or malevolent attack 

The incident-free and accident models described in Appendices B and C can each be 
thought of as a single model with multiple responses or as a set of submodels. 
They are treated here as though composed of a number of single response submodels 
in order to simplify the sensitivity and error analyses and their discussion. Each 
submodel, then, calculates the dose from external penetrating radiation received by 
a particular population. The dose units are person rem or expected health effects: 
early fatalities, early morbidities, latent cancer fatalities, and genetic effects. 

D1. The Incident-Free Transport Model 

D1.l Sensitivity Analysis 

The objectives of the sensitivity analysis are to 
* Determine the order of importance of the input variables in characterizing 

Provide simplified, closed-form equations for calculating doses and on 

the response variables 

which to perform error analyses 

Achieving the above goals will make it possible to use the mathematical models and 
the simplified equations in anyturban area. Knowing.the relative importance of the 
input variables required to simulate the transport of radioactive materials through 
urban areas will permit the use of the models with data bases less detailed than 
those obtained for New York City. 

The mathematical models used t o  assess the impacts of transporting radioactive 
materials through urban areas are deterministic simulation models derived from 
physical principles. 
calculate the various doses of interest. The values of the input variables 
relating to characteristics of an urban area are peculiar to New York City. 

They include all the input variables considered necessary to 
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The computer code f o r  t he  i n c i d e n t - f r e e  model, f o r  example, s imula t e s  t h e  t r a v e l  of 
a shipment a long  a s p e c i f i e d  r o u t e  through t h e  100-cel l  g r i d  cover ing  p o r t i o n s  of  
New York City.  I n t e g r a t e d  r a d i a t i o n  doses  rece ived  by d i f f e r e n t  popu la t ions  
exposed, such as people i n  v e h i c l e s  and people  i n  b u i l d i n g s ,  are accumulated 
ce l l -by -ce l l  as the  shipment traverses t h e  g r i d  on i t s  s p e c i f i e d  rou te .  The dose 
c a l c u l a t e d  f o r  each c e l l  depends on a number of v a r i a b l e s  t h a t  vary  wi th  time of  
day and c e l l  l o c a t i o n .  The v a r i a b l e s  f o r  a t r u c k  shipment ,  c l a s s i f i e d  by t h e i r  
dependency, f o r  t h e  i n c i d e n t - f r e e  model are l i s t e d  bel-ow. 

n 

Time-Span Dependent V a r i a b l e s  

1. F r a c t i o n  of i n t e r s e c t i o n s  a t  which v e h i c l e s  s t o p  
2. Freeway t r a f f i c  count 

' 3 .  Separa t ion  d i s t a n c e  between v e h i c l e s  on freeway 
4.  Freeway v e h i c l e  v e l o c i t y  
5. Persons per v e h i c l e  

Cell-Dependent V a r i a b l e s  

1. F r a c t i o n  of g r i d  a r e a  occupied by s t reets  
2. S t r e e t  wid th  
3.  Sidewalk width 
4. Bui ld ing  w a l l  t h i c k n e s s  
5. Bui ld ing  material  
6. Number of f l o o r s  
7.  S to ry  he igh t  
8. F r a c t i o n  of g r i d  a r e a  occupied by b u i l d i n g s  

Time-Span and Cell-Dependent V a r i a b l e s  

1. Sepa ra t ion  d i s t a n c e  between v e h i c l e s  
2. Vehic le  speed 
3 .  P e d e s t r i a n  d e n s i t y  
4 .  P e d e s t r i a n  speed 
5. T r a f f i c  count 
6. Popu la t ion  d e n s i t y  
7.  Shopper popu la t ion  (e l sewhere  c a l l e d  t r a n s i e n t  popu la t ion )  

To e v a l u a t e  t h e  e f f e c t s  of t h e s e  v a r i a b l e s ,  t h e  s e n s i t i v i t y  a n a l y s i s  i s  performed 
f o r  each dose group on a s i n g l e  ce l l  basis, i.e.,  f o r  a u n i t  d i s t a n c e  t r a v e l e d .  
The model equa t ions  f o r  i nc iden t - f r ee  t r a n s p o r t  t y p i c a l l y  c o n s i s t  of t h e  product  of  
a number of v a r i a b l e s  and parameters ,  and a t e r m  u s u a l l y  made up of one o r  more 
i n t e g r a l s .  The equa t ion  of dose t o  warehousemen (Eq. ( 5 4 ) ,  Appendix B) f o r  
example, is 

P D s t o r  * 
I D  = Q, - K * T I  P P S  A T  

0 s t o r  
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where 
0 

Q, = scaling factor 
KO = package shape factor 

TI = transport index 

PPS = number of packages per shipment 

= storage time 
= population density in storage area 

= linear attenuation coefficient for air 

ATstor 

PDstor 
'air 
(r) = buildup factor for air Bair 
r8 = minimum exposure distance 
r = maximum exposure distance 9 

and B ir(r) are functions of the photon energy, E, of the radionuclide being 'air transport ea. 

Parameters in the mathematical models, such as stop-time at intersections, crew 
separation distance, and distance between stopped vehicles, are fixed at their 
nominal values in the data base for the sensitivity analysis since use of these 
values does not result in doses significantly different from the doses calculated 
at extreme values. 

The sensitivity of the response variable to the multiplicative factors is obvious, 
i.e., doubling TI doubles the dose, so these factors are fixed and the effects of  
the remaining variables are investigated. I n  Eq. ( l ) ,  the variables investigated 
are r rg, and E. 

The sensitivity analysis is accomplished by calculating doses with the mathematical 
model as the input variables under investigation are permitted to vary over plausi- 
ble ranges and multiplicative factors are set at nominal values. The values of the 
input variables used in the calculations are selected according to appropriate 
response, surface designs.' The data thus obtained are f i t t e d  by linear l eas t  
squares. The resulting regression equations are then rescaled to include the 
multiplicative factors. Ranges for input variables and their limits of variation 
are 

8' 

Variable Minimum/Maximum Values 

Photon energy, E 0.5/1.5 MeV 

Sidewalk width, w 214 metres 
S 

Street width, wst 
Vehicle velocity, 

Vehicle velocity on freeway, Vf 
Pedestrian velocity, V 

P 

10/30 metres 
3.34D.06 m/s 

9/24.4 m/s 

1.1/1.4 m/s 
Building wall thickness, wb 0.2/0.4 metres 

Number of floors, n 1/29 
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.7/2.3 metres 

50/150 metres 
r8 

9 

Minimum exp. d i s t . ,  warehouse, 

Maximum exp. d i s t . ,  warehouse, r 

Wf Freeway width ,  

Minimum exp. d i s t . ,  a i r p o r t s ,  

Maximum exp. d i s t . ,  a i r p o r t s ,  r 

Minimum exp. d i s t . ,  depo t ,  r 

Maximum exp. d i s t . ,  depot ,  r 

r4 

5 

1 

2 

40/100 met res  

82/162 metres 

204/284 metres 

1/3.8 metres 

4/10 metres 
3/9 metres 

2/5 m e t r e s  
3 D i s t  . between pass ing  t r a i n s ,  r 

R a i l  right-of-way d i s t . ,  rw 

6 Minimum exp. d i s t . ,  docks,  r 
Maximum exp. d i s t . ,  docks,  r7  

5/19.4 metres 

20/200 metres 

The f i t t e d  r e g r e s s i o n  equat ions  are then  used t o  c a l c u l a t e  t h e  percent  change i n  
each inpu t  v a r i a b l e  t h a t  w i l l  produce a 100% change (doubl ing)  i n  t h e  response  
v a r i a b l e ,  keeping a l l  o t h e r  i npu t  v a r i a b l e s  a t  t h e i r  nominal va lues .  
permi ts  t h e  ranking of t he  inpu t  v a r i a b l e s  accord ing  t o  t h e i r  i n f l u e n c e  on t h e  
response v a r i a b l e .  

This  process  

2 
The d a t a  are f i t t e d  w i t h  a s t epwise  r e g r e s s i o n  program. 
p o s t u l a t e d ,  and t h e  program o b t a i n s  a set  of equat ions  by s u c c e s s i v e l y  examining 
t h e  c o n t r i b u t i o n  of each inpu t  v a r i a b l e .  
v a r i a b l e  i n  the  p o s t u l a t e d  r e g r e s s i o n  model t h a t  e x p l a i n s  t h e  most v a r i a t i o n  i n  
t h e  response v a r i a b l e  and then admits  o t h e r  v a r i a b l e s  i n  o rde r  of t h e i r  a d d i t i o n a l  
c o n t r i b u t i o n  t o  t h e  o v e r a l l  f i t  as measured by t h e i r  p a r t i a l  c o r r e l a t i o n  wi th  t h e  
response v a r i a b l e .  As each v a r i a b l e  i s  added, a l l  the  v a r i a b l e s  a l r e a d y  admit ted 
are eva lua ted  accord ing  t o  t h e i r  c u r r e n t  c o n t r i b u t i o n ,  and any t i m e  t h e i r  c o n t r i -  
bu t ion  i s  not s i g n i f i c a n t  a t  some s p e c i f i e d  p r o b a b i l i t y  l e v e l ,  t h e  v a r i a b l e  
c o n t r i b u t i n g  least  i s  de le t ed .  The procedure con t inues  u n t i l  on ly  v a r i a b l e s  t h a t  
are not  s i g n i f i c a n t  a t  some s p e c i f i e d  l e v e l  are excluded from t h e  model. From t h e  
equa t ions  thus  obta ined ,  t h e  one wi th  t h e  least  number of i npu t  v a r i a b l e s  t h a t  
accounts  f o r  a t  least  90% of the  v a r i a t i o n  i n  the  response v a r i a b l e  i s  chosen. 

A r e g r e s s i o n  model i s  

The program first  admits  t h e  inpu t  

The equa t ion  t o  be f i t t e d  t o  t h e  r e s u l t s  ob ta ined  wi th  t h e  s i m u l a t i o n  models are of 
t he  type : 

k k k 

0 i=l i=1 j = l  

where 

y = t h e  response v a r i a b l e  

xi = t he  i t h  inpu t  v a r i a b l e  

k = t h e  number of i npu t  v a r i a b l e s  
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E = the devation due to lack of fit 

Bi = the average change in y for a unit change in x i 
(The 6,'s are estimated from the data.) 

A complete equation for two input variables, for example, is 

L L 
Y = B o  + B, x1 + 8, x2 + B,, x1 + B,, x2 + B,, x1 x 2  + E .  ( 3 )  

Addendum 1 to this appendix gives a table of the nominal values of the parameters 
and variables not treated in the regression analysis, and Addendum 2 gives the 
regression equations obtained by fitting the mathematical model calculations by 
least squares. For completeness, raw data used for regression analysis are in 
Addendum 8. The relative importance of the input variables for each population 
is shown in Table D-1. 

As can be seen, the list of important variables is different for each population at 
risk and no overall ranking of variables is possible. There are, however, some 
commonalities among the results for a given population at risk. For example, 
average velocity, 7, is among the most influential variable for dose to 
pedestrians, and wall thickness, ws, ranks first for doses to persons in buildings 
for one- and two-way streets and second for doses to persons in buildings for 
freeways . 
For most populations at risk, the most influential variables are easily ascertain- 
able or can be given conservative values in dose calculations (see Addendum 1). 

The 15 equations derived from the sensitivity analysis can be combined to calculate 
total dose for a given set of circumstances (Addendum 2). Manipulation of 15 equa- 
tions which must be evaluated repeatedly as values of input variables change along 
a route is a cumbersome and tedious process. However, the analysis of the standard 
shipments model reported in Chapter 2 reveals that about 96% of the yearly person 
rem accumulated in New York City is received by five populations: pedestrians, 
people in vehicles, handlers, crew, and warehouse personnel. Of the equations for 
these dose groups? two are for static situations which are independent of the route 
traveled. The dose to pedestrians and people in vehicles are the only ones that 
need to be evaluated for a given route. Dose to crew requires only the length of 
the route and the average vehicle velocity. The only urban-specific variables 
needed to evaluate these doses are average vehicle velocity, v ,  pedestrian density, 
PedD, sidewalk width, w.b, and street width, w . Therefore, given the shipping 
experience of a particular city, the grid canshe superimposed over that city, the 
pertinent data collected, and the impacts estimated with relative ease. 

D1.2 Error Analysis 

The purpose of error analyses is to determine the uncertainty or error produced in 
the response variables by inexact knowledge of the input variables. Error analyses 
should provide guidelines as to how precisely input variables need to be known in 
generic applications. 

The error analyses are performed on the regression equations obtained in the sensi- 
tivity analyses. Error propagation formulas are derived from Taylor expansions of 
the regression equations.3 
product terms, and the distributions of the x ' s  are not known, the error equations 
are expressed in terms of relative errors. 

Since the equations consist mainly of a series of 
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Tab le  D-1 

Inpu t  V a r i a b l e s  anked According t o  P e r c e n t  , 
Change t h a t  R e s u l t s  i n  100% Change i n  t h e  

Response V a r i a b l e  f o r  Inc ident -Free  Transpor t  

1. Dose t o  Handlers  

T I  100 

2.  Dose t o  Warehousemen 

T I  100 

100 

100 
P D s t o r  

A T s t o r  
'8 -355 

r 9  414 

3 .  Dose t o  C r e w  

TI 100 

L 100 

100 N 

v -100 
C 

4 .  Dose t o  P e d e s t r i a n s  

a) One-way Streets 

v -7 5 

W -92 

T I  100 

L 100 

P edD 100 

W 102 

b) Two-way S t r e e t s  

- 

st 

S 

- 
V -7 6 

W 84 

w -99 

T I  100 

P edD 100 

L 100 

S 

st 

5. Dose t o  Pe r sons  i n  Veh ic l e s  

a )  .One-way S t r e e t s  
- 
V -8 9 

T I  100 

L 100 

W -117 
st 

b) Two-way Streets 
- 
V -84 

T I  100 

L 100 

N 100 

W -118 st 

c )  Freeways 

-69 

T I  100 

L 100 

N 100 

v€ 

6. Dose t o  Persons  i n  Bu i ld ings  

a )  One- and Two-way Streets  

1 7  'ST 
E 41  

V -57 

-73 Wb 
T I  100 

PIB 100 

L 100 

n -1 53 

- 
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Tab le  D-1 (Continued) 

6. Dose t o  Persons  i n  Bldgs (cont )  10. Dose t o  Pe r sons  a long  Ra i l road  

b) Freeways 

T I  100 

PIB 100 

L 100 

E -104 

W -104 

n -264 

-272 

s t  

"b 

7. Dose t o  Persons  i n  A i r  Terminals 

-56 

T I  100 

AT 100 

PD 100 

r 5  201 

'6 

E 201 

8. Dose t o  Pe r sons  i n  Ra i l road  
Terminals  

r l  -98 

T I  100 

AT 100 

PD 100 
r 2  106 

9. Dose t o  Persons  a long  Transpor ta -  
t i o n  Link  

Right  -of -way 

T I  100 

PD 100 

L 100 

100 

r -392 
vT 

r w  
E 61 1 

11. Dose t o  Pe r sons  i n  Wharf A r e a  

r 7  68 

T I  100 

AT 100 

PD 100 

r 6  -197 

T I  100 

L 100 

100 

PPT 100 

r 3  -141 

NT 
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_, - - .  . - . . .  For a function y = f(xl,x2, ..., xn), the linear terms in 'Laylor's series can 
to express the effect on y of small errors in the x's. If Ax. is the error 
the error in y, by, can accurately be expressed as 1 

n 

Ay = (*)Ax axi i 

i= 1 

where aypx 
(Xl,X2, ..., in). 
derivatives are small. 

is the first partial derivative of y evaluated at the point 
Eq. ( 4 )  is appropriate provided that the Axi or the higher 

Dividing (1) by 7 = f(Xi,XZ, ... X ) results in the relative error in y, n 

Multiplying and dividing the right hand side of Eq. ( 5 )  by Xi results in 

be used 
in x i' 

( 4 )  

( 5 )  

i' which expresses the relative error in y in terms of the relative errors of the x 

The equations thus obtained are evaluated at nominal values of the input variables, 
and the coefficients for the various relative error terms measure their contribution 
to the relative error in the calculated doses. 

The error equations appear in Addendum 3 to this appendix in a form which permits 
the direction of the errors in the input variables to be taken into account. When 
the direction of the errors is not known, these equations can be expressed as a sum 
of the absolute values of the contributions of the individual input variables. 

Examination of the coefficients in the equations in Addendum 3 shows that most of 
the coefficients are at most equal to 1. The input variables for which relative 
errors are magnified, i.e., those with coefficients - > 1.05, are as follows: 

Population Variable 
- 

1. Pedestrians Average velocity, V 
2. Persons in Vehicles 

a) One- and two-way streets 

b) Freeway 

- 
Average velocity, V 
Street width, w 

S t  
Freeway velocity, vf 

i 
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3. Persons i n  Bui ld ings  

a )  One- and two-way streets 

b)  Freeway 

Average v e l o c i t y  

Number of f l o o r s ,  n 

Street  wid th ,  w 

Building wall t h i c k n e s s ,  

Photon energy,  E 

S t r e e t  wid th ,  w 

Bui ld ing  w a l l  t h i ckness ,  wb 

Photon energy,  E 

s t  

"b 

st 

4. Persons i n  A i r  Terminals Minimum exposure d i s t a n c e ,  1.4 

5. Persons Sharing T r a n s p o r t a t i o n  Link T r a i n  v e l o c i t y ,  Vt 
Dis tance  between 

pass ing  t r a i n s ,  r 3  

These inpu t  v a r i a b l e s  are shown t o  be important  i n  c a l c u l a t i n g  t h e  cor responding  
doses  ( s e e  Addendum 2) .  Of the  f i v e  dose groups,  only dose t o  crew c o n t r i b u t e s  
s i g n i f i c a n t l y  t o  t h e  t o t a l  person r e m  f o r  New York City.  This i n d i c a t e s  t h a t  t h e  
sh ipp ing  exper ience  f o r  a p a r t i c u l a r  c i ty- - i . e . ,  end use ,  mode, and route-- is  per- 
haps as impor tan t  as the  va lues  of t h e  urban v a r i a b l e s .  

A s  i n d i c a t e d  i n  the  prev ious  s e c t i o n ,  dose t o  p e d e s t r i a n s  i s  a major c o n t r i b u t o r  t o  
t h e  t o t a l  dose f o r  New York City.  The e r r o r  equa t ion  f o r  dose t o  p e d e s t r i a n s  h a s  
s i x  v a r i a b l e s ,  each with a c o e f f i c i e n t  approximately equal  t o  1.0. Assuming a 10% 
e r r o r  (RE(x ) = 0.1) i n  each of t h e s e  v a r i a b l e s ,  t h e  maximum a b s o l u t e  r e l a t i v e  
e r r o r  i n  dose t o  p e d e s t r i a n s  is 0.6. Thus, an upper l i m i t  f o r  dose t o  p e d e s t r i a n s  
i s  obta ined  by mul t ip ly ing  t h e  es t imated  dose by 1.6. This means, f o r  t h i s  ex- 
ample, t h a t  t he  dose may be 60% h ighe r  than c a l c u l a t e d  due t o  10% e r r o r s  i n  t h e  
inpu t  v a r i a b l e s ;  t h i s  does no t  lend  i t s e l f  t o  a p r o b a b i l i s t i c  i n t e r p r e t a t i o n .  

i 

D2. Vehicular  Accident Model 

The acc iden t  models calculate the consequences of a c c i d e n t s  i nvo lv ing  nondisper-  
s i b l e  and d i s p e r s i b l e  materials. 
r e s p e c t s  and r e q u i r e  d i f f e r e n t  approaches f o r  t he  s e n s i t i v i t y  and e r r o r  ana lyses .  
The consequences f o r  a c c i d e n t s  i nvo lv ing  nond i spe r s ib l e  materials are i n t e g r a t e d  
whole-body e x t e r n a l  doses  t o  popula t fons  a t  r i s k  such as p e d e s t r i a n s ,  people  i n  
v e h i c l e s ,  and people i n  bu i ld ings .  The s e n s i t i v i t y  and e r r o r  ana lyses  are per- 
formed as f o r  t he  i n c i d e n t - f r e e  model, i.e., s impl i fy ing  equa t ions  a r e  ob ta ined ,  
t h e  i n p u t  v a r i a b l e s  are ranked i n  o rde r  of t h e i r  e f f e c t s  on t h e  response  v a r i a b l e s ,  
and e r r o r  propagat ion  i s  s t u d i e d  by means of t h e  s impl i fy ing  equat ions .  

The models f o r  t h e s e  two c a s e s  d i f f e r  i n  s e v e r a l  

In  doing t h e  g e n e r i c  ex tens ion  of t h e  a c c i d e n t  a n a l y s i s  t o  o t h e r  urban areas, i t  
was l ea rned  t h a t  p e d e s t r i a n s  and persons i n  v e h i c l e s  account f o r  e s s e n t i a l l y  100% 
of t h e  r a d i o l o g i c a l  consequences of a v e h i c u l a r  acc iden t .  Consequently,  only t h e s e  
two dose groups are t r e a t e d  i n  the  s e n s i t i v i t y  a n a l y s i s  f o r  n o n d i s p e r s i b l e  mate- 
r ia ls .  

Accidents  i nvo lv ing  d i s p e r s i b l e  materials can r e s u l t  i n  both i n t e r n a l  and e x t e r n a l  
exposure.  The consequences eva lua ted  a r e  e a r l y  f a t a l i t i e s ,  e a r l y  m o r b i d i t i e s ,  
l a t e n t  cancer  f a t a l i t i e s ,  and g e n e t i c  e f f e c t s .  Fu r the r ,  t h e  model f o r  d i s p e r s i b l e  
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materials incorporates meteorological variables, and numerous implicit input vari- 
ables such as the radiological dose factor (RPC) and the fraction of inhaled mate- 
rial deposited in the pulmonary compartment (RESP). RPC is a function of the 
radionuclide transported, and RESP is a function of the particle size. The mete- 
orological and implicit variables preclude the fitting of simplifying equations 
that can be used to mimic the mathematical model, and to study error propagation. 
Therefore, the sensitivity analysis for dispersible materials is limited to study- 
ing the effects variations in the nonmultiplicative Variables have on the response 
variables. 

D2.1 Nondispersible Materials 

Sensitivity Ana 1 y si s 

The two components for doses from nondispersible material--the dose from the 
breached package and that from the unbreached package--are accounted for in the 
model equations by means of the multiplicative factor, K1, which is a function of 
release fraction, RF (Eq. ( 3 ) ,  Appendix C), where 

K1 = ((Q5 N1 PPS pr - RF)] 
When RF = 0 ,  the doses for nonrelease accidents are obtained, and when 0 < RF < 1, 
the combined dose from material that is released and from material remaining in the 
package is obtained. For RF = 1, the entire dose is due to released material. Re- 
lease fraction and other multiplicative factors are set constant at nominal values 
for the calculations with the model (Addendum 4). 
then rescaled to incorporate these multiplicative factors. 

The regression equations are 

The input variables that are permitted to change, and their limits of variation are 

Variable Minimum/Maximum Values 

Sidewalk width, w 2/4 metres 

Street width, wst 10/30 metres 
S 

f Freeway width, w 
Photon energy, E 

40/100 metres 

0.5/1.5 MeV 

0/2.5 MeV 

0.2/0.4 metres 
Ed Photon energy/disintegration, 

Building wall thickness, 

No. of f loors/building, n 1/29 
"b 

Addendum 8 contains the raw data analyzed for the nondispersible case. 

The equations obtained for nondispersible material-are given in Addendum 5 .  Table 
D-2 ranks the input variables in order of their importance. As can be seen in 
Table D-2, all the variables for pedestrians are approximately of equal importance, 
except for TI, which has a minimal effect on the integrated dose. For persons in 
vehicles on one-way and two-way streets, street width, w , is the most important 
variable; Transport Index, TI, the least important; and Zfl others are of about 
equal importance. 
are the least important input variables, with the other, multiplicative variables 
having equal effects. 

Along freeways, the photon energy, E; freeway width, wf, and TI 
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Table D-2 

Input Variables Ranked According to Percent 
Change that Results in 100% Change in the 

Response Variable for Nondispersible 
Materials Accidents 

1. Dose to Pedestrians; One- and Two-way Streets 

AT 100 
PedD 100 

nl 117 

117 Ed 
RF 117 
E 123 

132 st W 

TI 9.5~10 ' 
2. Dose to Persons in Vehicles 

One-way Streets 
W 89 

nl 92 

92 Ed 
RF 92 
AT 100 

TI 7 . 5 ~ 1 0 '  

Two-way Streets 

st 

a9 st W 

"1 92 

92 Ed 
RF 92 

AT 100 
N 100 

TI 3.7~10' 

c) Freeways 
nl 100 

100 Ed 
RF 100 

AT 100 

N 100 
1 2x105 Wf 

E 1.2~105 

TI 4 .  Ox1O5 
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Error Analysis 

The error equations for the nondispersible case are shown in Addendum 6 .  The vari- 
ables for which the errors are amplified, i.e., the variables with coefficients 
greater than 1.05, are 

Population Variable 

1. Persons in Vehicles 

(a) One-way streets Street width, wst 

"1 Curies per package, 

Photon energy per disintegration, Ed 
Release fraction, RF 

(b) Two-way streets 

(c) Freeway 

Street width, wst 
Curies per package, n1 

Release fraction, RF 

Release fraction, RF 

D2.2 Dispersible Material 

Sensitivity Analysis 

The response variables for accidents involving shipments of dispersible material 
are 

Remnant LCF (latent cancer fatalities) 
Cloudshine LCF 
Nonrelease LCF 
Groundshine LCF 
Total LCF 
Inhalation LCF 
Remnant GE (genetic effects) 
Cloudshine GE 
Nonrelease GE 
Groundshine GE 
Total GE 
Inhalation GE 
Early fatalities 
Early morbidities 

These responses were calculated for the two types of ventilation systems, i.e., air 
conditioning and continuous intake. Of the above 14 consequences, the following 6 
were analyzed explicity : ' 

Groundshine LCF 
Groundshine GE 
Inhalation LCF 
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I n h a l a t i o n  GE 
Ea r ly  f a t a l i t i e s  
Early m o r b i d i t i e s  

Remnant, c loudshine ,  and nonre lease  consequences c o n t r i b u t e  on t h e  o rde r  of 0.1% o r  
less of t he  t o t a l  LCF and GE, and are t h e r e f o r e  no t  analyzed.  Tables  Ad-20 and 
Ad-21 of Addendum 8 p r e s e n t  t he  da t a  analyzed f o r  t h e  d i s p e r s i b l e  material case.  

The s e n s i t i v i t y  a n a l y s i s  f o r  d i s p e r s i b l e  materials w a s  c a r r i e d  o u t  by p o s t u l a t i n g  a 
severi ty-VI11 a c c i d e n t  i n  c e l l  46  f o r  a spent  f u e l  shipment. The c u r i e s  per pack- 
age were set a t  a r t i f i c i a l l y  high l e v e l s  i n  o r d e r  t o  a l low f o r  a n a l y s i s  of f a t a l i -  
t i es  and morb id i t i e s .  

The inpu t  v a r i a b l e s  s t u d i e s  and the  l i m i t s  w i th in  which they  were va r i ed  a r e  l i s t e d  
below. 

Var i ab le  Minimum/Maximum Values 

Wind speed 5/17' m / s  

S t r e e t  width,  w 11/28 metres 

Sidewalk wid th ,  ws 2 / 4  met res  

F r a c t i o n  of c e l l  a r e a  i n  b u i l d i n g s ,  f b  

Cur ies  per  package, n1 

s t  

0.15/0.65 

106/3x106 C i  

R e f l e c t i v i t y  c o e f f i c i e n t  .01 /1  .o 

Pre l iminary  c a l c u l a t i o n s  wi th  t h e  me teo ro log ica l  models provided ev idence  t h a t  t h e  
r e f l e c t i v i t y  c o e f f i c i e n t ,  f r a c t i o n  of c e l l  area occupied by b u i l d i n g s ,  and wind 
speed should be included i n  t h e  s e n s i t i v i t y  a n a l y s i s .  A t  t h e  same t i m e ,  i t  w a s  
l e a r n e d  t h a t  v a r i a t i o n s  i n  the  eddy d i f f u s i v i t y ,  b u i l d i n g  h e i g h t ,  and wind d i r ec -  
t i o n  had minimal e f f e c t s  on t h e  consequences,  so t h e s e  v a r i a b l e s  were not  s t u d i e d  
f u r t h e r .  

The v a r i a b l e s  and parameters  Gept cons t an t  f o r  t h i s  p o r t i o n  of t h e  s tudy  and t h e i r  
nominal va lues  are presented  i n  Addendum 7 of t h i s  appendix. 

Table  D-3 p r e s e n t s  t he  inpu t  v a r i a b l e s  ranked i n  o rde r  of t h e i r  s t r e n g t h  i n  produc- 
ing  v a r i a t i o n  i n  t h e  response  v a r i a b l e s .  Examination of t h i s  t a b l e  shows t h a t  t h e  
groundshine consequences a r e  inf luenced  by the  same v a r i a b l e s  f o r  both v e n t i l a t i o n  
systems: c u r i e s  per  package is  a f u n c t i o n  of t h e  shipment,  whi le  t h e  o t h e r  impor- 
t a n t  v a r i a b l e s ,  w 
mine the  number a% types  of popu la t ions  a t  r i s k ,  i.e., p e d e s t r i a n s  and persons i n  
b u i l d i n g s .  

It has  not  been p o s s i b l e  t o  f i t  t h e  d a t a  on e a r l y  f a t a l i t i e s  and e a r l y  m o r b i d i t i e s  
adequate ly .  The rank o rde r ing  is  done by examining t h e  l i n e a r  change of t h e  re- 
sponse v a r i a b l e  versus  the  change i n  each inpu t  v a r i a b l e ,  independent of a l l  o t h e r  
i npu t  v a r i a b l e s ,  i n  t h e  neighborhood of t h e  nominal,  i.e., one p o i n t  on e i t h e r  s i d e  
of the nominal va lue  of t h e  inpu t  v a r i a b l e .  The f a i l u r e  t o  o b t a i n  an adequate  
r e g r e s s i o n  equa t ion  i s  a t t r i b u t e d  t o  t h e  complex i t i e s  in t roduced  by t h e  use of 
t h r e s h o l d s  i n  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  r e l a t i n g  e a r l y  f a t a l i t i e s  and e a r l y  
m o r b i d i t i e s  t o  i n d i v i d u a l  exposure l e v e l s .  

, ws, and f b ,  are space v a r i a b l e s .  These space v a r i a b l e s  d e t e r -  
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Table D-3 

Input Variables Ranked According to Percent 
Change that Results in 100% Change in the 
Response Variable for Dispersible Material 

Accidents 

1. Continuous Intake 

Groundshine 

LCF GE 
Variable Percent Variable Percent 

'W 94 

94 

-130 

-189 

S 
94 1 n 

-129 fb 
W -189 

"1 

Wst 

fb st 
242 

wS 

Inhalation 

EM* EF* 
Variable Percent Variable Percent 
Wind Speed -40 8 

84 Wind Speed -16 

17 

-18 

wS 

nl 
WS 

108 

W -150 

-236 fb 

"1 
fb 
W -1133 

st 

st 

Total Inhalation 

2. Air Conditioning 

Groundshine 

LCF GE 
Variable Percent Variable Percent 

W 93 W -49 st S 

W 93 

94 

137 

S 
94 "1 

1 
fb 

137 n fb 
-146 st W 

Inhalation 

EM* GE* 
Variable Percent Variable Percent 
Wind Speed -107 W 4 

W 131 W -9 

9 

-10 fb 
W -28 

S 

S S 

"1 146 

W -162 st 
-295 fb ' 

"1 

st 

Total Inhalation 

LCF GE 

Variable Percent Variable Percent 

63 Wind Speed -58 

96 W -58 st 
117 fb 
117 1 n 

"1 

fb 
-181 st W 

LCF GE 
Variable Percent Variable Percent 

Wind Speed -64 103 "1 
108 fb 83 fb 

86 Wind Speed -119 1 n 

W -87 W -136 st st 
a 304 

*As discussed in the text, the method used in rank ordering the input variables for 
these consequences is different from that used for the other consequences. 
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The variables affecting total inhalation consequences are essentially the same for 
both ventilation systems. The differences are that wind speed does not appear 
important for total inhalation latent cancer fatalities for continuous intake and 
it does appear important for other consequences; and that the reflectivity coeffi- 
cient, a, appears in the list of variables for total inhalation genetic effects for 
air-conditioning and not for other consequences. 

D3. Deviations from Accepted Quality Assurance Practices 

The vehicular accident models are also used for the human error and sabotage anal- 
yses, with adaptions of the accident rates and release fractions to the particular 
situation. Thus, the sensitivity analysis treatment of both nondispersible and 
dispersible material accidents can be applied to either human errors or the sabo- 
tage event since radiological consequences and not risk are treated explicitly. No 
attempt has been made to perform a sensitivity and error analysis on the CRAC model 
used in part in Chapter 5 since this model was developed independently and has been 
used simply to compare with the METRAN calculations. 

D4. Summary and Conclusions 

The major conclusions resulting from the sensitivity and error analysis are 

The methods used to perform the sensitivity analyses, i.e., fitting model 
results with simplified regression models, demonstrate the generic nature 
of the math models. The 100-cell grid can be superimposed on any urban 
area for which pertinent data are available, and the models can be used to 
calculate the impacts from shipments of radionuclides through that area. 

Information has been developed regarding which urban variables need to be 
known in detail in applying the models. 
these variables have to be known is provided by the error equations. 
The model data were successfully fitted for all response variables except 
for early morbidities and early fatalities in accidents involving disper- 
sible material. 

A number of variables and parameters such as health effect coefficients and 
accident rates were not investigated explicitly. These variables were not 
investigated because either 

1. The variables, e.g., accident rates, are multiplicative factors in 
determining expected values or risk, or 

2. The variables are not treated explicitly in the model equations; i.e., 
they are functions of other variables. Several parameters, for ex- 
ample, are determined by the radionuclide involved. 

Guidance as to how accurately 
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ADDENDUM 1: NOMINAL VALUES OF PARAMETERS AND VARIABLES USED IN THE 
SENSITIVITY AND ERROR ANALYSIS EQUATIONS, INCIDENT-FREE TRANSPORT 

Variable 

ATstor 

AT air term / 

ATdock 

ATdepot 
5 

n 
PP s 
Shipments/yr. 

TI 

E 

"air 
B a i r W  
6 

a 

dl 

- d2 
V 

vC 

vf 

vT 

V = VELP 
P 

fb 

fst 

n 

h 

Definition 
Time spent in warehouse storage 

Stop time in air terminal 

Stop time in dock area 

Stop time in rail depot 

Fraction of intersections at which 
vehicles stop 

Delay time at intersections 
No. of packages per shipment 

Transportation Index 

Photon energy 

Linear attenuation, air 

Dose buildup factor, air 

Vehicle separation distance during stops 
Vehicle length 

Vehicle separation distance while 
cruising 

Source-to-crew distance 
Average shipment velocity 

Cruising velocity 

Freeway velocity 

Pedestrian velocity 

Train velocity 

Fraction of cell area occupied by 
buildings 

Fraction of cell area occupied by 
streets 

Number of floors in buildings in cell 
Height per floor 

i- 

Nominal Value 

43 200 s (12 h) 

3 300 s (0.92 h) 

36 000 s (10 h) 
3 600 s ( 1  h) 

0.5 

25 s 

1 
1000 

1 

1 MeV 
0.0081 

(0.00197r) + 1 
l m  
6.4 m 

80 m 
3 m  
5.7 m/s 

6.2 m/s 
16.7 m/s 

1.25 m/s 

5 m/s 

0.3 

0.7 

15 

3 m  
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V a r i a b l e  

1 

2 

3 

r 

r 

r 

r4 

5 
r 

r6 

7 r 

r8 

9 r 

r 
W 

S 
W 

W s t  

b 
Pe dD 

W 

PIB = (PD + TC) 

PPT 

PPV 

PDdock 

PDair term 

P D s t o r  

PD,W 

PDdepot 

NT 
N 

L 

Ql 

Q3 

Q4 

0 
K 

ABD 

ADDENDUM 1 (Continued) 

D e f i n i t i o n  

Minimum r a i l  exposure d i s t a n c e  

Maximum r a i l  exposure d i s t a n c e  

Dis tance  between pass ing  t r a i n s  

Minimum a i r  terminal exposure d i s t a n c e  

Maximum a i r  terminal exposure d i s t a n c e  

Minimum dock exposure r a d i u s  

Maximum dock exposure r a d i u s  

Minimum warehouse exposure d i s t a n c e  

Maximum warehouse exposure d i s t a n c e  

R a i l  right-of-way d i s t a n c e  

Sidewalk width 

Street  wid th  

Bui ld ing  wa l l  t h i ckness  

P e d e s t r i a n  d e n s i t y  

People i n  b u i l d i n g s  (popu la t ion  d e n s i t y  
+ t r a n s i e n t  c l i e n t e l e )  

No. of persons per  t r a i n  

No. of persons  per v e h i c l e  

Popula t ion  d e n s i t y  i n  dock a r e a  

Popu la t ion  d e n s i t y  i n  a i r  t e rmina l  

Popula t ion  d e n s i t y  i n  warehouse 

Popu la t ion  d e n s i t y  a long  r a i l  r igh t -of -  
way 

Popu la t ion  d e n s i t y  i n  t r a i n  depot 

One-way t r a i n  t r a f f i c  count  

One-way t r a f f i c  count 

Dis tance  t r a v e l e d  i n  c e l l  

S c a l i n g  f a c t o r  

Sca l ing  f a c t o r  

S c a l i n g  f a c t o r  

Package shape f a c t o r  

Albedo dose f a c t o r  

Nominal Value 

2.4 m 

7.0 m 

6 m  

122 m 

244 m 

12.2 m 

110 m 
1.5 m 

100 m 

3 m  

3 m  

20 m 

0.3 m 
10 6 persons/km 2 

s idewalk 

110 000 p e r s o n s h  2 

1000 

2 
1000 persons/km 2 

4 2 10 persons/km 
800 persons/km 2 

1 4 . 3 5 6 ~ 1 0  6 
1000 persons/km 2 

0.00556 v e h i c l e / s  

1000 v e h i c l e s  

1000 m 

2 . 7 8 ~ 1 0 - l ~  

2.7 8x 1 0- 

2 . 5 ~ 1 0 - ~  

1.05 

1.22 
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7 

ADDENDUM 2: SENSITIVITY ANALYSIS EQUATIONS FOR INCIDENT-FREE TRANSPORT 

(Expressions given here are for a single shipment. To calculate integrated doses 
for a specific level of shipping activity, multiply these expressions by the 
total shipments per year.) 

1. Dose to Handlers 

(Closed form--Eq. (51), App. B) 

ID = Q4 NH PPS TI 

2. Dose to Warehousemen 

R2 = 0.9562 

TI PPS ATstor PDstor ID = Q, 

[28.11 - 5.047 (r8) + 0.06492 (r,)] 

3. Dose to Crew* 

(Closed form--Eq. ( 4 0 ) ,  App. B) 

-psi d2 
TI PPS e * B  

I D = Q 3  * = * N c  L KO air (d3) 
V A 2  

"2 

4. Dose to Pedestrians 

a) One-way streets 

R2 = 0.9404 

ID = Z X ~ O - ~  Q, PedD L KO o TI PPS * BD 

1191.5 + 156.8(wS) - 18.97(wS)(V) - 14.41(wst) + 1.096(wSt)(T)] 
b) Two-way streets 

R2 = 0.9445 

ID = 10-1 Q, PedD L K TI PPS 0 ABD 
0 

[4.572 + 3.74O(ws) - 0.4502(ws)(7) - 0.3272(~ ) + 0.O2417(wst)(V)] st 

*The value for calculated dose rate to crew is truncated at the regulatory 
limit of 2 mR/h in the cab. 
than this, it is  assumed that shielding reduces the dose rate to 2 mR/h. This fact 
must be remembered when using the crew dose simplified'equation. 

If a particular shipment produces a dose rate greater 
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ADDENDUM 2 (Continued) 

5. Dose to Persons in 

a) One-way streets 

R2 = 0.9862 

Vehicles 

TI PPS L 9 PPV Q3 KO 
-3 ID = 10 

[402.6 - 20.76(wst) + 0.2893(wStl2 - 24.90(v) + 0.7799(~)(wst)l 
b) Two-way streets 

R2 = 0.9872 

ID = 10 TI PPS PPV L N -12 

t117.9 - 6.025(wst) + 0.0821(~~,)~ - 7.717(?) + 0.2459(?)(wst)1 
c )  Freeways 

R2 = 0.9963 

ID = 10 TI PPS PPV L N -12 
KO 

2 [17.38-1. 244(Vf) + 0.02665(Vf) I 

6. Dose to Persons in Buildings 

a) One- and two-way streets 

R2 = 0.9323 

KO TI 
PPS (PD + TC) L -3 * v F v  ID = 10 

[389.8 - 10.47(?) - 6457(n) - 0.07138(wst)(n) + 
0.3733(?)(n) + 0.1216(11)~ - 1590(wb) + 2031(wb) 2 + 1.922(wst)(E)1 

b) Freeway 
.- 

R2 = 0.9384 

KO TI 
PPS (PD + TC) L 

[162.9 - 5.504(n) + 0.3815(wst)(E) + 19.60(E)2 - 599.2(wb) -t 

17.77(n)(wb) + 665.4(~~)~ - 202.0(wb)(E)] 
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ADDENDUM 2 (Continued) 

7. Dose to Persons in Air Terminals 

R2 = 0.9555 

PDterm ID = Q, KO TI PPS ATterm 

[7.134 - 0.04534(r4) + 0.006316(r5)(E)] 
8. Dose EO Persons in Railroad Terminals 

R2 = 0.9760 

PDdepot ID = Q KO TI PPS ATdepot 

[7.614 - 2.954(r1) + 0.9392(r2)1 
1 

9. Dose to Persons Sharing Transportation Link 

2 R = 0.9981 

NT ID = Q, KO TI *PPS L PPT - 

[1.991 - 0.3729(r3) + 0.02119(r3) 2 3 

10. Dose to Persons along Railroad Right-of-way 

R2 = 0.9741 

-3 L - 
rw VT ID = 10 Q, KO TI PPS PD 

[213.2 - 15.30 (r ) + 32.68(E)1 rw 

11. Dose t o  Persons in Wharf Area 

R2 = 0.9750 

PDwharf ID = Q, KO TI PPS ATwharf 

[4.472 - 0.2896(r6) + 0.08315(r7) - 0.0002268(r7) 2 I 
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ADDENDUM 3:  ERROR EQUATIONS FOR INCIDENT-FREE TRANSPORT MODEL 

1. Dose to Handlers 

RE(1D) = RE(T1) 

2. Dose to Warehousemen 

RE(1D) = RE(T1) + RE(ATstor) + RE(PDstor) - 0.28RE(r8) + 0.24RE(r9) 
3. Dose to Crew 

RE(ID) = RE(TI) + RE(L) + RE(N~) - RE(V) 
4 .  Dose to Pedestrians 

a) One-way streets 

RE(1D) = RE(T1) + RE(PedD) + RE(L) + 0.84RE(ws) - 1.15RE(V) - 0.94 RE(wst) 

b) Two-way streets 

RE(1D) = RE(T1) + RE(PedD) + RE(L) + 0.82RE(ws) - 1.15RE(?) - 0.88RE(wst) 

5. Dose to Persons in Vehicles 

a) One-way streets 

RE(1D) = RE(T1) + RE(L) - 1.89RE(wst) - 1.06RE(V) 

b) Two-way streets 

RE(1D) = RE(T1) + RE(L) + RE(N) - 1.88RE(wst) - 1.12RE(V) 

c )  Freeway 

RE(ID) = RE(T1) + RE(L) + RE(N) - 1.46RE(Vf) 
6 .  Dose to Persons in Buildings 

a) One- and two-way streets 

RE(1D) = RE(T1) + RE(P1B) + RE(L) - 1.81RE(V) - 2.06RE(n) + l.llRE(wst) - 

7.25RE(wb) + 2.50RE(E) 
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ADDENDUM 3 (Continued ) 

b )  Freeway 

RE(1D) = RE(T1) + RE(P1B) + RE(L) - 0.39RE(n) + 1.16RE(wst) - 2.09RE(E) - 
6. 16RE(wb) 

7. Dose to Persons in Air Terminals 

RE(1D) = RE(T1) + RE(ATterm) + RE(PDterm) - 1.76RE(r4) + 
0.49RE(r5) + 0.49RE(E) 

8. Dose to Persons in Railroad Terminals 

RE(1D) = RE(T1) + RE(ATdepot 
+ RE(PDdepot - RE(rl) + 0.93RE(rp) 

9. Dose to Persons along Transportation Link 

RE(1D) = RE(T1) + RE(L) + RE(PPT) + RE(NT) - 2RE(VT) + 1.38RE(r3) 
10. Dose t o  Persons along Railroad Right-of-way 

RE(ID) = RE(T1) + RE(PDr,) + RE(L) - RE(VT) - 0.26RE(rw) + 0.17RE(E) 

11. Dose to Persons in Wharf Area 

RE(1D) = RE(T1) + RE(PD ) + RE(AT ) - 0.48RE(r6) + 0.50RE(r7) 
W W 
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ADDENDUM 4 :  NOMINAL VALUES OF PARAHETERS AND VARIABLES USED IN THE 
SENSITIVITY AND ERROR ANALYSIS EQUATIONS, NONDISPERSIBLE MATERIAL 

Variable 

PedD 

PD 
TC 

PPV 

PP s 
Shipments/yr. 

TI 

“1 
’air 
Bair 
f 

k 

S 
R 

0 

Ta 
N 

Q2 

Q3 
Q5 

Definition 
Pedestrian density 

Population density 

Transient clientele 

Number of persons per vchicle 

No. of packages per shipment 

Transportation index 
Curies per package 

Linear attenuation coefficient, air 

Dose buildup factor 

Attenuation coefficient for body tissue 

Package shape factor 

Vehicle separation distance 

Vehicle length 

Accident delay time 
Traffic count 

Scaling factor 

Scaling factor 

Scaling factor 

Nominal Value 
10 6 persons/km 2 

10 5 persons/km 2 
sidewalk 

50 000 persons/kmL 
2 

1 
1000 

1 
6 10 Ci 

0.0081 m-l 
0.00197r + 1 
3.1 m-’ 

2 257.88 mrem*m /h 

80 m 
6.4 m 
86 400 s 

100 vehicles per 
cell 

2.78~10-~ 

4.8~1 f5 

1 o-6 
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ADDENDUM 5: SENSITIVITY ANALYSIS EQUATIONS FOR NONDISPERSIBLE 
MATERIALS ACCIDENTS 

1. Dose to Pedestrians; One- and Two-way Streets 

R2 = 0.9469 

I ID = Q, PedD K1 ATa [1.575 - 0.O7462(ws,) + 1.598(E)] 
2. Dose to Persons in Vehicles 

a) One-way streets 

R2 = 0.9465 

ID = K1 ATa 

b) Two-way streets 

R2 = 0.9464 

ID = 

c) Freeway 

PPV [0.3644 - 0.02491(wst) + 0.4862~10-~(~~,) 2 I 

K1 ATa PPV N [6.375 - 0.4360(wst) + 0.008513(~~~)~] 

R2 = 0.7712 

ID = K1 PPV ATa N [905.6 - O.02149(wf) + 0.01034(wf)(E)] 
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ADDENDUM 6 : ERROR EQUATIONS FOR NONDISPERSIBLE MATERIALS ACCIDENTS 

1. Dose to Pedestrians; One- and Two-way Streets 

RE(ID) = RE(PedD) + RE(ATa) + 0.85RE(nl) + 0.85RE(Ed) + 0.85RE(RF) - 
0.76RE(wst) + 0.81RE(E) + O.OOOlRE(T1) 

2. Dose to Persons in Vehicles 

a) One-way streets 

RE(1D) = RE(ATa) - 1.94RE(wst) + 1.08RE(nl) + 1.08RE(Ed) + 1.08RE(RF) + 
O.OOOlRE(T1) 

b )  Two-way streets 

RE(ID) = RE(ATa) + RE(N) + 1.08RE(nl) + RE(Ed) + l.OSRE(RF) - 1.95RE(wst) + 

0.0003RE( TI) 

c )  Freeway 

RE(ID) = RE(ATa) + RE(N) + RE(nl) + RE(Ed) + 1.34RE(RF) + 0.0002RE(TI) - 

0.0009RE(wf) + 0.0008RE(E) 
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ADDENDUM 7: NOMINAL VALUES OF PARAMETERS AND VARIABLES USED IN THE 
SENSITIVITY ANALYSIS OF ACCIDENTS INVOLVING DISPERSIBLE MATERIALS 

Variable Definition 

PedD 
N 
PD 

TC 

fst 
RF 
AER 
h 
BR 

TI 

RDF 

PPV 
CDF 

5 / 2  

Wb 

D-26 

Pedestrian density 
Traffic count 

Population density 

Transient clientele 

Fraction of cell area in streets 
Release fraction 

Fraction of material aerosolized 

Height per f l o o r  
Breathing rate 

Transportation index 

Resuspension dose factor 

Average number of persons/vehicle 

Cloudshine dose factor 

Isotope half life 

Building wall thickness 

Nominal Value 
5 2 10 persons/km 

1000 vehicles/cell 
2 50 000 persons/km 
2 50 000 persons/km 

0.3 
1.0 
1.0 

3 m  

1.2 m3/h 

1.0 

1.6 
2.33 

10 1.6~10 
1910 d 

0.3 m 



ADDENDUM 8: SEIJSITIVITY ANALYSIS DATA 

Table  Ad-1 

Data f o r  S e n s i t i v i t y  Ana lys i s ,  Inc iden t -F ree  Model 

DOSE TO YAREHOUSEHEN 

YSPHXN 

2 - 2  
- 8  

2.2 

2-2 
- 0  

2.2 
0 8 .  

1.5 
e 7  

2.3 
1.5 
1.5 
1.5 
1.5 

.a 

YSPHAK 

141-  
141. 
59. 
5 9. 

141. 
141. 

590 
59. 

100.  
100 . 
100 

50. 
150. 
100. 
100. 

E 

1.4 
1.4 
1.4 
1.4 

06 
06 
- 6  
06 

1.0 
1 .o 
1 .O 
1 O D  
1.0 

1.5 
0 5  

DOSE 
<PERSON-REH) 

27 
a 34 
021 
028 
0 2 6  
e 34 
a 2 1  
028 
0 2 7  
0 34 
024 
023 
0 3 0  
0 2 7  
027 



US 

Table Ad-2 

Data for Sensitivity Analysis., Incident-Free Model 

u ST 

1305 
2605 
1305 
2605 
13.5 
2605 
1305 
26 O S  
1305 
2605 
1305 
2 6 0 5  
13 05 
2605 
13.5 
2605 
20 O Q  

20 0 -  

20 0: 

10 02  

20 O C  

20 00 
20 .a 
20 or 
20.2 
20 0 2  

3 0 0 0  

DOSE TO PEDESTRIANS 

ONE-YAY STREETS 

BVEL UELP 

lo15 
1.15 
1.15 
1.15 
le35 
10 35 
1.35 
1035 
le15 
1.15 
1.15 
1.15 
1.35 
1035 
1.35 
1.35 
1.25 
1.25 
1.25 
1.25 
l e  25 
1025 
le25 
1 0 1 0  
le40 
1.25 
1.25 

E 

e 7  
a 7  
07  
a 7  

07  
8 7  
m7 
07 

1.5 
1. 5 
1.5 
1. 5 
1. 5 
105 
1.5 
1. 5 
1. 0 
1. a 
1 O G  

10 a 
lOlt 

1.9 
10 n 
100 
a 5  
105 

18 0 

DOSE 
(PERSON-REM) 

0018 
0 0 1 3  
0013 
m005 
0025 
0010 
0010 
.008 
0025  
0010 
0010 
4008 
e018 
e014 
e014 
0005 
e011 
e008 
e014 
0020 
0007 
e020 
0007 
0011 
0011 
.010 
.011 



U 
1 
N 
W 

us 

Table  Ad-3 

Data f o r  S e n s i t i v i t y  Ana lys i s ,  Inc ident -Free  Model 

DOSE T O  PEDESTRIANS 

TYO-YAY STREETS 

U ST BVEL VELP 

13-5 
2605 
13.5 
26.5 
13.5 
2605 
13.5 
26.5 
13.5 
26.5 
1 3 - 5  
26-5 
13.5 
26.5 
1 3 0 5  
26rS 
20 -0  
20 .a 
20.0 
10mB 
34 -0  
20 - 3  
20 0 9  
20 -0  
20 0 0  
20 e? 
2 0 0 :  

4017 
4-17 
7023 
7-23 
4017  
4-17 
7.23 
7-23 
4-17 
4-17 
7.23 
7-23 
4.17 
4.17 
7-23 
7-23 
5-70 
5-70 
5-70 
5070 
5-70 
3.34 
8e06 
5-70 
5-75 
5-70 
5-70 

1 e 1 5  
1.15 
1 - 1 5  
1015 
1.35 
1-35 
1-35 
1.35 
1-15 
1.15 
1.15 
1 - 1 5  
1035 
1035 
1.35 
1 e35 
1.25 
1 - 2 5  
1.25 
1.25 
1.25 
1-25 
1.25 
1-10 
1-40 
1.25 
1-25 

E 

07 

0 7  
* 7  

.7 
- 7  
8 7  

1.5 
10 5 
10 5 
1-5 
1.5 
1. 5 
1.5 
1 - 5  
1.0 
1.0 
1, 0 

1. !! 
1.0 
1.0 
1.0 
1. 0 

0 5  
1.5 

07 

07 

1b 0 

DOSE 
(PERSON-REM) 

-22  
-17 
- 1 6  
007 
e 3 1  
-13 
-12 
0 0 9  
-30 
e12 
012 
009 
023 

1 8  
- 1 7  
- 0 7  
-13  
- 0 9  
e 1 7  
023 
- 0 9  
025 
- 0 9  
013 
-14 
-13 
013 



Table  Ad-4 

us 

2 0 4  
306 
3.6 
2 -4  
3 06 
2 - 4  
2 04 
3.6 
306 
204 
2.4 
306 
2.4 
3 e 6  

2 04  
3 0 0  
2 0 0  
4.0 
3 00 
3 0 0  
3.0 
3 00  
3.0 
3.0 
3 00 
3 00  

3 -6  

Data f o r  S e n s i t i v i t y  Ana lys i s ,  Inc ident -Free  Model 

DOSE TO PERSONS I N  VEHICLES 

ONE-YAY STREETS 

YST BVEL VELP 

13.5 
26.5 
1305  
26.5 
13.5 
26.5 
13.5 
26.5 
1 3 0 5  
2605  
13.5 

13.5 
2605 
13.5 
26.5 
20 .O 
20 .a 
20.0 
10  00 
30 00  
20.2 
2000 , 
20 O Q  

20 00 
20 0 0  

26.5 

20.0 

E 

9 7  
e7 
. 7  

e 7  
07 
- 7  

1.5 
l e  5 
1 0  5 
105  
1.5 
1. 5 
1.5 
1.5 
1.0 

1 OF 
1.0 

1. 0 
1 .E 
1. a 
1.0 

05 
1.5 

0 7  

D7 

1 D  5 

1. a 

DOSE 
t PER S 0 M -R E M 3 

0064 
0023 
0043 
0016  
0010 
0023 
0040 
-015 
.070 
0 0 2 3  
0040 
,015 
0064  
0023 
e043 

0028 
0028 
0027 
0076 
0014 
e046 
0021 
0028 
-028 
0028 
0028  

.Ol6 



us 

2.4 
3.6 
3 e6 
2.4 
3.6 
2.4 
2.4 
3.6 
3.6 
2.4 
2.4 
3.8 
2.4 
3e6 
3.6 
2.4 
3 e o  
2 00 
4 e O  
3.0 
3 00 
3.0 
3.0 
3 e 0  
3eO 
3. 0 
3.0 

- - 

Table Ad-5 

Data f o r  Sensitivity Analysis, Incident-Free Model 

DOSE TO PERSONS I N  VEHICLES 

TYO-YAY STREETS 

Y S f  BVEL VELP 

13.5 
26.5 
13.5 
26.5 
13.5 
26.5 
130.5 
26e5 
13e5 
26e5 
13.5 
26.5 
13.5 
26.5 
13.5 
26.5 
20eo 
20 eO 

20 00 
1 0  .a 
30 00 

20 0 0  
20 0 3  
20 00 
20.0 
20 0 3  

20.0 

4.17 
4017 
7.25 
7.23 
4.17 
4 e l 7  
7e23 
7.23 
4.17 
4.17 
7.25 
7.23 
4.17 
4.17 
7e23 
7e23 
5 070 
5.70 
5.70 
5.70 
5.76 
3.34 
809 6 
5e70 
5.70 
5.70 
5e70 

1 .1s  
1.15 
1.15 
1.15 
1035 
1035 
1-35 
1.35 
l e 1 5  
lo15  
1-15 
1.15 
l e 3 5  
1.35 
1.35 
1.35 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.10 
1.40 
1.25 
1.25 

E 

e 7  
07 
.7 
- 7  
e 7  
07 

- 7  
1.5 
1. 5 
1.5 
1.5 
1.5 
1.5 
1.5 
1 e5 
1. 0 

1.0 
1 . 0  
1. a 
1. 0 
1. 0 
1 oQ 
1. 0 

0 5  
1-5  

D 7  

1. 0 

DOSE 
<PERSON-REH) 

e067 
0024 
0043 
e016 
0013 
e024 
0040 
0016 
e073 
0024 
0040 
0016 
m067 
.&I 2, 
e043 
0014 
m028 
.a29 
0,0 2 8 
.O 76 
e O 1 S  
0046 
0021 
e028 
e020 
0028 
.O28 



Table Ad-6 

Data for S e n s i t i v i t y  Analys is ,  Inc ident -Free  Model 

DOSE TO PERSONS I1y VEHICLES 

FREEY A I S  

FREVEL 

23.0 
1014 
2 3 e O  
10- 4 
23eU 
10.4 
23.0 
101 4 
16.7 

9.0 
2#.4 
16- 7 
16.7 
1607 
16.7 

FREYDT E 

94e7 
94 e7 
45 e3 
45.3 
94.7 
94 a 7  
45.3 
45e3 
70.0 
70 e 0  
70  e 0  
30.0 

100.0 

7410 
70 .o 

1 e4 
1 e4 
1 e 4  
le4 
e 6  
a6 
e 6  
e 6  

1 *!I 
1 e3 
1 eo  
1 eo 

1 e3 
e5 

1 e 5  

DOSE 
CPERSON-REH 1 

e006 
.015 
0006 
e 0 1 5  
0 0 0 6  
e 0  15 
e006 
e015 
0 0 0 9  
0018 
e006 
e009 
e009 
e009 
0009 



U 
I 
w 
w 

Tab 1 e Ad- 7 

Data f o r  S e n s i t i v i t y  Analysis, Inc iden t -F ree  Model 

DOSE TO PERSONS I #  B U I L D I N G S  

ONE- AND TYO-MAY STREETS 

us 

3.6 
2-4 
2 a 4  
3 06 
3 06 
2.4 
2 -4 
3 m 6  
3.6 
2 04 
2.4 
3 -6 
3.6 
2 04 
2 e4 
3.6 
3.0 
2 .O 
4 -0  
3.0 
3 00 
3 00 
3.0 
3 - 0  
3 80 
3 -0  
3-0 
3.0 
3 - 0  

UST 

14e 
26- 
14. 
26 
14 e 
26. 
14 
26- 
14- 
26 
14. 
26- 
14 
2 6 -  
14 e 

26 e 

20 e 

20 0 

20 . 
10. 
30 
20 0 

20. 
20. 
20 0 

20 e 

20, 
20. 
20 . 

BUEL 

4 - 2 0  
4-28 
7.12 
7 e12 
4.28 
4.28 
7.12 
7.12 
4.28 
4 - 2 0  
7.12 
7-12 
4-28 
4-28 
7 012 
7.12 
5.70 
5 -70 
5-70 
5.70 
5 - 1 0  
3034 
8-06  
5-70 
5 070 
5-70 
5-10 
5-70 
5.70 

NFLR 

23 
23 
23 
23 

7.  
7- 
70 
70 
7. 
7 ,  
7 .  
7 .  
230 
23 
23 
23 
15- 
15- 
15- 
15 
15 
15 
15 0 

1- 
290 
15 
15- 
15 
15 

YB 

8 24 
24 

e 24 
24 

0 36 
0 36 
36 
36 
24 

0 29 
24 
24 
36 
36 
36 
36 
30 
30 
30 
30 
30 

* 30 
.I 30 
30 
30 

0 20 . 40 
0 30 
30 

E 

.7 
m 7  
. I  
m7 
07 

a 7  
m7 
- 7  

1-3 
1.3 
1-3 
1. 3 
1.3 
1. 3 
1. 3 
1. 3 
1.8 
1.0 
le 0 
1.0 
1.0 
1. 7 
l m  0 
1.Q 
1.0 
1.0 
1. rj 

05 
1.5 

DOSE 
(PERSON-R EN 1 

,0031 
-0043 
00016 
-0027 
,0015 
.oai7 
-0007 
.0011 
-0119  
00159 
-0064 
00101 

-0011 
e0004 
00007 
80020 
-0019 
eo022 
-0013 
00027 
-0034 
e0014 
e0092 
~0011 
-0088  
,1)005 
-0007 
a0025 

.oooa  



Table Ad-8 

us 

Data f o r  S e n s i t i v i t y  Analys is ,  Inc ident -Free  Model 

14- 
26 
140  
26 o 
1 4 0  

140  
26 

26. 

26 
140 
26. 
1 4 0  
26. 
140 
26 . 
20 0 
20. 
20 0 
100 
30 0 
20 0 
20 0 

20 0 
20 0 
20 0 

20 0 

200 
200 

140 

DOSE TO PERSONS IN BUILDIIVSS 

FREEY AY S 

BVEL 

1 2 0 1  
1201 
2103 
2 1 0 3  
1201 
1201 
2103 
2 1 0 3  
12-1 
1201 
2103 
2 1 0 3  
1201 
120 1 
2103 
2103 
1607 
160 7 

1 6 0 7  
16.7 

9.0 
240 4 
16.7 
160 7 
1607 
1 6 0 7  
1 6 0  7 
160 7 

16.1 

NFLR YB E 

0 24 
24 

0 21 
0 24 

36 
0 36 
0 36 
0 36 
0 24 
0 24 
a 24 
.21 
e 36 
0 36 
0 36 
0 36 

30 
0 30 
0 30 

30 
30 
30 

0 30 
30 
30 

0 20 
0 41) 

30 
30 

. 7  
07 
D7 
07 

D ?  

e 7  
07 

1.3 

1.3 
1.3 
1.3 
1. 3 
1. 3 

10 0 
1.Q 
1. 0 
100 
1 0  Q 
10 ?3 
100 
1.0 
10 c 
1. 0 
1 0 0  

. s  
1. 5 

07 

1D 3 

1D 3 

DOSE 
(PERSON-REH 1 

eo0101 
a001+6 
e00088 
000156 
000028 
0000+3 
000025 
000016 
000284 
000127 
000253 
000158 
000026 
000037 
000023 
000040 
000088 
000082 
000095 
000055 
OD0122 
000088 
000088 
000165 
000049 
e00397 
000020 
000303 
000113 



I 

AIRMIN 

Table Ad-9 

Data for Sensitivity Analysis, Incident-Free Model 

DOSE TO PERSONS I N  AIR TERMINALS 

ISSO 

1550 
890 
155 

890 
1550 
a9 
122, 
02 0 

162. 
122 e 
122 0 

I22 0 
1220 

89. 

A I R M A K  E 

1 0 4  
1 0 4  
1 o? 
1 0 9  

06 
06 
06 
06 

1 .o 
100 
1 e3 
1 e9 
1 eo 

.5 
1 e5 

OOSE 
(P ERSON-REM) 

0025 
0050 
00 15 
0046 
. O l 6  
e040 
0010 
e037 
0036 
0052 

0024 
a034 
0021 
e0 34 

.Ol6 



Table Ad-10 

Data for Sensitivity Analysis, Incident-Free Model 

DOSE TO PERSONS IN R A I L R O A D  TERHINAL3 

DEPHIN 

le2 
3e 6 
1.2 
3.6 
1.2 
3.6 
1.2 
3.6 
2 r 4  
1.0 

2.4 
2.4 
2.4 
2 e  4 

3. a 

DEPn AX E 

4 05 
4.5 
9 e 5  
9.5 
4.5 
4.5 
9.5 
9 05 
7 e 0  
7 e 8  
7.0 
4 00 
10 00 
7 e O  
7.0 

06 
e 6  
e 6  
e 6  

1.4 
1 m4 
1 e 4  
1.9 
1 eo 
1 eo 
1.3 
1 OD 

1 .a 
O S  

1.5 

.008a 
e0015 
e0137 
00064  
e0088 . 0015 
e0137 
e0064 
00073 
00131 
e0040 
00034 
0 0 0 9 5  
~ 0 0 7 6  
00070 



Table Ad-11 

Data f o r  Sensitivity Analysis, Incident-Free Model 

DOSE TO PERSONS SHARXN6 THE TRANSPORT , I N K  

OBPTRN 

3. 
3. 
3. 
6 .  
60 
6 .  
9. 
9. 
9. 

E 

0 5  
l e 0  
1.5 

e 5  
1.0 
1. 5 

05 
10 0 
1.5 

DOSE 
(PE? SON-REM) 

e067 
e070 
e 070 

034 
0034  
e034 
.022 
e023 
e023 



ti 
I 

W 
M 

Table Ad-12 

Data f o r  S e n s i t i v i t y  Ana lys i s ,  Inc ident -Free  Model 

DOSE TO PERSONS ALON6 THE R I G H T - O F - U i  Y 

RRTUAY 

2. 
2. 
2. 
3.  
3 e  
3 e  
5. 
5 .  
!5* 

E 

e 5  
10 0 
l e  5 
e 5  

1.0 
l e  5 

- 5  
1.0 
1. 5 

DOSE 
(PEI SOM-REM) 

e 1 7  
a 1 9  
020 
e 1 5  
e 1 7  
010 
-1 3 
e 1 5  
e 1 6  



Tab 1 e Ad-13 

Data for  S e n s i t i v i t y  Ana lys i s ,  Inc ident -Free  Model 

OOSE TO PERSONS I N  THE DOCK AREA 

00CPl fN 

6.3 
18e1 
6 e 3  
18.1 
6.3 
18.1 
6.3 
18. 1 
12.2 
5.0 

19.4 
12e2 
1 2 e 2  
12.2 
12.2 

OOCHAX E 

36. 
3 6 e  
1840 
184e 
36- 
36, 
184- 
184. 
110. 
110. 
1101 

20. 
200. 
1100 
110. 

06 
a6 
e 6  
-6 

1.4 
1.4 
1 - 4  
1 m 4  
1 eo 
1.0 
1 .o 
1.0 
1 eo 
e5 

1 e 5  

DOSE 
<PERSON-REH) 

e058 
e023 
- 1 0 4  
-070  
e061 
e024 
~ 1 1 3  
e076 
e073 
e104 
-0 58 
0017 
e088 
e 0 7 0  
e076 



Table Ad-14 

Data for Sensitivity Analysis, Accident Model, Nondispersible Material 

DOSE TO PEQLSTRIANS 

ONE- AFJD TYO-UAY STREETS 

us 

3e7 
2e3 
2.3 
3 e 7  
3-7 
2a3 
2.3 
3 e  7 
3eo 
2 e u  

400 
3eO 
3 e o  
3 00 
3.0 
3.0 
3 00 

YST ED 

27e9 
12e6 
27e4 
12.6 
27e4 
12e6 
27.4 
12e6 
20eo 
20e.11 
20 e l  
10.3 
30 .0  
20 03 
20.0 
20.0 
20.3 

2e 17 
2.17 

0 33 
e 33 

2e17 
2-17 
e 33 

33 
l e  25 
l e  25 
1.25 
l e  25 
1.25 
oe 00 
2.50 
l e  25 
1.25 

E 

l e 4  
l e 4  
l e 4  
l e 4  

e6 
e 6  
e6 
e 6  

1.0 
1.0 
l e 0  
1.0 
1 e o  

l e 0  
r e o  
.S 

1 e 5  

DOSE 
<PERSON-RE#) 

155000 e 0  
207000 e0 

15400 m 0  
46600.0 

14700000 
202000 e0 

14600 e 0  
45400eU 
98300eO 
68400.0 

12600 0 e0 
179000 e 0  
66800 e0  

12 e 2  
197000eO 

94500eO 
9960 0 e 0  



Table Ad-15 

Data f o r  Sensitivity Analysis, Accident Model, Nondispersible Material 

DOSE TO 3ERSONS IN VEHICLES 

TYO-YAY STREETS 

US YST 

3.8 
2.2 
3.0 
2.2 
3.0 
2.2 

2.2 
3 . 0  
2.9 
4.0 
3.0 

3 . 0  
3.0 

3.8 

3. a 

28. 
28 
12. 
12 . 
28. 
28. 
12. 
12. 
201, 
20. 
20. 
10. 
3 0 .  
20. 
20. 

E 

1.4 
1.4 
1.4 
1.4 

06 
06 
06 
e 6  

1.0 
1.0 
1 .O 
1.0 
1.0 

e 5  
1 e 5  

DOSE 
PERS SO#-REM 1 

9790. 
9780. 

25000. 
25000. 

9790. 
9780. 

25000. 
9770.  
9760. 
9770 . 
5970,  
9760. 
9770.  

250011. 

25000. . 



Table Ad-16 

Data for Sensitivity Analysis, Accident Model, Nondispersible Material 

DOSE T O  PERSONS IN' VEHICLES 

ONE-YAY STREETS 

us 

308 
2.2 
308 
2 0 2  
3438 
202  
3.8 
202  
3.11 
200 
4.0 
3.0 
34 0 
3.13 
3.0 

U ST 

2 8. 
280 
12. 
12.m 

28.  
12. 
32. 
20. 
20. 
20. 
100 
30 a 
200 
20. 

28. 

E 

1.4 
109 
1.4 
1 a4 

-6 
a6 
e6  
a 6  

1 .o 
1 .a 
1 00 
1 o n  

1.0 
a5 

1.5 

OOSE 
(PERSON-REMI 

56001 
5600. 

14300 
14300. 

5600. 
5600. 

1 4 3 0 0 0  
14300.  

5590. 
5 5 9 0 0  
5600. 

14300. 
3420. 
5590 
5600 0 



Table Ad-17 

Data for Sensitivity Analysis, Accident Model, Nondispersible Material 

OOSE TO PERSONS IN V f H I C C E S  

FR€:EUA Y S 

YF 

40 
40 
40 a 
70 - 
70 a 
70 

100 0 

100 0 

100 

E 

0 5  
l a  0 
1.5 

0 5  
1.0 
1- 5 

05  
1.0 
1.5 

DOSE 
( P f 3  SON-REMI 

9 0 2 0 0  
9 0 2 0 0  
3020,  
3 0100 
3 0200 
3 0 2 0 0  
9 0 1 0 0  
90100  
3 0 2 0 0  



Data 

US 

3 06 
2 04 
204 
3.6 
3 06 
2 04 
2.4 
3m6 
3 06 
2.4 
2 m 4  
3 06 
3.6 
2.4 
2.4 
3 06 
3 00 
2.0 
4.0 
3 00 
3.0 
3 -0 
3 OD 
3 00 
3.0 
3*0 
3 00 
3 00 
3.0 

Table Ad-18 

fo r  Sensitivity Analysis, Accident Model, Nondispersible Material 

DOSE TO PERSONS IN B U I L D I N G S  

ONE- AND T Y O - Y A I  STREETS 

YST 

1 4 0  
26 
14. 

1 4 0  
26 
14 I 

14. 

1 4 0  
26 
1 4  
26. 
x4. 
26- 
20 0 

20 0 

20 . 
10. 
30 
28 . 
20 . 
20 . 
20. 
20  
20 . 
20 . 
20. 

26. 

2 6 0  

26 

NFLR 

23. 
23 
23. 
23 

70 
7 m  
7 .  
7 .  
7 .  
7. 
70 
7. 

23 
23. 
23. 
23 
15 
15. 
150 
15. 
15. 
15. 
15 
1. 
29 
1s. 
15. 
15. 
15. 

YB 

r2 4 
-24 
024 
024 
036 
03 6 
036 
-36 
024 
024 
024 
m 2  4 
-36 

36 
036 
03 6 
030 
030 
030 
030 
m30 . 30 
03 0 
-30 
030 
020 
r4 0 
030 
030 

ED 

I 50 . 50 
2. 00 
2.00 . SO . 50 
2. 00 
2000 . 50 . 50 
2.00 
2.00 

m 50 
50 

2. 00 
2000 
1.25 
1 m  25 
1.25 
1.25 
10 2s 
0.80 
2050 
10 25 
1.2s 
1.25 
1.25 
1.25 
1025 

E 

. 7  
.7 
b 7  
b 7  
.if 
. 7  

e 7  
10 3 
1. 3 
1. 3 
1.3 
103 

1. 3 
1. 3 
1. 0 
1.0 
1 .O 
1.0 
1. D 
1. 0 
1.0 
1.0 
1. 0 
1. 0 
1.0 

0 5  
1.5 

D 7  

ID 3 

DOSE 
<PERSO#-RE?l) 

m1970000 
04840000 
o5920000 

2m3500000 
0 0  45100ll 
0095100.0 
m141oooo 

44 30 000 
02880000 

6 250 0 00 
0a970000 

2o9100000 
mO400000 
00974000 
.1218000 

4 7  20 000 
6690000 
3960000 

05470000 
01 6600OO 
.916aooo 
ooooas8~ 

9370800 
54740,OO 

. 2 ? 2 0 U O O  
20 0 4 O O O  00 

~ 1 0 7 0 0 0 0  
02190000 

4660000 



Table Ad-19 

Data for Sensitivity Analysis, Accident Model, Nondispersible Material 

DOSE TO PERSONS I N  BUILDI#SS 

FREEYAYS 

YF 

920 
480 
48. 
920 
920 
480 

9 20 
70 a 

40 
100 0 

700 
70 a 

70 a 

700 
700 
70 0 

48. 

YB NF LR 

037 
023 
037 
023 
0 37 
023  
037 
a23 
030 
a30  
030 
020 
a40  
a 3 0  
e 3 0  
a30 
030 

250 
250 

5 0  
50 

250 
250 

5a 
SO 

150 
1 5 a  
15. 
15. 
1 5 a  

1 0  
2 9 0  
1 5 0  
15. 

E DOSE 
(PERSON-REM) 

104 
104 
1 a4 
lo4 

06 
06 
m 6  
06 

1.0 
lo0 
l a 0  
1.0 
1 a0  
1.0 
1.0 

OS 
l a 5  

351 
a984 
0226 

20400 
a140 
0 938 
0109 

2.510 
726 
a415 
a961 

30190 
0165 
0801 
a570 
0328 
0745 



uv 

1 4 0 5  
7 05 
7 .5  

A4 05 
14  05 

7.5 
7.5 

1 4 0 5  
1 4 0 5  

7 05 
7 .5 

14 0 5  
1 4 . 5  

7 .5  
7 05 

14.5 
11.0 

5 03 
1700 
11.0 
11.0 
11.9 
11.0 
l l * C  
11 00 
11.0 
11 .0  
11.0 
11 .0  

A 

825 . 7 5  
825  . 75 

. 75 
25  . 75 

0 2 5  
875 
825 
075 
o 25 . 75 

25 . 75 
0 50 
0 5G 

50 
8 0 1  

1-00  
50 . 50 

.5c 
5G 

m 5 0  . 50 
50 

.SO 

0 2 5  

Y S T  

15. 
15. 
25 .  
25 .  
15. 
15 
25 .  
25 .  
15. 
15. 
25  
25. 
15. 
15. 
25 
25. 
20. 
20 . 
20 . 
20 . 
20  . 
1 1 -  
28 . 
20. 
20 .  
20. 
20. 
20 . 
20 . 

Table  Ad-20 

Data f o r  S e n s i t i v i t y  Ana lys i s ,  Accident  Model., D i s p e r s i b l e  Material 

F 

. 5 5  . 5 5  
0 5 s  . 55 
0 25  
0 2 5  

2 5  
25  . 55 . 55 . 5 5  . 5 5  
25 
25 

0 25 . 25  
40 
40 

e 40 
0 4Q 
0 4 0  

40 
40 . 1 5  
65  
40 
40 
40 
40 

us N1 

2 0 5  1500000; 

2.5 1500000. 
2 .5  1500000. 
3 -5  1500000-  
3.5 15ooco3.  
3.5 15000iJO. 
3.5 1500000. 

2.5 2500000.  
2 .5  2500000. 
2.5 25COOOO* 

3 . 5  2530000. 
3.5 2500030. 
3.5 2 5 o o c o o .  

300 2000003. 
3.G 200OOCO* 
JeG 20000?00  
3.0 20000000 
3 .0  20000CO. 
3 . 0  2000QOC.  
3 .0  20000OC. 
3.0 2 0 P 0 0 0 F ~  
2.0 2 0 0 0 0 0 0 .  
4.0 2000000. 
3 0 0  1 0 ~ 0 0 ~ ~ .  
3 .0  3 0 0 0 0 0 0 .  

2 .5  i s o a o o o .  

2.5 2 ~ o a o c 1 0 ~  

3 .5  ~ S O O O O L  

3.0 2000000. 

A I R  C O N D I T I O N I N G  

LCF-GS 

1178 0 0  
1163.0  
7 0 0 . 3  
705 .9  
994 .4  
988  1 
5 9 9 - 2  
596 .0  

1962.0  
1938 0 0  
1167 0 0  
1176.0  
1656 00 
1647 00 

998 .6  
9 9 3 . 3  

1361 00 
1062 00  
1059 - 0  

1068.0  
1925.?  

759.2 
751 .9  

1804 0 0  
709 .0  

1413 .0  
530  05 

159 1.- 

i o 6 0  .a 

GE-6S 

1643 0 0  
1623.0 
977. 0 
984. 9 

1387.0 
1379.0 
836  0 
831. C, 

2738.0 
2734.0 
1628 .O 
1641 0 0  
2511.0 
2298 0 
1333.0 
1386.C 
1480 0 0  
1482.0 
1478 0 0  
1480.0 
1490 0 0  
2686.0 
1059.0 
1057.0 
25ia.o 

Y89.1 
1971 0 0  
740.1  

2220.0 

E f  

22 0 12" 
23. €40  
19 .610  
150840 
450100  
73.830 
89.740 
30 0660 

7 .728  
32 .390  
21 o 950 

6 .250  
24 .980  

655.100 
402.  600  

17 .310  
19 .430  

793. If 0 
19 .120  
190430 
19 .430  
30 060 
15 .720  
49.720 
25.460 
15. 100 
23 .760  
18. 930 
23 .490  

EM 

320 0 5 0  
1788.00  
154700  0 

127 .60  
53  060 

2438 000 
15 30 00 0 

3 8 . 0 3  
565.20 

2312 .00  
1737 .00  

2 1 0 0 7 0  
3025.00  
3004.00  
1646 000  
1299 00 
2178.00  
2382.00  

183 .40  
1 9 4 6  -0 0 

706 800 
3467  0 0  
1728 800 
1350 000  

8 5 - 6 2  
1653.00 
2703.00  

2 7 6 0 3 0  
3406 .00  

LCF - T O T *  

17.540 
190280  

9.11 9 
12.120 

6.745 
1 1 .  550 

5 .759  
4.245 

47 .740  
18.880 
15.690 
3 0 .  79C 
11 ,720 
13 .820  

9.396 
7m455 

120.650 
7.396 
5.974 

12.310 
110890 
20.260 
10 .000  

6.000 
18049C 

9.557 
15.750 

6 .388  
15 .  160 

* #  

G E - T O T *  

05989 
04812 
03364 
84180 
81854 
a4451 
82995 
01211 
89981 
03020 
85607 
06566  
0 5 0 8 9  
0 7 4 1 9  
-4992  
02018 
04759 

1.1 690 
82893 
84686 
04720 
07625 
83758 
0 3  594 
04599 
a3591 
0 5 9 2 6  
02379 
07138 

1 

1 2  
10  



blW 

14.5 
7’.5 
7 e 5  

1405 
14.5 
7.5 
7 e 5  

14.5 
14.5 
7 e5 
7 05 

i4.5 
14.5 
7.5 
7.5 

14.5 
11 e o  

5.0 
17.0 
11.0 
11 e o  

11.9 
11.0 
1 1  e o  

11 .o 
11.3 
11.3 
11.0 
1100 

A 

e 25 
e75 
e23 
e 75 
e25  
e 75 
e25 
e 75 
e 25 
e 75 
e25 
e75 
e 25 
0 75 
e25 . 75 
e 5 J  
e 5 c  
e 50 
e;1 

l e C O  
e 50 
e 53 
e 5 0  . 50 
e 5s 
e 5 0  . 5G 
e 5 G  

us1 

15. 
15- 
25. 
25 e 

15. 
15. 
25. 
25e 
15. 
15. 
25 e 

25. 
15. 
15. 
25. 
25. 
20 e 

20 e 

2 0 .  
20 e 

20. 
11. 
28. 
20 e 

20 e 

20. 
20 e 

20 . 
20 . 

Table  Ad-21 

Data for S e n s i t i v i t y  Analys is ,  Accident Model, D i s p e r s i b l e  Material 

CONTINUOUS I N T A K E  

F 

e 55 . 55 
e 55 
e 55 
e 25 
25 
25 

e 25 
e 55 . 55 . 55 . 55 
25 

e 25 
e 25 
e 25 
40 

e 40 
40 

e 40 
e 49 . 45 . 40 
15 

e 65 . 40 
s 4G 
e 40 
0 49 

EM L C F - T O T *  G E - T O T *  EF  LCF-GS GE-GS US N1 

2 e5 
2 e5 
2.5 
2 e5 
3 e 5  
3 e 5  
3 e 5  
3e5 
2.5 
2 e5 
2.5 
2 e 5  
3 e5 
3 .s 
3.5 
3.5 
3 e 0  
3 e 3  
3.0 
3.0 
3 e 0  
3.0 
3.3 
3 e 0  
3 - 0  
2 -0 
4.0 
3.0 
3 0 0  

150 0 0 9 0 e  
150 O O O O e  
1500003e 
150 OOJOe 
150 0000. 
150 O C  0 0 e 

150 00 0 0 e 

150 00 3 O e  

251) 0000 
2500800e 
250 COO 0 e 

250 000 0 e 

255 aoo o 
2500000e 
2 5 0 0 0 3 0 e  
250 000 O e  

2 0 0 0 0 3 0 e  
200 o c c o .  
2 o c c o o o e  

200 o o o o e  
2000009. 
2000252. 
200 000- e 

2 C O O G O I .  
2420 cc: ?. 

1oc  00’10. 
2na OCJO. 

200 a 0 0  o 

200 ooao. 

1852. 
1822. 
1351 e 

1381 e 

2459 e 

2451 e 

2068. 
2061. 
3088. 
3037. 
2268. 
230 1 e 

40 97, 
4085. 
3446. 
343:. 
229- e 

2297e 

2292. 
2306 
3156. 
1991. 
3945. 
255 7 e 

1943e 
2644. 
114<- 
3437. 

229rs . 

2585 e 

2543 
1899 e 

343c e 

3420 e 

2885 e 

2875.  
4308. 
4238 e 

3165. 
3211. 
5716. 
5700 e 

4808.  
4732. 
3198. 
3205. 
3195 e 

3198. 
3217 e 

4404. 
2777. 
5 : * 0 9 e  
3568 e 

2707 e 

36890 
1599 e 

4797. 

1926 8 

64.68 
82.25 
80.74 
58.41 

108 040 
114.80 
149 e 8 0  

3 4 . 0 0  
43.56 
62 e53 
55.25 
42eC8 
57.39 

850elJ 
834.60 
49e78 
53.92 

1446 e 0 0  
58e31 
53.92 
53 09 2 
64.55 
50.21 

143.90 
98e45 
49 e59 
58.25 
58.64 
56.22 

361.5 
4549.c 
403300 
108.6 
116.3 

58C 7.0 
4666 e 0 

l C 2 e 7  
867.2 

54650.0 
5665.0 
186.2 

4559.0 
6233.0 
4488 e 0 
1761 e 0  
2580 e 0  
5753.0 
18s. r 

2504.0 
1163 0 0  
3869.0 
2130.0 
2757.0 
141 02 

2355.0 
3105.0 
514.2 

7199.0 

27.240 
33.99: 
2 3.590 
21.680 
12.220 
19.723 
14.950 
8.609 

I 8 e 22 0 
58.160 
4P.2SC 
61.090 
21.60C 
30e770 
27e42C 
A 6.920 
26.639 
18.755 
1Je22G 
26.970 
2 5e690 
34.240 
2 ~ ~ 9 8 ~ 1  
12.350 
32. 67G 
22.540 
2 9.730 
1 le080 
41e89C 

le3160 
1 e3520 

e 9 0 8 3  
le1350 
.3451 
-8366 
e6892 
2 767 

2.1930 
1.7530 
1.5140 
1.8910, 

05 752 
1 e3940 
1.1490 
e4611 

1 e 0  830 
2ebt3O 
e3585 

1 e ?  680 
1.0740 
i e3690 . 3 828 
e5755 

1.9520 
04661 

1 e2GOQ 
e5414 

1 e n 2 4 C  

1 2  
* x 10 
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I 3J. W. Tukey, The Propagation of Errors, Fluctuations, and Tolerances, Basic 
Generalized Formulas, Statistical Research Group, Technical Report No. 10 
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E 

METEOROLOGICAL MODELS -- MICMET AND PICMET 

The atmospheric dispersion and transport of pollutants in cities are influenced by 
several features that are generally not present in a nonurban envir0nment.l 
creased surface roughness and enhanced aerodynamic drag caused by buildings and 
other urban features enhances dispersion and results in reduced mean wind speeds. 
The large urban heat island results in a more frequent occurrence of neutral sta- 
bility conditions. Polutant dispersion and transport can also be significantly 
influenced by street canyon effects.' For the purposes of this study, two models 
have been developed to estimate the atmospheric transport and diffusion of radio- 
active material released in a puff as the result of an accident.* The two models 
examine, in a predominantly qualitative manner, the urban features described 
above. ** 

In- 

The initial evolution of the puff release is analyzed using the small-scale atmo- 
spheric transport model, MICMET. After the cloud has moved a few hundred metres 
from the release point, MICMET results are supplied to PICMET, the urban-regional 
atmospheric transport model, which follows the dispersal of the released material 
over distances of the order of tens of kilometres, or to the defined boundaries of 
the urban region under study. Both MICMET and PICMET supply estimates of the nor- 
malized air concentration of the radioactive material (concentration per unit of 
material released) and the area of cloud coverage to the radiological consequence 
model, METRAN, at the end of prescribed time intervals. A similar approach, using 
a combination of small-scale and regional transport models, has been recently ap- 
plied by Sheih to the study of pollutant transport over an urban area.4 MICMET and 
PICMET are briefly described in the remainder of this appendix. The meteorological 
data and approach used in this study are described in Appendix F. 

E l .  MICMET -- Small-scale Atmospheric Transport Model 

MICMET uses a layered Gaussian or plume element technique to predict the air con- 
centrations of radioactive material within a short distance (one or two city 
blocks) of the point of relea~e.~ 
the postulated incident is initially assumed to be stabilized in a ground-level 
cylindrical shape with 10-metre height and 2-metre diameter. The stabilized cloud 
is subdivided into five horizontal layers, or plume elements, to allow for varia- 
tions of wind speed with height. Each layer is transported by the mean wind veloc- 
ity corresponding to the initial height of the layer, and allowed to grow in the 
downwind, crosswind, and vertical directions. The expressions used to estimate the 

1 vertical variation of mean horizontal wind speed are presented in subsection El.l. 

The cloud of radioactive material resulting from 

J 

*A puff refers to a short-term release. A plume refers to a long-term release. 

**A detailed quantitative analysis of atmospheric transport and dispersion in an 
urban area on the scale of individual streets has been undertaken in the past,3 but 
the techniques employed are too complex and costly to be used in the present study. 
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Gaussian standard deviations (a 's )  are calculated as a function of downwind dis- 
tance and turbulence intensity using a relationship provided by Wandel and 
Kof oed-Hansen: ti 

a = (2/9)i.x (1) j J 

where 

x = the downwind travel distance 

i = the turbulence intensity in the jth coordinate direction 

0 = the standard deviation of cloud concentration in the jth 
j coordinate direction 

Values of turbulence intensity corresponding to the Pasquill atmospheric stability 
categories are presented in a paper by Luna and Church8 who used the above rela- 
tionship in their computer program, DIFOUT. 

MICMET allows particles to fall with a velocity based on their assumed aerodynamic 
diameter. Only interaction with horizontal surfaces is considered; these surfaces 
may be specified as perfectly reflecting, perfectly absorbing, or any intermediate 
situation. 
tion (also termed rainout or washout) is not included in the model. 

A 50% reflection surEace has been assumed in this study. Wet deposi- 

In some instances, restrictions are placed on the direction of travel and rate of 
growth of the cloud. These are based upon the size and orientation of the street 
canyon relative to the initial stabilized cloud. The restrictions and the cases 
for which they are assumed to apply are discussed in subsection E1.2. 

MICMET calculates normalized airborne concentrations (concentration per unit of 
radioactive material released) as a function of time and position. At specified 
time steps, the spatial airborne concentrations in all five horizontal layers are 
integrated to obtain the centroid and standard deviations of the resultant cloud. 
In the present configuration, MICMET is only used for the first 300 metres of trav- 
el of the centroid of the resultant cloud. The time required for the cloud to 
reach this position is divided into four approximately equal intervals. At the end 
of each of these intervals, the centroid and standard deviations of the cloud (or 
clouds) are provided to METRAN for direct use in the health effects model. At the 
'end of the last step, the centroid and standard deviations of the cloud (or clouds) 
are used as initial conditions to load particles into PICMET. 

E l . l  Vertical Velocity Profile Calculations 

The vertical variation in mean horizontal wind speed is estimated using the input 
building height, the fraction of area covered by buildings, and the wind speed at a 
height of 30 metres for each cell. A logarithmic velocity profile is assumed above 
the average building height.2 l o  
is described using an exponential relationship. The logarithmic expression as- 
sumed in Reference 2 for the velocity profile above building height has the follow- 
ing form: 

The velocity profile below the average building 

- u* z + zo+ d 
u(z) = - k 
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where 

- 
u(z) = mean horizontal velocity at height z (m/s) 

u* = frictional (o r  shear) velocity (m/s) 

k = von Karman constant (0.38) 
z = vertical coordinate (m) 

z = surface roughness length (m) 
0 
d = displacement height (m) 

Variations in the logarithmic profile due to atmospheric stability effects have not 
been included. 

Values of z and d are computed for each urban cell using expressions developed by 
Lettau: 1 1  0 

z 0 = 0.5 hb s /S  

d = z x - hb - z 

( 3 )  

( 4 )  

x R n x  = 0.1 h (5 )  

0 0 

where 

hb = average building height in g r i d  cell (m) 
s = silhouette area* of average building (m2) 

S = average building lot area, i.e., if there are N buildings 
distributed over an area A,  then S = A/N (m2) 

x = intermediate variable used in the calculation of 
displacement height d (dimensionless) 

If A is assumed to be the cell area (1 km2), f is the fraction of area A that is 
occupied by b u i l d i n g s ,  and N i s  the number of kuildings in A, then the silhouette 
area of an average building in A can be estimated by: 

s = hb J f b A / N  

Using this estimate, plus S = A / N ,  gives 

0.5h: Jfb 
z =  - 
0 ( 7 )  

Data are not available for N, the number of buildings in each grid element. How- 
ever, if it is assumed that each of the horizontal dimensions of a building is 
proportional to its height, then the area of a building is proportional to hb2. 
therefore follows that 

It 

*Vertical surface area "seen" by wind, i.e., building width x building height. 
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f b A  2 
a hb 

- 
N 

i and 

( 9 )  

where C = some cons tan t .  S u b s t i t u t i n g  t h i s  expres s ion  i n t o  Eq. ( 7 )  l e a d s  t o  

z = 0.5 C h f 
0 b b  

To determine a va lue  f o r  the  c o n s t a n t  C ,  s u r f a c e  roughness l e n g t h  d a t a ,  p resented  
by Counihan,12 are used where v a l u e s  of zo ranging  from 1 metre t o  approximate ly  7 
metres are g iven  f o r  urban areas. I n  t h i s  s tudy ,  the  g r i d  ce l l  wi th  the  l a r g e s t  
s u r f a c e  roughness has  an average  hb of 100 metres and f b  e q u a l  t o  0.44. 
z va lue  of 7 metres f o r  t h i s  c e l l  sugges t s  a va lue  f o r  C of 0.32. Therefore ,  t h e  
e x p r e s s i o n  f o r  s u r f a c e  roughness i s  reduced t o  

Assuming a 
0 

Z = 0.16 hb f b  0 

For the  a p p l i c a t i o n  of the expressions-above, a minimum v a l u e  f o r  z 
i s  assumed. 
Eq. ( 2 )  can then  be used t o  e v a l u a t e  t h e  mean v e l o c i t y  a t  any h e i g h t  above b u i l d i n g  
l e v e l .  

of 0.2 metre 
The va lues  of zo, d ,  and u(30) are used i n  Eq. ( 2 )  t o  g a l c u l a t e  u*. 

i 

For e l e v a t i o n s  below the  average  b u i l d i n g  h e i g h t ,  an e x p o n e n t i a l  exp res s ion  i s  
a p p l i e d  : 

( 1 2 )  z/A' u ( z )  = U o e  

where 

O.lh b A' = 
Z 
0 

I f  i n  a p a r t i c u l a r  c e l l  h 
u (hb)  i n  Eqs. ( 2 )  and (12). When hb i s  g r e a t e r  t h a n  30 metres, Uo i s  computed from 
t h e  inpu t  d a t a  fo r  t h a t  c e l l ,  and u* i s  computed by equa t ing  Eqs. ( 2 )  and (12)  a t  
z = hb. This  change i s  made s i n c e  t h e  wind speeds are g iven  a t  30 metres. 

E1.2 S t r e e t  Canydn E f f e c t s  

is  less than 30 metres, Uo i s  eva lua ted  by equa t ing  

MICMET has two modes of o p e r a t i o n  based upon t h e  s t a b i l i z e d  h e i g h t  of t h e  i n i t i a l  
cloud r e l a t i v e  t o  t h e  average  h e i g h t  of t h e  b u i l d i n g s  in t h e  ce l l  of release. I f  
t h e  h e i g h t  of t h e  i n i t i a l  s t a b i l i z e d  c loud  is g r e a t e r  t han  t h e  average b u i l d i n g  
h e i g h t ,  t h e  cloud i s  allowed t o  t r a v e l  i n  t h e  d i r e c t i o n  of t h e  mean wind. I f ,  
however, t h e  i n i t i a l  c loud  he igh t  is less than t h e  mean b u i l d i n g  h e i g h t ,  two re- 
lease l o c a t i o n s  are cons idered:  a release a t  a n  i n t e r s e c t i o n  o r  a release 
midbloc k. 

For an i n t e r s e c t i o n  release, the  cloud is cons t r a ined  t o  t r a v e l  a long  t h e  streets 
downwind of t h e  i n t e r s e c t i o n .  E i t h e r  one or  two clouds may r e s u l t .  The number of  
c louds  is determined by t h e  r e l a t i v e  o r i e n t a t i o n  of the  d i r e c t i o n  of t h e  mean wind 
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and the streets in the region of interest. If there is more than a 10-degree dif- 
ference between the mean wind direction and the nearest downwind street direction, 
two clouds are used in the calculation. The amount of material allocated to each 
cloud is proportional to the complement of the angle between the wind direction and 
the street of interest. For the first block of travel, the lateral growth of the 
cloud is limited by the width of the street. After the first block of travel, the 
lateral growth of the cloud is allowed to resume, although the direction of travel 
remains constrained by the orientation of the street. These assumptions involving 
direction of cloud travel and restriction of lateral cloud growth are considered to 
be valid only a short distance from the release point (approximately two or three 
blocks). In the present application of the model, the cloud is only allowed to 
travel approximately 300 metres before the transport calculation is transferred to 
PICMET. 

If the release is postulated to occur at the center of the block, two situations 
are considered. The first occurs when the mean wind direction is within 30 degrees 
of the street in which the release occurs. In this situation, the cloud is con- 
strained to travel along the street as discussed above. When there is more than a 
30-degree difference between the mean wind direction and the street, full-scale 
measurements indicate that a vortex flow is developed in the street canyon.13 
such a case, a flushing time is computed based on a technique developed by 
Nicholson.2 
uniform concentration, is provided as input to PICMET after the flushing time has 
elapsed. 

In 

A single cloud the size of the street canyon, one block long and of 

E2.2  PICMET -- Urban-Regional AtmosDheric TransDort Model 
The PICMET code estimates the atmospheric transport and diffusion of the released 
cloud of radioactive material by.numerically solving the atmospheric diffusion 
equation14 with a modified particle-in-cell technique. The mathematical basis 
for solving this equation by PIC techniques is summarized by Sklarew et al. 1 5  1 6  

The atmospheric diffusion equation is solved on a three-dimensional array of cells 
that cover the urban region. All cells must have the same dimensions, but cell 
dimensions and the number of cells used to cover the region can be specified by the 
user. A mean wind velocity (speed and direction) and three components of eddy 
diffusivity must be prescribed at the center of each cell. In addition, the bound- 
ary conditions that apply at the vertical sides, the top surface, and the bottom 
surface (ground level) of the cell array must be specified. 

Within the boundaries of the celi array, PICMET follows the motion of a large num- 
ber N of Lagrangian particles, each of which is assumed to carry a fraction 1/N of 
the released material. These Lagrangian particles are initially positioned in the 
cell array with a density proportional to the normalized concentration of airborne 
material provided by the MICMET model. The particles are subsequently moved in 
short time steps along trajectories calculated using the mean wind and turbulent 
flux velocity fields. The simulated transport is terminated when all but three of 
the Lagrangian particles have passed through the boundaries of the region or are 
lost through surface deposition. 

E2.1 Calculation of Wind Fields and Eddy Diffusivities 

The mean wind field and eddy diffusivities are constructed from the input data for 
the horizontal mean wind field (assumed for a fixed reference height of 30 metres 
above the ground), the mean building height, and the fraction of land occupied by 

E- 5 



buildings. These data are included in the data bases discussed in Appendices A and 
G. 

A vertical profile of horizontal mean wind velocity is calculated for the surface 
layer overlying each base cell, using the same formulae as described in Section 
El.l for use in MICMET. The stratified horizontal winds obtained are then made 
divergence-free at each cell center by the addition of an appropriate, usually 
small, vertical velocity component. Finally, a free-fall velocity is added to the 
vertical component of wind in all the cells. The free-fall velocity depends on the 
average size of the small particles that may constitute the released material, 
i.e. , 

W = -1.26~10-~ D2 km/h free-fall 

where D is the particle aerodynamic diameter in pm. The same free-fall velocity is 
assumed for gaseous and particulate releases. 

The data on horizontal mean wind at reference height, the average building height, 
and the fraction of land occupied by structures are also used to determine the 
profile of the vertical component of eddy diffusivity KZ by formulae given in 
Ragland and Peirce.17 
model so that 

An adiabatic atmospheric surface layer is assumed in the 

K = 0.4 u*z (15) Z 

where K 
way empfoyed for MICMET; see subsection El.l), and z is the height above ground 
level. In the absence of empirical information on the relative magnitudes of the 
horizontal eddy diffusivities (Kx and K ) in an urban setting, Kx and K 
trarily been assumed to be equal to KZ. 

E2.2 Boundary Conditions and Surface Depositions 

is in m2/s, u* is the frictional (or shear) velocity (computed in the same 

have arbi- Y Y 

There are several kinds of boundary conditions in the PICMET model. The vertical 
sides and top surface of the cell array are as'sumed to be transmitting boundaries; 
that is, material is allowed to flow freely across the boundary and is subsequently 
removed from the cell array. The lower boundary of the cell array (ground level) 
can be anything between a reflecting boundary and a completely absorbing boundary, 
depending upon a coefficient of surface absorption, a, that is assigned to each 
ground level cell. To assure conservation of mass in the implementation of these 
boundary conditions and to calculate surface deposition, the concept of particle 
weighting* is used. A particle weight P, initially = l/n, is assigned to each of 
the n Lagrangian particles employed in the simulation. The particle weight never 
changes unless the particle either is dropped from the set after crossing a trans- 
mitting or perfectly absorbing (a = 1) boundary or crosses a partially absorbing 
boundary (0 < a < 1). In the latter case, the particle is not dropped, but is 

n 

*Both particle weighting and volume weighting are used in PICMET. Volume 
weighting is a standard technique in PIC calculations. See Reference 15, for 
example. 
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physically reflected as though the boundary were perfectly reflecting (a = 0 ) .  
However, the reflected particle's weight is multiplied by (1  - a), and it is as- 
sumed that a fraction, ap, of the released material has been deposited on horizon- 
tal surfaces during the time step and within the cell where the particle crossed 
the boundary. The particle weights are used to calculate the normalized, volumet- 
ric concentrations of the airborne material in a mass-conserving way. 

E2.3 Special Features of PICMET 

When applied to the atmospheric diffusion equation, the standard PIC techniques 
(see References 15 and 16) underestimate the rate of turbulent diffusion in mate- 
rial clouds whose characteristic sizes are small compared to cell dimensions. The 
source of trouble is the finite-difference approximations made for computing the 
three components of turbulent flux velocity: 

Until m terial has spread thr ugh seve 1 cells, finite-differe ce approximation 
to the concentration derivatives of Eq. (16) will give unphysical, small turbulent 
flux velocities, thereby inhibiting expansion of the cloud. 

There are several techniques that can be used instead of finite differences that 
give better approximations to the field of turbulent flux velocity in small clouds. 
Two of these techniques used in PICMET are described below. 

Treatment of Horizontal Turbulent Flux Velocity 

As an alternative to the finite-difference approximation of the horizontal turbu- 
lent flux velocities, u and v of Eq. (161, an analytic calculation of these 
quantities is made in whch the instantaneous concentration field of suspended 
material is assumed -- to have a horizontal (x,y) Gaussian distribution. The centroid 
coordinates (x,y) and the standard deviations (uX,u ) of the Gaussian are computed 
from the positions of the weighted particles. 

f' 

For Instance, 
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where xi is the x-coordinate of the ith particle in the mesh, P. is the weight of 
the ith particle, and the sums are over all particles in a single cloud. The tur- 
bulent flux velocities are obtained by analytical differentiation of the Gaussian, 
according to the expressions for uf and vf given in Eq. (16). 
particle at position (xi, yi) are 

The results for a 

and 

These velocity components - -  are added to the correspondipfi components of the mean 
horizontal wind (u, v), taken at the position of the i particle, to get the total 
horizontal velocity of that Lagrangian particle. The technique requires that the 
particles comprising each cloud be distinguished so that the centroids and standard 
deviations for each cloud may be calculated. 

Figure E-1 shows results of the two different treatments of horizontal diffusion 
for a single cloud. The standard deviation of cloud concentration the Y-direction, 
(J , is plotted as a function of distance from the release point. The curve marked 
"y18)" is calculated using the approximation leading to Eq. (18). 
marked "(FD)," is calculated using the finite-difference approximation for the 
turbulent flux velocities. In each case, the empirical standard deviation of par- 
ticle concentration, given in Eq. (17), is plotted against the absolute displace- 
ment distance of the cloud centroid after handover by MICMET. For the comparison 
calculations, a wind speed of 1 m/s at reference height (30 metres) and wind direc- 
tion along the X-axis have been assumed. 

The dashed curve, 

U s 0  shown in Figure E-1 are the curves of (J versus distance expected for the 
range of Pasquill turbulence types.7 
Einite-difference approximation when the characteristic horizontal size of the 
:loud is less than one cell dimension. 

Note tge unphysical behavior of the 

Treatment of Vertical Turbulent Diffusion 

The vertical distribution of material in the cloud is not likely to be Gaussian 
because of constraining effects of the ground surface. Thus, a treatment of the 
vertical component of turbulent flux velocity in a manner similar to the one de- 
scribed for the horizontal component in the preceding subsection is not always 
possible. 
solve an equation of the same form as the atmospheric diffusion equation. In each 
time step, each Lagrangian particle is displaced by an amount w, where 

Instead, PICMET uses a technique employed by Schwartzl to numerically 

- 
w = w(i)At + 5, 
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Figure E-1. Comparison of Different Treatments of 
Horizontal Diffusion 

I 
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w(i) is the mean vertical wind spe d (plus constant particle settling velocity) 
measured at the position of the i particle, At is the length of the time-step, 
and 5 is a random displacement drawn from a normal distribution whose mean is zero 
and wfiose standard deviation is d2KZ(i)At. KZ(i) is the vertical component of eddy 
diffusivity measured at the location of the i particle. Because this technique 
can be computationally expensive, it is only applied in PICMET to the vertical 
component of turbulent diffusion. 

tfi 
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METEOROLOGICAL DATA AND APPROACH 

The meteorological models used in this study require as input an assumed wind speed 
and direction at a height of 30 metres for each 1-km2 grid cell in the urban area. 
Wind speeds at heights other than 30 metres are determined using vertical velocity 
profile expressions given in Appendix E. Calculations used to estimate public risk 
from accidentally released pollutants are performed assuming a selection of weather 
situations spanning the range of possible wind speeds and directions over the study 
area. 

Initially, this study made use of wind speed and direction data gathered during a 
study conducted at New York University to develop an air pollution model for the 
distribution of sulfur dioxide in New York City.l 
during 12 test periods of 3 to 5 days each and consisted of hourly averaged wind 
speeds and directions from numerous recording stations scattered throughout New 
York. Three of these test periods were selected for documentation by Bornstein. 
The Bornstein data are useful because they were gathered at a sufficient number of 
points to allow interpolation of wind speed and direction values for each 1-km2 grid 
cell. However, because of the limited number of observation days in this data base, 
the probability and representativeness of the observed weather conditions for the 
New York urban area can not be adequately determined. 

Data in this study were collected 

A series of preliminary calculations was made to determine the impact on calculated 
consequences of the spatial variation c$f wind speed and direction across the urban 
grid. A large release was postulated in the center of the grid (cell 4 6 ) .  
Consequences* were estimated using a number of actual, spatially varying, hourly 
wind-field situations from the Bornstein data. Calculations were then repeated 
using constant wind speeds and directions across the grid, equal to the values in 
cell 4 6 .  
were identical in each case.** Calculated latent cancer fatalities and genetic 
effects differed by less than 10%. Therefore, spatial variations of wind field 
across the grid do not have a significant impact on estimated consequences. 

Early fatalities and early morbidities calculated by the two sets of data 

Because of the limited number of observations in the Bornstein data base and the 
results of the preliminary calculations described above, surface wind data (speed 
and direction) from Kennedy Airport, located in southeastern Queens, were used in 

*Early fatalities, early morbidities, latent cancer fatalities, and genetic 
effects. 

**Note that early effects are predicted to occur only in the cell of release for 
the magnitude of releases addressed in this study. 
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t h i s  study. 
are t a b u l a t e d  i n  Reference 2. The d a t a  and t h e i r  appropr i a t eness  f o r  t h e  New York 
urban area are d i scussed  i n  Sec t ion  F1. 

These da t a  were ga the red  over  a per iod  of approximately 17 y e a r s  and 

F1. Kennedy A i r p o r t  (NY) Surface  Wind Data 

The t a b l e s  summarizing su r face  wind d a t a  a t  John F. Kennedy I n t e r n a t i o n a l  A i rpo r t  
(JFK) f o r  t h e  per iod  from J u l y  1948 t o  June 1965 p r e s e n t  wind speed and d i r e c t i o n  
j o i n t  f requency s t a t i s t i c s  ( 1 )  f o r  t h e  e n t i r e  obse rva t ion  pe r iod ,  (2 )  i n d i v i d u a l l y  
f o r  each month of t h e  y e a r ,  and (3) by month f o r  e i g h t  3-hour pe r iods  corresponding 
t o  t h e  fo l lowing  sets of hour ly  obse rva t ions :  0000-0200, 0300-0500, 0600-0800, 
0900-1100, 1200-1400, 1500-1700, 1800-2000, 2100-2300 ( l o c a l  t i m e ) .  

The he igh t  above ground a t  which t h e  a i r p o r t  wind measurements were taken  v a r i e d  
du r ing  the  obse rva t ion  per iod.  From J u l y  1948 through December 1957, t h e  record ing  
in s t rumen t s  were about  16 metres above ground. They were r e p o s i t i o n e d  a t  approxi-  
mate ly  7 metres from January  1958 t o  March 1958, a t  -10 metres from March 1958 t o  
November 1962, and a t  -6 metres from November 1962 u n t i l  June 1965. 

The me teo ro log ica l  models used i n  t h i s  p re sen t  s tudy  (MICMET and PICMET) r e q u i r e  
wind speeds and d i r e c t i o n s  a t  a h e i g h t  of 30 metres as input .  Express ions  f o r  t h e  
v a r i a t i o n  of wind speed with h e i g h t ,  p resented  i n  Appendix E ,  depend on t h e  s u r f a c e  
roughness c h a r a c t e r i s t i c s  of t h e  area under s tudy.  The fo l lowing  s imple  a n a l y s i s  
w a s  made t o  determine w h a t ,  if any, c o r r e c t i o n  t o  the J F K  data w a s  r equ i r ed  f o r  use 
as inpu t  d a t a  i n  t h i s  s tudy:  t h e  s u r f a c e  roughness c h a r a c t e r i s t i c s  a t  JFK are 
s i g n i f i c a n t l y  d i f f e r e n t  from those  i n  t h e  h igh ly  populated cel ls  of t h e  urban area. 
The v e r t i c a l  p r o f i l e s  of wind v e l o c i t y  a t  t h e s e  l o c a t i o n s  w i l l  t h e r e f o r e  d i f f e r .  A t  
some he igh t  above the  ground, however, s u r f a c e  f r i c t i o n a l  e f f e c t s  w i l l  no longer  
have any i n f l u e n c e  on t h e  wind f i e l d ,  i .e.,  geos t roph ic  wind. It can t h e r e f o r e  be 
assumed t h a t  t he  geos t roph ic  wind speeds ( h e r e  assumed a t  a h e i g h t  of 1000 me t re s )  
over  t h e  a i r p o r t  and t h e  rest of t h e  urban area are equal .  Assuming t h a t  t h e  JFK 
d a t a  were measured at  a he igh t  of 10 metres, t h a t  t h e  area sur rounding  t h e  a i r p o r t  
has  an  average b u i l d i n g  h e i g h t  of 6 metres, and t h a t  t h e  f r a c t i o n  of land  occupied 
by b u i l d i n g s  is equal  t o  0.1, Eqs. (21,  (31 ,  ( 4 ) ,  ( 5 ) ,  and (11)  i n  Appendix E (and a 
minimum va lue  of z = 0.2 me t re s )  can be used t o  determine t h e  geos t roph ic  wind 
speed : 0 

where %(lorn) i s  t h e  measured wind speed a t  JFK. 
of 15 metres and a va lue  of 0.6 f o r  t h e  f r a c t i o n  of land  occupied by b u i l d i n g s  i n  
t h e  populated urban area, and working down from the  1000-metre he igh t  us ing  t h e  same 
e q u a t i o n s ,  

Assuming t y p i c a l  b u i l d i n g  h e i g h t s  

uc( 30m) Z 0.43 u (  1000m) M 0.95 u(lOm), ( 2 )  

where 
t i c a l  
ad j u s t  

uc(30m) i s  t h e  wind speed a t  a 30-metre he igh t  over t h e  c i t y .  
purposes ,  uc(30m) M u (lOm), showing t h a t  t h e  JFK d a t a  can be used wi thou t  
ment i n  t h i s  s tudy  w i k o u t  i n t roduc ing  a s i g n i f i c a n t  e r r o r .  

For a l l  prac- 

Surface  wind d a t a  f o r  t h e  e n t i r e  17-year obse rva t ion  per iod  are summarized i n  Table  
F-1. J o i n t  f requency s ta t is t ics  and summary s ta t is t ics  are presented  f o r  16 wind 
d i r e c t i o n s  and 11 wind speed c a t e g o r i e s .  A p l o t  of t h e  t o t a l  obse rva t ion  pe r iod  

F- 2 
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% 

Table F-1 

Kennedy Airport Surface Wind Data, 1948-1965 (Al l  Hours, All  Months) 

Wind Speed* (m/s) 

0.5-1 8 

0.4 
0.4 

0.5 
0.4 
0.4 
0.2 
0.3 
0.2 

0.3 
0.4 

0.5 

0.3 
0.3 
0.2 

0.3 
0.3 
- 
5.4 

1.8-3.3 
1.3 
1.2 

1.3 
1.1 
0.7 
0.7 

0.6 
0.8 

1.5 
1.6 
1.8 
1.2 
0. a 
0.7 

0.9 
0.9 
- 

17.1 

3.3-5.4 
2.6 
2.1 
1.8 

1.3 
1.0 
1.0 
1.2 
1.9 

3.9 

3.4 
3.7 
2.7 

1.7 
2.0 
2.3 
2.2 
- 

34.8 

5.4-8.5 
1.9 
1.5 

1.4 
0.9 
0.7 
0.6 
0.8 

1.6 

3.2 
2.5 
2.1 

2.2 
1.9 
2.7 

3.0 
2.2 
- 

29.0 

a. 5-1 1 
0.5 
0.5 

0.4 
0.3 
0.2 
0.1 

0.2 
0.4 

0. a 
0.5 

0.3 
0.7 
0.9 
1.3 

1.3 
0.7 
- 
9.1 

11-14 
0.1 
0.1 
0.1 

0.1 
0.1 
0 

0.1 
0.1 

0.2 
0.1 

0.1 

0.2 
0.3 

0.4 
0.4 
0.2 
- 
2.7 

14-17 
0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.1 

0.1 
0 
- 
0.4 

17-21 
0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
- 
0 

21-24 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
- 
0 

24-29 
0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
- 
0 

29 
0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 

- 
0 

% 

6. a 
5. a 
5.5 

4.1 
3.1 

2.7 
3.1 

5.1 

9.9 

a. 5 
8.5 

7.5 
5.9 
7.4 

a. 2 
6.5 
1.4 

100.0 

Wind speed converted from knots in Reference 2 t o  metres per second * 



probability versus wind direction is presented as Figure F-1. In general, the 
probabilities do not vary greatly with wind direction (max/min probability 
although there is some tendency for winds to blow from the south to southwest.* 

Five distinct population distributions representative of the following times of day are 
addressed in the study: 1800-0700, 0700-0830, 0830-1100, 1100-1330, 1330-1630, and 
1630-1800. To correspond to these time intervals, JFK surface wind data are pre- 
sented in Tables F-2 through F-6 for the following 3-hour time periods: 0000-0200, 
0600-0800, 0900-1100, 1200-1400, and 1500-1700 (assumed for both the 1330-1630 and 
1630-1800 populations). 

3), 

To further summarize, the data in Tables F-1 through F-6 have been collapsed into 
three wind speed categories (0.-3.3,** 3.3-5.4, and >5.4 m/s) and eight wind direc- 
tion categories (N, NE, E, SE, S ,  SW, W, NW).t Probabilities for these categories, 
by time of day, are presented in Tables F-7 and F-8. Table F-9 presents wind speed 
and direction joint-frequency probabilities for the same categories. In general, 
wind speed and direction do not appear to be strongly interdependent, so independent 
probabilities can be used with little error. Probabilities for wind direction are 
taken directly from Table F-8. The probabilities for the three wind speed cate- 
gories in Table F-7 are assumed for three representative wind speeds: 2, 4, and 8 
m/s. 
southwest= 0.34 x 0.19 = 0.065. 

For example, at 0100 the probability of a low wind speed (2 m/s) from the 

The use of JFK data for the entire New York urban area may lead to some error in 
estimated wind-field probabilities. Results should therefore be interpreted with 
caution. 

* 
This may be due in some part to sea breeze effects at the Kennedy Airport site. 

Includes data for calm, 0.5-1.8, and 1.8-3.3 m/s wind conditions. 

They may or may not be representative of the New York urban area. ** 
tExample: From Table F-1, probability of wind in 45" sector centered on south = 

P(S) + O.SP(SSE) + 0.5P(SSW) = 0.099 + 0.0255 + 0.0425 = 0.167. 

F-4 
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F igure  F-1. Kennedy Ai rpor t  Su r face  Wind Data, 1948-1965 (All Months, All Hours):  
P r o b a b i l i t y  ve r sus  Wind D i r e c t i o n  
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Table F-2 

Kennedy Airport Surface Wind Data, 0000-0200 (All Months) 

Wind Speed* (m/s) 

0.5-2 

0.56 

0.66 

- 

0.72 

0.63 

0.47 

0.33 

0.29 

0.29 

0.37 

0.53 

0.78 

0.53 

0.49 

0.37 

0.42 

0.41 

7.72 

2 -3 

2.03 

1.71 

1.91 

1.58 

0.86 

0.69 

0.62 

0.75 

1.61 

2.17 

2.71 

2.18 

1.47 

1.18 

1.24 

1.29 

23.95 

3-5.4 

3.24 

2.55 

1.78 

1.18 

0.78 

0.50 

0.67 

1.07 

2.58 

3.40 

4.65 

3.85 

2.25 

2.51 

2.68 

2.68 

36.33 

5.4-9 

1.93 

1.50 

1.08 

0.73 

0.40 

0.28 

0.20 

0.50 

1.15 

1.38 

1.76 

1.95 

1.79 

2.42 

2.68 

1.97 

21.67 

9-1 1 

0.34 

0.44 

0.28 

0.13 

0.13 

0.07 

0.11 

0.23 

0.26 

0.15 

0.25 
0.48 

0.65 

0.97 

1.06 

0.58 

6.07 

11-14 

0.09 

0.08 

0.08 

0.11 

0.05 

0.04 

0.07 

0.05 

0.09 

0.11 

0.07 

0.15 

0.21 

0.23 

0.32 

0.15 

1.83 

14-17 

0.03 

0.04 

0.02 

0.02 

0.03 

0.01 

0.00 

0.02 

0.06 

0.01 

0.01 

0.04 

0.01 

0.04 

0.03 

0.02 

0.31 

17-21 

0.01 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.03 

21-24 

0.00 

0.00 

0.01 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.02 

24-29 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

29 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

CALM 

0.00 

- % 

8.18 
6.98 

5.85 

4.37 

2.70 

1.90 

1.88 

2.87 

6.07 

7.73 

10.17 

9.17. 

6.86 

7.73 

8.40 

7.05 

2.09 

100.00 

Mean 

8.92 

9.04 

8.22 

7.76 

8.12 

7.96 

8.22 

9.22 

9.22 

8.70 

8.47 

9.24 

9.75 

10.30 

10.48 

9.87 

9.05 

* 
See  footnote,  Table F-1 
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Table F-3 

Kennedy Airport Surface Wind Data, 0600-0800 (All Months) 

Wind Speed* (m/s) 

0.5-2 

0.54 

0.62 

0.77 

0.66 

0.50 

0.23 

0.24 
0. 18 

0.38 

0.30 

0.49 

0.49 

0.48 

0.36 

0.41 

0.38 

7.01 

2-3 

1.87 

1.83 

1.64 

1.53 

0.77 

0.57 

0.46 
0.60 

1.28 

1.49 

2.34 

1.88 

1.22 

0.96 

1.18 

1.22 

20.79 

* 
See footnote, Table F-1 

3-5.4 

3.33 

3.23 

2.73 

1.59 

0.82 

0.48 

0.59 
0.90 

2.38 

3.83 

2.66 

3.41 

2.03 

2.21 

2.76 

2.58 

35.50 

5.4-9. 

2.27 

2.02 

1.90 

0.98 

0.42 

0.36 

0.33 

0. sa 
1.02 

1.03 

1.72 

2.30 

2.02 

2.59 

2.98 

2.18 

24.73 

9-1 1 

0.56 

0.50 

0.41 

0.28 

0.21 

0.13 

0.12 

0.13 

0.34 

0.19 

0.29 

0.58 

0.71 

0.93 

1.25 

0.59 

7.15 

11-14 

0.14 

0.13 

0.09 

0.15 

0.07 

0.04 

0.06 
0.13 

0.09 

0.12 

0.08 

0.22 

0.21 

0.29 

0.30 

0.19 

2.25 

14-17 

0.02 

0.01 

0.02 

0.05 

0.02 

0.02 

0.02 

0.01 

0.01 

0.04 

0.02 

0.03 

0.03 

0.05 

0.05 

0.03 

0.32 

17-21 

0.00 

0.00 

0.00 

0.00 

0.02 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.01 

0.00 

0.01 

0.00 

0.02 

0.05 

21-24 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.02 

24-29 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

29 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 
0.00 

CALM 

0.00 

- x 
8.71 

8.16 

7.73 

5.23 

2.81 

1.82 

1.78 

2.52 

5.41 

5.86 
8.78 

a. 89 

7.38 

8.88 

6.63 

7.19 

2.23 

100.00 

Mean 

9.58 

8.98 

a. 54 

8.49 

8.83 

9.44 

9.10 

9.99 

9.39 

8.96 
8.77 

9.75 

10.25 

10.94 

11.07 

10.34 

9.52 
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Table F-4 

Kennedy Airport Surface Wind Data, 0900-1100 (All  Months) 

Wind Speed* (m/s) 

0.5-2 

0.30 
0.29 

0.32 

0.37 

0.25 

- 

0.18 

0.20 

0.15 

0.29 

0.35 

0.31 
0.20 

0.13 

0.12 

0.18 
0.20 

3.78 

2 -3 

1.05 

0.97 

1.03 

0.81 

0.62 

0.65 

0.53 

0.65 

1.12 

1.22 

1.46 

0.74 

0.52 

0.52 

0.55 
0.66 

12.91 

* 
See footnote,  Table F-1 

3-5.4 

2.61 

2.43 

2.08 

1.48 

1.22 

1.13 

1.13 

2.00 

4.44 

3.63 

3.97 

2.17 

1.28 

1.62 

2.13 

2.31 

35.59 

5.4-9 

2.41 

2.18 

2.13 

1.12 

0.85 

0.75 

0.78 

1.27 

2.41 

2.33 

3.01 
2.45 

2.00 

3.01 

3.53 

2.79 

33.08 

9111 

0.69 

0.57 

0.58 

0.37 

0.28 

0.16 

0.14 

0.36 

0.53 

0.33 

0.43 

0.84 

1.10 

1.53 

1.43 

0.88 

10.17 

11-14 

0.16 

0.18 

0.17 

0.10 

0.10 

0.03 

0.06 
0.17 

0.13 

0.10 

0.07 

0.29 

0.29 

0.48 

0.43 

0.28 

2.95 

14-17 

0.01 

0.03 

0.04 

0.03 

0.01 

0.02 

0.00 

0.03 

0.03 

0.04 

0.03 

0.04 

0.08 

0.11 

0.09 

0.03 

0.58 

17-21 

0.00 

0.01 

0.00 

0:01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0: 01 

0.01 

0.01 

0.00 

0.05 

21-24 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

24-29 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.01 

29 

0.00 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

CALM 

0.01 

x 
7.23 

6.63 

6.33 

4.27 

3.33 

2.90 

2.81 

4.58 

8.95 

7.98 

9.26 

6.74 

5.27 

7.36 

8.33 

7.15 

0.88 

100.00 

Mean 

10.75 

10.69 

10.66 

9.79 

9.87 

9.54 

9.63 

10.93 

10.22 

9.95 

10.08 

11.77 

12.97 

13.13 

12.70 

11.80 

11.04 
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Table  F-7 

P r o b a b i l i t y  of Wind Speed Ca tegor i e s  ve r sus  T i m e  of Day 

Wind Speed (m/s> 

Time  of Day 

A l l  Hours 
0000-02 00 
0 6 00-08 00 
0900-1 100 
1 2 00- 1 400 
1500-1700 

0-3.3 3.3-5.4 > 5.4 

0.24 0.35 0.41 
0.34 0.36 0.30 
0.30 0.36 0.34 
0.18 0.36 0.54 
0.10 0.33 0.57 
0.11 0.32 0.57 

Table  F-8 

P r o b a b i l i t y  of Wind Speed D i r e c t i o n s  ve r sus  T i m e  of Day 

Wind D i r e c t i o n  

NW - T i m e  of Day N NE E SE S sw W - -  
A l l  Hours 0.13 0.11 0.07 0.07 0.17 0.17 0.13 0.15 
0000-0200 0.15 0.12 0.06 0.04 0.12 0.19 0.16 0.16 
0 600-0800 0.17 0.14 0.06 0.04 0.10 0.17 0.15 0.17 
0900-1 100 0.14 0.12 0.07 0.07 0.15 0.17 0.12 0.16 
1 200- 1400 0.10 0.08 0.06 0.10 0.24 0.15 0.12 0.15 
1500-1700 0.09 0.07 0.07 0.12 0.26 0.13 0.12 0.14 

Table  F-9 

Approximate J o i n t  Frequency P r o b a b i l i t i e s  f o r  Wind Speed and D i r e c t i o n  
( A l l  Months, A l l  Hours) 

Wind D i r e c t i o n  

Wind Speed ( m / s >  N NE E SE S sw W NW 

0-3.3 0.033 0.036 0.024 0.019 0.036 0.043 0.024 0.024 
3.3-5.4 0.049 0.035 0.020 0.028 0.066 0.066 0.042 0.042 

>5.4 0.050 0.037 0.025 0.025 0.070 0.058 0.070 0.083 
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NOTES 

'R. D. Bornstein, The New York Air Pollution Project of 1964-1969, Report 76-02 
(San Jose, CA: San Jose State Univ. Department of Meteorology, 1976). 

2Unifonn Summary of Surface Weather Observations (July 48-June 65) for Kennedy 
Airport, New York, Part C-Surface Winds (Asheville, NC: Air Weather Service). 

3D. H. Slade, ed, Meteorology and Atomic Energy 1968, TID-24190 (U.S. Atomic 
Energy Commission, 1968). 
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G 

RADIOLOGICAL HEALTH EFFECTS 

Biological effects of radiation are manifestations of the localized deposition of 
energy in molecules along the path traveled by the radiation. The ionizations and 
excitations caused by this deposition can directly o r  indirectly alter both the 
chemical composition and the chemical equilibrium within tissue cells along the 
path of the radiation.’ The possible effects of this energy deposition range from 
undetectable changes to acute physiological changes, carcinogenesis, or genetic 
effects, depending on the amount and type of incident radiation, the type of cells 
irradiated, and the time span over which irradiation occurs. These effects have 
been the subject of considerable research since the early part of the 20th century. 
This appendix will not attempt to discuss in detail the extensive literature which 
has been developed but will summarize those aspects of radiological health effects 
which bear directly on this environmental assessment. 

G1. SDecific Radioloeical Health Effects 

G1.l Acute Physiological Changes 

Acute physiological changes due to radiation exposure are normally associated with 
relatively large absorbed doses received over a short period of time. Data on 
these effects in humans are derived primarily from studies of Japanese atomic bomb 
casualties,2 studies of some radiation therapy patients,3 and studies of a few 
recipients of high acute doses from industrial accidents in the early days of the 
nuclear weapons development program. 

The acute physiological changes of interest can be divided into two groups: early 
morbidities and early fatalities. These effects are defined somewhat arbitrarily 
as occurring within 1 year of the radiation exposure i n  question.’ Two mechanisms 
are considered for early fatality: acute bone marrow irradition and acute pulmo- 
nary irradiation.* Dose-response curves for the two early fatality possibilities 
evaluated are shown in Figures G-1 and 6-2. The derivation of the curves, includ- 
ing experiments and uncertainties, is discussed in Reference 5. 

Early morbidities are analyzed somewhat more qualitatively because the effects of 
sublethal doses are not as well. understood.’ 
the number of people receiving greater than some threshold dose to a particular 
organ or body system (e.g., bone marrow). These thresholds represent acute doses 

The approach taken here is to compute 

* 
Acute gastrointestinal exposure could also cause early fatalities but, as 

explained in subsection G3.1, this early fatality mechanism is not considered. 
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Figure G-1. Estimated Dose-Response Curves. 
The percentage of mortality within 60 days of 
acute bone marrow irradiation is plotted for 
doses requiring (A) minimal treatment (basic 
hospitalization), (B) supportive treatment 
(barrier nursing, antibiotics, transfusion), 
and (C) heroic treatment (bone marrow trans- 
plants, etc.). (From References 5 and 27.) 
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Yttrium-90 and -91 were the isotopes used to obtain this 
curve. It is equally valid for other short half-life 
beta or gamma emitting isotopes which result Ln 
approximately the same dose rate. This curve is used 
for all short half-life materials potentially 
encountered in transportation  accident^.^ 

This curve is based on data using Sr-90/Y-90 inhalation 
by beagles, and is used for long half-life, low-~ET* 
radiation .37 

This curve is based on data from Pu-239 inhalation by 
beagles, and is used for long half-life, high-LET* 
radiation .37 

fLFP (Linear Bnergy ‘Transport) is a measure of the energy 
deposited per unit distance traveled in a particular medium. 
High LET radiation includes a-particles and fast neutrons; 
low LET radiation includes X-rays, prays, and p-particles. 

Figure G-2. Dose response curves for mortality due to 
acute pulmonary effects of radiation 
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above which some type of d e b i l i t a t i n g  phys io log ica l  response i s  poss ib l e .  This  
'group of people could be r e f e r r e d  t o  as " p o t e n t i a l  rad ia t ion- induced  m o r b i d i t i e s .  " 
Latent  cancer  f a t a l i t i e s  which might occur  i n  t h i s  group are no t  cons idered  sepa-  
r a t e l y ,  and s y n e r g i s t i c  e f f e c t s  between doses  t o  separate organs o r  between r ad ia -  
t i o n  exposures  and o t h e r  e f f e c t s ,  such as o l d  age o r  poor h e a l t h ,  are not  consid-  
e red .  This  c l e a r l y  produces some "double count ing ,"  but it should have a smal l  
e f f e c t  on t h e  f i n a l  estimates of ear ly  morb id i t i e s .  Values of morb id i ty  t h r e s h o l d s  
f o r  va r ious  organs are given i n  Table  G-1. 

Table  G-1 

Morbidi ty  Thresholds5 

Threshold Dose 
Organ (rem) Phys io log ica l  Resu l t  

Marrow 75 Rad ia t ion  Syndrome* 

Lung 3000 Rad ia t ion  Pneumonitis  

G I  Tract 1000 Stem-Cell Loss 

Gonads 50 Trans i en t  S t e r i l i t y  

*Radiat ion syndrome i s  a group of symptoms which 
are normally a s s o c i a t e d  wi th  l a r g e  acu te  whole-body 
exposures ,  such as nausea,  vomit ing,  etc. 

G1.2 Long-Term Somatic and Genet ic  E f f e c t s  

Both long-term somatic  and g e n e t i c  e f f e c t s  are eva lua ted .  These e f f e c t s  are quan- 
t i f i e d  using s t a t i s t i ca l  d a t a  from Reference 4 which re la te  expected occurrences  t o  
o v e r a l l  i n t e g r a t e d  popu la t ion  exposure.  

There is cons ide rab le  cont roversy  surrounding the  a p p r o p r i a t e  choice  of r i s k  models 
f o r  t h e  e v a l u a t i o n  of r a d i a t i o n  carc inogenes is .  The choice  invo lves  t h e  use  of 
e i t h e r  a r e l a t i v e  r i s k  model o r  an a b s o l u t e  r i s k  model. R e l a t i v e  r i s k  is def ined  
as t h e  r a t i o  of t h e  r i s k  i n  those  exposed t o  t h e  r i s k  t o  those  n o t  exposed ( i n c i -  
dence i n  exposed popula t ions  t o  inc idence  i n  c o n t r o l  popu la t ions )  Absolute  r i s k  
i s  def ined  as the  "product  of assumed r i s k  times t h e  t o t a l  popu la t ion  a t  r i s k . "  
The a b s o l u t e  r i s k  model i s  used he re  s i n c e  it provides  a b e t t e r  i n d i c a t i o n  than  the  
r e l a t i v e  r i s k  model of t h e  impact i n  terms of t h e  t o t a l  number of dea ths  i n  a popu- 
l a t i o n  due t o  a d i sease .  Cancer f a t a l i t i e s  which occur  i n  a given popula t ion  are 
v a r i a b l e  and may be in f luenced  by many f a c t o r s .  I n  a d d i t i o n ,  a 30-year p l a t e a u  i s  
assumed f o r  t h e  per iod  of r i s k ,  as compared t o  t h e  l i f e t i m e  p l a t e a u  suggested by 
some i n d i v i d u a l s  and o rgan iza t ions .  These p o i n t s  of cont roversy  w i l l  n o t  be set-  
t l e d  i n  the  near  f u t u r e  and are acknowledged as important  i s s u e s  war ran t ing  f u r t h e r  
d i s c u s s i o n  and i n v e s t i g a t i o n .  The n e t  e f f e c t  of us ing  t h e  r e l a t i v e  r i s k  model 
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and a lifetime plateau would be to increase the estimates of latent cancer fatal- 
ities by less than an order of magnitude (roughly a factor of 7).  

G1.3 Carcinogenesis 

Fatal cancers account f o r  between 16% and 20% of all deaths in the U.S.7 These 
cancers are divided into three broad groups: carcinomas, sarcomas, and leukemias 
o r  lymphomas. Within these groups, there are 100 o r  so distinct varieties of 
disease based on the original site of the malignancy. 

There are many theories of carcinogenesis, but most researchers acknowledge that a 
statistical correlation can be established between certain environmental factors 
and cancer induction. Examples include the correlation between smoking and lung 
cancer and the correlation between radiation dose and leukemia among atomic bomb 
survivors. The correlation between exposure to radiation and cancer induction has 
been qualitatively established for animal exposure and is generally accepted for 
human ex osures, although the physiological mechanisms involved are not under- 
stood. 
Japanese atomic bomb survivors, uranium miners, fluorspar miners, radium dial 
painters, etc., permits rough predictions of numbers of latent cancer fatalities 
per million person rem of population exposure. In general, this information is 
based on investigations of situations involving relatively high doses and dose 
rates delivered by either specific radionuclides (such as Ra-226) o r  specific 
sources (such as nuclear weapon explosions). In this assessment and in other 
studies, however, the use of these values is expanded with the understanding that 
the effects of varying the nature of the radiation may alter the results. 

'-'' Statistical analysis of large numbers of exposed personnel, such as 

In the quantification of carcinogenesis in this assessment, a linear dose-response 
model is assumed. However, for doses from low-LET radiation sources which are 
accrued at dose rates less than 1 rem per day (-400 rem per year), a "dose-rate 
effectiveness factor" of 0.2 is assumed, based on conclusions extracted from Ref- 
erence 5. For doses from low-LET radiation sources at dose rates greater than 1 
rem/d, a dose-rate effectiveness factor of 1.0 is assumed. This means that if a 
population segment receives a given total dose at a rate of less than 1 rem/d, the 
cancer induction rates in that population segment would be 20% of those predicted 
by the dose response model for a similar population segment receiving the same 
total dose at a rate greater than 1 rem/d. For populations exposed to mixed dose 
rates, a population weighted dose rate effectiveness factor is used. In all cases, 
high-LET radiation is assigned a factor of 1.0. 

Expected latent cancer fatality rates for a specified integrated population expo- 
sure to various organs are shown in Table 6-2 for a dose-rate effectiveness factor 
of 1.0. A brief discussion of the origin of each of these values follows. 

Leukemia 

The source of data for expected leukemia fatalities from radiation is the BEIR 
Report6 as modtified by the age' distribution of the U.S. population.' 
though the -- in utero leukemia death rate due to irradiation is much higher than the 
corresponding death rate for other age groups, the fraction of pregnant women in 
the general population is small, and the overall leukemia death rate is somewhat 
lower than the fetal rate alone. The computed value of 28.4 leukemia fatalities 
per million person rem is consistent with values suggested for high dose rates in 
Reference 12. 

Thus, al- 
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Lung 

Table G-2 

Expected Latent Cancer Fatalities per i o 6  
(see References 1, 8, and 12)  

Person Rem Exposure to the Population 

Expected Deaths 
per 106 Person rem Organ Exposed 

Blood-Forming Organs 

Lung 
Bone 

(leukemia) 

b 

Gastrointestinal Tract 
Thyroid‘ 

Whole Bodyd 

28 

22 

21 
0.7 

3 . 4  

0.006 
13 

125.0 (accidents) 
25.0 (incident- 

free) 

Adjusted for age distribution within the U.S.  

bThe value of 21.0 is used for high-LET radio- 

a 

population. 

nuclides. 

thyroid dose of greater than 1500 rem and is used 
for all thyroid doses from X-ray or Y sources. The 
value of 0.006 is used for internal thyroid 
exposures to nonpenetrating radiation. 

dAs explained in the text, a dose-rate effec- 
tiveness factor is used for whole-body exposure from 
the extremely low dose rates encountered in normal 
transportation. 

A value of 13 is based on an average individual C 

The primary sources of data on lung cancer rates are also References 5, 12, and 18. 
These data do not distinguish between smokers and non-smokers and do not consider 
the “hot particle hyp~thesis”~~ which has not received widespread acceptance in the 
scientific community.14 l7 
million-person rad for high-LET radiation which is consistent with the value of 22 
per million person rem chosen for this assessment.18 

Reference 13 gives a value of 200 lung cancers per 
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Bone 

The principle data source used for bone cancer fatality risk values is Reference 5, 
which uses age group adjustment factors to derive a value of 6.9 bone cancer fatal- 
ities per million person rem based on information in Reference 8. More recent in- 
formation suggests that'this value may be low by as much as a factor of 3 for long- 
lived, bone-seeking alpha emitters such as Pu-239 and Am-241, and high by as much 
as a factor of 10 for shorter half-life nuclides emitting low-LET radiation.18 l9 
Two values are therefore included, and bone seekers are segregated into high-LET/ 
long half life or  low-LET/short half life groups. 

Gastrointestinal Tract 

The data base for radiation-induced cancers of the GI tract derives principally 
from high-dose-rate X-ray exposures. Current animal experimentation at varying 
doses and dose rates has failed to show pathological changes in these tissues.20 
There does, however, appear to be si nificant variation of radiation damage in the 
various portions of the GI tract. " '' The value of 3.4 cancer fatalities per 
million person rem was chosen based on Reference 5. This does not account for the 
variable sensitivity of the different segments of the GI tract. 

Thyroid 

The degree of susceptibility of the thyroid to carcinogenesis is not universally 
agreed upon. In terms of cancer incidence (not fatalities), values ranging from 
0.064 per million person rem (see Reference 5) to 230 per million person rem can be 
obtained (see References 5, 22-25). The two most significant factors in this wide 
variation are (1) age at irradiation and (2) whether the radiation source was ex- 
ternal (as in patients treated for head and neck disorders with X-rays) or  internal 
(as in persons receiving doses from 1-131 in fallout). For the quantification of 
fatalities from thyroid cancers, this assessment uses a 10% fatality rate as sug- 
gested in Reference 5 (p 9.26), and uses the value of 134 thyroid cancers per 
million person rem for external irradiation (consistent with References 5 and 221, 
and 0.06 thyroid cancers per million person rem for internal irradiation (see again 
Reference 5). This choice of values is consistent with References 5 and 22 and 
is an intermediate value among those found in the literature. 

External Whole-Body Irradiation 

Using a linear dose response model, external whole-body exposure has been estimated 
to result in 125 fatal malignancies (including 25 leukemias) at high dose rates 
(above about 10 rad/min), and 25 fatal malignancies (including 5 leukemias) at 
lower dose rates (less than 0.01 rad/min) per million person rem.18 If a sigmoid 
dose response relationship is assumed for low-LET radiation, the values for fatal 
malignancies become 0.5 and 0.02 respectively. l8 For the purposes of this study, 
the linear model is assumed, so that 125 fatal malignancies per million person rem 
whole-body exposure is used in the case of accidents where dose and dose rates can 
be large, and 25 fatal malignancies per million person rem whole-body exposure is 
used in the case of radiation exposure from accidents where individual doses and 
dose rates area small, and a l s o  for incident-free transport of radioactive material 
where the individual doses and dose rates are extremely small. 
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G1.4 Genetic Effects 

Genetics is the study of heredity. Specific linear base sequences of the nucleic 9 
acids in a cell determine the activities of the cell and the characteristics of the 
individual. 
to the next generation when the cell divides. 
sequence, commonly called a mutation, changes the information which is passed on. 

The base sequences are carried in the chromosomes and are transmitted 
A change in any specific linear 

Mutations are usually detrimental, and every individual appears to carry a "load" 
of defective genes which collectively tends to reduce his overall fitness to some 
degree. 
tionary process .21 
laboratory work which has shown radiation to be mutagenic in lower life forms such 
as drosophila (fruit flies) and various species of mice. These data have been 
extrapolated to dose-effect relationships in man, 
tion is tenuous and possibly inaccurate. 

I 

Favorable and unfavorable mutations tend to equalize through the evolu- 
Concern has arisen in the radiobiology community because of 

21 26 although this extrapola- 

When evaluating genetic effects, the significant dose is that received by the 
gonads. If integrated gonadal exposure is known, statistical data similar to that 
used to quantify carcinogenesis can be used to estimate the number of various types 
of genetic effects which might be expected to occur in all subsequent generations 
as a result of that exposure. Values for the four types of genetic effects con- 
sidered are shown in Table G - 3 ,  assuming a doubling dose (the dose of radiation 
which induces the same number of mutations as arise spontaneously in one genera- 
tion) of 100 rem. These values account for the variation in child-bearing prob- 
ability as a function of parental age by using statistics on live births as a 
function of paternal age.5 

Table G-3 

Genetic Effects Risk Coefficientsa 
(see Reference 5)  

G 8  

Cases (in all subsequent 
generations) per 106 

Genetic Effect Person-Rem to Gonads 

Single-gene disorders 42 

Multifactorial disorders 84b 
Congenital disorders 6.4 
Spontaneous abortions 42 

Total Genetic Effects -170 

Assuming a doubling dose of 100 rem a 

bUpper limit of range 8.4-84 



G2. Radiation ExDosure Pathways 

To relate the health effects resulting from individual and integrated radiation 
exposure to an organ dose, specific radiation exposure pathways must be considered. 
These radiation exposure pathways include ingestion, external irradiation by radio- 
nuclides in the environs of persons, and inhalation of radionuclides. 

G2.1 Ingestion of Radionuclides 
t 

Of a l l  transported radionuclides, only isotopes of iodine, strontium, and cesium 
are important from an ingestion viewpoint. 
these radionuclides might be accidentally ingested is by consumption of either 
foodstuffs or  drinking water. 

2 7  The only credible means by which 

The scope of this assessment is limited to events, occurring in urban areas. Under 
this constraint the following assumptions are made: 

Very little food will be both produced and consumed within the urban area 

Contamination of foodstuffs in markets will be minimal, and items known to 

For transportation accidents, outlying areas where significant food produc- 

(i.e., from home gardens, etc.); 

be contaminated will be confiscated by health authorities; and 

tion occurs will be far enough from the high-density urban areas that con- 
tamination may not be significant. 

Under these assumptions, consumption of contaminated drinking water becomes the 
only potential pathway for accidental ingestion of radionuclides released to the 
environment from a transportation accident in an urban area. 

The capacity of the various reservoirs in the New York City water system is between 
0.9~109 and 144x109 gallons.28 
water for the radionuclides of primary interest are Z X ~ O - ~  p&i/mJL (1-1311, 
pCi/mg (Sr-90), and Therefore, a release of between 68 and 
1.09~104 curies of 1-131, 3.4 and 544 curies of Sr-90, o r  0.034 and 5.45 curies of 
Cs-137 directlyinto reservoirs within this water system would be required to exceed 
their respective MPCs. A typical 1-131 package shipped in 1974 contained less than 
10 curies (see Reference 27), so 1-131 can be eliminated as an ingestion hazard by 
assuming that the contaminant is completely soluble and uniformly mixed in the 
reservoir and by assuming concentrations of less than the MPC will not make a sig- 
nificant radiological dose contribution t o  the overall environmental impact. 
Although Cs-137 and Sr-90 are occasionally shipped in quantities large enough to 
exceed the MET, it is anticipated that if either of these radionuclides were 
spilled into a reservoir, action would immediately insure that a minimal amount of 
contaminated water would be consumed. This would minimize the radiological con- 
sequence at the expense of a potentially high socioeconomic consequence. 

The maximum permissible concentrations (MPC) in 

pCi/mll (C~-137).~~ 

G2.2 External Radiation Exposure 

External irradiation can result from incident-free transport, from an accident 
involving l o s s  of shielding from a nondispersible radioactive material, from cloud- 
shine (external dose from radionuclides in a passing cloud), or from groundshine 
(external dose from deposited radionuclides) following an accident li;Toiving dis- 
persal of radioactive material. This type of radiation exposure is assumed to be 
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whole-body, low-LET, penetrating radiation. The critical organs are total bone 
marrow and gonads. c Doses to the skin, lens of the eye, or other external doses are 
not specifically evaluated. 

G2.3 Inhalation of Radionuclides 

The basic model used to describe the inhalation and hysiological transport of 
radionuclides is the ICRP Task Group I1 Lung Model,3B shown schematically in Figure 
G-3. The model has been used extensively and is only briefly described here. 

Large particles (> 10 micrometres (pm) in aerodynamic diameter [AMAD]) are selec- 
tively deposited from inspired air in the nasopharyngeal passages. They are cap- 
tured in the mucoid lining of the passages, transported by the cilia with the mucus 
drainage, and eventually swallowed (pathway (b) on Figure G-3). Intermediate sized 
particles (1 to 10 pm in AMAD) are deposited principally in the pulmonary o r  naso- 
pharyngeal region, with a small fraction depositing in the tracheobronchial region. 
Some of the particles also become entrained in the mucoid lining and are moved 
upward towards the pharynx by muco-ciliary action for eventual deposition into the 
upper GI tract (pathway (d) in Figure 63). In addition, a small number of these 
particles are dissolved in blood (pathway (c) on Figure G-3). Small particles 
(<lm in AMAD) are preferentially deposited in the pulmonary region. They come in 
direct contact with the alveoli and are rapidly phagocytized and localized in the 
reticuloendothelial cells of the alveoli. 

The effects of particle size on the pulmonary solubilization rate (pathway (e) on 
Figure G-3) have been in~estigated.31'~~ 
particles, the dissolution rate for a chemical form of given physiological solu- 
bility varies according to particle size. Thus, the lung dose for a given lung 
burden would be smaller for smaller particles since they would dissolve more 
rapidly. However, other organ doses would be correspondingly larger. This effect 
is not specifically included in the model. Some work has also been done on phago- 
cytosis rates (pathway (g) on Figure G-3) with the general conclusion that the 
effect of particle size is a small one, particularly for particles larger than 
1 No information is currently available on particle size effects on ciliary 
transport (pathways (f) and (k) on Figure G-3) although those effects are also 
considered to be small. 

The consensus is that, for spherical 

Depending on its chemical nature, the radionuclide may translocate after being 
deposited in the lung and will cause the most Significant biological damage to the 
critical organ (or  organs). 
the most significant biological effects of the exposure. 

The dose received by the organ or organs determines 

G3. Dosimetric Data 

This section is divided into two subsections. The first discusses the values used 
for rem per curie inhaled for each isotope. 
additional dosimetric factors. 

The second discusses miscellaneous 

G3.1 Rem-per-Curie Values 

The values for rem per curies have been obtained from two main sources. The prin- 
cipal sources are the INREM codes which provide dose equivalents in units of rem 
per microcurie for inhalation of 1-pm particles. 38 39 
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and d. Muco-ciliary translocation to upper GI tract 
Tracheobronchial absorption in blood 
Alveolar diffusion (solubilization) 
Short-term and k. Long-term muco-ciliary translocation of phagocytized 
material to tracheobronchial region 
Absorption into lymphatic system 
Transfer to venous system 
Gastrointestinal absorption in.blood 
Excretion from GI tract as feces or absorption from GI tract and excretion 
as urine 

Figure (2-3. Biological Pathvays for Inhaled Material 
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Dispersal of spent fuel presents a unique problem in that the exposed population 
may be exposed to a mixture of radionuclides. This may also be true of mixtures of 
plutonium isotopes. In order to address this aspect of the problem, the rem-per- 
curie values for the various released isotopes were weighted by the curies released 
from a postulated incident. These values were then combined to give a single set 
of rem-per-curie inhaled values for the release of the postulated mixture of iso- 
topes. 

Because the analysis used for this assessment adjusts the pulmonary deposition 
fraction based on actual particle size, the rem-per-curie inhaled values have been 
converted to rem-per-curie deposited values. Values for all isotopes are given in 
Table G-4. 

G3.2 Additional Dosimetric Parameters 

Several additional dosimetric parameters are required to perform the calculations. 
These include total photon energy per disintegration, average photon energy, air- 
borne fraction, particle size, resuspension dose factor, lung mortality type, bone 
cancer type, thyroid cancer type, and cloudshine dose factor. These parameters are 
discussed in the following subsection, and the results are summarized in Table G-5. 
Also included in this table are values for radiological half life of the materials 
which are needed for the economic impact calculations to be discussed in Appendix 
K. 

Total Photon Energy per Disintegration 

The values for total photon energy per disintegration were computed using energy 
level diagrams in Reference 40. Each decay scheme was examined, and each frac- 
tional occurrence and its associated photon energy were multiplied and summed. The 
effects of daughter products were included where appropriate. An average value for 
spent fuel was computed using the previously discussed isotopic mixtures together 
with energy level diagrams in Reference 40.  

Average Energy of Emitted Photons 

The average energy of a photon emitted by a particular radionuclide was calculated 
using decay schemes in Reference 40. 
respective fractional occurrences. 

The photon energies were weighted by their 

Airborne Fraction27 

The fraction of material released in an accident which becomes airborne depends 
upon the accident environment. A container may be crushed beneath a truck, in 
which case very little material becomes airborne; or it may bounce into the air 
following the impact and disperse its entire contents. For most small packages, 
the fraction which becomes airborne is assumed to be 1.0. However, certain ship- 
ments, notably fuel cycle and waste material, may involve large quantities of mate- 
rial ( lo5  to lo6  grams per package). 
such shipments would be excessively conservative, since it would be difficult, if 
not impossible, to make such large amounts of material airborne. 

An assumption of unity airborne fraction for 

The methods by which material becomes airborne can be divided into four principal 
categories: (1) wind resuspension of spilled contents (also covered under resus- 
pension), ( 2 )  impact or fire-driven pressure rupture, ( 3 )  fire entrainment of 
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Isotope 

H- 3 
C-14 
Na-22 

Na-24 

Hg-28 

P-32 

P-33 

s-35 
K-43 
Ca-45 

Cr-51 
Fe-52 

Fe-55 
CO-57 
CO-58 

Fe-59 

CO-60 
Ga-67 

Se-75 
Kr-85 

Sr-89 

Sr-90 

Y-90 
Y-91 

Zr-95 

1 Yr 
Lung 

1.3~10 
6.2 
9.3~10 

4.6~10 

3.lxlO 
7.6~10 

4.0xlO 

7.1xlO 
1.5~10 
2.1xlO 

5.6~10 
1.5~10 

5.6~10 
1.5~10 

3.0xlO 
5.lxlO 

4.6~10 
8.  gXiO3 

2 

3 
3 

4 
3 

4 
4 

3 

4 
4 
4 
3 
4 

4 

4 

5 

4 7.9~10 

1.5 

3.lxlO 

7.6~10 
3.9xlO 

2.0xlO 

1.3~10 

5 

6 
4 

5 

5 

1 Yr 
Marrow 

2 

1 

4 
3 

3 

4 

3 

3 
2 

3 
3 

2 
2 

3 
3 

3 
4 
2 

3 

1.4~10 
4.0~10 
1.3~10 

1.OxlO 

l.Oxl0 
l.lxl0 

7.lxlO 

4.9x10 
4.lxlO 

2.2xlO 
2.3~10 

3.4~10 
l.lxl0 
1.OxlO 

2.4~10 

5.7~10 
2.2xlO 
6.8~10 

4.lxlO 

5. 8x1~-5 
2 

4 
2 

3 
3 

2.6~10 

1.9x10 
5.3~10 

8.5~10 
3.9x10 

Table G-4 

Values Used for Rem per Curie Deposited 

50 yr 
LLI 

2 1.3~10 

7.2 

7.5~10 
6.8~10 

2.3~10 
3.9xlO 

4.8~10 

2.7~10 
3.lxlO 

5.0xlO 
1.5~10 

5.2~10 

3.9x10 
2.5~10 

7.4~10 

1.6~10 
2.9xlO 
8.9xlO 

1.7~10 

3. ~ x P O - ~  
5.3~10 

8.9x10 

4.lxlO 
5.2xlO 

1.6~10 

3 

3 
4 
3 

3 

3 

1 
3 

4 
3 
2 

3 
3 

4 
4 

3 
4 

4 
5 

4 
4 
4 

50 yr 
Lung 

1. ~ x I O - ~  
6.2 

9.3~10 

4.6~10 
3.lxlO 

7.9xlO 
4.0xlO 

7.1~10 
1.5~10 

3.6~10 
5.6~10 

1.5~10 
2.5~10 
1.5~10 

3.0~10 

5.lxlO 

1.3~10 
8.9~10 

7.9~10 

1.5 

3.lxlO 
8.5~10 

3.9x10 

2.0xlO 

1.3~10 

3 

3 
4 
3 
4 

4 ’  

3 .  

4 
4 
4 
4 
4 

4 
4 
6 
3 

4 

5 

6 
4 
5 
5 

50 yr 
Marrow 

2 

1 
4 

3 
3 

4 
3 

3 

2 

3 

3 
2 

2 

3 
3 

3 
4 
2 

3 

1.4~10 
4.0xlO 
1.3~10 

l.Oxl0 
l.Oxl0 

1.lxlO 
7.lxlO 

4.9x10 
4.1xlO 

2.7~10 
2.3~10 

3.4~10 

5.0~10 
1.OxlO 

2.4~10 

5.7~10 
6.4~10 
6.8~10 

4.lxlO 

5. 8x1~-5 
2 

5 

2 

3 
3 

2.6~10 

1.2xlO 

5.3~10 
8.5~10 

3.9x10 

50 yr 
Bone 

2 1.OxlO 
1 5.lxlO 
4 1.7~10 
3 1.2xlO 
3 1.2xlO 
4 2.4~10 
4 1.lxlO 
3 4.3~10 
2 3.7~10 
4 2.0xlO 
3 1.8x10 
2 2.7~10 
2 4.lxlO 
2 7.2~10 
3 1.8x10 
3 5.lxlO 
4 5.lxlO 
2 5.lxlO 
3 3.1~10 

4.6~10-~ 
6.7~10 

3.2~10 

1.2xlO 
2.2xlO 

3.4~10 

2 

5 

3 
4 
3 

50 yr 
Thyroid 

2 1.2xlO 
6.5 

8.lxlO 
6.2~10 

3.9~10 

3.0~10 

3.1~10 
4.lxlO 
3.2xlO 

3 

2 

2 

3 
3 

3 

2 
2.8x10 2 

3 

2 

2 

2 

3 

3 

1.7~10 

2.lxlO 

5.0xlO 

5.3~10 
2.0xlO 

4.7~10 
6.0~10 4 

2 

3 
3.0~10 

2.9~10 
5.6~10-~ 

4.4~10 
3.7~10 

9.lxlO 

7.3~10 
3.5~10 

1 

3 

1 

2 

3 

50 yr 
Gonads 

2 1.3~10 

5.4 
I. Ox10 

7.4~10 
1.4~10 
3.0xlO 

3.lxlO 

3.3~10 

3.9~10 

2.8x10 
2.4~10 
5.3~10 

5.2~10 
6.8~10 

2.6~10 
6.2~10 

1.8x10 

1.4~10 
3.7~10 

4 
2 

3 
3 

3 
3 

2 

2 

3 
2 

2 

2 

3 
3 

- 4  
3 

3 

7. 1x10-6 
1 

3 

1 

2 

3 

4.3~10 

3.7~10 

9.lxlO 
7.3~10 

2.3~10 

, 



Isotope 

Nb-95 
Mo-99 

Tc-99m 
Ru-103 
Ru-106 

In-111 
Sn-113 
In- 114m 
1-123 

1-125 
Xe-127 

Te-127 
Te-127m 

Te-129 
Te-129m 

1-131 
Xe-133 
CS-134 
CS-137 

Ce-141 
Pr-143 

Ce-144 
Eu-152 

Ir-192 
Hg-197 

Au-198 

1 Yr 
Lung 

3.lxlO 
4.0xlO 

8.5~10 

5.8~10 

2.5~10 
2.7~10 

6.7~10 
2.7~10 

2.4~10 

3.7~10 
3. 0x10-1 

2.5~10 
1.2xlO 

1.lxlO 
1.5~10 

2.4~10 
8.5~10-1 

3.0~10 
1.4~10 
4.2~10 

4.9~10 
2.lxlO 
8.0~10 

1.9~10 

3.0~10 
1.6~10 

4 
3 

1 

4 

6 
3 

4 
5 

2 
2 

3 

5 
3 
5 

3 

4 

4 

4 

4 
6 

4 
5 

3 
4 

1 Yr 
Marrow 

3 
2 

1 
3 

3 
2 

3 
4 
1 

2 

1.6~10 

7.lxlO 

1.5~10 
1.2xlO 
5.6~10 

4.3~10 
3.5~10 

4.7~10 
2.1xlO 

1.5~10 
1. ox10-2 

1 
3 

5.2xlO 
2.6~10 

8.1 
4.0xlO 

2.0xlO 

3 
2 

3. 1x1~-3 
4 
4 

2 

1 

3 

3 

3 
2 

2 

5.6~10 

4.1~10 

9.3~10 

3.4~10 

3.7~10 
6.0~10 

3.6~10 
1.lxlO 

2.3~10 

Table G-4 (Continued) 

50 yr 
LLI 

3 7.2xlO 
2 5.0xlO 
1 1.7~10 
4 1.2xlO 
5 1.4~10 
3 2.7~10 
4 1.4~10 
4 7.6~10 

4.3 

1.4~10 

5.6~10-~ 
8.1~10 
1.ox10 

6.0 
3.9~10 

3.4~10 
2.8~10-~ 
3.7~10 

1.6~10 

1.4~10 

2.5~10 

1.3~10 
4.lxlO 

2.4~10 
2.9x10 

1.6~10 

1 

2 

4 

4 

1 

4 
4 

4 

4 
5 

4 
4 

3 
4 

50 yr 
Lung 

4 3.lxlO 
3 4.0~10 
1 8.5~10 
4 5.8~10 
6 3.9~10 
3 2.7~10 
4 6.7~10 
5 2.7~10 
2 2.4~10 
2 3.7~10 

3. oxlo-l 
3 
5 
3 

5 
3 

2.5~10 
1.2xlO 

1.lxlO 

1.5~10 

2.4~10 

8.5~10-1 

3.4~10 
1.6~10 

4.2~10 

4.9~10 
2.9~10 

1.5~10 
1.9x10 

3.0~10 
1.6~10 

4 

4 

4 
4 

6 
6 

5 

3 

4 

50 yr 
Marrow 

3 

2 

1 
3 
3 
2 

3 

4 
1 

2 

1.6~10 
7.lxlO 

1.5~10 
1.2xlO 
9.3~10 

4.3~10 
3.5~10 

4.7~10 
2.lxlO 

1.5~10 
1. ox10-2 

1 

3 
5.2xlO 
2.6~10 

8.1 
4.0xlO 

2.0xlO 

3 

2 

3. 1x1~-3 
4 
4 

3 
1 

3 

5 
3 
2 

2 

6.2~10 
4.9~10 

9.3~10 

3.4~10 

9.0xlO 
1.2xlO 

3.6~10 
1.lxlO 
2.3~10 

50 yr 
Bone 

3 1.2xlO 
3 1.3~10 
1 l.lxl0 
2 9.2~10 
4 1.OxlO 
2 2.1xlO 
3 5.7~10 
4 2.4~10 
1 1.8x10 
2 1.3~10 

7.9~10-~ 

3.lxlO 
2.9~10 

5.3 

3.2~10 
2.4~10 
2.6~10-~ 
5.9~10 

5.3~10 

3.0x10 
8.6~10 
2.2xlO 

1.6~10 

2.7~10 
7.1xlO 
1.6~10 

1 
3 

3 

2 

4 

4 

3 

1 

4 

5 

3 
1 
2 

50 yr 
Thyroid 

3 

2 

2 
3 
3 

1 

3 

3 
4 
5 

1.4~10 

3.7~10 
1,3x10 
l.Oxl0 
9.2~10 

8.3~10 

1.5~10 

4.0xlO 
1.2xlO 

7.5~10 

5. O X ~ O - ~  
5.2~10 
2.5~10 

1.6~10 
4.4~10 

l.lxl0 
6.8~lO-~ 

5.2~10 
4.5~10 

1.4~10 
1.OxlO 

8.2~10 
5.2~10 

2.5~10 
3.5~10 
1.lxlO 

1 
3 
1 

3 

6 

4 

4 
2 

2 
2 

4 
3 

1 
2 

50 yr 
Gonads 

3 

2 

1 
3 
3 
2 

3 
3 

1.6~10 

3.5~10 
1.2xlO 
1.2xlO 
7.7~10 

6.0~10 
1.9xlO 

4.3~10 

8.7 

5.6~10 
6.8~lO-~ 

5.3~10 
2.5~10 

7.8 

4.2~10 

4.0xlO 
5.3~10-~ 

1 

1 

3 

3 

1 

4 
4 
2 

1 
2 

4 

3 
2 
2 

6.5~10 

5.0xlO 
2.8x10 

3.4~10 
6.3~10 

3.4~10 
2.3~10 

1.4~10 
5.5~10 



Table G-4 CContinued) 

Isotope 

T1-201 

Hg-203 

Po-210 

Ra-226 

U-233 
U-234 

U-235 
U-238 

Pu-238 

Pu-239 
Pu-240 

Pu-241 

Am-241 
Pu-242 
Cm-242 

Cm-244 
Cf-252 

Spent Fuel 

Waste 

MF & MC' 
SNM 

Enriched U 

Natural U 

1 Yr 
Lung 

2.lxlO 

3.5~10 

2.3~10 
8.lxlO 

1.6~10 
1.6~10 

1.4~10 

1.4~10 

1.2xlO 

1.2xlO 
1.2xlO 

6.4~10 

7.7~10 

1.6~10 
7.7~10 

1.3~10 
6.6~10 

4.6~10 

1.4~10 
4.6~10 

4.3~10 

1.4~10 

1.4~10 

3 
4 

7 

5 
8 
8 

8 
8 
8 

8 
8 
4 
7 

8 

7 
8 

8 

5 

4 

5 
6 
8 

8 

1 Yr 
Marrow 

2 

3 

5 
3 

5 
5 
5 
5 
6 

6 
6 

4 
5 
8 

5 
3 
7 
4 

4 

4 

4 

5 

5 

1.7~10 
1.2xlO 

4.3~10 
2.7~10 

4.6~10 

4.6~10 
4.3~10 

3.1~10 
1.2xlO 

l.lxl0 

l.lxl0 
1.8x10 
7.2xlO 

1.7~10 

6.3~10 
6.6~10 
1.6~10 

2.2xlO 

4.lxlO 
2.2xlO 

2.2xlO 

3.1~10 

3.lxlO 

50 yr 
LL I 

1.3~10' 
4 1.OxlO 
4 4.3~10 
5 1.OxlO 
4 5.5~10 
4 5.5~10 
5 2.0xlO 
5 2.3~10 
4 6.2~10 
4 5.8~10 
4 5.8~10 
2 6.6~10 
4 6.5~10 
4 5.6~10 
4 5.9~10 
4 5.5~10 
5 2.8~10 
4 2.9~10 
4 1.6~10 
4 2.9~10 
3 2.8x10 
5 2.3~10 
5 2.3~10 

50 yr 50 yr 
Lung Marrow 

3 
4 
7 

2.lxlO 
3.5~10 

2.3~10 
7 
8 

8 
8 

8 
8 

8 

8 
5 
8 

8 

2.8~10 

2.8x10 

2.8x10 

2.5~10 

2.5~10 

3.lxlO 
3.0xlO 

3.0~10 

5.8~10 
3.1~10 
2.8x10 

7 
8 

8 

6 

4 

6 

7 
8 

8 

8.8x10 
3.lxlO 

6.6~10 
1.3~10 

1.6~10 

1.3~10 

1.7~10 

2.5~10 

2.5~10 

2 

3 
5 

1.7~10 
1.2x10 

4.3~10 
7 
5 
5 

5 
5 
8 

8 

8 

6 
8 

8 

6 
5 

2.3~10 

8.2xlO 

8.lxlO 

7.5~10 
5,3xlO 
2.7~10 
3.1~10 

3.1~10 
6.9~10 

1.6~10 

2.9~10 

2.0xlO 
7.4~10 

7 
4 

4 

4 

6 

5 

5 

1.6~10 

6.4~10 

4.9~10 

6.4~10 

8.2xlO 

5.4~10 

5.4~10 

50 yr 
Bone 

2 

3 
6 

8 

1.4~10 
1.OxlO 

2.0xlO 

1.2xlO 

2.0xlO' 

2.0xlO' 
7 1.9xlO 

1.9x10' 
9 
9 
9 
3 

9 

9 
7 
8 

8 

4 

5 
4 

8 

7 

7 

1.7~10 
2.lxlO 

2.lxlO 

4.4~10 
2.0xlO 

2.lxlO 

1.2xlO 
4.2~10 

1.3~10 
5.1~10 

5.3~10 

5.1~10 

1.OxlO 

I. 9x10 
1.9x10 

50 yr 
Thyroid 

1 

2 

5 

5 
5 

5 
5 

5 
6 

6 

8.8x10 

8.0~10 
4.0xlO 

3.4~10 

5.9x10 

5.9~10 
5.4~10 

5.3~10 

2.6~10 

3.0~10 
7 
4 

3.0xlO 

8.lxlO 
7 

6 
4 
2 

5 
4 

4 

4 

5 

5 

5 

3.1~10 

2.8x10 

2.5~10, 
7.OxlO 

5.4~10 

6.0~10 

4.5~10 

6.0~10 
1.7~10 

5.3~10 
5.3~10 

50 yr 
Gonads 

1 
3 

5 

5 
5 
5 
5 

5 
,6 

9.3~10 

1.2xlO 

4.1~10 
3.4~10 

6.0~10 
5.9~10 

5.4~10 

5.3~10 

5.0~10 
5.8~10 

5.8~10 
1.3~10 

6 

6 
5 

2.0x10' 
6 
4 

5 

5 
4 

4 

4 

5 

5.6~10 

3.8~10 
7.4~10 
8.6~10 

1.8x10 

5.0xlO 

1.8x10 

3.2~10 
5 

5 
5.3~10 

5.3~10 



Table G-5 

Other  Dosimetr ic  Parameters  

I s o t o p e  

H-3 

C-14 

Na-22 

Na-24 

Mg-28 

P-32 

P-33 

s-35 

K-43 

Ca-45 

Cr-51 

Fe-52 

Fe-55 

CO-57 

GO-58 

Fe-59 

CO-60 

Ga-67 

Se-75 

Kr-85 

Sr-89 

Sr-90 

Y-90 

Y-91 

Zr-95 

Nb-95 

Mo-99 

Tc-99m 

Average 
Photon 

t 1/2 (days) Energy 
(See Ref. 40) @eV) 

4,480. 0 

20,900. 0 

949. 0.78 

0.623 2.0 

0.896 1.1 

14.3 0 

24.8 0 

88. 0 

0.925 0.49 

160. 0.0 

27.8 0.3 

0.333 0.8 

5,280. 0.0 

268. 0.12 

71.5 0.81 

45. 1.18 

1,910. 1.25 

3.28 0.17 

120. 0.22 

3,930. 0 .5  

52.7 0 

10,200. 0 

2.67 0 

58.8 0 

65.5 0.74 

35.0 0.74 

2.78 0.5 

.252 0.14 

Average T o t a l  
Photon Energy/ 

d i s .  (MeV) 

0 

0 

1.27 

4.12 

3.15 

0 

0 

0 

0.99 

2 . 5 ~ 1 0 - ~  

0.029 

1.6 

0 

0.137 

0.19 

1.18 

2 .5  

0.208 

0.391 

0.002 

0 

0 

0 

0 

0.73 

0.74 

0.279 

0.143 

Aerosol ized  
F r a c t i o n  

1.0 

1.0 

1 .o 
1 .o 
1 .o 
1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1 .o 
1.0 

1 .o 
1 .o 
1 .o 
1.0 

1 .o 
1 .o 
1 .o 
1.0 

1.0 

1.0 

1.0 

1 .0  

1 .o 
1 .0  

1.0 

P a r t i c l e  
S i z e  (Llm) 

1 .o 
1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1 .o 
1.0 

1.0 

1 .0  

1.0 

1.0 

1 .o 
1.0 

1 .o 
1.0 

1.0 

Resuspension 
Dose Fac tora  

1.0" 

1 . 6  

1.59 

1 . 0  

1.09 

1.09 

1.1 

1 .4  

1 .0  

1.47 

1.1 

1.1 

1 .59  

1.52 

1.35 

1 . 3 1  

1 . 6 1  

1.1 

1.44 

1 . 0  

1.31" 

1.52* 

1 .0  

1.34" 

1.35" 

1.36" 

1.1 

1 . 0  

Lung Ear lyb  
Mort. Type 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

1 

1 

1 

3 

1 

1 

1 

1 

3 

1 

1 

1 

1 

1 

1 

Bone 
TypeC 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

Thyroid 
Type 

2 

2 

1 

1 

1 

2 

2 

2 

1 

2 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

1 

1 

1 

1 

Cloudshinee 
Dose Fac to r  

(mreml y r l  
UciImR) 

0 

0 
10  

11 

1 0  

1 . 8 8 ~ 1 0  

3 . 1 4 ~ 1 0  

1 . l x l O  

0 

0 

0 
8 . 7 2 ~ 1 0  9 

0 
8 

1 . 5 2 ~ 1 0  
9 

5 

9 

9 

9 

10  

9 

9 

3 

6 . 5 2 ~ 1 0  

1 . 1 6 ~ 1 0  

1 . 6 5 ~ 1 0  

8 . 6 6 ~ 1 0  

9 . 4 7 ~ 1 0  

1 . 5 9 ~ 1 0  

2.02xlO 

5 . 7 ~ 1 0  

1 . 5 3 ~ 1 0  

0 

0 

0 

2 . 1 5 ~ 1 0 '  
6 . 4 5 ~ 1 0  9 

9 

9 

1 0  

6 . 7 9 ~ 1 0  

1 . 4 ~ 1 0  

1 . 7 ~ 1 0  
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Table G-5 (-Continued) 

Other Dosimetr ic  Parameters  

Average Cloudshinee 
Photon Average T o t a l  Dose Fac to r  

tS (days) Energy Photon Energy/ Aerosol ized P a r t i c l e  Resuspensioz Lung Earlyb Bone Thyroid (mrem/yr/ 
I s o t o p e  (See Ref.. 40) (MeV) dis.(MeV) F r a c t i o n  Size(llm) Dose Fac to r  Mort. Type TypeC Type u C i / m , Q  

h - 1 0 3  

Ru-106 

In-111 

Sn-113 

In- 1 14m 

1-123 

1-125 

X -127 
Te-127 

Te-127m 

Te-129 

- Te-l29m 

1-131 

Xe-133 

cs-134 

CS-137 

.Ce- 14 1 

Pr-143 

Ce-144 

Eu-152 

Ir-192 

Hg-197 

Au-198 

T1-201 

Hg-203 

Po-2 10 

Ra-226 

39.5 

368 

2.81 

115. 

50.  

.554 

60.2 
36.4 

.392 

109. 

.0471 

34.1 

8.05 

5.27 

747. 

11,000. 

32.5 

13.6 

284. 

4,640. 

74.2 

2.71 

2.70 

3.08 

46.9 

138. 

5 . 8 5 ~ 1 0 ~  

0.55 0.08 

0 0 

0.20 0.419 

0 .3  0.398 

1.3 0.23 

0.16 0.168 

0.04 0.035 

0.15 0.284 
0 .  0 

0.08 0.08 

0 0 

0.03 0.02 

0.64 0.385 

0.08 0.081 

0.7 1.57 

0.66 0.619 

0.15 0.1 

0 0 

0.13 0.03 

0.68 0.903 

0.37 0.827 

0.08 0.081 

0.4 0.4 

0.16 0.06 

0 .3  0.279 

0.8 0 

0.2 1.64 

1 .o 
1.0 

1.0 

1 .o 
1.0 

1 .o 
1 .o 
1.0 
1 .o 
1.0 

1 .o 
1.0 

1 .0  

1 .o 
1 .o 
1.0 

1.0 

1.0 

1 .o 
1.0 

1 .o 
1 .o 
1 .o 
1.0 

1.0 

1 .o 
1 .0  

1 .o 
1.0 

1.0 

1 .o 
1.0 

1 .o 
1.0 

1 .o 
1 .o 
1.0 

1 .o 
1 .o 
1 .o 
1.0 

1 .o 
1.0 

1.0 

1.0 

1.0 

1.0 

1 .o 
1.0 

1.0 

1 .0  

1 .o 
1 .o 
1.0 

1 . 2 7 *  

1.55* 

1.1 

1 . 4 4  

1.32 

1 . 0  

1.35 

1 . 0  

1 .0  

1 . 4  

1 . 0  

1 . 2  

1.09* 

1 .0  

1.58" 

1.62" 

1 . 3  

1 .28  

1.53" 

1 .62  

1 . 3  

1.1 

1.1 

1.1 

1.32 

1.62 

1.62 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

1 

1 

1 

3 

1 

1 

1 

1 

1 

2 

4 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

1 

1 

2 

1 

1 

1 

2 

2 

1 

2 

1 

2 

1 

2 

1 

2 

1 

1 

2 

2 

1 

1 

1 

1 

1 

1 

2 

2 

0 

0 

6x10 

9 . 9 4 ~ 1 0  

7 . 5 4 ~ 1 0  

1 . 7 2 ~ 1 0  

2 . 6 1 ~ 1 0  

7x10 

9* 

7 

a 
9 

8 

8* 

7 3 . 6 1 ~ 1 0  
7 

8 

8 

9 

8 

10  

8 . 0 7 ~ 1 0  

5 . 9 2 ~ 1 0  

3 . 3 5 ~ 1 0  

3 . 4 1 ~ 1 0  

5 . 0 2 ~ 1 0  

1 . 3 8 ~ 1 0  
1 0  

8 
0 . 4 9 9 ~ 1 0  

6 . 8 9 ~ 1 0  

0 
8 

10" 

10" 

8 

9 

1 . 7 2 ~ 1 0  

1x10 

1x10 

9x10 

3 . 6 ~ 1 0  

0 
2 . 6 6 ~ 1 0  9 

0 

7 . 5 2 ~ 1 0 '  
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Table G-5 (Continued) 

Other Dosimetric Parameters 

Isotope 

U-233 
U-234 

U-235 

U-238 

Pu-238 

Pu-239 

Pu-240 
Pu-241 

Am-241 
Pu-242 

Average 
Photon 

t (days) Energy 
(Sii2Ref. 40) (MeV) 

5.91~10' 0.13 
9.01x10' 

11 
12 

2.59~10 

1.65~10 

31,500. 
6 

6 
8.90~10 

2.40~10 

4,820, 
5 1.67~10 

1.38xlU a 

1.01 
0.126 

0.02 

1.02 

0.133 
0.22 

0.06 

0.06 
0.02 

Average Total 
Photon Energy/ 
dis. (MeV) 

0.29 

1.35 
0.126 

2.88 

1.36 

0.137 
1.21 

0.066 

0.066 
2.88 

Aerosolized 
Fraction 

1.0 

0.05 
0.05b 

b 0.05 
0.05 

0.05 
0.05 

0.05 

1.0 
0.05 

Particle 
Size (. m) 

1.0 
1.0 
7.0 

7 .O 

1.0 
1.0 

1.0 

1.0 

1.0 
1.0 

Resuspension 
Dose Factora 

1.63" 

1.63* 

1.63* 

1.63" 
1.61" 

1.6* 
1.6* 

1.6* 

1.6" 

1.6* 

Lung Earlyb 
Mort. Type 

4 

4 
4 

4 
4 
4 

4 

3 
4 

4 

Bone 
TypeC 

1 

1 

1 

1 
1 

1 

1 

2 

1 

1 

Thyroid 
Type 

2 
2 

2 

2 
2 
2 

2 

2 
2 
2 

Cloudshinee 
Dose Factor 
(mr em/yr/ 
!Jci/mR) 

1.45~10' 

1.36~10' 
9 1.7~10 
6 6.6~10 

1.33~10' 
6 5.2~10 

1.15~10' 
0 

a 2.94~10 
1.13~10 7 

7 

7 

9 

10 

10 

10 

Cm-242 163. 1.02 1.37 1.0 1.0 1.6" 4 1 2 1.3~10 

Cm-244 6,420. .22 1.22 1.0 1.0 1.6 4 1 2 6.37~10 
Cf-252 966. 1.0 0.42 1.0 1.0 1.59 4 1 2 4.74~10 
Spent 
Fuel 1,910. 1.25 2.5 1.0 1.0 1.61 3 2 1 1.59~10 
Waste 11,000. 0.66 0.619 0.05 1.0 1.62 1 2 1 0.499~10 

MF + MC 1,910. 1.25 2.5 1.0 1.0 1.61 1 2 1 1.59~10 

aAsterisked values are taken from Reference 42. 

bNormally shipped as large shipments of LSA material: 
All others are taken from Figure 5 by half-life 

1 -- Short t low LET 1/2' 
2 -- Short tlI2, high LET 
3 -- Long tl12, low LET 
4 -- Long t1/2, high LET 
'1 -- high LET 
2 -- low LET 

dl -- penetrating radiation 
2 -- nonpenetrating radiation 

eNon-asterisked values are taken from Reference 42; asterisked values were estimated using photon energy and comparison with 
known materials. 



spilled contents, and ( 4 )  explosion. By examination of potential accident environ- 
ments, it has been determined that the pressure-rupture accident is the only mecha- 
nism which occurs in a significant proportion of accidents and with a significant 
potential release. Even when it does occur, not all of the material ejected from 
the container would become airborne. It was estimated that on the average, no more 
than 5% of the released material from a large shipment will become airborne. 

Resuspension Dose Factor (RDF) 

In order to make a full analysis of actual inhalation hazard, the phenomena of 
deposition and resuspension must be considered. As the cloud of aerosolized mate- 
rial is transported by the wind, material is removed from the cloud by various 
deposition processes and deposited on the ground. Dry deposition continually re- 
moves material from the cloud and reduces the downwind concentration. Its effect 
is estimated by depleting the total quantity of material which would contribute to 
inhalation dose by the amount of material deposited between the source release 
point and a point of interest. The amount of material deposited at any point is 
calculated using a deposition velocity, vd (m/s), which, when multiplied by the 
time integrated concentration (Ci*s/m3), yields the amount deposited D (Ci/m2). 
value of 0.01 m/s is used for v 
with the. resuspension model usei in this document. 41 
position caused by scavenging due to rain or snow, is not considered. This neglect 
of wet deposition will mean that the inhalation dose calculation overestimates the 
population dose in areas where precipitation can interact with the aerosol cloud.) 

A 
based on a previous analysis5 and for consistency 

(Wet deposition, i. e., de- 

Resuspension occurs when particulate material deposited on a surface is made air- 
borne as a result of mechanical forces (walking, vehicular traffic, plowing, etc.), 
and/or surface wind stress (as in sandstorms or blowing snow). The resuspended 
material becomes available for inhalation by people in the contaminated area and 
can cause an additional component of radiation dose which accumulates with time. 
Methods used to calculate resuspension effects involve an empirical "resupsension 
factor," K (m-l), which is the ratio of the air concentration at a point to the 
surface concentfation just below that point in the contaminated area. An initial 
value of 10 5/m 
value of 
pension. 
lives provide little resuspension dose, whereas nuclides with long radioactive half 
lives may increase the initial dose by as much as a factor of 1.6 over the dose 
received during actual cloud passage. 

decreasing exponentially with a 50-day half life to a constant 
m'l is used in this model to evaluate the dose contributed by resus- 
Because of radioactive decay, materials with short radioactive half 41 

Since Reference 41 does not include all the isotopes of interest in this report, 
Figure G-4, which is a plot of radioactive half life versus resuspension dose 
factor (RDF), was compiled from data in Reference 41 ,  and this curve was used to 
determine RDF for untabulated isotopes. 

Although one might expect that the deposition and resuspension phenomena might be 
somewhat different inside buildings, the experimental evidence summarized in Table 
VI-E-3 of Reference 5 indicates that this is probably not true. Values for in- 
terior resuspension factors are essentially the same (within the large range of 
experimental uncertainty) as exterior resuspension factors. Hence, the same value 
for RDF is used in both cases in the model. 

- 
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Figure  G - 4 .  P l o t  of Radioac t ive  Half L i f e  v e r s u s  Resuspension Dose Fac to r  
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Bone Cancer Type, Thyroid Cancer Type 

As discussed earlier, the LET of a radiation can greatly affect its potential as a 
carcinogen. High-LET materials (referred to as bone Type 1) are more effective at 
inducing bone cancer than low-LET materials (referred to as bone Type 2). Simi- 
larly, thyroid cancer seems to be more effectively induced by irradiation of the 
tissue surrounding the thyroid gland than by direct thyroid irradiation by short- 
range particulate emitters. The external irradiators are referred to as thyroid 
Type 1, and the internal emitters are referred to as thyroid Type 2. 

Lung Fatality Type 

The four dose-effect relationships for early fatalities from acute pulmonary 
dysfunction have been discussed earlier and are shown in Figure G-2. 
and 2 both use curve A. 
Values are selected for each material based on half life and LET. 

Categories 1 
Category 3 uses curve B, and Category 4 uses curve C. 

Cloudshine Dose Factors (CDF) 

Cloudshine dose factors representing values for dose received due to immersion for 
1 year in a cloud of a fixed concentration have been extracted from Reference 42. 
The units are mrem/yr/pCi/d. The effects of daughter products are, in general, 
not included. In cases where the isotope does not appear in Reference 42, values 
have been estimated using isotopes with similar photon energy per disintegration. 
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DOT RECORDS FOR RADIOACTIVE MATERIAL TRANSPORTATION INCIDENTS, 1971-1977 

In 1971, the U.S. Department of Transportation (DOT) received a mandate from 
Congress to establish, among other items, a system for collecting information on 
transportation accidents involving hazardous materials. Radioactive materials were 
to be included in the hazardous material incident reporting system. Table H-1 
represents an accumulation of the DOT records for 1971-1977 incidents involving 
radioactive materials. Only those are included for which sufficient information 
exists to allow determination of the cause of the incident, specifically those in 
which human errors were involved. 

H-1 



Table H-1 

DOT Transportation Incidents in Urban Environs Involving Radioactive Materials, 1971-1977 

Mode of 
Transport 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Nature of 
Incident 

Damaged by other 
freight 

Dropped in handling 

Human 
Error 

Stowage 

Handling 

Unknown 

Stowage 

Date 
of Incidents 

9 Feb 76 

2 Dec 75 

13 May 75 

9 Mar 74 

Location 
in Urban Area 

Air freight facility, 
San Antonio, TX 

Air freight facility, 
Chicago, IL 
Freight facility, 
Boston, MA 
Aircraft aft bulk 
cargo bin, 
Minneapolis, MN 
Freight area, 
Washington, DC 

Freeway--I95 at 
NC rte 46, Gaston, NC 

Clark Ave. Bridge, 
Cleveland, OH 

Class 
By Use 

Res ear c h 

Research 

Research 

Industrial 

Involved 
Material 

Cr-51 

DOT No. 

6020670 

5120504 

5050732 

4030232 

None 

6110102 

6030626 

510021 1 

4100433 
4080493 

4020263 

1160076 

1080013 

7020741 

5010253 

4090307 

Cr-51 

Cr-51 Spill handled by NEN 

Damaged by other 
freight, prior water 
damage 

Dropped in handling 

Cr-51, AM-198 
1-125, Mo-99 

Handling 

Packaging 

Cr-51 Research 

Fuel. cycle waste 

Research 

20 Apr 73 

4 Oct 76 

11 Feb 76 

Air passenger 

Truck 

Truck 

Top of box opened 
during transport 
Box fell off trailer 
run over by 
following vehicle 
Damaged in handling 

CO-60 and 
Cs-137 LSA 

Co-57 flood 
source 

Stowage 

Handling 

Stowage 

Stowage 

co-52 Indust rial 16 Sep 75 

2 Oct 74 
24 Dec 74 

Air freight 
forwarder 

Truck 
Truck 

Terminal, 
Atlanta, GA 

In trailer, Tulsa, OK 
In trailer at 
terminal, San 
Antonio, TX 

Freight terminal, 
Memphis, TN 

Fell in transit 
Outside container 
cracked 

CO-60 SF 
CO-60 

Industrial 
Research 

Damaged by other 
freight - crate 
bashed in 
Loose fittings 
valves or closures 

Vehicle accident 

Stowage CO-60 Industrial 10 Feb 74 Truck 

CO-60 Industrial 

Industrial 

10 Sep 71 

10 Jul 71 

Truck 

Truck 

Industrial Company, 
Leechburg, PA 

U.S. 63 at city 
limits, Cabol, 
MO 

Freeway--NJ turnpike 
between 82 and 92 
northbound 

Air freight terminal, 
Washington, DC 

Freight warehouse, 
Minneapolis, MN 

Packaging 

Accident CO-60 

Ga-67 citrate Industrial 29 Jan 77 Truck Fell out of truck Stowage 

1-131 Water damage, body 
or side failure 

Run over by forklift 

Handling 

Stowage 

Industrial 

Research 

7 Jan 75 

31 Aug 74 

Air freight 

Air passenger 1-125 



Table H- 1 (Continued) 

Involved 
Material 

1-125 

1-131 

1-131 

1-125 

1-123 

1-125 

1-123, Tc99m 

1-125 

1-131 

1-131 

1-131 

Ir-192 

Ir-192 SI 

Ir-192 

Ir-192 

Ir-192 

rc-99 

P-32 

Class 
By Use 

Industrial 

Industrial 

Industrial 

Industrial 

Research 

Industrial 

Radiopharm. 

Research 

Research 

Research 

Research 

Industrial 

Industrial 

Industrial 

Industrial 

Industrial 

Industrial 

Industrial- 
research 

. Date 
of Incidents 

20 Aug 74 

9 Aug 74 

17 Jul 74 

4 Jul 74 

16 Jun 74 

18 Apr 14 

11 Apr 74 

6 Aug 13 

26 Jul 73 

24 May 73 

22 Jun 72 

18 Dec 74 

5 Sep 74 

27 Aug 74 

8 Apr 74 

10 Mar 74 

1 Aug 73 

15 Aug 73 

DOT No. 

4090003 

4080630 

4070805 

4070349 

4080497 

4050132 

4040404 

3080191 

3 10027 4 

5020002 

None 

4120638 

4100206 

4090359 

4040403 

4030399 

N3080034 

N3090017 

Mode of 
Transport 

Air passenger 

Truck 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Air passenger 

Truck 

Air passenger 

Air passenger 

Location 
in Urban Area 

Air freight ware- 
house, Chicago, IL 
Freight facility, 
Great Falls, MT 
Cargo Bldg. 81, 
(TWA) JFK, NY 
Tractor tug pulling 
full .baggage cart, 
San Francisco, CA 

Air freight terminal, 
Boston, MA 
Air freight terminal, 
forklift, JFK, NY 
DC-8-61 aircraft, 
Dallas-Ft. Worth, TX 

At aircraft JFK, NY 

Cargo area, Dallas 
Love Field, TX 

Air freight terminal, 
Los  Angeles, CA 

Aircraft cargo bin, 
Houston, TX 

Air freight terminal, 
Baton Rouge, LA 
In aircraft, 
Syracuse, NY 

Airport freight, 
Newark, NJ 

In transit, 
Baton Rouge, LA 
Route 422 at 645, 
Myerstown, PA 

Freight area, JFK, NY 

Freight area, 
Denver, CO 

Nature of 
Incident 

Damaged container 
put in trash 

Damaged by other 
freight 

Dropped in handling 

Jet blast knocked 
box off, then 
tractor crushed 

Body or side failure 

Outer carton damage 

Dropped in handling, 
external puncture 
Fell from cart, 
subsequently crushed 

Bottom failure 

Dropped in handling 
external puncture 

External puncture 

Defective valves 
fittings or closures 

Bottom failure, 
corrosion or rust 
Probable container 
defect 

Improper packaging 

Vehicle accident, no 
damage to shipment 

Outer container 
open 
Dropped in handling 
cart ran over end 
of carton 

Human 
Error 

Disposal 

Stowage 

Handling 

Stowage 

Packaging 

Handling 

Handling 

Stowage 

Packaging 

Handling 

Handling 

Packaging 

Packaging 

Packaging 

Packaging 

Accident 

Packaging 

Stowage 



Table H-1 (Continued) 

Mode of 
Transport 

Involved 
Material 

Plutonium 
samples 

Po-210: ionizing 
annozzle (NOS) 

Ra-226 

Class 
By Use 

Industrial 

Date 
of Incidents 

6 Dec 75 

13 Jan. 77 

8 Mar 76 

Nature of 
Incident 

Fell out of moving 
trailer 
Dropped in handling 

Human 
Error 

Stowage 

Handling 

Stowage 

Stowage 

Packaging 

Handling 

Stowage 

Unknown 

Handling 

Stowage 

Stowage 

Stowage 

Stowage 

Handling 

Stowage 

Packaging 

Packaging 

Location 
in Urban Area 

170 at Ind. 227, 
Richmond, IN 
Air cargo terminal, 
DFW, TX 

On truck, Beckely, 
W. Va., or Research 
Pk., NC 

NW gate D8 ramp-on 
craft Chicago, IL 

In aircraft at ramp 
gate, Minneapolis, MN 

Dock, freight termi- 
nal, Memphis TN 
SAS cargo bldg., 

Passenger aircraft 
baggage cart, 
Montreal, CN 
On DC9 aircraft 
New Orleans, LA 
Aircraft and air 
freight, Denver, CO 

Dock facility Port 
Seatrain LTL Facil- 
ity, Weehawken, NJ 
Freight terminal, 
Portland, OR 

263-JFK, NY 

DOT No. 

5120517 

7020163 

6030462 

5040001 

4090528 

None 

6030304 

7030383 

3070241 

None 

7070342 

7030876 

5100990 

5090817 

5020420 

None 

4090721 

Truck 

Air freight 
forwarder 
Truck 

Industrial 

Moisture Density 
Nuclear Testing 
Equip-Industrial 
Research 

Damage by other 
freight 

Ra-226 24 Mar 75 

4 Sep 74 

30 May 73 

27 Feb 76 

4 Mar 77 

Air passenger 

Air passenger 

Truck 

Air freight 

Air passenger 

Outside container 
crushed 

Loose fittings, top 
closeness 
Damaged crate 

Radium eqpt. Industrial 

Ra-226 Industrial 

Ru-106 Carton crushed- 
cause unknown 

No actual 
contamination 

Industrial 

Se-75, NOS Research 

Dropped in handling Se-75 Research 3 Jul 73 

29 Jul 72 

5-6 Jul 77 

Air passenger 

Air passenger 

Truck 

Sr-85, Y6169 Damaged by other 
freight 

Damaged by other 
freight 

Research 

Thoric oxide Industrial 

Natural thorium 
23% as Tho2 

Industrial 21 Feb 77 Truck No actual contami- 
nation side of .con- 
tainers crushed by 
other freight 

Improper stowage Thorium 11 Oct 75 

28 Sep 75 

13 Feb 75 

5 Feb 75 

15 Aug 74 

Freight terminal on 
truck, Atlanta, GA 
Freight terminal, 
Johnson City, TN 
6th St. at Almond 
St., Moscow, ID 
Freight terminal, 
St. Louis, MO 

Freight dock, 
Phoenix, AZ 

Truck 

Truck 

Truck 

Truck 

Truck 

Government 

Depleted 
uranium UF4 

U-235 fissile 

Industrial External puncture 

Industrial- 
research 

Industrial 

Dropped off truck 

Uranium ore Drum ruptured 

Ore samples Industrial Loose fittings 
valves or closures 



Table H-1 (Continued) 

Human 
Er ro r  

Nature of Date Mode of Loca t ion  
i n  Urban Area I n c i d e n t  of Inc iden t s  DOT No. Transpor t  

Involved 
M a t e r i a l  

Uranium oxide  
yellow cake 

Class 
By U s e  

I n d u s t r i a l  22 Dec 13 4020081 Truck On t r a i l e r  a t  Body o r  s i d e  f a i l u r e  Packaging 
f r e i g h t  t e rmina l ,  co r ros ion  or r u s t  
Oklahoma Ci ty ,  OK 

Dock and t r a i l e r ,  Ex te rna l  puncture  Hand1 i n g  
Denver, CO 

N a t ' l  uranium 
conc. 

Uranium con- 
c e n t r a t e ,  LSA 

Enriched uranium, 
f i s s i l e  

Xe-133 

Fuel Cycle 

I n d u s t r i a l  

I n d u s t r i a l  

Research 

Research 

17 Nov 13 3120045 Truck 

5 Dec 12 2120186 Truck Truck t e rmina l ,  Weld f a i l u r e  
Denver, CO 

Packaging 

27 Mar 12 2040118 Truck F re igh t  f a c i l i t y ,  Ex te rna l  puncture  Handling 
B r i s t o l ,  VA 

Knoxvi l le ,  TN r e c e p t a c l e  

s o r t i n g  f a c i l i t y ,  f r e i g h t  
Memphis, TN 

Packaging 3 Feb 76 6030303 Air passenger Air cargo t e rmina l ,  F a i l u r e  of i n n e r  

2 May 75 5050185 A i r  f r e i g h t  Fed. Exp. hub Damaged by o t h e r  Stowage Xe-133 

Xe-133 Research 22 Dec 72 

28 Aug 14 

2120341 

4090112 

A i r  passenger On p lane  a t  a i r p o r t ,  

Air passenger  LAX a i r c r a f t  ramp, 
g a t e  conveyor belt 
Los Angeles, CA 

Br isbane ,  CA 

Denver, CO 

Ruby, SC 

Chicago h Highland 
Park,  I L  

- Newark, NJ 

Truck F re igh t  terrainal ,  

A i r  f r e i g h t  F re igh t  t e rmina l ,  

Truck Truck t e rmina l ,  

Truck US41 between N. 

Damaged by o t h e r  
f r e i g h t  

F e l l  o f f  b e l t ,  
dented 

Stowage 

Handling Yt-169 I n d u e t r i a l  

Packaging 

Stowage 

Unknown 

Stowage 

Radionucl ide  I n d u s t r i a l  

Unknown 

I n d u s t r i a l  

Research 

6 J u l  77 

23 Jun 77 

10 Feb 7 7  

4 Oct 76 

7070949 

7061277 

7030123 

6100469 

Container s h i e l d  
f a i l u r e  

Box s l i g h t l y  wet 
on bottom 

T r a i l e r  contami- 
na t ion  

Dropped on roadway 
from t r u c k  

Rad ioac t ive  
m a t ' l  (NOS) 

Rad ioac t ive  
m a t ' l  

Rad ioac t ive  
pharmaceut ica l  

Res idua l  contamina- 
t i o n  on t r a i l e r  

Packaging Waste m a t ' l  
(most r ecen t  ship- 
ment i n  v e h i c l e )  

Waste mat'l 

Fuel c y c l e  waste 9 Jan  17 7061 103 Truck F re igh t  t e rmina l ,  
Seneca, IL 

Fuel cyc le  waste 

Fuel c y c l e  waste 

Fuel cyc le  was te  

Fuel c y c l e  

9 Jun 77 

9 Jun 77 

9 Feb 77 

10 Aug 76 

7061 102 

7061101 

7030122 

6090620 

Truck F re igh t  t e rmina l ,  
Seneca, I L  

Residual on t r a i l e r  Packaging 

Waste m a t ' l  Truck F re igh t  t e rmina l ,  
Seneca, IL 

Residual  on t r a i l e . .  

T r a i l e r  contamina- 
t ion  

S p i l l a g e  on t r a i l e r  

Packaging 

Packaging 

Radioac t ive  
was te ,  LSA 

Radioac t ive  
was te ,  S A  Y 

Ln 

Truck Truck t e rmina l ,  
Barnwell ,  SC 

Truck Truck t e rmina l ,  
J o p l i n ,  MO 



Table H-1 (Continued) 

Involved 
Material 

Radioactive 
waste, LSA 

Radioactive 
waste, LSA 
Radioactive 
waste, LSA 

Worthless radio- 
active waste 
mat'l 

Nuclear waste 
thorium 
fluoride 

Radioactive 
waste, LSA 

Radioactive 
waste 
Radioactive 
-mat'l, LSA 
Radioactive 
mat'l, LSA 

Radioactive 
waste 
Contamination 

Class 
, By Use 

Industrial 

Goyernment 

Fuel cycle 

Radiopharm. 

Industrial 

Nuclear sub- 
marine fuel 
Radiopharm. 

Industrial 

Industrial 

Fuel cycle 

Fuel cycle 

Date 
of Incidents 

2 Jun 76 

28 APr 76 

18 Aug 75 

1 Jul 75 

3 Jun 75 

7 Aug 74 

25 Jun 74 

3 Apr 74 

24 Sep 73 

18 Jul 72 

15 Mar 7 2  

DOT No. 

509061 9 

5050215 

5081017 

5070564 

5060472 

4080679 

4060680 

4040129 

3100029 

None 

2030227 

Mode of Location 
Transport in Urban Area 

Truck Truck terminal, 
Richmond, MO 

Truck 

Truck 

Freight terminal 
Atlanta, GA 
Truck terminal, 
Seneca, IL 

Truck Freight terminal, 
Columbia, SC 

Truck Freight terminal, 
Cincinnati, OH 

Truck Hwy. 775 and 6th 

Truck On truck at terminal, 

Rail Rail yard, Hamlet, NC 

St. exit, Canton, OH 

Winston-Salem, NC 

Truck Truck at dock, 
Miamisburg, OH 

Truck Truck terminal, 
Joplin, MO 

Truck Truck terminal, 
Idaho Falls, ID 

Nature of 
Incident 

Spillage on trailer 
deck 
Improper handling 

Body or side failure 

Loose fittings, 
valves, or closures 

Loose or defective 
valves, fittings, 
or closures 
Dropped In handling 

Drum failure metal 
fatigue 
Train derailed 

Corrosion or rust 

Contamination on 
trailer 

Residual 
contamination 

Human 
Error 

Packaging 

Handling 

Packaging 

Packaging 

Packaging 

Handling 

Packaging 

Accident 

Packaging 

Packaging 

Packaging 



I 

RADIOACTIVE MATERIAL TRANSPORTATION INCIDENTS IN 1975 
IN NRC AGREEMENT STATES 

Table 1-1 summarizes the transportation incidents involving radioactive materials 
which were reported to the Nuclear Regulatory Commission by its agreement states for 
1975. 

Table 1-1 

NRC Transportation Incidents in Urban Environs, 1975 

C l a s s  
by Use 

Radiopharm. 

Da te  of 
I n c i d e n t  

2 Dec 75 

- 

- 

- 
- 

17 Dec 75 

9 Sep 75  

11 Mar 75 

- 

23 J u l  75 
- 

10 Feb 75  

- 

Mode of 
T r a n s p o r t  

L o c a t i o n  i n  
Urban Area 

A i r p o r t ,  
Los Ange le s ,  CA 

C i t y  s t ree t ,  
L i n d e n ,  NJ 

C i t y  s t r e e t ,  
B r i d g e p o r t ,  CO 

JFK A i r p o r t ,  NY 

New York Thruway, 
Bronx,  NY 

A i r p o r t ,  
Anchorage,  AL 

Fremont ,  M I  

Ch icago ,  I L  
O'Hare A i r p o r t ,  

N a t u r e  of 
I n c i d e n t  I n v o l v e d  Material 

C-14 

Human E r r o r  

None A i r  p a s s e n g e r  Lost s o u r c e  

CS-137 
( s e a l e d  s o u r c e )  

H- 3 

T h e f t  None I n d u s t r i a l  Auto 

Radiopharm. T h e f t  None Auto 

H- 3 

H-3, 5-35. C-14, 
1-125, Cr-51 

H-3 

Radiopharm. 

Rad iopharm'. 

A i r  f r e i g h t  

Truck 

M i s h a n d l i n g  

Acc iden t  

H a n d l i n g  

None 

None Radiopharm. Air p a s s e n g e r  Acc iden t  

H-3 

I compounds 

R e s e a r c h  

Radiopharm. 

A i r  f r e i g h t  

A i r  f r e i g h t  

L o s t  s o u r c e  

Crushed and 
l e a k i n g  
package 

T h e f t  

None 

Stowage 

1-125 Radiopharm. Truck  C i t y  s t reet .  
Paramus,  NJ 

Edmonton, Canada 

Ladysmi th ,  VA 

O'Hare A i r p o r t  
Ch icago ,  IL 

P h i  l a d e  l p h i a  
I n  t e r n a  t ' 1 A i r p o r t  
P h i l a d e l p h i a ,  PA 

None 

1-125 

1-131 

1-131 

Radiopharm. 

Radiopharm. 

Radiopharm. 

Unknown 

Truck 

A i r  f r e i g h t  

Leakage 

L o s t  s o u r c e  

Lost s o u r c e  

Packag ing  

None 

None 

IK-192 
( s e a l e d  s o u r c e )  

I n d u s t r i a l  Af r  f r e i g h t  M i s h a n d l i n g  Hand l ing  

I-l,2 
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J 

IMPACTS OF CHEMICAL TOXICITY 

b y  exposure t o  toxic chemica ls  as a r e s u l t  of t r a n s p o r t a t i o n  i n c i d e n t s  w i l l  be 
s h o r t  term. Only i n  c e r t a i n  cases w i l l  t h e r e  be s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n s  
p r e s e n t  t o  produce ch ron ic  and/or  a c u t e  e f f e c t s .  Tox ico log ica l  i n fo rma t ion  on 
short-term exposures  to t h e s e  materials i s  somewhat l i m i t e d .  Reference  1 e s t a b -  
l i s h e s  f o u r  basic levels of toxic hazard,  wi th  class 0 compounds producing e f f e c t s  
anlp under t h e  most unusual c o n d i t i o n s  and class 3 materials producing t o x i c  e f f e c t s  
of s u f f i c i e n t  s e v e r i t y  t o  threaten Efe or cause permanent p h y s i c a l  damage. Com- 
pound's d t h i n  t h e s e  classes are not  f u r t h e r  d i f f e r e n t i a t e d .  Using q u a l i t a t i v e  
info'rmatfon on t h e  t o x i c i t y  of the material from shor t - te rm exposures ,  a l i s t i n g  i s  
made of t h e  r e l a t i v e  chemical hazard of t h e  r a d i o a c t i v e  materials t r a n s p o r t e d .  Th i s  
l i s t  of chemica ls  is reduced by removing compounds which produce l i t t l e ,  i f  any 
e f f e c t s .  A second r e d u c t i o n  is made by e l i m i n a t i n g  those  compounds sh ipped  i n  such  
s m a l l  q u a n t i t i e s  t h a t  t o x i c  e f f e c t s  would be produced i n  only an ex t remely  l i m i t e d  
number of exposed i n d i v i d u a l s ,  i f  a t  a l l .  The n a t u r e  of each of t h e  remaining 
materials is then i n v e s t i g a t e d .  

Using dh ta  developed from in fo rma t ion  i n  Reference 2 ,  t h e  a c t u a l  chemical formula 
for a compound is e s t a b l i s h e d  by cons ide r ing  t h e  common chemical va l ence  of  t h e  
r a d i o a c t i v e  i s o t o p e  and combining t h i s  i n fo rma t ion  wi th  the  normal coqf i g u r a t i o n s  of 
t h e  remainder of t h e  compound (e.g., s u l f a t e  = Sa2-, sodium i o n  = N a  , etc.).* The 
molecular  weight of each compound and t h e  percentage  of t h e  r a d i o a c t i v e  i s o t o p e  are 
then determined. These are combined wit-h t h e  s p e c i f i c  a c t i v i t y  of t h e  i s o t o p e  
involved  and r e l a t e d  t o  shipment s i ze .2  
grams of a g iven  chemical form t h a t  could  be involved  i n  an a c c i d e n t a l  release. 
Th i s  i n fo rma t ion  i s  summarized i n  Table  J-1. 

This produces an upper l i m i t  t o  number of 

Following the  g u i d e l i n e s  i n  Reference 1, f o u r  broad t o x i c i t y  classes are  used t o  
s p e c i f y  t h e  r e l a t i v e  haza rds  of t h e  materials from shor t - te rm exposures.  A b r i e f  
d e s c r i p t i o n  of t h e  b i o l o g i c a l  responses  t o  a compound i n  each  class i s  g i v e n  below: 

Class 0: Materials cause  e i t h e r  no h a r m  under any c o n d i t i o n s  or  produce t o x i c  
e f f e c t s  under only t h e  most unusua l  c o n d i t i o n s  o r  i n  overwhelming 
doses.  

r e g a r d l e s s  of t h e  q u a n t i t y  absorbed o r  t h e  e x t e n t  of t h e  exposure.  
I n  g e n e r a l ,  e f f e c t s  are r e a d i l y  r e v e r s i b l e  and d i sappea r  fo l lowing  
t e r m i n a t i o n  of exposure ,  w i t h  or wi thou t  medica l  t r ea tmen t .  

Class 1: Materials produce only s l i g h t  e f f e c t s  fo l lowing  s i n g l e  exposures -- 

* 
This  w i l l  produce, i n  some i n s t a n c e s ,  more than one u s e f u l  form. I n  most 

cases, only one form has been chosen. Both common forms of uranium ox ide ,  UO2 and 
U,O,, are used. 
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Class 2: Materials produce moderate e f f e c t s  a f t e r  i n t e n s e  exposure f o r  a matter of 
seconds,  a f t e r  moderate exposure f o r  prolonged p e r i o d s ,  o r  a f t e r  
i n g e s t i o n  of a s i n g l e  dose. Although t h e s e  materials may produce 
i r r e v e r s i b l e  as w e l l  as r e v e r s i b l e  changes, t hey  are not  l i f e  
t h r e a t e n i n g  nor do they produce s e r i o u s  o r  permanent p h y s i c a l  impair-  
ment * 

Class 3: Materials produce e f f e c t s  of s u f f i c i e n t  s e v e r i t y  t o  t h r e a t e n  l i fe  o r  
cause  permanent p h y s i c a l  impairment o r  d i s f igu remen t  fo l lowing  a 
s i n g l e  exposure or  i n g e s t i o n  of a s i n g l e  dose. 

Reference  1 c l a s s i f i e s  t o x i c i t y  from short-term l o c a l  exposure and sys temic  
exposure.  Occas iona l ly ,  d i f f e r e n t  types of t o x i c i t y  ( i r r i t a n t ,  i n g e s t i o n ,  i nha la -  
t i o n ,  etc.)  are c l a s s i f i e d  s e p a r a t e l y .  I n  t h e s e  i n s t a n c e s ,  t h e  h i g h e s t  l i s t e d  v a l u e  
f o r  a g iven  compound is used. Table 5-2 summarizes t h e  in fo rma t ion  on t o x i c i t y  from 
both l o c a l  and sys temic  shor t - te rm exposures.  

Most of t h e  l i s t e d  compounds are c l a s s i f i e d  0 t o  1, i.e., t h e  e f f e c t s  of exposure t o  
them w i l l  be s l i g h t  enough t o  d i sappea r  r e a d i l y  fo l lowing  t e r m i n a t i o n  of exposure ,  
w i th  or wi thout  medical t reatment .  These materials are not  cons idered  f u r t h e r .  For 
many of t h e  remaining compounds t o  produce e f f e c t s  of any consequence, i t  would be  
necessa ry  f o r  t h e  e n t i r e  maximum shipment of material t o  be a e r o s o l i z e d  and i n h a l e d  
by a s i n g l e  i n d i v i d u a l .  Since t h i s  i s  u n l i k e l y ,  t h e  number of materials can be 
f u r t h e r  reduced, l e a v i n g  for c o n s i d e r a t i o n  only the  compounds i n  Table 5-3. 

The f i rs t  t h r e e  compounds i n  Table 5-3, shipped i n  t e n s  of grams, do  not  p r e s e n t  as  
s i g n i f i c a n t  a problem as t h e  uranium compounds, shipped by t h e  m i l l i o n s  of grams. 
Ethylene  t r i c h l o r i d e  and s t r o n t i u m  n i t r a t e ,  though moderately t o x i c ,  are shipped i n  
small q u a n t i t i e s  ( l e s s  than 20 g/shipment maximum) r e q u i r i n g  a minimum d i l u t i o n  f o r  
maximum e f f e c t .  Although Reference  3 i n d i c a t e s  no r eco rd  of s e n s i t i v i t y  t o  i r i d i u m ,  
t h e  p o s s i b i l i t y  of such should not  be discounted. 

Reference  4 ranks uranium compounds on a r e l a t i v e  t o x i c i t y  scale. Uranium hexa- 
f l u o r i d e  is the  most t o x i c ,  followed by U O 2 F 2 ,  UCL, , and U 0 2 ( N 0 3  )-6H2O. Uranium 
oxides  are among t h e  least tox ic .  Large shi-pments of uranium compounds pose t h e  
g r e a t e s t  t o x i c i t y  hazard. The t o x i c i t y  of UFg i s  due l a r g e l y  t o  t h e  t o x i c i t y  of HF, 
a by product  of t h e  decomposition of t h e  material. In  a t r a n s p o r t a t i o n  a c c i d e n t  
i nvo lv ing  U F b ,  it  is l i k e l y  t h a t  l a r g e  q u a n t i t i e s  of HF would be produced and a much 
smaller amount of uranium would be ae roso l i zed .  
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I s o t o p e  

Am-241 

Au-918 

C-14 

Ca-45 

Cf-252 

CO-57 

CO-60 

Cr-51 

CS-137 

EU-152 

Fe-52 

Table  J- 1 

Chemical Forms and Shipment S i z e s  f o r  Materials 
i n  t h e  New York C i t y  Shipment Model 

Chemical Form( s ) ~  

b Am203 (americium oxide)  

Au ( c o l l o i d a l  go ld )  

AuC13 (gold  (111) c h l o r i d e )  

Ethylene t r i c h l o r i d e  (CzH3C13) 
and o the r  organic  c h l o r i d e s  

CGHl206 (g lucose )  

CaC12 (calcium c h l o r i d e )  

Cf2O3 (ca l i fo rn ium oxide)  

CoC12 ( c o b a l t  (11)  c h l o r i d e )  

Co (e lementa l  c o b a l t )  

CoC12 ( c o b a l t  (11)  c h l o r i d e )  

Na2Cr04 (sodium chromate) 

C r C 1 3  (chromium (XI) c h l o r i d e )  

C s C l  (cesium c h l o r i d e )  

CsN03 (cesium nitrate) 

C s  depos i t ed  on Z e o l i t e  i on ;  
~ exchange r e s i n  

EuC12 (europium c h l o r i d e )  

b 

FeCgH507 5H20 ( i r o n  (1x1) 
c i t r a t e  1 

Maximum Shipment 
S i z e  f o r  

Compounds (grams) 

3 . 4 ~ 1 0 ~  

4 . 1 ~ 1 0 - ~  

6 . 3 ~ 1 0 - ~  

19 

4.8 

1 . 4 ~ 1  0-’ 

2.1x10-1 

4 . 3 ~ 1 0 - ~  

8. 9x102 

1 . 4 ~ 1 0 ~  

1. 6x103 

1 . 2 ~ 1 0 ~  
( a s  cesium) 

7 . 5 ~ 1  O-’ 

9.1x10-6 

Compounds l i s t e d  here  are only  a sample of the materials t h a t  a 

could have been e x t r a c t e d  from t h e  chemical forms i n  Reference 2. 

americium and ca l i fo rn ium are excess ive ly  h igh  i n  t h a t  a s i n g l e  sh ip-  
ment of t h e  s p e c i f i e d  s i z e  would exceed t h e  t o t a l  s epa ra t ed  s t o c k p i l e  
of t h e s e  m a t e r i a l s .  

bAlso, i t  should be noted t h a t  t he  shipment-size va lues  f o r  
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5-4 

I s o t o p e  

Fe-55 

Fe-59 

Ga-67 

Hg-197 

Hg-203 

H- 3 

In-111 

In- 11 4m 

Ir- 192 

1-123 

1-125 

1-131 

Kr-85 

K-43 

Mg-28 

Table  J-1 (Continued)  

Chemical Form(s) 

FeC13 ( i r o n  (111) c h l o r i d e )  

FeGHg+-*5H2O ( i r o n  (111) 
c i t r a t e  

FeC13 ( i r o n  (11:) c h l o r i d e )  

Ga (e l emen ta l  ga l l i um)  

GaC12 (ga l l i um (11)  c h l o r i d e )  

HgC12 (mercury (11)  c h l o r i d e )  

C5H11 N202ClHg (chloromerodrin)  

H g C 1 2  (mercury (11) c h l o r i d e )  

Hg(N03 12 (mercury (11) n i t r a t e )  

Thymidine (an  example of an 
o rgan ic  l a b e l e d  material) 

H2 ( e l emen ta l  hydrogen) 

InC13 (indium (111) c h l o r i d e )  

InC13 (indium (111) c h l o r i d e )  

Ir ( e l emen ta l  i r i d i u m )  

Iod ina ted  serum albumin 

NaI (sodium i o d i d e )  

NaI (sodium i o d i d e )  

I C 1  ( i o d i n e  monochloride) 

NaI (sodium iod ide )  

Iod ina ted  serum albumin 

K r  (k ryp ton)  

KC1 (potassium c h l o r i d e )  

MgC12 (magnesium c h l o r i d e  ) 

Maximum Shipment 
S i z e  f o r  

Compounds (grams) 

1.2 

9.1x10-6 

1.2 

1. 7 x 1 f 3  

3 . 5 ~ 1  0-3 

9 . 8 ~ 1 0 - ~  

6.9~10-6 

9 . 8 ~ 1 0 - ~  

1.2~10-4 

2.5 

1.0 

4 . 8 ~ 1  0-6 

4 . 8 ~ 1 0 - ~  

1.1x10 

2 . 5 ~ 1 0 - ~  

9 . 2 ~ 1 0 7  

9 . 2 ~ 1 0 - ~  

7 . 5 ~ 1  0-4 

9 . 2 ~ 1 0 -  

3 .7~10-1 

25.6 

4.4~10-8 

6 . 5 ~ 1 0 - ~  



Table J-1 (Continued) 

Maximum Shipment 
S ize  f o r  

Compound (grams) Chemical Form(s) 

K2M004 (potassium molybdate) 

Moo2 (molybdenum ( I V )  ox ide )  

I s o t o p e  

Mo-99 5 . 1 ~ 1 0 ~ 3  

2.5~10-3 

5. iX10-3 MoCL, (molybdenum ( I V )  c h l o r i d e )  

N a C l  (sodium c h l o r i d e )  Na-22 

Na-24 

Po- 2 10 

P-32 

5. ixi 0-3 

5. iX10-3 N a C l  (sodium c h l o r i d e )  

2 . 3 ~ 1  0-1 Po (e l emen ta l  polonium) 

NagPQ, l o b 0  (sodium 
phosphate)  3 . 8 ~ 1 0 -  

l . lx10-4 H 3 P h  (or thophosphor ic  a c i d )  

P-33 Na3PCh+ 10H20 (sodium 
phosphate)  3 . 8 ~ 1 0 ~  

RaO (radium (11) ox ide )  Ra-226 

Se-75 

1.1 

Se(Mo(X, )2 (selenium (IV) 
molybdate ) 

SeCL, (selenium (IV) c h l o r i d e )  

SnC12 ( t i n  (11) c h l o r i d e )  Sn-113 

Sr-89 

Sr-90 

SrC12 ( s t ron t ium c h l o r i d e )  

Sr(N03 )2 ( s t r o n t i u m  nitrate) 1.7 

8.2~10-’ 

9 . 6 ~ 1 0 - ~  

SrO ( s t ron t ium oxide)  

s-35 Na2Sq (sodium s u l f a t e )  

C3 N2 S (2-aminothiazole  -- 
assumed as form f o r  o rgan ic  
shipments of S-35 l a b e l e d  
compounds ) 7 . 0 ~ 1 0 - ~  

6.Oxl 0-3 Tc-99m T c C b  ( technet ium c h l o r i d e )  
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T1-201 

Xe-127 

Xe- 133 

U-233 

U-235 

Table J-1 (Continued) 

Maximum Shipment 
Size for 

Isotope Chemical Form(s) Compound (grams) 

KtcQ+ (potassium 
pertechnetate)* 3.9~ 1 0 '3 

TlCl (thallium chloride) 5.6~10-5 

Xe (xenon) 5.4~1 0-3 

Xe (xenon) 5.4~1 0-3 

U@ (uranium (IV) oxide) 1.1~10~ 

UF6 (uranium ( I I V )  hexafluoride) 1.5~10~ 

U-238 

U (elemental uranium) 

uo2 (uranium (IV) oxide) 

1.0~10~ 

1.  iX107 

U (elemental uranium) 1.0~107 

U02 (NO3 )2 6H2 0 
(uranyl nitrate) 2.1~107 

u ( S Q + ) ~  9H20 (uranyl sulfate) 2.5~10~ 

* 
Although the pertechnetate has not been listed as a chemical form 

for technetium, its wide use in the medical field dictates its inclu- 
sion in this section. 
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Table J- 2 

a T o x i c i t y  Classes f o r  Chemicals 

T o x i c i t y  C l a s s i f i c a t i o n s  
Short-term Short-term 

Chemical Form Local  Exposure Systemic Exposure 

Americium oxide (Am2O3) R R 

Gold (Au) 0 0 

Gold (111) c h l o r i d e  (AuC13) 2 2 

Ethylene  t r i c h l o r i d e  2 2 

Glucose (C6Hl2O6) 0 0 

Calcium c h l o r i d e  ( C a C 1 2 )  1 ? 

Cal i forn ium oxide (Cf203) R R 

Cobal t  (11) c h l o r i d e  (CoC12) 

Cobal t  (Co) [F] b 

1 

R+ 1 

1 

R+? 

Sodium chromate (Na2Cr01,) 3 ? 

Chromium (111) c h l o r i d e  (CrC13) 3 ? 

Cesium c h l o r i d e  (CsC1) [F,E] R+? R+ 1 

Cesium n i t r a t e  (CsN03) [F,E] R+? R+l 

Cesium deposited in zeolite ion 
exchange res in  [F,E] 

Europium c h l o r i d e  (EuC12) 

R+? 

R+? 

R+l  

R+? 

1 0 

I r o n  (111) c h l o r i d e  (FeC13) 1 ? 

Each material not c l a s s i f i e d  i n  Reference  1 i s  l a b e l e d  " ? "  and should be i n t e r -  
p r e t e d  as "one whose t o x i c i t y  is  unknown and w a r r a n t s  f u r t h e r  study." Where 
Reference 1 i n d i c a t e s  t h a t  r a d i o t o x i c i t y  predominates,  the  l e t t e r  R i s  used. I f  t h e  
material p r e s e n t s  haza rds  o t h e r  t han  t o x i c i t y ,  they w i l l  be l a b e l e d  F--f i re ,  o r  E-- 
e x p l o s i v e  hazard  i n  b r a c k e t s  fo l lowing  t h e  compound n a m e .  

Metals having the l e t te r  F i n  b r a c k e t s  are f i r e  hazards  i f  shipped i n  p a r t i c u -  
l a te  form, e.g., powder. 

a 

b 
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Table 5-2 (Continued) 

Chemical Form 

Gallium ( G a )  

G a l l i u m  (11) (GaC12) 

Mercury (11 )  c h l o r i d e  (HgC12 ) 

C h l o r m e r o d r i n  ( C5H1 N2 02 ClHg) 

Mercury (11 )  n i t r a t e  (Hg(NO3 )2 ) 

Thymidine 

Hydrogen (H2- t r i t ium)  [F,E] 

Indium (111) c h l o r i d e  (INc13) [F] 

I r i d i u m  ( I r )  [F,E] 

Iod ina ted  serum albumin 

Sodium i o d i d e  (NaI) 

Iod ine  monochloride ( I C 1 1  [E] 

Krypton (Kr) 

Potassium c h l o r i d e  (KC1) 

Magnesium c h l o r i d e  (MgC12 ) 

Potassium molybdate (K2Mo04 ) 

Molybdenum oxide (Moo2 o r  MoC12) 

Molybdenum c h l o r i d e  (MoCL, o r  
MoC12 ) 

Sodium c h l o r i d e  (NaC1) 

Polonium (Po) 

Sodium phosphate (Na3PQ+ 10H20) 

* 

T o x i c i t y  C l a s s i f i c a t i o n s  

Loca l  Exposure Systemic Exposure 

R+? R+l 

Short-term Short-term 

R+? R+ 1 

3 

3 

3 

3 

3 

? 

3 

? 

R+O R+l 

R+2 R+3 

R+? R+2 

? ? 

v a r i a b l e *  2 

3 0 

R Sr s imple  asphyxiant  i n  h igh  c o n c e n t r a t i o n s  

? ? 

1 

1 

2 

? 

1 ? 

1 ? 

1 0 

R R 

2 ? 

T o x i c i t y  of sodium i o d i d e  i s  a s t r o n g  f u n c t i o n  of t h e  q u a n t i t y  of material t o  
which an i n d i v i d u a l  i s  exposed. 
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Table 5-2 (Continued) 

Chemical Form 

Phosphoric acid (H3P04 ) 

Radium oxide ( R a O )  

Selenium (IV) molybdate 
(Se(M0Q.t 12 1 

Selenium chloride (SeCL,) 

Tin (11) chloride (SnCl2) [F] 

Strontium chloride (SrC12 ) 

Strontium nitrate (Sr(N03)~) [F,E 

Strontium oxide (SrO) 

Sodium sulfate (Na2 SO,,, ) 

2-aminothiazole (C3HqNzS) 

Technetium chloride (TCC16 ) 

Potassium pertechnetate (KTcCA, 

Thallium chloride (TlC1) 

Xenon (xe) 

Uranium (IV) oxide (U02) [F,E] 

Uranium hexafluoride (UF6) [F,E] 

Uranyl nitrate (U% (NO3 )2* 
6H20) [F,El 

Uranyl sulfate (U(SCA, )2*9H20) 

Uranium (U) [F,E] 

, I  * 
Permissible levels for soluble 

Toxicity Classifications 
Shor t - t e rm Short-term 

Local Exposure 

2 

R 

3 

3 

2 

R+O 

R+? 

Ri4 

0 

? 

R+? 

R+? 

2 

Simple asphyxiant 

R+3* 

R+3 

R+? 

R+3 * 
R+3* 

uranium compounds and 

Systemic Exposure 

? 

R 

3 

3 

? 

R+O 

R+2 

R+O 

0 

1 

R+? 

R+? 

3 

1 + simple asphyxiant 
R+3 * 

R+? 

R+2 

R+3* 

R+3 * 

for insoluble compounds in 
air are based on chemical toxicity, while the body levels for insoluble compounds 
are based on radi0toxicity.l 

A 
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Table 5-3 

Compounds Remaining after Consideration 
of Minimum Exposable Population* 

Toxicity Classification 
Chemical Form Acute Local Acute Systemic 

Ethylene trichloride 2 2 

Iridium 

Strontium nitrate 

Uranium oxide 

Uranium hexafluoride 

Uranyl nitrate 

Uranyl sulfate 

Uranium (elemental) 

R+? 

R+? 

R+3 

R+3 

R+? 

R+3 

R+3 

R+2 

R+2 

R+3 

R+? 

R+2 

R+3 

R+3 

* 
If maximum shipment size is less than 1 milligram, the 

material is arbitrarily deleted from further consideration: less 
than 1 mg of material would be involved in exposure to the entire 
population. 

NOTES 

'N. Irving Sax, Dangerous Properties of Industrial Materials (4th ed; New York: 
Van Nostrand Reinhold Company, Division of Litton Educ. Publications, Inc., 1975). 

2Battelle Pacific Northwest Laboratories, Survey of Radioactive Material in the 
United States, BNWL-1972 (Hanford, WA, April 1976). 

3F. P. Patty, ed, Industrial Hygiene and Toxicology, I1 (2d ed rev; New York: 

4C. Voegtlin and H. C. Hodge, eds, Pharmacology and Toxicology of Uranium 

John Wiley & Sons/Interscience Publishers, 1963). 

Compounds (New York: McGraw Hill, 1953). 
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K 

DIRECT ECONOMIC IMPACT 

In addition to radiological health effects, accidents involving radioactive mate- 
rials can cause economic impacts including costs for surveillance, cleanup, evacua- 
tion, long-term or temporary relocation or permanent land-use denial, and 
litigation. 
effects is described. Scenarios are modeled in which specific approaches are taken 
by civil authorities, and the costs of these are estimated. In many cases cost 
data are several years old and have been converted to effective 1979 dollars by 
compounding inflation rates. 

In this section the model which has been developed to quantify these 

The type and extent of economic consequence are both functions of the dispersi- 
bility of the material and its half life. In the case of nondispersible materials, 
the on-scene radiation will be surveyed; recovery procedures and perimeter security 
will follow. 
up t o  eight steps: 

In the case of dispersible materials, the procedures may consist of 

1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 

On-scene survey and bulk material recovery 
Pre-cleanup radiation survey 
Cleanup 
Intermediate radiation surveys 
Evacuation 
Land -use denial 
Perimeter security 
Final radiation surveys 

This section will outline the various scenarios used and detail the cost determi- 
nation formulation. 

K1. Scenarios for Economic ImDact Calculations 

K 1 . l  Nondispersible Shipments and Nonrelease Accidents 

If the accident in question involves a nondispersible radionuclide or if the acci- 
dent is not severe enough to cause a release of a potentially dispersible material, 
it will be necessary for response forces to determine the extent of unacceptably 
high radiation fields. These areas should then be cordoned off and perimeter 
security established to insure that members of the general public are not over- 
exposed. 
the unshielded radioactive material-will be recovered and moved from the accident 
scene. 

t. 

After initial safety and perimeter security precautions have been taken, 
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K1.2 Dispersible Shipments 

Long Half-Life Radionuclides 

In the context of economic impact, a long half-life radionuclide is considered to 
be one with an environmental residence* of more than seven half lives. If a mate- 
rial of this type is released, the scenario proceeds as follows: 

Response forces conduct on-scene survey and recovery operations. 

A general survey is made downwind to determine the locations and levels of 
contamination. 

Streets and buildings are cleaned to permissible residual levels if the 
level of contamination is not greater than a value above which cleanup is 
not considered reasonable. 

In certain heavily contaminated areas, it is assumed that residents are 
evacuated and temporarily relocated and that businesses are closed for a 
period of time during the cleanup operation. In addition, personal and 
corporate income losses and perimeter security costs are incurred. 

If areas are contaminated above levels for .which cleanup is considered to 
be reasonable, long-term or permanent land-use denial would result. That 
is to say, the areas would be placed off-limits to all residents, workers, 
and businesses. Presumably residents would be forced to relocate. These 
restrictions would be enforced by permanent barriers and a full-time 
security force. 

be required during cleanup and a final survey would be required before the 
area is released for general occupancy. 

In areas which are considered cleanable, periodic radiation surveys could 

Short Half-Life Radionuclides 

Short half-life materials may be left to decay (in which case evacuation of the 
area is necessary) or they can be cleaned up. The choice of techniques will prob- 
ably be based on how short-lived the material actually is. This model uses a 
threshold value of 10 days. Thus, if seven environmental half lives amount to less 
than 10 days and if the "cleanup factor" achieved by seven half lives of radio- 
active decay is less than the allowable residual level, it is assumed that the 
material is left to decay and that the area is evacuated and the affected popu- 
lation temporarily relocated. 

L 

K2. Decontamination Factor Determination 

Economic impacts from transportation accidents are, in general, dependent on the 
actual level of contamination as well as the level to which the area 

*The environmental residence time is conservatively assumed to be seven radio- 
active half lives. In an actual deposition incident, environmental forces such as 
weathering, fixation in ecological systems, etc. will generally serve to make 
environmental residence less than indicated by simply using radioactive half life. 
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must be decontaminated. These two factors are related by a term called decontamir 
nation factor, or DF. DF is defined as the ratio of the actual contamination level 
to the desired or allowable level. The model used in this analysis considers five 
DF levels: 

Level DF Range 
DF < 1 

1 < DF < DF1 . 

DF1 < DF2 

DF2 < DF < DF3 

- 1 

2 

3 

4 

5 DF > DF3 

- 

- 
- 

where values selected for DF1, DF2, and DF3 are assigned by the analyst. 

The contamination level and a DF value for each cell are computed based on the 
total amount of material deposited in the cell during cloud passage, the total area 
of the cell covered by the cloud at its maximum extent in the cell, and the allow- 
able residual contamination level. Streets and open areas are considered sepa- 
rately from buildings because a considerable amount of material may be captured in 
air conditioning system filters, precipitators, and cooling coils. This scavenging 
effect is accounted for using the building dose factor (BDF), introduced in the 
dispersion analysis in the computation of building decontamination factor (Appendix 
C). 

Some typical values for residual contamination level together with the values for 
DF1 through DF3 selected for the present analysis are given in Table K-1. 

K3. Cost Models 

K 3 . 1  Immediate On-Scene Cost Evaluation 

The costs of immediate emergency response can be broken down into three parts: 

1. Salaries of emergency response personnel 
2. Costs of emergency response vehicles 

3. Costs of continued security once immediate on-scene actions have been 
taken 

Reference 1 indicates that a typical salary is $7.25 per hour for a police officer 
and $7.55 per hour for a firefighter. Average loaded salaries are assumed to be 
double these. 

It is assumed that a single police vehicle (2  officers) responds to a severity I 
accident and remains at the scene for the entire accident delay time of 1/2  hour. 
For severities I1 through IV, the following response force is assumed: 

A single police vehicle ( 2  officers) 

One rescue vehicle ( 3  paramedics) 

One ambulance ( 2  attendants) 

One engine company consisting of 2 fire trucks (10 firefighters) 
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Table K-1 

Values for Residual Decontamination 
Level and Assumed Decontamination Factors for Current Analysis 

A. Residual Level Tabulation 

Proposed Level 
(pci/m2) 

12 

0.0016 

0.02 

0.08 

0.3-30 

0.02 

0.003-0.01 

B. DF Levels Selected 

DF Parameters 

DF 1 

DF2 

DF3 

Firefighting personnel 

Comments Source (Reference No.) 

EPA level 7 

Most a emitters 11 

Radioiodines; Sr-90 

A1 1 rad i onuc 1 ides 
except a emitters, 
radioiodines, and 
Sr-90 

Palomares, Spain, 
actual cleanup levels 
(plutonium) 

DOT vehicle contami- 
nation limit 
(plutonium) 

Urban area proposed 
guidelines (plutonium) 

for Current Analysis 

Value Assigned 

2.0 

11 

11 

12 

11 

11 

20.0 

40.0 

are assumed to remain at the accident scene for 1 hour. 
Police officers are assumed to remain on the scene for the entire accident delay 
time (time over 1 hour is  considered as cost of continued security). 

In extremely severe accidents (severities V through VIII), where the uncontrolled 
fire duration may be greater than 2 hours, it is assumed that two engine companies 
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and two police vehicles would respond. Firefighting personnel are assumed to re- 
main at the accident scene for a maximum of 2 hours; rescue and ambulance personnel 
are assumed for 1.hour. Police officers are assumed to be involved in immediate 
emergency response for 2 hours and to remain for continued security through the 
entire accident delay time with a shift change assumed after the first 8 hours. 
Salaries for immediate emergency response personnel as well as estimated costs for 
continued security are listed in Table K - 2 ,  columns 3 and 4 .  

Costs for typical emergency vehicles for metropolitan police and firefighting 
personnel are estimated as below. 2 

A new police vehicle costs approximately $6000, and the lifetime cost of operating 
the vehicle including depreciation, repairs, and maintenance is about $0.25 per 
mile. For firefighting equipment analogous values are 

Ladder truck: $31/calll, these form an engine company 
Pumper truck: $27/calll - 
Rescue vehicle/ambulance: $87/~a11.~ 

The costs of emergency vehicles for the response to an accident and overall totals 
for each accident severity are given in Table K - 2 ,  column 5. 

K 3 . 2  Cleanuu and Recovery Costs 

Once the accident scene is secure, immediate hazards have been identified, and 
injured personnel attended to; monitoring and recovery must begin, the area must be 
cleaned up, the radioactive material recovered, and the area returned to normal 
use. A s  shown in Table K - 2 ,  column 6 ,  health physics personnel and other workers 
are required. A s  the accident severity increases, the requirements for cleanup and 
monitoring also increase as shown. 

Column 7 of Table K-2 summarizes the total on-scene costs for accidents of various 
severities. These costs are computed for all affected cells, regardless of the DF 
value. 

K 3 . 3  Survey Cost Evaluation 

A survey to determine the extent and hazard of contamination beyond the immediate 
vicinity of the accident will be conducted by health physics technicians. The 
expense incurred during this survey depends on the area surveyed, how quickly the 
technician works, and the technician's loaded salary. These latter two are model 
parameters and can be modified as desired by the analyst. It is assumed that the 
area to be surveyed includes all downwind cells affected by the cloud. Since 
personnel will probably be conservative in choosing their starting point for their 
pre-cleanup and prerelease surveys, it is further assumed that all horizontal areas 
in each cell, including streets, open areas, and all floors of all buildings will 
also be surveyed. This "total cell horizontal area" can be expressed as shown in 
Equation 1. 

(1 )  1 Total cell street a1 building 
horizontal 
area 
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n 

TABLE K-2 

On-Scene Cost Summary 

cost of 
Accident Delay Immediate Continued Emergency 
Severity Time Emergency Security Past Vehicles for 
Category (hours) Response Costs (Occurrence) Indicated Times 

I 0.5 $14.50 (2 officers 0 $5 (1 police 
veh. 1/2 hour each) vehicle) 

I1 1 255.50 0 $203 (1 police 
vehicle, 1 fire 
co., 1 rescue 
vehicle, 1 
ambulance) 

111 2 

IV 4 

V 8 

VI 12 

V I 1  18 

VI11 24 

255.50 

255.50 

755.00 

755. bo 

755.00 

755.00 

$29 (2 offi- $203 (1 police 
cers/l h) vehicle, 1 fire 

co., 1 rescue 
vehicle, 1 
ambulance) 

$87 (2 offi- $203 (1 police 
cers/3 h) vehicle, 1 fire 

c o . ,  1 rescue 
vehicle, 1 
ambulance) 

$348 (4 offi- $406 (2 police 
cers/6 h) vehicles, 2 

fire CO., 
2 rescue vehi- 
cles, 2 
ambulances) 

$580 (4 offi- $416 (4 police 
cers/lO h) vehicles, 2 

fire co., 2 
rescue vehicles, 
2 ambulances) 

$928 (4 offi- $426 (6 police 
cers/l6 h) vehicles, 2 

fire co., 2 
rescile vehicles, 
2 ambulances) 

$1276 (4 $436 (8 police 
officers/ vehicles, 2 
22 h) fire co., 2 res- 

cue vehiCles, 
2 ambulances) 

cost of 
Recovery 

h Monitoring 
Personnel 

$10 (1 moni- 
tor/l h) 

$10 (1 moni- 
tor/l h )  

$45 (2 moni- 

laborers/l h) 
tOKS, 5 

$135 (2 moni- 
tors, 5 
laborers/3 h) 

$390 (3 moni- 

laborers/6 h) 
tors, 7 

$900 (4 moni- 

laborers/l6 h) 
tors, 10 

$1404 (4 moni- 

laborers/lO h) 
tors, 10 

$1980 (4 moni- 
tors, 10. 
laborers/22 h )  

Totals 

$ 29.50 

468.50 

532.50 

680.50 

1899.00 

2651.00 

3549.00 

4447.00 
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2 If A = cell area in m , then 

[total cell1 
A )  + f o  A) i- [ ( I  - (fst + fo)> 1 area 

L J n e  A ]  

where 

fst = fraction of cell area occupied by streets 

f = fraction of cell area occupied by open areas 
0 

n = number of floors of buildings affected 

The expression can be simplified to yield 

+ fo) (1  - n> + nl [(fst horizontal = A I area J 
Thus, the total survey cost is approximated by 

( 3 )  

where 

z = summation variable over cells in grid 

P = number of cells in grid with nonzero atmospheric 
dilution factors 

HPS = loaded salary for health physics technicians ($/h) 
2 SR = survey rate (m /h) 

If the value for street DF is < 1 in any affected cell, no survey costs are included 
for that cell. 

- 

K3.4 Street CleanuD Costs -- Lone Half-Life Material 
The model assumes one of two basic cleanup procedures for areas covered by pavement 
and/or sidewalk: for relatively low contamination levels, hosing and/or sandblast- 
ing may be sufficient; for higher levels, pavement would probably be removed and 
replaced. 

If the street cleanup cost values from the SL-1 research reactor incident in Idaho 
are typical, a cleanup cost of about $4/m2 can be inferred. 
contractors indicates that repaving costs would be approximately $2. 50/m2, including 
$1.20/m2 for removal of old asphalt. 
variable and can be adjusted by multiplying the contaminated area by the cost per 
unit area : 

Contact with paving 

This average value assumed by the model is a 
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fst Vst (street cleanup cost) = A Y 

where 

Y = fraction of cell area covered by cloud 

vst = cost for street cleanup ($/m2) 

It should be noted that this estimate does not include costs associated with atten- 
dant business and traffic disruption. 

K3.5 

Building cleanup costs depend on four factors: 

Building Cleanup Costs -- Long Half-Life Material 

1. Height of the buildings 
2. Building usage (commercial/industrial or residential) 
3. Population density 
4.  Contamination level 

Costs to clean up parks and other public areas are also included in this portion of 
the analysis. 

Affected cells are initially classified as either principally commercial/ industrial 
or principally residential. If they are commercial/industrial, the cost estimate 
equation takes this form: 

where 

PD3 = population density in time span 3 (morning work period) 

PD1 = population density in time span 1 (nighttime) 

VB = building cleanup cost ( $  per capita) 

V = park and public area cleanup cost ( $  per capita) 
P 

Since the term PD refers to people in buildings, the fraction of area occupied by 
buildings is not required. 
the cell since VB depends on worker population. V is dependent only on the resi- 
dent population, so the applicable population density term is PD 1' 
for building cleanup for commerical / industrial cells is assumed to be independent 
of building height. 

The term (PD3 - PD1) describes the number of workers in 
P The calculations 

If the cell is principally residential, three building heights are evaluated: 1 and 
2 floors; 3, 4 ,  or 5 floors; and 6 or  more floors. The general form of the cost 
expression is the same in all three cases: 

building 
cleanup 
cost 
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A s  discussed in Section K2, there are four DF levels of interest. For DF > DF3, 
other assumptions are made. At the fourth level, the cleanup technique is assumed 
to be the same as in the third except that it is performed twice and a radiation 
survey is included between the two cleanup cycles to assess the success of the 
operation. Thus, the form of the equation becomes 

fb n ( 8 )  HP S 2) +- Vp] + - SR 
building 
cleanup = A y PD1 [(V, [ cost 1 

Note that, because the park cleanup technique is turf removal and replacement, its 
cost is not doubled. 
with the modification that only building areas are assumed to be surveyed. 

The survey cost format is similar to that given in Equation 4 

If buildings use central air-conditioning. systems, a substantial amount of the 
radioactive material may be trapped in filters. These filters would have to be 
removed and disposed of as contaminated waste and new filters would have to be 
installed. It is assumed that approximately 1 hour per filter is  required for 
removal, bagging, monitoring, and reinstallation. If heavy contamination is present 
requiring extensive ductwork cleanup (i.e., DF2 < DF < DF3), two change-out cycles 
are assumed, whereas one change-out is considered sufficient in less contaminated 
areas. 

K3.6 Evacuation Costs -- Lone: Half-Life Material 

Expense incurred as a result of evacuation has three components: lodging and travel 
expense, personal income loss for affected workers for the period of the evacuation, 
and corporate income loss. The baseline cost expression for evacuation is given by 

where 

Ve = evacuation cost ( $  per capita) 

vPI = personal income loss ( $  per person) 

VcI = corporate income l o s s  ( $  per worker) 

Because the evacuation is assumed to last a minimum of 10 days, personal and cor- 
porate income losses are figured on that basis. 

A s  the required level of cleanup increases, so does the period of assumed evacua- 
tion. For example, when the DF goes from 1 < DF < DF1 to DF1 < DF < DF2, the cost 
doubles; and when the DF goes from DF1 < DF - < DF2-to DF2 < DF - < DF37 the cost 
doubles again. 

K3.7 Lona-Term or Permanent Land-Use Denial -- Lone: Half-Life Materials 

Under certain conditions, civic authorities may decide that the use of an area must 
be denied entirely. If this should happen, the economic impact has four components: 
land use costs, moving costs (personal and business), personal income loss, and 
corporate income loss. 
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Land-use costs are assumed to include the cost of property taxes (at 3 % )  and the 
interest (at 9%) which could be earned if the money tied up in land were available 
for other investments. Personal income loss is predicated on relocation and reem- 
ployment after 90 days; corporate losses assume a "dead" period of 180 days. The 
period of land-use denial is assumed t o  be seven half lives or 50 years, whichever 
is less. The general form of the cost expression, based on information from Refer- 
ence 4 ,  is given by 

1 = y A PD1 vL (1 - [exp(-o.l2 365 t1/2)1 . land use 
denial cost 

0.3 + 0.3exp -0.12 365 

where 

VL = assumed purchase value of land ( $  per capita) 

= radionuclide half life (days) , 5 / 2  
VMI = individual moving cost ( $  per capita) 

VMB = business and government agencies moving cost ( $  per-capita) 

The factor of 0.3 is the assumed ratio of the value of improvements to the total 
value of the property. 

K3.8 Security Costs 

If an area is evacuated for any period of time, security will be required to prevent 
looting, vandalism, and spread of contamination. 
contaminated area to be secured is given by 

The total perimeter of the 

= 4 JCAFXA yDF 1 (11) 

where CAREA = cell area. 

It is further assumed that one guard can effectively patrol a 1/4-mile 
(402-metre) section, that three full shifts will be required per day, and 
that each shift will include at least one supervisor. Thus, the number of 
security personnel required per shift is given by 

No. of security 4 JCAREA 
YDF + 1 (12) 402 personnel 

per shift 

By assigning a number of days appropriate to the evacuation and loaded 
salaries for security force personnel, the total security cost can be 
computed . 
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If permanent land-use denial is assumed, the security must be long-term. 
In this case, it is assumed that a 6-foot chainlink fence is erected around 
the area and that a 24-hour security force of four guards is assigned for 
either seven radioactive half lives or 20 years, whichever is less. 

K3.9 Modifications for Short Half-Life Materials 

Short half-life materials may have hazard times of more than 10 days or 
less than 10 days. In this context, !'hazard time" is defined as seven half 
lives, i.e., the time in which more than 99% of the original material will 
have decayed. 

If the material has a hazard time of less than 10 days and if the residual 
contamination after 10 days is less than the selected cleanup level, it is 
assumed that the material will be left to decay (see K1.2). Under these 
circumstances, building cleanup costs, street cleanup costs, and land-use 
denial costs are set to zero. In addition, the low-level contaminated area 
( 1  < DF < DF1) is assumed to be nonresidential. Because evacuation time 
may vary-in this approach, evacuation costs are multiplied by a factor of 
7 x t1/2 /lo. 

If the material has a hazard time greater than 10 days or if 10 days of 
radioactive decay does not reduce the .level sufficiently, the procedure 
outlined for long half-life materials are followed with the following 
exceptions: 

N o  land-use denial is assumed. 
All evacuation costs are multiplied by 7 x t / l o .  1/2 

K4. Economic Risk Calculation 

Once total costs are computed for each accident, they are combined with 
their probability of occurrence. The results are summed over all cells on 
each route, all accident severity categories, and all transported radio- 
nuclides to give economic risk. 

# isotopes #severities #cells . 
j=1 k=l ,j,k 

c economic = 

i=l [ risk ] 

K5. Summary 

Figure K-1 shows the basic calculated flow path with the economic impact 
assessment model. Table K-3 shows the required parameters and the values 
assumed for the current evaluation. Those items with an asterisk in column 
5 are model variables and can be modified to suit other analyses as de- 
sired. Principal modeling assumptions are outlined in the table. 
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Figure K-1. Calculational Flow Diagram for Economic Impact Assessment 
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Parameter 

Acceptable cleanup 
level 

Upper limit of 
lightly contaminated 
regime 

Lower limit of 
modera.tely contami- 
nated regime 

Upper limit of 
moderately contami- 
nated regime 

Loaded salary for 
health physics 
technician 

Survey rate 

Half-life check value 

Cost for street 
cleanup 

DF Range 

NA 

, NA 

NA 

NA 

NA 

NA 

NA 

<DF<DF 1 

1 <DF<DF 1 Cost for building - 
cleanup 

General Technique 

NA 

NA 

NA 

NA 

Table K-3 

Economic Cost Parameter Summary 

NA 

Hand-carried 
radiac equip. 

. NA 

SandblastfVl 
firehose 

Replace lawn/ 
firehose roofs 
and pavement 

Symbol 

CULVL 

DF 1 

DF 2 

DF 3 

HP S 

SR 

HLCKVAL 

v2 

Value 
Chosen* Comments 

0.2* 

2 

20 

40 

9 $/h* 

60-120* 
m2/h 

180 
days* 

4.38 
$/S * 

506 $1 
capita* 

EPA proposed 

Some data 
available 

Some data 
available 

Models assumes 
techniques for 
DF=20 done twice 

$20,00O/yr (270 
8-h days) (1979 
salary information) 

Higher values 
for - , lower 
f OK 

Threshold for 
long-lived 
radionuclides 

SL-1 accidents 
data (from 1961 
data) 

1, 2 story 
residential 
buildings 
(from 1974 
data) 

*All cost values in 1979 dollars assuming the following compound inflation rates: 196C-1965: 
1.25%; 1965-1970: 4.24%; 1970-1975: 6.75%; 1975-current: 7.51%. 

Reference 

7 

5 

5 

- 

8 

8 

- 

4 

5, Table 
v1,a .2,3 



Table K-3 (Continued) 

Parameters 

Cost for building 
cleanup 

Cost for building 
cleanup 

Cost for building 
cleanup 

Cost for parklopen 
area cleanup 

Evacuation cost 

Individual income 
loss 

Corporate income 
loss 

Cost for street 
cleanup 

Cost for building 
cleanup 

Cost for building 
cleanup 

DF Range 

1 <DF<DF 1 

1 <DF<DF 1 

1 <DF<DF 1 

1 - <DF<DF 1 

NA 

NA 

NA 

DFl<DF<DF3 - 

DF 1<DF<DF2 - 

DFl(DFLDF2 

Value 
Comments General Technique Symbol Chosen* 

Replace lawn/ v3 44 $1 3,4,4-story 
firehose roof 8 capita* residential 
and pavement buildings (from 

1974 data) 

Replace lawn/ v4 22 $1 6 floors or 
firehose roofs capita" more (from 
and pavement 1974 data) 

Not specified v5 31 $1 Commercial 
capita* (from 1974 

data) 

Not specified V6 101 $/ (from 1974 
capita* data) 

NA v7 200 $1 10-day evacua- 
capita* tion (from 1974 

data) 

NA V8 718 $1 10-day evacua- 
capita tion (from 

1974 data) 

NA v9 76 $1 10-day evacua- 
capita tion (from 

1974 data) 

Replace pave- v10 2472 (1979 data) 

Not specified v11 1607 $1 1,2-~tory 

buildings 
(from 1974 
data) 

ment $ /m 

capita residential 

Ref e renc e 

5, Table 
VI,R. 2,3 

5, Table 
VI, R. 2,3 

5, Table 
VI, R. 2-7 

5, Table 
VI, &. 2-7 

5 Table 
VI, R. 2-9 

5, Table 
12.4.2.2 

5 
12.4.2.2 

4 

5 
12.4.1.2 

Not specified v12 441 $1 3,4,5-story 5 
capita" residential 12.4.1.2 

buildings (from 
1974 data) 

*All cost values in 1979 dollars assuming the following compound inflation rates: 1960-1965: 
1.25%; 1965-1970: 4.24%; 1970-1975: 6.75%; 1975-current: 7.51%. 



Tab le  K-3 ( C o n t i n u e d )  

Value  
P a r a m e t e r s  DF Range G e n e r a l  Technique  Symbol Chosen* Comments 

Cost f o r  b u i l d i n g  DFl(DFLDF2 Not s p e c i f i e d  V13 205 $1 6 - s t o r y  
c i e a n u p  c a p i t a *  r e s i d e n t i a l  

b u i l d i n g s  
( f rom 1974 d a t a )  

Cos t  f o r  b u i l d i n g  DFl<DF<DF2 Not s p e c i f i e d  V14 462 $1 Commercial 
c l e a n u p  c a p i t a *  ( f rom 1974 d a t a )  

R e f e r e n c e  

5,  Table  
12.4.1.2 

5,  T a b l e  
VR.2.7 

Cost f o r  p a r k s /  DFl<DF<DF3 Rep lace  t u r f  
open  area c l e a n u p  

VI 5 673  $1 ( f rom 1974 d a t a )  
c a p i t a "  

V16 24 ,965  ( f rom 1974 d a t a )  
$ / c a p i t a *  

V17 587 $1 ( f rom 1974 d a t a )  
c a p i t a *  

VI8 690 $1 ( f r o m  1974 d a t a )  
c a p i t a "  

V19 5.80 ( f r o m  1977 d a t a )  
S/h* 

5 ,  Tab le  
V i .  2-7 

Land v a l u e  NA NA 5 ,  Tab le  
V I ,  12-9 

5 ,  Sec. 
12.4 

Moving expense-  
p e o p l e  

Moving. expense-  
a g e n c i e s  

S e c u r i t y  gua rd  
loaded  s a l a r y  

NA NA 

NA NA 5 ,  Sec. 
12.4 

NA NA 6 

Fenc ing  c o s t s  NA NA v20 9.80 6 f t  c h a i n l i n k  
$ /m* f e n c e  i n s t a l l e d  

(1979 d a t a )  

9 

F i 1 t er " d e n s i t y  " NA NA 
L FA 0.02* f i l t e r s l m  

(1979 d a t a )  
10 

F i l t e r  c o s t  NA NA v2 1 20 $1 $10 p e r  o i l e d  20x 10 
f i l t e r "  20x2 i n .  m e t a l  f i l -  

117 17-323, 7 17-327);  
t e r ,  (SLA s t o c k  

$10 l a b o r  c h a r g e  
f o r  i n s t a l l a t i o n  
(1979 d a t a )  

* A l l  c o s t  v a l u e s  i n  1979 d o l l a r s  a s suming  t h e  f o l l o w i n g  compound i n f l a t i o n  ra tes :  1960-1965: 
1 .25%;  1965-1970: 4 .24%;  1970-1975: 6 .75%;  1 9 7 5 - c u r r e n t :  7 .51%.  
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SOCIAL IMPACTS 

L1.  Background 

This appendix summarizes a report on social impacts resulting from the 
transportation of radioactive materials through urban environments." 
Social impacts are defined as significant changes in the conditions of 
daily life that can be attributed to specific events. These social 
impacts are identified by retrospectively examining representative cases 
and reviewing selections from the theoretical and the technical 
literatures on social impacts. The likelihood of social impacts 
occurring in the future are assessed on the basis of observed impacts to 
date. 

L 2 .  Framework for Analysis 

This study analyzes five categories of social impacts resulting from four 
transportation events (causative events). The causative events are 
(1) incident-free transportation, in which nothing unusual happens to the 
radioactive package or transportation vehicle; (2) vehicular accidents; 
( 3 )  human errors and deviation from accepted quality assurance practices; 
and ( 4 )  malevolent acts, such as sabotage or theft. 

The social impact categories include: (1) psychological impacts, defined 
as psychological distress and changes in an individual's beliefs, 
attitudes, and behavior; ( 2 )  sociological impacts, defined as changes or 
attempted changes in social structure, the organization of social life, 
and collective behavior; ( 3 )  political impacts, defined as changes or  
attempted changes in those activities by which opposing viewpoints are 
reconciled, including both governmental politics and interest group 
activity; (4) legal impacts, defined as changes or attempted changes in 
statutes, regulations, and adjudicatory decisions; and ( 5 )  organizational 
impacts, defined as changes in organizations with respect to their 
existence, structure, procedures, and capabilities. These impact 
categories are not mutually exclusive. Economic impacts were not 
included in this definition of social impacts, except as they indirectly 
affect the five impact categories. 

Causative events and social impacts are analyzed within the urban 
environment, which is composed of local social and physical attributes as 
well as links to people and institutions outside the impacted community. 
The impact process is continuous as people and institutions adapt to the 
changes induced by the causative event. Social impacts are defined in 

*This appendix is the executive summary to a report entitled 
"Identification and Assessment of the Social Impacts of Transportation of 
Radioactive Materials in Urban Environments," prepared by Battelle Human 
Affairs Research Centers, December, 1979. Detailed references are 
available in this larger document. 
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each of the five impact categories as the difference between pre-impact 
baseline conditions and post-impact conditions less changes due to 
factors not associated with the causative event. 

L3. Data and Methods 

Social impact analysis of radioactive materials transportation is a new 
undertaking. Standard methods used in socioeconomic impact assessments 
have been modified to fit the needs of this study. Data and methods 
include 

1. 

2. 

3.  

4 .  

5 .  

6 .  

7 .  

8 .  

L4. 

An evaluation of public opinion surveys regarding nuclear power. 

Reviews of selected literature on social impact assessment 
methodologies, community decision making processes, including public 
participation in urban political processes, and individual community 
responses to natural disasters. 

An analysis of selected case studies. 

Telephone interviews with officials and citizens who were involved 
in or were knowledgeable about selected transportation events. 

Legal analysis involving a review of statutes, regulations and 
adjudicatory decisions pertaining to radioactive materials 
transportation. 

Compilation and review of organizational procedures and emergency 
response plans for dealing with these transport events. 

Reference to other types of events as analogies to help fill in gaps 
in the data. 

Informed judgment in the assessment of the significance of social 
impacts, their likelihood of occurrence given similar events in the 
future, and the consequences for urban social life and nuclear 
transportation policy if the impact does occur. 

Findings 

The findings of this study are presented below, by category of social 
impact for each of the four causative events. 

L4.1 Incident-Free Transportation 

The purpose of this section is to discuss the present baseline conditions 
with respect to the five impact categories. If a present condition is 
clearly due to anticipation of or response to a vehicular accident, a 
human error, or a malevolent act, then it will be discussed in the 
section dealing with that event category. Where causality is unclear, 
the baseline condition will be discussed in this section. 



Psychological Impacts 

The urban public generally is not knowledgeable about the transportation 
of radioactive materials, in part because there have not been any serious 
incidents to date. Routine transportation results in a low level of 
media coverage and public awareness. 
believes that the transportation of nuclear wastes is very dangerous, but 
probably does not hold the attitude that nuclear waste transportation or 
other radioactive materials transportation should be banned in urban 
areas. Transportation of radioactive materials for medical purposes 
appears to be acceptable to almost everyone. In summary, incident-free 
transportation has not caused significant psychological impacts. 

A majority of the general public 

'Sociological Impacts 

Most collective response in opposition to incident-free transportation 
reflects a concern that is grounded in the history of the environmental 
movement and is closely allied with antinuclear sentiment. Responses to 
date have focused on the role of transportation in waste disposal and 
further power generation, rather than on the safety of transportation 
per se. Most collective response from groups supporting continued 
transportation reflects a belief in the fundamental safety and usefulness 
of such transportation for the nuclear industry. 
that transportation has become an issue of concern primarily to existing 
interest groups, although a few new groups have formed in response to 
incident-free transportation. This small number of new groups includes 
both those in support of and in opposition to continued transportation. 
There is little evidence to suggest that the interest or membership of 
existing groups is changing as a result of adopting transportation as an 
issue. 

The evidence suggests 

Political Impacts 

Few political impacts have been generated solely by incident-free 
transportation of radioactive materials. Electoral politics, including 
elections, initiatives, referenda, or  recalls, have not been impacted by 
incident-free transportation. There has been some impact on the 
nonelectoral process, including increased city council and state 
government inquiry into regulating radioactive materials transportation. 

Legal Impacts 

Perhaps the most important legal impact from incident-free transportation 
has been the passage of laws by states and local governments for the 
purpose of regulating nuclear transportation. Some of these regulations 
pertain to issues that are relevant to incident-free transportation, such 
as  advance notification, records and manifests, and registration. Other 
regulations, of course, pertain to other causative events, such as 
regulations regarding safeguarding of certain shipments, accident 
notifaction, accident and emergency procedures ?nd financial liability. 
Seven states now have statutes that restrict routing. 
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An additional legal impact is uncertainty regarding the question of 
whether federal authority preempts some or all state and local 
restrictions on transportation. Recent court decisions holding that the 
Atomic Energy Act of 1954 preempts certain California and New York 
restrictions on fixed nuclear facilities, coupled with Nuclear Regulatory 
Commission (NRC) and Department of Transportation (DOT) routing 
requirements, point strongly to federal preemption of at least some state 
and local transportation restrictions. Because the exertion of control 
by states and localities has been a major outlet for their concerns about 
the adequacy of federal standards and procedures, preemption could force 
this concern into other political channels unless accompanied by measures 
that enhance confidence in federal standards and procedures. On the 
other hand, without definitive legislative or judical resolution of the 
preemption issue, states and localities are likely to continue to enact 
transport restrictions. 

Organizational Impacts 

Urban transportation has resulted in few impacts on the federal 
regulatory structure except for those required to implement routing 
restrictions. At the state and local level, the passage of statutes and 
ordinances mentioned above has in turn resulted in organizational 
impacts. First, these statutes and ordinances have created new 
organizations or given new responsibilities to existing organizations for 
the regulation of incident-free transportation. Second, these laws have 
resulted in the development of procedures such as permitting systems. 
Third, legislative developments have resulted in the acquisition of 
capabilities in the form of trained personnel and budgetary resources for 
the promulgation and enforcement of regulatory requirements. 

L4.2 Vehicular Accidents 

Psychological Impacts 

An analysis of impacts due to accidents must account for the fact that, 
of the millions of individual shipments that have taken place over the 
last decade, only a handful of accidents have occurred. 
radioactive release and contamination, the effects have been small, and 
no one has been killed or seriously injured. Yet, in reacting to a 
vehicular accident people are also reacting in part to the possibility of 
a more serious accident in the future. Accidents are more likely than 
incident-free transportation or human error to cause psychological 
impacts because of the potential for future consequences from an 
accident. These impacts are influenced both by media treatment and by 
the actual seriousness of the accident. The greatest potential effects 
from a serious accident involve changed beliefs and attitudes on the part 
of the uncommitted general public. The relatively minor accidents that 
have occurred have likely tended to reinforce the existing beliefs and 
attitudes of both the antinuclear and pronuclear members of the general 
public concerning nuclear power in general and transportation in 
particular. 

In terms of 
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A s e r i o u s  a c c i d e n t  r e s u l t i n g  i n  dea ths  or contaminat ion of  people o r  
p rope r ty  i n  dense ly  populated p a r t s  of a c i t y  could produce s u b s t a n t i a l  
psychologica l  impacts .  These e f f e c t s  would probably be  g r e a t e r  than 
t h o s e  t h a t  would r e s u l t  from a nonnuclear  hazardous materials 
t r a n s p o r t a t i o n  a c c i d e n t  of equ iva len t  magnitude, given a g e n e r a l l y  
g r e a t e r  p u b l i c  apprehension r ega rd ing  n u c l e a r  m a t e r i a l s  compared t o  o t h e r  
hazardous m a t e r i a l s .  B e l i e f s  about t h e  s a f e t y  of r a d i o a c t i v e  m a t e r i a l s  
t r a n s p o r t  and a t t i t u d e s  about  banning such t r a n s p o r t  would l i k e l y  change 
s i g n i f i c a n t l y  i n  t h e  l o c a l  community. B e l i e f  and a t t i t u d e  change would 
a l s o  be  expec ted ,  a l though t o  a l e s s e r  degree ,  f o r  those  n o t  r e s i d i n g  i n  
t h e  l o c a l  community. Psychologica l  d i s t r e s s  would a l s o  l i k e l y  occur  t o  
anyone who might have been contaminated.  A s e r i o u s  a c c i d e n t  would 
provide  t h e  behav io ra l  mot iva t ion  f o r  g r e a t e r  s o c i o l o g i c a l ,  p o l i t i c a l ,  
l e g a l  and o r g a n i z a t i o n a l  impacts than have occurred  t o  d a t e .  This  
conclus ion  i s  s p e c u l a t i v e ,  given t h e  l ack  of such nuc lea r  a c c i d e n t s  and a 
l a r g e  range  of  v a r i a t i o n  i n  p u b l i c  response t o  o t h e r  hazardous m a t e r i a l s  
a c c i d e n t s  . 

S o c i o l o g i c a l  I m p a c t s  

S o c i o l o g i c a l  impacts depend on popula t ion  d e n s i t y ,  s e v e r i t y  of 
consequences,  and media t r ea tmen t  of t h e  f a c t s  and a s s o c i a t e d  i s s u e s .  
Some d a t a  a r e  a v a i l a b l e  r ega rd ing  a f a i r l y  broad range of urban groups 
t h a t  have been observed t o  a c t i v e l y  respond t o  a c c i d e n t s .  Even though an 
a c c i d e n t  may t a k e  p l ace  o u t s i d e  t h e  c i t y ,  organized groups tend t o  be 
based i n  c i t i e s .  Thus,  impacts i n  t h e  form of a l t e r e d  group behavior  a r e  
l a r g e l y  an urban phenomenon. 
t h e  o r g a n i z a t i o n  of s o c i a l  l i f e  i n  urban communities; popu la t ion  
composi t ion of r e s i d e n t i a l  neighborhoods i n  which a c c i d e n t s  have occurred  
has  remained s t a b l e .  

N o  impacts have been observed t o  d a t e  on 

I f  a s e r i o u s  a c c i d e n t  r e s u l t e d  i n  a r e l e a s e  of r a d i o a c t i v i t y ,  s o c i a l  
o r g a n i z a t i o n  might be d i s r u p t e d .  For  example, r a p i d  evacuat ion  might 
occur ,  and t h e r e  would l i k e l y  be  a temporary d i s r u p t i o n  of some pub l i c  
s e r v i c e s ,  such as educa t ion  and s o m e  medical  s e r v i c e s .  Bus inesses  i n  t h e  
immediate v i c i n i t y  would l i k e l y  c l o s e  a t  l e a s t  t empora r i ly ,  wi th  p o s s i b l e  
long-term e f f e c t s  f o r  t h e  l o c a l  economy. However, evidence from 
community response  t o  n a t u r a l  d i s a s t e r s  sugges t s  t h a t  t h e  a c c i d e n t  
i n i t i a l l y  might h e l p  u n i t e  t h e  community t o  d e a l  w i th  t h e  problem. 
Soc ia l  o r d e r  would depend i n  l a r g e  p a r t  on t h e  c a p a b i l i t y  of government 
and p r i v a t e  groups t o  e f f e c t i v e l y  d e a l  w i th  t h e  acc iden t  and i t s  human 
consequences.  A s p e c i a l  d i f f i c u l t y  i n  d e a l i n g  wi th  r a d i o a c t i v e  m a t e r i a l s  
i s  t h a t  of convinc ing  a p u b l i c ,  who m u s t  r e l y  on s t a t emen t s  made by 
o t h e r s ,  t h a t  any p o s s i b l e  longer  t e r m  dangers  a r e  under c o n t r o l ,  because 
t h e  p u b l i c  g e n e r a l l y  i s  n o t  aware of t h e  c a p a b i l i t y  or e f f i c a c y  of 
decontaminat ion t echno log ie s .  

P o l i t i c a l  Impacts 

P o l i t i c a l  response  has  been f a i r l y  r a p i d  fo l lowing  some a c c i d e n t s  and h a s  
been a s s o c i a t e d  most d i r e c t l y  wi th  concern for p u b l i c  s a f e t y ,  
c l a r i f i c a t i o n  of l i n e s  of r e s p o n s i b i l i t y  with r e s p e c t  t o  o r g a n i z a t i o n a l  
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r e sponse ,  and t h e  a c q u i s i t i o n  of p u b l i c  knowledge. P a r t i c i p a n t s  i n  t h e  
p o l i t i c a l  p rocess  u s e  v a r i o u s  s t r a t e g i e s  i n  a n t i c i p a t i o n  o r  i n  response  
t o  a c c i d e n t s ,  i n c l u d i n g  p e t i t i o n s ,  testimony a t  h e a r i n g s  and o t h e r  p u b l i c  
meet ings ,  demonst ra t ions ,  t h e  i n i t i a t i o n  and suppor t  of new l e g i s l a t i o n ,  
i n t e r e s t  group lobbying, and c o u r t  s u i t s .  These a c t i v i t i e s  occur  both i n  
o p p o s i t i o n  t o  and i n  suppor t  of cont inued  t r a n s p o r t .  Exper ience  sugges t s  
t h a t  t r a n s p o r t a t i o n  a c c i d e n t s  can a f f e c t  campaign issues and s t r a t e g i e s ,  
a s  w e l l  as cho ice  of c a n d i d a t e s .  I t  i s  r easonab le  t o  expec t  a n  inc reased  
number and i n t e n s i t y  of t h e s e  k i n d s  of p o l i t i c a l  impacts i f  more 
a c c i d e n t s  ( o r  a s e r i o u s  a c c i d e n t )  were t o  occur  i n  t h e  f u t u r e .  To d a t e ,  
however, p o l i t i c a l  impacts have been small and have occur red  mainly i n  
t h e  communities n e a r  t o  o r  i n  which t h e  a c c i d e n t  took  p l a c e .  Again, t h e  
media p l ays  a fo rma t ive  r o l e  i n  t h e  p o l i t i c a l  p rocess  by t h e i r  cho ice  of 
how t o  hand le  and p r e s e n t  i n fo rma t ion  about  i n c i d e n t s  of t h i s  type .  

Legal  Impacts 

The primary l e g a l  impacts of  t r a n s p o r t a t i o n  a c c i d e n t s  have been t h e  
passage  of s t a t e  s t a tu t e s  and l o c a l  o rd inances .  However, such l a w s  are 
r a r e l y  a t t r i b u t a b l e  s o l e l y  t o  t h e  occurrence  of a p a r t i c u l a r  i n c i d e n t  o r  
t o  t h e  a n t i c i p a t i o n  of  one.  Ra the r ,  l e g a l  a c t i v i t y  o r i g i n a t e s  i n  f a i r l y  
long-standing concern for broader  n u c l e a r  energy issues. 
occur rence  of an i n c i d e n t  c r e a t e s  a perce ived  need t o  a c t  soon and g i v e s  
proponents of l e g a l  change an issue t o  e x p l o i t .  

The a c t u a l  

The occur rence  of  v e h i c u l a r  a c c i d e n t s  i n  urban areas, compared t o  
a c c i d e n t s  i n  r u r a l  a r e a s ,  i s  e s p e c i a l l y  l i k e l y  t o  g i v e  r i se  t o  t h e  
passage  of  s ta tu tes  and o rd inances  because media coverage i s  more 
e x t e n s i v e ,  s p e c u l a t i o n  about  t h e  consequences had t h e  a c c i d e n t  been more 
s e r i o u s  a r e  e s p e c i a l l y  compel l ing ,  t h e  area immediately a f f e c t e d  c l o s e l y  
cor responds  t o  a p o l i t i c a l  j u r i s d i c t i o n  wi th  a u t h o r i t y  t o  a c t ,  and t h e  
c o n s t i t u e n c y  of  a c t i v i s t s  i n  t h i s  a r e a  is  p r i m a r i l y  urban. For t h e s e  
r easons  an a c c i d e n t  might a c t  as a p r e c i p i t a t i n g  even t  t h a t  se ts  i n  
motion l e g a l  responses  t h a t  may a l r e a d y  have been w e l l  formed b e f o r e  t h e  
actual.  even t .  

O r g a n i z a t i o n a l  Impacts 

I n  t h e  a r e a  of emergency r e sponse ,  ev idence  s u g g e s t s  t h a t  many c i t i e s  do 
n o t  have t h e i r  own emergency response  p l ans  i n  p l a c e  and m u s t  r e l y  on 
s t a t e  procedures .  Most formal procedures do no t  d i f f e r  wi th  r e s p e c t  t o  
the  d e n s i t y  of an area. 
an area must be handled on an ad hoc b a s i s .  
emergency response  i n  urban areas i s  very  d i f f i c u l t  t o  judge 
p r o s p e c t i v e l y  . 

Accordingly,  problems unique t o  t h e  urbanness of  
Thus, t h e  adequacy of 

Impacts t h a t  have occurred  as a r e s u l t  of  minor v e h i c u l a r  a c c i d e n t s  
i n c l u d e  s m a l l  ad jus tmen t s  t o  s t a t e  and l o c a l  emergency response  
c a p a b i l i t i e s ,  i n c l u d i n g  t r a i n i n g  programs, small procedura l  changes,  and 
t h e  purchase  of  new equipment. 
when an a c c i d e n t  r evea led  inadequac ies  i n  emergency r e sponse  prxxedures 
and c a p a b i l i t i e s .  An a c c i d e n t  w i t h  more s e r i o u s  consequences f o r  t h e  

These k inds  of impacts t y p i c a l l y  occurred  



urban p u b l i c  could  cause  more s u b s t a n t i a l  o r g a n i z a t i o n a l  impacts a t  t h e  
l o c a l ,  s t a t e ,  and f e d e r a l  l e v e l s .  Such major a c c i d e n t s  probably would 
i n d i c a t e  inadequac ies  i n  emergency preparedness  a t  t h e  c i t y  and s t a t e  
l e v e l s .  

L4.3 Human E r r o r s  and Dev ia t ions  from 
Accepted Q u a l i t y  Assurance P r a c t i c e s  

Psycho log ica l  Impacts 

Although t h e  m a j o r i t y  of i n c i d e n t s  r e p o r t e d  t o  t h e  DOT and t h e  NRC f a l l  
i n t o  t h i s  c a t e g o r y ,  t h e s e  even t s  r a r e l y  r e s u l t  i n  r a d i o a c t i v e  r e l e a s e  or 
contaminat ion .  As a r e s u l t  of t h e i r  r e l a t i v e l y  benign n a t u r e ,  they a l s o  
tend n o t  t o  be  brought t o  p u b l i c  a t t e n t i o n .  Thus, p sycho log ica l  impacts 
a s s o c i a t e d  wi th  human e r r o r  even t s  a s s o c i a t e d  wi th  t r a n s p o r t a t i o n  have 
been q u i t e  s m a l l .  I f  such even t s  became more numerous and r e c e i v e d  
widespread media coverage,  they could l ead  t o  t h e  b e l i e f  t h a t  t h e  human 
e r r o r  component of t r a n s p o r t a t i o n  i s  a s e r i o u s  a r e a  of concern t h a t  h a s  
n o t  been adequa te ly  addressed .  Evidence of  human e r r o r s  a t  f i x e d  
f a c i l i t i e s ,  such as those a s s o c i a t e d  w i t h  Three Mile I s l a n d ,  may l e a d  t o  
i n c r e a s e d  a t t e n t i o n  t o  human e r r o r s  i n  r a d i o a c t i v e  materials 
t r a n s p o r t a t i o n .  

S o c i o l o g i c a l  Impac t s  

There i s  no ev idence  t h a t  new groups have formed i n  r e sponse  t o  human 
e r r o r  i n c i d e n t s .  
s a f e t y  and proper  l a b e l i n g  and hand l ing  procedures .  

E x i s t i n g  groups have expressed  concern f o r  packaging 

P o l i t i c a l  Impacts 

P o l i t i c a l  impacts have inc luded  t h e  emergence of q u a l i t y  a s su rance  as a 
p o l i t i c a l  i s s u e  and inc reased  p r e s s u r e  f o r  s t r i c t  adherence t o  q u a l i t y  
a s su rance  p r a c t i c e s .  State  o f f i c i a l s  i n  s ta tes  w i t h  low-level w a s t e  
d i s p o s a l  f a c i l i t i e s  have t empora r i ly  o r  permanently c l o s e d  t h e  f a c i l i t i e s  
a t  l e a s t  p a r t i a l l y  i n  response  t o  d e v i a t i o n s  from accepted  q u a l i t y  
a s su rance  p r a c t i c e s  i n  t r a n s p o r t a t i o n .  Human e r r o r  problems could  become 
an e l e c t i o n  i s s u e  i f  an a c c e p t a b l e  approach t o  ensu r ing  t h e  q u a l i t y  of 
t r a n s p o r t  p rocedures  has  n o t  been p laced  conv inc ing ly  b e f o r e  t h e  p u b l i c  
and i f  t h e  cand ida te s  and t h e  media f e l t  such an i s s u e  warran ted  t h e i r  
a t  t e n t  ion .  

Legal  Impacts 

Legal impacts have inc luded  l a w s u i t s ,  m o d i f i c a t i o n  of  f e d e r a l  q u a l i t y  
a s su rance  r e g u l a t i o n ,  l i t i g a t i o n  invo lv ing  f e d e r a l  s t a n d a r d s ,  
congres s iona l  l e g i s l a t i o n ,  and l o c a l  o rd inances .  The p r i n c i p a l  l e g a l  
impacts of  d e v i a t i o n  from accep ted  q u a l i t y  a s su rance  p r a c t i c e s  are  
l a w s u i t s  i n i t i a t e d  by those  d i r e c t l y  a f f e c t e d .  Human e r r o r s  may l e a d  t o  
l a w s u i t s  by c a r r i e r s ,  c a r r i e r s '  employees, t h e  p u b l i c ,  o r  s t a t e  and l o c a l  
governments. Because who is  a f f e c t e d  does n o t  depend g r e a t l y  on whether 
t h e  i n c i d e n t  occur s  i n  urban o r  nonurban areas, t h e s e  impacts are n o t  
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likely to vary with the location of the incident. Deviations from 
accepted quality assurance practices are less likely than vehicular 
accidents to give rise to the passage of state statutes and local 
ordinances, although three states have temporarily banned or restricted 
shipments to low-level waste facilities due to failure to meet accepted 
quality assurance standards. This is because it is more difficult to 
give such incidents graphic media coverage and because the consequences 
of such incidents, except in the case of air transport, have not been 
significant to members of the general public. 

Organizational Impacts 

The establishment and enforcement of quality assurance standards are 
primarily the responsibility of the NRC and the DOT. 
these standards is the responsibility of carriers, licensees, and 
handlers. The organizational impacts from deviations from accepted 
quality assurance practices, whether occurring in urban or nonurban 
areas, appear to be slight. In general, past incidents have not prompted 
changes in organizational arrangements nor would future incidents be 
expected to do so.  Major organizational change usually depends on a 
clear demonstration of failure. 
assurance, such as a leaking container, do not lend themselves to such 
demonstration. In contrast to vehicular accidents or malevolent acts, 
the consequences are less visible, fewer agencies are involved in 
responding, and the potential for extensive media coverage is smaller. 
Also, since persons other than the shippers' or carriers' employees are 
less likely to be at risk, the outside constituency for change is likely 
to be smaller. However, the impacts of a deviation from quality 
assurance practices with large consequences are likely to be greater if 
the incident occurs in an urban rather than nonurban area. Accordingly, 
urban incidents are probably more likely than nonurban incidents to give 
rise to organizational impacts in the form of tighter standards and 
expanded capabilities for inspection and enforcement , including the 
possibility of expanded state roles. 

Conformity with 

Even significant deviations from quality 

L4.4 Malevolent Acts 

Psychological Impacts 

Because incidents of this type have been infrequent, data on which to 
judge social impacts are limited. Compared to other public concerns 
regarding nuclear power--such as reactor safety, waste management, and 
thermal pollution--proliferation, sabotage, and terrorism are not major 
nuclear power concerns of the public. Successful malevolent acts would 
likely change beliefs and attitudes regarding the adequacy 
safeguards and the vulnerability of transportation to such acts. 
Psychological impacts would strongly depend on the severity of the event 
consequences. Impacts would tend to be largest in urban, densely 
populated areas where the potential for harm is greatest. A terrorist 
threat to disperse radioactive material being shipped through a city 
would cause fear and possible panic. Radioactive materials in transit 
are probably believed by the public to be more vulnerable to malevolent 
acts than the same materials confined within a fixed facility. 



Sociological Impacts 

If a serious sabotage attempt were made, the impacts might include 
extensive group concern for public well-being, voluntary or supervised 
evacuation from a threatened area, the prospect of social disruption 
implied by that experience, and increased activist group demand for 
transportation security to prevent future occurrences. If dispersal of 
high-level materials in a highly urban area were- successful, the social 
disruption might continue from several weeks to several months while 
decontamination was occurring. Large economic costs might be incurred if 
the contaminated area had to be decontaminated to previous background 
radiation levels. 

Political Impacts 

The anticipation of sabotage events has caused political impacts in at 
least one election campaign. Further political issues and impacts from 
potential or  actual events are more likely to arise in the city where the 
event may occur or  has occurred, though there would probably be political 
repercussions in other urban areas as well. 
official reaction 'to the potentially disastrous consequences of a 
malevolent act involving transportation would likely be intense. 
Increased security and careful regulation would be a likely impact. 

Citizen group reaction and 

Legal Impacts 

Legal impacts, particularly with regard to NRC safeguards requirements 
involving spent fuel, have been in anticipation of malevolent acts. If 
such an act were successfully carried out, possible legal impacts might 
include more stringent federal safeguards requirements, express 
congressional authorization for the use of firearms by private guards, 
the provision of better escorts and protection for drivers and cargoes, 
and resolution of uncertainties concerning jurisdiction over acts of 
terrorism and sabotage and the scope of Price-Anderson coverage. It is 
a l s o  possible that the community or the s t a t e  i n  which such an event 
occurred would declare an outright ban on all shipments within its 
jurisdiction. 

Organizational Impacts 

Successful malevolent acts can be expected to expose the fragmentary 
nature of emergency preparedness that exists in many cities and states. 
Thus, the organizational impacts of a serious incident could include the 
clarification of current responsibilities for responding to malevolent 
acts and the possible creation of a federal guard force. As long as a 
major malevolent act has not occurred, activity to resolve ambiguities 
about responsibilities at the federal, state, and local levels are likely 
to proceed slowly. If such an incident occurs, pressures for 
rationalizing organizational responsibilities are likely to arise. 
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L5. Conclusions 

Findings from this study are summarized in Table L-1, and several broad 
conclusions have been drawn from then, as follows: 

1. 

2 ,  

3 .  

4. 

L-12 

The general public is more concerned with the potential health and 
safety consequences of a transportation incident than with the 
probability that such an incident will occur. Such concern helps 
explain public opposition to nuclear power and the transportation of 
radioactive materials. If transportation policy fails to account 
for public concern for the potential consequences of future 
incidents, social impacts will likely increase, and radioactive 
materials transportation will encounter increased resistance. 

The social impacts of nuclear transportation are different in some 
respects from the social impacts of fixed nuclear facilities. 
Although psychological and sociological impacts associated with 
fixed facilities are typically large for facilities sited in rural 
areas, such impacts have not been large for urban transportation. 
This is because transportation incidents have not caused serious 
physical consequences. Political and legal impacts associated with 
transportation have been more substantial than psychological and 
sociological impacts, though not very different compared with fixed 
facilities. State and local restrictions on radioactive materials 
transportation are particularly attractive to nuclear power 
opponents as a means of restricting the growth of nuclear power. 
Thus, local transportation restrictions can have important effects 
upon nuclear power development in many locations, including fixed 
facilities. 

For a given magnitude of physical consequences, nuclear materials 
transportation has greater social impacts than hazardous materials 
transportation generally. The general public is probably more 
concerned about radioactive materials transportation than other 
hazardous materials transportation, even though the physical 
consequences of nuclear materials transportation has been much 
less. In addition, radioactive materials have generated more 
organized political and legal attention than hazardous materials. 

Radioactive materials transportation through urban areas results in 
greater social impacts compared with transportation through other 
areas. Urban transportation, as opposed to transportation in rural 
areas, involves additional jurisdictions which may assert legal 
authority, additional agencies which may have roles to play in 
emergency response, and more people and groups whose attitudes, 
beliefs, and activities are affected. Urban transportation is 
heavily politicized because of intensive media coverage and the 
number of active interest groups on both sides of the issue. 
However, although nonurban transportation might reduce the severity 
of the consequences of an incident to local populations, it may 
increase the probability that such an event would occur, due to 
poorer road conditions, higher speeds, and increased communication 
problems . 



5 .  Malevolent acts may hold the greatest potential for social impacts. 
Such acts, involving the dispersal of high-level radioactive 
materials to cause or  threaten harm may be unlikely; however, a 
malevolent act may be the only way in which high-level materials may 
get dispersed in an urban area from a transportation event. Such an 
incident would cause significant social impacts. 

In sum, a relatively small minority of the public is involved in active, 
organized support of or  opposition to radioactive materials 
transportation, although a large majority of the public is aware of the 
controversy over nuclear power. The activist proponents and opponents of 
continued transportation are generally also activists in this larger 
controversy. While transportation incidents have so far been few and of 
relatively small consequence, transportation issues seem to be a 
particularly visible component of nuclear energy development. Activists 
who oppose nuclear energy have started to focus on transportation as one 
way of hindering t h e  industry. 
absence of a major incident social impacts of radioactive materials 
transportation are not likely to increase, the political and legal 
attention given such transportation may escalate with the general 
controversy surrounding nuclear power. 
prove to be of more significance in decisions regarding the 
transportation of radioactive materials than strictly technical concerns. 

Thus, while it is concluded that in the 

This attention may ultimately 
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Table L-1 

Social Impacts by Impact Category and Causative Event 

Social 
Impact 

Category 

Psychological 
Impacts 

Sociological 
Impacts 

Political 
Impacts 

Legal 
Impacts 

Organizational 
Impacts 

Causative Event ... 

Incident-free Transport 

No widespread impacts to date. 
Public is generally not 

knowledgeable about trans- 
portation but is concerned 
about radioactive materials 
because of the present con- 
troversy over the use of 
nuclear power. 

Scattered evidence of new 
interest group or coalition 
formation--impacts small to 
date. 

Impacts closely associated 
with basic nuclear power 
issues. 

Transportation has been a 
political issue in a limited 
number of cases (with respect 
to public debate, pressure 
group activity, campaign 
strategy). 

Uncertainty about federal 
pre-emption is the principal 
impact to date. Other 
impacts include passage of 
state and local statutes and 
ordinances. 

Only minor impacts to date at 
the federal or  state level: 
primarily implementation 
of new regulatory require- 
ments. 

Vehicular Accident 

Relatively little psychological 
impact to date. 

A serious accident would likely 
cause belief and attitude 
change regarding transport 
and psychological distress to 
those directly affected by 
the accident. 

No observed impacts on com- 
munity organization or 
compos it ion. 

take on transportation as a 
new issue. 

release could cause serious 
social disruption. 

Existing interest groups may 

Accidents involving large 

Impacts to date small and 

Major concern with public 
localized. 

safety, emergency response 
management, public informa- 
t ion. 

More serious o r  more frequent 
accidents will likely 
intensify these concerns. 

Passage of state and local 
statutes and ordinances 
the principal impact to date. 

lawsuits, possible new 
safety requirements. 

No federal level impacts 
observed to date. 

Minor changes in state and 
local emergency response 
capabilities. 

Larger accidents would likely 
result in major shifts in 
emergency response measures. 

Major accident would result in 

Human Errors 

Very small impacts to date. 
If events increase in 
frequency of consequences, 
beliefs about the human 
error component of  trans- 
port may change. 

No evidence to date that 
human error has caused 
important impacts for groups 
o r  community organization. 

Quality assurance has emerged 
as a political issue, in a 
few isolated instances. 

A serious transport error 
could lead to pressure on 
government for tighter 
quality control. 

Lawsuits; federal and state 
statutes and regulations are 
principal impacts to date. 

Major incidents may result in 
state attempts to exert con- 
trol over quality assurance. 

Minor impacts to date. 
More significant errors may 
result in upgrading of en- 
forcement, inspection, and 
monitoring capabilities. 

Malevolent Acts - 

Malevolent acts are not a major 
public concern compared to 
other nuclear power concerns. 

A successful sabotage incident 
could cause public fear fol- 
lowed by belief and attitude 
change regarding transportation. 

Analogy with other disasters 
suggests prospect of evacua- 
tion and associated social 
disruption. 

Political impacts could be 
widespread, beyond urban 
site. 

security and regulation. 
Likely emphasis on  tight 

Possible impacts: Upgraded 
safeguards, clarification of 
permissible force, clarifica- 
tion of Price-Anderson coverage, 
prospect of outright ban on 
urban routing . 

Possible impacts: clarification 
of responsibility for response 
to incident, possible creation 
of federal guard force. 
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TASK GROUP 

Opening t h e  process  of impact  assessment t o  pub l i c  p a r t i c i p a t i o n  a t  an e a r l y  s t a g e  
i s  one way t o  a s s u r e  t h a t  t h e  informat ion  obta ined  i s  complete and comprehensive. 
For t h i s  purpose,  Sandia Labora to r i e s  formed a t a s k  group t o  provide  a v e h i c l e  f o r  
p u b l i c  involvement i n  t h e  impact assessment  du r ing  t h e  e a r l y  s t a g e s  of i t s  develop- 
ment. This t a s k  group is  composed of i n d i v i d u a l s  a f f i l i a t e d  wi th  f e d e r a l ,  s ta te ,  
and l o c a l  government agencies  as w e l l  as persons involved i n  i n d u s t r y ,  p u b l i c  
i n t e r e s t  groups,  and u n i v e r s i t i e s .  Members of t h e  t a s k  group were asked t o  express 
t h e i r  op in ions  r a t h e r  than  a c t  as o f f i c i a l  spokespersons.  No consensus w a s  expec ted  
on i s s u e s  t o  be d iscussed  dur ing  meet ings of t h i s  group nor dur ing  o t h e r  o p e r a t i o n s  
of t h e  o rgan iza t ion .  Meetings of the t a s k  group were a d v e r t i s e d  i n  o r d e r  t o  o b t a i n  
l o c a l  pub l i c  input  dur ing  the  se s s ions .  
were he ld ,  w i th  t h e  l a s t  invo lv ing  a review and comments on t h e  Working Dra f t  of t h e  
s tudy .  Task group members have been kept  informed of p r o j e c t  developments by NRC 
s t a f f  s i n c e  the  l a s t  meeting i n  J u l y  1978. Members of t h e  Task Group wi th  - t h e i r  
a f f i l i a t i o n s  a t  t h e  t i m e  of t h e i r  i n c l u s i o n  i n  t h e  o r g a n i z a t i o n  are l i s t e d  i n  Table  
M-1. 

I n  a l l ,  f i v e  pub l i c  t a s k  group meet ings 
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