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Can long term safety be evaluated? This is the title of an International Collective Opinion document
issued in 1991 jointly by the Radioactive Waste Management Committee of OECD/NEA and the
International Radioactive Waste Management Advisory Committee of IAEA [OECD, 1991a]. The
two committees confirm that safety assessment methods are available today to evaluate adequately
the potential long-term radiological impacts of a carefully designed radioactive waste disposal
system on humans and the environment, and consider that appropriate use of safety assessment
methods, coupled with sufficient information from proposed disposal sites, can provide the technical
basis to decide whether specific disposal systems would offer to society a satisfactory level of safety
for both current and future generations.

In the planning and implementation of projects for final disposal of radioactive waste, two basic
premises have been stressed:

• Our generation has a responsibility that future generations should be protected against
radiological hazards to at least a level that is acceptable today.

• The long-term safety of the disposal system selected should be convincingly demonstrated prior
to disposal.

It is obvious that the second of these points is the core of safety and performance assessment; the
demonstration and building of confidence that the disposal system meets the safety requirements
stipulated by the society. The major difficulty is to deal with risks in the very long time perspective
during which the waste remains hazardous. In the past, several attempts have been made to analyse
the safety of disposal systems over time scales far beyond the normal horizon of social and technical
planning. These attempts have caused debate on the feasibility and scepticism about the results of
the analyses. The following three important questions arise:

• Can the behaviour of the disposal system and its potential radiological impacts on humans and
the environment be sufficiently well understood over many thousands of years?

• Can the scientific community and the competent authorities be convinced that the predicted
behaviour is representative of what might actually happen?

• Can the potential radiological impacts and the means for estimating these impacts be illustrated
to a wider audience in a transparent way?

The need to be able to respond to these questions has stimulated the development and growth of the
safety assessment discipline with the interrelated elements:

• Broad identification of the future evolution of the selected disposal system (scenario
development),

• Development and application of appropriate models,
• Evaluation of potential radiological consequences in an integrated assessment,
• Uncertainty and sensitivity analysis,
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• Validation and review of all components of the assessment,
• Comparison of results with criteria, and
• Documentation of the assessment.

These elements need to be adapted to the purpose of the assessment and to the type of criteria to be
met. Also, it is essential that the waste to be disposed of and the disposal system selected is properly
identified and characterised. In the following subsections the elements Uncertainty and sensitivity
analysis and Validation and review are described in more detail

Uncertainty and sensitivity analysis
Assessments will always be associated with uncertainty. Many uncertainties can be reduced by
collecting more data and by developing the models used further. Inevitably, however, there will be a
residual uncertainty that needs to be understood, described and as far as possible quantified.
Uncertainties arise because of limitations in the conceptual understanding of the processes and
scenarios analysed (or from incompleteness in the scenario development process), from
imperfections in the translation of the conceptual models into mathematical and numerical models
and from inexactness in the determination of the values of the model parameters. Different methods
exist to evaluate these uncertainties. The scientific discipline dealing with evaluation of uncertainties
is called uncertainty analysis. A related discipline, sensitivity analysis, provides a means to identify in
which areas the need for reducing uncertainties is greatest.

Uncertainty analysis
Uncertainties can broadly be classified as uncertainties in the conceptual model or as
uncertainties in parameter values. Although this distinction is very useful in practice, it is to
some extent artificial, since the difference between two alternative conceptual models can be
the value of an indicator parameter. For example, the radionuclide transport through the near-
field barriers can be modelled either as advection or as diffusion. In reality the two phenomena
occur in parallel. However, depending on the value of the water flow rate through the barrier,
diffusion or advection dominates over the other phenomenon as a transport mechanism. In this
case it is obvious that if there is a lack of knowledge about the actual value of the flow rate,
the choice of transport model becomes uncertain.

Uncertainties in simple, readily quantified parameters can usually be to some extent quantified.
There are hardly ever instances when nothing is known about the values of the model
parameters. In practice, one will, based on available information, recognise that some
parameter values are impossible, some values are unlikely, some values are possible and some
values are highly likely, and so on. Based on this, a probability density function can be defined,
which expresses the probability that the parameter has certain values. Special techniques have
been developed for attempting to elicit such probability densities by structured questioning of
groups of experts. However, it should be stressed that the resulting probability densities are
just (very) educated guesses. By its nature uncertainties can only be reduced by gaining more
information. Such information can ultimately only derive from measurements on the real
system.

Mathematically uncertainties are expressed as a probability density function or, more
commonly, as a cumulative probability distribution of a model output, e.g. a flow rate, a
groundwater travel time, a radionuclide release rate, etc. This is calculated by running the
model many times, each time with new parameter values that have been sampled from the
parameter probability density functions. The probability of a model output being lower than a
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given value can then be calculated as the sum of the probabilities of all runs yielding a model
output value that is lower than the given value. In the simplest case, Monte Carlo sampling, the
probability of each run is 1/N where N is the total number of runs performed.

A special kind of uncertainty derives from the variation of a property in space. It is evident that
complete knowledge of the spatial distribution of a parameter, for example the hydraulic
conductivity, can never be achieved by a limited number of measurements. Quantitative
treatment of this kind of uncertainty is more complicated than the treatment of uncertainties in
simple model parameters. It should be noted that whereas one accurate measurement of a
homogeneous parameter suffices to eliminate the uncertainty associated with that parameter,
many accurate measurements may be needed of a spatially varying parameter to eliminate the
associated uncertainty.

Geostatistics is one approach to handling spatial variability. In this approach the studied
parameter is taken to be a random field. The values measured at different points are assumed
to be correlated, with a correlation that decreases with distance. Techniques have been
developed to generate different realisations of the random field from the statistical distribution
of parameter values including the spatial correlation. The Turning Bands method is one way of
doing this. Also, methods have been devised to estimate the value in a point given a grid of
measurement values. The Kriging method is the most commonly used interpolation method
used in this context of doing this.

Sensitivity analysis
Uncertainty analysis is used to evaluate the global uncertainty in a model output with respect
to all model parameters. Questions posed in sensitivity are typically "What happens with the
model output if a single parameter is changed by a certain percentage?" or "Which parameters
are important, i.e. have a large influence on the model output?"

The simplest way of performing a sensitivity analysis is to offset the values of the model
parameters one by one and to calculate the corresponding change in model output. This will
require one model run per parameter studied.

Other techniques that can be used are calculation of local sensitivity coefficients, evaluation of
response surfaces, correlations, regressions or the adjoint technique.

Validation and review
The validity of the information (data) and models used to make predictions is central to the
credibility of safety assessment for radioactive waste repositories. Validation and review are two
ways of building confidence in the assessment results. Model validation is the process of assuring
that the models adequately represent the real system behaviour.

The meaning of the term "model validation" has been discussed and debated in many
international contexts. Several organisations have tried to define the term by simple phrases.
For example, IAEA has devised the following definition:

"Validation is a process carried out by comparison of model predictions with
independent field observations and experimental measurements. A model cannot be
considered validated sufficient testing has been performed to ensure an acceptable level
of predictive accuracy. (Note that the acceptable level of accuracy is judgmental and will
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vary depending on the specific problem or question to be addressed by the model)
[IAEA, 1988] r

This definition states that validation involves comparison between model results and
experimental results and that the models should have acceptable level of predictive capability.
It also states that validation is a process. This validation process is discussed below and some
aspects of validation methodologies are highlighted. The discussion has been derived from the
conclusions from several international projects that have dealt with model validation during the last
about 15 years. One of the more comprehensive efforts towards model validation has been the
INTRAVAL project which was initiated be the Swedish Nuclear Power Inspectorate, SKI, in 1987
and finalised in 1993 [OECD, 1996].

A model can be said to be a theory and a set of rules that relate quantities in the model to
observations that we make. A good theory or model is one that satisfies two requirements: it
must accurately describe a large class of observations based on only a few arbitrary elements
(input parameters), and it must make definite predictions about the results of future
observations. Thus, showing that the model is useful by demonstrating that it can make
acceptable predictions lies at the core of validation. In order to build confidence in a model, it is
necessary to demonstrate that it:

• builds on sound scientific reasoning,
• is based on accepted scientific principles and
• identifies those aspects of the problem formulation that are potential sources of uncertainty

Early in the INTRAVAL project it was obvious that validation is a purpose and situation
specific issue. There is therefore no such thing as a "validated model" that, after having been
validated, can be used indiscriminately. One important aspect of the validation process is thus
to define the range of applicability of the model. The degree of confidence that can be
attributed to the models will then depend on many different factors such as:

• the appropriateness to the geological site or environment where they are being used,
• the level of understanding and competence with which the models are applied,
• the quantities that are being predicted,
• the way this information is to be interpreted (e.g. in a regulatory sense) and presented, and
• the way the models are supported by peripheral information (often soft information, i.e.

information that cannot be readily measured, e.g. evidence that certain processes have been
active over long time periods, evidence of predominance of certain retardation
mechanisms, etc.).

From what has been said it is obvious that validation is closely related to the scientific process
itself. The validation is a lengthy and iterative process testing of the model on different
experiments and sets of data plays an important role. The point in this process when a model
can be regarded as sufficiently validated is ill defined.

The approach to validation taken by the INTRAVAL project let the project groups analyse a
number of test cases using different models and analysis techniques. Each test case was based
on a laboratory experiment, a field experiment or investigations on a natural system (a natural
analogue study). All data from the experiments were made available to the project teams. In
some the test cases a possibility of carrying out additional measurements or experiments was
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offered, in order to optimise the data set with respect to model validation. In fact, analysis of
data and experimental set-up with respect to unanticipated biases and artefacts introduced by
errors in the experimental design was a central issue at the start of the project. As the project
progressed, the emphasis was shifted towards the development of validation procedures.

The test cases were relevant to a wide range of model concepts and physical situations
including:

• groundwater flow and radionuclide transport in hard, fractured rocks,
• natural radionuclide migration systems ("natural analogues"),
• variable density flow in brine-rich formations,
• movement of groundwater, air and radionuclides in unsaturated rocks and soils, and
• advection and diffusion in sediments and in sedimentary rocks.

The approach taken to evaluate the validation issues was to evaluate the results of related test
cases using different conceptual models. This meant answering, for example, the following
questions:

• does the conceptual model address all relevant processes?
• is the geometrical structure of the system well described by the model?
• are the underlying assumptions made in the conceptual model valid for the specific physical

and chemical environment being evaluated?
• is the model able to simulate in an adequate manner appropriate experiments and field

conditions?
• are spatial and temporal scales of the experiments or the field tests possible to incorporate

into the conceptual model?

The next step involved the more specific tasks of:

• defining clearly the structure of the model in terms of incorporated processes, boundary
conditions and initial conditions,

• identifying which parameters would be required and a procedure for producing estimated
values where data were missing,

• constructing sampling strategies to obtain the requisite data, and
• comparing the extracted parameter values with independent information and checking

whether a consistent picture emerged.

One way of quantitatively validating a model is to split the experimental data set into one part
that is used for model calibration and one part that is used for comparison with model
prediction. Different quantitative measure can then be applied to determine the acceptability of
the fit between the prediction and the experimental data. In the INTRAVAL study it was
shown that the results from such analyses sometimes depended very strongly on what criterion
that was used for evaluating the fit.
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