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ABSTRACT 

NOK is investigating the potential replacement of the current NPP in Beznau. In order to meet 
the requirements with respect to a general licence application, geological, seismological, and 
geotechnical engineering, but also hydrological boundary conditions have been defined. These 
conditions define the nature of necessary investigations to obtain the geological, seismic, geotechnical 
and hydrological data themselves forming the basis to determine the site suitability [1]. Viability has to 
be provided that a NPP can be built and operated at the proposed site without compromising public 
health, safety and environment. The collected data are also the basis for the design of all safety 
relevant structures, systems, and components. For example, the latter have to withstand the effects of 
natural phenomena such as earthquakes and human induced impact such as airplane crash without 
loosing their capability to perform the assigned safety functions.  

 

1 INTRODUCTION 

During the last years a nuclear renaissance has come up due to the short availability of fossil 
energy sources and the drastically limited pollutant emission. More and more countries have started 
an ambitious program to optimize ways for nuclear power generation since the consumption of 
electricity worldwide is increasing.  

In 2020 two Swiss NPPs will be taken out of service for reasons of old age. Besides, the energy 
import contracts with Electricité de France will expire. A stable and affordable electricity supply at a 
sustainable energy balance is of paramount importance. Switzerland may be faced with an energy gap 
as early as winter 2012. The Swiss electricity mix currently is characterized by a combination of 40% 
nuclear energy and 60% waterpower.  

The potential of new energies and of water power is limited and their costs are far higher than 
for energy produced by existing large-scale facilities. Green house gas emissions of nuclear energy 
chains are between one and two orders of magnitude below emissions of fossil chains. Nuclear Power 
is CO2 free and cost-effective and therefore an essential part of the energy mix.  

In Switzerland, NOK started investigating the possible replacement of the existing aging NPP's 
at Beznau. Many details have to be considered and an incredible number of requirements have to be 
satisfied even before the real planning begins. In particular civil engineers and geologists have to 
analyse the geology and the hydrology of the site in a way going far beyond what is usual in 
construction industry. Although the herein investigated aspects are not all directly related to nuclear  
technology, safety plays a major role! The engineers have to gather and study as many data as 
possible to know all the pro and contra of the site. All analyses have to be very detailed in order to 
cover every possible future scenario. Some of the data are needed in the structural design of safety 
relevant structures, systems and components. Chapter 2 explains specific nuclear safety issues. In 
chapter 3 the needed geological, seismological and geotechnical analyses will be presented. Last but 
not least, chapter 4 discusses the hydrological analyses required to e.g. choose the cooling system or 
study the potential for flooding. 
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2 SPECIFIC NUCLEAR SAFETY ISSUES 

Nuclear safety requires that structures, systems, and components important to safety be 
designed to withstand the effects of natural phenomena such as earthquakes, tornadoes, hurricanes, 
floods and of human induced events such airplane crash. These initiating events are characterized, 
whose occurrence has to be expected during a plant's life time or which cannot absolutely be excluded 
according to one's best judgement. For them it is necessary to assure the [2], [3]: 

(a) Integrity of the reactor coolant pressure boundary (core integrity in a way that reactivity 
control is guaranteed, cooling the fuel and heat sink are adequate / available). 

(b) Capability to shut down the reactor, maintain it in a safe shutdown condition (heat transport). 
(c) Capability to prevent (safe entombment of the activity inventory by several barriers) or 

mitigate the consequences of accidents which could result in potential offsite exposures (monitoring).  
 

In order to guarantee adequate safety margins diversity and redundancy are required when 
selecting the geological, geophysical and geotechnical investigations. The protection goals can be 
assured by combining physical barriers (e.g. confinement) with defence in depth (DID) (conservative 
design) with respect to the structures, systems and components. DID represent the key to achieve 
safety robustness and to ensure that the NPP design not exhibit any particularly dominant risk 
vulnerability. These objectives are only achieved if the DID measures are exhaustive, progressive, 
tolerant, forgiving, well-balanced and therefore as simple as possible. Both deterministic and 
probabilistic methods are applied to identify the conditions that have to be addressed. 

Furthermore they are used to study the cause-effect relationship in order to develop solutions 
[4]. They help assess accident scenarios that could occur for a particular design and quantify the 
weight of the uncertainties associated with various aspects of those scenarios. The setting of a 
quantitative safety goal stated in probabilistic terms, i.e., frequency limits for consequence levels, 
allows the definition of success criteria, reflected by the implementation of DID. 

When planning possible initiators, postulated sequences and situations whose consequences 
will not be addressed by the design, but rather be considered using a robust demonstration of their 
practical exclusion. Regulatory requirements in Switzerland with respect to seismic hazards issues 
nowadays are higher than before according to the state of the art in science and technology. 

3 GEOLOGY, SEISMOLOGY, AND GEOTECHNICAL ENGINEERING 

3.1 Tectonic Characteristics and Soil Property Information 

Natural phenomena such as earthquakes can provide a substantial contribution to the overall 
risk of an NPP. For this reason criteria have especially been developed by national and international 
experts describing the nature of ground investigations required to obtain data in the right quality and 
quantity. 

Safety relevant structures, systems, and components may subsequently be designed to 
withstand the effects of seismic events without a loss of capability to perform their safety functions in 
compliance with the national and international codes and standards. 

Since there are already two plants on Beznau island detailed data are available in their close 
vicinity. However, for site evaluation additional data of high quality for the rest of the island are needed 
to meet the regulatory requirements and to reduce existing uncertainties. These will be the basis for 
the design of an additional NPP.  

Figure 1 illustrates already performed investigations on Beznau Island: 
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Existing ground survey reports were performed from the beginning of the 20th century to date. 

The ongoing investigations apply experimental methods for soil property determination and analytical 
tools for deriving secondary parameters consistent with the actual state of the art [5], [6]. Among other 
information they include information about: 

(a) Lithologic, stratigraphic, structural geologic and hydrologic conditions. 
(b) Geologic history, geological maps and soil profiles in a form suitable for design purposes. 
(c) Static and dynamic engineering properties of the materials underlying the site, including 

seismic wave velocities, density, water content, porosity, and strength. 
(d) Surface faults and buried faults. A fault is a tectonic structure along which differential 

slippage of the adjacent earth materials has occurred parallel to the fracture plane. Surface faulting is 
characterized by differential ground displacement at or near the surface caused directly by fault 
movement. Faults and surface faults are distinct from non-tectonic types of ground disruptions, such 
as landslides, fissures, and craters. 

(e) Potential to be exposed to induced floods and water waves as, for example, from the failure 
during an earthquake of an upstream weir. 

 
3.2 Seismology and Seismic Hazard 

3.2.1 National and International Requirements  

Switzerland has several guidelines for the definition of a design basis. General requirements for 
nuclear power plants are defined in the Nuclear Power Law (Kernenergiegesetz, KEG). The 
requirements are founded on international knowledge and standards. The Swiss Federal Nuclear 
Safety Inspectorate has a variety of guidelines which help identify the important framework necessary 
for the design. In accordance with Article 24 1b of the Nuclear Power Decree (Kernenergieverordnung, 
KEV) it has to be shown that the core damage frequency (CDF) for Initiating events (see KEV Art 8) 
does not exceed 10-5 per year.  

For regions with high seismicity the International Atomic Energy Organization (IAEA) and the 
US Nuclear Regulatory Commission (NRC) require that the site be investigated for [1], [7]: 

(a) Movement at or near the ground surface at least once within the past 35,000 years or 
movement of a recurring nature within the past 500,000 years. 

(b) Macro-seismicity instrumentally determined with records of sufficient precision to 
demonstrate a direct relationship to a seismic fault. 

(c) Structural relationship to a capable fault according to characteristics (a) or (b), such that 
movement on one could be reasonably expected to be accompanied by movement on the other. 

 

Figure 1: Existing investigations on Beznau island 
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Either dependent on the above required results or -if seismicity is diffuse- on specified studies 
rather than concentrated the relevant earthquake magnitude is subsequently defined considering [7]: 

(a) Magnitude of an earthquake, a measure of earthquake size and related to the energy 
released in the form of seismic waves - numerical value on a Richter scale. 

(b) Intensity of an earthquake characterizing the effects on man, on man-built structures, and on 
the earth's surface at a particular location - numerical value on the Modified Mercalli scale. 

(c) Safe Shutdown Earthquake (SSE), earthquake which produces the maximum vibratory 
ground motion at which the plant can be safely shut down and kept in a safe condition. That is, not all 
but only safety relevant structures, systems and components remain functional. It is considered to be 
extremely rare, e.g. not occurring more often than once in 10'000 or 100'000 years. 

(d) Operating Basis Earthquake (OBE), reasonably to be expected to affect the plant site 
during the plant life. When subjected to the effects of the vibratory OBE-motion, all structures, 
systems, and components of the NPP necessary for continued operation in combination with normal 
operating loads must remain functional and within applicable stress and deformation limits without 
undue risk to the health and safety of the public.  

(e) List of all historically recorded earthquakes which have affected or which could reasonably 
be expected to have affected the site. The list is reported with date, measured or estimated magnitude 
or highest intensity, epicentre or location of highest intensity, partially the intensity and duration of 
ground shaking. 

(f) Where possible, the correlation of epicentres with tectonic structures.  
(g) Maximum response spectra (e.g. acceleration, velocity or displacement) relating to the 

response of the foundations of the NPP structures with the vibratory ground motion. Considering such 
foundations to be a family of idealized single-degree-of-freedom damped oscillators they themselves 
neglect soil-structure interaction effects. 

 
3.2.2 PEGASOS-Project 

Even though Beznau is classified as a zone with low seismic activity, the Swiss licensees 
initiated the project PEGASOS, a German acronym for "Probabilistic Assessment of Seismic Hazard 
for Swiss NPP Sites" in order to cover as well the smallest probabilities with the help of appropriate 
safety measures. The preparatory work was started in 1999. The main project, launched in 2001 and 
completed in summer 2004 was subdivided into four parts, namely Seismic Source Characterization, 
Ground Motion Characterization, Site Response Characterization and Seismic Hazard1 Computation 
[6]. Based on a newly developed method in the USA the seismic hazard was evaluated considering 
the whole knowledge base of the national and international expert community. Leading national and 
international earth science experts from independent organizations were involved in this study itself 
being unique in Europe.  

PEGASOS considered the regional and local geology conditions, but also seismic 
characteristics of the subsurface material, fault mechanisms and directivity, attenuation relationships, 
energy content of the ground motion simultaneously accounting for uncertainties. The results having 
been obtained were first the identification and characterization of seismogenic sources in 
seismotectonic provinces and second the validation of the attenuation relations for areas close to the 
epicentres. The earthquake history of the region was evaluated to assess the frequencies of 
occurrence of earthquakes being characterized by different magnitudes or epicentral intensities.  

The intensity for earthquake-induced ground motion at the site was estimated and the frequency 
distribution of the peak value at the site (peak ground acceleration, peak spectral acceleration at 
different dynamic frequencies, etc.) during a specified time interval determined. The elements involved 

                                                   
1 Manifestation attributes of an earthquake to which the facility at a given site will be exposed such as ground 
motion parameters (e.g. the time histories of the ground displacements, velocities or accelerations, and/or their 
spectral representation), seismogenic fault displacements and, in the probabilistic approach, the associated 
frequency of occurrence. 
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in the derivation of the seismic design basis ground motions and the sources of conservatism were 
studied.  

All important data have been adequately addressed allowing the definition of hazard curves. 
Among others, PEGASOS studied the significance of existing faults, especially clarifying the 
distinction between surface rupture and surface faulting hazard. Sensitivity calculations were then 
performed to indicate dominant contributions to the seismic hazard. The goal was to prioritize the 
subsequent efforts around those issues of most importance.  

Seismogenic sources generally are defined to be based on evidence coming from geology and 
seismicity. Since recorded earthquakes with small magnitudes are scattered in a broad area where 
many faults exist with nearly no tectonic structures or faults with documented seismicity, a different 
way to establish a link between geology and seismicity is needed:  

PEGASOS therefore used a definition of a kinematic framework and mapped seismogenic 
zones which collected fault populations with their associated earthquakes instead of single faults. The 
expert community decided in this way because there is no evidence for any single discontinuity, such 
as a plate boundary and deformation is considered as diffusely distributed. Also, identifiable line 
sources are extremely rare and the only issue to be studied is the potential for a reactivation of pre-
existing faults having been generated during past tectonic events [6].  

However, their reactivation is governed by the present-day stress regime and most fault plane 
solutions of recent earthquake activities do not provide such evidence. 

 
3.2.3 Seismotectonic investigations  

According to national and international requirements Switzerland performed investigations in 
four different scales [1]. The available database in Switzerland and, especially on Beznau Island are 
very well documented. The National Association for the storage of nuclear waste, NAGRA performed 
numerous geology, geotechnical and seismological investigations including drillings and geophysical 
measurements. The seismicity and their correlation with tectonic conditions are described first on a 
regional basis (map 1: 500'000 of earthquake epicentres and intensity together with instrumentally 
recorded seismic events within a radius of ca. 150 km) – seismic sources, historic observations [1]. 
Then, on a near-regional basis (map 1:50’000 within a radius of ca. 25 km) structural geology and 
tectonic history are described. Then "site-vicinity" within a radius of 5.0 km is illustrated with respect to 
neotectonics and fault type, age and movements using a map 1: 5'000. The site itself is described with 
instrumentally recorded measurements (scale of map 1:500). An example for the area for site-vicinity 
investigations is given by Figure 2: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Tectonic map of Beznaus' surroundings 
Swisstopo, Blatt Zurzach 2000 
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The information about the site geology and soil stability having been collected over a period of 
more than 50 years give no evidence to any problems for the new plant. For in past studies there is no 
evidence of movements, deformations and / or dislocations of a recurring nature within a reasonable 
period. Also there is no evidence for a structural relationship with other faults [6].  

 
3.2.4 Other investigations  

For a general licence application additional investigations are not required. The potential for 
slope instability due to land or rock slides and snow avalanches on Beznau Island and its vicinity is 
negligible. Even assuming an unrealistic failure of a slope near the site this would not adversely affect 
the safety of the nuclear installation. Nevertheless, the remote possibility that a slope will block the 
river used for cooling has to be studied. This problem will be described in chapter 4.2 and 4.3. 

4 HYDROLOGY 

4.1 General Hydrological Situation 

4.1.1 Actual Site Conditions 

The Beznau Island is located in the river Aare. The river at this place is well known because it 
has been monitored for more that 100 years. The monthly average values water flow of the Aare is ca 
400 m3/s in January and 830 m3/s in June (during the observation period 1936 - 2006). Last year in 
August 2007 the peak value reached about 2656 m3/s, while the minimum water flow was 138 m3/s in 
January 1963. However, extreme water flow is possible at every time throughout the year. The river 
water table depends on both, the flow conditions and on the reach nearby. The relationship between 
the water flow Q and the occurrence frequency or return period T may be assumed according to the 
following formula [8]:  

 
Q = 1450 + 500 log (T) (1) 
 
Using this logarithmic relationship the 1000 year flood may be calculated with 2950 m3/s, the 

100 year flood with 2450 m3/s and Q = 2656 m3/s of August 07 results in T = 260 years. 
Uncertainties increase with increasing water flow and return periods. For a return period of 

10,000 years the expected water flow would result in 3450 m3/s. Global warming effects have not been 
considered in the mean value calculation of flooding statistics and so, their variability amounts to 
10 %. The same applies for the effects coming from sealing. 

The river temperature having been measured during the observation period 1968 - 2006 varied 
between +10 °C and +24 °C, while the annual average was 11 °C. 

The groundwater level is about 6 - 7 m below surface and the aquifer thickness 2.5 to 12.5 m 
with a flow descending from southeast to northwest. The aquifer thickness may be characterized by 
gravel with a high permeability. The annual change is 0.5 - 1.5 m.  

In order to determine the aquifer water availability pump-tests were performed in 1985. They 
showed that even when removing the reach, 260 l/s could be pumped from a horizontal well. 

 
4.1.2 Regulations with respect to Water Supply and Protection 

The cooling water supply does not only depend on the availability of water or site condition in 
general. However, the water concession has to be discussed with the canton Aargau. Beznau actually 
may use 40 m3/s for cooling purposes. Legal and environmental constraints with respect to thermal 
and chemical aspects to be considered are [10]: 

(a) The temperature increase coming from all water outlet sources (power plants, purification 
plants, etc.) must together remain below 3 ºC compared to the unswayed state. 
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(b) The maximum river temperature after mixing from the plant has to remain below 25 ºC, the 
chemical characteristics and radioactivity of all liquid effluents must meet the Swiss decree for water 
and radiation protection. 

(c) The maximum water temperature discharge channel must not be in excess of 30 ºC. 
 

4.2 Emergency Operation Requirement 

There are two possible emergency scenarios with respect to hydrology and cooling: no water – 
dry conditions – or too much water – flooding conditions. Both scenarios can represent a hazard for 
the NPP and therefore solutions are required. 

 
4.2.1 Loss of River Level Hazard 

For the case that there is no water available to cool the reactor, a safety case has to be 
elaborated. There are three main reasons that could reduce the water supply down to zero: 

(a) The downstream weir fails leading the water level to drop below the pump house intake. 
(b) An earthquake with surface faulting or ground uplift modifies the river flow direction leading 

to diversion or other failures or debris. 
(c) An earthquake) leads to river obstruction due to debris or landslides. 
Even for such events with low occurrence frequency, an emergency and long-term shutdown 

decay heat removal has to be guaranteed by adequate cooling water supply. The groundwater aquifer 
may be a source of cooling water or make-up water. Here, an emergency power well may be installed. 
Groundwater temperature, level and capacity are relevant parameters. Just as is the case for river 
water, its chemistry has to be controlled by e.g. adding a pH adjuster, hardness reducer, corrosion 
inhibitors, scale inhibitor, dispersant, algaecide or biocide. Due to the usual properties of the 
groundwater – there will be no problem with suspended solids. 

For the near hydraulic power plant Beznau, one and two dimensional calculations for flooding 
have already been performed. The emergency well guarantees water also in case of water level 
increase up to 1.6 m. So, flooding would not significantly influence the well water quantity or quality. 

 
4.2.2 External Flooding Hazard 

Cooling systems using water usually are not designed to operate under severe flooding 
conditions, since their pumping arrangements work with surface mounted electric motors. Even 
cooling systems using air would have problems with their fans and only special designs would cope 
with flooding effects [11], [12].  

Dependent on the design-basis flood with specified water level, the relevant flood runoff and 
level have to be determined. Here, all significant parameters and foreseeable changes shall be taken 
into account. In particular, it shall be analyzed to what extent the following site characteristics need to 
be considered: 

(a) Intense local precipitation (heavy rain, snow and glacier melt, ice movement. 
(b) Condition of the drainage area and water retention capability. 
(c) Dam and wear structures together with duration and sequence of a flood event. 
For Beznau one potential cause for flooding at the site may be abnormal river water level 

increase due sudden, large snowmelt or heavy rainstorms. Another probable cause is the failure of 
one dam / weir or a combination of dams / weirs upstream of the site. Floods caused by dam or weir 
failures should generally be combined with an appropriate flood due to other causes such as rain. 

In case of a water flow above 2300 m3/s the path along the river may be flooded. However, the 
remaining part of Beznau island is only flooded for a water flow above 3200 m3/s corresponding to a 
return period of about 3000 years using the logarithmic equation (1). A backwater in river may occur 
for 2800 m3/s. Since the trends of increased flooding due to global warming effects are not considered 
in the mean value calculation of statistics, the probability distribution is characterized by variability 
(relationship 95 % fractile / 50 % fractile) of ca. 10 %. 
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In case of an upstream wear or dam failure due to e.g. an earthquake, the failure of any intake 
structure or slides of earth or debris into a nearby lake - can dependent on the site characteristics - 
cause dangerous flooding. Therefore in depth investigations for seismically induced floods and water 
waves are required in order to determine a design basis. Important is to know the size of seismically 
induced floods and water waves which could affect the site from either locally or distantly generated 
seismic activity. Here, local features of the topography may influence the situation. 

5 CONCLUSIONS AND OUTLOOK 

PEGASOS has opened up new questions with respect to the seismic hazard. Uncertainties with 
respect to source characterization and soil models are reduced by performing additional investigations 
on the basis of newest investigation methods according to the state of the art. Finally consensus has 
to be achieved in realistic assumptions of ground accelerations. The cooling system has given a new 
dimension in public discussions where innovative technical solutions are required. 

The next step is that NOK incorporates the results of the ground investigations in the site 
evaluation itself being a part of the safety report for the general licence application. 
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