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ABSTRACT 

The containment of the French 1300/1450 MWe pressurized water reactors is ensured by two concrete vessels. 
The inner containment is biaxially prestressed so that it remains in compression under the pressure and 
temperature loading associated with a LOCA. It’s design is based on hypotheses concerning creep and shrinkage 
induced loss of prestress. These phenomena must be accurately monitored and their evolution must be accurately 
predicted in order to estimate the capability of the structure to undergo accidental conditions in the future during its 
whole industrial lifetime. The prediction of the further delayed behaviour of the containment vessel must be able to 
account for the previously monitored behaviour, the uncertainties associated to the measurements and the 
uncertainties associated to the model parameters. 

A reliability based method has been developed by EDF in that aim. This method allows to obtain an updated 
statistical distribution of the delayed strain. The modelling of the delayed behaviour is based on a physical model 
which accounts for the decomposition of creep and shrinkage physical mechanisms. The uncertainties on the 
corresponding physical parameters are accounted for by coupling this model with a classical probabilistic method. 
The updating of the initial prediction on the base of the measured delayed strains is performed trough a bayesian 
technique. 
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1 INTRODUCTION 

The reactor building which constitutes the civil engineering containment for fission products is an important 
element of the safety process. The containment of the French 1300/1450 MWe pressurised water reactors is 
ensured by two concrete vessels. The outer one, designed to withstand external aggressions, is made of reinforced 
concrete. The inner containment is designed so as to avoid leakage of radioactive elements in case of a LOCA (loss 
of coolant accident). The leak tightness does not rely on a steel liner as usual, but on the prestressed concrete itself. 
EDF is hence currently involved in a research program that must find the way to accurately monitor the 
containment vessel and to better predict its further delayed behaviour during the whole industrial lifetime of the 
plant. The aim of this paper is to describe the main stakes for the monitoring of prestressed concrete containment 
vessels and to propose a modelling and assessment method for the prediction and updating of its long term 
behaviour. 
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2 DESIGN OF THE INNER PRESTRESSED WALL 

The containment function of the P4, P'4 and N4 nuclear power plant series is based on a double containment 
wall (Fig. 1). The outer reinforced concrete wall withstands external accidental loads. The inner prestressed 
concrete wall withstands internal accidental loads (LOCA). A ventilation system collects the possible leaks 
passing through the inner wall. 

 

 

 

 
a) Vertical cross section -View of the 
outer and inner containment walls 

b) Horizontal cross section - View 
of the outer and inner containment 

walls 

c) 3D-view of the 
prestressing tendons 

Figure 1. Typical french P’4 series PCCV design 

3 MAIN STAKES FOR THE MONITORING AND DELAYED BEHAVIOUR ASSESSMENT OF 
PCCV 

The prestressing of the inner wall has been designed to achieve the appropriate level of vertical and horizontal 
compression in order to limit the risk of leakage under accidental conditions. This design has been achieved by 
introducing hypotheses concerning the creep and shrinkage behaviour of the constitutive prestressed concrete. 
These phenomena induce significant prestressing losses and thus must be accurately monitored and predicted in 
order to estimate the capability of the structure to undergo accidental conditions in the future during its whole 
industrial lifetime. The French nuclear containment vessels are monitored since the beginning of the structure's 
prestressing. The assessment of this capability is mainly based on the monitoring system and its results. 

3.1 Monitoring system 

The monitoring system is mainly comprised of embedded deformation gauges and pendula (figure 2.). This 
system enable to check whether the delayed behaviour of the inner wall is in accordance with the design 
assumptions during the whole industrial lifetime of the plant. 

3.2 Monitored delayed behaviour of PCCV and impact on its mechanical capability to undergo 
accidental conditions 

Figure 5. presents the typical evolution of the total delayed strain (creep and shrinkage) measured in one 
direction by an embedded deformation gauge. Creep and shrinkage induce a loss of prestress that reduces the 
design compressive stress applied on the concrete (figures 3. and 4.). If this decrease exceeds the design 
assumptions, the leaktightness criteria may not be fulfilled during an accident, especially in the singular areas of 
the wall where the prestress is particularly reduced by higher friction losses. 
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a) Embedded vibrating wire gauge b) Cross section and location of the embedded 
deformation gauges 

Figure 2. Typical french PCCV deformation monitoring system 
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Figure 3. Consequences of the delayed deformation in terms of loss of prestressing 
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Figure 4. view of a FE model used for design calculations (N4 series) 
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Figure 5. Evolution of the total delayed strain measured by a vibrating wire gauge 

3.3 Main issues and ageing management 

To assess the leak tightness of the inner vessel, full-scale experimental air tests are performed periodically 
(mostly every 10 years). These tests are carried out at the ambient temperature at a pressure close to the design 
pressure. The average leak from the inner containment to the interspace is measured and should fulfil a prescribed 
criterion. In the recent years, this leak-tightness emphasised a degradation between successive pressure tests. This 
was mainly due to localised cracks that had developed in specific areas of the wall that were clearly identified 
during pressure tests. In order to restore the leak-tightness of the internal concrete wall, a liner has been applied 
onto the intrados. This liner is applied over a surface that encompasses the computed “tensile stress area” as well as 
the leaking areas identified during the pressure test. 
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The mechanical studies carried out to design these repairs required the prediction of the delayed deformations 
(creep, shrinkage) up to a 40 year lifetime. This prediction have been based on extrapolation procedures of 
measurements available over a 10 to 20 years operating period. Within the framework of a life prediction program 
it becomes necessary to : 

• ensure the monitoring of the inner prestressed concrete wall, in order to have useful measurements for the 
studies to be further carried out ; 

• to better predict the creep and shrinkage strain enabling a reliable estimation to be used for initial or 
repaired design assessment. 

These issues deal with the estimation of a realistic industrial lifetime of the building. The management of the 
ageing is deeply linked to our capability to predict the delayed deformations with a good confidence. The method 
proposed hereafter could be one of the tools for EDF to manage the ageing of its containment vessels. 

4 RELIABILITY BASED METHOD FOR DELAYED STRAIN PREDICTION AND UPDATING 

In accordance with the general ageing management methodological framework presented in [1], a previous 
reliability based method is proposed in the aim of better predicting the long term delayed strain of the prestressed 
concrete wall. The capability of this kind of approaches to significantly improve the prediction quality accounting 
for the different uncertainties has been successfully investigated in different works related to similar structural 
ageing issues [2], [3], [6]. 

4.1 General principle 

The proposed reliability based approach enables to account for the different uncertainties associated to the 
loading, the material parameters and the environmental parameters in the prediction of the delayed strain based on 
a physical model (figure 6). 
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Figure 6. General principle of the reliability based method 
 

Within this framework, a realistic variability range can be derived from the distribution law of the delayed 
strain. The available measurements and their associated uncertainties can be used trough a bayesian approach in 
order to update this variability range. 
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4.2 Deterministic physical model for the delayed behaviour of the inner wall 

The physical model used as a basis for the proposed probabilistic method is based on different assumptions 
related to the general mechanical behaviour of the inner wall in its current part, the delayed behaviour of concrete 
in that part and the construction stages of the inner wall. 

The mechanical model used at this stage is limited to the current part of the wall. It comprises the areas of the 
cylindrical body which are located far from its different geometrical and mechanical singularities. The general 
geometry of the studied wall and the definition of a geometrical element of its current part are presented on figure 
7.a and 7.b respectively. The mechanical behaviour of this part is well described by the behaviour of a perfect 
cylinder presenting the same thickness and the same material properties as the inner wall [4]. The mechanical 
model used is based on this properties. The main geometrical parameters used in this model and the axis system 
used are presented on figure 7.b and 7.c respectively. 
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a) general geometry of the 
studied wall 

b) geometrical element of the current 
part 

c) axis system used for the definition of 
the model 

Figure 7. Geometry of the studied wall 
 

The physical model used for the prediction of the delayed behaviour of concrete in that zone is based on the 
decomposition of the total delayed strain into 4 components : 
 ( )( ) ( ) ( ) ( )( ) ( )( )tttttttttttttt scfdcfpsrdrescd σεσεεεσε ,,,,,,,,, +++=     (1) 

where  

• t  is the current time since the castening of the wall ; 

• st  is the age of concrete at the end of castening ; 

• ct  is the age of concrete at the time of prestressing ; 

• ( )tσ  is the stress in the considered direction at time t ; 

• dε  is the total delayed strain of concrete in the considered direction ; 

• reε  is the autogenous shrinkage strain of concrete in the considered direction ; 

• rdε  is the drying shrinkage strain of concrete in the considered direction ; 

• fpε  is the basic creep strain of concrete in the considered direction ; 

• fdε  is the drying creep strain of concrete in the considered direction. 

A specific physical model is used for each component and identified according to [4]. The assumptions of a 
quasi-instantaneous construction of the concrete wall and prestressing are introduced. 
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4.3 Reliability based method for the prediction of a realistic variability range for the delayed 
strain 

In each direction , the realistic variability range of the delayed strain is defined by the 95% confidence interval 
of the predicted delayed strain distribution law (figure 8). This interval is respectively bounded by the 2,5% and the 
97,5% fractile of this distribution law. In the orthoradial direction , these two fractiles can respectively be obtained 
at 40 years of service life by solving the following problems : 

 

 { }02504052
40

52 ,)years(P/Find actufi%,b
years

%, =εθθ      (2) 

 { }025040597
40

597 ,)years(P/Find actufi%,b
years

%, =εθθ       (3) 

where : 

 ( ) [ ]0004040 15252 =∩∩=≤= n%,actufi%, H...H)years(MPyearsP     (4) 

 ( ) [ ]0004040 1597597 =∩∩=≤= n%,actufi%, H...H)years(MPyearsP     (5) 

in which : 

 ( ) ( ) θθθθθθ ε−ε−ε= b
years

%,cbb%, tt)years(M 40
5252 40       (6) 

 ( ) ( ) θθθθθθ ε+ε+ε−= b
years

%,cbb%, tt)years(M 40
597597 40       (7) 

and : 

 ( ) ( ) 0==ε−ε= θθθθ
ibi,mbi ttH        (8) 

where ( )[ ]
nii,mb ≤≤

θθε
1

are n measurements of the orthoradial delayed strain corresponding to the instants 

t t i ni= ≤ ≤,1   

The updated probabilities are obtained from a classical form method within the bayesian updating framework 
developed in [5]. The problems (2) and (3) are independently solved by a simple dichotomy method. 
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Figure 8. Definition of the realistic variability range of the delayed strain 
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4.4 Pre-processing of the measurements 

The measurements provided by the embedded deformation gauges must be pre-treated in order to be used in the 
method. This pre-processing comprises two operations. 

Since the first measurement is performed after the prestressing of the wall, the first operation consist in the 
reconstitution of the delayed strains which have developed during the construction and prestressing phases. In that 
aim, the total delayed strain at the beginning of the measurement is evaluated with help of the mechanical model by 
introducing the assumptions summarised in paragraph 4.2.  

The measurements provided by the gauges is comprised of a mean value and an estimated uncertainty. To 
enable these information to be used in the bayesian updating method, the second operation consist in the 
elaboration of a distribution law corresponding to each measurement. This is performed by assuming a normal law 
defined by the mean value of the measurement and a standard deviation derived from the estimated uncertainty. 

5 EVALUATION OF THE PREDICTIVE CAPABILITY OF THE PROPOSED METHOD IN THE 
CASE OF A TYPICAL PCCV INNER WALL 

In order to evaluate its predictive capability, the proposed method is applied on the case of a typical PCCV 
inner wall. This evaluation is performed in different steps. In a first step, the method is used without updating in 
order to compare its initial prediction with the available measurements over all the measurements period. In 
following steps, the first half of the measurement period is used to update the prediction with different updating 
frequencies (number of periodical measurements in the used period introduced for updating). The variability range 
predicted by the method is compared to the measured variability range at the end of the measurement period. 

The physical parameters introduced in the model for this analysis are summarised in table 1. The statistical data 
related to the Young’s modulus and compressive strength of the concrete have been obtained from control tests 
performed during the construction of the wall (about 150 measurements available). The specific delayed strain 
models parameters and their associated statistical data are derived from these parameters. The statistical data 
related to the environmental parameters have been obtained from on-site measurements. Finally, the statistical data 
related to the prestressing and reinforcing steel material properties have been identified on the basis of a literature 
data bank [7]. 

 

Parameter Distribution law Mean Standard 
deviation 

Young modulus of concrete at time of 
prestressing 

Lognormal 33700 MPa 2500 MPa 

Elastic Poisson’s ratio Truncated normal (0 - 0,49) 0,2 0,1 

Creep Poisson’s ratio Truncated normal (0 - 0,49) 0,2 0,1 

Ambient relative humidity Truncated normal (0 - 
100%) 

40% 8% 

Mean drying radius Fixed 0,6 m - 

Time at castening Fixed 30/07/1990 - 

Time at the end of curing Fixed 30/07/1990 - 

Time at prestressing Fixed 30/10/1992 - 

Initial circumferential prestress Fixed 11,6 MPa - 

Initial vertical prestress Fixed 6,89 MPa - 

Table 1. Deterministic and statistical physical parameters 
 

2270



 

 Copyright © 2005 by SMiRT18 
 

Figure 9 presents a comparison between the initial prediction of the model (without updating) and the 
measurements. When no updating is applied and for the particular case studied here this figure emphasises the two 
following observations : 

• the tangential delayed strain of the wall is under estimated by the modelling at any ages following the 
prestressing ; 

• the variability of the tangential delayed strain at the end of the measurement period is overestimated by 
the modelling. 

Figure 10 and table 2 summarise the results obtained by applying the updating method with different updating 
frequencies. The analysis of these results emphasise the following observations : 

• the updated results are converging to with the updating frequency ; 

• even with a low updating frequency, the updated results closely match the measurements in terms of 
mean value and variability. 
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Figure 9. Comparison between measurements and initial prediction up 
to 40 years of service life 
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Figure 10. Comparison between measurements and updated predictions for different 
updating frequencies at the end of the available measurements period 

 

 

 Measure 
(10-6) 

Initial prediction (no 
updating) (10-6) 

Prediction updated 
with 3 measures (10-6) 

Prediction updated 
with 5 measures (10-6) 

Prediction updated 
with 10 measures 

(10-6) 

Total delayed 
strain - 2,5% 

1086 560 1059 1068 1070 

Total delayed 
strain – 97,5% 

1146 872 1133 1141 1125 

Table 2. Comparison between measurements, initial and updated predictions for different 
updating frequencies at the end of the available measurements period. 

 

6 CONCLUSIONS 

The main stakes for the monitoring of french 1300/1450 MWe units prestressed concrete containment vessels 
are related to the prediction of the long term delayed behaviour of the inner wall. A reliability based method 
accounting for the different uncertainties has been proposed for long term creep and shrinkage prediction of the 
concrete wall. The proposed approach allows for an updating based on the available strain measurements and their 
associated uncertainties. The predictive capability of the proposed method has been evaluated on the case of a 
typical PCCV wall. The obtained results emphasise the folowing points : 

• the updated results are converging to with the updating frequency ; 

• even with a low updating frequency, the updated results closely match the measurements in terms of 
mean value and variability. 

These results allow us to envisage to use this method within the framework of an industrial ageing management 
of PCCV. 
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