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ABSTRACT 

 
In the last decades a variety of civil engineering R&D programs dedicated to the analysis of 

nuclear power plant containments under accidental conditions have been performed. The possible leakage 
through cracks of the pre-stressed concrete containment is of particular interest. Experimental 
investigations under loading conditions including the limit state under an accidental containment 
overpressure are the basis for the validation of new constitutive laws for concrete and techniques of 
modeling which have to be implemented in calculation codes. The PACE-1450 experiment investigates 
the behavior of a curved specimen which is representative for a 1450 MWe nuclear power plant 
containment under defined accidental loading conditions. The reinforcement layout is very similar to the 
original geometry of the studied reactor building. During the tests the specimen is loaded by pressure 
which simulates the internal accidental containment pressure of up to 6 bars (in this paper pressure values 
are always declared in absolute terms). The resulting hoop tensile stress in the cylindrical part of the 
containment is applied by external hydraulic jacks. An initial pre-stressing of the specimen of 12 MPa is 
applied in such a way that decreasing the pre-stressing force for the purpose of simulating the aging of the 
structure is possible. The facility allows for the cracking of the pre-stressed specimen and for leakage 
measurements at different controlled crack widths that can be adjusted during different pressure scenarios. 
So far, a series of air tests under consideration of aging effects have been performed and all measurements 
have been evaluated. Results and conclusions of these tests will be presented and discussed. 

 
INTRODUCTION 

 
The R&D Division of EDF and the MPA Karlsruhe (Materials Testing and Research Institute of 

the Karlsruhe Institute of Technology (KIT)) decided in 2005 to cooperate for the “PACE-1450 – 
Experimental Campaign” in order to benefit from the experience of each single institution as well as from 
the experience that have been gained in past cooperation. The MPA Karlsruhe owns a leakage testing 
facility which had been built up for a research project funded by VGB PowerTech and GRS (Gesellschaft 
für Anlagen- und Reaktorsicherheit) (Eibl et al. (2001), Herrmann et al. (2002)) and used in a previous 
cooperation between EDF and MPA Karlsruhe for leakage research projects (Herrmann (2006)). 

The construction of a closed ring with an inner radius of 21.9 m and a thickness of 1.2 m 
simulating a part of a reactor containment as a pressure chamber under correct mechanical conditions in 
order to obtain a membrane stress state would have been difficult in control as well as in crack and 
leakage detection, not to mention the high costs. Therefore, EDF and MPA Karlsruhe decided to build up 
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a facility to test a representative curved specimen with realistic dimensions and can be loaded very similar 
to a closed ring under internal pressure. The already mentioned existing facility has been reused in parts 
to build up a new and improved testing facility which is focused on the testing of pre-stressed, curved 
specimen under inspection and accidental conditions which has been already investigated by EDF and 
MPA Karlsruhe in numerical work (Niklasch et al. (2005), Niklasch and Herrmann (2009)). 

 
BASIC IDEA OF THE EXPERIMENTAL SET-UP 

 
The specimen has realistic dimensions in order to have the possibility to load it very similarly to a 

closed ring under internal pressure. It is designed as a cut out of the cylindrical part of the pre-stressed 
nuclear reactor containment (see Figure 1). 

 

 
 

Figure 1. The specimen is cut out of the cylindrical part of the containment 
 
The externally applied tensile force corresponds to the ring tensile force resulting from the 

internal pressure within the reactor containment under inspection or accidental conditions. The facility 
which was first built up as a small model based on a three dimensional sketch which contents the 
specimen turned in a way that it is lying concave within the load frame. The membrane force that would 
occur in a closed ring under internal pressure is obtained by hydraulic jacks pushing apart the so called 
“ears” which are transverse beams made of steel (see Figure 2). They are connected to the specimen by 
reinforcement bars and load the specimen with the tensile force. A further important point regarding the 
integrity of a pre-stressed containment is the aging which does not only affect the concrete itself (Le Pape 
et al. (2006)). As this study addresses the inner containment of a “double wall” type containment, 
environmental aging is not considered. The primary time-dependent mechanism to be studied is the creep 
induced by the post-tensioning system. While concrete creep may vary with the mix design, it shall not 
result in a significant loss of pre-stressing that would jeopardize the containment structural integrity 
during an over-pressurization scenario (Integrated Leak Rate Test or accidental situation). For practical 
purposes, in order to accelerate creep and its effects on the post-tensioning system, the pre-stressing was 
gradually decreased over time (see Table 1). The loss of pre-stressing simulated by this experimental 
procedure is magnified in comparison to the expected, or even extrapolated from monitoring data, losses. 
The reason for exacerbating the pre-stressing loss is to study the mechanical behavior of the tested 
specimen in a global tensile regime for the investigation of eventual cracks initiation and propagation. A 
noteworthy fact is that, though pre-stressing, and consequently its loss, and the inner-pressure-induced 
stresses occur in both vertical and hoop directions, reproducing this biaxial stresses condition was 
insurmountable from an experimental standpoint so that the test was essentially performed on a 
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unidirectional pre-stressed element. The first RUN 0 is just a test of the facility at a low level of pre-
stressing and pressure. The test pressure and therefore the external force correspond to 10 % of the test 
pressure of 5.3 bars during RUN 1 to 3. For RUN 4 to 6 a pressure level of 6 bars and a corresponding 
external force was chosen. 

 
Table 1: Test Program 

 

RUN 
real age 
(years) 

experimental 
age (days) 

press. 
(bars) 

temp. 
(°C) 

pre-stressing
(%) 

remarks/idea 
(see also text) 

0 0 93 1.43 22 25 testing of facility 

1 0 121 5.30 22 100 first day of plant operation 

2 10 149 5.30 22 80 leak tightness test after 10 years of operation 

3 35 212 5.30 22 60 leak tightness test after 35 years of operation 

4 60 471 6.00 22 60 
accident after 60 years of operation/ 

cracking 

5 60 667 6.00 22 60 
accident after 60 years of operation/ 

first leakage test 

6 60 957 6.00 22 60 
accident after 60 years of operation/ 

second leakage test 
 

MECHANICAL PART OF THE SET-UP 
 
The mechanical part of the set-up mainly consists of the post-tensioned specimen itself, the inner 

abutments, steel beams (the so called “ears”) at the left and the right hand side as well as the hydraulic 
jacks pushing the ears to the outward directions. The cover which is also the pressure chamber, the 
foundations for the specimen and the abutments complete the mechanical setup (see Figure 2). The 
specimen itself is lying between the front and the backmost abutment and is connected to the ears by 
128 GEWI reinforcement bars on each side. It is loaded with a tensile force that corresponds to the 
internal pressure that is obtained with the help of the pressure chamber lying atop of the specimen. 

The tensile force is applied to the ears by hydraulic jacks who have their support on the 
abutments on each side of the specimen. Due to the connection between the ears and the specimen by the 
GEWI reinforcement bars the specimen is put under tension at the very moment when the externally 
applied force exceeds the pre-stressing force. This situation occurred for the first time during RUN 3. 
During RUN 4 the concrete was put under a tension load beyond the value of its tensile strength and 
therefore there was the chance of getting a global transversal crack through the whole specimen. 

For the purpose of simulating the pre-stressing in the original vertical direction of the 
containment steel cushions are placed between the specimen and the abutments. These cushions can be set 
under pressure up to 1 MPa. In the case of an appearing crack these cushions also serve for the purpose of 
securing the sealing of the specimen in a way that an occurring leakage could be collected and measured 
beneath the specimen. For supporting the load of the cushion pressure the abutments are fixed in lateral 
direction by 5 tension rods of a 63.5 mm diameter. 

The global displacement of the specimen during the tests is recorded by displacement transducers 
at all edges of the specimen. Also the force in each pre-stressing cable is recorded at any time of the test. 
Load cells are placed on one side below the anchorage system. The data is recorded every 5 seconds 
during a test and every 6 hours between two tests. For the sake of clarity the drawings in Figure 2 the 
fixing construction for the cover is not shown there but was already described in other publications (see 
for example Herrmann et al. (2009)). The complete mechanical part of set-up of the facility is also shown 
in Figure 2. The computers for controlling, steering and data recording are located in the basement below 
for safety reasons. The thermo-hydraulic part of the set-up is placed near the old leakage testing facility 
which still can be operated. 
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Figure 2. Drawings of the mechanical part of the facility (in section B-B the internal pressure and the 
externally applied force is shown in principle) and photo of the mechanical set-up 

 
THERMO-HYDRAULIC PART OF THE SET-UP 

 
For the current campaign the thermo-hydraulic mixing facility of a former leakage project with 

another mechanical set-up is reused. It has been built in order to be able to produce stable complex air-
steam mixtures for highly time dependent accidental scenarios. To fulfill the defined accidental scenarios 
it is necessary to regulate the parameters temperature, partial pressure of steam and partial pressure of air. 
The physical state is completely described at any time by these three parameters. The production principle 
of the air-steam-mixture has already been described in various publications (see for example Herrmann 
(2009)). The main parts of the air-steam mixing facility are compressor, boiler, static mixer, air heater, 
steam super-heater and three pneumatic valves and the flow measurements described below. There are 
two input channels (for air and steam) which converge to the air-steam-mixture channel and an output 
channel for the eventual leakage measurement. The partial air pressure and the partial steam pressure are 
parameters that are not available for direct measurement as it is for the temperature. Therefore it is 
necessary to define the system state in equivalent measurable parameters. With the help of flow 
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measurements in each of the input channels the relation between air and steam can be adjusted and taken 
as control parameters. Together with the temperature and the pressure measured within the pressure 
chamber the physical state is known. Only the air channel of the mixing facility had been used for the 
PACE-1450 experimental campaign so far. As the control chamber was only needed for the case of 
leakage it had been attached only for RUN 5 and 6. In all tests before the lower surface was kept free in 
order to be able to see and equip the developing cracks with sensors. 

 
THE SPECIMEN 

 
The concrete wall specimen itself is post-tensioned by four tendons consisting of 37 strands each. 

The force in each tendon is prescribed to a level which leads to a stress state of 12 MPa in the 
circumferential direction of the specimen. The inner and outer reinforcement in this direction consist of 
horizontal bars with a diameter of 20 mm with a vertical spacing of 200 mm as shown in Figure 3. 

 

 
 

Figure 3. Section of the specimen as part of the containment 
 
The spacing between the outer vertical bars is 200 mm in the horizontal direction. At the internal 

side the spacing is reduced to 180 mm. The inner and outer mesh layers are connected by stirrups and 
additional hooks with a diameter of 12 mm. Within the specimen one pre-stressing cable in the original 
vertical direction is placed lying horizontally, one is flipped I the testing position (see Figure 4). 

 

 
 

Figure 4. Vertical section in longitudinal direction of the specimen 
 
The specimen is coupled to the ears by GEWI reinforcement bars. The surface of the specimen in 

the direction to the ears is built with a steel plate in order to guarantee a tight coupling between these two 
parts. For the compensation of slight inaccuracy between the surfaces a thin wooden plate is placed 
between the steel surfaces. For the attachment of the ears to the specimen they were slowly moved in 
position by inserting the reinforcement bars into the designated holes in the ear’s surface and after form 
closure they had been fixed with nuts placed within the ear. 
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TEST SCENARIOS AND MEASUREMENTS 
 
The chosen test scenarios that were performed during the campaign were mainly geared by the 

standard pressure tests that are performed during integrated leak rate tests in France. The test duration is 
much shorter than in reality but long enough to obtain a steady state. The inspection peak pressure which 
is reached by increasing the pressure in steps by 5.3 bars at ambient temperature. The starting pressure is 
leveled to 1.15 bars in order to ensure an exact steering of the external force which is coupled to the 
applied pressure (see the scenario for RUN 1 to 3 in Figure 5). For RUN 1 and 2 the plateau at 4.9 bars 
was skipped because a fixing of the GEWI-bars was not necessary. 
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Figure 5. Pressure scenario for RUN 1 to RUN 3 

 
For RUN 0 a peak pressure of 1.43 bars was performed. This RUN 0 served as a set-up check 

only. For RUN 4 a simplified scenario without the plateaus below 4.9 bars with a peak pressure of 6 bars 
was steered and for RUN 5 and 6 the scenario which is shown in the following Figure 6 was chosen. 
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Figure 6. Pressure scenario for RUN 5 and RUN 6 

 
All relevant parts of the facility as well as the specimen itself are equipped with different 

measurement devices. Different transducers are placed within the specimen for monitoring strain, 
temperature and cracking events. One measurement system is manufactured by SMARTEC from 
Switzerland and consists of optical fibers Bragg network. It provides information on temperature and 
strain in different locations and directions. Additionally a conservative strain measurement with 
encapsulated strain gauges and a temperature measurement with PT100 sensors are embedded. For the 
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monitoring of appearing cracks an acoustic emission system (AE) developed by SMARTMOTE is 
embedded within the specimen. The system consists of 8 microphones allowing for the localization of 
developing micro cracks. For the monitoring of the structural behavior of the specimen it is equipped with 
displacement transducers that are placed at all edges of the specimen in longitudinal and horizontal 
direction and additionally in vertical direction at the top edges. The force in every pre-stressing cable is 
recorded by individual load cells that have been used for the pre-stressing procedure and for the control of 
the pre-stressing decrease and the force level during the tests. 

 
RESULTS 

 
As the results of RUN 1 have been already published in Herrmann et al. (2009) this section will 

focus on the resulting crack patterns that could be observed after RUN 4 and the leakage measurements 
during RUN 6. 

The first cracks in the specimen could be observed after RUN 2 which was conducted with a 
reduced pre-stressing at the level of 80 %. And a peak pressure of 5.3 bars. These longitudinal cracks 
obviously were just shrinking cracks at the surface of the specimen because of the specimen not having 
been brought under tensile stress before RUN 3. During RUN 3 at a pre-stressing level of 60 % and a 
peak pressure of 5.3 bars first transverse cracks developed and could be observed after the test. In this test 
the GEWI-bars have been activated for the first time and the specimen was loaded with a tensile force 
below the tensile strength of the concrete. During RUN 4 the first and main global crack appeared at a 
pressure level of 5.7 bars and was followed by three further cracks (see red cracks in Figure 7). 
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Figure 7. Steel balls grid and crack pattern after RUN 4 with positions for crack opening measurements 
 
In order to have the possibility of gaining knowledge about the crack opening of the developing 

cracks a steel balls grid was applied to the specimen’s lower surface. It allows for mechanical 
measurement of the displacement between two steel balls at both sides of the new crack without knowing 
in advance where it will appear. The grid was installed by gluing the balls in five lines with each point 
100 mm from its neighbored points. The exact distance between balls is controlled by attaching an 
extensometer (BAM extensometer Pfender) which is able to measure with accuracy of 0.001 mm. As the 
attachment of the extensometer can produce deviations, the measurement is done three times by the same 
person and the average value is regarded as the correct result. All distances were measured after the 
installation, at the pressure peak of 6 bars during RUN 4 and after this run in order to evaluate the 
remaining crack opening. 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division II 

The cracking was preceded by the steeply increasing acoustic emission hit-rate starting at about 
5.5 bars and was made clear by the sudden increase of needed air to keep the chamber pressure. Both of 
these indicating curves can be seen in Figure 8 together with the actual pressure in the chamber. 
According to the report by the contractor SMARTMOTE the acoustic events give also an indication of a 
starting leakage flow through the specimen at about 5.7 bars. 
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Figure 8. Acoustic emission hit-rate during RUN 4 with actual pressure in chamber and supplied air mass 
 
The extensometer measurements of the crack openings during the 6 bars plateau are displayed in 

the following Table 2. In the first column the grid line and in the head of each column the grid field as 
marked in Figure 7 is written. The differing values for the single measurement points might be caused by 
the fact that some cracks are branching. At the locations of main interest the crack opening can be 
regarded as 0.5 mm to 0.6 mm. 

 
Table 2. Crack openings measurements with extensometer at the 6 bars plateau of RUN 4 
 

[mm] 10 11 12 14 15 18 19 21 22 
A 0.267  0.424 0.157     0.523 
B     0.587 0.486  0.443  
C  0.501   0.568 0.459  0.368  
D   0.213   0.415    
E   0.180    0.307   

 
After RUN 4 the crack openings at the same locations as during the pressure plateau had been 

measured again in order to gain knowledge about the remaining crack opening under both loading 
conditions. The measured values are displayed in Table 3. Based on the crack opening results and the 
geometry of the cracks four main cracks could be identified. According to the cracked line field which is 
mainly hit they can be named as crack CR12, CR15, CR18 and CR21 from left to right in Figure 7. 

 
Table 3. Crack openings measurements with extensometer at the 6 bars plateau of RUN 4 
 

[mm] 10 11 12 14 15 18 19 21 22 
A 0.008  0.009 0.002     0.015 
B     0.023 0.003  0.010  
C  0.012   0.021 0.007  0.008  
D   0.016   0.003    
E   0.012    0.008   

 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division II 

RUN 5 was the first test with the pre-cracked specimen and was performed 667 days after casting 
at an average pre-stressing level of 60 % which means 7.1 MPa of compressive stress in the concrete. The 
purpose of RUN 5 and 6 was the measurement of the air leakage flowing through the existing cracks 
during the chosen scenario. Therefore the control chamber was mounted and sealed below the specimen. 
Further sound detection had not been useful because of the noise of the leakage while flowing through the 
specimen. Furthermore no more appearing cracks were expected that could have been detected by the 
microphones. Prior to the run and the placement of the control chamber six additional displacement 
sensors had been attached to the bottom side of the specimen in order to measure the crack openings 
continuously during the test. Crack CR15 had the largest crack opening measured with the extensometer 
therefore it was decided to fix three sensors along this crack. Each other crack was monitored by one 
sensor. 

In the following the results of RUN 6 are shown. The test took place 967 days after casting at an 
average level of 60 % pre-stressing. The pressure scenario was the same as in RUN 5. For the leakage 
measurement a flow meter at the outlet of the control chamber with an inner diameter of 25 mm was used. 
The ram pressure in the control chamber was controlled and could be kept very low so that the result of 
the leakage measurement should be the real leakage collected by the chamber. The scenario could be 
followed nearly perfectly by the facility although a short period of pressure deviation due to the need of 
increasing the air mass feed was observed. 

In Figure 9 the actual pressure scenario is shown together with the measured air leakage at the 
outlet of the control chamber. It can be seen that the leakage started to flow through the specimen after the 
GEWI-bars were fixed and the specimen was put under tension force. When reaching the 5.3 bars plateau 
the leakage amount remained stable at a value of about 12 kg/h. At the start of the next ramp up to 6 bars 
the leakage immediately increased dramatically to a static value of about 120 kg/h at the 6 bars plateau. 

During the pressure decreasing phase the leakage decreased quickly but stayed at a level of 
80 kg/h at the second 5.3 bars plateau and remains at 20 kg/h while reaching the 4.9 bars plateau. During 
the further decrease to 4 bars the leakage came down to zero again. 
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Figure 9. Actual pressure scenario during RUN 6 with the measured leakage at the flow meter at 

the outlet of the control chamber 
 
The crack openings are displayed in Figure 10 together with the corresponding air leakage. A 

similar behavior can be observed. The crack openings were quite stable during the plateaus and reacted 
very fast to the ramps. The average crack openings were about 0.5 mm as measured during RUN 5 and 
also in RUN 4 with the help of the extensometer. 
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Figure 10. Measured crack openings during RUN 6 with the registered leakage at the DN25 flow meter at 
the outlet of the control chamber 

 
CONCLUSION AND ACKNOWLEDGMENT 

 
For the “PACE-1450 – Experimental Campaign” a leakage testing facility for pre-stressed curved 

specimen has been built and tests have been successfully performed. The experimental set-up as well as 
main results concerning cracking and the air leakage behavior of the specimen are described in this paper. 
Within the current project further tests with hot air and air-steam-mix are planned. The facility is designed 
in a way that with slight modification specimen with a different curvature can be tested under similar 
conditions. The research work is done within the framework of the cooperation project “PACE-1450 – 
Experimental Campaign” of MPA Karlsruhe and EDF R&D. 
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