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NOTATION

The following is a list of acronyms, initialisms, and abbreviations (including units
of measure) used in this document. Some acronyms used in tables only are defined in the

respective tables.
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BEIR Committee on the Biological Effects of Ionizing Radiation
BWR boiling-water reactor

CFR Code of Federal Regulations

DOE U.S. Department of Energy
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d day(s)

ft foot (feet)

°F degree(s) Fahrenheit
Gy gray(s)

h hour(s)
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kg kilogram(s)

K degree(s) Kelvin, kilobyte(s)
km kilometer(s)
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RISKIND — A COMPUTER PROGRAM FOR CALCULATING
RADIOLOGICAL CONSEQUENCES AND HEALTH RISKS
FROM TRANSPORTATION OF SPENT NUCLEAR FUEL

by
Y.C. Yuan, S.Y. Chen, D.J. LePoire, and R. Rothman

ABSTRACT

This report presents the technical details of RISKIND, a computer
code designed to estimate potential radiological consequences and health risks
to individuals and the collective population from exposures associated with the
transportation of spent nuclear fuel. RISKIND is a user-friendly, semi-
interactive program that can be run on an IBM or equivalent personal
computer. The program language is FORTRAN-77. Several models are
included in RISKIND that have been tailored to calculate the exposure to
individuals under various incident-free and accident conditions. The incident-
free models assess exposures from both gamma and neutron radiation and can
account for different cask designs. The accident models include accidental
release, atmospheric transport, and the environmental pathways of radio-
nuclides from spent fuels; these models also assess health risks to individuals
and the collective population. The models are supported by databases that are
specific to spent nuclear fuels and include a radionuclide inventory and dose
conversion factors. The RISKIND code allows for user-specified accident
scenaﬁos as well as receptor locations under various exposure conditions,
thereby facilitating the estimation of radiological consequences and health
risks for individuals. Median (50% probability) and typical worst-case (less
than 5% probability of being exceeded) doses and health consequences from
potential accidental releases are calculated by constructing a cumulative
dose/probability distribution curve for a complete matrix of site joint-wind-
frequency data. These consequence results, together with the estimated
probability of the entire spectrum of potential accidents, form a comprehensive,

probabilistic risk assessment of a spent nuclear fuel transportation accident.
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1 INTRODUCTION

1.1 BACKGROUND
The RISKIND code was developed by the U.S. Department of Energy (DOE) for

analyzing radiological consequences and health risks to individuals and the collective
population from exposures associated with the transportation of spent nuclear fuel.
RISKIND can be used in conjunction with the RADTRAN 4 code (Neuhauser and
Kanipe 1992) or its updates and enhanced data modules (Chen et al. 1992) to perform a full-
scale risk assessment for the transportation of spent nuclear fuel. RADTRAN was originally
developed pursuant to the U.S. Nuclear Regulatory Commission (NRC) report Final
Environmental Statement on the Transportation of Radioactive Material by Air and Other
Modes (NRC 1977b), which was issued to demonstrate compliance with the National
Environmental Policy Act (NEPA) of 1969.

The RADTRAN code was designed primarily for estimating the collective population
risk from the transportation of radicactive materials under incident-free or accident
conditions. The RADTRAN models are not intended to be used for estimating specific risks

to individuals in the vicinity of a specific segment of a route.

The risks to individuals or a population subgroup may need to be assessed in
situations like the following:

e An individual sitting in his or her car for one hour next to a truck
carrying radioactive materials during a traffic jam;

e Individuals in a school or hospital located within 100 m of a road on
which 10 trucks pass per day, six days per week;

¢ An individual located 500 m downwind from a rail grade-crossing
accident involving a truck carrying spent fuel;

e Individuals within a 2-mi strip of a head-on collision involving a truck
carrying spent fuel;
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e An individual ingesting agricultural products that have been
contaminated by an accidental release involving a spent nuclear fuel

transportation accident; and

* An individual drinking water that has been contaminated by an

accidental release near a drinking water supply.

The radiological consequences and health risks from these "what if" situations are of great
interest and concern to the public. Specific methods for such scenarios must be used.
Calculations for individual doses have been performed previously (Sandquist et al. 1985) and
the results used in the environmental assessments (EAs) for three potential repository sites
for spent nuclear fuel (DOE 1986a, 1986b, 1986¢c). However, the approaches used for such
calculations were based on somewhat simplified models and assumptions. Substantial data-
bases and technologies relative to the transportation of spent nuclear fuel have since been
made available through the efforts of various research organizations. These databases and
technologies were used in the development of the RISKIND code. -

The RISKIND code has been implemented on the basis of four objectives:

1. The calculation of site- and route-specific radiological consequences and
health risks to exposed individuals and the collective local population,

2. The modeling of radiological and environmental pathways to humans for

specific exposure scenarios,

3. The estimation of the source term from potential transportation accident

scenarios, and

4. The estimation of cask accident responses specific to the transportation

of spent nuclear fuel.

To accomplish the first objective, RISKIND has been designed to calculate
radiological impacts at specific receptor locations for a variety of exposure scenarios.
Comprehensive mathematical models capable of inputting site-specific information at the
time of exposure are used; such information includes specific receptor locations, exposure
conditions (including individual air and food intake rates), and meteorological conditions.

The model used to assess the potential acute health effects from short-term exposures is
based on the model developed by Harvard University and the NRC (1989) and the revised
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model of Abrahamson et al. (1989, 1991). The dose-to-risk conversion factors for latent health
effects are taken from Health Effects of Exposure to Low Levels of Ionizing Radiation, BEIR V
(National Research Council 1990) and Publication 60 of the International Commission on
Radiological Protection (ICRP 1991).

RISKIND meets the second objective by considering all environmental exposure
pathways, including short-term exposure from the initial passing plume, accidental exposure
from loss of the cask shield, and long-term exposure from ground depositions and ingestion
from the food chain pathways. Pathway analysis has been emphasized for three sensitive
environments (each of which represents a unique pathway potential): a major metropolitan

area, a productive agricultural area, and a drinking water environment.

To meet the third objective, a radionuclide source inventory was compiled from the
database developed by Oak Ridge National Laboratory (ORNL) in which the data are specific
to the type of spent fuel (pressurized-water reactor [PWR] or boiling-water reactor [BWRY),
cooling times, and burnup rates (DOE 1987b)." i

To meet the fourth objective, the cask accident responses and the radionuclide
release fractions modeled by Lawrence Livermore National Laboratory (LLNL) in its report
for the NRC were incorporated into RISKIND. This LLNL/NRC report is commonly referred
to as the "NRC modal study” (LLNL 1987).

1.2 OVERVIEW

The RISKIND code was developed on the basis of the considerations discussed above.
The primary function of the code is the estimation of radiological risk to individuals and to
local population subgroups under various environmental settings. The code is designed to
be responsive to scenarios associated with transportation (by truck or rail) of spent nuclear
fuel. Therefore, the coding approach used in RISKIND emphasizes the descriptions of
scenarios, environmental settings, receptor locations, and potential health effects. The code
also incorporates the latest available methodologies and databases to facilitate the analysis
of radiological risks. Figure 1.1is a flow diagram of RISKIND showing the radiological risk
to an individual from the transportation of spent nuclear fuel.

The database was recently revised (DOE 1992). This revised database will be
incorporated into RISKIND in the next revision.
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FIGURE 1.1 Flow Diagram of Radiological Risk to an Individual
from Transportation of Spent Nuclear Fuel

The radiological risks analyzed by RISKIND include incident-free transportation as
well as accident conditions. Exposure from incident-free transportation results solely from
the external doses received by individuals from the neutron and gamma radiation emitted
from the spent nuclear fuel cask. Under accident conditions, potential exposure to
individuals can occur through many environmental pathways if an accident leads to the
environmental release of the radioactive contents of the cask. In RISKIND, the estimated

exposure, as well as the resulting health effects, is presented individually and for each
potential pathway.
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Incident-free exposure includes those occurrences when the transport vehicle is at
a stop or in transit. Exposed individuals at a stop may include the vehicle inspector, gas
station attendant, passenger at a traffic jam, and so forth; the receptors for the in-transit
exposure may include the residents living adjacent to a highway and the passengers sharing
the traffic link with the transport vehicle. The model used by RISKIND for predicting
external exposure is based on dose rates (Chen and Yuan 1988) derived specifically for a
spent fuel cask and takes into account the ground/air scattering of the emitted gammas or
neutrons. The model also contains provisions for adjusting the dose rate for changes in cask
gizes (i.e., outer radius and length) and provides a realistic, although still somewhat

conservative, estimate of the external doses to a receptor.

Under accident conditions, various scenarios have been characterized according to
an array of spent nuclear fuel cask responses as described in the NRC'’s modal study
(LLNL 1987). In that study, all accidents are represented by discrete severity modes
(i.e., response regions). These response regions range from likely events (with minor
consequences) to highly unlikely events (with severe consequences). Twenty response regions
are characterized according to two major accident parameters: impact force and thermal force
(i.e., heat from fire). Thus, accident conditions would be affected by vehicle speed, object
hardness, impact angle and orientation, and fire location and duration. In the NRC modal
study, the bounding case release fractions have also been estimated for each response region.
All potential accident scenarios are thus fully represented by the 20 response regions.

To support a consistent and accurate estimate of a release, the spent nuclear fuel
radionuclide source inventory is derived from the database developed by ORNL (DOE 1987D).
In addition, potential release from crud (i.e., a mixture of reactor coolant corrosion products)
spallation is also incorporated. The estimate of crud release is based on a study by Sandia
National Laboratories (Sandoval et al. 1991).

The atmospheric transport model of RISKIND includes models that simulate
dispersion phenomena resulting from a short release and occurring close to the release.
RISKIND's transport model estimates levels of air and ground contamination on the basis
of specific meteorological conditions, geometry, and elevation of the release. Plume rise from
the thermal buoyancy of a release involving fire is also considered. The uncertainty of the

effect of weather conditions on the calculated doses is considered by constructing a
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cumulative probability distribution of dose values by using wind-rose data for a given site.
This probabilistic dose distribution is then used to determine the "median” (50% weather
probability) and reasonable "maximum” (95% weather probability) dose values at a given

receptor.

The pathway model includes exposure pathways from direct external radiation from
the cask (due to loss of shielding), external exposure from the radioactive cloud and ground
contamination, and internal exposure from inhalation of radionuclides in the air and

potential ingestion of contaminated foods and water.

Health effects to individuals are estimated in terms of chances of acute or latent
fatality and in terms of genetic effects from short-term exposure during initial plume passage
and long-term exposure originating from deposited radioactive materials. Acute effects are
estimated from the latest NRC health effects model (NRC 1989); latent effects are estimated
on the basis of the BEIR V Report of the Committee on the Biological Effects of Ionizing
Radiation (National Research Council 1990) and ICRP Publication 60 (ICRP 1991).

The consequence model of RISKIND includes provisions for incorporating the
consequence-reduction benefits of indoor shielding, evacuation, interdiction of contaminated
foods, and other protective actions such as cleanup of contamination to comply with
U.S. Environmental Protection Agency (EPA) protective action guide levels (EPA 1991).
Consequences can be presented either deterministically (i.e., with fixed accident parameters
and weather conditions) or probabilistically (i.e., with variable accident parameters and

weather conditions).
The information presented in this report is organized as follows:
* Mathematical models used in RISKIND — Section 2;

* Health effects models used in RISKIND, including descriptions of the
acute effects and latent health effects models — Section 3;

* Radionuclide inventory database specific to spent nuclear fuels —
Appendix A;

* Model for estimating the external dose rates for varying dimensions
(radius and length) of the spent nuclear fuel cask — Appendix B;



Method for screening the radionuclides that are significant for

radiological risk analysis — Appendix C;

Method for estimating the spallation of crud material during accidents
— Appendix D;

Method for estimating the cask response from user-supplied accident

scenarios — Appendix E;
Program structure and data transfer used in RISKIND — Appendix F;
Input required to execute RISKIND — Appendix G; and

Sample problems — Appendix H.
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2 METHODOLOGY FOR DOSE CALCULATIONS

The mathematical models used in RISKIND are described in this section. The
RISKIND code calculates radiation exposure to an individual or group of individuals (a
population subgroup) resulting from the transportation of spent nuclear fuel under both

incident-free and accident conditions.

2.1 RADIOLOGICAL HAZARD FROM INCIDENT-FREE TRANSPORTATION

2.1.1 External Dose Model

In incident-free transportation, individuals are exposed to the direct external
radiation emitted from the spent fuel cask. The external dose model is based on two types
of radiation, neutron and gamma, the dose rates of which have been modeled from a spent
fuel cask (Chen and Yuan 1988). In the external dose model, the dose rates have been
calculated separately for neutron and gamma radiation for a specific spent fuel cask
configuration (Figure 2.1) that includes air and ground scatterings from the cask. Doses
derived from the following approach can be adjusted to accommodate different cask
dimensions, according to the method described in Appendix B. The external radiation dose
rate f)(r), 9xpressed in mrem/h at a distance r meters from a cask surface, is described by

D) = DolfRy(r) + f;R ()] 2.1

where:

Dy = total dose rate at 2 m from the outer lateral surface’ of the
vehicle (i.e., 10 mrem/h if the regulation limit applies);

fo fn

fractions of dose rates emitted from the cask for gamma
and neutron radiation measured at 2 m from the outer
lateral surface of the vehicle, f, + f;, = 1.0; and

* The 10-mrem/h limit at 2 m is according to the specifications of the Code of Federal Regulations,

Title 10, Part 71, and Title 49, Part 173. As a conservative measure, the cask surface is assumed
to coincide with the carrier surface. For a more realistic assessment, the user can take the actual
carrier dimensions into consideration.
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FIGURE 2.1 Configuration of Spent Fuel Cask Relative to the Receptor and
Scattering Media (air and ground)

R(r), R(r) = dose rates at a distance r meters from the cask surface for
gamma and neutron radiation (mrem/h), normalized to 1.0
at r = 2 m from the outer lateral surface of the vghicle.

All the reference measurement points in Equation 2.1 are assumed to beatr=2 m.f If the
reference point should change, all the parameters in Equation 2.1 should be related to the

new reference point where the dose-rate measurement is performed.

The dose rates used in RISKIND were derived from a cask (DOE 1987a) used in
assessing radiation doses from the transportation of spent fuel (Chen and Yuan 1988) and

are expressed as

Ao(l)+A1+A2r, I1m<r<10m
r

D =1 (2.2)

Ag | L|+Ay(L]+As10m<rs2000m
[ 2 r

* The 10-mrem/h limit at 2 m is according to the specifications of 10 CFR 71 and 49 CFR 173. As
a conservative measure, the cask surface is assumed to coincide with the carrier surface. For a
more realistic assessment, the user can take the actual carrier dimensions into consideration.
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where A, A,, and A, are fitted coefficients in the applicable range of distances. These
coefficients were obtained from statistical dose rates calculated by using the Monte Carlo
method and assuming an air/ground environmental setting. A simple 112 relationship is
assumed to extrapolate the dose rates for distances exceeding 2,000 m. The dose rates
predicted by Equation 2.2 represent the values at the midplane perpendicular to the cask
axis. The fitted coefficients are shown in Table 2.1.° In the current derivation, these
coefficients are adjusted so that the dose rate D(r) is set at a regulatory limit of 10 mrem/h
at r = 2 m from the cask surface. When the dose rates are adjusted to meet the regulatory
limit, the parameters will be reevaluated to satisfy Equation 2.1.

2.1.2 Exposure at Fixed Distances

For transportation vehicles at stops, radiation exposure concerns are usually limited
to persons located at fixed distances from the cask. Such individuals would include truck
drivers, train crews, inspectors, escorts, service attendants, and members of the public who

are exposed at shipment stops or in traffic jams.

For exposures at fixed distances, the doses to an individual receptor are calculated

by

D(r) = Do[SFfRy(r) + SF,f R, ()T (2.3)
where: |

D(r) = individual dose at distance r meters (mrem),
l.)o = dose rate of 10 mrem/h at 2 m,
SFg, SFnr = applicable shieldihg factors for neutron and gamma
radiation, and
T = duration of exposure (h).

The parameters fx’ f. Rg(r), and R, (r) are defined in Equation 2.1.

* The coefficients in Table 2.1 have been normalized to 10 mrem/h at 1 m; they are renormalized at
2 m for the ensuing derivations.
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TABLE 2.1 Coefficients of the Fitted Equations for Neutron and Gamma Dose
Rates from a Spent Fuel Cask, with Groundscattering

Neutron Coefficients

Segment Distance from
No. Cask Surface, r (m) Ay A, A,
1 1-5 9.15955 1.12880 -2.88350 x 10!
2 5-10 1.44796 x 10!  -1.92540 8.76461 x 102
3 10-50 1.43305 x 10  2.86620 -4.32586 x 102
4 50-100 6.53338 x 10! -3.89107 x 101 1.44725 x 107
5 100-400 6.31707 x 10! -2.23367 x 107 2.14649 x 10"
6 400-700 3.31005 x 10! -8.77733 x 102 6.10026 x 10°
7 700-1000 1.23630 x 10' -2.34070 x 102 1.13044 x 10°
8 1,000-2,000 1.17000 -1.23900 x 10®  3.29000 x 107
Gamma Coefficients
Segment Distance from
No. Cask Surface, r (m) A, A, A,
1 1-5 1.01839 x 10' -3.59449 x 102 -1.48173 x 107!
2 5-10 1.03586 x 10! -9.70747 x 107 3.18380 x 107
3 10-50 3.79031 x 10!  1.09056 x 10"}  -2.44353 x 107
4 50-100 441139 x 101 -1.80979 x 101 1.83778 x 10
5 100-200 5.14981 x 10! -3.03029 x 101 6.65919 x 10
6 200-500 3.23906 x 10* -8.56746 x 102 5.68388 x 10
7 500-1,000 1.50277 x 10 -3.03719 x 102 1.55808 x 10°
8 1,000-2,000 8.70000 x 10! -8.38610 x 104  2.05600 x 107

Note: The dose rate is normalized to 10 mrem/h at 1 m from the cask surface.
Equations for dose rates in mrem/h are expressed by

l.)(r)=Ao_!17+A1+A2r(for1erS 10 m), and

f)(r)=Ao_1E+A1_1.+A2(for10m5rsz,000m).
T

r

Source: Chen and Yuan (1988); data for 1,000 m < r < 2,000 m were obtained by using
the same methodology. Extrapolation beyond 2,000 m is assumed to follow the 1/r>

relationship.
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For exposure to a population subgroup under this exposure scenario, the population

dose is estimated by

D, = N,D(ry)T (2.4)
where:
Dp = population dose for population subgroup p (person-mrem),
Np = number of exposed persons in population subgroup p,
ro = exposure distance (m), and
T = duration of exposure (h).

For exposure to members of the public, such as at shipment stops, the population
density is assumed to be uniform within two concentric circles (representing minimum and

maximum distances) around the cask. In this situation, the population dose is estimated by
D,=2r PDT fﬂ D(r)rdr (2.5)
1

where:
D, = population dose at stops (person-mrem),
PD = population density at stops (person/m?),
T = duration of exposure (h),
r; = minimum exposure distance (m), and

r, = maximum exposure distance (m).

2.1.8 Exposure from a Passing Shipment

As a shipment vehicle passes by, an off-link individual will experience a changing
exposure field that is dictated by the constantly changing distance between the moving
equipment and the individual, as shown in Figure 2.2. Calculation of doses to a specific
population group is according to Equation 2.5. The parameters shown in Figure 2.2 are used
to define the appropriate population zones needed for Equation 2.5. It is possible to derive
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Population €
Shipment
LD (oD
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X min
777/ Pedestrian Zone /// /7 /77 Ve X max

Off-link

Population® General Population Zone

0 Wp, = Road width (m)
~ X min = Minimum exposure distance to off-link population (m)
0 Xmax = Maximum exposure distance to off-link population (m)
“ W, = Sidewalk width (m)
* = Only one side of the off-link population is shown
. FIGURE 2.2 Schematic Diagram of External Exposures to Various Population
o Groups from a Moving Shipment of Spent Fuel Casks
N the mathematical relationship of t