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SYNTHÈSE :

Certains tubes des échaugeurs thermiques de centrales nucléaires peuvent être
affectés par de la fissuration de corrosion sous contrainte provoquée par l'eau primaire
dans les zones fortement contraintes. Ces défauts peuvent réduire la durée de vie de
l'élément et conduire à son remplacement. Afin de réduire le risque de fissuration, une
opération préventive de protection par grenaillage a été appliquée aux réacteurs
français de 1985 à 1988.

Pour évaluer et étudier les effets du grenaillage, on a procédé à une analyse
statistique des résultats de dégradation des tubes recueillis lors des inspections en
service qui sont régulièrement effectuées par des méthodes de contrôles non
destructifs.

La méthode statistique employée repose sur le modèle de Cox à risques
proportionnels, un puissant outil d'analyse des données de survie mis en œuvre avec la
procédure PHREG, récemment disponible dans le logiciel SAS/STAT. Cette technique
présente un certain nombre d'avantages importants, dont la possibilité de gérer les
données de temps à défaillance censurées, avec la complication de covariables
dépendant du temps.

Cette note se concentre sur la modélisation et présente les résultats donnés par
SAS. Ceux-ci permettent d'estimer de combien le risque relatif de dégradation est
modifié après le grenaillage, et indiquent les valeurs des facteurs explicatifs analysés
pour lesquelles le traitement devrait être ie pius bénéfique.

Valérie DURBEC, Patrice PITNER
Thierry REFFARD : DE/SEPTEN
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EXECUTIVE SUMMARY :

Some tubes of heat exchangers of nuclear power plants may be affected by
Primary Water Stress Corrosion Cracking (PWSCC) in highly stressed areas. These
defects can shorten the lifetime of the component and lead to its replacement In order
to reduce the risk of cracking, a preventive remedial operation called shotpeening was
applied on the French reactors between 1985 and 1988.

To assess and investigate the effects of shot peening, a statistical analysis was
carried out on the tube degradation results obtained from in service inspection that are
regularly conducted using non destructive tests.

The statistical method used is based on the Cox proportional hazards model, a
powerful tool in the analysis of survival data, implemented in PROC PHREG recently
available in SAS/STAT. This technique has a number of major advantages including
the ability to deal with censored failure times data and with the complication of
time-dependant covariates.

This paper focus on the modelling and a presentation of the results given by
SAS. They provide estimate of how the relative risk of degradation changes after
peening and indicate for which values of the prognostic factors analyzed the treatment
is likely to be most beneficial.
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A Survival Analysis On Critical Components Of Nuclear Power Plants

Valérie DURBEC, Patrice PITNER, Thierry RETARD
Electricité de France

1. INTRODUCTION

During the process of producing Electricity, water is transformed into saturated steam by
heat exchangers called steam generators. A tubular bundle that contains 3000 to 5000 tubes
allows the vaporisation to be done. As in almost heat exchangers, the boundary between the
« hot » and « cold » fluid is exposed to important thermal and mechanical stresses.

On steam generators used in pressurized water reactors, these stresses are particularly
severe in the transition area between tube-sheet and tubes and some tubes may be affected by
Primary Water Stress Corrosion Cracking (PWSCC). These defects can shorten the lifetime of
the steam generator leading to a costly replacement when too many tubes are affected and
plugged.

In order to reduce the risk of cracking, a preventive remedial operation consisting in
projection of metallic beads on the surface to be treated was applied on the French reactors
between 1985 and 1988. This process called « shot-peening » allows to release stresses.

To assess and investigate the effects of shot-peening, a statistical analysis was carried out
on the tube degradation results obtained from in service inspection that are regularly conducted
using non destructive tests.

The goals of the study are (1) to test the significance and quantify the effects of shot-
peening on subsequent degradation and (2) investigate and identify the influence of several
prognostic factors that could have a significant effect on the efficacy of the treatment. The
factors investigated in the present study include : age of the tubes at the time of shot-peening,
origin of the tubes (steel manufacturer and tube factory), level of degradation at time of shot-
peening, short term or long term effect.

The statistical method used is based on the Cox proportional hazards model, a powerful
tool in the analysis of survival data. This technique has a number of major advantages including
the ability to deal with censored failure times data and with the complication of time-dependent
covariates.

This paper will focus on the modelling and a presentation of the results given by SAS®.
They provide estimate of how the relative risk of degradation changes after peening and
indicate for which values of the prognostic factors analysed the treatment is likely to be most
beneficial.

2. NATURE OF DATA AND METHODS OF STATISTICAL ANALYSIS

2.1. Statistical nature of the data

First of all, it is recalled that one of the main characteristics of the data gathered is that they
are censored data requiring use of survival data analysis techniques:



• right censored , because on the date of the last inspection only part of tubes are cracked.
For the uncracked tubes, all that is known is that cracking occurs later than the last date of
observation,

• interval censored, because the time to cracking of the tubes is not actually observed; it is
known only that cracking occurred in the time interval between two inspections and was
found only after the fact.

Moreover, the shot-peening operation of which the effect is to be studied was not
performed at the outset, but only after a variable operation time. It will therefore be necessary
to introduce a time-dependent explanatory variable called « covariate » to reflect the fact that
the tube will go in time from the non-shot-peening condition after treatment. This is a
fundamental difference from standard covariates, such as the origin of the tubes, which are
fixed. This will lead to some complexity in the modelling and the analysis of the results.

For this analysis, we are therefore going to use primarily Cox's proportional hazards
model, a very powerful technique for investigating the effect of the diverse explanatory
variables that may influence the time to failure of equipment.

2.2. Cox's proportional hazards model

It should be recalled that Cox's model is a proportional hazards model based on the
decomposition of the instantaneous failure rate (or hazard function) of each tube h(z,t) into the
product of a baseline hazard function ho(t), which is not parametric and is common to all
individuals, and an exponential term incorporating the effects of the explanatory variables Zi
varying between items :

h(t,zi,..,Zk) = ho(t)exp(p,Zi+p2Z2+...+PkZk) (1)

The Pi are the unknown regression parameters of the model, the estimate of which is used
to determine the effects of each explanatory variable Zi on the failure risk.

The baseline hazard function ho(t) represents the risk of failure of a tube for which all
covariates Zi are zero. No hypothesis or parametric model is assumed concerning the form of
the statistical distribution ho(t). This model is called a proportional hazards model because the
covariates (explanatory factors) act multiplicatively on the risk.

The parameters Pi of the model are estimated by the maximum likelihood and the
calculations are performed using the PHREG procedure from SAS/STAT® Software. It uses
a Newton-Raphson algorithm to maximize the likelihood function.

Tests of significance (chi-square) are also performed on the coefficients Pi in order to test
the null hypothesis (Pi= 0) that the parameters are not significant.

To interpret the parameters of the model, it will be noted after (1) that exp(PjZj) expresses
the relative risk associated with explanatory variable Zi acting multiplicatively on the hazard
function. Thus, in the case of a binary covariate indicating a class membership and taking the
value 0 or 1, exp(pi) will simply represent the difference between the two groups.



3. DATA AND NOTATION

3.1. Data based on experience feedback

All the data used are taken from inspection results that serve to estimate the rate of cracked
tubes of the different bundles at the time of inspection, based on a representative sample of
tubes inspected.

The random variable of interest chosen to represent these observations is the time to
cracking T of each tube, i.e. the number of hours of operation from start-up until the
appearance of a detectable crack in the tube.

3.2. Codification of the variables

The explanatory variables introduced and tested in the various models are :

Shot-peening status :To describe the condition of a tube with respect to the shot-peening
operation, a time-dependent binary covariate MICSTATUS will be used. This is an indicator
variable that takes the value 0 if the tube has not yet been shot-peened at • and 1 if it has.

Origin of the tube : To analyse any influence of the origin of tube, the following
codification is used, found in table I. It will be noted that TUB designates the tube factory (it is
0 for T and 1 for U) and ACI the steel manufacturer (0 for A and 1 for B).

Table I : Codification of tube origin explanatory variables

Tube factory
T
U
T

Steel manufacturer
B
A
A

TUB
0
1
0

ACI
1
0
0

Age of tube bundle at time of shot-peeninp : The age of the bundle at the time of shot-
peening is included in the analysis because the effect of the treatment may depend on the
number of hours of operation of the tubes before treatment. For this, a time dependent
covariate XHMIC that will represent the interaction between the shot-peening and the age of
the steam generator at the time of treatment is used. This variable is simply equal to 0 at time
oft if the tube has not yet been shot-peened; otherwise it contains the age of the tube on shot-
peening (in hours of operation). To facilitate interpretation, this variable has been centred on
40 000 hours, roughly the mean age of the steam generators at the time of treatment.

Tube bundle risk classes : This parameter is included because the tubes do not all exhibit
the same risk of cracking at the time of shot-peening, and this variable may influence the
efficacy of the treatment. The steam generators were grouped into three main behaviour
classes according to their rate of cracking and number of hours of operation at the time of
shot-peening. This classification is shown in figure 1. To identify these three classes, the
following coding is used, with the indicator variables CL1 and CL2 (table II).
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Figure I : Risk classification of tube bundles at time ofshot-peening. The rate of cracking is shown on a
Weibull scale versus the number of hours of operation at the time of treatment.

Table II : Codification of steam generators risk classes

Class
Reference class 0, « low-risk » steam generators
Class 1, « medium-risk » steam generators
Class 2, « higher-risk » steam generators

CL1
0
1
0

CL2
0
0
1

From these class indicator variables, variables XCL1 and XCL2, characterizing interaction
between the shot-peening and these risk classes, will also be created. These covariates are
equal to 0 before shot-peening and take their class indicator values after treatment. They will
serve to measure this interaction and test whether the effect of the shot-peening depends on the
risk of cracking of the tube at that time.

Evolution of the effect of treatment : The covariate XSTATUS is an interaction variable
that will be used to test whether the effect of the treatment is constant over time. This time-
dependent covariate is stratified into S classes as follows (Table HI), in order to indicate the
current operating cycle after treatment (one cycle is taken equal to 7500 hours) with respect to
the first reference cycle represented by the variable MICSTATUS.

Table III : Covariates indicating number of cycles after treatment

Covariates

MICSTATUS
X1STATUS
X2STATUS
X3STATUS
X4STATUS

[0,75001
1
0
0
0
0

Numbers of hours of operation after treatment
[7500,15000]

1
1
0
0
0

[15000,22500]
1
1
1
0
0

[22500,300001
1
1
1
1
0

[>30000]
1
1
1
1
1



In short, each tube of the analysis will be described by a set of covariates, some fixed like
the origin (TUB and ACI) and the risk class (CLl and CL2) and others changing with time like
the treatment (MICSTATUS) and the interactions (XHMIC, XCL and XSTATUS). They will
be used to test the efficacy of shot-peening and explore, using Cox's model, the simultaneous
influence of these covariates.

4. ANALYSIS OF RESULTS

Table IV below gives estimates of the regression coefficients for a number of Cox's models
that were fitted to and tested on these data. The final model (no.4) on the last line was
accordingly built in successive stages.

Table W : Effect of shot-peening
Values of regression coefficients p of the selected Cox's models

Main effects Treatment Interactions

Origin Risk class Age Risk class Number of cycles after shot-peening

Model shot-peening

TUB ACT CLl CL2 MICSTATUS XHMIC XCL1 XCL2 X1STATUS X2STATUS X3STATUS X4STATUS

1

2

3

4

0.360 0.840

1.117

1.072

1.877

1.832

-0.900

•0.820

•0.037

N.S.

0.000035

0000025

0.000031

•0.630

•0.580

-0.999

-0.945 •0.228 0.212 0.112 0.001
(VIS.)

N.S. - Not significant at 0.03 level
Variable XHMIC is centred on 40 000 hours : XHMIC = (age at shot-peening - 40 000 hours)

(1) Model no.l is the preliminary model containing only the MICSTATUS variable. It
should be noted that analysis of this variable alone is equivalent to performing the
Mantel-Cox test [1] and can be used to test the effectiveness of the treatment.

The value of the initial parameter is -0.9 which indicates that the overall effect of shot-
peening for the period and population investigated is highly significant. The - sign
indicates that the effect is beneficial, with the cracking risk reduces by a factor of 2.5
(exp(-0.9) =

(2) Model no.2 was obtained by also including the origin of the tube and testing whether
the age of the tube bundle at the time of shot-peening influences the effectiveness of the
treatment.

It seems that the influence of this age variable is highly significant. The positive
estimator of the coefficient indicates that the treatment is more effective on tubes that
are shot-peened early, and a difference of 20 000 hours around the mean age of shot-
peening (40 000 hours of operation) alters the cracking risk by a factor of 2.

In this model, we also tested the interaction between the shot-peening and the origin of
the tubes. The non-significance of the two variables characterizing the origin of the
tube (steel manufacturer and tube factory) indicates that the effectiveness of the
treatment cannot validly be characterized according to this classification. In what



follows, preference will be given to the risk classification of the steam generators based
on the rate of cracking and the date of shot-peening, which is more homogeneous and
better matches the model to the data.

(3) Model no.3 was used to test whether the level of degradation of the tube bundle at the
time of shot-peening has an influence on the effectiveness of treatment.

From this model one finds that the variables CL1 and CL2 characterizing the main
effect of the risk classes before shot-peening, and the interaction variables XCL1 and
XCL2 reflecting the effectiveness after treatment, are all highly significant (in addition

•to the variables MICSTATUS and XHMIC explored earlier).

It is found naturally that class 1, « medium-risk » steam generators, exhibits a cracking
risk exp(1.117) - 3 times as great as reference class 0 before shot-peening. Similarly,
«higher-risk» class 2 steam generators are characterized by a cracking risk
exp( 1.877) = 6.5 times as great as the reference class before treatment.

After shot-peening, it is found that the effectiveness of the treatment varies with the
class. For reference class 0, the relative risk is multiplied by exp(-0.037) = 0.96, for
class 1 the relative risk is multiplied by exp(-0.037 -0.630) = 0.51, and for class 2 the
relative risk is multiplied by exp(-0.037 -0.999) = 0.35. These relative risks are for a
steam generator shot-peened at a mean of 40 000 hours of operation.

This analysis therefore shows that the higher the risk of the bundle to which a tube
belongs, the greater the impact of the shot-peening, with relative risks multiplied by
0.96, 0.51 and 0.35 respectively. However, it should be noted that this difference is not
great enough to restore the tubes to the same level of risk after treatment. This is
shown in table V below, which gives the relative risks before and after treatment with
respect to reference class 0, low-risk bundles, for which the cracking risk is arbitrarily
taken equal to 1. Before shot-peening, class 2 exhibited a risk 6.5 times as grew?, as
class 0; after treatment, the risk is only 2.4 times as great.

Table V: Comparison of relative risks before and after treatment by steam generator risk class,
referred to the low-risk tube bundle reference class

Risk
class

Class 0
Class 1
Class 2

Relative risk
Before

1
3

6.5

After
1

1.6
2.4

This phenomenon is also illustrated in figures 2 and 3 below, where the evolution of the
risk before and after shot-peening, for all steam generators and for each steam
generator risk class, respectively, is shown. In figure 3, it can be seen that the decrease
at the time of shot-peening is greater for the highest risk function, but that after
treatment the rank ordering is preserved. These curves were obtained by the actuarial
method [2] and estimated by LIFETEST procedure from SAS/STAT.



0.000007"

0.000006-

0.000005-

0.000004

0.000003

0.000002-

o.oooooi-

0.000000

-20000 -10000 0 10000

time with respect to shot-peeiing (hours)

Figure 2 : Risk function for all steam generators versus time with respect to the date of shot-peening
identified as 0.

0.

0.

0.

0.

f 0.

I o.

0.

0.

0.

0.

000011 -

000010-

000009

000008

000007-

000005

000004

000003

000002-

000001

oooooo
-20DD0 -1D00D 0 10000 20000

tinte with respect to ihoi-peening (hours)

SG risk class : Q 1 2

30000

Figure 3 : Estimated risk function by steam generator class versus time with respect to the date of shot-
peening identified as 0.

(4) In model no.4, it is tested whether the efifect of the shot-peening remains constant over
time, using the interaction covariates XISTATUS to X4STATUS. This model shows
that the impact of shot-peening is greatest two cycles after treatment : the negative
value of the coefiBcient of XI STATUS indicates that the effect increases in the course
of the second cycle after shot-peening (7500 h < t < 15000 h). During the next two



cycles, the effectiveness decreases slightly, then stabilized with a coefficient for
X4STATUS that is not significantly different from 0.

The table VI gives, for this model, the estimate values of the coefficients and of the
relative risks, making it possible to track this evolution with respect to the first cycle,
taken as reference class.

Table VI : Evolution of the effect ofshot-peening as a function of operating cycle

Operating cycle after
shot-peening

1
2
3
4
5

Equivalent operating
time (hours)

[0,7500]
[7500,15000]
[15000,22500]
[22500,30000]
[30000,375001

Coefficient of covariates

0
•0.228

-0.228 + 0.212
-0.228 + 0.212 + 0.112
-0.228 + 0.212 + 0.112

Associated relative risks

1
0.80
0.98
1.1
1.1

In this model, it may also be noted that the coefficients found for the variables risk
classes and their interactions with shot-peening are practically unchanged from the
previous model. The effect of age at the time ofshot-peening is still highly significant in
this complete model, and a shift of+10 000 hours (resp. -10 000 hours) of the date of
shot-peenig multiplies (resp. divides) the relative risk by a factor equal to
exp(0.31) = 1.36. A factor of 2 on the cracking risk is obtained with a shift of 22 000
hours in the date ofshot-peening.

5. A COMPLETE PREDICTIVE MODEL

The above complete model no.4 may be used to predict and quantify the impact of shot-
peening on the risk of cracking of the tubes, in a given context characterized by the covariates
of the model (using their codification given in tables II and HI).

For example, the effectiveness of shot-peening on a « higher-risk » tubular bundle at the
date of shot-peening and shot-peened after 30 000 hours of operation, three cycles after
treatment is to multiply the relative risk by :

+ (30 000 - 40 000)3XHMIC + Pxa,2 + PXISTATUS + PJOSTATUS]

= exp[0 - 0.31 - 0.945 - 0.228 + 0.212]

= 0.28

If the steam generator was shot-peened after 50 000 hours of operation, the relative risk
would be multiplied after one cycle after treatment by :

exp[0 + 0.31-0.945] = 0.53

In the second example, the effectiveness of the treatment is twice less than in the first one.



6. CONCLUSION

The application of a relatively complex multivariate statistical analysis method (Cox's
proportional hazards model adapted to include time-dependent covariates) implemented in the
PHREG procedure available in SAS/STAT has yielded a number of important results
concerning the efficacy of shot-peening :

• Shot-peening has a statistically highly significant effect on cracking risk (variable
MICSTATUS). Globally, after treatment, the risk is divided by a factor of 2.5 for the
population treated.

• The earlier the treatment the greater its effectiveness (variable XHMIC). A shift of plus
or minus 22 000 hours in the date of shot-peening respectively increases or decreases the
cracking risk by a factor 2.

• The effect of the shot-peening is not constant over time (variables XSTATUS); it is
found to be largest during the second cycle after the treatment; the risk seems to stabilize
after three operation cycles.

• The effect of shot-peening depends on the level of degradation of the tube bundle at the
time of treatment (variables CL, XCL). The higher the cracking risk of the tube, the greater
the impact of the shot-peening. However, this relative effectiveness is not enough to restore
the tubes to the same level of risk after shot-peening. In other words, the most vulnerable
tubes are still the most vulnerable after shot-peening.

These conclusions on the efficiency of shot-peening were used by the FRAMATOME
owners group to optimize this preventive maintenance operation.
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