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INTRODUCTION 

Almost all nuclear reactors are enclosed in pressure vessels whose primary function is to contain the fluid 

used to transfer heat from the reactor to the heat exchangers. At the very beginning of nuclear power plant 

(NPP) history, steel pressure vessel were built. As new reactor designs demanded ever larger and thicker 

steel vessel, it turned out that prestressed concrete pressure vessels (PCPV) appeared as a reliable, safe 

and economical solution. They could fulfil the requirements related to pressure containment and to 

radiations shielding functions. 

Whereas Gas Cooled Reactors (GCRs) and Pressurised Water Reactors (PWRs) overall designs are very 

different, one can notice some similarities in the design, construction and In-Service Inspection (ISI) of 

the PCPV. PCPVs are operating pressure vessels, whereas PWR prestressed concrete containments are 

passive containment structures. 

Currently, EDF Group operates 73 NPP in France and in the UK (59 PWRs, 14 Advanced Gas-cooled 

Reactor, AGRs). All the PCPV have undergone pressure tests before commissioning and they are 

monitored by the power station operator to ensure the continuing safety and effectiveness of the 

containment, and as required by regulation in the country of operation. If reactors technologies are 

similar, national histories, regulators and engineering practices are slightly different in both countries, and 

then, it appeared interesting to review the common features and the differences between ISI, monitoring 

and testing of the PCPV in France and in the UK. This comparison is the purpose of the present paper. 

REGULATION CONTEXT 

The Regulators, which are the Office for Nuclear Regulation (ONR) for the UK and the Autorité de 

Sûreté Nucléaire (ASN) for France, provide general requirements for the examination, maintenance and 

testing of all plants and structures that may affect safety. All nuclear safety related structures must be 

maintained throughout their operational life in a state fit to fulfil their required nuclear safety functions. 

To do this, an in-service inspection and ageing management regime is established by the licensee, 

covering the necessary inspection, monitoring and assessment activities. The inspection regime meets the 

regulatory requirements, in line with relevant codes and standards, as discussed, for the UK context, in 

Johnston and MacFarlane (2000), and for the French context, in Courtois et al. (2011). 

GAS COOLED REACTOR PCPV MONITORING 

In the 1950’s, France and UK launched separately the construction of several graphite moderated and 

carbon dioxide cooled reactor, using natural uranium as fuel. In France, the series is called “UNGG” and 
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in the UK, “MAGNOX”. The design relies on two barriers: the fuel cladding and the PCPV for UNGG 

and the later Magnox stations. 

 

MAGNOX or UNGG series: the French example 

 

In France, EDF operated up to 6 GCR between 1965 and 1994. Except for Chinon A1 and A2 plants, 

containment consisted in PCPV, which were designed as vertical cylinders, with internal diameters in the 

range 10-24 meters, internal height between 15 and 40 meters and wall and cap thickness from 3 to 6 

meters (see figure 1). These massive structures stood for concrete volume ranging from 12000 to 25000 

cubic meters and up to 2500 tons of prestressing steel (about 5000 tendons). To ensure adequate leak 

tightness, a 25 mm thick steel liner covered the inner face of the PCPV. The service pressure inside the 

PCPV ranged between 1.5 to 4.6MPa in operation, following the plant. 

 

 
 

Figure 1. Comparison of the layouts of containment at equal scale: EPR
TM

 (left) and UNGG (right) series 

 

In France, the choice was made to grout prestressing tendons with cement products. The expected benefits 

were the protection against corrosion and the possibility for the tendon to re-anchor in case of local 

failure. Due to a satisfying operating experience, this prestressing design was kept for the next PWR 

generation. 

 

A dedicated monitoring system was implemented within each PCPV. It consisted of a number of sensors 

or devices: 

 embedded extensometers (about 300 units), to measure strain in all direction (vertical, radial and 

hoop); 

 embedded temperature probes (about 140 units), to measure temperature near the extensometers 

location and near some penetrations with hot fluids; 

 inverse pendulums (4), to measure horizontal displacements; 

 Invar long range extensometers (2), to measure height variation; 

 dynamometers (about 15) set on tendons left ungrouted (protected with grease), to measure force 

variations over time and assess steel relaxation. 

 

All the devices were used to assess the response of the PCPV during the initial pressure test (proof test 

before commissioning) and to monitor its long term behaviour, to check the actual strength of the 
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structure. After 30 years of operation on the UNGG series, EDF observed for embedded sensors the 

following failure rates: 

 around 5% for the temperature probes (thermocouples); 

 around 50% for the VWSG, for an initial number of more than 300 sensors installed. 

 

The expected trend for the delayed strain is an overall shrinkage of the structure, mainly due to creep of 

concrete. However, after several years of operation, some PCPV exhibited, after an expected decreasing 

force due to creep, an increasing force, due to aggregate alkali reaction (AAR). Magne et al. (1998) report 

and analysis these measurements through a simplified modelling of AAR.  

 

Not to mention the experience gained on the operation of dams, 30 years of data acquisition on UNGG 

PCPVs have confirmed the capability of the previously mentioned sensing techniques to monitor large 

civil structures for long term operation. That is the reason why they have been selected for monitoring 

PWR containment vessels. 

 

AGR series: the British example 

 
As for the MAGNOX and UNGG series, the AGRs in the UK use pressurised carbon dioxide coolant to 

transfer heat from uranium dioxide fuel in the reactor core to boilers, which create steam in a secondary 

circuit to drive the turbine-generators. The CO2 coolant gas is at pressures of 3.2 to 4.1 MPa, and 

temperatures up to 650 °C. There are three basic designs of AGR PCPV in use in the UK; all are 

essentially vertical cylinders of prestressed reinforced concrete with a central cavity for the reactor core 

and its support structures. The walls of the PCPVs are at least ~4m thick, and usually more than 5m thick. 

The forms and approximate dimensions of these structures are indicated in figure 2. 

 
Figure 2. Schematic diagrams of AGR PCPVs (from left to right: Hinkley Point B, Heysham 1 and 

Dungeness B)  
 
In two of the designs, the boilers also occupy the central cavity, while in the third design the boilers are 

contained in ‘pods’ within the thickness of the walls. The structures were prestressed by post-tensioning 

of ungrouted tendons at the end of construction. One design uses helical tendons which provide both 

horizontal and vertical components of prestress, while one uses horizontal and vertical tendons. In the 

third, podded-boiler, design, vertical tendons provide vertical prestress and horizontal prestress is 

provided by wire winding round the external vertical face of the cylinder. 

 

The gas-tight membrane for the PCPV is provided by a steel liner on the inside face of the central cavity 

and the liners of the penetrations through the vessel walls. To maintain the temperature of the liner and 

the supporting concrete within design limits so that their integrity is not challenged, the inner face of the 

liner is insulated, and the concrete side is cooled by a system of cooling water pipes which are welded to 

the liner and thus embedded in the concrete. 
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The general approach to design of the PCPVs was to ensure a large factor of safety against ultimate 

failure load. This was confirmed by numerical analysis and scale model testing. The design pressure was 

set as 1.1 x Operating Pressure. 

 

During construction, thermocouples and VWSGs were incorporated within the concrete structure at 

selected locations to provide means of monitoring vessel temperatures and strains during commissioning 

and during operational life as long as practicable. The majority of the VWSGs were encapsulated in 

concrete briquettes and secured to the reinforcement before concrete was placed.  

 

British Standard BS4975 (1990) captured the experience from design, construction and monitoring of the 

early PCPVs, and continues to set out these principles, so that the ISI programme is carried out on the 

basis of the standard. 

 

BS4975 defines a minimum and supplementary set of inspections to be performed on the PCPV at each 

statutory maintenance outage. The full range, plus any additional necessary monitoring which has been 

identified during development of the safety case, is routinely carried out and reported by EDF Energy. 

The results from these inspections allow the continuing capability of the PCPV to fulfil its design role to 

be assessed and appropriate monitoring and maintenance activities during future operational cycles to be 

defined. The inspection results also provide valuable input data for analysis and assessment of the PCPVs 

during the development of updated safety cases.  

 

PWR CONTAINMENT MONITORING 

 
In the 1970’s, the French government decided to replace the UNGG reactors by PWR, under 

Westinghouse licence. EDF launched a large construction program resulting in 58 PWR in operation in 

France at the turn of the century. In the UK in 1995, EDF Energy's predecessor company commissioned 

the Sizewell B NPP, which is a PWR essentially based on a four-loop Westinghouse Standardised 

Nuclear Unit Power Plant System (SNUPPS) design. For all of them, the containment structure consists 

of a prestressed concrete containment (PCC). As the structure is not an active pressure vessel, PCCs are 

thinner (between 1m in the dome and 1.3m in the walls) than the PCPVs. 

 

While all of the 59 PWR containment structures have undergone quite similar Initial Structural Integrity 

Tests (ISIT) at the end of the construction, due to national history and to design features (bonded tendons 

in France, greased tendons in the UK), it turns out that the ISI programs are rather different. Even for the 

Integrated Leak Rate Test (ILRT), the test specifications differ in some respects. The following sections 

will focus on the similarities and on the main differences observed between the two countries. 

 

Containment design in the UK and in France 

 

In France, containment design has slightly changed over time, from original Westinghouse large dry PWR 

(900 MW series), with a single containment fitted with a steel liner, to 1450 MW series (N4 series), with 

a double wall containment but without any steel liner. Prestressing tendons are cement grouted, except 

those dedicated to force monitoring. 

 

The PCC at Sizewell B is a vertical cylinder capped with a hemispherical dome, which is post-tensioned 

by a combination of horizontal and inverted-U ungrouted tendons. The Sizewell B PCC includes a 

continuous steel liner on its internal surface to provide the appropriate level of leak-tightness. A 

reinforced concrete Secondary Containment is also provided. 
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Figure 3. Cross sections of Sizewell B and standard N4 series containment structures 

 

In France, the operating experience gained on PWR design, construction and pre-operational containment 

tests has been captured in a series of codes: RCC-G (1988), ETC-C (2012) and RCC-CW (2015). These 

codes provide some guidance or recommendations for ISI and ILRT in operation, but as a matter of fact, 

they are governed by other prescriptive documents written by EDF and endorsed by the ASN, the French 

Regulator. 

 

Initial Structural Integrity Test 

 

Before commissioning, the PWR PCC shall undergo a Structural Integrity Test to demonstrate the quality 

of construction and that the structure had adequate integrity for its purpose, and to confirm that it 

behaved in accordance with the design and numerical model results.  

 

At Sizewell B, this test was referred to as the Structural Overpressure Test (SOT). The SOT took place in 

December 1993, and was followed immediately by the pre-service Integrated Leak Rate Test (ILRT). The 

requirements for the SOT were specified in the Sizewell B “Design and Construction Rules for PWR 

Primary Containment”, derived from ASME III Division 2 Section CC (ASME (1985)) adapted to take 

account of British standards and practices including BS4975. 

 

In France, for the NPPs currently in operation, the ISIT implementation was described by EDF technical 

specifications based on RCC-G (1998) requirements and endorsed by the ASN. 

 

For the PCC with steel liner, the ISIT involved pressurising the PCC to 1.15 x design pressure (equivalent 

to 0.4 MPa for Sizewell B and to 0.46 MPa for 900 MW series in France). Typical pressure cycles are 

shown on figure 4. For PCC without steel liner, the ISIT pressure is the corresponding design pressure 

(between 0.48 to 0.53 MPa). 
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Figure 4. Pressure cycles of ISIT at Sizewell B (left) and at 900 MW series NPPs (right) 

 
Measurements of the Containment structural response were made at intervals during the test using 

embedded VWSGs (123 devices for Sizewell B, between 40 and 350 for French PCCs, as the number of 

installed sensors decreased with the gained experience on prototype NPPs). At Sizewell B, the monitoring 

system was completed by 153 foil strain gauges attached to reinforcement in the base and walls of the 

structure and by 107 inclinometers and displacement gauges attached to the structure. In France, the 

monitoring system includes also pendulums, Invar extensometers, dynamometers (set on 4 ungrouted 

tendons) and levelling pots associated to the raft. Visual surveys of the concrete surface in selected areas 

of structural significance were carried out before, during and after the SOT; areas of the liner surface were 

visually examined before and after the ISIT. 

 
No signs of damage were observed in the French plants and Sizewell B, and the structure behaved in line 

with design predictions. Thus, the integrity of the PCC was confirmed as reported in Davis and Ness 

(1996) for Sizewell B or Picaut et al. (1983) for the early French 900 MW NPPs.  

 

We can conclude that, although using different codes in France and in the UK, ISIT implementations are 

very similar within EDF group in Western Europe.  

 

Integrated Leak Rate Tests 

 

In France and in the UK, each PWR undergoes Integrated Leak Rate Tests (ILRT) performed at intervals to 

determine the total leakage of the PCC and thus confirm the structure's ability to contain an overpressure 

which might arise during certain fault conditions. The ILRT is equivalent to the Type A test defined in the 

US regulations 10CFR50 Appendix J and in French codes RCC-G, ETC-C and RCC-CW.  

 

The ILRT programme at Sizewell B is controlled by the Sizewell B Containment Leakage Rate Testing 

Technical Specification Surveillance Programme. The ILRT procedure meets the requirements of the 

2002 edition of the US procedure ANSI/ANS-56.8 (2002). 

 

As noted above, an ILRT was performed at the end of the commissioning period; the first in-service ILRT 

was in October 1997 at Sizewell B. With the implementation of Option B of 10CFR50 Appendix J, the 

interval between ILRTs was extended to 10 years and later to 15 years, based on Operating Experience 

and developments for other power stations, particularly in the USA. In line with common US practice, 

ILRTs at Sizewell B are conducted at the end of refuelling outages, with the reactor fuelled and the vessel 

closed but not pressurised nor above ambient temperature. 
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The predicted accident pressure within the Sizewell B containment following a design basis fault is 0.279 

MPa. For the ILRT, the Containment is pressurised to 0.294 MPa, giving a conservative test. The test 

sequence comprises: pressurisation – stabilisation – hold test – verification test – depressurisation. A hold 

test of at least six hours duration is then carried out, with the leak rate being calculated by the mass point 

method set out in ANSI/ANS-56.8. A verification test, which applies a known leak rate of the order of the 

permissible maximum, confirms that the test instrumentation is fully capable of accurately measuring 

leakage; this phase lasts for four hours. Following verification, the containment is depressurised. 
 
The acceptance limit for leak rate during the ILRT, La, is 0.075% of Containment air mass per 24 hours. 

The ILRTs carried out so far at Sizewell B have all been successful, giving leakage rates which show 

significant margin to the acceptance limit.  

 

There are also two ongoing leakage rate conditions that must be met during operation. The Overall 

Maximum Containment Ongoing Leakage rate, which includes consideration of the Local Leak Rate Test 

(LLRT) results at Containment penetrations in the period between ILRTs, must not exceed 0.1% of 

Containment air mass per 24 hours. The Maximum Pathway Leakage for Containment penetrations, 

determined by the LLRTs, must not exceed 0.06% of Containment air mass per 24 hours. 

 

An alternative ILRT test method which can be used at Sizewell B is the BN-TOP-1 test, see BN-TOP-1 

(1972). This test considers the trends in leak rate measurements and their stability during the stabilisation 

and hold test phases, and has the potential to result in a much shorter duration ILRT. However, because of 

the importance of several items of trend data and the uncertainties in those values as well as the absolute 

measurements being taken, the success criteria for this test are more stringent and conservative than for 

the ANSI-type test. 

 

Pre- and post-ILRT inspections of the exterior surface of the PCC have been carried at Sizewell B, using 

a combination of roped access and access from adjacent permanent structures and walkways. No 

significant features have been noted in these examinations, indicating that the concrete of the PCC has not 

suffered any overall distress as a result of the ILRT pressure cycle. 

 

In France, ILRTs are performed for pre-operational tests, during the outage of the first refuelling and 

every ten years afterwards. In ILRT configuration, the core is to be unloaded, which is a significant 

difference with Sizewell B test specifications. In France, ANSI/ANS-56.8 is not applied, but EDF 

technical specifications, endorsed by the Regulator, are based on the same measurement method (known 

as “absolute method” or “decay pressure method”). In general, the requirements on sensors performances 

are similar. The main differences rely on the devices number (about 60 temperature probes in France as 

compared to 25 at Sizewell B), on some stages in the pressure cycle and in the management of 

measurement uncertainties.  

 

On an EDF SA PWR, the pressure cycle includes a first leakage rate measurement at atmospheric 

pressure (as a baseline, and that there is no air intake due to uncompleted alignment) and a first hold test 

at 0.1 MPa (relative pressure), which is 8 hours long. This plateau is used a kind of final overall check 

before reaching the test pressure and the measured leakage rate is collected for feeding some studies on 

low pressure accidental situations. 
 
In France, EDF aims at comparing the different ILRTs from a site to another, which is not the primary 

purpose of ANSI/ANS-56-8 standard. This additional need entails a specific process of uncertainties 

assessment, inspired from the methodology proposed in GUM (2008). As a consequence, for the same set 

of data, the 95% upper confidence limit measured leakage rate may be higher in France than in the UK. 
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Whatever the standards or specifications used, the operating experience on ILRT demonstrate that a dedicated 

preparation, led by qualified and skilled professionals is highly recommended to optimize the station’s 

success and minimize unexpected problems that may be encountered in performing an ILRT. 
 
In-Service Inspection 

 

The safety function of PCCs is to provide containment, preventing uncontrolled release of fission 

products to the environment in the event of a system failure. This depends upon the PCC retaining an 

adequate degree of leak tightness, which is achieved by maintaining a compressive stress state in the 

concrete barrel and dome, and confirming the integrity of the containment's steel liner and penetrations. 

To ensure the continuing integrity of the PCC, an extensive ISI programme is performed. French and 

British approaches present some differences, in particular with respect to prestressing force monitoring, as 

grouted tendons could not be either inspected or removed in France, whereas these actions are possible in 

the UK. 

 

Then, in France, an original approach of ISI in regard to prestressing monitoring was undertaken. The 

prestressing losses are followed up mainly by means of strain measurements, using the same system as 

the one used for ISIT. Knowing the evolution of creep strain, one can calculate the current stresses within 

concrete. One can then infer the actual tendon force from the concrete stresses. 

 
In addition, the mechanical behaviour of the containment is also monitored every ten years, at a pressure 

representative for the design basis accident (in fact, during ILRTs). Visual inspections of visible parts are 

also carried out periodically.  

 

The programme is reviewed and endorsed by the ASN, and regularly updated to include the lessons learnt 

from operating experience. 

 

At Sizewell B, the containment ISI programme is based on the requirements of the relevant subsections of 

ASME XI (2001a) (2001b) and (2001c). The Sizewell B ISI programme is updated in line with the latest 

edition of the ASME XI code which has been endorsed by the US Nuclear Regulatory Commission. 

 

Moreover, the Sizewell B programme includes activities beyond the basic requirements of ASME XI, 

which provide further assurance of the continuing integrity of the Containment structure. 

 
The embedded instrumentation, described above, was installed in the Sizewell B PCC with the intention 

of operating only during the ISIT; assessment of the instrumentation data is not part of the formal ISI 

regime. Much of the instrumentation survived the ISIT, and data continues to be recorded as a prudent 

additional source of information while the system remains functional. This provides useful supplementary 

information about the performance of the structure during operational and ILRT cycles. The overall strain 

trend is, as expected, a slow increase in compressive strain in the concrete under the action of the 

prestressing system, with the significant pressure cycles at the ILRTs discernible.  

 

Table 1 summarizes the comparison between Sizewell B and EDF France ISI programmes. 
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Table 1: comparison between British and French PWR containment ISI activities 
 

 EDF Energy at Sizewell B EDF SA in France 
Visual examination of PCC steel liner Yes Yes 

Visual examination of PCC exterior concrete 

surface 

Yes Yes 

Visual examination of airlock, hatch and 

penetration structures and sealing 

Yes Yes 

Local Leak Rate Testing of penetrations Yes Yes 

Integrated Leak Rate Testing of PCC Yes Yes 

Building and fire seal inspections Yes Yes 

Tendon load checks Yes Partial, on 4 

ungrouted tendons of 

the first unit on a 

given site 

Visual examinations of tendon anchorage 

examinations 

Yes Yes 

Visual examination and mechanical testing of 

tendon wire/strand samples 

Yes Not Applicable 

Analysis of tendon corrosion protection 

material 

Yes Not Applicable 

Visual examination of Secondary Containment 

Enclosure building 

Yes Yes 

Polar Crane support corbel inspection Yes Yes 

Foundation settlement surveys Yes Yes 

Inspection of PCC internal structures Yes Yes 

Monitoring of concrete strain during operation Yes (not ASME requirement) Yes 

Monitoring of concrete strain during ILRT Yes (not ASME requirement) Yes 

 
As EDF Energy has decided to keep some engineering practices beyond ASME XI code requirements 

coming from the AGRs ISI, the ISI approach of Sizewell B station is comparable to the French one. 

 
CONCLUSION 

 

This article provides an overview of British and French practices regarding PCPV and containment 

monitoring during operation.  

 

Due to different technical culture and different regulations, some differences are stated. The rather large 

number of PWR operated in France provides a large measurement database, which enables detailed 

benchmark studies within the EDF fleet. Despite some differences in the design, Sizewell B PCC can be 

compared with the French PWR, in particular because of a common approach of monitoring developed on 

the GCR series (UNGG, Magnox and AGR plants).  

 

Sizewell B feedback has been also useful for writing a new French code for the design and the 

construction of safety related civil structures, RCC-CW (2015), in which EDF Energy specialists have 

been involved. 
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