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ABSTRACT 

 
The purpose of the paper is to present an up-to-date modeling technique elaborated to represent 

the various physical phenomena of interest for a nuclear reactor building. The modeling methodology is 
applied to the case of the prestressed concrete containment vessel (PCCV) tested in September 2000 at 
Sandia National Laboratories. The SPE3 Prototype structure is a ¼ prestressed concrete containment 
vessel. The development and studies are carried out with Code_Aster, developed by EDF.  

The modeling of the nuclear vessel includes the modeling of the various components of the 
structure: concrete components, reinforcement bars, steel liner and prestressed tendons. The non-linear 
response of the concrete and steel reinforcement is modeled with the use of non-linear material response. 
A new formulation is proposed and implemented in Code_Aster for the modeling of the ungrouted 
tendons, allowing slippage of the tendon with respect to the concrete. A complete analysis of the PCCV 
model under increased internal pressure is conducted and the effects of the various non-linear modeling 
are highlighted. Comparisons with the experiment results are provided. 

 
INTRODUCTION 
 

Due to new strict safety standards and the aging of the nuclear plants, the study of nuclear vessel 
is of increased interest. Such studies have to be carried out under normal use and in case of accidental 
events. The various aspects involved in the structure response are initial state conditions (construction 
staging), time degradation (creep, drying and shrinkage), local degradation (liner rupture), prestressing 
(prestress loss, injected or non-injected tendons), reinforced concrete cracking and steel yielding, and 
interaction soil-structure (SSI). To understand these different behaviors, numerical modeling and 
comparison with experiments are essential.  

Within the frame-work of the SPE3, this article concerns the analysis carried out to simulate the 
mechanical behaviour of the model containment vessel pressurized (PCCV) to limit state pressure (LST: 
phase 1-Model 3). In addition, the article includes the study of the initial state of the structure before 
testing. The development and studies are carried out with Code_Aster, developed by EDF. 

 
GENERAL METHODOLOGY 

 
The methodology of the study of a nuclear vessel is presented here in a general way as it may be 

applied to different nuclear vessel structures. 
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Modeling hypothesis 

 The structure is modelled using different types of finite elements to represent each constituents 
(concrete, tendons, rebars, liner, …) 

 The behaviour of each material (concrete, steel) is non-linear, using specific constitutive law. The 
constitutive law may depend on various conditions: temperature, drying…  

 Prestressing is modelled using 1D finite element (truss). Tendon nodes are separated from the 
surrounding concrete, which allows their slippage. A friction law determines the profile of 
prestressing along each tendon. Prestressing is applied as an internal load, which induces their 
contraction. The cases of grouted and ungrouted tendons are considered to determine their global 
effect on the behaviour of the structure, as well as local effects on tendon force evolution and 
distribution. 

 Loads are applied in the same order as in reality: body weight, prestressing, internal pressure. The 
initial state of the structure is modelled in a separate independent study. 

Analysis 

 Non-linear mechanical analyses are performed using Code_Aster (EDF), using an implicit 
resolution algorithm, linear research resolution technique, geometrical second order effect (large 
displacements and rotations). 

 If other effects need to by studied as creep, shrinkage, the mechanical analysis is preceded by a 
linear thermal analysis and a drying analysis  

Post-treatment 
 The post-treatment results include the displacement response of the structure. 

 For the concrete elements, the stress and damage results are provided. The decomposition of the 
various deformation due to creep, shrinkage and thermic are also given 

 For steel components ( rebar and liner), the deformations and stresses can be reported. 

 
DESCRIPTION OF THE MODEL OF SANDIA 

 

Description of the structure 

The containment vessel PCCV is composed by a prestressed concrete cylinder of 10.75 m high and a 
dome of height 5.375 m. The internal radius of the cylinder part is 5.375 m. The thickness of the cylinder 
wall is 0.325 m and the one of the dome is 0.275 m. The basemat of the containment vessel is a reinforced 
concrete foundation, 3.50 m high. The containment vessel has several openings. 

The entire containment vessel is prestressed with 198 cables running in two perpendicular directions: 
horizontal and vertical. The internal face of the vessel is covered by a liner, made of 1.6 mm thick steel 
plates, insuring the sealing of the containment. 

The geometry of the structure is presented in Figure 1. Details of the structure geometry and 
reinforcement placing are provided by SNL (2003). 
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Figure 1.View of the Sandia PCCV prototype and elevation 

 
Finite element model 

The full 3D containment vessel is considered in the finite element model for the analysis. The concrete 
part is modeled with 3D solid elements (linear shape function). The number of solid elements is about 
17 800.The rebar reinforcement is modeled with uniaxial membrane elements. The liner is represented by 
shell elements on the inner surface of the vessel. The prestressing tendons are made of truss elements. 
The model is depicted in Figure 2. 

 
(a) Concrete structure 

 
(b) Horizontal tendons 

 
(c) Vertical tendons 

Figure 2. Finite element model of the Sandia PCCV test 
 
Tendon and prestressing model 

The current study was carried out with grouted and ungrouted prestressed tendon models. The 
grouted tendons are standard elements for Code_Aster: tendons are represented by truss 
elements, separated from the concrete elements. However kinematic constrains insure that the 
displacement of the cable nodes follow the displacement of the surrounded concrete. For the case of the 
ungrouted tendons, slippage is allowed between the tendon and the concrete elements. These elements 
were developed for the purpose of this study in Code_Aster (EDF). Ungrouted tendons are represented by 
truss elements, separated from the concrete. When a concrete node and a tendon node are positioned at 
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the same location in space, they are connected to each other through a friction element, and two kinematic 
equations. They allow longitudinal displacement of tendon in its duct, and disable any lateral movements. 

Figure 3 is a schematic diagram of the sliding surface between the friction element, which transmits 
frictional force between the tendon and the reinforced concrete skeleton. The friction element, which 
connects the tendon to the reinforced concrete skeleton, consists of 3 axial springs, which transmit 
frictional force as well as normal stress. The first spring is in tendon’s slide direction and the two other 
springs are oriented perpendicular to the tendon’s slide direction. The frictional force is calculated using 
Coulomb’s Law. 

Tendon’s node
q

z
r

Concrete’s 
node

 
Figure 3. Tendon friction element (example of a horizontal tendon) 

 

  

Figure 4. Slip and friction force, model for the 
tangential direction (1=q for horizontal tendons)  

Figure 5. Linear elastic spring elements for 
other perpendicular directions to tendon 

(2,3 = r, z for horizontal tendons)  

 

Material constitutive law 

The concrete response is modeled with a non-linear damage model. The model is 
referenced as ‘ENDO_ISOT_BETON’ in Code_Aster (EDF). This model represents the damage 
of the material under traction. The response is assumed linear in compression. The uniaxial 
response of the concrete is depicted in  

Figure 6 (a). The young modulus is 26900MPa and the tension limit is set at 2.4 MPa. 
An non-linear plastic law is used for the steel elements (rebars liner and tendons). The response is 

depicted in  
Figure 6 (b). 
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(b) Non-linear Steel response law 

 
Figure 6. Non-linear material response for Concrete and Steel 

 
RESULTS  

The #SPE 3 protocol consisted in a series of tests from BPS to SFMT. We are interested here in the study 
of the LST, Limit State Pressure, for which the internal pressure reached 3.2Pd. Pd is the design pressure, 
equal to 0.39MPa. The results of the numerical model are presented in terms of displacements, damage 
propagation and tendon response. When available, comparisons with experimental results are provided. 
 

Displacements 

 
Figure 7 presents the deformed shapes of the model at different stages of the loading. The 

deflected shapes depict the global expansion of the vessel under increasing pressure after contraction due 
to prestressing. The greatest displacements are measured in the vicinity of the equipment hatch  
Figure 7(f). 

 
(a) P=0Pd after prestressing 

(Magnification Factor =500) 

 
(b) P=1Pd after prestressing 
(Magnification Factor =500) 

 
(c) P=2Pd after prestressing 
(Magnification Factor =500) 
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(d) P=2.5Pd after prestressing 
(Magnification Factor =100) 

 
(e) P=3Pd after prestressing 
(Magnification Factor =100) 

 
(f) P=3.2Pd after prestressing 
(Magnification Factor =100) 

 
 

Figure 7.Deformed shapes of the finite element model 
 
The numerical results are compared to the experimental results thanks to the displacements captors set on 
the structure. The displacement response at the azimuth 135° in the radial and meridional directions are 
presented in Figure 8. The standard output location numbers corresponding are #4, #6, #9 and #10. The 
pictures present the experimental results (‘Exp’) and the results of the analysis with the hypothesis of 
grouted tendons or ungrouted tendons. Very good agreement is found between the numerical and 
experiment results, with a correct representation of the stiffness of the structure before and after damage 
occurs (at about 2Pd). The difference in the cable modeling does not influence the displacement response 
of the structure at these locations. 
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Figure 8. Displacement response of the structure: comparison with the experimental results 

 
The present analysis is carried out with the hypothesis of large displacements. The comparison of the 
results with an analysis with small displacements demonstrates little differences in the displacements at 
the azimuth 135°. However some difference in the buttress displacements is highlighted by the 
comparison of the deflected mesh of the vessel. This effect is highlighted in Figure 9.  

Model with large displacement

Model with small displacement

 

Figure 9. Deformed shape of the containment Vessel at the elevation 8 m, for internal pressure of 3Pd 
(Magnification factor = 100) 

 

Damage propagation 

The level of damage in the concrete element of the containment vessel is described by the D damage 
index (0<D<1, where 0 corresponds to sound material). The distribution of the damage is presented for 
different loads in Figure 10. The damage propagates progressively from the buttress, to the vessel and the 
dome.  
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(a) Damage Measure at P = 2.5Pd 

 
 

(b) Damage Measure at P = 3.2Pd 

Figure 10. Damage index in the containment vessel for various pressure loads 

 

Prestressing tendons response 

The force in the horizontal tendon  #53 and vertical tendon #37 are presented in Figure 11. In the 
captions, G. and UnG. indicate grouted and ungrouted tendons. The comparison of the ungrouted tendon 
with the experimental results is presented for the SOP # 54 and # 55, Figure 12 . 

The difference between the two tendon models (grouted and ungrouted) is showed on the general force 
distribution of each cable. The difference is characterized by a variation of the local stresses measured. 
The ungrouted tendons depict a more smooth force distribution along its length. On the contrary the 
grouted tendons demonstrate very important local stresses, corresponding to highly damaged zones. The 
differences in tendon tension between the two modelling can reach as high as 25%, which is quite 
significant. 

 

 

Figure 11. Force in the Horizontal Tendon H#53and Vertical Tendon V#37 
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Figure 12. Tendon Force at Standard Output Location #54 and #55 

 
INITIAL STATE ANALYSIS 

 
Methodology 
As a side study, we look at the simulation of the initial state of the structure and the consequence of the 
staging construction on the structure and its response. In this first study, the staging of the concrete is 
reproduced by the activation of the seven different lifts of the vessel, Figure 13. 
The physical phenomena of study are the following: 

 The thermal deformations of the concrete are induced by the temperature variations from the 
cooling of the concrete and external temperature variation. The deformations are measured from 
the thermal coefficient expansion coefficient 

 The drying of the concrete is modeled with the non-linear law ‘SECH_MENSI’ (Code_Aster). 
Different drying conditions are used on the external surface and inner surface of the vessel due to 
account for the liner. 

 The hardening of the concrete is modeled by the evolution of the concrete’s Young Modulus as a 
function of hydration of the concrete (Eurocode 2). 

 Concrete creep is represented with a non-linear model law ‘GRANGER_FP_INDT’ (Code_Aster), 
independent of the change in temperature. The parameters of the law are calibrated to fit Eurocde 
prescriptions (Eurocode 2) 

 The autogenous shrinkage of concrete, function of the hydration of the concrete is also taken into 
account. 

Initial deformation due to staging 

The deformed shape of the structure after construction is presented in Figure 14. It shows the influence 
of the staging construction on the initial state of the structure. At the interfaces of the different lifts, stress 
concentrations are measured, especially at the base of the structure. Further studies are ongoing to 
evaluate these effects on the response of the structure under internal prestressing or the long-term 
deformations. 
 
CONCLUSION 

 
The present paper highlights the actual modeling technique used in engineering practice 

to study the behavior of nuclear vessel under design and extreme loading. The comparisons of 
the numerical results with the experiment data of the SPE3 tests showed that the modeling 
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assumptions and technics perform very well. The last part of the article lays out the methodology 
for more refine studies with the consideration of early age concrete deformations.  
 

 

T0 - 16 mois

T0

T0 +1 mois

T0 + 2 mois

T0 + 3 mois

T0 + 4 mois

T0 + 5 mois

T0 + 5 mois + 3 jours

  
Construction lifts (SNL,2003) Considered lift sequence for modelling 

Figure 13. View of the concrete lifts and the date of construction 

 
Figure 14. Deformed vessel after staging construction (Magnification factor = 1000) 
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