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ABSTRACT 

Passive safety in systems engineering has become an essential engineering element over the last 
decades. Architectural, infrastructural, civil and structural engineering can also contribute to the overall 
passive safety of nuclear power plants by following the concept of defence in depth. A sound and 
conservative plant design is requested by applying appropriate engineering practices. In this paper 
examples for engineering solutions are used to demonstrate that passive safety of buildings and structures 
could be achieved or improved by following certain recommendations supplementing international and 
national standards. 

Within the architectural and infrastructural engineering, for example, the arrangement of safety 
relevant buildings and their supply channels should be conducted under consideration of possible 
consequences due to internal and especially external hazards such as an earthquake or an airplane crash. 
Landscaping should address the problems of accessibility and functionality of electrical devices after site 
flooding. 

More passive safety in structural engineering could be achieved by the development of fully 
reliable, i.e. highly robust and durable buildings or structural elements. This is particularly important for 
the containment and pool structures forming nuclear-related barriers. Steel liners are used to ensure 
leaktightness or watertightness respectively. If prestressing of concrete structures is needed unbonded 
tendons should be used for being controllable and replaceable. 

Further, the selection of building materials as well as foundation and sealing concepts play a 
certain role, for instance. Waterproof concrete basins should be the preferred solution for inaccessible 
areas where bituminous sealings cannot be checked, maintained or repaired. 

New codes and standards take into account more and more the passive safety approach. But more 
than ever before, technical expertise and extensive experience in structural engineering of nuclear power 
plants is required. 

 
 

INTRODUCTION 
 
Passive safety in systems engineering of nuclear power plants is of great importance, in particular 

with respect to the Fukushima accident in 2011. In such accidental situations with loss of offsite power, 
safety relevant operations can be managed by passive acting systems, which are based on common and 
fully reliable physical principles. New nuclear power plants of Generation III+ distinguish themselves by 
an augmented use of passive safety features in plant engineering. Active systems which mostly depend on 
electricity or electrical control systems have been replaced or supplemented by passive systems as far as 
possible. This paper shall address the question of whether and how civil and structural engineering can 
contribute to the overall passive safety of nuclear power plants. 
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Figure 1. Scope of structural engineering of nuclear power plants. 

 
In principle, buildings always act in a passive or reactive manner. Concrete or steel structures for 

example have a certain load-bearing capacity which is activated automatically by actions, such as loads 
and temperature. No electrical machines or devices are required for activating the resistance of structural 
members. Therefore the structural behaviour of constructions can be characterized as passive in general. 
But there are certain differences in plant design which affect the grade of passiveness. So the question is 
rather: How can the passive safety of constructions be further enhanced? To answer this question the full 
process of architectural, infrastructural and structural engineering of the plant (see Figure 1) has to be 
considered with regard to possible improvements. 

 
 

OVERALL CONCEPT 
 
The safety standards of the International Atomic Energy Agency (IAEA) define general goals for 

plant engineering based on the concept of defence in depth. As described in IAEA (2000) first level of 
defence requires a sound and conservative plant design in accordance with appropriate engineering 
practices, such as the application of redundancy, independence and diversity. The development of 
buildings for nuclear power plants however is a very complex and comprehensive process, ranging from 
the overall plant layout to the most intricate aspects in detail engineering. Therefore it is of great 
importance to provide adequate literature as Meiswinkel et al. (2013) for structural engineers reflecting 
state of the art engineering solutions for nuclear power plant buildings. 

In addition special engineering solutions based on longterm experience are requested for all 
engineering segments covering the structural design of nuclear power plants. This paper gives certain 
examples in structural engineering of nuclear power plants adopting a passive safety approach based on 
more than fifty years of experience in providing structural engineering services for nuclear power plants 
by HOCHTIEF IKS Energy. 

 
 

POWER PLANT ARRANGEMENT CONCEPTS 
 
Essential passive safety criteria with regard to structural design of nuclear power plants can be 

achieved by an appropriate arrangement of the buildings, reflected in the architectural and infrastructural 
plant layout. 

The infrastructure engineer and the plant designer will together develop a building arrangement 
concept for the safety relevant buildings, checking the possibilities to obtain a passive structural design. 
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The meaning “passive“ with regard to the building arrangement is that safety relevant buildings 
will be provided redundantly, i.e. as a back-up system, with a special spatial distance between each other. 

A well known example is the spatial separation of the main cooling water channels from the 
cooling water intake building to the reactor building (see Figure 2). The emergency cooling circuits, 
marked in red in Figure 2, are provided redundant and at a distance that in case of an airplane crash only 
one system will be jeopardized. The remaining second system will be able to maintain the full 
functionality. 

 

 
 

Figure 2. Spatial separation between main cooling systems. 
 
The same is valid with regard to earthquake design, where buildings will be located at a special 

distance to avoid impacts between each other. 
Very often, the civil plant designer has to face the decision to design a non-safety-relevant 

building against earthquakes in order to avoid impacts on safety relevant buildings due to the debris of the 
collapsing building. It could be more suitable for example to design a heavy facade element to withstand 
earthquakes than to design a safety relevant pipe route in front of the building against the impact of the 
facade element dropping down. The same is valid for non-safety-relevant building areas built upon safety 
relevant buildings, e.g. a hall above the emergency pump station or cooling water intake building, which 
would normally been verified by using complex debris calculations. 

Of course, there will be an essential disadvantage of such a “passive infrastructural design“, as 
the spatial separation together with redundant systems will consume more plant areas. This could be 
essentially cost effective. 

 
 

STRUCTURAL BUILDING CONCEPTS 
 
There are a lot of possibilities to achieve a passive design with regard to structural concepts for 

buildings and structural members. Hansen et al. (2009) for example demonstrated the new development of 
the KERENATM reactor building with focus on structural design aspects in view of high robustness. 
Further general layout and specific design aspects will be presented in the following. 
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Stiffening Systems for Horizontal Accidental Loads 

 
Horizontal loads due to accidental impacts such as airplane crash, explosion pressure waves and 

earthquakes should be transmitted by clearly defined horizontal and vertical stiffening members. This 
principle is unfortunately not always taken for granted nowadays because of the application of large and 
complex 3D finite element models. Preliminary considerations based on simple strut and tie models 
together with special engineering skills with regard to spatial load transmission of horizontal accidental 
loads are often more suitable than a detailed 3D model, where all tiny members contribute to the load 
transmission. 

Following the rules of the capacity design by Paulay (1978) structural stiffening members have to 
be identified which are suitable to develop into plastic hinges or yield areas. According to the capacity 
design rules, there will be clearly defined plastic hinge areas – with uncontrolled crack widths because of 
the yielding reinforcement – and linear elastic areas with limited crack widths. 

By doing this, it will be possible for example to apply post-installed anchors for safety relevant 
pipe routes dependent on the crack-bridging capacity of the anchor system. Undercut anchors for example 
as shown in Figure 3 are suitable for big crack widths, whereas expansion anchors or cohesion anchors 
cannot be used in these areas. 

 

 
 

Figure 3. Post-installed undercut anchor. 
 
 

Defined Load Paths for Vertical Loads 

 
The predefinition of load paths for vertical loads is also often not verified nowadays if a 3D finite 

element model is used as shown in Figure 4. While fixing the building concept, especially slabs, beams 
and deep beams with long spans have to be checked with regard to their support and load transmission to 
the vertical structural members as walls or columns. When doing this, especially the progressive collapse 
effect has to be avoided. 

 
 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division VI – Design and Construction Issues 

 
 

Figure 4. Complex 3D finite element models might hide the essential load paths. 
 
It will be useful to carry out a load transmission prior to the generation of a 3D finite element 

model without considering any stiffness in order to assign the most essential vertical load paths. By doing 
this, high loaded vertical members that might need perhaps higher, this means less ductile concrete grades 
can be identified and avoided. The comparison of this load transmission with the results of the 3D finite 
element model will also show the rate of the load redistribution, which is restricted because of ductility 
requirements. 

 
Sealings for Buildings 

 
Bituminous sealings for buildings are difficult to check or repair and if provided under the 

foundation slab, repair or replacement is impossible. Structural members that cannot be repaired or 
exchanged do not correspond to the passive structural concept addressed herewith. Tightness provided by 
the structural concrete itself as a waterproof concrete basin, using also the self-healing effect of the 
concrete, is the usual concept nowadays. Many countries have appropriate codes and standards to design 
such waterproof concrete basins. 

 

 
 

Figure 5. Omega sealing strip (accessible and repairable). 
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Together with the aforementioned sealing function, also sealing strips, i.e. water stops, have to be 

designed in a way so that they can be monitored and exchanged. Embedded PVC sealing strips do not 
meet these requirements, whereas the Omega sealing strip according to Figure 5, provided in accessible 
cable or pipe ducts, meets the aforementioned requirements. 

 
 

CONTAINMENT CONCEPTS 
 
The containment makes up the central safety relevant structural member within the reactor 

building to enclose the radioactive fission products. Therefore, besides the obligatory structural integrity, 
the most important structural function is to ensure the leaktightness. 

 
Double Containment Concept 

 
The double containment concept is often provided nowadays in order to protect the reactor 

building against an airplane crash and explosion pressure waves. The outer shell of the reactor building is 
designed for accidental loads, especially of an airplane crash, so this shell is also called “APC-shell” 
(APC = Airplane Crash). The inner containment forms the barrier against interior accidents and ensures at 
the same time the leaktightness. Further the double containment concept provides an annulus between 
inner and outer shell which is usually maintained under slightly negative pressure. In case of an accident, 
any radioactive leakage from the inner containment can be collected, filtered and rejected [FIB Bulletin 
13, 2001]. 

By using a single containment concept, it has to be verified that the containment remains leaktight 
also after an airplane crash. This requires comprehensive calculations and most possibly a lot of test 
series. Furthermore it should be considered that a steel liner leakage can lead directly to a release of 
fission products to the environment. Therefore the double containment concept is obviously the simplest 
possibility to achieve a passive design. 

 
Prestressed Concrete Containment without Liner 

 
A lot of French containments of the N4 reactor line are prestressed with bonded tendons to 

achieve leaktightness. The prestressing grade was chosen in accordance with the design pressure defined 
for accidental situations. As a result, very high prestressing forces were necessary requiring also high 
concrete grades. 

This concept has two essential disadvantages with regard to a passive safety design: Prestressing 
is provided for a loadcase that occurs only once during the operational lifetime of the plant and has to be 
maintained for more than sixty years. The second disadvantage is that the increasing concrete grade 
decreases the ductility properties. 

Prestressing with bonded tendons, where the tendons cannot be replaced, does not correspond 
with the passive design concept. In various countries, this concept cannot be approved by the authorities 
without additional measures.  

 
Prestressed Concrete Containment with Steel Liner 

 
A prestressed concrete containment with a steel liner was erected in Germany in the nuclear 

power plant Gundremmingen BWR and with the EPR PWR containment from AREVA in Olkiluoto 
Finland, for instance. Within this concept, the liner will ensure the leaktightness, whereas the prestressed 
concrete structure will provide the structural integrity. The liner does not contribute to the load bearing 
capacity of the containment. In fact, a passive element is introduced because of the separation of the 
leaktightness function and the load bearing function, but the aforementioned disadvantages of the 
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prestressing remain the same. Furthermore, the high prestressing forces lead to yielding of the liner and to 
high forces in the liner anchors due to imperfections. 

 
Reinforced Concrete Containment with Steel Liner 

 
The concept “Reinforced concrete containment with steel liner“ is completely passive, as the 

leaktightness function and the load bearing function are separated and there are no prestressing elements. 
Furthermore, concrete quality can be reduced to meet only the statical requirements to improve the 
ductility. 

As the liner and reinforced concrete are standardized structural elements, this concept can also be 
assumed and calculated safety orientated as a composite structure, where the liner has also load bearing 
functions. Such an approach is actually not backed by the IAEA guidelines [IAEA, 2004] with the idea 
that the structural integrity of the containment should be provided solely by the concrete structure. 
Therefore the usual containment design procedure is a separate calculation and structural design of the 
concrete structure and the steel liner structure. However by following this approach the interaction 
between these two composite elements cannot be fully considered with the result that the calculated 
concrete and steel liner stresses are mostly not correct. Realistic stress results can be achieved solely by 
considering the nonlinear behaviour of the concrete and steel composite structure as shown by 
Meiswinkel et al. (2011). 

 
Evaluation of Concrete Containment Concepts 

 
It has been realised for some time that the concept of concrete containment with steel liner is the 

most reliable solution. The steel liner which is anchored to the concrete structure ensures the 
leaktightness. If leakages are detected by periodic in-service tests or inspections, the steel liner can be 
repaired. With regard to a passive safety concept and a smooth authority approval process the following 
concepts can be recommended: 

1) Reinforced concrete containment with steel liner – that means no prestressing at all. This is an 
appropriate concept for containments of boiling water reactors or small pressurized water reactors. 

2) Prestressed concrete containment with steel liner. The containment is partly prestressed with 
unbonded tendons – that means the structural integrity is provided by a combination of prestressing 
and reinforcing steel. By using unbonded tendons the prestressing will then be controllable and the 
tendons can be re-stressed or replaced. This is a suitable passive concept for large pressurized water 
reactor containments. 

3) Prestressed concrete containment with steel liner. The containment is partly prestressed with bonded 
tendons, combined with a monitoring system and substitute tendon ducts, where additional tendons 
can be provided afterwards. This concept should be applied only if the aforementioned two concepts 
are not possible. 

 
 

LINER CONCEPTS 
 
A passive design with regard to liner concepts is mainly related to the choice of maintenance-free 

materials and the production and checking of welding seams together with the possibility to detect 
leakages. Two essential liner construction types can be distinguished – the containment liner and the pool 
liners. 

As a rule, the containment liner is fixed to the concrete with anchoring elements, arranged in a 
narrow grid on the liner plate. In order to reduce erection time and the number of site welds, the 
containment liner is often prefabricated and erected in large units. As most of the welding seams are 
produced and checked under workshop conditions, this concept leads also to a passive design. 
Furthermore, focus is on using stainless steel for liners in contact with water, in order to reduce or save 
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the periodical maintenance and coating works prohibiting corrosion effects. This would then also be a 
passive criterion. New passive approaches in containment steel liner design were developed for the 
KERENATM BWR as shown by Garg et al. (2011). 

Pool liners are normally welded to embedded steel girders after concreting of the wall. Doing this 
means there will be three-plate-welds, which are difficult to check if no other measures are provided. 

To fulfil the rules for passive design, the embedded steel girders are hollow sections (see 
Figure 6). The x-ray channels provide access to the inner welds of the liner plate for x-ray checks, while 
the detection channels form a leakage detection system. 

 

 
 

Figure 6. X-ray and detection channels for pool liner. 
 
 

NEW CODES AND STANDARDS 
 
New codes and standards are increasingly available to support a passive structural design for 

safety relevant buildings and structural members. 
In the focus of attention are questions related to life cycle design, aging management, monitoring 

and periodical maintenance cycles of structural members. At the same time, methods will be developed to 
predict possible deterioration, calculating also the time dependent alteration based on deterioration 
hysteresis and probabilistic approaches. 

Recently, a new code DIN 25459 (2013) for the design of reinforced and prestressed concrete 
containments with steel liner was published in a draft version. This new code corresponds to the design 
principles of the Eurocodes and takes into account the passive design concept for containments with an 
anchored steel liner. DIN 25459 (2013) still allows the traditional way of containment design based on a 
separate analysis of concrete and steel liner structure. However the recommended way is an analysis as 
composite structure, where the steel liner is considered as a composite element together with the concrete 
structure. 

DIN 25449 (2008) deals with the safety concept, actions, design and construction of reinforced 
and prestressed concrete components in nuclear facilities. Together with DIN 25459 (2013) and the 
Eurocodes a comprehensive and contained set of codes for the design of concrete containments for 
nuclear power plants is available now. 
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CONCLUSION 
 

Architectural, infrastructural, civil and structural engineering can contribute to passive safety of 
nuclear power plants. The IAEA safety standards define general goals for plant engineering based on the 
concept of defence in depth. International and national building codes for conventional and nuclear 
facilities provide further design requirements. However the development and design of nuclear power 
plant buildings is very complex and comprehensive. Despite applying the existing codes and standards a 
passive safety design is not automatically ensured. Specific expertise in combination with extensive 
engineering experience and a look at the big picture offer the best prerequisites for a technical successful 
design. 

This paper gives certain examples of engineering solutions with regard to a passive safety related 
design. Further this paper shows the potential of improvements in plant engineering. Also with respect to 
the Fukushima accident, further recommendations should be formulated in order to improve the passive 
safety of constructions. 
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