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FOREWORD

The analyses presented in this report were
made for the Office of Radiation Programs,
Environmental Protection Agency, by Holmes and
Narver, Inc., under contract. This report rep-
resents one of the first efforts to guantitatively
assess the potential impact of the transportation
of radicactive materials associated with the nuclear
power industry through the year 2020. Technical
data from numerous sources were collected and
analyzed to produce the results reported herein.
While not all of the radiological aspects of trans-
portation analyzed in the report are covered in the
detail which may be ultimately necessary, each area
has received sufficient analysis to provide infor-
mation useful in environmental impact statement
reviews and other activities of the Agency. The
results of this study will also provide an input
into a planned EPA review of the need for additional
protection standards for the transportation of
radioactive materials.

Publication is made at this time so that the
report will be available as a resource to the
scientific community and the public generally.
Because of the intended uses, the study may be of
considerable interest to a large number of persons;
therefore, it is likely that interested parties may
wish to comment on the report, or certain aspects
of it. Comments may be submitted to the Environ-
mental Protection Agency, Office of Radiation
Programs, Washington, D.C. 20460

.D. Rowe, Ph D.
Deputy Assistant Administrator
for Radiation Programs



ABSTRACT

A study was undertaken to determine the hazards from accidents to
shipments of spent fuel, recycled plutonium, high level radioactive
solidified waste, and noble gas between nuclear power reactors,
chemical processing plants, fuel fabrication plants, and a Federal
waste repository. Annual shipping data for these materials were
projected for the period 1970 to 2020, In a given year, the shipping
data was mapped by means of a fault tree model of the shipping
containers, an empirical dispersion model, and a health effects
model into a hazard vector with components denoting radiation
released, environmental dose, population dose, lethal cases, and
nonlethal effects.

Under the assumptions used in this study, the time variations of the
maximum hazards are described as follows, using the annual population
exposure to risk as the key index, For pure truck transportation,
plutonium shipment accident exposure from severe accidents varies
from 0. 03 man-rems in 1980 down to 0.001 man-rems in 1990 and then
up to 0.8 man-rems in 2020. For pure rail transportation, solid waste
shipments present the greatest hazard in severe accidents varying from
0.0002 man-rems in 1990 to 0.004 man-rems in 2020, The least
exposure results from pure truck shipment of spent fuel, ranging from
7 x 109 man-rems in 1970 to 1 x 10~5 man-rems in 2020 and pure rail
shipment of noble gas, ranging from 1 x 10-6 man-rems in 1980 to

1 x 1072 man-rems in 2020,

This report was submitted in fulfillment of Project No. 621901,
Contract No. 68-01-0555, under the sponsorship of the Environmental
Protection Agency.,
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SECTIONI

CONCLUSIONS

This study concerns transportation accident hazards in the nuclear power
industry. While understanding that the nuclear power industry will grow
over the next 50 years, some assumptions had to be made about the timely
introduction of plutonium recycling programs, breeder reactor generators,
fuel processing facilities, and waste disposal facilities in order to
quantitatively describe the magnitude and rate of growth of the nuclear
economy in time. Essentially all the information that was found on
industry projections was derived from studies made at the Oak Ridge
National Laboratory. The results of a computer program written at

Oak Ridge that evaluates the growth of the industry on an economically
competitive basis were particularly useful to this study.

This study treats only the transportation of spent fuel, fissile plutonium,
high level radioactive solidified waste, and noble gas as significant
movements of hazardous materials. The greatest shipping requirements
in the year 2020 will be for the transportation of plutonium. Between

8 and 22 million shipment-miles will be required for plutonium then,
while the requirements for spent fuel lie in the range of 6 to 14 million
shipment-miles. In contrast, between 2.1 and 2. 3 million shipment-
miles will be required for solid waste movements and 0.7 to 1.0 million
shipment-miles for noble gas shipping.

The evaluation of the radiation released from a container involved in an
accident required a number of assumptions. Essentially five items of
information were necessary to this evaluation: the amount of radiation
carried in the container, the probability of the transport vehicle encountering
an accident, the probability that the container encounters a rupturing force
during the accident, the probability that the force is great enough to break
the container, and the fraction of the contained radiation that will actually
be released. An exhaustive supply of data with which to quantify these
items is not available, so the numbers that were used for these items

are by no means well established. In particular, difficulty was encountered
in determining the probability of breaking force occurring in light and
medium severity accidents. The accident severity classifications used

in this study were arbitrarily based on collision velocity and duration of
fires. By regulations, the shipping containers are required to withstand
even severe accidents without loss of contents.



Five different components of a so-called hazard vector were discussed

for each type of radioactive material. These components are the expected
annual number of curies released from accidents, the number of acre-
rems of environmental exposure (equivalent to the human absorption for

a population density of one person per unit area), the number of man-rems
of human exposure, the expected number of lethal cases resulting from
the dose, and the number of nonlethal cancers resulting from the dose.

The results for the growth of these hazard vectors are summarized in
Table 1. For clarity, only the numbers for the years 1980, 2000, and
2020 are given in Table 1, although hazard vectors for every fifth year
of the 50-year period from 1970 to 2020 were calculated.

Under the assumptions made in this study, the projections to year 2020
indicate that the greatest hazards will result from pure truck shipments
of plutonium and pure rail shipments of solid waste. The least hazards
come from noble gas shipments in any transport mode mix, and the
hazards from spent fuel shipments are intermediate.

Parametric studies were made to determine the effects of varying the

mix of transport modes, the population density distribution, and the
release probabilities of the containers. The results of the transport mix
study indicate that from a safety point of view, hauling spent fuel and solid
waste only by trucks is preferable, while hauling plutonium and noble gas
only by rail cars is preferable to some other mix of rails, trucks, and
barges.

The population density distribution was assumed to be uniform over
isodose areas and to vary along a transport link, Such a distribution
affects the calculations in this study in a linear manner. Each link distri-
bution can be characterized by a multiplicative factor that modifies the
average population density,

The release probabilities enter the calculation in a linear manner. Thus,
inclusion of inferior containers in some parts of the transportation industry
affects the resultant hazards linearly. Consequently, the accuracy of the
release probability calculations are critical.

Lastly, an assessment of the hazards to be expected from an accident to a
representative shipment was performed. The population distribution, the
release fraction, and the method of calculating lethal and injurious effects
of radiation absorbed by human beings are critical elements of this
calculation. Assuming a right-of-way of about 1,000 feet, in which

only two persons per square mile are found and a population density of

5> times the average outside the right-of-way area, about 70,000 man-rems



TABLE 1:

SUMMARY OF HAZARD VECTORS FOR a
STUDY OF TRANSPORTATION OF NUCLEAR MATERIALS ™’

b, c

. Expected Expected Expected Expected
Expected
Material Year TCurles ted Curies Acre- Man- F;I;Iicties Nonlethal
ransporte Released Rems Rems Cancers
Spent Fuel 1980 1.02E+10 1.44E -6 5.15E-6 1.63E-5 2.71E-8 8.14E-10
2000 8.43E+10 9.48E-6 3.39E-5 1.34E -4 2,23E-7 6.69E -9
2020 1.92E+11 2.16E-5 7.74E -5 3.81E-4 6.36E-7 1.91E-8
Recycled 1980 5.04E+8 5.48E -7 1.02E-3 3,23E-3 5.39E-6 1,628-7
Plutonium 2000 2.13E+8 1.85E-7 3,46k -4 1.36E-3 2.27E-6 6. 82E-8
2020 9.56E+8 8. 32E-7 1.55E-3 7.65E-3 1. 28E-5 3.83E-7
High Level 1980 5,00E+6 3.04E-7 1.08E-6 3.43FE -6 5.72E-9 1.71E-10
Radioactive 2000 2, 74E+9 1.46FE -4 5,24k -4 2.07E-3 3.44E-6 1.03E-7
Solid Waste 2020 1.02E+10 4.98E-4 1.78E-3 8.78E-3 1.46E-5 4, 39E -7
Noble Gas 1980 3.15E+7 4.81E-3 1.2B5EK-6 3,94E -6 6.57E-9 1.97E-10
2000 1.84E+8 2.46E-2 6.40E -6 2.52E -5 4.21E-8 1.26E-9
2020 3.11E+8 3.80E-2 9,87E-6 4, 87E -5 8.11E-8 2.43E-9

The transport mix assumed is 20 percent trucks, 75 percent rails, and 5 percent barges.

b

All accident severities are included,

A population distribution is used such that 26. 3 times the average population density in a

particular year is exposed.




are expected from an accident to a solid waste shipment, This estimate
is the maximum single accident hazard. Accidents to plutonium and spent
fuel shipments produce 16,000 and 20, 000 man-rems, respectively, and

a noble gas shipment accident yields 110 man-rems.



SECTION I

RECOMMENDATIONS

Concerning the advisability of continuing a transportation program against
beginning a program of constructing nuclear parks to minimize trans-
portation requirements, the results of this study are not strongly conclusive.
The probable hazard from transportation accidents appears to be acceptably
low, but the consequences of an accident if it occurs are rather high.

As to minimizing the accident hazards, the results of this study support

a recommendation to optimize the shipping schedules so that routes avoid
population centers, shipments avoid violent weather conditions, shipment
capacities be maximized while release fractions be minimized, the use of
trucks be minimized, the shipment velocity be minimized, and the thermal
insulation of containers be maximized. All these practices must be balanced
at least partly against economic costs, and supposedly they are all in current
effect,

Further studies would be profitable in the areas of fault tree determination
of release probabilities, severity analysis of release fractions, real world
dispersion, and dose response effects on health, These studies would not
only be profitable for nuclear material transport processes, but also would
benefit analysis of transportation of all hazardous materials.

Emphasis should be given to analyzing transportation accident statistics
to determine probabilities of encountering particular physical conditions,
e.g., crushing forces, shearing and stretching tensions, vibrations,
excessive heat, pressure, puncturing impulses, etc. Material strength
studies should be devoted to the determination of the probabilities that the
physical forces will be large enough to break the containers. Conceivably
these studies would incorporate test data already obtained with theoretical
inquiries.

Little data exists of release fraction. This number is particularly frustrating
since a light severity accident can produce a serious release and a severe
accident can produce only a minor release or no release. Materials studies
would be of use here, since the problem essentially is a determination of

the bonding strength of a solid matrix.

Many dispersion models currently exist, but research in this area should
still be encouraged.



Research in the health effects of radiation should be definitely encouraged,
since the data base for dose response curves is small, because so many
complicating factors exist, and because the ambient radiation levels from
probable accidents will grow.

Similar studies to this one should be encouraged on a regional level. The
demography and shipping distance data would have to be better established
than in this study, however, for the hazards evaluations in a region to be
of high value. Also, the projection of size, timing, and location of nuclear
facilities would have to be obtained for the region under study. Some of
the data used in this report would be useful in this regard, but a computer
code similar tothe economic model projection code in use at Oak Ridge
National Laboratory would also be useful.

All these studies will undoubtedly contribute to a more accurate assessment
of radiation hazards. The question is whether greater accuracy is worth-
while. The subject of radiation hazards is great enough in the public eye

to justify the expenditure of time and money to conduct these studies. In
addition, the studies would, or could, also contribute to technical know-
ledge in cask design for other hazardous materials, to a greater under-
standing of biological and physical processes, and to certain aspects of
social research. For these reasons, the recommendations are proffered.



SECTION IiI

INTRODUCTION AND SUMMARY

INTRODUCTION

The energy demands of the United States are increasing. Traditional
energy sources are being depleted, and this fact means that there will
be an increase in the fraction of energy supplied by nuclear fuel. By the
year 2020, nuclear fuel will provide as much as three-fourths of the
electrical power of the United States. Electrical power represents as
much as one-third of the total energy requirements of the country.

The increased use of nuclear fuel will result in more mining, fuel
enrichment, fuel fabrication, fuel reprocessing, and nuclear waste
disposal. The facilities required to carry out these activities will

not necessarily be located within the same area. It will be necessary,
therefore, to transport the nuclear fuel in a variety of forms and levels
of radioactivity as it goes through the fuel cycle. An increase in total
transportation of nuclear fuel and radioactive materials is anticipated.
Radiation hazards are expected during transportation.

The radiation burden consists of a fixed and a probable component. The
fixed radiation burden consists of effects from routine, accident-free
operation. The probable burden is that associated with accidents. The
purpose of this study is to assess the hazards from the probable burden
of nuclear facility related transportation accidents.

EPA OBJECTIVES FOR THE STUDY

The responsibility for assessing and minimizing the detrimental environ-
mental impact from most of man's activities rests with the EPA. As a

part of these responsibilities, EPA has undertaken the assessment of the
total environmental impact resulting from the production of nuclear power.
The transportation of nuclear materials may represent a significant fraction
of the total impact resulting from the nuclear power industry. As the nuclear
transportation industry grows, a larger burden of radioactivity will have to
be borne by the public and the environment. Thus, more regulatory controls
will be required; and since the EPA is charged with the responsibility of
protecting the environment, they are interested in assessing the magnitude
of the radiation burden. The purpose of the present study is to help the EPA
gain base information to use in establishing policies for the government of
the transportation of radioactive materials generated by the nuclear power

industry.



In the present study, the radiation burden from transportation accidents
and its consequences are analyzed. A subsequent study of the routine
shipment radiation burden and consequences is in process. These two
studies will help identify any potential transportation impacts which may
be considered unacceptable, Steps may then be taken to minimize these

impacts.

The question naturally arises: If the radiation burden from transportation
is excessive, would it be better to cluster nuclear facilities on the same
sites or on nearby sites than to pursue a more random siting policy? If
the clustering course is adopted, then size is an added constraint to those
already limiting the choice of sites. As it is, finance, security, radiation
level, cooling capability, land area, visibility, and power transmission
must be considered before a suitable site can be used. Other questions
come up in connection with minimizing risks and hazards. For instance,
decisions must be made as to whether the shielding and impact resistance
of shipment containers are sufficient.

Additional objectives of the present study are to obtain a perspective of
important variables and to document the useful literature. In particular,
accident frequencies, container designs, and variations in usage of the
transport modes of trucks, rail cars, and barges are investigated. The
pertinent studies that are documented may be divided into two categories:
predictions on the transportation systems leading to the environmental
impact and assessments of the effects of those impacts.

FEATURE CONTRIBUTIONS OF THE STUDY

Several items which differentiate the study from others are listed as
follows:

1. Of several assessments of the environmental impact of transportation
accidents, the present study involves shipments of radioactive material,

2. The work represents an extension of the scope of the AEC "Environ-
mental Survey of Transportation of Radioactive Materials to and from
Nuclear Power Plants'' by treating transportation accidents to the year 2020,

3. Fault tree analysis is used to evaluate, in the absence of accident
experience, the probability with which a transportation accident results
in a release of radiation or a release of radioactive material.



4. A parametric model of the nuclear power transportation industry is
established to allow future studies and updating.

5. The hazard from nuclear transportation accidents is formulated
quantitatively in terms of a hazard vector field,

The methodology developed has been applied in other areas involving safety
and reliability. The study begins from a projected transportation picture
and generates the environmental impact of radiation releases during
accidents. By changing parameters related to the transport modes,
transport paths, shipping containers, and properties of the shipped
materials, a series of environmental impact scenarios are simulated.

STUDY METHODOLOGY

The method used in this study is essentially a mapping mechanism., Figure 1
contains a diagram which illustrates the overall action of the mapping. The
idea is to map a function, the amount of radioactive material being shipped,
into a vector space which quantitatively describes the hazards. The amount
of material being shipped is a function of several variables concerning the
nuclear power and transportation industries.

Risk is the probability that existing conditions will lead to accidents that
result in damage or loss. The consequence of these conditions is an
important ingredient of hazard. In fact, hazard is taken to be the risk

times the consequence. Values of hazard and risk depend upon the accidents,
the container designs, the materials being shipped, the radiation doses
resulting from these accidents and releases, and the health damage caused
by these releases.

The overall view described by Figure 1 is given in more detail in Figure 2.
A series of calculations produce the final mapping. First, the radioactivity
of the material being shipped is calculated from such variables as the
number and power of nuclear generators, the capacity of chemical processors,
the number of metric tons of fuel burned and the isotope composition of the
residues. Second, the probability of radiation release from a given accident
is calculated by means of fault tree analysis. Third, the radiation released
from probable accidents is calculated by means of a dispersion model. The
results of this calculation are estimates of the dose to the environment
(area-dose) measured in units such as acre-rems, and the whole body dose
to the population measured in man-rems. Finally, an estimate of the lethal
and injurious effects of the radiation to humans is generated by a health
effects model.
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The fault tree simulation model is based on the representation of the
shipping container as a series of barriers that are breached with some
computable probability. The use of a barrier model in a fault tree is a
way to calculate the conditional probability that radioactive material is
released, given that an accident has occurred. These fault trees require
input data in the form of probabilities with which elementary events occur.
Examples of elementary events are occurrence of puncture force greater
than that which the barrier can withstand, or failure of a seal due to heat
from a nearby fire. Such data are obtained from laboratory or field tests,
distribution functions, statistical tabulations for similar events, and
theoretical estimates. Once the fault tree has been completely drawn
with elementary probabilities, the probability of the top event (release
probability in this case) can be computed by Boolean algorithm or Monte
Carlo simulation. Here the Monte Carlo method is used.

The radiation dispersion model of Figures 1 and 2 is an empirical linear
relationship between the logarithm of radiation dose from the accident and
the logarithm of area ultimately affected after diffusion and material
transport. The population density is required to convert the environmental
dose into the population dose.

The health effects model is derived from the collection of information on
man's response to radiation. Although the body of information on this
subject is not conclusive, the guide for low levels of radiation presently
used by the EPA is used for this study. The absolute values of dose
response in this guide are that one million person-rems absorbed annually
will produce an excess of cases over other causes equal to the following:

1. 200 fatalities if the dose is to the whole body.
2. 200 nonlethal cancers if the dose is to the whole body.
3. 300 serious effects if the dose is restricted to the reproductive organs.

ELEMENTS INCLUDED iN THE STUDY

Nuclear facilities which produce radioactive materials requiring trans-
portation are confined in this study to the following:

1. Nuclear power reactors.

2. Chemical processing plahts.

12



3. Fuel fabrication plants.

4. Radioactive waste repositories,

The means of transportation which are considered in this study are:
1. Motor freight.

2. Rail freight.

3. Barge freight.

Significant radiation burdens are expected to arise from transport of
the materials:

1. Spent fuel,

2. Recycled plutonium,

3. High level radioactive solidified waste.
4, Fission product gases.

Results of the analysis are represented in a five component vector field
called the hazard vector field. Its components indicate:

1. The number of curies released from an accident,.

2. The number of acre-rems of dose irradiated from the accident to
the environment.

3. The number of man-rems of absorbed dose.
4, The number of fatalities resulting from the absorbed dose.
5. The number of injuries resulting from the absorbed dose.

In this study, a hazard vector is obtained for the continental United States.
This vector is studied for the period 1970 to 2020. A hazard vector is
generated at 5-year intervals, beginning in 1970, A different hazard vecror
is obtained upon varying the following parameters:

13



1. Capacities of shipments.

2. Number of shipments.

3. Average distance between facilities.

4. Transport mode mix.

5. Material cargo.

6. Physical nature of accidents.

7. Accident severity.

8. Container breachment probabilities.

9. Fraction of cargo released after container rupture.

10. Dispersion conditions.

11. Population density distribution,

12. Health dose responses.
The possible impact from transportation accidents in a nuclear power
system is treated on an average basis. The use of regional uniform
population densities and average distances between facilities is considered
to be adequate for the assessment of accident hazard, since accidents are
discrete, random events. The burden from radiation exposure during
routine shipments, i. e., shipments free of accidents, is of a more
continuous nature, and thus would require more detail in the spatial
distribution of facilities and population.
In the present hazard analysis of accidents, the principal parameters
varied are population density, transport mode mix, material cargo, and
accident severity.
The severity of accidents is divided into light, medium, and severe
categories. These classifications are arbitrary functions of the relative

velocity of colliding vehicles and of the time duration of fires associated
with accidents.
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ORGANIZATION OF STUDY

In analyzing the potential hazards and risks associated with radiation
release from nuclear transportation accidents, five steps can be identified.

First, a reasonable picture of the United States nuclear industry from 1970

to 2020 is required. This information is used in the second step to predict
the amount and type of nuclear material transportation required. The third
step is to determine the occurrence probabilities for the various types of
accidents which can lead to release of radiation. Evaluation of the hazards
based upon the amount of radiation released in each accident is the fourth
step of the study. The fifth step consists of parametric studies of the hazards.

15



SECTION IV

THE UNITED STATES NUCLEAR INDUSTRY
PICTURE TO YEAR 2020

To accurately evaluate the environmental impact of accidents occurring
during transportation of nuclear material, it is necessary to know the
numbers, origins, and destinations of the shipments; the types of vehicles
and shipping containers used; and the expected population densities along
the routes. These parameters are dependent on projections of the
development of the nuclear industry and the population during the 50
years covered by this study.

The aspects of the nuclear industry which are considered are:

1. The magnitude of the installed nuclear power capacity.

2. The relative contributions of each type of reactor to this capacity.
3. The long term disposal (or storage) policies for radioactive waste.
4., The economics of the fuel cycle.

Projections should be reevaluated periodically to make use of the most
recent data. An example of an updated projection is given in Figure 3.
This figure shows the AEC's forecasts of the nuclear generating capacity
in the decade 1970 to 1980, The first estimate was made in 1962, The
forecast was revised in 1964, 1966, 1967, and 1969; each time it was
revised upward.

In the 50-year period of this study, society may change its pattern of
energy consumption because of its desire to protect the environment.
Technological breakthroughs may occur which will change the under-
lying assumption of the projections. The assumptions made are
derived from opinions of scientists and engineers who work in the
various areas. These limitations should be borne in mind when drawing
any conclusions from this report.

The development of the United States nuclear industry over the next
50 years will be governed primarily by the demand for electrical
energy., Military and scientific influences on the development of the
nuclear industry are expected to be small compared to the influence
of the domestic needs for more energy. In this section, the following
aspects of the nuclear industry for the next 50 years are discussed:
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1. Total energy demand in the United States between 1970 and 2020,
2. Ways in which the energy demand will be met,

3. Numbers, sizes, and types of nuclear facilities needed to support
the nuclear energy requirements,

These items will be discussed for each of the six U, S. Federal Power
Commission (FPC) National Power survey regions shown in Figure 4.
These regions were modified slightly to follow state lines except for
the areas around Pittsburgh, Pennsylvania, and St. Louis, Missouri,
The Pittsburgh area is included in the East Central region and the

St. Louis area is included in the West Central region. The boundary
of these two areas corresponds to the Standard Metropolitan Statistical
Areas,

POPULATION GROWTH IN THE UNITED STATES

The most obvious of the forces governing energy demand is the growth

of the United States population, Table 2 shows the population of the

United States in 1970 and the projected populations through the year

2020, This projection is based on an average of 2, 775 children per 1, 000
women at end of child bearing and a net annual immigration of 400, 000,
This birth rate is higher than that recently released by the Census Bureau.
They report a rate of 2, 040 children per 1,000 women (Reference 3).
Figure 5 shows how the population projections are affected by the birth
rate., The Census Bureau's latest estimate for the year 2000 is shown

by the bar on Figure 5.

The population of the United States is expected to increase significantly
during the next 50 years., The population in 2020, based on current
projections, will be about 79 percent higher than in 1970, Thus, if the
per capita energy demand remains constant, an increase of 79 percent
in the overall energy demand is expected by the year 2020,

Population density is more suitable for calculating population risks than
the population itself since the radiation dosage is dependent on the spatial
dispersion of radiation or radioactive material. The exposure to risk

is calculated from the product of dose as a function of area, the area
itself, and the population density. The United States population density
projections are derived from Table 2 and displayed in Table 3.
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TABLE 2: PROJECTED POPULATION OF THE UNITED STATES &

Population in Modified FPC Regions,

Millions P Total
North- East South- West South Population,
Year east Central east Central Central West millions
1970 52.0 32.2 33.4 26.8 24.5 34.9 204
1975 55.4 34.0 35.6 28.4 26.2 38.9 218
1980 58.8 35.9 37.9 29.9 27.8 42.6 233
1985 63.1 38.3 40. 6 32.0 29.8 47.0 251
1990 67.4 40.7 43,3 34.1 31.9 51.5 269
1995 70.0 42.0 45,0 35.6 33.2 54.8 281
2000 72.6 43.3 46. 8 37.0 34.4 58.0 292
2005 76.6 45,3 49.5 38.2 36.4 63.7 310
2010 80.5 47.3 52.1 39.5 38.3 69.4 327
2015 85.0 49.8 54.5 42.0 39.8 74.8 346
2020 89.5 52.4 56.9 44,6 41.2 80.3 365
Percent
Growth 72 63 70 67 68 130 79
1970-2020

Derived from data for individual states in Reference 2.

b

FPC Regions, modified to follow State boundaries (with the exception of the Pittsburgh

and St. Louis areas).

separately for each region.

The population for the various states (Reference 2) were projected
The west population includes Alaska and Hawaii.




TABLE 3: PROJECTED POPULATION DENSITY OF THE UNITED STATES
Population Density in Modified FPC Regions
Persons/Square Mile

North- Fast South- West South National
Year east Central east Central Central West* Averagex
1970 290. 6 158.3 87.1 56.1 41.5 28.5 67.2
1975 309.6 167.2 92.8 59.4 44.3 31.6 72.1
1980 328.6 176.5 98.8 62.6 47.0 34.8 76.9
1985 352.6 188.3 105. 8 67.0 50.4 38.5 82.8
1990 376.7 200.1 112.9 71.4 54.0 42.2 88. 6
1995 391.2 206.5 117.3 74.5 56.2 44.9 92.4
2000 405.7 212.9 122.0 77.4 58. 2 47.5 96.0
2005 428.1 222.8 129.0 79.9 61.6 52.2 102.0
2010 449.9 232.6 135.8 82.7 64.8 56.9 108.0
2015 475.0 244.9 142.1 87.9 67.3 61.4 114.0
2020 500.2 257.7 148.3 93.3 69.7 65.9 120.0

*Not including Alaska or Hawaii area or population.




ENERGY DEMAND IN THE UNITED STATES

The standard of living and life style in the United States requires large
amounts of energy for each person, It has been estimated that while
having 6 percent of the world's population, the United States consumes
one third of the world's annual production of electrical energy.

Figure 6 shows the trend in energy demand per person in the United
States projected over the next 50 years. It can be seen from this
figure that the per capita demand will almost double by 2020,

The combination of increasing population and per capita energy demand
is expected to cause a large increase in the demand for energy. This is
shown in Figure 7. The total energy requirements will more than

double over the next 50 years, with the demand for electrical energy
contributing the largest portion of that growth, The electrical require-
ments projected to the year 2020 are presented in Table 4, The numbers
in the second column in Table 4 correspond to the '""Total Electric"

curve of Figure 7, The third column in Table 4 lists the power at peak
load to the year 2020. The effects of recent concern for the environment
on the projections of energy demand is uncertain at this time and is not
considered in this report,

EXPECTED WAYS TO MEET DEMAND BY FOSSIL AND NUCLEAR FUEL

The major role of nuclear fuel in satisfying the energy demands of the
United States will be helping to provide adequate electricity. This role
is shown in Figure 7 by the way the '""Nuclear Electric'' curve approaches
the ""Total Electric' curve. This same information is shown by

the upper curve in Figure 8, Nuclear energy should supply over 80
percent of electrical energy requirements for the United States by the
year 2020, The lower curve in Figure 8 shows the percent of generating
capacity supplied by nuclear fuel. About 71 percent of the installed
electrical power capacity in 2020 will be nuclear fueled. The nuclear
power projections for the six FPC regions of Figure 4 and for the
contiguous United States during the next 50 years are presented in

Table 5.

REACTOR TYPES AND CHARACTERISTICS

Current designs of nuclear fueled electrical generating plants include
two types of reactors -- converters and breeders. Both contain
fissionable and fertile material. Fertile materials are isotopes which
after capturing a neutron become fissionable material; for example,
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TABLE 4: ANNUAL UNITED STATES ELECTRICAL

ENERGY REQUIREMENTS (Reference 5)

Annual Electrical
Energy Use Power Peakload
Year 109 Kw-Hour 100 Kw
1970 1, 603 336
1975 2,220 463
1980 2,972 628
1985 4,167 904
1990 5,459 1,197
1995 7,319 1,585
2000 9, 650 2,090
2005 12,200 2,620
2010% 14, 900 3,130
2015 18, 300 3,730
2020 21, 300 4,260

*Graphical extrapolation.
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TABLE 5:

PROJECTED REGIONAL DISTRIBUTION OF CENTRAL
STATION NUCLEAR STEAM POWER PLANTS (Reference 5)

FPC Region Total
Calendar North- East South- West South United
Year cast Central east Central Central West States
Capacity of Nuclear Steam Power Plants, GWe (Net)
1970 3 0 0 1 0 1 5
1975 14 5 12 8 1 5 45
1980 27 10 33 20 7 17 114
1985 54 23 66 38 22 42 245
1990 99 49 111 67 46 81 453
1995 159 81 182 111 75 132 740
2000 243 121 274 167 113 200 1,118
2005 290 218 330 224 210 289 1,562
2010% 383 285 427 302 229 384 2,010
2015% 462 396 513 382 311 481 2,545
2020% 519 515 590 456 397 563 3, 040

#Graphical extrapolation.




U238 after capture becomes Pu239. Both of the reactor types generate

energy from fission and convert the fertile material into fissionable
material, but the breeders produce more fissionable material than
they consume. Reactors can also be classified by the coolant used

to remove the heat and by the neutron energy at which the fissions
occur. Most converters are light water thermal reactors (LWR).
That is, they are cooled by light water and the neutrons are at
thermal energy (0.025 ev). Another converter type is the high
temperature gas cooled reactor (HTGR). For this reactor type, the
coolant is helium gas. The breeders which are currently in the
design stage are cooled by a liquid metal such as sodium. The energy
of the neutrons which cause fission is about 10 Mev. These breeders
are called liquid metal fast breeder reactors (LMFBR). The LWRs
may be further classified by two designs and two uses of fuel. The
two designs are the Pressurized Water Reactor (PWR) and the Boiling
Water Reactor (BWR), LWRs can utilize enriched uranium as the
fissionable material and be designated as LWR-U or they can utilize

a combination of unenriched uranium and plutonium which was
produced from fertile material and be designed as LWR-U, Pu.

Characteristics for the PWR-U; PWR-U, Pu; HTGR; and LMFBR types

of reactors are listed in Table 6, These are expected to remain typical
for the next 50 years. Proposed designs of LMFBRs have been submitted
to the AEC by General Electric (GE) and Atomics International (AI),

Data for the two designs are given in Table 6,

Fuel cycles for different reactor designs are pictured in Figures 9

through 11, and include all steps from ore mining to temporary storage

of waste products. From the point of view of radiation safety in
transportation, the most important links are those between reactors

and chemical processing plants, between processors and waste repositories,
between processors and fuel fabrication plants, and between fabricators

and reactors. In this report, freight shipments along these links are
divided into spent fuel, recycled plutonium, high level radioactive solidified
waste, and fission product (noble) gas movements.

A possible source of electrical energy which still awaits a technological
breakthrough is the fusion reactor. When it is developed, it will be an
important part of the energy picture because of its clean operation, fuel
recycling capability, huge fuel reservoir represented by the oceans,
capability of direct conversion of fusion energy into electricity, and
material decomposition possibilities. Since a workable fusion reactor
is not foreseen for at least twenty years, the current study does not
attempt to consider its potential contribution.



TABLE 6: CHARACTERISTICS OF TYPICAL PWRs, HTGRs, AND LMFBRs (Reference 5)
. b LMFBR
PWR-U|PWR-U, Pu [HTGR Al GE
Electric Power, MWe (Net) 1,000 1,000 1,160 1,002 1,011
Thermal Power, MWt 3,077 3,077 3,000 2,400 2,417
Avecrage Specific Power, MW /Metric Ton 37.5 37.5 80. 65 50. 18f 53, 76f
Average Burnup, MWd/Metric Ton 32,873 32,873 94, 264 37,098 41,792
Refueling Interval, Days® 365,25 365,25 365. 25 364 385
Stcady State Charge
Th, Kg ———- — 8,434 -—— ————
U-233, Kg — p—— 217 - -
U-235, Kg 875.2 651. 8 433 34 34
Total U, Kg d 27,350 26,909 865.4 17,163 16,720
Fissile Pu, Kg -—-- 270.3 - 1,196 786
Total Pu, ng - 441.0 -—— 1,663 1,093
Total (U+Pu), Kg -——- 27, 350 ——— 18,826 17,813
Total (U+Pu+Th), K¢ - -—- 9299. 4
Stcady State Discharge
Th, Kg —-—- -—— 7,819 - ----
U-233, Kg -——- - 219.3 R — R
U-235, Kg 243.4 191.0 64.1 22 24
Total U, Kg 26,137 | 25,869 541.4 | 16,213 | 15,603
Fissile Pu, Kg9 180. 1 273. 1 2.1 1,395 1,111
Total Pu, Kg€ 254.9 445.5 10.0 1,918 1,467
Total (U+Pu), Kg 26,392 26,314 551.4 18,131 17,069
Total (U+PutTh), Kg _———— . 8,370 _———- ———
d

* PWR with self-sustaining Pu recycle.

Pu-239 + Pu-241.

. Pu-238 + Pu-239 + Pu-240 + Pu-241 + Pu-242.
Burnup per metric ton of fuel charged.

Based upon full power and fuel charged.
€ At 80 percent load factor.
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EXPECTED PERCENTAGE SUPPLIED BY LWR, HTGR, AND LMFBR

The increased demand for nuclear fueled electrical energy during the

next 50 years will probably be met by the reactor types discussed in the
previous section. Their expected relative contributions are shown in
Table 7 and Figure 12 (Reference 5), The LWR should continue to be

a significant electrical energy source for the remainder of this century.
However, the bulk of the nuclear fueled generating capacity after the

year 2000 will probably be supplied by the LMFBR. The HTGR should
also play an important role, Of the installed nuclear electrical generating
capacity in the year 2020 it is projected that 65 percent will be supplied
by the LMFBR, 19 percent by the HTGR, and 16 percent by the LWR.

EXPECTED NUMBER AND LOCATION OF FUEL REPROCESSORS IN
THE UNITED STATES

In the three fuel cycles (Figures 9 through 11) an important step is
chemical fuel reprocessing. In this operation, the spent fuel from the
reactor is put through a chemical process to separate the fission
products and the cladding material from the still-fissionable material.
The latter includes the original fuel which has not fissioned and the
material newly created by the capture of neutrons by fertile material,
The still-fissionable material is usually recycled. The fission products
and the cladding materials are classified as radioactive waste and are
(or will be) shipped to disposal and repository facilities. The fuel
reprocessing load in the United States is projected to the year 2020 in
Table 8. This table shows the reprocessing loads expected from LWR-U
facilities; LWR-U, Pu facilities; HTGRs; and LMFBRs. It is
anticipated that between 1990 and 1995, recycling of plutonium fuel for
LWRs will cease, Many of the reprocessing plants expected to handle
these loads will be able to handle reactor fuel from HTGRs and LMFBRs
as well as LWRs. The anticipated increase in the number of fuel
reprocessing plants for each FPC region over the next 50 years is
shown in Table 9. The distribution of plants will follow the geographical
distribution of nuclear reactors.

In Figure 13, the reprocessing load (Table 8), reprocessing capacity
(Table 9), and installed generating capacity (Table 7) projections are
compared, On a national basis the capacity of the reprocessors is
always expected to exceed the reprocessing load. However, the load
in a given FPC region may exceed the capacity in that region. An
example of this is the South Central region. From Table 9 it can be
seen that the first reprocessor should begin operation in the South
Central region in 2003, Until then the spent fuel will have to be
shipped to reprocessors in other regions.
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TABLE 7: CONTRIBUTION OF THE LWR, HTGR, AND LMFBR

TO THE UNITED STATES NUCLEAR ELECTRIC POWER GENERATING

CAPACITY (Reference 5)

Power Capacity (103 MWe)
Year TWR HTCGR LMEFBR Total
1970 5(100)% 0 0 5
1975 45(100) 0 0 45
1980 112(98) 2(2) 0 114
1985 210(86) 35(14) 0 245
1990 345(76) 93(21) 15(3) 453
1995 476(64) 151(20) 113(16) 740
2000 546(49) 202(18) 370(33) 1,118
2005 533(34) 273(18) 756(48) 1, 562
2010° 520(26) 350(17) 1,140(57) 2,010
2015" 500(20) 455(18) 1,590(62) 2,545
2020° 490(16) 590(19) 1, 960(65) 3, 040

® Number in parenthesis is percent of total.

Graphical extrapolation.
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TABLE 8: ACTUAL REPROCESSING LOAD (Reference 5)

Annual Load (Metric tons/year)

Year LWR-U LWR-Pu HTGR LMFBR Total
1970 0 0 0 0 0
1975 850 0 0 0 850
1980 2,126 269 7 0 2,402
1985 3,568 1,184 169 0 4,921
1990 7,284 366 590 175 8,415
1995 10,478 0 1,040 1,470 12, 988
2000 11,042 0 1,415 5,123 17,580
2005 10, 642 0 1,812 10,679 23,133
2010 10, 100 0 2,190 16,510 28, 800
2015% 9, 300 0 2,560 22,740 34, 600
2020 8,400 0 2,900 29,700 41,000

*Graphical extrapolation.
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TABLE 9:

PROJECTED REGIONAL DISTRIBUTION OF MULTIPURPOSE REPROCESSING PLANTS

WEST CENTRAL EAST CENTRAL NORTHEAST
Capacity Fuel Operating Capacity Fuel Operating Capacity Fuel Operating
(MT/Yr) Type Life (MT/Yr) Type Life (MT/Yr) Type Life

LWR 300 LWR 1966-1974
300 LWR 1973-1986 3,000 LMFBR |1983-1997 780 LWR 1974-1988
3,000 LWR 1987-2001
LWR LWR LWR
6,000 HTGR 1992-2006 6,000 HTGR 2000-2014 6,000 LM¥BR | 1998-2012
LMEBR LMFBR
WEST SOUTH CENTRAL SOUTHEAST
Capacity Fuel Operating Capacity Fuel Operating Capacity Fuel Operating
(MT/Yr) Type Life (MT/Yr) Type Life (MT/Yr) Type Life
LWR 6,000 LWR 2003-2017 1,500 LWR 1976-1990
3,000 HTGR 1990-2004 ILMFBR HTGR
LMFBR
LWR 1,500 LWR 1960-1994
TGR 2002-2016
6,000 EMFBR 6,000 LWR 1995-2009
HTGR
6,000 LMFBR | 2005-2019
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EXPECTED NUMBER AND LOCATION OF WASTE REPOSITORIES

All commercial high-level waste will originally be sent to a retrievable
surface storage facility., Such facilities might be located at the AEC's
facilities, such as Hanford, Oak Ridge, or Nevada., They are expected
to be used primarily as holding facilities until such time as more
permanent waste management methods are available.

Permanent waste repositories are in the development stage. One
location in southeastern New Mexico is being examined as a possible
site. A first coring sample of the salt bed information is expected to

be taken in 1973 to allow a choice to be made between sites in New
Mexico and Kansas. It is not anticipated that pilot plant operations

will be started prior to 1982, while regular operation of the facility

on a nonexperimental basis is not expected to take place before 1993,

It is anticipated that if this project is successful and the salt formation
disposal technique becomes publicly accepted, at least one other national
disposal site will be in operation by the year 2020 (Reference 14).

Ocean dumping will not be utilized extensively as a waste deposit scheme
because of difficulty in proving that ocean dumping is not harmful; the
almost impossible recovery of the materials once dumped; the difficulty
of imposing appropriate environmental controls; and Public Law 92-532,
which prohibits ocean disposal of high level radioactive waste.

To obtain a definite transportation scenario, however, this study assumes
that a repository will begin operation in 1980 in southeastern New Mexico.
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SECTION V

NUCLEAR TRANSPORTATION FORECASTS
(1970 TO 2020)

NUCLEAR FUEL PICTURE

Forecasts of the growth of the nuclear power industry in the United States
in the next 50 years indicate that the volume of radioactive material
produced by the nuclear power generation process will increase.

The principal components of this material are:

1. Spent fuel elements containing radioactive fission products, plutonium,
and uranium,

2. Plutonium separated from spent fuel and incorporated into new fuel
elements to be charged to nuclear reactors,

3. Fission products separated from spent fuel in the form of highly
radioactive liquids (1-2.5 x 104 Ci/liter) requiring containment for
103 -10 years.

4. Fission products separated from spent fuel in the form of liqujds
of low and intermediate level radioactivity (<1O'4 Ci/liter and 10° 7 -1 Ci/
liter) requiring evaporation and/or ion exchange treatment.

5. Fission product gases separated from spent fuel.

In this study, shipments of spent fuel, recycled plutonium, solidified forms
of highly radioactive liquid wastes, and fission product gases (principally
noble gases) are treated as the significant hazards. The low and inter-
mediate level wastes involve a greater number of shipments, but the risk
of accidental radiation hazards from these shipments is disregarded in

this study because of the low radioactivity involved. A possible manage-
ment strategy for the gaseous wastes is to store them temporarily and
then release them to the atmosphere. The longest lived component of
fission gases is Kr-85, which has a half life of 10,7 years, so 107 years

of temporary storage would be required for a reduction of radioactivity
level to about 0.1 percent of the original level. In this study, the premise
is adopted that such release provides an unacceptable solution, and ship-
ments of fission gases are assumed to be part of the transportation scenario.
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The number of shipments of these significantly hazardous materials is
expected to increase from about 200 in 1975 to perhaps 60, 000 in 2020.
As more power reactors, processing plants, fuel fabrication plants, and
waste repositories are built, the average shipping distance for the waste
will decrease. However, the number of shipment-miles is not expected
to decrease since the number of shipments outweighs the distance factor.
This point will be discussed later.

Estimates to the year 2020 of the amount of fuel which will be used by

the different nuclear reactors are presented in Table 10. The data in
Table 10 is a revision of previously reported estimates (References 12
and 13), The latest estimates were generated by the Oak Ridge Systems
Analysis Code, which was not available for the first projection (Reference
12).

This latest forecast assumes the introduction of fast breeder reactors
(represented in Table 10 by the LMFBR column) in about 1987. Up until
that time the use of LWRs will grow and recycling of Pu for use as LWR
fuel is expected to be economically advantageous. After introduction of
LMFBRs, the Pu recycling operation will be curtailed, but LWRs will be
an increasing power source until about 1995, after which time they will
fall into disuse. After 1995, the power burden is expected to fall on the
fast breeders and the increasingly favorable HTGR. Overall, the total
amount of fuel fabricated is expected to triple between 1975 and 1980 from
1,600 metric tons (MT) to 4, 600 MT. It is expected to triple again by
1990 to 11,800 MT and a third time by 2015 to 37,600 MT. The amount
of irradiated fuel that is to be processed would experience similar growth.

Shipments of plutonium are of special interest because this material is
highly toxic and highly radioactive. In Table 10 data for the years between
1978 and 1990 are described in detail to show the plutonium reprocessing
cycle for the LWR more clearly. In this table, the data in the columns
marked LWR-U refer to the amounts of uranium used in LWRs. The data
in the columns labeled LWR-Pu refer to the amounts of plutonium used

in LWRs in the recycling program. No plutonium is included in the HTGR
columns, but plutonium is counted in the LMFBR columns. From Table 6
the averages between Al and GE follow-on designs give 7.48 percent of
the ""Fabricated' numbers and 9. 59 percent of the '"Processed'" numbers
as plutonium.

All the numbers for processed fuel in Table 10 represent quantities of
uranium, plutonium, and thorium in the spent fuel that is shipped to

the reprocessing plant. Since startup cycles and recycling of fuel intro-
duce nonuniformities in the amount of radiation exposure, the numbers
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TABLE 10: ANNUAL NUCLEAR FUEL (U, Pu) PICTURE (Reference 5)

Year

Fuel (Metric Tons)

LWR-U LWR-Pu HTGR LMFBR Total

Fabricated*|Processed|Fabricated|Processed|Fabricated|Processed|Fabricated|Processed|Fabricated|Processed
1970 403, 2 15,0 403.2 15.0
1975 1,566.2 566.9 1,566.2 566.9
1978 2,276.9 1,406.5 775.3 3,502.2 1,406.5
1980 2,987.6 1,937.0 801.2 113.5 117.4 4,585.9 2,050.5
1982 3,545.8 2,661.3 1,163.0 494.9 316.3 4.5 5,025.1 3,160.7
1984 4,796.7 3,020.5 1,085.5 876.1 507.7 29.7 6, 389.9 3,926.3
1986 6,722.0 3,911.3 542.7 985.1 698. 4 102. 6 7,963.1 4,999.0
1988 8,404.5 5,222.1 180. 9 762.6 913.8 227.5 225.9 9,725.1 6,212.2
1990 10,141.2 6,912.2 381.3 1,089.7 392.3 580.4 112,71 11,811.3 7,798.5
1995 11,759.0 10,279.8 1,429.2 869.0 3,179.7 1,165.0)16,367.9 {12,313.8
2000 11,417.9 11,107.3 1,854.4 | 1,308.5 7,814.3 4,453,2 | 21,086.6 | 16,869.0
2005 9,745.8 10, 287.2 2,293.6] 1,664.0 | 14,467.8 9,671.126,507.2 |21,622.3
2010b 8,000.0 9,400.0 2,800.0| 2,000.0 | 21,000.0 14,800.0{ 31,800.0 | 26,200.0
2015b 6,300.0 8, 600.0 3,300.0| 2,400.0 | 28,000.0 20,000.0]37,600.0 | 31,000.0
2020b 4, 600.0 7,200.0 3,800.0f 2,800.0 { 35,000.0 25,200.0143,400.0 | 35,200.0

a Processed tonnage data is prorated to uniform burnup of 33, 000 megawatt-days per metric ton of uranium.

Approximations to linear extrapolations after year 2005.




for processed fuel in Table 10 are calculated under the assumption that
all the fuel is irradiated by the same amount, i.e., 33,000 megawatt-days

exposure,

RADIOACTIVE WASTE PICTURE

Generation of Waste

Analysis of waste treatment processes for LWR, HTGR, and LMFBR fuel
has led to figures of merit for specific volumes of solid waste produced
from each metric ton of uranium (MTU) charged to the reactors. They are:

Specific Solid Waste

Reactor Type (££3/MTU)
LWR 2
HTGR 6
LMFBR 3

Calculated values for the volumes of wastes actually committed from the
processors are given in Table 11,

An industry-wide projection of the amount of radioactivity generated by
the processing of high level waste is given in Table 12. The total amount
is projected to increase from 2.5 x 106 Curies (2.5 MCi) to 9.1 MCi
between 1975 and 1980, to 35.25 MCi by 1990, and to 148. 3 MCi by 2005.

For at least two reasons, no liquid wastes are considered in the trans-
portation picture (Reference 14). As a policy, the AEC restricts disposal
practices for liquid wastes that have high levels of radioactivity.
Consequently, the transportation of highly radioactive liquid wastes is
prohibited. The other reason is economic--adequate liquid container
fabrications are too expensive to admit the notion of transporting liquids.

Solid wastes consist of solidified aqueous products, solvent cleanup
materials, cladding hulls, alpha contaminated solids, and fission products.
The fission products and part of the other wastes are classified as high
level radioactive wastes. The alpha contaminated waste may be partitioned
into low level and intermediate level segments.
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TABLE 11:

ANNUAL VOLUME COMMITMENT OF
HIGH LEVEL RADIOACTIVE SOLIDIFIED WASTE (Reference 5)

Waste Volume (Cubic Feet)

Year
LWR HTGR IMFBR Total

1973 100.0 0.0 0.0 100.0
1975 1,700.0 0.0 0.0 1,700.0
1980 4,789.6 39.6 0.0 4,829.2
1985 9,504.0 1,015.8 0.0 10,519.8
1990 15,300.6 3,537.6 526.2 19,364.4
1995 20, 956.2 6, 240. 6 4,408.8 31, 605.6
2000 22,083.0 8,490.6 15,369.3 45,942.9
2005 21,284.4 10, 872.6 32,035,2 64,192.2
2010% 20,500.0 13,200.0 48, 600.0 82,300.0
20153% 19, 700.0 15, 600.0 65,200.0 100, 500.0
2020% 18,900.0 18,000.0 81, 800.0 102, 500.0

#Approximations to linear extrapolation after year 2005.
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TABLE 12: ANNUAL RADICACTIVITY GENERATION OF

HIGH LEVEL RADIOACTIVE SOLIDIFIED WASTE (Reference 5)

Radioactivity (109 Curies)
Year -
LWR HTGR LMFBR Total

1973 0.128 0.0 0.0 0,128
1975 2.501 0.0 0.0 2.501
1980 9.102 0.0 0.0 9.102
1985 20.008 0.277 0.0 20,284
1990 32.364 1.800 1,085 35,249
1995 45, 344 3.986 11.374 60.705
2000 48.994 6.002 43,820 98.816
2005 45,377 7.633 95,257 148,267
2010% 41.8 9.2 146.6 197.6
2015% 38.2 10.8 197.0 246.0
2020 34.6 12.4 248.4 295.4

*Approximations to linear extrapolation after yvear 2005.
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A projection of the amount of solid wastes of low and intermediate levels
of radioactivity (<1 Ci/liter of liquid from which the solid was formed)
which will be shipped over the next 50 years is given in Table 13. As

indicated above, these solids are not included as a significant radioactive
transport hazard.

Gaseous wastes are products of fission. The principal nuclides are
Kr-85, Xe-131m, and I-131, with the radiation from Kr-85 outweighing
that from the other gases. After a year's cooling time, a metric ton of
uranium fuel contains 0, 0108 MCi of Kr-85, with the other nuclides
standing in the ratio (Reference 8):

Kr:Xe:I=1:10-9:1.83 x 10-12,

The amount of iodine gas radiation becomes insignificant, so the terms
fission product gas and noble gas are used interchangeably. Of the fission
gases, Kr is the least chemically hazardous in terms of human health

and has a half life of 10.7 years. Consequently, the gas could be ventilated
to the atmosphere after being stored to allow radioactive decay.

Such releases would not provide a satisfactory solution to the radiation
burden that is forecast from the production of fission gases. Transport

of gaseous wastes from reactors or fuel reprocessing centers to repositories
where they may be held in long term storage would be more satisfactory.
Research is being conducted to find a feasible method of entraining the

gases in a solid matrix for transport purposes. When such solidification
processes are available, the shipments of gases would be counted as ship-
ments of high level radiocactive solid wastes. Such shipments would probably
be safer than shipments of pressurized cylinders of gas since the amount

of gas released in an accident would be much less.

For purposes of estimating the risk, the management of gaseous waste is
assumed to include transport of gases in pressurized cylinders, and not
to involve controlled releases of the gases produced in fission or chemical
processes.

Shipping of Significant Nuclear Materials

The major factors in transportation of nuclear materials are:
1. Spent fuel shipped from power reactor to chemical processing plant.

2. Recycled plutonium shipped from processor to fuel fabricator.
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TABLE 13: ANNUAL SHIPPING DATA FOR LOW AND INTERMEDIATE
LEVEL RADIOACTIVE SOLID WASTE (Reference 7)
Number of Shipments

Alpha Cladding Nonalpha Ifiifﬁf;ﬁf
YVear Contaminated Hulls Contal.nlnated Contaminated

Wastes Solids Solids
1970 I 0 17" 4
1975 7 2 111" 27"
1980 350 54 6,700 1,730
1985 700 150 10, 000 2,300
1990 1, 000 280 13,900 2,900
1995 1, 800 650 22,000 7,000
2000 2,500 990 30, 000 10, 600
2005 3,100 1,250 33,000 12,000
2010 3, 800 1,500 36, 000 14, 000
2015 4,400 1,750 39, 000 16, 000
2020 5, 000 2,000 42,000 18, 000

Values of 1,000 MT and 6, 000 MT for wastes shipped in 1970 and
1975 were taken from Reference 1, 1971. These wastes were assumed
to include no high level wastes. It was assumed further that these wastes
were shipped in ATMX-500 rail cars of 90, 000 1b. capacity (Reference 11).
The shipments were then partitioned among the columns as follows:
5% alpha, 1% hulls, 76% nonalpha, 18% intermediate. This distribution
agrees approximately with the 1980 and 1985 distributions.
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3. Radioactive solids transported from processor to repository.
4. Gaseous wastes transported from reactor or processor to repository.

Currently, between 50 and 600 MT of fuel are being discharged from power
reactors in the United States (References ! and 12)., From estimates made
at Oak Ridge National Laboratory (References 5, 12, 13, 17, and 19), from
50 to 660 MT of uranium and plutonium will be shipped in the form of spent
fuel elements in 1973, Seventeen MT of fuel for LWRs were estimated to
be discharged for the plutonium recycling program in 1973 (Reference 12)
and from 4 to 9 MT of fissile plutonium are expected to be recovered in
1975 (References 12, 20, and 17). Consequently, between 4 and 9 MT
fissile Pu will be shipped in 1975. Only 100 to 300 MT of high level radio-
active solidified wastes are expected to be generated by the reprocessing
plants in 1973 (References 5, 12, and 13), but this amount of waste is not
expected to be transported to a Federal repository until 1983, The radio-
activity associated with this amount of waste is estimated to be 130 to 210
MCi, An estimate of about 1.7 MCi (Reference 10) has been made for the
radioactivity represented by the production of fission (principally noble)
gases in 1970, These gases are separated from the spent fuel mass in

the chemical processing plants and are either held for radioactive decay

or released at large stack heights for atmospheric dissipation. Shipments
of these gases to repositories are assumed for this study.

Projections of shipments of these materials are studied in Figures 14
through 17. Shipments of all materials are expected to monotonically
increase with time, with the exception of recycled plutonium. According
to some estimates of the future movements of this material, the use of
recycled plutonium in LWRs will decrease between 1985 and 1990, and
the shipments of plutonium for LMFBRs will increase beginning about
1987. Consequently, a minimum appears in these curves for the year

1995.

In all the projections, approximate envelope curves were drawn to represent
high and low possible magnitudes of shipments. Practically none of the
estimates found in the literature or by personal communication extended

to the year 2020, The later years of a projection were treated by linear
extrapolation,

In Figure 14, the expected annual metric tonnages of spent fuel movements
are shown. The oldest curve (Reference 12, ORNL-4451) indicates the
shape of the curve is irregular and that the weight of spent fuel shipped
will approximately increase eightfold in the period 1970 through 1985,
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double during 1985 to 2000, and double again by 2020. A more recent
estimate based on a computerized model of the nuclear economy, which
model evidently was not available for the ORNL-4451 estimate (Reference
5, private communication), shows that the growth rate will not be quite
as strong from 1970 to 1995, but will be stronger after 1995,

Probably the most applicable curve is the projection of shipped tonnage at
rated exposure (33,000 MWd). This curve is linearly extrapolated in
Figure 14 to represent the most suitable estimate of spent fuel shipments
from 1970 to 2020, A table summarizing the shipment numbers for this
estimate and for the high and low estimates is given in Table 14. For the
most part, the high and low envelopes are straight lines passing through
appropriate points of the data curves.,

In Table 15, the shipments of spent fuel for the chosen estimate are
described with different parameters, The radioactivity of the fuel is
estimated using the factor 5 x 10° Ci/MT. The number of casks depends
on the reactor mix in which the fuel is used and is here determined by an
average cask capacity., No distinction is made for the differences in
weights that may be transported by different modes. The mileage figures
are based on Table 22 which will be discussed and shown later.

In Figure 15, the expected annual metric tonnage of recycled plutonium
shipments are shown. As mentioned before, a minimum occurs in some
projections because the LWR-Pu recycling program is expected to terminate
near the time that the LMFBR usage increases. For the chosen estimate,
the minimum occurs near 1990. The chosen estimate is calculated from
the fuel fabrication data in Reference 5. Before 1985, only the LWR-Pu
data is counted. After 1985, the LWR-Pu values are added to 7.5 percent
(average of GE and Al designs) of the LMFBR fuel loadings.

Table 16 compares the chosen estimate with high and low estimates. Values
of radioactivity and numbers of shipments used to describe the chosen
projection of recycled plutonium transportation are included in Table 17.

No distinctions of shipment capacities between transport modes are assumed
in Table 17. The shipping distance data are obtained from Table 22.

In Figure 16, the expected annual shipped volumes of high level radioactivity
solidified waste are shown. The chosen estimate is synonymous with the

low estimate. For the high estimate, the values of Reference 12 (ORNIL.-4451)
for the amounts of high level waste generated annually were linearized. Of
course, the shipments are assumed to occur 10 years after generation, so

the high estimate of shipments is rather arbitrary.
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TABLE 14: COMPARISON OF HIGH, LOW, AND CHOSEN ESTIMATES
OF SHIPPED TONNAGE OF SPENT FUEL

Low Chosen* High
Year Estimate Estimate Estimate
1970 0 15 0
1975 300 567 1,400
1980 1, 300 2,050 4, 000
1985 4,300 4,474 7,200
1990 7,500 7,798 12, 500
1995 10, 700 12,134 20, 000
2000 14, 100 16, 869 29,000
2005 17,500 21,622 39,000
2010 21,400 26,200 49,000
2015 25,800 31,000 60, 000
2020 32,200 35,200 70, 400

“Reference 5, rated exposure of 33,000 NMWd.



TABLE 15: ANNUAL SHIFPING DATA FOR SPENT FUEL

84

Vear SpentﬁFuela jRadioacthﬁtyb Number of" Instanced Shipping Units
(Metric Tons) | (109 Curies) Casks (Miles) (106 Cask-Miles)
1970 15 0.07 5 700 0.003
1975 567 2.84 191 600 0.115
1980 2,050 10.25 934 500 0.467
1985 4,474 22.37 1,612 450 0.806
1990 7,798 39.00 3,297 400 1.483
1995 12,314 61.57 7,463 4900 2.985
2000 16, 869 84, 34 10,224 400 4,089
2005 21,622 108.11 12,100 400 4,805
2010 26,200 131,00 16, 000 400 6.400
2015 31,000 155,00 19, 000 400 7.600
2020 35,200 176.00 21,400 400 8.600

Obtained from Total Processed column of Table 10, this report. The upper limit numbers
for the period 1970-1985 are obtained from Reference 1, 1971.

Assume 5 x 106 Ci/metric ton.
Based upon an average of 3,133 to 1. 65 metric tons of fuel/cask.

Based on assumption of uniform geographical distribution of plants.



TABLE 16: COMPARISON OF HIGH, LOW, AND CHOSEN
ESTIMATES OF SHIPPED TONNAGE OF
RECYCLED FISSILE PLUTONIUM

Low Chosen* High
Year Estimate Estimate Estimate

(MT) (MT) (MT)
1970 0 0 0
1975 0 0 0
1980 20 801.2 270
1985 90 542.7 1,360
1990 210 43,5 390
1995 110 238.5 520
2000 390 586.1 1,200
2005 750 1,085.1 1,930
2010 1,040 1,575 2,640
2015 1,170 2,100 3,360
2020 1,500 2,625 4,080

*Reference 5, calculated from fuel fabrication projection.
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TABLE 17: ANNUAL SHIPPING DATA FOR PLUTONIUM?

b o Shippinge Number of

Plutonium Radioactivity Number of Distance 106
Year (Metric Tons) (lO9 Curies) Shipments (Miles) Shipment -Miles
1970 - - - 700 -
1975 - - - 600 -
1980 801.2 0.504 10, 680 500 5.34
1985 542.7 0.341 7,234 450 3.26
1990 43,5 0.016 580 400 0.23
1995 238.5 0.087 3,179 400 1.27
2000 586.1 0.213 7,813 400 3.12
2005 1085.,1 0.395 14,464 400 5.78
2010 1575 0.573 20, 995 400 8.40
2015 2100 0.765 27,993 400 11,20
2020 2625 0.956 34,991 400 14.00

% Plutonium considered to be shipped from chemical processing plants to fuel fabrication plants

in dry solid form. These shipments are identical in quantity, though not in form with shipments
from fabricators to reactors, since no losses are assumed during fabrication. The movements
of plutonium from reactors to processors are accounted for in spent fuel shipments.

Amount of plutonium shipped assumed to be equal to amount fabricated for recycle in LWRs, In
LMFEBRs (after 1985) amount of plutonium is taken to be 7.5 percent (average of GE and Al designs)
of fuel fabricated.

 Based on 0. 6285x1066‘i/MT for LWRs, representing 33,000 MWd/MT exposure and 150 days

decay. In LMFBRs (after 1985), based on O, 364lx106Ci/MT, representing mixed core and
blanket fuel exposed to 41,200 MWd/MT and 90 days decay.

Based on 2.5 kg Pu per container and 30 containers per shipment, or 13. 33 shipments per MT.

e . . .
Average distance between processors and fabricators; assumed to be equal to average distance

between reactors and processors,



Generally, all the estimates for high level solid waste shipping have
similar curvature. The highest estimate (References 7 and 17) has

from 2 to 3 times as much volume being shipped in 1990 and 2000 as

does the lowest estimate (References 5 and 13). The chosen projection
indicates that the volume will increase fivefold in the period 1985 to 1990,
double during 1990 to 1995, double during 1995 to 2000, increase by

150 percent during 2000 to 2005, increase by another 150 percent by 2010,
and increase at a rate of about 20, 000 ft3 every 5 years thereafter.

The comparison between high, low, and chosen projections of high level
solidified waste shipping is given in Table 18. The description of waste
transportation in terms of radioactivity, number of containers, number
of shipments, and shipping distance is given in Table 19. As with the
other tables of this kind, no distinctions in shipment capacities by trans-
port mode are made and the distance data are obtained from Table 22.

In Figure 17, the expected annual shipped radiation of fission gases are

shown. The most complete estimate in the literature refers to the amount

of radiation generated in North America in the era 1970 to 2000 (Reference 10).
For perspective, this curve is displayed in Figure 17 under the assumption
that the radiation was shipped 10 years after generation.

The other estimates for noble gas are linearizations based on projections
made for the years 1980, 1990, and 2000. The chosen estimate is taken
from Reference 7, and after 2000 is assumed to be lower than the "low"

estimate.

Generally, one would expect the radiation carried by shipments of noble
gas to increase at a rate of about 50 to 130 MCi every 10 years., Tables
comparing the estimates and giving additional transportation data for the
chosen projection for noble gas are presented in Tables 20 and 21.

To facilitate discussion of the next 50 years in the nuclear transportation
industry for the United States, a uniform geographical distribution of power
reactors and fuel fabricators is assumed. Current plans include three
processing plants, one in western New York, another in northern Illinois,
one in South Carolina, and a repository for which a location has not yet
been determined (Reference 14). To obtain an idea of the distance of
shipments to the repository, the location which has been discussed for
southeastern New Mexico was assumed., Additional processing plants
may be built in the west and south central Federal Power Commission
survey regions, beginning service in 1990 and 2003, respectively. Based
on these assumptions, the approximate mileage figures for different types
of radioactive material shipments are summarized in Table 22.
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TABLE 18: COMPARISON OF HIGH, LOW, AND CHOSEN ESTIMATES
OF SHIPPED VOLUME OF HIGH LEVEL RADIOACTIVITY
SOLIDIFIED WASTE

Low Chosen High

Year Estimate Estimate Estimate

(103 £t3) (103 £t3) (103 £t3)
1970 0 0 0
1975 0 0 0
1983 0.1 0.1 9.73
1985 1.7 1.7 18.315
1990 4,83 4.83 26.9
1995 10.52 10.52 36.45
2000 19. 365 19. 365 46.0
2005 31.61 31. 61 55.55
2010 45.945 45, 94 65.1
2015 64.195 64.195 74. 65
2020 82.445 84. 445 84.2

* Reference 5

62



€9

TABLE 19: ANNUAL SHIPPING DATA FOR HIGH LEVEL RADIOACTIVE
SOLID WASTE?® (Reference 5)

ippi : 0 . of 10°

vear | VOl |Radjosctivity | No. of | New of | IR G5 e | G
uries) [ Containers Shipments (Miles) Miles Miles
1970 0 0 0 0 - 0 0
1975 0 0 0 0 - 0 0
1980 .05 . 005 1 1 2,500 0 . 002
1985 1.70 . 178 271 23 2,500 . 678 . 057
1990 4.83 . 651 769 65 2,200 1.922 . 143
1995 10, 52 1. 506 1,676 140 2,200 3.687 . 308
2000 19. 36 2,742 3,084 257 2,200 6. 784 . 565
2005 31.60 4.496 5,033 420 2,200 11.072 . 924
2010 45, 94 6.364 7,316 610 2,000 16.095 1.220
2015 64.19 8.309 10, 222 852 2,000 20, 444 1. 704
2020 82. 40 10. 250 13,121 1,094 2,000 26,242 2.188

& Assumed to have decayed 10 years before shipment.
Based on 6. 28 ft> solid waste/container (nominally 1 ft diameter, 10 ft long).
© Based on twelve containers/shipment.




TABLE 20: COMPARISON OF HIGH, LOW, AND CHOSEN ESTIMATES
OF SHIPPED RADIATION OF FISSION (NOBLE) GASES

Low Chosen* High

Year Estimate Estimate Estimate

(106 ci) (100 ci) (100 ci)
1970 0 0 0
1975 10 0 10
1980 32 32 32
1985 60 63 60
1990 110 106 120
1995 140 144 190
2000 190 184 260
2005 240 218 330
2010 290 252 400
2015 340 284 470
2020 390 311 540

* Reference 7.
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TABLE 21

ANNUAL SHIPPING DATA FOR NOBLE GAS (Reference 7)

v | Moo | matgmeiant | vo o | Smmng | e o0
ylinders (107 Curies) Shipments (Miles) Miles
1970 - - - - -
1975 - - - - -
1980 175 . 032 30 2,500 .075
1985 350 . 063 59 2,500 . 147
1990 590 . 106 99 2,200 . 217
1995 800 . 144 134 2,200 . 294
2000 1,020 . 184 170 2,200 . 374
2005 1,210 .218 202 2,200 . 444
2010 1,400 . 252 234 2,000 . 468
2015 1,580 . 284 264 2,000 . 528
2020 1,730 . 311 289 2,000 . 578

® Based on .18 x 10° curies/cylinder.
Based on six cylinders/shipment.




TABLE 22: APPROXIMATE AVERAGE
SHIPPING DISTANCES

Distance (Miles)
Year Spent Fuel® Fission Product Gasb
and Recycled Plutonium and Solid Waste

1970 700 -

1975 600 -

1980 500 2,500

1985 450 2,500

1990 400 2,200

1995 400 2,200

2000 400 2,200

2005 400 2,200

2010 400 2,000

2015 400 2,000

2020 400 2,000

@ Assigned data for the assumed uniform geographical distribution of
power reactors in the continental United States.

Processing plants assumed in western New York, northern Illinois,
South Carolina, center of West Federal Power Commission (FPC)
Survey Region, and center of South Central FPC Survey Region.
Repository assumed built in 1980 in southeastern New Mexico. The
distances between facilities are approximate assignments.
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A summary of data giving the number of shipments for the four significantly
hazardous materials and for low level radioactive wastes is displayed in
Table 23. These shipments are determined from container sizes and

are not dependent on the capacities of different transport modes. If the
data in this table are eventually realized, quite a transportation industry
will evolve., An average of 31.9 shipments per day of highly radioactive
material would be made in 1980. This number would decrease to 11,1

in 1990, but then would grow to 50.6 in 2000, 104, 6 in 2010, and 163, 6 in
2020, While the number of shipments of low level wastes increases from
about 9,000 in 1980 to about 67, 000 in 2020, its ratio to the number of

high level shipments increases from about 0.8 to about 1.1 in the same
time interval,

Of the high level shipments, solid wastes and fission gases are practically
insignificant components in numbers, compared to the spent fuel and
plutonium components. The growth of a breeder economy is reflected in
the ratio of spent fuel shipments to plutonium shipments. In 1980 this
ratio is 0,1, in 1990 it is 5.7, and in 2000 it is 1. 3. Of course, these
numbers are dependent on shipment capacities, which might be changed
as regulation policy changes. These results are illustrated in Figure 18,

The amounts of radiation carried with the annual number of shipments
are compared in Figure 19, The greatest radiation is carried by the
spent fuel by at least a factor of 10,

A plot (Figure 20) of the shipment-miles data in Tables 15, 17, 19, and

21 shows that the increase in gas transportation is approximately linear,
with the number (0,075 x 10° shipment-miles) increasing eightfold between
1980 and 2020. Spent fuel transportation can be roughly characterized by
two linear growth segments. The 1970 figure (0.003 x 10~ shipment-miles)
increases sixtyfold by 1985, and the 1985 amount increases by a factor of
6 by 2020 (9.3 x 10~ shipment-miles). The transportation of solid wastes
is influenced by the spent fuel situation, increasing by a factor of 40 in
two roughly linear growth segments from 0. 06 x 10° shipment-miles in
1980 to 2.2 x 10~ shipment-miles in 2020. As indicated above, plutonium
shipment-miles exhibit a minimum because the LMFBR production begins
about the time that LWR recycling of plutonium ends.

The 1980s decade should witness a decrease by a factor of about 20 in
plutonium shipment-miles, but the period from 1990 to 2020 should
experience an increase in this quantity by a factor of about 60. Both
changes should be approximately linear as indicated in Figure 20.
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TABLE 23: SUMMARY ANNUAL WASTE TRANSPORTATION PICTURE

High Level Radioactivity

Low Level Radioactivity* Number of Shipments)
Year (Number of Shipments) [Spent Fuel|lPlutonium | Solid Wastes | Fission Gases Sum
(I) (II) (III) (Iv) (I+II+III1+1IV)

1970 22 5 - R R 5
1975 147 191 --- -——- - 191
1980 8,834 934 10, 680 1 30 11, 645
1985 13,150 1,612 7,234 23 59 8,928
1990 18,080 3,297 580 65 99 4,041
1995 31,450 7,463 3,179 140 134 10,916
2000 44,590 10, 244 7,813 257 170- 18,484
2005 49,350 12, 100 14,464 420 202 27,186
2010 55,300 16, 360 20,995 610 234 38,199
2015 61,150 19, 697 27,993 852 264 48,806
2020 67,000 23,334 34,991 1,094 289 59, 708

* Low level radioactivity wastes include compacted quantities of both alpha contaminated and nonalpha

contaminated refuse for both low and intermediate radioactivity levels.

assumed to contain 0. 05 percent of Pu in the fuel, are also included.

Cladding hulls, which are
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SECTION VI

METHODOLOGY FOR ACCIDENT HAZARD ANALYSIS

Release of radioactivity is a hazard associated with the transportation of
radioactive materials. It may occur routinely or accidentally. Evaluation
of the accidental hazard depends on the probability of the occurrence of

an accident severe enough to cause release and on the evaluation of the
consequences of the release to the environment in the area of the accident.

The hazard of transportation accidents involving a cargo of a particular
radioactive material may be calculated from the following quantities:

1.  Number of curies of radiation carried in the shipment.
2. Probability of the shipment encountering an accident.
3. Probability that the accident results in a release of radioactivity or

radioactive material,

4. Fraction of the cargo that is actually released.

5. Dose absorbed by a single person from the released part of the cargo.
6. Population distribution.

7. Health response to the absorbed dose.

RADIATION SOURCES ASSOCIATED WITH
TRANSPORTATION ACCIDENTS

The number of curies Q carried in all the shipments of a particular material
in a particular year by a particular transport mode is calculated from the
product

Qpim = 450iPm
where
q = the number of curies per shipment
S = the number of shipments
b = the fraction of shipments attributed to a transport mode
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% = the index distinguishing radioactive cargoes

the index distinguishing the year of shipment

(SN
i

m = the index distinguishing transport modes

These data are listed in Tables 15, 17, 19, and 21 for spent fuel, recycled
plutonium, high level radioactive solidified wastes, and noble gases.
Referring to Figure 1, these data for Q represent the intersection of

the transportation and nuclear power generating industries.

PROBABILITY OF ACCIDENTS

The fraction P(A:S) giving the number of accidents that can be expected from
a given number of shipments in given transport modes is calculated from
the product

P(A.S)ijms - dijkams

where
d = the distance traveled by the shipment
a = the accident probability per unit distance

k = the index distinguishing intervals of the transport route link
that are described by different values of uniform population
density

s = the index distinguishing accident severities.

Data for the shipping distances as functions of cargo and time are given in
Table 22. Accident probability data will be discussed below.

Several government agencies continually accumulate statistics on accidents
occurring in the major transportation systems in the United States. These
accident statistics are expressed in terms of units which are products of
the transportation units and unit distance of travel, such as ton-miles or
shipment-miles. The accident statistics are observed fractions of all
shipments that result in accidents. These fractions are interpreted as

the probabilities that accidents occur.
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In a recent AEC report (Reference 8), the recent accident statistics were
conveniently classified by transport mode and by accident severity. The
severity grades of minor, moderate, severe, extra severe, and extreme
were obtained from various combinations of the relative velocities of
colliding vehicles and the duration of fires. In the present study, the
minor accidents are called light, the moderate accidents are called
medium, and the three severe categories are lumped together and called
severe., Consequently, the severe accident probabilities in this study are
the sums of probabilities for severe, extra severe, and extreme conditions
given in the AEC repocrt. The resultant modal and severity analysis of
accident probabilities are given in Table 24.

PROBABILITY (FAULT TREE SIMULATION MODEL)
OF CONTAINER RUPTURE IN ACCIDENTS

The fraction of accidents resulting in ruptures of the shipping containers
is determined from fault tree analysis of the shipping containers. This
fraction is called the release probability and is denoted by T yg. A
discussion of the fault tree methodology follows.

All accidents are considered to involve certain physical conditions,
namely:

1. Impact
2. Puncture
3. Fire

4. Vibration

These conditions occur with different probabilities according to accident
severity. Table 25 gives the modal and severity analysis of these physical
conditions.

Inhibit conditions must be met for these probable physical conditions to
cause failure of the shipping containers. That is, the forces generated
by impact, puncture, or explosion must be of sufficiently large magnitude
to break the container. Other possible modes of failure include human
error, manifest in improper closure, and equipment reliability, such as
valve and seal defects.
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TABRLE 24: ACCIDENT PROBABILITIES

Accident Probabili

4

Accident | Collision Duration { (accident/shipment/10° mi)
Severity Velocity of Fire Transport Mode
(mi/hr) (hr) Truck Rail Barge
Light 0-30 <1/2
0-50 0
1.3 0.73 1.7
Medium 0-30 1/2-1
30-70 <1/2
50-70 0
0.3 0.079 0.044
Severe 0 to>70 >1
30 to >70 1/2-1
>70 0 to>1
0.008 0.0015 0.0016
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TABLE 25: PROBABILITY OF PHYSICAL CONDITIONS IN ACCIDENTS

Physical Condition
by Accident Severity

Probabilities by
Transport Mode

Truck Rail Barge

Light Severity Accidents

Impact Occurs” 0.221 0.123 0.9

Puncture Force Occurs c 0.008 0.410 -

External Heat Source Nearby 0.014 0.0128 0.0605

Vibration Occursd 0.5 0.5 0.05
Medium Severity Accidents

Impact Occurs 0.423 0.067 0.08

Puncture Force Occurs 0.066 0.224 -

External Heat Source Nearby 0.0016 0.002 0.0099

Vibration Occurs 0.5 0.5 0.05
Severe Accidents

Impact Occurs 0.159 0.02 0.02

Puncture Force Occurs 0.022 0.066

External Heat Source Nearby 0.0002 0.0002 0.0007

Vibration Occurs 0.5 0.5 0.05

Impact probabilities for trucks and railroads are derived from data in

Appendix A, Reference 8, for collisions

32-52 mph; severe: >52 mph.

light: 0-32 mph; medium:

Puncture probabilities are interpreted as the probability of overturns

and derailments given in Appendix A, Reference 8.

External heat source nearby is interpreted as the probability of fires

in accidents given in Appendix A, Reference 8.

Vibration probabilities are assigned values used in Reference 15.
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The events and conditions which singularly or in combination, can cause
a rupture are the inputs to the fault tree. If two or more events are
required, they are input to an AND gate. If only one of several events

is required, it is input to an OR gate. Conditions that establish a level
of force, temperature, etc. required for an event to cause a failure are
called inhibit gates. They provide a logical connection between the event
and its magnitude,

Fach shipping container presents several barriers to the rupturing
forces of an accident. For example, from inside to outside spent fuel is
contained in a series of envelopes: cladding, cavity walls, shielding
material, and outer walls of casket. Simplified schematic diagrams for
the types of containers considered in this study are shown in Figures 21,
23, 25, and 27. These containers are here categorized by the radioactive
materials they hold,

The calculation of the probability that radioactive material will leak from
a container rupture in an accident must take into account the likelihood that
each barrier will be breached and also the likelihood that physical events
such as those listed above will occur. Such a calculation is made possible
by fault tree analysis.

In Figures 22, 24, 26, and 28, fault tree diagrams are presented for each
type of container. Probability values for the different elementary events
for different severities of accidents for each material container are
presented in Tables 26 through 37. The events are keyed by number
between the fault tree diagrams and the probability tables.

The release probability r;.,41is calculated for each container ¢, transport
mode m, and accident severity s by means of a computer program called
CONREP (Reference 16) in conjunction with a subroutine called LLOGIC,
which describes the fault tree. Results of the calculation are given in
Table 38. As noted in Tables 26, 29, 32, and 35, the physical inhibit

gate probabilities (e. g., probability that impact is great enough to break
the container, temperature is great enough, etc.) are assumed to be zero
for accident conditions of light severity, Examination of the fault trees in
Figures 22, 24, 26, and 28 shows no container failure under these assump-
tions. Consequently, the study of risks by accident severity may as well
be limited to the medium and severe ranges of severity.

The CONREP code evaluates the fault tree probability by making a Monte
Carlo selection of chains of elementary events by which the container can
fail, The most significant fault tree paths for severe accidents are listed
in Table 39,
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FIGURE 28: FAULT TREE DIAGRAM FOR FISSION PRODUCT (NOBLE) GAS SHIPPING CONTAINER



TABLE 26: FAULT TREE PROBABILITIES FOR SPENT FUEL SHIPPING
CONTAINER UNDER ACCIDENT CONDITIONS OF LIGHT SEVERITY®

D Transport Mode
Number Input Event Name
Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0.05
2 Vibration » Cladding Design 0 0 0
3 Vibration > Cavity Design 0 0 0
4 Vibration > Casket Design 0 0 0
5 Vibration > Closure Design 0 0 0
6 Impact Occurs 0.221 0.123 0.90
7 Impact ~ Cladding Design 0 0 0
8 Impact > Cavity Design 0 0 0
9 Impact > Casket Design 0 0 0
10 Impact > Closure Design 0 0 0
11 Puncture Force Occurs 0.008 0.410 --
12 Puncture Force = Cavity Design | O 0 0
13 Puncture Force > Casket Design| 0 0 0
14 Puncture Force > Closure 0 0 0
Design
15 Coolant Leaks OutP 0.5 E-6 0.5 E-6 0.5 E-6
16 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
17 External Heat Source Nearby 0.014 0.0128 0.0605
18 Pressure > Cladding Design 0 0 0
19 Pressure > Cavity Design 0 0 0
20 Pressure > Casket Design 0 0 0
21 Pressure > Closure Design 0 0 0
22 Temperature > Cladding Design | 0 0 0
23 Temperature ~ Cavity Design 0 0 0
24 Temperature > Casket Design Q 0 0
25 Temperature > Closure 0 0 0
Design
26 Defective Seal 0.5 E-3 0.5 E-3 0.5 E-3
7 Seal Improperly Closed 0.5 E-3 0.5 E-3 0.5 E-3
28 Drain or Vent Line Failure 0.1 E-2 0.1 E-2 0.1 E-2
29 Pressure Relief Valve Failure 0.1 E-2 0.1 E-2 0.1 E-2
30 Casket Closure Fails to Close 0.5 E-3 0.5 E-3 0.5 E-3
31 Casket Closure Seal Defective 0.5 E-3 0.5 E-3 0.5 E-3
a

For light severity accidents, all inhibit gate probabilities for physical
conditions such as impact, puncture, pressure, temperature, and
vibration are arbitrarily assigned values of zero.

For light severity accidents, all probabilities related to human error or
equipment failure under nonaccident conditions are arbitrarily assigned
the same values as for severe accidents.



TABLE 27:

FAULT TREE PROBABILITIES FOR SPENT FUEL SHIPPING

CONTAINER UNDER ACCIDENT CONDITIONS OF MEDIUM SEVERITY>

Transport Mode
Nulrr?ber Input Event Name '
Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0.05
2 Vibration > Cladding Design 0.3 E-7 0.4 E-7 0.1 E-7
3 Vibration > Cavity Design 0.15 E-6} 0.2 E-6 0.5 E-7
4 Vibration > Casket Design 0.15 E-6] 0.2 E-6 0.5 E-7
5 Vibration > Closure Design 0.75 E-7}] 0.1 E-6 0.25 E-7
6 Impact Occurs 0.423 0.067 0.08
7 Impact > Cladding Design 0.2 E-3 0.2 E-3 0.2 E-3
8 Impact > Cavity Design 0.1 E-3 0.1 E-3 0.1 E-3
9 Impact > Casket Design 0.1 E-2 0.1 E-2 0.1 E-2
10 Impact > Closure Design 0.1 E-5 0.1 E-5 0.1 E-5
11 Puncture Force Occurs 0.066 0.224 --
12 Puncture Force > Cavity Design | 0.1 E-3 0.1E-3 0.1 E-3
13 Puncture Force > Casket Design| 0.1 E-3 0.1 E-3 0.1 E-3
14 Puncture Force > Closure 0.1 E-3 0.1 E-3 0.1 E-3
Design
15 Coolant Leaks OutP 0.5 E-6 0.5 E-6 0.5 E-6
16 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
17 External Heat Source Nearby 0.0016 0.002 0.0099
18 Pressure > Cladding Design 0.3 E-3 0.5 E-2 0.01
19 Pressure > Cavity Design 0.3 E-3 0.5 E-2 0.01
20 Pressure > Casket Design 0.3 E-3 0.5 E-2 0.01
21 Pressure > Closure Design 0.3 E-3 0.5 E-2 0.01
22 Temperature > Cladding Design | 0.1 E-5 0.1 E-5 0.1 E-5
23 Temperature > Cavity Design 0.1 E-5 0.1 E-5 0.1 E-5
24 Temperature > Casket Design 0.1 E-4 0.1 E-4 0.1 E-4
25 Temperature > Closure 0.1 E-4 0.1 E-4 0.1 E-4
Design
26 Defective Seal 0.5 E-3 0.5 E-3 0.5 E-3
27 Seal Improperly Closed 0.5 E-3 0.5 E-3 0.5 E-3
28 Drain or Vent Line Failure 0.1 E-2 0.1 E-2 0.1 E-2
29 Pressure Relief Valve Failure 0.1 E-2 0.1 E-2 c-i1i E-2
30 Casket Closure Fails to Close 0.5 E-3 0.5 E-3 0.2 E-3
31 Casket Closure Seal Defective 0.5 E-3 0.5 E-3 0.5 E-3
2 For

medium severity accidents, all inhibit gate probabilities for physical

conditions such as impact, puncture, pressure, temperature, and
vibration are arbitrarily assigned values equal to 10 percent of the
corresponding values for severe accidents.

b See footnote b, Table 26.

severity accidents.
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TABLE 28: FAULT TREE PROBABILITIES FOR SPENT FUEL SHIPPING
CONTAINER UNDER SEVERE ACCIDENT CONDITIONS

D Transport Mode
Number Input Event Name Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0.05
2 Vibration > Cladding Design 0.3 E-6 0.4 E-6 0.1 E-6
3 Vibration > Cavity Design 0.15 E-5| 0.2 E-5 0.5 E-6
4 Vibration > Casket Design 0.15 E-5 0.2 E-5 0.5 E-6
5 Vibration > Closure Design 0.7 E-6| 0.1 E-5 0.25 E-6
6 Impact Occurs 0.159 0.020 0.02
7 Impact > Cladding Design 0.2 E-2 0.2 E-2 0.2 E-2
8 Impact > Cavity Design 0.1 E-2 0.1 E-2 0.1 E-2
9 Impact > Casket Design 0.1 E-1 0.1 E-1 0.1 k-1
10 Impact > Closure Design 0.1 E-4 0.1 E-4 0.1 E-4
11 Puncture Force Occurs 0.022 0.066 --
12 Puncture Force > Cavity Design | 0.1 E-2 0.1 E-2 0.1 E-2
13 Puncture Force > Casket Design| 0.1 E-2 0.1 E-2 0.1 E-2
14 Puncture Force > Closure 0.1 E-2 0.1 E-2 0.1 E-2
Design
15 Coolant Leaks Out 0.5 E-6 0.5 E-6 0.5 E-6
16 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
17 External Heat Source Nearby 0.2 E-3 0.2 E-3 0.7 E-3
18 Pressure > Cladding Design 0.3 E-2 0.05 0.1
19 Pressure > Cavity Design 0.3 E-2 0.05 0.1
20 Pressure > Casket Design 0.3 E-2 0.05 0.1
21 Pressure > Closure Design 0.3 E-2 0.05 0.1
22 Temperature > Cladding Design | 0.1 E-4 0.1 E-4 0.1 E-4
23 Temperature > Cavity Design 0.1 E-4 0.1 E-4 0.1 E-4
24 Temperature > Casket Design 0.1 E-3 0.1 E-3 0.1 E-3
25 Temperature > Closure 0.1 E-3 0.1 E-3 0.1 E-3
Design
26 Defective Seal 0.5 E-3 0.5 E-3 0.5 E-3
27 Seal Improperly Closed 0.5 E-3 0.5 E-3 0.5 E-3
28 Drain or Vent Line Failure 0.1 E-2 0.1 E-2 0.1 E-2
29 Pressure Relief Valve Failure 0.1 E-2 0.1 E-2 0.1 E-2
30 Casket Closure Fails to Close 0.5 E-3 0.5 E-3 0.5 E-3
31 Casket Closure Seal Defective 0.5 E-3 0.5 E-3 0.5 E-3

“ For severe accidents, all inhibit gate probabilities for physical conditions
such as impact, puncture, pressure, temperature, and vibration and
all probabilities related to human error or equipment failure under
nonaccident conditions are assigned values used for similar events in
the container analyses of Reference 15,
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TABLE 29: FAULT TREE PROBABILITIES FOR PLUTONIUM SHIPPIaNG
CONTAINER UNDER ACCIDENT CONDITIONS OF LIGHT SEVERITY

Transport Mode

1D Input Event Name
Number Truck Rail Barge
1 Puncture Force Occurs 0.008 0,410 -~
2 Puncture Force > Bag Design 1.0 1.0 1.0
3 Puncture Force > Bottle Design | 0 0 0
4 Puncture Force > Pressure 0 0 0
Vessel Design
5 Puncture Force > Drum Design 0 0 0
6 External Heat Source Nearby 0.014 0.0128 0. 0605
7 Temperature > Bag Design 1.0 1.0 1.0
8 Temperature > Bottle Design 0 0 0
9 Temperature > Pressure 0 0 0
Vessel Design
10 Temperature > Drum Design 0 0 0
11 Impact Occurs 0.221 0.123 0.90
12 Impact > Bag Design 1.0 1.0 1.0
13 Impact > Bottle Design 0 0 0
14 Impact > Pressure Vessel 0 0 0
Design
15 Impact > Drum Design 0 0 0
16 Vibration Occurs 0.5 0.5 0.05
17 Vibration > Bottle Design 0 0 0
18 Vibration > Pressure Vessel 0 0 0
Design
19 Vibration > Drum Design 0 0 0
20 Pressure > Bottle Design 0 0 0
21 Pressure > Pressure Vessel 0 0 0
Design
22 Pressure > Drum Design 0 0 0
23 Bottle Cap Fails to Close 0.5 E-3 0.5 E-3 0.5 E-3
Properlyb
24 Cap Threads Worn and Fail 0.5 E-3 0.5 E-3 0.5 E-3
25 Pressure Vessel O-Ring Fails 0.5 E-3 0.5 E-3 0.5 E-3

% See footnote a, Table 26. Exception for polyvinylchloride bag, which
is assumed to be easily ruptured.
See footnote b, Table 26.
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TABLE 30:

FAULT TREE PROBABILITIES FOR PLUTONIUM SHIPPING

CONTAINER UNDER ACCIDENT CONDITIONS OF MEDIUM SEVERITY?

Transport Mode

Nufjber Input Event Name
Truck Rail Barge
1 Puncture Force Occurs 0.066 0.224 --
2 Puncture Force > Bag Design 1.0 1.0 1.0
3 Puncture Force > Bottle Design | 0.3 E-4 0.3 E-4 0.3 E-4
4 Puncture Force > Pressure 0.5 E-4 0.5 E-4 0.5 E-4
Vessel Design
5 Puncture Force > Drum Design 0.1 E-3 0.1 E-3 0.1 E-3
6 External Heat Source Nearby 0.0016 0.002 0.0099
7 Temperature > Bag Design 1.0 1.0 1.0
8 Temperature > Bottle Design 0.1 E-3 0.1 E-3 0.1 E-3
9 Temperature > Pressure 0.1 E-5 0.1 E-5 0.1 E-5
Vessel Design
10 Temperature > Drum Design 0.1 E-4 0.1 E-4 0.1 E-4
11 Impact Occurs 0.423 0.067 0.08
12 Impact > Bag Design 1.0 1.0 1.0
13 Impact > Bottle Design 0.5 E-3 0.1 E-3 0.5 E-3
14 Impact > Pressure Vessel 0.1 E-2 0.1 E-2 0.1 E-2
Design
15 Impact > Drum Design 0.03 0.03 0.03
16 Vibration Occurs 0.5 0.5 0.05
17 Vibration > Bottle Design 0.3 E-7 0.4 E-7 0.1 E-7
18 Vibration > Pressure Vessel 0.3 E-7 0.4 E-7 0.1 E-7
Design
19 Vibration > Drum Design 0.15 E-6| 0.2 E-6 0.5 E-7
20 Pressure > Bottle Design 0.3 E-3 0.5 E-2 0.01
21 Pressure > Pressure Vessel 0.3 E-3 0.5 E-2 0.01
Design
22 Pressure > Drum Design 0.3 E-3 0.5 E-2 0.01
23 Bottle Cap Fails to Close 0.5 E-3 0.5 E-3 0.5 E-3
Properlyb
24 Cap Threads Worn and Fail 0.5 EKE-3 0.5 E-3 0.5 E-3
25 Pressure Vessel O-Ring Fails 0.5 E-3 0.5 E-3 0.5 E-3

& See footnote a, Table 27.

is assumed to be easily ruptured.
b See footnote b, Table 27.
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TABLE 31: FAULT TREE PROBABILITIES FOR PLUTONIUM SHIPPING
CONTAINER UNDER SEVERE ACCIDENT CONDITIONS*

Transport Mode
1D Input Event Name
Number Truck Rail Barge
1 Puncture Force Occurs 0.022 0.066 --
2 Puncture Force > Bag Design 1.0 1.0 1.0
3 Puncture Force > Bottle Design | 0.3 E-3 0.3 E-3 0.3 E-3
4 Puncture Force > Pressure 0.5 E-3 0.5 E-3 0.5 E-3
Vessel Design
5 Puncture Force > Drum Design 0.1 E-2 0.1 E-2 0.1 E-2
6 External Heat Source Nearby 0.2 E-3 0.2 E-3 0.7 E-3
7 Temperature > Bag Design 1.0 1.0 1.0
8 Temperature > Bottle Design 0.1 E-2 0.1 E-2 0.1 E-2
9 Temperature > Pressure 0.1 E-4 0.1 E-4 0.1 E-4
Vessel Design
10 Temperature > Drum Design 0.1 E-3 0.1 E-3 0.1 E-3
11 Impact Occurs 0.159 0. 020 0.02
12 Impact > Bag Design 1.0 1.0 1.0
13 Impact > Bottle Design 0.5 KE-2 0.1 E-2 0.5 E-2
14 Impact > Pressure Vessel 0.1 E-1 0.1 E-1 0.1 E-1
Design
15 Impact > Drum Design 0.3 0.3 0.3
16 Vibration Occurs 0.5 0.5 0.05
17 Vibration > Bottle Design 0.3 E-6 0.4 E-6 0.1 E-6
18 Vibration > Pressure Vessel 0.3 E-6 0.4 E-6 0.1 E-6
Design
19 Vibration > Drum Design 0.15 E-5] 0.2 E-5 0.5 E-6
20 Pressure > DBottle Design 0.3 E-2 0.05 0.1
21 Pressure > Pressure Vessel 0.3 E-2 0.05 0.1
Design
22 Pressure > Drum Design 0.3 E-2 0. 05 0.1
23 Bottle Cap Fails to Close 0.5 E-3 0.5 E-3 0.5 E-3
Properly
24 Cap Threads Worn and Fail 0.5 E-3 0.5 E-3 0.5 E-3
25 Pressure Vessel O-Ring Fails 0.5 E-3 0.5 E-3 0.5 E-3

* See footnote, Table 28,
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TABLE 32:

FAULT TREE PROBABILITIES FOR HIGH LEVEL

RADIOACTIVITY SOLIDIFIED WASTE SHIPPING CONTAINER UNDER
ACCIDENT CONDITIONS OF LIGHT SEVERITY2

Transport Mode

ID Input Event Name
Number .
Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0.05
2 Vibration > Can Design 0 0 0
3 Vibration > Closure Design 0 0 0
4 Vibration > Cask Design 0 0 0
5 Impact Occurs 0.221 0.123 0.90
6 Impact > Can Design 0 0 0
7 Impact > Closure Design 0 0 0
8 Impact > Cask Design 0 0 0
9 Puncture Force Occurs 0.008 0.410 --
10 Puncture Force > Can Design 0 0 0
11 Puncture Force > Closure 0 0 0
Design
12 Puncture Force > Cask Design 0 0 0
13 Coolant Leaks OutP 0.5E-6 | 0.5E-6 | 0.5E-6
14 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
15 External Heat Source Nearby 0.014 0,0128 0.0605
16 Temperature > Can Design 0 0 0
17 Temperature > Closure 0 0 0
Design
18 Temperature > Cask Design 0 0 0
19 Pressure > Can Design 0 0 0
20 Pressure > Closure Design 0 0 0
21 Pressure > Cask Design 0 0 0

% See footnote a, Table 26.

bSee footnote b, Table 26,
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TABLE 33:

FAULT TREE PROBABILITIES FOR HIGH LEVEL

RADIOACTIVITY SOLIDIFIED WASTE SHIPPING CONTAINER UNDER
ACCIDENT CONDITIONS OF MEDIUM SEVERITY?2

Transport Mode

ID Input Event Name
Number Truck Rail Barge

1 Vibration Occurs 0.5 0.5 0.05

2 Vibration > Can Design 0.15 E-6] 0.2 E-6 0.5 E-7
3 Vibration > Closure Design 0.75 E-7{ 0.1 E-6 0.25 E-7
4 Vibration > Cask Design 0.15 E-6] 0.2 E-6 0.5 E-7
5 Impact Occurs 0.423 0.067 0.08
6 Impact > Can Design 0.1 E-5 0.1 E-5 0.1 E-5
7 Impact > Closure Design 0.1 E-5 0.1 E-5 0.1 E-5
8 Impact > Cask Design 0.1 E-2 0.1 E-2 0.1 E-2
9 Puncture Force Occurs 0.066 0.224 --

10 Puncture Force > Can Design 0.1 E-3 0.1 E-3 0.1 E-3
11 Puncture Force > Closure 0.1 E-3 0.1 E-3 0.1 E-3

Design

12 Puncture Force > Cask Design 0.1 E-3 0.1 E-3 0.1 E-3
13 Coolant Leaks OutP 0.5E-6 | 0.5E-6 | 0.5E-6
14 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
15 External Heat Source Nearby 0.0016 0.002 0.0099
16 Temperature > Can Design 0.1 E-5 0.1 E-5 0.1 E-5
17 Temperature > Closure 0.1 E-4 0.1 E-4 0.1 E-4

Design

18 Temperature > Cask Design 0.1 E-4 0.1 E-4 0.1 E-4
19 Pressure > Can Design 0.3 E-3 0.5 E-2 0.01

20 Pressure > Closure Design 0.3 E-3 0.5 E-2 0.01

21 Pressure > Cask Design 0.3 E-3 0.5 E-2 0.01

a
See footnote a, Table 27.
See footnote b, Table 27.
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TABLE 34; FAULT TREE PROBABILITIES FOR HIGH LEVEL
RADICACTIVITY SOLIDIFIED WASTE SHIPPING CONTAINER UNDER
SEVERE ACCIDENT CONDITIONS"

D Transport Mode
Number Input Event Name
Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0. 05
2 Vibration > Can Design 0.15 E-5| 0.2 E-5 0.5 E-6
3 Vibration > Closure Design 0.75 E-6( 0.1 E-5 0.25 E-6
4 Vibration > Cask Design 0.15 E-5| 0.2 E-5 0.5 E-6
5 Impact Occurs 0.159 0.02 0.02
6 Impact > Can Design 0.1 E-4 0.1 E-4 0.1 E-4
7 Impact > Closure Design 0.1 E-4 0.1 E-4 0.1 E-4
8 Impact > Cask Design 0.1 E-1 0.1 E-~1 0.1 E-1
9 Puncture Force Occurs 0.022 0.066 -
10 Puncture Force > Can Design 0.1 E- 0.1 E- 0.1 E-
11 Puncture Force > Closure 0.1 E-2 0.1 E-2 0.1 E-2
Design
12 Puncture Force > Cask Design 0.1 E-2 0.1 E-2 0.1 E-2
13 Coolant Leaks Out 0.5 E-6 0.5 E-6 0.5 E-6
14 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
15 External Heat Source Nearby 0.2 E-3 0.2 E-3 0.7E-3
16 Temperature > Can Design 0.1 E-4 0.1 E-4 0.1 E-4
17 Temperature > Closure 0.1 E-3 0.1 E-3 0.1 E-3
Design
18 Temperature > Cask Design 0.1 E-3 0.1 E-3 0.1 E-3
19 Pressure > Can Design 0.3 E-2 0.5 E-1 0.1
20 Pressure > Closure Design 0.3 E-2 0.5 E-1 0.1
21 Pressure > Cask Design 0.3 E-2 0.5 E-1 0.1

*See footnote, Table 28.
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TABLE 35: FAULT TREE PROBABILITIES FOR
FISSION PRODUCT (NOBLE) GAS SHIPPING CONTAINERa
UNDER ACCIDENT CONDITIONS OF LIGHT SEVERITY

Transport Mode
ID Input Event Name
Number Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0. 05
2 Vibration > Cylinder Design 0 0 0
3 Vibration > Cask Design 0 0 0
4 Vibration > Closure Design 0 0 0
5 Impact Occurs 0.221 0,123 0.9
6 Impact > Cylinder Design 0 0 0
7 Impact > Cask Design 0 0 0
8 Impact > Closure Design 0 0 0
9 Puncture Force Occurs 0.008 0.410 --
10 Puncture Force > Cylinder Design| 0 0 0
11 Puncture Force > Cask Design 0 0 0
12 Puncture Force > Closure Design | 0 0 0
13 Coolant Lieaks OutP 0.5E-6 | 0.5E-6 | 0.5E-6
14 Coolant Channels Not Filled 0.3 E-4 0,3 E-4 0.3 E-4
15 External Heat Source Nearby 0.014 0.0128 0. 0605
16 Pressure > Cylinder Design 0 0 0
17 Pressure > Cask Design 0 0 0
18 Pressure > Closure Design 0 0 0
19 Temperature > Cylinder Design 0 0 0
20 Temperature > Cask Design 0 0 0
21 Temperature > Closure Design 0 0 0
22 Cylinder Valve Malfunction 0.1 E-2 0.1 E-2 0.1 E-2
23 Cylinder Valve Not Tightened 0.7 E-3 0.7 E-3 0.7 E-3
24 Cask Vent Malfunction 0.1 E-2 0.1 E-2 0.1 E-2

@ See footnote a, Table 26,
See footnote b, Table 26.
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TABLE 36: FAULT TREE PROBABILITIES FOR

FISSION PRODUCT (NOBLE) GAS SHIPPING CONTAINER
UNDER ACCIDENT CONDITIONS OF MEDIUM SEVERITY?

Transport Mode

1D Input Event Name
Number Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0.05
2 Vibration > Cylinder Design 0.3 E-7 0.4 E-7 0.1 E-7
3 Vibration > Cask Design 0.15 E-6 | 0.2 E-6 0.5 E-7
4 Vibration > Closure Design 0.75 E-7 | 0.1 E-6 0.25 BE-7
5 Impact Occurs 0.423 0.067 0.08
6 Impact > Cylinder Design 0.1 E-3 0.1 E-3 0.1 E-3
7 Impact > Cask Design 0.5 E-2 0.5 E-2 0.5 E-2
8 Impact > Closure Design 0.1 E-5 0.1 E-5 0.1 E-5
9 Puncture Force Occurs 0.066 0,224 --
10 Puncture Force > Cylinder Design| 0.1 E-3 0.1 E-3 0.1 E-3
11 Puncture Force > Cask Design 0.1 E-3 0.1 E-3 0.1 E-3
12 Puncture Force > Closure Design | 0.1 E-3 0.1 E-3 0.1 E-3
13 Coolant Leaks OutP 0.5E-6 | 0.5E-6 | 0.5E-6
14 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
15 External Heat Source Nearby 0.0016 0.002 0.0099
16 Pressure > Cylinder Design 0.3 E-3 0.5 E-2 0.01
17 Pressure > Cask Design 0.3 E-3 0.5 E-2 0.01
18 Pressure > Closure Design 0.3 E-3 0.5 E-2 0.01
19 Temperature > Cylinder Design 0.1 E-5 ; 0.1 E-5 0.1 E-5
20 Temperature > Cask Design 0.1 E-4 0.1 E-4 0.1 E-4
21 Temperature > Closure Design 0.1 E-4 0.1 E-4 0.1 E-4
22 Cylinder Valve Malfunction 0.1 E-2 0.1 E-2 0.1 E-2
23 Cylinder Valve Not Tightened 0.7 E-3 0.7 E-3 0,7 E-3
24 Cask Vent Malfunction 0.1 E-2 0.1 E-2 0.1 E-2

2 gee footnote a, Table 27.
See footnote b, Table 27,
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TABLE 37:

FAULT TREE PROBABILITIES FOR
FISSION PRODUCT (NOBLE) GAS SHIPPING CONTAINER

UNDER SEVERE ACCIDENT CONDITIONS™

Transport Mode

1D Input Event Name
Number Truck Rail Barge
1 Vibration Occurs 0.5 0.5 0.05
2 Vibration > Cylinder Design 0.3 E-6 0.4 E-6 0.1 E-6
3 Vibration > Cask Design 0.15 E-5 | 0.2 E-5 0.5 E-6
4 Vibration > Closure Design 0.75 E-6 | 0.1 E-5 0.25 E-6
5 Impact Occurs 0,159 0.02 0.02
6 Impact > Cylinder Design 0.1 E-2 0.1 E-2 0.1 E-2
7 Impact > Cask Design 0. 05 0.05 0,05
8 Impact > Closure Design 0,1 E-4 0.1 E-4 0.1 E-4
9 Puncture Force Occurs 0.022 0. 066 --
10 Puncture Force > Cylinder Design| 0.1 E-2 0.1 E-2 0.1 E-2
11 Puncture Force > Cask Design 0.1 E-2 0.1 E-2 0.1 E-2
12 Puncture Force » Closure Design | 0.1 E-2 0.1 E-2 0.1 E-2
13 Coolant Leaks Out 0.5 E-6 0.5 E-6 0.5 E-6
14 Coolant Channels Not Filled 0.3 E-4 0.3 E-4 0.3 E-4
15 External Heat Source Nearby 0.2 E-3 0.2 E-3 0.7 E-3
16 Pressure > Cylinder Design 0.3 E-2 0.05 0.1
17 Pressure > Cask Design 0.3 E-2 0.05 0.1
18 Pressure > Closure Design 0.3 E-2 0.05 0.1
19 Temperature > Cylinder Design 0.1 E-4 0.1 E-4 0.1 E-4
20 Temperature > Cask Design 0.1 E-3 0.1 E-3 0.1 E-3
21 Temperature > Closure Design 0.1 E-3 0.1 E-3 0.1 E-3
22 Cylinder Valve Malfunction 0.1 E-2 0.1 E-2 0.1 E-2
23 Cylinder Valve Not Tightened 0.7 E-3 0.7 E-3 0.7 E-3
24 Cask Vent Malfunction 0.1 E-2 0.1 E-2 0.1 E-2

*See footnote, Table 28.
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TABLE 38: RELEASE PROBABILITIES FOR
SHIPPING CCNTAINERS INVOLVED IN ACCIDENTS

. Accident Transport Mode
Material ) _
Severity Truck Rail Barge
Spent Fuel Light 0 0 0
Medium 0.15E-9 0.16E-9 0.13E-7
Severe 0.19E-8 0.33E-7 0.15E-5
Plutonium Light 0 0 0
Medium 0.30E-7 0.25E-8 0.22E-7
Severe 0.30E-5 0.16E-6 0.11E-5
High Level Light 0 0 0
Solid Waste Medium 0.50KE-8 0.11E-6 0.20E-5
Severe 0.23E-7 0.13E-5 0.15E-4
Noble Gas Light 0 0 0
Medium 0.26E-6 0.44E-6 0.22E-5
Severe 0.93E-5 0.11E-4 0.20E-4
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TABLE 39: SIGNIFICANT FAILURE MODES AND PROBABILITIES
FOR SHIPPING CONTAINERS SUBJECT TO SEVERE ACCIDENTS

Material| Transport ID . Event Probability of Release
Container] Mode Number Event Description Probabilify | Completing Chain [Probability
Spent Truck 6 Impact Occurs 0.159
Fuel 7 Impact > Clad 0.002
9 Impact > Casket 0.01
27 Improper Seal 0.0005 0.16 E-8
6 Impact Occurs 0.159
7 Impact > Clad 0.002
26 Defective Seal 0.0005
28 Vent Line Failure 0.001 0.16 E-9 0.19 E-8
Spent Rail 17 Heat Nearby 0.0002
Fuel 18 Pressure > Clad 0.05
19 Pressure > Cavity 0.05
21 Pressure > Closure 0. 05 0.25 E-7
16 Coolant Channels
Not Filled 0.00003
18 Pressure > Clad 0. 05
19 Pressure > Cavity 0.05
20 Pressure > Casket 0.05 0.38 E-8
16 Coolant Channels
Not Filled 0.00003
18 Pressure > Clad 0.05
19 Pressure > Cavity 0.05
21 Pressure > Closure 0.05 0.38 E£E-8 0.33 E-7
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TABLE 39 (continued)

Material Transport ID Event Description Event Probability of Release
Container Mode Number Probability| Completing Chain [Probability
Spent Barge 17 Heat Nearby 0.0007
Fuel 18 Pressure > Clad 0.1

19 Pressure > Cavity 0.1

21 Pressure > Closure 0.1 0.7 E-6

17 Heat Nearby 0.0007

18 Pressure > Clad 0.05

19 Pressure > Cavity 0. 05

20 Pressure > Casket 0. 05 0.7 E-6 0.15 E-5
Plutonium Truck 11 Impact Occurs 0.159

12 Impact > Bag 1.0

13 Impact > Bottle 0. 005

14 Impact > Vessel 0.01

15 Impact > Drum 0.3 0.24 E-5

11 Impact Occurs 6.159

12 Impact > Bag 1.0

14 Impact > Vessel 0.005

15 Impact > Drum 0.3

23 Failed Bottle Cap 0.0005 0.24 E-6

11 Impact Occurs 0.159

12 Impact > Bag 1.0

14 Impact > Vessel 0.005

15 Impact > Drum 0.3

24 Failed Cap Threads 0.005 0.24 E-6 0.30 E-5
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TABLE 39 (continued)

Material | Transport 1D Event Description Event Probability of Release
Container Mode Number Probability | Completing Chain | Probability
Plutonium Rail 11 Impact Occurs 0.020

12 Impact > Bag 1.0

13 Impact > Bottle 0,001

14 Impact > Vessel 0.01

15 Impact > Drum 0.3 0.6 E-7

11 Impact Occurs 0.020

12 Impact > Bag 1.0

14 Impact > Vessel 0.01

15 Impact > Drum 0.3

23 Failed Bottle Cap 0.0005 0.3 E-7

11 Impact Occurs 0.02

12 Impact > Bag 1.0

14 Impact > Vessel 0.01

15 Impact > Drum 0.3

24 Failed Cap Threads 0.0005 0.3 E-7

6 Heat Nearby 0.0002

7 Temperature > Bag 1.0

20 Pressure > DBottle 0.05

21 Pressure > Vessel 0.05

22 Pressure > Drum 0. 05 0.25 E-7 0.16 E-6
Plutonium Barge 6 Heat Nearby 0.0007

7 Temperature > Bag 1.0

20 Pressure > DBottle 0.1

21 Pressure > Vessel 0.1

22 Pressure > Drum 0.1 0.7 E-6
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TABLE 39 (continued)

Material | Transport 1D Event Descrintion Event Probability of Release
Container Mode Number ve escrip Probability | Completing Chain [Probability
Plutonium Barge 11 Impact Occurs 0.02

(Cont'd) 12 Impact > Bag 1.0
13 Impact > Bottle 0.005
14 Impact > Vessel 0.01
15 Impact > Drum 0.3 0.3 E-6 0.11 E-5
High Level Truck 5 Impact Occurs 0.159
Solid Waste 6 Impact > Can 0.00001
8 Impact > Cask 0.01 0.16 E-7
15 Heat Nearby 0.0002
19 Pressure > Can 0.003
21 Pressure > Cask 0.003 0.18 E-8
15 Heat Nearby 0.0002
19 Pressure > Can 0.003
20 Pressure > Closure 0.003 0.18 E-8
1 Vibration Occurs 0.5
2 Vibration > Can 0.0000015
5 Impact Occurs 0.159
8 Impact > Cask 0.01 0.12 E-8 0.23 E-7
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TABLE 39 (continued)

Material Transport ID E £ D ot Event Probability of Release
Container Mode Number veat Description Probability | Completing Chain | Probability
High Level Rail 15 Heat Nearby 0.0002

Solid Waste 19 Pressure > Can 0.05
21 Pressure > Cask 0.05 0.5 E-6
15 Heat Nearby 0.0002
19 Pressure > Can 0. 05
20 Pressure > Closure 0.05 0.5 E-6 0.13 E-5
High Level Barge 15 Heat Nearby 0.0007
Solid Waste 19 Pressure > Can 0.1
20 Pressure > Closure 0.1 0.7 E-5
15 Heat Nearby 0.0007
19 Pressure > Can 0.1
21 Pressure > Cask 0.1 0.7 E-5 0.15 E-4
Noble Gas Truck 5 Impact Occurs 0.159
6 Impact > Cylinder 0.001
7 Impact > Cask 0. 05 0.8 E-5
5 Impact Occurs 0.159
6 Impact > Cylinder 0.001
17 Pressure > Cask 0.003 0.48 E-6
5 Impact Occurs 0.159
6 Impact > Cylinder 0.001
18 Pressure > Closure 0,003 0.48 E-6
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TABLE 39 (continued)

Material Transport iD Fvent Descrintion Event Probability Release
Container Mode Number ve © pt Probability | Completing Chain|Probability
Noble Gas Truck 5 Impact Occurs 0.159
(Cont'd) 7 Impact > Cask 0.05
9 Puncture Occurs 0.022
10 Puncture > Cylinder 0.001 0.17 E-6 0.93 E-5
Noble Gas Rail 9 Puncture Occurs 0.066
10 Puncture > Cylinder 0.001
18 Pressure > Closure 0. 05 0.33 E-5
9 Puncture Occurs 0.066
10 Puncture > Cylinder 0.001
17 Pressure » Cask 0,05 0.33 E-5
5 Impact Occurs 0.02
6 Impact > Cylinder 0.001
17 Pressure > Cask 0.05 0.1 E-5
5 Impact Occurs 0.02
6 Impact > Cylinder 0.001
7 Impact > Cask 0.05 0.1 E-5
5 Impact Occurs 0,02
6 Impact > Cylinder 0.001
18 Pressure > Closure 0. 05 0.1 E-5 0.11 E-4
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TABLE 39 (continued)

Material Transport ID E ¢ Descrintion Event Probability of Release
Container Mode Number vent Lescriphio Probability | Completing Chain [Probability
Noble Gas Barge 15 Heat Nearby 0.0007
16 Pressure > Cylinder 0.1
18 Pressure > Closure 0.1 0.7 E-5
15 Heat Nearby 0.0007
16 Pressure > Cylinder 0.1
17 Pressure > Cask 0.1 0.7E-5
5 Impact Occurs 0.02
6 Impact > Cylinder 0.001
18 Pressure > Closure 0.1 0.2 E-5
5 Impact Occurs 0.02
6 Impact > Cylinder 0.001
17 Pressure > Cask 0.1 0.2 E-5
5 Impact Occurs 0.02
6 Impact > Cylinder 0.001
7 Impact > Cask 0. 05 0,1 E-5 0,20 £-4




FRACTION OF CARGO LIKELY TO BE
RELEASED IN AN ACCIDENT

Considering maximum credible severity of accidents, one might assume
the following scenarios:

1. Spent Fuel: Loss of coolant in spent fuel cask; fuel rods broken or
perforated so that all the noble gas contained in the fuel rod plenum
escapes.

2. Plutonium: Shipped in the form of a solid, part of the contents
spill out of the ruptured cask,

3. High Level Solid Waste: Part of the glassy matrix is shattered into
fine particles upon impact and escapes through the opened cask.

4, Noble Gas: Shipped in pressurized cylinders, all the gas is released
when both the cylinders and cask break,

The ratio of fission gas radiation to total radiation of fission products and
fissile material in an LWR fuel element is about 11 x 103 Ci/4. 5 x 10° Ci,
or about 2 x 10'3. The ratio varies to . 001 for LWR-Pu and LMFBR fuels
and .0128 for HTGR fuel. The fraction .001 was chosen as the severe
release fraction for spent fuel.

Plutonium is expected to be shipped in solidified form, probably as
pellets of PuO2. A shipment of plutonium is thus quite similar to a
shipment of solid waste., The severe accident release fraction for

plutonium is arbitrarily set to 0.001.

Solidified waste release fractions are difficult to estimate, but since more
nuclides will probably be involved in a release of solid waste than in a
release of spent fuel, the severe release fraction is arbitrarily set at

5 times the spent fuel value,

Gaseous fission products are assumed in this study to be transported in
pressurized cylinders, although technology may be found in the future to
allow shipping of gases in solid matrices. The severe release fraction for
noble gases is thus assumed to be unity.

Release fractions for light and medium severity releases are estimated

as fractions of the severe release fractions. The results are tabulated
in Table 40.
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TABLE 40: RELEASE FRACTIONS DURING ACCIDENTS

Accident Severity

Material
Light Medium Severe
Spent Fuel x 1077 1 x 1()"6 1 x 10—3
R . -9 -6 -3
ecycled Plutonium x 10 1 x 10 1 x 10
Solid Waste x 1077 1 x10% | 5x10°
-2 -1
Noble Gas x 10 5 x 10 1
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RADIATION DOSES FROM ACCIDENT RELEASES
(RADIATION DISPERSION MODEL)

The dose D absorbed by biota surrounding the site of an accidental release
decreases with increasing distance from the release site. In particular,

the dose is considered as a function of the area around the accident. A
certain meteorological condition, which is assumed to describe the capability
of the atmosphere to disperse the released radiation or radicactive material,
is modeled by the empirical linear logarithmic relation:

RnDQ ) (Aj) = -0.93001 gnA; + (2nQ gjmsKy - 13.895),
gjms
where

A = the area surrounding the accident in which the dose
equals or exceeds D

Ky = dose coefficient for material 2, in (rem- m3)/(Ci- sec)

i = an index distinguishing concentric circular isopleths

bounding areas which absorb different amounts of radiation

2ims = the source in curies (Ci) from an accident of severity s

involving material ¢in year j in transport mode m.

The above equation is an approximation to data given in Appendix B of
Reference 8 for the Pasquill weather stability class D. The dose is given

in rems.

EXPOSURE TO RADIATION

The exposure of human beings to radiation risk is quantified by the product
of the dose and the number of people near the accident scene who may
reasonably be expected to absorb the radiation. For convenience, knowledge
of the population density distribution near the accident is used to determine
the number of human absorbers likely to be present. Consequently, the

exposure to risk is written

Xpimski = D gjms(81) 41Pjki

where
X = the exposure to risk (population dose)
p = the population density,
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If the population density is one person per unit area, then the exposure to
risk of that person is the product of dose and area. Alternatively, the
area-dose product may be interpreted as the exposure to risk of the
environment. The human-dose product may then be found from the area-
dose product by multiplying by a nonunity population density.

The probable numbers of people in the vicinity of an accident are based on
census data. Using the national average values for population density
presented in Table 3, the distribution in terms of multiples of the population
density is derived from some assumptions. First, the population density

is assumed to be independent of isopleth area A;. Secondly, the fraction

of a transport link expected to lie in rural or urban areas is assumed to be
given by the 1980 projection of population density distribution within 50 miles
of a reactor (Reference 8, Appendix B). A graphical representation of

the areal and linear population distributions is given in Figure 29.

Under these assumptions, the level of risk to exposure may be calculated
from a simplified formula:

‘Z Z A)A, p,

fLjms QJms 1717 ki

Ek Pik Zi DijS(A ) A
(0.255 x 1 + 0.561 x 10 + 0,174 x 100 + 0.01 x 300)

pE A) A,

JLJms 1 1

26.3 iji D . (A)A

fjms’ i 1

CONSEQUENCES OF RADIATION ABSORPTION FROM
ACCIDENT RELEASES (HEALTH EFFECTS MODEL)

A quantitative and qualitative description of the effects on human health of
absorbed radiation is still a subject of research. Available data includes
the response of small animals, of diseased persons, and of persons exposed
to high levels of radiation, such as the atom bombs exploded in World War II
The human health response to low levels of radiation, such as are being
discussed in this report, is complicated by the requirements of large
irradiated populations to study; by the long time delay between radiation
exposure and appearance of neoplasms; by difficulty in distinguishing
radiation imposed cancers from cancers produced from other causes or
from background radiation; and because cancer susceptibility is a widely
varying function of age, sex, genetic constitution, diet, personal habits,
socioeconomic factors, and other variables (Reference 24).
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FIGURE 29: GRAPHICAL REPRESENTATION OF DOSE
AND POPULATION DISTRIBUTIONS AT THE
SCENE OF AN ACCIDENT
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For low levels of radiation, the absolute hazards (difference between
hazards of irradiated and nonirradiated populations) can be estimated
from linear relationships between health effects and absorbed dose.
The EPA Office of Radiation Programs is currently using a straight
line with slope of 200 excess cases/106 exposed persons/year/rem
to estimate the number of fatalities and nonlethal cancers resulting
from chronic whole body exposure to low levels of ionizing radiation.
Their straight line describing the effects from plutonium irradiation
has one-fourth this slope. Plutonium emits alpha particles, which are
readily stopped by clothing or skin and therefore poses no external
hazard. Additionally, the health hazard from ingested plutonium is
slight. However, the hazard from inhaled plutonium is quite serious.
These guidelines are used in this report to estimate the number of
nonlethal cancers.

For high levels of radiation, such as might be absorbed by persons

near a transport accident release, the number of lethal cases is
estimated by the LDgq/¢g Mmeasure. Recent studies indicate that

LD5g/60 (dose resulting in 50 percent demise of the absorbing popula-
tion within 60 days) lies between 243 and 300 rads (Reference 23). The
number of fatalities is determined in this report by dividing half the
expected number of man-rems by the larger value for LD50/40, assuming
an RBE factor of unity.

HAZARD VECTOR FIELD

The assessment of hazard from transportation accidents related to the
nuclear power industry is characterized by the following five quantities
which are conceptually considered as the components of a vector:

1. Amount (Ci) of radiation likely to be released from transport
accidents.

2. Exposure to risk of environment (area-dose or acre-rems).
3. Exposure to risk of humans (population-dose, or man-rems),

4. Expected number of fatalities resulting from population-dose,

5. Expected number of nonlethal cancers resulting from population-dose,

The various components are calculated from formulae already given. The
calculations and symbols are summed up in Table 41,
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TABLE 41: SUMMARY OF HAZARDS ANALYSIS MODEL

Hazard
Vector Description Formula
Component
sk %k
Likel mber of i Ci leased = P(A|S f
jjmks . v 1’11:1 curies (Ci) ‘re ease Qljmks Qljm ({ | )Jajkms rjz,ms 05
in year j from transport accident of
severity s involving material 2 and
mode m and occurring in route link
segment k.
1
Xﬁl(rzls Exposure to risk of environment va(_l) = EDQ, (Ai) A
1 (radiation absorbed by single human JInS i Jms !
or equivalent in environment, whence
the superscript (1), measured in
area-dose quantities (acre-rems).
%ims Exposure t.o risk of l.mman populati.o?l, ijms = ZDQij(Ai) Ai P,
measured in population-dose quantities i
(man-rems).
t b f fataliti F = 0.5
Yms Expec.ed number of fatalities Yims 0 ngms/LD5O/6O
resulting from population-dose.
) Expected number of nonlethal cancers . = X | man-rem x 200 nonlethal
ms Yms 2 jms

resulting from population-dose.

cancers/10 man-rem/year
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TABLE 41 (continued)

Hazard
Vector Description Formula
Subfactors
Q %m Likely number (?f cur?es (Ci) ’.crans— Qﬁz,jm = q, ng m
ported of material £ in year j by
mode m.
q Number of curies in material 2
L . . .
loaded in a single shipment.
SR' Number of shipments of material 2
J made in year j.
b Fraction of number of shipments
m hauled by mode m.
ility that hi t of P
P(A!S)ijms Proba].ol ity that a s ipment of (Als)zjklns d5ij a_
material £ by mode m in vear j
will encounter an accident of
severity s in link segment k.
dg_k Distance traveled by shipment of
J material £ in year j on link
segment k.
a e Probability of transport mode m

encountering an accident of
severity s in a unit of distance
traveled.
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TABLE 41 (continued)

accident site) circular isopleth i
over which the radiation dose is

Dljmsk(Ai) or greater,

Hazard
Vector Description Formula
Subfactors
L Probability that an accident of Monte Carlo simulation of shipping
severity s involving transport container fault tree.
mode m will result in a rupture of
the shipping container for
material ¢.
fzs Fraction of a cargo of material £
released to the environment in an
accident of severity s,
Dﬂ.'ms(Ai) Dose of radiation absorbed by a 3. 895 300
) person in area A; by means of D . (A)) = o e—l -89 A_-O'9 1
di . e . Fmsk' i Ymks L i
ispersion of radiation or radio-
active material from a transport ) Kg(rem- m3/Ci/ sec)
ident site.
accrdent site Spent Fuel 7.30 E+2 (Reference 8)
Plutonium 3.81 E+5 (Reference 22)
Solid Waste 7.30 E+2 (Reference 8)
Noble Gas 5.30 E-2 (Reference 8,10)
A Area bounded by concentric (with
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TABLE 41 (continued)

Hazard
Vector
Subfactors

Description

Formula

p.

1

Population density in isopleth
area Ai'

LDes /60

Lethal dose, usually measured in
rad, which, if absorbed by each
member of the exposed population,
will result in 50 percent fatality
to the population within a time
period of 60 days of the accident
dose,

Indices

~ 3

e

Material of shipment cargo; type of shipping container.
Year in which shipments are performed.

Transport mode,

Segment of transport link.

Severity of accident.,

Isopleth area.




SECTION VII
CASE EVALUATIONS OF ACCIDENTAL HAZARDS
Several computer calculations have been made to study the effect of
varying several of the parameters in the transportation model. Hazard

vectors were computed for the following sets of case variables:

1. Annual hazards for every fifth year from 1970-2020.

2. Single shipment hazards based on year 1990 as representative,
3. Hazards pertaining to each type of material shipping container.
4. Hazards pertaining to several mixes of transport modes.

5. Hazards pertaining to each accident severity.

6. Hazards associated with nuclear shipments in high, low, and

chosen estimates.

For convenience, the shipping data for each of the four materials -
spent fuel, recycled plutonium, high level radioactive solidified waste,
and noble gas - for the chosen projection are collected in Tables 42
through 45. Data for accident probabilities, release probabilities,
release fractions, and population densities are repeated in Tables 46
through 49. Computer printouts of the hazard vectors for medium and
severe accidents, for an assummed population distribution, and for an
assumed mix of transport modes then follow.

In the fault trees pertaining to shipping containers under accident
conditions of light severity, the inhibit gate probabilities for various
physical conditions breaking the containers were set to zero. As a
result, no failure mode is described by these fault trees. Consequently,
the release probabilities in light severity accidents are effectively
assumed to be zero, and the hazard becomes zero. No further
discussion of light accidents is admitted under these premises.

Hazard vectors for a transport mix of 20 percent trucks, 75 percent

railroads, and 5 percent barges are presented in Tables 50 through 57
for the chosen estimate of shipping data. A population density of 26. 3
times the average population density for a given year is used to allow
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YFAR

1979
197¢=
1980
19K%
1990
199%
2000
2008
2010
2015
2071

AMOINT
SHI2PEN

19,00
R6T 00
2080400
4674400
T7798.0n
1731400
16p.(3:.‘00f_)
216722.00
2700”.0”
32800400
38501.00

TABLE 42: ANNUAL SHIPPING DATA FOR SPENT FUET

RANIOBCTIVITY
(1nsey CUKIES)

o070
Z2ef4n
1U0e250
22370
394000
6lesTn
Hée340
108110
139000
162500
1924500

NUMHER NOF
SHIPMENTS

‘7‘

191
934
1AL2
3297
7463
10224
12100
163A0
19697
23334

SHIPPING

ISTavuCe

(MILES)

700
600
SN0
450
an
400
ann
400
400
a0
400

SHIFPING N

(] neuh

BRI

e NNT
s11€
e LW AT
« T2
117
PeRR
fen3r
4o HAL
FeHR 4%
fe 847G
9,734

178

v _FS)
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TABLE 43: ANNUAL SHIPPING DATA FOR PLUTONIUM

YF AL amn T PANTOBCTLVITY NoJMRE R OF SHTHP I NG SHIPPING JVITS
SHIZPEN (1nesy CURIFS) S]PMENTS 1S Taver (MILFS) (10#s6 UNTT VI_FS)
197« NN HeDD 0 0 Nanne
1975 He N HDeV GO r n Nennn
198 n anly ¢ e D04 10ARR1 S00 Qe Y4n
yaan Qar 7In . 143 77234 450 ERN-
1G5 43,50 014 SAN sdn 237
1994 234,50 « OR7 3179 400 1272
20N RNGah, ] 217 7TH1R 4ng 34125
207 1na3,30n0 « 395 14664 aQn Qe 7RE
2n) 1R75,.0n 573 20198 400 #2,1339
201 21an,0p . 1AE 27933 4nn 11,197

207 2hP5,00 LY 3499) ang 13,973¢
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YEaR

197
1976
19Rn
1985
IC)(._)n
19945
2000
2nn%
2019
2n15
207"

AMO INT
SHIRPPFD

NaN
Ne00
05
]o?!‘
487
10,52
1336
3160
45,94
As.,19
R2.,40

TABLE 44: ANNUAL SHIPPING DATA FOR SOLID RADIOACTIVE WASTE

RADIOACHLVITY
{(1owtg CURIFS)

VenON
VeNOO
e NS
178
LY
1.506
2elb?
44,496A
b, 364
He3IN9
102590

NUMRFER OF
SHIPMENTS

0

0

1
23
65
140
287
420
~1n
A5
1096

SHIPPING
DISTaree

0

N
2500
2500
2200
2200
22n0
2200
2000
2000
2000

(MILFS)

SHIPPING UNITS
(l0%wg UNTT MI_FS)

et
2 NN?
'057
147
«3INT
«5565
024
1a220
1704
7.18R



121

YEAR

197n
197%
19409
1985
199n
1995
2pnn
20n5
2011
201%
2021

AMO INT
SHIPPEDN

nN.00

Ne(ln
175600
IHN L 0N
59000
B00.0N
102Ne00
1710,00
140n0,00
18RN, 00
173n.00

TABLE 45: ANNUAL SHIPPING DATA FOR NOBLE GAS

RANIODACILVTITY
(10#49 CURIES)

Ve 0NN
0eN00
037
e A3
106
2144
s 1R4
«218
o757
284
¢ 311

NUMRER OF
SHIPMENTS

]

0

3n
59
Q9
134
170
207
234
°ces
289

ShrIFPING
pIStavry (MILFS)

0

0
2500
2500
N0
2200
cP0n
F72N0
2000
2000
2000

SHIFFIME VTTS

{10¥#a6k

UNT T MT_FS)

NenNN
NennND
e NTE
el u7
PR
.2ae
.'*74
Jhbh
4 HP
Pn 527
A
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TABLE 46: ACCIDENT PROBABILITIES PER MILLION VEHICLE MILES

ACCINENT
TYPE

LIGHT
MENTUM
SFVERE

TRUCK

1.3000E+00
3.0000£-01
Be00NOE=(3

TRANSPORTATION METHOD

RaTl,

Ts3000F=01
749000F =02
1-5000F=03

BARGE

L+ 7000E+00
4¢4000E=-02
1eA000E=03
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TABLE 47: RELEASE PROBABILITIES FOR GIVEN ACCIDENTS

MATERTAL
TYPE

NORLF GAS

SOLID RADTOACTIVE WASTE

SPENT FUEL

PLUTONTUM

ACCIDENY
TYPE

LIGHT
MEDTUM
SEVERE

LIGHT
MEDIUM
SEVERE

LIGHT
MEDTUM
SEVERE

LIGHT
MEDIUM
SEVFRE

TRUCK

Oe
2.600“5-07
QQBOOI‘F-Ob

Ne
SedNQNE=(9
2e300NF=yn

Oe
1e500%E=1n
1e900NE=03

De
3.0000E=0R
3.000"E=06

RATL

0,
4,4000F=07
1el000E=-05

0.
11000E=07
‘03OOUE'06

Oe
146000E=10
3.,300pE=0DA

Ne
2.5000F=09
1.6000E=07

TRANSPORTATION METHOD

RARGE

0
Ce?NDNOE=nH
2eD00NF=05>

e
2eNOONF=n5K

(e
1e3000F=-n3
1¢5000F=n5%

0a
e DOF=-nA
lelPUOE=NA
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TABLE 48:

MATFRTAL
TYPE

NARLF GA>

SOLIN RADIOACTIVE waSTE
SPENT FUEL

PLUTONTUM

RELEASE FRACTIONS DURING ACCIDENTS

LIGHT

J«0O0OOF=Q7
1«0000E=y9
1e0000FE=~09
1eD00NE=DQ

ACCTIDENT TYPE
MEMTiIMm

‘"ﬂ.f‘ﬂr‘()F.-Ol
leponnE=06
Vel 0 DNE=D4
1e ONDDE=06

SEVERE

1, 0000E+0N
5e0000F =03
140N0DE=N3
1e000UVE=03
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TABLE 49: AVERAGE POPULATION DENSITY FACTORG

YE AR NFNSITY
(PENPLE PrR SdUakfE MILE)
1970 “Tec
1975 771
1980 Ttred
191%5 AP e
19390p RESRY.)
1995 A7 e 4
2unp Qe )
20ng 1720
201n 1 THeu
2015 1140

2020 1720ey



TABLE 50: ANNUAL HAZARD VECTORS FOR MEDIUM
SEVERITY SPENT FUEL ACCIDENTS

POPUI_ATIUN NDENSITY ! 26,3 TIMES AVERAGE DENSTIY
TRANSPNRT MIX 20 PCT TRUCKS 795 RPCT RATILRDIADS. 5 PCT BARGES
MATERTAL TYPE ¢ SWEMNT FUfFL

ACCINENT SEVERITY 3t MEDIUM

921

YFAR CURIES EXPECTED CURIES EXPECTED FXPECTED EXPECTED FXPECTFN NMUMYRER
RELEASED ACRE REMS Ml REMS FATALITIES NONLETHAL CANCERS

1970 T.N000FE+07 4,7608E=-17 le/023E=11 4, 7010F=1) T BYE=14 2.35055~15
1978 2«B40nE*0S 1.6556E=1y SeY199E=10 1o 754 3E=09 2.9”233E=12 %.769q;-14
1380 1.0250E+10 449794E =1y 1¢78n5E=-09 8 AP63E=(9 Ye3776FE=12 ;.glng-,g
1985 2.23T70E+10 3,7806E=10 3e4972E=09 1.1900E=CH 1e9H33E=1] 5.9494F =113
1930 3.9000F+10 1.5157E=0Y 5.4196E=09 1,9732E=08 3,28H7F=11 9 aam;-n
1995 6+157T0E*10 ?43929E=¢" 8e3561E=¢9 3. P4BBF= Se4167E=11 1:67445-1)
2000 Be4340E+10 3.2778E=0" 1el720E=08 4oR23TE=q" TeTnhlE=11 2.qj1g5-1é
2005 1enR11E+11 4¢2016E=nY 1+5024E=0R 6 2972E=08 lena9%F=10 3.14365-15
2010 143500E¢1) 5:2466E=0Y 1e8760E~=08 B, 3261F~0R 1+3R77/F=10 4.15105-15
2015 12625nE*1) 6+ 3154E-0Y P2e2RB82E~(8R 1+1579E"07 1¢7h31F=10 5epR94E=] 2
2020 1.9250E+11 7,4813E=0Y9 2¢0T751€E=0"R 1o 3191E=07 2.1986E~10 6.5957Fw] 2
REP,

SHIPMENT 11R29E+07 6e5GTPE=1 3 1e043RE=17 SeIRDPF=1p 3e9T4a9F =15 2¢99265a]4

QUANTITIFS



TABLE 51: ANNUAL HAZARD VECTORS FOR SEVERE SPENT FUEL ACCIDENTS

PHIPULATIUN DENSITY ¢ 26,3 TIMES AVERAGF DFASITY

TRANSPORT MIX ¢ 2y PCT TRUCKSs 75 PCT RATLRDADS, 5 PCT BARGES

MATERTIAL TYPE &t SPeNT FUfrL

ACCINENT SFVERITY 1 SFVERE

LZ1

YFaR CURIES EAPFCTED CcURIES EAECTED EXPECTED EXPECTED EXPECTEN NMUMARFR
RELEASED ACRF =EMS AAM HEMS FaTAaLITIFS NOrMLETHAL. rANCERS
1970 7.0000E+07 1.3762E=-0H 4,921nF =018 1, 3%89E=07 2.2649E=-10 6.7946/F=]17
1978 2.R400NE 09 44 TRS9E=~nT le/113k=nk 5.,7703FE=06 BesSNHE=0NY ?e9352Ff=19
198¢ 1.0250E+10 1e4394E=-016 e l4ABE~n6 1e42653E=05 2. 710HE=NAR Hel3PgFE~1n
1985 2:237T0E+10 2eR2713E~y0b IRLARKIIANE 3.43992=ng S5.7331E=n8 16 7199E~02
1999 3.3000E+10 4+43815E-006 Je56AT7 =05 Se T4 lE=05 9.5069E=0H 2.8521E«03
1995 6, 157NDE+10 he31T1E~ub 24733 =05 9,3914F=05 1.5652E=07 4 .598TF=03
2000 B.434nF 410 9,4752E-006 e IRHNF 05 1.3366F=n0 2.2276E=-01 6.68295 07
2005 1«0R11E+1} 1e2146E=-0" 4342GF -5 1320%E=00¢ 3.n0339F=qn7 Ye«1018E=03
2010 1+3500E+11 1e5167E=p% S5e4231E-05 2+40OBE=N4 4e0]114FE=n7 1420345=018
2015 1:h7250F+11 1eB286E-0Y 6eD2THRE=DS 1,058 1E=n4 Se()FORE~NT 1529nFE=0n13
2020 13250E+11 7el62TE=0Y T+7330F 0% 3.8133E=n4 6e3555E=nT7 1e906TF -3
RFP, PER
SHIPMFNT 1,jR29F+p7 1 «32RBE=nY 4o ISy HE=-O9 Y« T7301E=pR 2eBB3DE=Y) BebGnS5T =173

QUANTITIES



8¢l

ANNUAL HAZARD VECTORS FOR MEDIUM SEVERITY PLUTON"T™ ACCIDENTS

AVERAGE NENSTTY

79 PCT pallRNabs,

TABLE 52:
PIRh aTTuUN LENSITY & 24,3 TIMg -~
TRANSEORT MIX 1 20 PCT TRUCKS,
MATERT AL TYPRPE PLUTOMT UM
ACCIDENT SEVERITY 3§ MEDIUM
YE AR CURIES EXPFCTED CURIFS EARECTTY
RELEASEN ACRE »imMSs
1970 e N, Ne
1075 N Do Ce
1980 S.0400E+08 2.T46RE=10 F321263E=-27
1965 3,4100E+08 labT26E=10 341215517
1999 1ed000E+07 H49TH1E=12 1e3019F =R
1995% R,70n0nF e 3.7932E=11 740791808
2000 2+ 1300E+08 9¢2869E=1]1 1e{33PF~-07
2005 3.9500E+48 1e7222E=190 3e2141E~07
20lo 5.7T3p0E*08 2:4983E=19p 40062648 =47
2015 7Te6500E+08 3e2354E=10 AalP4TE=nT
2020 F.5600E+08 4,1A82E=1¢ 7eTTRIE=NT
REP. PER

SHIPMENT 2,.75R4&F¢n4
QUANTITIES

1e2028BE=14%

Peld4TE-11

FXPECTED
MaiN REMS

Ve

e

16700808
1,021 =04
4, 74n15=nn
2.,08R3EenT
A3 3E~07
le36726=06k
2.nhI3E=qk
2.9161E=06
A.%360F =06

Re1726E=1)

S PCT HARGES

FXPECTED
FATaLITIfS

De

O

24HR933E =09
1077()?E‘n‘;
T.9n62E=11
6,4800E=10
1s1396E=n%
2«2453E=092
3¢4488E=-n9
‘Onaﬁan"ﬂg
6e¢3933E=n3

1¢3621E=-13

F.XP:-\_TFF\ Lt AR
NUNLFE Tral —aNNgcE

nk

0.

ReG9YRT =11
5e 3108517
23701812
le3eanSain
3«4 1RTE= 1
6eT360Te ;|
l1en3as==1n
1645202 =11
1«518p==11n

bt he
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TABLE 53: ANNUAL HAZARD VECTORS FOR SEVERE PLUTONIUM ACCIDENTS

PIPULATIUN NENSITY !t 26,3 TIMES AVERAGE DPENSTITY

TRANSPORT MIX : 20 PCT TRUCKSs 75 PCT RAILRNADS) 5 PCT BARGES

MATERTAL TYRE ¢ PLUTONIUM

ACCIDENT SEVERITY t SEVERE

621

YEAR CURIES EAPFCTED CURIES EAPFCTED FXPECTED EXPECTED FXPECTFN NUMRER
RELFASED ACRE REMS MAN REMS FATALITIES NONLETHAL CANCERS
1970 0o Ne Ne Ne Jo Oe
1975 Qe e Qe 04 (VI Qe
1989 S.040QF ¢08 5.4TR2E=7 1sU224E=03 3,2308FE=03 5,3846E=06 1eb6154EFE=q?
198S 3.4100E+08 3.3358E~01 fe2254E =01 2.,1132E-012 3.5304FK~06 1.0591E=07
1999 146000E207 1.39)3E-08 2e9965E-05 3,4533F =05 1+57856E=n1 447267F =05
1995 B.T000E*nT 7.5651E=08 141 1HE=04 5,3008F=n4 54934 TE=n/ 2ebhRH4E=~DH
2000 2.1300E+08 1.8521E=07 A.4565E=04 1.3036E=03 2.2T2TE=n6 6eB1RNE=pR
2005 3s9500E+08 3¢434TE=0/ 6c4100E=n4 2.6868F=n17 4447B0FE=n6 1e3434F =37
2nlo SeT3I00E«08 4 49825E=07 Q,29R6E=04 4,17208F~013 6.BTROE=NB 2.0K34F8=07
2nls T.6500E+08 be6521E~=0/ 1el414E=01 5.,83157F=03 9.6929E=06 29079F-07
2n20 9.5600F+08 Ba3173E=07/ 1e9514E-017 T.ASN3E=N3 1e2750E=05 34RP51FE=07
RFP. PER
SHIPMFNT 2.75RKE+n4 2+3988E=11 4e47ATE=DR 1,0293E=07 2.,7165E=10 Re1498F =12

QUANTITIES



TABLE 54: ANNUAL HAZARD VECTORS FOR MEDIUM SEVERITY
SOLID RADIOACTIVE WASTE ACCIDENTS

POPULATIUN DENSITY 1 26,3 TIMFS AVERAULE DFNSTITY

TRIANSPNART MIX 1 20 PCT TRUCKSy 75 PCT RATLRNADS, 5 PCT BARGES

MATERTAL TYPF : SULID RADIUVACTIVE wASTE

ACCIDENT SEVERITY t MEDIUM

0¢tl

YEAR CURIFS EXPFCTFD CURIES EAPECTFED FXPECTED FXRECTFD FXPECTEN NUMRER
RELEASED ACRE RFMS AN REHS FaTaLITIES NONLETHAL CANCERS
1970 Oe Mo Ne 0. Ue 0o
1975 0. 0 De 0, 0, 0
1980 5.0000E+06 24 TB5HE=11 9.9610E=10 3,16478F=qu S5.2663F=12 195739513
1985 1+7BpnE+08 Je9173E=yY 39461 1E=nA 1e2008FE=07 2-0110E=10 6.03795-12
1990 6¢5100E¢0R 3.19186E=08 1el613E=07 441553E=07 6+9255F=10 20777511
1995 1s506nE+09 7,3838E~48 2:0602E=07 1e2025E=pA 1e5708E=n9 5.0125E=11
2noo 2:7420F 09 123404E=0G1 4.80T1E=Q7 1 R964F=0pg 3.1607E=09 9.4g905-11
2005 444%00F +09 242064E=01 TeBR21E=QT 3, INIBE=0k 5 ¢5N0h4FE =09 1.65195_10
20l0 6.3640E+09 2eB36HE~0T 1eV143E=06 4,5014E-np 7.5024E=09 2.2§Q7E-10
2015 8.3090E+09 3.7035E~01 13243E=n6 6.2037/E=0g 1.0340E=08 3.1010E-10
2020 1.0250E+10 4, 5686E-07 1e2336E=06 R,"55/F=0g 1.3626E=nR 4,0278E=1p
REP. PFR
SHIPMENT 1.0015E¢07 4¢9105E=1¢ 1+ 7558E=09 Ao II2HE™1Q 1leDHAR5E=T1 3.1964F=13

QUANTITIES



TABLE 55: ANNUAL HAZARD VECTORS FOR SEVERE
SOLID RADICACTIVE WASTE ACCIDENTS

PIPULATIUN DENSITY : 26,3 TIMES AVERAGE NFHSTTY

TRANSPORT MIX ¢ 2y PCT TRUCKSe T% PCT RATLROADS 5 PCT RARGES

MATERTIAL TYPE 1 SoLID RapluacTIVE waSTE

ACCINENT SFVERITY ¢ SEVERE

el

YFAR CURIFS EXPECTED CURIES EAPFCTED FXPECTED EXPECTED EXPECTED MUMRER
RELEASEUL ACRE REMS MAN RFEMS FaTalLITIES NONLETHAIL CANCFRS
1970 0 0e Ne 0. e 0
1975 0o Ne Ne N, (e n,
1960 S.000nF+06 3,0322E=07 1.0B42E-nh 3,4263E=-06 5,71048=0Y 1.7131%<10
1985 1«78ngF+(8 10795E=0b 3«859RE£-05 131338004 2e1BROE=Y beOhbhKT=(
1999 6+.5100F*08 3¢4742E-0> 19£623E=n6 4452279€E=n4 I+53H2F=07 2e2h15E-08
1995 1.5060F+09 R,0370E=05 2.8738F-006 1,09126=01 1,8187/E=-06 5e45AnF =08
2000 2. 7420E+(9 144633F=p% 5e¢2324E=04 2,1642F=01 3,4603F=n6 le03P17=07
2005 4.496QF+09 72¢3994E~04 BeD794F =4 3.5961E=03 e 393ISE=n6H 1e798YE=-07
2010 6.3640F*09 3.0B75E~p4 VelnanE=g3 4,399 /=2 B.1661E=0b6 2+4498E=7
2015 B.3090E+09 4,40311E=04 le4b4]164E~03 ha1523E=073 141294E=n5 3e37637=07
2020 1.0250F+10 4,972BE=04 17781E=03 B,7684E=023 1e6614E=05 4638427 =07
RFP. PFR
SHIPMENT 1.0015%E+07 543449E=q 1+7112E=-06 6.9584FE=n6 1+1597E=8 3.47928=-19

QUANTITIES



TABLE 56: ANNUAL HAZARD VECTORS FOR MEDIUM
SEVERITY NOBLE GAS ACCIDENTS

PORPULATTUN NENSITY ! 26,3 TIMES avERAGE DENSTTY
TRANSPORT MIX @ g2y PCT JRUCKSe 7< PCT RAILNNAUSS = PCT BARGES
MaTFeRIaAL TYPE ¢ NUKMLF GAS

ACCIDENT SEVERITY 3 MFDIUM

el

YEAR CURIFES EAPFCTED CUKRIES EAPECTED FXPECTED EXPECTEDN EAPECTFN NU4RER
RELEASEUL ACRE REMS Al REMS FATALITIES NONLETHAL CANCFRS
1870 Ne 0, 0e 0, 0 Ne
1975 (428 0o Ne N, O Na
198¢ 3.1500F+07 Pe3528E=04 felnTS5E=n7 1.9300F =04 3.21A7E=n 9.65017 =11
1985 &e300nE*n7 4eTaS6E=¢3 1e22158=0nK 4e1502E=0s 6 32T00F=n0% PanT81Z=1y
19%¢ 1s0620E¢08 FeQHn4E=03 1eBl120E=n* heD973E=(5 1+0996E=n#k 3ePQHTE~1 g
1995 1.,4400F 0k 9 6649E=03 P 4B6EIE =06 §9,32Y2F=0¢ 1,5549E=08 4, HR4AF =] R
2000 1.8360E+0nk 1.2068E=02 3. 137P6E=0k 1.?2358F=(¢g 2.N597E=08 Fe1791%=11
2005 2417BpE+ o8 194316E=92 e 1 161E=DA 1.5576E=0n5 2.5961F=n8 7¢7BR2E~]n
2010 245200E+ 0" 1+5058E=0¢ 3.9088E -0k 1,7368F=05 2.8913E=-08 B.6T3IAF-1n
2018 2+8440FE+ b 16994E=0¢ 494113E=0h 2. 00600E=(5 3¢4443E=08 1e0333%=0)3
2020 Jell4pF+p8 1e8h0TE=02 4eB301E=nk 2.3B1JE=p% 39698E=n8 121909F=03
REP,

SHIPMENT 1.0727E+06
QUANTITIES

Te509E=u>

1e8303E=0nR

6-“64\1?7.“'0“*

lellg7E=19

3¢3320F5-172



TABLE 57: ANNUAL HAZARD VECTORS FOR SEVERE NOBLE GAS ACCIDENTS

POPULATIUN DENSITY & 2he3 TIMES JVEPRPALE DFNSTTY

TRAMSPORT MIX ¢ 20 PCT TRUCKSs 75 PCH RATLROADS, 5 PCT BARGES
MATEPRPTAL TYPE ¢ NOMLF 06AS

ACCIDENT SEVERITY ¢ SEVERE

eel

YEAR CURIES EARPECTED CURIES EARECTEY FRPECTED FXPECTED EXPECTEN NUMRER
RELEASFUL ACRE REM3 MAN KEM5S FATALITIFES NOMLETHAL CAaNCERS
1970 0, 0, 0 0, 0. [UN
1975 Oe Ne Ne Ne O Ne
198¢ 3+1500E+07 2e4541E=¢3 fe37g3E=-r7 Zen1 3280k 3¢ 3553807 legnhhZ=ig
1685 6+3000E+07 4,9083E~04 1A2T4 E=Gr G4 I392E=0k Te2P754E=-09 CelbTHE=TN
1999 le620F +08 T+2R811E=03 1e8300E=0- 6aRhi3E=(e 1s1465E-08 3e640TE=LN
1998 Jebd4pnE+8 9BT26E=03 PaDAPBL - F Y 751 0F=pr 1eb6218BE-qtE b BANHEE =) g
2000 1.B360F ¢0F 1.75888E=~0¢ 3cl0T3E=(h 1,”H9 3 F=0g 2elaHaE=nH 6400V ein
2005 Ze« 1 TBQE +pk 1a8932E=i2 387626 =0~ JohralE=p% 27079 =08 Re1P378=10
2010 2:5200E ¢08 i.9706E~0¢ LeQTTIE=5" 1o%09Y23E=n% 3.0150E~n8 YepaTaFeyn
201% 2.B440E408 1.7726E=0¢ tobn1IE~NH 2.,1556E=0% 3.5956F=08 l1e07735202
2n2o0 3.1140F+08 1eB4n9E=0¢ % e03R2E~nt PoaRedE=ng 4.1408E=n8 Yepap2f=02
REP. PER
SHIPMENT 1.0T2TE+06 Te3546E~05 1209 1E~nF h.931 0 =0k le15R5E=10 Je47585E-12

QUANTITIES



for a variation in population distribution along a typical transport link.
Reasoning behind this factor was given in Section VI.

The components of the hazard vectors were calculated from formulas
discussed in Section VI. The estimates of fatalities were determined
from the LD 50/60 estimate of 300 rads. Assuming a radiological
biology equivalence factor of unity, the number of fatalities (half the
population in 60 days) is obtained by dividing the number of man-rems
by 600. For estimates of nonlethal effects, the EPA guide of 200
nonlethal cancers per 1, 000, 000 man-rems per year was used.

ANALYSIS OF TRANSPORTATION HAZARDS
BY ACCIDENT SEVERITY

Graphical comparisons of expected man-rems for different accident
severities are given in Figures 30 to 37. In Figures 30 and 31, the
results for spent fuel are plotted. All the spent fuel is assumed to be
shipped by trucks in Figure 30 and is assumed to be shipped by rail in
Figure 31. Similar comparisons are made in Figures 32 and 33 for
recycled plutonium, in Figures 34 and 35 for high level radioactive
solid waste, and in Figures 36 and 37 for noble gas.

In the case of spent fuel, the medium severity curve for truck transport
is 10 times greater than that for rail transport. The severe curve for
rails is about 3 times higher than the severe curve for trucks. The
difference between the medium and severe curves for trucks is about

a factor of 300, with the greater exposure to risk being represented

by the severe accidents. The annual severe truck exposure varies
from 7 x 10°? man-rems in 1970 to 2 x 10”2 man-rems in 2020,

In the case of plutonium, both curves for rails are about 0. 01 as high
as the curves for trucks. About a factor of 10-3 separates the severe
and medium curves for each mode. The annual severe truck exposure
decreases from 3 x 10°2 man-rems in 1980 to 1 x 10-3 man-rems in
1990, but then increases to about 0.8 man-rems in 2020.

In the case of solid waste, the severe curve for truck transport is 10 times
greater than that for rail transport. The medium curves differ by about

a factor of 4, with the truck curve lower. The severe truck curve is

about 600 times higher than the medium truck curve, The annual severe
truck exposure varies from 1 x 10-7 man-rems in 1980 to 3 x 10-4 man-
rems in 2020,
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COMPARISON OF RISK TO EXPOSURE

FIGURE 30:
FOR DIFFERENT ACCIDENT SEVERITIES IN 100 PERCENT

TRUCK TRANSPORTATION OF SPENT FUEL
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COMPARISON OF RISK TO EXPOSURE

RAIL TRANSPORTATION OF SPENT FUEL

FIGURE 31:

FOR DIFFERENT ACCIDENT SEVERITIES IN 100 PERCENT
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COMPARISON OF RISK TO EXPOSURE

FIGURE 32:
FOR DIFFERENT ACCIDENT SEVERITIES IN 100 PERCENT

TRUCK TRANSPORTATION OF RECYCLED PLUTONIUM
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COMPARISON OF RISK TO EXPOSURE

FIGURE 33:
FOR DIFFERENT ACCIDENT SEVERITIES IN 100 PERCENT

RAIL TRANSPORTATION OF RECYCLED PLUTONIUM
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FIGURE 34: COMPARISON OF RISK TO EXPOSURE FOR

DIFFERENT ACCIDENT SEVERITIES IN 100 PERCENT TRUCK
TRANSPORTATION OF HIGH LEVEL RADIOACTIVE SOLID WASTE
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In the case of noble gas, both the rail curves are nearly coincident,
and both the truck curves are higher than the rail curves. The medium
truck curve is about twice as high and the severe truck curve is about

4 times as high. The annual truck severe exposure varies from 5x10-6
man-rems in 1980 to 6 x 10-5 man-rems in 2020.

ANALYSIS OF TRANSPORTATION HAZARDS BY CARGO

Graphical comparisons of material container performance characteristics
are shown in Figures 38 through 41. The ordinate in each graph is the
expected number of man-rems absorbed from releases resulting from
severe accidents. In Figure 38, only trucks are assumed to be used;

and in Figure 39, only rails are assumed to be used., In Figure 40,

a mix of 20 percent trucks, 75 percent rails, and 5 percent barges is
assumed; and in Figure 41, a mix of 25 percent trucks, 70 percent

rails, and 5 percent barges is assumed.

In the case of all truck transportation, the risk to exposure during the
period 1985 to 2020 from the different materials descends in the order:
plutonium, solid waste, noble gas, and spent fuel. In 2020, plutonium
is expected to give about 0.08 man-rems, solid waste about 3 x 1074
man-rems, noble gas about 6 x 10-2 man-rems, and spent fuel about

2 x 10-5 man-rems. The ratio between spent fuel and solid waste and
the ratio between spent fuel and noble gas can be explained by the ratios
in the release fractions given in Table 48, except for a factor of 3.

In the case of all rail transportation, the risk to exposure during the
period 1990 to 2020 from the different materials descends in the order:
solid waste, plutonium, spent fuel, and noble gas. In 2020, solid waste
is expected to give about 3 x 10-2 man-rems, plutonium about 9 x 10-4
man-rems, spent fuel about 7 x 10-5 man-rems, and noble gas about

1 x 10-5 man-rems.

In the case of the transport mix, 20 percent trucks, 75 percent rails,

and 5 percent barges, the risk to exposure during the period 1988 to

2020 from the different materials descends in the order: solid waste,
plutonium, spent fuel, and noble gas. This order is the same as for all
truck transportation; but in this scenario, the plutonium curve lies closer
to the solid waste variation. In 2020, the expected number of man-rems
are: 9 x 103 for solid waste, 7 x 10-3 for plutonium, 4 x 10-4 for spent
fuel, and 2 x 10-5 for noble gas.
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FOR SEVERE ACCIDENTS TO DIFFERENT MATERIALS,
TRANSPORTATION IS BY TRUCKS ONLY.

FIGURE 38:
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By altering the portions of trucks and rails in the transport mix to

25 percent trucks and 70 percent rails, not much happens to the cargo
comparison. The number of man-rems expected in 2020 changes to:

9 x 10-3 for solid waste, 1 x 10-2 for plutonium, 4 x 10-4 for spent
fuel, and 2 x 10-> for noble gas. Evidently the mix which depends less

on trucks is preferable.

EFFECT OF VARYING TRANSPORT MIX

To facilitate the comparison of hazards for transport systems employing
different portions of trucks, rails, and barges, graphs showing this
comparison are given in Figures 42 through 45, Each graph compares
the exposure to risk from severe accidents for the use of all trucks,

all rails, a mix of 20 percent trucks, 75 percent rails, and 5 percent
barges, and a mix of 25 percent trucks, 70 percent rails, and 5 percent
barges.

In the case of spent fuel shipments, the greatest exposure to risk comes
from the two mixes of transport modes. The expected number of man-
rems from the 20-75-5 mix is only slightly less than from the 25-70-5
mix. The risk to exposure using only rails is about 5 times smaller
than the mix risks and the risk to exposure using only trucks is about

3 times smaller than the rail risk. From this comparison, one can
conclude that truck transportation is preferable for spent fuel.

In the case of plutonium shipments, the greatest exposure to risk is
derived from the use of all trucks. The safest scenario is with all rail
transport. Quantitatively, the expected annual number of man-rems in
2020 is about 0.08 for all trucks, 0.01 for the 25-70-5 mix, 0.008 for
the 20-75-5 mix, and 0,0008 for all rails.

In the case of shipments of high level radioactive solid waste, the
greatest risk to exposure is provided by the use of the transport mixes,
with the 20-75-5 curve only slightly displaced below the 25-70-5 curve.
The risk from all rails is about one-third as large as with the mixes, and
the risk from all trucks is about 10 times smaller than the rail risk.

The expected annual number of man-rems from the 25-70-5 mix varies
from 4 x 106 in 1980 to 9 x 103 in 2020,

In the case of noble gas shipments, the greatest exposure to risk is
derived from the use of all trucks, and the least exposure is from the
use of all rails. The expected annual number of man-rems in 2020 is
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-5
6x107° for all trucks, 3x107° for the 25-70-5 mix, 2x10°5 for the 20-75-5
mix, and 1x10-5 for all rails.

Given the validity of the fault trees and release fractions, one would
conclude from this analysis that all truck transportation is preferable,
from a safety point of view, for shipments of spent fuel and solid waste,

and all rail transportation is preferable for shipments of plutonium and
noble gas,

ANALYSIS OF ACCIDENTS
BY SEVERITY AND DISPERSION MEDIA

An accident summary for each of the materials for total usage of trucks
and rails is presented in each of Tables 58 through 65. In Tables 58

and 59, the expected annual number of accidents and the expected number
of releases in air or water are tabulated for spent fuel shipments., In
Table 58, only trucks are assumed for transport, and in Table 59, only
rails are assumed for transport. Similar analyses are given in Tables 60
and 61 for recycled plutonium, in Tables 62 and 63 for high level radio-
active solid waste, and in Tables 64 and 65 for noble gas.

The basis for this kind of analysis is simply the product of the number
of shipment-miles and the accident probability for the given accident
severity and transport mode. The basis for the water-air dispersion
medium analysis rests with observations of previous nuclear transporta-
tion accidents (Reference 21),

The numbers of accidents given in these tables can be construed as
accident rates, with 1 year as the basic unit of time. Looking at

Table 58 for spent fuel, the 1980 numbers, for example, are meaningless
if literally interpreted as the number of accidents expected to occur in the
whole year, since these numbers are proper fractions and the number of
accidents can only be integral. The numbers should be taken to mean

the annual accident rate; i.e., the expected number of light accidents

(0. 6071) should be interpreted to mean that one light accident is

expected to occur in the reciprocal (1/.6701 = 1.49) number of years.

In the case when only trucks are used for transport, Table 58 indicates
that in 2020 spent fuel shipments are expected to encounter 12.13 light
accidents per year, 2.8 medium accidents per year, and 0.075 severe
accidents per year. One expects that at that time an accident serious
enough (i.e., the severe category) to possibly cause a rupture of the
spent fuel cask will occur sometime in an interval of 13.4 years.
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YEAR

1970
1975
1980
1988
199¢
1995
2000
2005
2010
2015
2020

NGO OF

SHIPMENTS

5

191
934
1612
3297
7463
10224
12100
16360
19697
23334

TABLE 58: ANALYSIS OF TRUCK ACCIDENTS INVOLVING SPENT
FUEL BY SEVERITY AND DISPERSION MEDIUM

TRANSPORI

MIX 100 POET TRUCKS,

MATERTAL TYPE ¢ SPeNT FUFL

EXPECTED

0 PCT AlLROADS

ACCIDENTS SUMMARY

FXxPECTED WNUMRER OF 4CCTNENTS

LIGHT

4,5500F=y3
104H98F-U]
A.,07T10F=01
F.4302FE~11
1eTYLAE*QN
3,8RNARE (0
5,3185Fe@n
6.2920E%00
B.5n72F¢yn
1e02628+01
1e21364F 4«0}

MEDIUM

1,05006=03
3.,463%0r =07
1a40lub=01
2el 7620 =01Y
3.9564t =01
B,9556L=01
J.226%E+00
1e452yt+naq
19632t +0n
?.36306k%90
2.8001t+0n

SEVERE

7.8000E=05
,IARNE=04
3, 7369E=n3
Se®n37E=03
1e0R50E =07
P+ JAH2E-?
3,471 7€=p?
3eHT72nE=[2
56235 E=(2
6!jﬂ3ﬂg-02
T 4669E-n?

TnTaL

S,628nE=y3
I-HQPQF'OT
T+9026FEa
1e1RAGE* A
2e12p5E+¢0
Go.80n02F+0n
6.97/R1EeQn
TofRDTE2 G
109230 %01
1:2h67E*(]
lnbOWQE0UI

0 PCT RaRGES

AIR

1,3594E-14
4,4509F=13
1.8138E=12
2.8174E=}2
Ss1220E=12
1e19594F«11
1.5883E=11
1.B79KE~])
?+5416E=11
3.0600E=11
3.,625pE=11

wATFR

6o 736KE=18
2.?25qF-13
9.,068HF =13
1:4087{’12
2e5610FE~-12
5aT79T1F =12
7,941 7F=12
Je399nF =12
1e2700F =1
1.530nF=~11
leRIEHE-l}

ExPFCTIFD NUMRFR UF RFLEASF TNCINDENTS

TOTaAL

?.107nE=-13
5 .,83R89F<12
)¢8113E"‘11
4,3969E~11
7.9332E=11
1.7371E=10
?.4%19E-10
2.9137E=10
319395E’1n
4.7439E-1n
306188E'10
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YF AR

1979
1975
19890
1988
199¢
1995
2000
2005
20ln
2015
2nen

NG OF

SHIPMENTS

%

191
934
1632
3297
Tah3
1n22¢
12Y0n
14360
19697
23334

TABLE 59:

ANALYSIS OF RAIL ACCIDENTS INVOLVING SPENT FUEL
BY SEVERITY AND DISPERSION MEDIUM

TAMSPART MIX n PCT

MaTERT AL

FXPFCTED WUMKER

LIGHTY

2,5550E-03
R, 3688F=-:?
F,409¥F =01
Se2954F =)
Q,6272F =11
20‘7@2(*00
? . IRS4F 400
3,533°F«un
4cTTTIF*yun
5. T515F +¢n
6.B135F+(n

TYPF

FXeeECTeD

MED UM

2.7650kE=06
9.0534£-03
3.6833Fr =92
Se7307t=07?
1e041%E=01
263583 ~n}
3.7308E=91
3,8230t-01
S5¢1698E-01
fa?2243E=n1
7.3735t’01

TRU{KSe [0

SPENT FsL

ACCINENTS

PCT 2alinadsSe

OF ACCINENTS

SEVERE

S .50t =05
1ol 19nE=-04
7-\)”“.-’1E-0“
1.0”"1‘:-03
VedTh2E=03
G4e@T7THE =03
RellGGE=n]
T80 1E=(
QGedirnnt=0n73
}elPiRE=q2
yebénnnt=n?

TnTap

7,816 -y
Ge20n3F=n>
e ITHENE =0}
Sed7vakb =gy
JeARIF
2.4195E+0n
3.3V4AF syn
3,972RFs0n
Se3pidttn
He3Rg3F +yn
Te36a° v0n

SIMMaRY

0 PCT RARGES

AlR

1.403°E~18
4,5944FE-13
T.0722E-12
Pe90NHPE=) 2
S.28/1F=12
1,19673F =11
1,6395F =11
1,94n4E =11
PebpiRE=) ]
]ulSRﬁE'll
3e7419E~)1

wialFR

7,015HE—15
7.2972F=113
9.36)11F=-13
lewl4b=)p
2ebHaInF=12
5.9Q;QF—1?
RB,1977F -2
9.7n019F =17
1«31 )8FE=
1e5793F =3
1e37009F -1

ExPFCTED NUMRFR NF KFLFASFE INCINENTS

ToTap

2,1749F-13
T.1212€6-12
2.,90196-11
46,50T6E-11
8.1350E~11
1.B38nFE~10n
?2.524%13E-10
3,007TAF-10
GeNBRLG4E~]D
4, RIEIE~-]n
507;99E'lﬂ
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YEAR

197n
1975
19&g
19RS
1990
1995
2r00
2005
2nic
Z2n1s
2020

NOOF
SHIPMFNTS

n

n
1n68¢
7238
S58n
3179
TA13
14464
20995
PT7T393
3499

TABLE60:ANALYSB(H?TRUCKfMXHDENTSINVOLVDK}PLUTONHHA
BY SEVERITY AND DISPERSION MEDIUM

TRANSPORI

MATERTAL TYPE

FXPECTEN NUMRER OF

LIGHT

N

Ne

6,9420F+ 00
4-?3)95°Oﬂ
32936nE=y1
146531500
46,0628E2y0
7.5213E+40
1.0917FE+0])
1 «4556F ¢y
1. RIQ5E+ ]

MTIX 3 100

MED L UM

0.

Oa

1.602uE+00
o 76‘;"3t“02
e IABOE=NZ
JeB14ME=0)
F.3750r =1
1073%’t°00
2.51940 400
33592t 00
44,1989k 00

PrT TRUCKS)

PLUTONTUmM

SEVERE

(\l

ﬂe

4.4T20Fan?
PeOnapl=p2
1ed5hpt=43
jeutl3E=y2
2+9ngRE=02
Ael1RGE=ND
HRYRTHE=NP
1:1197E=01

{1

PCl RATLRNOANDS,

EXPECTFD ACCINFENTS SuUMMpARY

ACCIDENTS

TnTaL

0s

0e

B o934 TE«yn
Se2i48F %0
3;72(%&.’\;1
200&&76’00
S5.0253 %
F.3032F+yn
1e39n6F+1
l1e20NNOE+0D1]
2.250AF+0)

0 PCT &aRGES

EXPECTFN NUMRER OF

AlR

L1 369F -0y
ﬁogjoﬁa"f)q
449394E=]¢
270 73E=gY
6.6537TE =09
1,2318E=0R
le 7T8ROIE=0NR
2438 39E=08
PP I99E=-0)8

— D D

AATER

Ne

0

3,.,°%4%F=qb
Je 4&')L);F-\ﬂq
2e QY TE=11
Je3n iRt =pQ
3.326RF~0?
5e1589E=nC
809398E‘ﬂ9
lelS20E~gr
1 e4R9F =R

HELEASF TNCIDENTS

TnovaL

N.
n,
1,75%22E-07
1007a26—07
T.6560E-n9
441963E-n8
1-0313E‘07
1.99092E~07
2.,7713E-07
3.6951E-07
6. 61RRE=NT
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YEAR

1979
1975
1980
1985
1999
1995
2000
2n0S
enlo
2nl15
2020

NO OF

SHIPMENTS

0

(]
10680
7234
58¢
379
7813
14464
2099S
27993
3499)

TABLE 61:

TRANSPORT MIX ¢

MATERIAL TYPE

ANALYSIS OF RAIL ACCIDENTS INVOLVING PLUTONIUM
BY SEVERITY AND DISPERSION MEDIUM

0 PCT TRUCKS,

PLUTONIUM

100 PCI

EXPECTED ACCIDENTS SUMMARY

EXPECTED nUMRER OF ACCIDFNTS

LIGHT

0.

Oe

3,8982E+«un
2.3T64E* Q0
106936E'01
9.2827E=01
2«¢2B14E+y0
4 ,2235€+00
6¢1305E+00
Be1740E*0Q0
12021 7E% 01

MED LUM

0.

Qe

4,2186t=01
2¢5717k=0}
1e8328E=02
1+0046E=01
2:4689Et~01
4,5706E=01
646344E"01
8.8458E~01
121057E%00

SEVERE

Ne

Ne

Be0l00E=07
4e8829€=p3
3e4BgoE=04¢
1.9074E“03
4-0878E'03
B6TBG4E=(3
102597E'0?
126796E=p2
2¢0995€=02

TnTaL

0e

Qe

4,328 1Fepn
2+0384F +p
1884k~
12039RE*yq
2+533nE%yn
4,6892F+(n
6e8B06HbFE*tyn
9e0783E*yn
1e1364E%y)

RATLROADS,

0 PCT BARGES

AlR

0,

Ne

1.5073E=10
9,18R3F~]
60548“E'12
3e5H92E~11
Redp11E-11
1,6330E=10
2+3704E~10
3.1605€-19
3.9506E=10

WATER

Oe

Oe

7,5363F=11
4e¢5942E-1
3¢2742F~=)2
1e7946E-1]
4e410hE-1
801652E-l]
1e1852E=10
15802E=1n
19753E-10

EXPECTED NUMRBER 0OF RELEASF TNCIDENTS

TOTAL

N

Ne

?.33162E-09
1.0150E~-10
505632E~10
1e35673E-0Y
106741E'09
4oRIBBE~nS
6s1234E-0°



291

YEAR

1970
1978
1980
1985
19940
1995
2000
200S
2710
201%
2020

N0 OF

SHIPMENTS

0

0

1
3
6%
146
287
420
&lo
asp
1094

TABLE 62: ANALYSIS OF TRUCK ACCIDENTS INVOLVING SOLID
RADIOACTIVE WASTE BY SEVERITY AND
DISPERSION MEDIUM

TRAMSPORT MIX

HMaTERTAL TYPE

EXPECTED nUmMRER OF

LTIGHT

Ne

0

3.2500F =03
T et TRQE=U?Z
1 8590E=0}
4., 006001
T.35n2E=01
1.2012E+00
1:58A0E¢00
P.2152E+00
2.8444F %00

MED UM

0o

0o

7.,5000k=06
172506=02
4290002
QQZQQMt@O?
1669680 =01
2, 7T720E=01
36600801
5,1120t=01
6:564098=01

o0 PCT TRUCKS,

SEVERE

0e

Na

?eUOOﬂE"’OS
4a0000E=08&
] ﬁLQQOE"ng
2.4540E=073
495?325503
T.3520E=03
Gsl6pnE=03
1,3632E=07
1e!B5p4E=92

n PCT 2ATLXNADS.

SULIN kanTdacTIVvE AaSTE

EXPECTEDN ACCINDFENTS SUMYaARY

ACCTDENTS

Fotar

0

e

‘*0020"?“0}
992’46’\F‘“u?
?e29Q4E901
4 WEAF =)
G, RE=01
1.4858E.00
1e9AYRE® DR
2. l4gnE+on
3e31K3FPyn

0 PCT BARGES

EAPFCIED NUMRBEN

AR

0o

Ne

7oT1/1E=13
He2aTiE=172
1.5536E=11
3,3463E~11
6,leHE=11
1,003%E=10
132888=1¢
1,8513E=10
Pe37T72E~10

WATER

Os

(e

1o d2H =12
31 239F =172
T TesE=12
1ePT31E=14%
3,07 4F =11
5.0194F=11
5062745'1]
9,7566F<]1
lo188rE=1y

OF wFLEaSF TN2IDENTS

T2Tal

N,

e ]
$.2100E=]12
306%1’*()E°]‘
260 E-10
5.1%8TE=10
1,9350E=02
2:03¢5F=02
?.B895F.09
3e6%46€"’09
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YEAR

1970
1975
1989
1985
1990
1995
2000
2005
20lo
2015
2020

NO OF

SHIPMENTS

n
n

t

23
65
149
257
420
61n
852
1n9¢

TABLE 63:;

RADIOCOACTIVE WASTE BY SEVERITY AND

ANALYSIS OF RAIL ACCIDENTS INVOLVING SOLID

DISPERSION MEDIUM

TANSPORT MIX 3 0 PCT TRUCKS 109

MATFRTAL TYPE

RPCT RATLRNADS

SOLIN RADIVACTIVE waSTE

EXPECTED ACCINENTS SiM4ary

FxPECTED NUMRER OF ACCIDENTS

LTGHT

0o
N

1.82%0E-03
4,1975E=02
14043%€E-01
2e24R&E=(}
44,12764F =01}
6, 7452601
ngnhOE-U‘
IOZQ?QE’OO
15972F+0n

MENLUM

0,

Oe

1.9750k=04
4a54295L =03
1.1297k=~02
2.6332t=02
Qo“bé’t-O?
7.,2996b~0?
94638Bpt=q2
134672t~
1e72R5E~0

SEVERF

Os

Oe

30’%ﬂ0€‘06
Reb0250E£=05
2+1450b=n¢
4:6200E=06
80““10&'04
1.3860E-03
1e830nF=n3
?e5560t~-n3
JedBPE=N3

InTal

0

Ne

PeN?6&2E =y
Gebbnab=yp
10159”5“01
20“963E°01
4 o9 2AF =
7,4°39qF =0
Q883 1F=yj
1233y 1F+yp
le/734F+yn

0 PCT BARGES

alRr

n

0e

1.71615-12
3.9471E=11
90H163E”11
2elle3E~1n
3.8812E=10
6,3478E=-1n
Re376TF=10
1¢5020£E=09

WATER

0.

Qe

Be380RE=113
la97358=11
10057]F’10
109406t’1ﬂ
3,1714F=10
4¢1R74F =1
5eH4BAE=~] g
fe5098E=1n

EAPFCTED NUMRFER OF RFLFEASF INCZIDENTS

TOTal

nO

ne X
PL,0600FE=11
ﬁollan'lO
1.5219E=009
3027716'09
5.0159E-09
3,8314E-09
1+29R1E=0B
1e8131E-08
2¢3280E-0n8
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YF AR

1970
1975
1980
1985
1999
1995
2000
2005
2010
2015
2020

TABLE 64: ANALYSIS OF TRUCK ACCIDENTS INVOLVING NOBLE GAS BY

NO OF

SHIPMENTS

D
9
30
59
99
134
170
202
234
264
239

TRANSPARI

MIX 3¢

SEVERITY AND DISPERSION MEDIUM

MATERTAL TYPE ¢ NMOKLF

100 PCT TRUCKS.

6GAS

0 pCt

FXPECTED ACCIDENTS SUMMARY

FXPECTED NUMRER OF ACCIDFNTS

LIGHT

Do

(LI

9.7500F=y?
1e9175FE =01
?eB8314F=0]
3,B324F =01
48620F=01
SeTTT2E=p1
6.0B40F =1
h,BELnE=01
Te5140E=01

MEDLUM

0

0.

202500e~02
4@42%0t“02
6,5340p=0?
B,B449k=02
1e1220E701
1.333°E=0n}
1s4040E=n1
15840t =07
1.7340b=0}

SEVERF

Ne

0o

feuNNNE=0N4
1e1800E=03
1el4P4E=-03
?e35R4E-03
209920E-03
3:9865pFE=03
Jel44pE=n3
4.2260E=0"
Aeb?‘QOE"()B

ThTaL

Ne

0e

1.20656“01
2e371RE=}
369022 =
4,740n4E=01
6¢0139%E=0)
Te 14‘,(\9-“’\)]
Te9254E=01
BQQQO?E-GI
9.294?E°0]

RALLANADS

0 PCT RaRGES

alR

0.

0,

7.37426-10
1e4503E=09
231415E‘09
2, 8985EF (9
3.6773E=09
443695E=09
4e6015€-09
S5.1414E=0p9
506830E”09

WATER

0,

O

3.68BTjE=1n
7Te25123F=10
1 d707F=n9
1,4693F .99
1:338kE=09
2e¢l1B4T7E=n0
2¢3007E=n9
2059575"09
EGBQIQF-Og

EAPECTED NUMRER OF KELEASF TNZIDENTS

INnTAL

Ne
0-

1.1430E=08
Do?QTQE-OB
3,3193e=08
4, 432BE-08
3969986-08
5.7T7T27E=pR
761323E-08
3.046TE=0B
3,8pR7E=nN8
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YEAR

1970
1975
1989
1985
1990
1995
2000
2005
2010
2015
2020

NO DF

SHIPMENTS

n

n
3In
59
99
134
170
202
234
264
289

TABLE 65: ANALYSIS OF RAIL ACCIDENTS INVOLVING NOBLE GAS BY
SEVERITY AND DISPERSION MEDIUM

TRANSPORI

MIX 0 PCT TRUCKSe

MATERTAL TYPE : NUKBLE GAS

EXPECTFD aCCIDENTS

1no PCT

FXPECTED NUMRER OF ACCIDFNTS

LIGHT

0.

0e

SetTRQE=y?
1.076ATFE=01
1«5899E=91
2:1520F-01
2:7302E=0
3.?‘“41F-\)1
3eb4164FE«()
3.A544E=1
“czlan‘Ul

MEDILUM

0.

Oe

S.9250k=03
1e168¢2t=02
le7206E=N?
243289 =n2
2.954bE =02
39‘310”!:-0?
3.697/t.=-02
4e)T)1cE~=02
4 ,5662E-02

SFVERE

Oe

e

11250k =04
Pel125F=04
Jel6TNnE=nNG
449220E=04
Se01N0E=04
6 abhONE=(4
Ted?200E=04
T+7200E=n¢
Rab7pnE=06

ToTaL

0,

Ve

e T1ATFH=y
1o l985F =)
le765F =y
2e3894F =0
3001]3E'U1
3,0Nn1FF =0}
3o 79 31F=
4ol 130tk =01
4 HH4TF =

RATLRORDS

SUMMRY

0 PCT RARGES

2e4B03IF=1n
4GB TANE=1N
TecP9FE=10
9,7493E=-10
1.2369E=09
1.6697F=0Y9
105477E"09
1.7“61E-09
1.9115F=n9

EXPECTEN NUMARFR
alR waATFR

Ne Ne

Do (Ve

le24072F~1n
2'439HF-10
JebNl4F=1n
G.BT4TFE =10
helB4a3E =10
7Toe3484F=]n
7.7386F=10p
HeT307E-1n

OF RFLFASF TNZIDENMIS

10o7aL

nc

Ne

7.549n8E-~09
1,1 104E-0R
IGSII]E‘OR
1.9171E=03
2.,77T8nE~nA8
2,339nE-08
2.7nRSE=-nS
2.9428E~08



The other tables indicate that for all truck transportation in 2020,
plutonium shipments are expected to encounter 0.112 severe accidents
per year, solid waste 0.0175, and noble gas 0. 0046. These numbers
with all rail transportation in 2020 are 0. 014 severe accidents per year
with spent fuel, 0.021 for plutonium, 0.0033 for solid waste, and
0.00087 for noble gas. From this criterion, one would say that all rail
transportation of all the materials is safer than all truck transportation,
and that the materials rank in safety as follows: plutonium is least safe,
spent fuel is next safe, solid waste is safer yet, and noble gas is most
safe.

The number of accidents resulting in releases dispersing through air
and through water is a very small number in all cases. The largest
number of truck accidents resulting in release in air should occur with
plutonium (3 x 108 releases per year) in 2020. The largest number of
rail accidents resulting in release in air should occur with either solid
waste or noble gas (2 x 1077 releases per year) in 2020. The largest
number of truck accidents resulting in releases in water is expected to
be with plutonium (2 x 10_8 releases per year) in 2020. Finally, the
largest number of rail accidents expected to result in water releases
should happen to noble gas (1 x 10-8 releases per year).

EFFECT OF CHANGING RELEASE PROBABILITIES

A hypothesis was formulated that the fault tree probabilities pertaining
to the occurrence of impact, puncture, and heat were not a function of
accident severity. Some of the inhibit gate probabilities were also
assumed to be different than the values given in Tables 26 through 37.
The new release probabilities for severe accidents were calculated
from the fault tree. The release probabilities for light and medium
severity accidents were then obtained from the severe accident release
probabilities by arbitrary ratios. The resultant release probabilities
are compared in Table 66 with the release probabilities obtained in
Section VI. The new release probabilities are significantly higher than
those from Section VI, and thus the new numbers describe shipping
containers that are considerably inferior to the Section VI containers.
A comparison of curies released from both qualities of containers will
give a measure of importance of the tightness of the containers compared
to, say, the frequency of accidents,

In Tables 67 through 70, calculations of partial hazard vectors calculated
with the new release probabilities for severe accidents and for a
20-75-5 transport mix are compared with similar partial hazard vectors
calculated with the release probabilities obtained from Section VI.
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TABLE 66: COMPARISON OF RELEASE PROBABILITIES

Transport Mode

- Accident Truck Rail Barge
Material Severit
Y Superior |Inferior |Superior |Inferior |Superior | Inferior
ContainerjContainer|Container | Container| Container|Container
Spent Fuel Light 0 0.32E-4 0 0.32E-5 0 0.24E-4
Medium 0.15E-9 | 0.65E-3 [0.16E-9 | 0,65E-4 |0.13E-7 |0.48E-3
Severe 0.19E-8 0.13E-1 |0.33E-7 0.13E-2 {0.15E-5 |0.96E-2
Plutonium Light 0 0.9E-6 0 0.57E-7 0 0.65E-6
Medium 0.3E-7 0.18E-4 |0.25E-8 |0.12E-5 |0,22E-7 | 0.13E-4
Severe 0.3E-5 0.36E-3 |0.16E-6 | 0.23E-4 }0.11E-5 .26E-3
High Level Light 0 0.12E-2 0 0.6E-3 0 0.12EK-2
Radioactive Medium 0.5E-8 0.48E-2 |0.11E-6 | 0.24E-2 |0,2E-5 0.48E-2
Solid Waste Severe 0.23E-7 | 0.48E-1 [0,13E-5 | 0.24E-1 {0.15E-4 | 0.48E-1
Noble Light 0 0.82E-3 0 0.18E-3 0 0.8E-3
Gas Medium 0.26E-6 | 0.33E-2 |0.44E-6 | 0.73E-3 | 0.22E-5 0.32E-2
Severe 0.93E-5 | 0.33E-1 |0.11E-4 | 0.73E-2 [0.2E-4 0.32E-1




TABLE 67: COMPARISON OF RELEASE PROBABILITY
CALCULATIONS FOR SPENT FUEL SHIPPING CONTAINERS

Transport Mix: 20 percent Trucks, 75 percent Railroads, 5 percent Barges
Accident Severity: Severe

791

Inferior Container® Superior Container
Expected Expected
Year Curies Curies Expected Curies Expected
Released Acre-Rems Released Acre-Rems
1970 0.70 E+08 0.56 E-03 0.19 E-02 1.38 E-08 4.93 E-08
1975 0.28 E+10 0.19 E-01 0.70 E-01 4.79 E-07 1.72 E-06
1980 0.10 E+11 0.58 E-01 0.21 E+00 1.44 E-06 5.16 E-06
1985 0.22 E+11 0.11 E+00 | 0.41 E+00 2.83 E-06 1.01 E-05
1990 0.39 E+11 0.18 E+00 0.63 E-01 4.38 E-06 1.57 E-05
1995 0.62 E+11 0.28 E+00 0.99 E+00 6.92 E-06 2.48 E-05
2000 0.84 E+11 0.38 E+00 0.14 E+01 9.48 E-06 3.40 E-05
2005 0.11 E+12 0.49 E+00 0.18 E+01 1.21 E-05 4,35 E-05
2010 0.14 E+12 0.61 E+00 0,22 E4+01 1.52 E-05 5.44 £-05
2015 0.16 E+12 0.74 E+00 0.26 E+01 1. 83 E-05 6.54 E-05
2020 0.19 E+12 0.88 E+00 0.31 E+01 2.16 E-05 7.75 E-05
Represen-
fative Per 0.12 E+08 | 0.54 E-04 | 0.19 E-03 1,33 B-09 | 4.76 B-09
Shipment
Quantities

% Release probabilities recalculated under different assumptions and assignments and
given in Table 66 of this report describing an inferior container.

P Release probabilities obtained from fault tree analysis described in Section VI

and tabulated in Table 47 of this report describing a superior container.
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TABLE 68: COMPARISON OF RELEASE PROBABILITY
CALCULATIONS FOR PLUTONIUM SHIPPING CONTAINERS

Transport Mix: 20 percent Trucks, 75 percent Railroads, 5 percent Barges

Accident Saverity: Severe

. . a
Inferior Container

Superior Container

Expected Expected
Year Curies Curies Expected Curies Expected
Released Acre-Rems Released Acre-Rems
1970 0 0 0 0 0
1975 0 0 0 0 0
1980 0.50 E+9 0.72 E-4 0.14 E+0 0.55 E-6 0.10 E-2
1985 0.34 E+9 0.44 E-4 0.83 E-1 0.33 E-6 0.62 E-3
1990 0.16 E+8 0.18 E-5 0.34 E-2 0.14 E-7 0.26 E-4
1995 0.87 E+8 0.10 E-4 0.19 E-1 0.76 E-7 0.14 E-3
2000 0.21 E49 0.24 E-4 0.46 E-1 0.18 E-6 0.34 E-3
2005 0.40 E+9 0.45 E-4 0.88 E-1 0.34 E-6 0.64 E-3
2010 0.57 E+9 0.66 E-4 0.12 E+0 0.50 E-6 0.93 E-3
2015 0.77 E+9 0.88 E-4 0.16 E+0 0.66 E-6 0.12 E-2
2020 0.96 E+9 0.11 E-3 0.20 E+0 0.83 E-6 0.15 E-2
Represen-
tative Per
. 0.28 E+5 0.32 E-8 0.57 E-5 0.24 E-10 0.45 E-7
Shipment
Quantities

a
Release probabilities recalculated under different assumptions and assignments and
given in Table 66 of this report describing an inferior container.

Release probabilities obtained from fault tree analysis described in Section VI
and tabulated in Table 47 of this report describing a superior container,




TABLE 69: COMPARISON OF RELEASE PROBABILITY
CALCULATIONS FOR HIGH LEVEL RADIOCACTIVE
SOLID WASTE SHIPPING CONTAINERS

Transport Mix: 20 percent Trucks, 75 percent Railroads, 5 percent Barges
Accident Severity: Severe

991

Inferior Container® Superior Container
Expected Expected
Year Curies Curies Expected Curies Expected
Released Acre-Rems Released Acre-Rems
1970 0 0 0 0 0
1975 0 0 0 0 0
1980 0.50 E+07 0.53 E-02 0.19 E-01 3.03 E-07 1.09 E-06
1985 0.18 E+09 0.19 E+00 0.67 E+00 1.08 E-05 3.87 E-05
1990 0.65 E+09 0.60 E+00 0.22 E+01 3.47 E-05 1.25 E-04
1995 0.15 E+10 0.14 E+01 0.50 E+01 8.04 E-05 2.88 E-04
2000 0.27 E+10 0.25 E+01 0.91 E+01 1.46 E-04 5.25 E-04
2005 0.45 E+10 0.42 E+01 0.15 E+02 2.40 E-04 8.60 E-04
2010 0. 64 E+10 0.54 E+01 0.19 E+02 3.09 E-04 1.11 E-03
2015 0.83 E+10 0.70 E+01 0.25 E+02 4,03 E-04 1.44 E-03
2020 0.10 E+11 0.86 E+01 0.31 E+02 4.97 E-04 1.78 E-03
Represen-
fative Per 0.10 E+08 | 0.93 E-02 | 0.34 E-01 5.34 E-07 | 1.92 E-06
Shipment
Quantities

% Release probabilities recalculated under different assumptions and assignments and
given in Table 66 of this report describing an inferior container.

b Release probabilities obtained from fault tree analysis described in Section VI
and tabulated in Table 47 of this report describing a superior container.




TABLE 70: COMPARISON OF RELEASE PROBABILITY
CALCULATIONS FOR NOBLE GAS SHIPPING CONTAINERS

Transport Mix: 20 percent Trucks, 75 percent Railroads, 5 percent Barges
Accident Severity: Severe

L9T

Inferior Containe:t'aL Superior Containerb
Expected Expected
Year Curies Curies Expected Curies Expected
Released Acre-Rems Released Acre~Rems
1970 0 0 0 0 0
1975 0 0 0 0 0
1980 0.32 E+8 0,30 E+1 0.78 E-3 0.24 E-2 0.64 E-6
1985 0. 63 E+8 0.60 E+1 0.16 E-2 0.49 E-2 0.13 E-5
1990 0.11 E+9 0. 90 E+1 0.23 E-2 0.73 E-2 0.19 E-5
1995 0. 14 E+9 0.12 E+2 0.32 E-2 0.99 E-2 0.26 E-5
2000 0.18 E+9 0.15 E+2 0.40 E-2 0.13 E-1 0.33 E-5
2005 0.22 E+9 0.18 E+2 0.48 E-2 0.15 E-1 0.39 E-5
2010 0.25 E+9 0.19 E+2 0.50 E-2 0.16 E-1 0.41 E-5
2015 0. 28 E+9 0.22 E+2 0.56 E-2 0.18 E-1 0.46 E-5
2020 0. 31 E+9 0. 24 E+2 0.62 E-2 0.19 E-1 0.50 E-5
Represen-
tative Per
. 0.11 E+7 0. 91 E-1 0.23 E-4 0.74 E-4 0.19 E-7
Shipment
Quantities

% Release probabilities recalculated under different assumptions and assignments and
given in Table 66 of this report describing an inferior container.

Release probabilities obtained from fault tree analysis described in Section VI
and tabulated in Table 47 of this report describing a superior container.




In the case of spent fuel, the expected annual number of curies released
for the inferior container is on the order of 1015 higher than for the
superior container. This result reflects the great use of rails in the
transport mix, since the ratio of inferior to superior release probabilities
for severe rail accidents is about 10*5, while it is 10*7 for truck and

1013 for barge.

Similarly, the number of curies released from the inferior container
compared to the superior container is about 102 for plutonium, about
10° for solid waste, and about 103 for noble gas.

EFFECT OF CHANGING POPULATION DISTRIBUTION

The role of the population density distribution is discussed in Section VI.
As long as the population density is assumed to be the same for all
areas bounded by isodose contours, the exposure to risk may be
calculated by multiplying the average population density by a factor
derived from the linear distribution along the transport route. Such

a distribution is shown in Figure 29, and it yields a factor of 26.3. If
some other distribution is assumed, then the factor is different. For
example, if 10 percent of the transport distance passes through an urban
area of population density that is 21 times as large as the average
density and 90 percent of the route lies in the average density area,

then the factor is 0.1 x 21 + 0.9 x 1 = 3. Use of this factor reduces the
calculations of expected man-rems, expected fatalities, and expected
injuries by a factor of 3/26.3 = 0. 114,

HAZARDS OF A SINGLE ACCIDENT

The probability of an accidental release of radiation from a shipment
of radioactive material is small. Yet when an accident does occur, the
consequences can be great. Itis, thus, of interest to assess the
magnitude of the hazard of a single accident. In the model, an actual
accident can be described by setting the accident probability equal to
one. To obtain a measure of the maximum hazard, the release
probability can then also be set to one. The hazard associated with any
other release probability then can be found by multiplying the maximum
hazard by that release probability.

It is not realistic to consider a uniform population density distribution

around the scene of an accident, Assuming that the shipment has a
right-of-way of about 1, 000 feet in which only two persons are found in
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every square mile, and that the population density in the area bounded
by the isopleths at 10-1 mi? and 102 mi? is 5 times the average
population density, the exposure to risk becomes:

6 9
P = L Dy (A)A (2)+ 27 D, (A,) A, (5p)
1=

X o=
i=1
-6 %, -0.93001
D, (A) = 0.924x10 K AT
g (&) 924 x L QA
Qp = Qprgfy
(See Table 41 for an explanation of the symbols.) Setting the release

probability r equal to unity and using the release fractions for severe
accidents given in Table 40, the expected hazards are calculated for the
source carried in a representative shipment and an average population
density of 100 persons per square mile. The results are tabulated in
Table 71,

The expected number of fatalities are calculated with the LDgg /40 guide
under the assumption that the fatalities occur shortly after the accident
release, when radiation levels are high. The expected number of non-
lethal cancers are calculated with the EPA guides under the assumption
that the cancers are produced by chronic exposure to low levels of
radiation.

A representative shipment of curies of radiation is given in Table 71 by

the quotient of curies released and release fraction. Typical shipment
radiation capacities are spent fuel ~107Ci, plutonium ~104Ci, solid

waste ~107Ci, and noble gas ~10°Ci. Given the assumed release fractions,
accidents to solid waste and spent fuel yield radiation releases of about
104Ci. The release from a plutonium shipment accident is 1, 000 times
less severe, but the release from a noble gas shipment accident is 10 times
more severe. Due to the differences in dose coefficient, however, the
noble gas release presents the smallest health hazard, even though it
involves the most radiation of all the materials.

The key index of the hazard vector for a single accident is the expected
number of man-rems. Inspecting the values in Table 71 for this index,

the materials are ordered with respect to danger as solid waste, plutonium,
spent fuel, and noble gas. The first three materials present nearly equal
hazards (~104 man-rem), but noble gas yields only 1 percent of that hazard.

The index of greatest interest is the anticipated number of fatalities result-
ing from an accident. From Table 71, the shipment of solid waste produces
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TABLE 71: IMPACT OF SINGLE SHIPPING ACCIDENT

Material Expec:‘ted Expected | Expected Expected Expfctt;dl

ateria Curies Acre- Man- Fatalities onletha
Released Rems Rems Cancers

Spent Fuel 0.12 E5 0.42 E5 0.16 E5 26.7 3.2

Recycled

Plutonium 0.28 E2 0.51 E5 0.20 Eb 33.3 4,0

High Level

Radioactive

Solid Waste] 0,50 E5 0.18 Eb 0.70 E5 116, 7 14,0

Noble Gas 0.11 E7 0.28 E3 0.11 E3 0.2 0.02

Assumptions: Accident probability = 1.

Release probability = 1.

The population density in the immediate area of the
accident (0. lmiz) is 2 persons / miz, and is
500 persons/mi outside this area.

Source = Representative Curies/Shipment

Severe accident release fractions (Table 21):

Spent Fuel: 1E-3
Plutonium: 1E-3
Solid Waste: 5E-3
Noble Gas: 1
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nearly 117 lethal cases if 0.5 percent of its radiation cargo leaks out in
an accident and is absorbed by the assumed spatial distribution of people.
Spent fuel and plutonium produce nearly 27 and 34 lethalities, respectively,
with 0.1 percent of their radiation cargoes. Noble gas is least dangerous,
yielding less than one fatality even when all its radiation is absorbed.
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SECTION X
GLOSSARY

Accident Probability - Fraction of shipments observed to encounter accidents;
usually expressed in reciprocal distance units.

Accident Severity - Qualitative scale for magnitude of accident characteris~
tics, Accidents are grouped into light (minor), medium (moderate), and
severe classes of severity. For truck and rail transport modes, the relative
collision velocity and the duration of fires provide a basis for a quantitative

classification. For barge freight, the duration of fires provide a meaningful
basis for severity analysis.,

AND Gate - Connection in fault tree requiring at least two events to occur
simultaneously.

Avea-Dose - Dose absorbed by single human being in a unit area around the

accident source. Interpreted as exposure to environment; usually expressed
in acre-rems.

Consequence - Magnitude of effects, such as loss or damage, resulting from
undesirable events.

Fault Tree - Logical relation between elementary events, such as occurrence
of impact, puncture, excessive heat, vibration, or human error, potential
barriers for these events, and an ultimate undesirable event, such as rupture
of a shipping container.

Hazard - Product of risk and consequence.

Hazard Vector - Description of accident hazards using the components denot-
ing the number of curies released, the expected area-dose, the expected
population dose, the expected number of excess lethal cases, and the expected
number of excess injuries (such as nonlethal cancers). The hazard vector is
a function of a number of system variables, including time, geographical
location, population distribution, radioactive commodity, transport mode,
container technology, and route characteristics.

Inhibit Gate - Potential barrier to elementary event connected to the elemen-
tary event with the logic of an AND gate. For example, if the elementary
event is impact to a container, the inhibit gate condition on the magnitude of
the impact must be satisfied before the container ruptures from impact.
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LDs5g/60 - Lethal dose causing demise of 50 percent of exposed population
within 60 days of accident.

OR Gate - Connection in fault tree requiring only one of several events to
occur.

Population-Dose - Dose absorbed by population of human beings near the
accident source. A measure of exposure to risk; usually expressed in

man-rems Oor person-rems,

Radiation Dose Radiation absorbed by receptors, such as human beings;
usually expressed in rems if the absorbers are men or animals.

Release Fraction - Part of cargo that is released through the container
rupture caused by an accident and dispersed through environment.

Release Probability Probability that a shipping container will rupture.
It is evaluated by means of fault tree analysis of the component barriers of
the container,

Release Severity Release associated with an accident of the given severity,
Unfortunately, a severe accident does not necessarily imply a release of
large magnitude. In this report, release fractions, which are not well-
known, have been assigned values, based on engineering judgment, that do
vary directly with increasing magnitude of accident severity.

Risk - Probability that undesirable events, such as an accident to a shipment
of radioactive material, will occur.
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