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ABSTRACT

This report assesses the envirommental consequences of the transportation

of radioactive materials in densely populated urban areas, including esti-
mates of the radiological, nonradiological, and social impacte arising from
this process. The chapters of the report and the appendices which follow
detail the methodology and results for each of four causative event categories:
incident free transport, vehicular accidents, human errors or deviations from
accepted quality assurance practices, and sabotage or malevolent acts. The
numerical results are expressed in terms of the expected radiological and
economic impacts from each. Following these discussions, alternatives to the
current transport practice are considered. Then, the detailed analysis is
extended from a limited area of N¢ York City to other urban areas. The
appendices contain the data bases a.d specific models used to evaluate these
impacts, as well as discussions of chemi-al toxicity and the social impacts
of radioactive material transport in urban w.eas. The latter are evaluated
for each causative event category in terms of psychological, sociological,
political, legal, and organizational impacts. The report is followed by an
extensive bibliography covering the many ftelds of study which were required
in performing the analysis.
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EXECUTIVE SUMMARY

Purpose Of This Assessment

The Final Environmental Statement on the Transportation of Radioactive Material bv
Air 2nd Other Modes (NUREG 0170) concluded that the risks associated with such
trancportation are low, although severe accidents in urban areis have the potential
for large radiological and eco.omic consequences. The present study investigates
radioactive material transport in urban areas and addresses the specific urban
features which influence the resulting environmental impacts. These features in-
clude the geographic and demographic makeup, and vehicular, population, and trans-
portation patterns in the city.

Previous efforts have not identified a most important population exposure pathway
or group. This assessment examines several pathways and a number of urban-specific
population groups to evaluate their relative significance. 1In 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.

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

Method of Approach

Using previous studies on radioactive 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. The impacts from human errors or sabotage were examined using adaptations
of the accident analyses.

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 Metropclitan 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



around the urban area,  nd a series of operational alternatives which would affect
the popuiation groups wit*in the urban area most closely associated with the trans-
port process (warehouse personnel, handlers, etc.).

This assessme. i contains detailed descriptions of the urban area studied, the simu-
lation and health-effects models used for evaluating radiological and economic im-
pacts, and an evaluation of the social impacts of the transpor® of radioactive
materials in urban areas. The material included in this assessment comes from a
number of different sources, including the Task Group on Radioactive Material
Transport in Urban Environs, established to assist the Sandia staff in developing
the scope and details of the study. The results of all of the analyses are pre-
sented in terms of expected numbers of health effects per shipment year.

Results
Incident-Free Transport

For the selected New York City study area, the overall population dose from
incfdent-free transport of radiocactive materials were found to be less than 10
person rem per shipment year. This is equivalent to an number of expected latent
cancer fatalities (LCF) for the total population at risk of the order of 10" per
shipment year. The population groups receiving the majority of this dose were
handlers, warehouse personnel, transport vehicle crew, pedestrians, and people in
vehicles.

When the analysis was extended to other urban areas, the values for population dose
ranged from 4 person rem (~10™" latent cancer fatality) per shipment year, for the
San Diego area, to a high of ~200 person rem (~10~3 latent cancer fatality) for
Newark. This range is not unexpected since there are widely different population
and shipment patterns across the nation.

Vehicular Accidents

Radioactive materials are shipped in either nondispersible (or special) form
(metals or doubly encapsulated sources) or in dispersible (or normal) form. Both
types of materials were included in the shipment model developed for this analysis
and have required cifferent methods for assessing the expected cunsequences of
vehicular accidents involving them. When the results of the separate analyses were
combined, the expected numbers of health effects per shipment year were calculated.
For the baseline accident analysis, the expected results are approximately 10~
early morbidity, 10”3 latent cancer fatality, and 1073 genetic effect per shipment
year (limited New York City area). The results calculated using METRAN show no
vast differences from those found in NUREG 0170. Economic risks from a year's
shipment activity were calculated to be ~$§1 million.

For other urban areas, the expected number of latent cancer fatalities per shipment
year (shipment level for each urban area) ranges from ~10~% for San Diego to a high
of ~0.2 for Chicago. These variations arise from several different sources includ-
ing the population and shipment differences referred to earlier, but here an addi-
tional factor is the specific character of the shipments in each urban area.
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Human Errors or Deviations from Accepted Quality Assurance Practices

Human errors can occur at any stage during the transport ‘equence, and pre-trans-
port errors can cause impacts during transit. To evaluate environmental impacts,
the accident analysis model was altered, with the accident rates replaced by inci-~
dent or occurrence rates for known incidents involving human errors. From this
point, the analysias paralleled that of vehicular accidents insofar as expected
numbers of health effects per shipment year were calculated. In this case, no
early effects have been observed, but approximately 10~3 latent cancer fatality is
erpected per shipment year for the limited New York City area. Economic risk from
human errors would total approximately $10%“.

Extension to other urban areas resulted in a range of expected values from ~10~%
latent cancer fatality per shipment year for San Diego to ~0.4 latent cancer fatal-
ity per shipment year for Chicago. This overall range is consistent with that for
vehicular accidents.

Sabotage o»r Malevolent Acts

There are no data available with which to estimate the probability of occurrence of
sabotage or malevolent acts. This precludes calculating risk values. Although a
successful attack is considered unlikely, we assumed that one occurred and calcu-

lated the consequences in terms of expected numbers of health effects. Several
different materials were examined in terms of the numbers of health effects to be
expected ziven that the event occurred. Results of this analysis indicate that for

a range of materials, expected numbers of early fatalities would be small, esnrected
nunbers of early morbidities would range from ones to hundreds, and expected num

bers of le*tent cancer fatalities would range from ones to thousands in the limitel

area cons.iuered. Economic effects are strongly dependent upon the amount of radivactive
material veleased. Thus, there is unquestionably a wide range of environmental impacts
potentially exceeding $1 billion for the largest radioactive material release.

Generic extension of the sabotage calculations is restricted by several factors.

In general, it can be stated that the results for a particular event can be scaled,
approcximately linearly, with population densities. However, the scaling must be
done with caution since several assumptions are inherent in the calculations which
affect the extrapolation.

Alternatives to Current Transport Practice

A number of alternatives to current transport practice have been considered, and
the expected values for radiological consequences or risk have been determined,
assuming the operation of the alternative for an entire year of shipment activity.
In general, the effects of implementing these alternatives ranged from no change in
the calculated risk to reduction in the expected numbers of early morbidities re-
sulting from vehicular accidents. Decreases in the expected number of latent can-
cer fatalities by factors of two to five were also observed. In some cases, wherc
implementation of the alternative involved changes of shipment time, a range of
values for expected radiological health effects was calculated, with some shipment
times resulting in a decrease in the expected number of health effects. In the
sabotage case, a range of expected number of health effects was also observed,
depending upon the particular alternative. For the alternative involving changes
in transport mode, no change in the expected number of health effects was observed
for the incident-free and human error situations, although consequences from a
sabotage event increased significantly and the accident r'sk doubled. Rerouting
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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
visible component of the nuclear energy
portation inc’ s which have occurred
the political an¢ legal attention given
These impacts may ultimately prove more
transportation of radiocactive materials
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transportation issues are a particularly
controversy. Although the number of trans-
has been small and the consequences slight,
transportation is likely to increase.
significant in decisions regarding the

than will strictly technical concerns.
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INTRODUCTION

Radioactive material transport is increasing as additional uses of these substances
are found whether for diagnostic procedures, industrial purposes, production of
electrical power, or disposition of waste. Studies have been performed that ad-
dress the pattern of radioactive material shipments and the environmental impacts
of the transport of these materials across the United States.! ¢ The results
reported in Reference 2 raised specific questions about the transport of materials
through densely populated urban areas. The current effort is directed at answering
some of these questions.

For the purposes of this study, radiological impacts are assumed to be produced by
four causative events: incident-free transport (also called normal or accident-
free transport), vehicular accidents, human errors or deviations from accepted
quality assurance practices, and sabotage or malevolent act. The calculated
impacts for the first three of these are evaluated both from consequence and risk
perspectives. Only radiological consequences of sabotage or malevolent act are
addressed. All types and modes of shipment are examined with the exceptions of
materials shipped in limited quantities (the radiological impact of shipments of
these materials has been found to be insignificant?) and defense shipments. Mate-
rials have been categorized on the basis of their ultimate use, with four separate
end uses considered: medical, industrial, fuel cycle, and waste.

The remaining chapters of this report describe the results of the analysis for each
causative event, in the order given above, and also address the questions of al-
ternatives to current transport practice. The final chapter contains the details
of an extension of the specific analysis for a single urban area to a variety of
other urban areas. These other areas, the 20 largest Standard Metropolitan Statis-
tical Areas (SMSAs) as defined for 1978,3 have variocus radioactive material ship-
ping patterns which are quite different from the limited New York City area chosen
for the initial analysis. They also have different population characteristics and
personal travel patterns. An extensive set of detailed appendices is provided
which includes the data collection methods, analytical methodology, and sensitivity
analysis techniques used for the determination of the reported impacts. Also in-
cluded as appendices are a brief examination of the chemical toxicity of the trans-
ported materials and a summary of the social impacts of radioactive material ship-
ment in urban areas.

l.1 Background of the Study

In March 1977, the U.S. Nuclear Regulatory Commission (NRC) announced in the
Federal Register its ‘ntention to prepare a generic Environmental Impact Statement
(EIS) on the transportation of radioactive materials in urban areas and that Sandia
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National Laboratories had been selected and had begun work to provide NRC with
additional technical i-” =ation on the expected environmental impacts.“ The pres-

ent draft environmenta’ essment is a part of the technical basis fo NRC con-
sideration of possibl .« changes in Parts 71 and 73 to Title !0 of the Code of

Federal Regulations (1L FR71 and 10CFR73) -- those pertaining to transport of

radioactive materials. The environmental impacts addressed include radiological,
nonradiological, and eccnomic 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 enviroormental ¢roups, and other government az cies,
with some knowledge in this area. The function of this group was to ass. in
obtaining the most comprehensive and useful assessment possible. Membership of che
Task Group on Transportation of Radioactive Materials in Urban Environs is given in
Appendix M.

1.2 Purpose and Scope

Th2 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
radicactive material tiansport.

To address the radiological impacts described above, four causative events are used
to 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
suodivision 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, thare is no release of radicactivity and no loss of
shielding. Resultant impacts come from exposire 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 fro. the package, or perhaps both. If the trans-
ported material is nondispersible, the major effects observed would be decrease or
destruction of the package shielding and/or delay in transporting the material,
resulting in increased external exposure or longer exposure times to normal levels.
On the other hand, for dispersible materials, several pathways for exposure exist.
As in the nondispersible case, increased external exposure is a possibility, but
the dispersible material can also become aerosolized and present other hazar/l!s.

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 analvsis considers problems re-
sulting from labeling or packaging faults or 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. Substantial economic losses can result either from vehicular acci-
dents or from incidents involving human errors.

The final causative event, sabotage or 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 resvlt 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.
As mentioned earlier, materials are considered to have four end uses, and through
analysis of data collected for the sumaary reports included in Reference 1, several
transport modes are included. These modes are truck, air passenger, air freight,
rail, and barge (or 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 tne 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 demograpidc, tiaffic, 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 radiocactive 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. Also, these
techniques were used, in part, to evaluate the effects of certain alternatives to
current transport practice.

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 tu 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 assessec. Where the radioactive material could be
released and aerosolized, separate mcceorological dispersion models were developed
to describe the street channeiiug and other urban-specific effects on the aerosol
cloud movement. These calculations w:re perfoirmed 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.

l.4.1 Description of the Urban Area

A i00-square-kilometre region in the boroughs of Manhattan, Brooklyn, and Queens
4as used in the detailed analysis. This area was subdivided into one hundred 1-km?
cells to facilitate data collection. The area was chosen to cover Lhe 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.
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The parameters required for the analysis have several different kinds of dependen-
cles: some are assumed to be independent, and thus individual values of these suf-
fice; others are dependent upon geographical location, and 100 values fer each must
be determined. Several parameters were required that possessed a time dependence.
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 l-1 lists the urban
day/time span breakdown and gives examples of the parameters which fall into each

of the classes describui above. A complete description of the data base can be
found in Appendix A.

Once the geographical and demographic characteristics had been determined, infor-
mation on the radioactive material shipment patterns was collected. The grid
representatiou allowed for the determination of specific shipment routes. Con-
straints in the compu.er 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 iilustrated 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 dispersicn codes, MICMET and PICMET in terms of downwind volu=-
metric and surface concentrations of the dispersed material. MICMET is a micro-
meteorological dispecsion model developed to treat some of the features of airflows
likely to be encountered in urban street channe! g 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 buildirg 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, 'le[RAN estimates the expected numbers of latent
cancer fatalities, genetic effec.s, 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 I-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 Interval

Number (hours)
1 1800 - 0700
2 0700 - 0830
3 0830 - 1130
. 1130 - 1300
5 1300 - 1630
6 1630 - 1800

Independent Parameters

Population density/warehouse

Crew separation distance

Vehicle length

Vehicle stop time at intersections

Stopped vehicle separation distance

Minimum and maximum exposure

distances for warehouse
persnnnel, people in
air terminals, etc.

Time-Dependent
Parameters
Vehicle velocities

Fraction of intersections
stopped at

Air terminal
population densities

People per vehicle

(average)

Pedestrian
density

Ce:l-Dependent
Parameters

Fraction of cell area
occupied by
streets, buildings

Street width

Sidewalk width

Construction matsr .al
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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Table 1-2

Urban Dose Groups

Vehicul:. Human

Incident-Free Transport Acc’dents Errors
Truck Mode:
Pedestrians Pedestrians Pedestrians
People in Vehicles People in Vehicles People in Vehicles
People in Buildings People in Buildings People in Buildings
Transport Vehicle Crew Transport Vehicle Crew Transport Vehicle Crew
Warehouse Personnelb
Handlersb
Air Mode:

Persons in Air Terminals
(Cargo/Passenger)

Water Mode:

Dock Personnel

Rail Mode:
Parsons in Rail Terminals
Persons Sharing Transport Link

Persons along Rail Right of Way

TBoth consequences from individual accidents and accident risk are calcu-

lated.

bMeubers of these dose groups are considered part of the transport process
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. Subdividing the popula-
tion at risk in this manner allowed the inclusion of unique radiation exposure
geometries for each subgroup.

Although the environmental impact of accidents may not be severe from a: annual
risk perspective, individual vehicular accidents during the transport »f radio-
active materials in urban areas have the potential for causing significant
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health and economic consequences. Radiocactive 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 nonaeros.lized 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 tc 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 cemputed 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.

l.4.4 Norradiological 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 radiocactive 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 toxicitv 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 in 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 duriag 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. In the case of incident-free
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 _hat
can be used in lieu of the more complicated METRAN program. For vehicular
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.

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

The error analyses were performed on the regression equations obtained above.
Error propagation formulas were derived from Taylor expansions of the regressicn
equations (Appendix D). - Since the model equations consist mostly of series of
product terms, and magnitudes or distribution of errors in the input varialles
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). In each
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 unalysis have been used, where possible, to evaluate the effecis 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. Accidencs 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). A
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.

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 19783 were chosen for examination. Shipment patterns for each SMSA were
obtained from data forming the basis for Reference 1. The techniques used to
acquire this information are the same as those described ir Appendix A for the
limited New York City case.
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For incident-free transport, the analysis has consisted of applying the simpli-
fied equations for the rajor dose groups (handlers, warehouse personnel, pedes-
trians, people in vehicles, and crew) to the shipment patterns described above.
Several assumptions are made to allow the application of the equations. These
include constant values for number of vehicles in any urban area, distance
travelled across the area, and city-specific pedestrian densities. The impor-
tant shipment parameter for thie portion of the analysis is total tramsport
index (TI) shipped in the area.

For vehicular accidents and human errors, materials were categorized on the
bases of dispersibility, shipment size, avera e photon energy per disintegra-
tion, and radiological toxicity. The radiol ical toxicity is related to the
average dose received per curie of material deposited in the body organs. The
calculated risk values for the limited New York City case were subdivided into
the same categories and further broken down by major contributing dose groups.
These data were then coupled with demographic and traffic data and the total
curies shipped by category to produce a first-order approximation to the risks
from transport of materials in each SMSA.

In the case of sabotage or malevolent act, some statements can be made about
scaling of the reported consequences with population density in other urban
areas. This is discussed in more detail in Chapter 7.

1.8 Social Impacts of the Transportation of Radioactive Materials

An extensive search of available literature was made to assess the social
impacts from radioactive material transport in urban areas.” Sociological,
psychological, organizational, legal, and political impacts have been examined.
These areas were addressed for each causative event category. The results of
the analysis are included, in summary form, as Appendix L of this report.

1.9 Comments on 1985 Shipment Estimation for New York City

Reference 2, the analysis of radioactive material transport for the United
States, includes an extension of the 1975 results to shipping estimations and
expected results for 1985. Several problems were encountered when examining
this process for New York City, including tremendous uncertainties about demo-
graphic, traffic, and radioactive material use for the citv. Resident popula-
tion is expected to decrease gradually, although commercial (and perhaps resi-
dential) expansion is being attempted. Changes in population will affect
traffic flow patterns and could alter radioactive material use in the city (more
or fewer hospitals, greater industrial use, etc.). Because f these and other
;“ublems associated with meaningful data collection, the authors feel that
extension of the 1975 analysis to 1985 is not possible with any degree of
accuracy.

1.10 Related Studies

Several studies performed in recent years act as foundations for or relate
closely to this investigation.

WASH-1238 and its two supplements address the shipment of fresh fuel, spent
fuel, and waste associated with the operation of light-water reactors. % The
reports treat shipment by truck, rail, and barge and estimate the effects along
the transport routes to and from reactor sites.
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NURLG-0073 and BNWL-1972 report the results of a survey conducted on quantities
a.id types of shipments of radiocactive materials between March 1974 and February
1975.1 9 In this investigation, questionnaires were sent to about 2300 of about
18 000 licensees. Detailed questionnaires were mailed to Special Nuclear Mate-
rial licensees who shipped | gram or more of material and also to 150 "ma jor
ghippers.” This information serves as the foundation for a data base on the
U.S. radioactive material shipmert pattern. This data base has provided impor-
tant information for Sandia studies on radicactive material transport.

NUREG-0170, the predecessor to the current =ffort, assesses the environmental
impacts resulting from transport of radioactive materials throughout the Us 8,4
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 3x10° cancer fatalities per year
from all causes. Transporta*ion accidents were estimated to produce only I
latent cancer fatality in 2 / years of shipping activity at the 1975 level. In
spite of this risk level, r.ecific accidents, occurring in high population
zones, were found to have _he potential for significant consequences —-- as many
as 150 latent cancer fata.ities 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.

1.1] 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. The appendices contain the data bases and specific models used to
evaluate these impacts, as well as discussions of chemical toxicity and social
impacts. Collectively, the report assesses the environmental consequences of
the transportation of radicactive materials in urban areas, including estimates
of radiological, nonradiological, and social impacts arising from this process.
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2

INCIDENT-FREE TRANSPORT

2.1 General Discussion of the Incident-Free Transport Model

Transport of radioactive materials can cause environmental impacts even when no
acccidents or other abnormalities compromise package integrity. These impacts
result from exposure of surrounding populations to external penetrating radia-
tion. Reference 1 indicates that the radiological impacts from incident-free or
"normal” transport could be significantly greater on an annual risk basis than
those resulting from vehicular accidents.

Although the consequences to individuals may be small, overall population im-
pacts from low-dose, low-dose-rate radiation exposure can occur and may be
significant because of the large number of annual shipments, many ~f which occur
in urban areas.!”3 The model used to evaluate the radiological impacts and the

results of the analysis are described im this chapter.

2.1.1 Standard Shipments Model

A standard shipments model is used to describe the movement of radioactive
material through a 100-km? section of New York City and to account for shipments
which originate in or are destined for that area. (Information from Reference 3
was accepted as the best available data, although errors may be contained there-
in.) The specific 100 km? chosen for study -- comprising parts of Manhattan,
Brocklyn, and Queens -- is shown in Figure l-1 and described in detail in Appen-
dix A.

Isotopes have been assigned an end use on the basis of general information about
the material, including half life and accepted use.* The end uses considered
are medical (including research materials), industrial, fuel cycle (including
fuel cycle wastes), and waste materials. Tables 4.6 and 4.7 on pp 4-19 and 4-20
of Reference 3 supply specific information on transport mode and package type.

The standard shipments model lists the isotopes by shipment mode and further
categorizes them by end use and package type (see Tables 2-1 through 2-3).
Specific routes are established for each shipuent mode (Table 2-4): truck,
train, barge, air freight and air passenger. The air shipments include over-
flights across the grid and overflights with return to the grid by truck as the
secondary mode. Details of these routes are in Appendix A.

*Examination of supplier catalogues frequently supplied information on
material end use.
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Table 2-1

Standard Shipments Information by End Use®

Percent Percent

Packages of b of
End Use Per Year !9';£ TI Per Year Total
Medical 2.23x10% 80. 1 8.12x103 76.5
Industrial 3.10x103 11.1 1.85x103 17.5
Fuel Cycle 2.34x107 B.4 5.89%10% 5.6
Waste 9.60x10} 0.4 4.58x10} 0.4
Totals 2.78x10" 1.06x10"

aMaterials shipped as limited or exempt quantities are not in-
cluded. A limited shipment does not have to conform to the same
packaging regulations as other shipments because even a 100%

release would contribute only negligibly to overall impact.

b
TI = Transport index, a measure of the dose rate at ~| metre

from the package surface.

Tabie 2-2

Standard Shipments Information by Primary Mode

Percent Percent
Shipment Packages of of
Mode Per Year Total TI Per Year Toral
Truck 1.48%104 53.3 5.58x103 52.7
Air Freight* 4.75x103 17.0 2.94x10° 2.7
Alr Passenger* 5.95x103 21.4 1.51x103 14.2
Barge 2.31x103 8.3 5.75x%10% 5S¢4
Totals 2.78x10" 1.06x10%

*The total packages per year given for air freight and air
passenger include those which are eventually rercuted into the
area by truck.



Table 2-3

Standard Shipmonts Information by Package Type

Percent Percent

Package Packages of of
ngg Per Year Total Tl Per Year Total

A 2.50x10" 90.0 9.34x10° 88. 1

B 2.69x10° 9,7 1.23x103 11.6
Drum 7.0x10} 0.3 1.66x10 0.2
Cask 1.2x10% 0.1 1.2x10 0.1
Totals 2.78x10" 1.C6x10"

Table 2-4

Standard Shipments Information by Route

Route Material
Numbe r tnd Use
1 Medical
2 Medical
3 Medical
4 Medical

ind-<trial

) Industrial

7 Industrial

8 Industrial

9 Fuel cycle

10 Industrial

11 Waste

12 Fuel cycle

13 Medical

14 Industrial

15 Medical

16 Waste

17 Fuel cycle
(spent fuel
shipments)

M‘/)'l_('h
1* ~ Air freight
2*  « Truck
Truck

Air freight overflight
Truck

Truck

Air passenger overflight

1° = Adr frelght

2° - Truck
Truck

Ship

1° - Alr passenger

2* - Truck

Truck

Truck

Alr passenger oveislight
Alr freight overflight

1* - Air passenger
2% = Truck

Truck
Truck

AFurther information on specific isotopes shipped by each route may be obtained

from routing tables in Appendix A,

v e

1* indicates primary transport mode. 2° indicates secondary transport mode.
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Coamparing the shipment model for the limited New York City area with the nation-
wide shipping pattern reported in Reference 1, the New York data represent 1.3%
of the total number of packages shipped per year, 0.5% of the total curies per
year, and only 0.2% of the total transport index (TI). Unlike the Reference 1
case, medical-use shipments represent B0X of the total number of packages com—
pared with approximately 4.2% for the nationwide data, and they represent ~77%
of the total TI compared with the nationwide value of 14%Z. When the total
curies shipped are compared, the limited New York City and Reference | data are
remarkably consistent: both values are between 1% and 2%Z. . he observed differ-
ences are due at least in part to the specific uses of radiocactive materials in
the urban situation.

2.1.2 Radiological Consequence Model

The model to evaluate the radiological consequences from incident-free transport
is based on the formula for dose rate from a point source of {onizing radiation.
This formula contains an exponential factor accounting for the attenvation of
photons in the absorbing medium which surrounds the receptor, a second term
which accounts for the inverse-square dose-rate reduction with distance from the
source, and a third term which accounts for dose-rate buildup caused by inelas-
tic photon scattering in the attenuating medium. This dose~rate buildup factor
(DBF) can be for a single medium (e.g., air, in the case of pedestrians) or for
a series (e.g., air/build'ng material/air, for people in buildings). To adapt
this equation for materials in transport, terms specifically related to the
transport process are introduced. These terms include the TI,3 packages per
shipment, and a package shape factor to account for actual source geometry.

In addition, the movement of the shipment must be considered; i.e., the vehicle
carrying the radioactive material is moving at some velocity V. The resulting
formulation, Equation 6 of Appendix B, forms the basis for many of the inte-
grated dose expressions used in this analysis.

At tnis point, the analysis diverges from previous work in that the exposure to
groups peculiar to urban areas is calculated. The dose groups considered are

* Pedestrians

* People in vehicles

* People in buildings

* Crew of the transport vehicle

* Warehouse personnel exposed while the
package is in storage

* Those who handle the package during transfers from
one vehicle to another or at freight depots

* People at rall terminals
* People sharing the rail transport link
* People along the rail right-of-way

* People in dock areas (considered to be
freight docks, not passenger docks)

* People at air passenger terminals
* People at air freight terminals
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Specific dose calculations for each of these groups can be found in Appendix B.
The following sections will briefiy describe the techniques used to evaluate the
doses to the various groups.

Pedestrians

The most important characteristic 2f this dose group is the number of pedes-
trians present in any grid cell (given by PedD: persons/km2 of sidewalk).

Other important parameters include street and sidewalk widths, average vehicle
velocity, pedestrian velocity, and the distance the transport vehirle 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 ad jacent struc=
tures. Figure 2-1 is a diagram of the geometry used for the incident-free dose
to pedestrians.

[ 1
| T | i
| B |
| ?
T 2 |
g L) |
“d| |
- . e s ® ——— . ° ‘

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 1ssumed to be
ZEro.

People in Buildings

Dose to people in buildings is computed in 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 coeffic.ents for the various building con-
struction materials, buildup factor for air, and building materials, etc.
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Figure 2-2. Geometry for Incident-Free Dose to People in Buildings and Vehicles

In the transport process, the vehicle is moving past the people it exposes. To
account for this, the model calculates the dose attenuation due to oblique
fmpingement of the radiation on the building surface. When these factors are
combined with the necessary population density information, dose to people in
buildings can be calculated. The expression for integrated dose to people in
buildings fer one-way and two-way street travel is given in Equation 28, Appen-
dix B; for freeway travel, Equation 44, Appendix L.

People in Vehicles

The urban-specific parameters necessary for the analysis of dose to people in

’ vehicles include average traveling speed (including intersection delays), people
per vehicle, and number of vehicles in any grid cell at any time. Vchicles
traveling in urban areas tend to platoon (form groups due to traffic signals,
freeway entrances, etc.), and this is also factored into the analysis.

I
The expression for same-direction dcse is given in Equation 36, Appendix B. For
veh!-'es traveling in the opposite direction, the model treats people in vehi-
cles as statioanary with the shipment passing by at twice the cruising speed
(Equation 38, Appendix B). The total integrated dose for people in vehicles is
expressed in Equation 39 of Appendix B.

|

|

|

|
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Crew

The integrated dose to the crew is calculated by using an expression with three
multiplicative terms: one accounting for attenuation of photons ‘n the absorb-
ing medium, one for inverse-square geometric dose reduction, and the third for
dose-rate buildup caused by inelastic scattering in the attenuating medium. The
exact expression for integrated dose to crew is given in Equation 40, Appendix
B. For travel on freeways, travel velocity is adjusted, resulting in the ex-
pression in Equation 40 with freeway velocity substituted.

Warehouse Personnel

For this dose group, it is assumed that personnel maintain a minimum distance
from the shipment when stored. (Because of building geometry, a maximum achiev-
able distance from the shipment is used.) The computation of integrated dose

f ¢ warehouse personnel is performed over an annulus of integration with a
constant warehouse population density assumed over the entire annulus (see
Figure 2-3). When the length of time the shipment remains in storage is in-
cluded, the expression for integrated dose to warehouse personnel is given in
Equation 53, Appendix B.

Minimum

Maximum Distance
Exclusion\Radius

from Source

Figure 2-3. Geometry for Calculating Dose to Warehouse Personnel.
This geometry is also applicable to people at rail
terminals, in dock areas, or in air passenger
terminals.




Handlers

Handlers are exposed to materials in transit only during transfers. The expres-
sion for integrated dose to handlers is simply a function of the number of
handlings, packages per shipment, and TI per package. The express..n for inte~
grated dose is given in Equatfon 51, Appendix B. A different expression is used
for dose to handlers of casks. This is given in Equation 52, Appendix B.

People at Rail Terminals

People in terminal areas are exposed only during the time the train remains in
the terminai area. The integrated dose to people in rail terminals is a func-
tion of the population density in the terminal, TI per package, and package
shape factor, which accounts for actual package dimensions. An annulus within
which the exposable population is located is assumed, giving the expression
found in Equation 45, Appendix B. The analysts have used an annular integration
technique in this instance to account for the geometry of the population around
the source.

People Sharing the Transport Link

For people aboard trains, the development of integrated dose expressions is
similar to that for people in vehicles during truck transport (see Equation 40,
Appendix B). The differences are basically those specifically related to
trains: velocity and people per train. The resulting expression is Equation
46, Appendix B.

People Along Rail Right-of-Way

An overall population density along rail right-of-way was calculated (Equation
47, Appendix B) because it was not poss‘ble to perform the calculation for
discrete dose groups. Instead of an annulus of integration, the limits of
integration have been taken from the minimum rail right-of-way distance to 400
metres* (Figure 2-4). Eqguation 48 in Appendix B was derived by combining the
calculated population density with the other train-specific parameters described
earlier.

People in Dock Areas

The technique described earlier for warehouse personnel is used again here,
{.e., the exposable population (here the dock population) is assumed t: be
within an annulus of integration. The expression is dependent upon the length
of time the water transport vehicle remains in the dock area. Docks are assumed
to occupy only one-half of the area, the other half being water. A factor of
1/2 is introduced to account for this assumption (Equation 50, Appendix B).

People in Air Terminals (Passenger or Cargo)

The derivations for air passenger and air freight terminals are the sawe except
for population densities and maximum exposur> radii. The basic expression is
the same as that used for people in rail terminals or dock areas. It is deper-
dent upon the length of time the plane remains in the terminal area, which may
vary for passenger and cargo planes (Equation 49, Appendix B).

*400 metres is an arbitrarily assumed value for this analysis.
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Figure 2-4. Geometry for Calculating Dose to People along Rail
Right-of-Way (integration along a strip)

2.2 Radiological lmpact

The radiological consequence code, METRAN, quantifies the incident-free environ-
mental impacts resulting from the transport of standard shipments of radioactive
materials through the New York City grid in terms of annual person rem for the
shipment yea: considered (1974-1975). The total radiological impact for the
limited New York City grid is about 10 person rem per year.

2.2.1 Incident-Free Radiological Impacts by End Use (for NYC shipment model
compressed to 100-km study area)

Medical-use radioisotopes constitute the largest component (78%Z) of the
incident-free impacts. This result is to be expected since Table 2-1 shows that
these radioisotopes constitute more than 80% of the yearly shipments and about
77% of the annual TI.

Industrial-use isotopes rank second (17%Z). This is also predictable since 11%
of the shipments in the urban area involve these radioisotopes with 18% of the
total TI.

Nuclear fuel cycle shipments and shipments of radioactive waste account for the
remaining 5%. The small contribution from the waste category is mainly due to
the small number of waste shipments in the urban region during the survey year.
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The impacts received by specific urban population groups are summarized by
material end use in Table 2-5.

2.2.2 lucident-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 4Z of the total impacts result from exposure to persons in air
terminais while the materials are being on-loaded or off-loaded from aircraft.
Approxinately 70%Z of the incident~free impacts result from truck transport and
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 joining 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 95Z 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 inc'dent-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 1.06x10% TI per
year for the limited New York City example can be extended to the 4.54x10% TI
per year included in the analysis of Reference | 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 ovtside the package which is signi-

fican’. The extrapolation gives a value of 3000 person rem compared with the
9790 person rem estimated in Reference 1.

2.3 Sensitivity and Error Analysis

The analysis for the incident-free model evaluates the sensitivity of the re-
sponse variable (integrated dose, in person rem) fcr each dose group when the
shipment proceeds on a one-cell route by a given transport mode/road type.
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Table 2-8

Summarv . Radiological Impacts from
, ..dent=-Free Transport by

Dose Group

Dose Group Total Person Rem/Yr Percent of Total
Handlers 2.5 i
People in Vehicles 1.6 22
Warehcuse Personnel 1.2 17
Pedestrians 1.0 >14
Crew 0.6 ~8.4
People in Air 0.2 ~3

Passenger Terminals
People in Buildings 0.015 ~0.?
People in Rail Depots* Sen -~
People Sharing Rail

Transport Link* - -
People in Rail

Right-of-way* - -
People in Air Cargo

Terminals* - —
People in Dock Areas* - -—

Total 7.2

*No impact has been calculated for people in dock areas since the re-
ported shipments in the limited New York City shipment model are all
through shipments. No shipments by rail are found in the shipment model.
Air freight shipments have been assumed to arrive at facilities outside
the terminal area, hence ne impact has been calculated for people in air
cargo terminals.



For multiplicative factors, the sensitivity is easily determined; i.e., doubling a

factor doubles the dose. Theret -e multiplicative factors are fixed at nominal
values and the remaining variable are examined, resulting in scaled regression
equations.

The process of producing scaled regression equations allows for the development
of specific information on a desired route. If each of these equations is
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 to 100 km<
New York City but can be transposed to any urban area, given standard ehipment
information and data on the new urban area.

The error analysis of the incident-free 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 (dy)
Peopl¢ in vehicles
(two-way streets) Street width ("st)
People in buildings Building wall thickness (wb)

People in air terminals Minimum exposure distance (ry)

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%Z error in each of the
six variables appearing in the error equation will result in a maximum
relative error of o0%Z. Thus the 1-tegrated dose to pedestrians could be
underestimated by 0.6 or overestimated by the same amount. Note that
these results do not lend themselves to a probabilistic interpretation.

2.4 Conclusions

The overall population dose received as a result of the incident-free shipment
of radiocactive materials in 100 km? 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.

NOTES

INUREG-0170.

ZNUREG-L073.

3Analysis of raw data from BNWL-1972.

“WASH-1238.

o Shapiro, Exposure of Airport Workers to Radiation from Shipment of

Radioactive Materials, NUREG-0154, Washington: U.S. Nuclear Regulatory
Commission, January 1977.

6y.s. Department of Commerce, Statistical Abstract of the United States,
1978.
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3

IMPACTS OF TRANSPORTATION ACCIDENTS

The analysis of the impacts of transportation accidents involving radioactive
materials in urban areas is subdivided initially into two categories based on
the dispersibility of the material involved in the accident. Impacts from
accidents involving nondispersible or special-form materials result from in-
creased exposure either because of the delay in transit of the material or
because of reduction in the available shielding due to accident deformation
forces. Dispersible materials can be aerosolized, producing an inhalation
hazard to people near the accident. 1In addition, because the aerosol cleoud
disperses as a result of the prevailing meteorological conditions, dispersible
materials can expose people in downwind areas. Part of a dispersible shipment
can remain at the accident site, resulting in increased exposure to the sur-
rounding population. Material in the aerosol cloud causes increased cloudshine
and groundshine doses to the population along the route of cloud passage. If
some of the deposited material is resuspended by wind, traffic_or other means,
it can become a long-term inhalation hazard as well.

Two factors are involved in evaluating the impact of an accident from a risk (or
expected value) perspective: probability and consequence. The probability that
an accident occurs is presented in terms of the expected number of accidents of
a given severity per year as a function of transport mode. The amount of dis-
persal or increased exposure is related to package condition after the accident
by the release fraction, which describes the severity dependence of package
response for various package types. These release fractions, together with
mode-specific accident rates and severity-dependent fractional occurrences for
accidents, form the basis for the calculations of probability of package
response.

The consequence of an accident is defined as the effect of the release or ex-
posure which results from an accident of a specific severity involving a partic-
ular shipment and package type. The product o  consequence and overall package
response is defined as the “"expected value of radiological risk" and is ex-
pressed in terms of expected radiological consequences for a given type of
shipment. For each shipment type, four potential health effects are considered:
(1) early fatalities, (2) early morbidities, (3) latent cancer fatalities, and
(4) genetic effects.*

Expected radiological risk values are calculated for each shipment type and
summed over all shipments to obtain the annual radiological risk resulting from
a year of shipment activity at the given level. The value of expected annual

*Values for each of the health effects are calculated using the METRAN
computer models.
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radiological accident risk represents a statistical measure of the annual public
hazard posed by urban transport of radioactive materials. This type of analysis
does not distinguish the contributions to overall risk of high-probability/low-
consequence accidents from those of low-probability/high-consequence accidents.
Because of the heightened public and regulatory concern over low-probability/
high-consequence events, shipments which could cause potentially severe conse-
quences if Involved in an accident are considered separately to complete the
analysis. In some cases, these shipmeants occur within the limited shipment data
base for New York City and so are included in the expected value risk calcula-
tion. For those shipments not included in the data base, the calculated values
do not contribute to the expected value of risk. Although the passage of these
shipments through urban areas may not be documented, that possibility exists
and, as a result, must be considered.

The remainder of this chapter is divided into five sections. Section 3.1 dis-
cusses the accide. t model in general.* This section touches on the use of data
discussed in detail in Appendices A and C and on the meteorological model used
in the dispersal accident case. The next section describes the method used for
obtaining the expected values of radiological risk for the limited New York City
standard shipment model. Following this discussion {s a section on the poten=
tial health effects and indirect economic impact of an accident. The next
section, 3.4, analyzes low-probability/high-consequence accidents. Finally,
there is a discussion of a sensitivity and error analysis performed on the
METRAN accident models and a short summary of the overall accident results.

3.1 METRAN Accident Model

As shown in Figure 3-1, the METRAN accideat analysis involves the melding of the
outputs of several submodels to provide either individual accident consequences
or expected annuul radiological risk. The model, described in detail in Appen-
dix C, considers three types of accidents: (1) those involving release of a
dispersible material, (2) those involving reduction or elimination of shielding
from a nondispersible material, and (3) those which simply delay a package
without any release of contents or shielding reduction. Two specific accident
geometries ~- midblock and intersection; four population groups -- crew, pedes-
trians, people in vehicles, and people in buildings; and three street types --
freeways, one-way streets, and two-way streets are analyzed. Various other
modes, rail, water, and air, result in other exposure situations, as discussed
in Appendix C. Meteorological input based on the MICMET and PICMET codes
(Appendices E and F) provide the atmospheric dispersal input. The extensive
land-use and population distribution data base (Appendix A) provides an estimate
of the time and location dependencies of the population at risk. Accident
rates, accident severity data, and release fiaction information are also 2x-
tracted for the data base to help determine the consequence and/or risk.

In the case of both nonrelease accidents and accidents involving exposure to
nondispersible sources, the exposure magnitude depends directly on the length of

exposure. This so-called delay time is a severity-dependent parameter specified
in Appendix A.

*Details can be found in the appendices to this document and in References 1
and 2.
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3.1.1 Accidents Involving Nondispersible aterials

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-probability/low-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 thresnold 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 1/r® 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 L. 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 ocrurrence 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). Since people are assumed to be lo-
cated only adjacent to the outside 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.

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). For accidents occurring in intersec-
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 oppesite direction doses. Equation 18, Appendix
C, gives the overall expression for dose to people in vehicles and includes
consideration of source strength, accident delay time, and number of people per
vehicle.
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Nondispersal Source Accidents on Freeways

Since it is assumed that there are no pedestrians on freeways, the pedesi.rian
dose is set to zero. Geometry for dose to people in buildings is similar to the
earlier expression for a midblock accident occurring on a very wide street. The
basic changes include the minimum exposure distance and the number of exposed
building faces. The method of calculating oblique impingement also changes,
resulting in Equation 20, Appendix C, for dose to people in buildings from
freeway accidents.

Since accidents on freeways seldom disable traffic in both dir2ctions, the model
assumes, as in the t.o-way street midblock analysis, that only "he side on which
the accident occurs is stopped. Traffic in the opposite direction continues to
move normally. The phenomenon of platooning, developed in Apperdix B, is ap-
plied here, and the dose from the expression in Appendix B for people traveling
opposite to the shipment is modified to account for the fact that the source is
stopped instead of moving. The net result is given in Equation 22, Appendix C.

Nondispersal Source Accidents on One-Way Streets

Since there is no opposite direction traffic stream on one-way streets, the
ma jor change is in dose to people in vehicles. A midbtlock accident is sur-
rounded by streams of traffic moving past it in the same direction. The ad-
justed expression for dose to people in vehicles is given in Equation 23,
Appendix C.

Nondispersal Source Air Transport Accidents

Aircraft accidents in urban areas can occur anywhere. The dose expressions used
are assumed to be those for truck transport accidents on two-way streets (see

Appendix C).
Nondispersal Source Rail Transport Accidents

Although rail shipments do not appear in the New York City shipment data base,
the model is capable of handling this type of accident. Although accidents
could occur anywhere in the urban area, high-speed collisions causing signi-
ficant damage to packages would most likely occur outside of terminal areas.
Thus, a development analogous to incident-free dose to people along rail right-
of-ways is used, resulting in Equation 24, Appendix C.

Noadispersal Source Water Transport Accidents
Only water transport accidents occurring in the dock area could cause signi-
ficant exposure in an urban area. Equation 25, Appendix C, an equation

analogous to Equation 50, Appendix E, is used.

3.1.2 Accidents Involving Dispersible Material

Accidents severe enough to disperse radioactive material can result in up to
five different doses: from inhalation of airborne material, from cloudshine
exposure, from groundshine exposure, from material remaining at the scene of the




accident, and from inhalation and cloudshine from material resuspended after
being initially deposited on the ground. Ingestion cf radiocactive contamination
from a vehicular accident is not considered in this analysis.

Because of the additional complexity afforded by consideration of meteorological
conditions, the calculations of these consequences are more involved and the
discussion of this source of exposure is expanded somewhat.

Direct Inhalation Dose

The consequences of radiation exposure from the direct inhalation pathway are
strongly dependent on both the radioactive source term, the prevailing atmo=
spheric conditions, and the location of the population. The source-tern parame-
ters of interest include the number of curies of material released from the
package and aerosolized, the physiological pathway followed by material once
inhaled, and the dose to a specific organ which results from inhalation. The
relationships between these factors and their use are discussed in greater
detail in Appendices B and H. The atmospheric dispersion processes, described
in Appendices E and F, control the downwind cloud dimensions and material con-
centrations as a function of mean wind velocity, local surface roughness (in-
cluding building height and fraction of area occupied by buildings), and
atmospheric turbulence parameters.

Cloudshine Dose

Those persons who are immersed in the passing cloud of radioactive material may
consequently be exposed to external penetrating radiation. The amount of dose
received by this pathway is dependent on the energy of the emitted photons, the
length of exposure, and the concentration of the cloud.

Remnant Dose

In many cases, a significant amount of material may remain undispersed at the
scene of an accideat. This material will act as an exposure source, givin_ some
additional dosage to persons in the immediate area depending on their exposure
geometry, length of exposure, and the amount of material present.

Groundshine Dose

Some of the material which is dispersed in an accident will be deposited down-
wind of the accident site on building floors, walls, streets, etc. This mate-
rial can acc as a direct radiation source, causing substantial exposure to
people traveling in the contaminated area. The model computes this exposure by
assuming an infinite plane source of monoenergetic photons. If the area is
contaminated above cleanup level and/or land-use denial (interdiction) levels,
the mitigating effect of these actions on exposure is considered.

Resuspension Dose

Deposited material can be resuspended by various mechanical forces such as wind,
vehicular traffic, street cleaning, etc. The resuspended material then becomes
a direct inhalation source. This exposure pathway is evalvated using a resus-
pension dose factor which operates directly on the direct inhalation dose to
give the total dose due both to direct inhalation and inhalation of resuspended
material.
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Additional discussion of inhalation dose follows to illustrate the various
aspects of the process used to evaluate a particular type of dispersal accident
dose.

3.1.3 Inhalation Dose from Accidents Involving Dispersible Materials

A complicating factor with vehicular accident analysis is the dependence of
health-effect consequences of an individual inhalation dose received on the
particular body organ or set of organs exposed. The inhalation dose to a par-
ticular organ is dependent upon radionuclide characteristics as well as upon the
concentration of the material in the cloud. This aualysis considers individual
organ doses from inhalation to lungs (l-year and 50-year doses), bone marrow
(1-year and 50-year doses) lower large intestine, bone, thyroid, and gonads.
For the last four, only 50-year total doses are considered.

Pedestrians

As a clcud of radioactive material leaves the accident site, the meteorological
models (Appendices E and F) calculate an atmospheric dilution factor at street
level which describes the concentration of particles to which different dose
groups are exposed during cloud passage and the amount of material deposited
from the cloud as it passes. Since these factors change as the cloud disperses,
it is assumed that a pedestrian remains within a specific cell for the duration
of cloud passage. The dose received by a particular pedestrian is the sum over
all time steps of the product of the dilution factors, the length of each time
step, and the radiological source term (Equation 27, Appendix C). As indicated
in Appendix E, there are short time steps (cell of release) and long time steps
(other aftected cells); thus the summation must be across both sets of time
steps. The integrated dose across all time steps and for the midblock and
intersection cases is given in Equation 29, Appendix C. Pedestrian density is
still allowed to vary to simulate the diurnal variation, but it is no longer a
simple multipli-ative factor becoming part of the summation process. Details of
the development of this expression are given in Appendix C.

People in Vehicles

The development of this expression is analogous to that for dose to pedestrians.
No allowance is made for filtration of the cloud of debris as it enters the
venicle. The total individual dose to peuple in vehicles is the same as for
pedestrians (Equation 27, Appendix C). The total number of people in vehicles
is required in this case (people per vehicle times number of vehicles). When
this factor is incorporated, the general expression for integrated dose to
people in vehicles is given by Equation 30, Appendix C.

People in Buildings

The concentration of airborne radioactive material inside a building depends on
the rate of exchange of outside air with the air inside the building. Equation
31, Appendix C, gives an expression for the building dose factor (ratio of dose
inside to dose outside). The model takes account nf two ventilation types
(continuous intake and air-conditioned systems). For details of these systems
and the remainder of the building dose development, the reader is referred to
Appendix C. The expression for integrated dose to people in buildings is given
in Equation 32, Appendix C.
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Exact development of expressions for other accident doses can be found also in
Appendix C.

3.2 Summary of Direct Radiological Effects from Accidents

Once the integrated and individual doses from a specific accident have been
calculated as described above, it is necessary to combine the results, determine
the expected number of health effects, and express the consequences in terms of
expected annual va'ues. The output parameters are early fatalities, early
morbidities, latent cancer fatalities, and genetic effects, and result from
inhalation and/or external exposure. Details of the health effects models and
conversion techniques are described in Appendices C and G.

Expected numbers of early fatalities are obtained by multiplying doses received
by individuals by the probability of a fatality given a specific dose and then
summing over the various computed individual doses (Equation 43, Appendix C).
Early morbidities are calculated analogously except that in this case there is
assumed to be a 100% occurrence of morbidiry above a specified dose threshold
(Equation 44, Appendix C). In order to predict the number of latent cancer
fatalities and/or genetic effects, the integrated exposure associated with early
fatalities is subtracted from the total integrated exposure. The remainder is
then converted to expected number of long-term effects by multiplying the ad-
justed dose to a particular organ received in an accident by the appropriate
health-effects coefficient for that organ and the dose-rate effectiveness factor
and then summing over all organs (Equation 45, Appendix C). The dose-rate
effectiveness factor is a variable in the analysis and can be chosen by the
analyst. For this study, a dose-rate effectiveness factor of 0.2 is used for
all dose rates less than 1 rem/day (~400 rem/year) and a dose-rate effectiveness
factor of 1.0 is used for doses greater than 1 rem/day. In addition a dose-rate
effectiveness factor of 1.0 is used for all high linear energy transfer (LET)
radiation sources, regardless of dose rate.

Te calculate the total expected health effects, it is necessary to evaluate the
expected number of accidents of a given severity in a particular cell. The
results described above are for accidents of a given severity occurring in a
specific cell along the route. The expected number of accidents (Equation /6,

£ pendix C) is the product of the distance traveled in a cell, the accident rate
per unit distance of travel, and the fraction of accidr s of a given sevei.ty.
It should be noted that the expected number of accident . for a given cell and
severity is dependent on both transport mode and time span. Combining the above
with the calculated number of consequences for a given cell and severity, the
expected numbers of health effects are obtained (Equation 47, Appendix C). Fi-
nally, the expected numbers of health effects are summed over all modes and
routes to obtain the total expected values for a specific set of standard
shipments.

3.3 Resunlts of Analysis

The results of this portion of the analysis are presented from several different
perspectives for easy comparison of the impacts of vehicular accidents with
those from the other causative events. The impacts from the entire shiopments
model are presented, and then impacts from particular shipments are analyzed.

In evaluating these results, the reader should keep four concepts in mind.
First, the expected value of annual radiological risk, as defined here, is 2
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statistical measurement of the hazard to the public over all time from 1 year of
shipment activity, not the number of health effects expected to occur annually.
Second, the population at risk is the entire population of the specifi~4 urban
area since, for dispersible materials, the aerosol cloud could pass over any
portion of the city given the appropriate meteorological conditions. Similarly,
for nondispersible materials, the accident could occur anywhere in the city, not
just along the routes specified in this study. Finally, the exposed population
is that portion of the overall population directly affectod by increased exter-
nal exposure and/or by radioactive debris from a specific release.

Before summarizing the results of the analysis, a few comments on data changes
since the working draft of this report (Reference 10) was published are in
order. The major change has been in the consideration of material which can be
released from a spent fuel shipping cask. In the previous analysis, a fraction
of the entire cask contents was assumed to be released and aerosolized. ter
consideration of test data on cask response to severe accidents, the authors
decided that this assumption was not reasonable.’® The analysis of cask acci~-
dents ‘n the present study is based upon the more realiscic assumption that the
aajor source of radioactive material which would be released in a severa acci-
dent is the material deposited on the cask interior and exterior surfaces of the
fuel elements during their lifespan in the reactor (known as reactor "crud" and
containing predominantly primary system corrosion products). References 4 +.d 5
indicate that for 150-day cooled fuel, the major contaminant in the crud is
cobalt-60. The other materials present after the fuel has been removed from the
reactor have relatively short half lives and, for practical purposes, are gone
at the end of the first 150 days. For a generic 3-element, water-cooled cask
(similar to a NFS-4 or NAC-1 cask) containing 16 x 16 arrays of fuel pins per
element, the available inventory of Co-60 can be calculated using the conserva=
tive data in References 4 and 5: namely, 180 microcuries per cm? (uCi/em?) of
pin surface. The result of the computation is that about 154 curies of Co-60
are present on the surface of the fuel pins. Recent information indicates that
approximately 20% of the adhered crud could be easily removed by physical shock.
Other sources of "crud” are also present in the cesk; however, these have not
been quantified, and the assumption is made that the 154 curies represents the
fraction of the total available inventory which could be released. It is
recognized that other materials (not corrosion products) are available for
release. In particular, noble gases and cesium-137 are present as a result of
normal levels of perforation of the fuel pins in a reactor. There may be sig-
nificant quantities of krypton-85 available for release. Since the levels of
noble gases in general would contribute negligibly to the overall population
dose in comparison to the levels of C =60, Kr-85 is not considered further.
Cs-137 is recognized to produce health effects at a level comparable to those of
Co-60. However, Reference 6 indicates that in contaminated cask coolant water,
90% of the contaminant is Co-60 while only 1% is Cs-'37. Thus, the assumption
is made here that the available Co-60 produces the total health effects which
will be observed. In conclusion, the source term in Reference 10 for spent fuel
dispersal has been replaced by a more realistic value, consisting solely of
Co-60, which would become available for release if the transport vehicle wvere
shocked severely enough in collision to jar loose and release the deposited
“crud.” The authors believe this is an improved approach to the spent fuel
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vehicular accident analysis.* The quantity of “"crud” available for release
would be a strong function of the cask type. That is, the use of air or inert
gas coolants, instead of water will strongly influence the "crud” source terms.

To examine the influence of meteorology un the accident risk, the analysis was
performed for one time of day (1630 hours), the four cardinal wind directions,
and three separate wind speeds (2, 4, and B m/s). These calculations indicate
that as wind speed increases, the calculated number of expected early morbidi-
ties disappears since the materials are dispersed more rapidly and the initial
exposure levels to individuals close to the accident site are accordingly low=
ered. Values for latent effects do not change markedly with different wind
speeds and directions. Thus, the tables which follow are for a single set of
meteorological conditions (2 m/s, south wind) with accident occurrence time set
arbitrarily to 1630 hours.

Table 3-1 summarizes the contributions to the expected value of radiological
risk by material end-use categories. The major contributors to the expected
risk are fuel cycle and medical shipments contributing together more than BOL of
the expected effects.

Table 3-1

End-llse Contributions to Expected Radiological Risk Values
from Yehicular Accidents per Ye=r of Shipping Activity

Expected
Nuaber of Expected Expected
Amount Latent Number of Nusber of
Shipped Na. of cancer ; Genet i¢ s Barly
___End Use {citye) _f Shipments per year f Fatalities  F"  Effects ¥ Morbidities  F'
Medical £, ox10® 0.017 2. 2x10" 0.80 5« IO ~0,39  T.axio™ 0.39
Industrial T.1xi0" 0.026 3. ixio? ~0, 11 2.3x10°% “0.17  J.éxlo® 0. 18 - -
. b y ® 3 ] p “ ). 4 “ & ’ s \
Fuel Cycle P ARy 0.96 2.3x10 ~0.08 b, 1x10 0. 44 A 1x10 0.43 2. 7x10 1.0
(including fuel
cycle wastes)
Waste 5.7x10 4 - 9.6x10" -0, 004 8.2x10°7  <0.001 J.x10®  <0.00
Total ~2.1x10% 2.8x10" La4xin? 1.9x10 3 Z.7%10 3
%t = Fraction of contribution to expected value of radiological risk.
t’F\wl ecycle shipments are assumed to have ¢ dispersible component of 154 curies of Co-hU, The 2.6xI0° figure includes the

nondisrersible fuel and fission product contents as well as the coble pases.

*Inclusion of a Cs~137 release in addition te the assumed Co-60 value was
determined to alter the radiological consecwnces from a spent fuel transport
accident by less than 10%Z. This was confi. -4 Dy usiag METRAN and CRAC anal-

yses. The Cs-137 release (25 curies) was calculated from the assumptions in
Reference 12.
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Table 3-2 displays the contributions to expected risk by transport mode. Only
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. Therefore, when the rows labeled "Truck,” "Air,” and "Air and
Truck” are combined to reflect this assumption, the contribution of truck trans-
port to latent cancer fatalities and to genetic effects is ~100%.

Table 3-2

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

Expected

Kumbe r Expected Expected
Amount of Latent Number of Numbe r
Transport Sh’ pped ko, of Cancer Genet ¢ of Early
Mose (Ci/yr) A Shipments per year  f = Fatalities  F Effects = F Morbidities F
Truck 2. 7x10® 0, 98 1.5x10" 0.513 7.2x10°% 53 9, 7x10 % .51 2,7x10°% 1.0
air’ 9. 5104 Lo lxgor® ~0,39  9.7x10°9 . 001 L.4x10°%  <0,001 - -
Alr o?d
Truck - - - - 6. 5x10°" Je b7 9. 2x10°* Us k9 -
Barge 4.9 <", 001 2. 3107 0. 08 3.2x10 3 <0, 001 G 1x10°%  <0.001 2.7%10
tal 1x10° Bx10" ~l.4xl0? L9xio™?
a
Alr freight and air passenger are combined.
b
Shipping activity for air overflight and air/truck are combined. Separate valses are listed for risk contribitions.
“Virtually all of the risk from this mode combination comes from the truck link.

Table 3-3 displays contributions by package type. Type A and Type B packages
account for 57% of the expected risk values while cask shipments produce 437 of
the calculated values.

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 =ight 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 significant standard shipments in terms of contribution
to the various health effect categories. These 10 shipments (out of a total
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). The remainder of the shipments 'isted in the
table are various industrial and medical materials.
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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 Expected Expected
Amount of Latent Number of Number
Package Shipped No. of Cancer Genetic of Early
Type (Ci/yr) f Shipments per year  f Fatalities ¥ Effects ¥ Morbidities ¥
A 2.4x10* 0.01 2. 5x10" 0.90 S.8x107* .41 7.9%107" a4l - =
B 9. 2 0.03 2. 7x107 ~{)s 10 2.2x10°% 0. 16 3.0x]0"" 0,16 - -
Cask ‘.‘.bxl\)“ 0.9 1.2x10! <0, 001 6. Ix]0°" 0.43 8.1x10"" Q.43 2.7x10°° 1.0
Dr um 9, 7x10~4 <0, 004 7.0x10} <. M 8,9x10"7 <0.001 L.2xl0"® ‘0,001 -
Total 2.7x10% 2.8x10% 1.4x1073 Ixi0™? 2.7x10°%
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
Nature of Shipped Shipments Latent Cancer Genetic Early
Shipme ¢ (Ci/yr) f per Year f Fatalities ¥ Effects F Morbidities F
Dispersible 2.4x10* 0.01 2.6%10% 0.9 l.1x1073 0.82 L5x107% 0,81 2.7x10°% 1.0
Nondispersible
(Special Form) 2. 7x10% 0.99 1.7x10° 0.06 2.5x107" 0.18 3. 5x10°% 0.19 - *
Totals ~2.7x10° ~2.8x10% ~1,4x1073 ~1.9x10"3 2.7x107%

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 centributions 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 centributions 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 Expected Radiological Risk Values
from Vehicular Accidents

Fractional Contribution Fractional Contribution
to Expected Number of to Expected Number of
Material Latent Cancer Fatalities of Genetic Effects
Spent Fuei? 0.44 0.43
Mg-28 (52 Ci/Type A pkg) 0.23 U. 24
Co=60 (4700 Ci/Type B pkg)® 0.07 0.7
Ir-192 (100 Ci/Type B pkg) 0.06 0.07
Mo-99 (1.3 Ci/Type A pkg) 0.04 0.04
Mo-99 (1.2 Ci/Type A pkg) 0.03 0.04
Ir-192 (80 Ci/Type A pkg) ~0,03 ~0.03
Au=198 (13 Ci/Type A pkg) 0.02 0.02
Co-60 (4700 Ci/Type B pkg)b 0.01 0.01
Mo-99 (91 Ci/Type B pkg) 0.01 0.01
Subtotal 0.94 0.96
All Others® 0.06 0. 04

Fractional Contribution
to Expected Number of
Material Early Morbidities

Spent Fuel 1.0

AThese health effects result entirely from groundshine., Direct inhalat’on is
not a significant contributor except in high-severity accidents which do not
contribute greatly to the overall risk.

bBoth Co-60 shipments are in nondispersible form; however, risk contributions
vary because of different routes through the study area.

“Fractional contributions are listed for total number of shipments of each
material type, e.g., for Mg-28 the number of shipments is 46, for spent fuel the
number is 12, etc.
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Table 3-6

Population and Dose Pathway Contributions to Health Effects

Latent Cancer Fatalities* Fractional Contribution by Dose Pathway
Total Fractional Contribution
Contribution to Expo- Inhala~ Ground- Cloud~- Nonre lease
Material Description Expected Health Effects Buildings Vehicles Pedestrians sure tion _shine shine Accident
Mo-99 €2 Ci dispersible Sxi0°® D4 - 0.6 - - 1.0 = - -
(1.2 Ci/pkg)
Mo-99 <2 Ci dispersible 6x10" * 0. b - Oe6 - - 1.0 - -
(1.3 Ci/pkg)
Au-198 >2 Ci dispersible x10 ° 0.3 - 0.7 - - 1.0 - -
(13 Ci/pkg)
Mg-28 »2 Ci dispersible X104 0.4 - Cob - - 1.0 - -
(52 Ci/pkg)
SyF-INH  »2 Ci dispersible 6x10™4 0.98 - 002 - - 1.0 - -
Mo-99 »>2 Ci dispersible 2x1079 0.3 - 0.7 - - +0 - -
(91 Ci/pkg)
Co~60. 52 €1 nondispersible 1x10 = 0.3 0.7 E.0 - - - -
(4700 Ci/pkg)
Route 5
1r=192 »2 €1 nondispersible 4x10 > - 0.3 0.7 1.0 - - - -
(80 Ci/pkg)
Type A
1e-192 >2 Ci nondispersible 9x10 > - 0.3 0.7 1,0 - - . -
(100 Ci/pkg)
Type B
Co=60 »2 Ci nondispersible 2x10 * - 0.3 0.7 1.0 - - - -
(4700 Ci/pkg)
Route 2

*Onlv latent cancer fatslities are expressed here since the pattera of fraczional contributions is the same for genetic effects, although th:

total contributions are not the

SAMme .



For low-severity accidents, the entire effect comes from the nonrelease accident.

When the release fraction is not zero and the material is aerosolized, three
exposvre pathways are possible: remnant, cloudshine, and groundshine. There is
also the inhalation dose pathway. Analysis of these pathways has revealed that
cloudshine is not significant. Groundshine is the most significant contributor
to both latent cancer fatalities and genetic effects (see Table 3-6).

Further analysis of the data reveals that certain accident severities contribute
most significantly to the overall risk. For dispersible materials shipped in
Type A packages, accidents of severities Il through V produce more than 95% of
the observed health effects. For dispersible materials shipped in Type B pack-
ages (non-fuel-cycle materials), accidents of severities IIl through VI result
in more than 9R%Z of the calculated health effects. If dispersible fuel cycic
materials shipped in casks are examined, severity I[I1 and severity IV accidents
produce 98% of the observed health effects. Nondispersible material accidents
of intermediate severities contribute the major portion of the health effects.
Given the above information, we conclude that accidents of intermediate severity
are the most significant in the calculation of risk values.

In summary, the expected values of radiological risk are dominated by the few
spent fuel shipments and by medical-use shipments, with all of the expected
early morbidities coming from the spent fuel shipments. Essentially 100%Z of the
expected health effects come from truck transport of the materials, although
this may well be an artifact of the computer models. Shipments in Type A pack-
ages and casks dominate the expected health effects, contributing equally to the
calculated values. Dispersible materials dominate the expected number of health
effects, although much of the total results from exposure to material deposited
on the ground during cloud passage. Several routes used in the analysis pass
through cells adjacent to the northerr boundary of the study area. Since acci-
dents occurring in these cells during prevailing southerly winds (assumed for
Tables 3-1 through 3-6) could affect areas of the city ontside the grid, the
analysis was repeated using the four rcardinal wind direc:ions and three distinct
wind speeds to examine the variation of the overall resu .ts for these different
conditions. Table 3-7 presents the results of this analysis. The greatest
variation is observed in the calculated numbers of expected early morbidities.
As wind speed increases independent of direction, the number of early effects
decreases. As the wind speed increases above 8 m/s, the calculated number of
early morbidities becomes zero. The analysis indicates that, for the mos. part,
a single choice of wind direction and speed is sufficient to gauge the level of
estimated radiological effects.

3.4 Direct Economic Impacts

wne extensive radioactive contamination of an area from a major accident involv~-
ing radioactive material can result in large economic costs to Lomeowners,
businesses, and governmental agencies. These costs consist of immediate emer-
gency response costs, cleanup and recovery costs, radiological survey costs,
street cleanup costs, building cleanup costs. evacuation costs, security costs,
and land-use denial cos:s as determined by ~te particular situation. Each of
these costs, detailed in Appendix K, is a lunction of accident severity.

The general methodology in economic impact assessment involves five principal
steps:

55




Table 3-7

Expected Radiological Risk Values from
Vehicular Accidents by Wind Direction and Speed

Fxpected
Expected Number of Expected Number Number of
Wind Wind Latent Cancer of Genetic Early
Direction Speed (m/s) Fatalities Effects Morbidities
“ 2 1.4x10 3 1.9x1073 2.7x10°%
s 4 1.4x1073 1.9x107% 4.2x1076
s 8 1.4x10" 2 2.0x10 3 0
W 2 1.5x1073 2.0x1073 3.3x107°
W 4 1.5x10 * 2.1x1072 B.4x107®
W 8 1.4%1073 1.9x1073 0
N 2 1.5x10? 2.1x1073 2.7x10°°
N 4 1.6x1073 2.2x10°3 4.2x107®
N B 1.6x10 * 2.3x10° 0
E 2 1.3x107¢ 1.7xi0" 3 3.3x10°°
£ 4 1.3x10 ? 1.8x10 ? 8.4x10°®
3 - 1.2x1073 1.7x1073 0
Average . N N
Values 1.4x10 3 2.0x10 * 1.2x10°°

l. Calculation of the actual downwind contamination levels

2. Comparison of actual levels with desired cleanup levels

3. Selection of cleanup technique required

4, Assessment of costs based on cleanup technique selected

5. Calculation of economic riek in a parallel fashion to radiological
risk.

The costs are a strong function of both the amount of material released and the
desired cleanup level. Figure 3-2 shows the relatfonship between the direct
economic impact and the amount of material released and aerosolized for the
cleanup level of 0.2 uCi/m2 currently recommended by the Environmental Protec-
tion Agency (EPA) for both long=- and short-lived materials.t! Figures 3-3 and
1-4 show the cuntribution of eazh of the components of economic impact to the
total amount for long- and short-lived materials. For smaller releases of
long-lived materials, the costs of surveying the area dominate the overall
costs. As the released amount increases, costs associated with street cleanup,
building cleanup, and evacuation become significant. At high levels (>100
curies), costs associated with permanent land-use denial account for virtually
all of the economic impact. For releases of short-lived material, survey,
street cleanup, and building cleanup costs dominate the smaller releases. In
the case of intermediate and larger releases, however, costs associated with
evacuation and building cleanup account for virtually all of the cost impact.
The figures display the costs for the limited New York City study area and thus
are truncated at the edges of the grid. This truncation levels off some of the
cost curves and is an artifact of the modeling.
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Figure 3-2. Economic Impact versus Amount of Material Aerosolized. The cleanup
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level is 0.2 uCi/m< for both long- and short-lived materials.




o —o—X0—0—0 —X

Amount of Material Aeros

Figure 3-3. Cost Components for Urban Releases of Long-1 ved Materials.

The cleanup level is 0.2 uCi/m®.
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Figure 3-5 shows the relationship of cleanup level to total cost for releases of
long-lived materials. For small releases, there is a very large spread in
costs, reflecting the large difference between on-scene emergency response
costs, which require a relatively small amount of time, and costs for survey
which take a relatively large amount of time and technical expertise. The
curves are roughly parallel for intermediate-level releases where costs are
dominated by cleanup and evacuation. For very large releases, where land-use
denial occurs and where the decontamination factors are extremely large, the
costs are relatively insensitive to cleanup level because permanent land-use
denial is required for all cases. The overlap betwcen 0.2 uCi/m? and 0.1 uCi/m?
is a result of being near the threshold for permanent land-use denial. In the
case of the 0.2 uCi/m? release, the total of evacuation and building cleanup
costs is slightly greater in the neighborhood of 10 curies than in the interdic-
tion cost for the same geographical area for a cleanup level of 0.l uCi/m?.

As discussed in Appendix K, the half life of a radionuclide determines, in part,
the type of approach taken to the overall cleanup effort. Figure 3-6 shows the
effect of cleanup level on total cost for various releases of short-lived mate-
rial. In the low and intermediate ranges, the costs are comparable to those for
long-lived materials, although they are somewhat smaller. At levels greater
than 10 curies, however, the costs associated with releases of short-lived
materials are significantly less, principally due to the permanent land-use
denial in the case of long-lived materials. This factor is omitted from the
costs for short-lived materials because the approach assumed is one of "evacuate
and wait for decay.”

Because of the overwhelming contribution of permanent land-use denial to costs
of large releases of long-lived materials, these costs ave relatively insensi-
tive to the particular urban area being studied (assuming, of course, that urban
land value is relatively constant from city to city). Similarly, the dominance
of survey costs for small releases means that these costs, too, will not vary
much from city to city. Evacuation and building cleanup costs dominate inter-
mediate releases, and these costs scale roughly with population density. There-
fore, costs for releases of long-lived materials can be approximated for other
cities knowing only population density variations.

Intermediate and large releases of short-lived materials are dominated by evac-
uation and building cleanup costs so these can be approximated from city to city
knowing the ratio of population densities for the various cities. Low-level
release costs are dominated by survey costs, which are essentially independent
of the city involved.

In evalua*ing these economic impacts, two things must be kept in mind. First,
these are, at best, order-of-magnitude estimates. More accurate predictions
would require detailed descriptions of the actual accident site, prevailing
meteorology, and downwind land-use patterns rather than the more generic de-
scriptions used in METRAN. Second, METRAN cannot quantify all economic costs
since there are several indirect costs which are more a function of public
response than a function of the actual contamination "footprint.” Examples of
these costs include costs of litigation, indirect business losses (due, for
example, to fear of possible danger, even after cleanup), and actual costs to
government agencies dealing with the incident.
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Figure 3-5. Relationship of Economic Impacts to Amount of Long-Lived Material
Released for Different 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 to that for 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). The estimated
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.

Table 3-8

Expected Economic Risk Values
from Vehicular Accidents

Expected Value

of Economic Risk Expected Number
per Year of Shipping of Latent Cancer Fatalities
End Use Activity (§) I3 per Year of Shipping Activity F
Medical 1.4x10° 0.97 5.3x10 “ 0.39
Industrial 1.9x10% 0.01 2.3x10° 4 0.17
Fuel Cycle 3. 1x10* 0.02 6.1x107" 0.44
Waste 5. 1x10Y <0.001 8.2x10 7 <0.001
Mode
Truck 6.4x10" 0.04 7.2x10 ¢ 0.53
Adr 1.0x10! <0.001 9.7x10 ¢ <0.001
Air and Truck 1.4x10® 0.96 6.5x10 * 0.47
Barge 1.3x109 <0.001 3.2x10° 8 <0.001
Package Type
A 1.4x10° 0.94 5.8%10 “ 0.41
- 6.2x10% 0.04 2.2x1074 0.16
Cask 3. 1x104 0.02 6.1x10 0.43
Drum 4.1x10° <0.001 8.9x10°7 <0.001
Totals ~1.5%10® 1.4x10 3
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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.

Table 3-9

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

Accidents
Estimated Expected Number
Wind Speed Wind Economic of Latent Cancer

(m/s) Direction Risk ($) Fatalities

2 S 1.5x10© 1.4x10° 3

4 S 1.5x108 1.4x10 3

8 S 1.2x10° 1.4x10 3

2 W ~1.5x%10° 1.5x10 3

4 W 1.4x10® 1.5x10 3

8 W 9.9x10° 1.4x10 3

2 N 1.4x10° 1.5x10 3

4 N 1.5x10° 1.6x10 3

5 N 1.1x10° 1.6x10 3

2 E 1.6x10° 1.3x10 3

4 E 1.6x10° 1.3x103

- E 9.5%10° 1.2x10 3
Average Values 1.4x10° 1.4x10 3

3.5 Low-Probability/High-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.’ 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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Table 3-11

Results of Low-Probability/High-Consequence Accident Analysisa >

Latent Cancer Early Early Direct Economic
1sotope Fatalities Morbidities Fatalities Impact (35) Comment s

Ho-99 0,05 0 0 2x10° On-scene costs: <0.1%
(91 C1) Survey costs: ~6X
Street cleanup: 0O.62
Building cleanup: ~0.18%
Evacustion costs: ~77%
Security costs: ~I18%

Co-fu 4 0,01 0 0 4x10% Emergency response: 202
(4.7x10% €1) Un-scene recovery: 802

pent Fuel 1 0 0 2x10% On-scene costs: <0.1%

(154/2.17x10% ¢1)® Survey costs: 0.7%
Street cleanup: <0.1%
Building cleanup: 0.71%
Evacuation costs: ~I%
Security costs: 2%
Land-use denial: 953

P’ atonium £ 1800 23 - 2x10? On-scene costs: <0.1%
UL 13x10% 1) Survey costs: 0.5%
Street cleanup: O
Buflding cleanup: 0O
Evacuation: O
Security costs: 4%
Land-use denial: 952

Po~-210 10 60 3 9xi0? On-scene costs: <0.1%
(144 C1) Survey costs: U.12
Street cleanup: <0.12
Building cleanup: 0.53
Evacuation: ~100%
Security costs: <0.1%

Co=60 d 3 0 0 4x10* Emergency response: 20%
(3.15%10% ¢1) On-scene recovery: 801

‘hluu fractions for maximum credible accidents are assumed to be the maximum value of release fraction for
th+ accident analysis, f.e., package for Types A, B, drum, and cask release; release fraction = I for BPu, release
fraction = 0.1, for exposure source casks, release fraction = 3.1x10 3,

bProbatuluy of occurrence of these accidents can be estimated by sultiplying the accident rate (No. of
gccidents/km of travel) times the distance traveled in the cell (km) Tl‘el the fraction of all accidents occurring
in @ densely populated urban area that result in the maximum release. The distance traveled in the cell is taken
to be | km. For the materials in this table, the probabilities are as follows:

Probability of Occurrence per Shipment
for a Single Cell of Travel

Mo -99 Type B Package 2x10° M
Co~60 (both shipments) Cask -- exposure Bxl0 1
Spent Fuel Cask -- release 10 M1
Spent Fuel Cask -- exposure Bxio 14
Po-210 Type B Package 2107}
Plutonium Type BPu Package 2x10712

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.
‘Smul form (nondispersible).
*154 curtes dlapﬂllhlc/l.lth’ curies nondispersible.

'Io! released; 5% of rele ‘ed marerial is aerosolized.



For the dispersal accident case, the situation is quite different. Because of
the complicating meteorological factors, it has not been possikle to produce
simplifying equations as in the other cases. Treatment of the dispersal acci-
dent involved parameters common to the meteorological models MICMET and PICMET
(see Avpendix E) and to METRAN, as well as those unique to the consequence
calculations. Output variables examined have been latent cancer fatalities
(from groundshine and inhalation pathwsys -- the others, e.g., cloudshine, were
found to be several orders of magnitude less significant), genetic effects (as
in latent cancer fatalities), early fatalities, and early morbidities. The
variables examined are not expected values of radiclogical risk “at simply the
consequences resulting from the most severe accident postulated. Simplifying
assumptions were used to decrease the total number of input variables to be
considered. The nature of the assumptions are detailed in Appendix D. When the
reduction process was complete, the input variables remaining to be considered
are street width, sidewalk width, fraction of cell area occupied by buildings,
total curies per package, cleanup level, as well as the meteorological data,
which included street and sidewalk widths, wind speed, and fraction of material
striking the lowest boundary which is reflected (or absorbed). An added compli~-
cation in this portion of the analysis is that the building intake system can
also be varied, i.e., continuous building intake or an air-conditioning system
can be assumed.

Taking all of these factors into account and varying the input parameters over
reasonable ranges, it is possible to rank order the importance of these to each
of the output variables. The details of this rank ordering are in Appendix D of
this report.

3.7 Nonradiological Impacts from Transport in Exclusive-Use Vehicles

Because radioactive materials are a negligible fraction of the total shipments
of all commercial cargo the only nonradiological impacts which can be attrib-
uted to radioactive material shipments are those which result from shipments in
exclusive-use vehicles. To consider the nonradiological risks in transportation
accidents for exclusive-use vehicles, previously developed methods are used.
Data from Reference 1 provide accident information for fuel cycle shipments.
Shipments from only one reactor passed through the grid during the 1975 survey
period used elsewhere in this study. Values of 0.03 injury and 0.003 fatality
are obtained for exclusive-use shipments of fuel cycle material.

The other significant use of exclusive-use trucks is in the shipment of
molybdenum-99/technetium-99m gener: tors. Reference 1 assumes that 10%Z of the
generators are transported by exclusive-use trucks. For the New York City study
area, this would imply an average TI quantity of 1.2 TI per shipment and a total
of 2.83x10% shipments per year (see Appendix A -- Routing Information) carried
by exclusive-use vehicles. The maximum distance traveled in the grid by one of
these shipments is 12 km (Appendix A). As a conservative estimate, the upper
bound of the total exclusive-use vehicle travel in the grid would be 3.48x103
km/yr. Comparing this distance to data in Reference 1 leads to values of 0.002
injury and about 0.0001 fatality per year.

Similarly for cargo airlines, the assumption is made that routine flights are
made primarily for Mo-99/Tc-99m generators. For the New York City study area, a
total of 1.16x10° air freight shipments of Mo-99/Tc-99m are made. Assuming,
again, that 10% of all air cargo shipments are exclusive-use shipments gives a
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total of 1.16x10% shipments/yr by dedicated carrier. The average air freight
shipme:rt distance traveled in the study area is 10 km; thus the total distance
traveled is 1.16x103 km/yr. Using the average accident rate of 1.44x107% acci-
dent/km, these flights would be expected to result in about 1.7x10~7 accident/
year. ! Assuming a crew of two, a value or 3.4x1077 fatality per year would be
expected.

Summarizing, nonradiological impacts resulting from exclusive-use transport
vehicles for radioactive materials shipments would be approximately 0.03 injury
and 0.003 fatality per shipment year for the limited New York City area.

3.8 Conclusions

The overall expected annual radiological risks due to vehicular accidents in the
limited New York City study area are guite small (1.4x1077 latent cancer fatal-
ity, 1.9x1073 genetic effect, 2.7x107° early morbidity). The risk is dominated
by Type A packages of medical-use isotopes and spent fuel shipments by truck.
The largest contributor to the overall risk is the groundshine dose received by
the population exposed tc dispersed material which is deposited during cloud
passage and remains on the ground. Dispersible materials contribute approxi-
mately 80% of the overall risk, while large nondispersible shipments contribute
most of the remainder. Economic risk from the shipments is dominated by
medical-use shipments in Type A packages transported at least in part by truck.
For very severe accidents, the economic impacts could be up to several pillion
dollars, although most accidents would be less costly, especially those involv-
ing short-lived radioisotopes used for medical purposes. Extremely severe
accidents have the potential for causing significant numbers (tens to thousands)
of latent effects and lesser numbers (ones to hundreds) of early effects. Since
these accidents have very low probabilities of occurrence, they do not contrib-
ute significantly to the total expected values of risk. Sensitivity analysis
results provide rank ordering of important variables for dispersal accidents and
simplifying equations for nondispersal accidents. Thus, the paramecers impor-
tant for the use of the METRAN methodology in other cities can be identified.
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4

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

Human errors and deviations from accepted quality assurance (QA) practices can
produce environmental impacts similar to those produced by vehicular accidents,
i.e., through loss of shielding, loss of containment, or through delay of the
shipment. The detailed incidents selected for analysis in this chapter are those
specifically related to the transport process and include problems in packaging,
labeling, handling and stowage of the radioactive material. Human errors which
result in vehicular accidents are treated as such (Chapter 3). Deviations from
accepted QA practices include both failure to adhere to normal procedure and lack
of quality control.

Records of actual incidents involving radiocactive material transport in urban
areas reported to governmental agencies were analyzed to estimate the probability
of occurrence of an incident on a per-shipment basis. Since quality assurance
practices vary depending on the package type (e.g., Type A packages are con-
trolled differently from spent fuel casks), the probability of occurrence of an
incident is estimated as a function of package type. A separate analysis esti-
mates the probability of occurrence of an incident involving a spent fuel cask
since there have been no reports filed with the appropriate agencies for this
shipment type.

Package-dependent incident probabili*ies are used in the radiological consequence
code METRAN, operating in a special mode, to estimate the contribution of human
error or QA deviations to the risk of transporting radioactive materials in urban
areas. The definition of estimated value of radiological risk, given in the
introduction of Chapter 3, applies here also.

From a systems point of view, human error occurs when there is a reduction or
potential reduction in system reliability or safety, e.g., failure to perform the
necessary task, performance of a required task out of sequence, or inaccurate
marking of the transport index on the package.

4.1 Transportation

Radioactive materials are not unique in the complexity of the transport process.
Operations specifically related to transportation in which human errors could
occur include packaging and labeling of the shipment; temporary stowage of pack-
ages, handling, securing, stowing, and routing operations prior to initial move-
ment of the material; in-transit transfers; and movements of the shir. nt by the
receiver to its final destination. Incident reports, examined in this analysis,
describe several of the previously listed error types and form the basis for
determination of occurrence rates for human errors and deviations from accepted
QA practices as a function of package type.
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4.2 !gchodology for Risk Assessment

Risk from human errors and deviations from accepted QA practices are expressed as
expected health effects as a function of the type of package in which the mate-
rial is shipped. In general terms, the risk may be formulated as follows:

a b c
R = ZZZ Nj,k . Pst’k . RFi’j . Kk . snj'k . ci’j (1)

i=l j=1 k=1
where

= total annual risk from human errors and deviations from
QA practices (expected number of human health effects)

x

i = index over severity categories

a = number of severity categories (= 3 for casks; = 8 for
all other package types)

j = index over package types
b = number of package types
k = index over materials

¢ = number of materials

N1 x = curies per package for kth material shipped in jth
! package tvpe

PPSJ 5 packages per shipment for kth material shipped ia jth
! package type

RF = release fraction for jth package in accident of ith
severity

Kk = health effects conversion factor for kth material
(expected health effects per curie released or exposed)

SFY‘ x * shipments per year of kth material in jth package type
g
C1 j = incident rate for ith severity incident involving jth
! package type

Severity-dependent fractional occurrences for human errors were developed from
the data provided in the DOT and NRC incident reports and are reflected in Table
4-5, Release fractions consistent with the accident analysis are used for pack-
age Types A, B, LSA, and drum. A separate section of the chapter is devoted to
fractional occurrences, release fractions, and incident rates for cask transport.
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Sources of information on the number and type of incidents involving radioactive
material shipments have been developed with the assistance of the Task Group on
Transportation of Radioactive Material in Urban Environs. Several members sup-
plied contacts within their own organizations or have suggested individuals,
agencies, or groups that led to relevant information.

Unfortunately, most potential data sources have not maintained records that could
readily be applied to this study. Frequently, applicable data could only be
extracted from the actval reports of investigations made by the regulatory
agencies. Regulations require that a detailed incident report be submitted to
the Department of Transportation (DOT) within 15 days if death, injury, fire,
breakage, spillage, or suspected radioactive contamination occurs as a result of
transportation of radioactive materials.! Similar reports must be filed with the
NRC for any instance in which there is substantial reduction in the effectiveness
of any authorized packaging during use. If a local (city, county, state) sur-
veillance agency exists, that agency will usually make and file a report of an
incident investigation. False alarms or insignificant events are rarely reported
to the federal level but do remain a matter of record at the local level for
short periods of time. Reports of incidents thought to be newsworthy are also
generally filed and thus made a part of the record.

4.2.1 DOT Incident Reports

‘0T reports on incidents involving transportation of radioactive materials in
urban areas are available for the period 1 January 1971 through 3 August 1977.
These investigative reports, which describe the events as reported at the time of
the incident, are summarized in Appendix H. Of the 251 incidents for that
period, only the 153 occurring in urban areas are included. Other information
derived from the detailed reports, such as the probable cause of the incidents
and transport mode affected, are summarized in Table 4-1. Human errors or devia-
tions from accepted QA practices were found to affect 141 of the total 153 inci-
dents. Incidents were about equally divided among air and surface modes of
transport.*

The probable causes of the incidents studied include the following:

* Stowage -- Shipments are blown off vehicles, crushed by following ve-
hicles, run over by forklifts, damaged by other freight, fall from
vehicles, or suffer water damage as a result of insccure or ineffective
placement on 2 vehicle or within a terminal area.

* Handling -- When dropped or punctured, shipments lose package integrity
through damage to internal containers or external packaging material.

* Packaging -- Shipments lose integrity by failure of external containers,
omission of internal padding, defective valve closures, corrosion,
improper packaging, welding failures, or drum rupture.

* Theft/Loss -~ Radioactive materials are stolen or misdirected in
shipment.

*

The events charged to air shipments usually occur as a result of actions
performed during ground operations before or after flight (a package falls off a
loading dock, faulty tiedowns, etc.).
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e Dispeosal -~ A damaged radiocactive material container is discarded in an
unauthorized fashion.

* 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

No. of Percent Human Error/Deviations Percent
Incident Cause Reports of Total from QA of Total

Stowage 51 33,3 51 36.2
Handling 39 25.5 39 27.6
Packaging 50 32.7 50 35.5
Theft/Loss 4 2.6
Unknown a. 5.9 1.0 0.7
TOTAL 153 141

No. of Percent

Transport Mode Reports of Total

Air 78 1.0
Road 72 47.1
Train 2 1.3
Water 1 0.6
TOTAL 153

4.2.2 NRC Incident Reports

Transportation incident reports for 1975 were provided by the NRC from its five
regional offices. Reports pertinent to urban areas are synopsized in Appendix 1.
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 ~uman errors. As in the case cf the incidents reported to the DOT,
packaging, handling, and stowage account for the majority of human errors or
deviations from accepted QA pract. ces.
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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. Tr2se reports are sum-

marized in Table 4-3. Of the 23 incidents related to transportation,
uman 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, '975

Human Error/

7 involved

No. of Percent Deviations Percent
Incident Cause Reports of Total from QA of Total

Stowage 2 10.5 2 25.0
Handling 2 10.5 2 25.0
Packaging 3 15.8 3 37:5
Procedure 1 5.3 1 12.5
Theft/Loss 4 21,1 - .
Unknown* 3 36.8 = —
TOTAL 15 8

*
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

1976-1977
HumanError/
No. of Percent Deviations Percent

Incident Cause Reports of Total from QA of Total
Stowage 2 8.7 28.6
Handling 4 17.4 4 57.1
Procedure 1 4.4 1 14.3
Theft/Loss 9 39.1 - -
Equipment

Failure 1 4.4 - -
Unknown 6 26.0 % -
TOTAL 23 7
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4.2.3 Other Data Sources

Other data sources have been investigated in order to obtain a better perspective
on the types of human error and general error rates in shipping to be expected.

Studies performed in nine states plus New York City, aul collated by Los Alamos
Scientific Laboratories, i.dicate that the same procedures are usually followed
at terminals for all types of shipments, including radioactive materials.® No
special procedures, special stowage, or spe-ial loading are consistently applied
to radioactive material shipments.

Additional information necessary to this analysis is actual shipment frequency by
package type. The 1975 shipmenr dat: base is coupled with the incident reports
for 1975 to estimate the incident rates by package type.

4.3 Estimation of Urban Incident Rates

Equation 1 requires an incident rate as a function of radioactive material ship-
ment type. Data described in the previous sections indicate that few incidents
have occurred which involved a small fraction of the hundreds of different iso-
topes shipped annually. Therefore, a reliable ircident rate by isotope cannot be
calculated directly from the data. The package type employed may be a more
significant parameter affecting the occurrences of errors, since only a few
package types are typically employed. Thus, the available data can be used to
2stimate incident rates as a function of packaging.

The incident rate per package for package Type k may be expressed as

E = Total No. of incidents involving package Type h
k  Total No. of packages of Type k shipped

(2a)

Since the incident reports do not normally indicate package type, tne total

number of incidents for a particular material in a given package type is esti-
mated as follows:

Incidents involving
isotope X in Type A| =
packages

Total incidents
involving X

Total Type A packages for X
Total packages of X

(2b)

Thus the expression for Ek in Equation 2a can be replaced by

N
2 ByFa
iy 4+ i )
Z " ik
j=1

where

Bj = total urban incidents per year for isotope j

ij = fraction of isotope j shipments made in Type k packages
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n, = numbe. of Type k packages of isotope j shipped per year

jk

N = total number of isotopes in the shipment model

Note that for those materials with no reported urban incidents, the value I « =
0. However, the sum expressed in the denominator of Equation 3 equals the total
number of shipments of Type k packages per year. Nonzero values for B have been
obtained from the summarized urban incident reports in Appendices H and I and
combined with the data from Reference 4.

Values obtained for the terms in Equation 3 are ziven in Table 4-4. The calcu-
lated urban incident rates are per package shipped on a nationwide annual basis.
Other incident rates can be calculated using all 1975 incidents (DOT and NRC) if
an evaluation of a national average and not of an urban-specific set is desired.
The estimated urban incident rates by package type are as shown in Table §=5.

The release fractions by severity and package type are summarized in Table 4=6.
DOT and NRC incident reports indicated that in 71% of the cases, no measuravle
release to the environment occurred. For a Category | accident, the probability
of occurrence was set at 0.71. The remaining seven probabilities of occurrence
were scaled in comparison with the fractional occurrences for vehicular accidents
discussed in Appendix A. The resulting set of occurrence probabilities are given
in Table 4-6. Hypothetical descriptions are also provided for the severity
categories used in the analysis.

4.4 Analysis of Cask Incident Rate

Data from Reference 5, Table 7.2 indicate the following information:
+ Total number . cask shipments (rail and truck) -- 3939

¢« Number of incidents which could be traced directly to a human error or
deviation from accepted QA practices -- 16

A tabulation (by cause) of these human error or quality assurance incidents is
given in Table 4-7.

The 16 occurrences in 3939 shipments result in an overall rate of 4.1x10 :
incidents per shipment. It is as.umed that the maximum result of a human error
is the release of all contaminated coolant water in the cask. Reference 6 pro-
vides infcrmation on the quantity of material that could be released. This
informatio is summarized in Table 4-8.

It is recognized that inert gases and traces of tritium and iodine would also be
released from the perforated rods. Using he assumptions in Reference 7, the
quantity of these materials in the cask during "normal” transport is approxi-
mately 12 curies. As in the accident analysis, these materials woulc contribute
negligibly to the overall population dose, hence they are not considered further
(see Section 3.3 in Chapter 3). Additionally, the conservative assumption is
made that all of the material in Table 4-8 is cobalt 60. Reference 6 indicates
that for the “"normal” transport situation, 90%Z of the activity in the coolant is
cobalt (dissolved "crud” material) and 1% is cesium (leached from fuel rods).
Thus, the assumption that all contamination is Co-60 is not unreasonable. The
health effects coefficients (rem per uCi values -- see Appendix H) used for the
“"human error” cask incident are those for Co-60.
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Table 4-4 :

Determination of Urban Incident Rates for 1975 DOT and NRC Data

Radionuclide B Fa B Y Bis L B Fisa Biisa flg 8.9 Fus Bixs '
c-14 s 1.0x109  s.oxio? = . 38107  1.9x1072 - - - - 2.8x107%  1.4m1073 |
cd-115% 1 Laxo”! Lot soexio”t  s.ewio™ » . . | 1 2 - = :
Co-57 1 %amio™t 9.xio0™ - - 8.5x1072  8.5x1077  3.5x1070  3.5x10"> - - - - :
ce-51 1 t.om10®  1.omi0? ’ - . i 1.oxt0”?  j.oxi0”2 : v 1.8x107}  1.8x1077 '.
-3 3 9.em10  2.9w10° n.ax107?  4aaxio”?  s.exi0”?  fexi0™? L7mio™?  s.omi0”] - - 1L9x107*  s.rmio™ '.
1-125 2 ssm10”! Lmie® = > Laxto™? 209107 e.imig™®  1.8mi0”? - ' 3.5x10°0  7.0m1070
1-131 6  9.8x10) S0  axio?  saxio? 2o} zoamao?  z.omio”?  p.2mio™ - - L9w0™2  Lame”

Ir-192 2 Lex1o”t asmot samio!t nexio®  e.sxio™?  z.0wi07? - - . . Loxto”?  3.7m0”3
Mo-99 3 om0t 2.9x10°  2.5m07?  7.sm1072  6.ox10”¢  1.8x107> = . » : 4 -

Pu 2 saxto™)  pox1o® om0t z.exio™!  eesxi0”?  Laxi0”! 7uixi0”?  Laxio? 6a1xi0”?  1.2x107? 2.4x107? a2
Ra~226 1 Lss1o )t Lesmio”! demo”!  3.9mio™!  2.8x1077  2.8wm1072 - - - . a3x10”!  4,3x107!
Tc-99m 2 9.9x10”'  2.0m0° : " " ¥ 7,2x107°  1.4x10”% - - L2x1072  2.4x1072
™ 2 6sm0”)  1.3w0®  s.a0”?  1axi07?  e.omio”?  L8x107?  daxio”!  6.7xi07! - - L7110  3.ex10”?
v 2 4x16”? gix0?  ramo™t 2.0t nax107? 2osmi07? B! 1m0 aewio”?  eexio”?  Loamio™?  2.smio”?
Xe-133 1 990! 9.9xio”! - - - - - - - - 5.7x1070  5.7x1073
Fissile Mat'l 1 73107 70307 a0t e.axiv”! - - - - o * - -
Nonspecified 2 9.8x10"'  2.0x10° = . - - 1.7%107%  3.5x1072 . - - -
Waste Mat'l 3 a0 Laae® a0 Lsx0? 3x0”? Lao? soaxao”' exo?  s.oxio™® Lsxio”?  2.x1070 e.emio™?
3‘: By, Totals

vhere By = B.F . 2.9x10" s.ox10” 6. 5x10” ] 4. 2x10° 2.3x1072 7.0m107}
.Ex a5 1.71x10° 1.04x10° 4.35x10" 6. 24x10° 3.45x107 2.21x10"
Incident Rate, B 1. 7x107> 4.8x107° 1.5%107° 6.7x107° 6.7x107° 3. 2x1070



Table 4-5

Urban Area Incident Rates by Package Type

Urban Incident Rates

Package Type* (per package shipped)
A 1.7%10"°
B 4.8x107°
L 1.5%10">
LSA 6.7x10"°
LQ 6.7x10~°
NS 3.2x107°
*
L = limited (formerly exempt) shipments

LSA = low specific activity shipments

LQ = large quantity shipments

NS = package type not specified in
Reference 4.

Table 4-6

Probability of Occurrence

Release Fractions
by Package Type (RFjj)

Category Description Fi A B LSA
1 No measurable release 0.710 0 0 0
2 No significant release 0.232 .01 0 0.01
For fragile packaging--
partial release of contents 0.045 0.1 0.01 0.1
4 For fragile packaging--
total release of contents 0.010 1.0 0.1 1.0
5 For sturdy packaging (e.g.,
Type B) total release of
contents 0.0018 1.0 1.0 1.0
6 0.00071 1.0 1.0 1.0
5.5x10 > 1. T
8 9.7x10"% 1.0 1.0 1.0
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Tatle 4~7

Summary of Causes of Cask Incidents

Cause No. of Incidents

Impact limiters not properly

installed 1
Higher external radiation readings

than permitted 5
Closure bolts not properly torqued 6
Missing closure bolts 1
Closure seal leaking* 1
Vent valve not closed 2
TOTAL 16

4This was the only recorded case where a release to the
environment was documented.

Transport
Situation

"Normal”

"Max!mum Con-
tamination"”

aThis calculation assumes 6.181(105

Table 4-8

Levels of Contamination in Cask Coolant

Level of &
Contamination Source of Total Quantity
(uCi/ml) Contamination of Material (Ci)
0.1 Dissolved "crud"” material 0.042
and cesium lea'hed from
perforated fuel rods
3.0 Dissolved "crud” material 1.25

and abnormal levels of
cesium from additional
perforated fuel rods

NFS-4 or NAC-1 truck cask.
rhis level occurred in | shipment out of 800.

cm3 of coolant, characteristic of the



N

In order to apply the METRAN model to human errors involving the special case of
spent fuel casks, release fractions and fractional occurreaces must be deter-
mined. Information from Table 4~7 reveals that in 94%Z of the incidents, no
release to the environment occurred. The information from Reference 5 is used to
subdivide the remaining 6.25Z (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 Errors/Cask Incidents

Release
Occurrence Fractional Fractions
Categories Description L Occurrences of Co-60
A No release to environment 0.94 0
Minimum release 0.06 0.034
G Maximum release 7.8x10 % 1

For the cask exposure case, it is assumed that a human error or deviation from QA
practices woulid not create the kinds of forces necessary to cause a circumferen-
tial crack in the cask wall (this is 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
QA Practices

Equation 1 contains a term Ci . which represent. the probability per year of a
human error of severity i for’ﬁackage Type j. Since the incident rates are only
a function of package type, Cij may be expressed as follows:

CU-Fi-Ej (4)

where
Fi = probability of occurrence of a human error or

deviation from accepted quality assurance practices
of severity i

Ej = package type j incident rate
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 Contributions to Expected Risk Values frgm
Human Errors or Deviations from Accepted QA Practices

Expected Number of Latent Cancer
Fatalities per Shipment Year

Package Type Time of Day: 1200 1630 2400
A 4.1x107° 3.6x10"° 5. kx10™°
B” 2.4x1070  1.2x107°  3.9x107°
Drum’ Lox1o®  1.axt0™®  1.x107®
Cask® 1.8x1073  1.4x1070  l.4x10”

3Values are pr_sented only for expected number of latent cancer
fatalities since the breakdown for expected numbers of genetic effects is
quite similar with totals of 2.0x10™3 at 1630 hours, 2.5x1073 at
1200 hours, and 2x1073 at 2400 hours.

bCalculated using DOT HMIR data for incident rates (see Section 4.3).

“Calculated using data from Reference 5 (see Section 4.4).

As in the accident case, there is only a small vagiation between the time of day
runs; thus a single set of values to estimate the radiological risk is used.
Specifically, the time 1630 is chosen, with a 4-m/s south wind. For this set of
data, Tables 4-11 and 4-12 present the breakdown on the basis of end use and
transport mode.

Results of the analysis are expressed as total expected health effects as in the
vehicular ac:ident case. Again, the expected risk values are per shipment year;
however, in this instance the most meaningful breakdown is on the basis of

package type.

Ma jor contributions to the total expected risk are from casks, Type A, and Type B
packages. Examination of the economic risks from human errors or deviations from
accepted QA practices reveals that the ma jor contributors to the total of $2.9x10“
are medical-use shipments (92%) and shipments in Type A packages (75%), with Type B
packages contributing an additional 18%. Shipments having at least part of their
transport by truck constitute 99% of the economic risk.



Table 4~11

End-Use Category Contributions to Expected Number of

Latent Cancer Fatalities from Human Errors

Expected Number of

End Use Latent Cancer Fatalities
Medical® I.BxIO-5
Industrial® 6.4x107°
Fuel Cycle’ 1.4x10°
waste® l.?.xl()-'8
TOTAL ~1.4x10"°

aCalculated using DOT HMIR data for incident ra
Section 4.3).

bCalculated using DOT HMIR data from Reference
Section 4.4).

Table 4-12

Transport-Mode Contributions to Expected Number of
Latent Cancer Fatalities from Human Errors

Expected Number of

Transport Mode Latent Cancer Fatalities
Truck? 1.4x107>
Atr® 3.5%10°0
Air and truck® 7.7x107°
Bargeb 2.7:(10-7

aCalculated using DOT HMIR data for incide
(see Section 4.3).

tes (see

5 (see

nt rates

bCalculated using data from Reference 5 (see

Section 4.4).

4ot Summarz

Contributions to total expected radiological risk from human error

s has been

evaluated using urban incident rates by package type. Expected health effects

arc ~1.4x1073 latent cancer fatality and ~2x10”3 genetic effect.

These results
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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. Ir 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

vast iy different.
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5

SABOTAGE, SECURITY, AND SAFEGUARDS IN URBAN TRANSPORT

Ss1 Introduction

As a result of the continued growth of the nuclear industry, the level of public
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,! ™™ together with the possibility that nuclear matea-
rials and facilities may become the targets of such attacks.> © Such public con-
cern has led to studies on possible threats to the nuclear 1ndustry7 and evalua-
tions of the environmental impacts of the transportation of nuclear materials.® ?
Therefore, although cthere appear to be no documented incidents of sabotage to

n clear 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 advers-:v 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 strdy,

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 .s 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
cabotage 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 :ffect of high-rise buildings on the dispersal of radioactive
material and the radiation shielding o occupants afforded by such buildings.




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 environmeat 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 t» 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 *o
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 is 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 bised on more quantitative analyses. High explosives are availablie
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.

Airblast

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 stre. sth and massive nature of large
packages, such as shipping casks, suggest that the amount of high expiosive 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 fertilizer-fuel oil mixture.'? 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.

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 necessitace 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 consideralle 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 invoiving breaching charges, high explosives would be placed
in direct contact with a package and detonated. This is analogous to the use of
high explosives to breach large concrete structures.? The energy of the charge
would be coupled directly into the package, possibly leading to fracture, spalla-
tion, and rupture. Hece, as with airblast, the strength and massive nature of the
large packages would necessitate the use of significant quentities of explosives.
It is generally conceded that explosives useful in this type of attack are availa-
ble "on the street” in quantities such rhat an adversary could acquire the neces-
sary explosives without contacting government agencies controlling the sale of such
material.

With this method of attack it would be necessary for the adversary to pain 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 couid be hijacked and then driven to some point where the
sabotage would cause the desired public harm. Although the amount of high explo-
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.

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 camouflagr! in some manner. Also, movement of
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hazardous cargo of any type, although it may not be guarded per sc, is frequently
coordinated with law enforcement agencies. It is unlikely that a theft or

hi jacking would go undetected for a significant period of time. Furthermore, a
number of the truck systems are over legal roadway weight limits, and, theretore,
their routes are carefully planned and coordinated, including in many instances
requirements for some type of escort vehicle or movement only during specified
hours. All of these serve to complicate the hijacking of a truck shipment.

Because casks designed for rail shipment are the most massive, the weight of explo-
sive required to breach them is quite large. This negates the possibility of an
attack on foot (i.e., while the shipment is in a rail vyard). Similarly, an attemnt
to place explosives while the train was halted by an obstruction or cimilar means
would appear to require a reasonably sized, well trained group. Because the loca-
tion of the release would be difficult fcr an adversary to control (dictated more
by access than availability of public to intimidate or harm), and the effort to
accomplish -abotage extensive, the use of breaching charges against rail packages
would seem unattractive for an adversary intent upon maximizing public harm.

Therefore, attacks with breaching charges against truck-mounted packages appear
possible, although logistical and other constraints may reduce their attractiveness
to an adversary. Successful attacks against the very massive rail packages are
considered beyond the capabilities of small groups.

Shaped Charges

In this type of attack, specially shaped high explosives are placed on the package
and detonated. A high-temperature, high-pressure jet from the shaped charge
punches a hole into and through the material. Ir contrast to breaching charges,
which must be placed in direct contact with the target, shaped charges have stand-
off requirements which are a function of target thickness and the charge weight and
geometry. 12 13 1% sShaped charges have been fabricated for the military and could
presumably be stolen by an adversary. Also, with the information available in the
open literature it would be possible for a moderately skilled explosives handler to
fabricate a rudimentacy shaped charge.

As with breaching charges, it woula be necessary for the adversary to gain access
to the target to place the charge. Again, simple access could be obtained while a
truck is parked in a terminal or rest stop. However, use of shaped charges would
require that the attacker know the design features of the package in some detail to
properly place the charge. Thus, although shaped charges can be handled by one or
two men, the "hit and run” tactic is not considered a realistic way to initiate a
release from a large radioactive material cask. As with the breaching charge,
hijacking of the truck followed by explosive installation wouid perhaps be easier
for the adversary. Therefore, the constraints (truck visibility, prearranged

routes, hazardous cargo escort, etc.) discussed under breaching charges also apply
here.

For railcar casks, an attack with shaped charges is possible since the requisite
materials can be carried by men on foot. However, the requirement to modify the
target to insure effective charge placement is more significant with these larger
packages than those that are truck mounted. Therefore, the adversary would have to
have some unobserved and uninterrupted time before the target was moved (assuming
it is on a eiding or in the yard) or a way to control the movement. Here again,
the release location is not readily controllable by the ad' “rsary without an effort
involving the takeover of some rail facilities.
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Another accident-like sabotage event that has been suggested is to run a package
off a bridge into a river o lake. Because of the impact resistance demonstrated
in the referenced crash tests, simply dropping a package into water is unlikely to
canse release. Furthermore, packages are designed to withstand at least 170 kilo=
pascals external pressure, 30 submergence into water 15 to 18 metres decp will have
no effect. Other analyses suggest that seals will maintain their integrity to even
greater depths.?

5.2.3 Summary of Possible Attacks

Possible attack 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 sabotagcs a
radioactive material package. Based on that assumption, consideration is given to
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.

5.3 Nonsafeguarded Shipments, Po*tential Adversary Actions, and Release Fractions

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

l. 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 estirated
consequences (Section 5.4).

L —

*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 i.iterim NRC rules re-
garding spent fuel.






require heavy-duty handling equipment (overhead cranes, etc.) and, in some in-
stances, special tools to open the closure system. If the cask were successfully
opened, the adversary would have to contend with an intense radiation field while
attempting to remove fuel from the cask. Thus, successful dispersion by simple
mechanical means is unlikely.

With these considerations in mind, it is concluded that an attempt to cause a
release with significant public impact will necessarily involve an attack with
explosive charges, as described in Section 5.2.1.

Nonfissile Isotopes (Large Sources)

Some shipments (10 to 10° curies) of nonfissile isotopes present a source of

r< iloactive materjial that, on a curie-per-shipment basis, may be only slightly less
v un that for sper' fuel shipments. Therefore, like spent fuel, such shipments may
appear to be an attractive target to an adversary intent upon creating public harm
by dispersal or direct radiation exposure. Fortunately, th: very level of radio-
activity that may make it an attractive target for causing public harm serves to
enhance resistance to attack. Large shipments of gamma-emitting sour.es require
considerable shielding for safe handling. This in turn leads to massive, and
therefore durable, shipping containers. Such containers or casks weigh from hun-
dreds of kilograms to tens of tonnes depending upon the amount of material to be
shipped. These containers are designed to meet DOT and NRC requirements for Type B
or large-quantity packages. Typically, these containers will have a lead or de-
pleted uranium shield material between an inner and outer layer of stainless steel.

The sabotage potential of these containers is quite similar to that for spent {uel
casks. Because these containers move in interstate commerce, an adversary intent
upon sabotage or theft can conceivably gain access. Truck shipments can be reached
in rest/refueling stops or truck terminals, or through driver collusion. Traffic
tie-ups could be caused which would stop the shipment and permit access. If the
container were being moved to an industrial or medical center, normal traffic
contrel could cause stops that would permit an adversary to approach the vehicle.
Rail shipments could also be reached if the adversary had knowledge of the shipment
routing, although access to rail yards, transfer points, etc. could be more
dif.icult than access to motor freight facilities. For example, a container in a
rail yard may well be accessible only on foot.

The massiveness of these containers, which increases as the quantity of material
increases, and the limited access available to a potential adversary limit his
choice of attack schemes. If the intent is dispersal, the adversary has some
alternatives, although they all present an associated hazard. Any container with
shielding thicknesses sufficient for more than a few hundred curies of a gamma
emitter will be invulnerable to small arms fire and attacks involving small amounts
of high explosive. If the adversary considers opening the container he faces addi-
tional problems. To move the containers or open their closures will require some
type of mechanical assistance (fork lifts, cranes, etc.) simply because of the
weight of the shielding. If the container is opened, the adversary has to contend
with an intense radiation field while attempting to remove the contents. There-
fore, dispersion by mechanical means will be very difficult to achieve. A deliber-
ate accident (crashing into an abutment, running off an overpass, etc.) is not
likely to produce any signifticant release of material because the containers are
designed to retain integrity under jurt such conditions. Given these factors, the
saboteur is forced to consider the us of explosive charges to cause dispersal.
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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. 0 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.?’ These sources are also double-canned in stainless steel.
Because of the double encapsulation, both types of sources are considered

special form (essentially nondispersible). Sources of these types do not offer a
saboteur a very attractive target. In addition to the low source st.ength compared
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 stelen (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.
[f 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.
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 possibi'ity, 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 were collected. Any dispersal of a single package would be sufficiently
diluted that no significant hazard would be presented to the publir.

Less-than-Strategic Quantities of SNM

Under existing regulations, limited quantities of SNM may be shipped without
safeguards. This quantity is 5000 grars, determined from this formula: grams =
(grams containad U-235) + 2.5x(grams U-233 + grams plutonium).?! If the shipment
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

*Source material for radiopharmaceuticals (such as Mo-99) is shipped in sig-
nificant curfe quantitics. Multicurie shipments are considered in the earlier
subsection, entitled “Nonfissile Isotopes (Large Sources).”

*%As stated earlier, theft of material for purposes of producing or fabricating
a nuclear explesive 1s not addressed in this study.
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direct radiation hazard because they are p;%marlly alpha emitters and have low spe-
cific activity compared to other isotopes.®

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 Pu versus 100 days for U) and a
much larger specific activity than uranium, only the misuse of plutoniuu 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 About 37% of the shipments (65% of the packages) involve amounts
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 termirals, 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.

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 indi~idual 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 5S5-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 volatilizatiun 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 that have been solidified, an adversary would be forced to con-
sider the use of high explosives to rupture the drums and break up the contents.
Certainly in the case of Type A shipments, attack with explosives could rupture the
drums and cause some breakup of the contents. For Type B shipments, this would be
more difficult because of the extra packaging, but it could be done. This would
necessitate reasonably long access to the vehicle, so that hijacking of a shipment
would be required if an adversary selected such material as a target. Considering
that a full load of waste represents a source o/ only 1000 to 5000 curies tctal
activity--all solidified--such shipments do not appear to be attractive targets for
an adversary intent upon creating public harm.

Low Enriched Uranium

Low enriched uranium (less than 5% U-235) is the fuel used in light-water power
reactors. Typical shipments of fresh fuel may consist of 6 to 12 assemblies in
specially designed containers (6 to 12 containers to a semitrailer). The total
activity in such a fresh fuel shipment is 0.5 to perhaps 2 curies per container.
The active material (uranium oxide) is encapsulated in the fuel rods and assem-
bl.:s, which are then packaged. Dispersal by mechanical means would not produce
airborne material. Dispersal by explosives could produce airborne particles
containing only small amounts of radioactive material, primarily an alpha emitter.
Simply scattering the fuel on the ground would not produce any significant
radiological hazard because the available activity is so small.

5.3.2 Estimation of Radioactive Material Releases for Various Shipping Categories

In the preceding section, nonsafeguarded shipments were categorized and some
possible adversary actions against them fdentified and discussed. These postulated
attacks have been quantified to a limited extent. That is, a particular type of
sabotage attack was assumed to be attempted. Based upon that assumption, the
resources required by the attacker were considered, e.g., the amount of high explo~
sive required to disrupt large package integrity. After the resources were ex-
amined, the amount of radioactive material that could be released was estimated
based upon the damage to the package and contents that could reasonably be expected

from the attack.

It must be emphasized that the material releases suggested and summarized here have
not been verified experimentally. Although programs have been initiated to inves-
tigate the nature of the releases resulting from explosive attacks against spent
fuel casks, it will be sometime yet before data are available. Therefore, the
considerations presented here are based on engineering judgment and the extrapola-
tion of available data to the present study. With this caveat, the release esti-
mates will be used as the source term to estimate the public consequences of the

postulated attack.
"rradiated (Spent) Fuel

As indicated earlier, spent fuel shipments represent the larges: single radioactive
material source in the transportation sector; this may make then a target for sabo-
tage. Based upon the massive rature and other design characteristics of these
casks, it has been concluded that the »nnly realistic way to attack such shipments
in order to cause dispersal is with high explosives. Analysis indicates that if
airblast were used as the mechanism to transmit energy to the cask, large amounts
of high explosive would have to be detonated in very close proximity to have any

95



chance of disrupting the cask integrity. In such an attack, the most likely result
is fajlure of the cask closure mechanism, with some fuel elements being exposed and
perhaps even ejected. There is probably no mechanism to create airborne espirable
material except for noble gases that might be released from cracked or ri jtured
fuel pins. In a breaching attack, the analysis indicates that a significant amount
of high explosive, precisely employed, is necessary to disrupt package irtegrity.
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
spent fuel pellets, it is believed that some radioactive material of respirable
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.

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 sigaificant 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 m® compared to 0.3 to 0.34
m3),2% 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, ‘' 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.



Less-than-Strategic Quantities of SNM

As indicated earlier, the majority of the plutcnium shipments in this category
involves packages containing 100 grams or less. Furthermore, it was suggested th-
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. 1In 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 um 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,9 this analysis assumes that approximately 20%Z 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 (theiter,
sports arena, etc.). This would certainly cause major contamination and cleznup
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

As " dic-ted 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 for adversary action that no release fraction is
estimated.

Shipments of wclidified 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 attick 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 the total available activity in fresh fuel is so low, it is not considered
an attractive target to an adversary intent on public harm. Therefore no release
fraction is estimated.

Summary of Estimated Release Fractions

Estimates, based upon possible sabotage attacks, of the radioactive materials
released from the various shipping containers are summarized in Table 5-1. These
estimates differ from -hose published previously because of changes in the quanti-
tative analyses. Because the spent fuel elements cor in gases as well as solids,
the nature of the potential release will be different from other shipments where
only solids are involved. For the spent fuel, it has been conservatively assumed
that any fracturing of the pins will permit a significant fraction of gases that
have migrated into the plenum to escape. This assumption is conservative because a
fracture some distance away from the plenum may or may not permit the escape of
these gases. Based upon these estimates and considering the absence of experi-
mental data specifically addressing this question, three release-fraction combina-
tions are examined for spent fuel to establish the sensitivity of the consequence
estimates to the assumptions made regarding release fractions. These three combi-

nations are

1. Baseline estimate: 10% of noble gases, 0.07% of solids as aerosolized
respirable material

2. Upper estimate: 252 of noble gases, 0.27 of solids as aerosolized
respirable material

3. Lower estimate: 10% of noble gases, 0.02% of solids as aerosolized
respireble material

The release fraction estimates for the other types of shipments are also summarized
in Table 5-1. In these cases, the radioactive material is presumed to be shipped
as a single isotope in solid form. For the estimation of dispersal consequences
for the nonfissile isotopes (large sources), three cases have been examined:

0.28%, 0.8%, and 0.08% of the contents in respirable form. The direct radiation
cases will be the same as for the spent fuel. For nonfissile isotopes (small
sources), only a direct radiation source will be considered in the consequence
estimation. No release is postulated for the radiopharmaceutica's or the low
enriched uranium. For the remaining two zroups, the consequences will be estimated
for the release fractions indicated in Table 5-1.

5.4 Estimation of the Consequences of SabotqggﬁAttack

The public consequence of sabotage directed toward radioactive material has several
unique aspects. As an example, for fixed facilities such as power plants, an
actual sabotage act would probably not involve any of the general public; only the
ultimate potential result of such sabotage--the release of radioactive material--
could have far-reaching effects. In contrast, for an act o sabotage directed
asainst radioactive material in transit, the dispersal may be deliberately initi-
ated in a public location, for example, a city street or a truck terminal, using
significant quantities of high explosives. Therefore, the immediate consequences
of the explosive attack itself must be considered along with the immediate and
long-term radiological consequences related to the release of radioactive material.
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iable 5-1
Summary of Potential Release Frpctlonsa

Fraction Fraction Fraction Fraction

Displaced Hemaining as Scattered Dispersed as
Shipment . from Container in Container Soild Source Respirable
b
Spent Fuel” 0 - 1.0" .99 = 0,0 007 - 1.0 0.0007 - 0
Nontissile llotnpeb 0= 1.0 095 - 0.0 02 -~ 140 0.903 - 0

(large source)

Nonfieslle lsotope 1.0 0 1.0
(small source)

Radiophs rmaceur feal 0. 1.0

Les ~than-Strategilc | ) 0
Quantity SNM

Low=-level Wastes 0.5 0.9 0.5 0.0l

Low Eariched Uraniee 0. 1.0

o
Analysis is for truck-sounted casks.

b

Release fractions are functions of attack mode; this lncludes entire range
estimated.

<

Refers only to solid material. For spent fuel it is assumed that various
amounts of the noble gases are relessed from the plenus (f the rod Is fractured.

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 radioactiv. material were estimated using the
consequence model METRAN, which is des~ "'~d { Appendices B and C. Several
specific features should be mentioned . JETRAN has provisions for considering
the details of cloud dispersion on a s.a.l geographic scale. This is done veing a
combination of a three-dimensional laye.ed Gaussian dispersion model and a
particle-in-cell dispersion model (Appen: ices E and F). Such a treatment is appro-
priate when small airborne releases in urban areas are considered. METRAN also has
provisions for following airborne material concentrations vertically from ground
level to a height of 120 metres. The basic calculational elements are cells |
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, MNETRAN is used
to estimate the effects of radiation from cloudshine, groundshine, and inhaled
radionuclides. The model explicitly accounts for people in buildings, in vehicles,
and pedestrians. The actual population densities are a function of time and loca~-
tion. The release point (any one of the surface cells) and the release time are
selected by the analyst. No special protective action is assumed, and people are
exposed to the cloud wherever they happen to be at time of cloud passage (e.g.,
inside buildings or on the street).

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.2® 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 lecation and does
not require the type of detailed population information used in METRAN. .s0, CRAC
uses only a Gaussian diffusion approach to the cloud dispersion problem . d, 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-km? 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 i- -onsidered realistic are presented in
Sections 5.4.2 through 5.4.5.

5.4.,2 Irradiated (Spent) Fuel

As 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. It therefore becomes appropriate to con=
sider the nonradiological effects of such an attack along with the radiological
effects.

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 vropagates radially outward from the blast center. The second is the
high-velocity debris created by the interaction of the explosive o1 the shock wave
with surrounding structures. Assuming, for this discussicn, that an attack on a
spent “uel cask may involve as much as several tonnes of explosive, two types of
consequences must be considered. These are blast damage to surrounding structures
and direct blast effects on people. Blast damage to surrounding structures is
considered firrt.

The blast overpr ‘ssures associated with the detonation of tens, hundreds, and
thousands of kilc 'rams of high explosive are shown as a function of distance in
Figure 5-1.* Depeading 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 brcken 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 .°ar.; 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 207-metre radius of
any given point: some in tuildings, some in vzhicles, som jHede: rians. Other
locationrs will have compari.ble numbers, although the exact number is location and
time dependent. All of ttese people will be exposed in one way or another to the
direct and collateral effects of the detonation of high explosive.

*Ad- _.d from data in References 28 and 29.
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People may be affected by the direct overpressure of a blast wave by beiag siruck
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, Glasstone? 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 cf cuplosives
occurs at a midblock locatlion and in stalled traffic, and considering only peaes-
trians and those in vehicles, it is estimated that for the cited cell at rush hu.-,
some 10 to 50 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-
clice inventory has been generated using the latest version of the fuel burnup code
OR'.GEN,"'2 assuming light-water reactor fuel with 33 000 MWd/MTHM* burnup at

40kW/kg power deunsity and 150 days cooling. The truck-mounted cask is assumed to
contain radionuclides equivalent to 1.4 MTHM charged to the reactor. The resultant
cask inventory is shown in Table 5-2. Consequence estimates have been generated
for releases occurring in feur 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 approuch 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 funct’on 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 {or 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 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

' cation and wind speed, the effects of which may be either offsetting or cumula-
vive. The noontime and rush hour releases would have more people, both in build-
ings and outdoors, thus potentially increas:ng the number of exposures. But these
times also hive higher average wind speeds, so cloud dispersal (dilution) is en-
hanced. Nevertheless, for midbloc: r1<lear:s 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 releas are
many times lower than those at noon or rush hour. Similar conditions exist .or
cell A, At the same time, the low wind speed at midnight permits sufficient expo-
sure clorfe-in to cause early fatalities, even with the smaller nighttime
pepulation. The reasons fer 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.



Table 5-2
Spent Fuel Cask Radionuclide Inventory
le4 MTHM Charged to Reactor (3 Elements)

33 000 MWd/MTHM Burnup at 40 kW/kg
150 Days Cooling

Radlonucxldv' Curies
Co-58 «277x104
Co=60 1. 55%10%
Kr-85 1.576x10%
Sr-89 2.243x10°
Sr-90 1.202x10%

Y-90 «202x10°

Y-91 3.421x10°

2r-95 5. 434x10°

Nb-95 1.012x10%

Rn-103 1.738x10%

Ru-106 5.848x10°

Te=127 8.807x10°

Te~127m 8.99ix103

Te-129 3.678x10°

Te=129m 5.793x107

Cs=134 3.604x10°

Cs=136 .295x10*

Cs=137 1.596x10°

Ba-140 8.371x104

La=140 9.633x104

Ce-141 1. 113x10°

Ce=144 1.371x10°

Pr-143 .268x103

Nd-147 8.968x10!

| Np-239 3.046x10}
| Pu-238 4. 44x107
Pu-239 4.648x%10%

| Pu-240 6. 883x10%

Pu-241 1.555x10°

Am=-241 2.035x10¢4

Cm=242 2.620x10%

Cm=244 4.374x10%

*
Radionuclides with significant health effects hased upon Reactor Safety Study
(see Reference 26).
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Table 5-3

Summary ot METRAN Case Conditions

l. Cell of Release A--Expressway
B--Industrial area
C--High population density
D--High population density

2. Time of Release Noon

Evening rush hour

Midnight
3. Location Midblock
Intersection
4., Population Density Typical of hyperurban

environs (varies with time
and location)

Cell A--26 000 to 52 000/km?
Cell B--24 000 to 46 000/km?
Cell C--50 000 to 77 000/km?
Cell D-=35 000 to 38 000/km?

5. Wind Speed and Direction Noon--8 m/s, south
Rush hour-=4 m/s, south
Midnight--2 m/s, south



METRAN Consequence Es

Cell of
Release Time Locationc

A 1200 MB
1630 MR
2400 MB
1200 INT
1630 NT
2400 L'T

B 1200 MB
1630 MB
2400 MB
1200 INT
1630 INT
2400 INT

C 1200 MB
1630 MB
2400 MB
1200 INT
1630 INT
2400 INT

D 1200 MB
1630 MB
2400 MB
1200 INT
1630 INT
2400 INT

Table 5-4

timates -- Baseline Estimate: Spent Fuel®

Early d e Early 4 Latent Cancer
Fatalities Morbidities Fatalities
G 281 152
0 638 199
<1 27 37
0 64 46
<1 80 62
2 71 70
0 20 42
0 15 50
2 22 30
0 71 67
<1 90 75
1 59 47
0 697 269
0 880 318
1 32 33
0 96 71
<l 117 84
<2 75 66
0 31 26
0 32 32
<l 21 34
0 31 26
0 32 32
<1 21 34

aAssumed release from a three-element cask: 10%Z of the noble gas and 0.07% of

the solids as respirable materi
Dsee Table 5~3.
°MB = Midblock, INT = Inter

dEarly Fatalities occur wit
rial. Early Morbidities are il
Latent Cancer Fatalities occur

of the initial exposure and of
tion. I.e., 40 latent cancers

year over a 30-year period for

“These are fatalities from
effects from explosives used to

al.

section.

hin 1 year after exposure to the radiocactive mate-
lnesses appearing within weeks after exposure.

over any time subsequent to the exposure as a result
any long-term exposure to low levels of contamina-
would represent an average of less than 2 cancers per
the population group exposed.

the radiological effects of the release. Blast
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 radi

ological fatalities are highly unlikely because

those close enough to receive lethal radiation doses would be killed by the explo-

sion. That is, the lethal radi
early deaths from radiation in

us for blast effects exceeds the lethal radius for
this particular instance.
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Table 5-5
Consequence Estimates for Releases from Spent Fuel:
Average for Three Release Times

Avg. Number of

Cell Ofa b Avg. Number ofc Avg. Number of ¢ Latent Cancgr
Release Location  Early Fatalities Early Morbidities Fatalities
Baseline A MB <1 320 130
Estimate B MB <l 20 40
C MB <1 540 210
D MB <<l 30 30
A INT <1 70 60
B INT <l 70 65
c INT 1 100 75
D INT <«1 30 30
Upper A MR <1 680 370
tstimate B MB 3 100 100
C MB i 1 00C 590
D MB 2 65 80
A INT 6 150 140
B INT - 200 160
C INT 7 220 180
D INT 2 65 o
Lower A MB <<1 3 38
Estimate B MB <<1 10 2
C MB <<1 “ 60
D MB <<l - 9
A INT <<1 17 19
B INT <<1 16 20
C INT «l1 21 23
D INT <<1 4 9

3See Table 5-3.
le = Midb' .... INT - Intersection.

cEarly Fatali ies occur within | year after exposure to the radiocactive
material. Early Morbidities are illnesses appearing within weeks after exposure.
Latent Cancer Fatalities occur over any time subsequent to the exposure as a result
of the initial exposure and of any long~term exposure to low levels of contamina-
tion. l.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.

dThese 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 bv the explosion.
That is, the lethal radius for blast effects exceeds the lethal radius for early
deaths from radiation in this particular instance.

eAsauned release from a three-eiement cask: 10% of the nobie gas and 0.07% of
the solids as respirable material.

onouaed release from a three-element cask: 25X of the n-ble gas and 0,2% of

the solids as respirable material.

BAssumed release from a three-element cask: 10%Z of the noble gas and 0.02% of
the solids as respirable material. This 'ower estimate release for the assumed
three-element cask is approximately the equivalent for a baseline estimate release
for a single~element cask.



It should be noted that relatively small changes in population location can have

a strong influence upon METRAN estimates of early effects. METRAN employs a
threshold model for early effects; therefore, changes in where people are located
can put significant numbers of people above or below a particular dose threshold.*
At present, c'e pedestrian population density is a function of the time of day but
not of the celi. The total number of pedestrians is cell dependent, however,
because of the cell-to-cell variation in total street area. Buiiding population
and vehicular population are both time-of-day and cell dependent.

The magnitude of t:s averaged consequence estimates (Table 5-5) exhibits some
correlation with the grid location of the release. Cell C, which has the largest
population density of the four cells considered, also exhibits the greatest number
of estimated latent cancer fatalities for all releasc magnitudes. Similar trends
hold frr the early morbidities. Because there are so few early fatalir 2s pre-
dicted for the smaller releases (baseline and lower estimates) and because they
would necessarily occur very close to the release point, these results are not very
sensitive to the cell of release.

In attempting to understand the variations in results shown in Tables 5-4 and 5=95,
it must be realized that the large number of variables in the METRAN model, many
with rather subtle interactions, may make it impossible to isolate specific causes
for the variations. As noted earlier, simply changing the time of day introduces
both population and wind variations. Also, the finite size of the METRAN grid
influences the results since for releases in cells near the boundary (such as cell
A) and depending upon wind direction, the cloud may not traverse much of the grid.
The doses to people in buildings depend on the total number of people in buildings
and the average number of floors. Also, building heights or "surface roughness”
will affect the atmospheric dispersion and consequently the projected dose.
Finally, in the computation of cloud splitting, the interaction between street
directions and wind direction is complex. For example, if a street is perpendicu-
lar to wind direction in a midblock release, there will be fewer early effects
because the vertical dispersion reduces concentrations. But if the street is
parallel to the wind vector, the cloud can move along the street and expose
pedestrians. Given these and similar considerations, no attempt will be made to
exp'ain all the differences in the estimates. It should also be noted that evolu-
tions in the data base and the modeling approach have led to results which differ
from earlier drafts of this report. No attempt is made here to catalog all such
changes. Rather, these predictions are the best estimates based on the current
dacta and model.

The avers~e consequence estimates for the three releases are shown in Table 5-6,
when the release occurs in cell B, near the grid center. The data simply indicate
the relationship of consequences to release magnitude. It might be expected that
the lower estimates would be an order of magnitude lower than the upper estimates
since the principal change is reduction of the snlids portion of the source term by
an order of magnitude, and this is essentially the case.

*It is emphasized that a threshuld model is used only for early effects.
Long-term effects or latent cancer fatalities are estimated using popuiatior dose
criteria in accord with accepted practice.
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Table 5-6

Aver: ge-Consequence Estimate Comparison, Midblock Releases
from Spent Fuel in Cell B

" Early be Early b yatent Cancer
Estimate  Fatalities Morbidities Fatalities
Baseline <1 19 40
Upper 2.8 99 104
Lower <<1 10 12

A5ee "Summary of Estimated Release Fractions.”

bEarly Fatalities occur within 1 year after exposure to
the radioactive material. FEarly Morbidities are illnesses
appearing within weeks after exposure. Latent Cancer Fatalities
occur over any time subsequent to the exposure as a result of the
initial exposure and of any long-term exposure to low 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.

“Ihese 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 2
threshold. Also, in the computational scheme, the population dose to those who
become early fatalities reduces the population dose available to induce latent
cancers. This also contributes to the deviation of the latent cancer predictions
from direct scaling.

In Table 5-7, the METRAN estimates for a release in cell B are compared with the
ootilateg from a CRAC calculation for a release at the grid center and for the same
area.?® ¢7 (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. The larger estimates of early morbidities by METRAN are
expected for four reasons:

l. METRAN is designed to handle the closc-in meteorology with finer resolu-
tion than CRAC.
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conditions, it assumes diffusion of a “cold cloud;" that is, the release
cloud has no thermal buoyancy, and therefore a large portion of the radio-
| active material stays near the ground where the pedestrians can be
1 affected. This assumption also permits material to be Jeposited on the
| ground close-in, thus reducing the low-level population dose which leads

J
4 to latent cancers.

3. The lower boundary of the METRAN grid is assumed to absorb 50% of the
material that interacts with it, which tends to keep the centroid of the

release cloud low.

f 4, METRAN assumes that all persons receiving doses above the early morbidity
threshold become early morbidities, whereas CRAC uses dose response curves
to estimate early morbidities,

The thermal source in CRAC was used to account for the effects of high explosives
lefting the material and thus reducing the close-in ground level concentrations.
Thi: CRAC estimates were made with buoyancy in the cloud, the magnitude of which was
chosen after consultation with person~el experienced with explosives. If CRAC is
run without a thermal source in the cloud, the estimates of early effects rise.

The authors suggest that thermal buoyancy be used for the sabotage cases. This can
probably be treated in METRAN by the way the material is distributed in the four

layers (see Appendix E).

|
* 2. Because METRAN was specifically designed for transportation accident
¥

Given the differences in the two models, the agreement of the latent cancer fatali-
ty estimates is considered good. The CRAC estimate of total lateat cancer fatali-
ties is greater than the METRAN estimate, but this is attributable in part to the
differences in population and in part to the way the two models treat long-term ex-
posure to cortaminated ground. In METRAN, a permissible ground concentration level
is specified by the analyst. As the release is followed, the resulting ground
contamination is compared to the permissible levels. If contamination is greater
than 40 times the permissible level, decontamination is assumed impossible, and the
area is subject to permanent land-use denial, so there is no long-term exposure.
In contrast, CRAC computes the dose commitment due to exposure to the grou~d con-
tamination: if it is less than 25 rem lifetime (for urban populations), the
population is exposed to that ground contamination. If the projected dose commit-
ment in any spatial interval is greater than 25 rem, CRAC assumes that decontamina-

| tion occurs (decontamination factor (DF) ® 20) then again examines the dose

| commitment. If the projected dose still exceeds 25 rem in any spatial interval,

land-use denial is started. Because METRAN uses the fixed-level model with a low

' permissible level, there is more such area and thus less population exposure.

‘ All of the consequence estimates have been made with the population “in-place.” No
attempt was made to model or account for evacuation to avoid early exposure because
, evacuation may not be possible in all instances. Effective evacuation could serve
i to reduce the estimated consequences in some cases.
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In summary, for the postulated baseline release from a :ruck-mounted spent fuel
cask of 10X of the noble gases and 0.07Z of the remaining radionuclides, a few
early fatalities, tens to several hundreds of early morbidities, and tens to
hundreds of latent fatalities may be expec ed.* 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.

Consequences of the Radioactive Material Release--CRAC Estimates

CRAC, the consequence model of the Reactor Safety Study, was used to exaaine the
postulated release from spent fuel casks for several reasons: (1) there is con-
siderable experience available in the use of this model, (2) it allows consequences
to be estimated out to considerable distances from the release point, and (3)
parameters may be varied in the model to explore the effects of radiation exposure
pathways.

In this particular analysis, the release is centered on the METRAN grid, using a
single population distribution based on METRAN data for afterncon building occu-
pancy. This single population distribution is just an approximation to the time
varying METRAN data: CRAC does not have provisions for a time-varying distribu-
tion. For radial distances beyond the METRAN grid (approximatcly 5.25 km), the
detailed population distribution employed is equivalent to approximately 16 000
people per km? out to 16 km, 3800 peopla per km? between 16 and 48 km, 380 people
per km? between 48 and 88 km, and 38 people per km? beyond 88 km. The detailed
distribution accounts for the fact that there is no population in the seaward area
by setting the population equal to zero in certain segments. The total population
thus included closely approximates the actual population within 800 km of the

assumed release point.

CRAC operates basically on a radial computational mesh. The circular area is
centered at the releas:  »>int and divided into 16 segments of 22.5°. Each segment
has 34 radial intervals. For this study, the interval spacing is approximately 60
metres out t. 360 metres from the release point (to approximate METRAN); then the
interval width expands. The outer radius of each interval is shown in Table 5-8.
In this analysis, a release cloud is permitted to traverse each segment (16 seg-
ments for 91 sequences of weather conditions), representative of weather near the
release point. The mean value of reported consequences represents the mean from
1456 separate trials. Computing the mean in this manner essentially accounts for

any weather in any direction.

Each of the three releases mentioned earlier was examined under the following
conditions. First, the puopulation was limited to the area (100 km?) covered by the
METRAN grid. Cfecond, the population base was expanded to include people out to 800
km, as described earlier. The results are shown in Table 5-9.

*Other analyses irdicate that consequence estimates (LCF:) for spent fuel
cooled as loug ns 5 years will be comparable to those for fuel cooled ornlv 150
days. For example, using CRAC and the population to 800 km (see Table 5-9) the
;ou:equences of a release from 5-year-old fuel are 70% of those from 150-day-old

uel.

110



Several observations are in order concerning these results:

l. Approximately 60% of the latent cancer fatalities predicted occur close to
the release point (less than 5 km). This is observed by comparing the
results for only the METRAN grid with the results where there are people

present to 800 km.

Inhalation of radionuclides is the dominant exposure mode for latent
effects (99%). This is attributable to the presence of significant
quantities of actinides (alpha emitters) which must be taken into the body

to cause significant exposure.

The radius for early fatalities and early morbidities (see Table 5-9) are
so close to the release point that the effects of any explosive used would

dominate.

An alternate view of the spatial distribution of latent cancer fatalities is shown
in Figure 5-2, where cumulative latent fatalities are plotted against downwind
distance from the release point. The change ir slope in the vicinity of 10 km
indicates that, as the population distribution nas been modeled here and using the
CRAC model, the majority of tle latent fatalities will occur in the population near
the release point. This is further illustrated by Figure 5-3, in which the pro-
jected l-year lung dose is shown as a function of distance from the release point.
For these estimates, lung cancers account for more than 80% oi the predicted
fatalities due to initial exposure and nearly 50%Z of the total latent cancer

fatalities.

Although the emphasis has been on releases from truck-mounted spent fuel casks
(based upon analysis and arguments in Sections 5.2 and 5.3), there is a good
possibility that shipments will also be made by rail. Therefore, the baseline
estimate release has been examined assuming a rail cask as the source. Although it
is certainly not clear that rail traffic would necessarily move through urban
centers, this limited analysis with CRAC provides some comparison with truck-
mounted cask results. An attack against a rail cask would probably involve larger
quantities of high explosive than an attack against a truck-mounted cask. The
results are shown in Table 5-10. Comparison of these results with the earlier CRAC
estimates for the release from truck-mounted casks indicates that the estimates of
early fatalities and morbidities do not scale linearly with source strength; again,
this is because of the respense models discussed earlier. Using CRAC, the pre-
dicted latent cancer fatalities do scale approximately as the total source strer3th
for the same population distribution. This was not the case using METRAN. Again,
it should be noted that the majority of the fatalities occur close to the release
point with the population distribution employed here. The population densities are
so high that chronic exposure pathways other than inhalation and groundshine are
insignificant. This would not be true for a uniform population distribution of
hundreds per square kilometre.

One final comment on the CRAC analyses: In all of the consequence estimates re-
ported here, the "central estimate” dose model was used bDased upon the previous
usage in the Reactor Safety Study.%® 27 Several calculations were made using the
“linear response” dose model in which no thresholds or response curves are assumed.
The net result is that latent cancer fatalities are approximately 2 to 2-1/4 times

greater if linear response is assumed.




Table 5-7

Comparison of Average METRAN Consequence Eattﬂate
to CRAC Mean Estimate for Midblock, Cell B

Early Early Latent

Estinnteb Model Fatalitiesc 4 Morbidltiesc Cancer Fatalitiese
Baseline METRAN <1 19 40
CRAC <1 1 7
Upper METRAN 2.8 99 104
CRAC 1 11 195
Lower METRAN <1 10 12
CRAC ‘ 0 <1 24

AcRAC calculation limited to same .0 by 10 km area as M TRAN, assuming a

release at center (Cell B).
b

See "Summary of Estimated Release Fractions.”

cEarly Fatalities occur within | year after exposure to the radioactive
material. Early Morbidities are illnesses appearing within weeks after
exposure. Latent Cancer Fatalities occur over any time subsequent to the
exposure as a result of the initial exposure and of anv long-term exposure to
low levels of contamination. 1I.e., 40 latent cancers would represent an
average of less than 2 cancers per year over a 30-year period “or the popu-
lation group exposed.

These are fatalities from the radiological effects of the release.
Blast effects from explosives used to attack z 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.

®These are total latent cancer fatalities predicted as result of initial
exposure, resuspension, and long-term exposure to contaminated ground. The
text discusses the differences in manner in which METRAN and CRAC treat the
long~term exposure.
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Table 5-8

CRAC Estimate -- Radial Intervals

Radius Rad ius
Interval No. (km) (mi)
1 0.06 0.04
2 0.12 0.08
3 0.19 0.12
- 0.26 0.16
5 0,32 0.2
6 0.37 0.23
7 0.5 0. 31
H 0.8 0.5
9 1.2 0.75
10 1.6 1.0
11 2.4 1.5
12 3.2 26
13 3.6 o X7
14 702 4.5
15 11.2 7.0
16 16.0 10.0
17 28.0 1745
18 32.0 20,
19 40.0 25.
20 48.0 30.
21 56.0 35.
22 64.0 40.
23 72.0 45.
24 80.0 50.
25 88.0 55,
26 96.0 60.
27 104, 65.
28 12 70.
29 i36. 85.
30 160, 160.
31 240, 150.
32 320. 200.
33 500, 350.
34 800. 500.
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Table 5-9

CRAC Censequence Estimates for Releases from Spent Fuel Casks

Early Fatalities Early Morbidisiss Latent Cancer F tglities
Estimate Mean/Peakb ¢ d Mean/Peak Mean/Peak

Initial Total

l. Population Limited to METRAN Grid

Baseline 0.2/19 1/76 17/89 77/310
Upper 1/86 11/220 51/220 190/790
Lower 0 0.3/32 5/23 24/100
Baselinef 0.2/19 1/76 17/86 77/310

2. Population Present to 800 km

Baseline 0.2/19 1/76 27/90 130/490
Upper 1/86 11/220 80/280  360/1350
Lower 0 0.3/32 7/26 40/140
Baseline® 0.2/19 1/76 26/88 130/490

A3ee "Summary of Estimated Release Fractione.”

b
For the baseline estimate, the mean radius for early fatalities is 1.3 metres,
peak 60 metres. Mean radius for morbidities is 2.6 metres, peak 60 metres.

cEarly Fatalities occur within 1 year after exposure to the radivactive mate-
rial. Early Morbidities are illnesses appearing within weeks after exposure.
Latent Cancer Fatalities occur over any time subsequent to the exposure as a recust
of the initial exposure and of any long-term exposure to iow levels of contamina-
tion. 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.

dThese 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 encugh to receive lethal radiation doses would be killed by the
explosion. That is, the lethal radius for blast effects exceeds lethal radivs for
early deaths from radiation in this particular instance.

®Initial: These are ls*~nt cancer fatalities predicted to occur as result of
initial exposure. In CRAC, chis is d .ect cloudshine and l-day exposure to ground
contamination plus dose in 1 year due to radionuclides inhaled during cloud
passage. Total: These are total ..tent cancer fatalities predicted as result of
initial exposure, resuspension, and long-term exposutre to conteminated ground.

fOnly exposure pathway is from inhaled radionuclides.
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Table 5-10 |

CRAC Consequence Estimates for Releass from |
Railcar-Mounted Spent Fuel Cask

Early Fatalities Early Morbidities Latent Cancer Fatalities
Estimate Mean/Peak Mean/Peak Mean/Peak
Initial Total

l. Population Limited to METRAN Grid
Baseline 2/92 15/240 62/290 220/930

2. Population Present to 800 km

Baseline 2/92 15/240 95/360 420/1500

aRail-mounted cask contains inventory equivalent to +.75 MTHM charged to reactor
compared to the l.4 MTHM for truck-mounted cask.

b "
Assumed release: 10% of the noble gases and 0.07% of the solids as respirable
material.

In summary, estimates for latent cancer fatalities obtained from CRAC essentially
agree with estimates from METRAN. The analysis indicates that tens to hundreds of
latent fatalities may occur as a result of the baseline estimate release in a
densely populated area. The analysis also indicates that for such releases, given
these population densities, early fatalities and morbidities are restricted to
areas very close to the release point, and the latent fatalities will be manifest
mainly in the population located within 10 to 15 km of the release point.

5.4.3 Nonfissile Isotopes (Large Sources)

It was established earlier that any realistic attempt at dispersal of material
shippe¢ in large casks can be expected to involve significant quantities of high
explosive. The discussion in "Consequences of the Use of High Explosives™ of those
consequences directly associated with the employment of high explosives also ap-
plies here. Although shipments of nonfissile isotopes can involve large quanti-
ties, as much as 10° curies, there is usually only a single radionuclide involved,
as contrasted to the tens of nuclides involved in a spent fuel shipment.

Both the METRAN and CRAC models were used to estimate the consequences for three
levels of respirable release, based upon the data in "Summary of Estimated Release
Fractions.” The releases considered are 0.28%, 0.8%, and 0.08% of the total
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shipment. Based upon available data,z3 two isotope shipments were examined: 200
kilocuries (kCi) of Co=60 in metal form and 15 kCi of Cs-137 as cesium chloride.
The results from METRAN and CRAC are summarized in Table 5-11. The results from
METRAN are for a cell-B midblock release averaged over the three release times
(noon, rush hour, and midnight). As before, cell B is used because the CRAC esti-
mates assume a release at the grid center and cell B is the adjacent cell.

METRAN consistently predicts early effects for the cobalt releases while CRAC does
not. As discussed earlier, this is not unexpected because of the different tech-
niques by which the two codes handle atmospheric dispersion and cloud depletion,
and because of the use of thresholds in METRAN versus dose-response curves in CRAC.
METRAN has more detail close to the release point, and the lower boundary is as-
sumed to absorb 50% of the material which interacts with it. As discussed earlier
under the results for spent fuel, the differences in tectal latent cancer predic-
tions may be attributable to the differing techniques used to handle long-term
exposure to contaminated ground and to population differences. In the event of a
release from a Co-60 shipment, there could be several early morbidities and tens to
hundreds of latent cancer fatalities. If high explosives are the means of disper-
sal, then the immediate effects of the blast might be expected to overshadow the
radiological effects. Similar results are presented for a release of cesium,
albeit the predicted consequences are much smaller than those for the cobalt ship-
ment. The larger estimate of Tatent cancer fatalities for the smallest cesium
release, as compared to the baseline release, is a result of the way METRAN handles
cleanup versus interdiction. That is, if the contamination is above a specified
level, public use is denied and chronic exposure is reduced. For the smaller
release, this would not occur, and thus additionsl latent cancers are predicted.

In this case, especially, it is observed that the effects of using high explosives
to initiate the release from a shielded cask can dominate the public consequences
of the event.

In summary, the atmospheric dispersal of material from shipments of nonfissile
isotopes may lead to tens to hundreds of latent fatalities. The immediate conse-
quences of the use of high explosives in the attack will likely be comparable.

5.4.4 Less-than-Strategic Quantities of SNM

Most shipments of less-than-strategic quantities of special nuclear materials (SNM)
involve less than 100 grams of plutonium.23 Therefore, a scenario involving theft
or multiple thefts followed by a dispersal on a city street is postulated. Al-
though plutonium in oxide form is a powder that could be "dumped” or thrown from a
high building, such an act would result in limited dispersal. Explosive dispersal
is therefore assumed in this analysis. Because it is difficult to even get pluto-
nium dioxide powder airborne in significant quantities, it was assumed for purposes
of the consequence estimates that an adversary would not attempt a dispersal with
less than 100 grams.

In this analysis, the plutonium mixture employed is characteristic of that from
reprocessing of reactor fuel | year after removal from the reactor. The isotopic
composition of this plutonium is given in Table 5-12. Based upon the earlier
discussion, 20% of the dispersed material is assumed to be of respirable size. The
consequences of an outdoor release were estimated with METRAN and CRAC. The
averaged results from the METRAN predictions are presented in Table 5-13, and the
METRAN results from a release in cell B are compared with CRAC estimates in Table
s‘lko
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Table 5-11

METRAN and CRAC Consequence Estimates —--
Releases of Nonfissile Isotopes (Large Sources)

Farly Early Latent Cancer
Fatalitics Morbiditics Fatalitics

1. Cobalt (200 KCi Shipment, 0.28% Respirable Release)

c
HlTl’N <<l 2.2 4.
CIAC. 0 0 5%
CRAC 0 0 106

2. Cobalt (200 kC{ Shipment, 0.8% Respirable Release)

nsrm&x‘ <1 11.2 9.9
CRAC 0 0 93
CRAC 0 0 240

3. Cobalt (200 kCi Shipment, 0.08% Respirable Relcasec)

e T S ——

METRARS 0 0.4 1.9
CRAC, 0 0 19
CRAC 0 0 3

4. Cesium (15 kCi Shipaent, 0.28% Respiratle Release)
¢

.Rarl Fatalities occur within | year after exposure to the radio-
active material, Early Morbiditics are illresses appearing within weeks
after exposure. Latent Cancer Fatalities occur over any time subsequent to
the exposure as a result of the Initial exposure and of any long-term
exposute to low levels of contaminatfon. 1l.e., 40 latent cancers would
represent an average of less than 2 cancers per year over a J0-year period
for the population grouwp exposed.

HETRQN 0 0 4.8
| CRACe 0 Y] 53
CRAC 0 0 9.
5. Cesium (15 kCi1 Shipment, 0.8%Z Respirable Release)
1 c
: nzrlan 0 0.6 1.1
: CIACe 0 0 14
i’ CRAC 0 0 25
| 6. Cesfum (15 kCi Shipment, 0.08% Respirable Release)
j METRAN® 0 0 &5
CIACQ 0 ] N2
' CRAC 0 0 2.7
f

These are fatalities from the radiological offects nf the relesse.
Glast cffects from explosives used to attack a cask could cause tens of
fatalities (see the subsection, “Consequenc:s of the Use of High
Explosives®). In fact, if explosives are used, carly radiological fatalities
are highly unlikely bocause those close enouph to receive lethal ratisation
doses would be killed by the explosion. That s, the lethil radius for blast
effects exceeds the lethal radius for early deaths from radiatfon in this
particular instance.

chvnrn;c of widblock release for three relcase times in cell B,
‘nean from CRAC for grid population on
“Mean from CRAC for grid plus population to 800 km.
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Table 5-12

Isotopic Composition of Plutonium Shipment*

Isotope Weight Percent
Pu-238 1.79
Pu-239 60.65
Pu=-240 22.64
Pu=-241 10.95
Pu-242 3.63
Am=241 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. In an attempt to explore the effects of such a release,
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 summary, a public dispersal of approximately 1 kg of plutonium could produce a

‘ew 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

As indicated earlier, because there is so little activity available in low-level
waste shipments (1000 to 5000 curies), it is unlikely that .uny attempt at dispersal
would be made with the intent to create public harm. Nevertheless, because an
attack on low-level waste co ld have nuisance value, the effects of a release are
considered.
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Table 5-13

Average METRAN Consequence Estimates -- Dispersal
of Less-than-Strategic Quantities of SNM

Early Early Latent Cancer

Cell of Release Fatalities* Morbidities* Fatalities*
1000-g Dispersal

A 0.2 486 808

B 0.3 154 552

™ 0.3 766 2 897

D 0.1 127 411
100-g Dispersal

A 0 93 192

B 0 8 59

4 0 237 296

D 0 13 45

*Early Fatalities occur within 1 year after exposure to tlie radioactive
material. Early Morbidities are illnesses appearing within weeks after exposure.
Latent Cancer Fatalities occur over any time subsequent to the exposure as a result
of the initial exposure and of any long-term exposure to low levels of contamina-
tion. I.e., 40 latent cancers would represent an average of less than 2 cancers
per year over a 30- car period for the population group exposed.

Table 5-14

Comparison of METRAN? and CRAC Consequence Estimates --—
Dispersal of Less-than-Strategic Quantities of SNM

Early Early Latent Cancer
Fatalities Morbidities Fatalities
1000-g Dispersal
METRAN 0.3 154 552
CRAC 0.08 2 660
100-g Dispersal
METRAN 0 8 59
CRAC = - 60

aAverage values for release in cell B.

bEarly Fatalities occur within 1 year after exposure to the radioactive
material. Early Morbidities are illnesses appearing within weeks after exposure.
Latent Cancer Fatalities occur over any time subsequent to the exposure as a result
of the initial exposure and of any long-term exposure to low levels of contamina-
tion. 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.
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Assuming that 1% of the shipment is released in respirable form, about 50 curies
could be released. It is difficult to predict which radionuclides might be
included in a specific shipment of such wastes. However, considering that the
release of 560 curies of Co-60 only leads to tens of casualties and that the
release of 42 curies of Ce-137 leads to essentially no casualties in a densely
populated area (see Section 5.4.3), it follows that the dispersal of 50 curies of
low-level waste is unlikely to result in any illness or fatalities. To support
this conclusion, CRAC has been exercised for a 50-curie release which ccntains
approximately 30% cesium, 50% ruthenium and 187 strontium. For this situation,
CRAC predicts no early effects and less than one latent cancer fatality (i.e., mean
and peak values are less than 1).

In summary, a release from low-level wastes would pose no significant hazard to the
general public.

5.4.6 Consequences of a Release of Radioactive Material--Areas Affected and
Economic Impact

In the preceding sections, the METRAN and CRAC models were employed to examine the
public health consequences of a deliberate release of radioactive materizls from
various shipping containers. Another aspect of such releases that must oe con-
sidered is the extent of the area which may be contaminated by deposition from the
passing cloud and the costs associated with cleanup, including those associated
with temporary or permanent relocation of the affected population.

At present, the METRAN mode. does not include the capability to follow the cloud
precisely and thereby estimate the actual affected area. However, METRAN results
do indicate which cells are affected and the fractional area of each cell involved:
that is, those cells within the computational grid in which some concentration of
airborne material appears. Figure 5-4 indicates the cells affected by a specific
release at midblock from a spent fuel cask in cell B for the three release times
considered in the study. The prevailing wind flow is from the south. At noon,
higher wind speeds cause some cells adjacent to the release to be skipped, while at
midnight, low speed allows lateral diffusion to occur.

Estimated releases in other cells exhibit similar behavior. It is possible to
extract an estimate of the surface area traversed by the clrud from the CRAC atmo-
spheric dispersal model. Because the area estimate is a mean value from many
computations, it is not direction-.lly dependent; that is, it is a mean downwind
area. For purposes of compariso, Figure 5-5 shuws the CRAC estimate of cloud
cove age superimposed on one of the METRAN calculations. This indicates that near
the release, the affected area is much smaller than would be predicted by simply
counting cells in the METRAN grid in which activity appears. Figure 5-6 shows the
CRAC mean estimate of cloud area out to 2 ~ 'm from the release point, and Figure
5-7 shows the mean cloud area out to 100 km.

To estimate the economic impact of the releases due to sabotage, some idea of the
potential surface contamination levels is required. For this analysis, it is
assumed that those surface areas with more than 0.2 pCi/m? will require decontami-
nation.32 This is about a factor of 3 lower than cleanup levels reported and used
elsewhere.? 33 3% 1t is further assumed that those building surfaces with contami-
nation levels greater than 8 wed /mé (DF factors greater than 40) could not be
decontaminated and public use would have to be denied. The model employed here
(described in detail in Appendix K) accounts for the costs of land-use denial as
well as other costs such as emergency response, radiological surveys, evacuation,
security, etc.
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[IH] Noon Release

7:4, Rush-Hour Release

Midnight Release

———— )

Cell B

Figure 5-4. Pattern of Grid Sectors Affected by a Release
in Cell B

Cell B

Figure 5-5. Mean Area Affected by Release in Cell B (CRAC
Estimate) Superimposed on METRAN Cells Affected
by Rush Hour Release in Cell B
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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)




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 nse 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 le approximated as
proportional to the area contaminated, the type of land use, and the population

density.
reactor acc ‘ent; similar methodology has been used in this study.

A brief summary of the parameters used in the economic analysis is presented in

The Peactor Safety Study2° addresses such questions for the case of a

Table 5-15. These data are abstracted from a more complete tabulation in Appendix
K. The results of the analysis for the baseline ~stimate 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 intersuction 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 not
very sensitive to 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:

l.

2.
3.

4a

5.
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This analysis is based upon the release poirnt being within an urban
environment and is limited to 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

Parameter

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 <
2 <

oo
™
A A
L
=

| A
[

Cost for building cleanup 1 < DF

—

Cost for parks/open areas

IAIA
oo
S

IAIA

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 uCi/m?

DF = 2
DF = 20

DF = 40 (model assumes techniques
for DF = 20 done twice)

$20 000/yr ($9/h)
60-120 m%/h

$4.38/m?
$247/m? (replacement)

$506/capita (residential)
$44/capita (3-5 story residential)
$22/capita (>6 story residential)
$31/capita {commercial)
$1607/capita (residential)
$441/capita (3-5 story residential)
©205/capita (>6 story residential)
$462/capita (commercial)

$101/capita
$673/capita

$200/capita (10 days)
$718/capita (10 days)
76/capita (10 days)
$57 171/capita
$587/capita
$690/capita

$5.80/h

$9.80/m (6-ft chain link)

%A1l 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).
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.

A DF
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Table 5-16

Summary of Economic Costs --
Cell B Baseline Estimate Release*

Cost Midblock Intersection
Element Noon Rush hour Mtdnlght Noon Rush hour Hldnight

n-scene :

emerg. resp. 7.6x10% 7.6x10% 7.6x10¢ 7.6%10% 7.6x10% 7.6x104
On=-scene

recovery 3. 7x10 3 3. 7x10° 3. 7x103 3.7x10? 3o %107 3.7x10°
Survey cost 1.7x10® 2.3x10° 2.3x10° 2.9x10% 2.8x10° ie7x10°
Street cost 1.1x10° 0 0 1.8x10° 2.2x10° 0
Building

cost l.6x107 0 0 3.6x1C7 3.1x107 0
Evac. cost 7.2x10° 0 0 1.4x107 1.3x%107 0
Security

cost 3. 7x107 6. ix107 6. 1x107 4,9%x107 4.9x107 4.9x107
Interdict. _

cost 2.0x10? 2.1x10? 2.2x10° 2.9x10? 1.8x107 4.5%x10°
Total 2.1x10? 2.2x10% 2.3x107 3.0x107 1.9x10? 5.0%x10%

*All costs in 1979 dollars.
Table 5-17
Summary of Economic Costs ~- Average for
Three Release Times in Cell B*
Codt Midblock Intersection

Element Low Baseline High Low Baseline High
On-scene _ -

emerg. resp. 7.6x10¢  7.6x104 7.6x104 7.6x10¢  7.6x10% 7.6x10%
On-scene ;

recovery 3.7x10°  3.7x10° 3.7x10° 3.7x10%  3.7x10° 3.7x10°
Survey E

cost 2.4x10°  2.1x10% 2.4x10° 2.5x10%  2.5x10° 2,5x10°®
Street cost 4.4x10°  3.7x10° 0 1.3x10%  1.3x10® 1.3x10°
Bldg cost 6.7x10°  5.3x10° c l.1x10?  2.2x107 2.5%107
Evac. cost 3.4x10°  2.4x10° 0 5.7%10° 9x10° 8.0x10°
Security

cost 4.9x107  s.3x107 5.7x107 4.9x107  4.9x107 4.9x107
Interdict. . :

cost 2.0x10?  2.0x10° 2,5x10? 1.7x107  1.8x10? 1.7x10°
Total 2.0x10?  2.7x10? 2.6x10? 1.8x10%  1.8x10? 1.8x10%

*All cests in

1979 dollars.



In summary, the geographical coverage and the economic impact have been estimated
for a range of deliberate releases within an urban area. For the largest release
examined (~11 kCi), the impact is spread over numerous political subdivisions, and
releases in the range 1 to 10 kCi are estimated to have costs ou the order of $10%.

5.4.7 Consequences from Nondispersed Sources

In several of the releases postulated, there may be a substantial amount of mate-
rial ejected from the shipping container but not aerosolized. That is, it becomes
a source of direct radiation and subsequently a cleanup prcblem. It was antici-
pated that this source would not contribute significantly to the public risk. To
explore this question, the METRAN code has been exercised in the mode used for
special form (i.e., nondispersible) material. In this mode, the source is treated
as a point source in the middle of the street. Therefore, the pedestrian distance
of closest approach is the sidewalk and the closest approach for vehicles is the
crosswalk. The vehlcles proceeding on one side of the street are presumed to be
bumper-to-bumper. These conditions are presumed to exist at the time of sabotuge

and shortly thereafter.

The two shipment types of major concern insofar as direct radiation is concerned
are the irradiated (spent) fuel and nonfissile isotope (large sources) shipments
because of the source strengths involved. In these classes of shipments, release
mechanisms can be postulated in which substantial amounts of the material are
simply ejected from the cask and scattered on the ground. To establish an upper
bound, it has been assumed that the entire contents are outside the shipping con-
tainer--a conservative assumption in terms of the realistic release mechanisms.
The results at three release times are shown in Table 5-18. As would be expected,
the latent cancer fatalities as a result of direct radiation are minor compared to

the early fatalities and morbidities.

Several other points should be noted. First, the early consequences estimated here
are insensitive to the cell of release. This is due to the traffic "packing”
assumption described above and to the fact that pedestrian density is time- but not
cell-dependent. As modeled in METRAN, there are about three times more fatalities
and morbidities among pedestrians than among people in vehicles during daylight
hours and about six times more among people in vehicles than among pedestrians at
midnight, which simply reflects the relative population densities.

Second, no early consequences are predicted for people in buildings because of the
assumed distance from the source and the shielding afforded by the building mate-
rials. In contrast, the pedestrians and people in vehicles are not shielded. The
dose to pedestrians includes an albedo term to account for radiation scattering
from streets and adjacent building walls. Third, no early consequences are pre-
dicted for the case of a cesium release because of the constraints the model places
on the distance of closest approach. For comparison purposes, the distances at
which dose thresholds for early fatalities and morbidities (assuming 15-minute
exposure) are equalled or exceeded are shown in Table 5-19.

It is clear from the data that direct radiation from the cesium source, even at 15
kCi, does not pose a major threat to public health and safety. It is also apparent
that for those releases involving dispersal and in which there is some residual

material on the ground, the consequences resulting from inhaled radionuclides will

outweigh those from direct radiation.

129




1.

2.

3.

1

130

T

A,  delme i et e R i e man SR - e b L e e L e i e e e A LR

Table 5-18

Consequences of Direct Kadiation -- |5-Minute Exposure

Time of Farly

5 b Early s Latent Canc:r
Release Fatalities Morbidities Fatalities

Spent Fuel (5.37 MCi)

Noon 108 509 25
Rush Hour 65 295 13
Midnight 20 109 4
Average L] 304 14
Cobalt-60 (200 kCi)
Noon 24 392 15
Rush Hour 15 227 76
Midnight 6 85 2
Average 15 235 31
Cesfum=137 (15 kCi)
Noon 0 0 0.23
Rush Hour 0 (1] G.13
Midnight 0 0 0. 04
Average 0 0 0.13
%See footnote d, Table 5-4,
"s« footnote e, Table 5-4.
Table 5-19
Dose Threshold-Distance Relationship, 15~Minute Exposure
Distance (metres)
Vehicle
Dose (rem) Pedestrians Passengers
1. Spent Fuel (5.37 MCi)
700; 16 14
600c 21 18
50 51 45
2. Cobalt-60 (200 kCi)
mo; 1 10
t.ooc 15 13
50 39 34
3¢ Cesium=137 (iS5 kCi)
700; 1.7 1.5
I.OOC 2.4 241
50 6.6 5.9

#Above 700 rem, P

{ = L0and B = 1.0
PAbove 400 rem, P, > 0.4 and B_ = 1.0

“Above 50 rem, P, = 0.0 and P, = 1.0; less than 50 rem,
Pe = 0.0 and P = 0.0

[ —

B S S —

——e
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One further point must be emphasized. An attack violent enough to overturn and
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 aife~_ed by
direct radiation will have undergone severe physical trauma or died from the
explosion, and therefore direct radiation becomes »f secondary importance to direct

blast consequences.

In summary, although direct radiation could cause hundceds 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 rzlease fractions postulated in the subsection "Summary of Estimated Release
Fractions" and the public health effects as defined in the blast effects analysis and
as modeled by the MEIRAN and CRAC codes.

Economic effe.ts are strongly dependent upon the amount of radiocactive material released.

Thus, there is unquestionably a wide range of environmental impacts potentially exceed-
ing $1 billion for the largest radioactive material release.

Table 5-20

Summary of Public Consequencesa

Early Early Latent Cancer
Source Fatalities Morbidities Fatalities

Spent Fuel b

Truck lO'sD 10's = 100's 10's - 100's

Rail 10's 10's - 100's 100's = 1000's
Nonfissile Isotopes

(large scurces) - 1's - 10's 10's
SNM 1's 10's = 100's i00's - 1000's
Low-Level Waste - - 1%

ABased upon the baseline estimate relcase 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. 3% In this section,
the impactcs 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.

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 coaducted assuming those systems outlined in the
proposed rules to be the first line of response to any threat or attack.

The proposed rule’® for transportation safeguards incorporates several concepts and
features which are summarized here for convenient reference. The proposed rule has
three principal objectives:

l. Restrict access and activity in the vicinity of transports.

2. Prevent the unauthorized access into, or removal of strategic special
nuclear material from, transports.

3. Provide a response capability (force) to insure that the first two objec~
tives can be accomplished.

For road shipments, whether by special truck or armored cars, there are some addi-
tional criteria established. These are

l. 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 availabie 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 these conditions in mind, the effects of the urban environment may be ex-
plored. These observations and conclusions on local LEA response and capabilities
are based upon a limited analysis of data provided by several thousand local LEAs.*

5.5.1 Response Time and Numbers of Local LEAs

The limited sample of available data suggests that in very large cities (those with
population greater than 1 000 000), 30 to 50 officers can respond to calls for
assistance in 10 minutes or less. This response usually represents less than 107%
of those on duty. Similar conditions appear to prevail in cities with populations
in the 500 000 to 1 000 000 category, although the response represents a larger
fraction of those on duty, perhaps 25% or so. Even in cities with 100 000 to

500 000 population, the 10-minute response level is significant, in the range of 10
to 30 officers. However, in some areas this may be nearly one-half of the total
number of officers on duty. In those cities of less than 100 000, the response is
more likely 10 or so, which frequently represents nearly all the officers on duty.
In small cities--those with less than 25 000 but greater than 10 000--the response
is typically around 10, but again this represents nearly all those on duty. The
actual numbers obviously vary from city to city and shift to shift; the numbers
quoted here are “"averaged" over three shifts for the cities cxamined. Neverthe-
less, the following conclusions may be drawn. In urban areas, the number of de-
fenders (escorts plus local LEAs) can be quadrupled in 10 minutes or less, and even
in smaller cities the number can be doubled. This simple difference in numbers
appears to provide the urban LEA and the shipment escorts much more flexibility in
responding to an attack than would be the case in small cities or a semirural
environment. Also, because the responding force in large cities represents only a
small fraction of the officers on duty, the urban LEA should be better able to cope

with diversionary or multiple attacks.

If the impact of protracted engagements (1 hour or more) are considered, then the
sample again suggests that the urban LEAs are able to respond with significantly
greater numbers, five to seven times the initial response, without necessarily
calling upon off-duty personnel or outside assistance. In the smaller cities, the
total response in 1 hour may only be two times the initial response, and even at
that will require personnel other inan the duty shift.

5.5.2 Capabilities of Responding LEA--Individuals

It is interesting to note, based upon the sample, that the capabilities of individ-
ual officers, in terms of equipment they bring, are not strongly related to the

*The survey was conducted by the International Association of Chiefs of Police
for Sandia Laboratories, Department 1710, under Department of Energy programs. The
survey responses are being correlated and analyzed, and a detailed report will be
published. It is emphasized that the observations made here are based upon a
limited random sample of the survey responses and are therefore subject to modifi-

cation as the full analysis proceeds.

133



size of city in which they serve. Patrol cars appear to routinely carry shotguns,
and in the limited sample examined, about three-quarters indicated that at least
some officers would respond with rifles, although the type (automatic or semiauto-
matic) was not spccified. In larger urban areas, cities greater than 500 000, the
responding officers would also have gas guns and personal body armor. In the
smaller cities, the survey seems to indicate that about half the responding offi-
cers would be equipped with gas guns and armor. This would appear to provide the
urban LEA more flexibility in dealing with a situation.

Individual officer training and experience is less amenable to quantification, but
it is likely that i he large city forces will have more formal and regular training
than those in small cities and towns. It is anticipated that the urban officer is
better prepared to handle an armed confrontation than an officer from a semirural
area, simply because he meets such situations frequently in the course of his
normal duties.

5.5.3 Capabilities of Responding LEA--Special Teams

The availability of specially trained teams to handle unique situations is very
much a function of city size. The sample suggests that very large cities most
likely have a special weapons team of some type (the so-called SWAT teams), teams
of highly skilled marksmen (snipers), and specially equipped and trained riot
squads. In addition, nearly all the large cities have personnel tirained in hostage
negotiations and qualified explosive ordnance disposal (EOD) experts. All of these
special teams have come into existence in large urban areas over the past few
decades in response to a variety of sociopolitical pressures and incidents. In
cities of intermediate size (100 000 to 1 000 000), the sample indicates that more
than half have SWAT, riot control, and explosive ordnance disposal teams. Less
than about half of these cities have some sniper team capability, and e en fewer
have any trained negotiators for hostage situations. In cities smaller than 100
000, less than half have any special teams, SWAT, sniper, riot control, or hostage
negotiation teams. Above 25 000, about half will have some EOD capabilities, but
such capability is nonexistent in smaller cities.

The obvious conclusion is that the larger the city, the more likely it is to have
specially trained teams. Again, this provides the urban LEA with more flexibility
in response to an attack on safeguarded shipments, as well as the ability to bring
spe~ially trained personnel into the action. The only drawback is that the re-
sponse time of such teams is typically around 30 minutes, so that the escorts and
the initially responding LEA would have to hold the situation until the special
teams arrived.

5.5.4 Capabilities of Responding LEA--Equipment

As might reasonably be expected, the information in the survey again suggests a
strong dependence upon city size. For example, more than half of the cities with
greater than 1 000 000 population possess some type of armored vehicle. Cities
under 1 000 000 typically do not but rely instead on agreements with the National
Guard or State Police. Cities larger than 500 000 nearly always have equipment
vans and special communications vans (obviously correlating with the existence of
special teams). Cities under 25 000 seldom have either item, while about half of
the cities between these two extremes will have cne item or the other. In terus of
airborne support, it appears that all of the larger cities have police helicopters
and abou: hali also have fixed-wing aircraft. In cities of 100 000 to 1 000 000,
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berter than one-third have helicopters, and less than one-third have aircraft.
Below 100 000 population, city-owned helicopters and aircraft are nearly nonexis-

tent, and below 25 000, they are nonexistent.

As with the special teams, other pressures--some routine, some extraordinary--have
caused the urban LEA to be better equipped and prepared to respond to a variety of
threats and events. Certainly, the availability of armored vehicles and air sur-
veillance puts the urban LEA in a better position than the semirural LEA to cope

with an armored attack.

5.5.5 Influence of Higher Traffic Density

There is perhaps a natural tendency to believe that the increased traffic density
of the urban area as compared with the rural area will automatically inhibit the
response of law enforcement agencies. This tendency is no doubt strengthened by
the personal experience of bumper-to-bumper vehicles in rush hour city traffic
creeping along at a few kilometres per hour. However, this situation must be
examined from the perspective of the proposed rules.

If these shipments are required to use primary highways, this implies that they
will move on the interstate highway system or similar controlled access expressways
in most urban areas. It is also presumed, although not specified in the proposed
rules, that because an escorted shipment is essentially a convoy operation, routing
would be selected, or at least scheduled, to avoid the rush hour congestion in or
near ma jor urban areas.* With this consideration, it is then appropriate to com-
pare the urban and rural situations based upon the average traffic densities.

The available data on highway use permit some comparison of urban and rural four-
lane and six-lane two-way highways. Although eight-lane expressways exist in urban
areas, they are seldom found in rural areas. For four-lane freeways (two lanes
each direction) the average urban traffic flow is about ]1.8 times the rural average
on a vehicles-per-hour-per-lane basis. For six-lane freeways, this ratio increases
to about 6.5. This suggests that in urban areas it will be more difiicult to
operate a convoy of three vehicles. For example, the traffic density on the urban
freeways (on the order of 1000 per hour per lare for the larger expressways) will
make it difficult for the escorts to insure that they can reach the transport
quickly because of the tendency of other drivers to fill in gaps which may exist
between vehicles by "lane jumping” in an attempt to move faster than the general
traffic flow. This situation is further aggravated by the frequent access points
in the urban freeway system, with the attendant constant influx of vehicles from
side roads. In some urban areas, freeway exits may be as close together as 0.8 to
1.2 km, while in other areas there may well be tens of kilometres between exits.

Of course, this high frequency of access also works to assist the safeguards system
simply because it provides more routes by which responding LEA can rcach the scene
and may permit more forces to respond.

This increased vehicle density in the urban area would also make it easier for
vehicles carrying an adversarv attack force to approach the transport (say in an
ad jacent lane) without arousing undue suspicion on the part of the escorts.

*This presumption is based in part on the requirement in the proposed rule to
avoid areas of natural disaster and civil disturbances.
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Furthermore, it has been suggested that "staged” accidents could be employed by an
adversary to halt the _.ransport vehicle, ! Again, such events are less likely to
arouse suspicion in the urban area simply because traffic-delaying accidents are
not uncommon on these freeways. The-efore, 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 additicnal 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 confroatation. 1In fact, this readily available pool of
potential hostages could be employed by an adversary to negate or inhibit escort
response.

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 examplz, if
the transport is effectively immobilized by the crew, the adversary must open the
transport by forc.ful 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. 1In this regard, nurerous postulated
scenarios are set in isolated areas away from cities, apparently because of the
presumed desire on the part of the adversary to operate ~landestinely if possible.

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 Density

Upon cursory examination, it would appear that the pedestrian density associated
with the urban area would have a detrimental effect upon safcguards. That is, the
presence of many bystanders and potentizl hostages wouid 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 urbaa
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. Tor example,
in most cities, especially those areas near primary highways, there are numerous
shipping terminals, warehouses, factories, etc., many of which are abardoned or at
least unoccupied at any given time. This means that if a safeguarded shipment is
attacked with theft as the goal, there are many hiding places readily available if
the adversary is successful. Therefore, there is increased need for the safeguards
system to prevent access to and removal of material. This means that hardware
systems, as well as escorts, can play a significant role in protecting material in
transit.

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. Also,
in these arcas 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.
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6

ALTERNATIVES

6.1 Introduction

Chapters 2 through 5 described the radiological and economic impacts from the
transportation of a specified set of radioactive materials in a densely populated
urban area in the context of current transport practices. This chapter describes
the effects of several alternatives to or regulatory changes from current practice.
These alternatives include shifts in transport mode, changes in package types, and
rov:ing or time of day restrictions. In considering alternatives, the authors
recognize that changes in radiological impacts may also result in economic and
social impacts. Indeed, these latter impacts may be more significant, if not domi-
nant, when considering alternatives to current transport practice. A change in
impacts resulting from implementation of a particular alternative for one causative
event may well result in no change or significant, but contradictory, changes for

another.

As each alternative is addressed, a discussion of its effect on all four causative
esvents (i.e., comparison with the baseline case) will be presented as well as a
discussion of the feasibility of the alternative in view of the present urban en-

vironment, transport system and current regulatory controls.

Since it is not possible to detail the precise manner in which a particular alter-
native would be implemented, assumptions are made which are considered applicable
to certain types or groups of materials. These assumptions are given in the dis-
cussion for each case. Because of these assumptions, the results should be inter-
preted carefully. The authors do not consider changes from baseline risk values of
less than an order of magnitude to be significant, although such changes may well
be important in regulatory decision making.

6.2 Baseline or Keference Cases

For inci .ent-free transport, the reference case is that discussed in detail in
Chapter 2. Materials with different end uses are allowed to enter the urban area
at different times of day, consistent with actual shipping practices. Results of
the incident-free analysis are expressed as total expected latent cancer fatalities
(LCF) per year of shipment activity at the given level.

To obtain the baseline value for latent cancer fatalities, the whole-body inte-
grated dose (~7 person rem/shipment year) is converted to the health effects value
using the appropriate coefficients described in Appendix G (25 latent cancer fatal-
ities/10° person rem). Expected numbers of genetic effects (GE) could be similarly
obtained using a conversion factor of 170 genetic effects/10® person rem. To sim-
plify the presentation of results in this chapter, only expected numbers of latent
cancer fatalities are reported since expected numbers of genetic effects would
follow the same general pactern. The reader is referred to the earlier chapters of
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this document for more discussion on genetic effects. Application of the latent
cancer fatality conversion factor to the incident-free population dose gives a
value of 1.8x107“ expected LCF/shipment year at the specified level (~.2x1073
GE).

For the reference case for vehicular accidents, all shipments begin through the
study area at 1630 hours, with a southerly wind speed of 4 m/s. These conditions
are frequent at 1630 hours, and the appropriate population parameters are about
midway between the high values observed a* 1200 hours and the relatively low values
at 2400 hours. Output variables examined are expected numbers of early fatalities
(EF), early morbidities (EM) and LCF per shipment year. For the same reasons given
above, genetic effects are not included in the tables. Changes corresponding to
those for cancer fatalities would be expected.

For human errors or deviations from accepted quality assurance practices, the
1630-hour case is also used for reference. Output variables are as for vehicular
accidents: namely, expected numbers of early fatalities, early morbidities, and
latent cancer fatalities.

The precise meaning of a baseline or reference case for a sabotage event is unclear
since the presumption in Chapter 5 is that the event has occurred. For consistency
with the remainder of the analysis, a reference value from the sabotage calcula-
tions for 1630 hours will be used when appropriate and results will be expressed as
expected numbers of health effects (consequences, not risk). The discussion of the
alternatives and their effects on sabotage events will be more narrative and less
quantitative than for the other causative events.

for each causative event, the effects of a particular alterrative are expressed as
the expected number of health effects resulting from a year's shipment activity
with that alternative in operation. To examine the relative change resulting from
the implementation of a particular alternative, the tabulated values can be divided
by the given baseline results. If the ratio obtained is less than unity, the ef-
fect of implementing an alternative is to reduce the radiologial rick and vice
versa. Where specific values are not available or, for some reason, nct meaning-
ful, the reasons for their absence will be explained.

6.3 Transport Mode Shifts

Altrough the majority (98%) of the total curies transported in the limited New York
City area are shipped at least in part by truck, other transport modes could be
used for some portion of these shipments, thus having some effect on the radiologi-
cal risk. These alternate transport modes could include aircraft, trains, and
barges. Even with increased use of alternate modes, the major portion of traffic
within the urban area will still be by truck since shipments received at terminals
must still be delivered to urban destinations or picked up at their points of ori-
gin for transport away from the urban center. Data in Chapter 2 of this report
indicate that the major portion of the incident-free dose to urban specific popula-
tion groups arises from the truck link of the transport process. Overflights of
the urban area do not contribute significantly to the urban-specific population
group dose. Since the major contributors to the incident-free populacion dose are
groups related to the storage and handling of the shipments received at terminals
for eventual delivery in the urban area, requirements that shipments currently
carried by truck be routed by an alternate mode, then stored for later delivery,
could significantly affect the incicent-free case.
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For the case of vehicular accidents, the effects of this alternative arc less
clear. Regardless of the transport mode choecen, there is still the possibility of
an accident anywhere along the route within the urban area. The mater.als with
different transport modes cannot be removed as contributors to the overall risk,
although the probability and frequency of an accident and the mode-related accldent
rate would change. This argument also holds for the human error situation in that
changes .. transport mode could aiter the overall risk, but estimation of the
changes resulting from alternate transport modes would depend heavily on those
materials chosen for alternate mode transport and the actual modes used. Another
problem with alternate transport modes is the timely availability of sensitive
materials, such as radiopharmaceuticals with short half lives, or viability for
their intended purposes. If the alternate mode does not make these materials
available as needed, the usefulness of the alternative is diminished.

To evaluate the effect of transport mode changes in the sabotage case, the use of
rail as the alternate mode is considered. Because of the restrictions on rail cars
(i.e., they cannot be maneuvered off the rail line), the materials could be inter-
cepted anywhere along the route, much of which lies outside urban centers, but
could not be as .eadily diverted to an optimal urban setting.

The effects of implementing this alternative are evaluated by assuming the
following:

* All shipmeats routed through the grid are shifted to aircraft with flight
paths of 10 km across the area (see Appendix A touting tables), with the
exception of the observed spent fuel shipments.

* Origin/destination shipments by truck are altered to travel by air freight
\arbitrary) across the grid and to be carried by truck into their destina-
tions or the reverse.

* do mode shift is included for existing barge shipments.

The results obtained from this assessment are given in Table 6-1. |

Table 6-1

Effects of Transport Mode ¢ ... ts

Incident Vehicular Human Errors Sabotngea
Free (Risk) Accidents (Risk) ' (Risk) o (Consequences )
b Expected No. of Expected No. of Expected Nn-AQT
- EM LCF EM LCF EF  EM  LCF.
l Basel ine . 8x107 % 4.2x107%  14x1073 g l.4x10”3 0.2 1 77
Case (7.2 person
: rem)
|
' Effect 1.3x10™ " 6.2x10°%  33x10° 3 0 ~.4x10 3 2 15 220
of Trans- (5.2 person
port Mode rem)

’ Shifts

a.
Consequences from sabotage events are given for CRAC consequence estimates for

l

‘ releases frm sper* fuel casks for baseline Case A (10% noble gases and 0.07%
solids relea ed as cespirable material) for the population limited to the METRAN

l grid. Only "mean” values are presenied. See Chapter 5, Tables 5-9 and 5-10 for

I

more detail

bLCF = La.ent Cancer Fatalities, EF = Early Fatalities, and EM = Early Morbidi-
ties.

“total L °.
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The change in radiological impacts from incident-free transport, vehicular acci-
dents, and human errors is small when this alternative is implemented. In the case
of the sabotage event, however, the consequences of sabotage of a shipment contain-
ing much larger quantities of material, such as a rail cask would have, could be
significant. Earlier discussion alluded to the fact that it would be woie diffi-
cult for a rail cask to be successfully diverted to an optimal location in the
urban area. Since no consideration has been given to how the shipment arrived at a
given point, the reported consequence estimates must be evaluated with some care.
An important factor in considering transport mode shifts is the economic conse-
quences of their use. To convert from trucks to rail or air transport would re-
quire a significant investment especially for large quantity shipments for which
new-generation shipping cortainers might be required. The alternative is feasible,
however, only with long~range planning and sizeable capital investment with only
small benefit from the radiological risk perspective.

6.4 Package Type Changes/Overpack

Changes in the accident resistance of current packages can effect the consequences
or risk from transport of radioactive materials. Type B packages, having higher
performance standards and used in place of current Type A packages, could be
expected to resist accident damage to a greater degree. Shipments could also be
required to have an overpack or additional layer of protection which would provide
extra shielding as well as additional accident resistance. For the case of human
errors, improved quality assurance practices generally associated with sturdier
packages might serve to reduce the occurrence of some types of incidents discussed
in Chapter 4. To examine the effects of package type changes the following

ad justments are made:

* All materials currently shipped in Type A packages are assumed to be
shipped in Type B packages, with the exception of fuel cycle shipments in
casks. No attempt has been made to assess the actual change in Transport
Index (TI) that might occur with the package type shift. Instead, all Tls
are assumed to be decreased by 50%Z for the affected =hipments.

* For the accident and human error analyses, the increased accilent resis-~
tonce of the package due to overpack, etc. has been addressed by shifting
the release fractions by one severity. Thus if the release fraction for a
severity 3 accident were 0.1, it is now 0.0l, and total release of package
contents is expected to occur in a higher severity accident. (See Chapter
3, Chapter 4, and Appendix A for details.)

* For fuel cycle shipments in casks, it is assumed that the integrity of the
cask provides more protection than a generic Type B package does, so no
package type adjustment is made for these shipments. The release fraction
change described above is also made for casks.

* Because the sabotage analysis assumes that an event and a release have oc-
curred this alternative is evaluated bv examining the CRAC estimates for a
Case C (10% of noble gases and 0.02% of the solids) release as described in
Table 5-9. Again, only "mean” values are reported for this spent fuel re-
lease.

Results of implementing this alternative are given in Table 6-2.
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Table 6-2

Effects of Package Type Changes/Overpack

Incident Vehicular Human Errors Sabotage
Free (Risk) Accidents {Risk) (Risk) (Consequences )
Expected Expected Expec ted Expected
Number of Number of Number of Number of
LCF EM LCF Eﬂ LCF EF EM LCF
Baseline 1.8x10 “ 4,2x10°%  1.4x107% 0 1.4x107% 0.2 1 77
Case (7.2 person
rem)
Effects of 1.2x10" ¢ 0 3.5x10°% 0 ~.4x10°% 0 0.3 24
Package (4.7 person
Type rem)
Changes/
Overpack

Economic factors are again a consideration, althcugh the capital expenditures for
aﬁpllcation 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. Alternate shipment
times can affect the dose to the populaticn at risk since the exposable population
shifts with the time of day. Total numbecs 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
tc 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.

Similarly, route start time is varied 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) !'630 hours -- 4 m/s, south wind;
and (3) 2400 hours -- 2 m/s, south wind. Results are summarized in Table 6-4.

145



=T

Table 6-3

Results of Incident-Free Analysis for Fixed Start Times

Estimated Expected Num*.r
Start Person Rem/ of
Time Shipment Year LCF/Shipment Year
0700 ~12. 3.1x10° ¢
0830 9.6 2.4x107 4
1130 ~16. 3.9%x10 ¢
1300 9.8 2.5x10° 4
1630 ~13. 3.3x10 ¢
1800 5.2 1.3x10° ¢
Baseline T 2 l.SxIO-“
Case
(Variable Start
Time)
Table 6-4

Results of Shipment-Time Restriction Analysis:
Vehicular Accidents, Human Errors, Sabotage
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Causative Route Start Expected Number Expected Number
Event Time of EM of LCF

Vehicular 1200 3.0x10_%® 3.9x10_ %

Accidents 1630 4.2x10_° l.4x10_3

(Risk) 2400 2.5x10_% 2.9x10_3

Baseline Case 4.2x10 © 1.4x10 3
Human Errors 1200 0 ~1.8x10_3

(Risk) 1630 0 ~.4x10_3

2400 0 ~.4x10_3

Baseline Case 0 ~l.4x10 3
Sabotage 1200 31 26

(.onsequences) 1630 32 32

of Spent Fuel 2400 21 34

Sabotage

Case A,

Cell D,

METRAN Analysis



Economic factors are again a major consideration. Since staffing at receiving
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.

6.6 Operational Alternatives

Alternatives relatea to intermediate stops of materials during tramsit 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 par-t 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 | ‘ralation. This
question has been addressed already under time-of-shipment re ‘ions.

6.6.2 Cordoning Off Storage Areas

1f warehouse personnel are required to remain farther from a shipwcnt while in
storage, their dose could be reduced. To assess the effects of cordoning off stor-
age areas, it was assumed that the minimum distance for exposure changes from

1.5 metres to 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. 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. If this alternative were coupled

with a reduction in storage time, the already small warehouse personnel dose
rcrhaps could be reduced even further. If the total warehouse personnel exposure
s removed, the net population dose becomes 6 person rem per shipment year, a

17% reduction. No other causative event is affected by this alternative.

6.6.3 Reduction in Number of Handlings

The maximum number of handlings a. ressed 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 35Z reduction in the total incident-free popula-
tion exposure. This alternative seems inapplicable gince shipments must be loaded
at their origins or off-loaded at their destinations.

6.6.4 Extra Shielding in the Transport Vehicle

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 | 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 B8Z 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 -- {.e., the accident results in
increased external population exposure -- crew members may receive increased dose
due to the accident delay time. Quantifying the redvction in exposure that would
result from increased shielding, is assumed to be similar to quantifying the re-
duction in the incident-free case. Because crew dose {s 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 {n 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. The now containerized shipments are
allowed to proceed along their routes.
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Since the incident~free population dose is mostly dependent upon the total TI
shipped, this alternative would not have any effect. In the case of ‘/ehicular
accidents and human errors, however, the larger quantities of materisl could pro-
duce greater consequences. Table 6-5 presents the results of this aialysis. 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. Since the sabotage analysis con-
siders that an event has occurred and calculates consequences from a given release,

this alternative is not applicable.

Table 6-5

Effects of Containerized Shipping
on Expected Number of Latent Cancer
Fatalities per Shipment Year
(Waste Shipments Only)

Expected Number of
Latent Cancer

Causative Event Fatalities

Vehicular Accidents
Baseline Case 8.3x10™7
Contairerized Shipping 8.3x10°7

Human Error
Baseline Case 1.2x10~8
Containerized Shipping 1.2x10°+

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
actusl 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 cousequences in the urban setting (see Tables 3-10 and 3-11)
are discussed in the next section of this chapter. Here, reducing or eliwminating
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.

Table 6-6

Effects of Reduction or Elimination of Some Shipments

Elimination of Elimination of Only

Causative Baseline All Through Large-Quantity
Event Case Shipments Shipments

Incident-Free Transport (Risk)
LCF 1.8x10 * 1.3x10™ ¢ 1.7x10 4

Vehicular Accidents (Risk)
EM 4.2x10° © 0 0
LCF 1.4x10° 3 7.7x10°% 7.7x10° 4

Human Errors (Risk)
EM 0 0 0
LCF 1.4x10° 3 4.8x10° ° 4.8x10° 9

Sabotage (Consequences)

EF 0.2 availability but not consequences if
EM 1 event occurs in urban area.
LCF 77

6.8 Rout ‘ng ot Radiocactive Material around New York City

This se.cion makes comparisons of the potential health effects and economic impacts
to various populations resulting from transport of radioactive materials
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through and around New York City (NYC) for a!! causative event categories discussed
in Chapters 2 through 5 of the report. Seven of the largest radioactive material
shipments identified previously are investigated. The simplifying equations for
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-km ¢ grid is transposed to the geographical area of interest
with appropriate adjustments of demographic, traffic, and meteorological data. The
analysis is then performed assuming thac 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). Four
points along “he two routes are used for comparison.

Emphasis in this section is on the relative changes in anticipated impacts from a
glven causative event rather than on the absolute values calculated. The analysis
can be applled to other urban/rural areas, assuming that the necessary input data
are avajilable. Similar analyses can be performed on other specific routes as de-

sired.

Routes chosen for the comparisons represent examples used to exercise the methiodol-
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 %e made with extreme cauticn.

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
4.7x10% C1/pkg
TI = 103
1 packaye/shipment, cask
6 shipments/year

2. Co-60; nondispersible
3.15x10° C1/pkg
TI = 1.3
1 package/shipment, cask
6 shipments/year

3. Po-210; dispersible
1.44x10 % C1/pkg
TI = 1.0
l Type B package/shipment
2 shipments/year

4. Mo-99; dispersible
91 Ci/pkg
TI = 6.2
1 Type B package/shipment
48 shipments/year

*
Only truck transport is consic ed here since the majoricy of the impacts
calculated in Chapters 2 through 5 result from this mode of transport.
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5« Pu; dis%frsible

1.13x10
y 4 Lk -
1 Type B package/shipment
1 shipment/year

Ci/pkg

6. SPF-IH; dispersible (research react~r fuel)
154 Ci/pkg
TIL = 0
| package/shipment, cask
12 shipments/year

7. SPF-1H; dispersible (commercial reactor fuel)
3.74x103 Ci/pkg (sabotage source)
L = 0
1 package/shipment, cask
1 shipment/year

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 (-1). The urban route starts at the northern intersecticn 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 I1-95.

The route is subdivided into five sections, P to Ps. The section through che city
is represented by Py, through Newark by Py, and near the urban areas by Pj, P3, and
Pge 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 I-95. This route complies with the
current requirement that spent fuel shipments should avoid, where practicable,
heavily populated areas.’ The ciosest route distance to an urban area is about 6.7
km from Paterson, New Jersey. The length of this route is 154 km and is repre-
sented by Pg.

In the following subsections, the potential impacts of transporting the selected
radioactive shipments along routes P|-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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Dose to Crew

The equations derived in Appendi: D are used to estimate the integrated dose to
crew for both routes.

The dose to crew for travel on freeways is given by¥*

~ - o!‘—o . - - .
ID, ®Qy *Ky *7 * N, TI + PPS + SPY 5 (1)

Since all parameters remain constant except for L and V, the ratio of the inte-
grated dose for routing around versus through the urban area is given by

IDgg _ Ler/ YRR

IDUA LUAIVUA

(2)

where

IDRR integrated dose for rerouting (person rem)
IDUA = integrated dose for urban area route (person rem)
Lgg = rerouting length (P route) (metres)
Vog = rerouting average speed (m/s)
wya = Foute length through urban area (P1-Ps) (metres)
Vya = average speed through urban area (P1=Ps) (m/s)
The input data required for the comparison are listed in Table 6-7. The average

speed will vary as a function of time of day; therefore the dose ratio will also
vary as a function of time. For the afternoon rush period,

IDRR

i ~ 1.25
U

>

Thus, the dose to crew is increased about 25% by routing around the urban area at
this time.

*Regulations limit the maximum allowable dose rate in the exclusive-use vehicle
cab to 2 milliroentgens per hour (mR/h). If this value is exceeded, the analysis
proceeds as though sufficient shielding is “. place to reduce the level to 2 mR/h.
Equation 1 is used for dose rates below .ne maximum allowed.
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Table 6-7

Input Data to Estimate Dose to Crew and People in Vehicles

Average
Population Route Average Vehicle Number of Veh. Persons
Zones Length (km) Speed (km/h) per Cell (veh/km?) per Vehicle

Pl 9.6 65 65 2.0

P2 24.0 32 170 2.7

P3 19.2 65 65 2.0

P4 14.4 58 120 2.4

P5 17.6 65 65 2.0

P6 154.0 72 50 1.5

NOTES:
l. Data are for rush hour (1630 to 1800).

2. Values are estimated based on information from References 3 and 4. Data

for highways in New Jersey and New York are used.

3. Number of vehicles per cell from Reference 3 is multiplied by 1.5 to
account for increase in traffic volume from 1961 to 1975, based on data

from Rzference 5 for New Jersey and New York.

If routing is compared at nighttime (~0100 hours), the average speeds for urban and
rural area freeways are sim.lar and the dose ratio is approximately equal to the
ratio of the route length. Thus, assuming VRR = VUA’

pr _ kR

—_— X — X 1.82

IDUA LUA

The integrated dose to the crew (ID,,) from incident-free transport through New
York City is about 0.6 person rem per shipment year (see Chapter 2). In general,
it is expected that the dose to crew will increase by routing around New York City,

due to the increase in travel time.

Dose to People in Vehicles

The dose to people in vehicles (PIV; see also Appendix D) for travel on freeways is
given by

I, = 10‘12 . Ko «TI *PPS * PPV L N * SPY(17.38 - 1.24.lovf R 0.02663Vf2) (3)

Since all parameters remain cons®.at except for PPV, L, N, and V., the ratio of the
integrated dose to people in vehicles for routing around versus through the urban

area is given by
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IDVU (PPV + L *N) * £17:38 = I.ZAAVUA + 0.026bS(VUA)

2
+ 0'0‘665(VRR)

s |
UA |

where

IDVR = integrated dose to people in vehicles for rerouting
(person rem)

IDVU = integrated dose to people in vehicles for urban area route
(person rem)

PPVRR = people per vehicle for rerouting
Lgp ™ rerouting length (km)

= number of vehicles in the cell for rerouting (veh/km?)
Vig = average speed rerouting (m/s)

PPV = people per vehicle on route through urban area
L.JA = route length through urban area (km)

NUA = number of vehicles in the cell oo route through urban area
(veh/km?)

Vya = average speed on route through urban area (m/s)

Using the input data in Table 6~7 for rush hour, the above ratio becomes

The dose to people in vehicles in the rural arca is about 28% of the value for the
urban area. However, if the urban shipments occurred late at night, the vehicle
speeds would be similar to those in the rural route and also the differences in
number of vehicles would be less. Under certain circumstances (e.g., similar speed
and vehicle density but longer rural route), the integrated dose to people in vehi-
cles could be higher for the rural route.

It should be observed that the ratio of the integrated dose to people in vehicles

(and crew) from incident-free transport is independent of the radioactive source

characteristic . For the specific routes considered in this section, the maximum

value of the 1 _io IDRR/IDU is about 1.8 (80% increase). The integrated dose te

people in vehicles from incident-free transport through New York City is abonut l.6

person rem per shipment year (see Chapter 2). |
\

In summary, the integrated dose to people in vehicles and crew from incident-free
transport may increase by routing around New York City. For the specific routes

considered in this section, the maximum increase is about 80%Z. However the total
integrated dose to people in vehicles and crew in New York City is very small (2

person rem/shipment year).
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6.8.3 Impacts from Vehicular Accidents

This subsection compares the potential radiological 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 )”~km by 10-km grid. The grid,
located in the urban area (point D, Figure 6-1), 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).

Table 6-8

Parameters at Points A, B, and C

Population Distribution

Radius From Population Fraction of Number of
Point of Release Density s Buildingg Vehicles Per
Release (km) (ngple/kmz) Per Cell Cell
A (NW) 0-8 390 0.02 65
8 - 10° 2070 0.12 65
A (SE) 0 - 10 w7 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

aPopulation densities were estimated using information from Refer-
ence 5 (for 1976).

thaction of buildings for Points A ind B were estimated based on
population densities.

“At >8 km, a more densely populated area is observed.

Only vehicular accidents of severity VIII (see Chapter 3) are considcred. The
intent is to use these accidents as upper bounds to compare potential consequences
on both routes.* The consequences are estimated in terms of expected numbers of
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 i1formation. Therefore, all comparisons
are made in terms of latent cancer fatalitl'es.

The latent cancer fatalities expected from vehicular accidents involving nondis-
persible sources (e.g., Co-60) are similar for all points. This is due to the
model assumption that vehicles (people in vehic'es are the main exposed group) will

*It should be observed that the probability of occurrence of a severity VIII
accident nationwide is 1.1x1075, 157



stop in clusters near the accident area.

the points.

The economic impacts are the same for all

In summary, the radiological and economic impacts of shipping nondispersible

sources are expected to be very small even if transported through urban areas.
economic impacts are small (a few thousand dollars) for both rural and urban areas.
Table 6-9 summarizes the impacts from accidents.
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Source

Table 6-9

Comparsion of Impacts from Vehicular Accidents

Point of
Release

Co=-60

Co=-60

Po-210

Mo-99

SPF-1IH

Pu

A
B
C
D

T O = » O O o >

C O = >

c o = >

B
C

(NW)
(W)
(NW)

(NW)
(W)
(NW)

(NW)
(W)
(NW)

(NW)
(W)
(NW)

(NW)
(W)
(NW)

(NW)
(W)
(NW)

Latent Carcer Fatalities

Fconomic Impacts

Value

0.01
0.01
0.01
0.01

2,50
2.50
3.00
3.00

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

Ratio

B

0.8
0.8

0.01
0.007
0.43

0.4
0.4
0.8

0.
0.18
0.56

0.02
0.01
0.60

Value (§) Ratio
4x10°7 1
4x10°3 1
4x10° 1
4x103 1
4x103 1
4x103 1
4x103 1
4x103 1
5%x107 0.006
2x107 0.002
Ix10°? 0.33
9x10? 1
4x10° 0,02
2x10 ° 0.01
2x108 1
2x108 1
9x107 0.05
9x10 7 0.05
4x108 0420
2x10? 1
9x107 0.05
9x10 7 0.05
4x108 0.20
2x10 9 1

The



The potential latent cancer fatalities from Po-210 and Pu are reduced to a few

percent (1%-2% of the values for the urban route.
for the Pu source because of the relatively large number of expected latent cancer
The reduction in economic impacts is also significant (952-99% reduc-

fatalities.

This is a significant reduction

tior), since the cost of severity VIII accidents could be of the order of a billion
urban areas. The input data to estimate the economic impact for the

dollars in
rural area

are shown in Table 6-10. The potential radiological consequences from
Mo~99 and SPF-IH are relatively small on both routes, but the economic impacts are

greatly reduced in the rural area.

Table 6~-10

F:onomic Impact Parameters for Route P6

Parameter

1. Cleanup level

2. Upper limit of lightily contaminated regime

3. Lower limit of moderately contaminated regime
4. Loaded salary for health physics technician
5« Survey rate

6. Half-life check value

7. Filter density

8. Cost for street cleaning level

9. Cost for building cleanup (N = 1,2) level 1
10. Cost for building cleanup (N = 3,4,5) level 1
11. Cost for building cleanup (C/1) level 1
12. Cost for park/open area cleanup level 1
13. Evacuation costs
14, Individual income loss
15. Crops income loss
16. Cost for building cleanup (N = 1,2,3,4,5) level 2
17. Cost for parks/open area cleanup
18. Land value

Value

0.2 WCi/m?

2 uwCi/m?

20 wCi/m?
§9/h

120 m?/h

180 days
0.02 filters/m?
$4.38/m?
$506/capita
0

0
§101/capita
§200/capita
$575/capita®
$198/capita®
0
5673/capita

$1314/capita”
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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
rural area would depend on the type of source, the source strength, and the curies
per shipment. For example, rerouting of Pu and Po-210 shipments results in signif-
icant reductions, while Mo~99 shipments show small reductions.

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 Impacts 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-
tion are also valid for human errors. Changes in population risk are not evaluated
because of lack of data on human error incident rates for the different routes.

6.8.5 Impacts from Sabotage Acts

The potential radiological and economic impacts from sabotage of spent fuel and
plutonium shipments were ostimated 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. Pointe 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, B, and C »rc included in Table
6=11. CRAC, 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 l.4 MTHM charged to the reactor. The baseline estimate for
the fractions of radioactive material released is 7x10™"* 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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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 (SE) 2.6 (3.0) 0.02 (0.006) 8x107 0.04
A (NW) 13 (27) 0.09 (0.05) 9x10 7 0.05
B (W) 16 (58) 0.11 (0.11) 9x10 7 0.05
B (E) 1.3 (1.6) 0.009 (0.003) 8x107 0.04
C (NW) 116 (252) 0.83 (0.47) 4x108 0.20
D 140 (532) 1 (1) 2x10° 1

NOTES:

l. No early fatalities or early morbidities are predicted.

2. Source: light_water reactor spent fuel
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
A (SE) 43 (59.4) 0.01 (0.004) 8x107  0.04
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) 4x109 0.20
D 3850 (13 300) 1 (1) 2x109 1

NOTES :

l. Plutonium shipment: 1.13x10° curies
Release fraction: 0.1%
Aerosolized fraction: 0,05%
Particle size: 1.0 micron

2. Economic impacts calculated using the METRAN code.



The spatial distributions of projected marrow dose and lung dose to an individual
due to initial (1 year) and chronic (30 to 40 years) exposures are shown n Figures
6-6 and 6-7, respectively. It is clear from these figures that most of the pro-
Jected dose is received within 10 km of the release point.

In summary, the analysis indicates that the radiological consequences from a sabo-
tage act could be reduced from one to two orders of magnitude by routing spent fuel
and plutonium shipments around the urban area. The economic impacts could also be
reduced to about 4% to 5% of the urban values. This is a significant reduction
since the urban impacts could be several billion dollars. The results are heavily
dependent on the assumptions and specific routes selected. Therefore, caution
should be employed in generalizing to other cities or other routes. The analysis
also Indicates that the latent cancer fatalities would occur mainly in the popula-
tion located within 10 km of the release point, given the assumed population densi-
ties.

6.8.6 Summary and Conclusions

The analysis shows that routing around New York City could affect the radiological
consequences and economic impacts in the following ways.

Incident-Free Transport

l. Routing on freeways will eliminate the dose to pedestrians. However,
shipments with origin and/or destination in urban areas can not be routed

entirely by freeways.

2. Integrated dose to crew would increase due to longer driving time. The
maximum increase is about 80X for the specific case discussed in this
section.

3. Under optimal conditions, integrated dose to people in vehicles would
decrease to ~oout 30% of the value in the urban area (for the rush hour

time period,; however, depending on the traffic conditions, rerouting
could inciease the dose to people in vehicles up to about 80Z.

4. Dose to people in buildings would continue to be negligible in comparison
to the other groups.

Vehicular Accidents (Similarly for Human Error Incidents)

Nondispersible Material Accidents

l. Potential consequences (LCFs) to people in vehicles are relatively small
for both routes.

2. Economic impacts are very small (less than a few thousand dollars) for
both routes.

3. Dose to people in buildings !{s negligible in comparison to other groups
(at least six orders of magnitude smaller).

Dispersible Material Accidents

l. For Pu and Po-210 shipments, the potential consequences to the population
would decrease by one to two orders of magnitude by routing 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=VII1l 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.

3. The potertial 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.

4. Even though routiry certain radioactive materials around urbsan 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.

Sabctage Acts

l. For plutonivm 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 wourld be decreased
to a few percent (4% to 5%) of the values for the urban area. This 1is 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 tran=port, 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 o1 as an inhalation/
cloudshine/groundshine source. The same applies for the human errcrs situation.

To evaluate the effects of material form changes for accidents and human errors, it
{s assumed that th« materials currently shipped in dispersible form are conve ted
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 (fcom chemical not radiological
considerations) but that in general they are shipped in limited quantities so that
the ma jority 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 (C_nsequences)
Expected Number of LCF Expected Numbers of  Expected Numbers of Expected Numbers of
EM LCF EM LCF EF EM LCF
Baseline Case 1.8x10~% 4.2x107% l.4x1077 ) l.4xi0™ 0.2 1 7
Material orm 1.8x10=% 0 3.5%10™" 0 1.2x1077 0.2 1 17

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 rsdionuclide, 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
of packages shipped

* For total shipment quantity, changes in the current limits, necessitating a
change in the overall 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 transpori. index has been addressed briefly in the section of this chap-
ter concerned with the alternative of package type changes/overpack. As an example
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 integr\"-4 population dose are for the most part
dependent linearly upon TI and total nur » ° ot shipments, the implementation of
this option would result in a decrea<e * . ‘“e .verall population exposure. Con-
versely, if the TI per package rer s ' same but quantity limits are decreased,
the total number of shipments or b sag.  _ould increase, thus increasing the popu-
lation exposure. The overall effe. ot imp.cmenting this alternative for the
incident-free transport case is expected to be emall
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For the accident and human errors cases, the important factor is total curies per
package as wc'l as total shipments per year. The effect of changes in the quantity
limits per package or nondispersible materials would follow the same reasoning
given above for the incident-free case. If a dispersible material is involved, the
situation fs 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 quancity 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.

| . ~e 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 tie other cases in some ways. Here the limi-
tations on quantities shipped per pack.ge 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 Physical Protection of Large Quantity Shipments

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. 1f this is the
case, those individuals would be exposed as are individuals riding in vehicles

ad jacent to the shipment. Thus, their exposure has already been calculated as »
of * total population exposure to people in vehicles. Assuming thac the added
crew member is in the vehicle with the drivers, the increase in ex osure can be
cal-ulated. Since the only large quantity shipments in the limited New York City
case are on Route 17, the effect of the chance in number of crew members from two
to three can be assessed. 7The increased exposure amounts to a value of 4.6x107
person rem per shipment year for large quantity materials compared to a value of
3.1x1073 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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Alternative

Incident~Free

Table 6~15

Summary of Alternatives

Vehicular

Accidents

Human Error

Feasit®
Sabotage of

Transport
S

LCF

Expected Numbers of

Expected Numbers of
LCF EM LCF

Baseline Case

Transport Mode
Shifts

Package Type
Changes /Overpack

Time of Shipment
Restriction
(Low and high
values are re-
ported. Time of
day is also
specified.)

1.8x10 %
(~7 person rem)

1.3x107%
(~5 person rea)

1.2x107%
(<5 person rem)

1.3x107 *(1800)

3.9x107%(1130)

4.2x10° 8

4.2x107 %

3.0x10” 6

2.5x107 8

1.4x10 3

33x07 3 0

3.5x107% 0

3.9x10°%(1200) O

29x10” 3(2400) 0

lodx10™ 3

o

~l.4x10" 3

~1.4x10" 3

1.4x10" 3(2400)

1.8x10” 3(1200)

Expected Numbers of  Alternative
EF_ EM _ LCF (yes/no)

Compent s

6.2 1 77 -
(CRAC analysis)

2 s 220 Yes
(CRAC analysis)

0 0.3 24 Yes
(CRAC analysis)

] 31 26(1200)
(METRAN analysis) Yes
<] 21 34(2400)

Usefulness is
questionable if
alternate mode
necessitates use of
secondary mode
transport to or from
urban destinations.
Costs might be high
for equipment for
other modes.

This alternative is
quite feasible; how-
ever costs for shifts
from one package Lype
to another would be
to manufacturers and
distributors of
materials, not to
shippers for trans-
port ejuipment
changes. Overpacks
would have to be de-
signed, built, and
licensec.

Alternative is
feasible. Convenience
of delivery for many
medical shipments is
reduced. Costs for
staffing delivery
sites and rearrange-
msent of schedules for
use could be signifi~
cant. Economic conse-
quences must be

wel ghed against
radiological risk
reduction.
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Table 6-15 (Continued)

Summary of Altevnatives

T LT TR ——
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Incident-Free Vehicular Feasibility
Transport Accidents Human Error Sabotage of
Expected Number of Expected Numbers of Expected Numbers of Expected Numbers of Alternative
Alternative LCF EM LCF LCF EF_ EM_ LCF (yes/no)
Baseline Case 1.8x10™ 4.2x107%  1.4x1077 0 1.4x1072 0.2 1 n -
(CRAC anaiysis)
Reduction o1 Removal of Yes
Elimination of certain shipments
Some Shipments may decrease their
a) all through 1.3x107 0 7.7x107™ 0 4.8x107 availability but not
shipments the radiological con-
eliminated o sequences if an
b) only large 1.7x107% 0 7.7x107% 0 4.8x107° event occurs in an
quantity urban area.
shipments
eliminated.
Change in Form 1.8x107% 0 3. 5%10* 0 1.2x1073 0.2 1 n Yes
of Material Shipped (CRAC analysis)
Quantity Limits per Variable. Could Variable. Could decrease Variable Unknown Yes

Package or
Shipment

decrease as in

Table 2 to
1.2xxo§':

as in Table 6-2 to
0 3.5xi07™

Choice of shipments
to be eliminated will
determine the feasi-
bility of these alter-
natives. Costs re-
sulting from reduc~
tion or elimination
of certiin shipments
must be considered.

Requirements that
material be shipred
io 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 i{mpacts on
the industry, requir-
ing major revisions
in the techniques
used to prepare
these materials.

The possibilities for
different sets of
trade-offs are dis-
cussed in the text.
lowering quantity
limits would increase
costs. Increased
quantity .mits would
result in increased
consequences from a
single accident.



Table 6-15 (Continued)

Summary of Alternatives

Incident-Free Vehicular Feasibility
Transport Accidents Human Error Sabotage of
Expected r of Expected Numbers of Expected Numbers of Expected Numbers o Alternative
Alternative LCF EM LCF EM LCF EF_ EM _ LCF (yes/no)
Baseline Case 1.8x107" 4.2x107%  1.4x1073 0 l.4x10" 3 T T -
(CRAC analysis)
Physical Protec~ Crew cose for See comments See comments See comments Yes
tion of High high curie ship-
Curie Shipments ments increased
from 3x10 ¥ person
rem/shipment year
to 5x10 ° person
rem/shipment year
if added crew mew~
ber is in transport
vehicle cab.
Operationa’
Alternatives: N
a) Reduction in 1.7x10 ¢ Range of possible_change: Range of possible change: See time of shipment Yes
storage time 2.5%10_%  3.9x10 ¢ 0 ~1,4x10_* restriction alterna-
3.0x10" ¢ 2.9x10 3 0 ~1.8x1073 tive for discussion.
b) Cordoning off 1.6x10° 4 Does not apply Does not apply Does not apply Yes
storage areas
¢) Reduction in 1.2x107% Does not apply Does not apply Does not apply No
nusber of
handlings
d) Extra shielding 1.8x10™% Does not apply Does not apply Does not apply Yes
in transport
vehicle
e) Containerized 1.8x10" * 4.2x107%  1.4x10° 3 0 l.4x10 3 Does not apply Yes

shipments

Comment s

Increased crew num-
bers could reduce
probability of acci-
dent occurrences and
act to mitigste the
effects of serious
numan errors through
early detection.

Some scheduling in-
convenience and
cost increase
would occur.

Results in reduc-
tion of dose to
warehouse personnel.

Materials with ori-
gins or destinations
within the urban
area must be handled
at some point.

Exclusive-use vehi-
cles with added
shielding could be
used at added cost to
shippers, although
the one-time cost
could be amortized
over the useful life
of the transport
vehicle.

This alternative
would only be ap~
plicable for large
numbers of shipments
with a single desti-
nation, €.8., waste
shipments. The large
number of destina-
tions in vrban areas
decreases the appli~
cability of this
alternative.

T e e ———






7

GENERIC EXTENSION

7.1 Introduction

The limited New York City area was chosen for the i-.itial 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

l. New York 11. Hr_ston

2. Los Angeles 12, St. Louis

3. Chicago 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, althourb 1 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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(population densities, traffic counts, etc.) need not be as detailed as for the New
York Citv case. That is to say, average values may be used for these variables
without introducing large errors into the calculation. Also, in general,
demographic variables appear as multiplicative factors in the equations, thus they
can be easily varied from one city to the next. This is especially true in the
incident-free transport case, where the simple equations given in Appendix D can be
used. If data are not available for a specific urban area, the average value for
the limited New York City case is used.

The accident case is, however, more complicated. As indicated in Appendix D, only
a rank ordering of important variables has been possible for the model equations.
This is also the case for human errors or deviations from accepted quality assur-
ance practices. Thus the analysis of shipment data for the SMSAs cannot be as
detailed as in the incident-free case. For the occurrence of sabotage or
malevolent act, the application of the CRAC and METRAN methodologies, or some
adaptation of them to produce consequence estimates for other urban areas, is the
approach used in this chapter, even though this application is, at best,
descriptive.

7.2 Shipment Information for SMSAs

The technique and data base described in Appendix . for development of the limited
New York City standard shipments model have been ..pplied to each of the 20 SMSAs.
Original data from which Reference | was derived were obtained and tabulated by end
use, transport mode, and package type. Where the end use of a specific material
could rot be easily defined, those shipments were included in each possible
category (e.g., if the material could be either medical or industrial, the reported
shipments have been included in both end-use categories). The authors recognize
that this represents some double-counting of shipments, but do not think that this
introduces significant error into the analysis. Since many of the SMSAs on the
eastern seaboard overlap, it should be noted that the standard shipments models
will also double~count some shipments. Therefore, comparison of these data with
the summary tables in Reference 1 is not recommended. The exact procedures used to
obtain the standard shipments data and detailed tabulations are described in
Reference 2. Table 7-1 summarizes the shipment data for the 20 SMSAs on the bases
of total shipments per year, total curies transported per year, and total TI
transported per year. The corresponding values for the limited New York City case
are included for reference.

7.3 Demographic Data

Reference 3 gives total population and land area for the major cities in the SMSAs.
These data were converted to population densities for the areas (persons per square
kilometre) for consistency and are summarized in the final column of Table 7-1. To
account fgr nonresident travel in each urban area an average value of 3000
people/km* is assumed for consistency and in the absence of other avajlable data.
These people would move into and out of the urban centers for shopping, business,
etc. This value is added to the previously determined population density to ap-
proximate the number of people in buildings in the urban centers during the day.
The authors recognize that this assumption may underestimate the daytime population
densities in the various urban areas.
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7.4 Incident-Free Transport

Table 2-8 summarized the radiological impacts from incident-free transport in the
limited New York City case. Examination of these results indicates that more than
96% of the population dose is accumulated by five groups: handlers, warehouse
personnel, pedestrians, people in vehicles, and crew. Only small contributions
arise from dose to people in air terminals and people in buildings. To examine the
impacts from incident-free ctransport, the following assumptions are made.

* Impacts from the five major dose groups are the only ones to be evaluated.

* Materials shipped by modes other than truck remain in a storage area for 12
hours. Exposure distances for warehouse personnel are a minimum of 1.5
metres and a maximum of 100 metres.

* All materials having origins or destinations in the urban area are handled
once.

* Transit through the urban area begins at 0700 hours except for fuel cycle
materials, which begin at 0300 hours to minimize traffic complications
and delays.

* Origin/destination shipments travel on two-wav streets. For through ship-
ments, travel is on freeways. (Velocity at 0700 hours on two-way streets =
3.34 m/s, freeways = 8.9 m/s; velocity at 0300 hours on two-way
cstreets = 8.06 m/s, freeways = 24.4 m/s.)

* Each shipment travels a constant distance of 7 km across the urban area (a
shipment-weighted length from the limited New York City case).

* Source-to-crew distance is nominally 3.1 metres.

* Street width is i) metres and sidewalk width, 3 metres.

Other variables which appear in the scaled regression equations are set at nominal
values to simplify the approximation of the various dose group impacts (e.g.,
vehicle count for 0700 hours is 1180 vehicles per cell, and at 0300 hours, the
value used is 280 vehici=s per cell).

For comparison, the New Yok City computation was performed a second time using the
assumptions listed above. Results [ this calculation and those for the other
urban areas, as well as the results for incident-free transport from Chapter 2, are
given in Table 7-2. Rank ordering of dose groups differs among the cities as the
character of the shipments made through or into and out of the area change. In all
cases, the predominant contributors to total integrated dose were pedestrians and
people in vehicles.

There are rather wide variatione among the results for the different urban areas.
Powever, the expected numbers of latent rancer fatalities per year of shipping
activity (calculated assuming 25 LCF/10° person rem) are still quite small (from
~10"" LCF for the San Diego area to ~10~ 3 LCF for Newark). In those 3MSAs for
which large numbers of origin/destination shipments were observed, the estimates of
doses to people in vehicles, pedestrians and crew are probably upper bounds to the
population doses. This is true because of the assumption that such shipments
travel 7 km on city streets. In reality, some perhaps sizeable fraction of the
travel for the shipments might be on freeways or beltways, thus reducing the over-
all population exposure. In interpreting the results in Table 7-2, the assumptions
used in the analysis must be taken into account.
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Table 7-2
Incident-Free Generic Extension (Population Doses -- Person Rem)
People
in Warehouse
: SMSA Vehicles Personnel Pedesirians Handlers Crew Totals
New York City (limited) Loh % | 1.0 2.5 b 7
New York City (limited)*
(Generic extension
assumptions) 3.8 vz 3.3 2.5 E: ) 13
New York 37 4 22 ] 20 99
Los Angeles 13 5 ) 3 36
Chicago 9 20 34 22 W7 12
Philadelphia 14 2 i3 19 13 61
Detroit L} 2 3 2 3 13
San Francisco/Oakiand 11 f 10 1 - 14
Washington, D.C. 23 I 3 2 6 23
Boston 23 1 20 12 Y Lb
Nasszau/Suffolk i <<l 3 2 ] 21
Dallas £l 3 o i b 17
Houstan 3 3 4 3 2 1t
St. Louis a8 14 45 31 20 168
Pittsburgh 23 i) 5 4 1§ 48
Baltimore 13 I 3 2 L] 25
Minneapolis/St. Paul 3 2 2 1 i 9
Nowark 69 28 32 36 28 213
Cleveland i | 3 2 K 22
Atlanta 4 1 3 3 1 12
Anaheir/Santa Ana/
Garden Grove 3 1 1 1 1 7
San Diego 1 i 1 1 << 4

*Differences between tne METRAN calculated values

and those obtained using simplified equations

arise feom the assumptions of averaged vehicle counts across the urban area (pe ple In vehicles) and

t.'form travel distance at an assumed time of day (0700 hours for all shipments except fuel cycle).
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7.5 Vehicular Accidents

Extension of the METRAN accident analysis is complicated 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. Many variables are used in the accident analysis which are city
snecific, .nd the importance of these must be evaluated before extending the analy-
sis. Thece 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.

The approach chosen for ex ension 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 aiso 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 l. Category 2 contains all other nondispersi-
ble material shipments.

Dispersible material shipments are categorized based on three factors:

l. Curies per package--Shipments of less than or equal to 2 curies per
package are classified as small and the remainder as large shipments.

2. 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 value. listed in Appendix G. Materials with average rem
per curie values less than 1x10% are coasidered to have low
toxicity. All other materials are classified as having high toxicity.

3. Average photon energy per disintegration (E,)--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.

Yable 7-3

Teseription of Lisd taregetles

Category
Nusber r rigtion

] ferll pordinpersible st iprents €5 eviies
? brge rondisperethie siiprents D7 ecurivs
3 Saal) divpersthle shfj 8 8 nEsh re, aud tericiry

[LF SN ¥a > 0.9 r.-\,'. : € jxig’

‘ Snatl disporeibile chly snte, grewnds , Bih texteiny
(63 €6, 1y > 0 Mty BT > 1R10%)

S Large dbspersibie ahi wrtn, groundebize, e tendc ty
7 a1, o .0 vV, %id < dst0®)

6 Loatge dispetefMle ship onte , grovtdafioe. bigh toeafcity
(2 i, 'e > 00 Mew, 19CT > 1230°)

? Seatl drapersidle ship erie, wo "u,u"-- ire lovw tenlelty
(<2 (s,n‘.to.i!—v, e € InioT)

1] Seall dhegorgible ¢hip (9, %o prousdsbine, Wigh toulefty

(82 €1, By € 000 e, WX 3> Ini0™)
. Large dispornible ahipe ot
20, .
[ S
i Large dispeesible shiy "o groundsline, Ligh tosiciny

©ru, By € 0u) Ke¥, WL > 1x107)

t:, n@ groundshine. lew texicity
€ 0.1 Fab, G € InIGT)

184




The risk contributions for the New York City standard shipments model are given in
Table 7-4. The major contributors to latent cancer fatalities and genetic effects
are Categories 2 thruugh 6, which constitute 99% of the total. Category 6 mate-
rials contribute all of the observed early morbidities.

Further analysis of the information in Table 7-4 shows that pedestrians are the

ma jor dose p-oup affected by vehicular accidents. For materials in Categories 1
and 2, total e:vected latent cancer fatalities are divided between pedestrians and
people in vehic es by a ratio of 7:3. For materials in Categories 3 through 6, the
breakdown of la ent cancer fatalities is, on the average, a ratio of 7:3 (pedes-
trians to people in buildings). The majority of the risk f- . these categories
arises from groundshine exposure. The risk from materials in Categories 7 through
10 is split among pedestrians, people in vehicles, and people in buildings (5614
pedestrians, 8% people in vehicles, and 36% people in buildings). This change .2
ratio comes from the fact that the inhalation pathway from material in the aerosol
cloud predominates here and people in buildings are more vulnerable to this path-
way. The fractional contribution of materials in Categories 7 through 10 is quite
small for New York City. The trend does not continue, however, for cities in which
a larger fraction of the materials shipped is within these categories. For fuel
cycle materials in Categories 3 through 6, the relative contribution to people in
buildings predominates (98%), and this is taken into account in the calculations.

The approach raken to estimate the accident risk.for other cities is to determine
tne fractional distribution of materials shipped by category for each urban area.
For Categories 1 through 2 and 3 through 6, the overall risk can be expressed as a
function of the appropriate demographic parameters (pedestrian densities, popula-
tion densities) and total curies shipped in that category. There is also a depen-
dency on average total photon energy per disintegration. For Categories 7 through
10, there is the additional factor of average rem per curie value. This has been
handled by separating out Categories 7 and 9 from Categories 8 and 10 with respect
to quantity of material shipped (total curies).

The generic extension of accident results to other areas consisted of first
separating the risk values obtained for New York City by category and dose group
using the ratios discussed earlier. Second, these separated values were multiplied
by the ratio of the appropriate d<mographic parameter (e.g., ratio of population
densities for a given city te that for New York City). Finally, the quantity
obtained above is multiplied by the ratio of total curies shipped for a city to
total curies shipped for New York City (by category). An example of tne technique
is given in Equation 1 (for pedestrian contribution).

Curies Shipped

LCF (Category i) CF (Category i PedDCity . I;Catqury i) City B} (1)
City B, = NYC, » PedDNYC . Curies Shipped
pedestrians pedestrians (Category i) NYC

where i = 1,10 and PedD = pedestrian density.

In the case of materials in Categories 1 and 2, the contribution to risk for people
in vehicles, is assumed to be independent of the number of vehicles (vehicle count,
as discussed earlier) but solely in total number of curies shipped. There are many
other dependencies within the analysis which 2.e not being considered here; thus
these results are felt to be only a first-order approximation to the results for

other urban areas.
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Table 7-4

Contribution of 10 Categories to Expected Risk Values (New York City)

Expected Expected
Number of Number of
Latent Cancer Early
Category Description Fatalities 5 Morbidities
1 Nondispersible Small 2.6x10" ° 0.002 -
2 Nondispersible Large 2.5x107 ¢ 0.18 -
3 Dispersible Small, Extermal Source e
Low Toxicity 1.2x10 * 0.09 -
4 Dispersible Small, External Source _
High Toxicity 2.1x10" ° 0.02 -
5 Dispersible Large, External Sourca N
Low Toxicity 3.6x10° ¢ 0.26 -
6 Dispersible Large, External Source o 3
High Toxicity 6.1x10 “ 0. 44 2.7x10 2
7 Dispersible Small, No External Source N
Low Tec icity 2.6x10"7 <0.001 -
8 Dispersible Small, No External Source ~
High Toxicity 1.8x10" > 0.01 -
9 Dispersible Large, No External Source N
Low Toxicity 8.4x10° 8 <0.001 -
10 Dispersible Large, No External Source
High Toxicity - = =
TOTALS 1.4x1073 1.0 2.7x1075

1.0
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For thig first-order approximation, the 10 material categories are partLially recom~
bined. All nondispersible materials are examined together (Categories 1 and 2) and
the latent cancer fatalities for a given city are obtained, for pedestriunis, as in
Equation 1. For people in vehicles, the other major contributor, the LCF¢ are ob-
tained by a ratio of total curies shipped. Materials having sizeable (>0.1 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. As described earlier, Cate-
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.

Several comments on interpretation of these results are necessary. No account is
taken of route differences among the cities for origin/destination 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,
loop surrounds the city with a number of interconnecting freeways tor 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.

a

Another assumption used in the comparison is that vehicular accident rates do not
differ significantly from city to citv. This is probably valid for a first
approximation. However, for freeway-oriented cities such as Los Angeles, the
actual vehicular accident rate and fractional occurrences (by severity) could be

markedly different.

Because pedestrian density plays a prominent role in the analysis, the quaiity of
the information is quite important. In only three cases, other than New York City,
has some information about total numbers of pede:trians for a specific area of the
city been available (Los Angeles, Minneapolis/St. Paul, and Houston). Sketchy
information on the fraction of city area occupied by streets, although the best
available, increases the error in the cal ulated 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
(ity 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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Fatalities from Vehicular Accidents for 20 SMSAs

Categories 1, 2

Table 7-5

Estimated Number of Latent Cancer

Categories 3-6

Categories 7-10

Total Estimated Numbers of

SMSA Ped. pIv® Ped. P18’ Ped. PIV PIB Latent Cancer Fatalities
New York City 1.8x10°°  7.6x10°%  3.6x10°%  7.5%10°%  1.0x10°5  1.5x10°®  6.6x10°® o4x10™4
New York 5.6x1073 4. 0x1077  2,2x1073  B.8x107%  9.4x107%  2.4x107°  4.3x107° 1.3x107¢
Los Angeles 4.5x1073  6.3x1074  1.7x107%  4.0x107° 1.1x107®  5.4x1077  4.0x1077 l.ix107¢
Chicago B.9x1073  6.4x1073  9.4x1073  1.4x107  3.5x107%  B.4v1077  1.0x107® 1.6x107}
Philadelphia 5.0x10°°  3.6x107°  5.9x107%  L6x10°%  l.IxI107%  2.5x107°  3.1x107% 1.2x107 4
Detroit 1.1x1073  7.6x10™%  9.4x107%  1.8x1073  6.5x1077  1.6x1077  l.6xl0”/ 2.0x1073
San Francisco/Oakland 1.7x10 %  1.3x10°%  4.1x1073  L.ixi0° 3 5.5x10°%  1.3x10°%  1.7x10°2 5.3x107 3
Washington, D.C. 1.3x107%  9,6x10°5  1.2x10™%  4.6x107%  7.1x107%  1.7x107%  1.8x107° 9. 1x107%
Boston 2.8x10°%  2.0x107%  9.4x107¢  2.1xI07%  5.9x107%  1.4x107>  1.7x10°° 1.3x10° 3
Nassau/Suf folk 1.7x107%  1.3x107%  2.9x107%  5.3x107%  5.9x107%  1.4x1075  1.3x107° 4.6x107%
ballas S.Ix10°®  3.7x10°®  2.4x10°%  2.3x10°€  1.3x1077  3x10°®  1.9x107® 3.5%107°
Houston 3.0x107%  2.1x107%  6.6x107%  6,3x107%  1.5x107€  3.5x1077  2,0x1077 1.2x1074
St. Louis 2.1x1073  1.5x1073  l.4x10°3  8.9x107%  1.0x1073  2.5x10°®  2.4xl0°® 5.9x10° 4
Pittsburgh 2,0x107%  1.4x107%  6.5x1073  R.Ix107¢  1.2x107%  3.0x107®%  2,9xi07® 8.8x10 ¢
Baltimore 1.5%107%  1.1x107%  1.2x107%  1.8x107%  7.1x107%  1.7x107°  1,7x107° ba 7XI0 Y
Minneapolis/St. Paul 9.4x1077  7.0x1077  3.0x107% 3.7x107%  1.3x1077 3.1x107%  2.7x107® 3.6x10°°
Newark 5.6x10°3 ‘L1x107d 1.2x1073  3.4x107% 9.4x1075  2.2x107°  3.0x107° 1o Ix1074
Cleveland 1.8x107%  1.3x107%  5.9x107%  B.3x1074  3.8x107%  9.3x1077  8.8x107/ B.9x1074
Atlanta 2.4x10° % 1.7x107®  7.1x107%  7.3x10°3  3.7x10° 7 9.0x10° ¥ 5.7x10°® B.0x10 3
Anaheim/Santa Ana/ 1.2x107%  R.4x1077  1.7x107%  1.7x107%  1.3x107®  3.x1077  2.x1077 1.9x107%
Garden Grove
San Diego L4x10°®  9.7x1077  1.6x10°%  1.3x10°°  6.5x10 7  1.6x10°7  8.6x10°® 2.1x107°

aPIV = People in vehicles.
bP!B = People in buildings.
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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
SMSA Ped. PIV Ped. PIB Ped. PIV PIB Latent Cancer Fatalities
New York City B.Ox10™®  3,4x107%  7.5x107°%  1.3x107¢  9.0x107%  1.3x107%  5.8x1078 l.6x1073
New York 2.5%107%  1.9x10™%  8.3x1075  6.0x107%  8.9x1077  2,0x10°7  3.7x1077 1.1x1073
Los Angeles 2.1x10 % 2.9%x10°%  3.6x10 ©  1.2x10°°  1.0x107®  4.7x10°?  3.5x10° ¢ 5.2%10°%
Chicago 4,0x107%  2,9x107%  3.9x1072  3.2x107}  3.0x107%  7.3x107%  9.0x107Y 3.6x10 )
Philadelphia 2.2x10 ©  L.6x10°®  7.7x10°°  5.5x10°%  9.4x10° 7  2.2x1077  2.8x10 7 6.3x10 ¢
Detroit 4.8x107%  3.5%107°  2,5x107%  7,3x107%  S.7x107?  1.4x107%  1.4x107? 9.3x107°
San Francisco/Oakland 7.7x10 7  5.7x1077  1.5x10°%  B.1x10°% 4.8x10°7 1,2x10°7  1.5x10 7 9.6x10 ¢
Washington, D.C. 5.9x107%  4,4x107®  [.4x107%  9.8x107*  5.9x1077  1.5x1077  1.6x1077 l.1x10 3
Boston 1.2x10" ® «2x1077  1.8x107°%  3.1x10°®  5.3x1077  1.3x10° 7 1.5x1077 2.4x10°°
Nassau/Suffolk 7.7x1077  5.7x1077  1.0x107°  3.4x10°°  5.2x1077  1.3x1077  1.1xi077 4.6x1072
Da!las 2.4x1077  1.7x1077 4.7x1077  5.2x1077  1.2x)0° 9 2.8x10 M0 1,.7x10710 l.4x107®
Houston 1.3x107%  9,7x1076  1.3x107%  1.2x107%  1.3x107%  3,1x107% 1.8x1079 4,.8x10°°
St. Louis 9.4x10 2 6.8x10° % 2.7x10°%  1.6x10° 3  8.9x10°8  2.2x10°8  2,1x10°® 2.0x1073
Pittsburgh 8.85x10°6  6.6x1076  3,0%x1072  1.8x107}  1.1x107®  2,6x107F  2,5x1078 2.1x1071
Baltimore 7.1x10°©  5,0x10 % 5.4x10 % 3.6xi0 ¢ 5.9x1077  1.5x10° 7  1.5x10°7 4o Ix107
Minneapolis/St. Paul  4.4x10°%  3.2x1078  4.5x1077  1.7x1077  1.2x107%  2.8x10740  2,4x10710 7.0x1077
Newark 2.5x10 ° 1.9x10° % 4.5x10 0 2.3x10 ¢ 8.9x10 7 2.0x10 7 2.6x10 7 7.2x10°%
Cleveland B.3x107®  6.0x10°®  3,0x107%2 1.9x107}  3.4x107%  B.1x107?  7.8x107? 2.2x107}
Atlanta LIx10 7 7.7x10 % 3.9x1077  l.6x10 ¢ 3.3x10 ¢ 7.9x10 !0 5.0x10” 1Y 2.0x10 2
Anaheim/Santa Ana/ 5.3x1078  3,8x107%  2.5x107®  2.5x1077  1.2x1078  2.8x107?  1.9x1079 2.9%x107®
Garden Grove
San Diego 5.9x10 8 4.4x1078  2,7x1077  1.1x1077  5.8x1079  1.4x1079  7.6x10710 4.9x1077




7.6 Human Errors or Deviations from Accepted Quality Assurance Practices

Generic extension of the radiological impacts from human errors is performed in a
manner exactly parallel to that used above for vehicular accidents. As in that
case, for materials in Categories | and 2, the total latent cancer fatalities can
be apportioned between pedes“rians and people in vehicles in the ratio of 7:3. In
Categories 3 through 6, the proportion is 7:3, pedestrians to people in buildings,
except for fuel cycle materials, where the major contribution (95%) is to people in
buildings with the remainder to pedestrians. For Categories 7 through 10, the
split is 56% to pedestrians, 8% to people in vehicles, and 36% to people in build-
ings. Using expressions similar to Equation 1, the estimates of radiological
health effects from human errors can be determined. Table 7-6 presents the results
of this analysis.

f % 4 Sabotage

Application of the consequence model CRAC to releases of materials through sabotage
or malevolent act of a shipment have been discussed in detail in Chapter 5. The
difficulty with extrapolating the radiological consequences, calculated using CRAC,
have been discussed in detail in Reference 4. In general, it is possible to scale,
in an approximately linear fashion, tne consequences of the sabotage calculations
for areas in which the close-in population density ranges from approximately
1.6x10% to about 1.4xi0°3 per km?, Since all urban areas addressed in this report
have population densities within this range, a first-order approximation to the
consequences of sabotage of a shipment could be obtained using a linear scaling
factor with population density. Because the nature of individual shipments in each
urban area is difficult to define, numerical values would not be particularly
meaningful. Hence, the reader is referred to Chapter 5 of this report and to the
details provided in Reference 4 for further information in this area.

7.8 Summary

To perform a generic extension of the limited New York City area analysis to other
cities, the simplifying equations produced using the sensitivity analysis for
incident-free transport have been used to calculate dose contributions from the
five ma jor population subgroups. The incident-free analysis depends primarily on
the total TI shipped in an arca. These data, combined with the appropriate demo-
graphic parameters, were used to estimate the incident-free radiological impacts
for the top 20 SMSAs in the U.S. The results indicate that people in vehicles and
pedestrians are the major dose groups and that the total population dose can range
from a low of 7 person rem per year of shipping activity for San Diego to a high of
~350 person rem per year of shipping activity for Newark. The range arises from
the widely different shipping patterns, both in terms of the modes by whichk mate-
rials are carried and the total TI transported. Calculations for the limited New
York City case using the set of assumptions of the generic extension analysis are
also reported for comparison.

In the accident and human error cases, the model complexities did not allow ap-
proximation of the dose expressions by simplifying equations. A technique was
developed to allow for the estimation of expected numbers of latent cancer fatali-
ties for other urban areas using a breakdown of the limited New York City shipment
model and accident results (also human errors) into 10 categories. Detailed analy-
sis of the dose group and dose pathway dependencies of the calculated health ef~-
fects for materials in each of these categories produced a set of assumptions for
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extending the results to other urban areas. The range of estimated numbers of -
latent cancer fatalities from vehicular accidents for a geat's shipping activity at
the given Jevel for each urban area was a low of 2.1x107” for San Diego to a high
of 1.6x107° for Chicago. Using a similar technique, the range of estimated numbers
of latent cancer fat?lities from human errors was a low of 4.9x107" for San Diego
to a high of 3.6x107" for Chicago. The wide ranges for other urban areas result
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 tnat 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.

Recent information indicates that it may be possible to scale the consequences of a
release of radiocactive 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.”

IBNWL-1972.

A 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.

“D. M. Ericson, Jr., "Observations on the Use of the Consequence Mcdel CRAC
for Small Non-Reactor Atmospheric Releases,” SAND80-0366, to be published.
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A

URBAN AREA DATA BASES

An extensive data base is required to analyze the environmental impact of trancpor-
tation of radioactive material in urban areas. This appendix lists methods for
derivation, assumptions, sources of information, and values for each parameter.

Section Al describes the division of the urban day into time spans. Section A2
discusses land-use parameters. These include

* The study area itself, how it was chosen, and division of the area into
unit cells

* 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

Section A3 discusses building characteristics. These include wall thicknesses,
construction materials, and ventilatiou 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 A5 addresses transportation parameters such as traffic densities, vehicle
and pedestrian velocities, vehicle length, the number of people per vehicle, and
distances between moving ~=hicles (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.

Al. 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.




Table A-1

Daily Time Division

Time Span Hours Description
1 1800 - 0700 Night
2 2700 - 0830 Morning rush
3 0830 - 1130 Morning work
4 1130 -~ 1300 Ncon rush
5 1300 - 1630 Afterncon work
6 1630 - 1800 Afternoon rush

Time-dependent data are presanted as hourly average va'.es for each of the six time
spans. The night time span could be divided into 1800-2400 ard 0000-0700 for greater
accuracy.

A2. Land-Use Data

A2.1 Basic Grid

The geographical area under consideration is a 100-cell, 10-km by 10-km grid encom-
passing portions of the New York City boroughs of Manhattan, Queens, and Brooklyn
(Figure A-1). This grid has been selected to cover the maximum amount of land area
with as much land-use diversity as possible.

A2.2 Open Area

Open area is characterized on maps in Reference 2 by varia:iions in shading. It has
been necessary to convert much information on land use from this source to the grid
by subdividing the grid squares with a square-counting technique; this facilitates
the determination of the fraction of the grid which is open area.

A2.3 Street Area, Building Area %

The fraction of each grid cell occupied by streets has been determined by combining
in. 'mation on New York City Community Planning Districts (CPDs)* with information
on street areas in New York City Health Areas. A tabulation of street area (in
acres) in each of the city's Health Areas is available at the office of the New
York City Planning Commission. Health Area data on street area were converted to
street areas for CPDs and then to the grid itself. This informaticn was subse-
quently used to obtain the fraction of each grid square occupied by streets. In-
formation on population and street areas for the New York City He. " Areas re-
flects 1970 census information.** (CPDs range in size from 0.59 km? to 10.52 km<.

*In 1968, the New York City Planning Commission delincated 62 "Community :'anning |
Districts," which are profiled in Reference l. Each CPD has an administrative
planning board which advises the horough pres’dent and city agencies on plenning.

**Health Areas are subdivisions of the city on the bases of health needs.
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Square-counting has determined the area of each affected CPD and the fraction of
each grid cell occupied by a particular CPD.

The fraction of the grid square not occupied by open area or streets is assumed to
be occupied by buildings. Values for open area, street area, and building area for
each cell are tabulated in Table A-2.

Table A-2

Cell Area Distribution

CELL W0 OPEN STREETS BUTLDINGS CELL ND OPEN STREETS BUILDINGS
| 000 243 157 51 200 3e3 837
? 700 138 185 52 000 433 567
3 200 39 LT 51 200 32 58
. 1 000 0.000 > 54 100 189 111
L 004 142 454 55 000 408 5%
3 OG::' 289 1 56 000 156 e~£
4 000 399 & 57 200 292 S08
- 060 J3s see 58 00 321 879
§ $00 :?: e:? LL] 000 T8 821
10 300 0 & 60 100 211 (13
i1 ;:0 06 § b1 500 240 280
12 800 s? 258 82 900 “k 519
13 100 ale “36 83 000 &)} 593
1. $00 254 Zus b §00 23 281
15 000 188 &5 &5 00¢e 199 801
s 080 S48 582 be 000 “is Sas
4 000 «} 589 &7 060 128 8712
I8 809 2% 576 &8 goe 418 $82
19 00 “le 506 59 000 “ls S8s
2 800 198 802 ro ) Ve
;tl, 623 31 L33 ' 525 N: §8
22 &00 1%]) 259 12 027 137 83
23 100 808 55 3 000 aTs 57¢
- %00 16t 409 Ts 0D 222 ITH
> 000 “l g9s 5 200 4 339
24 560 8502 198 Te 000 “RS $1%
27 000 “s0 §40 17 000 “n] §57
28 0oo w87 32 18 000 “l9 S8
% eco 11 585 L ] 000 “ls S84
30 000 188 633 80 136 b
1 ged ELE] Geb v g.000 200
2 200 213 SR 2 7 N
1 280 310 470 kY 338 “hB
e 300 193 507 ae 51 et
i1 100 Jeh “i 8% |7 178
s §90 298 815 rre »if tog
ir 000 i"- 'i! 87 “la Sde
] 000 168 £32 LT 07 531
go 0 &7 543 B9 %00 #00
L] o0 13§ (1] S0 8 «38 561
“! 000 L 34 373 Sl 1 5 000 0.480
“? 060 93 sC7 §2 82 BT
v k1) 2%0 a0 83 210 2%
“. 6t 271 “2% S« 95 121
L1} 200 152 Sed 95 b 58
“s 000 25%¢ 10~ s “15 §at
7 000 238 3 87 «] S87
“i 000 LI 83 I 194 $07
“9 000 3101 (S0 49 “in §490
50 £00 19 8] LR .

A2.4 Street Width, Sidewalk Width

Constant vaiues of 20 metres (street width) and 3 metres (sidewalk width) are used
for street and sidewalk widths since they reflect reasonable standards for metro-
polita . areas.?

A-4



Ad. BuildingﬁCharacteristics

Average building heightg have been estimated on the basis of personal observation
and aerial photographs. Average building height per cell is indicated by the
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

for each cell are given in Table A-3.

Table A-3

Building Characteristics

CELL NO %0 OF STORIES  WALL TWICRNESS (m) CELL WD NO . OF STORIES  wALL TWICKNESS tm)
| 5 180 5] 10 201
[ 180 52 20 203
k] ! 380 53 7 380
4 i 180 54 |5 203
s 3 k114 L1 3 380
& 5 180 LT . 380
! L] 180 57 0 203
] 3 360 58 5 Ia80
] 5 i80 53 5 180
10 3 ja0 a0 “ 180
1 & 180 sl . 180
1? ] 180 &7 4 180
13 & 180 81 10 203
1% 5 k1.1 ) 4 &0
4 A 380 85 5 380
& & 180 b i 180
1" 5 180 '3 19 203
18 $ 80 e 3 180
19 - 180 bs M 180
20 1 180 4 3 380
21 14 380 i 3 180
2? 5 180 12 13 203
23 ! 380 13 ! 180
i ¥ 203 - 3 203
25 “ 180 1% 5 180
2¢ S J8d & 3 180
2 L 380 1§ 10 203
28 “ 180 18 1 180
23 ) 180 s L] 180
L 3 IR0 80 . kLY
1 9 201 8 ) 180
32 10 203 B2 30 203
1 § 203 &1 9 201
s 10 202 L) 4 80
L) 2 80 Be 1 180
18 S 180 A . W
37 y 180 87 3 180
1 ] 180 a8 $ 180
19 ¥ W0 R 1 180
0 5 R0 S0 ) 38l
“] ! 8g 9 0 iRe
w2 10 201 92 s 0
“} 20 203 81 10 201
. I8 20) e 5 180
8 1 100 35 5 180
.+ § RLe 9% 3 180
«! . 140 87 1 180
ws 5 180 G 1 180
“4 5 180 a9 2 380

b i

Most buildings in the study area have either concrete or brick facing. Although
the capability to analyze other materials exists, the absorption of radiation by
building materials for the entire study area is assumed to be that of concrete.
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One of the unique characteristics of an urban area is the large diurnal variation
Population densities are calculated by determining the area
The population density of a cell entirely

in population density.
of ¢.-h pertinent CPD (Table A-4).*

Population Parameters

Population Density

within a single CPD is set equal to the ¢rD population density.

Table A-4

Population Densities of Selected Community Planning Districts

Cprp Area (km?) Population
Manhat tan
1 2.64 7 034
2 2.36 85 357
3 2.94 182 171
4 325 83 37
5 2.86 31 <58
6 2.36 12. 846
7 3.33 212 316
8 3.50 200 189
11 2.64 154 450
Brooklyn
1 7.94 179 458
2 3.04 73 609
3 6.08 216 983
4 3.33 137 895
BNY (Brooklyn 0.59 1 134
Naval Yard)
Queens
1 10.52 194 384
2 9.59 124 146
3 5.11 123 598
4 3.66 107 961
5 6.10 125 167
6 5.80 119 019

*
Information on total populations for the CPDs was obtained from New York City

Planning Commission data in Reference 1.

A-6

Pop. Densit
(persons/km

%

35
61
25
10
51
63
54
58

23
24
35
41

18
13
24
27
20
20

967
750
963
802
997
646
629
194
504

736
213
688
369
902

097
994
101
69
519
521



If the cell overlaps more than one CPD or part of some body of water, the
population density for the cell is computed by taking the fraction of the
square occupied by each CPD and multiplying by thre appropriate population
density. The fractional population densities ar- then summed to obtain the
average value for the cell. Table A-5 shows how this calculation has been
done for cell 62,

Table A-5

Sample Calculation of Population Density for Grid Cell 62

Fraction of

Cell 62 Occupied Population Density
CPD (Manhattan) by Each CPD for CPDs
2 0.7 36 000
4 0.2 26 000
5 0.1 11 000

Population Density
for Cell No. 62 = (0.1 x 11 000) + (0.2 x 26 000) + (0.7 = 36 000)

& 31 000 people/km?

The calculation in Table A-5 reflects only the resident (nighttime) population
densities of the cell. Values for the number of people over 16 years of age em-
ployed in each CPD, information on the percentage of workers residing in a borough
who work in that borough, and information on the number of workers who commute to a
borough to work have been used to calculate daytime population densities.® Refer-
ence 3 provides information on the designation of a grid cell as residential, com-
mercial, industrial, or mixed. The designations are used to estimate the number of
resident workers who remain in the cell and the number who commute out of the cell
to work. For example:

Cell No. 1 (Manhattan)

* Average population density: 64 000

* Resident workers: 236 000

* Percentage of workers living and working in Manhattan: 7i.7%

* Residents living in cell and working in Manhattan: 0.717 x 36 000 = 26 000

It is arbitrarily assumed that 20%Z of the residents of any cell also work in that
same cell. Thus 5100 residents remain in cell 1. This cell is principally resi-
dential; hence, most of the residents who work leave the cell during the day. The
number of resident workers remaining in the cell is added to the nonworking popula-
tion to obtain values for daytime resident population.



Census data provides information on the total number of commuters coming into the
borough to work.® 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

Determinitior .f pedestrian densities requires a different approach. Table 3.8 in
Reference 6 i1ists characteristics of pedestrian flow in terms of effective space
occupied by a single pedestrian (nzlpedestrian). The six time spans are associated
with degrees of pedestrian flow, as shown in Table A-7. Pedestrian densities per
km? of sidewalk are calculated by inverting the effective s -"e per pedestrian and
multiplying by the units conversion factor of 10© m?/km?. luc.2 values are also
given in Table A-/. 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 to other cities described in Chapter 7.

A4.3 Transient Population

In addition to residents and pedestrians, there are people in each cell whose pur-
pose may not be directly work-related. 1t 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 m? of floor space,
regardless of floor space utilization and trip purpose.6 This value is assumed to

be constant across the grid so that the number of one-way trips for each cell can
be estimated using the expression

foe A *n s 10%2/km? « 1km? + 4.3 trips

No. of one-way trips = ’
93m?

where

fh = fraction of grid squares occupied by buildings
. = average number of floors per building
A = cell area (= 1 km?)

For example, in cell No. 1, £ = 0.76 and n = 5., Thus, l.BxlO5 one-wav trips per
day are associated with cell "No. 1.

Reference 2 (p 157) suggests that :9% 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 total number of one-way trips is multiplied by this fraction to obtain
the figure for transient populativ.. ™*- is the total value for the 11 hours of
the urban work day. An hourly figure is obtained by dividing the result by 11.
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 mav count some people
twice since the values for traffic count and the pedestrian density clearly include
some of the transie~* pomnlation. A summary of transient population data is czhown
in Table A-8. This calcula*rion does not account for people who would come into the
area in the evening for entertainment.

A-8



Table A-6

Population Density (persons/km?); Time Span

CELL
NO. 1 2 3 4 5
1 63629. 48155. 32682. 32642. 32082.
2 17551. 15308. 13065. 13065. 13065.
3 46832. 40846 34861 . 34861, 34861.
4 0. 0. 0. 0. 0.
5 18079. 14287. 10496 . 10496 . 10496.
& 18097. 14430, 10763, 10763. 10763.
7 21099. 21304, 21510. 21510. 21510.
8 619713. 48160. 34357, 34357. 34357,
9 24101. 18698. 13296 13296. 13296.
10 20718. 160813. 11449, 11449, 11449.
11 63629 48155. 32682. 32682. 32682.
12 17158. 12985. 8812. 8812. 8812.
13 51474, 38956. 26438, 26438. 26438.
14 9048. T214. 5381. 5381. 5381.
15 18079. 14287. 10496 10496. 10496.
16 18097. 14430. 10763. 10763. 10763.
17 16645 . 13023. 9401 . 9401 . 9401 .
18 61973. 48160. 34357, 3u357. 34357.
19 26256. 20536. 14816. 14816. 14816.
20 27694. 21835, 15977. 15977. 15977,
21 63629. 48155 32682. 32682. 32682.
22 17158. 12985 8812. 8812. 8812.
23 51474, 38956. 26438 . 26438. 26438.
24 10858. 18250. 25643, 25643, 25643.
25 18079, 24529. 30979. 30979. 30979.
26 9048. 16807. 24567. 24567. 24567.
27 13994, 10876. 1759. 7759. 1739,
28 30771. 24084. 17398. 17398. 17398
29 27694, 21835. 15977, 15977, 15977
30 23390, 18195. 13001. 13001. 13001
3l 38411. 89089. 139768, 139768. 139768
32 15177. 67855. 120533. 120533. 120533
33 42426 . 31377. 20329. 20329. 20329
34 T627. 16097. 24568. 24568. 24568
35 12668. 20396. 28124, 28124, 28124.
36 16287, 23657. 31027. 31027. 31027,
37 13994. 10876, 1759. 1759. 7759.
38 35740. 27778, 19817. 19817, 19817.
39 18691. 14623, 10556. 10556. 10556.
40 20519. 16390. 12261, 12261 . 12261.
4] 25802. 19394, 129696 . 129696. 129696
42 10997. 63958. 116920. 116920. 116920.
43 36152. 86868, 137585. 137585. 137585.
44 7627. 16097, 24568. 24568. 24568
45 10037. 18360. 26684, 26684 26684
46 18097. 24650. 31023. 31023 31023
47 13994, 11516. 9039. 9039 9039
48 35740. 27778, 19817. 19817 19817
49 17256. 13629. 10004 . 10004 10004
50 20519. 16466 . 12414, 12414 12414
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20641 .
15438.
41316.
7129.
23736.
23736.
16066 .
25842
20519.
18467,
15882.
31278.
58867.
30918.
23736.
23736.
23736.
3529¢.
40232.
8207.
TT45.
32463.
50522.
aTirr.
18988.
24931.
33806.
39664,
35688.
16547,
593.
2670.
25972.
22267.
8405 .
32197.
35688.
35668.
36000.
35688.

2077.

1483.
24213.
24123.
242113.
35688.
35688.
36000.
35688.

Table A-6 (Continued)

83026.
68150,
91568.
128813,
32778.
34050.
19065 .
25143,
16466 .
14820.
68807.
83210.
104723,
27593.
34332.
24544,
33096.
29965
33273,
6586 .
7293.
84428
62525
31469,
21507.
25587.
37542,
35041.
30703.
14250.
561.
56490.
4091%.
20651.
19770,
J44TT,
34852,
30611,
30888.
30637,

28960.
28364,
24871.
70289.
23512,
30621.
30653.
30757.
30637.

124470.
120863
141821,
18638.
41820.
44364
22065.
24444
12414
11174,
121733,
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.
116455,
22931.
25554,
25618.
25514,
27875.

124770.
120863.
141821.
18638,
41820.
44364,
22065.
24444,
12414,
11174,
121733,
135142,
150580.
24268,
44928,
25352.
42456
24680,
26315,
4965,
6842,
136394,
74529,
25761,
24027.
26244,
41279,
304189.
25718.
11854,

1264770,
120863.
141821 .
18638.
41820.
Y4384
22065,
24444,
12414,
11174,
121733,
135142.
150580.
24268,
44928,
25352,
42456,
24680.
26315.

4965 .

6842,
136394,
74529,
25761.
24027,
26244,
41279,
30419.
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25177,
25586

55843.
55245 .
25530,
116455,
229131.
25554,
25618.
25514,
278175,
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83026.
68150.
91568.
12883,
327178.
34050.
19065.
25143.
16466,
14820.
68807,
83210.
104723.
27593.
34332,
24544
33096,
29985,
33273,
6586 .
71291,
B4428,
62525 .
31469,
21507,
25587,
37542,
35041,
30703.
14250.
561.
56490,
40519,
20651 .
19770.
4477,
34852,
30611.
30888.
30637,

28960,
28364,
24871.
70289,
23572.
30621,
30653.
30757.
30637.
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Table A-8

Transient Population (persons/km?)

3075.
803.
2734,

1598.
2888.
2442,
1622.
2685,
1679.
3894.
1046,
2418.

998.
1996.
2685 .
2393.
2336.
1898.
1468.
3797.
1055.
2815.
4981.
1931.

397.
2190.
1728.
1387.
1549.
47T13.
14286 .
3432.
4113.

535.
2458,
2353.
2564,
J444,
2685,
3253.
14773.
T463.
5224.
1087.
2855.
2466.
2775,
2831.
2766.

Time Span

3075.
803.
2734,

1598.
2888.
2442,
1622.
2685.
1679,
3894,
1046 .
2418.

998.
1996.
2685,
2393.
2336.
1898.
1468.
3797.
1055,
2815,
4981.
1931.

397.
2190.
1728.
1387.
1549,
4713.
14286 .
3432.
4113.

535.
2458,
2353.
2564.
1444,
2685.
3253.
14773.
7463.
5224.
1087.
2:.55.
2466 .
2175.
2831.
2766.

3075.
803.
2734,

1598.
2888.
2442,
1622.
2685.
1679.
3894.
1046.
2418.

1996 .
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1549

3075.
803.
2734,

1598.
2888.
2482,
1622.
2685.
1679.

389

10&4,.
2¢,8.

998.
1996,
2685,
2393,
2336,
1898.
1468,
3797.
1055,
2815,
4981,
1931.

397,
2190,
1728,
1387,
1549,
4713,
14286,
3432,
4113.

535.
2458.
2353.
2564,
1444,
2685 .
3253.
14773.
T463,
5224.
1087.
2855.
2466 .
2175,
2831.
2766,

3075.
803.
2734.

1598.
2888.
2442,
1622.
2685.
1679.
3894,
1046,
2418,
998.
1996,
2685,
2393,
2336.
1898.
1468.
3Ty,
1055.
2815.
4981,
193).
391.
2190.
1728.
1387.
1549,
4713,
14286.
3432.
4113.
535.
2458.
2353.
2564,
1444,
2685,
3253.
14773,
7463,
5224.
1087.
2855,
2406,
2775,
28131,
2766,
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Table A-8 (Continued)

CELL
NO. 1 2 3 4 5
51 0. 3545. 3545. 3545. 3545. 3545,
52 0. 9199. 9199. 9199. 9199. 9199.
53 0. 2604, 2604, 2604, 2604, 2604.
54 0. 1446 1446 1446, 1446. 1446.
55 0. 1444, 1444, 1444, 1444, 1444,
56 0. 2093. 2093. 2093. 2093. 2093,
57 0. 4121. 4121. 4121. 4121. 4121.
58 0. 2758. 2758. 2758. 2758. 2758.
59 0. 2523. 2523. 25213. 2523. 2523.
60 0. 2174, 2174, 2174, 2174, 2174.
61 0. 844, 844, B44. 844, 844,
62 0. 3058. 3056. 3058. 5058. 3058.
63 0. 4859. 4859. 4859. 4859. 4859.
64 0. 1493. 1493. 1493. 1673, 1493,
65 0. 2442. 2442. 2442. 24%2. 2442.
1] 0. 1379. 1379. 1379. 1379. 1379.
67 0. 5452. 5452. 5452. 5452 . 5452.
68 0. 1420. 1420. 1420. 1420. 1420.
69 0. 1898. 1898. 1898. 1898. 1898.
70 0. 422. 422. 422. 422. 422.
71 0. 479. 479. 479. 479. 479.
12 0. 10173. 10173, 10173. 10173. 10173,
73 0. 2985. 2985. 2985. 2985. 2985.
T4 0. 2758. 2758. 2758. 2758. 2758.
75 0. 1347. 1347. 1347, 1347, 1347,
76 0. 1257. 1257. 1257. 1257. 1257.
17 0. 4519. 4519. 4519. 4519. 4519.
78 0. 1412. 1412. 1412. 1412, 1412.
79 0. 1428. 1428. 1428. 1428 1428.
80 0. 211. 211 2il. 211 211.
81 0. 16. 16. 16. 16. 16.
82 0. 12972. 12972. 12972. 12972. 12972.
83 0. 3415. 3415. 3415. 3415, 3415.
84 0. 2547. 2547. 254T. 2547, 2547.
85 0. 1890. 1290. 1890. 1890. 1890.
86 0. 1915. 1915. 1915. 1915. 1915.
87 0. 1420. 1420. 1420. 1420. 1420,
88 0. 2409. 2409. 2409. 2409. 2409.
89 0. 1460. 1460, 1460 1460. 1460.
90 0. 1363. 1363. 1363. 1363. 1363.
91 0. 0. 0. 0. 0. 0.
92 0. 17766. 17766. 17766. 17766. 17766.
93 0. 7058. 7058. 7058. 7058. T058.
94 0. 414, 414, 414. 414, 414,
95 0. 2426. 2426. 2426. 2426 2426,
96 0. 1379. 1379. 1379. 1379. 1379.
97 0. 1428. 1428. 1428. 1428. 1428.
98 0. 1468. 1468. 1468, 1468 . 1468.
99 0. 1436. 1436. 1436. 1436. 1436.
100 0. 1460. 1460. 1460. 1460. 1460.
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Table A-7

Characteristics of Pedestrian Flow

Area/Pedestrian Pedestrians/
Time Span Pedestrian Flow (mz) km? of sidewalk

I Night Unlimited* 24.7 40 500
2 Morning rush Constrained 2.95 339 000
3 Morning work Impeded 4,65 215 000
4 Noon Congested 1.25 800 000
5 Afternoon work Impeded 4,65 215 000
6 Afternoon rush Constrained 2.95 339 000

*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. These data are
considered typical for cell 42 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 42 is ad justed for street area fraction in each cell, compared
with that for cell 42 and also for the time-weighted average population densities
for the cells. Because this places too much emphasis on the character of the cell
(residential, commercial, 2tc.), a third correction is used for the time-span de-
pendent population density for each cell compared to iis time-weighted average
population density, resulting in the following expression:

PD.(t) (f_.)
(t) i st’{
N(t)-N_. . .

i cell 42 p542 (fst)42

where

Ni(t) = vehicle density in cell i at time t
vehicle density in cell 42 at time t

Ncell b2(t)
PDi(t) = population density in cell i at time t

ﬁﬁ;z = time-weighted average population
density in cell 42

(fst)i = gtreet area fraction in cell i

(f“)42 = gtreet area fraction in cell 42

Table A-9 summarizes the data for instantaneous vehicle numbers.
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Instantaneous Vehicle Numbers

Table A-9

Cell
Number TS 1 TS 2 TS 3
1 480 1250 960
2 73 220 210
3 460 1390 1350
4 0 0 0
5 190 520 440
6 160 450 380
7 260 910 1040
8 640 1720 1390
9 250 680 550
10 200 530 430
11 390 1030 790
12 75 200 150
13 640 1660 1300
14 71 200 170
15 220 590 490
16 250 690 580
17 210 570 470
18 810 2200 1770
19 340 910 740
20 340 930 776
21 650 1700 1310
22 75 200 150
23 640 1690 1300
24 64 370 590
25 230 1060 1520
26 110 720 1200
27 200 540 430
28 440 1200 980
29 370 1010 830
30 260 710 580
31 420 3400 6000

TS 4
1040
230
1460

470
410
1120
1500
590
460
860
160
1400
180
530
630
510
1900
800
830
1410
160
1400
640
1640
1290
470
1060
900
620
6500

TS 5 TS 6
1010 1880
225 330
1420 2090
0 0
460 780
400 670
1090 1360
1460 2580
570 1010
450 800
830 1540
160 300
1360 2500
170 290
520 880
620 1040
490 860
1860 3300
780 1360
810 1390
1380 2550
160 290
1370 2530
620 560
1600 1590
1260 1080
460 800
1040 1800
880 1510
610 1060
6300 5100



Cell
Number

32
33
34
35
36
37
38
39
40
4l
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
57

58
59
60
61

Instantaneous Vehicle Numbers

Table A-9 (continued)

TS 1 TS 2 TS 3 TS 4
100 1540 3110 3360
430 1100 810 880

45 330 580 620
140 800 1250 1350
150 750 1110 1200
120 320 260 280
410 1100 880 9590
240 640 520 560
220 590 500 540
340 4100 6700 7200
640 2220 2520 2720
270 2230 4000 4300

64 470 810 870
110 690 1140 1230
170 780 1110 1200
100 290 260 2L
350 940 760 820
160 440 370 400
200 560 480 520
230 3220 5480 5910
210 3150 6340 6850
440 3340 5880 6340

42 260 430 460
300 1430 2070 2230
260 1290 1910 2070
150 600 780 840
260 860 950 1030
240 670 570 620
130 370 310 340
120 1760 3540 3820

I8 5 TS 6
3270 2320
860 1660
610 500
1320 120)
1170 1120
270 480
930 1640
550 950
530 290
7100 6100
2650 3300
4200 3340
850 700
1200 1040
1170 1170
280 440
800 1400
390 660
510 840
5760 4830
6670 4730
€180 5020
450 380
2180 2140
2010 1940
820 890
1000 1300
600 1000
330 550
3720 2650
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Table A-9 (continued)

Instantaneous Vehicle Numbers

Cell
Number TS 1 TS 2 TS 3 TS 4 T8 5 TS 6
62 450 4100 7550 8150 7940 6150
63 730 4480 7320 7900 7700 6730
64 230 700 700 750 730 1050
65 290 1460 2170 2340 2290 2200
66 320 1140 1330 1440 1400 1710
67 240 1160 1690 1820 1780 1740
68 460 1340 1250 1350 +320 2010
69 520 1480 1330 1430 1460 2220
70 57 160 14C 150 140 240
71 25 82 87 94 a2 120
72 140 1240 2260 2440 2380 1850
73 740 3170 4280 4620 4500 4750
74 260 750 690 750 730 1120
75 270 1080 1360 1470 1430 1610
76 370 1330 1540 1670 1620 1996
77 460 1780 2220 2390 2330 2660
78 510 1570 1550 1670 1630 2350
79 460 1360 1290 1390 1360 2040
80 170 510 490 530 510 770
81 0 0 0 0 0 0
82 30 2214 4910 5300 5160 3320
83 270 1460 2270 2450 2390 2200
84 100 330 350 380 370 500
85 38 310 560 600 580 470
86 410 1510 1830 1970 1920 2270
87 460 1550 1720 1850 1800 2320
88 450 1330 1260 1360 1330 2000
89 450 1320 1250 1350 1320 1980
90 480 1440 1360 1470 1430 2160
91 0 0 0 0 0 0
92 17 810 1770 1910 1870 1220
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Cell
Number

93

95

97
98
99
100

Table A-9 (continued)

Instantaneous Vehicle Numbers

TS 1 TS 2 T8 3 TS 4 TS 5 TS 6
10 640 1410 1520 1480 950
300 1060 1240 1330 1300 1590
300 3020 5680 6130 5970 4530
330 1100 1210 1310 1270 1640
460 1350 1280 1380 1350 2030
440 1300 1240 1330 1300 1950
460 1350 1270 1370 1330 2020
440 1310 1350 1460 1420 1960

A5.2 Vebicle Speeds, Intscsection Delay, and Stopped Separation Distance

Vehicular speeds have been extrapolated frum Table 4.5 of Reference 6 and are given

in Table A-10.

Another necessary parameter is the fraction of intersections at which a vehicle

stops while traveling in a cell (£). Valves for ¢{ for different time spans are

shown in Table A-11.

Table A-10

Average Vehicle Speed

v
(average speed
Time Span including delays, m/s)

8.1
3.3
4ol
3.0
3.8
Je3

D S W N e

A-17



Table A-11

Fraction of Intersections at Which Vehicle Must Stop

£ (fraction of intersections at

Time Span which vehicle is required to stop)
1 0
2 1
3 0.5
4 0.75
5 0.5
6 1

Also required is the average length of time a vehicle is delayed by stopping at an
intersection (). The value assumed for Q is 25 seconds. Traffic engineers in
Albuquerque, New Mexico, indicate that this is a reasonable value for the average
duration of an urban red light. Note that this does not account for aultiple de-
lays at the same intersection resulting from extremely congested conditions. That
factor is partially absorbed in the average speed calculation.

A third intersection-related paramecer is the distance between vehicles stopped at
an intecsection (o). Experience indicates a wide variation in values for this
distance. As a first approximation, an arbitrary value of | metre is used for o.
Information from Albuquerque, New Mexico, traffic engineers and observations of
local patterns were the basis for this assumption.

A5.3 Pedestrian Speed

Pedestrians also travel at varying speeds. Information is readily available (see
Reference 2) for degrees of p-destrian congestion. These, coupled with urban pe-
destrian patterns and times ot day, yield the values in Table A-12.

A5.4 People per Vehicle

Since urban traffic consists of several vehicle types, a value for people per vehi-
cle, averaged over all vehicle types, has “cea calculated. The calculation uses
data from Reference 2 which indicate the relationship between total person-miles of
travel by autos (including trucks and taxis) and total person-miles of travel for
buses on an hourly basis for midtown Manhattan. Person-miles of travel are con-
verted to vehicle-miles of travel by dividing by the assumed vehicle occupancies
listed in Table A-13.

Ratios of autos to buses for each tim. interval are then calculated by dividing
vehicle-miles for autos by the vehicle-miles for buses. (This assumes that
vehicle-miles for buses and autos are equivalent.) Values thus obtained are given
in Table A-l4.
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Table A-12

Pedestrian Speeds

Time Span Pedestrian Speed (m/s)

N W e

Table A-13

Vehicle Occupancy

1.4
1.3
1.3
1.1
1.3
1.3

2

Vehicle Type Number

of Occupants

Auto

Bus
Rush hour
0ff peak hcars
Nighttime

Table A-14

1.5

i 4
43
24

Ratio of Autos to Buses

Time Span Cars/Bus

N N W -

50
69
42
89
44
61
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From these ratios, it is pos.ible to calculate average number of people per vehicle
by summing the percentage .f each vehicle type times its occupancy. (It is not
necessary to discrimina*e between trucks and cars at this point since the occu-
pancies are assumed to be the same for both.) Results are given in Table A-15.

Table A-15

Average Number of People per Vehicle (PPV)

Car Bus
Time Span Cars (%) Occupancy Buses (%) Occupancy PPV
1 98 1.5 2.0 24 2.0
2 98.6 1.5 1.4 77 2.6
3 97.7 1.5 2.3 43 2.5
b 98.9 1.5 1.1 77 2.3
5 97.8 1.5 2.2 43 2.4
6 98. 4 1.5 1.6 77 2.7

A5.5 Vehicle Length

Standard design vehicie lengths are available in Reference 2. Of interest are
those for trucks (9.1 metres), autos (5.8 metres), and buses (12.2 metres).

A5.6 Vehicle Distribution

The distributions of vehicles calculated for each time span are summarized in Table
A'l6o

The average vehicle length for each time span is obtained by multiplying each per-
centage by the appropriate length, then summing this value. The variation in vehi-

cle length from one time span to another is slight. An average value of 6.4 metres
is used.

Table A-16

vistribution of Vehicle Travel

Time Span Autos (%) Trucks (%) Buses (%)
1 83.0 15 2.0
2 83.6 15 1.4
3 82.7 15 2.3
4 83.9 15 1.1
5 82.8 15 2,2
6 83.4 15 1.6
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A5.7 Vehicle Separation Distances

Vehicle separatinn distances are calculated using the following analytical
expression:

A (f t)1
2 + (# 1anes of street)
w Average
Vehicle separation st « {vehicle
distance - N (t) ehic
i Length

where

A = cell area (mz)

(f = gtreet area fraction for cell i

st)i
w., = street width (metres)

# lanes of street = street width
Tane width

Ni(t) = vehicle density for cell i at time t
Average vehicle iength = 6.4 metres
Calculated values are given in Table A-17.

A5.8 Freeway Traffic Parameters

Freeway traffic parameters include speeds, separation distances, and width.

Freeway Speeds

Information on freeway speeds was obtained from Reference 6. Values for average
speed as a function of time are shown in Table A-18.

Miscellaneous Freeway Parameters

The value assumed for freeway width, including right-of-way, is 71 metres. Values
for freeway vehicle separation distance are estimcted from a curve fit to data from
Reference 6 (Table 4.6) which gives vehicle headways (from which separation dis-
tances can be derived) as a function of travel speed. The expression used for
calculating the freeway vehicle separation distances is

Separation distance = o.17vf2 = 1.7V + 6.4

where

Vf = freeway velocity (a function of time of day).
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Vehicle Separation Distances (in Metres)

Table A-17

Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep.,

Cell Numbor TS 1 TS 2 T8 3 TS 4 TS 5 TS 6
1 132 47 63 57 59 29
2 500 161 170 154 158 105
3 183 56 58 53 55 35
4 0 0 0 0 0 0
5 485 173 206 192 197 113
6 487 169 201 186 191 112
7 417 (13 98 91 94 74
8 136 47 59 54 56 29
9 363 129 162 150 156 85
10 416 153 190 i 181 99
11 134 47 63 59 29
12 511 188 252 # 236 123
13 166 60 79 72 75 38
14 971 341 402 379 402 232
15 472 172 208 192 196 113
16 483 171 205 188 19 111
17 528 191 233 214 223 124
18 137 46 59 55 56 29
19 326 118 147 135 139 77
20 313 111 135 125 128 72
21 133 47 63 58 59 29
22 507 186 250 234 234 126
23 167 59 79 73 74 37
24 809 135 82 75 78 87
25 475 98 66 61 63 63
26 992 146 85 79 81 95
27 622 226 286 261 267 o3
28 284 100 124 114 116 65
29 312 110 136 124 127 7%
30 377 134 166 154 157 88
31 224 22 9.7 8.5 9.0 12.6
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Table A-17 (continued)

Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep.,
Cell Number TS 1 TS 2 TS 3 TS 4 TS 5 TS 6
32 576 31 12.3 10.9 11.4 18.7
33 203 76 105 36 98 48
34 1170 153 85 79 80 99
35 712 119 74 68 70 77
3€ 531 101 66 61 62 66
37 618 228 282 261 271 150
38 239 85 108 99 102 55
39 456 167 208 192 196 111
40 415 151 179 165 168 98
41 337 22 11 9.8 10.0 12.7
42 161 42 36 33 34 26
43 237 23 10.0 8.9 9.2 13.2
44 1150 151 85 79 81 99
45 868 133 78 72 74 86
46 469 97 66 61 63 63
47 647 219 245 227 227 142
48 241 86 108 99 102 56
49 510 132 217 201 206 119
5u 429 149 175 161 165 97
51 425 24 11.7 10.4 10.8 14.1
52 557 31 12.3 10.9 11.3 18.6
53 206 22 9.5 8.3 8.7 12.2
54 1220 192 114 106 108 130
55 365 72 48 4b 45 46
56 368 80 52 47 49 51
57 526 127 96 89 91 83
58 331 96 86 79 81 61
59 425 148 175 161 166 97
60 479 164 197 179 185 108
61 540 31 12.1 10.8 11.2 18.3
6z 274 24 10.3 9.1 9.5 14.1
63 144 18.1 8.6 745 7.8 9.9
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Table A-17 (continued)

Veh. &Po. Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sepo, Veh. Sep-,

Cell Number T8 1 TS 2 TS 3 TS 4 T8 5 T8 6
64 275 86 86 80 82 55
65 370 68 44 40 41 43
66 364 98 83 76 78 63
67 367 71 47 43 44 45
68 242 °9 85 78 80 50
69 212 70 79 73 75 45
70 1080 380 435 405 435 251
71 1140 344 323 299 305 233
72 261 24 10. 2 8.9 9.3 13.8
73 169 35 24 22 22 21
74 2217 75 82 75 77 48
75 467 112 88 81 83 /3
76 352 93 80 73 75 60
77 257 62 48 aa 46 39
78 218 67 68 62 64 42
79 240 77 81 75 77 49
80 534 174 181 167 174 113
81 0 0 0 0 0 0
82 3340 39 14 12.5 13 24
83 333 56 34 31 32 35
a4 406 119 112 102 105 76
35 1050 123 65 61 63 79
86 267 68 55 51 52 43
87 241 67 60 55 57 43
88 241 77 82 75 77 49
89 237 76 81 75 76 49
90 244 77 82 75 78 49
91 0 0 0 0 0 0
92 4200 82 34 31 32 52
93 5730 83 34 31 32 54
94 357 97 82 76 78 62
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Table A-17 (continued)

Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep., Veh. Sep.,

C211l Number TS 1 T8 2 T8 3 TS 4 TS 5 TS 6
95 360 30 13 11.5 12 18
96 354 102 92 B4 87 66
97 239 77 82 75 77 49
98 241 77 81 75 77 49
99 237 77 82 75 78 49
100 241 77 74 68 70 49
Table A-18

Freeway Speeds

Vf (freeway speed)

Time Span B (m/s)
24.4

8.9*
9.7
9.7
A |

8.9%

D B W N e

*Lower values can occur during
periods of extremely heavy traffic.

A5.9 Rail Parameters

Information on ail rail parameters was obtained through private communications with
people in the rail transit industry in the New York City area.

Population Densities in Terminal Areas

Information or. mass transit characteristics indicates that approximately 70 000
persons use the major urban rail facilities in New York during rush hours and that,
in addition, there are approximately 2000 off-peak users of the facility. Crand
Central Station, the major rail transit facility in the study area, occupies about
0.0255 km? (measured from maps in Reference 3). Values for pcople per square kilo-
metre for each time span are obtained by apportioning the of f-peak travelars as
indicated in Table A-19.
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Table A-19

Population Densities for Rail Transit Facilities

Tucal People Totals/km?
in Terminal Area Totals for at any time
Time during Entire Time Span (assuming
Span Time Span (per kmz) Totals/km?/h 10-min visit)
1 2x103 7.8x10" 6x10° 103
2 7x10% 2.7x108 1.8x10° 3.1x10°
3 5%103 2x10° 6.5x10" 1. 1x10%
4 8x1073 3.1x10% 2.1x10% 3.5x10%
5 5x103 2x10% 5.6xi0" 9,3x103
h 7x10" 2.7x108 1.8x10© 3. 1x10%

Miscellaneous Rail Parameters

Other parameter values are

A=26

* Length of time a train remains in terminal area (ATdepot) by time span:

Time Span In Depot (seconds)
1 7.2x103
2 6.0x102
3 7.2x103
4
5

1.8x103
7.2x103
b 6.0x10?

* Minimum exposure radius r3 = 2.4 metres

*» Maximum exposure radius ry = 6.1 metres

* Distance between passing trains rs = 6.1 metres
* Width of right-of-way (outside terminal area) RW = 3 metres
* Average train speed (within terminal area) - 6.7 m/s
* Train traffic count (NT’ one way, per second):
Time Span Trains/s
1.25%x10 3
1.5x10 2
1.25%x10 3
5x10 3
1.25x10 3
1.5x10 2
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* People per train (PPT): Values are obtained assuming occupancies of 10% of
seating capacity at night, 50% at oi f-peak hours, and 100X at peak times.
An average train has eight cars with a seating capacity per car of 120.

Time Span PPT
96

960
480
480
480
960

v S W N e

A5.10 Air Transport Parameters

Information on air transport parameters has been obtained through private communi-
cation with air transit experts in the New York City area. All of these values are
dependent on the type and location of the alrport under consideration.

La Guardia Airport is the only airport facility in the study area. No cargo termi-
nal exists at this facility, so values for AT and PD are set to zero.
Other informatien which has proven useful in its original Eorm includes

* Average time a passenger aircraft remains in the terminal area: ATpterm =
3300 seconds

* Minimum exposure radius r, = 120 metres (distance of closest approach for
occupants of the terminal before boarding)

* Maximum exposure radius r, = 240 metres (approximate maximum distance from
aircraft for terminal occupants before boarding)

Alr Terminal Population Densities

Air terminal population density information, available on an hourly basis, has been
converted to the time-span basis discussed earlier (see Table A-20). These data
consider the population to be only in the passenger waiting areas of the terminal
building and not in the areas restricted to employees. It has been determined that
the area of interest is 0.043 km? (see Reference 3). An approximate length of stay
of 45 minutes is assumed for persons in the air terminal. Since the annulus of
integration for air terminals is 0.14 km?, the calculated values for population
density are reduced by a factor of 0. 063/0.1& to spread the population over the
entire area of integration.
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Table A-20

Air Terminal Population Densities

Time Span Persons/h Persons/h/km? Persons/km? 2

1 1.3x103 Z.9x%10% 6.8x10°
2 1.6x10° 3.8x10* 8.7x10°
3 2.2x10° 5.2x10" 1.2x10%
4 2.5x103 5.9x10" 1.4x10%
5 3.2x10° 7.4x10" 1.7x10"
6 3.6x103 8.5x10" 1.9x104
*

Adjusted for annulus of integration.

It must be stressed that these values depend upon the particular airport being
considered.

AS.11 Water Transport Parameters

The last mode to be considered is water transport. Information on shipping data
has been obtained from Task Group member William Luch and dock officials in the
New York City area. Parameters of interest are

. ATdoc -- time spent at dock (for containerized shipments) 24 to 30 hours,
depensing upon vessel size

+ Minimum and maximum exposure radii (12 ard 91 metres, respectively)

* PD el T population densities at the dock/km? by time interval (total PD
for entire dock area is 7000 persons). If 1/10 of dock personnel are arbi-
trarily assumed to be within the annulus of integration, this would make
the population density equal to 5400/km?. (This calculation parallels that
used for air terminals.)

The major facility for cargo shippers in the New York City area is at Port

Elizabeth, New Jersey. For this study, PDdo is assumed to be zero since all
water transport is assumed to pass through w&bhout stopping.

A6. Shipment Information

The transportation of radioactive materials into, around, and through a major urban
area involves such a diversity of materiale, package types, quantities, package
radiation levels, and transport modes that detailed consideration of every ship-
ments is impractical. Therefore, realistic assessment of the radiological risk asso-
ciated with transportation requires selection of a smaller number of shipment types
for analysis. This representative set of shipments is referred to as the standard
shipments model.

The shipment model used in this document is similar to that used in Reference 7
and is based on the same shipper survey.8 This discussion outlines the basic me-
chanics used to reduce the overall survey data to a workable set of New York City
"standard shipments.”
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In the 1975 shippers' survey mentioned above, certain shippers completed detailed
questionnaires, while others completed summary questionnaires. The detailed ques-
tionnaires requested information based upon actual shipping records, while data
requested by the summary questionnaires were based upon shipper estimates. Most
ma jor shippers, i.e., those known to ship large numbers of packages annually, anJ
all special nuclear material licensees completed detailed questionnaires, although
a few were missed and cent only summary questionnaires. Summary questionnaires
sent to a cross section of licensees were intended to represent all licensees for
sampling purposes. Thus, the summary questionnaire data base was divided into two
separate groups: one for minor shippers and the other for apparent major shippers.
Therefore, three data bases exist: one from the detailed questionnaires, one from

the summary questionnaires completed by minor shippers, and one from the summary
questionnaires completed by apparent major shippers. Each of these data bases was
extrapolated differently to account for the entire shipper population. The set of
standard shipments upon which this risk assessment is based was determined from
these three data bases.*

Each standard shipment is specified by the isotope or material being shipped, the
package type, the number of packages shipped per year, the average number of pack=-
ages per shipment, the average quantity of material per package, the average trans-
port index (TI) per package, the trans; >rt modes, and the specific urban route
followed.

The standard shipments model uses a subset of the total shipment data base compiled
by merging data from Reference 8 with a Geographic Data File.’ 1In addition to
information on shipment characteristics, Reference 8 contains information on ship-
pers' Zip Codes and shipment destinations by city and state.

Zip Code data from Reference 8 have been checked against a file of the latitude and

longitude of Zip Codes found in Reference 9. Government orjanizations whose Zip
Codes appeared in Reference ., but not in the Geographic Data Base, have been as-

signed the latitude and longitude for downtown Washington, D.C.

A second file has been prepared from Reference 9 with all cities within each state
arranged alphabetically. About 1/3 of the city/state pairs listed in Reference 8
are not in the Geographic Data Base. The observed anomalies are of three types:

I. Typographic or transcription errors, e.g.,

BIEMINGHAM, AL

BIRHAMGTON, AL

BIRMHINGHA, AL all thought to be BIRMINGHAM, AL
BIRMINGHAN, AL

BIRMINCHAM, AK

*
Although there is a question about the validity of some entries in the data
obtained in Reference 8, the survey has been accepted as the best available set of

data.
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2. An abbreviation, shortened name, or familiar name vsed in place of a given
name, €.g.,

1A, CA: thought to be LOS ANGELES, Ci {:ax. city field is 10 characters)
LASL, NM: thought to be LOS ALAMOS, NM

TRAVIS, CA

TRAVIS AF, CA all thouglic to be TRAVIS AIR FORCE BASE, CA

AFB TRAVER, CA

TRAVIS AFB, CA

3. Unresolved, e.g.,

MIC RIDER, CT
ROSIN, IL
[blank], CA (or most other state codes)

Of approximately 2.6x10" city/state pairs in the Reference 8 data, 3600 are unique.
After consulting the Geographic Data Base, the Zip Code directory, and a geographic
place name directory, fewer than 0.1%Z of the names have remained unresolved. Most
of the unresolved names represent only one package or shipment per year (a small
fraction of the total number of packages in the data base).

A latitude and longitude have been assigned to each correcred city/state pair in
the Geographic Data Base. knowledge of the latitude and longitude of both the
origin and destination permits the choice of a subset of data which fits any one
(or all) of the following criteria:

+ The shipment origin is in the vicinity of a given latitude and longitude

* The shipment destination is in the vicinity of a given latitude and longi-
tude

* An imaginary line joining the origin and destination passes through the
vicinity of a given latitude and longitude

The expression "vicinity of a given latitude and longitude” is used to caution the
potential user. The program assumes that the latitude and longitude are at the
center of a circle of radius R measured in degrees. It further assumes that the
origin and destination are on this planar grid. The distance on the earth's sur=-
face represented by one degree of latitude is independent of a given latitude. A
longitude degree represents a distance on the earth's surface that vu.i.c. =ith
latitude. Hence, the "vicinity” described is more elliptical than circular (see
Figure A-2).

For the New York City study area, a circie of 7-km radius has been drawn centered
on the 100-km? grid. The data base was accessed to give shipping information with-
in this circle. The 7-km radius totally encompasses the study area. Using this
approach, only one shipment had either an origin or destination within the grid.
This appeared to be simply an artifact of the data base since Zip Codes for par-
ticular boroughs in New York were not common in shipment intormation--usually only
New York City was given as the destination, hence all shipments were given city-
center destination or origin Zip Codes. To more fully examine the New York City
shipments, the center of the 7-km radius circle was placed at the geographical
center of New York City. This approach provides much information on shipments with
origins and destinations within the city. (Although the circle surrounding the
geographic city center does not intersect the grid area, the types of shipments
reaching or originating within this circle are arbitrarily assumed to be typical



for the study area.) In preparing routing information, typical routes have been

designated for each kind of isotope appearing in the output for the city center
circle. No attempt has been made to determine the fraction of the total observed
shipments which specifically applies to the study area. Shipments contained in the
grid-centered circle are also included and routed as through shipments. Although
this approach may double-count some shipments, the fraction so counted is consid-

ered small.

A6.1 Development of a Standard Shipments Model

Once the shipment data base had been reduced so that only New York City shipments
were included, it was necessary to reduce the remaining 3%x10° shipments to a work-
able set of “"standard shipments” as discussed in Appendix A of Reference 7. This
reduction process involved three steps: elimination of shipments, combination of
remaining shipments, and calculation of shipment parameters.

A6.2 Elimination Phase

Six categories of shipments have been eliminated from the NYC shipment data base:
limited or exempt shipments, other extremely small shipments, mail shipments, ship=-
ments were no mode was specified, government shipments, and miscellaneous ship=

ments.

Limited shipments have been shown to contribute a negligible amount to the overall
radiological impact under both incident and incident-free circumstances, even when
large numbers of packages are shipped (see Reference 7). There are very few lim-

ited quantity shipments listed in_the NYC data base (2.21% of the total shipments,
0.0061% of total curies, and 7x10 *%Z of total TI).

Because only small quantities of radioactive material can be mailed, these ship~
ments are treated by 49CFR173.391'0 {n the same manner as limited shipments.* Ry
excluding these shipments, 0.71% of the total shipments, 2.7x10 *Z of total activ-
ity, and 0.014% of the total TI are eliminated.

Certain shipments are small enough t» be considered negligible from both incident
and incident-free points of view, even though they are not shipped under the lim-
ited quantity regulations. Using a criterion of 10 * curie per package for dis-
persible materials and 10 3 curie per package for nondispersible materials, an
additional 3% of the total shipments, 2.4%Z of the total curies, and 1.5% of the
total TI are eliminated.

Shipments for which no mode has been specified account for only 0.57%Z of the total
shipments, 0.08% of the total curies, and 0.41% of the total TI. Rather than as-
sign these to an arbitrary mode, they are excluded from the standard shipments

model.

Government shipment: are outside the scope cf this study_and are also excluded.
These account for 0.0068% of the total shipments, 1.0x10 3% of total curies, and
0.N014% of total TI.

*
See U.S. Postal Service Publication 6, April '971.
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A.

Center of Circle is a
D Latitude and Longitude Value
B.
<:::::?Tji::’
Cs

A. Either origin or destination is within circle,

Types of .nformation which can be acquired:

B. Both origin and destination are within circle,

C. Neither origin nor destination is within circle but path between passes through
circle, or

D. Neither origin nor destination is within circle and path between excludes
circle.

*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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In summary, 1.9x10" shipments (6.4% of the total) are eliminated from the reduced
New York City shipment data base. This amounts to 2.4%Z of the total activity and
2% of the total TI. Shipments have been subdivided by end use, and typical routes
have been established for each end-use category. Values for curies per package,
packages per year, and Tl per package have been obtained by averaging overall ship-
ments in each end-use category by each mode. Methods for specifying a given route
are given in Section A6.3.

A6.3 Route Specification

Information on shipping routes in the New York City area was made available through
Dr. Calvin Brantley of New England Nuclear Corporation. A secondary carrier used
by New England Nuclear also supplied transport information from the ma jor airport
facilities into New York (specifically to Sloane-Kettering Cancer Research Center)
and tg Long Island (used as an out-of-grid area destination for some through ship-
ments).

Possible direction of travel within a cell is restricted to eight vector directions
with either origin or destination at the center of a cell, as shown in Figure A-3.

This restriction forces some approximation of the actual route followed.

Transport modes include truck, rail, passenger and cargo aircraft, and watercraft.
Roadway types are 1) one-way streets, 2) two-way streets, 3) freeway, and 4)
nonroad (used for all transport except truck or van). A typical route description
is given in Table A-2].

3
8 ﬁ 2
1'% -
6 ' 4
5

Figure A-3. Vector Directions of Travel within a Cell
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Table A-21

Typical Description of Route

Cell In Out Transport Road
Sequence Direction Direction Mode Type
3 5 5 1 2

13 5 5 1 2

23 5 0 1 2

Although noise abatement ordinances restrict aircraft overflights, some possible
routes to each major airport facility are included. Through shipment routes on a
single transport vehicle, secondary mode transport from an air facility back into
the study area, and transfer from one vehicle or mode to another are allowed to
give the model increased flexibility. Quite frequently, shipments arc stored for a
time before secondary mode transport is begun. This time delay, called storage

time, is route dependent.

Different types of shipments are assumed to reach the

grid at various start times, resulting in time dependencies within the standard

shipments model.

All shipments and routes are described in Tables A-22 thrcugh A-38 and may be

traced using Figure A-1.
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Table A-22

Route No. 1; End Use: Medical

CELL iN ourt TRANSPORTY ROAD
SEQUENCE DIRECTION DIRECTION MODE TYPE
61 3 3 4 0
62 3 3 + 0
63 3 3 4 "
64 3 3 - 0
65 3 3 4 ]
66 3 3 4 4]
67 3 3 4 0
68 3 3 4 0
69 3 3 £ ¥
T 3 3 4 0
20 7 S 1 3
30 S 6 i 3
33 6 6 1 3
48 6 7 1 3
47 7 7 1 2
46 i 8 1 2
35 8 7 1 3
34 7 7 1 3
33 7 1 1 2
23 1 0 1 2
ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TINME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT {SECONDS)
AU-198 A 1306401 4.8800 le 64.1 1. 43200.
CO-60» A L«80E+01 «+9561 le 11e4 1. 43200.
CR=-51 A S«40E-03 «0006 le 21.7 1. 43200.
C=-14 o 4.30€E-01 «5163 1. 50640 le 43200.
H6-197 A 6.50E~02 «3000 le 52.0 1. 43200.
H6-<03 ODRUM 2«00E-03 «40C0 le 2.0 1. 43200.
[-125 L 2.76E~-01 «0413 1. 18640 le 43200.
I-131 A 140E~02 «6713 le £29.0 43200.
M0 -99 A 1 «2GE+Q0 «2100 le 14(%0.0 le 42200.
NA-24 A 6.00E-03 1L.8750 l. 48.4 l. 43200.
P=32 A 2.80E-02 «0750 le 34.7 le 43200,
XE=173% A 2e80E+01 «5331 le 168.0 1« 43200.

* INDICATES NONDISPERSIBLE SHIPMENTS



9€-V

I1SOTOPE

AU~-15¢
CO=57
CO=ole
CR=31

C=1%
FE=SY5
GA-ol
HG6=-197
lN‘llA
IN-114M
I-123
I=12¢%
i-131
[=131»
MO=-323
P=-32
TC~-994
XE-133

CELL
SEQUENCE
13

23

PACKAGE
TYPE

PP PR2PDP>DDEDDPREDLP>D

Table A-23

Route No. 2; End Use: Medical

IN
DIRECTIGCN DIR
2
2
CURIES PER THRANSPORT
PACKAGE INDEX/PKG
163£-02 «8500
2.60£’05 2333
3 JTCE+CI 1.3060
1030“03 02’00
T«50E-CS 000020
3¢00E-04 «00C0
le4Ct~C2 «0500
2.30F=01 «2500
1.30FE-03 00000
3.00(‘03 0‘000
2e67€E-0J «2600
4.40£-03 U332
Be30LE-0UJ 3872
2«60E-03 « 7804
1002400 24000
4o3uE-03 2286
70FE~-L2 «3140
l«40F-01 «0625

« INDICATLS NONUDISPERSIBLE SHIPMINTS

ouT
ECTICN
5
o
0

PACKAGES PER SHIPMENTS

SHIPMENT PER YEAP
le 104.0
le 104.0
le bel
le 26040
le 104.0
le 5<e0
le 104.0
le 1C4.0
le 15¢€.0
le 121.0
lo 20300
le 249.0
le 181040
le 628.0
le g ]
le .ub.0
le 526L.0
11040

TRANSP
MODE

1

1

1

ORT

ROAD
TYPE

NV

HANDLINGS
PER SHIPMENT

le
1.
le
le
le
l.
1.
le
1.
b
l.
1.
le
le
le
le
1.
le

STORAGE TIME
(SECONDS)
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Table A-24

Route No. 3; End Use: Medical

CELL IN aurT TRANSPORT ROAD
SEQUENCL CIRECTION DIRECTION MODE TYPE
ol 5 3 “ I
62 3 3 4 )
523 3 3 4 .
24 3 3 4 v
63 3 3 4 C
€o 5 3 4 -
af . 3 - ¥
68 3 3 “ J
69 3 3 4 -
15 3 3 4
ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKC SHIPMENT PER YEAR PER SHIPMENT (SECONDS)
CO=-60« A 1.57E+0C 0.C000 le 208 O Qe
C=1% A 3e70E-03 0.00C0 le 9190 0« Oe
C=14n A 1«30E=-023 0«.0004 le Bel O Je
GA-57 A l1¢10t~-02 «3550 le 8.7 Oe Oe
I=123 A 2¢30-~-03 «J423 le 303 Oe Je
MO-25 A Je30E-CQ1 C«36000 le 217 Ce Je
P-.‘.Z A 3.3‘3["33 00500 ie 26.0 D. 0.

« INDICATLS NONDISPERSIBLE SHFIPMENTS
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[

A

I

T
X

*

SOTOPL

U=-193
CO=-57
CrR=351
C-14
GA-o7
=125
I-123
I-151
[=131«
N=-111
M3-99«
C=-45M
€=133

INDICATLS

CELL

SEQUoNCE

PACKAGE
TYPE

P2 PP DPDD>DBDD

Route No.

IN ouT TRANSPORT
DIRECTION DIRECTIGN MODE
3 < 1
3 5 1
- 3 1
J 3 1
3 3 1
3 4 1
4 2 1
4 3 1
3 2 1
2 2 1
2 ' 1
CURIES PER TRANSPORT PACKAGES PER SHIPMENTS
PACKAGE INDEX/PKE SHIPMENT PER YEAR
Jel0F =02 1.3090 le 104.0
F50E=05 000080 le 20500
IQGGF‘QQ «1033 le 52.0
le00E~-24 0.0000 le 320
le2C0t=-C2 «1000 le S52.0
1eQ0t~-"3 «0500 le 10‘.0
202'\;” ‘3‘3 00335 .o 156.0
5e605=03 «56300 le 1040.0
3e70E-23 11120 le 1600
7.0C05-03 0eC. 00 ie 1C4.0
850E-C1 243300 le 1560
Je.70E~-C2 «1372 le 1€70 0
4e330c=-02 0«000N i 104.0

Table A~25

NONDISPERSIBLE SKHIPMENIS

4; End Use: Commercial

ROAD
TYPE

3

o Gl 5 PO O NS i 1D D

HANDLINGS
PER SHIPMENT

Co

0e
0.
t
Ce
Ge
Je
0w
Je
0.
De
Oe
Je

STORAGE TIME
(SECONDS)

-0 S GO
8 & 2 8 % s 0 s s

(% I & NER

(& = I & B ]

L



Table A-26

Route No. 5; End Use: Industrial

6€-V

CELL ) IN ouY TRANSPORT ROAD
SEQUENCE DIRECTION DIRECTION MODE TYPE

3 S S 1 2

13 3 S 1 2

23 3 5 1 2

33 < 3 1 2

34 3 3 1 3

35 3 5 1 2

45 5 7 1 2

45 7 0 1 2

I1SOTOPC PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKE SHIPMENTY PER YEAR PER SHIPMENT (SECONDS)

CU=-6. » a8 4.70E+03 1.3000 le Ge0 le Ce
CR‘SI A 1.306‘03 02‘00 le 26000 10 e
Eu-152 A 2.006-03 «8000 12.0 l. Je
FE~-35 A 1.50E‘01 0.0000 le 1.0 le. Je
H-3 A 9.30("03 00370 le 5“.0 1. Oe
KR'8§ A 5.00':"03 01000 le 200 1. Ce
SE-15 A S580E-04 02333 le 1560 l. Je
XE-133 A 1.40€E-01 «062°¢ le 116.0 le Oe
CS~-137+ B 2 +40E+03 00000 le 20 1. Je

« INDICATES NONDISPERSIELE SHIPMENTS
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Table A-27

Route No. 6; End Use: Industrial

CELL IN cuT TRANSPORT ROAD
SEQUENCE OIRECTION DIRECTION MODE TYPE
61 2 2 3 0
52 2 2 3 ¢
43 2 2 3 0
34 2 2 3 C
25 2 2 3 0
le 2 < 3 O
7 2 2 3 0
ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORASGE TIME
TYPE PACKAGE INCEX/PKG SHIPMENT PER YEAR PER SHIPMENT (SECONDS)
CA-45 A S5«00E-03 0.0000 le 4.3 O. Ue
CR=-51 A 1-.00E-02 .1000 le 21a7 Qe Je
H=-3 A 8+10£-03 0.0000 le 7137 O Je
NA'?Z A 5000(‘0~ 02000 le ‘03 [ e
PO‘ZIO B 3.00['02 01000 Le 20 Ce Je
S=35 A 1.00E-03 0.0000 le 4.3 O e
lE‘lZ’ A 1.20{‘-02 01000 le 2.0 00 Je
XE-133 A 2.T0E-C1 0.0000 le 8e7 Oe Je

« INDICATES NONDISPERSIBLE SHIPMENTS
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Table A-28

Route No. 7; End Use: Industrial

CELL N our TRANSPORT ROAD
SEQUENCE DIREC ™« 9N DIRECTYION RODE TYPE
61 3 3 4 0
62 3 3 & 0
63 3 3 N 0
64 3 3 & n
6% 3 3 - 0
66 3 3 @ n
&7 3 3 4 0
68 3 3 4 0
69 3 3 . 0
70 3 3 4 s
20 7 5 1 3
30 S 6 1 3
39 6 6 1 3
48 6 7 1 >
a7 7 7 1 2
46 7 8 1 2
35 8 5 1 2
45 S 7 1 2
49 7 0 1 2
I1SOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIRE
TYPE PACKAGE INDEX/PKE SHIPMENT PER YEAR PER SHIPMENT (SECONDS)
AM~-24]1» B 1.00E~-01 0321 1. 110.0 1. 43200,
AM=241» ] 1 .30E+01 «3023 le 48.0 1. 43200,
CO~-60» A 1.80E+01 «9561 le 11.4 1. 43200,
CR-51 A S«40E~03 <0006 le 21.7 1. 43200.
H=-3 B 1.65€E-02 0.0000 le 1030 43200.
IR-192+» L) 8.00E+01 18.9000 le 52.0 le 43200.
IR=-192+ B8 1.00€E+02 1.2250 le 263.0 1. 43200.
KR-85 » 2.50E+00 «3328 | 821 1. 43200.
SE-T5 A 1.60E-02 «4000 le 52.0 le 43200.
SR=30» A B8.50E-02 «1882 le 34.0 1. 43200,
$-35 K 4.60E-03 0.0000 1. 60.7 le 43200.
XE-133 ks 2+80E+01 6331 1. 168.0 43200,
CS'131 DRU" &.00(-00 00100 1e 2.0 1. 03200.

« INDICATES NONDISPERSIBLE SHIPMENTS
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Table A-29

Route No. 8; End Use: Industrial

CELL IN ouTY TRANSPORT ROAD
SEQUENCE DIRECTION DIRECTION MODE TYPE
3 5 S 1 2
13 5 5 1 b4
23 5 S 1 2
33 5 3 ¢ 3
3a 3 3 1 3
33 3 4 1 .
L 4 2 1 2
47 4 3 1 2
43 3 2 1 3
35 2 2 1 3
30 2 - 1 3
[SOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT (SECONDS)Y
CR=-51 A 1.C0£-0% 01000 le 52.0 00 Oe
H=3 A 3005-03 0.C000 le 52.0 Oe Oe
XE-133 A 4.00E-02 0.0000 le 104.0 0 e

« INDICATES NONDISPERSIBLE SHIPMENTS



Table A-30

Route No. 9; End Use: Fuel Cycle

CELL IN ourT TRANSPORT ROAD
SEQUENCE DIRECTION DIRECTION MODE TYPE
91 8 1 - 0
81 1 1 S g
71 1 8 S C
ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT
ENRICHED U B8 2«00E-03 «2499 le 2270.0 Oe
NATURAL U B 8¢50E~-03 «c000 le J6e3 Oe

* INDICATES NONDISPERSIBLE SHIPMENTS

£Y-v

STORAGE TIME
(SECONDS)

Ce
e
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ISOTOPE

AM=-241+»
CF=-252»
CR=51
FE=55

H-3
KR=-35
RA=226
SE-75
SN=113+»
SR-89
XE-133

CELL
SEQUe NCE
61
52
43
34
25
16
7
i
8
9
18
27
36
35
45
44

PACKAGE

TYPE

> > >R

IN ouT TRANSPORT
DIRECTION DIRECTION MODE
2 2 3
2 2 3
2 2 3
2 2 3
2 2 3
2 2 3
2 2 3
5 3 1
3 2 1
“ 6 1
o 6 1
6 6 1
6 7 1
T o 1
5 7 1
4 0 1
CURIES PER TRANSPORT PACKAGES PER SHIPMENTS
PACKAGE INDEX/PKG SHIPMENT PER YEAR
9.30£-01 0.00040 le 30.1
2.70E-02 5.0000 le 2«0
2.205'01 100300 -w 36.3
200£-03 0.0000 le 4.3
10105‘02 0.0000 le 232.0
5«00E-01 «1571 le 14,0
200E-04 1.0000 le 12.1
2¢5CE-CA «2000 le 52.0
2020E‘02 1.5000 le an‘
4.50E-02 «4000 le 12.1
1 «60FE+00 «1985 le 241.0

Route No. 10; End Use: Industrial

Tahle A-31

« INDICATES NONDISPERSIBLE SHIPMENTS

HANDLINGS
PER SHIPMENT

ROAD
TYPE

0

a

L

0

0

0

U

3

3

2

e

2

3

2

2
l.
le.
le
1.
1.
le
le.
1.
le
le
1.

STORAGE TIME
(SECONDS)

43200.
43200«
43200
43200.
43200.
43200,
43200
43200.
43200.
43200«
43200.
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Table A-32

Route No. 1l1; End Use: Waste

CELL IN ouT TRANSPORT ROAD
SE QUENCE DIRECTION DIRECTION MODE TYPE
3
13
23
33
34
35
a5
47
48
39
3

N

N WE PO N
MRNRNEWNPSHEOBIUWD
Ll I
LG wwNNN WO NN

ISOTOFE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT (SECONDS)

HAS'E A 4.20c-0€ 1.0000 le 30.0 0. e

* INDICATES NONDISPERSIBLE SKFIPMENTS
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Table A-33

Route No. 12; End Use: Fuel Cycle

CELL IN our TRANSPORT ROAD

SEQUENCE DIRECTION OIRECTION MO DE TYPE
3 3 S 1 2
13 3 5 1 2
23 3 3 1 2
33 3 3 1 2
34 3 3 1 3
35 3 4 1 2
45 4 2 1 2
47 o 3 1 3
48 3 2 1 3
393 2 2 1 3
349 2 2 1 3

ISO0TOPL PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKE SHIPMENT PER YLAR PER SHIPMENT (SECONDS)
ENRICHED U B8 3«30E-06 «2500 1le Fe0 O e

« INDICATES NONDISPERSIELE SHIPMENTS



Table A-34

Route No. 13; End Use: Medical

LYY=V

CELL IN curT TRANSFURT RuLAD
SEQUENCE OTRECTION DIRECTION MODE TYPE

61 2 2 3 0

52 2 2 3 #

43 2 2 3 0

34 2 2 3 e

25 2 2 3 ¢

lo 2 2 3 J

7 2 2 3 0

ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT (SECONDS)

e B A 1.50E-03 0.0000 1w 34417 Oe Je
CR'Sl A 10006'02 01000 le 21.7 0. e
I=-123 A 8.00E-02 «3000 le 20 O Te
I-125 A 1.50E-03 0.0000 le 147.0 0. Ce
M6-238 A 2e20E-04 10000 le 12.0 e D e
M0-99 A 1.40E+00 20000 le 4.3 Oe Ce
P°52 A IQSOE’GS 00143 le : 3 00 Je
P=33 A 1.00E-C2 000000 1. 4.3 Je J e
TL-20C1 A 50705-'03 «1000 le 6.0 0. 0.
XE-127 A 1.20E-02 «1000 le 20 0. le
XE-133 A 27T0E-01 0.0000 le 8e7 O Je

* INDICATES

NONDISPERSIBLE SHIPMENTS
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ISOTOPE

CO-€0»
CR-51
H=-3

IR-152«
§=35

CELL
SE QUENCE
61
62
63
64
65
6t
67
64
69
72

PACKAGE

TYPE

> P> P>

Table A-35
Route No. 14; End Uce: Industrial
IN ouT TRANSPORT
DIRECTION DIRECTION MODE
3 3 “
3 3 -
3 3 4
3 3 “
3 3 @
3 3 o
3 3 N
3 3 4
3 3 “
3 3 -
CURIES PER TRANSPORT PACKAGES PER SHIPMENTS
PACKAGE INDEX/PKE SHIPMENT PER YEAR
1 «50E+C0 0.0000 le 208
1.10E-02 «10040 le 217
8.80E-03 0.0000 le 191.0
6.00E+01 1.0000 le 208
4.006-03 0.0000 le 13.0

« INDICATES NONDISPERSIBLT SHIPMENTS

HANDLINGS
PER SHIPMENT

ROAD
TYPE
0
U
¢
J
0
C
0
¢
O«
e
Oe
O»
O«

i OO0
. & 5 s »

(=

STORAGE TIME
(SECONDS)
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Table A-36

Route No. 15; End Use: Modical

CELL in our TRANSPORY ROAD
SEQUENCE DIMECTYION DIRECTION MODE TYPE
61 2 2 3 . 9
S52 2 2 3 0
L] 2 2 3 0
34 2 2 3 0
25 2 2 3 0
16 2 2 3 0
7 2 2 3 0
7 - 3 1 3
8 3 2 1 3
9 . [ 1 2
18 [ 6 1 2
27 6 6 1 2
36 6 7 1 3
35 7 7 1 3
34 7 7 1 3
33 7 1 1 2
23 1 0 1 2
ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT (SECONDS)
AU~-198 " T.80E~-03 «2000 le 48.4 1. 43200,
Co-57 A 6.00E~-01 2.6000 le 24.2 1le 43200.
CR~51 A 2.20E-01 1.0330 le 36.3 le. 43200.
C~14 - 8.00E-05 0.0000 le 181.0 1. 43200.
FE-52 A 252600 4.0000 1. 4.0 1. 43200.
HE~203 . 1.00E-02 «3000 1. 52.0 le. 43200.
I-125% a 190E-03 «0046 1. 1580.0 le 43200.
I=-3131 A 4.00E~02 « 4845 le 856.0 1. 43200.
K-43 A 2«00E-03 «4000 le 24,2 1. 43200.
MG-28 L S5.20E+01 1.1100 le 46.0 | Y 43200.
MO-99 o 1.30€+00 «1318 le 1470.0 le 43200.
P=-32 A 1.30E-01 «436°% 1. 253.0 1. 43200,
MNO=-959 ] 9.10E+01 6.1960 S 48.4 1. 43200.
TL=-201 B 3.10E-03 «4250 le 8.0 1. 43200.
XE-133 A 1«60E+00 «1985 1« Z41.0 le 43200.

* INDICATES NONDISPERSIBLE SHIPMENTS
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Table A-37

Route No. 16; End Use: Waste

EELL IN our TRANSPORT ROAD

SCQUeENCE CIRECTION DIRECTION MODE TYPE
3 > 5 i 2
I 3 S 1 2
23 3 - 1 2
33 5 3 1 b
34 3 3 1 3
35 3 4 1 2
44 4 2 1 2
47 - 3 3
45 3 2 1 3
33 < 2 1 3
30 2 2 1 3

ISOTOPE PACKAGE CURIES PER TRANSPORT PACKAGCS PER  SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT (CECONDS)
MCP DRUM Be40E-C2 «2354 le 66e0 Ue Je

» INDICATCS NONDISPERSIBLE SHIPMENITS
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Table A-38

Route No. 17; End Use: Fuel Cycle

CELL IN ouT TRANSPORT ROAD
SEQUENCE DIRECTION DIRECTION MODE TYPE
3G ) 6 1 3
39 6 6 1 3
43 & 7 1 o
47 1 7 b4 3
45 7 8 1 3
35 8 7 1 3
34 7 7 1 3
33 7 7 1 2
32 7 8 1 2
21 8 L 1 3
11 1 1 1 3
1 1 s 1 3
ISOTOPE PACKAGE CULRIES PER TRANSPORT PACKAGES PER SHIPMENTS HANDLINGS STORAGE TIME
TYPE PACKAGE INDEX/PKG SHIPMENT PER YEAR PER SHIPMENT (SECONDS)
SPF-IH CASK=-1 1.54E+02 0.0000 le 12«0 O« s
SPF=EX» CASK=2 2e17E+GE 1.0000 le 12.0 Ue Ue

« INDICATES NONDISPERSIBLE SHIPMENTS



A7. Accident Rates and Delay Times

A7.1 Motor Vehicles

Reference 11 reported 3.8x10° total truck accidents during 1975. AdditionallyB
data from Reference 7 indicate that of this number of accidents, 76% or 2.9x10
truck accidents occurred in urban areas. Using data from Reference 10, it is pos-

sible to subdivide these accidents by time of occurrence. Table A-39 presents the
results of this subdivision.

Table A-39

Calculation of Motor Vehicle Accident Rates

Urban
Fraction of Total Vehicle Motor Vehicle
Accidents Number of Kilometres Accident
Occurring During Urban Traveled Rates
Time Span Time Span Accidents by Time Span (accidents/km)
1 0. 42 1.2x10© 1.3x10 10 ~9,'x10" °
2 0.062 1.8x105 2.3x1010 ~7.7x10 ©
3 0.16 4.6x10° 6.4x1010 7.2x10 ©
4 0.085 2.5x10° 2.8x1010 8.8x10 ©
5 0.20 5.8x10° 5.3x10 10 1.1x10" 2
6 0.075 2.2x10° 8.5x10° 2.5x10 °

The fractional breakdown of urban truck travel by time of day has been obtained
from Figure 5-7 of Reference 2 using a square counting technique. These data are
combined with a value of 1.9x10'! total kilometres of truck travel in urban
areas. !! These total truck travel data are also reported in Table A-39. The final
column in this table lists the calculated accident rates, obtained by dividing the
number of urban accidents by the urban vehicle kilometres traveled. A further
subdivision of these accident rates is made on the basis of severity-dependent
fractional occurrences for inclusion in the risk calculations. The urban-specific
fractional occurrences for truck accidents are given in Table A-40, and the method
used for their determination follows.

The fractional occurrences by accident severity category are taken from average
values for property damage accidents in major urban areas* and values for injury
and fatality accidents. It is assumed that no fatalities occur in anything less

*Information was obtained through telephone conversations with police depart-

ments in Philadelphia, San Francisco, and Los Angeles since New York City data were
unavailable.
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severe than Category V accidents (see Reference 7, Chapter 5) and that injuries
occur predominantly in Category II - Category IV accidents. A value of 0.714 rep-
resents the average for accidents involving only property damage. The total for
all accidents involving injuries is 0.282, leaving 0.004 as the fraction of acci-
dents with fatalities. Fractional occurrences are listed in Table A-40.

Table A-40

Fractional Occurrence for Urban Truck Accidents

Accident Severity Fractional
Category cccurrence
I 0.71
11 0.23
I1I 0.044
v 0.010
v 0.0021
VI 8.3x10 “
VIl 6.4x10 2
VIII 1.1x10" ®

A7.2 Aircraft

In the New York City study area, 33 km? are streets, 52 km? are occupied by build-

ings, and the remaining 15 km? are open area (water, parks, etc.). A previous

study ad justed the aircraft accident rates to account for real surface--as distin-
guished from unyielding surface--effects.’ Since the data in Reference 7 are for

the entire nation and reflect large amounts of open area, an adaption of these data

is necessary. Designations of surface type from Reference 7 have been adanted to

the urban area. The probabilitiy of occurrence of a particular surface type has been
multiplied by the appropriate urban area in kmZ (open, streets, buildings). The result-
ing numbers have been standardized to yield a set of revised probabilities for the

urban area. These values are listed in Table A-41.

Using the probability information in Table A-41, the severity-dependent aircraft
accident occurrence probabilities can be adjusted as in Appendix H of Reference 7.
If the comparison of urban open space with water/soft soil ¢nd urban street/build-
ings with hard soil/soft rock/hard rock is extended to the values for Young's modu-
lus and Poisson's ratio, then the values for V/V_ can be extracted from Table H-1
of Reference 7 and used directly. When this is aone, the values given in Table

A-42 can be computed.

A7.3 Rail Tramsport

Information on rail transport accident rates has been taken from Table 5-5 of Ref-
erence 7. Values for accident rates to be applied to this study are listed in

Table A-43 .
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Table A-41

Fraccional Occurrences for Aircraft Accidents
in Urban Areas

Fractional
Occurrences in &
Surface Type Urban Area Example Urban Areas V/Vs
Water Water 0.055 k.50
Yielding surface Parks, cemeteries, 0.085 7.1
other open space
Slightly unyield- Streets, small resi- 0.80 3.0b
ing surface dential buildings
Moderately unyieid- Other buildings 0.051 2.2
ing surface
Unyielding surface® Abutments, steel 0.01 1.0
reinforcements

3Ratio of impact velocity onto a real surface to the impact velocity for
similar damage onto an unyielding surface.

bArithmetic mean of values for hard soil and soft rock in Reference 7.

€A 1% value for unyielding surface has been added for conservatism as in
Reference 7.

Table A-42

Ad justed Scheme for Urban Aircraft Accidents

Fractional Fraction Fractional
Occurrence Deleted Occurrence
Accident Unyielding by Fraction Fraction Added by Adjustment Real
Severity Surface Ad justment Unylelding - y8 sus mus total Surfaces
VIII 0.03 0.0297 0.0003 0 0 0 0 0 0.0003
Vil 0.04 0.0396 0.0004 0 0 0 0.0015 0.0015 0.0019
Vi 0.03 0.0297 0.0003 0 0 0.024 0 0.024 0.0243
v 0.03 0.0297 0.0003 0.0016 0 0.031 0.002 0.035 0.0353
v 0.05 0.0495 0.000% 0.0022 0.0025 0.224 0.003 0.032 0.0325
111 0.09 6.0891 0.000% 0.0016 0.0034 0.026 0.0015 0.031 0.0319
5 B 0.73 b b 0.024 0.017 0.11 0.0071 0.16 0.888

®overall accident rate, all categories = l.“x’.O-. accident/km.
anngottu I and II not adjusted.
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Table A-43

Fractional Occurrences for Urban Train
Accidents by Accident Severity Category

Accident
Severity Fractional
Category Occurrences*
1 0.50
II 0.30
II1I 0.18
1V 0.018
v 0.0018
VI 1.3x10° ¢
VII 6.0x10 >
VIII 1.0x10°

*Overall accident rate =
0.93x10 © 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"loll .

Table A-44

Fractional C :currences for Urban Water Transport Accidents

Accident
Severity Fractional
Cotegory Occurrence*
I 0.897
I 0.0798
& ¥ 4 0.00113
v 0.0186
v 5.2x10 ©°
VI 7.2x10 3
VIl 1.95x10°*
V1L 1.3x10 3

*Overall accident rate
= 6.06x10" ® accidents/km.

A-55



A7.5 Delay Time

Accident delay time is defined as the length of time a carrier vehicle (and, there-
fore, the transported material) does not move f -i.owing an accident.

Basic information on delay time for various __cidents has been obtained from a
carrier of radioactive materials who frequently operates in the New York area.
Officials have indicated that the time following a minor traffic accident before
the vehicle begins to move again is from 30 minutes to 4 hours, with an average of
around 2 hours. On the other hand, severe accidents could cause delays of 6 to 8
hours, with a marimum of about 24 hours. It has also been indicated that geogragh-
ical location and time of day are not significant factors in these delay times. '

The small quantity of data available in NRC and DOT accident records support the
estimates for Categories II through V accidents.* Values may be quite high for
more severe accidents, but the paucity of available data makes the number difficult
to obtain. The values in Table A-45 are used for all modes under the assumption

that the delay time is more dependent on the overall accident severity than on the
mode of transport.

Table A-45

Estimated Accident Delay Times for Trucks

Severity Estimated Accident
Class Delay Time (seconds)
I 1.8x103
11 3.6x103
111 7.2x103
v 1.4x10%
v 2.9x10"
VI 4.3x10"
VIl 6.5x10"
VIII 8.6x10"

A7.6 Release Fractions

In order to assess the risk of a transportation .ccident, it is necessary to pre-
dict the fraction of the total package contents which would be released from an
accident of a given severity. The actual releases for a particular package type
would not necessarily be the same for a number of accidents of the same severity
class. In some cases there may be no release, while in others there may be, for
example, a 10% release. Indeed, in an accident involving a number of radioactive

*
See NRC and DOT incident reports in Appendices H and J of this report.
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material packages transported tcgether, some of the packages may release part of
their contents while others have no release at all. The approach taken in this
assessment is identical to that used in Reference 7, where point estimates are used
for the average release fraction for each severity category and package type, and
where it is assumed that all such packages, including each package in a multipack-
age shipment, respond to such an accident in the same way regardless of transport
mode or package contents. In addition, it is assumed that an accident of a given
severity produces the same release fraction for a specific package type regardless
of transport mode. Although this assumption appears to directly equate crush
force, impact, and puncture, it actually assumes that the release from a specific
impact accident will equal the release from an equivalent crush or puncture acci-
dent. This equivalency is made by appropriate assignment of the fractional occur-

rence by severity for each mode.

Packaging standards do not require testing to the point of package failure; the
paucity of data on package responses to sevs. e accidents makes it difficult to pre-
dict even the average release fraction, m..h less a distribution. Therefore, until
recent!v, there has been little information relating the response of packages to
accident environments. A series of severe impact tests was carried out usin§ sev-
eral types of containers commonly used to ship plutonium and spent fuels, -3 14 19
Tests of plutonium containers revealed structural damage to the inner container
after impact onto unyielding targets at speeds up to those typical of a Category V
impact accident.. Several containere exhibited some minor structural damage and
cracking in Category VI impacts, but no verified release occurred. Tests of typi-
cal commercial containers showed the failure of a nonspecification cast-iron plug,
material loss, and compromise of the overall integrity of the inner containers. In
one set of tests, a container was estimated to have lost 6% of its contents (mag-
nesium oxide powder, a radioactive material surrogate) in a Category VII impact,
while others survived Category VIII impacts with no loss of contents. Although
none of the containers in this test series was subjected to fire, others of the
same type survived less severe impacts followed by a 1300°C environment lasting for
30 minutes with no release.

The responses of packages are estimated using either this test information or as-
suming that packaging begins to fail at levels just above those they are required
by regulations to survive. The release fraction estimates for all package types

evaluated are shown in Table A-46. A more detailed derivation of these values for
each package type is contained in Chapter 5 of Reference 7.

Table A=46

Release Fractions

Type B
Severity LSA Type 1975 Cask Cask

Category Drum A No Pu Pu (exposure) (release)
I 0 0 0 0 0 0
I 0.01  0.01 0 0 0 0
111 0.1 0.1 0.01 0 0 0.01
v 1.0 1.0 0.1 0 0 0.1
v 1.0 1.0 1.0 0 0 1.0
VI 1.0 1.0 1.0 0,01 3.2x10" 7 1.0
Vil 1.0 1.0 1.0 0.05 3.2x10° 9 1.0
(7881 1.0 1.0 1.0 0.1 3.2x10 3 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. This dose, referred to as incident-free
transport dose, is defined as that which results from trans, ort involving no
vehicular accident, packaging or handling abnormalities (e.g., improper labeling,
crushing by fork lifts, omission of o-rings), or malevolent attack.

The model used to calculate dose due to incident-free transport is based on the
transport index (TI), defined in the Code of Foderal Regulations as the dose rate in
mrem/h measured at a distance of 0.9 metre (3 feet) from a package (see Reference
1).* Since the measured value for this parameter is noted on each package, it pro-
vides a convenient benchmark for computing incident-free dose.

The entire development of the dose computation is based on the following formula for

dose rate from a point source of ionizing radiation:

- Nr
- Ke B(r)
DR g e (1)

r
where
DR = dose rate (mrem/h)*#*
K = dose rate factor (mrem*m?/h)
W = attenuation coefficient (m )

distance from source (metres)

Lo |
[}

B(r) = dose rate buildup factor (dimensionless)

*The Code of Federal Regulations addresses two types of TI. Radiation TI is
equal to the dose rate measured 0.9 metre from the package; fissile Tl is computed
based on criticality considerations. Since the TI rating of a package is the larger
of the two, this assessment assumes that the quoted TI is radiation TI. This
assumption will overestimate dose effects for some packages of fissile material.

*
A complete list of variables, constants, and functions used in the equations in
this appendix is in Addendum 1.



In this case, e-ur accounts for the attenuation of photons in the absorbing medium
which surrounds the receptor, 1/r% 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 d~pendent
(see section Bl.2). 1If K is redefined to incorporace package and shipment
characteristics, it can be replaced by K0°TI'PPS, as described below.

A packag: shape factor, K , is defined to account for the actual package dimen-

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

K, * T * PPS e "Te B(r)
DR = - = (2)
r

where PPS = number of packages per shipment.

Figure B-1 diagrams the most important manipulation in determining integrated popu-

lation exposures. The questicns 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?

Arbitrary Distance from Shipment
Path to Individual at a given time = r =

d = Minimum Distance from Shipment
l Path to Individual

— . OO

!

Shipment Path

Figure B~1. Basic Geometry for Integrated Dose Calculations

B

Note that the K_ values used in the model include a factor of 0.84 to allow for
the use of Tl in terms of metres rather than feet. Values for Ko are 1.25 for Type
A packages, 1.49 for Type B, BPu, LSA, and drums, and ~110 for casks.



Initially it is noted that

DR = 5’% (3)

where D = total dose.
By manipulating a definition,

dx

where V = gpeed (assumed to be constant). Combining Eqs. (1), (3), and (4), and
integrating an expression for total dose from a shipment traveling from -® to +*
past the individual, the following expression is obta lned:

K F e-urB(r)dx
o [ s o

4

Integrating over r instead f x and noting that this function is symmetric about the
origin results in the following expression for individual dose:

—ur
D = %l_(_ /e B(r)dr . (6)
d rvr- -d

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 Bl through BS.

Bl. Dose Due to Incident-Free Truck Transport

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.

Bl.1 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 w_, at a speed V (averaged over cruising petiods and stopped periods), as
shown iR Figure B-2. Assume as well that equal numbers of pedestrians are moving in
each direction at speed vP at a density given by PedD (persons/km? of sidewalk).
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Street !
. L . .

Canterline

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

The derse received by pedestrians, resulting from these assumptions, has four compo-
nents.

l. Dose to pedestrians moviug 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 peleztrians 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 pedes.rians are stationary and_that the shipment is moving past them at a speed
of V + v_ (components 2 and 4), or V - v_ (components 1 and 3).* In general, ship-
ment velbcity is much greater than pedesgrian velocity. However, under congested
traffic conditions vp 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 0.75w__., and the distance from the center of the package to the edge of the
street at the near sidewalk is 0.25w ¢+ Using Eq. (6), the dose received by an
individual as the shipment passes can be given by

*
This effectively lengthens or shortens the strip of length L showr in Figure
B~-1.

**Average truck width is 2.6 metres, average package width 0.7 metre, and average
street width is 20 metres.
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D(x) = & 1(x) (7

where

total integrated exposure dose to an individual at a distance
x from the path of a radioactive shipment (effect of shield-
ing by truck is not included)

D( x)

K = dose rate factor for the shipment

V = ghipment speed

=
"

perpendicular distance from individual to shipment (replacing
D as previously used); and

air
e « B (r)dr
1(x) -/ a3F (7a)

where

iy ® attenuation coefficient (for air)

Bair(r) = dose buildup function (for air)

When this general expression for D(x) is multiplied by pedestrian density and inte-
grated over the area of exposure, an expression for total pedestrian exposure per
shipment on each side of the road is obtained:

d+ws

ID = Q « PedD * L f D(x)dx (8)
d

where
ID = integrated dose (person-rem)

PedD = pedestrian density (persons/km2 of sidewalk, assumed con-
stant)

L = trip length in ceil (metres)

d = minimum perpendicular distance from shipment path to ed,« of
sidewalk (metres)

w, = sidewalk width (metres)

) = general units conversion factor



The dose received by pedestrians from the ground and/or ad jacent 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. The
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 albedo dose from building backscatter as a function of energy 1is 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 persun subtends a finite portion of the reflection given in
Figure B-5 (0.67 steradians, assuming a 0.9-metre standoff and a l.8-metre by
O.3-metre profile), the total albedo of 0.16 becomes 0.017. The bacggcatter of
groundscattered radiation is the product of 0.2 and 0.017, or 3.4x10 7,

ERRRn

P 4

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



Source Detector
s I d -
h
/ y / /
Concrete
B-4a. Geometry for Gamma-Ray Scattering Experiments
Performed by Clarke and Batter%
25 T T T T T T T T
i & o d = 0.3 metres
| o o * v : a e d = 0,6 —
- v 0‘
e « & o d=0,9
- k2 . v
'8 - @ d=1.2 ~
-~ rW .A e L4
8 5 & o d =1.5
@ v
& 10 v s d=1.8 B
= 5 80
o o A a d = 2.2 metres
- 5
p-— 7% o 4
g %!x
A »
o
0 | L | | | 1 1 of ')ﬂm:mﬂ
.01 0,02 0.05 0.1 0.2 0.5 ) 2
h/d

B-4b. Increase in Gamma-Ray Dose Rate from an Ir-192 Source

Due to Scattering from a Concrete Surface®

Figure B-4,

0



4 x 107

1 e Raso
2_ - Wells _J
107 -
81 -
6 .

i - -
-2
10 | o | | |
0 2 4 6 ] 107 12
EO (MeV)

Figure B-5. Total Dose Albedos for Gamma Rays Normally Incident on Concrete“

When both albedo dose and dire:t dose are considered, the integrated dose to
pedestrians becomes

ID =Q; » PedD » L « (2 « K+ TI « PPS) + ABD -
1 o

0.75w__+w 0.75w__+w 0.25w__+w 0.25w _+w
st s st s st s s

st
1 1(x)dx +f1(x)dx #/I(x)dx . o] ©
2 V-v V+v V-v V+v
p p p P
0.75w, 0.75w,_, 0.25w_, 0.25w

where

2
Q, = units conversion factor, 2.78x10713 Zemchrim

2
mremes e mn

ABD = albedo dose factor (= 1.22)



It should be noted that as V approaches v_, the integrated dose approaches infinity.
This is clearly unrealistic and an artifagg of the modeling. In the numerical cal-
~ulation, a default value is assumed when V = vp.

The integrals in Eq. (%) can be evaluated using zero-order Bessel functiors.* No
pedestrian self-shielding is evaluated, and no structural shielding from the trans-

port vehicle, other cargo, or other intervening vehicles is assumed.

Two additional factors will be considered: dose to people moving at right angles to
the shipment direction on sidestreet sidewalks and dose to people moving in cross-
walks in front of the shipment while it is stopped at intersections.

The geometry for c: lculating dose to pedestrians on sidestreets is shown in Figure
B-6.** If building shielding is ignored, the dose received by a person in the
rross~hatched area it an arbitrary distance x from the shipment can be calculated

using

r
e air | B (r)dr
D(x) -—;—'5 f six (10)

D

The integrated dose received by all people on the sidewalk (shaded areas in Figure
B-6) as the shipment passes is given by

o o -u r
2K e T . B g (T)dr
ID = = « PedD - " i dx (11)
Lo G
d+w X r r -
-]

If it is assumed that people are stationary as the shipment passes, the expression
for integrated dose to people moving parallel to the shipment for one block is

dw » it
2K e 2T . B gp(r)dr
ID, == « PedD + L » — dx (12)
v " \/—rz_ x‘i
d *®

*
The numerical analysis used to evaluste complex functions and integrals is
discussed in Addendum 2 to this appendix.

ok
Note that pedestrians moving parallel to the shipment in the crosswalk area are
implicitly included in Eq. (9).



Sidewalks on Sidestreet
Buildings or - P

Other Structures

] J
!

- S
b s N7
7 : «
> 35d Ny [ P Crosswalk
aralle
Sidewalks o //// v
e e (. S,
o
- - — L -

Figure 8-6. Geometry for Incident-Free Dose to Pedestrians on Side Street

The ratio of the perpendicular and parallel components of pedestrian dose is formed
by

(13)

Assum.ng 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. Since shielding due to intervening structures
will further decrease the dose received by pedestrians on sidestreets as the dis-
tance from vehicle to the intersection increases, ignoring perpendicular pedestrian
flow on sidestreets does not introduce a significant underestimate of the dose to
pedestrians.

The second aspect of the perpendicular pedestrian dose calculation is illustratea °n
Figure B~7. Here, the source is stationary and the people are moving at a speed v
across the iatersection in front of the stopped vehicle. It can be shown that the
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 wgre moving by at a perpendicular distance x at a speed v _.

If it is assumed tha' the vehicle is located at the center of the street, the tBeal
dose received by pedestrians who walk across *he street in the crosswalk nearest the
vehicle can be expressed as

B-10



where

M T
o (ust/Z) + x

Similarly, the dose to people in crosswalks on the far side of the street is

d+2w twgy
“1 -y r
K J/' e rair® . p(r)dr
ID, = —- +w <+ PedD - e dx (15)
L|2 Vp st i m
d+ws+wst

Note that dose :o people
in the shaded reas is | l
-+dalready includ:d in the

analysis.
Iw i | !
ol | !
| I | '
| | | !
v | o
| L
—(#p— 1 « ek :
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'

Area
Occupied by
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Figure B-7. Geometry for Incident-Free-Dose to Pedestrians in
Crosswalks Ahead of Vehicle
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A ratio of these values to the dose received during parallel passage can now be

formed:

42 T Yee TP YT, (16)
v

I P I

If the previously mentioned values for L and w, 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 V are used, the ratio is
approginately 0.1. Note that this assuges 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 12 metres, 0.0l for 30 metres). Because of these factors, dose
received by pedestrians in crosswalks is not included.

People in Buildings

Dose to people inside buildings is computed in a similar fashion to dose to pedes-
trians. Significant differences are (1) structural shielding is considered and (2)
people are considered stationary inside buildings. The basic geometry is shown in
Figure B-8.

/ Populated Area of BSuilding \
: E . |

w, Building Structure Thickness

b

1
'
u. Sidewalk Width

-—

—

~ l -~ |
j B ;
ﬁ_‘_l.: |
- : ~ |
L3 . = . Vet Street Width
!
)
L
s
|
-
Ny /

Figure B-8. Geometry for Incident-Free Dose to People in Buildings

B-12



Building Characterization — In order to detail the development of this dose model,
u ng types and materials must be considered. Initially, buildings are characte-

rized by three parameters: principal co.struction material, wall thickness, and
height.

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, frrme 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 requiremeuts, 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:
l. 10 to 20 c¢cm of wood,
2. 20 to 25 cm of brick/concrete,
3. 61 em of concrete, and

4. 2 cm of plate glass.>

Attenuation Coefficient — The linear absorptior 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. Reference 6 suggests the following mathematical expression to describe this

dose buildup:

-, Uw.

B(E,u,w,) = A, e "2""b +4, ; g (17)
where

E = incident photon energy (MeV)

p = attenuation coefficient (m !) (the product bWy is
called relaxation length)

AI’A2'°2’°3 = empirical constants

wall thickness (metres)

“b

B-13



Table B-1

Attenuation Coefficients for Various Materials (w-l)

Photon
Energy (MeV) Aic® T Concrete’ Wood® © Glass® f
0.5 1.11x1072 22.0 5.0 22.0%
1.0 0.81x10" 2 15.0 4.0 15.0
2.0 0.57x10 2 11.0 3.1% 10. 5%
3.0 0.46x10 2 8.8 2.5 8.6
4.0 0.41x10 2 7.8 2.1% 7.4%
5.0 0.35x10 2 7.1 1.8% b 7%
6.0 0.32x10"2" b 6% 1.7 6.3
10.0 0.26x10 2 6.0 1.25% 5. 6%

“Reference 7, Table 8.75.
bReferences 7 and 8.

“The concrete mixture is one part Portland cement to two parts sand
and four parts gravel.

dReference 8.

“The wood is an average of ash, oak, and white pine. The values
are closest to that for white pine.

tReference 8 for average plate glass.

*
Obtained by interpolation using Figure B-9.

ne

Linear Attenuvation Coefficie

Photon Energy (MeV)

Figure B-9. Linear Attenuation Coefficients as a Function of
B-14 Energy for Some Materials



Reference 6 provides curves for A, A», az, and a3 for some materials. The curves

for concrete are included in Figur: B~10. Reference 5 provides buildup factor data
for different types of glass and varicus relaxation lengths. Using Type-8365 glass
and bw, = 2, buildup factors for thin barriers of glass can be estimated.

Buildup factors for wood are taken from Reference 6 using uw = 1.0. Buildup factors
for air are of the form

E(r) = 1 + C(E)r (18)

where C(E) is an energy-dependent factor. Values for C(E) have been chosen to make
the values for B(r) compatible with those suggested in Reference 6.

I | I | T T T T T T .12
12 Dose Buildup Factor for Concrete, N
I Point Isotropic Source Density 2.3g/cm
~q M X -0 X o
BJ(EO, uox) B Ale 20 + Aze 3“0
-10.1
-
—.08
4
< —
1=
3
.06

Sca’
/

—0.02

(4.
g

E(MeV)

*Obtained from Reference 6

Figure B-10. Dose Buildup Factor for Concrete
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Multiple Slab Geometry -- A multiple slab geometry arises because the photon flux
must penetrate a slab"” of air and then a "slab" of building material before it
reaches the population of concern, as shown in Figure B-1l. Reference 6 suggests
that for two slabs of a light material (e.g., air) followed by a heavier material
(e.g., wall) it is mest accurate to use the buildup factor for the heavier material
alone, regardless of slab th’ckness. Thus this technique is used.

Barrier #3:

% ’5 Barrier ¥#1: Afr

isotropic
Point Source
of v

Building Exposable
Barrier #2: Alr] Matecials Populat for

!
|
|
|
|
I
I
i
|
|
|
!
|
|
1
|
-l

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. The assumption that radiation
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: Figure B-12 shows a parametric plot
of the Peebles dose buildup factor (DBF) as a function of relaxation length and
angle of incidence. By taking the ratio of the PeeblesDBF for an arbitrary angle to
that for the straight-through path (cos® = 1.0), 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 usin; this value on Figure B-12 and replotting the ratio discussed
above as a function of incidence angle, an effective attenuation factor, called tuw
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 ircn. 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.
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The angle between the center of a particular floor and a point in the center of the
street directly in front of the building would be used if the vehicle always stayed
in front of the building. In fact, the angle subtended by a ray path must also
account for the distance of the vehicle down ithe street from the point directly in
front of the building, as shown in Figure B-14. Based on this geometry, the oblique
angle ¢ impingement between the ray pati. and a line normal to the building at the
part. _.lar floor is given by

6 =3 - tan ! ( “se/2 * ¥ ) (19)
V)2 + ((a - 0.5)n)°

where
n = number of floors in buildings in cell
h = height per floor (metres)
Line Normal to Building (Length of Normal = w_ /2 + w_)
’ st s
Height of Dose
Point = (n - 0.5 = === 1

g = Obliqueness Angle

~

= = = N
h
1 i
-
.
5 (1 d in calculation) - :
({gnored in calculation 'hr 2 w12 4w )2 .
w_ _[2 st ©
st =
Distance "Downstreet” = r’ ((n - O.S)h)z
‘hr.)z + (w /2 +w )2 + ((n - U.S)h)z
st s

] w
'91/2 + v | “\~\3\\\\-‘

Vol s tm-omm®  sestoe “ar/? * ¥ ]
(r

52 4 ((n - 0,5W°

Figure B-l4. Obliqueness Geometry

The slant distance from the vehicle to the point of oblique impingement is given by

r= \/;r')2 + ((n - O.S)h)2 + (wst/Z + ws)2 (20)

The obliqueness factor plotted in Figure B-13 can be replotted as a function of
slant distance r. The result is a family of curves for various values of the sum
(v't/Z + w.) which provides the obiiqueness factors used in the dose computations.
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Before these radiological factors can be used to compute population dose, the dis-
tribution of people in buildings must be considered. It is assumed that all people
who are residents, workers, or transient population are inside buildings. This is a
conservative assumption since some are clearly accounted for by estimates of pedes-
trian density and people in vehicles. The expression used to calculate the popula-
tion density in buildings is given by

PPB = (PD + TC) K%' (21)
b

where

PPB = population density inside building in cell

PD = overall pogulacion density in cell (residents * commuters,
persons/km< )

A = area of cell (kmz)
TC = transient population density (persons/kmz)

fb = fraction of cell area occupied by buildings

If it is assumed that people are uniformly distributed on a floor-to-;loor basis,
the number of people per floor is given by

PPB
PPF = T (Afb) (22)

Actual ray-path geometry can be complex, as shown in Figure B-15. Radiation can
pass directly through building materials or can have multiple scatterings in air,
windows, or wall materials. To account for the population distribution on each
floor and the heterogeneity of the outer wall, it is assumed that all people are
immediately ad jacent to the inside of the outer wall of the building. Because no
allowance is made for shielding by interior partitions, furnishings, or floor mate-

rials, the analysis is conservative.

The number of people passed by a shipment in an incremental length of travel Ar on a
given floor in the cell can be obtained by multiplying the linear population density
per floor (that is, people passed per kilometre of travel) by the incremental dis-
tance traveled. The equivalent linear population density per floor is obtained by
dividing the total number of people on a specific floor in the cell by the total
building perimeter of the cell. A value of total building perimeter can be derived
from the cell geometry if it is assumed that buildings are uniform throughout the

cell and have square cross sections.

If the cell contains k? buildings of width Ab, then the fraction of total cell area
occupied by buildings is given by

kz(Ab)z (23)

2 2
k" (Ab + ¥ + 2ws)

fp
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linear ng;t—zgl ¢ A (PD + TC)(w . + 2w )
(population) = ? = g 2 (27)
density AAv/fg(l - /fb) a(,/fb - fb)n
(W + 2w))

Using Eq. (27) and the integration technique in Eq. (6), the following expression
for integrated dose to people in buildings can be derived:

4 o Ql . Ko « TI « PPS (PD + TC)(wst + ZUS)

ID = - - /_.,
Vv “( v fb - fb)n

e L o»

; - " eVair® . oF (r)dr
~UpWh r—
© ¢ By (wy) - E —
o .}/F r2Jr? - g2
i=1 | 1

(28)

where

B, = \/Qh(i - 0.5))% + (W, /2 + ws)2

The integral in Eq. (28) is evaluated numerically in Addendum 2 of this appendir.
The derivation assumes that the shipment moves from + ® to - « while exposing people
in the cell. This approximates the condition where people in one cell may receive
some dose while the source is in an adjacent cell.

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. Two subgroups
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.

+ + T

R —
v

Figure B-16. Incident-Free Dose to People in Vehicles B-21



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 b2 modeled as a
stationary set of vehicles wi:h some specific vehicle separation distance, d;, 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 rcute. When traffic stops under these circumstances, the vehicle pattern
can again be modeled as a stationary set of vehicles with a shorter separation
distance, §.

The following additional assumptions are made:

* Vehicles accelerate and decelerate instantaneously so that the separation
distance changes from d;, to § instantaneously.

* No shielding is provided by vehicles.

+ People are located at the center of vehicles.

* Traffic is uniform across lanes on each side of street.

Using these assumptions, the total integrated dose to each person in a vehicle at a
distance d; from the transport vehicie during the cruising phase is given by

-u_, _(d.+2)
e Sir 1 L3 (4. +8)
air 1

= . | . - L—
ID(d,) = K« TI « PPS v (29)

2
(dl + £)

where the first factor represents dose rate at a distance d) + % and the second
represents the time spent at that distance. By noting that for values less than 100
metres, the product e uair(dl + ) « B n (d, + &) is approximately equal to 1.0, the
expression given in Eq. (27) can be sigpfified by substituting 1.0 for this product
for the remainder of the derivation. This results in less than a 10%Z overestimate
of integrated dose in a{l cases. The value for cruising speed V can be derived
from average velocity, V, knowing cortain cell and traffic paraméters. Initially,
it is noted that

‘—"_r-_+(gl.'%'.g)'_l_:§ﬂ 30

v v D’

Cc c

where
V = average traffic velocity (m/s)
L = total distance traveled in cell (metres)
V = crusing velocity (metres per second)
L/V, = time required to drive across cell (seconds)
E = fraction of intersections at which vehicle stops

i = delay time at intersections (seconds)

o
|
to
e



D” = average block length (metres)
£EQ/D” = time spent stopped at intersections (seconds)

By noting that average block length is equal to the sum of building width, street
width, and twice sidewalk width and substituting for Ab in Eq. (23), average block

length can be shown to be equal to

Vst * 2ws (31)

TR AT

where f = fraction of open area in the cell and where fb in Eq. (23) is assumed to
include all nonstreet area.

Substituting Eq. (31) into Eq. (30) and solving the resulting expression for Vc
yields

V = 1

: _
€,~§2°(1-‘/fb+fo)

o - Zws (32)

<i|+

In order to more accurately calculate dose to people in vehicles, the phenomenon of
platooning must be consiiered. Taking into account the limitation imposed by
average street width, it is assumed that the dose t> people in vehicles is only
accumulated by people in vehicles in the two lanes on each side linearly adjacent to
the lane i: which the transport vehicle is traveling. In addition, up to two
vehicles directly ahead of and behind the transport vehicle are also included. With
this in mind, the intersection situation can be visualized as shown in Figure B-17,
with a maximum of 24 vehicles "at risk."” A "platooning factor” can be derived to

ad just the maximum possible dose for the actual number of vehicles present. This is
done by first computing the maximum integrated dose for a total cluster of five full

lanes:
ID = Q » Ko « TI » PPS * PPV +* LT -+
inner group middle group outer group
distance and + distance and + distance and (33)
attenuation factor attenuation factor attenuation factor
where
Q = general units conversion factor
AT = generalized time

PPV = number of people per vehicle
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inner Grouj

Middle :rt"s’,‘

Figure B-17. Model of Dose to People in Vehicles Including
the Phenomenon of Platooning

Using the simplified version of Eq. (29) and Figure B-17, the three distance and
attenuation factors can be specified as

(IGDAF) = 2 — + 22 (34a)
(d1 + ) (wst)
2L
| 2 4
(MGDAF) = 5 + 5 + . - (34b)
e (z(dl + 2)) (dl + 1) +(wst
L L
4
(OGDAF) = . -+ 3 .+
(d, + )"+ /w \“ Q@, +))+ ;w |
! (:) 1 (_ st
L 2L
2 2
( .
(Z(dl +2))° + (wst) (34¢)
L
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w /L’?
If R is defined as Lf‘——‘— then

£ ]
@, + v’
(I +M+0) = : 5+ % 5+ 2 5= + Q2 5 +
(d, + ¢) R(d, + £)° R(d, + 2) (d, + )
1 2 1 1 1
4 + 4 +

(dl + t)z + R(dl - 1)2 (dl K z)f;; R(dl . 1;2
Iy

4 + .

4(d, + 1)2 + R(d, + 1)2 4(d, + t)z + R(d, + 1)2
1 % 1 1 1

1 10 20 . - + 16 ) (35)

el | 2.5+ — +
(dl+l.)( R (4+#R) (1 +R) (16 +R)

Eq. (33) can now be modified as follows:

1

ID=Q +* K, * TL » PPS * PPV ¢« AT - 5 (36)
(dl+z)
10 4 20 16 |
2.3 M TR TR 16|

This equation gives the maximum dose possible assuming that the platoon of vehicles
contains 24 vehicles as shown in Figure B-17. 1If there is less than the maximum
number of vehicles present, the integrated dose of Eq. (34) should be reduced ac-
cordingly. This is modeled by assuming that the available vehicles fill the spaces

in the order shown on Figure B-17.

The number of vehicles available to fill space is computed by evaluating the number
of one-way vehicles moving in each block in the cell:

(one-way vehicleS)
( ORG“wny ) 3 per cell

(a erage - block length

vehicles per total one-way velocity average veloc1ty
block
street length
per cell
. wst+2\is
= - +
Q . 2 OV 1 J.T.b f
2 Afst v
2wst

st st S (37)
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where

N = total number of vehicles in a cell at any given time
02 = units conversion factor (10-6 kmz/mz)

The reduced integrated dose resulting from a reduced number of available vehicles is
related to the maximum dose (with 24 vehicles present) by the platooning factor f.
If the number of available vehicles exceeds 24, f is set equal to 1. Note that f
will take on different values for stopped vehicles and moving vehicles and will vary
from cell to cell and time span to time span as values of &§, d;, w__, and L' change.
General expressions for platooning factors for varying numbers of $Vailable vehicles
are given in Table B~2. As might be suspected, most of the dose is received by
people in adjacent vehicles, particularly those in laterally adjacent vehicles.

This becom:s more significant as vehicle separation increases.

By incorporating these assumptions into both the cruising and stopped phases, the
final form used to compute the "same direction” dose is obtained:

iD= Q‘ . Ko e TI « PP « PPV »

2 2
/
vc(dl + 2) ¥t + 2ws) (§ + 2)

( foe¥YeL gEelepes@- JE +1) £ o x) (38)

where

fl = gstopped platooning factor
X = stopped dose factor l

See Table B-2
fz = moving platooning factor j
Y = moving dose factor
Q, = units conversion factor (2.78 x 107 ESE;E-)
3 mreme*s

If it is assumed that traffic velocity is the same in both directions, as indicated
in Figure B-16, people traveling in the opposite direction can be modelzd as sta-
tionary with the shipment passing by at a speed of ZVC. By noting (1) that the
linear population density (LPD) in vehicles can be specified by

N+ PPV
! . x Ll I
st

(2) that the separati~n distance is "st/z' and (3) that the total exposure time in

each cell is given by L/2V_, the integrated dose to people moving opposite to the
shipment can be expressed

LPD = (39)
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.! ® 2.5+ 10/R' # 4(14R") + 20(44R') + 16(16+1"); R' =

Table B-2

Platooning Factor

Platooning Factor ¢ °
(stopped)

r— i m s pn ey e i e e e e b S e e
e e S ——— NP e R—
i

¢ latooning Factor f 2.

0
(4/R)/%
(B/R)/%
(B/R + 1)/X
(8/R + 2)/x
[(2+8/R) + L/R)/X
[(2+8/R) + 2/R]/X

(2+8/R) + !‘I + 4/(4eR)

/R) + 2/R + B/l4*R

(2+48/R) + g‘l + 12/(4%R)

(248/R) + 2/R + 16/(4+R)
X

(2+8/R) + le; 16/14#R) + 0.25

(248/R) ¢ LR + 16/(4+R) + 0.5
X

[2.5 % 10/R # 16/(4+R)] + _/(1+R)
X

[2.5 + 10/R + 16(4+R)) + 2/(1+R)
X

[2.5 + 10/R ¢ 16(44R)) + 3/(!1+R)

2.5 # 10/R + 16/(4#R)] + 4/(1+0)

(moving)
0
(4/R*) /Y
(8/% /Y

(B/R' + 1)/Y

(a/m' « 2)/%

[(248/R*) & i/R" /Y
[(2¢8/R*) # 2/R' |/
(2¢8/R°) + 2?. + 4/(4sR")

(248/R') + qu. + B/(a%R")

(248/R') + 2/R' + 12/(&4R")
¥

(248/R') + 2/R" + 16/(4sR")
Y

(248/R') & 2/R' + 16/(44R') + U425
b 4

(2¢R/R') + 2/R" ¢ 167440') + 0.5
¥

—————————

125 4 10/R* + 16/(4+R")] + 1/CI*R')
\

[2.5 + 10/R* # 16/(4eR" )] + 2/(14R')
Y

[2,5 4 10/R' + 16/(4sR")] + 5/(ivR")
1]

2.5 + 10/R' + 16(4#R"V] + 4/(1#R')
Y

[2.5 % 10/R" # 16(a+R' )} + &/(1sR") + &/(16+R")
Y

[2.5 + 10/R # 16/(4+R)] + &/(1eR) + 4/(16+R)
X

[2.5 + 10/R" + 16(aeR")] + &/(1+0") ¢ B/(164R")
g |

[2.5 + 10/R + 16/(4+R)] + &/(14R) + B/({16+R)
X

[2.5 + 10/R + 16/(4+R) ] + &/(14R) + 12/(164R)
X

[2.5 + 10/R' + 16(4+R')] + 4/(1+R") + 2/(16%R')
Y

[2.5 + 10/R' + 16(&+R')) + 4/(1#R") + 16/(16+R")
1

(2.5 # 10/R + 18 (4+R)] + G/(1+R) + 16/(16+R)
X

[2.5 # 10/R + 16/(4+R)] + 16/(164R) + 1/ (4+R)
X

[2.5 ¢ 10/R' ¢ 16(4+R")] + 16/(16+R") ¢+ 1/(44R")
¥

[2.5 + 10/R # 16/C4+R)] + 16/(16+R) + 2/(4+R)
X

[2.5 + 10/R + 16/(4sR) ] + i6/(16+R) + 3/ (4+R)
X

[2.5 + aU/R* + 16(64R' 3] # 16/(164R") + 2/(4+R")
¥

[2.5 + 1O/R' + 16(4#R")] + 16/(16+R") + 3/(4eR")
Y

2
(v“II.')

B « 2.5+ 10/R + 4/(1eRY & 20/(44R) + 16(164R); K » —— g

(8 +2)

% 4
(w ‘/l.)

td, + £

i

6 = STSPDT
‘l = JSEPDT
L = STLANE
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L st
ID Ql 2 Ko TI PPS » >V 2 v A f s PPV
c st
oo -u r
air (r)dr i
Y rvre® - (w /2)
st

By combining Eqs. (35) and (40), the following expression for dose to people in
vehicles sharing the transport link with the transport vehicle can be obtained:

1D = Ko ¢« TL « PPS « PPV » L »

- - . - - - —‘_'\
. f2 Y +fl X o E*p (1 £, + )
V.(d, + £)2 (wo, + 2w )(8 + 2)2
® -
& Nwst / e ir air(r)dr l -
2 s A f sV o A VR
st c 8./ Vel - (wst/2)2 ‘

Crew

The crew aboard a vehicle transporting radioactive material will be exposed to some
low level of external penetcating radiation for the duratiou of the trip. If a
characteristic source-to-crew distance d; is assigned for the particular mode, an
expression for the dose received by the crew during travel through a cell can be
written

-u d
. K, + TL + PPS » e sir'2 A (d,)
= ¢ N o a3t (42)
v ¢ dz2

where Nc = number of crew.

This development assumes no structural shielding from the vehicle or from other
cargo in the vehicle. Since transport vehicle materials and constrvction 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. This approach is sur~-
ported by a tabulation of shielding factors in Reference 13 which suggests thut
vehicles provide negligible shielding from the external penetrating radiatior. of a
cloud of airborne radioactive material.*

*
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. The

model limits cab dose rate to this value.
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B2.2 Modifications to Acccunt for Truck Travel on One-Way Streets

1f it is assumed that vehicles on one-way streets are traveling at the center of the
street, two equations must be modified. The dose to pedestrians given in Eq. (9)
becomes

ID = Ql * PedD * L * (2 Ko * TI * PPS) * ABD *
0.5w8t+ws

( L ) . 1(x)dx (43)
Tev) (V- 2,

st

and the dose to people in vehicles (Eq. (41)) becomes

ID = 03 o Ko *»TL » PPS * L * PPV *

fz o Y ) fl X . ,-.o 1 » (l -ﬁ;-ruf_o-) (al‘)
_____.i f—
vc(dl + 2) (wst + 2ws)(6 + 2)

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.

B3. 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. for average velocity V in Eq. (42); third, tha dose to people in
vehicles (Eq. (41)) is modified as follows:

1

ID =K ¢TI » PPS » PPV »« L *{ f_Y_+*Q, ° e s o [
0 f f 3 V.(d. + 2)2
i -
® _~HairF ,
kb Nwe ./ o Bair(r)dr P
P 2*Ah% « ¥V Y
st " f Jypy ¥ Vr? - (w/2)

where

f,_ = freeway platooning factor, computed in a similar way to f; and
Y, using freeway separation distance in place of d; in the
defini.ion of R

-
L}

freeway dose factor

<
L]

g = average freeway velocity (metres per second)

we = freeway width, including right-c‘-way (metres)
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Finally, dose to people in buildings (Eq. (28)) is modified as follows:

Q1 ¢ 4 » Ko * 11 » PPS (PD + TC) '(wSt s ZHS) * L

ID = . — .
Ve 4 *n * (JTb -f)
~ e Pairt OFi(r)dr
e Ubwb « B (w ) . ) S (46)
b r r< - g
i=] ﬁz 2

where

8, = Yt - 0.5)% + /)

and the transport vehicle is assumed to be in the center of the freeway.

B4. Dose Due to Incident-Free Rail Transport

Dose due to incident-free rail transport is similar to that for trucks, with four
important differences:

l. 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 .aterial continuously interposed
between source and crew in the form of engines, cars, etc., crew dose is
considered negligible and is not computed.

4. Because the areas along railroad rights-of-way contain people in buildings,
people in vehicles, and pedestrians, a "right-of-way dose” is computed.

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 r) and with people uniformly distributed between that
radius and some maximum radius rz, Eq. (2) can be integrated using an annular
differential element to yield the following expression for integrated dose:

ID =Q " K, * T *PPS * 8T, . * PO . °

r
. -ualrr

/' (2nr) « e . B‘it(r)dr 47)

1

2
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= average stop time in depot area (seconds)

= population density in depot area (pernons/knz)

minimum radius (metres)

= 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 (Eq. (40)). When factors appropriate to rail

transport are substituted, the expression becomes

Wy
ID =2+ Qe ¥ « T+ PPS + —7 « PPT «

Vp

-u r
f e air Ba“(r)dr
rv ri - r3!

3

NT = one-way train traffic count (vehicles per second)

VT = average train velocity (metres per second)

PPT = number of persons per train

ry = 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. Therefore, an average value for population density along
the railroad right-of-way is computed using the average overall population density

$iven by Term 1 Term 2 Tern 3
| —————
. (A f 2w J g
(EQ#tigi)cAf + PedD-( st “) " (N 135)'A
f b w A
PD, . = b gt ‘
RW A
(f ¢ 2w
= (PD + TC) + PedD-( 2k S) + (" ’PV) (49)

wst A
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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 ractors not
explicitly included in the formulation will act to reduce the dose. The resulting
equation is

400
L -
ID =2« PDp, * Q, K, * TI * PPS W f I(x)dx (50)
R
w

where Rx = minimum right-of-way distance (metres).

No shielding is coansidered 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 u-vvice are con-
sidered. Only the dose to people in the terminal area 1s consicered applicable to
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.

The fundamental mathematical form for dose to people in terminals is the same as
that derived for rail depot doses in Eq. (48). By substituting air parameters for
rail parameters, the following expression is obtained:

ID = Ql 1 Ko * 11 ° PP8 ¢ ATterm : PDterm :

rS -

r
air |
/ (27r)e Bair(:r)dt (51)

2
r

%4

where

AT = the average stop time in air terminals (seconds) (different
term
for passenger and cargo aircraft)

PD, . m = terminal area population density (persons/km?) (different

for passenger and cargo terminals)



T, = minimum radius (metres)

rg = maximum radits (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. Ships and
barges are massive steel structures, and shipping lanes in navigable rivers are
generally in the channel at some distance from occupied shorel .ne. Therefore,
neither crew nor people along the riverbank would receive app ‘ciable doses. The
dose received by persons in the dock area is developed similar y to that for rail
depots and air terminals, with appropriate changes in nomencls re:

ID = 0.5 +Q » K« TL « PPS » AT, . = PD, . °

7 —ua r
/ (2nr)e °° -Bau(r)dt (52)

where

= time spent in dock area (seconds)
= person-density in dock area (persons/kmz)
r, = minimum exposure radius (metres)
r, = maximum exposure radius (metres;

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: one which considers the handiing of small packages and one which con-
siders the handling of large pacriiges such as casks. This exposure dose is indepen-

dent of the mode of transport.

A study was conducted on the handling of small radioactive packages by cargo

handlers at airport freight terminals.'" Using the method discussed in Reference

14, the dose to cargo handlers can be specified as
ID = Q, * iy * PPS « TI (53)

where

ID = integrated dose to handlers per shipment (person rem)

N, = number of handlings

H
Q, = 2.5x10-4 person rem/handling/TI



In the derivation 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 haudling 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 also be specified: the
number of handlers and the number of tvansfers per shipment. By combining all these
factors, the following general expression is obtained:

ID-KI'K2°K3°KQ (54)

‘l = dose rate at 0.9 metre from cask (typical value, 0.02 rem/h)

length of time spent in dose field (typical value, 0.5 hour)

Na

13 = number of handlers required (typical value, 2.0)

K6 number of transfers per shipment (typical value, 1.0)

It should be noted that large casws, 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 PDs - the integrated
dose received during storage can be predicted by integrating a %orm of Eq. (2) using
an annular differential element as discussed earlier:

ID = Ql . Ko e TL = PPS +* ATstor . PDstor .
r9 -uairr
f (2nr)e . Bah_(r)dr (55)
r r2
8

where ATstor = gtorage time (seconds).

Note that no credit is taken for shielding due to other stored items or internal
warehouse structural materials.
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ADDENDUM 1: VARIABLES, CONSTANTS, AND FUNCTIONS

Table Ad-1

List of Variables

Equation in Which

Symbol Description Units Variable Appears
DR Dose rate mrem/h 1,2,3
K Dose rate factor mrem-mz/h 1,5,6,7,10,11,12,14,15
u Linear attenuation m-l 1,8,5;5,07,29
coefficient
r Distance metres 1,2,5,6,75,10,1),12.13,
14,15,18,20,28,40,41,45,
46,47,48,51,52,55
K, Package shape factor m2 2,9,28,29,33,36,38,40,
41,42,43,44,45,46,47 48,
20,51,.52.55
N Transport Index mrem/h 2,9,28,29,33,34,36,38,
40,41,42,43,44,45,46,47,
48,50,51,53
PPS Number of packages - 2,9,28,29,33,34,36,38,
per shipment 39,40,41,42 43,44 ,45,46,
47,48,50,51,52,53,55
D Total individual dose mrem 3,5,6,7,8,10
Time (general) hours 3,4
X Distance (general) metres 4,5,7,7a,8,10,11,12,13,
14,15,43,50
Velocity (general) m/h 4,5,v,7
d Minimum distance from metres 6,8,11,12,13,14,15
shipment path to
in'ividual
Wi Linear attenuation o L 7a,10,11,12,13,14,15,28,
coefficient for air 40,41,42,45,46,47,48,51,
52,55
D Integrated population person rem 8,9,28,33,36,40,41,42,

exposure per shipment

43,44,45,46,47,48, 50,
51,52,53,54,55
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Table Ad-1 (Continued)

Equation in Which

Symbol Descripcion Units Variable Appears
PedD Pedestrian density persons per 8,9,11,12,14,15,43,49
square kilo-
metre of
sidewalk
L Distance traveled in metres 8,9,12,13,16,28,29,30,34
cell 38,40,41,42,43,44,45,46,
48,50
v Sidewalk width metres 8,9,11,12,13,14,15,19,
20,23,24,26,27,28,31,32,
37,38,41,43,44,46,49
Q General units con- various 8,33,36
version factor
ABD Albedo dose factor - 9,43
Voo Street width metres 9,14,15,16,19,20,23,24,
26,27,28,31,32,34,35,37,
38,39,40,41,43,44,46,49
v Average shipment n/s 9,10,11,12,16,28,30,32
velocity 37,42,43
vp Pedestrian velocity m/s 9,14,15,16,43
IQL Integrated pedestrian person rem )13
exposure on side-
streets per shipment
1D, Integrated pedestrian person rem 12,13;16
exposure on parallel
sidewalks for one
block
IDL 1 Integrated pedestrian person rem 14,16
' exposure in near
crosswalk
ay Surrogate variable metres 14
ID, » Integrated pedestrian person rem 15,16
‘ exposure in far
crosswalk
ID Integrated pedestrian person rem 16
1,142
exposure in crosswalks
AI’AZ’GZ'°3 Empirical conscants in - 17

B-3%6
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Tab'2 Ad-1 (Continued)

Equation in Which

Symbol Description Units Variable Appears
Wy Building wall thickness metres 17,28,46
E Photon energy MeV 17
8 Oblique angle of radians 19
impingement
r” Distance of source from metres 19,20
point in street dir-
ectly in front of
building
n Number of floors in - 19,20,22,27,28,46
buildings in a cell
h Height per floor metres 19,20,28,46
PPB Population density in persons per 21,22
buildings square kilo-
metre of
bui lding
PD Popt. ation density persons per 21,27,28,46,49
in cell (residents square kilo-
* commuters) metre of cell
TC Transient population persons per 21,27,28,46,49
density square kilo-
metre of cell
A Cell area kn* 21,22,24,26,37,39,40,41,
45,49
fb Fraction of cell area - 21,22,23,26,27,28,31,32,
occupied by buildings 37,38,41,44,46
PPF Number of people on persons 22
each floor of buildings
ir cell
k Square root of number - 23,24,25
of buildings in ceil
Ab Building width metres 23,24,25
PT Total building perimeter metres 25,26
in cell
By Linear attenuation m-l 28,46
coefficient for building
material
i Summation variable - 28,46
over floors
Bl Surrogate variable metres 28
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Table Ad-1 (Continued)
Equation in Which
Symbol Description Units Variable Appears
IDc Integrated dose to person rem 29
people in vehicles
during the cruising
phase
d1 Vehicle separation metres 29,38,41,44
distance during
cruising phase
L Vehicle length metres 29,34,35,36,38,41,44,45
VC Cruising velocity m/s 29,30,32,38,40,41,44
£ Fraction of inter- - 30,32,38,41,44
sections stopped at
Q Time spent stopped at seconds 30,32,38,41,44
each intersection
D” Block length metres 30
f Fraction of cell area - 31,32,37,38,41,44
o
which is open area
PPV Number of people per - 33,36,38,39,40,41,44,45
vehicle
AT Time interval seconds 33,36
(general)
N Total vehicles in - 37,39,40,41,45,49
a cell at any time
fst Fraction of cell area - 37,39,40,41,45,49
occupied by streets
f Vehicle platooning - 38,41, 44
factor
§ Vehicle separation metres 38,41,44
distance during
stopped phase
LPD Linear population persons/km 39
density
4
Increw Integrated dose to crew person rem 42
NC Number of crew per - 42
vehicle
d2 Source-to-crew metres 42
distance
ff Vehicle platooning - 45
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Table Ad-1 (Continued)

Equation in Which

Symbol Description Units Variable Appears
r, Maximum dock exposure metres 52
radius
NH Number of handlings - 53
KI’KZ’K3'K6 Empirical constants for - 54
dose to cask handlers
T Time spent in warehouse seconds 55
stor
storage
PD Population density persons/km2 55
stor
in warehouse
rg Minimum warehouse metres 55
exposure distance
Ty Maximum warehouse metres 55
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Value

2.78x10" 12

1078

2.78x10""

2.5%10°%

Table Ad-2

Constants

Units
rem*h *km?
mrmes +m?
kmz

llz

remw"h
mrm*s

person rem/
handling/TI

Equations in Which
Constants Appear

9,28,40,41,43,45,46,47,50,
51,52,55

37

38,41,42,44,45,48

53
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Table Ad-3

B-42

Functions
Equations in Which
Symbol Description : Functions Appear
B(t).Bair(r),Bb(t) Dose rate buildup factor 1,2,5,6,7a,10,11,12,13,
(general, air, building 14,15,18,28,40,41,42,45,
material) 46,47,48,51,52,55
I(x) Cpecified integral (see 7,7a,9,43,50
Eq. (7a))
B(E,u,w) Generalized dose buildup 17
factor
OF(r) Obliqueness factor 28,46



ADDENDUM 2: NUMERICAL ANALYSIS FOR APPENDIX B

Evaluation of Integrals

I. Consider

e *» OF(w /2 +w_, B) ds
/ st s (1)

< s g = ¢

where

2= \/(wst'/z + ws)z + [h(n - 0.5)]% ,

s = ‘jrz - (wst/Z + ws)2 + [hi(n - 0.5)]2 , and

0 =n/2 - tan-ll (wst/Z + ws)/o‘jr2 + [h(n - 0.5)]2

In order to remove the singularity at s = c, we substitute s = c-cosh(t). Then we have

= -pcecosh(t) .
1 /‘ e OF (w_ /2 + w_, 6(t)) dt

2 (2)
¢ J, cosh(t)
A curve-fitting routine was used to obtain a B-spline representation of OF vs 6.
The numerical 1nte§ration of the above integral was approached in the following
manner using CAUSS 6, an adar“ive routine based on the eight-point Causs-Legendre
formula:
1. Compute Gc:
/2 + w )\
~1 (wst s
ec %3 = ten h(n - 0.5)) (3)

(when 8 = ¢, r = 0)
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Locate 81, where ©

is the first spline fit knot > 6.

i

Compute rj's for Bj's, § =1t

wst > ws »
o J[tan(‘nlz = ej)] - (hi{n - 0.5))

Compute s.'s from r, 's:

3 b

s, = (wst/Z + ws)- esc(n/2 - ej)

j

Sum quadratures of length At between spline knots:

tn-1

£ t2 ty
f + f + / + oue f
0 tl t2

tn-2

where
-1
At = min(cosh =~ 1/pc, 1.)
and terminate on an estimated truncation error equal to

T OF(w_/2 +w , B) + e Hetcosh(E)
SC s

C

by means of

estimated truncation error
total quadrature sum

= TOL, TOL = 1.E - 4

where t is the endpoint of integrations and B corresponds to £,

If the integration does not terminate in step 6, then for j;m

sum the integrals n-1
Atl Ar2 Atm
/ . f s .. f
t At At

’

(4)

(5)

(6)

(7)



where

1

Ati - min(uc°sinh(t)’

1.), i=1, 2, *°°

estimated error

< ETOL, ETOL = 5.E - 6
total quadrature sum

until

The truncation error for steps 6 and 7 is estimated by means of

(8)

w -pcecosh(t) ,
1 e OF(wstIZ + W G) dt
J cosh(t)

= o0
. OF(wst/Z - W 8) e-uc°cosh(t) o
- c A cosh(t) ’

since OF is monotone decreasing in t (s increases with t, r increases with s, and
8 increases with r). Then

o

OF(HSL/Z + WS) 8) e-UC.COSh(E) f dt

&= c A cosh(t)
t
so,
_ a0
e OF(Vst/Z . L e)e-uc-cosh(z) 9 f a* &
c 0 e2t +1
and
OF(w /2 + 8) ¥
Vst Vg? -ucecosh(t) -1 t'
R = e 2 tan e |
c 0
and
OF(w_ /2 +w_, B8) _ | -
2 =7 stc s 2 pcecosh(t) 9)
I1. Consider
b o0 \’ 2. 2
~u Nx 4y " 2 + 2 +
/ dy f e (Vi ey 1')dx (10)
2

a a x2 +* Yy
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where a = wst/Z adbd= wst/2 “+ L

Converting to polar form, Expression 10 can be rewritten as

] r,(0) _ .
fz fz eb‘(cr+l)rdrde
2
r
Bl rl(B)
where
0, =0, 0, = /4, r,(8) =—2—  r (8) = —2
1 T EITRR 8inf® * "2 sin®
and
r,(6)
2 -ur
FiE., E.) = = {ex + 1) r drx
1 2 3
11(8) ¥
Thus,
8 r, (6) W, 3,
f f e (cr+1)1’dr=—/‘F(r r.) 8
8 r (8) r2 172
1 o : el
and
8
Fa,B) = / e (c+ 1/r) dr
o
so
g £
F(a,B) = c/ e P dr + / e-ur/r dr
o o

Evaluating Equation 13,

Fa,8) = = (-e™% + ™) 4 (LB (o) - 5 B 8))
a

or

F(a,B) = Bk e

e

(e - &™) 4 (£, 00 - B (8))
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The exponential integral was evaluated using the routing MMDEI from IMSL (Inter-

national Mathematics and Statistical Libraries, Inc.).1

II1. Consider

Let

e‘“r
= C —— e =
1, 2 f — dr = c,K)(ud)

d r -d

where Ko(x) is the modified Bessel function of the second kind, and

0 o0 o0
2 1 Y e—
2 2
d Vr© - d d qu_dZ
This can be rewritten as
o0
oo o
e“tr d
1, = - Ll de = /K(td)dt
3 (4]
u d r -d u
or
[x &)
1
d/ Ko (W) dw, td = w
ud
Then,

c
1
I(d,u) <, Ko(ud) + 3 f Ko(w) dw
ud

The routines BESKOI18 and IN’I‘KU19 were used to evaluate the K_ Bessel function

its integral, respectively. g

(16)

(17)

(18)

(19)

(20)

(21)

and
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IV. Consider

-ur
e (c.r + c,)
f / feel 4r a(@)

a d ryrl - 42

Applying the conclusions of Section III above,

b C1 d
f ¢ Ky (hd) + == / K, (W) dw | d(d)
Bl ud
b b @
C2 C1
) w—— Ko(t) dt + r ¥ Ko(w) dw d(d)
H ua a ud
ub ub ™
S 3 /
. et )
- f Ko(t) dt + / 3 Ko(w dwldt
Ha Ha t

To retain significance, we compute

Xz Xz Xl
/ Ky(t) dt = / - f if x, <1
X, 0 0
and
! Ko(t) dt = -x - J if X, > 1
1 1 2

where the forms on [0, x] and [x, ®] are available from INTKO.19

The outer double integral form can be evaluated using GAUS8 (see Reference
INTKO on [x, =],

Determine t based on s value:

Since cosh(t) = s/c , let D = s/c;

B-48

(22)

(23)

(24)

(25)

16) with



then

et = (20 + fuD2 - 4)/2

et-D+Jbz+1

and

ccsh’l(n) =t = i+ VYO + 1D -1)) (26)

V. Consider

b bl " £, P
o ¥ A% *y (CZ vxz + y2 + 1.)
dy
a o

— dx (27)

x'2 + y2

Let
b @ 2
. x2+y2
Cze
1 = f . / — dx (28)
a o x2 + yZ

Using the substitution v2 TX Ty

b w0
/ f cze-uv dv
I, = dy (29)
1 a v sz - y2
If v = yw, then, by Equation 17,

b

L= ¢ / K (uy) dy

a
b o0 -
.
e H \lxzh'
I, = dy i e el | ;- (30)
2 2 2
a 0 x +y
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Substituting v2 = x2 + y2 gives

-Uv
I, = f dy /—e——d": (31)

R

1f v = yw, then, from Equations 19 and 20,

b L)
- 1
A / $ f K (t) de| dy (32)
uy

a y

Thus, I1 and I2 are of the same form as Section IV above and can be computed in the
same manner,

V1. Consider

oo

e OF (8,r) dr
f i'g (33)
C r
where
¢ = Vwg/2)? + @ - 0.9
w./2
g = % - l:an-1 5 —]
Vz2 + [h(i - 0.5)]>
and

22 « 2% - [h(d - 0.5))* = <wf/z)2

This integral was evaluated using GAUS8 (see Reference 16), taking Ar = 3./u and
terminating integration when the amount being added to the accumulated sum relative
to the sum became less than a specified tolerance.

VII. Consider

b

-ur
f e (czr + Cl) e
r (34)

a

Expression 30 can be shown to be equal to

b
-ur e-ut
€2 j Sk Bl / — dr (35)
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which, when evaluated, equals

€2  -pa  ~ub
il R oy 4 ¢, [(E (ua) = E, (ub) (36)

The exponential integral was evaluated using the routine MMDEI (see Reference 17).
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Figure C-1. Possible Accidents and Their Consequences




In addition to the overall accident rate for each mode, the distributions of acci-
dents according to severity must be determined. The eight-severity classification
scheme used in this report assigns a principal accident damage mechanism (impact,

crush, puncture, or fire) to each transport mode, and assigns to each of the eight

severity categories a mode-dependent occurrence probability. Synergistic effects
resulting from combinations of two or more damage mechanisms in the same accident

have been examined elsewhere, and as a result of these studies, the only combina-
tions considered in this model involve a single deformation force and fire.?

Once the occurrence probabilities for environments of each severity have been de-
termined, an urban area accident rate by severity, mode, and time span is obtained.

C2.2 Package Response Model

To assess the risk of a transportation accident, the response of a particular pack-
age type to an accident of given severity must be predicted. In particular, it is
necessary to know the fraction of the total package contenis which might be re-
leased, although the actual releases for a given package type would not necessarily
be the same for a number of accidents of the same severity class. In some cases,
there may be no release, while in others there may be a release of some or all of
the package contents. Indeed, in any given accident involving a number of radioac-
tive material packages transported together, some of the packages may release part
of their contents while others remain unaffected. The approach taken in Reference
1 and in this assessment is to derive a sirgle value representing the average
release fraction for each severity category and package type (independent of mode)
and to assume that 211 such packages, including separate packages in a multipackage
shipment, respond to the accident in the same way.

Seczlor in Wmict Fecple Are Exposed
(Fgual sectiar or opposite side)

Certerline -
of Cask

= hadih of Crack
Thicwness of Cask Suielding
Cash Length

v

o« »

raction of Surroundlng

-
~

Fopulat.or Txposed =1 « & Tar .

Figure C-2. Pelease Fraction
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Two terms must be explained further: packages containing dispersible material and
packages containing nondispersible materials. For dispersible materials, the
concept of "release” is straightforward: released material is that which ends up
beyond the outer boundary of the package after an accident. It is more complicated
in the case of nondispersible materials. As discussed earlier, the radiological
consequence of an accident involving a nondispersible shipment would result from a
loss of shielding which would expose peo le more directly to some fraction of the
package contents. For small packages, this fraction is taken to be identical to
the release fraction for a dispersible material carried in that same package. For
a large package, such as a spent fuel cask, the effect of loss of shielding is
modeled by assuming that “he accident forces produce a circumferential crack in the
container. "Release fraction” in this case is the product of the fraction of the
source exposing the surrounding population and the fraction of the surrounding area
within the sector being exposed, as shown in Figure C-2. The computation of the
integrated population dose is then carried out assuming an effective point source,
the strength of which is the total curies multiplied by the release fraction.

The values sed for release fractions for the various package types are given in

Table C-1. These values are model variables and can be modified as desired by the
analyst.

In the following sections, the mathematical basis for the radiological health

effect impacts shown in Figure C-3 is provided and actual expressions used to
calculate impacts are derived.

C3. Accident Doses from Nondispersible Materials

If a shipment of a particular nondispersible material is involved in an accident of
sufficient severity to compromise packaging integrity, the effectiveness of the

shielding around the source is a.sumed to be reduce?
Table C-1
Release Fractions for Package Types

(Cask releases are fractions of source term
hypothetically released to the environment)

Type B
Severity LSA Type 1975 Cask Cask
Category Drum A No Pu Pu (exposure) (release)
I 0 0 0 0 0 0
1 0.01 0.01 0 0 0 0
111 0.1 0.1 0.01 0 0 0.01
v 1.0 1.0 0.1 0 0 0.1
v 1.0 1.0 1.0 0 0 1.0
VI 1.0 1.0 1.0 0.01 3.2x1077 1.0
vII 1.0 1.0 1.0 0.05 3.2x107° 1.0
VIII 1.0 1.0 1.0 0.1 3.1x10™° 1.0
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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:

. “Vaief s
Qg *my * RF « PPS « E, o u_ * e "air Bair(r)
2

9

DK(r) =

where

3
Qg = units conversion factor (4.8x10 ’ ;%%%TEEV)

n, = amount of material per package (curies)

RF = release fraction
PPS = number of packages per shipment

Ed = photon energy released per disintegration (MeV)
= attenuation coefiicient of receptor (3.1 m-l

body tissue)
u = attenuation coefficient of air (m 1)
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 ‘ can be similarly manipulated.

C3.1 Dose from Truck Transport

Dose to Pedestrians

for

()

The individual dose, ¢(r), received by a pedestrian at a distance r from an acci-

dent involving an exposure source is given by

-y r
Kl s ¢ air o Bair(r) . ATa
$(r) = 3

r

where
ATa = geverity dependent accident delay time (seconds)

Kl = source term (EEE%E_; see following discussion)

(2)

*
A complete list of variables, constants, and functions used in the devzlopment

is given in the addendum to this appendix.
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In addition, material which remains shielded will continue to expose people while
initial emergency action is being taken to remove exposed material. Unshielded
material will continue to expose pecple in the area throughout the accident delay

time AT_.

In this case, the source term is simply K  + TI « PPS » (1 = RF). Thus,

a general form for a source term from an accident involving a nondispersible ship~-
ment can be written as

where

K

(Qs°nl°PP$-ur-Ed-RF) +

[y * K,  TI « PPS « (1 = RF)] (3

2
shape factor for specific package type (ﬂre: m )
transport index for package (equivalent to mrem/h)

- «h
units conversion factor (2.78x10 4 i%%;f;

/

Area of
Overlap

1. Dose to Pedestrians
2. Dose to People in Vehicles
3. Dose to People in Buildings

Figure C-8. Dose Due to Nondispersible Sources
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Figure C-5. Nondispersible Accident Geometry (Intersection Shown)

The integrated dose geometry is illustrated in Figures C-4 and C-5. Both intersec-
tion and midblock geometries are considered, and an accident location occurrence
probability is assigned to each geometry based on data from Reference 4. Pedestri-
ans are exposed on eight sidewalk segments in the intersection case; therefore the
expression for integrated dose can be written as

ID = 02 + 8 « PedD Kl . ATa .
v, - Ve Sye—
e Mai VETHWYE Bair< X< + y*© |dx
/dy / (4)
x2 + y2
t U
2 z
where
= 2
02 = =i%, counversion factor (10 6 5;— )
m

Kl = source term (see Eq. (3))

PedD = pedestrian density (persons/km2 of sidewalk)
w _ = street width (metres)

sidewalk width (metres)
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There is some overlap on the corners of the sidewalks. However, this overlap
can be -emoved by changing to polar coordinates and modifying the limits

of integration.
In the case of midblock pedestrian exposure, the limits of integration orn the inner

intepral of Eq. (4) are modified to run from O to infinity, and the factor of % is
replaced by a factor of 4 (since there are four 0 to = segments). This yie.ds

ID = Q2 *» 4 + PedD » Kl . ATa .

w

st
13 3 =k
z “s -uairvg w . B (ng 7)dx

o
e
air
0

Eqs. (4) and (5) can be combined and weighted by their intersection and midblock
accident occurrence factors to give the expression for integrated pedestrian

exposure:

st \

ID = Q2 * PedD * Kl ’ ATa .

-uairV;2+y2, B | A2+ 32 Jax

ot/
8 + INTF » / dy f . a“z +
X +vy

Ver/? 1 A

g oy (e
air

4 « MBF - dy (6)
x2 + yz

where

INTF = intersection accident occurrence factor (0.4)
MBF = midblock accident occurrence factor (0.6)

In using this analysis, several conservative points should be noted. First, the
sidewalk length is assumed to be infinite. This allows dose to pedestrians in

ad jacent cells to be included but is clearly an overestimate. Second, streets (and
hence, sidewalks) are assumed to be straight. Third, no terrain variation is
considered.



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 duse expression can be written

. . I T " , e _air
¢(r) Kl ATa e b'b Bb(wb) OF(r) ‘——:E—" (7)

where

OF(r) = obliqueness factor (see Appendix B)
= building wall thickness (metres)

by = linear attenuation coefficient for building
material (m !)

Bb = dose rate buildup factor (see Appendix B)

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

people per PD + . + .

E onaivs i (PD + TC) (wst Zws) Q7 -
of building T

erimeter Qﬂ/?b fb)

whern

PD = population density (people/kmz)
TC = transient population (people/kmz)

2
L}

fraction of cell area occupied by buildings

-3E)

units conversion factor (10 =

2
~
]

If this expression is divided by the number oi floors, n, in each building in the
cell, the density per floor is obtained. If an incremental distance Ar at a
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

(PD + TC) * ("st + 2ws)

D= Q, ) o Ar * AT
b(VEy - £y) + n :
X e Yair® . OFi(r)

e Yb¥b . By(wy) * K » - (9)

r



Both the intersection and midlbock geometries must now be separately evaluated to
compute integrated exposure. Figure C-5 shows that the only difference between the
intersection and midblock geometries is the minimum value of r'. In the case of a
midblock accident, r' can run from O to =; in the intersection case, r' can run

from (vst/Z +w) to =,
The final expression for integrated exposure to people in buildings due to nondis~

persible source accidents can now be formed by integrating the dose over the ex-
posed distance on each floor, summing the doses accumulated on each floor, account-

ing for the number of exposed building segments (eight for intersections, four for
midblock), and separating the accidents into occurrence locations. This yields

-u, W -
Qz * (PD + TC) ~» (wst + Zws) . ATa e bb Bb(wb) Kl

.2 4 +n (V/F;‘- fb)

L ~ e Yair® . OF, (r)dr
INTF « 8 » f 3 .
;E;: r

84

= ~ e Yair® . OFi(r)dr l
MBF «+ 4 E / (10)
e2 ’

i=1] BS

where

By = V(20w /2 4w+ w ) + (1 - 0.5))
By = V(wg, /2 +w_ +w ) + (h(1 - 0.5))

Dose to People in Vehicles

Because it is assumed that vehicles provide no shielding, individual dose to people
in vehicles is identical to dose to pedestrians (developed in Eq. (2)).

The integrated dose received by people in vehicles in the vicinity of an intersec-
tion accident can be visualized by thinking of cars stopped at discrete distances

from the accident, as shown in Figure C-6. 1If, as in the figure, the lines of
vehicles extended all the way to the accident site, an individual in a vehicle

Incated j vehicles away from the site, would receive a dose equal to

(03 . 5 () )

a;r (11)
(s + 2)j)

e Tair

..KIQATBQ

where

§ = vehicle separaticn distance (metres)

L = vehicle length (metres)
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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

e-"'au'(&ﬂ')j . ga“((ﬁ'ﬂ)j)
ID = 4 » Kl . ATa e« L' « PPV » 3 3 (12)
j=1 §7(6 + &)

where L' = number of lanes per side of street.

The numerator inside the summation is approximately equal to 1.0 for all values of
Moo j, and (§ + £). With this in mind, Eq. (12) can be simplified to

1 1
* . ' ¢ -————— —
{ ¢ AT, L PPV (13)

ID = 4 » K
(6 + 1)2 i=1 jz
The equality overestimates the dose by about 7%. 1In addition, the summation can be
shown to be equal to l.64, Thus, Eq. (13) reduces to

1.64

e 4v K ST LY 0 PV iy
. (6 + 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 tn the dose
must be subtracted from that predicted by Eq. (14).%

Nl
u).:,.Kl.ATa.L'.ppv.__1_°i"._z__2____l____3
(& + 2) jol (3(5 + 2))
4ok, oot +L v [ N
L__a 1.66 - 2, = (15)
(5 + &) ju1 3
where L -

N' = number of cars in intersection in each lane =

intersection half-width _ wst,z

distance per car § + 2

(rounded to next highest integer)

*It is also 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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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. (i3). 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”

' 1
ID-Z'KI'AT°L'PPV'—-—L—‘2"2I‘-2 (16)

- 5 + %) j=N" j

where
N" = Vs * Zw' - [number of vehicles in each lane]
. =) i.. 1/2 block length
(6 +2) » 201 = /£, + £)

In the case of opposite-direction dose, an expressions analogous to that developed
in Appendix B can be used. In this situation, L/VC is replaced by AT_ since
traffic is assumed to be exposed for the entire time period during which the
accident is being cleared.

N * w

= . e AT . ______.s_.t___ - .
=Q K AT TR, PPV
o0
e Mair® . g . (r)dr
—-‘l_,,-_—_-_—i_i-—i_.[—-— (17)
&
< 72 rVr- - (wst/2)

st

When the expressions in Eqs. (16) and (17) are combined using the appropriate
accident location weighting factor, the final expression for dose to people in
vehicles from nondispersible source accidents becomes

Nl
ID = K, * AT+ PPV * nmr——“i——, 1.64 - E —15 +
6+ )" j=1 j

"

N

' Q'N'w

2L 1 2 st |
MBF 2'2 2 4’(2~A-f
ey o\ st

“HairT .,
e r Bair(r)dr) (18)

wst/Z rqr - (wst/Z)
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C3.2 Nondispersible Source Accidents on Freewavs

Since a relatively large amount of truck travel in urban areas is expected to occur
on freeways, unique aspects of this roadwsay type with respect to nondispersible
source accidente need to be considered.

Dose to Pedestrians

Since it is assumed that there are no pedestrians on freeways, pedestrian dose from
nondispersible source accidents is zero.

Dose to People in Buildings

The geometry for dose to people in buildings from a freeway accitent is similar to

the geometry which would result from a midblock accident on a very wide street.
The linear population density is identical to that computed in Eq. (6), but both

the minimum exposure distance (i.e., the lower limit of integration) and the number
of exposed building faces (i.e., total exposed perimeter) change. In addition, the
expression used for computing the angle of oblique impingement changes as shown
below:

-1 u(/Z
Gf = /2 ~ tan - - (19)
(r')” + ((n - 0.5)h)

where

Bf = angle of oblique impirgement (freeways)

w, = freeway width, including median and right-ot-way on each side
(metres)

r' = distance from the accident site parallel to the freeway
(metres)

With this revised obliqueness expression and the incorporation of other changes,
the equation for integrated exposure to people in buildings becomes

. .« " . -Ubwb . .
(PD + TC) (wst + 2w8) uTa © Bb(wb) K,

ID = » =
QZ 4 *n * (Jr_b - ’b)
- /?e-uaifr * OF,  (r)dr
i=1 86

where 86 -J(\vrf/Z)z + (h(i - 0.5))2

Dose to People in Vehicles
Accidents on freeways seldom disable traffic in both directions. The model con-

siders that the side of the freeway involving the shipment is essentially stopped,
and that other traffic continues to move normally, as shown in Figure C-7. It is
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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 to the value for inter-
sections, &, used in Eqs. (13) through (18). The flow in the area of congestion is
modeled by assuming a “"platoon” of vehicles around the accident site, as discussed
in Appendix B. The expression for dose to people traveling the same direction as
the shipment therefore becomes

X - ATa < £,
ID = Kl « PPV « gy . (21)
(6 + 2)
where

ff = 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 to 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

x,f QoNow
ID = K, * PPV * AT_ £ 42 £ 5

(5 + 2)2 2 A fst

/“" e VairT . (g (D)dr )
v U (wf/z) (22)

where N = total number of vehicies in cell at any time.
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€3.3 Nondispersible Source Accidents on One-Way Streets

Because most urban areas have a significant number of one-way streets, the model is
equipped to analyze transport on this type of arterial. The only expression which
changes is dose to people in vehicles in that in the case of one-way streets, there
is no opposite direction traffic stream. Instead, a mid".lock accident is basically
surrounded by "L'-1" streams of traftic moving past it in the same direction.

N/
Ib = K, » AT, + PPV « JiNTe|-2— L 1.64-2 £ | B
. (5 + 1)2 jZ
j=1
SI’
werjf—L— 8 DR A B I ¢ A )
3 2 2 v A f L’
(§ + ) =% j st

e Mair® . Bait(r)dr
— (23)

s'://z ryr’ - (wge/2)

st

C3.4 Air Transport

Since aircraft accidents in urban areas can occur at any place, the dose equations
used are identical to those for truck transport on two-way streets. This will
probably overestimate actual doses because the exclusion area around an aircraft
accident site in a city will probably not allow pedestrians or people in vehicles
as close as one-half of a street width.

C2.5 Rail Transport

A rail accident of sufficient severity to damage cargo is more likely to occur
along the rail right-of-way than in the depot area because of higher velocities and
larger number of grade crossings. Therefore, a development analogous to the

incident-free dose to people along the right-of-way (Appendix B) is used.

ID = Ky + AT, « PD, + J  TC0dx (24)

R
w

where
PDRH = population density along right-of-way (people/kmz;
see Appendix B, Eq. (47))
e Mair® . g (r)dr
air
I(x) = e 5 5
- %%)

ryir

C3.6 Water Transport

The dock area is the only place where nondispersible source accidents during water-
borne transport can expose significant numbers of people. Hence, an equation

analogous to Eq. (50) of Appendix B is used.
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2nr » e Mairt . B, (r)dr
ID = Kl . PDdOCk . AT& '/ (25)

where

PDdock = population density in dock area (petsons/kmz)
t6 = minimum dock exposure distance (metres)

ry, = maximum dock exposure distance (metres)

C4. Accidents Involving Dispersible Materials

An accident involving a dispersible material can result in up to five different

doses (see Figure C-1). Each of these will be explored separately. Doses from

“nonrelease” accidents, common to both nondispersible and dispersible materials,
are discussed in Section C5.

C4.1 Doses Due to Inhalation of Radioactive Material

Inhalation Dose to Pedestrians

The individual critical organ dose received by a pedestrian who inhales a given
concentration of airborne radioactivity from a particular radionuclide is given by

¢-nl-PPSORF°AER-RPC'DF-BR-AT (26)

where

¢ = dose to specific organ (rem)
n, = amount >f material per package (curies)
PPS = packages per shipment
RF = release fraction

AER = fraction of released material which becomes
aerosolized

RPC = radiological dose factor for a specific organ
(rem to specific organ per curie of material

deposited in pulmonary portion of lung)

DF = atmospheric dslution factor at street level
(curies per m~ per curie released)

BR = breathing rate (m3/h)*
AT = total exposure time (hour)*

*In general, times used are in seconds. However, program compacability re=
quirements necessitate the use of hours instead of seconds for time-step length and
breathing rate.
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The dilution factor DF changes as the cloud of debris disperses from the accident
site. 1If it is assumed that a pedestrian remains within a specific cell in the

grid for the duration of the cloud passage through the grid, the dose received by
that pedestrian during a cloud transit consisting of t time steps, each of length

AT, would be

N

¢ = Ky « AT Z DF, (27)

k=1
where

p_—
Kz-nl-PPs-RF-Asa-Rpc-nR("L“’;“‘—)

DF

3
K dilution factcr in given cell for time-step k (ET—%%%EEEEZ)

AT = length of each time step (seconds)

ty = total number of steps

Because this expression uses the time-step length rather than the actual cloud
passage time past a point, individual doses are overestimated. In situations where
doses are large enourh to result in early morbidities or early fatalities, these
numbers may also be overestimated.

The integrated inhalation dose received by pedestrians in a single cell during one
time step is computed by multiplying the dose each pedestrian receives by the
number of exposed pedestrians in the cell:

2 e w o fst « A
ID = ¢ » PedD s" « y * RDF (28)
st

where

f = fraction of cell area occupied by streets
A = cell area (kmz)

y = fraction of area of cell covered by
cloud during the specified time step

RDF = resuspension dose factor*

Z-ws-fs A >

- = total sidewalk area in cell (km“)
st

In order to combine doses absorbed during both short and long time steps, inte-
grated doses for both the intersection and midblock release cases are summed over

*The resuspension dose factor is the dimensionless ratio of the total dose
(cloud passage plus resuspension) to cloud passage dose and accounts for additional
dose accrued as material which is initially deposited is resuspended and inhaled.
It is included in Eq. (28) and not Eq. (27) because the impact of resuspension is
significant only for long-term integrated doses.
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all time steps in each cell and over all cells affected by the cloud. The pedes~-
trian density is varied as required to simulate diurnal variation. The result is

the integrated dose to pedestrians due to an accident of specific severity occur-
ring in a specific cell along the route:

2owge f s A m
1 Stl
ID = K, * AT - *« RDF = (DF * PedD sy )1+

2 s w : l,u 1,u u

et | u=1l

q q 20w5£ fstz . A\

K, * AT, * RDF Z Z (DF, , * " ) PedD, . * Y, ,

w=l z=] z

where
m = number of short time steps (short-term atmospheric
transport)

u = summation index for short time s.eps

w = summation index for long time steps

q = number of long time steps (long-term atmospheric
transport)
z = summation index for grid cells
p = number of cells in grid
ATs = length of small time steps (hours)
ATI = length of long time step (hours)
The integrated dose is split into that accumulated during small-scale atmospheric
transport analysis in the cell where the accident occurs and that accumulated
during large-scale atmospheric transport analysis in all cells (including the cell
where the accident occurs). This approach has been chosen because of distance
constraints on the small-scale atmospheric transport analysis. Although there may
be large differences in the dilution factors at a given place and time as a result
of intersection or midblock releases, the basic form given in Eq. (29) applies to
both cases. The subscripted 1 in the short time portion refers to the cell in
which the release occurred, and vy is the area fraction for the cloud in the volume
segment of interest.

Inhalation Dose tc People in Vehicles

The dose received by people in vehicles as the cloud of debris from an accident
passes is analogous to the dose received by pedestrians. The individual dose for
one accident severity, one time step, and one cell is given by Eq. (26). Since it

is not possible to predict if drivers will have windows up or down, or if they will

have vents open or closec, no allowance is made for possible filtration of the
cloud of debris as it enters the vehicle. As was the case for pedestrians, the
total individual dose for a given accident can be given by Eq. (27), using ground

level dilution factors. The density of people in vehicles in each cell in the grid

is required for the integrated dose computation. If this density is incorporated,
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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

D = Arsoxz-kbp-ppv-ugl

("1,u e ”1,u)

[
q P
AT, * K, * RDF » PPV ¢ wz-l zg (Nw’z . DFw'z . yw'z)l (30)

where N = total 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. As airborne material
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 interna<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>