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SYNTHESE :

La maintenance'centrée sur la fiabilité (RCM) a été appliquée à plusieurs types
de realisations industrielles."Cette méthodologie est rationnelle et logique: pour
chaque type d'industrie, on définit les pertes critiques de fonctionnalité des systèmes et
matériels, et, pour les matériels ainsi identifiés, on adapte la maintenance préventive de
façon à prévenir lesydéfaillances critiques. Ce sont celles qui ont une incidence sur la
sécurité ou la disponibilité de l'installation, ou sur le coût induit par le matériel
(réparation, remplacement, fflodification) ou par l'intervention humaine (heures de
travail et dosimétrie). La difficulté qui subsiste est l'affectation d'une nouvelle
périodicité de maintenance préventive à un matériel lorsqu'une défaillance critique a
été identifiée : jusqu'à présent, cette nouvelle affectation repose sur l'appréciation de
l'ingénieur, et il faut attendre de disposer de l'expérience d'un cycle complet pour la
valider.

La théorie de la décision statistique pourrait être une solution plus rationnelle
pour l'optimisation de la périodicité de la maintenance préventive. En effet, cette
théorie concerne la situation dans laquelle un décideur a le choix entre un ensemble de
décisions rationnelles, et où les pertes liées à une décision donnée dépendent d'un
risque probabiliste appelé état de nature. Dans le cas de l'optimisation de la
maintenance, les décisions à analyser sont les différentes périodicités proposées par les
experts, sur la base de l'expérience acquise ; les états de nature sont les probabilités de
défaillance associées, et les pertes sont les prévisions des coûts induits par la
maintenance et par les conséquences des défaillances.

Les probabilités de défaillance concernant des événements rares, au stade
ultime de l'analyse RCM (défaillance d'un sous-ensemble), et le comportement
prévisible du matériel devant être évalué par des experts, une approche bayésienne est
un bon moyen de calculer les états de nature. On modélise une première distribution
des probabilités de défaillance à partir des connaissances des experts, et on la combine
avec les quelques informations stochastiques fournies par l'expérience pour obtenir
une distribution ultérieure des probabilités de défaillance. Une décision optimisée est
une décision qui minimise les pertes sur la distribution ultérieure.

Cette méthodologie a été appliquée à l'optimisation de l'inspection et de la
maintenance des cylindres des moteurs des groupes électrogènes diesel des centrales
nucléaires de 900 MW, où l'alimentation électrique auxiliaire est fournie par 2 groupes
électrogènes diesel redondants, testés toutes les deux semaines pendant environ
1 heure.

Jusqu'à présent, pendant le rechargement annuel de chaque centrale, on
effectue un examen endoscopique des cylindres des diesel, et, toutes les 5 années de
fonctionnement, on remplace tous les cylindres. La RCM a montré que les défaillances
de cylindres pouvaient être critiques. On a donc appliqué la théorie de décision
bayésienne, en tenant compte de l'avis des experts et d'un éventuel vieillissement en
cas de prolongation de la périodicité.
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EXECUTIVE SUMMARY :

Reliability Centered Maintenance (RCM) has been applied in several types of
industrial realizations. The methodology is rational and logical : for each kind of
industry, the critical losses of function of systems and equipments are defined and for
such identified equipments the preventive maintenance is adapted to prevent critical
failures. In general, critical failures are those which impact on the safety and the
availability of the plant, or on the cost induced by the equipment (repair, replacement,
modification...) or by the human intervention (menhours and dosimetry). The still
existing difficulty in this methodology is the allocation of a new periodicity of
preventive maintenance on one equipment when a critical failure has been identified :
until now this new allocation has been based on the engineer's judgment, and one must
wait for a full cycle of feedback experience before to validate i t

Statistical decision theory could be a more rational alternative for the
optimization of preventive maintenance periodicity. In effect, this theory concerns the
situation in which a decision maker has to make a choice between a set of reasonable
decisions, and where the loss associated to a given decision depends on a probabilistic
risk, called state of nature.

In the case of maintenance optimization, the decisions to be analyzed are
different periodicities proposed by the experts, given the observed feedback
experience, the states of nature are the associated failure probabilities, and the losses
are the expectations of the induced costs of maintenance and of consequences of the
failures. As failure probabilities concern rare events, at the ultime state of RCM
analysis (failure of subcomponent), and as expected previsional behaviour of
equipment has to be evaluated by experts, bayesian approach is successfully used to
compute states of nature.

In bayesian decision theory, a prior distribution for failure probabilities is
modeled from expert knowledge, and is combined with few stochastic information
provided by feedback experience, giving a posterior distribution of failure
probabilities. The optimized decision is the decision that minimizes the expected loss
over the posterior distribution.

This methodology has been applied to inspection and maintenance optimization
of cylinders of diesel generator engines of 900 MW nuclear plants. In these plants,
auxiliary electric power is supplied by 2 redundant diesel generators (20 cylinders,
5 MW, 1500 rmp), which are tested every 2 weeks during about 1 hour. Until now,
during yearly refueling of each plant, one endoscopie inspection of diesel cylinders is
performed, and every 5 operating years, all cylinders are replaced. RCM has shown
that cylinder failures could be critical. So Bayesian decision theory has been applied,
taking into account expert opinions, and possibility of aging when maintenance
periodicity is extended.
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APPLICATION OF BAYESIAN STATISTICAL DECISION THEORY TO THE
OPTIMIZATION OF GENERATING SET MAINTENANCE

H. PROCACCIA (1), R. CORDEER (2) S. MULLER (3)

(l)EDF'DER- Département REME, 25 Allée Privée, Carrefour Pleyel, 93206 SAINT DENIS - France
(2) EDF-DEPT-13 Esplanade Charles de Gaulle - 92060 PARIS LA DEFENSE - France
(3) EUROPSTAT- 105, rue Jules Guesde - 92300 LEVALLOIS-PERRET - France

1 - INTRODUCTION

The standby power of a power station is provided by two 5-MW generating sets, each of which can
provide the power required by the backup systems if both external sources (400 and 250 kV) fail
and house loading (self-supply to the power station) fails.

Ultimate backup may be provided by one additional set per site (2 to 6 units).

Since in terms of probability this situation is extremely rare, the generating sets are tested regularly
to check their operating reliability.

In 900-MWe stations, tney are started a mean of 25 times a year, and operate for a mean of about
one hour in the course of the test

This equipment is important to safety because it must absolutely supply the power needed to cool
the reactor, for up to 200 hours (loss of external sources and failure of house loading), even if
degraded.

Probabilistic risk studies have examined this possibility and have estimated that a generating set
having scratched linings because of the many starts would have only a 50 % chance of functioning
for 24 hours [EDF 90].

This estimate has not been confirmed by feedback from experience (there is too little, if any,
concerning these operating conditions), and it can be imagined that it lacks precision as regards the
scratching of the cylinders.

Otherwise, Electricité de France has undertaken a major program of optimization of the
maintenance of systems important to the safety and availability of power stations, based on the
observed reliability of the equipment (OMF or RCM - Reliability Centered Maintenance)
[JACQUOT 90 - LANNOY 92].



Generating sets have been the object of such a study, which has revealed the critical nature of the
engine block linings.

In the current basic maintenance program, they undergo an annual endoscopie examination,
systematic replacement every five years, and a complete overhaul every 15 years.

But experience has shown that most of the linings are still in very good condition after 5 years'
service, and classical statistical analysis of feedback from experience is, here again, inadequate to
optimize their maintenance frequency, because observed failures are rare, and the probability that
they could perform their mission in a degraded condition is practically unknown.

This being the case, it is legitimate to complete inadequate feedback from experience by taking
expert judgments into account and using a Bayesian approach to estimate the risk of failure.

Finally, this risk must be combined with the induced consequences to choose among all reasonable
decisions concerning the maintenance frequency that optimizes the risk x consequences couple:
this is the object of the application of Bayesian statistical decision theory in this study
[PROCACCIA 92].

2 - FEEDBACK FROM EXPERIENCE

The behaviour of the generating sets has been tracked since 1977 using reliability data bases -
SRDF (Système de Recueil de Données de Fiabilité), OMF (Optimisation de la Maintenance par la
Fiabilité) - and an event data base - the Fichier des Evénements (EVT) [BOUCHET 93].

For reasons of equipment homogeneity, the study focussed on the feedback from experience
gathered between 1986 and 1992: there were many changes before 1986, in the design of the
pistons and rings of the generating sets and in their operation (a change from 47 starts a year to 25).

The statistical sample examined accordingly concerns 372 generating set-years.

This sample represents a large number of starts, but short total running times.

Over the whole of the period examined, there were only 5 failures due to the engine block linings in
the course of the tests, and 13 failures (or rather near-failures) discovered during maintenance
periods.

In addition, an in-depth analysis of the history of the diesel engines, and questioning of the
maintenance experts, revealed a few cases in which performance was degraded (without failure),
for durations that had to be estimated on the basis of the last endoscopie inspections.

It is important, if consideration is being given to lengthening the maintenance period, to evaluate
the risk from possible aggravation of the degradation.

3 - ANALYSIS OF FEEDBACK FROM EXPERIENCE

Feedback from experience can then yield objective factual data, from which it is possible by
classical means to estimate failure rates in operation, or probabilities of starting on demand, when
the equipment is initially sound.

It also yields censored data, since it was found that some generating sets functioned in a degraded
condition without consequences for the safety or availability of the power station. How long could
they have run under these conditions, and what would have been the risks and their consequences,
if they had been required to perform their missions at those times?



Answers to such questions presuppose a subjective approach combining the observed facts with
estimates made by experts.

This means of combining subjective data (prior probability density) and objective data (likelihood
provided by feedback from experience) to obtain a posterior probability density that is richer
applies Bayes' theorem;

posterior probability œ prior probability x likelihood

4 - QUESTIONING OF EXPERTS

Expert opinions were therefore needed in this study for posterior evaluation of three probabilities:

• the probability of one or more linings functioning for a specified duration in a degraded
condition",

• the probability of failure of a degraded lining when needed for its mission;

• the probability that a failure under one of these conditions would lead to a shutdown of a unit in
application of operating procedures (a failure lasting longer than 72 hours imposes a shutdown
of the unit); feedback from experience proved to be inadequate in this case (no shutdown of a
unit observed).

We shall here consider only the first probability; the approach taken to evaluate the other two was
the same.

This purely technical approach was completed by an economic approach. Questioning experts
produces lots of information, especially since they belong to different departments, or even
different industries, and their sensitivity to failure problems is not necessarily the same: operating
departments, maintenance department, management of tools or subcontracts, economic
departments, builder, etc.

About ten entities "were questioned; each could be represented by several experts: the builder,
initiators of nuclear power stations, experts from staff divisions, other users of generating sets such
as the navy (INDRET), power stations in overseas territories.

Given the quality and coherence of the replies received, there was no need for weighting in the
analysis of the expert knowledge.

The experts first of all distinguished six types of lining degradation: nicks, short and long
scratches, short and long deep scratches, scratches causing oil leaks and excess crankcase pressure.

All of these degradations can be identified in an endoscopie examination.

For each type of degradation so defined, the questioning consisted of asking the experts if the
generating set could run for mission durations of 24 h, 48 h, 72 h, and 200 h.

The replies obtained were therefore binary: yes = 1, no = 0. They are given in table I.

This was followed by a summing up of all the expert knowledge, which was presented to each of
the people questioned so that the original opinion could be confirmed or revised.

Most of the experts confirmed their original evaluations.



TYPE OF SCRATCH

NICKS

SHORT

SCRATCHES

LONG
SCRATCHES

SHORT DEEP
SCRATCHES

LONG DEEP
SCRATCHES

SCRATCHES
ENTAILING OIL LEAK

OR EXCESS
CRANKCASE

PRESSURE

OPERATING
TIME

24 H

48 H

72 H

200 H

24 H

48 H

72 H

200 H

24 H

48 H

72 H

200 H

24 H

48 H

72 H

200 H

24 H

48 H

72 H

200 H

24 H
48 H
72 H
200 H

NUMBER OF
YES

ANSWERS

9

9

9

9

9

9

9

5

8

8

8

4

7

7

5

4

6

6

4

2

1

1

1

0

NUMBER OF
NO

ANSWERS

0

0

0

0

0

0

0

4

1

1

1

5

1

1

' 3

4

2

2

4

6

7
7
7
8

Table 1 : Replies obtained from experts

5 - MODEL OF EXPERTISE

The experts' replies were then treated as test results and used as such in a Bayesian approach, Le.
they were associated with a uniform initial prior probability density marking the analyst's initial
ignorance and in a sense allowing the experts some margin of error.

If E is the result of the survey of experts:

where Xi*,X2*...xn* arc the experts' replies; x = 1 or 0 for a specified type of scratch, (r,) and an
imposed mission duration, t-



The posterior probability density of operation of the generating set, p, when it has a scratch (q) is
evaluated by applying Bayes's theorem:

P
a ( l -P ) b dp i=o

b ;i

where a is the number of "yes" answers, (xj* = 1), and b the number of "no" answers, (xj* = 0).

This produces the posterior distribution fitp/E)^ , shown in figure 1 for the various answers a and
b:

E«lS) E(L4> EttJI E(3.2> £(4.!1 E(S.0l

Fig. 1 : Posterior distribution of p according to the distribution of the number of
"yes" answers (a) and the number of "no" answers (b)

6 - POSTERIOR PROBABILITY DENSITY

The distribution ffe/E)^ is then used sequentially.

This distribution will represent the prior expert opinion foCp^ri •> ^ a t W1^ ^ combined with the
findings of feedback from experience. Thus, if a cases of proper operation and jî failures arc
observed for scratches (rj) and a mission tj, the corresponding experimental plan is modelled by a
b i i l di t r ibt ibinomial distribution:

Ha:y



The posterior probability density of p is then calculated by again applying Bayes's theorem:

f(p/«,{*);;
£fo(p).f(a,P)dP

( a+a ! a + a _ b+p

+ a)! (b ^

One Bayesian estimator of this distribution is its expectation:

Example:

Suppose that in the course of an endoscopie examination short deep scratches are found in a
cylinder (table 1).

The prior probability of success in a one-hour test, knowing that 8 out of 9 experts estimate that
under such conditions the set could function at least 24 hours, is:

the estimator of which is:

a + b
0.89

Feedback from experience on this type of degradation has shown that in k = 5 cases, there were 5
successes.

The distribution of the likelihood is therefore:

f(p/k) = p*

From this the posterior distribution, shown in figure 2, is deduced:

f(p/k) = 210 p13 (1-p)

the Bayesian estimator of which is:

E[f(p/k)J = 0.875



1

Fig. 2 : Distribution of probability densities of the likelihood, the prior, and the posterior

This calculation of elementary probabilities is performed for each type of scratch and each possible
mission duration; the results obtained are then used in the decision tree.

Evaluation of ageing of linings

Most experts hold that the first few instants of a start are generally in a dry condition, before an oil
film is created in the cylinders. This leads to degradation in a wear process that increases with the
number of starts.

Taking all observed failures into account, to obtain a representative sample (18 failures and near-
failures), feedback from experience confirms this hypothesis. It makes it possible to establish a law
of failure versus number of starts. This is a two-parameter Weibull law:

F(n) = l - e

with T\ = 302 starts as scale parameter and P = 2.46 as shape parameter. The law is shown in
figure 3.

However, in evaluating the probabilities of failure, allowance will be made for the beneficial effect
of the annual examinations (13 failures discovered in a stopped condition).
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Fig. 3 - Evaluation of ageing of linings in generating sets

Decision tree

The possible decisions are on two levels:

• when in an endoscopie examination one or more scratched linings are found, the possible
decisions are to replace or not to replace the linings, given the number of tests remaining to be
performed before the next examination and the probability of being needed for a mission during
the remaining period of utilization of the linings;

• the optimal frequency of lining replacement, given their ageing; the field of possible decisions is
large; the study was restricted to evaluating the risks associated with discrete replacement
periods of 5 years (reference solution), 7 years, 10 years, and 15 years, and estimating the
corresponding loss functions, calculated in cost terms (of repair, down time, and replacement).

The optimal decision is the one that leads to the lowest expectation for the loss function.

This function represents the probabilized economic consequences arising from a given decision.

The cost functions taken into account in the analysis are:

• the elementary cost is the cost of replacing a lining, Cl = C;

• the systematic preventive replacement of the 20 cylinders is C2 = 20 C;

• the cost of failure during a test is C3 = 3 C;

• the cost of failure during a mission is C4 = 140 C;

• the mean cost of 24 hours' down time of a unit is C5 = 40 C.



The decision tree as a whole is complex, because it must take into account the probabilities of
degradation and of failure of the linings in each cycle, of the findings made in the endoscopie
examinations, and of the decisions made on the basis of these findings, between two systematic
lining replacements.

Figure 4 shows the final simplified decision tree.

•EM
TiOC

+C5 PMPMCl-Pri)[~

etc.

Decision :
period
chosen

Probability
of test or

of mission

Probability
condition
degraded

not degraded

Probability
of success

or of failure

Annual
loss

function

Expectation
of the decision

Fig. 4 - Decision tree

For each elementary decision, the sum of the associated risks and the corresponding cost
expectation are calculated.
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Fig. 5 - Optimization of lining maintenance period

Figure 5 shows the relative loss function found for the four decisions evaluated.

It can be seen that the minimum of the loss expectation lies in the vicinity of 10 years.

CONCLUSION

A rational and coherent approach to optimizing equipment maintenance consists:

• of taking experts' opinions into account when feedback from experience is limited; these
opinions are then treated as observations and can be used in statistical inferencuig. The expert
opinions may differ but Bayesian modelling is well suited to the evaluation of probabilities in an
uncertain space.

• of associating the expectatic n of the costs induced by different maintenance decisions that these
same experts may propose.

In this way, for each "reasonable" decision, the probable risk of failure and its economic
consequences will be calculated.

In the case of generating sets, application of Bayesian statistical decision theory can justify
lengthening the interval between systematic replacements of engine block linings: a period of 10
years seems optimal.

However, an in-depth examination will be conducted after 7 years' operation in order to confirm the
probabilistic study.
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