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1 - INTRODUCTION 

Transportation of radioactive material is one among other activities in 
which the general public is at least potentially subject to radioactive exposures, 
and as such it has to comply with the ICRP system of dose limitation of which the 
optimization principle is a component. Within this framework, exposures are to be 
considered as routine exposures and are generally associated with normal operation 
of a nuclear installation. This is true for transportation activities when shipping 
gamma rays emitting sources, such as spent fuel elements or radioisotopes for 
industrial or medical applications (Co-60, Ir-192). Normal transport conditions for 
such sources imply some definite level of exposure for both workers (handlers, 
drivers...) and members of the public who happen to find themselves in the vicinity 
of the shipping route. One usual protection measure is taken which consists in 
providing a shielding wall between the source and the environment. Modifiyng the 
structure and thickness of this shielding wall is one of possible actions subject to 
optimization. 

But besides this "normal" risk which can be often considered as negligible 
whenever surface dose rate on the package is low, abnormal conditions have to be 
considered that may result in exposures of the public. In other industrial activities 
usually involving large quantities of radioactive materials (installations of the 
nuclear fuel cycle), equipment design and operational conditions are so defined as 
to make an accident with severe consequences a rare event, "rare" meaning of the 
order of one svery 10/ years or even less. Obviously transportation accidents are 
not so rare and notwithstanding the fact that packages are designed to sustain at 
least some level of abnormal conditions (and are required to do so) accident 
environments their consequences can not be discarded when considering public 
exposures. Of course a wide spectrum of existing situations can be met where the 
relative importances of normal and abnormal risk are weighted differently. At one 
extreme we find LWR spent fuel packages, for example, usually designed with a 
high degree of safety which has been proven by well known tests. At the other 
extreme there could be a small radio-pharmaceutical, usually a liquid in a glass vial 
protected by a small lead-shield and inside a cardboard box. The first package may 
deliver high doses as a resul* of a very unlikely event, while the second one will 
suffer higher frequency accidents with little or no radiological impact. 
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Those examples highlight both dimensions of the accident risk which can be 
defined as the set all possible events, each characterized by its occurrence 
probability together with the resulting health effects. 

As we cannot discard accident situations when considering potential public 
exposures, the actions aiming at reducing risks to the public will accordingly bear 
on the accident part of the risk, and their comparison will make necessary to 
perform a probabilistic risk assessment. 

This situation is a distinctive feature of the ALARA approach in the field of 
transportation. It will be exemplified by the presentation of a case study on the 
problem of uranium hexafluoride shipments in France. 

2 - FRAMEWORK OF THE STUDY 

2.1. URANIUM HEXAFLUORIDE TRANSPORTATION IN FRANCE 

1990 has been chosen as a reference year for the purpose of this study 
because at that time the EURODIF enrichment plant situated in the Rhône Valley 
will operate at full capacity. There will be natural hexafluoride shipments to the 
EURODIF plant as well as enriched uranium hexafluoride shipments from EURCDIF 
to french and foreign fuel fabrication piants. 

Although we will adress here only_ the problem of natural uranium hexa-
iluoric'e, one should nevertheless note that shipments of different uraniums do not 
interfere with each other : they are made separately and in different containers. 

Approximately 1000 t of uranium (half of natural uranium hexafluoride 
shipments being made by rail) are assumed to be shipped by truck in 1990. The 
corresponding average shipment distance is 900 km.' Its represents the french 
portion of the shipping route between, for example, Pierrelatte (EURODIF plant 
site) and le Havre which is one of possible destinations where trucks are loaded or 
unloaded. Most of these routes follow highways. 

Natural uranium hexafluoride is shipped in a large container known as 48 Y. 
Its average load amounts to 12 tons of uranium hexafluoride (S.l tons of uranium). 
A single container is usually secured to the platform of a semi-trailer by means of 
a tie-down device. 
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2.2. A FEW DISTINCTIVE FEATURES 

Contrary to many known radioactive material shipments (e.g. gamma 
sources), natural uranium poses no problem as long as it is shipped in normal 
operating conditions. The dose rate at the immediate vicinity of the loaded 
package is of the order of a few microsieverts per hour. Risk to the public (or 
workers) stems in fact only from accidents. First, as every truck transport -this is 
also true for the other modes- uranium hexafluoride shipments are subject to the 
usual road traffic accidents, and even if a package failure is not observed. 

There is a possibility for such an event (e.g. a collision with a private car) to 
be associated with casualties ranging from trivial injuries to death. This situation is 
by no means unusual but the specificity of the transportation risk comes in when 
the shipped material itself - here the uranium hexafluoride - is involved. In normal 
shipping conditions there is only one barrier between the product and the 
environment. It is made of steel and approximately 16 mm thick). If the 
container wall happens to fail, the hexafluoride comes directly into contact with 
the atmosphere. Uranium hexafluoride, which is solid in usuai shipping conditions 
(about 10-20°C) is known to hydrolyze with formation of uranium oxyfluoride and 
hydrogen fluoride, both being highly toxic substances. Exposed to the atmosphere, 
UF, will then react with air moisture and a cloud of hvcrogen fluoride will form. 
When normal temperature conditions a.-e present, this reaction can be quite low as 
some experiments have already shown. But heat is produced by the reaction and 
uranium hexafluoride has a triple point at 6*°C. If an aggravating factor is present 
such as a quantity of water the formation of a toxic aerosol is accelerated. The 
worst case occurs when a fire heats the container up to the explosion limit. Then 
almost instanteneously the whole mass of uranium hexafluorice can be released as 
a toxic cloud, as has been the case at Pierrelatte in a handling accident on the 1st 
of July 1977. 

3 - DEFINITION OF THE PROBLEM 

3.1. SCOPE OF THE 5TUDY 

The initial purpose of the study was to assess risk to the public associated 
with UFg transportation in France as projected for the years to come. In a first 
stage a particular risk assessment methodology has been developed at the 
CEPN in the field of radioactive material transportation- through this first 
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example and some others / l / , /2 / . Then a number of questions were raised as to the 
opportunity of given safety measures, associated for example with possible changes 
in the regulations. One such measure could be to adopt an overpack for natural 
uranium hexafluoride containers. This particular action and others bearing on 
either natural or enriched uranium hexafluoride transportation in both truck and 
rail modes were envisaged. The case study presented here deals with the compa
rison of a set of such alternative options aiming at reducing the risk to the public 
in the transportation of natural UF, by truck in France. 

3.2. SETTING BOUNDARIES TO THE PROBLEM 

According to the discussion above, basic assumptions for this problem are 
the following : 

1. Risk from the transportation only itself is taken into account : handling 
- loading, unloading - operations are hot adressed here. 

2. Risk is assessed for accident situations only. 

3. Health detriment is evaluated only for the consequences of the release 
hseif, (i.e. radiological and chemical toxicity). 

Discarded questions will be addressed when discussing the results and their 
sensitivity to the assumptions made. 

» - THE OPTIONS AT STAKE 

Actions aiming at reducing risks from transport accidents will most often 
result in the modification of one or more of the following elements : the traffic 
can be changed by fractionating or grouping packages in a shipment in order to 
reduce the frequency or the severity of consequences of a release or by modifying 
the route to avoided specified areas. Transport conditions may involve special 
escort or reinforced tiedowns, and the package may be either completely rede
signed or simply reinforced. 

Three actions are envisaged here, named A,B,C : 
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A. "rerouting". As the usual route goes through densely populated areas, the 
consequences of a postulated accidental release can be severe. Accor
dingly this first action consists in adopting an alternative route avoiding 
as much as possible those populated areas. 

B. "escorting". Restricting shipments to escorted vehicles should enable to 
prevent some pre-accident situations from occurring or to limit the 
severity of the accident sequence (e.g. fighting fires). Besides it can 
make easier some post-accident emergency measures aiming at the 
mitigation of the consequences such as helping to confine or evacuate 
potential victims. Option B consists here in a limited police escort (2 
motorists). 

C. "reinforcing the package". This action is presently being envisag-1 in 
some countries (e.g. U.S.A.). It consists in adding a protective overpack 
to the 48 Y container. This overpack is intended mainly to improve the 
thermal resistance, but it reinforces as well the package against 
mechanical stresses. 

Of course there is always among the alternative decisions the zero action. 
The option O or reference option amounts to go on with the present shipping and 
transport conditions and stands for a reference level of induced risk to the public. 

Having thus identified three practical protection measures we have now to 
assess their costs and efiectiveness. We shall first address the latter in determining 
the reference level of risk i.e. the level of risk to the public in the absence of any 
option. 

5 - THE PROBABILISTIC RISK ASSESSMENT METHODOLOGY APPLIED TO 
RADIOACTIVE MATERIAL TRANSPORTATION 

5.1. THE PRA METHODOLOGY 

The PRA (Probabilistic Risk Assessment) methodology has been the source 
of many applications to assess risk resulting from the operation of installations in 
the nuclear fuel cycle. Such installations are rather complex when compared to the 
much simpler transportation system we are considering here. But, as in the case for 
a nuclear power plant PRA, three main tasks are to be completed : first identify 
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potential accident scenarios and quantify both the frequency and magnitude of the 
associated radioactive material releases to the environnement ; then for each 
release scenario calculate its consequences on health (individual and/or collective 
exposure and health effects) ;and finally produce an cverall risk presentation in 
combining health consequence and corresponding expected occurence frequencies. 

Magnitude and 
probability of 

radioactive material 
releases 

Health consequences 
of postulated 

radioactive releases 

Resulting 
overall risk 
assessment 

Figure 1 - Three •.lain objectives of a general PRA. 

In order to reach those objectives in a study on transportation risks the 
assessment procedure must go through a number of successive steps as shown on 
the following figure. Each involves a different modelling technique, which makes 
the procedure a complex task with Inputs from widely differing fields : engineering, 
statistics, meteorology, demography, health physics, and also biology... 

TRANSPORTATION SYSTEM ANALYSIS 

MODELLING OF THE ACCIDENT ENVIRONMENT 
(scenarios, frequency distribution, severiiy indicators) 

MODELLING OF PACKAGE RESPONSE 

MODELLING OF ACCIDENTAL RELEASE 
(Atmospheric dispersion) 

ASSESSING HEALTH-EFFECTS 
(Exposure-effet relationship) 

RISK ASSESSMENT 
(Accidental events/consequences/probabilities) 

Figure 2 - The steps of a probabilistic assessment of risk from hazardous 
material transportation 
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The first step includes a description of the transportation system : number 
of shipments per year, shipping route and transport mode, description of the 
reference shipment : type of vehicle, package type, amount shipped... In the 
following step accident scenarios are identified and their probabilities estimated. 
Severity indicators of the different loads acting on the package are defined and 
assessed, and the package response to these loads is examined in the third step, 
giving package failure scenarios expected frequencies and potential release magni
tudes. The fourth step models transfer of released material through the environ
nement to man. Fifth step is the assessment of individual or collective exposures. 
Sixth step uses dose-response relationships to compute health affects. This last 
step results in the expression of risk as the set of pairs j probability, consequence! 
for every accident event. 

5.2. IDENTIFICATION OF THE SYSTEM 

The system under study has already been identified within the first step of 
the ALARA procedure : the problem definition. We summarize below the main 
parameters of the natural UF- transport program : 

Table 1 - Natural uranium hexafluoride shipping program 

Reference year 1990 
Transportation mode road (mostly highways) 
Vehicle type Truck (semi-trailer) 
Material shipped Natural UF-
Packaging »8 Y container 
Container load 8.1 t (uranium), 12,3t (UFg) 
Parage weight 1* t 
Quantity shipped I 000 t 
Number of packages per shipment 1 
Number of shipments 12» 
Average distance per shipment 900 km 
Resulting traffic HI 600 km (package-km) 
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A shematic of the *S Y container is shown on figure 3. 

JIB wo 

Nomina] Diameter 
Nominal Length 
«all Thickness 
Nominal Tare Weight 
Maximum Net Height 
Nominal Gross Weight 
Hlnimutn Volume 
Basic Haterial of Construction 
Sen/ice Pressure 
Hydrostatic Test Pressure 
Isotopic Ccntent Halt 

122cm (48 in.) 
381cm (15° 1"') 
1.59cm (5/8 in.) 
2359kg (5,200 lb) 
12.501kg (27,560 lb) 
14.860kg (32.750 lb) 
4.04m3 (142.7 eu ft) 
Steel N_ 
1.3B x 10 6 F (200 psig) 
2.76 x !0 5 ir !»00 psig) 
4.5S 2"'J Hax With Hocer; 
tisn Csntrsl 

Figure 3 : The 48 Y container. 

5.3. ACCIDENT ENVIRONMENT 

In order to be able to predict future accident frequencies, one must first 
know the probability of occjrrence of the initiating event, that is here the road 
accident. Our estimates are, as is usually the case, based on accident and traffic 
data compiled by a government agency (in France : SETRA), giving for truck 
transport an accident rate of 0.9 10" per vehicle-km. This figure is assumed valid 
for highways and main roads of the national network. 

Once an accident has occurred a number of alternative sequences of events 
can be observed some of which will lead eventually to a package failure. Here 
again in order to identify such "scenarios", one first relies on the availability of 
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accident data. Some a priori ideas based on engineering judgement of the package 

failure modes can be useful too. Data available for this study concerning truck 

accidents were provided by the "Sécurité Civile" on truck fires and by the CITMD 

(Commission Interministérielle pour le Transport des Matières Dangereuses) on 

truck accidents. Based on the latter, a data base has been constituted including a 

total of 1 300 accidents involving only trucks transporting hazardous materials. 

A first use of the accident data base is qualitative. It helps in forming an 

idea of the actual accident environment and also of rare but potentially damaging 

event sequences. For example, the following event has been observed which other 

wise would be difficult to imagine a priori : a truck falling from a bridge on to a 

railway track with consecutive impact from an oncoming train. 

For this study» the analysis of accidents, as recorded in the CEPN data base, 

has helped in the construction of event tree (see figure below), and observed 

frequencies give the occurrence probabilities of the different scenarios. 

r- 0.683 collision 

/y 0.219 overturn 

accident £-— 0.00S collision + fire 

Y*- 0.010 fire only 

V 0.080 trivial 

Figure % - Event tree for a truck accident 

Each of the identified scenarios (apart from" trivial" which means that the 

container is untouched can lead to a package failure according to the severity of 

the thermal or mechanical loads imposed on it. Some physical parameters which 

have been collected in the data base have been used to assess "severity indicators". 

A "severity indicator" is some defined function of one or more physical parameters 

characterizing the magnitude of stresses generated in a specified accident environ

ment and which may be applied to the package containment. The accident 

environments considered here are impact, puncture and fire, respectively with the 

following severity indicators : collision energy, puncturing ratio, fire duration. 

Impact being characteristic of collisions, the collision energy available to damage 

the package is expressed as a function of both the loaded truck and the obstacle 
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masses and of their relative velocity, 'n the case of puncture, the severity is 
assumed to depend only on the ratio of the probe radius over its relative velocity. 
The severity of a f i re depends on both temperature and t ime. Only duration data 
are available in the f ire reports of the data base. Considering that the most severe 
accidents wil l ir.volve collisions with trucks carrying hydrocarbons i t was found to 
be reasonable to keep duration as the essential parameter. 

Values for the physical parameters needed to assess these indicators have 

been made available in a data base when collecting accident data. Thus i t has been 

possible to assess the frequency distribution of those indicators. Figure 5 below 

shows the distribution function for the impact severity indicator or collision 

energy. The other two distributions can be found in / ! / . 

Probability of energy ^> E 

0.5 

0.1 

M 

105 2.105 5.105106 2.10s 5)06107 

E (Joules) 

Figure 5 - Energy associated with truck accidents 
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One might have been satisfied with the empirical distribution. Here we have 
fitted on it a known analytical function which can be used as we will see further 
below, when the package behavior itself is expressed as an analytical function of 
the severity indicator. This procedure is not necessary when it is only required to 
know if a given threshold has been reached or not, at least if the threshold value 
lies in the already observed range, and therefore does not need some extrapolation. 

5A. CONTAINMENT FAILURE ANALYSIS 

The usual procedure, at least as long as we are looking at the way a safety 
analysis is performed for a given fixed installation, such as a nuclear power plant, 
involves building a fault tree based on a rather detailed functional decomposition 
of the system being studied. The next step which is of prime importance and gives 
its pertinence to the procedure lies in assessing failure probabilities to each of the 
particular events or components of the fault tree. 

In the case of a transportation risk study, the containment function oi the 
packaging can be considered as a set of one or more barriers between the 
hazardous (here radioactive) material and the environment. Each of those barrier 
must fail for a radioactive release to occur. But even if the packaging type is 
simple, elementary event probabilities are rarely measured if even measurable. 
Moreover, when their quantification is indeed considered, the initially rather 
complex trees reduce to very simpie forms (one or two branches). !n fact failure 
mode identification can most often be made directly. This is the case here : from 
the examination of the accident scenarios and of the structure of the fS Y package 
which is quite similar to a standard industrial tank, the main rupture environments 
were singled out. Impact, fire, impact followed by fire, puncture, for each of them 
a rupture law is to be produced. 

Impact is assumed to be present in every collision. First a rupture law is 
obtained for ordinary fuel type tank trucks, based on accidents involving such 
trucks (more than a hundred are observed each year on french roads). This law 
expresses the rupture rate as a function of the collision energy. It depends on a 
single parameter which, once the fitting procedure performed (see fig. 6) is 
caracteristic of ordinary tanks (fuel type). 
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Containment failure probability 
I 

0.Ô -

0.6 

0.4 

0.2 -

1 2 5 10 20 50 100 200 500 1000 
g(W4J) 

Observed frequency(CITMD fiteâO-SI) 
, Adjusted function 

Figure 6 : Fit t ing a response curve to ordinary tank truck data. 

A scaling ratio is then used to allow for the added strength of the 48 Y 

(thickness multiplied by 3), the shape of the rupture curve of the *8 Y being 

assumed for the same as for the ordinary tanks. The value of 10 for this ratio 

(corresponding to a variation of the rupture energy as the inverse square of the 

wall thickness) means that a given rupture rate is now obtained with an energy ten 

times greater than for ordinary tanks. Considering the observed distribution of the 

severity indicator (collision energy), this results in a rupture rate of U 96. An 

equivalent rupture threshold can be calculated with the assumption that only 50 96 

of the collision energy is in fact available on the package : a figure of * 10 joules 

is obtained which is not far from values obtained in other studies / 3 / . 

In the case of puncture, the same procedure is taken to extrapolate to the 
*8 Y, the rupture law observed on ordinary tanks, giving a rupture rate of 16 % in 
presence of the puncture environment. As observed ruptures in collisions could not 
be clearly attributed to a puncture environment, the latter has only been 
considered in overturns, 25 % of them being associated with puncturing efforts. 
The resulting rupture rate is 0,0* (four r-jptures in one hundred overturns). 
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In presence of a fire, modelling of the behavior of the 48 Y package is based 
on tests and theoretical computations performed in the CEA /4/, which allowed to 
assume a duration threshold of 60 minutes before explosion in a "global fire". 
Corresponding probability is 0,52. 

Following table summarizes the main results : 

Table 2 - Failure modes and characteristic parameters for the 48 Y. 

Rupture Accident Scenario Severity Rupture Release 
mode scenario occurrence indicator rate fraction 

Impact any collision 0.69 Kinetic energy 0.11 1 •/,, 
Puncture overturn with puncture 0.055 collision speed/ 0.04 1 %<. 

probe present probe radius 
Explosion global fire 0.0036 fire duration 0.52 100 % 

The preceding table shows the assumed released fraction according to the 
containment rupture scenario. In the absence of fire it appears reasonable to 
assume a rather low figure, the uranium hexaiiuoride subiirr:;ng (or hydrolysing) at 
a very low rate in a normal atmospheric environment. But when fire is present, the 
whole content of the 48 Y - due to its great fluidity and volatility when in liquid 
state - may be released in a few minutes. Kence a fraction of 100 % in the case of 
rupture by explosion must be assumed. 

Those fractions are to be taken as source terms for the dispersion 
calculations. 

5.5. THE ASSESSMENT OF HEALTH EFFECTS 

A first step consists in calculating air concentrations. We have just seen 
that the different accident sequences result in one out of two release fractions 
0,001 and 1. The first figure is associated to a ground release. For the explosive 
rupture a release height of 25 meters was assumed. A Gaussian puff model was 
used for atmospheric transfer, similar to the models used to assess individual and 
collective exposures from continuous releases to the atmosphere. It gives dilution 
factors depending on release height, meteorological conditions and assumptions 
about removal phenomena. 
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For a given meteorological situation - i.e. wind speed + atmospheric stabi
lity conditions -, knowing integrated air concentration allows to calculate inhaled 
quantities : 

q (inhaled) = integrated air concentration x breathing rate 

g or Bq g or Bq . s . m" m . s" 

We had to calculate both early and late effects of exposure (see above). 
Late effects are here simply latent cancer fatalities due to inhalation of uranium 
isotopes. Early effects are due to chemical toxicity either of uranium for example 
as U0- F , or of hydrogen fluoride as has already been said. Following table 
summarizes the assumed dose-effect relationships. 

Table 3 - Dose-effect relationships for HF and U. 

HF (acute toxicity) : DL 5 0 = 50 mg (inhaled) 
U (Uranium chemical toxicity) : DLj n = 150 mg (U) or 172 mg UO, F , 
U (latent cancer fatalities) : 2 10 LCF . Sv 
Dcse factor : 0.9 Sv . g" (inhaled natural uranium) 

Remark : The decomposition reaction of one gram of uranium with water 
gives out 0.33 g of hydrogen fluoride. If the mass ratios remain constant within the 
cloud a quantity of 50 mg of Hr corresponds to one of 150 mg of uranium. If we 
assume that both products are equally likely to be inhaled, then we see that eaon of 
both gives the same toxicity level. 

Dispersion calculations were carried out, based on the following meteo
rological situation conditions which at the same time are the most frequent and 
give conservative estimates : wind velocity of 1 m . s" , "normal diffusion" condi
tions. 

In case of a complete release (the whole content of the package) we have 
2.S immediate deaths. If we take into account the probability of occurrence of the 
given meteorological situation this results in an expected number of 1.7. This is the 
single situation which results in immediate fatalities. 
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Following table shows the results of the calculation of collective low level 
exposures to uranium inhalation : 

Table ft - Collective exposures after an accident. 

Release 
fraction Height Collective exposure h - mSv 

0.001 0 13 

1 25 7 100 

5.6. RESULTING RISK 

Following table summarizes the above results for each failure mode. 

Table 5 - Probabilities of health effects and scenarios after accident. 

Rupture Health effects Expected 
Scenario frequency of a release health effects 

(per accident) (acute) (delayed) (acute) (delayed). 

collision impsci 0.077 0 2.6 10"* 0 5.7 10" 5 

overturn puncture 0.0022 0 2.6 10"* 0 5.7 10"' 
fire explosion 0.0018 1.7 0.1* 3.1 1 0 ' 3 2.5 10"* 

Table 5 shows that the average rupture rate in an accident is 0.08 (near one 
failure in 12 accidents). Taking into account the expected accident rate of 0.1, 
health effects of running the program for one year are 3.f 10" ' death/year 
including both immediate and delayed fatalities. 

6 - ASSESSMENT OF COST AND EFFECTIVENESS OF EACH OPTION 

Knowing the reference level of risk we are now in a position to assess the 
effectiveness of each option. This is done below together with the assessment of 
costs. 
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Option A : rerouting 

Option A consist in avoiding as much a possible routes that go through t 
highly populated areas. This is possible in France on account of the density of the 
road network and because the reference route goes by two large cities : Lyon and 
Paris. Such an option might well not be northwhile considering in other situations. 
The length of the route is increased by 10 % and the corresponding average density 

2 
along the whole route decreases to 130 people/km instead of 530. 

This results in a trafic increase of 11 200 km, and a 10 % increase in the 
occurrence of accidents. But due to the decrease in the population density along 
the route, the risk is divided by 3.7 (or multiplied by 0.27). 

Cost of implementing this option is simply the extracost entailed by the 
increase in traffic. Based on a charge of 0.06 $/ton x km and a gross weight of 1* t 
per package, this gives : 

(124 packages/yearjx (14 tons) x (900 km) x 10 % x (0.06 $/t.km) = 9400 $/yesr. 

Option B : escorting 

Implementing this option results in reducing both the occurence probability 
and severity of consequences of accidents. This is true first for the overall 
accident probability which is assumed reduced by a factor of two. The presence of 
an escort, even a limited one as in this option, but with minimum emergency 
equipment further reduces the risk, particularly in case of a fire in its initial phase. 
Then, for example, some cooling of intact containers caught in a fine could be 
envisaged and prevent them from exploding. Accordingly, the rupture probability 
given a fire has been divided by 5. Health consequences being almost entirely 
attributable to immediate deaths, the resulting risk is divided by 10 (or multiplied 
by 0.1). 

Cost of implementing this option is here proportional to the trafic length, 
wiih a charge of 0.6 $/km. This gives : (12* packages/year) x (900 km) x 
(0.6 $/km) = 6.7 10* $/year. 
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Option C : overpack 

Adopting a protective overpack gives the 48 Y container a better resistance 
to the "global fire" which is the main source of health effects. The assessment of 
the effectiveness of this option is obtained by combining experimental data 
obtained at the CEA and extrapolation from a study by Battelle / 3 / on the risk of 
transporting UF, by road. The latter study showed an increase of 110 minutes 
(from 46 to 156) in the time riquired for a fire to obtain the explosive rupture of a 
postulated non defective 48 X cylinder. The 48 X cylinder is quite similar to the 
48 Y : it has the same wall thickness and is of slightly lesser capacity (9.5 instead 
of 12,5 tons). It seems reasonable to adopt the figure of 110 minutes as the time 
increase necessary to fail the 48 Y equipped with an overpack when it submitted to 
a "global fire". This results in a duration of 170 minutes taking then into account 
the frequency distribution of expected fire durations, the risk is found to be divided 
by 2.2 (multiplied by 0.45). 

In order to assess the cost of implementing this option, the required number 
of overpacks must first be assessed. Based on the assumption of their exclusive use 
for the UFg shipping program envisaged here, and on a reasonable recycling 
schedule, a minimum of 4 such overpacks is deemed necessary. Capital costs with a 
10 year amortization period resu'* in annual expenses of $ 8 000. 

Operation and maintenance of the overpacks are assumed negligible compa
red with capita] costs and shipping charges. The latter amount to $ 30 000 per year, 
including costs for returning empty overpacks. Total expenses are $ 38 000 per 
year. 

Following table summarizes the results for the three options : 

Table 6 - Costs ans effectiveness of options 

Residual Avoided effects Costs Costs-effectiveness ratio 
risk (expected deaths/year) $/year ($ spent per life saved) 

0.92 10"* 2.48 10"* 94 000 3.8 10 7 

0.34 10"* 3.06 10"* 67 000 2.2 10 8 

1.53 10"* 1.87 10"* 38 000 2.0 I 0 8 

"A. rerouting 
B. escorting 
C. overpack 
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7 - THE COST-EFFECTIVENESS CURVE 

The most cost-effective option appears to be rerouting. Options B and C 
(respectively escort and overpack) have similar cost-effectiveness ratios, one order 
of magnitude greater than option A, Option C being only implemented at a cost 
about *0 % less than for B, hence with a risk reduction correspondingly smaller. 

One should note that deaths due to the traffic accident itself were not taken 
into account in any of these options as stated in 5 3 when setting the boundaries of 
the problem. This is logical for option C which bears only on the package. But 
option A which involves an increase of 10 % in trafic, brings with it a corres
ponding increase of the order of 10" "road deaths", of which only a few are 
already included in the risk assement above. Option B on the contrary entails a 
reduction of road traffic victims as it was assumed that the expected accident 
frequency was divided by two. 

Taking these transformations into account would result in a new ranking of 
the options, with B most cost-effective, C second and A not cost effective 
(because of a net increase in health effects). 

A further point on the cost-effectiveness curve (or table) consists in 
comparing the calculated cost-effectiveness ratios with those in other fields. The 
value of 5 10 $/man-Sv, without being officially accepted can be considered a 
reference. It corresponds to a cost of human life of five millions dollars beyond 
which every option lies. 

8 - SENSITIVITY ANALYSIS 

As a first attempt to appraise the reliability of the cost effectiveness 
analysis we will address here the problem of the sensitivity of the results of the 
probabilistic risk assessment. 

First, as health effects are almost exclusively to be attributed to hydrogen 
fluoride, we see the corresponding lethal dose threshold is a sensitive parameter. 
Such toxicity levels are usually determined with an uncertainty range of a factor of 
Z to 3. The value chosen here was in fact in the upper (optimistic) part of that 
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range. Notwithstanding, one should remind that in this problem (due to the mass 

ratio between uranium and fluorine in uranium hexafluoride) HF and UO^F, 

thresholds are more or less equivalent. Therefore, if the HF threshold happened to 

be overestimated, an equivalent number of acute health effects would all the same 

be observed, which would then be attributed to uranium toxicity (in UO,F,). 

An other source of uncertainty lies in the modelling of atmospheric 

transfer : release height, expected frequencies of meteorological situations, para

meters of the model itself are somewhat uncertain. But we know that, in the case 

of transportation accidents, the geographical location of the event, and hence its 

associated features, meteorological or orographicai characteristics are of 

stochastic nature and that averaged figures only are of interest here. As for the 

release height, mode! computations have shown that bslow 30 m, changing the 

release height will not alter the results by a factor greater than 2. Above 30 m this 

parameter becomes of critical importance. Experiments could help in Improving 

the reliability of the assumed value. 

A last point concerns the value assumed for the release fraction in the case 

of an accident without fire (collision or overturn). If instead of 0.1 % a value of 

I % was assumed, mechanical accidents would account for 50 % of the radiological 

risk. But the total risk is only slightly modified (8 to 10 %). 

9 - DISCUSSION - CONCLUSION 

In order to meaning-fuily interprète the ranking of options according to 

their cost-effectiveness ratio, it is necessary to appraise the sensitivity of the 

assessment model. The overall accuracy of the analysis undergoes the same 

restrictions as any probabilistic risk analysis, although the system structure is here 

relatively simple. Three points should be stressed in this respect. First, when the 

model is used to compare two options, the overall uncertainty need not always to 

be taken into account. That is the case when the option only involves population 

densities. Second one should not forget uncertainty about the costs, although 

costing the options studied here has been particularly easy. A third and last point is 

that the computed risks are mainly HF inhalation risks which are in fact better 

known than dose-effect relationships at low doses of radiation. This must be kept in 

mind when comparing these cost-effectiveness ratio with figures obtained in other 

examples of ALARA analysis in the nuclear field. 
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