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ABSTRACT 

This paper presents a method for carrying out structural analysis of prestressed concrete reactor containments 
using the finite element technique. The method is verified and validated by comparison with test data from a 
large-scale overpressurization test performed on the NUPEC/NRC 1:4-scale model of a prestressed concrete 
containment vessel model at Sandia National Laboratory, USA. The posttest analysis has been carried out as a part 
of the ISP 48 project arranged by OECD/NEA. The general finite element analysis (FEA) system ABAQUS has 
been used. Some different approaches on how to model unbonded prestressing tendons have been evaluated. The 
chosen approach makes it possible to take into consideration the transition from the initial uneven prestressing 
force distribution along the tendons, to a more or less even distribution along the tendons during pressurization. 
The method also makes it possible to actually simulate the prestressing sequence during construction. 

 
Keywords: Finite element analysis (FEA), Reactor containments, Unbonded tendons, NUPEC/NRC model 
containment, ISP 48. 

 

1. INTRODUCTION 

1.1 General 
The design event for a reactor containment refers usually to accidental loading conditions for which 

leak-tightness and load-bearing capacity should be verified. This involves the containment to be loaded far into the 
non-linear range, putting high demands on the engineering simulations. 

It is therefore of vital importance to ensure that the methods applied for advanced structural analysis can be 
verified and validated. The verification of codes for structural analyses (FEA-software) are made by the supplier, 
usually at the local finite element level. The codes are also usually verified with the help of experimental tests on 
smaller test cubes, columns, beams and slabs loaded to failure, i.e. laboratory tests. To achieve an even higher 
accuracy in analysis results it is necessary to compare analysis results with the measured response from tests on 
large-scale structures. 

This paper presents a method of utilizing the finite element technique for determining the load effects due to 
internal overpressurization in combination with temperature loads for pre-stressed concrete reactor containments. 
The method is verified and validated by comparison with test data from a large-scale overpressurization test 
performed on the NUPEC/NRC 1:4-scale model of a prestressed concrete containment vessel model at Sandia 
National Laboratory, USA. The prototype for the model is the containment building of unit 3 at the Ohi Nuclear 
Power Station in Japan, an 1127 MW Pressurized Water Reactor (PWR) unit. 
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The analyses have been carried out as a part of the OECD/NEA International Standard Problem (ISP) on 
containment capacity (ISP 48) project. In this project, benchmark studies where performed in order to compare 
structural analysis results to test data from the above stated large-scale test of a 1:4-scale prestressed concrete 
containment vessel. 

Our possibility to participate in ISP 48 has been made possible by financial support from the Swedish and 
Finnish nuclear power industry (Oskarshamn, Ringhals, Forsmark and TVO), and the Swedish Nuclear Power 
Inspectorate. 

1.2 Background 
The Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear Regulatory 

Commission (NRC) cosponsored and jointly funded a Cooperative Containment Research Program at Sandia 
National Laboratories (SNL), USA, from July, 1991 through December, 2002. 

As a part of this program, a 1:4-scale model of a pre-stressed concrete containment vessel (PCCV) was 
conducted and pressurized up to failure. The prototype for the model is the containment building of unit 3 at the 
Ohi Nuclear Power Station in Japan, an 1127 MW Pressurized Water Reactor (PWR) unit. The design accident 
overpressure, Pd, of both the prototype and the model containment is 0.39 MPa. 

The objectives of the model containment test were to; 
- simulate some aspects of the severe accident loads on containment vessels 
- observe the model failure mechanisms 
- obtain structural response data up to failure for comparison with analytical models 

Construction of the model containment commenced January, 1997, and ended June, 2000. During September, 
2000, the limit state pressurization test (LST) was carried out. At the end of 2002, the limit state test was 
complemented with a pressurization up to total collapse of the structure, the structural failure mode test (SFMT). 
During pressurization the structural response was monitored, giving information on displacements, liner, rebar, 
concrete and tendon strains and tendon anchor forces. In addition, acoustic monitoring, video and still photography 
were used to monitor the structural behaviour. The pressurization test is described in [1]. 

During 2002, the Nuclear Energy Agency (NEA) at OECD, decided to include the NUPEC/NRC model 
containment test as an International Standard Problem (ISP) on containment capacity, ISP 48. At a first meeting in 
Stockholm, Sweden, the objectives and schedule was set up. The ISP 48 project started up January, 2003 and ended 
April, 2005. The overall objective of the ISP 48 was to extend the understanding of capacities of actual 
containment structures based on results of the NUPEC/NRC model containment test and other previous research. 
The ISP 48 project is presented in [2], [3] and [5]. 

1.3 Overpressurization test 
The NUPEC/NRC model containment was a 1:4-scale model of the prestressed concrete containment vessel 

(PCCV) of an actual nuclear power plant in Japan, Ohi-3. Ohi-3 is an 1127 MW Pressurized Water Reactor (PWR) 
unit, one of four units comprising the Ohi Nuclear Power station located in Fukui Prefecture, owned and operated 
by Kansai Electric Power Company. 

The prototype containment, Ohi-3, consists of a thin prestressed concrete cylindrical shell with a 
hemispherical dome and a continuous steel liner anchored to a reinforced concrete basemat which extends beyond 
the containment to support other plant structures. 

The features and scale of the model containment were chosen so that the response of the model would mimic 
the global behavior of the prototype but also to represent local details, particularly those around penetrations. One 
of the primary considerations was the desire to utilize construction materials that were identical, or nearly so, to the 
material used in the construction of the prototype. 

It was decided that the scale of the model would be a uniform 1:4, with minor exceptions to accommodate 
fabrication and construction concerns. This was judged to be the minimum scale that would allow the steel liner to 
be constructed from prototypical materials and fabricated with details and procedures that were representative of 
the prototype. The model containment and its overall geometry and dimensions are shown in Figure 1. 

It was also decided that the model containment would include representation of the major penetrations, 
namely the equipment hatch (E/H), the personnel air lock (A/L), the main steam (M/S) and the feed water (F/W) 
penetrations. 

The decision was to perform a static, pneumatic over-pressurization test at ambient temperature. The test was 
terminated following a functional failure, i.e. a leak in the model containment, with only limited structural damage 
occurring. Subsequently, it was decided to re-pressurize the model containment prior to demolition, in an attempt 
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to observe larger inelastic response and, if possible, a global structural failure. This test was performed as a 
combined pneumatic-hydrostatic test. 

 
 

 
 

Figure 1: NUPEC/NRC 1:4 scale model containment at Sandia National Laboratory, US 
(from [1]). 

2. METHODS OF ANALYSIS 

2.1 General 
In principle, four major levels of analysis approaches are applicable when utilizing the finite element 

technique for studying the structural behaviour of a pre-stressed concrete reactor containments; 
1. Axi-symmetrical analysis 
2. Three-dimensional global analysis 
3. Local analysis at critical areas 
4. Detailed studies of the leak-tightness integrity 

These levels are examplified in Figure 2, and discussed here below. 
A reactor containment constitutes in principle a cylindrical construction and is therefore suitable to be 

analysed with the help of an axi-symmetrical model when affected by globally distributed loads of the type 
overpressures. An axi-symmetric analysis can thus be used to understand the global behaviour of the model 
containment in an un-disturbed region, as a first approximation of the leak-tightness and structural capacity. The 
local behaviour of the wall-basemat connection can also be studied, if the model is detailed enough. Otherwise, a 
separate local model has to be used. 
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Figure 2: FE modeling, levels of detailing. 
 

Another advantage with an axi-symmetric model is to execute parametrical studies and sensitivity analysis in 
an efficient way, in order to provide a good basis for defining high-quality model assumptions for the 
three-dimensional analysis. 

The axi-symmetrical model is not capable of catching the structural effects due to major penetrations, 
pre-stressing buttresses, non-uniform layout of the pre-stressing tendons and reinforcement, and non-uniform and 
pressure-dependent pre-stressing effects. These effects will to a major extent influence the structural behaviour of 
the containment, including overpressure levels at leakage and collapse, as well as rupture positions. To take these 
matters into consideration, a fully three-dimensional model has to be used. 

For some important and more complicated parts of the containment, such as the major penetrations, local 
detailed models can be used instead of increasing the discretization level in the global 3D-model. When using local 
models, submodeling can be a useful technique, where the boundary conditions of the local model is driven by the 
deformation calculated in the global analysis. 

To fully reach the objective of this the ISP 48 project, i.e. to determine good estimates of the pressure level and 
rupture position at leakage, even more detailed local models of the steel liner including welds and stiffeners etc are 
needed. This due to the fact that the rupture is dependent on local strain as well as workmanship of the welds. 

The interpretation of the acceptance criterias, or failure criterias, to be assest in the finite element analysis will 
of course differ depending on the objective of the analysis, but also on the modeling and analysis approaches to be 
applied. 

2.2 Model containment 
The objective of the ISP 48 project was to simulate the behaviour of the model containment pressurized to 

rupture. With the aim of describing the pressurization event as realistic as possible the analysis have been carried 
out using a fully three-dimensional (3D) global model applying non-linear material models. An axi-symmetrical 
model has been applied for parametrical studies. The parametrical studies have provided the basis for important 
model assumptions for the 3D-model analysis. 

Two types of analysis have been carried out, internal overpressurization with, and without temperature load 
effects respectively. The methodology for the pressure load only analysis is straightforward. A monotonically 
increasing internal overpressure is applied on the inside of the containment up until collapse of the containment. 
For the combined pressure and temperature loading, two consecutive analysis steps have to be carried out; first a 
temperature analysis calculating the temperature field, then followed by a mechanical analysis taking advantage of 
the results from the temperature analysis as input data. In the first step the temperature field in the structure is 
calculated using ABAQUS/Standard (implicit solver) as a function of “real time” temperature loading (in our case 
3600 minutes temperature time history), based on the temperature load scenarios presented in section 4.4.1 below. 
In the second step, ABAQUS/Explicit (explicit solver) is used to carry out a quasi-static mechanical analysis for 
the combined load situation of pressure and temperature. The temperature in all the nodes calculated in the first 
analysis is then imported to the second step. The material properties (strength and stiffness) in the second analysis 
step are dependent on the temperature of the different structural parts. 

The time scale in this second analysis step is compressed from 3600 minutes to approximately 9 seconds. This 
to minimize the analysis runtime. The adjustment of the timescale is not constant over the time period, instead it is 
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suited to give approximately the same loading rate during the whole analysis. Care has to be taken not to introduce 
any dynamical effects of importance in the analysis. At each analysis time step increment, the internal pressure is 
described by the adjusted load curve, and the corresponding temperature field imported from the previous 
temperature analysis. 

3. MODELING OF UNBONDED TENDONS 

3.1 General 
One of the most important modeling issues is the modeling of the pre-stressing tendons. The tendons in the 

NUPEC/NRC model containment are non-grouted, i.e. unbonded. These types of tendons can be modeled at 
different levels of sophistication; 
Level 1 Taking into consideration the actual friction between the tendon and the concrete, not only during the 

tensioning and seating procedure, but also during the pressurization of the containment. 
Level 2 The tendon force is specified by taking the variation of tendon force along the tendon into 

consideration during tensioning due to friction and seat losses etc. During the pressurization process 
the tendon is modeled as fully bonded to the concrete. 

Level 3 The tendon force is specified as a constant force along the tendon, initially specified as a mean value 
taking friction and seat losses etc into consideration. During the pressurization process the tendon is 
modeled as fully bonded to the concrete. 

The experimental test results show, as expected, that the force distribution along the tendon is un-evenly 
distributed due to friction and seating losses during the tensioning procedure. This force distribution, however, will 
gradually change to a more or less evenly distributed force along the tendon when the internal pressure in the 
containment rises. The change of force distribution starts to appear when the hoop forces equilibrate the 
pre-stressing force and the distribution will then gradually approach an even distribution for further increase in 
pressure load (Figure 4). In this phase the tendon force increases as expected as a consequence of elongation due to 
the radial deformation of the containment. Due to this tendon behaviour, it is an advantage if the modeling method 
is in accordance with the level 1 approach described above. 

We have used ABAQUS in order to test three different level 1 methods to enable to take into consideration the 
friction and slippage between the unbonded tendon and the concrete during both construction, i.e. tensioning and 
seating, and during pressurization. The methods tested where; 
1. Contact formulation between tendon and concrete. 
2. Friction connectors between tendon and concrete. 
3. Friction trusses between tendon and concrete. 

The test where carried out as a basis for choosing modeling techniques to be used in the main 3D FE-analysis 
of the model containment (section 4.3). The proposed method is method 1, using contact formulation between the 
solid concrete elements and the truss elements representing the prestressing tendons. 

The test calculations where carried out using a horizontal 180° segment of an 0.3 meter high un-disturbed part 
of the model containment wall including 3 pre-stressing tendons, see Figure 3. The loading sequence of the model 
is tensioning, seating and finally pressurization. Geometry, loading conditions and material parameters are the 
same as for the analysis of the model containment. Only the proposed method, method 1, is presented here. For a 
more detailed description of the other methods, see [5]. 

In method 1, the tendons are modeled with truss elements and the concrete with solid elements. The 
interaction between the truss elements and the solid elements is modeled with a contact formulation (Figure 6a). A 
friction coefficient is specified between the tendon and the concrete. Using this method the force distribution along 
the tendon during tensioning and seating is automatically calculated. Also, the re-distribution of tendon force and 
increase in friction force during pressurization is automatically taken into consideration in the analysis. 

The method provide accurate results when modeling tensioning and seating, as can be seen in Figure 4a. In 
Figure 4b tendon forces along the tendon at different loading levels are shown. As can be seen, the analysis results 
capture the true behaviour of the tendon during pressurization. 

The application of this method into the main three-dimensional model is presented in section 4.3.1 below. 
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Horizontal tendons 

Containment wall 

Buttress for anchoring 
of tendons. Tensioning 
of tendons. 

90° 

180° 0.3 m

 
Figure 3: FE model used for evaluation of modeling methods for unbonded tendons: 

Horizontal 180 segment including three pre-stressing tendons. 
 

Pd = design pressure

 
 a) Prestressing force distribution at tensioning and after seating b) Prestressing force distribution at different pressure levls 
 

Figure 4: Analysis results: Distribution of prestressing force for unbonded tendons at 
tensioning, after seating and at different overpressurization levels. 

4. POSTTEST ANALYSIS 

4.1 General 
The main analysis of the model containment has been carried out using a fully three-dimensional (3D) global 

model applying non-linear material models. The model used and the analysis results are presented in section 4.3 
below. An axi-symmetrical model has been applied for parametrical studies, to provid the basis for some important 
model assumptions for the main 3D-model analysis. The parametrical studies are briefly presented in section 4.2. 

4.2 Parametrical studies 
The model containment can be reasonably well analyzed with an axi-symmetrical model when studying 

global behaviour in the event of over-pressurization. An axi-symmetric analysis can be used to understand the 
global behaviour of the model containment in an un-disturbed region, i.e. as a first approximation of the 
leak-tightness and structural capacity. However, the main purpose of an axi-symmetric model is to provide 
efficient executional runtimes in order to facilitate parametrical studies and sensitivity analysis. This to be able to 
define high-quality model assumptions for the three-dimensional model to be used in the main structural analysis 
(section 4.3). Four comparative studies regarding FE-analysis techniques have been carried out; 
1. Comparison between implicit and explicit solving techniques, i.e. the analyses is executed using 

ABAQUS/Standard and ABAQUS/Explicit respectively. 
2. Comparison between two different material models for concrete. The material models compared are the 
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Brittle Cracking (BC) model and the Concrete Damage Plasticity (CDP) model, both included in ABAQUS 
material library to be used when modeling concrete structures. For further information see [4]. 

3. Comparison of the influence on results when modeling the baseslab and underground in detail. An analysis 
modeling only a small part of the baseslab is compared with an analysis including both the baseslab as well as 
the underground (mudmat and engineering backfill). 

4. Loading rate and mass scaling are important issues to regard influencing the executional runtime in explicit 
analysis. These parameters are trimmed with the help of parametrical studies. 

The parametrical analyses results shown that there were no differences in results when using implicit and 
explicit solver techniques respectively. ABAQUS/Explicit where then chosen to be used in the main analysis. 
Furthermore, it was shown that for this structure the Brittle Cracking material model was the most sufficient. It was 
also shown that the basemat and the underground could be left out in the main three-dimensional model. 

4.3 Main analysis and comparison with test data 

4.3.1 Three-dimensional FE model 
Modeling assumptions are based on the parametrical studies carried out in section 4.2, and the investigation 

regarding modeling techniques for unbonded tendons presented in section 3. The global three-dimensional model 
has been established out of drawings provided in [1]. General dimensions are presented in Figure 1 above. The FE 
model used in the analysis is shown in Figure 4 and 5. 

The concrete parts are in the FE-model represented by rectangular solid continuum elements with a reduced 
number of integration points denominated C3D8R. 5 elements have been used in the thickness of the wall. The 
steel liner is represented by rectangular shell elements denominated S4R. A very limited number of the elements 
are triangle elements denominated C3D6R and S3R respectively. The pre-stressing tendons are modeled by using 
truss elements. The reinforcement are described by using the rebar modeling feature in ABAQUS. The 
reinforcement are then modeled by rebars in form of a layer inside the underlying continuum elements (concrete). 

Only a minor part of the basemat is included in the FE-model, the part between the cylindrical wall connection 
and the tendon gallery. The bottom and the vertical faces of the basemat part are constrained in both the vertical 
and the horizontal direction. No constrains are applied on the nodes situated directly above the tendon gallery. 
Constrained nodes are shown in Figure 5b. 

In order to get a realistic interaction between the pre-stressing tendons and the concrete, contact definitions 
have been introduced in the model. In the contact definition the coefficient of friction between the structural parts 
has been defined. The coefficient of friction controls the amount of transferable shear force between the tendon and 
the concrete due to compressive stress over the contact surface. When tensile stresses occur over the contact 
surface, neither normal stresses or shear stresses can be transferred. In Figure 6a the principles of contact definition 
between the pre-stressing tendons and the concrete are presented. The tendons are connected to the concrete by 
applying a contact definition as explained above, i.e. they are modeled as un-grouted (unbonded). The tensioning 
of the tendons is modeled by using translator connector elements, connecting the end of the tendons to a steel 
anchor-plate. The anchor-plate is connected to the buttress concrete. The tensioning and seating process are then 
simulated in the analysis, stretching the tendons with the help of the connector element to the same amount as done 
with the jack during construction (including seating), see Figure 6b. This procedure gives rise to an un-evenly 
distributed tendon force along the length of the tendon, due to the friction specified in the contact definition, thus 
matching the actual tendon force variation. With the method chosen for the modeling of the tendons, during 
pressurization, the pre-stressing force along the tendon is automatically changed from an un-even distribution to a 
more or less evenly distributed force, see section 3 and Figure 4b. The modeling of the tendons is shown in Figure 
6c. 

The reinforcement bars at the inner and outer surface of the model containment are in principle modeled as 
shown in Figure 6. The different colours represent regions with different reinforcement content. The rebars are 
rigidly connected to the concrete. 

The steel liner is positioned on the inside of the containment and is rigidly connected to the concrete elements. 
Dead weight is modeled applying a field of gravity, using the gravitational constant 9.81 m/s2. The internal 

overpressure is applied as a linear monotonic increasing pressure load at the inner face of the containment, i.e. to 
the shell element representing the steel liner. 
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 a) View of 3D FE model b) Penetrations, boundary conditions 
 

Figure 5: Global three-dimensional FE model of the NUPEC/NRC 1:4 scale pre-stressed 
reactor containment model. 

 
 

 

Tendon duct 

Contact definiton 

Part of solid element mesh 

Truss element 
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 a) Contact formulation tendon/concrete b) Simulation of tensioning and seating of tendons using connector elements 

 
 c) Horizontal and vertical tendons     d) Reinforcement 
 

Figure 6: Modeling of pre-stressing tendons and reinforcement. 
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4.3.2 Analysis results 
In this section the results from the structural analysis are summarized, pressure-levels corresponding to 

important characteristic events, i.e. cracking of concrete, yielding of the steel liner, and tendon rupture leading to 
burst of the structure, are estimated. An estimation of pressure-level at first leakage, i.e. liner rupture, is somewhat 
cumbersome to carry out because of the large rupture strain of the liner given by material tests, even for the welded 
zones. The load level at leakage has in principle to be estimated using more detailed models (modeling approach 
level 3 and 4 according to section 2.1) taking into consideration major penetrations, localized strains, construction 
details and workmanship etc. Therefore, no prediction of these pressure levels has been made within the scope of 
this report. Instead, the maximum steel liner strain in the analysis is provided at the test pressure levels 
corresponding to first leakage and excessive leakage respectively. 

Major characteristic events of interest are; 
- Start of non-linear structural response, i.e. cracking of concrete. 
- Risk of leakage, i.e. yielding of steel liner. 
- Excessive leakage, i.e failure of steel liner. 
- Collapse of the structure, i.e. failure of tendons. 

In Table 1 overpressure levels, when these events occur during the experimental tests, are presented and 
compared with estimated values from the three-dimensional model. The events are then discussed in more detail 
below. 

In Figure 7a predicted initial cracking of the concrete is shown. As can be seen the first cracking occurs at the 
major penetrations and near the buttresses. The major cracking of concrete occurs at overpressure levels of 
0.59-0.78 MPa. By analysis predicted overpressure at cracking of concrete is 0.55-0.7 MPa, i.e. that is in good 
agreement with test results. 

In Figure 7b predicted yielding of the steel liner is shown. The analysis results and test results agree well. As 
can bee seen in Figure 7b, the position of first yielding near the equipment hatch (E/H) predicted by the analysis 
(position I) differ to a small extent from the actual rupture position during test. This is due to the fact that the 
rupture of the liner during the test occurs at a position where the thickness of the steel liner changes. This sectional 
change is not included in the model used, giving a rupture position placed underneath the E/H instead of at the side 
of the hatch. The first yielding of the steel liner during test is registred for an overpressure of 1.1 MPa. However, 
the strain gauges measuring the strains in the steel liner are not placed at the position for first yielding, i.e first 
yielding has to occur at an lower overpressure level. By analysis, predicted first yielding of the steel liner occurs at 
an overpressure of 0.8 MPa, which is in agreement with the conclusions stated above. 

 
Table 1: Result summary of important events. 

Concrete Steel liner Hoop tendons Model 
Cracking Yield First 

failure 
Excessive 
leakage 

Yield 2% Failure 
Unit 

Test 0.59-0.78 
1.5-2.0 

- 1) 0.98 
2.5 
0.17 %2) 

1.29 
3.31 
0.42 %2) 

1.17 
3.0 

- 1.4 
3.59 

MPa 
*Pd 

3D 0.55-0.7 
1.41-1.79 

0.8 
2.05 

- 
- 
0.9 %3) 

- 
- 
2.4 %3) 

1.12 
2.87 

1.35 
3.46 

1.38 
3.54 

MPa 
*Pd 

1) A test value of 1.1 MPa is specified. However, the strain gauges were not placed in the position of first yielding. 
2) Free field hoop strain given as test result. 
3) Maximum strain in the steel liner obtained in the structural analysis at overpressure levels corresponding to first leakage (0.98 MPa) 
and to excessive leakage (1.29 MPa), respectively. 
 

In Figure 7c (left) the predicted position of rupture of the containment during structural collapse is shown. The 
predicted position agrees very well with the actual rupture (burst) position during test, as can be seen in Figure 7c 
(right). Collapse of the model containment during the test occurred at an overpressure level of 1.4 MPa. By 
analysis, using the 3D-model, collapse was predicted to occur at an overpressure of 1.38 MPa, in good agreement 
with test data. 

The most important result parameters are the radial deformation, strains in the steel liner and strains in the 
tendons. This is due to the fact that the radial stresses and strains govern the capacity of the model containment, not 
the stresses/strains in the vertical direction. Furthermore, the strain in the liner is the most important parameter to 
determine the leak-tightness capacity, and the strains in the tendons, the corresponding parameter to govern the 
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load-bearing capacity. For these parameters there is good agreement between measured test data and calculated 
analysis results. The same applies for vertical deformation and rebar strain. 

 
 

 
 a) Cracking of concrete b) Yielding of steel liner 

 

E/H

 

Azimuth ~ 9°

E/H

 
c) Rupture of containment 

 
Figure 7: Result summary of important events Red colour indicates most severe state. 

 
Rupture of pre-stressing tendons just before and at rupture of the containment is evaluated from the video 

taken during the overpressurization test. As can be seen in Figure 8, the first tendon to rupture is at an elevation of 
approximately 5.0 m, the second at approximately 7.5 m, and the major tendon ruptures occurs in the zone between 
elevation 5-10 m.  

 
   

 
a) First rupture, el. ~5.0m b) Second rupture, el. ~7.5m c) Major tendon rupture, el. ~5-10 m 

 
Figure 8: Rupture of tendons as identified from the video of the NUPEC/NRC pressurization 

test. 
 

In the analysis, we observe the first tendon rupture in a horizontal tendon at the level 5.2 m, see Figure 9b. At 
the same output frame we have the highest stresses in tendons in the zone between elevation 5 and 9 m (Figure 9a). 
Just before rupture there are large areas with highly stressed tendons, see Figure 9a. 
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First tendon to 
rupture, elevation 
5.2 m. 

 
 a) Yielding in tendons near rupture b) First tendon rupture (red line) 

 
Figure 9: Tendon stresses near rupture of the containment, and first tendon rupture. 

 

4.4 Temperature effect 

4.4.1 General 
Two different scenarios are studied, 

- Case 1, saturated steam. An increasing internal overpressure is applied, together with the belonging saturated 
steam temperature. 

- Case 2, large dry PWR SBO, no containment leakage. Time histories for pressure and temperature are 
applied to the containment. 

These loading scenarios are presented below. 
Case 1 represents a monotonically increasing internal overpressure, applied until collapse of the structure 

(Figure 10 (left)). At the same time, the temperature inside the containment is as specified in Figure 10 (left). The 
temperatures in the structure are taken as the steady state temperature values at each time step. The ambient 
temperature is constant at 25 °C. 

In case 2, the pressure and temperature load histories presented in Figure 10 (right) are used in the analysis. 
The temperature field in the structure is calculated based on the temperature time history specified, and an ambient 
temperature of 25 °C (constant throughout the analysis). 

 

 
Figure 10: Temperature and pressure load case 1 (left) and case 2 (right) respectively. 

 
For cases when a temperature load is applied simultaneously with the pressure load the response will be quite 

different compared to pressure load only (load case denominated no temp.). The load effect is dependent on the 
temperature scenario, i.e. the maximum value of the temperature, and the rate of the temperature changes. For the 
case 1 temperature load scenario, onset of global yielding in the liner is delayed, while the ultimate capacity is 
unchanged. For the case 2 scenario however, yielding first in compression, and then in tension, occurs at rather low 
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pressure levels due to a combination of the rapid changes in temperature and high temperature values inside the 
containment, this giving rise to restrained temperature expansion/contraction of the steel liner. 

The temperature load increases the deformation of the containment due to an increase in mean temperature, 
while the temperature gradient gives rise to early cracking of the outside part of the concrete wall. 

4.4.2 Leak-tightness 
The onset of leakage due to a tear in the steel liner is here evaluated in the same way as for the no temp. 

analysis, i.e. based on test data. Therefore, when we arrive at an equivalent strain in the liner corresponding to the 
strain measured during pressure test at first leakage, a leakage is assumed to occur. This to make it possible to 
compare the outcome of the two analysis, hence determine the influence on the safety due to the adding of the 
temperature load. Due to the fact that the first leakage during the test occurred at a global hoop strain level as low 
as 0.17 % (see Table 1 above), we use here yielding in the steel liner as a measure of leak-tightness. Then the 
pressure values stated below, should not be taken as the exact values coupled to leak-tightness, but only to be used 
for relative comparison between the three load cases. 

In Figure 11, a comparison between the three load cases is presented. The figure shows the extent of yielding; 
first yielding and global yielding respectively. 

 

 
Figure 11: Development of yield in steel liner: first at buttresses, then propagating to global 

yielding at increased pressure: case no temp., case 1 and case 2 respectively. 
 

For load case no temperature and load case 1, the first yielding occurs in the areas near the buttresses, 
primarily due to a combination of hoop stresses and local bending stresses. The pressure level at first yielding for 
these load cases are approximatly 800 kPa, and 1000 kPa respectively. For load case 2, the first yielding in tension 
occurs much earlier, due to the restraint of thermal contraction of the liner performed by the concrete. This occurs 
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when the temperature decreases much faster in the liner than in the concrete to which it is attached. This yiedling, 
as can be seen in Figure 11, starts in the lower part of the wall, at the basemat, because the high restraint of the liner 
in this region. 

Global yielding occurs at a pressure level of approximatly 1000 kPa for load case no temp., while it is reached 
at a pressure level maybe 150 kPa higher for case 1, but at an lower pressure for case 2, see Figure 11 above. This 
indicates that the onset of leakage can be delayed in the case of temperatrue load acting simultaneously as the 
pressure load, compared to no temp. load case. This effect, however, is dependent on the maximum value of the 
temperature, and of the rate of temperature changes. 

4.4.3 Rupture 
As expected, the rupture of the containment is not influenced by the temperature load effect. 
However, in a general case, the maximum load-bearing capacity of the containment can be decreased by the 

increase in temperature. This due to the fact that the strength of the steel material is decreasing at elevated 
temperatures. However, for the cases studied in this report, the stipulated strength-temperature dependency does 
not result in such a decrease in strength. 

4.4.4 Principal evaluation of important result curves 
In this section, a principal evaluation of important result curves is carried out. All results in this section are 

taken at elevation 6.82 for azimuth 135, i.e. at midheight of the containment in an undisturbed region. First, some 
special features of the case 2 analysis are discussed, se Figure 12. Then all three load cases (no temp., case 1 and 
case 2) are compared, see Figure 13. 
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Stresses (blue curve) and plastic strain (green curve) in steel liner as a 
function of pressure. 
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3

 
Plastic strain as a function of temperature. 
 

1. The stress curve is explained in Figure 13 below. 
2. The liner yields in compression due to restrained thermal 

expansion (increase in liner temperature). 
3. The sudden changes in radial deformations at appr. 400 kPa and 

800 kPa pressure are due to sudden changes in temperature. 
4. Yield in tension due to restrained thermal contraction (decrease 

in liner temperature). 
5. Increase in plastic strain primarily due to radial deformation of 

the containment wall. 

1. The liner yields in compression due to restrained thermal 
expansion (increase in liner temperature). 

2. Yield in tension due to restrained thermal contraction (decrease 
in liner temperature). 

3. Increase in plastic strain primarily due to radial deformation of 
the containment wall. 

 

 
Figure 12: Result curve at elevation 6.82 for azimuth 135: Load case 2. 
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Radial displacement as a function of pressure 
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Stresses in liner as a function of pressure 

1. At P = 0, the radial deformation in case 1 is larger than for the 
other two load cases due to a steady state increase in 
temperature from 25 to 100 °C on the inside of the containment 
(thermal expansion) before pressure increase. 

2. The slope of the case 1 and case 2 curves are higher compared to 
the no temp. analyses in the zone between 0 to ~600 kPa due to 
the early cracking of the outside part of the containment wall 
owing to the temperature increase inside the containment, and 
also due to the mean temperature increase giving rise to a 
volume increase of the concrete. 

3. For the no temp. analysis (pressure load only), there is a rather 
distinct concrete cracking pressure, while for case 1 and case 2 
analysis the cracking develops more smoothly. 

4. After full cracking of the concrete the slope of the curves are 
approximatly the same. 

5. The difference in radial deformation between the no temp. 
analysis and the case 1 analysis is due to the increase in mean 
temperature. The same is true for case 2 analysis. However, 
owing to that the temperature field corresponds to steady state 
condition in case 1 analysis, the mean temperature is higher 
than for case 2 analysis, in spite of the fact that the temperature 
increase on the inside of the containment is much larger for the 
case 2 simulation. 

6. For case 2 analysis, the radial deformation increase due to a 
sudden increase in the pressure load, and to a smaller extent due 
to a simultaniously increase in the inside temperature. The 
sudden change in radial deformation at appr. 400 kPa is due to a 
sudden change in temperature. 

7. The radial deformation continues to increase even when the 
pressure decreases, this is due to an increase in mean 
temperature of the containment wall. 

8. Decrease in pressure and temperature gives rise to a decrease in 
radial deformation. 

9. The three analyses predicts, as expected, almost the same 
rupture capacity of the containment. 

10. Increase in radial deformation for case 2 compared to case no 
temp. due to increase in mean temperature of the structure, and 
due to cracking on the outside part of the wall. 

11. Cracking through the containment wall occurs approximately at 
the same radial deformation for case no temp. and case 2. 

1. At P = 0, a compression stress is present in the liner due to the 
pre-streesing force and dead weight. 

2. For case 1, the compression stress is further increased at P = 0 
due to an increase of the temperature from 25 to 100 °C at the 
inside of the containment. The stress develops due to restrained 
temperature expansion. 

3. For case 2, the compression stresses are decreased due to a 
suddenly applied internal overpressure of 100 kPa. 

4. For case 2, during the increase in temperature of the liner, 
restrained temperature expansion gives rise to increased 
compression stresses in the liner. The increase in compression 
stress is somewhat counteracted by radial expansion of the 
containment due to an increase in internal overpressure and a 
mean temperature increase of the containment wall. 

5. Case 2: During the peak loading the compression stress will 
reach the yield stress, and then decrease primarily due to 
decrease in yield stress as a result of the temperature increase of 
the steel material, but also due to increase in radial deformation 
owing to pressure increase, cracking of concrete and increase in 
mean temperature of the containment wall. 

6. Case 2: Then both the pressure and the temperature will 
decrease. A decrease in pressure (i.e. decrease in radial 
deformation) would normally give rise to an increase in 
compression. However, this is counteracted, and overtaken, by 
tension stresses due to restrained temperature contraction when 
the temperature in the steel liner decreases. 

7. Case 2: When the pressure and temperature loads have went 
back to “normal” values, the tension stresses in the liner have 
reached appr. 320 MPa. The tension then increase due to 
increased pressure and temperature load and finally reach the 
yield stress in tension. Due to the fact that the increase in 
temperature of the liner gives rise to temperature expansion, the 
stress in the liner will not increase as fast as for pressure load 
only. 

8. The differences in stress between case 1 and the case no temp. 
depends on the stress due to restrained temperature expansion.

 

 
Figure 13: Result curve at elevation 6.82 for azimuth 135: Comparison of load cases no 

temp., case 1 and case 2. 

7. CONCLUSIONS 
The structural response predicted by applying the three-dimensional model approach presented in this paper 

agrees very well with registered test data. Pressure levels related to cracking of concrete, yielding of the steel liner, 
and the collapse of the containment are captured in conformity with registered test data. To capture the pressure 
level at which rupture of the steel liner occurs, more detailed local models are needed, this is beyond the scope of 
this paper. However, the analysis methods are capable of catching the zones where excessive yielding of the steel 
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liner occurs, corresponding well with the first registered liner rupture position. The applied analysis method 
accurately predicts the displacements of the containment, and strains in the steel liner, the rebars and the 
pre-stressing tendons. 

Some different approaches on how to model unbonded pre-stressing tendons have been evaluated in the report. 
The chosen approach predicts pre-stressing forces very well in accordance with registred test data. This method 
makes it possible to take into consideration the transition from the initial uneven pre-stressing force distribution 
along the tendons, to a more or less even distribution along the tendons during pressurization. The method also 
makes it possible to actually simulate the prestressing sequence during construction. 

For cases when a temperature load is applied simultaneously with the pressure load the response will be quite 
different compared to pressure load only. The load effect regarding the steel liner is dependent on the temperature 
scenario, i.e. the maximum value of the temperature, and the rate of the temperature changes. The temperature load 
increases the deformation of the containment due to an increase in mean temperature, while the temperature 
gradient gives rise to early cracking of the outside part of the concrete wall. The maximum load-bearing capacity 
of the containment can be decreased by the increase in temperature. This due to the fact that the strength of the steel 
material is decreasing at elevated temperatures. However, for the cases studied in this report, the stipulated 
strength-temperature dependency does not result in such a decrease in strength. 

The radial deformation response of the containment structure due to overpressurization load is to a large extent 
influenced by “disturbed regions” such as the pre-stressing buttresses and the major penetrations. Therefore an 
axi-symmetrical model most often is not sufficient enough to capture the true response of a prestressed concrete 
reactor containment, preferably a fully three-dimensional model should be used instead. For example, bending 
effects near the buttresses are not captured in axi-symmetrical models. These load effects generally gives rise to a 
much earlier start of liner yielding. The global 3-D model could then be complemented with local sub-models at 
important regions, such as at major penetrations. 

Special focus has been put on how to model unbonded pre-stressing tendons. Each tendon is modeled 
separately, then contact formulation is applied to correctly simulate the friction interaction and slippage between 
concrete and tendons during increased pressure loads. The same technique can also be applied if the interaction 
between liner and concrete needs to be modeled, as in detailed studies of the liner to evaluate the leak-tightness 
capacity of the containment. 

When utilizing non-linear constitutive models of concrete, convergence of analysis can be rather cumbersome 
using implicit solvers. It is often necessary to include contact formulations in the analysis to be able to correctly 
model unbonded pre-stressing tendons, or to simulate the interaction between concrete and steel liner. The explicit 
method provides a powerful technique to perform non-linear quasi-static analysis of containment structures. When 
dealing with material non-linearities and problems involving contact, the explicit solver provides a more 
straightforward approach compared to the implicit solver. The results in this report also verify that the explicit 
solver provides accurate results compared to test data. 

The proposed method can be used for the design of new containments as well as for the structural verification 
of existing containments. The method can be applied in case of design or evaluation against specified pressure 
levels and acceptance criteria according to national standards, or to calculate the leak-tightness and load-bearing 
capacity in order to estimate the safety margins of the structure. Furthermore, the analysis results can be used as a 
point estimate of leakage or structural collapse to be used in a probability safety assessment (PSA) of the plant. 
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