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I- INTRODUCTION 

The utility function approach (decision analysis) is one of the classical decision aiding 
techniques that are of interest when performing ALARA analysis /l/. In this paper a case study will 
serve as an illustration of this technique. The problem which is dealt with is the set up of a 
regulation applying to the transit of small radioactive material packages (type A) under the Mont 
Blanc Tunnel which is a major route between France and Italy (see fig. 1). This case study is 
therefore a good example of an ALARA approach applied to a safety problem which implies both a 
probabilistic risk assessment and the evaluation of very heterogeneous criteria. 

FIGURE 1 
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2-THF. DEPTSTONAT. PROBLEM 

2.1) - THE DECISION UNDER ANALYSTS 

The transportation of small quantities of dispersible radioactive materials is allowed on the 
european roads, according to the IAEA standards P.I in me so-called "A package", up to a certain 
limit in activity for a single package (me so-called "A limit" which depends on the radionuclide). 
Under specific traffic conditions, namely when crossing the 12 km long mnnel under the Mont 
Blanc, more restrictive standards can prove to be necessary. A possibility is to prohibit the crossing 
when the content of a whole cargo is above a given activity limit. This measure was applied with a 
very restrictive limit, until recently. The question is then to determine the authorized activity in the 
tunnel, and the aim of this paper is to show the analyses supporting a decision in this field. 

In this purpose the various impacts (or "factors") which can be generated by this traffic will 
be computed for a set of values for the authorized limit. An optimum will then be searched among 
these figures. 

2.2) - THE TRANSPORTATION SYSTEM 

2.2.1 - The traffic of Technetium generator.1; 

There are three transits weekly through the tunnel. The vehicle in use is generally a light 
truck. Its cargo content, expressed in actual activity averages to 54 Ci, ranging from half to twice 
this figure. It consists of various devices, but the Technetium generators account for 99 % of this 
activity (28 Ci of Molybdenum and 25.5 Ci of Technetium). 
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Molybdenum and 
Technetium in 
glass column 

FIGURE 2 

This device is shipped in a type A package, and it contains Molybdenum 99 (half life 66 
h), which is transformed gradually in Technetium 99 m (half life 6 h). Generators of this kind can 
provide Technetium during a week for medical scanning purposes. Although its content in activity 
can vary, the generator itself, the ELUMATIC HI from ORIS, is always the same. It contains, 
within a parallelepipedic plastic box of about 20 cm, a system to extract the required solution of 
technetium out of a small glass column holding both isotopes, and a biological shielding of 13 kg of 
lead (see figure 2). 

2.2.2 - The tunnel environment 

The total length of the tunnel is 12 km and there is one lane in each direction. On the 
average there are about 30 vehicles in the tunnel at a given time 131. Should an accident occur that 
would shut one lane, about 90 people might be subjected to potential consequences, and possibly 
10 vehicles might be trapped behind the truck. The physical parameters of the tunnel are its shape 
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and its ventilation system. The cross section is the typical horseshoe, however the air ducts are 
underneath the roadway. 

At last, the emergency response system comprises fire extinguishers distributed throughout 
the tunnel ; this allowed to extinguish 13 of the 14 fires which took place under the tunnel. At the 
portals, an emergency vehicle is equipped with more powerful extinguishers and breathing 
apparatus. With regard to radiation hazard there is no monitoring device available at the tunnel site. 
The decontamination worlc teams would have to come from Lyon which is located 200 km away 
(Til and /4/). 

2.3 ) - ASSESSMENT OF THE RELEVANT FACTORS 

2.3.1 - Possible consequences of an accident and relevant factors 

There are two main categories for the possible consequences of an accident. First the 
economic impacts can be the cost of monitoring, the cost of decontamination and the loss of 
earnings due to the shutting-down of the tunnel. Second the radiation health effects can be either 
short term or long term stochastic effects. Six factors were considered adequate to characterize the 
situation. Quantitative indices were associated with these factors and table I illustrates both these 
choices. 

TABLE I : MEASURE OF THE IMPACTS : THE RELEVANT FACTORS 

F A C T O R QUANTITATIVE INDEX 

1 Transportation cost Annual number of lorries 

2 Economic impact of a benign accident Annual frequency of a benign accident 

3 Specific Economic impact of a severe accident Annual frequency of a severe accident 

4 Short term radiological effect : morbidity Annual probability for a morbidity effect 

5 Short term radiological effect : mortality ' Annual probability for a mortality effect 

6 Delayed radiological effect Annual expected collective dose 
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The first factor is self explanatory and it is a matter of concern for technetium generator 
customers. The second factor sums up all the costs linked to an accident but one : Loss of earnings 
due to traffic interruption, monitoring and cleaning costs. This impact is likely to be supported by 
the tunnel society. An other economic impact gave rise to a separate factor (factor n" 3), that is a 
massive decontamination which, besides its economic aspect, would no doubt have some effect on 
public opinion. The last three factors account for the health effects on the public. The short term 
effects would certainly affect strongly public opinion, especially in the case of a death. 

222.- The parameters for the decisional options, 

The authorized limit would be a limit on the activity of a whole cargo. For the sake of 
simplicity, it is expressed in nominal activity which is the commercially guaranteed activity. The 
plausible figures for this parameter would range between 10 and 100 curie. The lower value was 
already authorized and considered as stringent by the authorities. The upper value derives from 
logistic considerations, that is the schedule of the utilisation of the sources. In this range, 10 figures 
(10,20,30.....90,100) have been selected for the parametric analysis. Using the ALARA concepts 
, one would say that these 10 figures correspond to 10 available options 151. At this stage, it is now 
necessary to carry out the risk assessment itself. Based on the computations of a CEPN study 161, it 
will consist in two steps : assessing first the consequences of a release and then the impacts of 
various accident scenarios weighted according to the annual occurrence probabilities. 

2.3.3 - Computation of the consequences of a release 

The package contains Molybdenum and Technetium, its filiation product. For each Ci 
guaranteed to the customer, (one can speak of "nominal activity'"), there corresponds at the time the 
truck reaches the tunnel, 2.1 Ci of Technetium and 2.3 Ci of Molybdenum. The radiological hazard 
can arise from external irradiation and inhalation. External irradiation results from a loss of 
shielding. Neglecting its contribution to the collective dose, a lethal area (10"3 m 2 per "nominal" Ci 
at the 5 Sv threshold) and a morbidity area (10"2 m 2 "nominal" Ci at the 0.5 Sv threshold) 
correspond to the hypothesis that a bystander would stay half an hour. Inhalation occurs when the 
products are airborne. In this case a model must be implemented for atmospheric transport. Before 
it reaches the wall lining (about 15 sec. after the release) die initial puff can be assumed to be 
gaussian and immediate effects may be observed. Lethal (25 Gy to the lung and 30 Gy to the 
intestine) and morbidity areas can be computed as previously, but they are five times larger. For 
distances larger than about fifty meters a box model is applied. Only delayed effects are expected in 
this case and a collective dose (1.5 10"3 man Sv per airborne "nominal" Ci) for an average location 
of the release and an average number of people in the tunnel, accounts for them. All these analyses 
will serve as a basis for the evaluation of factors 4,5 and 6. 
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The loss of toll fees is directly linked to the duration of the closure of the tunnel. Any 
accident implying a truck would lock die tunnel for about one hour. An average figure of S 2000 
can be assumed for the loss of earnings. Should there be any doubt on the integrity of the cargo, a 
radiological survey team would be called upon and radiological monitoring expenses would follow. 
Team work would be to check the cargo and the cars behind it. In addition, the roadway and walls 
are to be monitored. These costs are almost insensitive to the amount of damage to the packages. 
The work would last about five hours, since three are required for the team to reach the tunnel 
location. The total cost is estimated $ 17 ,000, and the loss of earnings remains the main 
component. The second factor will accoîint for all these impacts. 

The previous calculations performed with the box model allow to compute the ground 
contamination. However some threshold for an acceptable ground contamination must be assumed : 
50 m Ci. m - 2 of Molybdenum should be suitable for such a level, and for a location that is not a 
working place. The tunnel is divided into 40 sections of 300 m, corresponding to the ventilation 
system. The probability to have one of these sections contaminated is dependent on the released 
activity (see fig. 3). It vanishes when the release is below 60 "nominal" Ci. If the contamination is 
very slight (little release, or simple loss of biological shielding) it can be assumed that the control 
team will handle die problem within one hour. This implies one hour more of tunnel shut-down. 
When a whole 300 m section is to be decontamined, one other team is necessary, and the operation 
would take about 8 hours and the impact on the public opinion might be sizeable. The facor 3 will 
allow for this impact. 

At this stage, i.e. knowing an accident has occurred, it is important to realize that the 
economic impacts (factor 2) are not dependent on the carried activity. On the other hand the health 
impacts are proportional to this parameter. Knowing the destruction of the packages, the probability 
for morbidity and mortality effects to be observed are respectively 1.9 10"3 and 1.9 10 - 4 per 
nomical curie, whereas the expected collective dose is 1.1 10-3 man Sv per nominal curie. It is only 
the link between the activity and the probability to have a section requiring decontamination which 
is not straighforward (cf. fig. 3). 
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2.3.4 - Probabilistic assessment 

The aim of the probabilistic part of the assessment is to establish the accident scenarios that 
can result in the "consequence scenarios" stated above, and to compute their probabilities. 

Although some data are available on type A package accidents (Jll and /8/), they are not 
specific of Technetium generators. A crush and fire experiment has been performed in die 
Amersham center widi a light truck containing a mixed cargo of type A and B packages 191. An 
interesting feature was the very short time which was necessary for a fire to encompass the whole 
vehicle. However the results of me regulatory tests, the analysis of a train accident, and the 
destructive fire test performed in June 1985 are specific of the french "Elumatic" Technetium 
generator. 

A review of these data and of the tunnel accident record allowed to focus on four accident 
scenarios, with the following consequences : 

- light crash : no loss of shielding, 
- frontal collision (i.e. about 120km.h "') : loss of shielding, 1 % airborne material, 
- short fire : no effect, 
- strong fire (i.e. destroyed vehicle) : 75 % airborne material. 
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At each crossing of the tunnel, the propability of a light crash is 3.5 10"6- half of them 
requiring radiation monitoring. This probability is 410" 7 for a collision, 8 10"7 for a light fire and 5 
10 - 8 for a severe fire. 

All the figures needed for the implementation of the parametric analysis have thus been 
computed. However it is worthwhile to examine what are the impacts of the present situation. On 
the basis of the actual traffic of 150 passages with 12 Ci ofnominal activity (25.2 Ci of " m T c 
and 27.5 Ci o f " Mo) the risk is as follows : 

- accident probability 7.1 10"* 
- expected monetary loss $ 6.5 
- expected collective dose 1.11 10"7 Man Sv 
-probability of a lethal effect 1.85 I0 - 8 

•probability of reversible effect 1.85 10"7 

The level of risk appears to be low, and this is not only due to the small amount of traffic. 
For instance, the number of health effects is one thousand times lower than the expected number of 
deaths due to the traffic accidents themselves. 

3 - IMPLEMENTATION OF THE ALARA ANALYSTS 

3.1 - THE CHOICE OF THE DECISION AIDING-TECHNIOUE 

When the aumorized activity limit is changed the direct consequence is that the number of 
shipments is modified, in inverse ratio to the limit Therefore a decrease in this activity limit results 
in a greater number of shipments and consequendy in a higher accident probability. However, the 
consequences of such an event decrease in many cases (cf § 2.3.3). 

As shown before, several factors have been found to be of interest. Many of them are quite 
difficult to express in monetary terms, making the cost benefit analysis not suitable and 
multiattribute techniques had to be searched for. Decision analysis (utility function) and an 
outranking technique (multicriteria analysis) were both suitable techniques. 



10 

As a matter of fact, the preliminary results have shown thai the mathematical expectation of 
the risk impacts was not a suitable index to compute : in many cases it does not cary with the 
options. 

It is often assumed that frequent events of lower consequences cannot be compared with 
less frequent events of higher consequences. The utility function approach is a good solution to 
avoid a rigid dependency of the analysis on the mathematical expectations. It requires a more 
accurate description of the factors and of the proper quantitative indices, i.e. me set of the single 
attribute utility functions. 

3.2 - THE SINGLE ATTRIBUTE UTILITY FUNCTIONS 

For each relevant factor a single attribute utility function is defined, in order to express the 
relative interest (or "utility") associated with such level of the attribute that can be reached. Here, 
the functions were built up in such a way that the utility is 1 for the prefered outcome of this factor 
and 0 for the less desirable one. 

3.2.1 - Factor 1 : transportation cost 

Every year 1800 nominal curies are to be transported. Presently this requires 150 
crossings of the tunnel. The number of passages is in inverse ratio to the activity limit : should the 
latter be 10 Curies it would result in 180 crossings. The cost of transportation is directly 
proportional to the number of shipments, so that the number of shipments is a good index for this 
factor. 

The attitude towards such a cost being "neutral" a linear utility function is used, which 
decreases as the number of shipment increases. This function is depicted in figure 4, and the values 
of the utility for the various options are plotted on the graph in figure 5. 

TABLE H : 

A Shipment ' Ul (A) 

10 Ci 180 0 
20 90 0,556 
30 60 0,741 
40 45 0,833 
50 36 0,889 
60 30 0,926 
70 25,7 0,952 
80 22,5 0,972 
90 20 0,988 
100 18 1 



72 90 108 
Shipment 

ut (A; 
1.0 
0.9 
0.3 
0.7 
0.6 
0.5 
HA 
0.3 
02 
0.1 
0.0 

FIGURE 4 

to 20 30 40 50 
A (Ci) 

60 70 ao 90 100 

FIGURE 5 
3.2.2 - Factor 2 : Economic Tmpact of benign accidents 

This factor accounts for all the direct costs of an accident which is not severe enough to 
require massive decontamination. As these costs are proportional to the number of accidents of that 
kind (knowing an accident has occurred, the cost is not dependent on the activity), the annual 
frequency of such accidents was a correct index. The probability is about 4.10' s at each crossing 
and the annual frequency is consequently linked to the number of shipments (for example 75 10"5 

benign accident yr'for a 10 Ci limit). 
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Again the utility is assumed to be linear with respect to this index and the quantitative 
figures can be obtained from table IH and fig. 6 and 7. 

~TÂi~LEm : 

Frequency U2(A) 

io a 72 10-5 0 
20 36 - 0,556 
30 24 - 0,741 
40 18 - 0,833 
50 14,4 - 0,889 
60 12 0,926 
70 10,3 - 0,952 
80 9 0,972 
90 8 0,988 
100 7,2 - 1 

u 
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3.2.3 - Factor 3 : Specific Economic Impact of a severe accident 

It has been felt that an event should be given a special attention : this is the contamination of 
a full 300 m section of the runnel. The index for this factor is the annual frequency of the event F. 
Up to an authorized limit of about 50 Curies this frequency is 0, above it ranges between 5 to 13 
10-8 per year (F = 5 10"8 x 1800 x f (A)/A, f (A) being given in fig. 3. So it appeared reasonable to 
have a linear utility function on this range. However, there is a step in the utility when the event 
becomes possible, even though highly improbable. This justify a drop in the utility function as 
expressed on figures 8 and 9, and table IV. _____ 
TABLE IV: 

A S.loSxlSOO f(A) F U3(A) 
A 

10 Ci 90 E-7 0 0 1 
20 45 - 0 0 1 
30 30 - 0 0 1 
40 22,5 - 0 0 1 
50 18 - 0,025 4,5 E-8 0,500 
60 15 - 0,06 9 E-8 0,222 
70 12,9 --' 0,08 10,3 - 0,142 
80 11,3 - 0,10 11,3 -- 0,080 
90 10 - 0,12 12 0,037 
100 9 - 0,14 12,6 - 0 
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3.2.4 - Factor 4 : morbidity 

The index for the morbidity impact is the annual frequency of morbidity effects. In spite of 
its name, this is actually a mathematical expectation : the product of PI, probability of a release and 
P2, the yearly probability of a morbidity effect knowing an accident as occurred. P2 stands 
therefore of the potential severity of the accident and logically, the utility of the decision makers 
rather deals with this term. The classical solution of the utility theory is to assess first a utility 
function for the "consequence" term : U (P2). The utility for the criteria is thus U= PI x u-
Here, as expressed on fig. 10, it has been considered that morbidity effects are feared (U = PI 2)-
This results in the utility displayed on fig. 11. 



TABLEV : 

A(d) PI P2 u(P2) « t P22 u4(A) = t PI. u(P2) 

10 90 
.20 45 
30 30 
40 22,5 
50 IS 60 15 
70 12,9 
80 11,3 
90 10 100 9 

E-7 1,9 E-2 1 1 
3,8 - 0,970 0,889 
5,6 - 0,919 0,778 
7,5 - 0,848 0,667 
9,4 - 0,758 0,556 
11,3 - 0,646 0,444 
13,1 - 0,515 0,333 
15 - 0,364 0,222 
16,9 - 0,192 0,111 
18,8 - 0 0 

1.88E-2 P2 18.8 E-2 

FIGURE 10 



16 

U4(A) 

0.0 1 i-> 
0 10 20 30 40 50 60 70 80 90 100 

A (Ci) 
FIGURE 11 

3.2.5 - Factor 5 : mortality 

The problem here is just the same as with the previous factor. However as we are dealing 
with mortality instead of morbidity, the psychological impact is likely to be still broader and the 
utility would vary more quickly with the "consequence term". Accordingly a cubic function is then 
considered adequate (fig 12), and as a consequence the variation with the activity (fig 13) depans 
from linearity. 

TABLE V I : 

A(Ci) pt p2 u(p2)=k.p2 3 U5(A) = k. pl.u(p2) 

10 90 E-7 1,9 E-3 1 1 
20 45 3,8 - 0,993 0,970 
30 30 5,6 - 0,974 0,919 
40 22,5 -- 7,5 - 0,937 0,848 
50 18 9,4 - 0,876 0,758 
60 15 11,3 - 0,785 0,646 
70 12,9 - 13,1 - 0,658 0,515 
80 11,3 - 15 0,488 0,364 
90 10 16,9 - 0,271 0,192 
100 9 18,8 - 0 0 
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3.2.6 - Factor 6 : delayed radiological effects 

The index here is the mathematical expectation of the collective dose. The collective dose 
reflects the probability for health effects (cancers and generic effects) to appear within thirty years 
after the accident. As opposed to the short term effects, this kind of impact would remain 
concealed. The same approach used for factors 4 and 5 is pertinent. However, there is no reason 
for a non neutral attitude and the utility function is linear. 

As a result, the utility does not vary with the activity (the consequence is proportional to the 
activity and the probability is in inverse ratio). This factor can therefore be excluded from the 
analysis. 
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3.3 - THE MULTIATTRimrrE UTILITY FITNCnr)|V 

3.3.1 - Assessment of a mullianribute function 

All the attributes (or factors). Le. at this step all the single attribute utility functions must 
now be aggregated. For this purpose there are two main methods based on the use of either a 
multiplicative or an additive function. In this case, the partial utility functions are assumed 
independent on one another because one can form an opinion of an attribute without any 
knowledge of the others. Consequently, the use of an additive multiattribute utility function is 
advisable. 

TABLE VB: 

A (Ci) U1(A) U2(A) TJ3(A) U4 (A) U5 (A) 

10 0 ' 0 1 1 1 
20 0,556 0,556 1 0,889 0,970 
30 0,741 0,741 1 0,778 0,919 
40 0,833 0,833 1 0,667 0,848 
50 0,889 0,889 0,500 0,556 0,758 
60 0,926 0,926 0,222 0,444 0,646 
70 0,952 0,952 0,142 0,333 0,515 
80 0,972 0,972 0,080 0,222 0,364 
90 0,988 0,988 0,037 0,111 0,192 
100 1 1 0 0 0 

3.3.2 - The choice of weighting factors 

The utilities of the various factors for the different values of the authorized nominal activity 
(the decisional options) are displayed on table VII. The point is to devise a set of weightings 
factors for the attributes. It should be borne in mind that all the attributes are a not a matter of 
concern for every decision maker. The managers of the tunnel company, the manufacturers of the 
Technetium generators, the people involved in radioactive material transportation regulation, and the 
average french or italian citizen have different and somewhat conflicting interests on this matter. 
Therefore it is not easy to find substitution rates that might serve as "evident" weighting factors. A 
first analysis has been based on a qualitative assessment of the relative importance of the attributes. 
A further step would consist in devising a set of decisional scenarios which could reflect the 
attitudes of the different people involved. Two classes of criteria have been distinguished. The first 
one encompasses the "strong" attributes, the first one (cost) and the fourth and fifth (immediate 
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health effects). They were assumed to take twice more important than the others. The last attribute, 
the collective dose, had already been eliminated from die analysis since it does no vary with the 
options. Altogether, diese assumptions lead to the multiattribute utility function, which is 
dependent or the parameter of the option (A = authorized nominal activity) through the single 
attribute functions. (Ul (A) ; U2 (A) ; U3 (A) ; U4 (A) ; U5 (A)) as expressed in eq (1). 

eq (1) = U (A) = 0.25 ( Ul (A) + U4 (A) + U5 (A)) + 0.125 (U2 (A) + U3 (A)) 
where Ui (A) is the utility linked to the i* attribute 

4 .pFSIIT,T AND CONCLUSION 

The previous computations and assumptions allow the computation of the utility of the 
various options (see table VTH). Instead of a discrete set of options, a continuous variation of A 
might have been envisaged, as suggested by figure 14. However, the uncertainties in the 
assessment and the requirements for a clear regulation make it sound to stick to round numbers. 

TABLE VIII : 
A (Ci) U (A) 

10 0,625 
20 0,798 
30 0,827 
40 0,816 
50 0,724 
60 0,648 
70 0,587 
80 0,521 
90 0,451 
100 0,375 
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The curve allows to see that the "best" solution is be in the range from 20 to 40 nominal 
curies. The sensitivity analysis implies that three uncenainty sources should be looked after : the 
risk assessment itself, the shape of the single attribute utility function and the weighting factors. 
The attributes 1, 2, 5 are the most reliable from the risk analysis point of view. As regards the 
shape of the single attribute utility function only the attribute 3,4 and 5 might be questioned. The 
analytical solution is quite robust with respect to these shapes. Should the particular figure for the 

utility of attribute 3 have been 0,25 or 0,75 instead of 0,5, the resuite would have been the same. 
Should the power functions have the powers 3 and 4 instead of 2 and 3, the solution would have 
lain in the same range. On the other hand the weighting factors are much more important. When the 
stress is put on the first two attributes the optimum is drifted towards 100 Ci, and it is the other 
way around for the last three attributes. 

Very often, the role of decision aiding techniques in clarifying a decisional problem is put 
forward. Here again this has been the case. The definition of the various factors and attributes, their 
role in the derivation of the result have gready enlightened the situation. What is more specific of 
the Mont Blanc question is the necessity to deal with mathematical expectancies which are constant 
for the attributes of 3 out of the 6 factors. The utility function method has proven to be a pertinent 
approach for this kind of problem. 
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