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A STUDY OF THE EFFECT OF MAINTENANCE ON THE SAFETY
OF A MECHANICAL SYSTEM SUBJECT TO AGING

AND ITS APPLICATION TO STEAM GENERATOR
TUBE DEGRADATION

D. Dussarté
Commissariat à l'Energie Atomique, France

ABSTRACT

The different degradation mechanisms to which pressurized water reactor
steam generator tubes are observed to be subject may result in the risk of their
rupture being greater than anticipated. Prevention of tube rupture essentially
consists of inspections during outages of the units and applying appropriate
criteria for the withdrawal of defective tubes from service. Planning such
measures implies being able to gauge the effectiveness of the action taken.
This document describes a proposed technique for quantifying the effects of
the preventive maintenance we have had to develop to address this problem
and, hence, to obtain material for assessing the action taken by the utility.

RESUME

Les différentes dégradations observées sur les faisceaux tubulaires des
réacteurs à eau pressurisée peuvent laisser craindre un accroissement
sensible du risque de rupture de tube de générateur de vapeur. La prévention
d'un tel accident repose notamment sur la mise en oeuvre de contrôles lors
des arrêts des tranches et l'application de critères de mise hors service des
tubes défectueux. La définition d'un tel programme de surveillance suppose
que l'on soit en mesure de chiffrer l'efficacité des actions entreprises. L'objet
de l'étude présentée dans cette note est de proposer une méthodologie de
quantification des effets de la maintenance préventive que nous avons été
amenés à développer pour répondre à ce problème et par voie de
conséquence pour disposer d'éléments d'appréciation sur les actions
entreprises par l'exploitant.



- INTRODUCTION

Data derived from pressurized water reactor operating feedback clearly
indicate that the main cause of the premature degradation of the tubes of
certain steam generators is stress corrosion cracking.

Examination of the different degradation mechanisms observed in steam
generator tubes has revealed the presence of tubes liable to rupture suddenly
without previously leaking by an amount detectable in due time by monitoring
during operation.

For such tubes, which are typically those with defects to which the leak before
risk of rupture hypothesis does not apply, minimisation of the risk depends
entirely on the in-service inspection carried out during outages. Determining
a corresponding in-service inspection programme to maintain the risk of
steam generator tube rupture at a specified level (safety objectives) implies
being able to measure the effectiveness of the action taken. This document
describes a proposed technique for quantifying the effects of the preventive
maintenance we have had to develop to address this problem.

It is to be noted that the applicability of this prediction model can be extended
to equipment other than steam generators, and more generally to all
mechanical systems subject to aging.

2 - GENERAL DESCRIPTION OF TECHNIQUE

2.1 - Assumptions and data

The mechanical systems in question consists of a finite number N of elements
operating simultaneously. We assume that aging is earlier than predicted and
that the corresponding degradation necessarily occurs before the end of the
specified lifetime . In the absence of inspection, the phenomenon will, on
average, result in the failure of a fraction q of the N elements of the system
qualified as "sensitive"; it is to be noted that the value 1q) represents the
intrinsic reliability of each of the elements of the system at instant .

The failures taken into consideration in the analysis are of the gradual type,
i.e. those preceded by a period in which it is possible to follow the
development of the degradation over time by means of inspection. Time to
failure, t, of the sensitive elements, is assumed to comply with a normal

disthbution law of parameters m and a.
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To allow for the effect of the monitoring policy, this period is divided into two
intervals td and tp (t = td + tp) where:

- td is the instant at which the damage becomes detectable,

- tP is the interval of time between then and failure.

As random variable t complies with a law of the Gaussian type, the two
variables td and tp are assumed to be independent and comply with laws of
the same nature with the parameters md, d) and (mp, up).

Any inspection carried out at any time between instants td and td + tp is
assumed to result in corrective action making it possible to permanently
restore the reliability of any sensitive element detected.

We assume that the inspections carried out as part of preventive maintenance
are made periodically, using a rotating sampling system, on all or part of the
equipment. If A is the frequency of inspection and f is the fraction of elements
inspected during each inspection, the period of rotation, i.e. fhe interval
between successive inspections of any element of which it is comprised, can
be expressed as:

T = A/f

2.2 - Fundamental result

Where T(t) is the probability density of the lifetime random variable of a
sensitive element, if preventive inspections are not made, the distribution
function at the end of the lifetime, F, of such an element, i.e. the probability of
failure between instants and is as follows:

prob < ) f (t) dt = 

The implementation of corrective action will reduce this value, and we have
therefore studied the dependence of F on the following six parameters:

F = F md, ad, n1p, ap, A, f)

After using an analytical approach validated by a series of numerical
calculations (Monte Carlo simulations), we were able to establish that:

- the value of F is insensitive to the choice of the parameters md and ad
determining the threshold of delectability,

- the datum corresponding to the two parameters A and f can in reality be

equated to the datum of the single parameter T = A/f corresponding to the
period of rotation,
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- more precisely, function F only covers the two reduced variables T/mp and
ap/mp respectively designated T* and C'.

This dependence expresses an expected essential result, i.e. that the
phenomenon is governed by "competition" between the kinetics f damage
and the time between two successive inspections of a given zone of the
system.

By approximating the Gaussian law to a function of the hyperbolic type:

exp (-x2/2 ) dx - 2X dx
2ch

F can be analytically expressed with the following formula:

ch *
IF = F (T*, C* = th + C- Ln � C* I + th

C* T* ch C,

L �N j

A detailed study of the variations of this function enables the following simple
practical rule to be laid down: whatever the value of parameter C*, the effect of
maintenance is highly perceptible as soon as T* drops below about 1.5.
Practically speaking, it can be concluded that a significant gain in reliability
necessitates the implementation of an inspection programme in which the
period of rotation is either of the same order of magnitude as the average time
separating the instant at which the threshold of delectability is reached from
that in which failure occurs (T - mp).

Graph 1 shows these propetes for values of C* between 16 and 12.

To make the study more generic, we then examined the effects of
maintenance on other safety parameters such as failure rate and failure
de nsity.

After a purely numerical study in which it was necessary to assess the effect of
maintenance at any typical instant, a remarkable property was discovered
which can be described as follows: under the effect of inspection, the
Gaussian type intrinsic failure law is transformed into a law of the same
nature, of which the parameters are virtually identical (standard deviation
unchanged and mean very slightly reduced), but whose norm changes from
unity to F (T*, C*).
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i.e. schematically:

Intrinsic distribution law: Transformed distribution law:

-(t = 1 -(t m? ----- >
f exp - (t + ) F 7, C-)2 f (t = f2-c (Y 2cy

The shift is empirically estimated as follows:

=min 'P, 2ap
�T'

It is to be noted that the transformed" and "intrinsic" distribution functions,

respectively designated IF (t) and �-(t), are naturally linked by the relationship:

F (t = F (t + 5) F (T-, C-)

The result of this property is that assessment of the effect of maintenance on
all the safety parameters of a system can be reduced to studying the function
IF (T*, C) alone, of which it has been possible to determine the analytical
form.

By way of an example and to illustrate the validity of the model, we include
Graphs 2 and 3 in which it can be seen that there is excellent correlation
between the results obtained by simulation and those obtained using the
Gaussian transformation model.

2.3 - Study of the safety of a mechanical system

The problem encountered in practice is of determining the preventive
maintenance programme, characterized by a rotation time T, capable of
maintaining at a required level the safety of a system between the start and

end ) of its lifetime.

It is hereafter assumed that the parameters IN and q are such that it is
legitimate to use Poisson's law for determining the number of sensitive
elements (N > 0, q 0.1); it is to be noted that the method can allow for
situations other than those envisaged here, for which it is necessary to use the
binomial law (the general case).
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The safety objective set may consist of:

- guaranteeing a minimum level of reliability of the system at the end of its
lifetime (the probability of observing no failures or, more normally, less than
k failures among the N elements),

- limiting te aximum value over time of the failure density or the failure rate
etc.

In view of the assumptions in the above results, it is of relatively easy matter to
check that the problem to be solved can be reduced to a solving euation of
the following type:

-n IF (T*, C* = FO

The coefficient is Nq if the safety characteristic does not include the standard

deviation a (reliability of system at end of lifetime) and Nq otherwise (failure

density, failure rate etc.).

FO is directly associated with the safety objective set a piori.

The analytical expression of the function F being known, solution of the
problem, i.e. determination of the period of rotation T, is then relatively easy
using a conventional numerical method (solving of a transcendent equation).

It must be emphasized that this technique can be used to handle other
aspects than those mentioned above; hereafter we shall limit ourselves to
indicating the essential results of a few of the additional analysis that can be
made.

Study of an association of mechanical systems

In practice, resistance to aging is not necessarily the same at all points in a
system (variable loadings, different kinetics of fault development between one
area and another etc.). All the results obtained earlier can easily be re-
applied to such. systems which must always be broken down into an
association of a finite number K of homogeneous systems.

The approach is as follows: in the case of a homogeneous system, we have
seen that the parameter determining a safety characteristic is expressed by
the product of the intrinsic characteristic and the corrective term IF (T*, C*), i.e.
il F (T*, C*). It is demonstrated that in the case of a heterogeneous system,
this same parameter can be obtained simply by summing the parameters
Tli IF (T*i, C*i) relative to each of the K systems.
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It has been possible to determine the inspection optimization rules for such
system; the problem to be solved consisting of determining K rotation times
maximizing the safety of the heterogeneous system giving a fixed number of
inspections, or minimizing the number of inspections for a given safety
objective.

Whatever the optimization problem, it is shown that the K unknowns
(Tl*, T2', ... TO , are interconnected by (K - 1) simple relationships of the

type co, T, = C2 T2' ... COK TK', where the coefficient coi is a known
parameter of the homogeneous system (i). The solution of the problem (there
always being a single solution) is then obtained by joining these (K -
relationships to that determining the constraint.

Study of system life extension

in the case of a homogeneous mechanical system, we assume that
degradation will necessary appear before the specified lifetime .

If this assumption is abandoned and one thus considers the cases where the
problems of aging occur at substantially the same time as the end of the
planned lifetime (then equivalent to a variable), solution T may be estimated
using an analytical expression of the following type:

T = a T* , defined for > *
O* - 9o*

where: O = reduced variable 8 - ,
a

T..* = asymptotic value mentioned above, corresponding to a
premature aging phenomenon,

eo = "threshold' operating duration, which can be estimated
analytically, depending on the level of safety required, the
safety characteriistic in question and the average number
Nq of sensitive elements,

a = a coefficient whose empirically estimated value is
systematically low (of the order of 0.1 to 02).
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3 - APPLICATION TO STEAM GENERATOR TUBE DEGRADATION

3.1 - The problem

The underlying assumption of this study is that it is not possible to
categorically exclude the presence, in certain bundles of steam generator, of
tubes to which the "leak before break" does not apply, and that the only way to
avoid the failure of such "sensitive" components is to identify them during the
preventive maintenance operations carried out as part of periodic inspection
programmes.

The problem consists of determining the characteristics of the periodic
inspections (frequency and sampling ratio) which can maintain the risk of
steam generator tube rupture in the third category of the French regulations,
i.e. by demonstrating that the values of failure density, fs(t), during the lifetime
of the unit, do not exceed 02 per reactor per year. It is important to note that
this corresponds to the maximum value compatible with the third category,
thus implying that the risks associated with other possible causes of steam
generator tube rupture are negligible, e.g. inappropriate operator action in the
event of a primary to secondary leak.

As concerns the steam generator tube rupture risk, the reliability of a reactor at
instant t, Rs(t), is defined as the probability of no tube rupture being observed
in time interval [o, t], i.e.:

Rs(t = e-NqF(t)

By definition, the instantaneous probability of failure (or failure density) is
expressed as:

fs(t) ( - R(t) = Nq dF(t) e-NqF(t)
dt dt

The maximum of this function over time therefore depends on parameters

T = T/mp, C = ap/mp a = W�dy+ C2 and the number Nq corresponds to the
average number of sensitive elements in the unit.

Due to the absence of experimental data relating to the lifetimes of the
components considered in this analysis, we are unable to accurately, or even
roughly, determine the values of the parameters md, ad), (mp, ap). Due to this
considerable uncertainty, the necessary approach is to consider these
parameters not as constant values but as random variables; this is a
conventional method for the propagation of errors relating to input parameters.
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Furthermore, the complexity of the aging phenomenon is such that it is
currently impossible to draw up a comprehensive list of the factors responsible
for the apearance of configurations in which "leak before break" does not
apply; the average number Nq of sensitive elements is thus a parameter
which we vary.

For fixed values, parameters T, mp, up/mp a and Nq, Max fs(t) can be
estimated numerically using the prediction model described earlier.

in view of the approach adopted (error propagation rnethod), the maximum
failure density is actually a random variable.

Thus for a tube rupture accident to be classified in the third category (the aim),
it is necessary to verify that the possible values of Max fs(t) do not exceed 1-2
with a high confidence level, i.e.:

prob Max ft) 1-2 
I 

where E corresponds to a residual risk.

The approach adopted to address the problem consists of determining, for
different values of T, the maximum value of the number of sensitive tubes or,
more precisely, the maximum value of the parameter Nq for which the third
category criteria are met.

The distribution laws associated with the random variables md, ad) and

(mp, cp) or more precisely md, M/a)d) and (mp, (mla)p) are of the log normal
type (the usual choice in this type of approach). The solution algorithm is in
the form of a Monte Carlo simulation (unavoidable due to the error
propagation method) associated with numerical calculation.

To ensure an acceptable confidence factor and to place the study in a realistic
context, we were obliged to adopt relatively broad ranges for these laws.
However, we considered it necessary, to increase the credibility of the study,
to make a sensitivity study of the parameters of these different laws, so as to
determine the response of the model.

As was initially expected, the response of the model was only sensitive to the
choice of the parameters relating to the distribution law of the governing
variable, i.e. mp.

Three configurations were examined:

- a "optimistic' configuration where the values of mp are high on average
(average value = 9 operating cycles 11 cycle - .5 years]),

- a "mean' configuration where the values of mp are around 6 cycles on
average,
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- a "pessimistic" configuration where these values are low on average
(average value = 3 cycles).

The characteristics of the three distribution laws are given in Table .

Finally, as this is the confidence level associated with compliance with the
third category criteria, we considered the case where (1 - E) was equal to 0%,
95% and 99%.

3.2 - Results

In Graphs 4 and 6 we show variation of rotation time T as a function of
parameter Nq or, more precisely, the decimal logarithm of Nq (Log (Nq)) for
confidence levels, - E, respectively equal to 90%, 95% and 99%. In each of
these graphs, we indicate the results corresponding to the different
configurations studied, termed "pessimistic", "mean" and "optimistic".

These graphical representations show the following trends and properties:

- for all the situations considered, the curves are of the same behavioural
type:

• in each case, there is a vertical asymptote, indeed T tends to infinity
when Nq tends to a certain "threshold' value (Nq)O which appears to
depend on the configuration and confidence level chosen,

• away from this value, the curves rapidly become flat; it is indeed possible
to observe a variation of T relative to Nq, the former tending to fall
considerably when the latter increases. It is therefore important to add
that when Nq increases unceasingly, the calculations indicate - as can
be expected - that T tends to 0; it is to be noted that this property can
easily be re-obtained analytically,

- for a given confidence level, the effect of the choice of the configuration on
the variation of T is all the greater as Nq is small; as soon as Nq is higher
than a few units, the difference between the three curves become slight,

- this same tendency remains valuable when one considers the influence of
the confidence level for a given configuration.

To describe using an analytical formula the behaviour of these curves which
actually shows hyperbolic decrease characteristics, we naturally adopt a
formula of the following type:

T (cycles)
Log (N q)

(N q�

where the two coefficients and (Nq)O depend, a priori, on the type of
configuration studies and the confidence level selected.
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In all the cases studied, these two coefficients were estimated from the results
obtained numerically by a least square fit method. The excellent quantitative
agreement always observed between the estimated functions and the
numerical results enables us to adopt these mathematical models. In Tables
2 3 and 4 we give estimates of the coefficients for the different cases studied.

The essential finding of this study is the following simple rule:

- if the parameter Nq is less than the threshold" value (Nq)o, depending on
the type of configuration adopted and the confidence level chosen,
maintaining the steam generator tube rupture risk in the third category does
not necessitate applying a preventive maintenance policy, and it is
important to emphasize that, whatever the case, (Nq)o is always very low
(always < 0-1),

- when Nq is greater than (Nq)o, maintaining the same risk in the third
category necessitates applying a preventive maintenance policy of which
the characteristic T can be estimated by a simple analytical formula and the
datum Nq.

3.3 - Additional considerations

In the analysis described above, the analytical formula linking rotation time T
to parameter Nq is based on the assumption that preventive maintenance is
carried out homogeneously on all h tube bundles, it being considered that
rotation time T is identical fr all the tubes of the steam generator.

As a general rule, it may be found necessary in practice to inspect the different
parts of a system with different rotation times, the decision to concentrate on
certain parts of the systt� n possibly resulting on the fear of encountering
sensitivity to the aging phenomena there - and hence a risk of failure -
which is considerably higher than that to be expected in the other parts of
such a system.

In such cases, we are faced with mechanical systems which differ as regards
resistance to aging and maintenance policy applied.

Let us therefore consider what rules similar to those stated in 3.2 can be
used to establish a preventive maintenance programme with which it is
possible to keep the steam generator tube rupture risk in the third category for
a heterogeneous system.

Such a system may be broken down into an association of K homogeneous
systems, each system (i) being defined by the following charactehstics:

- Njqj: the average number of sensitive elements (Poisson's parameter),

- T: the inspection rotation time.

It is relatively easy to demonstrate that, in the case of such a system, the rules
for maintaining the steam generator tube rupture hsk in the third category can

1 1



be expressed in a form totally identical to that stated in 3.2 with rotation firre
T replaced by equivalent rotation time Teq and the parameter Nq
corresponding to the sum of the different parameters Niqi, i.e.:

Te = P
Log (Nq)

TN Tq) 0

y.K
Nq _I- I Niqi

K
where: Tecl 11 I Niqi Tj

K
Y I Niqj

The coefficients (Nq)o and are of course the same as those in 3.2.

For reference, it is important to emphasize that when association of systems is
studied (division of the tube bundle into a number of zones) with the use of an
error propagation method, it is possible, under certain conditions, to use the
results given in 2.3 concerning the inspection optimization rules.

4 - CONCLUSION

The study described in this document relates the effects of preventive
maintenance on the safety of mechanical system affected by aging.

An essential application of this model consists in determining the preventive
maintenance programme characteristics capable of maintaining the
pressurized water reactor steam generator tube rupture risk in the third
category by proving that the probability of rupture of one tube does not exceed
10-2 per reactor per year.

The essential result of this analysis is the determination of a simple analytical
formula linking inspection rotation time T (expressed in operating cycles
[1 operating cycle - .5 years]) to the average number Nq of sensitive tubes
for which the third category criteria are met. This analytical formula is as
follows:

T
Log (Nq)

FN-q-�

where. P is a coefficient close to 4 and where (Nq)o, of the order of 5x 02, 

indicative of a threshold average number". In other words, this means that, if
Nq is less than (Nq)o, it is not necessary to conduct preventive maintenance

(T -
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GRAPH 

Risk of failure (at end of lifetime) as a function of the risk of adimentional
rotation - Analytical results (mp/sp = 2 4 6
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GRAPH 2

Risk of failure (at end of lifetime) as a function of the risk of adimentional
rotation - Numerical and analytical results (mp/sp = 4
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4 Numerical results

GRAPH 3

Study of aximum derivative: numerical and analytical results (mp/sp)4
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3 Analytical results

GRAPH 4

Study of maximum derivative with propagation of errors (NO = average
number of "sensitive' tubes) determination of rotation time T proving
compliance with third category criteria. Confidence level = 090. "Optimistic",
"r-nean' and "pessimistic" propagation parameters.

1 T(CYCLES)

2 Optimistic configuration
Mean configuration
Pessimistic configuration
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GRAPH5

Study of maximum derivative with propagation of errors N= average
number of "sensitive" tubes) determination of rotation time T proving
compliance with third category criteria. Confidence level = 095. "Optimistic",
I.r-nean" and "pessimistic" propagation parameters.

1 T(CYCLES)

2 Optimistic configuration
Mean configuration
Pessimistic configuration

GRAPH 6

Study of maximum derivative with propagation of errors N average
number o "sensitive" tubes) determination of rotation time T proving
compliance with third category criteria. Confidence level = 099. "Optimistic",
"mean" and "pessimistic" propagation parameters.

1 T(CYCLES)

2 Optimistic configuration
Mean configuration
Pessimistic configuration
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TABLE 

MP distribution law parameters

MP (5%) MP 95%) mode median mean
(cycles) (cycles) cycles (cycles) (cycles)

"pessimistic" 1.37 5.5 2.25 2.75 3
configuration

mean" 2.75 11 4.5 5.5 6
configuration

optimistic" 4.1 16.4 7 8.2 9
configuration



TABLE2

Estimation of coefficients and (Nq)o - - E = 90%

P (Nq)o

"optimistic" 4.57 8.51 x 10-2
configuration

"mean" 4.05 5.37 x 1-2
configuration

"pessimistic" 2.13 4.79 x 1-2
configuration



TABLE3

Estimation of coefficients and (Nq)o - - E = 95%

P (Nq)O

optimistic" 4.42 6.53 x 1-2
configuration

mean" 3.64 4.79 x 1-2

configuration

"pessimistie- � .�77 4.47 x 1-2

configuration



TABLE 4

Estimation of coefficients and (Nq)O - - = 99%

P (Nq)o

"optimistic" 3.88 4.68 x 1-2

configuration

It mean It 3.02 3.63 x 1-2
configuration

..pessimistic" 1.36 3.55 x 1-2

configuration




