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ABSTRACT

This paper addresses the development of a double containment concept for the
European Pressurized Water Reactor.

Specification of containment leak tightness during severe hazards resulting from
core melt scenarios is part of the safety goals defined for the EPR project.

These safety goals include retention of molten core, mitigation of hydrogen
deflagration or explosion risks and decay heat removal.

The main new containment structural design loads which have been defined,
including containment pressure and temperature conditions following possible
postulated,core melt events are recalled in the paper.

The feasability of a double containment with a prestressed concrete inner
containment taking into account these new design loads but based upon
experience gained within the well tested concept of concrete double wall
containment used in 1400MW nuclear power plants which have already been built
in France, is presented.

The main characteristics of such a prestressed inner containment are described.
Limits and further possible optimisation for even more severe design loads
(including liner option) are indicated.

Experimental works including a large scale mock up are already under way.
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1. INTRODUCTION

The EPR project constitutes a joint effort by French and German Utilities and
nuclear power plant suppliers aimed at development of a new reactor design :
• which presents an attractive and economically competitive source of electric

power,
• which provides a harmonisation of French and German industrial practice, to be

based on a unified and commonly agreed set of rules, regulations and
guidelines,

• and which incorporates the trends in the level of safety required for future
reactors, as expressed by the safety experts of both countries.

The EPR standard design shall be the basis for future nuclear power plants which
are to be built in France and in Germany. Therefore, the basic design features shall
be acceptable for both the French and the German safety authorities.

The EPR design will comply with future French and German legislation. A large
effort to harmonise the existing legislation and regulations will have to be
undertaken since the existing rules and practices show important differences.

Nevertheless, for both the French and the German regulations, the severe
accidents constitute a new category of events against which protection shall be
provided in the EPR design. The objective is to strengthen the design measures on
the fourth defence in depth level in such a way that those countermeasures outside
the plant, which are either difficult or extremely costly to perform, are not necessary
for providing health protection in the environment of the plant.

It is in this area that containment design will play a major role. A major and
important innovation of the EPR project is the explicit and comprehensive
consideration of severe accidents at the design stage.

The overall approach to limit the external source term in a severe accident
sequence is aimed at:
• avoidance of early containment failure or by-pass,
• cooling of the corium in the containment and retention of remaining fission

products by water covering,
• preservation of the containment functions, reliable isolation of the containment



on demand, low leakage towards the environment, prevention of the basemat
meltthrough, ultimate pressure resistance to cope with energetic events,

• pressure reduction of the containment by means of heat removal,
• collection of unavoidable leakages into the atmosphere of the annulus and

release to the stack after filtration.

Detailed information on the safety approach and the various severe accident
sequences considered for confinement design, and the measures that will be
implemented for leakage control and prevention of containment bypass is available
inref.[1].

2. CONTAINMENT CONCEPT

A review of the possible options of containment technology has resulted in the
adoption of a double concrete containment design for the EPR. The particular
design concept favoured, uses for the inner containment wall the same
prestressed concrete technology as is currently in use in the four-loop 1300 and
1400 MWe plants in France.

A secondary wall, in reinforced concrete, is provided to complete the double
containment arrangement. In this way the EPR project will benefit from the
experience and operation of the existing plants (fig.1).

The new severe accident conditions considered lead to more severe design
conditions compared to the existing plants, and will thus result in an extrapolation
of the design parameters.

The aim of the work described hereafter is to assess the feasibility of such a type of
prestressed concrete containment, taking into account more severe safety
requirements through new design conditions.

In this study the overall geometry of the reactor building has been considered as a
free parameter. This was not the case during development of the most recent "N4
2eme Train" project [ref.2],

3. BASIC DESIGN CONDITIONS

3.1. Accidental internal loads

Specific provisions are taken to withstand accidental internal loads like :
• LOCA pressure equal to 0.55 MPa,
• a slow increase in pressure and temperature inside containment during about

12 hours up to an absolute pressure equal to 0.75 MPa, from LOCA initial
conditions,

• an increase of pressure and temperature corresponding to a conventional
hydrogen burst inside the containment.

Variation of the inside pressure against time for these accidental internal loads is
given on figure 2.

Those conditions are related with strength and leakage control requirements on
the prestressed concrete barrier. Those conditions are defined not only using



ultimate strength capacity limits within French regulations, but also with
serviceability limit state type of conditions (like stress limitations in concrete
section or rebars).

In accordance with those values, target design pressure and test pressure values
have been fixed equal to 0.75 MPa.

3.2 Seismic conditions

Seismic conditions are defined in accordance with new standards, presently in
discussion in Europe. The SSE maximum ground acceleration is taken equal to
0.25g, using standard spectra adapted to the site, as defined for hard rock
conditions, medium or soft soils (instead of a standard 0.15g scaled NRC type
spectrum used before for French PWRs).

3.3 Aircraft impact

The effect of a military aircraft impact is taken into account with the following
parameters (still under discussion):
• mass of aircraft 14 tons,
• velocity at impact 180 m/s.

4. GENERAL DESCRIPTION

4.1 The double wall concept

The proposed containment is based on the concept of a double containment used
in France for the most recent projects.

In this concept, the inner containment is designed mainly to withstand pressure
and temperature loads and seismic conditions, with specific leakage control
provisions.

The outer reinforced concrete shell is specifically designed to withstand aircraft
impact, seismic conditions and small underpressure or overpressure on the wall.

This concept allows a clear decoupling between the main control leakage function
provided by the prestressed concrete containment and the outer protection which
would be damaged in case of severe external impact.

The annulus space between inner containment and outer shell is used to collect
and filter residual leakage especially for highly hypothetical situations not yet
covered by design conditions.

If necessary, this disposition allows an adaptation of the geometry of the outer
shell to specific site conditions or safety requirements.

4.2 The inner prestressed containment

Main function of the inner prestressed containment is leakage control.

Within French practice for such a containment, the prestressing forces are



computed to balance alone the overall traction forces induced by inside pressure
on the wall in design conditions including pressure test. Then, the concrete wall
itself could limit the leakage rate to a very small value during pressure test and to
almost a zero value in LOCA conditions.

With those features, the tensile stresses are strictly limited in the wall for a wide
range of inside pressure values. Typical stress-strain curve of such a prestressed
wall showed a bilinear behaviour, with very small strains on the first part of the
curve, (fig. 3).

Under increasing external tensile forces, the prestressed containment wall
presents four successive states of strain.

First step:
A mean compression state of stress is maintained, with almost purely elastic
behaviour of the concrete wall. Leakage flow can be studied considering gas and
liquid permeability of concrete and checked during pressure test. The maximum
pressure available within this first stage is slightly above the chosen design
pressure.

Second step:
Between 1.15 and 1.5 times the design pressure, cracking of the concrete is
controlled by passive and active reinforcement. Crack width is limited and leakage
flow is governed by the thin crack's permeability. As far as the time, during which
such a pressure is applied, is limited, leakage flow could be controlled within the
annulus space. This could be met, for example for the peak pressure in hydrogen
burst.

Third step:
At over nearly 1.5 times the design pressure, systematic cracking of concrete
occurs owing to general tensile state of stress in the concrete wall. Prestressing
tendons as well as rebars resist the forces. The behaviour of the wall is then
similar to that of reinforced concrete.

If further requirements on leak tightness at high pressure levels are imposed for
the EPR project, it is foreseen to add a composite coating (liner) on the inner face
of the prestressed containment.

Fourth step:
Ultimate strength failure is expected to be near 2.6 times the chosen design
overpressure.

The passive reinforcement of the wall is designed mainly to withstand local
additive forces around penetrations and bending forces created by thermal loads.

Of course, prestressing forces are directly linked in this approach to the value of
chosen design pressure. The value of the target design pressure will be higher for
the EPR (0.75 MPa absolute pressure instead of 0.53 MPa) - compared to previous
projects -. The use of new materials and technologies enables the limitation of the
wall thickness to the same value as for previous French projects (1.30m) in spite of
the increase of the target design pressure. Prestressing forces needed in this
case are 1.5 times greater than for existing nuclear power plants. So, the concrete
wall will be poured using a high strength type of concrete, with a 60 MPa



characteristic strength. Using such a class of concrete (nowadays commonly
available in France) will reduce the global permeability of the wall and limit the
creep induced strains of the concrete. The high level of prestressing forces is
achieved using more powerful tendons, defined as 55 strands tendons, which are
available.

The target design pressure could then be balanced with a classical typical
arrangement of the tendons in the wall in three layers (2 layers of full hoop
horizontal tendons and 1 layer of vertical tendons). The thickness of the wall in the
cylindrical part of the containment is 1.30m. A possible arrangement of the active
and passive reinforcement steel at the undisturbed section of the cylindrical part of
the containment is shown in figure 4 . Such an arrangement is very similar to the
one existing in 1400 MW French nuclear power plants. So no unexpected special
difficulties are foreseen during construction.

The prestressed containment has been mainly designed according to French
standards at a first stage : only small differences on the characteristic values are
expected using the specific rules under elaboration for the EPR, which are based
upon the new European codes for concrete.

Higher design conditions could be matched if necessary with a thicker wall : within
the present state-of-the-art and available concrete technologies, it seems
reasonable to limit compressive permanent stresses in the typical section of the
wall to around one fourth of the compressive characteristic strength of the concrete.
This value is well correlated with the maximum density of tendons which could be
designed nowadays using commercial products.

Alternative solutions could be studied in this case to limit the wall thickness :
increasing the free volume of the inner containment in order to decrease inside
pressure for example. The inside radius of the inner containment has already been
slightly increased compared to existing French nuclear power plants.

In order to validate this concept of prestressed concrete containment without a liner
as far as leak tightness is concerned, tests on a specific mock up will be
performed in France. A representative model of a part of the prestressed
containment (ring of inner diameter 16m, height 5m, thickness 1,30m) will be
tested at design pressure and up to failure, under dry air and steamy conditions.

Some alternatives using an inside liner (metallic or not) are also being studied. In
such alternatives, the maximum pressure for leakage control within the double
containment is close to the ultimate failure pressure. The design criteria and
particularly the target design pressure should then be reconsidered to take into
account this different behaviour of the containment.

5. CONCLUSIONS

The double containment concept adopted for the EPR is an extrapolation of the
existing practice in France. The inner prestressed containment can be designed to
withstand the higher pressure and temperature levels imposed by the new
accidental conditions, like loss of heat removal or hydrogen deflagration.

The behaviour of the prestressed concrete wall allows the guarantee of leak
tightness at design conditions. If leak tightness is needed at ultimate pressure (up
to the failure of the inner containment), a composite liner could be added. The



design of the confinement (third barrier) is completed by specific measures
(collection, control and filtration of leakage, design of heat removal and
containment isolation systems) aimed at prevention of large releases and
containment bypasses.
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Fig.1 - Overall geometry of the prestressed inner containment



Fig.2 - Design loads conditions (Pressure, Temperature)
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Fig.3 - Stress-strain diagram for the prestressed wall

2.00

EPR - CONTAINMENT - 1,30m thick
hor.tendons 225 cm2/m rebars 45 cm2/m

ng state4th step: post yield

3p: stabilized cracking

formation
width

step: crack
mited crack

first stop: compresBive stress

1000 2000 3000 4000

hor.strain (microns/m)
3000 6000



Fig.4 - Reinforcement - Typical general arrangement
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