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1 ABSTRACT  

Direct procedure for capacity assessment of containment shell structures subjected to internal accident 
loadings is proposed. The assessment procedure is based on graphical comparison between the structural 
capacity and the loading intensity by plotting both parameters at the same “temperature gradient – 
overpressure” coordinate system. Furthermore, the capacity in terms of structural integrity and leak tightness, 
corresponding to different limit states or performance levels is evaluated. New damage index is proposed in 
order to correlate the intensity of damages at the shell structure with the intensity of the loading. The criteria 
for leak tightness and structural integrity are adopted for WWER-1000 structure. The ultimate pressure 
capacity, the failure mode and the capacity, corresponding to different performance levels of the containment 
structure is accessed. The influence of the temperature loading on the structure response is also studied. 

Conclusions for the WWER-1000 overpressure capacity and its response to different design basis and 
sever accidents are drawn. The main failure mode and the critical zones of the structure are also derived.  

2 INTRODUCTION 

From viewpoint of the physical barriers against release of radioactive substances and in-depth defence 
concept, the containment shell structure is the most important element. This is due to the fact that in 
development of all accident modes – design and beyond design ones (particularly severe accidents), the 
compromising of all different barriers eventually leads to the function of radioactive substances retention 
being assigned to the final barrier – the containment structure. Therefore, the assessment of the ultimate 
capacity and maximum retention capacity of the containment structure is of significant importance for the 
safety of any nuclear reactor unit. 

3 DESCRIPTION OF THE STRUCTURE OF WWER-1000 REACTOR BUILDING 

The reactor building structure of nuclear power unit type WWER-1000 is a space configuration system 
which could be considered as composed of four main parts – foundation structure, containment shell 
structure, auxiliary structures, and inner structure. These four parts are integrated by a solid 2,40 m thick slab 
of reinforced concrete, on elevation  +13,20. 

The containment shell is a reinforced concrete prestressed structure composed of two parts – cylinder 
and dome, connected by a carrying ring. The shell in entirely separated from the auxiliary structures; it lies 
on the foundation slab on elevation +13.20 m. The main geometric dimensions of the containment shell are: 
cylinder height 44 m, cylinder inner diameter 45,0 m, cylinder wall thickness 1,20 m, dome thickness 1,10 
m. 

The cylindrical part and the dome are connected by a solid ring-shaped beam which serves also as a 
base for anchoring the prestressing tendons. The prestressing is implemented by a total of 132 tendons 
whereby 96 of them are in the cylindrical part, and 36 are in the dome part. Every prestressing tendon is 
comprised of 55 cables woth cross section 140 mm2 each. The tendons are prestressed on both ends by rated 
force of 1000 tons (9810 kN). On the innner side of the containment shell there is 8 mm steel liner, which 
ensures leaktightness. 
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4 NUMERICAL MODEL 

Finite element model has been developed describing the reactor building structure, including all its elements 
– containment shell, foundation structure, auxiliary structures and inner structures. In this way, all possible 
interactions of the structure elements are taken into account, and a more realistic picture of the structure 
behavior under the loads considered is achieved. The model is composed of 56682 nodes and 81766 
elements – see Fig.1. 

 

 

Figure 1. Numerical model of reactor building – Reactor WWER1000 

In the containment shell model finite elements have been used modelling all cross section elements – 
concrete core, steel liner and reinforcing grid. In order to increase the solution accuracy, the containment 
shell is modelled by plane SHELL elements [1] with increased number of integration points in the cross 
section depth – which is 7. To these 7 integration points in the concrete core, one integration point has been 
added, for the steel liner, the external and internal reinforcing grids, and this means that the stressed state of 
the elements of the containment shell is calculated in 10 locations within the cross section depth. Thus one 
could analyse the prestressed state and degree of concrete damage within the depth of the containment 
structure wall. The composition of the finite elements used is shown on Fig. 2 (left upper corner). 

Non-linear models of the materials are used; in this way the stiffness of the elements is being 
continuously modified during the computation process, depending on the deformations accumulated in the 
structure and the constitutive stress-strains of the materials used. The steel liner and the reinforcement are 
modelled by the REBAR option [1], as plane disks with cross section equivalent to the reinforcement. Bi-
linear elastic-plastic material is used. The material constitutive laws are shown in Fig. 2. 
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Figure 2. Composition of the finite element used, together with the material constitutive laws. 

The designations in Fig.2 are as follows: N – geometric node of the structure; C1 to C7 – integration 
points of the concrete cross-section; R1 and R2 – integration points corresponding to the internal and 
external reinforcement grid; L1 – integration point simulating the steel liner. 

5 DEFINITIONS OF LOADS FOR DESIGN AND BEYOND DESIGN ACCIDENTS 

The loads upon the structure in severe accident conditions are determined within the frames of PSA 
(Probabilistic Safety Analysis) Level 2 for WWER-1000 Unit. PSA Level 2 is the instrument for analysis of 
the consequances defined in PSA Level 1 which result in core damage. The analysis itself is a repertory of 
instruments, methods and analyses designed to give an image of the events occurring, as well as to allow 
assessment to be made (quantitative and qualitative) on the accident consequances. Irrespectively of the 
variety of causes resulting in severe accidents, and variety of physical and chemical processes being 
developed within the containment, the final result in the form of load upon the containment structure could 
be expressed as increase of the containment inner pressure and temperature. The rate of increase and duration 
of action of the pressure and temperature are strictly specific for each accident scenario –  Fig. 3. 

 

  

  

Figure 3. Pressure and temperature (in different points from the wall thickness) time histories for beyond 
design accidents. 
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6 RESEARCH APPROACH 

According to the current normative documents [3] and [4], the containment structure behavior could be 
groupped in different limit states. There are two basic types of limit states – �) limit states from viewpoint of 
stress state and structure integrity, and b) limit states from viewpoint of radioactive substances leakage 
outside of the containment. 

6.1 Limit states 

Depending on the stress state and intensity of damages in the containment structure, its response to the 
different loads could be groupped in four limit states, or levels [3,4]: 

Level Ia: elastic stage. None (or very limited, only in areas of stress concentration) plastic 
deformations/damages. The structure integrity must be ensured with large margin (i.e. normal safety 
margins).  

Level IIa: Small plastic deformations. In general, small plastic deformations and damages are 
permissible. More serious local deformations and damages are also permissible in the areas of stress 
concentration. The bearing capacity and structure integrity must be ensured, although with smaller margin 
than that of Level Ia.  

Level IIIa: Large plastic deformations. In this limit state, considerable plasic deformations are possible 
globally in the structure. Local collapses are also possible. This state is impermissible when design accidents 
are considered.  

Ultimate capacity: Loss of bearing capacity and structure integrity. This limit state corresponds to the 
maximum bearing capacity of the structure and its basic mechanism of collapse. According to [3] such state 
is impermissible under any condition, however, analysis of this type is appropriate to be made, in order to get 
a clear idea of the limit capacity of the structure and the collapse mechanism which governs this capacity.  

From viewpoint of capacity of the containment structure to fulfil its leak tightness function, the 
following limit states could be distinguished  [3, 4]: 

Level Ib: leaktight structure. Radionuclides leakage is below the design values;  

Level IIb: limited increase in the leakage rate, whereby the leakage may exceed the design values.. In 
essence, this limit state corresponds to transition from leaktight structure to loss of tightness, with specific 
mechanism for each considered structure.  

Level IIIb: Large, or very large increase of the leakage rate. Total loss of leaktightness, as result of 
intensive plastification of the steel liner caused by concrete cross-section degradation. The bearing capacity 
of the structure may not be exhausted yet. 

6.2 Limit state criteria 

The limit state criteria are strictly specific for each type of containment structure. Therefore, in documents 
[3,4] specific values are not provided for stress state and damages in the structure, corresponding to the 
different limit states. It is recommended these values to be determined for each specific case based on the 
experience accumulated to the moment. For the purpose of the present study, in determining the limit state 
criteria for bearing capacity and loss of tightness, the following criteria have been assumed:  

Level Ia: Globally, the structure is in elastic stress state. In the most heavily loaded areas, part of the 
cross sections may suffer limited damages, but not more than 10% of the cross section. The yielding 
reinforcement grids and the prestress tendons are in elastic stress state.  

Level IIa: Globally in the structure, the damages in the cross sections (cracked and/or crushed) may not 
exceed 10% of the cross section (up to the external reinforcement grid). The reinforcement grids and the 
prestress tendons are in elastic stress state.  

Level IIIa: Globally in the structure, the damages in the cross sections (cracked and/or crushed) may 
not exceed 60% of the cross section. In isolated areas with stress concentration the damages may reach 90% 
of the cross section. The process may develop up to creep of the reinforcement rods, but the prestress 
tendons must remain in elastic stress state.  
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Ultimate capacity: Deformation in the prestress tendons reaching more than 1,5%. 

From viewpoint of capacity of the containment structure to fulfil its tightness function, the following 
limit states could be distinguished  [3, 4]: 

Level Ib: Entirely elastic performance of the steel liner. Beginning of plastic deformations occurrence.  

Level IIb: Plastic deformations development in considerable areas of the steel liner. 

Level IIIb: Deformations in the steel liner exceed 2%. 

6.3 Acceptance criteria 

The acceptability criteria correlate the load combinations considered with the permissible stress state in the 
structure. Usually the acceptability criteria are defined by permissible values of stress and/or deformations, 
safety margin, as well as percentage of the areas with plastic deformations in the cross sections. The 
acceptability criteria are strictly individual for each considered case and depend first of all on the load 
combination assumed, and the probability of its occurrence. In reassessment of existing power plants the 
acceptability criteria are strongly lowered as compared to those for newly designed plants. In document [3], 
pertaining to new plants design, the stress state of load combinations caused by severe accidents is limited to 
Level IIa. According to document [4], in reassessment of existing nuclear plants, the stress state in the 
containment structure caused by severe accidents may not exceed Level IIb, as far as this is reasonably 
achievable. 

7 ASSESSMENT OF THE ULTIMATE CAPACITY OF WWER 1000 CONTAINMENT 
STRUCTURE 

The limit bearing capacity of the structure is determined based on a series of non-linear static analyses 
whereby the function of the assumed load (internal pressure or equivalent temperature gradient) is 
monotonously increasing until it reaches the collapse criteria. The level of damage in the cross sections is 
determined based on damage index (DI), which is the relation of the thickness of the cross section  
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which has endured plastic deformations, against the thickness of the whole cross section. The DI index may 
have values from 0 to 1, where 0 designates entirely elastic cross section, and 1 designates entirely crushed 
one.  

Based on the values of the index of damages and deformations in the liner, reinforcing grids and pre-
stressing tendons, as well as on the acceptance criteria as described above, assessment of the structure 
capacity for different accident scenarios could be made. 

The structure stress state is controlled in 32 cross sections. Four cross sections each have been 
considered for eight different elevations of the containment structure 
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7.1 Pressure capacity 

 

Figure 4. Damage index as function of the internal overpressure 

Based on the results obtained (Fig.4), the following conclusions could be made regarding the containment 
structure behavior: 

Stages of stress state in the concrete: It could be assumed that the structure performs entirely in elastic 
mode ( Level I�) up to pressure ~650 �� � above the atmospheric (~1,67� Pd – design pressure), and the 
first cracks occur in hoop direction (vertical cracks) in the middle part of the cylinder. Thereafter, the 
structure quickly accumulates plastic deformations due to formation of gradually developing horizontal 
cracks on the external surface. At pressure values of about 760 ��� (~1,95xPd), the structure reaches Level 
II� . At pressure 920� ��  (~2,4xPd) the structure reaches Level III�.   

Stages of stress state in the steel liner: The steel liner performs entirely in elastic mode until pressure 
of 920�� � is reached, then plastic deformations occur in hoop direction in limited areas of the cylinder 
middle part – elevation +32,40. It could be assumed that that the structure leaktightness corresponding to 
Level Ib is ensured up to pressure values of 920� � �  (~2,4xPd). With further increase of the pressure the 
plastic deformations are spreading, and at pressure of about 1000 � ��  (~2,6xPd) the area between 
elevations +20 and +40 m are entirely plastificated in hoop direction, and the area of contact with the 
foundation slab on elevation +13,20 – in vertical direction. The steel liner of the cylinder part above 
elevation +40,00 and of the dome does no reach yielding state. In the range 1000-1050 ��� (2,6-2,70xPd) 
the liner deformations in the most heavily loaded areas in the cylinder middle and in the boundary with the 
base slab reach values of the order of 1,0-1,2%, therefore, a conservative assumption could be made that at 
pressure values above 1000 � � � (~2,6xPd) the structure leaktightness cannot be ensured anymore, owing to 
formation of large areas whetr the steel liner is plastificated, i.e. Level IIb has been reached. 

Stages of stress state in the reinforcement: The behaviour of the reinforcement is identical with that 
of the steel liner, except that the external reinforcemeht grid along the cylinder boundary contours does not 
reach yielding state. 

Stages of stress state in the pre-stressing tendons: based on the results related to the controlled cross 
sections, it could be assumed that the prestress system performs entirely in elestic mode until pressure of  
980-1000 �� � (2,5-2,6xPd) is reached, when the deformations in the pre-stressing tendons in the cylinder 
middle part reach the elasticity limit. With increase of the pressure the deformations in the tendons rapidly 
increase and at pressure values above 1050 � � � (2,7xPd) the deformations in the most heavily loaded 
tendon reach 1,5%, therefore, with further increase of the pressure, brake of the tendons and exhaustion of 
the structure bearing capacity could be expected.  
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7.2 Influence of the temperature loading 

In order to determine the effect of the temperature impact, a series of non-linear static analyses have been 
conducted, whereby, for different constant values of the pressure, with monotonously increasing temperature 
gradient, the development of the damages in the structure has been observed, until the moment of 
leaktightness and bearing capacity loss. The results obtained are summarized in Table 1.  
 

Table 1. Limit states and structural response due to combination of pressure and temperature loading. 

 

 

7.3 Integral assessment of the capacity 

The obtained results allow for integral assessment to be made on the structure capacity as function of the 
containment inner pressure and temperature gradient, whereby the capacity is presented in graphic form as 
capacity envelopes in a coordinate system “temperature gradient - pressure” The structure response on the 
impact of specific accident scenario is assessed by graphic comparison of the capacity and load parameters, 
plotted in one and the same scale - see Fig. 5.   
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Figure 5. Graphical comparison between the structural capacity (corresponding to different limit states) and 
particular loading acting on the structure. 

8 CONCLUSION 

Based on the results of the research work, the following findings and conclusions could be made:  
1. An approach is suggested for assessment of the capacity of the prestressed containment structure of 

WWER-1000 reactor power unit. The approach is based on use of detailed three-dimensional computation 
model, non-linear analysis of the concrete and steel performance beyond the limit of elasticity, and 
determination of limit states corresponding to different response levels of the structure under consideration.   

2. The structure limit capacity has been determined as function of the containment internal pressure and 
the temperature gradient in the containment structure wall. 

3. The load action of main influence on the structure limit capacity is the load of the containment inner 
pressure. The temperature loading, with equivalent temperature gradient up to 200°�,  does not have negative 
effect on the limit bearing capacity and leaktightness of the structure, but it materializes in increase of the 
intensiveness of damages in the containment shell for the same pressure values.  

4. The stressed state, extent of damages and leaktightness of the structure under impact of severe 
accidents has been assessed by graphic comparison of the capacity and the parameters of the accident 
scenarios, with their plotting in one and the same coordinate system.  

5. The suggested approach has been successfully applied in the study of the capacity of the containment 
structures of Kozloduy NPP Units 5 and 6. 
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