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ABSTRACT

Models developed to analyze potential radiological health risks from
various accident scenarios during transportation of spent nuclear fuels are
described. The models are designed both for detailed route-specific risk
analyses and for use in conducting overall risk analyses for route selection
and related decision-making activities. The radiological risks calculated
include individual dose commitment3, collective dose commitments, and long-
term (100-year) environmental dose commitments to a population following
release of radioactivity. To facilitate route-specific analysis, a state-
level database was developed and incorporated into the model. Route-specific
analysis is demonstrated by the calculation of radiological risks resulting
from various accident scenarios, as postulated by the recent U.S. Nuclear
Regulatory Commission Modal Study, for four representative states selected
from various regions of .he United States.

INTRODUCTION

The Nuclear Waste Policy Act of 1982 requires the U.S. Department of
Energy (DOE) to take title to spent nuclear fuels from electric utilities in
1998 and to assume responsibility for the transportation and ultimate disposal
of those fuels. It is estimated that 100,000 metric tons of uranium in
commercial spent fuel assemblies will be stored at reactor sites in the United
States by 1998. DOE will be responsible for shipping these fuel assemblies
from the reactor sites to either a repository for final disposal or a
»onicored retrievable-storage facility for temporary storage. Transportation
of these fuels is expected to require about 300 rail and 1,000 truck shipments
per year for about 30 years.

A primary concern regarding such large-scale shipments of spent nuclear
fuels is the radiological health risks resulting from potential transportation
accidents. Calculation of such risks requires detailed knowledge of various
accident scenarios and their associated probabilities and health effects. A
comprehensive study recently published by the U.S. Nuclexr Regulatory
Commission (NRC), known as the Modal Study,1 has provided updated information
on shipping container responses under severe transportation accident
conditions for both highway and railway shipments. The Modal Study has used
more systematic methods and detailed analyses than the approaches previously
published by the NRC.2



The purpose of the study reported here was to calculate potential health
risks resulting from the accidents and releases postulated by the MRC Modal
Study and to present the basis for their calculation, Both acute and latent
health risks were calculated. For acute effects resulting from direct
exposure to a passing radioactive cloud (plume), the health-effects model
developed by the Harvard School of Public Health and NRC was used. For
latent effects, the exposure pathways considered include external exposure
from radionuclides in the air and on the ground and internal exposure from
inhalation or ingestion. For the ingestion pathway, the size of the farm and
the amount of agricultural production were considered in the calculation of
potential health effects.

The models described in this paper provide further capabilities for
route-apecific risk analysis. This is possible because of the incorporation
of H stats-level databare developed for accident rates, farmland utilization
(percent land in farms), and agricultural productivity. To obtain the overall
radiological health risk from spent fuel transportation for a specific route,
the risk is integrated by the segments of the route that traverse population
zones in the affected states.

METHODOLOGY

Radiological health risks resulting from the shipment of spent fuel casks
can be calculated by:

H
Risk = J ( I P.H.)dl (1)

L i=l

where: P̂  = probability of occurrence per shipment travel distance for
accident scenario i; H- = health effects resulting from accident scenario i,
N - total number of accident scenarios; and L - total shipment travel distance
(km). For a route-specific analysis, parameters such as P, H, and L would be
dependent on the route selected.

All potential accident scenarios in the NRC Hodal Study are postulated
under various accident response regions, as specified by a combination of
mechanical and thermal loads. Critical cask design parameters have been
chosen to represent the following loads: maximum strain on the cask inner
shell for mechanical load and lead mid-thickness temperature for thermal load
(lead has been chosen as the gamma shield for the Modal Study, a conservative
approach because of lead's relatively low melting point and low yield
strength). In all, 20 cask response regions are defined; for esch response
region, the Modal Study has provided the probability of occurrence (Fig. 3)
and the associated radioactive release fractions (Table 1) for shipment by
truck or rail.

The Gaussian dispersion model is used to calculate the radionuclide
concentrations in the air and deposited on the ground from accidental
releases. A range of weather conditions, based on the six conventional wind
speed categories and the six Pesquill-Gifford stability classes, are used as
input to the model.
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Legend:

(Pt) • Probability of occurrence assuming a truck accident occurs.

(P ) • Probability of occurrence assuming a rail accident occur*.
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FIGURE 1 Matrix of Cask. Response Regions and Probabilit ies of Occurrence
for Combined Mechanical and Thermal Loads (Source: W&C Modal Study1)

The radiological risk model includes five potential exposure pathways:
(1) direct external exposure from the spent fuels; (2) exte-nal exposure from
a passing radioactive cloud, (3) external exposure from ground-deposited
radionuclides, (4) internal exposure from inhaled radionuclides, and
(5) internal exposure from ingestion of contaminated agricultural products.
The model allows the calculation of individual doss coumitments, collective
dose commitments, and long-term (100-year) environment- .1 dose commitments to a
population. For the ingestion pathway, the doses are estimated on the basis
of contaminated agricultural products, which are assumed to be entirely
consumed.



TABLE 1 Radioactive Material Release Fractions from Accidents Occurring
under Various Cask Response Regions

Release Fraction*

Cask Response Krypton
Region Cas Iodine Cesium Ruthenium Particles

R(l,l) 0.0 0.0 0.0 0.0 0.0

2), R(l,3) 9.9xl0~3 7.5xlO"5 6.0xl0~6 8.1x]O"7 6.0xl0~8

,l), R(2,2), 3.3xl0"2 2.5xlO"4 2.0xl0~5 2.7xl0"6 2.0K10"
7

R(2,3)

R(l,4), R(2,4), 3.9X10"1 4.3xlO~3 2.0xl0~A 4.8xl0~5 2.0xl0"6

R(3,4)

R(3,l), R(3,2), 3.3xl0"X 2.5xlo"3 2.0xl0~A 2.7xl0~5 2.0xl0~6

R(3,3)

R(l,5), R(2,5), 6.3X10"1 4.3xlO~2 2.0xl0"3 4.8xlO~A 2.0xl0"5

R(3,5), R(4,5),
R(4,4), R(4,3),
R(4,2),

aThe entire fraction released is assumed to be released to the
environment.

Source: NRC Modal Study.1

To allow for route-spacific analysis, state-level data — including
accident probabilities, agricultural production, and meteorological data —
are incorporated into the model. The primary source of highway accident data
is the 50-T Master File of Accidents of Motor Carriers of Property compiled by
the U.S. Department of Transportation. A similar approach for rail utilizes
the annual Accident/Incident File of the Federal Railroad Administration
(FRA); these FRA data are collected for two population zones (urban and rural)
in each state. The agricultural data include dairy, meat, and crop
production, as derived from the Census of Agriculture published by the
U.S. bureau of the Census. The source of the meteorological data is the
National Climate Center's STAR data compilation.

The dosimetric model used in this study is consistent with the model of
the International Commission on Radiological Protection (ICRP Publ. 30).* For
acute health effects, the NRC/Harvard health-effects model predicts acute
health effects by the following form of the hazard function:

r = 1 - e'H (2)



where r is the probability of the effect and H is a parameter related to the
individual dose received. To calculate latent effects, the effective dose
equivalents and the health-effect conversion factors suggested by ICRP
Publ. 265 and ICRP Publ. 276 are used.

CALCULATIONS AND RESULTS

Two principal transportation modes, truck and rail, were considered in
this atudy. The calculation of health effects resulting from transportation
accidents consisted of estimating the potential acute effects resulting from
the postulated accident scenarios and assessing the overall risks of potential
transportation accidents. For the overall risk analysis, four representative
states were selected for comparison, ons each from the northeastern, mid-
western, southern, and western regions of the United States. The calculations
were based on the accident scenarios and radionucli.de release fractions given
in the NRC Modal Study (Table 1). The reference spent fuels assumed for risk,
estimation were the 10-year-old standard pressurized water reactor (PWR) fuels
with 35,000 megawatt-days per metric tons of uranium (MWD/MTU) of fuel burnup.
The spent fuel shipment capacities used were 6.47 metric tons of uranium
per/cask (MTU/cask) for rail and 0.92 MTU/cask for truck.

In addition to calculating health effects from exposure to radionuclides
in the air and on the ground, direct external exposure from a severely damaged
cask was also investigated. This calculation was based on a hypothetical
scenario in which gamma radiation would leak through a breach (loss of gamma
shield), e.g., punctured hole, in a cask. These conservative scenarios allow
the prediction of potential radiation doses that might be incurred by an
individual from a severe, though unlikely, accident.

A. Acute Effects from Accidents

The probabilities of acute health effects resulting from exposure to
releases from a severe accident were calculated for unfavorable weather
conditions. These weather conditions were assumed to be a moderately stable
Pasquill-Gifford diffusion class (Class 6) and a very low average surface wind
speed (0.67 m/s). The acute health effects considered include the hemato-
poietic, pulmonary, and gastrointestinal syndromes.

The calculation was performed for each of the 20 cask response regions
(Fig. 1) specified by the NSC Modal Study. For truck accidents, no acute
effects are predicted for any of the scenarios postulated. For rail
accidents, some potsntial acute effects are predicted, as shown in Fig. 2. No
effects are predicted for minor but higher-probability accidents such as
R(l,l), R(l,2), and B(l,3); but potential acute effects (with probabilities up
to 1) are predicted for more severe but low-probability accidents such as
1(4,1) through R(4,5) up to about 100 m (300 ft) from the release point.

B. External Radiation Dose Rate from Accidents

The external radiation dose rate due to loss of gamma shield has been
investigated in the NRC Modal Study in terms of lead slump caused by impact or
fire. The study indicates that rail casks can sustain a slump of no greater
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FIGURE 2 Probabilities of Acute Effects Resulting from Rail Accidents for
Postulated Accident Response Scenarios under Assumed Unfavorable Weather
Conditions

than 12.5 cm (5 in.) and still meet the 10 CFR 71 regulations, which stipulate
that the gamma dose rata level at 1 m (3 ft) from the cask surface must be
maintained at 1 rem/h or less following an accident. Beyond a slump of
12.5 cm (5 in.), the external dose rate increases progressively with the size
of the slump. For truck casks, because of their lower capacities, much lower
dose rates are implied by the Modal Study, which suggests possible compliance
with 10 CFR 71 regulations at a clump size up to about 38 cm (15 in.).

the "worst case"Another external exposure scenario considered to be the "worst case" has
been postulated by Wilmot et al.'» For this scenario, it waa concluded that
a large breach greater than 6.A5 cm2 (1 in.2) in cross-sectional
considered as credible.

area is not

A series of calculations were performed to calculate the external gamma
doses resulting from a breached spent fuel cask. The breach area sizes used
were 0.645, 6.45, and 12.9 cm2 (0.1, 1.0, and 2.0 in.2). For comparison,
doses for intact casks were also calculated. The calculations were performed
using the Monte Carlo method of the MORSE-SGC Module contained in the SCALE-3
Computer Code System. The casks were assumed to be punctured, thus exposing
the fuel through the breach, and gamma doses were calculated at 1 m (3 ft)



from the cask surface up to a distance of 1,000 m (3,000 ft). The calculated
doses are presented in Fig. 3, where all rates were calculated assuming a
transportation index (TI) of 10, i.e., 10 mrem/h at 2 m (6 ft) from the intact
cask.

The results indicate that, with a small cask breach of 0.6A5 cm
(0.1 in.2), the gamma dose rate could exceed 1 rem/h at 1 m (3 ft). For the
"worst-case" breach of 6.45 cnr (1 in. ) postulated in Refs. 7 and 8, the dose
rate could reach 10 rem/h at 1 m (3 ft), which is about a 500-fold increase
over the dose rate from an intact cask. No probabilities of occurrence have
been estimated for these exposure scenarios, although all of them are expected
to be extremely small.

Neutron exposure was not considered in this study because exposure from
the loss of neutron shield in an accident is not expected to be as severe as
that from the loss of gamma shield. A study by Oak Ridge National Labora-
tory showed that, if a cask had a complete loss of neutron shield, the
neutron dose rate would be increased by a factor of about 30 at 1 m (3 ft)
from the cask surface. This increase is small compared with the increase of
almost 500 times in gamma dose rate for a breach size of 6.45 cm (1 in. ).

C. Total Radiological Risks from Accidents

Total radiological risks of latent effects were calculated for the five
exposure pathways discussed earlier. Radiation doses were calculated for two
time periods of exposure: short term and long term. The short-term doses are
those doses received by a population exposed to the initial passing cloud via
inhalation and cloud shine. This population group consists of an on-link
population (i.e., automobile passengers) and an off-link population (away from
the transport route). The long-term doses include those resulting from
ingestion of contaminated agricultural products (meat, milk, and crops),
inhalation of resuspended contaminants, and external exposure to contaminated
ground (ground shine). For long-term exposure, the doses calculated were the
100-year environmental dose commitments to the population following decontami-
nation of the ground to an assumed level of 0.2 uCi/m .

The total radiological health risks were calculated and compared for four
representative states, one each from the northeastern, midwestem, western,
and southern regions of the United States. The calculated radiological risks
are presented in Table 2, assuming an average population density of
5 persons/km2. The results indicate that the overall risks would generally be
dominated by long-term exposure via ingestion of contaminated foods and direct
exposure from contaminated ground (ground shine). The dominant: pathway for
the aidwestern state would be the ingestion pathway whereas the dominant
pathway for the western state would be ground shine. The nidwestern state
would _{»i>ve the highest risks of 2 K 10"10 health-effects/icruck-km and
3 x 10~10 health-effects/railcar-km; the western state would have the lowest
risks of 1 x 10"11 he«lth-effect«/truck-km and 6 * 10"12 health-effects/
railcar-km. The magnitude of the risks resulting from ingestion of agricul-
tural products is reflected in several key parameters shown in Table 3.
Although the accident rates do not very drastically among the representative
states for either the truck or rail transport mode, there are large differ-
ences in the amount of farmland utilization and agricultural production for
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the midwestern state and the western state, and these differences account for
the variation in overall radiological risks.

Predicted risks from short-term exposure to the initial passing
radioactive cloud range from 1 x 10"12 to 6 x 10~12 health-effects/truck-km
and from 2 x 1(T13 to 6 * 10"13 health~effects/railcar-km (Table 2). These
risks account for less than 10Z of the total risk for ail except the western
state for which the risk is about 30Z of the total risk. The calculations
indicate that risks from short-term exposures would mostly be incurred by the
on-link population (i.e., automobile passengers) traveling on the same route
as the vehicles transporting the spent fuels.

DISCUSSION AND CONCLUSIONS

Acute health effects as well as total radiological health risks resulting
from accidents occurring during transportation of spent nuclear fuels have
been calculated for accident scenarios described in the recent NRC Modal
Study. No acute effects are predicted for any of the truck accident
scenarios. For the very severe but unlikely rail accident scenarios, the



TABLE % Comparison of Total Radiological Risks from Spent Fuel Transportation for
Four Representative States8

Exposure
Mode

Short-termc

Long-term
Inhalation
Ingest ion
Cround shine
Cloud shine

Total

6

6
1
1
6

2

State

Truck

xlO-12

xlO'l*
xio-n
x l O ' l l
,10" 1 7

• ' » • "

6

1
2
3
1

5

A

Rail

xlO-13

xlO-13

xlO"11

xlO"ll

Radiological Risk (health-effects/km/cask)

5>

6>
2.
2.

7>

2>

State B

fruck

<10-12

< 10

* 10

<io~n
clO"17

do"1 0

Rail

4xl0"1 3

8xlO"14

3x10-1°
2x10-11
8xl0~17

3x10-1°

State C

Truck Rail

4xlO"12 2*10"13

4xlO"l4 2xlO"l*
6x10 1 J 3x10 1 J

lxl0"H 6xl0"12
4xlO"17 3xlO"17

b

State

Truck

lxlC-12

2xlO~l*
5x10-12
5K1O-! 2

2x10-17

ixlO-n

D

Rail

3x10-13

5xlO-U

lxl0"U

lxl0"H
5x10-17

1x10-11

aState A, northeastern; State B, midwestern; State C, western; State D, southern.

Population density of 5 persons/km is assumed.

cShort-term doses result from exposure to the initial passing cloud via inhalation and cloud
shine.

Long-term doses result from exposure to ground contamination and resuspension; a maximum

decontamination level of 0.2 pCi/m is assumed.



TABLE 3 Key Parameters Used in Radiological Risk Calculations for
the Four Representative States8

Agricultural Statistics
Accident Probability

Percent Annual Production (kg/km )
(accident/ (accident/ Land

State truck-km) railcar-km) 1;: i-arss >i-r-ĉs .ieat L>«iry

A

5

C

D

3.7*10-7

4.5x10-7

1.9x10-7

1.9x10-7

1.5x10-7

3.3xl0~7 5.2xl0"8

1.2x10-7

12 3.7xlO4 1.3x10* l.lxlO5

81 A.lxlO5 8.3xlO3 l.OxlO4

14 7.3xlO3 8.2xlO3 2.5xl03

78 2.8xlO4 A.2xl03 3.2xlO3

aState A, northeastern; State B, midwestern; State C, western;
State D, southern.

results indicate that, under unfavorable weather conditions, acute effects
could occur up to about 100 m (300 ft) from the release point of the cask.
Based on calculation of external doses for hypothetical cases involving breach
of casks (loss of gamma shield), the dose rate is estimated to be 10 rem/h at
1 m (3 ft) for a breach size of 6.45 cm2 (1 in. ), which is about 500 times
higher than normally expected from an intact cask. However, cask breaching on
such a scale is hypothetical and has been considered as a worst case for all
accidents.

Overall, the risks from short-term exposure to the initial passing
radioactive cloud would account for about 30Z or less of the total risk for
the northeastern, midwestern, and southern states; the dominant pathways over
the long t?rm for these states would be ingestion and ground shine. For the
western state, the ingestion pathway would account for less than 10% of the
total risk due to low agricultural production for that state; the dominant
exposure pathway over the long term for the western state would be ground
shine.

The results indicate that risk from rail transport would generally be
greater than that from truck transport, although truck transport has consis-
tently higher accident rates. This is primarily attributed to the fact that
the spent fuel inventory is about six times greater per rail cask than truck
cask.

The dominance of total risks by the ingestion pathway in the midwestern
state suggests the need for a detailed study of federal guidelines relative to
ground decontamination following an accident. The current study assumes a
somewhat arbitrary decontamination level of 0.2 yCi/m. Assuming a travel
distance of 2,440 km for a truck shipment and an annual total of 1,530


