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ABSTRACT 

 

   Transparency and traceability are key factors for confidence building, acceptability, 

and quality enhancement of the safety assessment, and safety case for a radioactive 

waste disposal facility.  In order to facilitate analysis and promote discussions, all of 

the information used to make decisions should be readily available to stakeholders.  

The information should convey a good understanding of the intermediate decisions 

processes, allowing examination of alternatives and “what if questions”. 

 

In an ideal situation all stakeholders, including scientists and the public, should be 

able to follow the path of a certain parameter, from the beginning where it was 

defined, its assumptions and uncertainties, throughout the calculations until the final 

results of the safety assessment. 

 

One of the main challenges, to achieving such a transparency and traceability, is that 

stakeholders are a very diverse audience, with very different backgrounds.  This could 

require preparation of various versions of the same documentation, which would be 

impractical. 

 

While the linguistic information is of crucial importance to understanding the 

reasoning, it is very difficult to convey the supporting conditions, and consequent 

uncertainties for the selection of parameters values. Even scientists involved in the 

process can become confused due to the overwhelming amount of information that is 

used to support parameter value selection.  The amount of details makes it difficult to 

track the decisions, which lead to the selection of a certain parameter, throughout the 

calculations.  

 

This paper presents a methodology to represent the linguistic information used in the 

safety assessment in terms of mathematical expressions by using the fuzzy sets and 

fuzzy logic tools. This methodology aims to help information to be readily available 

while keeping, as much as possible, the original meaning of the linguistic expressions 
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and, consequently, to be available at any time as a quick reference. This would 

facilitate analysis of alternative values, discussions, and demonstrations, for example, 

at public hearings, for an audience with several different backgrounds. 

 

Through fuzzy logic tools, the translated information will serve as a basis for clearly 

inferring the level of evidence, and consequent confidence, which supports the 

selection of values. With this approach, all the decisions are characterized by the 

respective degrees of membership, or degrees of compatibility, to a certain fuzzy set. 

Through the fuzzy mathematical tools, these degrees of membership can be 

propagated throughout the calculations up to the final result of the safety assessment. 

This methodology can easily be implemented in an Excel spreadsheet where any 

changes in a parameter values, or conditions, can instantly be propagated to the final 

result.  A practical example will be provided. 

 

 

  INTRODUCTION 
 

     In radioactive waste disposal facility safety assessment, the complexity of the 

interactions between many parameters, which are simplified representations of natural 

processes, is an important source of epistemic uncertainty. The difficulties in 

identifying and treating the epistemic uncertainty reduce the transparency and 

traceability of the calculations in the safety assessment. 

 

Due to lack of data, or lack of understanding of the natural processes, very often the 

analysts use linguistic expressions to define site conditions as well as to describe 

processes, which give support to the selections of values for the parameters.  

However, once the values are selected, the information conveyed by the linguistic 

expressions is no longer used and the only information that is kept is the parameters 

values that are input for the models.  This creates a gap in information that could be 

very important for future references in discussions and analysis of alternatives about 

decisions taken during the course of the safety assessment work.  

 

The following text about the geochemistry of Uranium (2) is an example of how 

linguistic expressions can have very important information that could help 

stakeholders understands the decisions for selection of values: 

 
"Under mildly oxidising (e.g. ambient) conditions these radionuclides are sorbed poorly and their 

precipitated forms have a high solubility. Under sufficiently reducing conditions, however, they are 

strongly sorbed and their mineral forms typically have very low solubilities." 

 

This previous paragraph could be easily understood by a geochemist. However, most 

of the stakeholders, or even other scientists, may have difficulty understanding it.  By 

analyzing the paragraph, it can be seen that it conveys information that certainly 

would influence the decisions in regard with the conceptual models and the selection 

of values for the parameters.  

 

Conversely, this same information can not be inferred from the values that had been 
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assigned to the parameters. This is especially true for information that is not 

measurable such as the underlined words in the paragraph.  

 

For example, table 1, shows a series of Kd values for Uranium, as a function of pH. 

Let us consider the interval for pH = 5. The corresponding values for Kd are 25 - 

160,000. It also can been seen that some values for Kd, corresponding to a specific 

pH, can belong to other intervals as well, showing that there may be other causes for 

assignment of values to Kd than just the pH value. In other words, the relation 

between pH and Kd values is not straightforward and can not be defined by a 

function. Rather, the relation could be better defined as a fuzzy relation where both 

pH and Kd are defined as fuzzy sets or fuzzy numbers, see figure 1.   

 

This way of representation allows flexibility such that members from a certain fuzzy 

Kd also have membership to another one. Consequently, the fuzzy relations will 

intersect each other as illustrated in figure 1. 

 

As it will be seen in the next section, the new variables, or fuzzy sets, can be seen as 

linguistic variables. For example, the fuzzy set ~ pH 5 can be referred to as “Low 

pH”, and so forth. 

 

 
 

 
Figure 1: Fuzzy relation between pH  and Kd values. 
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LNGUISTIC VARIABLES  
 

 According to, (Zadeh-a), linguistic variables are variables whose values are 

words or sentences in a natural or artificial language. The words are fuzzy restrictions 

to the numerical values of a numerical variable which constitutes the base of that 

variable. For example, if temperature is a linguistic variable, the values for this 

variable could be cold, very cold, pleasant, warm, and hot. The numerical values or 

base variable, or numerical variable, has the values 0, 1…….40 oC. 

 

Considering the example in the previous section, the variable pH, now a linguistic 

variable, can assume the values “Low pH”, “Medium pH”, etc. The numerical values 

go from 0 to 14, where the linguistic values are flexible restrictions to the numerical 

values. 

 

One of the advantages of this representation is that it is possible to have more 

complex meanings to the relations and, consequently, allows for a better 

representation of the system.   For example, the expression low temperature could be 

represented using a membership function (µ) as in figure 2a while, with the same 

interval of numerical values, the expression very low temperature, can be represented 

as in figure 2b.  

 
 

 

 

 

From the figures 2 a and b, it can be seen that the temperature 7 oC, for example, has 

a higher degree of compatibility to the expression “very low temperature” than to the 

expression “low temperature”.  In other words, a representation of the values based on 

membership functions says much more about the real conditions than just an interval 

of values. 

 

The membership function can also be referred to as a compatibility function, and this 

is what makes this method a more robust representation of a system. The term 

compatibility can also be thought of as realistic because if the data is not considered 

as compatible, with the real situation, then it is not realistic.  
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Figure 2a “Low Temperature” Membership Function Figure 2b “Very Low Temperature Membership Function 
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Applications of the linguistic variables concept 

 

Following is an example of the development of a compatibility function from 

available data and linguistic information. After this approach is applied to all 

parameters, a flowchart can be built showing the effects of changing and propagations 

of degrees of compatibility throughout the calculation. 

 
 

Recommended Kd data for sorption in granitic rocks for U 

 

   This example provides a recommendation of Kd values for U (VI) to be used on the  

safety assessment calculations and is based on work presented in (2). 

 

Sorption is a very complex process that is not well defined. In this geologic setting, 

sorption is a mix of effects from various processes such as CO2 partial pressure, 

competition between different U (VI) species, and pH levels, (2). Therefore, the 

measured values of the distribution coefficient do not represent a single unique 

process.  The experimental results for the distribution coefficient for several different 

rocks (mostly granite) from the repository area are depicted in figure 2.  

 

 
 

 
Figure 3. Ranges of reported distributions coefficients for U(VI) sorption as given in the literature sources for 

oxidizing conditions (all salinities). Adapted from (2)  

 

The authors calculated the "best estimate" value, the 25% and 75% quartiles, and the 

upper and lower limits, where the best estimate is the median of the relevant 

aggregate data set.  These values are given in Table 2. 
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Table 2: Kd (m3/Kg) values for sorption of Uranium on granite rock types under laboratory 

conditions. 

 

 
Nuclide / redox 

state 

Non-Saline Saline 

U (VI) Median 6.3 x 10
-3

 6.3 x 10
-3

 

Kd 25% - Kd 75% 1.5 x 10
-3

 _ 1.6x10
-2

 1.5 x 10
-3

 _ 1.6x10
-2

 

Kd low - Kd high 5.0 x 10
-4

 _ 1.2 x 10
-1

 5.0 x 10
-4

 _ 1.2 x 10
-1

 

 

These results are based solely on the individual measured value of Kd under different 

conditions. By examining the results one can not infer any further information related 

to the tests conditions or to the site conditions.  

 

Due to all of the uncertainties in defining the real processes of sorption of U, we 

suggest sorption to be considered as a fuzzy event that could be better represented by 

a fuzzy number. Therefore, we propose using a fuzzy Kd to represent the process of 

sorption. 

 

Based on (5) the membership function for this fuzzy Kd was calculated and is 

depicted in figure 3. This membership function is the compatibility function for the 

numerical values of Kd as mentioned earlier. Note that the degree of membership for 

the value 6.3 x 10
-3

, which corresponds to the best estimate, is equal to one.  

 

This result was also based on the distributions presented in figure 2. However, a 

compatibility function should also be based on other information (tests conditions, 

etc.) that should be aggregated into this function.   

 

 
 

 

One of the most important pieces of information is how the tests conditions could 

10-4             10-3                                 10-2                                 10-1                
Kd (m3/Kg)              

µ 

µ=1 

Figure 4: representation of a fuzzy Kd for U in granite rock  



    7                                           

affect the results and whether the measured Kd's could adequately represent site 

conditions. Two factors are considered as having important effects on the measured 

Kd.  

 

1- The samples of rock are crushed. 

 

According to, (2), the use of crushed and sieved rock materials is customary for 

sorption measurements. The process of crushing rock samples produces additional 

surfaces for sorption that results in a substantial tendency to overestimate Kd values. 

This is a well-known deficiency of sorption databases, (2). The area of contact will 

increase as the particles become smaller.  

 

Assuming that the largest the area of contact becomes the stronger will be the effect 

of the crushing of the samples on the measurement, we can define the effect as: 

strong, medium or low. 

These terms represent the classification of particles sizes as fuzzy sets.  

 

2- The time of contact between the radionuclide and the samples.  

According to (2), sorption measurements are carried out with contact times that vary 

of from a week to 3 weeks. Occasionally with contact times less than a day and only 

few data relate to contact times longer than a month. Therefore, this will influence the 

bulk of experiments to a greater or lesser degree. 

 

Again, the amount of time can be classified according to a fuzzy classification 

generating the fuzzy sets long, medium or short time of contact. 

 

Now, using this information the fuzzy Kd, previously calculated, can be modified by 

using the tools provided by the fuzzy logic such as fuzzy relations. The degrees of 

interaction between these two factors and the fuzzy Kd can be defined with the help 

of experts, experiments, or both.  

Let's say we have the following results: 

 

IF contact time is "not long" AND rock "is not too crushed (crush level low)" THEN 

Kd Compatibility is Medium with site 

IF contact time is “long" AND rock "is Medium crushed" THEN Kd Compatibility is 

Low with site. 

 

This can be presented in the form of a table as in Table 3.  

 
Table 3: Compatibility of Kd according to the hypothetical effects of the testing conditions. 

Contact time 

 

LOW 

(Short) 

MEDIUM 

(Not long) 

HIGH 

(Long) 

Crush level 

 

LOW MEDIUM FAIR LOW 

MEDIUM FAIR MEDIUM LOW 

HIGH LOW LOW VERY LOW 
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Figure 5 depicts a possible result of the effects of the two factors, time and area of 

contact, on the compatibility function, or membership function of the fuzzy Kd 

previously calculated. Note that this is a type 2 fuzzy set. A type 2 fuzzy set is a fuzzy 

set where the values of membership are itself fuzzy subsets of the interval [0, 1]. The 

blue and red curves are the upper and lower limits of the membership values. 

 

 
 

It should be pointed out that this is just a hypothetical result and if this approach is 

used, a more accurate result would be obtained with the help of experts on each area 

of research.  

 

As can be seen, in figure 4, the interval of values is the same measured by the 

researchers, only the compatibility function is added according to site and test 

conditions. This is valuable information for future discussions of “what if” questions, 

for example. 

 

The same idea can be applied to results presented as probability distributions. The 

concept of compatibility can also be applied to the numerical values of probability of 

an event. If an event is fuzzy, then the probability assigned to this event would also be 

fuzzy. This concept is explained elsewhere, [3, 4], and will not be explained here.  

The results can be presented as "very probable", "not very probable", etc. All of these 

expressions are represented as fuzzy sets. 

 

In the next section we present a more complete example of an application of this 

methodology.  

 

 

 

 

 

10-4             10-3                                 10-2                                 10-1                Kd 

(m3/Kg)              

µ 
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Figure 5: A type 2 fuzzy Kd for U according to the influences of testing 

conditions.   
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APPLICATION FOR PUBLIC DEMONSTRATION 

 

 

Although this approach can be useful for more technical aspects of safety assessment 

such as experts’ discussions and support for decision-making, we think that an 

effective representation of the flow of the information and propagation of the 

uncertainties, throughout the calculation is needed for the public stakeholders.  

 

Thorough the representation of the disposal system as a flowchart, where the input as 

well as the output data are represented as fuzzy sets, we hope to help the public to 

better understand how decisions, such as selection of parameters values and 

assumptions, are made. At the same time this approach is intended to be informative 

and also instructive since it will be possible to change values of input data and see 

how this change will affect the degree of compatibility of the new output numerical 

value and, as at the same time the whole disposal system is represented, people can 

learn how the several sciences are involved in the calculations. 

 

A relatively easy to implement technical approach would be necessary for this 

approach to gain acceptance and the approach would provide valuable gains in terms 

of public understanding of the process.  A simple example on how the concepts 

presented above can be applied is presented next. This example is presented in a form 

of a flowchart that can be implemented on an Excel spreadsheet.  

 

The values of the input are displayed as they are presented on the reports, i.e., 

deterministic values, intervals of values, or probabilistic distributions of values. In the 

fuzzy sets, or compatibility function, developed for each parameter, each numerical 

value corresponds to a degree of membership. These degrees of membership can be 

represented by colors. In the case of a type 2 fuzzy set, the lowest degree of 

compatibility will be shown, to be conservative.   

 

As part of the analysis, assume that it has been agreed that all the degrees of 

compatibility equal or higher than 0.8 are represented by shades of blue. Degrees of 

confidence between 0.6 and 0.8 are shades of green and degrees of confidence lower 

than 0.6 are in shades of red. 

The following example is based on a hypothetical low and intermediate level waste 

repository and the details are reported in [6].  

 

The Disposal Unit Source Term (DUST) code [7], which predicts the release and 

transport of radionuclides from a waste disposal facility, is used for the system 

modeling because of its capability to handle the transport parameters important to this 

analysis.   This code uses finite differences for calculating transport of radionuclides 

from the waste packages to the bottom of the repository and to the near field, i.e., the 

source term.   

 

The release to the environment (e.g. source term) can be represented as a function of 

input data as follows: 
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By applying the extension principle to the above equation the degrees of membership 

of the input data can be propagated to the result, or output, in this case the source 

term. The system can also be thought of as fuzzy relation between input and output. 

 

The following data will be translated into fuzzy sets for the development of this 

example: 

- Inventory, and waste release processes. 

- Radionuclide transport, represented by distribution coefficient – Kd. 

- Concrete useful life.  

- Containers useful life 

 

We would like to point out that this is a screening analysis and for a real project much 

more complex models may be needed to do the calculation, but the principles would 

be the same. 

 

The following data were used in this example, [6]: 

 

Radionuclide: Cs-137 source 

 

The proposed repository is above grade with a soil cover. It is 60 m in length, 20 m 

wide and 5 m deep. The bottom of the repository is 4 m above the aquifer.  

 

Solubility: 10 mg/cm
3
 default in the DUST code. This value is high enough to ensure 

that solubility limits do not influence release.  

 

Diffusion coefficient: A conservative value of 10
-6

 cm
2
/s.  

 

Dissolution rates: Fractional release rate is considered as 10
-5

/yr.  

 

Infiltration 

1e-8 cm/sec before barrier failure 

1e-6 cm/sec after failure 

Soil density = 1.6 gm/cm
3
 

Concrete density = 2.0 gm/cm
3
 

Moisture content (of backfill) = 0.36 

 

Equations 1 - 7 are fuzzy sets generated through a similar process shown in the 

previously sections. These equations are representations of a fuzzy set, where the top 

number is the membership function and the bottom number is the numerical value of 

the parameter.  
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Equation 1 represents the confidence function for Kd values: 

 

1510

08.0
,

510

023.0
,

405

89.0
,

119

96.0
,

74

0154.0
Kd

   (Eq.1)    

 

 

Equations 2-4 represent the fractions of release process of the waste form after the 

container failure. The sum of the three fractions should be one, however, as these are 

fuzzy sets, which are allowed to intersect each other, some times the sum to be higher 

than 1. Note that the calculations using the DUST code are done a value at a time, and 

the sum of the three values in that case should be 1.  
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   (Eq.2) 
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    (Eq.3) 
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      (Eq.4) 

 

Equation 5 represents the amount of time for the container failure. In this example it 

will very confidently last for 50 years and reasonably confidently last for 100 years. 

There is no confidence it will last for 500 years. 

 

500
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,
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,
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9.0
lifetimeusefulContainer

  (Eq.5) 

 

Equation 6 represents the confidence function for degradation of engineered barriers. 

In this case there is very good confidence it will last for 300 years. 

     

1000

4.0
,
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8.0
,
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99.0
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   (Eq.6)  

Equation 7 represents the confidence function for the mass release to the environment. 

The mass flux, or source term, is calculated with the DUST code having all the other 

parameters as input. Originally the DUST code makes a deterministic calculation but, 

with help of the extension principle, it is possible to build the output as a fuzzy set. 

 

34.5

1.0
,

22.5

33.0
,

13.5

5.0
,

04.5

1
,

99.4

5.0
,

99.4

33.0
,

9.4

1.01
10FluxMass

  (Eq.7) 
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The figure 5 depicts an outlook of the flowchart with the input and output data. This 

was kept simple in order for the results to be easily observed. On a more complex 

project this could be implemented on an Excel spreadsheet. 

 

 
Figure 5: Flowchart with the data used to represent the disposal system. 

 

The use of the fuzzy sets allows flexibility to the user, i.e., trying new values, within 

an interval, and sees their effects propagate along the path to the final result. 

Remember that this calculation is about propagation of degrees of compatibility using 

the extension principle. This means that it is possible to track the propagation of the 

degrees of compatibility throughout the flowchart up until the final result.  

 

Figure 6 shows another example about the changes in the parameter values. 

According to equation 3 the mechanism of waste release by dissolution is considered 

compatible for values in the interval 6-15. If it is changed to 0, it is not compatible 

and the cell turns to red. But the other values for release also have to be changed in 

order to keep it consistent. Then, let's say the rinse is changed to 70. This is 

considered fairly compatible according to equation 2, and then the color green. The 

diffusion mechanism is within the range of compatibility > 0.8 and therefore kept 

blue. 
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Figure 6: Flowchart showing colors changes 
 

CONCLUSIONS 

 

An approach to take linguistic data based on site and test-specific conditions to 

develop a fuzzy representation for the parameters was developed. This representation 

helps to quantify the degree of confidence in a particular value and its effects on the 

results. This methodology has the following advantages: 

 

1- It helps to identify the similarity between the overall site conditions, i.e. where the 

data were used, and those conditions that supported the definition of the data. This 

procedure can enable a degree of compatibility, or truth, for the values to be 

established. 

 

2- It helps in the "what if" analysis, where data can be changed and their effects on the 

results analyzed. 

 

3- It helps people from different background to make sense of the information  

 

4- It enables a quick access to the most information as possible as easily and simply as 
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an Excel spreadsheet. 
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