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INTRODUCTION 

 

As part of EDF’s study program for the safety and life extension of its Nuclear Power Plants 
fleet, an experimental mock-up of a reactor containment building at 1/3 scale has been built at “EDF 
Lab Les Renardières”. The construction has been completed at the end of 2015. Because of the scaling 
effects the drying effects on the mock-up are about 9 times faster than in a full scale containment 
vessel. The mock up‘s behaviour is monitored from the beginning of the construction. More than 700 
captors and 2 km of optic fiber cables have been positioned in the concrete, both on the steel 
reinforcement and prestressing cables. Since the concrete pouring and for the duration of the research 
program extensive data are collected. 

 Hundreds of samples have been prepared and tested in order to determine their material 
behaviours and parameters, and especially: hydration, elastic properties, drying, creep (basic and 
drying) and permeability. The experimental campaign consists of a daily measurement of the whole 
sensors and in a periodic air pressure test of the mock-up every year. During this test, the containment 
is pressurized at 5,2 bar absolute. 

EDF proposes three benchmarks to share with the international research community with the 
experimental results of:  

• the behaviour at the early age,  

• the evolution of the leak tightness under the effect of aging  

• the behaviour under severe accident conditions for which the thermo-mechanical 
loading is maintained for several days. 

 

This article focuses on themes 2 and 3 of the first Vercors benchmark (behaviour at early age). 
The behaviour of the containment building is modelled throughout its concreting, lift after lift, 
followed by the prestressing cables tensioning and the first pressurization test. In the first part, we 
present the method of resolution. Then, we realize a description of the finite element model applied to 
Vercors and finally we present the results obtained for two models: in the first one, the different 
phases of construction are not taken into account and in the second they are. 

 

 
PRESENTATION OF THE MODEL 

Theoretical framework of hydraulic model 

In the methodology proposed by this work, the gas flow across a concrete wall is classified 
into three parts: flow due to the natural porosity of material; accelerated flow through micro-cracks, 
and flow through macro cracks. In the last case, both open and reclosed cracks are accounted for. In 
this approach, it is considered that the gas phase consists only of dry air, that there is no interaction 
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between the dry air and the liquid medium and finally that the phase change cannot be occurred. 
Transport through the unsaturated sound concrete, micro-cracked concrete and reclosed cracks is 
calculated by Darcy's law. In case of discrete opening cracks, it is with Poiseuille-flow equation that 
leakage is estimated. 

 
Sound and micro-cracked zones 

The simulation of fluid transport through a partially saturated porous medium is based on the 
resolution of three mass balance equations for fluid, gas and vapor ([BEA91] or [MAI01]).  
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φ Sl and φ (1 - Sl) represent the ratios of volume occupied respectively by the liquid-water 
phase and the wet-air phase. 

 (1 )
(1 )

l l l

v v l

a a l

m S
m S
m S

φρ
φρ
φρ

=
= −
= −

  (2) 

ml, mv and ma represent the apparent volumetric mass of the liquid phase and the gaseous 
components. 

φ is the material total porosity and Sl the degree of saturation 
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where VW and VV are respectively the volumes of liquid water and free space. C is the 
volumetric water content and Csat the water content forwater saturated sample. ρl, ρv, ρa and vl, vv, va 
are the mass densities and velocities for liquid, vapor and dry air respectively. μl→v denotes the rate of 
liquid—water mass changing into vapor per unit of volume. 

Assuming that the gaseous phase does not contain vapor and considering the gas transport 
only, the associated mass balance equation can be rewritten: 
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  (4) 

 The gas velocity in the sound and micro-cracked and enclosed cracked concrete is 
obtained using Darcy law for a partially saturated porous medium: 
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Where Kg is the gas permeability and ηg is the associated dynamic viscosity. These equations 
fit to the case of integrity tests of containment vessels where dry air pressure is applied inside the 
concrete vessel. That is why no interaction between the air and the liquid phases is assumed. 
Considering the Darcy law (Equation(5)) and assumption of “ideal” gases (Equation (6)), the Equation 
(4) is rearranged as follow (Equation (7)): 
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Where Pg is the pressure of the gas, Tg is the temperature of the gas, R is the ideal gas constant 
and M is the molar mass.  
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Where λNC is the non-linear non cracked “diffusive” parameter.  Equation (7) involves the 
definition of the gas permeability in the partially saturated sound and damaged concrete. This relation 
is valid for the damage bellow than a threshold. For the damages value greater than this damage 
threshold, the micro cracked form the macro cracks and the gas transfer follow the gas transfer law 
through the cracks (next section). 

One of the important step is thus to determine the parameters that influence the value of the 
gas permeability. Once the hydraulic equation is solved, gas velocity and volumetric gas flux will be 
post-processed as bellow: 
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With gv the macroscopic gas velocity and n unit normal surface. The gas mass flow then will 
be obtained using the relation of “ideal” gas. 
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Opening cracked zones 
Through the macro-cracked the gas associated mass balance equation without source term 

through a gas saturated porous medium can be rewritten (Bear, 1991):  
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The gas velocity is obtained using Poiseuille law: 

 
2

( )
12

c c
g g

g

N wv grad Pξ
η

=−   (12) 

Where Nc is the crack numbers, ξ is the flow coefficient, wc is the crack openings. 

Considering the gas as “ideal” ((Equation(6)), the volumetric gas mass can be written as a 
function of the gas pressure: 
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Equation (13) could also be presented as following: 
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Equation (14) presents the gas transfer equation through a single crack. In order to apply this 
equation in a continuum medium containing N cracks, a correctional geometrical coefficient is 
applied: 
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Where α is a correctional geometrical coefficient, Vt and Vc are respectively the volume total 
and the volume occupied by N cracks. This coefficient does not have any effect on resolution of the 
equation (14) but is important to take into account in the gas flow calculation of a continuum medium. 

The gas velocity in the cracked concrete will be post-processed as bellow: 
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The volumetric and gas mass flow then will be obtained using Equations (9) and (10). 

 
Closed cracked zones 

In this work the gas transfer through the enclosed crack are model by Darcy law (similar to the 
equation(7)). 
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Gas transfer permeability calculation 

Gas permeability refers to the ability of concrete to transmit the gas. Different studies from the 
literature indicate that the gas permeability is influenced by different parameters such as drying, 
mechanical degradation and chemical impacts. In pressure containment vessels, the gas permeability is 
mainly due to drying and mechanical degradation.  

 

To obtain the total gas permeability in the partially saturated sound and micro-cracked the 
decomposition proposed by [BAR99] is used. The total gas permeability Kg is split into two terms: 

 ( , ) ( ). ( , )g l rg lK S D k S K Dφ=  (18) 

With krg the relative gas permeability, which is a function of the saturation degree ( lS ), and K 
[m2] is the intrinsic permeability, which is a function of the intrinsic property of pore structure (φ ) 
and mechanical damage ( D ).This split enables to simplify the problem because it uncouples the 
drying and mechanical effects on the material permeability 

The expression of relative permeability used is this one proposed by [VER01] 

 
1
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The value of b is considered equal to 2.9. 

 

The intrinsic gas permeability depends on the porosity and mechanical state of concrete. In the 
sound concrete it depends only on the pore states of the concrete. But if concrete is damaged the gas 
permeability depends also on the concrete mechaniacl state. To take into account the influence of the 
micro cracking on the evolution of permeability, different experimental laws governing with the 
degradation of the material have been proposed. 
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Drying model 

In order to calculate the degree of saturation of concrete, the approach proposed by [GRA95] 
and [MEN88] is used. Using the water, vapour and dry air mass balance equations and considering 
water, vapour and dry air diffusion laws the authors come to a non-linear relation to model the drying 
effect: 

))(),(( CgradTCDdiv
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−−=
∂
∂

 
(20) 

With D(C,T) the non-linear diffusive coefficient function of the water content C and 
temperature T. The temperature distribution is obtained from a thermal preliminary computation. For 
the expression of D(C,T), Granger (1995) suggested the following relation: 
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A, B, T0 and Qi are four model parameters. Equation (20) and equation (21) are solved by 
analogy thermal equation. Once the distribution of the volumetric water content is evaluated, the 
degree of saturation is deduced. 

Mechanical model 

In long-term behaviour of large-scale structures such as prestressed pressure containment 
vessel, creep is considered to be one of the principal causes for concrete damage. Concrete creep may 
lead to partial reduction of pre-stressing and in extreme cases consequently expose concrete to tensile 
stress. Most creep models ([BAZ88] [GRA95]) are developed for uni-axial stress state. Some authors 
such as [BEN02] and [KIM06] generalize uniaxial creep models to multi axial creep models. Since the 
concrete wall of pressure containment vessel is under biaxial stress states, our choice was made for 
Benboudjema’s model. The parameters of this model are calibrated using existing containment 
vessel’s measurements to predict the long-term behaviour reliably. 

Several authors introduce a rheological coupling of creep with a continuous damage law 
([LOU01], [MAZ03]). But these coupled models raise great amount of numerical difficulties and are 
not easy to use in case of models for large-scale industrial applications. In order to evaluate damage, a 
simplified post-processing method based on Mazars’ model [MAZ84] has been developed, using the 
mechanical and creep calculations results.  

The evolution of damage is controlled by the so-called equivalent strain that characterizes the 
material extension during loading: 

 
2 2 2

1 2 3eqe e e e
+ + +

= + +  

  (22) 

 

ie +
 is the positive strain value in the principal i direction. The strain tensor, which is used 

to calculate the equivalent strain, is given by the following equation: 

 0 1elastic creepe e ce c= + < <   (23) 

c  is the coupling creep-damage coefficient. It should be noted that our approach is sequential 
and calculated damage does not modify the mechanical calculation. Creep and elastic strain tensor are 
only used as inputs for the purpose of damage calculation, as a post-processing treatment. 
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DESCRIPTION OF THE FINITE ELEMENTS (FE) MODEL 

 

The structure is a containment vessel in pre-stressed reinforced concrete with 295 tendons of 4 
different types: 122 horizontal tendons, 57 vertical tendons, 98 gamma tendons and 18 dome tendons. 

 
Figure 1: Geometry and mesh of the vessel 

    

horizontal tendons vertical tendons gamma tendons dome tendons 

Figure 2: Pre-stressing tendons 

The study of the containment’s behaviour is realized for 2 configurations and carried out until 
the end of the first pressurization test. 

 

In the first one, we analyze the containment behaviour once the concrete pouring is over. So, 
in this study the inner surface of the vessel is never in contact with the outside air. 

 

In the second study, the different phases of construction are taken into account. The study is 
carried out since the beginning of the construction. The concrete pouring is done in several stages. The 
first step is the pouring of the concrete raft. Then, the rest of the containment is concreted in 17 steps. 
The height of one lift is about 1.2 m. Considering the short duration of the concrete pouring, it will be 
considered as instantaneous. The general principle of the different steps of concreting is illustrated in 
the figure 3. Finally, prestressing is applied, with a simplified phasing: cables tensioned the same week 
have been regrouped. 
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Lift 0 to 9 Lift 0 to 10 

Figure 3: Mesh of the principle of two successive construction phases 

 

For each lift, a new model (mechanical or thermal) is built by adding elements to the model of 
the previous lift. The initial state of the the new model is defined by copying the values of the results 
(temperature, displacement, internal variables, ...) of the last time step calculated with the model just 
before and assigning a null value to the new elements. 

 

The hydro-thermal model is calculated based on the linear volume elements with a mass 
lumped modeling. This model allows to calculate the temperature, the hydration and the drying. The 
hydration is taken into consideration only by the heat provided. Indeed, the mechanical properties are 
independent of this magnitude because the concrete is supposed to be perfectly hydrated when it is 
demoulded. 

 

The mechanical model is calculated on the basis of under integrated quadratic volumic 
elements. For the purposes of this study, the mesh is discretized with a variable size element in the 
thickness of the cylindrical wall. The mechanical model depends on the temperature and drying fields 
via thermal expansion and deferred deformed (shrinkage, creep). 

 

The prestressing tendons are composed of class 1860 MPa strands. Each tendon was tensioned 
at 1488 MPa at active extremities before anchorage slip, as in full scale structures. They are modeled 
as truss elements and are perfectly bounded with the surrounding concrete. 

 

The concrete parameters are supposed to be equal in all the structure and equal to mean 
property of all lifts in the first study. Table 1 regroups the values of different concrete properties for 
each lift, used for the second study. 

 

For the phased model, the thermal and hydric boundary conditions are not the same that in the 
first study. Indeed, until the dome is poured, the inner and outer surface are in contact with air at the 
same temperature. The thermal boundary conditions are: an air temperature inside the vessel of 35°C, 
outside the vessel the air temperature is the average of temperatures over a month given by EDF and 
the temperature of the soil is fixed at 10°C. 

 

According to EDF’s experimental results, the porosity of the concrete is 15%. For the drying 
model, a water concentration equivalent to a relative humidity of 70% is supposed on the surfaces. 
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The outer surface of the enclosure is subjected to atmospheric pressure of 0.1 MPa during all 
the life of the structure. Every year a structural integrity tests will be carried out in order to check the 
sealing of containment building. During these test, a 0.42 MPa internal gas (dry air) relative pressure 
is applied to the inner face of the building. 

 

Table 1: Concrete properties 
 Density Concrete  

Temperature 
Young 

modulus 
Compressive 

strength 
(28 days) 

Tensile 
strength 

 (28 days) 

Thermal  
expansion 
coefficient 

 ρb [kg/m3] °C Eb [Gpa] fc28 [Mpa] ft28 [Mpa] α [10-5 °C-1] 

Lift 17 
(dome) 

2350 14.9 32.6 40.9 4.2 1.24 

Lift 16 2430 17 35.9 56.9 4.5 1.49 
Lift 15 2410 9.8 36.2 51.1 4.7 1.32 
Lift 14 2420 7.7 35.0 51.7 4.8 1.22 
Lift 13 2390 11.2 31.3 54.9 3.7 1.18 
Lift 12 2430 12.4 37.1 46.7 3.7 1.21 
Lift 11 2380 10.8 37.2 45.1 5.0 1.12 
Lift 10 2370 9.1 37.2 53.6 5.0 1.22 
Lift 9 2390 13.7 37.1 46.8 4.1 1.17 
Lift 8 2400 13.9 36.2 50.1 4.2 1.22 
Lift 7 2430 15.6 35.8 57.2 4.8 1.24 
Lift 6 2430 16.9 38.9 47.8 4.4 1.29 
Lift 5 2370 18.0 37.0 44.4 3.9 1.18 
Lift 4 2390 17.2 36.9 48 4.3 1.18 
Lift 3 2410 20.1 40.3 47.4 4.3 1.14 
Lift 2 2380 23 46.8 44.4 4.5 1.29 
Lift 1 2370 21.7 34.3 44.7 4.1 1.05 
Lift 0 2360 27 36.8 38.5 3.6 1.17 

Average 2395 15.6 36.8 48.3 4.3 1.22 
Standart 
deviation 

26.2 5.2 3.2 5.2 0.4 0.1 

Minimum 2350 7.7 31.3 38.5 3.6 1.05 
Maximum 2430 27.0 46.8 57.2 5.0 1.49 

 
NUMERICAL RESULTS 

 

The first step to obtain the containment’s behaviour is to perform the thermo-drying 
calculation. So can be determined the water degree of saturation. Then, an elastic mechanical 
calculation, which considers the deferred deformations, is performed. From previous results damage 
and macro-crack parameters are obtained. The damage field is extracted thanks to a post-processing 
calculation. In order to determine the macro-cracks parameter, if the damage values exceeded the 
damage threshold, a thermic calculation is performed. A flow direction obtained after this thermic 
calculation which lets us determine the plane in which the crack opening is calculated. So, the gas 
flow during the integrity test can be determined. This model has been developed in [MOZ12]. 
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Results for the containment vessel without the construction phases 

 

In the Figure 4 we present the deformed shape and damage at the end of the pressurization 
plateau. Deformed shape is typical of a prestressed containment vessel. We can notice too that the 
maximum global flow obtained by numerical simulations for the first integrity test is 63 Nm3/h which 
is greater than the experimental global flow reported by EDF equal to 7.7 Nm3/h.  

 

 

 

 

  
Displacement [mm] Damage [-] Normalized volumetric gas flows of 

the surfaces during the first 
integrity test 

Figure 4: Numerical results 

 

 

Results for the containment vessel with the construction phases 
 

In this case, calculations are realized since the beginning of the construction phase. The 
following pictures represent the displacement of the containment. The Figure 5 highlights the 
influence of the phasing of the construction. Indeed, the displacement is discontinuous at the boundary 
between 2 lifts. The new lift of concrete (lift 10 in Figure 5) is poured with a null initial displacement 
on a lift which displacement is not null. The behaviour is incremental that is why the discontinuous 
persists throughout the evolution of the structure. At the end of the pressurization plateau, the 
displacement has the same global magnitude than in the unphased model but local displacement is 
different. 

 

The damage and the gaz flow during the first integrity test are being determined. 



 
24th Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 
Division V 

page 10/11 

  
Displacement lift 9 Displacement lift 10 

Figure 5: Displacements of 2 consecutive lifts 

 
 

   
End of construction End of prestressing End of maximal pressure 

Figure 6: Displacement at different characteristic instants 
 
CONCLUSIONS 

 
In this work an uncoupled thermo-hydro-mechanical methodology has been used to study the 

hydraulic diffusive behaviour of Vercors. The hydraulic model is developed in Code_Aster® finite 
element code by analogy with thermal models. Gas transfer then is calculated by post-processing the 
hydraulic results. 

This methodology has been applied to Vercors mock-up in two configurations: without or 
with phasing since the beginning of the construction. For the displacement, results obtained show 
discrepancies between the two studies: for the phased model, there is a discontinuity of displacement 
between each lift. However, global magnitudes are relevant. The gas flow during the first integrity test 
has been calculated for the unphased model and is greater than the experimental measure. 

Future work is to be done on the exploitation of these numerical models. First, calculations 
will be pursued in order to determine the gas flow through the containment vessel during the first 
integrity test for the phased model. Then, sensitive analysis will be conducted in order to determine the 
influence of different parameters on the global gas flow and thus know which phenomena (spatial 
dispersion of material parameters, drying, creep, damage, …) are the most predominant on the global 
leakage rate. 
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