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SYNTHÈSE :

Au cours des dix dernières années, on s'est de plus en plus intéressé, à EDF, au
développement et à l'application des méthodes probabilistes dans différents domaines.
Dans le domaine de l'intégrité et de la fiabilité des structures, elles servent à évaluer
les effets de dégradation dus aux mécanismes de vieillissement des principaux
composants passifs comme les générateurs de vapeur, les cuves et tuyauteries sous
pression des centrales nucléaires. Etant donné le grand nombre d'incertitudes
impliquées dans l'évaluation des performances de ces composants passifs, les
méthodes probabilistes fournissent une solution attrayante alternative ou
complémentaire aux méthodes déterministes conventionnelles.

Les avantages de l'approche probabiliste sont un traitement clair de
l'incertitude et la possibilité d'effectuer des études de sensibilité à partir desquelles on
peut identifier et quantifier les effete des facteurs influents et des actions correctives.
Elles fournissent ainsi des informations importantes à l'appui de décisions effectives
en vue d'optimiser les stratégies de planification des inspections en service et de la
maintenance, et permettent une prédiction ou réévaluation réaliste de la durée de vie.

Le but de cette note est d'exposer et d'illustrer les méthodes disponibles à EDF
pour une prédiction réaliste de la durée de vie. On y trouvera une présentation des
outils logiciels d'évaluation de la fiabilité selon les méthodes classiques, bayésiennes
et de fiabilité des structures, et de leur application à deux études de cas (faisceau de
tubes de générateur de vapeur et cuve de réacteur).
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EXECUTIVE SUMMARY:

In the last decade there has been an increasing interest at EDF in developing
and applying probabilistic methods for a variety of purposes. In the field of structural
integrity and reliability they are used to evaluate the effect of deterioration due to aging
mechanisms, mainly on major passive structural components such as steam generators,
pressure vessels and piping in nuclear plants. Because there can be numerous
uncertainties involved in an assessment of the performance of these structural
components, probabilistic methods provide an attractive alternative or supplement to
more conventional deterministic methods.

The benefits of a probabilistic approach are the clear treatment of uncertaintly
and the possibility to perform sensitivity studies from which it is possible to identify
and quantify the effect of key factors and mitigative actions. They thus provide
information to support effective decisions to optimize In-Service Inspection planning
and maintenance strategies and for realistic lifetime prediction or reassessment

The purpose of the paper is to discuss and illustrate the methods available at
EDF for probabilistic component life prediction. This includes a presentation of
software tools in classical, Bayesian and structural reliability, and an application on
two case studies (steam generator tube bundle, reactor pressure vessel).
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PROBABILISTIC APPROACHES TO LIFE PREDICTION
OF NUCLEAR PLANT STRUCTURAL COMPONENTS

Benjamin Villain, Patrice Pitner & Henri Procaccia
ELECTRICITE DE FRANCE, Research and Development Division

25, Allee Privee, Carrefour Pleyel, 93206 Saint-Denis Cedex 1
France

1. WHY EDF USE PROBABILISTIC METHODS AS AN
ALTERNATIVE TO CONVENTIONAL DETERMINISTIC
METHODS ?

Taking account of aging in its French nuclear plants, for several
years EDF has been interested in the use of powerful reliability
analysis methods capable of helping with decision making concerning
estimates of the lifetime and extension strategies of components
considered to be sensitive (reactor pressure vessel, steam generator,
piping, etc.), and optimization of preventive maintenance programs
and in-service inspection campaigns. These decisions must be made
respecting the threefold safety-performance-cost constraint. Failure of
these sensitive components can have serious consequences on
availability and safety of the installation taking into account of the
fact that the risk may increase with time due to various forms of
degradation including corrosion, fatigue and embrittlement by
irradiation or thermal aging.

Extending the life of a component thus depends on whether or not
it is possible to estimate and predict its residual life, taking into
account of all the information available at the design stage and during
operation. The main objective is to be able to describe how the risk of

failure varies with time (failure probability) using a probability
distribution that depends on various parameters that influence the
risk. Furthermore, if this residual life or risk of failure can be
evaluated accurately, it would be possible to optimally determine
preventive maintenance and in-service inspection intervals to keep
the risk at an acceptable level and to achieve the target life at
optimum cost and without reducing the performance of the plant.

But the main problem making it difficult to evaluate the residual
life or the risk of failure of a critical component is the presence of
numerous sources of uncertainty (material properties, load, geometry,
etc.) which must be taken into account at the design stage and
throughout operation. There are two general methods of addressing
these uncertainties when predicting the performance of components :
deterministic and probabilistic.

Deterministic methods traditionally used in the nuclear field at the
design stage are mainly based on a regulatory and coded approach.
They usually guarantee integrity of components by including a
number of conservative assumptions on data and mechanistic
degradation model to predict typically one very conservative
performance attribute through safety margins. The conservatisms
introduced in conventional deterministic analysis are acceptable as



long as the margins are high, but with aging, the pessimistic
assumptions give results too far from reality to be applicable to
lifetime strategies and they can drew unnecessary priorities.
In order to deal more precisely with the various uncertainties and to
avoid accumulating pessimistic assumptions, EDF uses several types
of reliability analysis to produce more realistic and consistent
estimates. We will see that the choice of type of reliability analysis
methods depends on available information and its nature (survival
data, expert judgments, mechanical degradation mechanisms, etc.)
and questions asked.

The first analysis method used is the Classical Reliability Analysis
(CRA) that depends on univariate or multivariate statistical
processing of observation data (in other words multicensored survival
data) available as a result of experience feedback, in other words
observation of failures or lack of failures that occurred on components
during operation.

If survival data are rare (limit of the classical analysis), the
Bavesian Reliability Analysis (BRA) can be used to mitigate this lack
of "objective" data derived from the observation of identities assumed
to be similar, by taking account of "subjective" data derived from an
expert interrogation. This type of analysis can be perfectly integrated
into a decision making procedure, it can take new information into
account (for example the result of an in-service inspection) to update
the evaluation of the probability of a component failure.

But when we consider rupture of a structural component, we are
considering extremely rare events that cannot be assessed with the
first two methods due to lack of observation. This is why the
probabilistic Structural Reliability Analysis (SRA) is also considered.
This analysis is based on an understanding of failure mechanisms and
consists of introducing all influential uncertainties into
"deterministic" mechanical models, in the form of random variables.
In addition to the estimate of the probability of rupture, the SRA can
include sensitivity studies to evaluate the impact of the various
sources of uncertainties, to identify key parameters, to optimize in-
service inspection or maintenance programs of passive structural
components.

Special purpose or general software tools have been used and
developed at EDF in order to implement these three reliability
analysis methods. They will be presented in this paper, together with
the main applications that have been used at EDF :

-optimization of in-service inspections, maintenance operations
and the life of steam generators;

- probabilistic analysis of the risk of fast fracture of a nuclear
reactor vessel containing inner surface flaws and subjected to a
thermal transient.

2. RELIABILITY ANALYSIS METHODS USED AT EDF
As we will see, the three types of reliability analysis carried out at

EDF evaluate the probability of failure of structural components that
may be critical for safety or availability, as a function of age. It will
then be possible to deduce the residual life by comparing this
probability with a target value given by an acceptability criterion, in
other words a safety level that must not be exceeded. More generally,
the reliability analysis carried out may be input into models derived
from the decision theory.

2.1. The Classical Reliability Analysis
It is important to remember that the main difficulty of analyzing

data derived from experience feedback (inspections, tests, operations)
is a result of their particular statistical nature. These are
multicensored data since they are analyzed before all observed
components have failed (right censored). Moreover, components are
not put into service at the same time and may not fail at the end of
their life. Finally degradation or failures are only observed a
posteriori during in-service inspections (censored by interval). Also,
populations that may be homogeneous or heterogeneous are analyzed.
Therefore, sophisticated statistical survival analysis methods have to
be used. At EDF, we are particularly interested in univariate
parametric and multivariate semi-parametric methods (Lawless,
1982).

A univariate analysis of survival data derived from populations
assumed to be homogeneous consists of choosing a simple parametric
model (2 or 3 parameters) capable of describing and predicting the
life of a component. The most frequently chosen life models for aging
components are the Weibull, gamma and lognormal models. Starting
from the choice of reliability model, the objective is to estimate
parameters making use of available survival data. The classical
estimating method is the Maximum Likelihood Estimation. Whenever
possible, we are also interested in evaluating confidence intervals for
the estimator, carrying out suitability and comparison tests.

The problem with this type of analysis is due to the fact that its
relevance is directly related to the amount of data available.
Therefore the described events must occur sufficiently frequently so
that they are sufficiently reliable for estimators. Confidence intervals
and assumption tests are particularly difficult to obtain taking account
of the censored nature of the data. Finally, in this type of analysis the
life prediction which is very important for the reliability estimator
who is attempting to make decisions about maintenance or
inspections, is frequently a simple extrapolation of the past to be
handled with a great deal of caution.

A multivariate analysis of survival data consists of generalizing the
univariate analysis to populations of heterogeneous components in
order to take account of the influence of explanatory variables. This
analysis is done using regression models like Cox's Proportional
Hazards model (Cox et al , 1984) in which aging is described by a
semiparametric distribution that acknowledges that the time of failure
depends on several explanatory variables (material heterogeneity,
different operating conditions, etc.). A special case of this type of
model is the Weibull regression (fully parametric case).

The main advantage of a multivariate analysis is that it can identify
qualitative or quantitative variables that have a significant effect on
the life, and can quantify this effect and express the reliability of the
component as a function of these explanatory variables. This is an
exploratory type of analysis and is very useful for understanding a
degradation phenomenon which can also be predictive in the case of
the Weibull regression. However, note that multivariate analyses
need even more observations than a univariate analysis, since
regression parameters of explanatory variables have to be estimated
at the same time.

2.2. The Bayesian Reliability Analysis
Faced with the limits of the Classical Reliability Analysis in

processing multicensored, heterogeneous, and particularly rare



survival data for structural components, EDF decided to develop BRA
methods. This analysis is based mainly on a Bayesian statistical
processing of data (Berger, 1988) which can be used to make an
inference starting from a parametric reliability model. The main
assumption of a Bayesian analysis is that it considers the parameters
of the reliability model to be uncertain and therefore random. The
objective is to choose or build a prior distribution using these
parameters based on available knowledge (expert opinions or
experience feedback from equipment considered to be equivalent).
The analysis predicts the reliability at different mission times by
doing a Bayesian predicted reliability calculation, and a Bayesian
estimate of the parameters of the chosen model (Barlow et al., 1993).

The Bavesian Reliability Analysis is particularly suitable for
reliability decision making (Lindley, 198S). Its main advantage is that
it allows mixing of information, in other words enrichment of the
small amount of "objective" survival data by taking account of
"subjective" data derived from interrogating experts (see figure 1).
Processing of events with a small probability (rupture of structure)
very frequently requires an expertise.

Updating

Figure 1 - The Bayesian inference mechanism

Therefore it is possible to have a predictive approach taking into
account of new factors that can influence the reliability of a
component, for example equipment design or operation changes and
maintenance effects applied to the component. The influence of these
factors will be evaluated by component experts to build up a prior
distribution as close as possible to their intuition. Furthermore, with
the Bayesian inference, the reliability calculation for the structure can
be updated based on new observations (inspection results, test results,
etc.), during its life.

2.3. The Structural Reliability Analysis
The SRA concerns extremely rare events for which other analysis

types are not applicable. At EDF, these events are mainly ruptures of
structural components that are critical for the nuclear part and are
located in the pressurized containment (reactor vessel, piping, steam

generators, etc.). Little international experience feedback of failure is
available for this type of event.

This analysis is based firstly on knowledge of degradation
mechanisms (embrittlement due to radiation, fatigue, stress corrosion,
corrosion-erosion, etc.). Models of the rupture itself are based on
deterministic analyses of degradation mechanisms. Since the rupture
cannot be observed, the mechanism of its appearance is modeled
mechanically, taking into account of the uncertainties, in order to
estimate the risk of occurrence. Mechanical rupture models thus
obtained provide an image that must be realistic and representative of
the problems studied.

Consequently, the SRA (Madsen et al., 1986) gives an even more
realistic and detailed image of the situation than the deterministic
analysis (see figure 2). This is due to the fact that the variation in the
probability of rupture of a structure during its life can be defined
starting from a clear and probabilistic treatment of all uncertainties
and dispersions on basic variables in the deterministic model. These
uncertainties are derived from various sources:

- the variability of properties of materials used in manufacturing;
- sizing (geometry);
-degradation mechanism (load variations, potential presence of

defects);
- - information provided by in-service inspections (measurement
error by NDE, detectability);

- the effect of preventive maintenance operations (repair, shot
peening of the SG tube).

These uncertainties about basic variables in the deterministic
model are taken into account in the analysis in the form of random
variables. The objective is to translate knowledge about these
uncertainties as accurately as possible by probability distributions
(histogram, parametric distribution). This model is an important step
in the analysis that requires special care.

Furthermore, different inspection or operation scenarios could be
tested, and the effect of different strategies on the risk and the life can
be quantified.

Statistical data.
Feedback knowledge

Expert
judgments

Deterministic Mechanical
model of degradation

Updating with
parameter observation

Failure probability,
Sensitivity analysis

General Updating with
IS! results or Lifetime data

Figure 2 - The simplified structure reliability analysis
diagram



Another advantage of this analysis is that it provides a
quantification of the influence of these uncertainties about the
probability of rupture. Thus, it is possible to concentrate solely on the
main uncertainties and to carry out sensitivity studies to evaluate the
effect of reducing them. If the uncertainty on a model variable has an
important impact, Bayesian techniques can be used to increase the
small amount of statistical knowledge by expert opinions, or updating
can be done following every new observation on the variable.

With these techniques, it is also possible to take account of new
observations derived from in-service inspections (residual thickness
of a pipe, length of a crack), loading tests carried out on the structure
or structure survival data. The reliability calculation is then updated
to give more precise estimates of the life, taking account of
uncertainties on these observations (measurement error) (Madsen,
1985).

3. SOFTWARE TOOLS USED

3.1. The Classical Reliability Analysis
The SAS software (SAS, 1990) is the main statistical tool used at

EDF to carry out classical reliability analyses described briefly in
chapter 2.1.

An application of the univariate analysis was made using the
LIFEREG procedure to predict the residual life of Steam Generators
in 900 MW PWR reactors by modeling the reliability of tubes using a
Weibull distribution (Pitner, 1988).

The multivariate analysis is carried out using the PHREG
procedure for the Cox's Proportional Hazard model and with the
LIFEREG procedure for the parametric regression model (Weibull).
A multivariate analysis of the effects of shot peening on tlie life of
Steam Generators in 900 MW PWR reactors quantified the influence
of the tube treatment and identified the effect of various parameters
on the efficiency of the treatment (Pitner et al., 1993a).

3.2. The Bayesian Reliability Analysis
Several difficulties in implementing this type of analysis were

envisaged during the development of tlie tools ; numerical
integrations when reliability models with two parameters (Weibull,
gamma) are available, tlie choice or construction of a prior
distribution as a function of available information (expert judgments,
experience feedback from similar components). The construction of
an a priori law is difficult particularly when knowledge is almost
zero. The objective is to translate subjective and qualitative
knowledge of interrogated experts as accurately as possible.

In a Bayesian reliability analysis, the life of a component is
evaluated using calculation programs developed at EDF in
cooperation with ENEA, in which practical solutions were provided
to solve difficulties specific to this type of analysis.

The ARCS "Age Reel des ComposantS" (Real Age of Components)
software (Clarotti et al., 1994) evaluates the "intrinsic" reliability of
repairable components that fail according to a Weibull model based
on survival data, expert opinions about the life and taking account of
the maintenance effect. This effect was modeled by a random
reduction in the component age. The density of this reduction is built
in tlie form of a histogram from an influence diagram and expert
opinions. It was applied to assist in optimization of intervals of

maintenance tasks on regulating valves in 900 MW PWR nuclear
power plants.

The IBW "Inference Bayesienne a partir d'un modele de vieil-
lissement de Weibull" computer program (Clarotti et al., 1996)
(Bayesian Inference using a Weibull aging model) determines the
predicted reliability of non-repairable components failing according to
a Weibull model, using rare survival data and expert opinions about
the life. This code required the use of powerful algorithms in order to
overcome numerical problems involved in the Bayesian calculation of
the predicted reliability. It was used to estimate the life of Steam
Generator tube bundles using rare inspection data.

3.3. The Structural Reliability Analysis
Apart from a clear model of rupture mechanisms and knowledge of

the input data, application of this type of analysis requires a tool
capable of making a reasonably easy numerical estimate of the
probability of failure. Recent approximation techniques developed in
the 1980s to evaluate the probability of ruin of a large structure
(offshore, bridges, etc.) can now quickly evaluate low probabilities in
cases in which traditional Monte Carlo simulation methods are
limited.

These methods have been implemented in the PROBAN software
(Olesen, 1992) (PROBabilistic ANalysis) developed by Det Norske
Veritas. This software is a generic tool used at EDF that provides a
number of methods adapted to different types of probability analysis;
calculation of probabilities, distributions, sensitivity studies,
updating.

The COMPROMIS "COde de Mecanique PRObabiliste pour
optimiser la Maintenance et 1'Inspection en Service" software (Pitner,
1993b) (Probabilistic Mechanics Program for Optimization of Main-
tenance and In-service Inspections) was developed by EDF to quantify
the influence of in-service inspections and maintenance actions on the
risk of rupture of a tube. This tool assists in optimizing the in-service
inspection strategy, and the maintenance and replacement policy for
900 MW SGs. It can now deal with longitudinal and circumferential
stress corrosion cracking. The numerical methods used now are
accelerated Monte Carlo simulations (stratification).

The following describes two examples of applications of the SRA,
one for the determination of tlie probability of brittle rupture of a
vessel using the PROBAN software, and the other for optimization of
maintenance using the COMPROMIS program.

4. APPLICATIONS OF THE STRUCTURAL RELIABILITY
ANALYSIS

4.1. Optimization of the maintenance of PWR steam
generator tubes

Steam generators (SG) in pressurized water reactors (PWR) in all
parts of the world have experienced various types of degradation of
their tubes, the main causes of which are corrosion (stress corrosion
cracking) and mechanical mechanisms. The need for a very high de-
gree of reliability has led to growing use of In-service inspections as a
means detecting and tracking defects before they reach a critical size,
and to the plugging of a larger and larger number of tubes.

Two main objectives are ascribed in SG tube maintenance :



- for reasons of safety (risk), keeping the probability of a tube
rupture at a very low level imposed by the design rules. This
therefore entails defining actions capable of offsetting the increased
risk caused by damage of the tubes;

- for reasons of availability (costs) limiting the number of shut-
downs caused by out-of-specification primary to secondary leakage.

However, since the total number of tubes involved is very large, the
non-destructive examinations (NDE) and remedial actions (shot
peening, etc.) must neither increase costs prohibitively nor exces-
sively shorten SG life; replacing a steam generator is a difficult and
expensive operation.

These considerations have led EDF to develop the probabilistic
fracture mechanics code COMPROMIS, of which the main objective
is to make it possible to quantify the effects of in-service inspections
and maintenance work on the safety and availability of an SG (Pitner
etal., 1993b).

The probabilistic fracture mechanics analysis is based on an
understanding of the mechanics of failure (highly deterministic base)
and can be used to simulate, a priori, the behavior of the tube bundle
by taking all parameters into account in the form of probability
distribution functions. The principle of the method is as follows :
schematically, if tube failure is caused by a cracklike flaw, the failure
condition may be written a > ac, where a is the crack size at a given
time and ac is the critical size causing failure. There are many factors
contributing to the uncertainties on sizes a and ac. Among them are
(figure 3) :

-the statistical distribution of crack sizes found in the last
inspection,

- the capability of the inspections to detect and measure the flaws,
- the dispersion in the laws of crack initiation and propagation,
- the detectability of leaks in service and the calculation of leakage

flow rates,
- the variability of the parameters used in calculating the failure

criteria.
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This type of analysis has three major advantages in such a case:
(1) it makes it possible to take all factors of influence into account

as random variables;
(2) it is intrinsically capable of quantifying the influence of

inspection and maintenance actions on the estimated risk of failure;
(3) it allows sensitivity studies to assess the impacts of all sources

of uncertainty modeled.
The COMPROMIS code will assess the probability of occurrence of

an SG tube rupture by combining the laws of probability of the
various input data of the model. It is possible to distinguish three
main stages in the series of actions that leads from knowledge of the
level of damage of the tube bundle, estimated at the beginning of the
simulation on the basis of the latest NDE, to prediction of the risk of
tube failure during the subsequent operating cycle:

(1) reconstruction of the initial crack size distribution (Figure 4),
(2) evolution of crack size distribution versus time,
(3) analysis of failures and leak before risk of break (Figure 5).
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Remaining lifetime calculated for different plugging criteria. At the
beginning of the simulation No = 72985 h and 127 tubes are already
plugged

Table 1 - Remaining lifetime prediction

Operating
cycle

No
No+l
No +2
No+3
No+4

Prediction of the number of tubes plugged
as a function of the plugging criteria
11 mm
124
89
110
139
175

13mm
47
38
53
73
98

15mm
20
22
33
49
69

The SRA with the powerful COMPROMIS investigation tool can
yield quantitative answers to questions asked by operators about
PWR steam generator maintenance and the monitoring policy that
they should follow. The code is used to :

- test and compare various maintenance scenarios with a view to
cost/safety optimization (type of inspection, frequency, sampling
strategy, plugging criterion),

- predict the life of an SG by simulating the number of tubes
plugged versus time (table 1), and

- validate the consistency of the extensive input data of the model
by simulation (e.g. crack propagation model, leakage flow rate
model).

The software has been operational since the end of 1990, and is
currently capable of dealing with longitudinal and circiunferential
stress corrosion cracking. The code has user-friendly input and
display screens available on IBM3O90 computers, and is also
available on workstation.

4.2. Assessment of the reactor pressure vessel safety
Among all the components in a PWR nuclear power plant, the

reactor pressure vessel is of major importance for safety. The integrity
of this structure must be guaranteed in all circumstances, even in the
case of the most severe accidents, and its mechanical state can be
decisive for the lifetime of the plant because the vessel is not
replaceable. The vessel wall is one of the zones most affected by
embrittlement due to neutron radiation damage. This aging problem
has been anticipated at the design stage. This accordingly led to
defining the service conditions and materials requirements and to
carrying out a steel embrittlement surveillance program and in-service
inspections.

The brittle rupture is thus the potential hazard which must be
studied in order to ensure that neutron radiation effects are consistent
with predictions. The advantages of having a reliable and precise
method for evaluating the available safety margins and the integrity of
this component, led EDF to carry out a structural reliability analysis
(Venturini et al., 1995). With this analysis, sensitivity studies can be
performed and used to identify the most influential key input
parameters, to optimize in-service inspections and to assess the
effects of inherent conservatisms in the deterministic analysis.

In order to realize the analysis with the optimal conditions for
brittle fracture, crack-like defects in the inner surface of the vessel
are considered and the material ductility is supposed to be reduced by
the neutron radiation during die plant operating lifetime (aging me-
chanism) and that it is subject to pressurized thermal shocks (PTS).

It should be noted that the estimated risks correspond to conditional
failure probabilities. They are conditioned by the probability of
occurrence of defects in the vessel wall on the one hand, and of the
specific accidental operating condition on the other hand.

The model is based on the introduction of probabilistic concepts in
the usual deterministic calculations of fracture mechanics. The
fracture criterion is defined by the stress intensity factor Ki, which
characterizes the mechanical state of the defect subjected to the
operating stresses, exceeding the toughness K|C, which is a material
property at a given temperature. The failure criterion is thus Ki > Kic.
The main formulations of the deterministic fracture model have been
adapted to the studied case. The general procedure is illustrated on
figure 6.

The key parameters of this deterministic fracture model considered
as random variables are:

- the flaw depth (defect size),
- the fracture toughness,
- the chemical contents (Cu, P, Ni),
- the initial RTNDT (Transition Temperature),
- the shift ARTNt>r,
- the fluence radiation.

One of the first results of the analysis is to use PROBAN to estimate
the variation of the risk of rupture of the vessel as a function of time
during the transient. Figure 7 shows the probability distributions
resulting from the stress intensity factor Ki and the toughness Kic
evaluated at the time of maximum risk during the transient. The
"overlap" of the two distributions defines the rupture domain where
K,>K,C .

This study carried out on a test case gave a number of important
results (probability of reactor vessel failure, identification of key
parameters, sensitivity studies, etc.). It allowed to take up several
difficulties and to initiate new research actions to overcome them.

The first difficulty concerns modeling of uncertainties about model
input parameters based on very little knowledge (flaw size). The
objectives are to re-evaluate the statistical procedures used to obtain
estimates of the temperature transition shift, the toughness model
using a Weibull law, to develop a Bayesian method to model flaw
sizes from available information (expert judgments, rare observations,
reliability of inspections, etc.).

Numerical difficulties were encountered with the calculation of risk
during the transient using methods available in PROBAN (Monte
Carlo, FORM/SORM). It is due to the complexity of the limit state
function and the very low level of probability to be estimated. Studies
are being carried out on optimization of improved methods, Monte
Carlo with reduced variance, in order to overcome this problem.



Defect operating loading condition (transient)
material toughness
with regard to
temperature

Temperatures and stresses calculations
in the structure wall thickness
with regard to time

Fluence
(irradiation)

TT

al00

K] calculation
at the defect tip

Figure 6 - Simplified organization chart of the model
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The problem of coupling SRA with Finite Element
thermomechanical calculations was considered during this study on a
test case, in order to more easily process all possible transients.
Research is being carried out on optimization of this mechanical-
reliability coupling (Venturini et al., 199S).

The final objective of this application of the SRA to the problem of
the reactor vessel is to be able to identify and quantify preventive
actions (monitoring, in-service inspection, etc.) and the necessary
information most beneficial to maintaining an acceptable level of risk
(calibration of safety margins) and obtaining additional years of
operation (life extension of the plants).

5. CONCLUSION
This presentation of the various reliability analyses used at EDF

depending on the rarity occurrence of the events studied, has
demonstrated the advantages that it provides to assist in making
decisions concerning life extension of sensitive components,
optimization of preventive maintenance programs and in-service
inspection campaigns, hi order to be as realistic as possible, these
decisions must be made taking account of all uncertainties that can
occur on the problem (geometry, materials, loads, etc.) and all
available "objective" information (observation data, results of in-
service inspections, tests, etc.) and "subjective" information (expert
opinions, etc.), obviously respecting the threefold Safety-
Performance-Cost constraint.

The variation assessment of the probability of a critical event
(rupture) can help in decision making by comparing it with a "target
value" given by an acceptability criterion, in other words a safety
level that must not be exceeded. Obviously, there is then a problem in
choosing this target value. Up to now, it has been provided by experts
based on international experience feedback. EDF is currently
considering the possibility of coupling a Structural Reliability
Analysis (SRA) with a Probabilistic Safety Assessment (PSA) in
order to define this target value of the structure failure probability, by
considering the consequences of this failure on the risk of a core
meltdown. This methodology forms part of the approach called "Risk-
Based Inspection" which requires that the two methods are coupled.

Furthermore, it is important to emphasize that the quality of
estimates produced by the various reliability analyses are strongly
dependent on the quality of the input data. The degree of additional
precision provided by probabilistic methods requires a sufficient
number of data for them to be modeled by probability distributions.
Remember that the SRA, most suitable for the rupture of sensitive
structures, allows to quantify the influence of uncertainties on the
estimated probability. Therefore it is possible to concentrate on the
most important uncertain parameters. When these key parameters
have been identified, appropriate databases can be set up in order to
refine models of uncertainties, particularly in distribution tails for the
most influential.
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