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Abstract

The failure analysis of an existing and operational nuclear power plant reactor

containment building subjected to an accident internal pressure is studied in

this paper. The computation is based on the Finite Element Method and on

the Serial-Parallel Rule of Mixtures. Using these techniques, the effect of all

the existing materials in the structure is considered and information for each

of them is obtained as an output. The failure mechanism in the structure

is defined through strain thresholds that cannot be exceeded at any point of

the structure for the containment component materials. The strains of the

materials are checked over the whole computational process identifying thus the

failure pressure and the critical points. The results are compared with the ones

obtained in previous work for the same structure [1].
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1. Introduction

The structural analysis of nuclear reactor containment buildings can be per-

formed from several perspectives depending on the factors that control the over-

1Corresponding author. E-mail address: sjimenez@cimne.upc.edu (S. Jiménez)
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all behaviour of the structure. These include the characteristics of the materials

used, the elements that integrate the structure or the geometrical singularities,5

among others. For instance, prestressed concrete containment buildings are

studied paying special attention to ageing phenomena like creep and shrinkage

in concrete and relaxation effects of the prestressing system.

Containment buildings are designed for the so-called Design Basis Accidents

(DBA) which are postulated accidents that nuclear facilities must withstand.10

Despite that, there are very low probability accidents for which the loads consid-

ered by the DBA can be over-passed. For example, the core damage can lead to

vessel failure and, consequently, to the pressurization of the reactor containment

building beyond the design pressure [1, 7].

One of the objectives of the present paper is to analyse the capacity of a15

prestressed concrete nuclear containment building beyond the pressure load con-

sidered by the DBA, also taking into account the ageing effects of the materials

during the 40 years design life of the containment. The achievement of this ob-

jective is based on obtaining the ultimate internal pressure that the containment

building is able to withstand before failure under these circumstances. This is20

done by identifying, in a first step of the computational process, the structure

regions where failure could be expected and then, in a second step, finding out

the precise location where each material fails. The non-linear analysis is per-

formed for the full structure, but the failure detection is focused on those critical

regions.25

The process of identifying the maximum internal pressure is done through

a non-linear analysis using a three-dimensional (3D) finite element model of

the containment building. All the structural elements are considered in the

model, including buttresses, main penetrations, the liner and the tendons of

the prestressing system. The materials’ response is calculated using the Serial-30

Parallel Rule of Mixtures (S-P RoM) [3, 6, 9, 10, 16, 18] which is used for

the analysis of composite materials and also allows to constitutively take into

account the prestressing effect and material non-linearities.

The failure pressure of the containment building studied in this article was
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also evaluated in a previous one, published in 1998 [1]. Another important ob-35

jective of this article is to compare the obtained results with those of reference

[1] in order to assess the effect of using advanced and more powerful computa-

tional approaches to obtain the failure pressure. Therefore, the same input data

of reference [1] are used for the present analysis.

2. Problem statement40

2.1. The structure

The analysed construction is a nuclear power plant prestressed concrete con-

tainment building designed to keep the leakage rates of radioactive materials

emitted into the environment within acceptable limits, both in operation and

in any possible DBA situation, providing a radiological shielding of the reactor45

and its cooling system.

The containment is composed by a vertical cylindrical wall, closed at its

top by a hemispherical dome and supported at its bottom on a flat circular

foundation slab that has a central cavity for the reactor (see Figure 1). It is made

of reinforced concrete, with the cylindrical wall and the dome being prestressed50

through a system of post-tensioned tendons. The structure is stiffened through

three buttresses evenly distributed along the cylinder in which the horizontal

prestressing tendons are anchored. The containment inner face is coated with

a 6.5mm thick steel liner with no structural purposes. The main dimensions

of the structure of Figure 1 are: inner diameter: 40.0m, inner height: 63.4m,55

cylinder height: 43.4m, cylinder thickness: 1.15m, dome thickness: 0.95−1.15m

and main hatches’ diameter: 4.0− 6.0m.
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(a) (b)

(c) (d)

Figure 1: Geometry of the containment building highlighting the main characteristics and

dimensions: (a) elevation section obtained from the original plans; (b) elevation section of

the computational model; (c) horizontal cross-section obtained from the original plans; (d)

horizontal cross-section of the computational model.
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A total of 212 prestressing tendons are distributed in the containment. There

are 132 horizontal tendons which are anchored at the buttresses and brace the

cylindrical part of the structure and there are 80 vertical tendons with inverse60

U shape. Figure 2 shows samples of these tendons.

Figure 2: Conceptual view of the reactor containment building model with the main elements.

Sample of the tendons are shown.
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2.2. Failure analysis strategy

The analysis aims to test the structural integrity by the end of its design life.

Therefore, the study starts by reproducing the effects of the decrease of stress

level in tendons on the structure over a time window of 40 years, followed by the65

rise of the containment internal pressure until the exhaustion of the structural

materials is reached. The failure conditions are established through a certain

strain limit for the reinforcing steel and the prestressing steel and proposals for

their values are available in the design standards for concrete structures and in

specific guidelines for the design of nuclear facilities [8, 11, 21, 22]. In this paper,70

these values have been set in accordance with the conservative values used in the

study performed for the same containment in 1998 [1] in order to comply with

the objective of comparing the results obtained in both studies. These values are

0.8% for reinforcing steel and 1.0% for prestressing steel. Proper consideration

for the liner behaviour is made in the current analysis by including this element75

as an internal surface into the finite element model. Despite this, due to the high

ductility of this material, which can accommodate stain levels up to 20%, the

liner does not play any role when checking the failure pressure conditions. The

damage of the concrete has been excluded as a failure pressure condition because

it does not compromise the structural integrity due to the presence of the liner80

which provides the ultimate leakage barrier. However, the non-linear mechanical

behaviour of both liner and concrete has been included in the analysis because

they affect the response of the other components of the containment building.

The 40 year time lapse is included in the numerical simulation in order to

describe the non-linear processes that the containment undergoes during its85

design life. These processes start mainly in concrete where damage propagates

during the prestressing stage and, afterwards, relaxation in prestressing steel

takes place as time goes by. The use of a full 3D model of the containment is

required not only by the geometrical asymmetry of the structure itself, due to

the wall hatches or the buttresses, but also because the distribution of rebars90

and tendons is not uniform in the whole structure, leading to stiffer regions in

the penetration surrounding areas and to an heterogeneous distribution of the
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prestressing forces.

3. Materials modelization

The methodology used for the analysis of the containment building is framed95

within the Continuum Mechanics theory and uses advanced techniques for the

study of the structural non-linear behaviour [12, 14, 15]. The constitutive models

have been integrated within the Finite Element Method (FEM) and the software

PLastic Crack dynamic (PLCd) [17] has been used for the current analysis.

The analysis is based on the Serial Parallel Rule of Mixtures (S-P RoM)100

[3, 6, 9, 10, 16, 18], which is a methodology developed for laminated composite

materials that works as a manager of the constitutive models used for the com-

ponent materials that conform the composite. Therefore, a proper definition of

the constitutive laws used for the materials of the containment, i.e., concrete,

prestressing steel, reinforcing steel and liner steel, is required in order to predict105

the behaviour of the prestressed concrete structure over the 40 years opera-

tional time window and while the internal pressure is increased. No thermal

effects have been considered for this analysis based on the conclusions drawn in

reference [1].

3.1. Concrete modelling110

An isotropic damage model has been used to capture the concrete non-linear

behaviour [13, 15]. This damage model properly reproduces the progressive

degradation of the material under monotonic loads through a unique damage

internal scalar variable, d, for both tension and compression. The model is

controlled through the following equation:

σ = (1− d)C0 : ε = CS : ε (1)

where C0 is the undamaged constitutive tensor and CS is the secant constitutive

tensor. This model can be decomposed into an elastic and an inelastic parts,

σ0 = C0 : ε and σd = dC0 : ε, respectively, as illustrated in Figure 3.
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Figure 3: Uniaxial strain-stress scheme of the isotropic damage model.

No plasticity is associated to the material in this model and thus the degra-

dation process only affects the material stiffness as it can be seen in Figure 4.115

The use of the isotropic damage model in the current analysis provides enough

information about the concrete behaviour; nevertheless this would not be a

proper model when trying to capture the hysteretic response of concrete for

which advanced models, like the d+/d− [5], should be used instead.

The activation of damage is controlled through the yield criterion:

F (σ0, c, φ) = f (σ0, φ)− c (d) ≤ 0 (2)

which is a function of the the damage threshold function, c (d), that is different

for tensile and compressive stress states in concrete and of the equivalent stress,

f (σ0, φ), which is:

f (σ0, φ) = 2

tan

(
π + 2φ

4

)
cos (ϕ)

·
[
I1
3
K3 +

√
J2

(
K1 cos (θ)−K2

sin (θ) sin (φ)√
3

)]
(3)

when the Modified Mohr-Coulomb yield surface is used [15]. This yield surface

allows the behaviour in compression to be scaled with respect to the tensile

behaviour through a scale factor that has been set to 10 for the concrete of the

containment. The angle θ denotes the Lode’s angle, whose expression is:

θ =
1

3
arcsin

(
−3
√

3J3

2J2

√
J2

)
(4)
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being J2 and J3 the second and third stress deviator invariants. Additionally

K1 = 0.5(1 + αr)− 0.5(1− αr) sinφ (5a)

K2 = 0.5(1 + αr)− 0.5(1− αr)/ sinφ (5b)

K3 = 0.5(1 + αr) sinφ− 0.5(1− αr) (5c)

αr =
fc/ft

tan (π/4 + φ/2)
2 (5d)

where φ is the friction angle and fc and ft are the compression and tension120

strength limits, respectively.

Finally, the evolution of the damage internal variable, d, can be computed

using the exponential expression proposed by Oliver et al. [13]

d = 1− f0 (σ0, φ)

f (σ0, φ)
· exp

[
A ·
(

1− f (σ0, φ)

f0 (σ0, φ)

)]
(6)

where f0 (σ0) = cmax (d) is the initial equivalent stress threshold and A is a

parameter that depends on the fracture energy of the material, Gf , the charac-

teristic length, l̄ and the Young’s modulus, E [13]

A =

(
Gf · E
l̄
(
f

′
t

)2 − 1

2

)−1
≥ 0 (7)
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Figure 4: Uniaxial strain-stress scheme of the isotropic damage model applicable to tensile

and compressive stress states

.

3.2. Prestressing steel modelling

The behaviour of the prestressing steel has been modelled through a visco-

elasto-plastic constitutive law [12, 15]. This model is a generalization of an

elastoplastic model including the viscosity parameter, ξ, which makes the model125

sensitive to time. Figure 5 exemplifies the model response for the 1D case

through a spring-damping analogy.

Figure 5: Viscoplastic model representation through a spring-damping analogy.
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At each point, the total strain, ε, is computed as

ε = εve + εp (8)

where εve and εp are the visco-elastic and plastic strain components, respec-

tively. The elastic response of the material is represented in Figure 5 through a

set of springs and a damper. On one hand, the springs are characterized by the130

constitutive tensor: C1 for the short-term and C∞ for the long-term behaviour

and, on the other hand, the viscous damper is controlled through the variable ξ

that allows the stress relaxation of the material. Finally, the plastic behaviour

is controlled by a frictional device that activates once the stress level reaches a

certain limit, σlim.135

This visco-elasto-plastic constitutive law can be seen as a staggered proce-

dure in which, at the beginning of each strain increment, the stress relaxation

occurs via a Generalized Maxwell model [2, 3] (visco-elastic behaviour) and, if

the relaxed predictor stress-state lies outside a certain yield surface, an isotropic

plasticity constitutive law performs the return mapping of the stress predictor,140

locating the integrated stress state on the yield surface, i.e., F (σ0) = 0.

This methodology allows to simulate the relaxation of the material whether

or not it has entered into a plastic regime, which is the general case of the

prestressing steel.

3.3. Liner and reinforcing steel modelling145

The constitutive model used for describing the material behaviour of the liner

and the reinforcing steel is the widely known isotropic plasticity [2, 12]. Within

the small strain plasticity, whenever the predictor stress state lies outside the

yield surface, i.e. , F(σ,q) ≥ 0, one can state that the material is experiencing

inelastic behaviour. In this case, the Prandtl-Reus decomposition of the strain

is valid, i.e.,

ε = εe + εp (9)
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where the plastic deformation εp is the fundamental internal variable of the

elasto-plastic problem, whose definition is

ε̇p = λ̇
∂G(σ,q)

∂σ
(10)

Eq. (10) states that the plastic strain increment is always orthogonal to

the plastic potential surface G(σ,q). Additionally, λ is the so-called plastic

consistency factor that controls the temporal magnitude of the plastic strain

increment and q is the set of internal variables of the problem. In this work, an

associative isotropic plasticity is assumed, which means that the yield surface

is equal to the plastic potential surface, i.e.,

G(σ,q) = F(σ,q). (11)

In addition to this, the energy dissipated during the loading process per unit

volume, ω, can be divided into elastic and plastic contributions as [15]

ω̇ = σ : ε̇ = σ : (ε̇e + ε̇p) = ω̇e + ω̇p (12)

only if the elastic strains are infinitesimal or, in other words, if Eq. (9) is

applicable. If the Von Mises yield surface is used, the plastic contribution of the

energy dissipation can be calculated then as

ω̇p =
√

2J2 · ε̇p : ε̇p (13)

and its corresponding accumulated plastic strain increment, ˙̄ε, can be obtained

by

˙̄ε =
√

2/3 · ε̇p : ε̇p (14)

Analogously to the isotropic damage model, the yield surface F(σ,q) can be

expressed as:

F(σ,q) = f(σ)−K(κp) = 0 (15)

being f(σ) the uniaxial stress computed according to a certain yield criterion

and K(κp) the yielding material threshold, which depends on the plastic hard-

ening internal variable κp. A more general formulation arises by defining the
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hardening function as an internal variable of the plastic process and so there

are greater possibilities to represent the behaviour of a large variety of solids.

In the most simple case of plasticity, one can state that [15]

κ̇p = σ : ε̇p. (16)

Based on the κp internal variable, one can implement a wide variety of

hardening laws, that is, different evolution laws for the material threshold, K(κp)

[2, 12]. In this case, the hardening law used for the liner and the reinforcing

steel is the one developed by Barbu et al. [2] that defines three regions for the

material when it is in the non-linear range. Figure 6 depicts the evolution of the150

equivalent uniaxial stress for different strain states. The implementation details

of this plastic curve can be found in Barbu et al. [2]. The region 1 is defined

by a curve fitted to a list of points by using a polynomial function generated

using the least squares method. The second region is linear and is incorporated

to facilitate the convergence of the problem. Finally, the third region is defined155

with an exponential function to describe softening. This function starts flat but

its slope becomes negative as the equivalent plastic strains increase. The exact

geometry of this last region depends on the fracture energy of the material. For

the failure analysis performed in this work, the model has been used disregarding

the first region and moving directly from the elastic behaviour towards the160

linear plastic phase. Moreover, the start of the third region has been delayed

sufficiently to guarantee that the failure of the containment takes place in the

second region.
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Figure 6: Uniaxial strain-stress scheme of the elasto-plastic model with the hardening law

developed by Barbu et al. [2].

3.4. Reinforced and prestressed concrete modelling

The analysis of the structure has been performed using the S-P RoM [3,

6, 9, 10, 16, 18] which is an evolution of the Mixing Theory [4, 16, 18, 20].

In this preceding technique, all components, i = 1, j, suffer the same strains

and the global behaviour of the composite, c, is proportional to the volumetric

participation of each component material, ik =
dVi
dV 0

. This means that, in the

case of small strains

cεmn = iεmn i = 1, j (17)

cσmn =
∑
i

ik · iσmn i = 1, j (18)

where ε and σ are the Green-Lagrange strain tensor and the Cauchy stress165

tensor, respectively. This approach has been adopted to capture the reinforced

concrete behaviour in the structure, adjusting the volumetric participation of

the concrete and the reinforcing steel, i.e., the component materials, to the

containment building part.

The evolution of this law into the S-P RoM, extends the theory towards

composites with two component materials: fiber and matrix and considering

different behaviours depending on the material orientation. The iso-strain con-

dition introduced in Eq. 17 is only valid now in the fiber direction (parallel

behaviour) and an iso-stress condition is set for the direction orthogonal to the
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fiber (serial behaviour), i.e.,

Parallel behaviour :


cεP = fεP = mεP

cσP = fk fσP + mkmσP

(19)

Serial behaviour :


cεS = fk fεS + mkmεS

cσS = fσS = mσS

(20)

where c, f and m stand for composite, fiber and matrix, respectively, and P170

and S indicate parallel or serial behaviour, respectively. This formulation is

suitable for prestressing concrete where the prestressing steel is the fibre and

the reinforced concrete is the matrix.

At the finite element scale. more than two component materials can coexist.

In these cases, the composite material inside the finite element is split in several175

layers with two materials per layer, the layers interacting between them accord-

ing to the Mixing Theory. However, for each layer the behaviour is controlled

either by the Mixing Theory or by the S-P RoM depending on the component

materials in the layer.

The characterization of the composite materials within the S-P RoM frame-180

work is done through the volumetric participation of each component and their

spatial orientation, represented by three Euler angles. An automated procedure

for the generation of all the composite materials in the containment building

has been developed and applied. This requires the division of the 3D model into

a mesh of volumetric finite elements and another mesh of linear elements rep-185

resenting the trajectory of the steel tendons. By intersecting these two meshes

the orientation of the steel tendons as well as their relative volume within the

composite material are obtained and the information is stored in the corre-

sponding 3D finite element. An example of a horizontal tendon defined in this

way is shown in Figure 7, where all the finite elements that are intersected by190

the tendon and, therefore, contain a volumetric percentage of prestressing steel,

are displayed, while Figure 8 shows the local axes of the tendon at each finite

element that contains the tendon material, These local axes are computed auto-
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matically so that the longitudinal axis of tendon is consistent with the tendons

trajectory and, therefore, sets the direction for the parallel behaviour.195

Figure 7: Elements intersected by an arbitrary tendon

Figure 8: Local axes of the tendon

4. Computational model

The complete structure has been modeled using the pre and post processing

tool GiD [19]. The penetrations and all the structural components have been

included in the model. The finite element mesh shown in Figure 9 has been

also created with GiD. It has been build using 1, 108, 033 8-nodded hexahe-200

dral elements. Figures 9b-9e offer a detailed view of the containment building

finite element mesh. An overview of the foundation and dome discretization

can be observed together with the discretization adopted for the containment

thickness placing everywhere a minimum of 4 hexahedras to avoid the shear

locking effects associated to this type of elements. In addition to this, a total of205

51, 955 composite materials have been defined following the automatized opera-

tion presented in section 3.4. These composite materials can be formed by four

compounds: concrete, reinforcing steel, prestressing steel and liner, which com-

bine themselves originating the 51, 955 composites. Each of these composites
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is characterized by the compounds that are present in the corresponding finite210

element, the volumetric participation of each compound and the orientation if

relevant.

(a)

(b)

(c)

(d)

(e)

Figure 9: Finite element mesh: (a) front elevation view; (b) penetration detail; (c) foundation

detail; (d) plan view; (e) dome detail
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The mechanical characterization of the structural materials has been done

according to the structure construction project. However, there were parameters

that required the use of additional information for their definition. This is the215

case of the parameters of the viscoplastic model as well as the reinforcing steel

volumentric participation coefficients.

The volumetric participation coefficients of the reinforcing steel have been

defined distinguishing between foundation, cylinder dome and buttresses re-

gions, which allows the numerical model to better approximate the real be-220

haviour of the containment building. These values have been computed accord-

ing to the construction drawings of the containment building that include de-

tailed information about the distribution of all the steel reinforcement along the

structure. With this information, the behaviour of the containment building at

the beginning of its life could be predicted and, therefore, the structural integrity225

test (SIT) could be reproduced numerically. This is a standardized pressure test

performed before the containment starts to operate and the displacements mea-

sured during it have been compared with those obtained numerically (see Table

1).

Table 1: Integrity test displacement results. Comparison between experimental and numerical

results.

Level /

Position

Experimental

measure [mm]

Simulation

result [mm]
Error [%]

Horizontal

relative

displacement

26m 4.34 4.69 8.11

34m 5.00 5.04 0.82

39m 5.34 5.58 4.46

43m 3.60 3.42 5.11

Vertical

displacement

LOW 2.41 2.20 8.83

MID 3.73 3.00 19.51

TOP 3.82 3.00 21.45
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The results computed for the integrity test reveal a good agreement be-230

tween the behaviour of the real structure and the numerical model, specially

for the horizontal relative displacements measured between two opposite points

at several heights of the containment wall and not exceeding 1mm differences

in any measurement. Based on these results, the mechanical characterization

of the materials at the beginning of the containment operational life has been235

considered as adequate.

Stress records for several tendons have been obtained during the control cam-

paigns, which are used to set an actuation plan for the containment building

according to the level of corrosion, the oil state and the prestressing force levels

measured in the tendons. These stress values have been used in the present240

work to generate the rheological models required for the prestressing steel char-

acterization using the generalized Maxwell model described in section 3.2. Four

models have been developed to perform the numerical analysis (see Figures 10

and 11): three for the horizontal tendons and one for the vertical ones. This

distinction has been made to reflect the existing difference between these ten-245

dons in terms of trajectory and initial prestressing forces which condition the

stress distribution. Additional information about the procedure followed when

developing a Maxwell model can be found in reference [9]. Calibrating the

viscous behaviour of the prestressing system using real recordings, indirectly

allows to include other phenomena aside to the steel relaxation, such as creep250

or shrinkage, which are not taken into account by the model used to describe

the behaviour of the concrete introduced in section 3.1.
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Figure 10: Prestressing system division for the rehological models.

Figure 11: Generalized Maxwell models of the tendons - 1D visualization

5. Results

The identification of the failure mechanism of the structure is a tracking

process in which the strains in the reinforcing steel, prestressing steel and liner255

20



are checked along the containment’s life. This means that a loop over all the

finite elements is required to identify the maximum strain value in each of the

component materials at each time step. Despite this, performing this analysis

for the whole structure turns out to be useless as there are recognisable areas in

which higher strain levels are focused. Identifying these tracking regions allows260

to considerably reduce the loop cost and, thus, the computation time.

The tracking region of the analysed containment building corresponds to a

11m width ring which includes two major openings (see Figure 12): the equip-

ment and personnel hatches. These are geometrical singularities in the cylinder

wall that concentrate the highest stresses while the internal pressure increases,265

being thus the areas with highest strain levels. This region has been identi-

fied in a first step of the computational process. The elements with maximum

strain level are searched within this tracking region during the second step of

the computational process while internal pressure rises up. With this approach,

a strain envelope is generated as an output for each of the studied materials270

at the end of the simulation (Figure 13). It is important to specify that this

reduced tracking area has been considered only at the output point of the finite

element simulation, while in the numerical analysis the non-linear behaviour of

the full containment building has been computed.
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Figure 12: Failure analysis scheme: tracking region overview and detail of the first finite

elements that fail for the reinforcing steel and the prestressing steel.

Figure 13a summarizes the most important part of the results obtained from275

the numerical analysis for the prestressing steel, liner and reinforcing steel,

starting from the instant in which the internal pressure is about to be ap-

plied. Although at the beginning the strain level shown by the prestressing

steel is significantly higher due to the imposed strains during the containment

prestressing phase, the strain level of the reinforcing steel experiences a quick280

increment once the internal pressure exceeds 1MPa and becomes higher than

the maximum strain detected in the elements that contain prestressing steel.

In Figure 13, markers are drawn to indicate the point where the strains in the

prestressing steel and in the reinforcing steel reach the failure condition, that is
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1.0%, and 0.8%, respectively. Accordingly, the internal pressure corresponding285

to these failure conditions are 1.35MPa for reinforcing steel and 1.56MPa for

prestressing steel. These results indicate that the structure fails for an internal

pressure of 1.35MPa that corresponds to the reinforcing steel failure in the

element highlighted in Figure 12. Meanwhile, strains experienced by the liner

during the simulation remain far away from the failure condition set to 20%290

elongation for this ductile material.

Together with this information, it is interesting to analyse Figure 13b which

shows the equivalent stress - strain evolution in the tracking area. It is an

overview of the response along the simulation period, covering both, the elastic

and plastic ranges in all the materials. The results are focused again on the pre-295

stressing steel, liner and reinforcing steel but now the whole life of the structure

is covered, including the prestressing phase and the 40 years of the prestressing

steel relaxation period due to rheology. These two stages can be identified in the

prestressing steel curve where the effect is notorious. The first section of this

curve, that goes from the origin to an elastic strain level of 0.63%, corresponds300

to the prestressing stage. The vertical line, where the stress decreases while the

strain level remains constant, is due to the relaxation of the tendons during the

40 year time window considered in the analysis. This aspect is not so evident

for the other two materials as the effect over them is not direct.

Finally, although a rough and sometimes odd evolution can be observed305

in both charts of Figure 13, this behaviour is normal considering that results

are obtained as an envelope function of the maximum strain, which cannot

always be found in the same finite elements, but all of them are localized in the

surroundings of the biggest opening.

23



(a)

(b)

Figure 13: Failure analysis results for the materials of interest: (a) strain envelope as a function

of the internal pressure; (b) strain envelope - Von Mises equivalent stress evolution for the

complete analysed period

Once the failure pressure and the critical points have been identified, it is310

interesting to have a closer look at the behaviour of the tendons during the

40 years of design life. The prestressing levels in the tendons nearly stabilize

after experiencing the major losses during the first 20 years, as it can be seen

in Figure 14.
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(a)

(b)

Figure 14: Examples of the relaxation of the prestressing steel for the 40 year operation time:

(a) horizontal tendons 1 − 64; (b) vertical tendons 1 − 80

The effect of the internal pressure over the tendons can be seen in Figure 14 at315

the end of the 40 year period as an instantaneous increment of the tension. While

the internal pressure rises, the generalized compression state of the containment,

achieved during the prestressing stage, reduces and tensile stresses appear in the

structure. This can be seen in Figure 15 for the stress distribution at the inner

wall of the containment where the liner is placed. Complex stress distributions320

can be observed near the main openings where failure takes place. This change

in the containment stress state translates into a generalized damage state in

25



the concrete. This is shown in Figure 16 where the damage internal variable,

d, is plotted when the failure of the reinforcing steel takes place. Damage in

concrete is noticeable throughout the cylinder and specially significant near325

the openings. The values shown in Figure 16 indicate that concrete will not

withstand more loading at this stage and the efforts will be transferred to the

rest of the structural materials in the containment building. Obviously, the

role of the liner in avoiding leakage and ensuring the safety of the structure is

essential.330

(a) (b)

Figure 15: Liner stress distribution at the failure instant: (a) major principal stress; (b) minor

principal stress. Deformed shape x200.
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(a)

(b)

Figure 16: Concrete damage distribution at the failure instant: (a) Damage distribution at

the cylinder; (b) Damage distribution at the dome. Deformed shape x200.

6. Comparison with previous work

A study was performed in 1998 in which the failure pressure was calculated

for the same reactor containment building [1]. It is interesting to compare

both analysis and see how the results have changed in the current study as the

computational techniques have evolved.335

The geometries used in both cases are similar, i.e., a 3D body including the

foundation slab, the cylinder, the dome and the main singularities. Despite this,

there is an important difference due to the presence of all the tendons in the

model created for the current study. This was not possible in the case of the

model used in 1998, in which the prestressing steel effects were included as an340

external pressure load and an increment of the concrete stiffness. Therefore, no

stress evolution could be studied in the prestressing steel while the structure de-

formed; this was an important limitation that has been overcome in the present

article. Nevertheless, the effect of the rheology over the failure pressure is not

significant as the steel components remain in the linear domain while stresses345
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in the tendons decrease, as shown in Figure 13.

There is also a significant evolution with respect to the finite element mesh

used in the analysis going from a mesh with 1, 127 hexahedras with 7, 200 nodes

to the one used in the current study made up of 1, 108, 033 hexahedras with

1, 282, 942 nodes. This change allows to better capture the behaviour of the350

structure and predicts the failure instant and failure pressure more precisely.

The results of the previous study were used as a decision making tool be-

cause it contains a complementary research related to thermal effects and the

influence of the foundation. Based on those results, no thermal influence has

been considered in the present analysis when evaluating the failure pressure and355

the discretization made for the base slab has been considered coarser than the

one created for the rest of the containment building.

Finally, the failure pressure values obtained in both studies are 1.11MPa

and 1.35MPa, respectively, and correspond to the failure of the reinforcing

steel in the two cases. Moreover, the identified critical region at mid height of360

the cylindrical wall coincides with the results obtained in 1998 even if the failure

point does not match.

7. Conclusions

This article provides an overview of the developed techniques for the analysis

of prestressed concrete structures within the framework of the PLCd software.365

More information about the methodology can be found in [9] where the response

of the mock-up of a reactor containment building subjected to for several pres-

sure tests has been studied. The main feature of this technique is the use of

the S-P RoM algorithm that allows to properly predict the behaviour of the

composite materials that conform the containment building by focusing on the370

characterization of the base material and, therefore, allowing for the inclusion of

important engineering aspects like prestressing effect and rheology. Moreover,

this technique allows to solve large and complex problems within a reasonable

computational time, i.e., 24 computation hours until failure for the studied
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structure in this paper, using a node with 32 threads and 250GB of RAM.375

The results of this article point in the same direction than those obtained in

1998 [1] but now using a better characterization of the containment by properly

including the prestressing steel and its evolution along the containment’s life,

together with an improved discretization of the structure. It is important to

recall that conservative values have been used for the definition of the strain380

limits in the failure analysis, in agreement with the ones used in reference [1].

Obviously, higher failure pressures could have been obtained by relaxing these

limit conditions.
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pressure evaluation of the containment building of a large dry nuclear power390

plant. Nuclear Engineering and Design, 180:251–270, 04 1998. doi: 10.

1016/S0029-5493(97)00329-4.

[2] L.G. Barbu, X. Martinez, S. Oller, and A.H. Barbat. Validation on large

scale tests of a new hardening-softening law for the barcelona plastic dam-

age model. International Journal of Fatigue, 81:213–226, 2015.395

[3] L.G. Barbu, A. Cornejo, X. Martinez, S. Oller, and A.H. Barbat. Method-

ology for the analysis of post-tensioned structures using a constitutive

serial-parallel rule of mixtures: Large scale non-linear analysis. Com-

posite Structures, 216:315 – 330, 2019. ISSN 0263-8223. doi: https:

//doi.org/10.1016/j.compstruct.2019.02.092.400

29
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linealidad constitutiva de laminados. PhD thesis, Universitat Politècnica
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