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INTRODUCTION

Evaluation of the radiological risks of accidrats involving vehicles transporting radioactive materials requires 
consideration of both accident probability and consequences. The probability that an accidoit will occur may 
be estimated from historical accidmt data for the givoi mode o f transport. In addition to an overall accidmt 
rate, information regarding accidoit severity and Uie resulting package environmoits across the range o f all 
credible accidents is needed to determine the potential for a release o f radioactive material from the package 
or for an increase in direct radiatitm from the package caused by damage to packaging shielding. This 
information is usually obtained from a variety o f sources such as historical data, experimoital data, analyses 
o f accident and package environmrats, and expert opinion. The consequences o f an accidmt depend on a 
number o f factors including the type, quantity, and physical form of radioactive material being transported; 
the response o f the package to accidoit environmmts; the fraction o f material released from the package; and 
the dispersion of any released material.

One approach for the classification and treatment o f transportatimi accidmts in risk analysis divides the 
conqilete range o f critical accident ravironments resulting from all credible accidents into some number of 
accident-severity categories. The types o f accident mvironments that a package may be subjected to in 
transportation are often classified into the following five groups: inqxict, fire, crush, puncture, and 
immersion. A "critical" accidmt environmmt is one o f a type that could present a plausible threat to a 
package. Each severity category rq)resents a portion o f all credible accidrats, and the total of all severity 
categories covers the conqilete range o f critical accidoit oivironmaits. This approach is used in the risk 
assessment codes RADTRAN (Neuhauser and Kanipe 1992) and INTERTRAN (Ericsson and Elert 1983).

Accident-severity categories are ordinarily illustrated on a set o f axes forming a grid, as shown in Figure 1 
and Figure 2. The axes indicate critical accident environmoit types and describe the ranges o f the parameters 
used to define the severity categories from zero (no accidoit) to some value which includes the most severe 
credible accident. Not all possible types of accident environments present a plausible threat to a package, and 
these environment types are usually not included in the set o f axes on which the severity categories for that 
package are defined. For exanq>le, crush is not considered a critical type o f accident oivironment for massive 
spent nuclear fuel highway transportation casks because a crush environmoit severe raough to present a threat 
to one of these casks is inq>lausible. Although Figures 1 and 2 show two critical types o f accident 
environments (impact and fire), any number of critical environment types may be considered in a severity 
category scheme. The magnitudes of the most severe credible accident environments depend on a number of
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factors including the mode o f t r a n s i t ,  route characteristics, etc., and usually requires cmisideration of 
accidrats that are plausible but have never actually occurred. An infinite numb«' o f  accident environmmts 
can be imagined, and a risk analysis need not include those environments that either are physically inq>lausible 
or have probabilities less than some predetermined cutoff value (e.g. probability less than 10^ per aimum).

No constraints are placed on the number or definition o f severity categories by the accident-severity category 
approach, although the previously mmtioned codes do provide a maximum on the number o f categories. As 
such, past studies have used differmt numbers and definitions o f severity categories to rq>resait the range o f 
all credible accidents. The authors are not suggesting that restrictioiis should be placed on the number or 
definition o f severity categories. Each investigator should have the freedom to use any number o f categories, 
defined in any maimer as is appropriate for the situation being aiudyzed. At times the division between two 
categories is made at an environmratal condition where a change in the integrity o f  the package is anticipated 
and, thus, is dqim dent on a ^lecific package.

Some o f the differmces that can exist betwera severity category schemes are indicated by the differaices 
between Figure 1 and Figure 2. The category scheme dq>icted in Figure 1 is similar to schemes published in 
a 1977 U. S. Nuclear Regulatory Commission rqx>rt (U.S. Nuclear Regulatory Commission 1977). The 
scheme shown in Figure 2 consisting of twenty response regions, conq>arable to severity categories, is similar 
to a scheme published in a 1987 U. S. Nuclear Regulatory Commission study performed by die Lawrence 
Livermore National Laboratory (Fischer et al. 1987). Not only are the number o f categories different 
between Figures 1 and 2, but the parameters used to define the categories are also different and no 
correspondrace exists betwera the definitions o f any two categories in the different schemes. The differences 
in number and definition o f severity categories used in different studies make direct conqiarisons betwem 
schemes, with the excqition o f total risk values, extremely difficult. These differences may also lead to 
confusion and misinterpretation. An example o f such misinterpretation is discussed in Luna, et al. (Luna et 
al. 1986).

To address these problems, a methodology has been developed which will allow accidrat probabilities 
associated with one severity category scheme to be transferred to another severity category scheme. The 
methodology will permit meaningfid conqiarismis o f different studies at the category level in cases \v^ere the 
accident probability information used to determine the category probabilities initially is not available or is not 
adequate to determine category probabilities across the range o f the critical accident oivironments. If  the 
initial accident probability information is available and adequate, probabilities may be calculated directly for a 
differrat category scheme.

METHODOLOGY

A methodology for transferring probabilities between accidmt-severity category schemes was previously 
considered in a study performed at Sandia Naticmal Laboratories (Spanks 1990). This eariier study developed 
a matrix to transfer accident probabilities fiom an eight-category scheme similar to the (me shown in Figure 1 
to a twoity-category scheme similar to the one shown in Figure 2. Spanks proposed m oping  the two severity 
category schemes onto a common set o f axes to form two overlying grids. In this case, correlations between 
the mechanical parameters of impact speed and <»sk structural response and the thermal parameters o f fire 
duration and cask thermal response were needed to map the two schemes onto a common set o f axes. The 
probabilities associated with the eight-category scheme were then transferred to the twenty-category scheme 
using an ’equal area weighting* technique which assumes that the accidmt probability is constant for all 
accidrat environments within each severity category.

The assumption that accident probability is constant across the range o f accidrats represented by each severity 
category is not representative of actual accident experi«ice. The methodology described in this paper maps 
the severity category schemes onto a common set o f axes to form overlying grids, as was done by Spanks, but 
transfers probabilities between accident-severity category schemes based on the probability of (xx;urrence of 
each parameter used to define the severity categories (the parameters along the axes of the overlying grids).
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The first s t ^  in applying the methodology to transfer probabilities between accidoit-severity category schemes 
is to map the schemes onto an appropriate common set of axes. This s t ^ ,  dq>ending on the parameters used 
with the original axes o f the schemes and available accid«it probability data, may require information or 
assumptions about package characteristics, accidmt scenarios and raviionmrats, possible impact targets, or 
other factors in order to relate the original category-defining parameters to the parameters along the common 
set of axes. In order to be appropriate for the transfer methodology, the parameters for the conunon set of 
axes must be chosen such that relationships betwera probability o f occuiraice and each of these category- 
defining parameters can be obtained. The parameters used for the common set o f axes may or may not be 
among the parameters used for any o f the original axes. The most commonly r a t t e d  relationships o f 
probability of occurrmce to accidrat environments use sinqile accident parameters such as some form of 
impact velocity, fire duration, etc. Care should be taken not to misinterpret these or any other accid«it 
parameters. For exanq>le pre-accident speed, velocity change in an in^Mct, and equivalent speed onto an 
unyielding target are differrait parameters but might all be loosely referred to as ”inq>act velocity. ” The 
methodology described here cannot be used with a scheme in wUch the parameters defining the severity 
categories are not explicitly defined.

After the severity category schemes are mapped onto an appropriate common set o f axes, the two schemes 
that are to have probabilities transferred between them are overlaid. To illustrate this, consider the three- 
category scheme shown in Figure 3 and the four-category scheme shown in Figure 4. Both o f these schemes 
are depicted on a common set o f axes. For the purpose o f illustration, consider that these sinq>le accidrat- 
severity category schemes are for studies of spmt nuclear fuel truck transport, have inq>act and fire as the 
critical types o f acc id^ t oivironm^its, consider pre-accident speeds o f  zero to 160 kmAir to be credible, are 
only for accidents that involve fires, and consider fire durations for an 800 ° C, hypothetical, fully mgulfmg 
fire of up to two hours. Figure 5 shows the overlay o f these two category schemes. The severity categories 
are not required to be graphically d e le ted  and overlaid to apply the transfer methodology. The boundaries of 
every category in both schemes need only be accounted for mathematically; however, graphical depiction can 
provide a good physical awar»iess o f the problem.

Since pre-accidrat speed and fire duration are the parameters used to define the severity categories dqiicted in 
Figure 5, relationships betwem probability of occurrmce and both pre-accidmt speed and fire duration are 
needed to apply the methodology to the transfer o f probabilities betwem these category schemes. Information 
on the severities of transportation accidmts provided in a study published by Sandia National Laboratories 
(Clarke et al. 1976) is used in this study to obtain the needed relationships. The cumulative probability 
distribution of pre-accident speed shown in Figure 6 and the cumulative probability distribution of fire 
duration shown in Figure 7 are both adapted from Clarice et al. The cumulative probability distribution shown 
in Figure 7 was generated, because of a lack of historical accident data, by a Monte Carlo prediction scheme 
for a model of the expected duration o f truck fires for trucks carrying only nonflammable cargo. The 
relationship shown in Figure 7 is assumed, for the purpose o f illustrating the transfer methodology, to be 
equivalent to the 800 ° C, hypothetical, fully r a g u l^ g  fire used to define the severity categories in Figure S.

Transportation accidrats are random evrats and as such are not well suited for recording, in exact oigineering 
terms, the environmoits created during an accident. This lack o f historical data describing accident 
environments in exact terms and the measures necessary to convert data or model results to the parameters 
used to define severity categories may result in a loss of resolution with the transfer methodology.

The relationships between probability of occurrence and each parameter used to define the severity categories 
should be as representative as possible o f the information used to originally determine the accident probability 
associated with each category in the scheme that one is transferring from. The purpose of these relationships 
is to indicate how an accid^t probability associated with any severity category is distributed within that 
category so that it may be appropriately transferred to categories in another scheme. The relationships are not 
used to calculate probabilities directly, but since they are used to determine how accidrat probabilities are 
distributed to categories in a difierent category scheme, they should be consistent with actual accident 
experience.
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To illustrate the transfer o f probabilities between severity category schemes, consider that the tbree-category 
scheme shown in Figure 3 has a probability associated with each category and these probabilities are desired 
to be transferred to die four-category sdieme shown in Figure 4. The overlay o f these two schemes d^ ic ted  
in Figure S shows that the range o f accident environments rqiresented by category A o f the three-category 
scheme enconqiasses all accidoit environmoits r^resented by category 1 and part o f  the environmoits 
represented by categories 2, 3, and 4 o f the four-category scheme. The probability associated with category 
A, therefore, should be distributed to categories 1, 2, 3, and 4 o f the four-category scheme.

The fraction o f accident probability associated with category A to be distributed to each o f the four categories 
in the four-category scheme is determined by use o f the cumulative distributions shown in Figures 6 and 7. 
The joint probability of occurrence for category 1 and for the portions o f categories 2, 3, and 4 encompassed 
by category A is calculated from these cumulative distributions. The value calculated by dividing each of 
these joint probabilities by the sum o f the four joint probabilities gives the fraction o f accidmt probability 
associated with category A to be distributed to each o f the four categories (1, 2, 3, and 4) in the four-category 
scheme. The parameters o f pre-accid«it speed and fire duration are nxxleled as ind^iradent o f each other, 
which appears reasonable based on accidmt data (Clarke et al. 1976). For a severity category scheme in 
which d^ioidence betwem the parameters defining the scheme is modeled, additional stqis or other methods 
must be used to determine the distribution of the category probabilities within the categories and subsequently 
transfer the probabilities to another category scheme.

To illustrate the procedure described above, note from Figure 6 that 86% o f the truck accidoits occur at pre­
accident speeds less than 70 km/hr and 72% occur at pre-accident speeds less than SO kmyhr. Figure 7 
shows, for truck accidmts involving fres , that 97% have f r e  durations less than 0.5 hours and 79% have fire 
durations less than 0.25 hours. The joint probability o f occurrence for category 1, udiich includes pre­
accident speeds up to 50 km/hr and fire durations up to 0.25 hours, is calculated as

(0.72) X (0.79) =  0.57.

Likewise, the joint probability for the portions o f categories 2, 3, and 4 encompassed within category A is 
calculated;

for the portion o f category 2 as (0.72) X (0.97 - 0.79) =  0.13,

for the portion o f category 3 as (0.86 - 0.72) X (0.79) =  0.11,

and for the portion o f category 4 as (0.86 - 0.72) X (0.97 - 0.79) =  0.03.

The sum o f these four probabilities equals 0.84.

The fraction o f the accident probability associated with category A to be distributed to category 1 can now be 
calculated as

0.57 / 0.84 =  0.68.

Similarly, the fraction of the accident probability associated with category A to be distributed to categories 2, 
3, and 4 is calculated;

for category 2 as 0.13 / 0.84 =  0.16,

for category 3 as 0.11 / 0.84 =  0.13,

and for category 4 as 0.025 / 0.84 =  0.03.
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A convenient check on this step is that the fractions should add to one for each category that probabilities are 
being transferred from. The fractions calculated above for category A do add to one,

0.68 + 0.16 +  0.13 +  0.03 =  1.00.

Following a similar procedure shows that the range o f accident environmrats represented by category B of the 
three-category scheme encompasses a portion o f the accident envirorunents rqnesrated by categories 2 and 4 
of the four-category scheme. The accident probability associated with category B is distributed to categories 2 
and 4 in the following fractions: 0.84 to category 2, and 0.16 to category 4.

Likewise, the range of accidoit ravironmoits r^resented by category C o f the three-category scheme 
encompasses a portion of the accident enviromnraits represented hy categories 3 and 4 o f the four-category 
scheme. The fraction o f the accident probability associated with category C to be distributed to category 3 
was calculated to be 0.79 and the fraction to be distributed to category 4 was calculated to be 0.21.

The fractions calculated above that indicate how the accident probabilities associated with each o f the three 
categories (A, B, and C) in the three-category scheme are distributed to each o f the four categories (1, 2, 3, 
and 4) in the four-category scheme are displayed in matrix form in Tahle 1. The total accidmt probability 
associated with each of categories 1, 2, 3, and 4 is calculated by summing the probabilities distributed to each 
of these categories from categories A, B, and C. As Table 1 shows, the accident probability of category 1 is 
calculated by multiplying 0.68 by the accidoit probability o f category A. Likewise, the accident probability 
o f category 2 is the sum o f the products o f 0.16 multiplied by the accident probability o f  category A and 0.84 
times the accident probability of category B. The accident probabilities o f categories 3 and 4 are calculated in 
a similar manner.

SUMMARY AND CONCLUSIONS

A methodology has been developed which allows the accidoit probabilities associated with one accident- 
severity category scheme to be transferred to another severity category scheme. The methodology requires 
that the schemes use a common set o f parameters to defme the categories. The transfer o f accidoit 
probabilities is based on the relationships between probability o f occurrence and each o f the parameters used 
to define the categories. Because o f the lack o f historical data describing accident environments in 
engineering terms, these relationships may be difficult to obtain directly for some parameters. Numerical 
models or experimced judgemmt are oftm  needed to obtain the relationships. These relationships, evra if 
they are not exact, allow the accident probability associated with any severity category to be distributed within 
that category in a maimer consistent with accident experience, wdiich in turn will allow the accident 
probability to be appropriately transferred to a different category scheme.

The ability to transfer accidmt probabilities betwem severity category schemes will allow some conqiarisons 
at the category level of studies which used differmt category sdiemes. This may be useful when comparing, 
for a similar transport situation, older studies with more recent studies or studies done at different institutions 
or by different countries. The methodology will allow category probabilities from past studies to be used in 
current severity category schemes for comparison purposes. By promoting a better understanding o f how 
severity categories in different category schemes relate to one another, the methodology presented in this 
paper will reduce some of the confusion and misinterpretation associated with conqiaring different studies.

The ability to transfer accident probabilities between severity category schemes will not directly allow all 
quantities commonly associated with severity categories to be transferred between the schemes. Risk, for 
exanqile, is a function of both accident probability and consequence. If this methodology were to be used for 
the transfer of risk between category schemes, one could transfer the accident probabilities as outlined above 
and then perform a consequence analysis on the new category scheme to obtain risk values in the new 
scheme. The basic methodology described in this paper can, however, be used for any quantity, not just 
accident probability, if the relationships between that quantity and the parameters used to deBne the categories
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are obtainable. Risk, theiefoie, could be transferred directly between category schemes by following the steps 
o f the methodology and substituting the relationships between risk and each o f the category-defining 
parameters for the relationships betwem probability o f occurrence and each o f the category-defining 
parameters. These risk relationships, however, could be difficult to obtain because o f the many factors upon 
which risk dqjoids and would iqjply only to the particular case for wdiich it was develcqied.
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224



Fire Duration, hr (800 ”C 
hypothetical fully engulfing fire)

160

E

■8o
(4 50
c0T)
'8<1Ow0.

3 4

1 2

0.25 2.0
Rre Duration, hr (800 “C  
hypothetical fully engulfing fire)

Figure 3: Three-category accident-severity 
classification scheme.
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classification scheme.
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