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Several nuclear power plant containment buildings are made with biaxially prestressed concrete. In order to maintain enough prestressing in the structure, the delayed behaviour of concrete on the very long term should be correctly assessed. In this paper two questions are considered: is the very long term creep of concrete asymptotic or not? And how to deal with biaxial creep? The observation of the very long term deformations of containments, the deflections of concrete bridges and laboratory results of creep tests are used to give answers to these questions.

Introduction

The typical French reactor building consists of two concentric containments (fig. 1). The outer containment, designed to sustain external aggressions, is made with reinforced concrete. The inner containment is biaxially prestressed, from 80 to 120 cm thick, and designed to withstand an internal pressure of 0.5 MPa in case of an accident. In order to avoid tensile stresses in concrete, a prestress is applied, corresponding to compressive stresses in concrete of 8.5 MPa and 12 MPa along vertical (zz) and orthoradial (, respectively. In the previous generation of French nuclear power plant (NPP), there was no metallic liner inside the internal containment. So the tightness of the containment in case of an accident is only assured by concrete. To limit leakage, cracking should be avoided and, so, tensile stresses should remain below the tensile strength of concrete. That is why the evolution of prestressing forces during time is critical for the NPP operation and why a good prediction of the evolution of delayed strains of the containment is needed. 

AMS'14

To predict the evolution of prestressing forces with time, the delayed behaviour of the constitutive materials (relaxation for steel and creep for concrete) has to be modelled precisely on the long term. In this paper only creep of concrete is considered and two problems are discussed: is the very long term creep asymptotic or not and how to deal with biaxial stresses?

2 Is the very long term creep asymptotic?

Laboratory tests

Classical creep tests in laboratory last generally less 2 or 3 years (and sometimes less). With such duration it is possible using these tests to fit as well an asymptotic or a logarithmic evolution of strains. There is nevertheless one set of creep tests performed by Brooks [START_REF] Brooks | 30-Year creep and shrinkage of concrete[END_REF] with a duration of 30 years. These tests performed on concretes with different water to cement ratio and with different aggregates types, show that creep is not asymptotic (figure 2). 

Long term deformations of prestressed structures.

The observation of the deflections of several bridges built of prestressed box girders indicates rather clearly that long term deflections are not asymptotic [START_REF] Bažant | Excessive creep deflections: An awakening[END_REF][START_REF] Vítek | Deflections and Strains of Prestressed Concrete Bridges[END_REF][START_REF] Sellin | Delayed deformations of segmental prestressed concrete bridges: the case of the Savines Bridge[END_REF]. In the case of NPP, thanks to a large monitoring of the behaviour of the containment, global and local deformations are measured. Figure 3 presents the evolution of the deformations of the central part of the containment of a French NPP. Again, the long term behaviour is not asymptotic and seems in accordance with a logarithmic evolution with time. Note that delayed strains include here drying shrinkage and relaxation of the prestressing tendons. 

Consequences

With the measurements of the deformations of a sample during a creep test, it is possible to adjust an asymptotic hyperbolic function (like in EC2-1 -equation 1) or a combination of an asymptotic and a logarithmic functions (like in MC2010 -equation 2) -see figure 4. In the latter case the logarithmic function corresponds to basic creep while drying creep is asymptotic.

( ) [eq. 1] [ ( ) ] [eq.2]
where a, b, c, d and e are fitted constants. f1, f2, g1 and g2 are functions of the notional size h given by EC2-1 and MC2010. The notional size is here equal to 80mm.

The creep models being optimized on a sample, it is possible to predict the creep deformations of a larger structure. In our case a NPP has a notional size h=800mm loaded under a constant uniaxial stress of 12.5MPa and a RH of 50%. Figure 5 shows that in this case at very long term large differences occur despite a good calibration of the model on the same test. This is of course due to the differences in the nature of the equations (asymptotic or not) and it shows the importance of a physical manner to model the very long term behaviour of concrete structures. A bad prediction during design will underestimate the loss of prestressing and could affect the service life of the NPP. Note also that, in this case the contribution of basic creep is the most important in the long term despite the large notional size (figure 6). 
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Figure 4 Comparison of experimental results [START_REF] Granger | Comportement différé du béton dans les enceintes de centrales nucléaires : analyse et modélisation[END_REF] and models corresponding to equations 1 and 2. The applied stress is equal to 12.5 MPa and the relative humidity to 50%. 

Biaxial creep

Laboratory tests

Few experimental results are available in the literature. By extending isotropic elasticity theory to the visco-elasticity, it is possible to define a secant creep Poisson ratio c:

[ ] [eq.3]
where  is the creep strain tensor,  the stress tensor and J is the uniaxial specific creep. If it is assumed that the material remains isotropic, creep Poisson ratio can be calculated using either equation 4 or 5 (after developing eq. 3):
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[eq.5] An analysis of several experimental results leads to the fact, in most of 1D (with the measure of strain in the non-loaded direction), 2D and 3D creep tests, the creep Poisson ratio is closed to 0.15. However, in some tests unphysical values (less than -1 or greater than 0.5) has been found [START_REF] Benboudjema | Modélisation des déformations différées du béton sous sollicitations biaxiales. Application aux enceintes de confinement de bâtiments réacteurs des centrales nucléaires[END_REF], which may be due to uncertainty of sensors, tightness flaws in basic creep tests and friction between the concrete specimen and the loading frame. The analysis of available biaxial basic creep test is reported for biaxial creep tests in Figure 7.

For experiments where strains have been measured in the 3 principal directions [START_REF] Galenne | Prediction of Delayed Strain of Nuclear Containment Building: from laboratory tests to an industrial mock-up[END_REF][START_REF] Gopalakrishnan | Creep Poisson's Ratio of Concrete Under Multiaxial Compression[END_REF][START_REF] Jordaan | The Creep of Sealed Concrete under Multiaxial Compressive Stresses[END_REF], the use of eq. 4 and 5 has leaded to similar results. For biaxial creep tests for which compressive stresses are different, it has been found very close results using either eq. 4 or eq. 5. These results show a significant discrepancy between results. After 100 days, the basic creep Poisson ratio is comprised between about 0.14 and 0.35. Even after about 4 years, its value seems to be continuously evolving. It is difficult to conclude at this time. 

Long term deformation of a NPP

In Figure 3, the evolution of the biaxial deformations during times in a NPP was presented. From these deformations one can express the evolutions of the sum and the difference of the vertical and tangential strains. These evolutions are presented figure 8 for three different NPPs [START_REF] Chauvel | Assessment of long term concrete deformations of nuclear structures based on in situ measurements[END_REF]. It can be seen that the delayed strains in the containment wall follow two distinct kinetics:

the difference between tangential and vertical strains, which exhibits a fast kinetics and becomes almost constant after 500 days, -the average of tangential and vertical strains, which corresponds to a slow kinetics. If vertical and tangential strains are equal despite different values for the prestressing, this means that in the long term biaxial creep deformations are only sensible to the mean stress and independent of deviatoric ones. If biaxial creep is expressed using a tangent Poisson ratio, this is equivalent to a Poisson ratio equal to -1. If we assume that the kinetics proposed by MC2010 are correct, the long term slow kinetics corresponds to basic creep (figure 6). So there is a contradiction between the basic creep Poisson ratio obtained with experimental results and the one obtained from the global behaviour of the NPP. 

Conclusion

The observation of the global behaviour of containments of nuclear power plants confirms laboratory results and the observation of the long term behaviour of bridges: creep of concrete does not seem to have an asymptotic behaviour but an evolution with the logarithm of time. And it is very important to take into account this phenomenon in construction codes for the prediction of the very long term behaviour of structures. Concerning biaxial prestressed structures like the containment of a NPP, the global behaviour does not seem in accordance with laboratory tests. The analysis of these structures should be continued in order to understand the physical sources of this discrepancy. T-V NPP3
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