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ABSTRACT 

 
The German Guideline for periodic safety reviews of nuclear power plants requires probabilistic safety 

assessments (PSA) to be carried out. The corresponding German technical reference document on PSA methods does not 
only include plant internal events but also internal and external hazards like fire and earthquake. This document on 
methods recommends an approach based on safety margin factors for the seismic part of the PSA and provides general 
guidance on this subject. The procedure consists of three major parts: seismic hazard analysis, determination of failure 
probabilities of structures, systems and components (SSC), and the development of seismically induced event trees with 
subsequent calculation of core damage frequencies. Each of these major parts is subdivided into various individual steps. 
Up to now, the guidance has not yet reached the same maturity for all these steps as for the methods applied to the 
analysis of internal events or internal hazards such as fire. This is particularly true for the selection procedure of those 
structures, systems, and components to be analyzed in detail, the plant walk-down, and the interface to the Level 1 PSA 
for internal events. This paper will focus on methodological improvements for the screening process. 

 
INTRODUCTION 

 
In the year 2005 the new guideline for the probabilistic safety analysis was issued (“Safety reviews for nuclear 

power plants in accordance with §19a of the Federal Atomic Energy Act – guideline for probabilistic safety analysis” 
[1]). Moreover, the supporting technical guidance document describing the methods for the probabilistic safety analysis 
for nuclear power plants was published [2]. A complete revision of the PSA Guideline of 1997 became necessary, since 
the current state of science and technology has developed in recent years. The chapters on internal fires were revised and 
the topic seismic is considered in more detail.  

A seismic PSA (SPSA) is in principle necessary, because at locations with a larger seismic hazard potential, 
relevant earthquake-conditioned contributions to the overall core damage frequency could not be excluded. Therefore, the 
new PSA Guideline stipulates for plants, whose seismic hazard assessment exhibits an earthquake intensity greater than 7 
(MSK - scale), a complete seismic resistance analysis (cf. Tab. 1). This concerns approx. 30 % of the nuclear power 
plants in Germany. 

First experiences with the implementation of SPSA according to the guideline are already available [3], [4]. The 
experiences show that the procedure as well as time and effort are practicable and justifiable. In order to be able to ensure 
the comparability of different SPSA, some methodological criteria should be implemented in more detail and more 
concretely. This concerns the selection procedures as well as the walk-down procedures, the treatment of seismic 
dependencies as well as the quantification of seismic event trees. For the next revision of the technical guidance 
document on PSA methods foreseen for the end of 2009, first improvements of the chapter SPSA with additional 
guidance considering the results from the WENRA process are intended. 

 
Table 1. The graded process of evidence regarding the event “earthquake” according the actually 

determined intensity I (MSK-scale) of the earthquake at the plant site 
 

Criterion Extent of the analysis 

I � 6 No analysis is necessary  

6 < I � 7 As a first step, a plant walk-down has to be conducted. Indication of insufficient margins to cope with 
earthquake loads has to be evaluated on the basis of existing proofs. Eventually, further investigations or 
measures for safety improvements are necessary. 

> 7 Analysis using the fragility curves approach 
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SEISMIC PSA ACCORDING TO THE GERMAN REGULATORY GUIDANCE 
 
The German SPSA guideline stipulates – as a function of the site-specific earthquake endangerment – a 

graduated verification. For the complete analysis, the safety margin factor procedure is recommended [5], [6], [7]. The 
SPSA approach is divided into three steps: 

(i) Determination of the site-specific earthquake intensity for performing an earthquake vulnerability 
analysis (seismic probabilistic hazard assessment, SPHA); 

(ii) Determination of failure probabilities of structures, systems, and components (SSC); 
(iii) Development of seismically induced event trees with subsequent calculation of core damage 

frequencies. 
The induced soil movements and the frequency and intensity of tremors give the earthquake endangerment of a 

site. As a measure, the exceedance probabilities of the intensities at the site are determined. The procedure is based on the 
assumption that the plant, which will be examined, was designed against the valid seismic load at the site. Furthermore, it 
is assumed that an earthquake vulnerability analysis has been performed and supporting documents are available [2]. 

 
ESSENTIAL METHODOLOGICAL IMPROVEMENTS 

 
In general, all seismic induced events, which might occur in the NPP, have to be considered in a SPSA. In 

contrary to internal events, different operational sequences (transients, loss of coolant accidents (LOCA)) are conceivable 
as a function of the design earthquake. Thus, a gradual view of several earthquake intensities is necessary. It is to be 
considered that effects can occur at the same time on systems necessary for the control of those events (e.g. by 
seismically induced loss of safety systems). In extreme cases more than one redundant train of a system necessary for the 
control of the event may fail by an earthquake. Therefore, a special methodology is required for the treatment of seismic 
events and the corresponding fault trees. 

The fault trees consider operational non-availability and in principle component specific seismically induced 
failure probabilities. In contrary to the fault trees for plant internal events, for which an operational unavailability is 
assigned to each component, a complete component specific allocation of seismically induced failure probabilities is not 
practicable, since the expenditure becomes disproportionately high and, in addition, a comprehensive database on 
component specific seismic failure probabilities is still missing. Therefore, in practice a procedure is selected for the 
seismic PSA limiting the expenditure to a reasonable amount. For that purpose, in principle two approaches are possible: 

(i) Generically determined failure probabilities are assigned to systems and component functions. The 
database resulting from generic data on effects of earthquakes on industrially used machines and 
electro technical installations does not contain system dependent characteristics. Usually the 
transferability of these characteristics to the plant under consideration is not evident. 

(ii) The adverse seismic effects on sensitive components are identified by means of a suitable selection 
procedure. Only for the remaining components seismically induced failure probabilities (sets of failure 
curves) are determined. For all other components, no earthquake-specific failure probabilities are 
considered. 

The second approach is given in the German technical guidance document on PSA methods [2]. The procedure 
for the selection process however is not specified. With the determination of the seismically induced failure probabilities, 
there are again two possible procedures, which have a retroactive effect on the selection process and the quantification of 
the events. 

The first possibility is the determination of component specific sets of failure curves as a function of the 
earthquake intensity based on generic data. In this case, system dependent weak points in the component design and in 
the environmental conditions are difficult to detect (e.g. by comparison with the design calculations based on the safety 
reserve factor procedure). The determination of the existing system dependent safety margins including the associated 
failure probabilities represents the second possibility. This is done by clearly specified failure criteria and an analysis of 
the considerably stressed parts of the components, whereby the special on-site conditions of the components have to be 
considered. 

The German technical guidance document on PSA methods [2] permits both possibilities. 
 

Screening and Plant Walk-Downs 
Because it is hardly possible to analyze all SSC of a NPP with respect to their seismic vulnerability, the number 

of SSC to be analyzed in detail has to be limited by a suitable screening procedure. This screening procedure should – on 
the one hand – reduce the number of SCC to be analyzed. On the other hand, it has to ensure, that all relevant SSC are 
considered. 

The screening procedure under development in Germany for the SPSA is principally based on screening 
methods applied for the plant internal fire PSA. It starts with a comprehensive list of all components, which might 
become important during or immediately after an earthquake. These components are classified according to various 
criteria (location, type of component, etc.). Based on this classification, rooms are selected for a plant walk-down. To 
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ensure that all relevant aspects of the installation conditions are gathered, a standardized checklist shall be used for this 
walk-down. The analysis of the results of the walk-down (checklists) allows the final determination of the SSC to be 
analyzed in detail. 
• Components list:  

Starting point of the screening procedure is a comprehensive list of all components, which might be necessary to 
ensure sufficient cooling of the reactor core during and after an earthquake. For each of these components, its 
location (room) has to be known. This components list can be reduced: If a component is designed to withstand 
earthquakes and cannot be damaged by any other component, it might be excluded from the original list. However, 
any elimination of a component has to be justified and documented. 

• Classification of Components:   
These components are classified according to various properties to derive criteria for the selection process and for 
the plant walk-downs. It is especially important to identify (i) those components, which might initiate accident 
sequences during a seismic event and (ii) those, which are necessary to mitigate the effects of transients (or LOCA). 
Typically, the components of the second group belong to safety systems. They can easily be identified by a 
comparison with the PSA of plant internal events. Additionally the components should be classified according to the 
classification criteria of the German nuclear standard KTA 2201.1 [8]. KTA 2201.1 describes two categories: 
components of category 1 are safety related components; all other components belong to category 2. (In practice a 
third category 2a is used for components, which are not safety related but which might impair safety related 
components.) For the components of each category, the actual design has to be verified and documented by the 
licensee. If information on seismic strength, ductility, etc. is available, it should be indicated whether these are 
generic or plant specific values. In both cases, the sources of information have to be provided. After the necessary 
information for the components has been collected and evaluated, all those components can be excluded from the 
original components list, which do not belong to safety systems and which cannot induce accident sequences as a 
consequence of an earthquake. This might already lead to the exclusion of complete buildings from the further 
analyses. 

• Selection of Rooms:   
For deriving the necessary coverage of the plant walk-downs, all those rooms are selected, which contain 
components that were not excluded in the previous step (classification). For these rooms, it has to be checked 
whether safety related equipment inside these rooms might be damaged in the case of an earthquake due to 
secondary effects, e.g. fires or flooding. It should especially be verified that components in these rooms, which were 
previously excluded from the list due to their seismic design (e.g. cables), might fail due to such secondary effects. 
For the remaining rooms it is supposed that seismically induced failures of components located there do not 
contribute significantly to the overall core damage frequency. 

• Plant Walk-Downs:   
During the walk-downs of the selected rooms, the following aspects should be considered with special care:  

(i) Have failure probabilities to be calculated for the safety related components in this room?  
(ii) Might these components fail due to the seismic load (direct failures)?  
(iii) Might these components fail due to secondary effects of an earthquake (i.e. are there other SSC 

which might endanger those components)?  
(iv) Might cables fail due to failures of other components in the room (indirect failures)?  
(v) What are the possible consequences of a seismically induced fire, flooding, or load drop in this 

room?  
(vi) Are there multiple components of similar design in this room? Is there any reason to deviate from 

the assumption of seismic independency?  
For standardizing the plant walk-downs, specific form sheets have to be developed. These contain for each room a 
list of all components not excluded in a previous step (automatically generated from the components list), basic 
information about these components (derived from the plant documentation), and standardized questions facilitating 
the walk-downs and the following evaluation. The duly completed form sheets are the basis for the next screening 
step. 

• Selection of Components:   
The results of the plant walk-downs (completed form sheets) are used to constrain the list of components to be 
analyzed in detail. In particular, it is then defined and documented, for which components failure probabilities have 
to be calculated. To further reduce the necessary amount of detailed fragility analyses, components can be grouped 
together according to similar characteristics (type of the components, location, e.g. installation in the same building 
or on the same level in the same building, etc.). The definition of these groups results from filtering the initial 
component list using the similarity criteria. For each of the defined groups one representative failure probability is 
calculated. 

 

SMiRT 19, Toronto, August 2007 Transactions, Paper # K14/2



4 
 
 
 
 

Derivation and Quantification of Seismic Event Trees 
For all components selected in the screening process seismically induced failures have to be considered in 

addition to the usual stochastic failures in the process of calculating unavailabilities. If sets of failure curves are used 
instead of point values (including uncertainties) in these calculations, a modification of the models (of the components) 
and the development of a simulation program might be necessary. The derivation of seismically induced core damage 
frequencies is based on the assumption that the following requirements are met:  

(i) The range of considered earthquake intensities is compatible with historical records and scientifically 
justified extrapolations and ensures that the overall earthquake risk at the site is covered.  

(ii) The intensity range is split into intensity intervals according to the MSK-scale. (This is only necessary 
if single fragility curves are used instead of sets of fragility curves.)  

(iii) Site-specific exceedance probabilities for seismic effects including uncertainty margins are available 
for the whole intensity range.  

(iv) For all SSC selected in the screening process (sets of) fragility curves have been calculated. The failure 
probabilities are given as functions of the seismic input (e.g. peak ground motion) and the statistical 
uncertainties.  

(v) A Level 1-PSA is available (fault trees and event sequences).  
(vi) Reliability data (including information on the uncertainties) are available for all components. 

• Seismic Event Trees:   
Earthquakes are capable of initiating various event sequences. Consequently, a wide variety of failure modes is 
conceivable. However, international experience with PSA has shown that it is justifiable to restrict the analysis to a 
limited set of failure modes for specific components. Due to this simplification it is possible to represent the 
complex effects of an earthquake on a NPP by conventional event sequences. Based on the fault trees and event 
sequences of the Level 1 PSA for plant internal events representative earthquake specific event sequences are 
generated. For the compilation of these event sequences and for the definition of the initiating events secondary 
effects of the earthquake such as fires, flooding or load drop have to be considered. 

• Seismic Interdependencies:   
The possibility of seismic interdependencies has to be considered in the process of developing event sequences. The 
first assumption assessing the behavior of similar components which are subjected to the same seismic input is to 
consider their seismic fragilities to be uncorrelated. During the walk-downs it is checked whether this assumption 
can be sustained or has to be abandoned. Specific criteria for this decision are yet to be defined. If the assumption of 
uncorrelated earthquake response has to be abandoned, the final fragility curve for the components under 
consideration is derived by a superposition of the independent fragility curves and a fragility curve characterizing 
the correlation. The structure of the fault trees containing such components has to be modified accordingly. 

• Calculation of Core Damage Frequencies:   
For each earthquake intensity interval core damage frequencies are calculated separately by summing up the results 
of the individual event sequences (starting with the initiating events specific for the given intensity interval). The 
total core damage frequency of the SPSA is derived by summation over all intensity intervals. The initiating events 
occurrence frequency is assumed to be unity, if the corresponding component is not designed to withstand 
earthquakes. For all seismically induced transients and LOCA occurrence probabilities must be calculated taking 
completely into the uncertainties involved. The corresponding procedure has to be documented properly. In 
calculating unavailabilities for components selected within the screening procedure seismically induced failures 
have to be considered in addition to random failures. This can be done on the level of the basic data, if single 
fragility curves are used (in contrary to sets of fragility curves). For the computation of the SPSA result the program 
codes used for the Level 1 PSA for internal events can be applied. However, if sets of fragility curves are used to 
describe the behavior of the SSC under seismic loads the procedure becomes more difficult. First of all, a 
modification of the individual component models is necessary for all those components in the fault trees, which 
might fail due to seismic effects. Such a component is considered unavailable, if either a random failure is supposed 
or it fails due to seismic effects. The following compilation of the event sequences requires a simulative approach to 
take care of all possible values of the sets of fragility curves. A suitable program code has yet to be developed. 

 
THE NEXT STEP 

 
The first part (screening and procedure for plant walk-downs) of the methodological improvements described in 

this paper is the subject of an ongoing research project financed by the Federal Ministry of Economics and Technology 
(Bundesministerium für Wirtschaft und Technologie, BMWi). First preliminary results will be available in 2008. The 
development of methods to cope with seismic interdependencies, to generate event trees, and to quantify core damage 
frequencies will be performed as part of the Regulatory Nuclear Investigation Program under the supervision of the 
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (Bundesministerium für Umwelt, 
Naturschutz und Reaktorsicherheit, BMU) to be started in October 2007.  
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The results of these research projects are intended to reveal the basis for a revision of the technical reference 
document on PSA methods [2] supporting the German PSA Guideline, which is foreseen for 2009. 
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