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ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

 The OECD is a unique forum where the governments of 30 democracies work together to address the economic, social and 
environmental challenges of globalisation. The OECD is also at the forefront of efforts to understand and to help governments 
respond to new developments and concerns, such as corporate governance, the information economy and the challenges of an 
ageing population. The Organisation provides a setting where governments can compare policy experiences, seek answers to 
common problems, identify good practice and work to co-ordinate domestic and international policies. 

 The OECD member countries are: Australia, Austria, Belgium, Canada, the Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, 
Poland, Portugal, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United Kingdom and the United States. The 
Commission of the European Communities takes part in the work of the OECD. 

 OECD Publishing disseminates widely the results of the Organisation’s statistics gathering and research on economic, 
social and environmental issues, as well as the conventions, guidelines and standards agreed by its members. 

* * *  

 This work is published on the responsibility of the Secretary-General of the OECD. The opinions expressed and arguments 
employed herein do not necessarily reflect the official views of the Organisation or of the governments of its member countries. 

NUCLEAR ENERGY AGENCY 

 The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the OEEC European 
Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan became its first non-European full 
member. NEA membership today consists of 28 OECD member countries: Australia, Austria, Belgium, Canada, the Czech 
Republic, Denmark, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Luxembourg, Mexico, the 
Netherlands, Norway, Portugal, Republic of Korea, the Slovak Republic, Spain, Sweden, Switzerland, Turkey, the United 
Kingdom and the United States. The Commission of the European Communities also takes part in the work of the Agency. 

 The mission of the NEA is: 
− to assist its member countries in maintaining and further developing, through international co-operation, the scientific, 

technological and legal bases required for a safe, environmentally friendly and economical use of nuclear energy for 
peaceful purposes, as well as 

− to provide authoritative assessments and to forge common understandings on key issues, as input to government 
decisions on nuclear energy policy and to broader OECD policy analyses in areas such as energy and sustainable 
development. 

 Specific areas of competence of the NEA include safety and regulation of nuclear activities, radioactive waste 
management, radiological protection, nuclear science, economic and technical analyses of the nuclear fuel cycle, nuclear law and 
liability, and public information. The NEA Data Bank provides nuclear data and computer program services for participating 
countries. 

 In these and related tasks, the NEA works in close collaboration with the International Atomic Energy Agency in Vienna, 
with which it has a Co-operation Agreement, as well as with other international organisations in the nuclear field. 
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work should be addressed to the Centre Français d’exploitation du droit de Copie (CFC), 20 rue des Grands-Augustins, 75006 
Paris, France, fax (+33-1) 46 34 67 19, (contact@cfcopies.com) or (for US only) to Copyright Clearance Center (CCC), 222 
Rosewood Drive Danvers, MA 01923, USA, fax +1 978 646 8600, info@copyright.com. 
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS 

The NEA Committee on the Safety of Nuclear Installations (CSNI) is an international committee made up 
of senior scientists and engineers, with broad responsibilities for safety technology and research 
programmes, and representatives from regulatory authorities. It was set up in 1973 to develop and 
co-ordinate the activities of the NEA concerning the technical aspects of the design, construction and 
operation of nuclear installations insofar as they affect the safety of such installations. 

The committee’s purpose is to foster international co-operation in nuclear safety amongst the OECD 
member countries. The CSNI’s main tasks are to exchange technical information and to promote 
collaboration between research, development, engineering and regulatory organisations; to review 
operating experience and the state of knowledge on selected topics of nuclear safety technology and safety 
assessment; to initiate and conduct programmes to overcome discrepancies, develop improvements and 
research consensus on technical issues; to promote the coordination of work that serve maintaining 
competence in the nuclear safety matters, including the establishment of joint undertakings. 

The committee shall focus primarily on existing power reactors and other nuclear installations; it shall also 
consider the safety implications of scientific and technical developments of new reactor designs. 

In implementing its programme, the CSNI establishes co-operative mechanisms with NEA’s Committee on 
Nuclear Regulatory Activities (CNRA) responsible for the program of the Agency concerning the 
regulation, licensing and inspection of nuclear installations with regard to safety. It also co-operates with 
NEA’s Committee on Radiation Protection and Public Health (CRPPH), NEA’s Radioactive Waste 
Management Committee (RWMC) and NEA’s Nuclear Science Committee (NSC) on matters of common 
interest. 
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FOREWORD 

The Committee on the Safety of Nuclear Installations (CSNI) Working Group on Integrity and Ageing of 
Components and Structures (IAGE) has as a general mandate to advance the current understanding of those 
aspects relevant to ensuring the integrity of structures, systems and components, to provide for guidance in 
choosing the optimal ways of dealing with challenges to the integrity of operating as well as new nuclear 
power plants, and to make use of an integrated approach to design, safety and plant life management. 

The Working Group has three subgroups dealing with (a) integrity and ageing of metal structures and 
components, (b) integrity and ageing of concrete structures, and (c) seismic behaviour of components and 
structures. 

The CSNI has recently published a report, NEA/CSNI/R(2008)7, summarising the findings of three 
OECD/NEA workshops, organised by the IAGE Seismic Subgroup focused on the progress in the fields of: 
(a) seismic input characterisation, (b) the relation between recent seismological data and seismic 
engineering, and (c) the enhancement of seismic motions used in nuclear design by the findings of most 
recent geological studies. 

The OECD/NEA has also sponsored two meetings on Seismic Probabilistic Safety Assessment of Nuclear 
Facilities, jointly organised by the IAGE group and the Working Group on Risk Assessment. The first one 
in Tokyo in August 1999 (NEA/CSNI/R(99)28) and the second one in Jeju, Korea on 6-8 November 2006 
(NEA/CSNI/R(2007)14). 

Following the recommendations of the Jeju meeting, the CSNI approved in 2007 an IAGE proposal aimed 
to address the recent findings and issues in Probabilistic Seismic Hazard Analysis (PSHA). The IAGE 
group organised a meeting in Lyon, France in April 2008. The main objective was to review and discuss 
the recent research, and regulatory and industry issues associated with PSHA. These proceedings document 
the results and conclusions of such a meeting. 
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SUMMARY AND CONCLUSIONS 

I. Introduction 

This is a summary report from the “Workshop on Recent Findings and Developments in Probabilistic Seismic 
Hazards Analysis (PSHA) Methodologies and Applications”, held in Lyon, France on 7-9 April 2008.  About 
65 specialists from 15 countries attended.  The Meeting was sponsored by the OECD Nuclear Energy Agency 
Committee on the Safety of Nuclear Installations and hosted by Electricité de France, in cooperation with the 
International Atomic Energy Agency. 

This was the third in a series of OECD/NEA meetings that began in Tokyo Japan in August 1999, followed by a 
second meeting in Jeju Korea in November 2006.  The scope of both of the earlier meetings was broader, 
covering the whole range of methodologies that comprise Seismic Probabilistic Safety Assessment (SPSA) for 
Nuclear Facilities.  This time, only the PSHA methodology, a subset of the larger group of SPSA 
methodologies, was covered. 

The main objectives of the Meeting were to discuss recent research and the regulatory, utility and industry 
issues associated with PSHA.  The results of PSHA studies undertaken to date in regions with low to moderate 
seismicity exhibit large areas of uncertainty.  Participants in the Workshop discussed how to improve 
knowledge and reduce uncertainty associated with the lack of strong-motion data and regional-specific 
attenuation relations.  One specific objective was to compare the PSHA situation today with the situation at the 
time of the 2006 Workshop in Korea, to discuss the findings and recommendations from 2006 that are relevant 
to PSHA, and to develop a set of findings and recommendations that would update those from that earlier 
Workshop.  Material presented in the 2006 Workshop was used to support these discussions. 

The expectation is that information obtained from this Workshop should provide the key to understanding and 
interpreting potential differences and discrepancies, as identified during the Jeju specialists workshop, from 
which methods to address them can be proposed. 

II. Findings and Recommendations 

1. Overview 

Finding 

PSHA is now an established methodology that can provide great benefits when used properly.  However, the 
mechanics or procedural guidance, which today usually follows the so-called SSHAC guidance (Ref. X), is not 
fully mature enough for routine use without special care on the part of the user.  This is especially true of the 
most elaborate PSHA studies, the so-called SSHAC Level 4 studies, which have only been undertaken a few 
times.  Each new large study has “raised the bar” in terms of quality and scope, and has taught the community a 
lot about the PSHA methodology generally and also about how to carry out such large studies, and indeed about 
how to carry out less extensive (and less expensive) PSHA studies also.  This last point is important because 
most PSHA studies, both past studies and in the future, tend to be at SSHAC level 2 or sometimes 3, because of 
resource and schedule limitations, rather than at the very large SSHAC Level 4. 
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Recommendations 

• PSHAs are usually large complex studies that can be expensive at SSHAC Levels 3 and 4, and 
therefore great care is needed in their execution. 

• A “procedures guide” that would provide more detailed guidance than the guidance now available 
in the SSHAC report itself, so as to assist any new study to achieve all of PSHA’s potential while 
avoiding some of the implementation difficulties identified in recent studies, would be very useful. 
Funding agencies should consider supporting the development of such a guide as high priority. 

2. Realism and Uncertainties 

Finding 

The recommendations concerning PSHA from the 2006 NEA Workshop in Jeju, Korea (Ref. Y) remain valid.  
Specifically, it remains important that any PSHA be as realistic as feasible, and that it try to include consistency 
checks against all available data. One of its emphases should be on developing an adequate and realistic 
understanding of the uncertainties and their contributing elements, and another is that it incorporate all sources 
of uncertainty insofar as feasible.  In particular, taking great care with uncertainties at each stage of the PSHA 
process is a vital part of any PSHA, if the study is to provide maximum benefit to its sponsors, to the broader 
technical community, and to the public more generally. 

Recommendations 

• Guidance on how to develop robust quantitative and realistic descriptions of uncertainties should 
be a major part of any broader PSHA “procedures guide”. 

• There needs to be continuing emphasis on reducing uncertainties.  This will require both research 
to provide guidance, and care whenever a PSHA study is undertaken. 

3.  Validation and Consistency Checking 

Finding 

If one uses the usual meaning of the term “validation”, it does not seem feasible to “validate” any PSHA study 
that examines earthquakes with frequencies much beyond the historical record, or perhaps not even that far 
back.  This is because validation requires independent information directly relevant to the situation at hand, and 
such information can almost never be obtained in any practical situation.  However, using rigorous Quality 
Assurance procedures is always important. 

Recommendations 

• Even given the above, it is very important to undertake “consistency checks”, which provide valuable 
information even though a consistency check is a lesser standard than a validation would be.  During 
this Workshop, several papers and extensive discussion provided very useful elaboration on this point. 

• Guidance on consistency checks should also be a major part of any broader PSHA “procedures guide”. 

4. Regulatory Applications of PSHA 

Finding 

The nuclear regulatory agencies in a few countries are moving ahead to use PSHA in their decisions and a few 
are even considering incorporating PSHA in their requirements.  This is a healthy development that will surely 
lead to broader use and acceptance of PSHA worldwide. 
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Recommendation 

Regulatory agencies in other countries should make an explicit effort to follow closely the activities in those few 
countries that are moving more rapidly toward using PSHA explicitly.  These agencies should try to be active 
rather than only passive observers, so that the full regulatory benefits of PSHA can be realised worldwide, while 
avoiding the possible pitfalls of implementing PSHA in regulation inappropriately. 

5. Feedback to Experts 

Finding 

The SSHAC report on PSHA methodology contains explicit guidance on providing feedback to all experts 
involved in any PSHA study about the ramifications of their expert input for the final results.  During the 
Workshop, this point was discussed and its importance emphasized. 

Recommendation 

It is recommended that every PSHA study take care to provide adequate feedback to the experts who are 
involved.  This helps to assure that misunderstandings of the expert input by the study team will not distort the 
study’s results. 

6. Bayesian Methods 

Finding 

The Workshop included several papers and extensive discussion about using Bayesian methods in PSHA.  
While Bayes’ classic theorem on updating prior information with newer information is of course rigorously 
correct, and some presentations demonstrated its potential efficiency in PSHA, its application is not fully mature 
enough for routine use in PSHA without special care.   

Recommendation 

Despite these difficulties, using Bayesian updating methods can be of important value and further work (both 
research work and applications) in this area is to be encouraged. 

7. Deterministic Seismic Hazard Analysis Methods 

Finding 

Although so-called “deterministic seismic hazard analysis” (DSHA) methods were not an explicit topic within 
the announced scope of this Workshop, several papers and significant discussion covered both the benefits of 
DSHA and its limitations, and also the issues of how PSHA and DSHA differ, and why.  DSHA methods are 
widely used and will continue to be, and their important role in certain applications is acknowledged.  It is 
recognised that such DSHA studies are generally cognizant of the underlying uncertainties, and try to account 
for them pragmatically in the analysis.  The Workshop heard about recent DSHA studies in which some of the 
uncertainties are accounted for in a manner that is better theoretically founded, and this approach was well 
received by the Workshop attendees. 

Recommendation 

The incorporation of uncertainties explicitly into DSHA studies is a way to enhance them.  This can provide 
benefits that are not easily obtained from the more usual use of sensitivity studies in DSHA. 
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8. Involvement of the PSHA Study Sponsor, and Communication of Results 

Finding 

During the Workshop, there was useful discussion about the important benefits that arise from involving the 
PSHA study sponsor organisation in technical discussions at the beginning of the study and during its execution, 
rather than waiting until the end for the results.  This can help to eliminate misunderstandings about what the 
PSHA can actually achieve and what it cannot achieve, and about the nature and importance of the uncertainties 
in the final results. 

Recommendations 

• Because every PSHA Study involves large uncertainties in its results, it is recommended that each 
study begin with technical discussions with the sponsoring organisation, and that such discussions 
continue during study execution, to avoid later misunderstandings. 

• The results of any PSHA, like the results of any other analysis dealing with nuclear plant risk, need 
to be communicated to the public in a way that faithfully communicates what was done, what was 
learned, and what it means.  Risk communication is a special field of its own, and those who 
perform or sponsor PSHA studies need to acquire and use the appropriate communication skills. 

9. Hazard Comparisons: High-Seismicity vs. Lower-Seismicity Regions 

Recommendation 

Among the subjects within the scope of this Workshop was the issue of the value of comparisons between 
PSHA studies performed in regions of high seismicity and other studies performed in regions of moderate or 
low seismicity.  This was also an explicit recommendation of the earlier Workshop in Jeju Korea in 2006.  
However, only one paper was submitted to the Workshop on this topic, and very little discussion took place 
about such comparisons.  It is recommended that this subject be given special attention at a future NEA 
workshop. 

10. Use of PSHA in Design 

Recommendation 

One of the major potential uses of a PSHA study is to support technical decisions at the design stage for a 
specific facility.  There are obvious advantages to using insights developed in either a site-specific or a regional 
PSHA to inform how a design is undertaken, or to inform how a given engineering design code is formulated. 
However, it does not now make sense to incorporate such methods as mandatory requirements in the 
industry-wide codes that the design engineers use.  This area of application did not receive adequate attention 
during this Workshop, but is surely worthy of exploration at a future Workshop.  In various forums around the 
world, including within the relevant committees at several of the major Standards Development Organisations 
such as ASME and ANS, this topic is beginning to receive serious attention.  It is recommended that this area be 
considered as the subject of a future Workshop. 

III. Citations 

SSHAC REPORT: 

“Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Experts”, 
Senior Seismic Hazard Analysis Committee (SSHAC), R.J. Budnitz, G. Apostolakis, D.M. Boore, L.S. Cluff, 
K.J. Coppersmith, C.A. Cornell, and P.A. Morris, Report NUREG/CR-6372, Lawrence Livermore National 
Laboratory, sponsored by the U.S. Nuclear Regulatory Commission, U.S. Department of Energy, and Electric 
Power Research Institute (1997). 
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OECD-NEA JEJU SPECIALISTS MEETING NEA/CSNI/R(2007)14: 

“Proceedings of the Specialists Meeting on Seismic Probabilistic Safety Assessment (SPSA) of Nuclear 
Facilities”, Jeju, Korea, 6-8 November 2006, sponsored by the OECD Nuclear Energy Agency. 

 



NEA/CSNI/R(2009)1 

12 
 



NEA/CSNI/R(2009)1 

13 
 

Workshop on the Recent Findings and Developments 
in Probabilistic Seismic Hazards Analysis (PSHA) Methodologies and Applications 

Lyon, France 7-9 April 2008 
 

TABLE OF CONTENTS 

FOREWORD 5 

ACKNOWLEDGEMENTS 6 

SUMMARY AND CONCLUSIONS 7-11 

TABLE OF CONTENTS 13-15 

OPENING SESSION 17 

Opening – Welcome Address 19-20 
Mr. E. Viallet, EdF 

Introduction & Objectives of the Workshop 21-29 
Mr. A. Huerta, OECD/NEA 

INVITED LECTURES 31 

How to Re-Evaluate the Seismic-PSA Value, When NPP Met the Critical Event 33-63 
Relation of the Fact on the Plant Suffered from an Extremely Strong Local Earthquake 
to Seismic PSA Analysis 
Prof. Heki Shibata, University of Tokyo, Japan 

Empirical Ground-Motion Models for PSHA at Sites of Critical Facilities 65-92 
J.J. Bommer, Professor of Earthquake Risk Assessment, Imperial College London, UK 

Improving Ground Motion Models for PEGASOS and YUCCA Mountain 93-115 
N. Abrahamson, Geoscience Department, PG&E, USA 

A Bayesian Updating Framework for Prediction of Site-Specific Seismic Ground 117-141 
Motion 
T. Takada, University of Tokyo, Japan and M. Wang University of Waterloo, Canada 

Probabilistic Seismic Hazard and Bayesian Methodology 143-159 
G. Woo, Risk Management Solutions, UK 

Current Developments in PSHA Methodologies, Issues and Potential Difficulties 161-193 
Methodologies for Capturing the Scientific Basis for Seismic Source Characteristics in  
PSHA: An Example from the PEGASOS Project, Switzerland 
K.J. Coppersmith, Coppersmith Consulting, Inc. and R.R. Youngs, Geomatrix Consultants, Inc. 



NEA/CSNI/R(2009)1 

14 
 

SESSION 1 - RECENT ADVANCES IN REGULATIONS AND GUIDELINES 195 

Probabilistic Seismic Hazard Assessment Activities including Continuing 197-212 
Research at the U.S. Nuclear Regulatory Commission 
A. J. Murphy, A. M. Kammerer and J. Ake, NRC, USA 

Confidence Levels in Deterministic Seismic Hazard Estimation and Confrontation with 213-237 
Probabilistic Estimates: on the Importance of Integrating Uncertainties in Macroseismic Data 
D. Baumont, O. Scotti, M.E. Cushing, and C. Berge-Thierry, IRSN, France 

Swiss Regulatory Review of the PEGASOS Study 239-265 
P. Zwicky, R.T. Sewell, and D. Giardini, Consultants to the Swiss Nuclear Safety Inspectorate 
(HSK), Switzerland 

Seismic Source Issues In Siting New Nuclear Power Plants in the Central and 267-282 
Eastern United States 
Y. Li and N. Chokshi, NRC, USA 

New IAEA Guidance on Seismic Hazard Evaluation – (Generation IV) 283-291 
A. Gürpinar, IAEA 

SESSION 2 - CURRENT PSHA PRACTICES AND CHALLENGES 293 

The Finnish Approach to Seismic Hazard Analysis – Case Loviisa 295-312 
J. Sandberg and P. Välikangas (STUK), P. Varpuso (Fortum Nuclear Service), Finland 

Current Hungarian Practice of Seismic Hazard Assessment: Methodology and Examples 313-344 
L. Tóth (GeoRisk Earthquake Research Institute), E. Győri (Seismological Observatory), 
T.J. Katona (Paks NPP), Hungary 

Accounting for Epistemic Uncertainties in Site Effect Studies: Examples of a Logic Tree  345-360 
Approach 
P-Y. Bard (University Joseph Fouier), D. Fäh (Swiss Seismological Service), A. Pecker 
(Géodynamique et Structure), J. Studer (Studer Eng.), N. Abrahamson (Geoscience Dept. 
PG&E) 

Use of the Hybrid Empirical Method for Developing Attenuation Relationship in 361-378 
Regions of Low Seismicity 
K. Campbell, ABS Consulting (USA) 

SESSION 3 - CHECKS OF CONSISTENCY OF PSHA RESULTS VERSUS 379 
AVAILABLE OBSERVATIONS 

PSHA Outputs Versus Historical Seismicity - Example of France 381-395 
P. Labbé, EdF/SEPTEN, France 

A Method for Comparison of Recent PSHA on the French Territory with Experimental 397-411 
Feedback 
N. Humbert, E. Viallet, C. Durouchoux, EdF, France 

 



NEA/CSNI/R(2009)1 
 

15 
 

Consistency of PSHA Models in Acceleration and Intensity by Confrontation of 413-442 
Predictive Models to Available Observations in France 
C. Martin (Geoter International), R. Secanell (Geoter International), E. Viallet (EdF/SEPTEN), 
N. Humbert (EdF/SEPTEN), France 

Constraining Probabilistic Seismic Hazard Estimates with Strong Motion Data: 443-454 
Possibilities and Limitations 
C. Beauval, Géosciences Azur-IRD, P-Y. Bard, University Joseph Fouier, S. Hainzl, Institute of  
Geosciences, Germany 

Statistical Comparison between National Probabilistic Seismic Hazard Maps and 455-476 
Frequency of Recorded JMA Seismic Intensities by K-NET Strong-Motion Observation  
Network during Past Decade in Japan 
Hiroyuki Fujiwara, Nobuyuki Morikawa, National Research Institute for Earth Sciences and  
Disaster Prevention, Yutaka Ishikawa, Toshihiko Okumura, Jun’ichi Miyakoshi Shimizu  
Corporation, Nobuoto Nojima, Gifu Univeristy, Y. Fukushima, Ohsaki Research Institute, Japan 

SESSION 4 - ADVANCED AND ALTERNATIVE PSHA METHODS 477 

Uncertainties in PSHA for Regions of Low to Moderate Seismic Potential:  The Need for 479-492 
a Structured Approach 
J.P. Ake, NRC, USA 

An Evaluation of Epistemic and Random Uncertainties Included in Attenuation    493-508 
Relationship Parameters 
N. Humbert, E. Viallet, EdF/SEPTEN, France 

Damage – Relevant PSHA 509-542 
R. T. Sewell, R.T. Sewell Associates, Consultant to HSK 

On the Use of a Bayesian Updating Technique to Reduce Epistemic Uncertainties 543-562 
In PSHA 
E. Viallet, N. Humbert, EDF/SEPTEN, France 

SESSION 5 - COMPARISONS BETWEEN PSHAs CONDUCTED IN 563 
DIFFERENT AREAS 

Lessons Learned from the Recent Experience on PSHA IAEA EBP Conclusions 565-571 
A. Gürpinar (IAEA) 

Comparison of PEGASOS Results with Other Modern PSHA Studies 573-591 
M. Richner and S. Tinic, Nordostschweizerische Kraftwerke, NPP Beznau, Switzerland 

LIST OF PARTICIPANTS 595-602 

 



NEA/CSNI/R(2009)1 

16 
 



  NEA/CSNI/R(2009)1 

17 
 

OPENING SESSION 

Opening – Welcome Address 
Mr. E. Viallet, EdF 

Introduction & Objectives of the Workshop 
Mr. A. Huerta, OECD/NEA 

 



NEA/CSNI/R(2009)1 

18 
 



  NEA/CSNI/R(2009)1 

19 
 

 
 

 
 



NEA/CSNI/R(2009)1 

20 
 

 
 



  NEA/CSNI/R(2009)1 

21 
 

 
 

 



NEA/CSNI/R(2009)1 

22 
 

 
 

 



  NEA/CSNI/R(2009)1 

23 
 

 
 

 



NEA/CSNI/R(2009)1 

24 
 

 
 

 



  NEA/CSNI/R(2009)1 

25 
 

 
 

 



NEA/CSNI/R(2009)1 

26 
 

 
 

 



  NEA/CSNI/R(2009)1 

27 
 

 
 

 



NEA/CSNI/R(2009)1 

28 
 

 
 

 



  NEA/CSNI/R(2009)1 

29 
 

 
 



NEA/CSNI/R(2009)1 

30 
 



  NEA/CSNI/R(2009)1 

31 
 

INVITED LECTURES 

How to Re-Evaluate the Seismic-PSA Value, When NPP Met the Critical Event Relation of the Fact 
on the Plant Suffered from an Extremely Strong Local Earthquake to Seismic PSA Analysis 
Prof. Heki Shibata, University of Tokyo, Japan 

Empirical Ground-Motion Models for PSHA at Sites of Critical Facilities 
J.J. Bommer, Professor of Earthquake Risk Assessment, Imperial College London, UK 

Improving Ground Motion Models for PEGASOS and YUCCA Mountain 
N. Abrahamson, Geoscience Department, PG&E, USA 

A Bayesian Updating Framework for Prediction of Site-Specific Seismic Ground Motion 
T. Takada, University of Tokyo, Japan and M. Wang University of Waterloo, Canada 

Probabilistic Seismic Hazard and Bayesian Methodology  
G. Woo, Risk Management Solutions, UK 

Current Developments in PSHA Methodologies, Issues and Potential Difficulties Methodologies for 
Capturing the Scientific Basis for Seismic Source Characteristics in PSHA: An Example from the 
PEGASOS Project, Switzerland 
K.J. Coppersmith, Coppersmith Consulting, Inc. and R.R. Youngs, Geomatrix Consultants, Inc. 

 



NEA/CSNI/R(2009)1 

32 
 



  NEA/CSNI/R(2009)1 

33 
 

How to Revaluate the Seismic-PSA Value, When NPP Met The Critical Event 
Relation on the Fact on the Plant Suffered from an Extremely Strong Local Earthquake to Seismic 

PSA Analysis 
 

Heki Shibata, Dr/Professor of Emeritus, University of Tokyo, Japan 

1. Introduction and key point of this short article 

The purpose of this meeting is toward low and moderate seismic countries.  This paper might be funny, 
because the author wants to discuss the recent destructive event in Japan.  The author wants to back what is 
a key of low seismic country?  Which is a correct answer that it is a country which has a very low-level 
PGA earthquake only, or it might have a very, very strong earthquake, but very seldom.  It comes from the 
question how a shallow, but low magnitude earthquake may bring high PGV in a certain limited area.  The 
geological research has not been made well in this study, and we don’t know the difference of their seismic 
curves in both cases.  Most of you might say that the following author’s discussion shouldn’t our subject 
here.  But the event may be a variation of a case above-mentioned. 

We experienced the event; Chuetsu-oki, Off Chuetsu earthquake-2007 with about ten causalities last 
summer, and the Kashiwazaki-Kariwa Nuclear Plant, Tepco. had troubles of damages of non safety items, 
as well as structures and facilities in urban area, next to the plant. 

The effort of trial to evaluate Seismic-PSA values of several units out-of to seven units in this plant was 
made before the event last several years, and as a result, no nuclear accident occurred at the event. 

Various newspapers in the world reported that NPP in Japan had seismic induced nuclear-accident last 
summer but, no nuclear hazard existed in this event, even its acceleration level, PGA was almost twice of 
DBA, S2 of the licensed value.  Even though, no nuclear accident, how we count the fact experienced to 
the pre-evaluated S-PSA value.  Of course, it is easy in the deterministic seismic design to consider the 
facts to future design modifications.  However, it is rather difficult in the sense of Seismic-PSA.  If we 
reminded “Bayesian Practice”, we might say that there may be a way to re-modify the pre-evaluated 
S-PSA value.  In this procedure, some re-modification of a hazard curve might be included. 

In this article, the author wants to discuss in wider area than PSHA, based on our experience.  He wants to 
discuss how we change the procedures of PSHA and S-PSA by experience through this event. 

2. Back-ground and event 

Before starting the discussion, we should know about the event.  The event occurred at 10:13, on the 17 July 
2007, a National holiday.  M = 6.8, and there were many structural damages and liquefaction phenomena and 
changes of landscape were observed.  As mentioned, the number of deaths was only approximately ten, and 
compared to the same size-quake and the structural damage, it is far less.  Because the size of town is not so 
large and it is less densely populated than the midsize city in Japan, and there was no fire at all.  The area was 
sea coast and sand-cume, and the damages are locally distributed. It might come from the geological feature 
of this area and it is also related to the feature of occurrence of the recent seismic events. 
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The Niigata Chuetsu eq.-2004 and the Noto-hanto (peninsula)-oki eq. in March 2008 were occurred.  At 
first the fault surface of the event couldn’t decided, and there were discussion on two orthogonal faults, 
which were estimated by the distribution of foci at the conference of the Seismological Society of Japan, 
held in October.  It was an unusual situation and the Committee on the Seismic Survey in the Cabinet 
Office made their conclusion open.  The detailed concept of mechanism was presented by Sugiyama, Aist. 
recently.  That is, the concept of “series of sectors” along the strain concentrated belt, which might be 
boundary of the Eurasian plate and the North America plate.  Three earthquakes these several earthquakes 
may be one of a part of the series events.  An event may have its effect to an adjacent sector, as we 
observed that the turbine trip was induced by an after-shock of Niigata-Chuetsu eq.-2004. 

These discussions wouldn’t be in low and medium seismicity area, but activity of plate boundaries might 
be changing year by year.  For example, some geologists has been discussing on forming Lyon - Atlantic 
belt, based on recent events.  Another example might be a discussion on the fault induced New Madrid eq.-
18xx.  There many uncertainty are existing in an event of low seismicity area may change the model 
seriously for S-PSA engineers, and it is appoint in such a case how to consider it for the modifying a model 
by a consideration in the geological fact, or only a stochastic approach like Bayesian Process. 

3. Seismic-PSA- evaluation done before the event 

After the revision of the Licensing Criteria in September 2005, a new requirement of “remaining risk” 
became a practice for the licensing.  Tepco. made the Seismic–PSA evaluation on their plants as the 
reference values to NRC.  The exact values have not been in public domain yet.  This activity was done for 
the trial to evaluate the “remaining risk” required in the new licensing criteria-2005. 

4. Damages of Class C items observed in Kashiwazaki-Kariwa NPP in this event 

There were many damages of Class C items including fire of the house transformer.  This smoke continued 
approximately two hours, some information from Tepco’s HP, such as minor leaking radioactive gas and 
water, far small amount of permissible level of concentration, like 5E-10, immediately after the earthquake, 
and gave an extremely unusual impression to the residents, and newspaper reports that the earthquake 
induced the Chernobyl-like nuclear accident in Japan. 

Most of damages were induced in Class C items, and the damages of Class A (As) items were several and 
no core damage had been reported 

5. Possibility of nuclear accident induced by the combinations of failures of Class C items 

Even a single failure of Class C item/facility may cause a nuclear accident.  Fortunately, in this event, there was 
no nuclear accident.  We usually say that on the target for the safety of nuclear accident, as “shut down of chain 
reaction”, “cooling down” and “enclosing radioactive materials”, no violation of those targets.  But, there is the 
possibility of occurring of nuclear accident by failure of Class C items, associating with no human error as 
mentioned before. 

Another effect of failures of Class C items may give serious psychological effect to the public of surrounding 
area as well as those through the Nation.  The author wants to naming the probability of occurring “such a social 
critical situation”, that is, a forced shut down by the political situation as “the second level of the Seismic-PSA. 

If we list up the situations, which may cause some incident or accidents of NPP including the effect of  Class C 
failures, it may be as follows (Table 5.1): 

Table 5.1:  List of assumed situations for PSA-evaluation 

1) loss of the integrity of the containment vessel, 
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2) possible nuclear accidents, 
3) radio-active release in minor level / near to critical level, 
4) simple damage of Class B,C & Non-class items. 

The following items have not been treated in Seismic-PSA in usual procedure. 

5) failures of items in the inspection and repairing phase in a unit, 
6) failures of fire-fighting systems such as berried pipings, 
7) human hazard and loss in Class C building and field of facility. 

These last three are not related to nuclear accident, but we should consider them based on our experienced 
results. 

6. Approximate summary of the seismic-PSA in the standard of AES, J. and the lack of the situations 

This Standard was published in 2007 as the first requirement of the Seismic-PSA requirement.  The actual 
pass in the Event tree and Fault tree, is important requested by this Standard.  The summary of result in this 
time 1) No Core Damage, 2) Minor Class A failure, 3) Class B failure and 4) Class C failure. 

In conclusion, we can say that there were some critical non-nuclear failures in K-K NPP as they have been 
reported in various occasions, and those effects to the public is serious in the sense of the secondary level 
of Seismic-PSA as mentioned above. 

If we quickly look through them, we notice the situations of following matters 1–8 according to Table 5.1. 
as follows: 

The environmental conditions 1), 6), 7), and 8) might be out-of scope of S-PSA in the AES,J., Standard, in spite 
of favourable situations. Of course, 7) and 8) are quite independent phenomena to an earthquake event,  
2) and 3) are usually induced by an earthquake, because of Class C facilities are related, 4) (tsunami is now 
controlled by the Licensing criteria), but not counted in AES,J., 5) and 6) are also out of scope, but, in the near 
future, 6), fire in a building will be considered, 7) and 8) are not considered also.  We can recognise much 
difference between the facts which we experienced in this occasion and AES,J., Standard and the realities which 
gave the feeling of unsafe to the public. 

The most significant point for the plant safety, is the assumption of off-site power loss from outside line.  If we 
lose the off-site power completely, the emergency diesel generator would be started, according to the 
requirement, but as the reality, there are many risks to keep their operation under the situation after the 
earthquake.  Failure of Class C items, trouble of non-nuclear fuel, oil, supply or operational error associated 
with minor disturbances induced by the earthquake may caused total black-out of them.  Through the time of 
this event, we had never lost it. 

7. The reason of the higher level of PGA to design basis ground motion 

At this moment, there are various opinions on the mechanism of causing very high acceleration.  Recently, the 
Survey Committee concluded the shape and position of the fault surface, which had not been decided since the 
event.  Sugiyama, AIST presented his opinion about “the selection of active fault for the design at the safety 
forum, which was held on the 29 February 2008, organised by the Nuclear Safety Commission as Table 7.1. 

According to the active fault, which has been decided, NPP site is near to the fault to produce the ground 
motions such as recorded.  However, there was a soft soil strata, from the base layer, Nishiyama and 
others, then the higher peak accelerations are estimated on the boundary of layer to the final soil layer.  At 
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the time of construction, the fault had not been defined for the design basis earthquake.  Sugiyama’s 
concept of “Segment” in his Table has also very important role for PSHA curve in this area at two points. 

His works and the conclusion by the Committee are affected to PSHA conclusion in the view point of the PGA 
at the surface of Nishiyama layer and also they brought a new problem to the possibility of occurrence in the 
adjacent segment in the near future like Niigata-Chuetsu earthquake-2004 and Noto-hanto-oki earthquake-2007. 

Table 7.1:  Summary of Sugiyama’s presentation from HP of NSC 
Ed. By the Author 

Challenging issues on active fault study for nuclear safety 

1) Segmentation of active faults and multi-segment earthquakes 
(Appropriate evaluation of earthquake magnitude). 

2) Faults with low activity (2000 Tottori Eq.),<Isolated Short active faults, “hard to finding”> 

3) Active folds and tectonic landforms (2007 Chuetsu-oki Eq.: blind-thrust Eq.),<ditto> 

4) Eq-source “image” for the design of ground motions without specifying Eq. sources:<Licensing 
Criteria>Including Isolated short active faults. 

He also referred to Earthquake-source “image” for the design of ground motions without specifying Eq. 
sources as the licensing criteria is requesting as follows: 

• Consideration of regional characteristics on seismicity, seismogenic layer, velocity, structure, stress 
field, tectonic setting, etc. 

• Making use of data on historical and paleo-earthquakes that occurred before the beginning of 
instrumental observation. 

• Appropriate “processing” of recorded ground motions, taking account of the above-itemised issues. 
“The design of ground motions without specifying Eq. sources”. 

As referred above is defined in the Licensing Criteria always brings to estimate the probability of hazard 
by unknown faults in the crast near-by.  So the original concept on Segment presented by Sugiyama would 
release this difficulty.  This zone is considered to be along on the boundary of the European-plate and the 
North American-plate, and its activity might be more definite than “floating earthquake”. 

8. How the effect of the failure of Class C items and structures in K-K plant to the plant safety 

The actual seismic level was far strong to their design level, but their failures were far less than we 
imagined.  Even though, their failures brought many matters to relate the secondary level S-PSA.  The 
details of the failure of each one will be reported by Tepco in IAGE meetings and other occasions.  Here 
the author wants to discuss some typical ones including the event which has the possibility of inducing a 
nuclear accident or release of a certain amount radio-active material. 

8.1 Why the number of failures of structures and items of Class B and C was so small 

Seismic loadings of this time came twice as 10:XX and 15:15.  The after-shock was so small and no effect 
to the facilities.  The main shock is strong and was nearly three times of PGA of the DBE as we already 
discussed and they had three impulses like so-called “Killer Pulse”.  The PGA recorded at the unit #1 was 
the peak of the third pulse near to the end during 12 sec main ground motions.  The effect of tree pulses in 
12 sec to the failure may be significant, the author believes, but no one has studied it. 
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The PGA was almost three times means of DBE, S2 for Class As, that is, 680 gal EW at the base mat of K-1.  
Therefore, the PGA around the area near K-1 on the ground surface might be estimated approximately 
1000～13000 gal.  This acceleration is enough to fail the ordinary building, which was designed based on the 
Building Code in Japan.  The main office building was damaged with many cracks and glass-sliding doors at 
the entrance were broken, and in the office rooms, many of furniture were moved or over-turned. 

The soil was disturbed by liquefaction, then roads were woven, and many items of Class C were moved 
and tilted.  However, failures caused by acceleration were not found except non-nuclear structures in the 
yard.  The oldest tower for protecting the thunder-striking in wintertime was failed at some elements. 

Near-by the NPP, there is a factory for burning conventional dust operated by the local government.  They 
had some damages of equipment but they are repairable, and along the Street Arahama, we observed 
several crashed old wooden houses.  The damaged situation of Arahama, the most severe area in this 
earthquake, but far from the City Kobe in 1995.  In conclusion, by the author, the actual effect of the 
ground motions is far lower than Kobe-event, and deferent from the impression of its PGA, and its 
situation can be understood that the number of deaths was 11; even the population is smaller than Kobe. 

This fact may be investigated much more the effect of Class item failure. 

8.2. Some typical examples of a failure of Class C Items may inducing a nuclear accident 

The author wants discuss several examples in this section. 

Tepco. reported through their internet on the 17 of July, the next day of the earthquake, as following “news 
release”: at the main stuck radioactive iodine and radioactive particles, such as Cr51, Co60 were found at 
the regular inspection around at 1 pm.  Their detected dose is so low.  The leakage of such particles means 
the leakage of the water from primary loop.  Their report had never mentioned about the leaking of the 
primary water (or steam) in his report. 

Later the reason became clear.  There are several different types of house boiler in the site.  Some have the 
automatic shut down system at the design level.  As a result only one boiler could supply the steam to all 
units after the event.  The clean steam is necessary to clean up contaminated primary steam from the main 
turbine.  Then, it took the longer time to cool down four units, which were operated at the earthquake, and 
the operation was completed to the cold state at 5 am of the next day.  During this period, the post- 
operation of shutdown to the cold state had been done one by one.  If normal, these processes are done in 
parallel.  From one of the sealing of the shaft, the primary steam came out through the valve, which was 
not closed by the operational error.  This error brought the fact that if all house boilers were failed how to 
manage the operation to clean up the main turbines of the tripped units. 

8.3. On the cause of fire of house-transformer 

The fire of the house transformer caused by the shortage of out-put connection bus-lines at a point near to 
the panel of the transformer vessel.  The leakage of oil from the transformer caught the fire because uneven 
settlements.  Usually, this power supply line is connected to the main turbine, and during the steam is 
remaining in the reactor, the main turbine is operating, and the necessary power is supplied from it and 
after the trip of the main turbine, the power source was switched to other source.  At the fire, the power 
source might be from other emergency supply and this fire had no relation to the plant safety.  It may be 
necessary to consider how the connection this transformer to the main generator-turbine should be. 
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8.4. Soil instability and situation of yards and accidental situation 

These soil states brought various situations in the yard, such as liquefaction, landslide and so on, and as a result, 
they brought minor failures of various Class C failure rerated to more important events and through the failure 
of the sealing function of penetration at the wall of the reactor buildings or of penetration of the boundary in the 
building caused the leakage of radioactive water to outside, or flow–in of mad to inside of building. 

8.5. Internal flooding 

As mentioned in the previous section, these phenomena may happen by various minor causes of unsuccessful 
design, or non-seismic classified components.  The typical example in this time is the rubber bellows in the 
cooling sea water pass of the condensers for the low-pressure part of the main turbine.  The rubber bellows were 
ruptured along it, and the size of crack is approximately 3.5 meters, and as a result a half hundred ton of sea 
water was flooded in the turbine building.  The reason for the rubber bellows are not clear. 

 

Figure 8.1:  Figure of unit condenser made by Hitachi Co 

8.6. Other subjects 

Some minor troubles may cause a significant release of radioactive materials to outside of buildings, for 
example, opening of blow-out panels by the response of turbine buildings, if the leakage from Class B 
pipings in the room.  This type of the blow-out panel was reported from Onagawa NPP, Tohoku E.P.Co. 

Leaking through wire penetrations of the wall of the controlled area of reactor buildings were reported because 
of degrading of filling material and also through the cracks surround pipings of penetrating underground outer 
wall, mud and water came in the inside.  Such events were caused insufficient requirement by design procedure.  
The former one caused the leakage of contaminated water from fuel pond. 

Such defective matters are not related to serious accident which may concern to Seismic PSA.  But, the 
absence of design consideration and inspection may to be missed the possible event for the analyses of 
FTA and ETA. 

9. PSHA and DBE 

The distribution of occurring of a certain level of earthquakes is almost flat one to sharp one, that is, the 
variation “σ” is large too small.  Even a low seismicity country, if the variation is large, the DBA should be 
large.  This is not the stochastic problem, but also geo-seismological subject.  At least, we should consider the 
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tectonic feature in global size.  We don’t have enough knowledge on such a problem, even in Japan.  We 
couldn’t expect the fact that three earthquakes, Niigata-Chuets-2004, Noto-hanto-oki-2007 and Chusts-oki-2007 
in almost adjacent area as mentioned before, if we discussed about the next earthquake in 2007, it is difficult to 
expect two earthquakes last year, 2007.  As referring in Appendix, the required DBE, Ss is increasing after the 
event.  This might be the world wide tendency, and the details of the design practice couldn’t follow up 
unexpected failures like those in this Kashiwazaki-case, therefore, the design of items related to the 
seismo-nuclear safety.  Even in the low seismic country, the DBE should be high enough to protect these items 
related to the safety, if that would be expected in low probability of occurrence. 

10. Role of operators to cover the failure of Class C items 

It should be noticed that some failures might be observed at the points, where a chance of loading test and 
inspections are limited at the points of seism loadings only.  Another such an example, the position of seismic 
induced non-positive response would be expected.  There was a large crack by unexpected response and big 
amount of sea-water spill out and caused internal flood as discussed in Section 8. 

It is difficult to avoid such troubles in advance, then, we should cover the well organized operation.  Multi-
process of emergency operations to follow to the unassumed situation of the damages of Class C items and 
situations of off-plant systems may induce a serious accident. The difference of the procedure on 
operations by the human characteristics of the operators who work at the moment exists.  Sometimes, we 
judge the human error, but it is more complicated subject. Even very short duration of ground motions, 
10～20 or 30 seconds, they must make many decisions to operate it, because of some failures of the 
system, and the author does not believe any failure or malfunction of the safety system. After some 
minutes, the operators would meet unexpected situation, and they should react to such situation in the right 
way. It might be clear in his operation record after the event including training process. 

Add to the fact above mentioned, mental effect related to own safety and lack of information of the 
condition on his family might be a cause of unfavourable judgments in the emergency operation. 

11. Concluding remarks - What is the key to improve the PSHA and seismic-PSA after the event 

1) The author fells the necessity of more systematic developing PSHA in non-high seismic countries.  
We believe that we will be able to establish the global tectonic model for the simulation, if the 
network of seismograph-net work will be enough superadded and investigation on the structure 
will be develop.  We should support the world-wide research. 

2) After experience the event, the post-evaluated Seismic PSA value should be re-evaluated.  In the 
process, the FTA and EVT should be reviewed and modified, the author discussed in this article. 
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13. Appendix 

At the end of March, some utilities submitted the report on their modification of DBE, Ss to NISA as follows: 

Shimane NPP 456―>600 gal 
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Onagawa NPP 375―>580 
Higashi-toori(Tohoku EPCO) 375―>450 
Ikata 473―>570 
 (from Nikkei Newspaper on the 29 March,) 

14. Abstract (revised) 

We experienced that damaging of Kashiwazaki-kariwa Nuclear Power Plant, which consists of seven BWR 
units on 16 of September 2007.  Fortunately no critical damage on their reactors and Nuclear-related items, 
and then almost no damage of Class A items.  However, there were various damages on Class B and C 
items in the plant and roads were damaged as conventional road in out-side area.  The main office building 
was damaged inside, and we couldn’t expect any usual function.  Two out-of four trunk line of 500 kV 
were disconnected from other power units. 

The three units were fully operated and were sending approximately 4000 Mwe to the net, and one unit 
was in starting process, and all four units safely shut-down by seismic trigger signals even the maximum 
recorded acceleration was 680 gal against the corresponding design basis acceleration S2 was 273 gal. 

Now they almost completed the examinations of the details, of two units, and they couldn’t find any 
critical damages of their reactor cores and primary piping systems.  Whether or not we should expect some 
failures of safety expected items under 2～3 times DBE loadings, this is a point of this presentation.  We 
checked SMA, whose definition is more deterministic as to be different from other countries in Japan, 
those values of significant important items are usually around 10, but some of them are near to two or less. 

The fact where there was no critical affair as a nuclear reactor, would give us how much S-PSA value? and 
how much different to the computed, post- evaluated value at the time when we completed its design. 

The author likes to discuss on the difference of those two values, the value obtained by the fact and the 
evaluated value in advance. 

The seismic hazard value might be different from evaluated value in advance in this case.  The area like 
here, Noto, and Mihama, where NPPs exist along Japan Sea-side has an unique seismic hazard curve.  The 
author wanted to discussed more mathematically, but he found the more practical problem to reviewing 
events of FTA and ETA based on the experienced facts.  Also, the assumption of events for the analysis 
was deeply related to the dispersion of PSHA and DBE in the low and medium seismicity countries. 

He wants discuss this subject.   (2008/03/30) 

Previously submitted abstract 

This will be submit to ICOSAR,08 in Oosaka, Japan after modifying more to evaluation problems. 

We experienced that damaging of Kashiwazaki-kariwa Nuclear Power Plant, which consists of seven BWR 
units on 16 of September 2007.  Fortunately no critical damages on their reactors and Nuclear-related 
items, and then almost no damage of Class A items.  However, there were various damages on Class B and 
C items in the plant and roads were damaged as conventional road in out-side area.  The main office 
building was damaged inside, and we couldn’t expect any usual function.  Two out-of four trunk line of 
500 kV were disconnected from other power units. 
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The three units were fully operated and were sending approximately 4000 Mwe to the net, and one unit 
was in starting process, and all four units safely shut-down by seismic trigger signals even the maximum 
recorded acceleration was 680 gal against the corresponding design basis acceleration S2 was 273 gal. 

Now they almost completed the examinations of the details, of two units, and they couldn’t find any 
critical damages of their reactor cores and primary piping systems.  Whether or not we should expect some 
failures of safety expected items under 2～3 times DBE loadings, this is a point of this presentation.  We 
checked SMA, whose definition is more deterministic as to be different from other countries in Japan, 
those values of significant important items are usually around 10, but some of them are near to two or less.  
Also we made the shaking tests of various items on their functions. Based on our knowledge, we could say 
that some of them might exceed the failure limit by the loading in this time. 

The fact where there was no critical affair as a nuclear reactor, would give us how much S-PSA value?  
And how much different to the computed, evaluated value at the time when we competed its design. 

The author likes to discuss on the difference of those two values, the value obtained by the fact and the 
evaluated value in advance. 

The seismic hazard value might be different from evaluated value in advance in this case.  The area like 
here, Noto, and Mihama, where NPPs exist along Japan sea-side has a unique seismic hazard curve. 

The recorded peak-accelerations of #1 and #5, which situated at both points near to the boundaries, are 
almost two third, where #1 is the highest, and street-town Arahama were severe damaged in all area which 
suffered in this earthquake.  An earthquake in the coast of Japan-Sea has a much localised area of high 
PGA in some cases as this case.  We have never evaluated the hazard curve of such an earthquake.  If we 
try to combine these two subjects, how we conclude the fact of occurred in this plant and the evaluated 
S-PSA value.  To evaluate S-PSA value on other NPP such as Mihama, Tsuruga, or Shimane, which is 
situated along Japan sea-coast(?) can the ordinary approach bring the exact value for us?. 
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Empirical Ground-Motion Models for PSHA at Sites of Critical Facilities 
Julian J. Bommer, Department of Civil & Environmental Engineering, Imperial College, London 

1. Introduction 

The engineering design of critical facilities such as nuclear power plants requires quantitative assessment 
of the loads that could be imposed on the structures and the provision of sufficient resistance to prevent 
catastrophic failure. Amongst the most severe loading cases originating from natural (rather than 
anthropogenic) causes can be the ground shaking caused by earthquakes, which leads to the importance of 
considering seismic hazard for such plants even in regions with relatively low levels of earthquake activity, 
such as northwestern and central Europe, and central and eastern North America. 

Seismic hazard analysis for critical facilities presents a number of special challenges, in particular because when 
a probabilistic approach is adopted, the hazard estimates will often be extended to return periods far beyond 
those considered in engineering design of less critical constructions. At such long return periods, the variability 
associated with empirical equations for the prediction of ground-motion parameters can exert a very large 
influence on the hazard estimates, which raises questions about the feasibility of modifying the distribution of 
ground-motion residuals, both in terms of reducing the standard deviation and truncating the distribution. 
Recent work addressing both of these issues is discussed in the latter part of this paper. 

The first issue addressed in the paper is to what degree ground-motion prediction equations need to be 
specific to the region in which the hazard assessment is being conducted. This becomes a particularly 
important question in areas of low seismicity where local strong-motion data will be at very best sparse and 
limited mainly to recordings of small-to-moderate magnitude earthquakes. The extent to which genuine 
regional differences in earthquake ground motions exist is discussed, and with it the question of whether 
poorly-constrained ‘local’ equations are preferable to robust ‘foreign’ equations. 

2. Do we need region-specific ground-motion models? 

When faced with the task of undertaking a seismic hazard analysis for a particular site, the seismologist 
would naturally wish to select a ground-motion prediction equation derived specifically for that region, 
although consideration of epistemic uncertainty associated with the median predictions means that it will 
always be necessary to use a number of equations (e.g., Bommer et al., 2005). In regions with abundant 
strong-motion data, such as California and Japan, for which a number of equations have been derived, the 
choice of candidate models is relatively straightforward. In regions with limited accelerographic data, the 
choice is less obvious and the issue arises as to whether equations derived from sparse local datasets are 
preferable to more robust equations derived from larger datasets from broader or even completely distinct 
regions? Bommer (2006) discussed how differences amongst the median predictions from equations 
derived from national datasets, such as for Italy and Turkey, show much greater divergence than the 
median values from pan-European equations such as those of Ambraseys et al. (2005) and Akkar & 
Bommer (2007b). As Douglas (2007) points out, inferring that there are regional differences on the basis of 
differences in the median predictions from poorly constrained equations is an unreliable and inconclusive 
approach. Using more sophisticated analyses, employing strong-motion recordings and stochastic 
simulations, Douglas (2007) reaches the following conclusions: “By comparing estimated median response 
spectra for various regions separated into three broad tectonic regimes based on their average strain 
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rates, it is found that some regions seem to display significantly higher or lower spectra than others; 
however, most models within each type of regime predict similar spectra especially when considering the 
(unknown) uncertainties of models.” This conclusion is supported by the finding of Stafford et al. (2008), 
for example, that the new equations produced by the NGA (Next Generation of Attenuation) project yield 
very similar median predictions to those from the recent European equations of Akkar & Bommer 
(2007a,b), as shown in Figure 1. 

 

Figure 1:  Comparison of predicted median values of peak ground velocity from recent European and 
western North American equations; adapted from Stafford et al. (2008) 

3. Regional differences vs. magnitude scaling 

In contrast to the evidence, such as that shown in Figure 1, which suggests that strong regional differences 
– at least amongst active regions of shallow crustal seismicity – may not exist, there are still many claims 
that the characteristics of earthquake ground-motion in some regions are uniquely different. An example of 
this is the seismic hazard study for France presented by Marin et al. (2004), which made use of 
ground-motion prediction equations derived from regression on recordings of small-to-moderate 
magnitude French earthquakes; their dataset consisted of recordings from events with local magnitude 
between 2.6 and 5.6, with 36 of the 63 records coming from events of ML 4.3 or smaller. Marin et al. 
(2004) then note that the recorded ground motions are severely overestimated by the PGA equation of 
Ambraseys (1995), based on events of Ms 4.0 and above, concluding that “Geological conditions might 
only partially explain the differences with the French data....The explanation may be….the different 
tectonic contexts from the European area, the Mediterranean basin, to the Middle East.” 

The disagreement that Marin et al. (2004) found between the median predictions from equations derived 
from recordings of larger magnitude events and the accelerations recorded during smaller French 
earthquakes could be entirely due to scaling issues rather than regional differences. Cotton et al. (2008) 
have demonstrated that equations with simple functional forms, capturing neither non-linearity in 
magnitude scaling nor the magnitude dependence of attenuation with distance – such as that of Ambraseys 
(1995) – cannot be extrapolated outside their range of magnitude applicability. Bommer et al. (2007) 
explored this issue by extending the dataset used by Akkar & Bommer (2007b), which covered the 
magnitude range Mw 5.0 to 7.6, to include recordings from events with magnitudes between Mw 3.0 and 
5.0, and then compared the predictions of median motions from the equations from both equations over a 
wide range of magnitudes (Figure 2). 
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Figure 2:  Comparison of predicted median values of peak ground acceleration from recent European 
equations derived from datasets covering different ranges of magnitude; curves plotted as 
dashed lines are extrapolations beyond the limits of the dataset. 

The comparison in Figure 2 confirms that extrapolating predictive equations derived from larger-magnitude data 
to estimate the motions from smaller events results in severe overestimation, notwithstanding the inclusion of a 
quadratic magnitude term and magnitude-dependent geometric spreading. From this it could therefore be 
concluded that extrapolating equations derived from small-magnitude recordings to predict motions from 
larger-magnitude earthquakes will result in underestimation of the ground accelerations.  The implications for 
seismic hazard analysis for critical facilities in regions of low-to-moderate seismicity are obvious, in particular 
the danger (or possibly even the temptation) of obtaining artificially low hazard estimates through the exclusive 
use of small-magnitude accelerograms recorded locally. 

4. Sigma 

The aleatory variability associated with empirical ground-motion prediction equations – usually quantified by 
the standard deviation (sigma) of the logarithmic residuals – is as much a part of the prediction as the median 
values, and integration over this distribution is an indispensable part of the calculations involved in probabilistic 
seismic hazard analysis (PSHA); although hazard studies are still performed neglecting sigma, an analysis can 
only be considered to be a PSHA if it includes integration over this variability (Bommer & Abrahamson, 2006). 
Sigma must be included in PSHA calculations, and moreover there is currently no physical basis to justify the 
truncation of the distribution of residuals at a level low enough (say 2 or 3 standard deviations) to have any 
appreciable impact on the hazard except at extremely long return periods (Strasser et al., 2008a). 

Despite the very significant increase in the number of available accelerograms over the last three decades 
and the increasing complexity of functional forms, the published values of sigma associated with empirical 
prediction equations have not shown any significant reductions (e.g., Strasser et al., 2008b). However, 
there may be scope for using reduced values of sigma by taking account of the fact that the variation of 
ground motion at a particular site over time is likely to be smaller than the variation of ground motions 
over large areas and regions (Atkinson, 2006). The largest potential reductions would be for specific 
combinations of a site and an individual seismogenic source, but to do this requires that the median 
motions for the source-site combination be known with confidence. 
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Improving Ground Motion Models 
for PEGASOS and Yucca Mtn 

Norm Abrahamson

Pacific Gas & Electric Company

April 8, 2008

 

Overview

• Review of the PEGASOS approach to ground 
motion

• PEGASOS refinement project to improve the 
ground motion models

• Yucca Mtn Extreme Ground Motion project

• Testing PSHA results
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PEGASOS Project
• SP1 - Source Characterization

– Magnitudes, locations, style-of-faulting, rates

• SP2 - Ground Motion Attenuation for rock
– Rock, Vs=2000 m/s
– Sa for frequencies of 0.5 - 50 Hz
– Average Horizontal, Vertical

• SP3 - Site Response
– Surface and at depth of embedment
– Sa for frequencies of 0.5 - 50 Hz
– Average Horizontal, Vertical

• SP4 - Hazard Analysis
– Rock hazard
– Soil hazard combined site response with rock hazard
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SP4: Hazard Calculation
Treatment of Ground Motion Variability

• PEGASOS
– Followed standard practice in modern PSHA
– Variability in ground motion for a given M, R, Site is included in 

the hazard integral (aleatory variability)

• Previous Hazard Studies
– Std dev of ground motion not included directly in hazard 

calculation (e.g. not in hazard integral)
– ± 1 σ added to ground motion
– Common practice in 1970-1985, but no longer accepted

• Including ground motion variability greatly increases the 
hazard at low probability levels
– A large increase in hazard from the previous studies was expected 

due to the hazard methodology
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Increase in Hazard

• Most of the increase in the mean hazard is 
due to the hazard calculation methodology

• Remaining increase in the mean hazard is due 
to much larger uncertainty in the PEGASOS 
models

 

Increased Uncertainty

• In other studies (LLNL 1985, Yucca Mtn 1998), 
large uncertainty was driven by single experts 
(outliers)

• Not the case for PEGASOS
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Hazard Sensitivity: SP1 Experts
Beznau PGA

 

Hazard Sensitivity: SP2 Experts
Beznau PGA
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Hazard Sensitivity: SP3 Experts 
Beznau PGA

 

Increased Uncertainty

• Different experts gave similar estimates of the 
uncertainty
– Issue of expert aggregation is not significant for 

the uncertainty

• Total uncertainty dominated by the SP2 
uncertainty
– There is little ground motion data from M>5 in 

Switzerland
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SP2: General Approach
• PEGASOS

– Empirical Models
• Use Existing Ground Motion Models
• Experts decided not to derive new empirical models

– Numerical Simulation Based Models
• EUS stochastic point source
• EUS finite-fault

– Swiss-Specific Stochastic Models
• New models developed

– Assessed maximum ground motions as a function of (M,R)

 

SP2 Approach

• Experts selected 12 existing candidate models 
plus Swiss-specific stochastic model

• Experts evaluated applicability of each model 
to Switzerland

• Weights assigned to each model
– Dependent on magnitude and distance
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Ground Motion Models 
Considered

Ambraseys et al.  (1996) Europe
Berge-Thierry et al . (2000) Europe
Sabetta & Pugliese (1996) Italy
Spudich et al . (1999) Extensional
Lussou et al . (2001) Japan
Abrahamson & Silva (1997) WUS
Boore et al . (1997) WUS
Campbell, Bozorgnia (2002) WUS
Ambraseys & Douglas (2000) World-wide near fault
Atkinson & Boore (1997) EUS – Emp/Point source
Somerville et al . (2001) EUS (Finite source simulation)
Toro et al . (1997) EUS (point source simulation)
Bay (2002) Swiss Point Source
Rietbrock (2002) Swiss Point Source

 

Ground Motion Model 
Adjustments

• Magnitude scale
• Vs profile
• Style-of-faulting scaling 
• Kappa

– Cotton, Scherbuam;  Bungum only for EUS models

• Geometrical spreading and Q
– Cotton, Scherbaum

• Distance definition
• Horizontal component
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Rock Ground Motion Sensitivity 
(PGA, M6, R=10km)

 

Key Issue: Small Magnitude Swiss 
Ground Motions

• Small magnitude 
data (M3) from 
Swiss earthquakes 
(black) show much 
lower ground 
motions than other 
European data 
(red)
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Swiss-Specific Conditions

• Are ground motions in Switzerland significantly different from 
other crustal earthquake regions?
– Bommer, Bungum, Sabetta

• Found no clear basis why Swiss ground motions should be significantly different 
from tectonically similar regions

– Low ground motions from small mag eqk considered small mag to large mag scaling issue
– Ground motions from St. Die earthquake consistent with candidate models at R 80-200 

km without adjustments

• Concluded no Swiss-specific adjustments needed

– Cotton, Scherbaum
• Applied hybrid approach to modify candidate models for Swiss conditions

– Geometrical spreading, Q and kappa

 

Example: Median, M=6.0, PGA
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Example: 50th Fractile Std dev, PGA

Uses Ergodic assumption

 

Checks on Models

• Swiss-specific
– Compare models with the 2003 St Die Earthquake Ground Motion

• Near-Fault Effects
– Finite source numerical simulations by Priolo used to evaluate scaling 

to short distances in expert models
– Near fault scaling from simulations found to be consistent with 

expert’s models 
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St Die Earthquake vs Med GM

 

PEGASOS Refinement Project: 
Reducing Uncertainty in Rock GM
• Develop an improved Swiss stochastic point-source model

– Needs improved site characterization and source studies

• Improve site characterization for strong ground motion sites in 
Switzerland and other key European strong motion sites
– Vs profile
– Kappa

• Develop detailed source models for 2003 St Die, 2004 Besancon, and 
other recent earthquakes (M>4)
– Are stress-drops of St. Die and Besancon anomalous for Switzerland?
– Source properties are key since hazard is from short distances

• Use new ground motion models that do not require as many 
adjustments
– Mag, Vs, component, distance, style-of-faulting
– Smaller differences in new WUS models as part of NGA project

 



NEA/CSNI/R(2009)1 

106 
 

SP3: Site Response
• PEGASOS

– Used available site-specific information to develop 
models of soil properties at each site

– Conducted site-specific site response studies to 
estimate site amplification (from a reference Vs=2000 
m/s)

• Equivalent linear
• Non-linear
• Inclined P-SV
• 2-D effects

– Computed the maximum ground motion that 
the soil could transmit

 

PEGAOS Refinement Project: Reduce 
Uncertainty in Site Response

• Collect improved measurements of the soil 
properties at each site
– Vs profile (1-D, 2-D)
– Lab testing for non-linear properties

• Conduct site response calculations using updated soil 
properites

• Check that the rock motion and site response 
interface does not double count uncertainty
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Yucca Mtn Extreme GM Project
• Physical Limits

– What is the largest possible ground motion at Yucca Mtn
• Non-linear source

• Non-linear wave propagation through rock

• Unexceeded Ground Motions
– What are the constraints from fragile geologic features 

that have existed for a long time
• Crude seismoscopes

• Event Frequencies
– What are the rates of extreme ground motions

• Probabilities of rare combinations of source and/or wave 
propagation that lead to very large ground motions

 

Physical Limits

• Use numerical simulations
– Non-linear source

• Off-fault damage

– Dynamic rupture models
• Considers the correlation of source properties through 

a physical based model

– Non-linear wave propagation through rock
• Additional damping as rocks are fractured
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Unexceeded Ground Motions

• Fragile Geologic Features
– Age 

• How long has the feature been its is position?

– Fragility
• Chance of causing a failure of the feature for a given 

ground motio

• Types of fragile geologic features being 
considered
– Precarious rocks

– Unstable slopes

 

Event Frequencies

• Improved rock ground motion models
– e.g NGA models

• Improving Aleatory Variability
– Is there a deviation from log-normal?

• Statistical observations do not show a truncation
– EPRI (2005)
– Rhoades (2008) study neglected non-linear effects and correlations 

of data within a singe event

• Move toward numerical simulations
– Avoids ergodic assumption issues

• Still leads to large aleatory variability

– Must address correlation of source parameters
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Event Frequencies
• Improving Aleatory Variability

– Removing the ergodic assumption
• Standard deviation for a single site is about 10% lower 

than the total standard deviation
– Can take advantage of this for well characterized sites

• Standard deviation for a single site and a single source 
region is about 30-50% lower than the total

– Must pay a penalty for increased epistemic uncertainty in the 
median ground motion for each source location until enough 
data is available for each source location

– Some hazard studies have used the reduced standard 
deviation without the increased epistemic uncertainty in 
median 

 

Event Frequencies

• Move toward numerical simulations
– Avoids ergodic assumption issues

– Must address correlation of source parameters
• Slip (over rupture)

• Rupture velocity (over rupture)

• Rise-time (over rupture)

• Rake angle (over rupture)

• Hypocenter location
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Event Frequencies

• Move toward numerical simulations
– Need joint distribution of source parameters

• Most kinematic applications are based on sampling 
marginal distributions (e.g. ignoring correlations)

• Yucca Mtn is using dynamic rupture models to develop 
library of correlated source parameters that can be 
used in kinematic simulations

• Dynamic models can be used directly, but only for low 
frequencies (< 2 Hz) for most cases
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Impact of Not Using Ergotic 
Assumption for Hazard

• Reduction of the aleatory variability

• Increase in the epistemic uncertainty
– Issue of spatial correlation of logic trees
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Testing PSHA Results

• Observations of past ground motions
– Direct measurements from strong motion 

instruments

– Inferred ground motions from historical 
isoseismals (e.. MMI)

– Inferred ground motions from historical 
observations of paleoliquefaction

• Unexceeded ground motions
– Constraints from undamaged fragile geologic 

features
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Testing PSHA Results

• Direct measurements from strong motion 
instruments
– Accurate measurements

– Short observation period (<50 years)

– Test a region to extend to longer return periods 
(trade space for time)

• Does not provide a site-specific test

 

Testing PSHA Results

• Inferred ground motions from historical 
isoseismals (e.. MMI)
– Longer observation period (100s-1000s of years)

– High uncertainty in the estimated ground motions at 
a point for a given MMI

– Cotton used comparisons of isoseismals from 
Switzerland with those from WUS and EUS to justify 
his selection of models.

• He found attenuation of isoseismals in Switzerland is 
similar to that in WUS
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Testing PSHA Results

• Inferred ground motions from paleoliquefaction
– Long observation periods (1000-10000 of years)
– Better correlated with ground motion than MMI

– Uncertain that all observations are captured

 

Summary – Keys to Improved 
Hazard Estimates

• Reduce epistemic uncertainty in rock ground 
motion models
– Improved models with consistent parameters 

• Moment magnitude, VS30, …

– Collection of missing or poor quality meta-data for 
existing ground motion recordings

– Move toward numerical simulations, 
• Need improved distributions of source parameters for 

future earthquakes

• Large aleatory variability from simulations still remains
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Summary – Keys to Improved 
Hazard Estimates

• Remove epistemic uncertainty contributions 
from the aleatory variability in the rock 
ground motion

• Improve the interface between the rock 
motion hazard and the site response

• Demonstrate the the hazard results cannot be 
rejected by observations
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A Bayesian Updating Framework for Prediction of Site-Specific Seismic Ground Motion 
 

Tsuyoshi Takada, Professor, Graduate School of Engineering, The University of Tokyo, Japan 
Min Wang, Post-Doctoral Fellow, Dept. of Civil and Environmental Eng. University of Waterloo, Canada 

Abstract 

The ground motion attenuation relations have been proposed on an empirical basis and widely been used for 
ground motion prediction in convenient and efficient way.  The accuracy of the predictions, however, is not so 
high given an earthquake magnitude and distance, the uncertainty of the relations has, say, 0.5 or more in a 
natural logarithmic standard deviation, which significantly governs the tail of the seismic hazard curve in a 
probabilistic seismic hazard assessment (PSHA).  After the 1995 Kobe earthquake in Japan, many earthquake 
ground motion observations have been deployed throughout the country.  They are called K-NET or KiKnet, 
current seismograph observation networks in Japan.  Since the ample records have been accumulated in many 
observatories in the past, these data should be made use of for higher accurate prediction.  Furthermore, 
earthquake ground motion observations are often made in special locations such as the sites of nuclear power 
plants in Japan.  These observed records are very useful for constructing a site-specific attenuation relation.  To 
do this, a Bayesian approach can be effectively utilized to update an existing attenuation relation with observed 
records for a specific site.  The paper demonstrates how to apply the approach and comparison of the updated 
results.  It is worthwhile to show how the accuracy of the relation changes. 

1. Introduction 

Prediction of ground motion is one of primary interest in earthquake engineering. Past empirical 
attenuation relations are widely used for their convenience and efficiency, providing a vital link to the 
seismic hazard analysis. Over the past decades, many attenuation relations have been published using 
different sets of data, independent variables, functional forms, and regression techniques. Enormous efforts 
have been continuously expended on studying attenuation relations of ground motion, which may be 
reviewed in the recent works 1, 2, 3). Apart from general independent variables chosen for attenuation 
relations: source magnitude and distance despite of various definitions on magnitude and distance, recent 
attenuation relations have focused on the specific seismo-tectomic regions 4, 5), i.e., active tectonic regions, 
sub-duction zones and stable continental regions. Some attenuation relations have been developed based on 
the ground motion records in Japan 6, 7). Also derived are attenuation relations for crustal, inter-plate and 
intra-plate earthquakes based on strong ground motion records 8), and for different focal depth 9). Instead of 
the conventional geological site classification, the average shear-wave velocity over the upper 30m is 
adopted as a convenient measure to represent site effects on ground motions 3, 10).  All of attenuation 
relations have been developed in order to apply to any site locations not a specific site. 

The prediction of ground motion from such relations can vary considerably depending on which equation 
is used. However, the magnitude of the uncertainty associated with these relations is almost the same 
amount. This uncertainty, expressed as a standard deviation, associated with almost all attenuation 
relations, is about from 0.4 to 0.7 in natural logarithm 2), and there has been little or no reduction in this 
uncertainty even through the use of more data or more complex methods of analysis 11). 
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On the other hand, since the strong motion observation networks K-NET and KiK-NET were initiated in 
1996, a large amount of strong ground motion records have been observed in the past decade. 

This paper develops a site-specific attenuation relation based on the Bayesian statistical model assessment 
technique. This technique allows full account of subjective belief and additional observations and properly 
accounts for all the relevant uncertainties as described below. As is known, the uncertainty of the past 
empirical attenuation relation is only a point estimation and cannot distinguish sources of uncertainty, i.e., 
the model uncertainty, measurement uncertainty and statistical uncertainty. Bayesian approach updates the 
model parameters with new observations so that the uncertainty associated with the parameters is 
quantitatively expressed in terms of a probability density function (PDF). All three sources of uncertainty 
contribute to this probability distribution. Furthermore, the site-specific attenuation relation developed in 
this study reduces the model uncertainty by introducing a site factor into the model of attenuation relation. 

The past attenuation relation can generally capture the mean characteristic of ground motion without 
specifying the site. This study proposes a Bayesian methodology for predicting ground motion with data 
observed and those will be observed at the specific site, which is greatly different from the past attenuation 
relation. Application of Bayesian approach to the attenuation relation was attempted on Mexico City 12). The 
regression coefficients of the Fourier spectrum attenuation relation were estimated by the Bayesian approach 
based on 23 data at station CU. Because the data in this past study were observed between 260 and 470 km 
away from the station, which implied that the observed data are not evenly distributed in the M-R 
(magnitude-distance) space, additional constrained conditions had to be imposed on the regression to avoid 
the unacceptable regression coefficients. For facilitating the use of the attenuation relation in practice, rather 
than developing a new attenuation relation in this study, a site factor is added to the past attenuation relation 
in common use so that the problem due to the uneven distribution of data does not arise. 

2. Model and source of uncertainty 

A model is a set of one or more mathematical expression including a set of model variables x=(x1, x2, … xn), 
which are measurable or observable quantities. Model parameters θ=(θ1, θ2, …θn) are introduced to formulation 
of the expressions. These parameters may or may not have physical meaning and usually are not observable. 
Some might be known constants, while others are unknown and must be estimated in the process of developing 
the model. The unknown parameters are of major concern herein. 

In the most general case, an m-equation model is described by a set of m equations of the form 

gi(x, θ) = 0                 i = 1, 2, … , m (1) 
where x is the vector of the model variables and θ is the vector of the model parameters. For the model of 
the attenuation relation in this study, the model is one equation, i.e., m=1. Often the primary purpose of a 
model is to predict the values of a subset of (dependent) variables y, for future observations of the 
remaining (independent) variables x. To show this, we rewrite the model in Eq. 1 into the form 

gi(x, y, θ) = 0               i = 1, 2, … , m (2) 
If Eq.2 can be solved with respect to y (when the dimension of y is equal to m), the model can be written in 
the more convenient form known as the reduced model 13). 

yi = gi(x, θ)                 i = 1, 2, … , m (3) 
Uncertainty in the models such as in Eqs. 1 to 3 mainly arises from the following three sources 14, 15). The 
first is the inexactness of the employed mathematical formulation, which itself may arise from two 
different sources. One is that the formulation might miss certain variables that have influence on the 
interplay between the considered variables. This could be due to our lack of knowledge on the missing 
variables, or due to our desire to exclude them from the formulation for the sake of the simplicity. The 
second possible source of model inexactness is that the assumed function form of the model may not be the 
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correct one. For example, we often employ linear models to describe phenomena that are inherently 
nonlinear. Again, this could be either due to ignorance or for simplicity. 

The second source of the uncertainty is denoted as measurement error. The measured values of the 
variables in the data set do not represent their true values because of errors inherent in the measuring 
procedure. Obviously, a model identified on the basis of such measured data will contain an unknown 
error, even if it were based on an exact formulation. These error statistics are usually estimated separately 
by calibrating the measurement procedures or devices. 

The third source of uncertainty lies in the statistical estimation of the parameters from limited data when 
uncertainties due to model inexactness or measurement error are present. If these latter sources of uncertainty 
are not present, then a sample of size equal to the dimension of θ is necessary to find the solutions for θ, 
provided that they exist and are unique. In the presence of model inexactness or measurement error, however, 
no amount of data can provide exact solutions for θ and the true values of these parameters still remain 
unknown. Furthermore, it is often the case in engineering that the sample size of observations is relatively small, 
and this leads to inevitable uncertainty in the estimation of the parameters. 

3. Site-specific attenuation relation 

Past empirical attenuation relations were developed in terms of the magnitude and distance of an 
earthquake source as in Eq. 4 for simplicity. Some recent attenuation relations can account for the source 
type, source depth, fault type and directivity etc. 

Y =F(M,R) (4) 
where Y is a ground motion intensity, M is the source magnitude, R is the distance, F is preferred to an 
exponential form. In general, these attenuation relations give the same result for different sites with the same 
distance under the given M. The uncertainty is also the same with disregard to sites. As is known, the classical 
regression analysis is used to develop the past attenuation relation where the uncertainty and the model 
parameters are point estimators. The uncertainty only accounts for the model inexactness whereas the statistical 
uncertainty associated with the model parameters and the measurement error is not taken into account. 

Effects on the prediction of ground motion mainly involve source effect, propagation effect and local site 
effect 16, 17). All uncertainties associated with the effects are included in the model error. To account for the 
local site characteristic, the logarithmic deviation of past attenuation relation at a specific site can be 
examined as shown in Figure 1. It shows that the logarithmic deviation of the site observation from mean 
prediction of the past attenuation relation. The distributions of the logarithmic deviation are different from 
each other, which implies that the bias is inherent in the site, denoted by a site factor herein. 
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Figure 1:  Logarithmic deviation at sites 



NEA/CSNI/R(2009)1 

120 
 

This study develops the attenuation relation for the specific site by introducing a site factor S to account for 
the local site characteristic of the site based on the past attenuation relation. It is emphasised here that the 
site factor proposed herein is the factor for the selected site although a factor called “a site factor” (a site 
modification factor) to account for the local site condition has been introduced. The site factor is estimated 
with the observations based on the Bayesian updating framework along with the past attenuation relation. 
The model of the site-specific attenuation relation can be expressed in Eq. 5. 

Y = G(M, R, S) = S·F(M,R) (5) 

Since the ground motion intensity Y is usually assumed to follow a lognormal distribution, for the 
convenience of the subsequent analysis, the natural logarithm of Eq. 5 is analysed, i.e. 

y = g(M, R, S) = s + f(M,R) (6) 

with y=lnY, s=lnS.  Variable s is introduced in Eq. 6 to consider the local site effect in order to reduce the model 
uncertainty. It is treated as a model parameter updated by the Bayesian approach with new observations. 

When S equals to unity or s equals to zero, Eq. 5 is reduced into a past attenuation relation, i.e., the local 
site characteristic of the selected site is not taken into account. The conceptual difference with the classical 
regression analysis adopted in the development of the past attenuation relation is that the site factor S is 
treated as a random variable so that the relevant uncertainty can be expressed in terms of PDF. Likewise, 
the model uncertainty due to the inexactness of a model is also treated as a random variable, whereas it is a 
point estimation in the past empirical attenuation relation, and is identical for all sites. 

4. Bayesian updating theorem 

In this study, Bayesian model assessment technique is used to develop site-specific attenuation relation 
incorporating subjective information and new observed data and accounting for all relevant uncertainties. 
The basic framework is the well known Bayesian updating rule 18) 

f(θ) = cL(θ)p(θ) (7) 
in which θ is the vector of parameters to be estimated, p(θ) is the prior distribution representing our present 
knowledge about θ before making observations, L(θ) is the likelihood function representing the 
information contained in the set of observations, 1

( ) ( )c L p d
−

 =  ∫ ¸ ¸ ¸  is a normalizing factor, and f(θ) is the 
posterior distribution representing our updated-state knowledge about θ. 

5. Parameter estimation of site-specific attenuation relation 

5.1 Updated model parameters 

Model in Eq. 6 is adopted as a site-specific attenuation relation without considering the source effect and 
propagation effect, etc. To account for such incompleteness, we write the exact model in the form 

ö( , , , ) ( , )y g M R s s f M Rγ γ= = + +  (8) 

where ö( , )f M R  is a candidate attenuation relation. γ is a random model correction term, s is the same as that 
in Eq. 6 and s, γ is independent. In general, γ accounts for model uncertainty as mentioned above. In most 
cases, arguments based on the central limit theorem can be used to justify normality of γ. In that case, the 
distribution of γ is completely characterized by its mean and standard deviation. The mean of γ represents 
the bias in the model. Since most often an unbiased model is desirable, the mean of γ must be set equal to 
zero. The variance of γ, denoted by σγ

2, is a measure of imperfection of the model. Typically, σγ
2 is 

unknown and its estimation is an important part of the model assessment process. Supposed there is also 
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measurement error, it can be incorporated in γ. This measurement error can be determined by calibrating 
the measurement procedures or devices. 

The model of site-specific attenuation relation g(M, R, s, γ) is assessed by estimating the parameters θ=(s, σγ
2) 

on the basis of the available information. This information consists of a set of measured values of ground 
motion intensity y and indirect (surrogate) variable f(M,R). The accuracy of the estimation of the model 
parameters θ depends on the observation sample size n and the quality of the prior information. The smaller the 
sample size is, the larger the uncertainty in the prediction becomes. This type of uncertainty, commonly known 
as statistical uncertainty, directly influences the variability lying in the model parameters. 

5.2 Prior distribution of θ 

In general, the prior in a Bayesian analysis can be used to express any subjective belief that exists before 
new information (data) is obtained. However, in this study, a locally non-informative prior distribution of 
θ=(s, σγ

2) is adopted to show “knowing little about θ”, and independency between s and σγ
2 is assumed for 

the prior. Using the Jeffrey’s rule, it is shown that the non-informative prior for a parameter s is locally 
uniform and p(σγ

2) ∝ 1/σγ
2 for σγ

2.  Therefore, the non-informative prior is 18) 

( ) 12 2( , )p s γ γσ σ
−

∝  (9) 

5.3 Likelihood function 

For an inexact model in Eq. 10, a random correction term γk has to be added to maintain the equality for the 
k-th observation among n observations in the specified observatory. 

yk = s + ö ( , , )kf m r L + γk     k = 1, 2, … , n (10) 

As mentioned above, the term γk account for the model error and measurement error. If the measurement 
error for a subset of the variables is judged to be small, the corresponding measured values can be 
considered to represent the true values. In most cases, it is impossible to distinguish the two errors and it is 
assumed to be normal with zero mean and varianceσγ

2. Then , the following likelihood function is obtained 

( )
2/ 22 2

2
1

ö( ( , ) )1( , ) exp
2

nn k k

k

y f m r sL s γ γ
γ

σ σ
σ

−

=

  − − ∝ −   
    
∑  (11) 

Defining the logarithmic deviation as the difference between the log of the observation and that of the 
value predicted from the past attenuation relation, i.e., ö( , )y f m rε = −  and expanding the sum in the argument 
of the exponential function, and taking into consideration 2 2 2

1

1 n
kk

s m
nε ε ε

=
+ = ∑ , the likelihood can be written as 

( )
2 2/ 22 2

2

( )1( , ) exp
2

n s m sL s
n

ε ε
γ γ

γ

σ σ
σ

−   − + ∝ −   
    

 (12) 

with mε the sample mean and sε
2 the sample variance of the logarithmic deviations εk. 

5.4 Posterior Distribution 

The marginal density of σγ
2, f(σγ

2), is obtained by multiplying the likelihood function with the prior density 
p(s, σγ

2) and dividing by the conditional PDF f(s|σγ
2) 

2 2 2
2

2 2

( , ) ( , ) ( , )
( )

( | ) ( | )
f s L s p s

f
f s f s

γ γ γ
γ

γ γ

σ σ σ
σ

σ σ
= ∝  (13) 
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Substituting Eqs. 9 and 12 into Eq. 13 and simplifying the result, the marginal density of σγ
2 is proportional to 

( )
2( 1) / 22 2
2

1( ) exp
2

n nsf ε
γ γ

γ
σ σ

σ

− +  
 ∝ − 
 

 (14) 

Obviously, it follows the inverse chi-squared distribution with n-1 degrees of freedom. Hence, 

    
2

2[ ]
3

nsE
n

ε
γσ =

−  

It is easy to see from Eq. 11 that the conditional distribution of s for given σγ
2 is normal. Conditional and 

unconditional moments of s are 

2| ss m
γ εσµ µ= =  (15) 

2

2 2 2
2 2
|

[ ]
      

3ss
E s

n n nγ

γ γ ε
σ

σ σ
σ σ= ⇒ = =

−
 (16) 

The marginal PDF of s follows the student’s t distribution. 

One option for model identification is to use point estimates of the parameters θ. The mean estimates of 
parameters are adopted herein, so that the point estimators of s and σγ

2 are 

[ ]s E s mε= =  (17) 
2

2 2[ ]
3

nsE
n

ε
γ γσ σ= =

−
 (18) 

5.5 Predictive distribution 

Once the posterior distribution of the variables is determined, different statistics can be obtained from the 
general Bayesian integral with different weight function. In this study, the ground motion intensity is 
considered a predictive measure. This estimate is obtained by integrating y over all the possible values of θ 
with the posterior probability density as a weighting function, as 

2

2 2 2

( , )

( ) ( | ,  ) ( , )Y Y
s

f y f y s f s dsd
γ

γ γ γ
σ

σ σ σ= ∫  (19) 

According to the assumption, y follows normal distribution, i.e., y~N( s + ö( , , )f M R L ,σs
2+ 2

γσ ). As is indicated, 
the predictive y is capable of accounting for all uncertainties, i.e., model inexactness, measurement error 
and statistical error. 

6. Evaluation of site-specific attenuation relation 

6.1 Database 

Data for the evaluation of the site factor are taken from K-NET(1035 sites) and KiK-NET(675 sites) 
accelerograms observed from 53 earthquakes occurring from 1996 to 2005 with moment magnitudes over 
5.5.  Only those whose minimum distance to the fault is within 300km and PGA is larger than 1 gal are 
adopted in this study.  The epicenters of the earthquakes are plotted in Fig. 2. Although it shows that the 
earthquakes occur almost all of Japan islands, the number of the observed data in Kanto and northeastern 
area are more than other areas. The data of the hypocenter adopted from the JMA and the fault model of 
earthquakes are referred to the Geographical Survey Institute (GSI), Headquarters for Earthquake Research 
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Promotion (HERP), F-NET and EIC seismological notes of Earthquake Research Institute, the University 
of Tokyo. 

 

 

 

6.2 Evaluation of site factor 

Following the procedure described in the proceeding section, the site factors of 1223 sites in K-NET and 
KiK-NET can be evaluated as well as the relevant uncertainty. Other sites cannot be evaluated due to no 
observation or less observations. The candidate past attenuation relation adopted is the Midorikawa-Ohtake 
attenuation relation 9). Source distance in lieu of minimum distance to fault plane is used if no fault model 
is available. 

0.5
10

ö( , , ) ln10[ log ( 0.0060 10 ) 0.003 ] ( 30 )wMf M R H c R R H km= − + × − ≤  (20a) 

0.5
10

0.5
10

ö( , , ) ln10[ 0.6log (1.7 0.0060 10 )
 ( 30 )

      1.6log ( 0.0060 10 ) 0.002 ]

w

w

M

M

f M R H c H
H km

R R

= + + × −
>

+ × −
 (20b) 

Where, 
0.59 0.0023 0.02w i ic M H d s= + + +∑  (21) 

Mw: moment magnitude, R: a minimum distance to the fault plane in km, H: a source depth in km. variable 
d=0.00, 0.08, 0.30 for crustal, inter-plate and intra-plate respectively, dummy variable s is given by 
category of crustal, interplate and intraplate earthquakes. Since ö( , , )f M R H  is denoted as the natural 
logarithm of ground motion intensity in this study while the Midorikawa-Ohtake attenuation relation is 
expressed in common logarithm, constant ln10 has to be added to maintain the equality in Eq. 20. 

uncertainty can be evaluated. The PDF of the logarithmic deviation then account for all the uncertainty as 
illustrated in Figure.4. 

Figure 2:  Locations of earthquake epicenters form 1996 to 2005 
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Figure 3:  PDF of s 

The uncertainty shown in Figure 4 seems smaller than 0.7, the uncertainty suggested for the 
Midorikawa-Ohtake attenuation relation. and the uncertainty evaluated by Bayesian approach is different 
site by site while the same uncertainty is applied for all sites in the past attenuation relation. 
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Figure. 4:  PDF of logarithmic deviation 

6.3 Predictive ground motion 

One of the applications of posterior distribution is the predictive distribution of the ground motion 
intensity. Two examples of the predictive PGA and the comparison of the observed and predicted values 
from the empirical attenuation relation are shown in Figure 5. Two large earthquakes occurred in Kanto 
and northwestern area recently. It is shown in the figure that the median of the PGA predicted with the site 
factor by Bayesian approach are much closer to the observation than those predicted only by the past 
attenuation relation and the uncertainty of the Bayesian inference ( )1/ 22 2

y s γσ σ σ= + , which is identical to σε, is 
smaller than those of the empirical attenuation relation. It implies that the predictions with the site factor 
by Bayesian approach are better than those only from the past attenuation relation. 
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Figure 5:  Comparison of predictions 

6.4 Discussions 

The uncertainty of the past attenuation relation is decomposed into inter- and intra-event uncertainties both 
of which arise during the regression analysis 19). It cannot consider the measurement error and statistical 
error, so that it cannot fully account for the sources of the uncertainty 20). The uncertainty proposed in the 
past attenuation relations is a point estimator, identical anywhere in the past attenuation relation. 

In Bayesian framework, the marginal PDFs of s and γ provide complete summary of all information 
contained in a data set on the parameters. On the basis of data, there is a “best” estimate of each parameter 
and also some degree of uncertainty. In this study, mean estimates of s and γ are adopted. The uncertainties 
are represented by the respective “spread”. As more data become available, the marginal would therefore 
be expected to centre on the true values and become less dispersed. The predictive distribution of the 
ground motion is obtained from Eq. 19 over all the possible values of (s, σγ

2), so that its uncertainty 
accounts for three major sources of the uncertainty, i.e. the uncertainty associated with the predictive 
ground motion is all uncertainty. 
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The site-specific attenuation relation of all observation sites is developed by evaluating the site factor with 
Bayesian approach so that the uncertainty of prediction of ground motion is different with site by site, 
while it is identical in the past attenuation relation. Histogram of all the uncertainty associated with 
different site is shown in Fig. 6 as well as the uncertainty suggested by the Midorikawa-Ohtake 
attenuation. The uncertainties of sites evaluated by Bayesian approach range from 0.1 to 2.5 in natural 
logarithm and the most frequent value is slightly small than 0.7. It should be noted that about a half of site 
uncertainties are smaller than 0.7, which means the uncertainties of about a half of the sites are reduced 
with Bayesian approach. The large uncertainties may be due partly to limited numbers of data and partly to 
model poorness of attenuation relation. Namely, missing variables except local site effect have large effect 
on the model error. For example, the directivity effect or hanging wall effect on different sites is found to 
be different 21, 22, 23), which shows that the identical uncertainty for all sites may produce significant error. 
On the other hand, the past attenuation relation generally treat the site factor as a constant unity, so that the 
uncertainty associated with the Midorikawa-Ohtake attenuation relation does not take into account the 
uncertainty associated with site factor, i.e., the uncertainty of the prediction for ground motion 0.7 
proposed by the Midorikawa-Ohtake attenuation relation is underestimated. 
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Figure 6:  Histogram of uncertainty at sites 

7. Conclusions 

A Bayesian framework is presented for developing the site-specific attenuation relation model based on the 
observations. The model is constructed by introducing the site factor to existing deterministic models in 
common use. The model is unbiased and explicitly can account for all the prevailing uncertainties. 

Although the past empirical attenuation relation can be improved by introducing new variables to consider 
different effects, more complicate attenuation relation will increase the difficulty in its use, and additional 
information is necessary, such as introducing the correction term, the distance between the observatory and 
the trench axis in the northeast Japan into the empirical attenuation relation, while this distance is difficult 
to obtain with reasonable accuracy. The site factor can be easily evaluated only based on the available 



  NEA/CSNI/R(2009)1 

127 
 

observations at each site. It can be conveniently updated again with new observations by Bayesian 
approach. The results show that the prediction with the site factor as well as the empirical attenuation 
relation is better than the prediction only with the empirical attenuation relation and that the uncertainty of 
the prediction can be reduced. 

The parameters in Bayesian approach are treated as random variables while they are only point estimators 
in the classical regression analysis. The uncertainty at one site is different from that at other sites and 
accounts for all uncertainties in Bayesian framework while it is identical at all sites in the empirical 
attenuation relation. The proposed site-specific attenuation relation accounting for all uncertainties is 
useful in the probabilistic hazard analysis, risk analysis and many other engineering fields. The 
methodology presented in this paper is quite general though the examples are illustrated for PGA, and it 
can be applied to the assessment of models for other ground motion intensities. 

The ground motion at the specific site can be effectively predicted by the site-specific attenuation relation 
proposed in this study, while it cannot be predicted at unobserved sites since the site factor cannot be 
estimated without observations. In fact, the separation distance between two observatories of K-NET is 
about 25km, it is really significant to predict the ground motion at the unobserved site. Some probabilistic 
methods for spatially interpolating the ground motion have been proposed 24, 25). The macro-spatial 
correlation model 26) can give a better prediction of ground motion for the unobserved site. On the other 
hand, many seismometers have been deployed by the local governments and other organizations. And 
some seismometers were deployed for the important infrastructure. The observations can be fully utilized 
with the Bayesian updating approach for predicting the ground motion more accurately. 
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Probabilistic Seismic Hazard and Bayesian Methodology 
 

Dr. Gordon Woo, Risk Management Solutions, 30 Monument Street, London 

1. Introduction 

The interpretation of evidence is commonly and popularly reckoned to be a personal question of individual 
good sense, requiring no special training, technical ability or experience.  Any adult of sound mind, 
irrespective of education or social status, is liable to be called up for jury duty, and exercise his or her own 
judgement in interpreting the evidence presented in court.  As a matter of legal principle, courts of law 
leave the manner of evidence interpretation to a jury, and do not impose any formal systematic approach 
for arriving at a verdict, even though probabilistic ways of thinking are helpful, especially where verdicts 
are decided on the balance of probabilities.  It is up to prosecution or defence lawyers to develop technical 
quantitative arguments to guide a jury to make a decision of guilt or innocence. 

In fact, the rational interpretation of evidence is a distinct and important science in its own right: evidence 
science.  Within the context of probabilistic seismic hazard assessment, which demands high levels of 
knowledge and understanding of probabilistic techniques and skill at evidence interpretation, it is appropriate 
that there be a significant role for the formal methods of evidence science, in particular, Bayesian methodology. 

As it happens, the practical use of Bayesian methods has been rather limited.  Although there is a regular need to 
update values of hazard parameters, and the methodology for Bayesian updating of seismic source parameters 
was introduced thirty years ago by Mortgat and Shah (1979), practitioners of Probabilistic Seismic Hazard 
Assessment (PSHA) have used these methods rather sparingly.  This is partly due to the limited education of 
engineers in the methods of evidence science; statistics courses for engineers have to cram a vast amount of 
information, and pragmatically tend to focus on traditional frequentist statistics, such as basic curve-fitting, 
regression analysis, confidence interval calculation etc. Partly, the neglect of Bayesian methods is also 
attributable to the acrimonious longstanding academic debate over frequentist and Bayesian schools of 
probability theory, which has left bystanders confused as to the realm of validity of Bayesian methods.  Over the 
past several decades, the development of fast elegant techniques (Markov Chain Monte Carlo) for undertaking 
Bayesian computations has driven a strong resurgence of Bayesian methods amongst academic statisticians.  
Nevertheless, there still has been comparatively modest adoption of these methods for PSHA.  

In fact, Bayesian methods are sturdily founded on Bayes theorem, which is just an axiomatic restatement 
of the definition of conditional probability.   The controversy over Bayesian methods has stemmed from 
the choice of prior distribution, which may have to involve a degree of subjectivity.  There are numerous 
problems in applied statistics, where datasets are so large and reliable that prior probabilities can be 
assigned objectively from frequency data.  Unfortunately, PSHA is not one of these problems:  hazard 
results for critical industrial facilities are typically required for extremely low annual exceedance 
probabilities of 1/1000 or less, and damaging earthquakes are rare events.  Some subjectivity in probability 
assignment is unavoidable in PSHA.  Hence the universal need to elicit expert judgement on some key 
seismic hazard issues. 

Although the convening of expert panels is a recognised essential component of PSHA, the utility and 
power of Bayesian methods are not so widely appreciated, especially in the treatment of new evidence.  
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This is regrettable: due to human psychological biases and cognitive errors, subjective judgements may 
suffer from inconsistencies when judgements are revised to accommodate new evidence. 

In this paper, the value of Bayesian methods is highlighted with some specific examples of the interpretation of 
evidence, where structured probabilistic analysis is needed for a rational calculation of seismic hazard.  

2. The prosecutor’s fallacy 

Let H be a hypothesis and E be the evidence.  Then the basic definition of conditional probability yields 
Bayes theorem:  Pr (H | E) = Pr (E | H) * Pr (H) / Pr (E). 

Equating P(H | E) with P(E | H) is incorrect, and is known as the Prosecutor’s Fallacy.  To introduce the 
general concept of the prosecutor’s fallacy, consider a situation where a crime has been committed in a 
village.  At the crime scene, some mineral traces have been found.  A suspect has been duly arrested.  Let 
G be the premise that the suspect is guilty. 

Consider the forensic evidence E to be that mineral traces have been found on the suspect, which are 
similar to mineral traces found at the crime scene.  Suppose there are 100 men in the village, of whom 5 
work underground, where this mineral is mined.  The likelihood of the evidence, conditional on the suspect 
being not guilty is Pr (E | G¬) = 4/99, which is approximately 0.04.  This does not mean that the likelihood 
of the suspect’s innocence is 0.04. It is very much higher. The likelihood of the suspect being not guilty, 
given the evidence is Pr (G¬ | E) = 4/5 = 0.8. 

Too many times in court, prosecutors have argued incorrectly that the likelihood of the evidence, given the 
suspect’s innocence can be equated with the likelihood of the suspect’s innocence, given the evidence.  It 
requires an astute defence lawyer to point out to an unwitting jury the fundamental fallacy behind this thinking. 

3. Fault activity probability 

There is a direct counterpart to this example in PSHA.  Especially for sites in regions of modest seismicity, 
the activity of a local fault may be a significant factor in the level of seismic hazard at long return periods.  
Let G be the premise that a particular fault is active.  Some neotectonic evidence E is gathered.  Pr (E | G¬) 
may be reckoned to be very low.  However, this does not necessarily mean that the conditional likelihood 
of the fault being inactive given the evidence, Pr (G¬ | E),  is also very low.  Outside the legal context, this 
is generally known as the fallacy of the transposed conditional (Aitken, 1995). 

Suppose an industrial installation is located in a region of low historical seismicity.  Close to the site is a 
fault, for which there is no clear geological evidence of recent fault movement.  However, there may be 
partial evidence of some earthquake activity in the vicinity of the fault. A deterministic assessment of 
Maximum Credible Earthquake would yield very high levels of ground motion.  Within the context of 
PSHA, what is the likelihood that the fault is active? 

Consider, as an illustration, the case of the Lakeland Boundary Fault in Northwest England, which is 
composed of a number of segments.   There is a segment which happens to pass close to a small village, 
called Rampside. Ignoring any seismological associations, the prior probability that the segment close to 
the village of Rampside is active has been elicited from seismotectonic experts to be 0.25.  This figure 
reflects the regional tectonic significance of the Lakeland Boundary Fault.  If there were no hint of seismic 
activity around this segment, then the prior probability of segment activity would also be the posterior 
probability.  But this is not the case.  On 15 February 1865, a remarkable local event occurred which 
caused damage in the southernmost part of the land area shown below in a late 18th century map of the 
westerly region bordering Morecambe Bay. 
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Figure 1:  Map showing the region around Rampside 

Contemporary newspapers and journals provide some detailed accounts of the damage extent of this 
unusual phenomenon.  At Rampside, Roa Island and Piel Island, several houses were largely ruined.  Walls 
and ceilings were cracked, many chimneys, ornaments, pictures fell, and heavy furniture was displaced.  At 
Roa Island, great fissures were made in the earth 300 yards in the direction of the railway bank.  At Mickle 
Island, 800 to 900 yards from Roa Island, a large volume of sand was thrown into the air.  Two witnesses 
found several holes in the sand large enough to bury a horse and cart. 

This leads to the key question for seismic hazard analysts: what is the likelihood of this documentary 
evidence, if the fault segment at Rampside were not actually seismically active?  The accounts might after 
all be erroneous or misleading; they might refer to a non-seismic event, such as a geotechnical failure; or to 
an earthquake epicentred somewhere other than the Rampside segment of the Lakeland Boundary Fault. 

Some credence was given to these alternative hypotheses, and it was decided in an elicitation of expert 
judgement that the likelihood is 0.15 that this documentary evidence should exist, assuming the fault 
segment at Rampside were not active.  Hence  Pr (E | A¬) = 0.15.  Given the active status of the Rampside 
section of the Lakeland Boundary Fault, the likelihood of the 1865 documentary evidence is taken to be 
unity, because it is fully consistent with this premise.  So Pr (E | A) = 1. 

The posterior probability that the Rampside segment is active, (statement A), given the Rampside 1865 
documentation (evidence E), can be calculated by Bayes theorem as: 

 Pr (A | E) = Pr (E | A) * Pr (A) / Pr (E) 

where:  Pr (E) =  Pr (E | A) * Pr (A) + Pr (E | A¬) * Pr (A¬) 

so: Pr (A |  E)  =   0.25 / [  0.25 + 0.15 * (1-0.25) ] =  0.69 

The prior base-rate assigned to activity of the Rampside fault segment is sufficiently high (i.e. 0.25) for the 
1865 historical evidence to raise the posterior probability to quite a high value.  Had the base rate been 
lower, say 0.1, then the posterior probability would only have been 0.43. 
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Bayes theorem provides a systematic rational means of updating probabilities, when additional data 
emerge.  The posterior probability, given the historical evidence, might have been elicited directly from 
experts, without any formal calculation from the prior probability, but then the result might well have been 
inconsistent.  In the above example, the probability of a fault segment being active is a logic tree weight for 
a branch relating to fault activity. 

4. Bayesian belief networks 

More elaborate and complex Bayesian inference models can be constructed using Bayesian Belief 
Networks (BBN).  These networks offer a consistent way of representing causes and effects, and 
likelihoods, via an intuitive graphical representation.  Amongst other seismic hazard applications, a BBN 
can be used for quantifying the likelihood of fault activity where observations provide some inference on a 
latent factor X, e.g. some geological feature, which influences fault activity, but is not directly observed. 

The relation between the observations O, the latent factor X, and the fault activity status is graphed in the 
figure below.   The underlying Bayesian calculation involves the following three basic equations: 

 Pr(X | O)  =  P(O | X) . P(X) / P(O) 

 Pr(O) = P(O | X) . P(X)  +  P(O | X¬ ) . P(X¬) 

 Pr(A) = P(A | X) . P(X)  +  P(A | X¬ ) . P(X¬) 

In the first equation, the likelihood of the latent factor X is evaluated, conditional on the observations O.  
The denominator P(O) is calculated from the second equation.  Finally, the probability of fault activity is 
calculated via the third equation. 

 

Figure 2:  Basic bayesian belief network for fault activity 

Due to their unfamiliarity in the natural hazard context (Woo, 1999), applications of Bayesian Belief 
Networks to PSHA have been rather limited to date, although they have begun to be used for volcano risk 
assessment (Hincks, 2007).  However, the availability of easily accessible and readily usable BBN 
software should expedite PSHA applications in the future. 

5. Updating of logic-tree weights 

In PSHA, Bayesian methods tend to be associated with standardized formulae for the routine updating of 
seismic source activity rates, b-values, depths, maximum magnitudes etc., when additional seismological 
data are accrued.  A typical application would be the calculation of local parameters via the updating of 
original regional parameters, taking advantage of the acquisition of local data. 

Less well known is that Bayesian methods offer a way of dealing with some of the most intractable 
problems in PSHA, such as the updating of logic tree weights in a systematic manner.  As shown by the 
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above application to fault activity in regions of low or moderate seismicity, the updating procedure can 
make a notable difference to logic tree weights. 

Another example would be the updating of weights for several alternative ground motion attenuation 
relations.  Suppose that prior weights W[1], W[2]…W[k] are assigned to a set of k distinct attenuation 
relations.  For many parts of the world, there is a dearth of locally recorded strong motion data, and 
surrogate attenuation relations have to be imported from active well-instrumented areas such as California. 

Consider a situation where the k attenuation relations are all foreign, but that a local earthquake happens to 
occur, which fortunately is well recorded.  Let the collective evidence of this new local strong motion 
dataset be denoted as E. 

Then the updated probability that the k’th attenuation relation is relevant is: 

Pr (S[k] | E) = Pr (E | S[k]) * Pr (S[k]) / [ Σ Pr (E | S[k]) * Pr (S[k]) ] 

  = Pr (E | S[k]) * W[k] / [ Σ Pr (E | S[k]) * W[k] ] 

Pr (E | S[k]) is the relative likelihood of the local ground motion evidence, given the k’th attenuation 
relation.  It may be estimated using the Lognormal distribution of ground motion residuals.  The closer a 
measured value is to the median ground motion for the corresponding magnitude and distance, the smaller 
is the residual, and the more likely is the recording.  Conversely, the further a measured value is from the 
median ground motion, the larger is the residual, and the less likely is the recording.  In the limit that the 
new local strong motion data fit one of the k attenuation relations much more strongly than the others, this 
attenuation relation is accorded a much higher updated weight. 

The same approach can be followed to update logic tree weights for other branches which involve a choice 
of alternative models.  The common quantitative principle is that it should be possible to assess the relative 
likelihood of each model, given the new evidence.   The application of Bayesian updating avoids resort to 
the elicitation of expert judgement to re-assign logic tree weights when new evidence occurs.  This saves 
time and effort in elicitation meetings, and reduces the overall level of modelling subjectivity, and 
arbitrariness in weight assignment.  
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Current Developments in PSHA Methodologies, Issues and Potential Difficulties 
Methodologies for Capturing the Scientific Basis for Seismic Source Characteristics in PSHA: 

An Example from the PEGASOS Project, Switzerland 
 

Coppersmith, K.J. (Coppersmith Consulting, Inc., USA) 
Youngs, R.R. (Geomatrix Consultants, Inc. USA) 

1. Introduction to SSHAC 

Any hazard analysis is a snapshot in time and a function of our current knowledge and uncertainties.  The desire 
for longevity (i.e., the results are unlikely to change in the future) and stability (i.e., the results will be perceived 
as acceptable by various constituencies) led to the development of the SSHAC (1997) guidance.  Over the past 
decade, a number of PSHAs and other hazard studies have implemented the conceptual framework given in 
SSHAC and have led to lessons-learned regarding methodologies for assessing the key components of the 
analysis.  According to SSHAC, the goal of all PSHAs is the same: “To represent the centre, the body, and the 
range of the technical interpretations that the larger informed technical community would have if they were to 
conduct the study.”  This is termed the “community distribution.” 

All scientific efforts require the use of expert judgment.  Specifically for PSHA, seismicity data themselves do 
not uniquely define the location, size, and rate of future earthquakes.  Damaging earthquakes are rare and, as a 
result, some type of model must be constructed that allows observations of past seismicity to forecast future 
seismicity.  With time, PSHA methodologies have strived to incorporate the scientific research related to 
earthquake processes, geologic structural associations with large earthquakes, and geodetic and tectonic 
constraints on the rates of earthquake occurrence.  In all cases, the observed seismicity catalogue plays a 
fundamental role in constraining seismic source models, but, particularly in regions of more active tectonics, the 
geologic paleoseismic record also plays a major role.  Coupled with advances in earthquake science—and 
necessary for any forecast of future earthquake behaviour—is the need to capture and incorporate uncertainties.  
Which conceptual model best describes the potential for earthquake generation is not known, and the 
parameters that define the alternative models are also uncertain. 

Tools exist and have evolved to assist earthquake experts in recognizing and quantifying their uncertainties.  In 
turn, methodologies such as that described in SSHAC have evolved for formally assessing expert judgments to 
develop a community distribution.  Four Study Levels are described SSHAC that define processes to achieve 
this goal.  In its most elaborate form, a Study Level 4 analysis involves the direct participation of experts who 
are charged with evaluating the range of views within the larger community.  In this regard, the experts serve to 
represent more than just their personal views, they must consider and evaluate the views of others not directly 
involved in the study.  In Study Levels 1-3, a Technical Integrator is charged with evaluating the views of the 
larger community and this occurs through various degrees of interaction with the larger technical community.  
Experience has shown that higher Study Levels are more likely to instill public and regulatory confidence that a 
representative community distribution has been reached. 

2. Scientific assessments made in pegasos seismic source characterisation 

The PEGASOS PSHA (NAGRA, 2004) was conducted within this framework of past experience regarding 
PSHA methodologies.  The Program Plan, agreed upon by the HSK and the Swiss utilities, called specifically 
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for the conduct of a SSHAC Study Level 4.  The Seismic Source Characterisation (SSC) subproject was tailored 
to be appropriate for a region of moderate-to-low seismicity, within a stable continental region.  Significant 
scientific work elements conducted for the SSC included: 

• Historical analysis by the Swiss Seismological Service (SED) of all pre-instrumental earthquakes, 
including review of primary records for the events and analysis of spatial and temporal variations 
in completeness of reporting as a function of historical period and culture. 

• Combination and reconciliation of seismicity catalogues by the SED within Switzerland and all 
bordering countries, including assessment of a common magnitude measure (M) for all events. 

• Assessment by the experts of regional seismotectonic provinces, based on a consideration of the 
tectonic history, important geologic structures, and the spatial distribution of observed seismicity. 

• Identification of seismic source zones and consideration of the potential for the spatial variation of 
seismicity rates within zones, given location and magnitude accuracies. 

• Evaluation of the potential for faults and major structural zones to be seismogenic within the 
present tectonic regime. 

• Assessment of maximum earthquake magnitudes for each seismic source, based on a consideration 
of the magnitudes of observed events within each source and tectonically-analogous sources 

• Assessment of the sense of slip, orientation, geometries, and magnitude-dependent rupture 
dimensions for future earthquakes. 

• Evaluation of recurrence rates based on the rates of observed seismicity and consideration of 
appropriate recurrence models. 

3. Methodology employed in PEGASOS 

From the perspective of methodology, the PEGASOS project followed the acknowledged steps associated 
with a structured expert assessment and, in many cases, set a new standard for studies of this type.  For 
example, attributes of the methodology included: 

• A comprehensive GIS-based database was developed for the region within 300 km of the NPP 
sites, including a web-based system for data dissemination to the international panel of experts. 

• Multiple workshops were held designed to facilitate a consideration of the range of scientific 
viewpoints regarding key SSC issues, including the participation of resource experts from 
throughout the European technical community. 

• Multi-disciplinary teams of experts worked to evaluate the data and make their assessments. 

• Experts were trained in probability theory, uncertainty treatment, and common cognitive biases. 

• Workshops were facilitated to promote interaction among experts, technical challenge and defense, 
and evaluation of alternative models. 

• Individual interview sessions were held with the experts to review their assessments, uncertainties, 
and the technical basis. 

• After experts made their preliminary assessments, feedback was provided in a variety of ways to inform 
them of the implications.  Feedback included: comparison of predicted and observed seismicity rates, 
spatial patterns, and rate density; comparison of distributions for maximum magnitude and earthquake 
occurrence rate for key sources; the relative significance of various SSC issues to the total mean hazard; 
contributions of various SSC issues to the uncertainty in the total hazard. 
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• SSC experts met with Ground Motion experts in joint workshops to facilitate mutual understanding 
of important issues to the hazard. 

• The expert assessments, the methodology followed, and the hazard results and sensitivity analyses 
were documented in the final report. 

4. Weaknesses in application 

Every PSHA provides an opportunity to identify weaknesses and ways for improvement.  Some of the 
short-comings and lessons learned from the PEGASOS project are the following: 

• The sponsor of the study, the Swiss utilities, lacked the necessary technical expertise to observe 
and understand the project and the sponsor was not present at the workshops and other project 
meetings.  As a result, the sponsor was “surprised” by the results of the study and did not 
understand the methodology used. 

• Previous PSHAs conducted for the sites during the 1980s had not properly accounted for aleatory 
variability in ground motion estimation, as a result the calculated mean hazard was lower than it 
should have been if conducted properly.  The sponsor was not made aware of this problem (not 
uncommon for PSHAs of that era [see Bommer and Abrahamson, 2006, BSSA]) and, as a result, 
the PEGASOS results were perceived by the sponsor as unrealistically high.  Sensitivity analyses 
show that the PEGASOS inputs lead to the same calculated mean hazard as the earlier studies if the 
same improper treatment of aleatory variability is assumed. 

• A goal of the PEGASOS study was the quantification of uncertainties.  In the SSC, this resulted in 
very complex seismic source models.  Subsequent sensitivity analyses showed that most of the 
elements of the source characterisation were not significant to the hazard results.  Earlier and more 
detailed feedback to the experts could have allowed them to simplify their source models and to 
focus their efforts on just the most significant elements. 

• Consistent with SSHAC guidance, a peer review panel conducted a participatory peer review and 
provided timely advice throughout the course of the study.  However, the panel answered only to 
the HSK.  More commonly, the peer reviewers answer to the project sponsor, and, if this had been 
the case, the sponsor would have been kept well-informed about the project progress and results. 

• The PEGASOS hazard results have been approved by the HSK and commended for use in the 
Probabilistic Safety Analysis.  Experience has shown that a large, complex hazard model can be 
burdensome to use for subsequent calculations (e.g., fragility and risk analyses).  Although not done in 
PEGASOS, a composite model can be developed after the expert models are documented that captures 
the important results of the analysis while being simpler to implement.  Ideally, this composite model 
could be developed prior to the completion of the study and  endorsed by the experts. 

5. Implications to future PSHA methodologies 

The PEGASOS project is the recent and, potentially, most successful implementation of a SSHAC Study Level 
4 PSHA.  Because of the need for high levels of regulatory confidence, as well as stability and longevity, a 
Study Level 4 process was selected.  In practice, because of resource constraints, a much larger number of Study 
Level 1-3 studies have been conducted in the ten years since the publication of the SSHAC report.  The lessons 
learned from the PEGASOS study and similar studies (to be discussed in this talk) have general applicability for 
all PSHAs.  In this regard, the U.S. Nuclear Regulatory Commission is undertaking a review of the lessons 
learned from the application of the SSHAC methodology and, in light of that experience, is developing more 
specific guidelines for implementing the approach.  The ongoing results of this project will be summarised. 
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Probabilistic Seismic Hazard Assessment Activities including Continuing Research, at the 
U.S. Nuclear Regulatory Commission 

 
Andrew J. Murphy1,URC, U.S., Ann M. Kammerer URC, U.S., Jon Ake URC, U.S 

Abstract 

Probabilistic seismic hazard assessment (PSHA) is a method for estimating the annual frequency of 
exceeding a particular earthquake ground motion at a site and for capturing the uncertainties associated 
with that estimate.  The U.S. Nuclear Regulatory Commission (NRC) has made a commitment to the use of 
PSHA and its future enhancements, which has led to an advocacy for its widespread use. 

This paper examines the following three phases of the utilisation of PSHA at the NRC: 

1) development and rationale/justification, 
2) practical application in a regulatory environment, 
3) continuing enhancement and refinement. 

Under the first phase, the NRC worked with the innovators of the probabilistic hazard method to develop 
an approach to address the fundamental issues associated with the “deterministic” approach to siting 
critical facilities, such as nuclear power plants, dams, and liquefied natural gas storage and handling 
facilities.  These fundamental issues include the following: 

• What are the uncertainties in the deterministic parameters used to describe the hazards of concern? 
• Are there abrupt cliffs in the boundaries of the hazard estimates? 
• Can the estimates of the hazards be better described to limit contention among experts, users, and 

regulators? 
• Is there a better seismic hazard characterisation methodology? 

This first phase led to the development and implementation of the Lawrence Livermore National 
Laboratory and Electric Power Research Institute PSHAs for the Eastern and Central United States, to the 
preparation of the guidance of the Senior Seismic Hazard Analysis Committee (SSHAC), and to the 
writing of NRC Regulatory Guide 1.165, “Identification and Characterisation of Seismic Sources and 
Determination of Safe Shutdown Earthquake Ground Motion,” issued March 1997. 

A principal activity during the second phase, which made extensive use of PSHA to address seismic 
vulnerabilities, was the individual plant examination of external events program (IPEEE).  The staff used 
PSHA results to develop the scope of the search for vulnerabilities conducted by individual plants.  
PSHAs, following the new Regulatory Guide 1.208, “A Performance-Based Approach to Define the 
Site-Specific Earthquake Ground Motion,” issued March 2007, are being submitted for a new generation of 
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early site permit and combined operating license applications.  (A complementary paper at this workshop 
by Li and Chokshi will cover this particular aspect of PSHA utilisation.2). 

While the\is paper briefly describes the first two phases, the heart of the paper is the third phase, enhancement 
and refinement of the PSHA process.  The Seismic Research Program Plan from the NRC’s Office of 
Nuclear Regulatory Research contains the agency’s goals for the third phase.  The plan, in part, starts from 
the premise that PSHA has achieved a level of maturity and utilisation and lays the foundation for the next 
generation of PSHA.  The elements in the plan pertinent to this workshop include the following: 

• seismic source characterisation for the Central and Eastern United States (CEUS), 
• development of a next-generation attenuation relationship for the CEUS, 
• lessons learned from the practical application of the SSHAC guidance, 
• analysis of the effects of the application of cumulative absolute value  (CAV) filtering. 

Introduction 

Probabilistic seismic hazard assessment (PSHA) is a method for estimating the annual frequency of exceeding a 
particular earthquake ground motion at a site and for capturing the uncertainties associated with that estimate.  
The U.S. Nuclear Regulatory Commission (NRC) has used this method since the late 1970s and early 1980s, 
first as a research tool to better understand the boundaries or uncertainties associated with deterministically 
derived design ground motion parameters and the resultant seismic safety margins of nuclear power plants 
(NPPs).  Then, in the 1990s, as the NRC moved toward the use of risk-informed and performance-based 
principles, PSHA was introduced into regulatory guidance.  This paper will briefly look at two historical phases 
of the development and implementation of PSHA at the NRC and then examine the ongoing and planned 
research that will support or augment its enhancements in future regulatory uses.  

Phase I:  Probabilistic seismic hazard assessment development and rationale/justification 

The development of PSHA came to a critical nucleation stage in the early 1980s with the initiation of a 
program at Lawrence Livermore National Laboratory (LLNL).3  The goal of the program, entitled “Seismic 
Hazard Characterisation Project for the Eastern United States,” was to develop a probabilistic methodology 
and software package to calculate hazard estimates and their uncertainties.  Two of the stimuli for the 
project were (1) the need for a simplified method to characterize the seismic hazard as an input for the 
Seismic Safety Margins Research Programs and (2) the need for a rapid resolution to address the so-called 
Charleston Earthquake Issue.  (The Charleston Earthquake Issue involved a technical position regarding 
seismic hazards in the eastern United States taken by the U.S. Geological Survey (USGS).  It stated that 
while there was no recent or historical evidence that sites along the eastern seaboard had experienced an 
earthquake similar to the 1886 Charleston earthquake, the historic record was not a sufficient basis to rule 
out the possible occurrence of such an earthquake.  The USGS noted that the probability of such an event 
might be very low at a given location.) 

Given the novelty of PSHA in the early 1980s, the NRC urged the nuclear power industry to develop its own 
approach to PSHA.  In response, the Electric Power Research Institute (EPRI) developed the industry approach 
to the challenge.  The result was that two methodologies were available (one from LLNL and one from EPRI), 
and they provided conflicting hazard estimates for the sites evaluated.  In the absence of any knowledge of the 
                                                      
2 Y. Li and N.Chokshi, 2008, “Seismic Source Issues in Siting New Nuclear Power Plants in the Central and Eastern United 

States”, Proceedings of the CSNI Workshop on Recent Findings and Developments in PSHA Methodologies and Applications, 
OECD/NEA, Paris, France 

3 D.L. Bernreuter, et al., 1985, “Seismic Hazard Characterisation of the Eastern United States:  Methodology and Interim Results 
for Ten Sites,” NUREG/CR-3756, U.S. Nuclear Regulatory Commission, Washington, DC. 
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“true” hazard, the conflicting hazard estimates presented the NRC with a regulatory dilemma.  While the rank 
orderings of the NPP sites in the central and eastern United States (CEUS) were similar (i.e., sites with high 
hazard estimates were high in both studies, and sites with low hazard estimates were low in both), the absolute 
values of the hazard estimates differed by as much as an order of magnitude. 

The NRC, in cooperation with the U.S. Department of Energy (DOE) and EPRI as a DOE partner, 
assembled a committee of senior experts, the Senior Seismic Hazard Analysis Committee (SSHAC), to 
write guidance on how to conduct a PSHA.4  The SSHAC concluded that the differences in the LLNL and 
EPRI PSHA results were primarily the result of procedural rather than technical differences.  The SSHAC 
guidance focused, in part, on the use of experts from whom hazard input parameters would be elicited.  
The SSHAC guidance has been a standard against which complex PSHA studies, such as the Yucca 
Mountain repository PSHAs and the Swiss PEGASOS study, can be conducted or judged. 

Phase II:  Practical application in a regulatory environment 

Revision of seismic siting criteria 

In 1996 and 1997, the NRC completed the revision to the seismic siting and engineering criteria and the 
accompanying regulatory guides and sections of the Standard Review Plan (NUREG-0800).  The siting 
criteria can found be found in Title 10, Section 100.23, “Geological and Seismic Siting Criteria,” of the 
Code of Federal Regulations (10 CFR 100.23),5 with the engineering aspects covered in Appendix S, 
“Earthquake Engineering Criteria for Nuclear Power Plants,” to 10 CFR Part 50.6  The requirements in 
10 CFR 100.23 significantly simplified the criteria from the prescriptive, deterministic criteria of the old 
regulation to a process requiring uncertainty analysis and allowing the use of PSHA for the required 
uncertainty analysis.  Regulatory Guide 1.165,7 published in 1997, described an acceptable way to carry 
out a PSHA, along with a specific probability to fix the level of the PSHA and initial guidance on the 
updating of a PSHA from the content of the original LLNL and EPRI PSHAs. 

Individual plant examination of external events program 

In the late 1980s, the NRC initiated the individual plant examination of external events program to address 
potential vulnerabilities in NPPs to severe accidents initiated by external events, including internal fires, 
earthquakes, floods, and high winds.  For seismic events, the program made use of the two available PSHAs to 
establish the level of ground motion to be applied in the plant examination.  The NRC guidance allowed the use 
of either the seismic probabilistic risk assessment (PRA) or the seismic margins analysis (SMA) methodologies 
to detect potential vulnerabilities.  About two-thirds of the respondent NPPs used the SMA method to examine 
their plants for potential vulnerabilities, and the remaining one-third used seismic PRAs.  The NPPs that used 
PRAs made direct use of PSHAs as input to the PRAs, while those that used SMAs used PSHAs indirectly 
because the PSHAs had been incorporated in the development of the SMA method. 

 

                                                      
4 R.J. Budnitz, et al., 1997, “Recommendations for Probabilistic Seismic Hazard Analysis:  Guidance on Uncertainty and Use of 

Experts,” NUREG/CR-6372, Vols. 1 and 2, U.S. Nuclear Regulatory Commission, Washington, DC. 
5 U.S. Code of Federal Regulations, Title 10, Energy, Part 100, “Reactor Site Criteria.” 
6 U.S. Code of Federal Regulations, Title 10, Energy, Part 50, “Domestic Licensing of Production and Utilisation Facilities.” 
7 U.S. Nuclear Regulatory Commission, 1997, Regulatory Guide 1.165, “Identification and Characterisation of Seismic Sources 

and Determination of Safe Shutdown Earthquake Ground Motion,” Washington, DC. 
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U.S. nuclear renaissance 

Since 2002, a nuclear renaissance has occurred in the United States with 4 early site permit (ESP) 
applications and 11 combined operating license (COL) applications having been submitted to the NRC for 
approval as of March 25, 2008. 

Early site permit applications 

• Clinton  Issued 
• Grand Gulf  Issued 
• North Anna  Issued 
• Vogtle  Under Review 

Combined operating license applications 

• Bellefonte Nuclear Site Units 3 and 4. 
• Calvert Cliffs Unit 3. 
• Grand Gulf Unit Unit 3. 
• North Anna Unit 3. 
• Shearon Harris Units 2 and 3. 
• South Texas Project Units 3 and 4. 
• William States Lee III Units 1 and 2. 

All of these applications have used PSHA in determining their design-level ground motion parameters, 
with the majority following the guidance in Regulatory Guide 1.208, “A Performance-Based Approach to 
Define the Site-Specific Earthquake Ground Motion,” issued in March 2007.  This new guide represents 
growth and evolution since Regulatory Guide 1.165. 

Phase III:  Enhancement and refinement of probabilistic seismic hazard assessment—current seismic 
research activities and plans8 

Background and scope 

In the early and mid-1990s, the NRC began to move its siting and design review processes toward the use of a 
probabilistic, performance-based regulatory approach.  Toward that end, in the late 1990s and again in 2007, the 
NRC published a new set of geological and seismological siting criteria and associated regulatory guidance 
(Refs 5 & 6).  That guidance described a probabilistic approach that can explicitly quantify and address both 
natural aleatory variability and epistemic uncertainty.  The uncertainty associated with the determination of the 
maximum credible earthquake for each NPP or other nuclear facility can be significant because of the wide 
range of scientific opinion and the range in the sources and quality of the input data. 

The NRC and the nuclear industry have incorporated a risk-informed, performance-based approach into the 
analysis and design of NPPs.  The American Society of Civil Engineers (ASCE) has provided some of the 
technical basis for incorporating performance-based design through its standard ASCE/SEI 43-05.9  The 
                                                      
8 U.S. Nuclear Regulatory Commission, 2008, “NRC Seismic Research Program Plan—FY2008–2011,” NRC Online Web Site, 

Agency wide Documents Access and Management System (ADAMS) Accession No. ML072960792, Washington, DC. 
9 American Society of Civil Engineers/Structural Engineering Institute, 2005, “Seismic Design Criteria for Structures, Systems, 

and Components in Nuclear Facilities,” ASCE/SEI 43-05.  
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goal of that standard is to provide seismic design criteria to ensure that safety-related structures, systems, 
and components are sufficiently robust to withstand earthquake effects such that the chances of an 
accidental release of radioactive materials are sufficiently low.  This goal is attained through regulatory 
guidance ensuring that nuclear facilities can be designed to achieve quantitative probabilistic target 
performance goals. 

The objective of the Seismic Research Program Plan is to describe both short- and long-term programs to 
meet the strategic goals of the NRC to protect public health and safety and the environment.  For that 
reason, elements of the research plan are intended to complete the development of the technical bases for 
reviewing a performance-based approach to determine a site’s safe-shutdown earthquake and design 
response spectra, to finalize the development of new and updated regulatory guides, to address seismic 
issues arising from the review of ESP and COL applications, and to examine knowledge that can be gained 
from new areas of research.  Toward that end, the plan describes the research projects that the NRC is 
currently conducting or planning in order to address its mission.  In so doing, the plan identifies the tasks 
associated with each research project; discusses the technical areas to be addressed; and presents the 
underlying rationales, expected products, and projected schedules.  This paper will not discuss the products 
and schedules that are described in the plan itself but will focus on the technical areas covered. 

In developing this research program, the NRC staff identified projects that address specific regulatory issues 
or requirements.  Some of the research needs identified arose during the implementation of probabilistic or 
risk-informed performance-based approaches.  In some cases, the plan identifies cutting-edge research to 
inform future regulation or regulatory guidance.  Other research activities are intended to independently 
assess the adequacy of proposals or approaches forwarded by industry.  In all cases, research has been 
focused and designed to meet the regulatory goals of the NRC, and regulatory products have been identified. 

Research program elements 

Seismic source characterization 

Seismic source characterization is a key issue for the NRC because it is a major contributor to uncertainty 
in seismic hazard assessments.  The research needs for this topic are significant, particularly in regions that 
tend to have rare (although often large) events and have limited seismic instrumentation (i.e., the CEUS).  
Current NRC research involves a study on the maximum magnitude (Mmax) appropriate for seismic sources 
in the CEUS and further study/characterization of the East Tennessee Seismic Zone.  An additional long-
term goal is the enhanced understanding of the seismogenic processes and characteristics of the New 
Madrid, Charleston, and other earthquake source zones for which uncertainties are problematic to the 
NRC.  To address this specific goal, the NRC is working with DOE and EPRI to develop a multiagency, 
multiyear project to re-characterise the seismic hazard sources in the CEUS. 

Another key area of uncertainty that warrants research (in the long term) is the functional form and 
magnitude recurrence relationships for background (area source) seismicity in the CEUS.  Finally, a study of 
the impact and technical basis of different approaches to incorporating background seismicity in the hazard 
calculations is needed.  The following paragraphs describe each of these significant issues in greater detail. 

Mmax is a parameter with large uncertainty in the CEUS that can raise the hazard at a site, particularly if the 
hazard is dominated by background seismicity.  This parameter does not have a significant impact on 
hazard results for the return periods of interest for more conventional structures or the U.S. National 
Seismic Hazard Maps (e.g., return periods of 474 to 2475 years).10  However, for return periods of interest 
to current NRC licensing activities (e.g., return periods of 10,000 to 100,000 years), this parameter may be 
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very important.  For that reason, the NRC initiated research related to this topic at the end of fiscal year 
(FY) 2007 and will continue to undertake that research in cooperation with USGS through FY 2008.  

The East Tennessee Seismic Zone is an area of comparatively high seismic activity, located relatively close 
to several operating NPPs.  The underlying tectonic basis for the increased activity in this area is unclear; 
hence, the most appropriate estimates for zone boundaries, seismogenic depth, and maximum magnitude 
are also unclear.  The NRC will coordinate research on this topic with USGS, with the participation of both 
academic researchers and USGS staff. 

Analysts may characterise seismic zones through the use of a number of complementary techniques, such 
as fault trenching and traditional field techniques.  Recently, other traditional field techniques have been 
coupled with new technology-based field techniques, such as light detection and ranging (LiDAR), which 
is essentially a powerful laser-based imaging system mounted on an aircraft.  LiDAR, in particular, has 
proved extremely useful for areas with dense vegetation and has led to a significant revision of fault 
mapping in the Pacific Northwest.  Another successful methodology developed through past NRC support 
is the use of paleoseismic and paleoliquefaction studies.  These types of studies may be of particular 
interest in the New Madrid and Charleston regions, where liquefaction occurred regionally.  Another 
technique that has been used extensively is the correlation of historical accounts and physical effects (such 
as the New Madrid earthquakes) with intensity data, which is then correlated with ground motions.  
Finally, new cutting-edge techniques have been developed for research related to the planned high-level 
waste repository at Yucca Mountain that help to constrain loading levels for extreme events. 

Next-generation attenuation models for the Central and Eastern United States 

The prediction of ground motions for a given magnitude and distance has always constituted a significant 
source of uncertainty in seismic hazard results.  Uncertainty in these relationships leads to differences in 
the hazard levels calculated.  This is at least partly a result of the ad hoc nature of the past development of 
these relationships.  The research proposed in this area will seek to follow up on the very successful 
multi-institutional, multi-investigator, multisponsor, collaborative project, known as the next-generation 
attenuation relationship project or the NGA-West project.  This project, which was coordinated by the 
Pacific Earthquake Engineering Research Center, produced a set of consensus relationships that are now 
viewed as the state of the art/practice.  This paper describes a program for conducting  NGA-East. 

Because the NGA-East program represents a significant financial investment, and because the results will 
be of interest to many stakeholders, an NGA-East development project will be undertaken to obtain 
funding and support from these stakeholders.  This project will develop the broader NGA-East program 
plan, deliverable details, timeline, and cost estimates and will explore partnering options. 

If a very large data set of ground motion recordings were available, it would be possible to develop robust 
empirical relationships for ground motion prediction in the CEUS.  However, that is clearly not the case.  
Empirical data in the magnitude, distance, and amplitude ranges of engineering interest are very sparse.  As 
a result, all predictive equations developed thus far have relied heavily on ground motion simulations to 
augment the very limited empirical data set, and the proposed NGA-East program will need to follow the 
same path.  Evaluation of the past work has revealed several important assumptions and parameters that 
have a significant influence on the resulting predictive equations.  The planned or ongoing elements of the 
NGA-East project are development of a time-history database, stress drop/parameter, spectral shape, strong 
ground motion simulation for finite sources, and NGA-East model development program.  It is anticipated 
that the complete NGA-East program will take several years to complete. 
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Updating the Senior Seismic Hazard Analysis Committee guidelines 

In an effort to standardize approaches to PSHA, the NRC sponsored the development of NUREG/CR-
6372.  That document (referred to as the “SSHAC guidelines”) offers guidance for conducting a PSHA at 
four different levels of complexity depending on project needs.  Level 4 PSHAs represent the most 
complex, controversial, and challenging undertakings, while Level 1 describes more routine analyses.  
While the SSHAC guidelines provide a framework for the various levels of PSHA, feedback from the 
initial workshop of this project indicates that the document does not provide sufficient detail on how to 
implement PSHAs readily at the various levels. 

Subsequent to the publication of NUREG/CR-6372, practical experience in conducting Level 3 and 4 
PSHAs in accordance with the SSHAC guidelines has been gained through Yucca Mountain, the Swiss 
PEGASOS Project, and the EPRI CEUS Ground Motion Project Final Report.  However, this experience 
has not been captured in a form that could benefit an organisation that was anticipating conducting or 
reviewing a major PSHA effort.  In addition to the need to provide practical information on the 
implementation of PSHAs at the various levels, guidance is needed on how PSHAs are updated.  Currently, 
NRC Regulatory Guide 1.208 requires PSHAs to be updated as new information regarding seismic sources 
or new tools (such as new attenuation relationships) become available. 

The objective of this task is to develop a NUREG-series report that will complement the existing PSHA-
related regulatory guidance by achieving the following goals: 

• Provide practical guidelines for implementing the NRC’s SSHAC framework when undertaking 
PSHAs. 

• Capture lessons learned during SSHAC Level 3 and 4 projects nearing completion, such that 
future high-level PSHAs require less effort. 

• Provide practical guidelines for updating SSHAC-based PSHAs when new information, such as 
seismic sources or models, becomes available. 

As a result of this work, future PSHA programs will be more uniform and complete and, therefore, more 
easily and efficiently reviewed by the NRC staff.  USGS will manage this task, with the participation of 
industry and academic researchers.  The NRC initiated this work in FY 2007 and held the first of three 
planned workshops in January 2008.  It collected information and experience on the use of the SSHAC 
guidance for SSHAC Level 3 and 4 PSHAs.  The second workshop, planned for May 2008, will address 
the issue of updating a Level 3 or 4 PSHA for both timing and content.  (Additional comments on the 
SSHAC update project are provided in a complementary paper at this workshop by Ake.11) 

Analyses of extreme ground motion 

Studies performed in the past decade for the Swiss nuclear program (the PEGASOS Project) and Yucca 
Mountain have highlighted the difficulties in predicting ground motions for very low annual probabilities 
of exceedance.  Recently, significant research has focused on understanding “extreme” ground motions 
(i.e., very rare, but very large motions) and the implications for hazard estimates for critical facilities.  
Even more recently, the implementation of a risk-based approach to ground motion hazard evaluation for 
nuclear facilities has led the NRC staff to recognize that issues associated with extreme ground motions 
may be important for facilities other than Yucca Mountain. 
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A number of questions and issues emerge from consideration of extreme ground motions in hazard 
analyses.  These include the following: 

• The use of equivalent linear versus nonlinear site response.  When are non-linear studies required 
(or when are equivalent linear studies inappropriate)?  When is it appropriate to use site response 
techniques based on random vibration theory? 

• The development of modulus degradation and damping curves for rock materials.  Issues include 
the availability and characteristics of capable laboratory testing equipment, the possible use of 
other less-traditional methods (e.g., shake table testing), the systematic bias in samples (e.g., 
generally the best material is tested because of minimal sample recovery in the weaker materials), 
the potential for systematic bias if samples are not large enough to allow accurate assessment of 
the effects of inclusions or fractures, and the correlation between static and dynamic properties. 

• The development and use of the “points in hazard space” concept and method.  This is a new 
conceptual approach that relies on augmenting sparse conventional data at high-amplitude, low-
probability regions of hazard space with constraints based on physical limits and/or non-
exceedance observations.  These constraints may then be used in a mathematical framework to 
update or inform existing hazard estimates.  This approach may be of great interest for very long 
return periods.  Although the NRC is not currently funding efforts in this area, DOE has funded 
initial work in this area. 

• The NRC research effort is focused on the continued improvement and development of 
correlations between intensity and empirical evidence, instrumental observations, and 
geotechnical observations.  The results of this work will be used to better quantify the seismic 
history for locations where the largest earthquakes have occurred in the pre-instrumental period. 

Development of shape of minimum response at foundation level 

Past regulatory guidance provided acceptable response spectra to be used in analyzing and designing NPPs and 
other nuclear facilities.  The earliest versions of these spectra were detailed in Regulatory Guide 1.60, “Design 
Response Spectra for Seismic Design of Nuclear Power Plants,” Revision 1, issued December 1973, and later 
updated slightly in Regulatory Guide 1.165.  The spectrum provided in Regulatory Guide 1.60, in particular, has 
a long history in NPP design and has also been used as the basis for the standard facility design in the past. 

While the spectrum detailed in Regulatory Guide 1.60 was state of the art when it was developed in the 
1970s, it was based on only a handful of records that constituted the database of recordings available at the 
time.  Uniform hazard response spectra developed using new data and attenuation relationships predict that 
the standard design spectral values will be exceeded at high frequencies for many sites.  Consequently, 
new standard design spectra more in line with current knowledge and the state of practice are needed.  
Currently, thousands of earthquake records are available, and new attenuation relationships based on this 
expanded database are now available for the western US.  In addition, the NGA-East program (discussed 
above) will provide an updated tool for use in developing generic response spectra for the CEUS. 

Although the determination of the seismic hazard has moved to a site-specific probabilistic framework, the 
use of some alternative minimum spectrum is needed as a result of regulatory requirements and the 
significant epistemic uncertainties in the source models and attenuation relationships that exist for the 
CEUS.  There is also a need to define a standard structural response spectrum to be used in the standard 
design of new plants and evaluation of existing NPPs and other nuclear facilities. 
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Analyses of the effects of cumulative absolute velocity filtering on probabilistic seismic hazard 
assessment 

Standard design methods use a structural response spectrum as the means to describe the seismic hazard used 
in design.  The response spectrum, which is defined in terms of accelerations versus natural frequency, 
provides the single highest value of motion in single-degree-of-freedom structures resulting from an imposed 
ground motion.  This is a good indicator of damage potential for many cases (e.g., in the WUS) but can 
overstate damage potential when small, close earthquakes are a significant contributor to the overall hazard.  
This is because the response spectrum shows only the maximum motions, but small, nearby earthquakes 
have, at most, a few cycles of significant motion and the total energy is too low to cause damage. 

The new technique of cumulative absolute value (CAV) filtering has the effect of removing from the 
sources included in the PSHA low-magnitude earthquakes that have insufficient energy to cause damage to 
facilities.  The purpose of removing these events is to produce a spectral shape that correlates more directly 
with the risk of damage to a facility.  Thus, removing these events from the PSHA effectively changes the 
shape of the resulting site response spectra in the high-frequency range, with the biggest change typically 
occurring over higher annual exceedance frequencies in which these small events are the biggest statistical 
contributor to the overall hazard as it is defined by the response spectra. 

However, the performance-based procedures detailed in ASCE/SEI 43-05, which were developed to ensure a 
specific target performance goal for the frequency of seismically induced onset of significant inelastic 
deformation (FOSID), have assumed that the hazard curves are approximated by a power law equation (i.e., 
linear on a log-log plot) in the annual probability of exceedance range of 1x10-4 to 1x10-5.  The application of 
CAV filtering in regions of low seismic activity may render this assumption inappropriate, and, in fact, the 
value of the hazard curve at some return periods may become zero for one or both of these values.  This has a 
significant impact in terms of ensuring that the FOSID target performance goal is met.  Consequently, it has 
been proposed that, in these cases, the hazard value for the annual frequency of 1x10-4/year should be 
approximated as 45 percent of the value for the annual frequency of 1x10-5/year.  However, the technical 
evidence is insufficient to fully support this assumption, although it is thought to be conservative. 

This new project will involve analyzing the actual likely impact of CAV filtering on the shape of the 
hazard curves to determine whether the power law assumption is inaccurate in some cases.  For such cases, 
the researchers will review the validity of the proposed solution in cases where the hazard defined at the 
annual frequency of 1x10-4/year level goes to zero. 

Tsunami hazard evaluation 

The Sumatran earthquake in December 2004 (magnitude of about 9) and the associated devastating Indian 
Ocean tsunami focused considerable attention on structures and facilities that are sited on or close to the 
coastline.  The intensity of an extreme tsunami event could potentially exceed known historical events 
considered in the design bases of NPP structures or other nuclear facilities located near the coastline.  In 
addition, although past tsunami design of coastal facilities considered historical tsunami records, it did not 
explicitly address a tsunamigenic source known as “submarine landslides,” which can trigger significant 
tsunami waves. 

Given these concerns, the NRC is currently working with the National Oceanic and Atmospheric 
Administration (NOAA) and USGS to review the existing state of knowledge for the tsunami hazard 
assessment, mitigation, and landslide mechanics.  In May 2006, NOAA and USGS scientists briefed the NRC 
staff on the research and state of knowledge for both earthquake- and landslide-induced tsunamis.  This 
meeting initiated research efforts in the area of tsunami hazard assessment.  In October 2006, an advisory 
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panel of tsunami experts from USGS and NOAA provided a draft document summarizing the state of 
knowledge on tsunami hazard assessment for use in updating the Standard Review Plan (NUREG-0800).12  

In addition, in 2006, the NRC initiated a long-term, multiphase plan to undertake a deterministic or, if 
possible, probabilistic tsunami hazard assessment (DTHA or PTHA) for the east and gulf coasts of the United 
States.  This additional research will significantly improve the technical basis of the agency’s existing 
knowledge by providing a state-of-the-art assessment of tsunami hazard in the time periods of interest to the 
NRC.  This type of knowledge for the east and gulf coasts of the United States is currently very limited. 

The first step in conducting either a DTHA or PTHA is to identify and characterize tsunamigenic sources 
that may impact the east and gulf coasts of the United States.  USGS is undertaking this work, and the 
sources identified include both seismic sources and submarine landslides.  The draft database of 
tsunamigenic sources was finalized in September 2007.  This database will be used in reviewing new 
applications on the east and gulf coasts. 

The next steps in the long-term plan include using field techniques to obtain data for areas where no data 
previously existed, and modelling the impact of the tsunami sources identified and detailed in the database.  
This Phase 2 research was initiated in late 2007.  USGS will continue with source investigation and analysis.  
NOAA will undertake the modelling work by using its in-house, state-of-the-art tsunami propagation model, 
MOST.  NOAA will also use the source database developed by USGS to model the impact of the sources on 
the east and gulf coasts in terms of wave heights and maximum ocean surface fluctuations over time periods 
of interest.  This work will provide hazard mapping for the east and gulf coasts. 

A key element of both the source database development and the MOST modeling is the inclusion of landslide 
sources.  While it is understood and documented that landslides cause localized tsunamis, this triggering 
mechanism is of interest only when considering rare events (such as those considered for nuclear facilities).  For 
this reason, very little research has been done in this area, and a high degree of uncertainty currently exists.  This 
program will be a significant step forward in bounding the uncertainties associated with tsunami hazard on the 
east and gulf coasts.  The final stage of the hazard assessment will be basic site-specific inundation modelling 
for the coastline, and a long-term goal of the project is to develop maps for the east and gulf coasts. 

Conclusions 

The NRC has adopted the use of PSHA as a tool in the siting of critical facilities, such as NPPs and the Yucca 
Mountain high-level waste repository.  PSHA provides a method for estimating design ground motion 
parameters and their uncertainties.  Other U.S. scientific and regulatory agencies, such as USGS13 and the 
Bureau of Reclamation,14 have adopted this method, which has been approved by the U.S. Academy of 
Sciences.15  The NRC is undertaking a research program to enhance the utility and accuracy of PSHA.  The 
NRC is also conducting research in tsunami hazard assessment with the prospect of developing a probabilistic, 
performance-based approach for tsunami, as well as other natural hazards such as flooding. 

C:\ CSNI & IAEA Seismic\Seismic Workshop on PSHA\Presentation\The Recent PSHA Activities at the USNRCTEXT rev 
2_MOD03242008_clean rev1.doc 
 

                                                      
12 U.S. Nuclear Regulatory Commission, 2007, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear 

Power Plants,” NUREG-0800, Washington, DC. 
13A. Frankel, et al., 2002, “Documentation for the 2002 Update of the National Seismic Hazard Maps,” Open-File Report 02-420, 

U.S. Geological Survey, Reston, Virginia, United States. 
14 U.S. Department of the Interior, Bureau of Reclamation, 2003, “Guidelines for Achieving Public Protection in Dam Safety 

Decision-making,” Denver, Colorado, United States. 
15 Committee on Seismology, 1988, “Probabilistic Seismic Hazard Analysis,” National Academy Press, Washington, DC. 
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Confidence Levels in Deterministic Seismic Hazard Estimation and Confrontation with Probabilistic 
Estimates: on the Importance of Integrating Uncertainties in Macroseismic Data 

 
Baumont, D., O. Scotti, M. E. Cushing, and C. Berge-Thierry 

Seismic Hazard Working Group, IRSN/DEI/SARG/BERSSIN, France 

Abstract 

This paper presents a methodology to quantify and explicitly account for macroseismic uncertainties in seismic 
hazard assessments (SHA).  Key issues in SHA usually concern the choice of ground motion prediction 
equations and the associated aleatory variability as well as source characterisation issues. Uncertainties 
associated with earthquake catalogues have been rarely addressed, in spite of the great uncertainties that are 
associated with the characterisation of historical earthquakes in particular. Indeed, a single “homogenized” 
catalogue is often used in SHA. The aim of this paper is to present a recently developed macroseismic tool that 
allows quantifying both data and modelling uncertainties involved in the estimate of the macroseismic 
magnitude-depth-I0 triplet of historical earthquakes. The methodology is developed mainly on the basis of the 
SisFrance macroseismic database and is applied to a specific site in France using the deterministic French 
nuclear regulatory guide RFS 2001-01. The results obtained for the French site show that a wide range of 
deterministic seismic hazard response spectra are plausible. Most importantly, the seismic hazard uncertainty is 
comparable to that obtained with a classic probabilistic methodology performed for the same site (Clement et 
al., 2004), but in which source geometries and EGMPE are predominantly responsible for seismic hazard 
uncertainties. Through this example, we show that the interpretation of macroseismic data in terms of 
magnitude-depth may greatly contribute to seismic hazard uncertainties, which should be accounted for in 
future deterministic and probabilistic SH studies. Accounting for the inherent uncertainty in the data and models 
that feed seismic hazard estimates has been an issue for more than 30 years. Probabilistic seismic hazard 
methods provide so far the only established tools that formally account for uncertainty. In this study, we propose 
an alternative approach that allows qualifying confidence levels based on a deterministic method using the 
French nuclear regulatory guide RFS 2001-01 as an example. 

1. Introduction 

The characterisation of earthquake sources and of the ground motions that they may produce are necessary steps 
for seismic hazard assessment (SHA). The characterisation of earthquake sources requires knowledge of the 
geometry of the causative faults, of their geological history and, if possible, of their tectonic strain rate 
accumulation. The definition of the geometry of the sources depends on the available knowledge in the region 
of study. Regions of high strain rate accumulations are often illuminated by a sufficient number of earthquakes 
that delineate active faults. Moreover, where such faults leave traces of their past activities, it is possible to 
propose fault characterisations. In many regions of the world, however, where the strain rate is low or the 
recording capabilities are insufficient, it is often difficult to identify the active faults, seismicity appears more 
diffuse and it is thus necessary to propose seismotectonic zones, assumed to have equal seismic potential. 

France is of course a region of moderate to low strain rate accumulation (Nocquet and Calais, 2004). Even 
if in a few specific regions geologists have been able to reveal the recent seismic activity of some faults 
(e.g. Cushing et al., 2008), the characterisation of these faults for SHA remains associated with a very high 
degree of uncertainty. Seismicity is predominantly diffuse and its location, together with other 
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seismotectonic indicators, guides essentially the outline of the seismotectonic zones. The exact geometry of 
such zones remains, of course, a subject of great debate (Cushing et al., 2003). 

Once the sources have been defined, it is then necessary to compute the earthquake potential of each 
source zone. This step relies most of the time on the historical and instrumental earthquake catalogues 
available in the region. More recently, complementary data has also been used in regions where 
deformation rates can be estimated thanks to the installation of dense GPS networks. Permanent GPS 
networks that have been installed in France allow appreciating upper-bound deformation rates at the scale 
of the Pyrenees and of SE France (e.g. Clément et al., 2004), but deformation rates over the rest of the 
metropolitan territory remains poorly known. Fortunately France has a rather good knowledge of its 
historical seismicity that covers a thousand years, collected in a relational database visible on-line at 
www.sisfrance.net (Scotti et al., 2004). The study of historical seismicity relies on the interpretation of 
documentary sources found in the archives. These interpretations are by nature qualitative, however, the 
analysis has been performed in a homogeneous manner, applying similar procedures for all the events of 
the database. The interpretation of intensity database in terms of physical characteristics of the past 
earthquakes remains however a difficult task. Numerous hypothesis can be formulated which can lead to 
quite different results in terms of magnitude and depth estimates. Thus different catalogues of historical 
seismicity can be constructed depending on the choices made. In this paper, we first illustrate the 
uncertainties involved in the quantification of historical earthquake parameters, using the SisFrance 
macroseismic database as an example. We propose a parametric exploration of the magnitude-depth 
uncertainty in the form of empirical probability density functions. Results of this strategy applied to a 
deterministic procedure will be discussed and confronted with the results obtained in a recent site-specific 
PSHA study performed for the same site (Clément et al., 2004; Scotti et al., 2005). 

2. Methodology to quantify uncertainties in historical earthquake catalogues 

The macroseismic tool proposed here aims at quantifying data and modelling uncertainties involved in 
the estimate of the macroseismic magnitude-depth-I0 triplet of historical earthquakes (Baumont and 
Scotti, 2006, 2007).  It involves a two-step procedure: (1) to derive a mean intensity attenuation model 
and related uncertainty, and (2) to invert for the magnitude terms of the model using various 
instrumental catalogues. 

In order to estimate a mean model of intensity attenuation for metropolitan France, we proceeded to a 
selection of the best documented historical earthquakes of the SisFrance macroseismic database.  The 
data uncertainties that are accounted for in this methodology include those associated with:  the 
intensity evaluation at each locality, the estimation of the epicentral location and the evaluation of the 
epicentral intensity. In the SISFRANCE database, each one of these parameters is associated with a 
quality factor (Scotti et al., 2004), which is here converted in a numerical value to be formally 
included in the uncertainty exploration. Rather than using the intensity data points, most of the 
published studies are based on intensity binned data (IBD), such as isoseismal, average intensity per 
distance, etc. However, as shown in Figure 1 for the 1980, Arudy earthquake, the slope of the intensity 
attenuation with distance depends on the IBD used. 
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Figure 1:  Example of comparison of the distance binned data (blue circles) with the intensity binned data 
(purple circles) for the Arudy, 1980 France earthquake (data from www.sisfrance.net) 

To quantify the impact of the binning strategy on the estimation of the attenuation rate, we assumed that 
intensity binned data (IBD) decreases with the logarithm of the hypocentral distance (Kövesligethy, 1907; 
Sponheuer, 1960) and that intrinsic attenuation can be neglected. 

 δI  
h
RLog . βI I ERR100 ++=  

Weighting IOBS A priori constraints 
d I0 h � 

QIOBS = A, B, C 
Wd = σ d-2 = 8, 4, 2 
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I0 = I0 SisFrance +/- σ I0 
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20 
30 

 
60 

3 
4 
5 
6 

-2,0 
-2,2 

-4,0 

5 
10 
15 

Regional 
National 

Slow 
Fast 

Table 1:  List of parameters explored to build the EPDFs in intensity attenuation 

The intensity attenuation coefficient, β, assumed to be constant over metropolitan France, can be retrieved from 
a selection of events using an iterative damped least square scheme with inequality constraints (Menke, 1984; 
Tarantola, 2005). The results obtained depend on a number of parameters such as the set of selected events, the 
relative event weighting, and the starting model. By exploring each combination of parameters described in 
Table 1 (# 2640), we can build an empirical probability density function of β for each IBD.  As shown in 
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Figure 2, the intensity attenuation strongly depends on the binning strategy and differences are statistically 
significant. 

 

Figure 2:  Empirical probability density functions (EPDFs) estimated for metropolitan France for distance 
(IAVG) and intensity (RAVG) binning strategies 

In the light of these results, it appears necessary to establish an intensity-MW attenuation model specific to 
each binning strategy. The need to consider neighbouring countries stems from the necessity of disposing 
of the widest magnitude range possible for the calibration. Macroseismic data were thus collected through 
various European macroseismic databases (SisFrance2007, DBMI04, ECOS, EMID). Two important 
assumptions were made: MCS intensity data of the Italian DBMI04 database were converted into MSK 
using the scheme proposed by Godefroy and Levret (1985) and the β EPDFs established for metropolitan 
France are applicable to neighbouring countries. (It can be shown that similar β EPDFs results can be 
obtained using the Italian macroseismic database when MCS values are converted into MSK: 
β(IAVG) =  3,11 ± 0,15 and β(RAVG) = -3,55 ± 0,17) . Two homogeneous catalogues based on a selection of 
published instrumental magnitudes were constructed in MS and MW. The calibration was performed testing 
various combinations of data and model parameters (Table 2), using the following functional form: 

 R Log . β   M .C  C I 1021 ++=  

This exploration resulted in the definition of a family of intensity-MW attenuation models, each model 
carrying the empirically derived weight of the β EPDF (Figure 2). 

β(RAVG) 
+weights 

Starting depth 
(km) Constraints on depth Homogeneous 

catalogue in MW 

-3,3 
-3,4 
-3,5 
-3,6 
-3,7 
-3,8 

5 1-25 km (France) ; 1-50 km (other countries) Europe 
(#229) 

10 H+/- δH (instrumental); 
1-25 km (France) ; 1-50 km (other countries) FR + NL + CH 

(#96) 15 

Table 2:  List of parameters that were explored to propose intensity-MW attenuation relationships for the 
indicator RAVG 
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Figure 3:  Example of calibration for the indicator RAVG using the median value of β and the selection of 
events located in Italy, France, Switzerland, Netherlands, and a few cross-boundary events (++) 

We show that for each binning strategy, observed magnitudes can be well predicted by a single 
magnitude-intensity attenuation model over the entire magnitude range (3 ≤ MW ≤ 7). The families of 
intensity-attenuation relationships obtained for each IDB and each calibration magnitude sample the 
epistemic uncertainty of a macroseismic evaluation of the magnitude-depth of historical earthquakes. 
Combining the data and epistemic uncertainties, the macroseismic tool we developed allows quantifying 
the uncertainty in magnitude-depth of historical earthquakes. 

3. Deterministic seismic hazard estimates for the Tricastin NPP 

We present here an application of the macroseismic tool at the Tricastin site (Figure 4) where the deterministic 
seismic hazard is completely controlled by the local seismicity and thus only catalogue uncertainty needs to be 
quantified. 

 

Figure 4:  Region of study centred on the Tricastin site: the instrumental (red circles) and historical 
seismicity (red squares) and potentially active faults in the South Eastern France (SEF) region are 
shown. Color code for faults:  FC (F. des Cévennes)- rose) ; FN (F. de Nîmes)-orange ; FVL (F. de 
Ventoux-Lure)- red ; FI (Isère)-cyan ; FMD (F. de la moyenne Durance)-brown ; FL (F. du 
Lubéron)- green ; FT (F. de la Trévaresse)-violet ; FC (F. des Costes)-dark bleu ; FN (F. des 
Alpilles)- yellow 
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In the French regulation, the maximum historically plausible earthquake (SMHV) for the Tricastin NPP is 
associated with the 1873, local event, translated under the NPP site (Scotti et al., 2005). The macroseismic 
MS-depth-I0 estimates, described through a probability density function, indicates that this event is a 
shallow, moderate magnitude earthquake Figure 5.  The propagation of uncertainties described by a PDF 
allows proposing different hazard spectrum depending on the confidence level of interest. Following the 
RFS 2001-01 guidelines, the mean pseudo-acceleration spectra were estimated using the Empirical Ground 
Motion Prediction equation (EGMPe) proposed by Berge et al. (2003).  However, according to the RFS 
2001-01, the characteristics of the SMHV must be modified if its hypocentral distance is lower than 7 km, 
which corresponds to the minimal distance of applicability of the EGMPe. In such a case, the hypocentral 
distance is fixed at 7 km, and the magnitude is increased so that the intensity at the NNP site remains 
constant. The resulting pseudo-acceleration spectra are shown in Figure 7 for various confidence levels. An 
example of deagregation for the percentile 50th shows Figure 7 that the scenarios that contribute the most to 
this hazard level is a M5-5.2 event at an hypocentral distance of 7-7.5 km. 

 

Figure 5:  Macroseismic magnitude-depth-I0 estimates for the 08/08/1887 earthquake. The barycentre is 
plotted as a purple square, and the 1 and 2 σ uncertainty contours are shown as dashed lines 

 

Figure 6:  Deterministic pseudo-acceleration spectrum levels (1th, 2th, 16th, 50th, 84th, 98th and 99th 
percentiles, coloured area) obtained for the Tricastin NNP site by integrating the 
macroseismic Magnitude-depth uncertainties delineated in Figure 5 
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Figure 7:  Identification of the scenarios that contribute the most to the seismic level corresponding to a 
percentile 50th 

4. On the complementarities between deterministic and probabilistic seismic hazard estimates: 
example for the Tricastin site 

A Probabilistic Seismic Hazard Assessment methodology for the Tricastin nuclear site (Figure 4) was 
developed a few years ago (Clement et al., 2004). The methodology combined a logic tree approach with a 
Monte Carlo sampling to explore as much as possible the uncertainties of the proposed models. Among the 
uncertainties explored, those related to earthquake catalogues (two different intensity-magnitude prediction 
equations), to the choice of seismicity models for faults (characteristic, Gutenberg-Richter, Youngs and 
Coppersmith), to the choice of the minimum magnitude for GR modelling, to the choice of seismotectonic 
zoning (three zoning schemes, see Clement et al., 2004), and of the  EGMPe’s (Berge et al., 2003; 
Ambraseys et al., 1996, Sabetta and Pugliese, 1996) were the most important ones (see Table 3). The 
presence of active faults was also considered. Numerous scenarios were explored by taking into account 
the possible rupture of one or several segments in a cascade hypothesis. Clearly, with the options explored 
in the proposed logic tree, the choice of the zoning model and the choice of the EGMPE appear as the 
decisive parameters that contribute the most to the range of epistemic uncertainties in the uniform hazard 
spectral (UHS) response (Table 3). 

Most important epistemic choices of the Tricastin 
Logic Tree Contribution to epistemic uncertainty (%) 

EGMPEs : IRSN/AMB/SAB 20 - 25 
Three seismotectonic schemes 15 - 35 
Minimum Magnitude considered for GR calculations
(3.0 and 3.2) 

15 - 20 

Seismicity models for faults (GR/CE/YC ) 5 - 15 
Two historical earthquake catalogues 10 

Table 3:  List of parameters that contribute the most to the epistemic uncertainty of the UHS for the 
Tricastin site (10000 years return period) 
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The probabilistic and deterministic approaches are radically different in terms of the uncertainty explored 
and of the underlying assumptions. The point of this paragraph is not so much to compare the levels, which 
happen to be quite similar (Figure 8) but rather to compare the range of uncertainties that these two 
different methodologies produce.  Figure 8 shows that the two methodologies lead to uncertainties that 
span similar ranges, in spite of the fact that the only epistemic uncertainty explored in the deterministic 
methodology is the uncertainty involved in the intensity-magnitude procedure. 

Through this example, we show that the interpretation of macroseismic data in terms of magnitude-depth 
may greatly contribute to seismic hazard uncertainties, which should be accounted for in future 
deterministic and probabilistic SH studies. Accounting for the inherent uncertainty in the data and models 
that feed seismic hazard estimates has been an issue for more than 30 years. Probabilistic seismic hazard 
methods provide so far the only established tools that formally account for uncertainty. In this study, we 
proposed an alternative approach that allows qualifying confidence levels based on a deterministic method 
using the French nuclear regulatory guide RFS 2001-01 as an example. 

 

Figure 8:  Deterministic pseudo-acceleration spectrum levels (1th, 2th, 16th, 50th, 84th, 98th and 99th 
percentiles, gray shades) are compared to those obtained in a probabilistic analysis previously 
performed at the site of Tricastin (UHS 10-4, 2th and 98th percentiles, red lines) 

5. Conclusions 

The four main steps in the deterministic seismic hazard assessment entail (1) the definition of a 
seismotectonic zonation, (2) the selection of most damaging historical or instrumental earthquakes within 
each zone, and their displacement as close as possible to the site of interest, within their own zone, (3) the 
evaluation of magnitude-depth characteristics and (4) the estimation of intensity or spectral acceleration at 
the site. Each one of these steps is achieved through expert decisions that strongly control the resulting 
hazard levels (Berge et al., 2004). The objective of the proposed methodology under development is to 
propagate the uncertainties from step (1) to step (4) in a manner similar to the probabilistic methodologies. 
This paper focused on the impact on the resulting hazard level of the epistemic and data uncertainties 
involved in the evaluation of historical earthquake characteristics (step 3), which can be very large as 
shown for the case of Tricastin. 
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The resulting deterministic pseudo-acceleration spectrum levels (from 1th up to 99th percentiles) are 
compared to those obtained in a probabilistic analysis previously performed at the site of Tricastin (UHS 
10-4, 2th and 98th percentiles). The range of hazard level obtained for the deterministic methodology (step 3 
only) is comparable to the wide and more complete exploration of the probabilistic seismic hazard levels. 

Future work will concentrate on estimating the impact of uncertainties of historical earthquake characteristics on 
the seismicity rates, which is the basis of PSHA calculations. Concerning the deterministic evaluations, further 
developments are needed to account for the uncertainties in the other steps of the SH evaluations. It is hoped 
that this approach will set the way towards a formalisation of uncertainties in deterministic SHA in a manner 
similar to the probabilistic approaches proposed recently. Similarly to PSHA, it will be possible to propose 
scenarios at given confidence levels, allowing the end-user to make more uncertainty-informed-decisions. 
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Swiss Regulatory Review of the PEGASOS Study 
Consultants to the Swiss Federal Nuclear Safety Inspectorate (HSK): 

 
Peter Zwicky, Basler & Hofmann, Consulting Engineerings ag,Zürich,Switzerland 

Robert T. Sewell, R.T. Sewell Associates, Consulting, Louisville, Colorado USA 

Domenico Giardini, Swiss Federal Institute of Tech. (ETH) Dept. of Seismology and Geodynamics; and 
Director, Swiss Seismological Service (SED), Zürich, Switzerland 

1. Background and introduction 

The Swiss nuclear power industry has undertaken substantial efforts in seismic safety management.  All Swiss 
nuclear power plants (NPPs) have been designed for earthquake loads and effects, and operators are trained on 
procedures in the event of an earthquake.  Furthermore, a rather unique aspect of the Swiss NPPs is that they 
each have additional (redundant) bunkered systems, specifically designed and qualified to achieve safe 
shutdown in the face of a variety of external threats, including earthquakes. 

Seismic safety management of Swiss NPPs has also involved studies for beyond-design-basis events, which 
have included development and use of probabilistic seismic hazard analysis (PSHA) results, dating back to the 
late 1970’s.  The Swiss Federal Nuclear Safety Inspectorate (HSK) promoted development of the earliest 
generic PSHA study of Switzerland, which was subsequently applied by the Swiss plants for site-specific 
hazard assessment at each of the four NPP sites – Mühleberg [KKM], Beznau [KKB], Gösgen [KKG] and 
Leibstadt [KKL] (see Figure 1). 

As part of the periodic safety review (PSR) process for Swiss NPPs, HSK performs regular, ongoing 
evaluations of the related submittals prepared by the licensees.  One important aspect of the PSR process 
includes licensee submittal and regulatory review of an updated probabilistic safety assessment (PSA) for each 
NPP.  The PSA studies were initially scoped by licensees on the assumptions that the seismic hazard in 
Switzerland was low, and correspondingly, that seismic events would not be a significant relative contributor to 
the risk at Swiss NPPs.  By the mid-1990’s, however, the PSR process had soundly revealed that, although the 
overall risk was generally low, seismic events were nonetheless an important class among the relative 
contributors to the risk of core damage for Swiss NPPs (as they are likewise for many plants worldwide). 
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Figure 1:  Swiss NPP Sites plotted on Seismic Hazard Map of the Swiss Seismological Service.  (Mühleberg is 
a single-unit boiling water reactor (BWR); Beznau is a dual-unit pressurised water reactor (PWR); 
Gösgen is a single-unit PWR; and Leibstadt is a single-unit BWR.) 

This finding justified HSK’s continued due attention to the consideration of seismic events in the PSR process.  
Starting in 1996, HSK initiated a practice, for current and subsequent PSR cycles of all Swiss plants, of 
performing regular seismic review inspections and detailed evaluations of the seismic aspects of PSA submittals 
– one element of which included a new review evaluation of site-specific PSHA studies.  By 1997, these 
reviews noted (among other items) important needs for improvement in the PSHA studies, in order for them to 
be consistent with then-modern practice.  Some of the most significant areas noted for improvement of the 
PSHA studies included the following: 

 Standard deviations (σ) on attenuation models were being ignored (i.e., assumed to be zero); 
hence, appropriate values for σ on attenuation relationships needed to be included. 

 A rather limited and outdated set of attenuation models was being applied; hence, ground-motion 
relationships needed to be updated, including a broader consideration of applicable attenuation models. 

 Standard deviations on motion conversion models (e.g., intensity to PGA) were being ignored (i.e., 
assumed to be zero); hence, appropriate values for these standard deviations needed to be included. 

 Seismic source models were all primarily determined by historical seismicity, whereas greater variation 
in modelling – including broader consideration of the possible seismotectonic models/interpretations 
and their implications – needed to be addressed. 

 Site-specific studies could not rule out the possibility of liquefaction; hence, greater understanding 
of the potential and effects of liquefaction was needed. 

(Note that most of these areas of improvement are motivated by a need to adequately address elemental 
uncertainties, and to understand and capture their effects on the PSHA results.) 
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HSK organised a June 1998 seminar on “New Evaluation of Seismic Hazard in Switzerland,” where various 
experts provided presentation on then-current PSHA findings, status and issues in Switzerland, followed by 
open discussion on potential implications of this latest information to new PSHA studies for Swiss NPPs.  A 
principal HSK conclusion from the seminar was that the PSHA studies for Swiss NPPs could no longer be 
viewed as state-of-the-art, and hence, needed to be updated. 

In December 1998, HSK initiated the development of draft guidelines for new site-specific PSHA studies for 
Swiss NPPs, and in June 1999, HSK issued a requirement for licensees to conduct new PSHA studies in 
accordance with an approach subject to HSK’s approval, considering the intent of the draft guidelines. 

Additionally, to help better understand characteristics pertaining to the seismic threat (particularly for long 
return periods) in Switzerland, in December 1999, HSK undertook sponsorship of various Swiss paleoseismic 
studies, including field and laboratory work for collection and analysis of lake sediments, rockfall debris, 
stalactite and stalagmite breakage, and for fault trenching studies. 

2. Overview of the PEGASOS study 

In response to HSK’s request for new site-specific PSHA studies, the Swiss licensees (via the sponsoring 
organisation swissnuclear [formerly Unterausschuss Kernenergie, UAK]) submitted a draft plan, during March 
2000, for a project entitled “Probabilistische Erdbeben-Gefährdungs-Analyse für KKW-StandOrte in der 
Schweiz” – the PEGASOS study.  A key feature of the draft plan was to implement PEGASOS according to the 
Level-4 methodology documented in the Senior Seismic Hazard Analysis Committee (SSHAC) guidelines 1.  
Additionally, the plan proposed some important extensions to the SSHAC Level-4 approach (discussed later in 
this paper).  HSK reviewed the draft plan, and upon its approval, it became the final Project Plan, which served 
as the principal roadmap for implementing the PEGASOS study. 

PEGASOS was managed by Nagra – the Swiss National Cooperative for the Disposal of Radioactive 
Waste-who organized a Project Management Team (PMT) and arranged the major project elements according 
to the following sub-projects (SPs): 

 SP1 – seismic source modelling.  SP1 involved four teams, with each team consisting of three earth 
scientists, together having collective expertise in geology, seismology and geophysics. 

 SP2 – ground-motion modelling.  SP2 involved five members having expertise in ground-motion 
relationships for Europe. 

 SP3 – site-response modelling.  SP3 involved four members having expertise in site response analysis.  
(Two members were engineers with background in geotechnical modeling approaches, whereas the other 
two were earth scientists with background in seismological modeling approaches.) 

 SP4 – seismic hazard calculations.  SP4 consisted of two teams who performed PSHA calculations and 
related software/code modifications and development. 

All 21 of the primary experts who participated on the first three subprojects were from Europe, and each of 
these three subprojects was led by one or more technical facilitator-integrators (TFIs) from the US.  For SP4, 
one of the two teams that participated was a US engineering firm experienced in PSHA calculations on 
projects that have implemented the SSHAC approach, and the other team was a Swiss earth science firm. 

                                                      
1 SSHAC, "Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Experts," U.S. 

Nuclear Regulatory Commission, NUREG/CR-6372, April 1997. 
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In addition to the primary PEGASOS experts and participants, a significant number of European and US experts 
participated as “resource experts” – who conducted, and/or reported on, various analyses and studies requested 
by the primary experts for making their interpretations. 

This coordination of project responsibilities – i.e., as an interactive collaboration among well-recognized 
European and US experts – not only provided an effective arrangement for transferring the SSHAC 
methodologies to European experts, but also the basis for transferring the new methodological advancements 
undertaken in PEGASOS, and lessons learned from application of the SSHAC Level-4 approach in Europe, to 
the entire global community of those concerned with PSHA. 

The PEGASOS study was performed during the years of 2001 to 2004.  The scope of the study included the five 
commercial reactor units (at the four Swiss NPPs) that are currently operated in Northern Switzerland, with a 
study area extending to 300 km radius from the plant sites, and including several European countries. 

Not only was the PEGASOS study the first of its kind in Europe, but it is also among the most advanced PSHA 
studies yet undertaken anywhere, and in many respects provides a new model for the state-of-the-art in PSHA.  
PEGASOS was the first study to introduce full elicitation on maximum ground-motion truncations, applying 
period-dependent truncations both on the number of standard deviations of ground motion and on the absolute 
values of the motions. In addition, PEGASOS developed and implemented new standards in rigorous quality 
assurance of PSHA and database management of project information. 

It is interesting to compare the results of PEGASOS with the earlier PSHA results for the Swiss NPPs.  Figure 2 
provides a comparison of median hazard for the Swiss plants.  As can be observed, the differences in medians 
(for a given site) are substantial.  (Owing to the much larger uncertainties in PEGASOS results, the difference in 
mean hazards is notably greater than for the medians.) 

Such considerable differences were apparently not anticipated by the sponsor of PEGASOS, who decided to 
perform a late-stage review of the study.  The sponsor’s review concluded that the PEGASOS results “do not 
form a suitable basis for design or plant specific risk analysis.”2 

For further information on the PEGASOS results and the various detailed aspects of the study itself, the reader 
is referred to the final PEGASOS report3 and to recent articles in the peer-reviewed literature, as well as to 
information on the Internet concerning PEGASOS.  By now, the PEGASOS study is relatively well known 
among those concerned with PSHA for nuclear facilities. 

The remainder of this paper describes the approach and key findings from HSK’s regulatory review of 
PEGASOS, as well as briefly discusses ongoing elements of PSHA review.  

                                                      
2 Klügel Jens-Uwe, “High level observations of the swissnuclear PEGASOS-review,” KKM Technical Note ANO-D-23813, 

September 19, 2006. 
3 Nagra, "Probabilistic Seismic Hazard Analysis for Swiss Nuclear Power Plant Sites (PEGASOS Project)," Final Report, 

Volumes 1 to 6, July 31, 2004. 



  NEA/CSNI/R(2009)1 

243 
 

 

Figure 2:  Comparison of the median hazard curves resulting from PEGASOS with corresponding results 
from the earlier PSHA study, for the four Swiss NPP sites.  (In each case, the location of the 
motion is at the Reactor Building foundation level.) 

3. Basic review philosophy 

Having accepted the SSHAC Level-4 methodology for use by licensees in PEGASOS, HSK structured its 
review process to correspondingly be highly consistent with the SSHAC guidelines and philosophy for review 
of a Level-4 study – which include the possibility (and discuss the advantages and disadvantages) for 
participatory review, late-stage review, or both.  Furthermore, HSK recognised the possible situation that a 
late-stage regulatory review only, or a participatory regulatory review only, could potentially (if not likely) lead 
to loss of needed review continuity, with resulting information gaps, and consequential ambiguity as to the 
appropriate review conclusion.  Understanding that such a situation could put the licensees’ study at risk of not 
being accepted simply on the basis of the chosen review logistics, HSK decided to adopt both a full 
participatory review and a confirmatory late-stage review.  The nature of the review was a technical and process 
peer review, with focus on the procedural issues. 

HSK’s role as regulatory reviewer was an explicitly designed element of the Project Plan agreed by HSK and 
swissnuclear – thus, requiring that Nagra would implement the Project Plan accordingly, such that the role of 
HSK’s review team could be effectively fulfilled. 

Consistent with SSHAC Level-4 guidance, a principal consideration in HSK’s regulatory peer review was the 
identification of the potential for biases, both technical and judgmental, in the implementation of the PSHA 
process for PEGASOS. 

This review structure and philosophy did not preclude a participatory review, a late-stage review, or both, by the 
PEGASOS sponsor.  During the course of the project, swissnuclear had the opportunity to undertake 
participatory review activities (provided such activities would not introduce an influence on the technical 
opinions of the experts), and was generally encouraged to do so.  (In fact, specific situations required 
swissnuclear involvement, such as disposition on proposed amendments to the output specification for the 
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project, which were raised on a few occasions by the PMT or HSK, in order to help ensure that greatest utility 
could be derived from PEGASOS results [e.g., toward effective use in subsequent seismic design and seismic 
PSA studies].) 

4. HSK review team (HSK-RT) 

Consistent with the SSHAC Level-4 approach, HSK decided to appoint a panel of review experts – together 
named HSK-RT – who collectively possess extensive experience and knowledge in all major facets of PSHA.  
HSK-RT consisted of an HSK project officer and four technical experts. 

HSK-RT was assigned principal responsibility for implementing HSK’s review of PEGASOS, and hence, 
served as advisor to HSK.  Although HSK-RT recommendations could be accepted or modified, at HSK’s 
discretion, to ensure that the specific intent of HSK’s objectives were achieved, HSK-RT nonetheless served as 
HSK’s principal agency for fulfilling regulatory review of the PEGASOS project. 

As was the case for the PEGASOS experts and participants, HSK-RT technical experts generally had some 
overlapping experience and expertise.  However, most HSK-RT technical experts participated as primary 
reviewer of only one or two of the PEGASOS subprojects (SP1 to SP4). 

Also similar to PEGASOS experts and participants, HSK-RT technical experts had knowledge of alternative 
technical approaches and interpretations in their respective dominant fields within PSHA.  Correspondingly, 
throughout the various stages of PEGASOS, HSK-RT had interactive discussions with the PMT concerning the 
adequacy of the Project’s implementation of the SSHAC Level-4 process within the various subproject areas.  

HSK-RT members fulfilled multiple roles in the review process, consistent with their respective principal areas 
of experience, with such roles including: 

 Primary Reviewers for PEGASOS subprojects SP1, SP2, SP3, and SP4 fulfilled review, and kept 
regularly abreast, of PEGASOS activities and findings that pertained to their respective subproject.  They 
also coordinated and resolved comments by other HSK-RT members that pertained to their subproject 
(e.g., to address review issues pertaining to subproject interactions).  Each HSK-RT technical expert 
participated as primary reviewer for at least one subproject. 

 The Project Reviewer provided review observations pertaining to all subprojects and to the overall 
review project coordination, and was available to the HSK-RT Project Manager to substitute for any 
Primary Reviewer as the need arose. 

 The Technical Leader provided team leadership in matters of technical coordination during the 
Workshop elicitation phase of the review, with this role concluding upon completion of Project 
Workshop No. 4 (WS-4).  During his commission, the Technical Leader reviewed and edited final 
versions of HSK-RT project reports.  At review team meetings of HSK-RT, he led and moderated the 
discussions.  At formal review meetings with PEGASOS, he also led and moderated the discussion of 
review issues raised by HSK-RT.  (At meetings or other occasions when he was absent, the Project 
Reviewer, or another HSK-RT member designated by the HSK-RT Project Manager, took responsibility 
for this interface role.)  The HSK-RT Technical Leader strived to resolve any significant inconsistencies 
in the review observations that were formally presented by HSK-RT, while yet meaningfully conveying 
the spectrum of multiple viewpoints of HSK-RT members. 

 The SSHAC Methodology Advisor provided observations and suggestions to help ensure that both the 
Project and the HSK-RT review process reasonably maintained the overall process integrity of a SSHAC 
Level-4 PSHA study. 
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 The Seismic PSA Advisor provided observations and suggestions to help ensure that the specification and 
format of Project PSHA results would be reasonably suitable for use in their intended plant-specific PSA 
applications. 

 The Seismic Design Advisor provided observations and suggestions to help ensure that the specification 
and format of Project PSHA results would be reasonably suitable for use in their intended application in 
developing plant-specific seismic design criteria. 

 The Project Facilitator coordinated the preparation and delivery of all HSK-RT project reports to the 
HSK-RT Project Manager, and otherwise assisted the HSK-RT Project Manager in fulfilling project 
management activities of the HSK-RT review plan. 

 The Project Manager managed, developed, and approved plans and activities for fulfilment of the review 
project. He served as HSK’s point of contact within HSK-RT and he directed matters that related to 
interfacing directly with HSK, plant licensees, and/or the PEGASOS project concerning the review 
project.  He also acted to ensure consistency of the review project with HSK’s regulatory practices.  
Additionally, upon completion of Project Workshop No. 4 (WS-4), the HSK-RT Project Manager also 
served as, or delegated, principal interface in meetings with the PEGASOS Project on technical matters. 

HSK also considered it important that the review team be familiar with information and specific PSHA insights 
and issues pertaining to Switzerland, including experience in Swiss industry, academia, and government. The 
participation on HSK-RT of the Director of the Swiss Seismological Service (SED) and a consultant from Swiss 
industry was included, in part, to help ensure sufficient communication so that all HSK-RT members acquired 
this familiarity. 

5. Review objectives 

Following were HSK's major objectives for HSK-RT’s independent participatory technical and process peer 
review of PEGASOS: 

 To verify, and help ensure, that the PSHA process was properly implemented in accordance with: 

• The PEGASOS Project Plan (including any deemed-necessary modifications thereto). 

• The intent of HSK’s draft PSHA guidelines. 

• The SSHAC recommendations for a Level-4 PSHA study. 

 To verify, and help ensure, that the relevant facts, data, and state-of-the-art methods were considered in 
the PSHA process. 

 To verify, and help ensure, that key intermediate and final products and results of the PEGASOS project 
appeared generally reasonable. 

These major objectives encompassed a variety of unstated sub-objectives that were more pragmatically 
conveyed by means of an internal, living HSK-RT Review Plan.  In addition to the foregoing objectives, HSK 
held implicitly to the supplemental goal that it would strive to provide sufficiently meaningful, complete, and 
timely technical and process review feedback to the PEGASOS project and to plant licensees, as needed, such 
that if the Project and licensees responded adequately and promptly to the ongoing review feedback, the Project 
could be deemed acceptable by HSK upon completion of its participatory review activities and following its 
late-stage review consideration of the final Project documentation.  Furthermore, in the event that 
responsiveness to review feedback by the PEGASOS project or licensees might at some point be deemed 
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unacceptable by HSK, the means for effective remedy of any inadequacy would be clear from the review 
feedback. 

6. Review approach 

HSK’s approach for review of PEGASOS was comprehensive, with every major facet and development within 
the study being considered.  In almost all cases, at least one HSK-RT technical expert sat as observer at every 
workshop for the subproject under their review.  In some cases, HSK-RT observed elicitation sessions and 
special sessions convened by the Project; additionally, the documents generated by the Project concerning such 
events (e.g., elicitation summaries) were typically reviewed by the designated HSK-RT member(s). 

Prior to HSK’s review, there existed no precedence for regulatory acceptance based on participatory peer review 
of a PSHA analysis that followed the SSHAC Level-4 methodology.  Furthermore, some specific unique 
aspects of the PEGASOS Project Plan (e.g., the explicit treatment of site-response assessment as a separate 
subproject) were not completely covered by the generic SSHAC Level-4 guidance.  In addition, HSK realised 
that it must ensure that Swiss regulatory practices were appropriately represented in its review process.  Hence, 
aside from considering the generic SSHAC peer review recommendations, HSK identified the specific review 
objectives noted at the beginning of this subsection, as well as more prescriptive guidance for implementing its 
independent participatory peer review of PEGASOS.  Such objectives and guidance were documented in the 
HSK Review Plan, which was originally developed in specific response to the draft of the PEGASOS Project 
Plan, and which was continuously updated in accordance with the actual experience realized during the course 
of review of the PEGASOS Project.  A principal aspect of the HSK Review Plan was the outlining of schedule 
and tasks for HSK-RT’s review project.  Due to the participatory nature of the review, many of the tasks and 
milestones of the review project paralleled those of the PEGASOS project itself.  Following is a list of the 
various elements of HSK-RT’s review activities: 

 HSK-RT attended PEGASOS Workshops as observers, and explained review findings in related review 
meetings. 

 HSK-RT reviewed key documentation and deliverables of the PEGASOS project. 

 HSK-RT reviewed significant information provided in the PEGASOS database. 

 HSK-RT performed independent qualitative checks of intermediate and final PSHA results, 

 HSK-RT developed several interim review reports and a final review report. 

 HSK-RT periodically conducted review team meetings. 

 HSK-RT presented review comments to HSK and to the PEGASOS leaders or sponsors, as needed. 

Tables 1 and 2 provide lists, respectively, of the Project Workshops where HSK-RT conducted participatory 
review activities and developed corresponding interim review reports, and of the various dates and locations of 
HSK-RT internal team meetings. 

A systematic review reporting procedure and schedule were followed by HSK-RT.  Following each Project 
Workshop, HSK-RT presented and discussed review observations with the PMT.  A draft interim report was 
then prepared and submitted to the PMT, documenting review points.  Typically, the PMT developed a written 
response to these review points, which mostly, if not completely, resolved the issues.  However, in cases where 
an interim review point was not resolved, the point was tracked as an open item, and documented in the final 
version of the interim report.  Open items that were not resolved by the PMT upon completion of PEGASOS 
activities and submittal of the final Project report, were documented in HSK-RT’s final review report as 
remaining open items. 
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Table 1:  Summary of HSK-RT review reports resulting from participatory consideration of PEGASOS 
workshops and from late-stage review of the final Project documentation 

PEGASOS Activity 
Reviewed by HSK-RT 

HSK-RT Review Report 

Report No. Report Date 

WS-1 , All Subprojects 
15-18 October 2001 

HSK-AN-4152 19 November 2001 

WS-2, Subproject SP1 
12-14 February 2002 

HSK-AN-4254 22 March 2002 

WS-2, Subproject SP2 
16-18 April 2002 

HSK-AN-4321 23 May 2002 

WS-2, Subproject SP3 
14-16 May 2002 

HSK-AN-4358 21 June 2002 

WS-3, Subproject SP1 
18-20 June 2002 

HSK-AN-4390 10 July 2002 

WS-3, Subproject SP2 
1-3 October 2002 

HSK-AN-4570 19 December 2002 

WS-3, Subproject SP3 
19-21 November 2002 

HSK-AN-4617 7 February 2003 

WS-4, All Subprojects 
24-28 February 2003 

HSK-AN-4666 4 April 2003 

WS-3a, Subproject SP3 
20-21 October 2003 

HSK-AN-4963 18 December 2003 

Final PEGASOS Report 
31 July 2004 

HSK-AN-5364 3 December 2004 

Table 2:  Summary of HSK-RT internal meetings held to monitor and discuss review progress, as well as to 
update review plans. 

HSK-RT Meeting No. Date Location 
1 18 October 2001 Villigen CH 
2 14 February 2002 Regensdorf/Watt CH 
3 21 June 2002 Villigen CH 
4 3 March 2003 Davos CH 
5 29-30 June 2003 Oakland USA 
6 24-26 February 2004 Davos CH 
7 10 June 2004 ETH Zürich CH 
8 4, 5, 10 November 2004 Villigen & ETH Zürich CH 

HSK-RT guiding principles 

To help insure that the review project proceeded without conflict or bias, did not influence the expert 
assessments made in the PEGASOS project, and did not direct or unnecessarily disrupt the course and schedule 
of the Project, the following guiding principles were incorporated into the HSK-RT review plan: 
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1. HSK-RT members should fulfil their responsibilities for regulatory review on behalf of HSK, 
free of any conflicts of interest, and should endeavour to achieve the intent of HSK’s regulatory 
review objectives and related goals. 

2. HSK-RT members should work together as a team, toward the goal of conveying the collective 
diversity of HSK-RT viewpoints in an overall consensus presentation of review observations.  
Any inconsistencies in review observations should be resolved in a manner consistent with the 
HSK-RT roles. 

3. HSK-RT members should fulfill their review activities in a manner that minimizes undue 
disruption and direction to the PEGASOS project as it proceeds, while yet achieves HSK’s 
review objectives and related goals. In this regard: 

a. Participation of HSK-RT members at formal PEGASOS Workshops and meetings should be 
observatory only.  Following the conclusion of a Workshop or meeting Session, HSK-RT 
may provide informal review comments to PEGASOS project leaders, provided they are not 
made in the presence of an elicited expert. 

b. Providing observation and feedback to the Project concerning a significant weakness in 
performance of a TFI, expert, or other Project participant is an important, but sensitive, aspect of 
HSK-RT’s review role.  Such observations should be made only if there is a potential risk that the 
Project participant may be introducing a bias into the PSHA study, and they should be raised only 
in situations where the thinking or confidence of an elicited expert will not be influenced. 

c. HSK-RT members should take care concerning the timing of their comments.  Comments 
made prematurely in the course of the Project may appear to be directive, whereas comments 
made too late in the Project may lead to a disruptive regression or digression of the Project to 
address a review concern. 

All HSK-RT members regularly communicated with the HSK-RT Project Manager in accordance with their 
responsibilities and/or concerns regarding technical, management, or administrative matters.  Although 
reviewers had principal responsibility for a specific PEGASOS subproject (or subprojects), they also had the 
mutual responsibility to stay informed on all other subprojects and to communicate any review concerns 
regarding integration of subprojects.  All reviewers participated in reviewing components of the PEGASOS 
database that related to fulfilment of their review roles.  Reviewers were also responsible for fulfilling their 
designated roles in a manner subject to the preceding guiding principles. 

Additional review details 

The reader can find additional summary of details of the regulatory review of PEGASOS in HSK-RT’s final 
review report.4 

7. Major review findings 

HSK-RT accepted the PEGASOS study as meeting the SSHAC Level-4 methodology, the intent of the HSK 
draft PSHA guidelines, and the Project Plan agreed between the Swiss NPPs and HSK. 

HSK-RT thus recommended the PEGASOS results as the best site-specific PSHA estimates available for the 
Swiss NPPs; and correspondingly, HSK-RT stated that the information produced from PEGASOS represented 

                                                      
4 HSK-RT, "HSK-RT Final Report: Review Approach, and Comments on ‘Probabilistic Seismic Hazard Analysis for Swiss 

Nuclear Power Plant Sites (PEGASOS Project) - Final Report’,” Report No.HSK-AN-5364, December 3, 2004. 
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the most appropriate basis for developing seismic inputs for PSA studies and for design criteria of the Swiss 
plants.  In this regard, HSK-RT reinforced the following: 

 PEGASOS results were consistent and compatible with PSHA insights derived from various independent 
means, including the then-new Swiss Seismological Service (SED) PSHA study for Switzerland. 

 PEGASOS had produced a reasoned evaluation of uncertainties, generally consistent with expectations 
and observations of variations in PSHA results obtained from other state-of-the-art studies of moderate 
seismicity sites. 

Nonetheless, HSK-RT noted that the epistemic uncertainty evaluated in PEGASOS appeared to be quite diffuse, 
and that there may exist the opportunity to somewhat better constrain the epistemic variation in the PSHA 
results. 

Additionally, during the course of the PEGASOS study, HSK-RT identified and documented various open 
items (from its participatory review activities), and at the end of the study (from its late-stage review of the final 
PEGASOS submittal), HSK-RT reported on nine related major areas for potential refinement (remaining open 
items).  In many cases, these comments were aimed at improving interfaces so as to potentially reduce 
uncertainties – but with the simultaneous realisation that such improvements could possibly cause median levels 
of hazard to decrease or increase.  Furthermore, at least two of HSK-RT’s observations were concerned with 
sources of potential optimistic bias in the median and mean hazard. 

Along with the suggestion to consider these potential refinements, HSK-RT stated the following: 

 Any future revision, benchmarking, or comparison of PSHA results for Swiss NPPs should be conducted 
on the basis of quality standards and methodologies compatible with those adopted in PEGASOS. 

8. Review benefits and lessons learned 

In the opinion of the authors, not only was the PMT’s implementation of PEGASOS a model for future PSHA 
studies, but also, the HSK review process was very successful and, correspondingly, of potential benefit for 
consideration in future regulatory review efforts. 

Aside from reaching a clear, unambiguous review disposition on acceptability of PEGASOS, as well as 
identifying specific areas for potential refinements, HSK’s regulatory review and interactions helped to motivate 
and influence the PEGASOS PMT to implement a number of important new improvements and systematic 
approaches that have led to concrete benefits in the PSHA study.  The success was possible through clear 
ongoing participatory communication with the Project, creative development of effective solutions by the 
Project, and cooperation of Project participants in implementing the associated processes adopted by the Project. 

Some of the areas where HSK-RT was able to contribute a significant positive influence on the process adopted 
in the project include the following: 

 Quality Assurance (QA) Guidelines:  It is worth noting that the SSHAC guidelines do not convey a 
significant description of QA procedures for PSHA.  The PEGASOS Project QA guidelines were 
specifically tailored to PSHA, and to the incorporation of the participatory role of HSK-RT.  HSK-RT 
had requested that provision for interactions among subprojects be included in the study process, that 
software modifications be appropriately verified, that calculations be verified, that logic-tree 
simplifications (if undertaken) would not result in material changes to the hazard results, that experts 
adopt checks to ensure the integrity of their work, and so forth.  To the satisfaction of HSK-RT, the PMT 
was able to develop very pragmatic and explicit procedures and criteria that established high confidence 
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in the PEGASOS process and results.  The authors believe that these guidelines have considerable value 
for future PSHA studies of important facilities. 

 Hazard Input Documents (HIDs):  Prior to PEGAGOS, there existed a format gap between the output of 
elicited expert interpretations, and the input files that were ultimately prepared for PSHA calculations.  
The potential problem was that a PSHA analyst might generally need to make some judgments as to how 
the intended model corresponding to a specific expert interpretation would be “translated” from a 
descriptive or narrative form into the specific data fields and values, and the specific algorithms, familiar 
to the analyst (but not necessarily to the expert – particularly in the face of both complex interpretations 
and complex software).  HSK-RT brought this gap to the Project’s attention on a number of occasions, 
and at least the following three elements of solution were implemented: (1) SP4 representatives sat in on 
workshops of the other subprojects, in order to ensure that they understood the expert viewpoints and 
interpretations, as well as how they should be modelled; (2) SP4 representatives made presentations to 
the experts on how they implemented interpretations requiring new software development: and (3) 
Experts were required to prepare, and sign off on, the HIDs, which explicitly identified input parameters 
for the hazard calculations.  The authors believe that these elements – and, perhaps most particularly, the 
HIDs-represent a major advancement for maintaining integrity of expert interpretations in PSHA 
calculations. 

 Output Specification:  The PMT, HSK-RT, and swissnuclear worked together to ensure that an 
appropriate output specification was developed.  The authors believe that an output specification is 
essential to the success of a PSHA project, and that the one produced for PEGASOS is a useful model for 
other PSHA studies.  The specified output must be suitable for use in PSA studies and development of 
seismic design criteria.  If the appropriate outputs are specified too late in a PSHA project, there is the 
risk that substantial and expensive re-work – including re-calculations and possibly also 
re-elicitation-may be required.  HSK-RT identified needed adjustments in the original output 
specification, in order to ensure that required information for PSA and design would be developed. 

 Consensus Catalogue:  As encouraged by HSK-RT, a consensus catalogue was developed for use in 
PEGASOS, which helped ensure that the SP1 experts had a common understanding of the available 
information on historical seismicity. 

 Elicitation of Rupture Configurations for Area Sources:  Many modern attenuation relationships use 
“closest distance to rupture” as distance metric.  Pre-existing PSHA calculation algorithms for area 
sources, however, typically did not generate ruptures, and hence, approximations would need to be 
introduced to make the area source algorithms compatible with the rupture-distance-based attenuation 
models.  HSK-RT considered such an approximate approach to be undesirable for at least the following 
reasons: (1) the approximation would introduce an unnecessary source of variability/error in the PSHA 
calculations and results; (2) the approximation would generally be based on assumptions of rupture 
configuration that would likely be incompatible with expert interpretations; and (3) experts would not be 
presented the option to adopt a more realistic model for area sources (wherein, for instance, they could 
specify parameters for probability distributions of rupture trace, dip angle, sense of movement, etc. – and 
have those preferred parameters accurately implemented), simply or primarily because that type of 
modelling was not then common (i.e., not the status quo) and was not yet implemented in the project 
software.  Therefore, HSK-RT requested that the Project explicitly give the experts the option, if they 
preferred, of developing parameters for rupture configurations within modelled area sources.  Most 
expert teams did ultimately decide that this format was a realistic and effective way of developing 
interpretations for area source models, and hence, the appropriately compatible algorithms were 
developed in the PSHA software to accurately implement these more realistic interpretations. 
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 Use of Native Distance Measures for PSHA Calculations:  For the purpose of studying the comparison of 
attenuation relationship on common basis in SP2, the experts chose a Joyner-Boore distance metric.  
Once attenuation relations were thus converted to this common distance metric, the SP2 experts were 
able to develop their sets of weights on the various attenuation models – which served to convey their 
models.  Although, once such weights were chosen, it was not compulsory to revert back to Joyner-Boore 
distance for the actual PSHA calculations, elicitations tended to rely on continued use of the conversion 
formula.  HSK-RT viewed this as potentially undesirable, since the conversion relationship produced an 
additional source of variability/error.  That is, since PSHA calculations can be easily coded to use the 
“native” metric of each attenuation law, there was no clearly compelling reason for the experts to have to 
resort to the additional (and approximate) conversion relationship when specifying PSHA inputs.  
Therefore, HSK-RT requested that the Project explicitly give the experts the option, if they preferred, of 
specifying that the native distance metric should be applied.  Correspondingly, the SP2 experts were 
provided with this flexibility. 

9. Subsequent developments 

As previously stated, the sponsors of PEGASOS conducted a late-stage review, and rejected their own study for 
its intended purpose (i.e., as input to seismic PSA and design studies).  Additionally, the sponsors conducted 
two post-late-stage review meetings concerning PEGASOS – one held in Baden, Switzerland during November 
2004, and the other held in Uetliberg, Switzerland during November 2006.  At these meetings, the sponsors 
brought in additional participants, some with viewpoints critical of the PEGASOS study.  Additionally, in the 
interim between these two post-PEGASOS review meetings, publications and presentations pertaining to 
PEGASOS were originated and released by some of the Swiss licensees.  Primarily from this overall situation, 
there has existed much controversy around the PEGASOS study-yet, controversy that the authors believe has 
been unwarranted and preventable, stemming more from misunderstanding rather than any significant problems 
with the study.  Nonetheless, this situation has added a significant and unplanned dimension of complexity, and 
extension, to the review process. 

At this time, the PEGASOS sponsors and HSK have in common the viewpoint that there exist avenues for 
potential refinement of PEGASOS (e.g., such as those conveyed in HSK-RT’s review findings, as well as 
potential others), and that many of these avenues – if accompanied with new data collection, enhanced 
approaches, and effective procedural implementation – have the potential to reduce uncertainties.  In November 
2007, the PEGASOS sponsors submitted to HSK a proposed basis for a PEGASOS Refinement Project (PRP).  
This proposal was reviewed by HSK-RT, and a meeting was held between HSK and swissnuclear during 
January 2008, in order to discuss the HSK-RT comments on the proposal.  A subsequent revised proposal has 
been submitted by swissnuclear, and is currently under review by HSK.  A significant element of the PRP is 
that it involves substantial development of new site-specific data and associated expert evaluations of the new 
data.  The specific details of the PRP are still under consideration, and hence, remain to be finalised. 

10. Conclusions and recommendations 

It is the authors’ unified opinion that PEGASOS is not just a state-of-the art PSHA, but a study that represents a 
level of improvement defining a new state-of-the-art.  For instance, aside from various other points highlighted 
in this paper, PEGASOS is the first study to comprehensively elicit vibration-frequency-dependent upper-bound 
ground motions for rock and soil, and the first study to extend the SSHAC Level-4 method for full elicitation of 
site effects in developing soil hazard results. 

The authors also believe that, for reasons presented in this paper, the HSK review proceeded prudently, and that 
the approach of implementing both a detailed participatory review and a confirmatory late-stage review has 
proven both successful for its intended purpose, as well as advantageous in addressing subsequent 
developments. 



NEA/CSNI/R(2009)1 

252 
 

Correspondingly, the authors recommend that both the PEGASOS Project implementation and HSK’s review of 
PEGASOS be considered by readers as very useful points of reference when developing, respectively, their own 
PSHA studies and their own review programs. 

As there still exists much controversy and apparent misunderstanding concerning the PEGASOS study, the 
authors strongly encourage that those who may feel inclined to form an opinion about the study first come to 
achieve close familiarity with the project methodology, planning, implementation, results, and review, prior to 
drawing any serious conclusions.  Our hope is that this paper may stimulate the interested reader to undertake 
such action. 
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Seismic Source Issues in Siting New Nuclear Power Plants in the Central and Eastern United States 
 

Yong Li, Nuclear Regulatory Commission, United States 
Nilesh Chokshi, Nuclear Regulatory Commission, United States 

Abstract 

The U.S. Nuclear Regulatory Commission (NRC) is currently reviewing several new reactor applications and is 
expected to receive more applications in the near future.  Most of the proposed new reactor sites are located in 
the central and eastern United States (CEUS).  In contrast to the western United States (WUS), the CEUS is less 
active in earthquake activity and can be considered as a low to moderate seismic area.  Lack of surface 
expression of active faults and strong seismic recordings in the CEUS make seismic siting more difficult.  
Probabilistic seismic hazard analysis (PSHA) provides a tool to estimate seismic hazard for the CEUS because it 
is capable of incorporating uncertainties.  The NRC endorsed the PSHA method and some PSHA models in 
Regulatory Guide 1.165, “Identification and Characterization of Seismic Sources and Determination of Safe 
Shutdown Earthquake Ground Motion,” issued March 1997.  A popular practice for new applications is to use 
one of the recommended PSHA seismic source models as a starting point and update those source areas where 
new paleoseismic evidence have emerged since the models were published.  However, most applications 
usually do not update other areas where there is no new paleoseismic evidence.  The challenges are then that (1) 
these source models are almost 20 years old and, as indicated in Regulatory Guide 1.165, they need to be 
updated every 10 years, and (2) some other competing source models use very different theories and 
mechanisms to characterize the CEUS seismic sources in their PSHA methods.  A subsequent question involves 
whether there is a need to completely update these source models to address the issues.  Recently, the nuclear 
industry agreed to update the Electric Power Research Institute seismic source model published about 20 years 
ago and has a 2-year plan to reassess seismic sources in the CEUS.  This paper presents some basic information 
about the seismic background in the CEUS and some key differences among the existing CEUS PSHA models 
for the discussion.  In addition, the paper discusses the industry’s plan to update the EPRI source model and 
potential challenges for the new update. 

1. Introduction 

The U.S. nuclear industry has announced that it will build as many as 30 new nuclear reactors in coming years, 
and most of these new reactor sites will be scattered in the central and eastern United States (CEUS).  The 
application process started in 2003; to date, the U.S. Nuclear Regulatory Commission (NRC) has granted three 
early site permits (ESPs) and has docketed several combined license (COL) applications.  During the review 
processes, the staff followed the regulations in Title 10, Section 100.23, “Geologic and Seismic Siting Criteria,” 
of the Code of Federal Regulations (10 CFR 100.23), which recommends probabilistic seismic hazard analysis 
(PSHA) method for siting nuclear power plants.  Some applications used the existing Regulatory Guide (RG) 
1.165, “Identification and Characterization of Seismic Sources and Determination of Safe Shutdown Earthquake 
Ground Motion,” issued March 19971, the first guide endorsing PSHA.  In addition, the NRC published 
RG 1.208, “A Performance-Based Approach to Define the Site-Specific Earthquake Ground Motion,” in March 

                                                      
1 Regulatory Guide 1.165, “Identification and Characterization of Seismic Sources and Determination of Safe Shutdown 

Earthquake Ground Motion,” U.S. Nuclear Regulatory Commission, March 1997. 
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20072 to incorporate the latest advances in seismic siting.  The guide summarizes the staff’s positions in using 
PSHA method for seismic siting and also incorporates the performance-based approach to determine a 
site-specific ground motion response spectrum.  With the publication of RG 1.208 and the update of Section 
2.5.2 of NUREG-0800, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power 
Plants,”3 applicants can better prepare their applications to comply with the regulations.  To streamline the 
licensing process, the staff frequently engaged the industry on many of the latest seismic issues.  However, even 
with combined efforts from both the staff and the industry through many interactions, some new issues have 
emerged during the review processes.  This paper will discuss those issues related to seismic source 
characterisation. 

2. CEUS seismic background 

It is common in seismic hazard study to conceptually divide the conterminous United States into two 
geographical regions—the CEUS and the WUS.  The boundary is along the longitude of about 104–105° W, 
approximately along the Rocky Mountain Front.  The CEUS has the following general seismic 
characteristics-(1) it is less seismically active than the WUS, (2) the dominant motion is the vertical motion 
caused by ice-mass unloading from the last glaciations4, (3) it has relative older crustal rocks and seismic waves 
attenuate less quickly than in the WUS, (4) there are very few exposed seismic faults, and (5) strong 
earthquakes occur with relatively longer recurrence intervals, usually 500 years and longer. 

Overall, characterizing seismic sources in the CEUS is more difficult than in active plate-margin regions such as 
California and other parts of the WUS, mainly because seismic faults are rarely exposed at the surface and 
strong earthquakes occur less frequently.  The earthquake history is relatively shorter compared to other parts of 
the world, such as Japan.  There is no clear understanding on the causative faults for scattering seismicity inside 
the vast areas of the CEUS.  Even in some of the well-known seismic zones where strong historical earthquakes 
have occurred, such as the New Madrid seismic zone (NMSZ) and the Charleston seismic zone (CSZ), there is 
not unambiguous insight regarding the corresponding seismic faults (e.g., their source geometry).  The 
determination of key seismic parameters for these sources, including maximum magnitudes and recurrence 
intervals, was somehow relied on paleoseismic studies.  Although paleoliquefaction data can be used to expand 
earthquake history into several thousands of years, large uncertainties exist because of the limitation in 
identifying and in constraining the ages of old liquefaction features.  Because of the lack of strong motion 
recordings, some attenuation relationships for the CEUS were derived based on the data from small events, and 
others were modified from WUS ground motion attenuation relationships or based on theoretical simulations.  
Therefore, large uncertainties exist in defining seismic source and wave attenuation relationships in the CEUS.  
The ideal method to characterize seismic hazard is using PSHA, which enables COL or ESP applicants to 
incorporate uncertainties in seismic sources and seismic wave attenuations as well as other seismic modeling 
parameters.  In general, it is relatively less controversial to define those special seismic source areas such as the 
NMSZ and CSZ because of their recent seismic history and expanded earthquake chronology based on 
paleoseismic studies.  However, outside of these special source zones, for the other areas inside the CEUS, large 
model input parameter discrepancies exist among different modeling groups.  Because new nuclear power 
plants are most likely to be located inside these kinds of areas, those seismic source model discrepancies from 
different modeling groups usually create significant differences in seismic hazard for individual sites. 

                                                      
2 Regulatory Guide 1.208, “A Performance-Based Approach to Define Site-Specific Earthquake Ground Motion,” U.S. Nuclear 

Regulatory Commission, March 2007. 
3 NUREG-0800, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants,” Section 2.5.2, 

“Vibratory Ground Motion,” Revision 4, U.S. Nuclear Regulatory Commission, March 2007. 
4 Stein, S., “Approaches to Continental Intraplate Earthquake Issues,” The Geological Society of America Special Paper 425, 2007. 
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3. Seismic source characterization history in the CEUS  

In the late 1980s and early 1990s, the Electric Power Research Institute (EPRI) and the Lawrence Livermore 
National Laboratory (LLNL) implemented comprehensive PSHA studies for nuclear power plants in the CEUS.  
Both EPRI and LLNL used a procedure similar to that recommended by the Senior Seismic Hazard Analysis 
Committee (SSHAC)5. Using the procedure, EPRI gathered six expert teams to work on source characterization 
for the CEUS.  Each of these teams followed the same guidelines in translating earth science interpretations into 
seismic source models and associated parameters and reflecting a current understanding of earthquake tectonics.  
Each team also developed its own interpretations regarding current earthquake tectonic theories and practices.  
Relying on experts from these earth science teams, the CEUS was divided into numerous seismic sources with 
their associated seismic parameters and probability of activities.  These sources were used in calculating mean 
and median seismic hazard curves for nuclear power plant sites.  LLNL also implemented a similar modeling 
process covering the same area, however; it used individual experts rather than teams to establish seismic source 
models. 

Another important PSHA study covering the CEUS is the U.S. Geological Survey (USGS) seismic hazard 
mapping project; its product, the often updated USGS seismic hazard map, actually covers the entire country.  
Since the publication of the new generation probabilistic seismic hazard map in 1996, USGS has already 
updated the hazard map twice (2002 and 2007), and the map targets seismic hazards with return periods of 1000 
years and less (annual probability of exceedance 1x10-3 and larger).  As a result, civilian building design makes 
extensive use of the map.  USGS adopted a different approach from EPRI and LLNL to estimate the CEUS 
seismic hazard.  It used four different models to characterize seismic hazards, including a combination of 
regularly spatially smoothed seismicity for several magnitude ranges, large background sources, and 
characteristic earthquake sources. 

The ESP and COL application processes made extensive use of the EPRI seismic source modeling published in 
the late 1980s.  The NRC endorsed both the LLNL and EPRI source models for the seismic siting of nuclear 
power plants in RG 1.165, with applicants updating these models as necessary.  Applicants usually used the 
EPRI source model as a starting model for their site-specific seismic siting.  If any new paleoseismic evidence 
provided additional information for a particular existing source or a new source, the applicant would revise the 
affected EPRI sources by either modifying source parameters for the existing source configurations or by 
adding new sources into the EPRI seismic source model.  Some significant seismic zones in the CEUS, such as 
the NMSZ and CSZ, were all updated; the modelling process also incorporated other potential new seismic 
sources, such as the Saline River and Wabash Valley source zones, where new paleoliquefaction evidence 
emerged.  Two common approaches to add a new source are either to overlap, for example, the newly added 
Saline River source zone on the top of the EPRI original sources in the Grand Gulf ESP6, or to replace the 
corresponding part with the newly characterized seismic sources from the EPRI source model, such as the CSZ 
in the Vogtle ESP7.  After the modification, the new sources are used in calculating seismic hazard at the site. 

However, EPRI released its source model almost 20 years ago.  Although each applicant updated site-specific 
seismic sources individually, many other sources date to the original model.  Both the industry documents 
(EPRI, 1986) and RG 1.165 state that an update is needed every 10 years.  Moreover, after the completion of the 
EPRI and LLNL modelling, other models have been implemented with different mechanisms and ideas, 
especially for the areas without much seismic activity.  For example, the USGS hazard map used a large 
background source with uniform magnitudes, and other parameters to cover the possibility of having a large 

                                                      
5 NUREG/CR-6372, “Recommendations for Probabilistic Seismic Hazard Analysis: Guidance on Uncertainty and Use of Experts,” 

Senior Seismic Hazard Analysis Committee for the U.S. Nuclear Regulatory Commission, 1997. 
6 NUREG-1840, “Safety Evaluation Report for an Early Site Permit (ESP) at the Grand Gulf Site,” U.S. Nuclear Regulatory 

Commission, 2006. 
7 “Early Site Permit Applications for Vogtle Electric Generating Plant Units 3 and 4, Final Safety Analysis Report,” Southern 

Nuclear Operating Company, 2006. 
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earthquake in areas with little seismic activity.  On the other hand, some of the EPRI teams defined large area 
sources where they assigned a low probability of activity because those teams believed that earthquakes had to 
occur along a fault.  According to them, if no clear evidence indicates the existence of a seismic fault, the 
probability of activity for the corresponding sources can be very low and even close to zero.  Because there is 
still no definitive understanding regarding earthquake-forming mechanisms and poor correlation between 
earthquakes and tectonics, the best strategy is to reconcile different theories with a scientific consensus while 
reserving sufficient conservatism in the process.  

4. Discussion 

In general, there are probably two typical potential earthquake sources in the CEUS (a simplified view for the 
sake of discussion) in lieu of seismic activity and data availability—(1) where large historic earthquakes 
occurred and modern seismic activity continues, and where paleoseismic data are abundant, such as the NMSZ 
and CSZ, and (2) the areas with either little or moderate seismic activity but without any paleoseismic data,. 

Three strong earthquakes with magnitudes of about 7–8 occurred in the NMSZ in 1811–1812, and small 
earthquakes (magnitude less than (5) still continuously strike the area.  Paleoseismic studies demonstrated that 
strong earthquakes also occurred in the area earlier than 1811–1812, with an average recurrence interval about 
500 years.  In the CSZ, a strong earthquake with a magnitude about 7.3 occurred in 1886 and paleoseismic 
studies also indicated that similar size of earthquakes occurred before 1886, with an average recurrence interval 
of about 550 years.  Almost all the existing PSHA models treated the NMSZ and CSZ similarly in terms of 
maximum magnitude and recurrence interval, but they differ from one another on the source geometry.  These 
two zones have dominating influence on regional seismic hazard in the CEUS.  This especially pertains to the 
NMSZ, which contributes seismic hazard to almost every ESP and COL site in the CEUS, even to some sites 
located more than 200 miles away, the largest recommended radius for carrying out a site investigation for a 
new reactor.  It is common to model seismicity in this kind of area with a characteristic earthquake model. 

Outside of the aforementioned seismic zones, seismic source characterization in the CEUS is more challenging 
because each seismic modelling group can define those source areas with different source parameters based on 
different hypotheses.  Those areas can be further separated into two different sub areas.  The first sub area has 
quite significant earthquake activities but without large historical earthquakes, such as the Eastern Tennessee 
Seismic Zone (ETSZ).  The ETSZ is the representative seismic source of this type of area.  It is claimed as one 
of the most active seismic zones in the CEUS, but the largest historical event that occurred in the zone was 4.6 
(Moment Magnitude).  No paleosiesmic proof or other evidence so far indicates that any larger historical events 
have occurred in the area.  The USGS Quaternary Database defined some faults in the area as Category C faults, 
meaning that they “have little or no published geologic evidence of Quaternary tectonic faulting that could 
indicate the likely occurrence of earthquakes larger than those observed historically.”  Different seismic models 
characterize this zone quite differently.  Some defined it with an individual area source but others defined the 
seismic distribution with secondary structures.  Some researchers used global analogies as a basis to estimate 
that the zone is capable of having an earthquake as large as magnitude 7.58; however, others assigned much 
smaller magnitudes for the maximum earthquake that would occur in this area, citing historical earthquakes and 
lack of other supporting data.  The second subarea consists of areas without much of seismic activity and that 
lack paleoseismic evidence.  EPRI used different earth science teams to characterize these types of sources.  
Some of the teams believed that many of these source areas simply do not have the capability to produce large 
earthquakes.  As a result, they assigned very low probabilities of activity to them.  USGS used spatially 
smoothed seismicity to cover those areas.  It also included some large background sources with uniform 
maximum magnitudes to reflect global analogous study of stable continental region seismic activities. 

                                                      
8 Frankel, A., et al., “Documentation of national Seismic Hazard Maps ,”  US Geological Survey Open –File Report 02-420,  2002. 
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For these source areas which have little or only moderate seismic activity and have no any supporting 
paleoseismic evidence, scientific consensus must be built to reflect various understandings and different 
opinions on seismotectonics.  With consideration of the merits from different seismic PSHA models, it might be 
beneficial to develop a model to integrate spatial smoothed seismicity with relatively small background sources 
to characterize seismicity in these areas.  These background sources should be more seismictectonic specific and 
configured based on deep structures where earthquakes frequent occur, instead of on surface structures. 

5. Comments on the recent industry plan to update on the CEUS seismic source model 

Recently, the U.S. nuclear industry accepted a proposal to update the original EPRI source model published in 
the 1980s.  The proposal includes a 2-year plan to make a new assessment to render the future model suitable as 
a generic basis for computing a site-specific PSHA for any geographic location in the region9.  The project will 
also involve obtaining NRC reviews of the updated PSHA model and acceptance as a generic model to 
determine site-specific seismic hazard for new reactor sites. 

To update the model, the industry proposed the following three key steps: 

1. Establish appropriate project participants.  
2. Update the geological, geophysical, and seismological database for the CEUS. 
3. Develop updated assessments of CEUS seismic sources and seismic source characterizations. 

The proposal suggested using a SSHAC Level II study for the updates. However, according to SSHAC, the 
Level II study would only use a technical integrator to interact with proponents and resource experts to identify 
issues, synthesize interpretations, and estimate community distribution.  A Level III study would have a 
technical facilitator/integrator bring proponents and resource experts together for both debate and interaction.  
The technical facilitator/integrator would focus debates, evaluate alternative interpretations, and estimate 
community distribution.  With such a large-scale update and an ambitious scope to integrate into the PSHA 
different methods and the latest developments in earth science, the SSHAC Level II study is probably not 
sufficient to provide a forum for various groups with different opinions.  Without a SSHAC Level III study, it 
will be difficult to handle contentious and controversial opinions regarding nuclear power plant seismic siting.  
Historically, the older EPRI and LLNL 1980s PSHA modeling was similar to a SSHAC Level III–IV study 
with a panel of technical facilitators/integrators involved.  Level II studies were often used to resolve site-
specific seismic issues for updating individual seismic sources, such as the CSZ. 

The update should heed lessons from the past PSHA practices, including not just domestic but also international 
experience. A long lasting and scientific consensus based seismic source model will provide the support to 
regulatory stability and avoid potential generic safety concerns. The new seismic source model needs to have 
the following: 

• Provide a realistic assessment of seismic hazard with the current understanding regarding 
seismotectonics, and it incorporates scientific consensus and accounts for uncertainties. 

• Consider the merits of other existing seismic hazard models, including their methodologies, 
mechanisms and theoretical bases. 

• Use paleoseismic evidence to expand earthquake chorology, but also to define probability of 
activity or probability of existence for various source zones. 

• Incorporate new technology and data into the modelling process, such as the use of GPS data to 
constrain seismic moment. 

                                                      
9 Salomone, L.A., Washington Savannah River Company, “Expediting the Licensing of Next Generation Nuclear Power Plants,” 

2007. 
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• Can be updated relatively easily so that it only needs site-specific local update even with future 
new data, instead of complete overhauls.  

For those new reactor applications that are potentially affected by the seismic source updating issue, the 
applicant should propose to perform sensitivity tests to review the difference among competing models covering 
these sites.  A basic approach is to replace key parameters used in the existing EPRI model with relevant 
parameters from other models to estimate seismic hazard for those sites. 

DISCLAIMER 

The views expressed in this paper are those of the authors and should not be construed to reflect the official U.S. 
NRC position. 
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The Finnish Approach to Seismic Hazard Analysis – Case Loviisa 
 

Jorma Sandberg and Pekka Välikangas, Radiation and Nuclear Safety Authority – STUK, Finland 
Pentti Varpasuo, Fortum Nuclear Services Ltd., Finland 

1. Introduction 

Finland is situated in the north-western part of Europe and belongs to the Baltic shield. Due to the 
intraplate location seismic activity is quite low. The most severe instrumentally registered earthquake in 
the vicinity of the Finnish sites is the magnitude 4.9 earthquake in Estonia in 1976. Altogether, about ten 
earthquakes with magnitude higher than 4.5 have been observed in Finland. 

There are four operating nuclear power plant (NPP) units in Finland: the TVO power company has two 840 
MWe BWR units supplied by Asea Atom at the Olkiluoto site on the south-western coast of Finland and 
Fortum (formerly IVO) has two 500 MWe VVER 440/213 units at the Loviisa site on the southern coast of 
Finland. The units were commissioned between 1977 and 1982. Seawater is used as the ultimate heat sink at 
both plants, and all units have been constructed on hard crystalline bedrock. In addition, a 1600 MW EPR 
(European Pressurized Water Reactor) is under construction at the Olkiluoto site. The plant is supplied by a 
consortium of AREVA NP, formerly Framatome ANP, (nuclear island) and Siemens (turbine island). 

Both TVO and Fortum have plans to build an additional unit on the existing sites. In addition, a new utility, 
Fennovoima, plans to build one or two units on one of four new candidate sites. One of them is close to the 
Loviisa site whereas the others are on Gulf of Bothnia coast in a region where seismic hazard has not been 
determined yet. In some of the sites seismic activity may be somewhat higher than at the existing sites. As 
the first step of the licensing process, Environmental Impacts Assessment is underway for all these 
projects. It is expected that applications for decision in principle will be submitted to the Government in 
late 2008 to early 2009. 

2. Seismic design requirements 

When the operating Finnish NPP units were built there were no regulatory requirements on seismic design, 
and earthquake loads were not considered separately in the design. Later seismic risk analyses have 
revealed some seismic vulnerabilities which have been mainly removed with plant modifications. 

Nowadays the seismic requirements on design of nuclear power plants are set forth in the regulatory guide 
YVL 2.6 which has been last revised in 2001 1. .The guides YVL 2.6 and YVL 2.8 also require that seismic 
events are included in probabilistic safety analysis (PSA) 2. 

The design basis earthquake shall be determined so that its recurrence interval is 100 000 years on the 
50 % confidence level. The design basis earthquake is characterized by a ground response spectrum. The 
                                                      
1 Nuclear legislation, Government Decisions on Nuclear Safety and YVL Guides (Nuclear Regulatory Guides) issued by Radiation 

and Nuclear Safety Authority - STUK are available on www.stuk.fi (English > regulations). 
2 J. Sandberg, P. Välikangas and Y. Hytönen, Seismic Risk Analysis and Design in Finland - A Regulatory View, Proceedings of 

the CSNI Workshop: Specialist Meeting on the Seismic Probabilistic Safety Assessment of Nuclear Facilities, Jeju Island, Korea, 
6-8 November 2006. 
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ground response spectrum shall be presented and justified by the licence holder or applicant, and it is 
reviewed by the safety authority STUK. 

The ground response spectrum submitted by Fortum and TVO has been determined with a statistical 
procedure described in by Varpasuo3 using an earthquake catalogue covering a period of about 600 years. 
The calculated horizontal peak ground acceleration is about 0.065 g at Loviisa and 0.085 g at Olkiluoto. 
According to the IAEA recommendations, the design PGA is taken as 0.1 g at both sites. 

Due to the low seismic activity, only the safe shutdown earthquake is relevant in Finland. In areas with 
higher seismic activity, an operating basis earthquake with recurrence period comparable to the operating 
life of the plant is defined as another seismic design value. The normal operation of the plant should be 
possible in the case of an operating basis earthquake. In Finland the operating basis earthquake would be 
so weak that it would not result in any practical requirements for the plant systems. 

Corresponding requirements for structural design and demonstration of resistance against safe shutdown 
earthquake are stated in YVL 2.6. The guide presents also methods and basic system requirements for 
official supervision of total life cycle of nuclear power plant - including also post-earthquake life time. 

As a novel feature, OL3 is designed to withstand an airplane crash (APC) by a large passenger jet. The 
main challenges of APC are the strength of the outer walls against the direct impact and the design of 
openings against the external fuel fire. In addition, the effects of induced vibrations on safety systems have 
to be considered. As seismic design loads are low in Finland, the APC induced vibrations may be dominant 
especially for high frequencies. 

In addition to the deterministic seismic design requirements, a new NPP unit shall fulfil the probabilistic 
safety goals set forth in the Regulatory Guide YVL 2.8:- 

− the core damage frequency shall be less than 10-5/year and 
− the large release frequency shall be less than 5·10-7/year. 

The “large release” is defined as 100 TBq of Cs 137 which corresponds to only about 0.015 per cent of 
OL3 Cs 137 inventory. This is also the release limit for severe accident management design defined in 
Government Decision on general regulations for the safety of nuclear power plants, VNp 395/1991 1. 

A comprehensive renewal of nuclear safety regulations has been started in Finland. The project includes 
updating the Nuclear Energy Act and Decree and the Government Decision on general regulations for the 
safety of nuclear power plants. A complete renewal of the system of regulatory YVL Guides issued by 
STUK will be carried out within the next few years, taking into account the experiences from the Olkiluoto 
3 project. The renewal also covers the guides YVL 2.6 on seismic design and YVL 2.8 on PSA, but no 
fundamental changes in the regulatory policy regarding seismic events are expected. 

3. Loviisa seismic PSA and its regulatory review 

The seismic PSA for the Loviisa NPP was started in the late 1980’s and submitted to the regulatory authority 
STUK in 1992. The work was carried out by the utility Fortum using the assistance of the US consulting 
company Earthquake Engineering Inc. (EQE), especially for component seismic fragility evaluations. 

In the early 1990’s seismic PSA was not mandatory and STUK did not carry out a detailed review of the 
analysis at that time. In connection with the Loviisa operating licence renewal in 2007, the adequacy of the 
                                                      
3 Pentti Varpasuo, Estimation of Seismic Hazard in the Territory of Southern Finland, Proceedings of the 8th International 

Conference on Structural Safety and Reliability (ICOSSAR). Los Angeles, USA, 17-23 June 2001.  
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seismic resistance had to be demonstrated by the licensee. The assessment of the seismic resistance was 
based on the seismic PSA from 1992. 

The total seismic CDF was estimated as 3.6·10-6 /year which is 4.3 per cent of the current total CDF of the 
Loviisa units. About 50 per cent of the risk is due to the failure of feedwater tank. Since in VVER 440 
plants the feedwater tank is situated above the main control room and I&C rooms, the failure of the tank is 
assumed to lead to core damage. 

According to STUK’s review the seismic PSA could still be used show that the plant‘s seismic resistance is 
sufficient to justify renewal of the operating licence. The methods used in the Loviisa PSA were quite 
advanced in the early 1990’s. However, STUK required that the analysis is updated in the early part of the 
new operating licence period according to the general requirement on regular updating of PSA. It was also 
required that possibilities to reduce the risks due to the feedwater tank failure, e.g. strengthening the 
supports, should be examined. 

Especially, STUK required the updating of the seismic hazard curves, since they were not based on the 
more recent data used for determination of the design response spectrum for new units. 

4. Seismicity in Finland 

Finland is situated on the Baltic shield, which is the one of the seismically quietest areas in the world. The push 
from the North Atlantic Ridge in the NW-SE direction seems to be the major stress related to the seismicity of 
Finland. Other factors of the stress field, such as glacial rebound and local seismotectonics, are more local. 

Earthquake recurrence rates in Fennoscandia are very low if compared with plate boundary regions 
worldwide. Nonetheless, Fennoscandia is an active seismic region, although at low earthquake recurrence 
rates and with relatively low magnitudes. 
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Figure 1:  Distribution of the earthquake epicenters in northern Europe since 1375 according to FENCAT 
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The earthquake catalogue for Northern Europe (FENCAT), maintained by the Institute of Seismology of 
the University of Helsinki, was used in this study 4. The catalogue includes all documented earthquakes in 
Fennoscandia and adjacent areas since 1375. 

Instrumental earthquake observations started in Finland in the 1920's and local short period recordings 
started in 1956. The events in Finland and in Fennoscandia have been predominantly instrumentally 
located since the mid 1960’s. The instrumental magnitudes are based on the Richter's classical local 
magnitude scale, ML, modified for the Fennoscandian region. The uncertainty of macro-seismic 
magnitudes is assumed to be 10 % at best . 

Figure 1 shows that southern Finland, which is the target area of this study, is characterized by relatively 
low seismicity. The most active belts of seismicity close to it are the Swedish coast from the Bothnian Sea 
to the Bothnian Bay, western Lapland and the northern Bothnian Bay-Kuusamo region. 

5. Determination of seismic hazard curves in Loviisa 

The seismic hazard analysis of the Loviisa site have been udated with the SEISRISK III program 5. The has 
been used in other recent seismic hazard analysis and the theoretical methods and the selection of input 
parameters has been described, for example, in 6 and 7. 

The data of seismicity of territory around Loviisa with radius 500 km are investigated. This source area is 
divided into six source zones presented in Figure 2. The The number Nm of earthquakes having magnitude 
m or higher is described by the Richter equation log10 Nm = a - b·m. The curve is cut off at the maximum 
magnitude for the region M. The parameters a and b were determined for each source zone and for the 
whole region. Results for the six zones are shown in Table 1. 

The Dahle attenuation function form with minor modifications is adopted for the attenuation relationship 
used in this work. The main reason why the Dahle attenuation model was not accepted as such in this study 
was large standard deviation values over twice the commonly used values. Second reason was that the 
spectral attenuations were developed for pseudo-velocity spectrum and not for acceleration response 
spectrum, which was needed for the purpose of current task. Thirdly, the frequency band used in Dahle 
model was not sufficiently wide for the purposes of current study. It could be expected that spectral 
accelerations over 10 Hz would be of interest in developing the design spectra for geologic conditions 
where the bedrock outcrops were the expected level of grade at prospective site and the Precambrian rock 
had very high stiffness qualities. 

Because there are no registered strong motion acceleration recordings of earthquakes in Finland, the 
earthquake recordings from Saguenay and Newcastle regions in Canada and Australia were taken as 
sources of initial data because of their geological and tectonical similarity to Fennoscandia. The 
determination of attenuation functions in the Finnish seismic hazard analyses is described in detail papers 
by Varpasuo 6 and 7. Site effects are not relevant in Finland as the sites are located on solid bedrock. 

                                                      
4 Ahjos, T. And Uski, M. 1992, Earthquakes in northern Europe in 1375-1989. Tectonophysics, 207: 1-23.  
5 Bender B. , Perkins David M. 1987. SEISRISK III: A Computer Program for Seismic Hazard Estimation, U. S. Geological 

Survey Bulletin 1772, United States Government Printing Office; Washington. 
6 P. Varpasuo, Probabilistic seismic hazard assessment for OL3 plant site in Finland, Proceedings of the CSNI Workshop: 

Specialist Meeting on the Seismic Probabilistic Safety Assessment of Nuclear Facilities, Jeju Island, Korea, 6-8 November 2006. 
7 P. Varpasuo, the Seismic Site Hazard Assessment for OL3 NPP in Finland, 18th International Conference on Structural 

Mechanics in Reactor Technology (SMiRT 18), Beijing, China, August 7-12, 2005, SMiRT18-KM01_2. 
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To cover uncertainties, the logic tree structure shown in Figure 3 was used to determine 32 combinations 
of input parameters. For each combination the corresponding hazard curve was calculated. The 32 raw 
hazard curves are shown in Figure 4. This group of raw hazard curves was used to calculate the median 
hazard curve and the 5 % and 95 % confidence bounds levels are shown in Figure 5. 

The median ground response spectra for Loviisa site representing the exceedance probability of 10-5/a for 
damping ratios of 0.5, 2, 5 and 10 % together with confidence bounds (5 %, 95 %) are shown in Figure 6. 

 

Figure 2:  The source zone division for the Loviisa site (Hästholmen) embedded on the Fennoscandian 
epicentral map for the years 1375-1995 and for magnitudes greater than 1.5, Schematic model 
for the program SEISRISK III 

Table 1:  Seismicity parameters for the source zones of the Loviisa region. Usually parameters arel are 
scaled as to the seismicity parameter for the whole region in proportion to the zone surface 
area. Mmax = observed maximum magnitude 

Source zone b a arel Mmax 

1. Russia 0.818* 1.515* 1.515 2.9 

2. Å-P-P Zone 0.731 1.097 1.040 4.9 

3. B-L Zone 0.782 1.459 1.213 4.6 

4. Bothnian Bay - S. Kuusamo 0.829 1.121 0.383 4.7 

5.SFQZ 1.166 2.065 1.229 3.2 

6. Latvia 0.818* 1.033* 1.329 3.5 
*Lack of data: a = arel. and b = brel  
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Figure 3:  Logic tree structure for treating uncertainties, showing input variations and their weights 
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Figure 4:  Raw hazard curves for Loviisa site 
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Figure 5:  Median hazard curve with confidence bounds (5%, 95%) for Loviisa site 
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Figure 6:  Ground response spectra for Loviisa site 

6. Comparison with earlier results 

In the seismic hazard curve calculation for the Loviisa seismic PSA of 1992 three alternative attenuation 
functions were used. One of them was based attenuation of intensity; the other two were based directly on 
the attenuation of ground acceleration in observations made in California and eastern Canada. 

The median level PGA with 100 000 year recurrence period was 0.048 g in the 1992 analysis and 0.056 g 
in the updated analysis. The relative increase in the hazard value is 16.6 %. 

In conclusion, the updated hazard curves do not differ significantly from those used in Loviisa seismic 
PSA. 
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Current Hungarian Practice of Seismic Hazard Assessment: 
Methodology and Examples 

 
László Tóth, Seismological Observatory & Georisk Earthquake Research Institute, Hungary 

Erzsébet Győri, Seismological Observatory, Hungarian Academy of Sciences, Hungary 
Tamás J. Katona, Paks Nuclear Power Plant Ltd., Hungary 

Although the Pannonian basin being characterized as a low-to-medium level seismicity region, the risk of 
seismic activity is still a major concern.  The high population density in the region, and the number of 
vulnerable industrial facilities e.g., nuclear power plants are being among the most sensitive ones regarding 
public concern. In the paper we give a brief review of seismic hazard assessment methodology currently used in 
Hungary, illustrate each step by the examples of Paks NPP site characterization, present the latest seismic 
hazard map of the region and highlight some chief contributors (e.g. site effect, liquefaction) to seismic risk. 

1. Introduction 

Probabilistic method of seismic hazard assessment (PSHA) has evolved over the past decades into the 
generally preferred method to estimate earthquake-caused ground motion at critical facilities. By 
incorporating recurrence information and input variability, this method provides a more complete evaluation 
of hazard than deterministic method does. In this approach, the seismic hazard is the probabilistic measure of 
ground shaking associated with the recurrence of earthquakes. Seismic hazard shows the level of chosen 
ground motion that likely will not be exceeded in specified exposure times. Hazard assessment for civil use 
commonly specifies a 90% probability of non exceedance of some ground motion parameter (most often 
ground acceleration) for an exposure time of 50 years, corresponding to a return period of 475 years. For 
nuclear power plants and other installations representing higher environmental risk, it is common practice to 
use much lower probability events in the order of 10-4 to 10-6/year. 

2. Methodology 

The methodology we use to assess seismic hazard and the associated uncertainty at nuclear and non-
nuclear fields meet the regulatory requirements and make appropriate use of site characterisation data as 
well as provide technically sound results. The methodology incorporates the following attributes: 

 Experience-based 
It takes advantage of the experience gained from recent seismic hazard analyses in all nuclear and non 
nuclear fields. 

 Data-driven 
Development of inputs to the seismic hazard methodology and the associated input variability (and/or 
uncertainty) is based on source specific data. The methodology is capable of incorporating all relevant and 
available source specific data. The methodology also allows seismic hazard assessments to be easily 
updated as new data become available. 

 Proper treatment of uncertainties 
The methodology provides an unbiased assessment of seismic hazard by incorporating and properly 
treating various types of input variability. These types of variability include uncertainty in data 
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interpretations due to lack of knowledge (model or epistemic uncertainty) and randomness in the 
earthquake process (aleatory uncertainty). The uncertainty is directly incorporated into the calculation of 
hazard, rather than qualitatively contributing to selection of a deterministic value. The methodology 
accommodates alternative models describing regional tectonics, alternative relationships describing 
physical processes (e.g. earthquake occurrence), alternative values of parameters associated with those 
relationships (e.g. fault dip, slip rates, maximum magnitudes) based on different interpretations of the 
available data. 

 Flexible 
The methodology accommodates a range of credible scientific interpretations, approaches, and data. 
Further on, the methodology allows rational consideration of unlikely or highly uncertain scenarios. For 
example, the methodology accommodates the notion of seismic sources occurring in regions where faults 
are presently unmapped or unknown. This flexibility comes from the probabilistic framework in which 
alternative input interpretations are explicitly incorporated. 

 Facilitate sensitivity analysis 
The methodology is structured such that sensitivity analyses are facilitated. Such analyses identify 
important contributors to the hazard result and the relative importance of various data and interpretations. 
Similarly, they are used to highlight relationships or parameters for which differences in interpretation or 
data do not strongly influence the hazard at the site. Consequently, the methodology aids in setting 
priorities for additional data collection and analysis efforts, so that the most important technical issues are 
addressed and reductions in uncertainty have the greatest impact. 

The aim of the PSHA is to develop hazard curves which characterize the seismic exposure of a given site 
to the so-called primary effects (vibratory ground motion). This analysis is based on historical earthquake 
reports and instrumental records, as well as the geology of the region. First, a comprehensive and 
integrated database should be acquired which incorporates coherently all information needed to evaluate 
and resolve earthquake hazard related issues (Gürpinar, 1998; IAEA, 2002). 

Six essential steps are involved in the assessment of seismic hazard; Step 1: Evaluation of seismic sources; 
Step 2: Characterization of seismic sources; Step 3: Consideration of ground motion attenuation; Step 4: 
Creation a mathematical model to calculate seismic hazard; Step 5: Presentation of the hazard results; Step 
6: Evaluation of site effect and potential secondary seismic effects. 

3. Geological and seismological environment 

The first and most important component of the probabilistic seismic hazard study is the compilation of the 
geological, geophysical and geotechnical data on regional (1:500,000), near regional (1:50,000), site 
vicinity (1:5,000) and site area (1:500) scale. Seismological databases are developed on different time scale 
zooming on different event recurrence rates such as paleo-earthquakes (<10-3/yr), historical earthquakes 
(10-3 – 10-2/yr), instrumental earthquake data (10-2 – 10-1/yr) and site specific instrumental data or local 
seismic monitoring (>10-1/yr). 

Hungary is located in the Pannonian basin between the seismically very active Mediterranean and the 
nearly aseismic East European platform. Stress accumulations and recent deformations in the Pannonian 
basin are governed by the interaction of plate boundary and intraplate forces that include as the dominant 
source of compression: the counterclockwise rotation and N-NE directed indentation, of the Adria 
microplate - otherwise known as "Adria-push". In combination with buoyancy forces associated with 
elevated topography, and with lithospheric heterogeneities in the surrounding orogens that result in a 
complex pattern of ongoing tectonic stress and deformation activity transferred far into the Pannonian 
basin. (Bada et al., 1999, 2007). 
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Figure 1:  Neotectonic environment of the Pannonian basin (Bada et al., 1999) 

The comprehensive earthquake catalogue of the Pannonian region bounded by 44.0-50.0 N latitude and 
13.0-28.0 E longitude contains more than 20,000 events ranging in date from 456 AD to present. The 
preparation of the earthquake catalogue has been documented in detail by Zsíros (2003a and 2003b). 

 

Figure 2:  Seismicity of the Pannonian region (44.0-50.0N; 13.0-28.0E). The earthquake database contains 
more than 20,000 historical and instrumentally recorded events from 456 AD until 2007 

The earthquake catalogue goes far back to pre-instrumental time. However, for historical earthquakes the only 
source of information is macroseismic observation. The empirical relation between magnitude, epicentral 
intensity and depth estimated by site specific data for the Pannonian region shallow earthquakes shows 

MM = (0.68 ± 0.02) I0 + (0.96 ± 0.07) logh – (0.91 ± 0.10) 
where MM is the macroseismic magnitude (0.6 ≤ MM ≤ 6.2), I0 is the epicentral intensity (III ≤ I0 ≤ X), and 
h is the focal depth (1 km ≤ h ≤ 65 km). The best fit constants in the equation have been estimated by 
means of 514 Pannonian region shallow earthquakes. 
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Table 1 shows the empirical relations between different magnitudes scales used in our earthquake 
catalogue. The table lists the value and uncertainty of a and b in the equation of MX= a MY + b as well as 
the magnitude intervals and the number of available events N. 

Table 1:  Regression analysis of the different magnitude scales used in the earthquake catalogue 
MM-macroseismic magnitude; MS – surface wave magnitude; MB – body wave magnitude; ML-local 
magnitude; MD – duration magnitude 

 MM MB ML MD 

MS = 

a = 1.03 ± 0.02 
b = - 0.20 ± 0.10 
2.0 ≤ MS ≤ 7.0 
2.0 ≤ MM ≤ 6.8 

N = 186 

a = 0.97 ± 0.05 
b = 0.04 ± 0.24 
2.5 ≤ MS ≤ 7.0 
2.1 ≤ MB ≤ 6.4 

N = 127 

a = 0.86 ± 0.06 
b = 0.57 ± 0.27 
2.0 ≤ MS ≤ 7.0 
2.0 ≤ ML ≤ 6.6 

N = 97 

a = 1.21 ± 0.11 
b = - 1.23 ± 0.52 
2.3 ≤ MS ≤ 6.9 
2.8 ≤ MD ≤ 6.5 

N = 27 

MB =   

a = 0.59 ± 0.55 
b = 1.75 ± 0.22 
2.6 ≤ MB ≤ 6.4 
2.1 ≤ ML ≤ 6.6 

N = 259 

a = 0.90 ± 0.08 
b = 0.20 ± 0.32 
2.6 ≤ MB ≤ 6.3 
3.2 ≤ MD ≤ 6.5 

N = 160 

ML =    

a = 1.14 ± 0.02 
b = - 0.69 ± 0.06 
0.8 ≤ ML ≤ 5.5 
1.4 ≤ MD ≤ 5.6 

N = 894 

Seismic activity mapping indicates that current deformation is mainly concentrated in the contact zone 
between Adria and the Alpine-Dinarides orogen (Figure 2); however some of the movement is transferred 
well into the Pannonian basin resulting in a complex stress/strain pattern. In the Pannonian basin, 
deformation can occur wherever the stress exceeds the local shear strength of any given rock mass; so 
neither earthquakes nor other forms of deformation are restricted to block boundaries. 

Some authors (eg. Lenkey et al., 2002) suggested that seismicity in the region is mainly controlled by the 
different thermal conditions of the lithosphere. In this model the observed distributed seismicity pattern is 
resulted by an added feature of the hot and weak extended Pannonian lithosphere being its characteristic 
reactivation under relatively low compressional stresses. 

Using GPS measurements, Grenerczy et al. (2002) found the largest crustal velocities (1.5-2 mm/yr 
northward) in the Pannonian region in the SW; in the Alpine-Adriatic collision zone. Inside the Pannonian 
basin itself, the typical velocity was about 1.0-1.5 mm/yr eastward. Grenerczy at al. (2005) also concluded 
that the Alps, Dinarides, and Pannonian basin, take up the shortening caused by the Nubia/Adria 
convergence. On this basis, the Western and Northern Carpathians are no longer active thrust fronts; and 
now can be considered parts of a stable, and rigid, European Platform. 

The current practice is to represent the temporal occurrence of earthquakes as a Poisson process. For this 
purpose, all foreshocks and aftershocks should be removed from the earthquake catalogue. Based on 
empirical considerations and on our professional judgment to some extent, we used a magnitude dependent 
space and time filter to identify main shocks in the catalogue as detailed by Table 2. 
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Table 2:  Space and time windows used for filtering out the aftershocks and foreshocks from the catalogue. In 
the vicinity of radius R of the magnitude M main earthquake, all shocks with M’< M are regarded as 
aftershocks or foreshocks if their origin time difference is less than T or T’ respectively 

Magnitude R (km) T (day) T’ (day) 

MM ≤ 1.8 5 1 1 
1.9 ≤ MM ≤ 2.7 10 2 1 
2.8 ≤ MM ≤ 3.3 15 5 1 
3.4 ≤ MM ≤ 4.0 20 30 2 
4.1 ≤ MM ≤ 4.7 25 130 4 
4.8 ≤ MM ≤ 5.4 30 260 10 
5.5 ≤ MM ≤ 6.1 35 650 15 

6.2 ≤ MM 40 850 30 

The completeness of the catalogue should also be assessed. In a complete dataset, all earthquakes above a 
lower bound magnitude - the threshold magnitude M0 - are assumed to be included. A simple 
comprehensiveness test based on “magnitude recurrence fit” shows that our catalogue is complete since 
1500 for magnitude M0≥6.4, since 1600 for magnitude M0≥5.8, since 1700 for magnitude M0≥5.3, since 
1800 for magnitude M0≥4.7, since 1850 for magnitude M0≥4.2, and since 1880 for magnitude M0≥3.5 for 
the whole region (Tóth et al., 2006). It is also important to consider data obtained from paleoseismological 
studies for hazard analyses when the required probability of exceedance is very low (Gürpinar, 2005). 

4. Evaluation of seismic sources 

A seismic source represents a portion of the earth’s crust having the potential to generate future 
earthquakes. The assumption is made that the geological regime is stationary over the period ranging from 
the time of the earliest available historical data to some date in the near (geological) future, so that the 
probability of earthquake occurrence as a function of magnitude and the maximum magnitude associated 
with a given source can be considered invariant. 

Seismic sources include mapped or modeled faults and volumetric zones within which future earthquakes 
may occur but for which specific faults are not identified. 

Seismic waves attenuate with distance, for that reason the magnitude of an earthquake capable of generating 
significant ground motion at the site increases with increasing distance. Therefore, the size of the faults that 
needs to be considered in the source characterization increases with increasing distance from the site, because 
the dimensions of a fault govern the maximum magnitude of the earthquakes it can generate. Similarly, the 
geometries of distant sources can be defined in less detail than those of more local sources. 

Description of fault sources is based upon evaluation of available geological, seismological, geophysical, 
and geodetic data. Definition of zone sources is based upon regional seismicity and tectonic characteristics. 

The description of each source contains the following elements: 

• Source geometry: The locations and geometries of faults and fault segments are defined in three 
dimensions by the map coordinates of the upper fault tip (i.e. the fault trace in the case of surface faults), 
fault dip, and the upper and lower depth limits of seismogenic rupture. Volumetric source zones are 
defined by polygons on the Earth’s surface and by the upper and lower limits of seismogenic rupture. 

• Segmentation model: Earthquakes often rupture only segments of their source faults and are therefore of 
lower magnitude than would be generated by a rupture of the entire fault. These events are often arrested 
by recognizable structural or other barriers to rupture propagation. Therefore, mapped features such as 
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prominent fault bends and offsets or other structural characteristics (e.g. seismicity or slip rate) are used 
to define segmentation points in building fault segmentation models. Successive earthquakes may behave 
differently: some being arrested by a given barrier, others breaking through it. This variability in 
behaviour leads to alternative rupture scenarios for each multi-segment fault. For example, a 
two-segment fault (one segmentation point) can produce earthquakes that rupture either the individual 
segments or both segments together. The relative rates of these scenarios are governed by assigning a 
probability of failure to each segmentation point based on the available data. 

• Fault slip rate: Slip rates assigned to fault segment sources are usually derived from paleoseismic 
observations, where these are available. These provide estimates of geological slip rates averaged 
over a few to many earthquake cycles, which are generally appropriate for characterizing long-term 
mean earthquake recurrence rates. Slip rates for faults for which paleoseismic data are not available 
can sometimes be estimated from kinematic modeling within the same geodetic and tectonic 
constraints. In active tectonic regions, the assigned slip rates are constrained by the regional strain 
budget imposed by local and regional geodetic observations. 

• Probability of activity: The overall probability that a fault is active is assigned primarily on the basis of 
historic observations of past earthquakes and paleoseismic evidence for late Quaternary (particularly 
Holocene) events. 

 

Figure 3:  Example zonation maps that define the various alternative interpretations 
 Source model definitions used in PSHA at Paks NPP site: 
 models M1, M2 and M3 with 20, 25 and 15 area sources respectively (GeoRisk, 2000) 

In general, seismic source characterization is subject to significant model (or epistemic) uncertainty, due to 
the sparseness of the available data. The objective of the source characterization approach is to capture the 
full ranges of parameter values and viable interpretations that are consistent with the data. The uncertainty 
distribution contains contributions from: 

• the ranges of parameter values (fault length, width, dip, slip rate, segmentation point probabilities, 
etc.) that are permitted by the data and  
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• fundamentally different tectonic interpretations, which result not only in definition of alternative sets 
of sources (each with a different set of probabilities of existence) but also in different geometrical 
dependencies among the faults. 

Uncertainties in the parameters are described by assigning a simple weighted distribution to each parameter, and 
the full range of parameter combinations is sampled and propagated to model the uncertainty in the hazard 
estimates. Alternative tectonic interpretations and dependencies among the sources are described by branches of 
a logic tree that are input to the hazard calculation explicitly. Each branch is weighted according to the ability of 
that interpretation to explain the available data. 

Due to the diffuse seismicity of the whole Pannonian basin, specific faults cannot be identified. We should 
deal here primarily with volumetric source zones within which future earthquakes expected to occur. 
Figure. 3 shows three possible source zones definitions used in PSHA at Paks NPP site.  

Looking at the distribution of focal depths in the Pannonian basin area, the majority of earthquakes occur 
between 5 and 15 km below ground level (Tóth et al., 2002). 

5. Characterization of seismic sources 

Each seismic source is characterized by a maximum magnitude, an earthquake recurrence model, and the 
uncertainties in the parameters of the model. 

The maximum magnitude, Mmax, for each fault source is calculated from the fault area using a weighted 
distribution of alternative empirically based magnitude–area relationships (e.g. Wells and Coppersmith 1994). A 
recurrence relationship expresses the expected number of earthquakes per year having magnitudes greater than 
some minimum, Mmin and less than Mmax. Recurrence relationships for fault sources are developed from the slip 
rates and segmentation point failure probabilities (e.g. Youngs and Coppersmith 1985). 

For source zones, historical and instrumental seismicity form the primary data for characterization of 
maximum magnitudes and recurrence. Maximum magnitudes can be based on the conventional approach 
of taking the largest earthquakes observed within each source zone increased by one-half magnitude; or 
alternatively, the maximum magnitude values can be computed from the catalogue by maximum likelihood 
estimation (Kijko and Sellevoll 1992, Kijko 2004). 

The probability of earthquake occurrence as a function of magnitude is generally represented by an 
exponential distribution, as proposed by Gutenberg and Richter (1944):  logN = a - bM, where N is the 
annual number of earthquakes with magnitude equal or greater than M. From the Pannonian basin dataset, 
we find that a=3.3 and b=0.9 in the 2.0 ≤ M ≤ 6.3 magnitude range. 
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Table 3:  Source models M1, M2, M3 and different Mmax values used in the hazard computations for 
source zones (see Figure. 3 for the definition of the polygons) 

Zone 
# 

Source model M1 Source model M2 Source model M3 
Mmax

1 Mmax
2 Mmax

3 Mmax
1 Mmax

2 Mmax
3 Mmax

1 Mmax
2 Mmax

3 
1 6.2 6.4 6.0 6.2 6.4 6.0 6.0 6.2 5.8 
2 6.0 6.2 5.8 6.0 6.2 5.8 6.2 6.4 5.8 
3 5.8 6.0 5.5 5.8 6.0 5.5 5.8 6.0 5.6 
4 6.0 6.2 5.8 6.0 6.2 5.8 5.8 6.0 5.6 
5 5.4 5.8 5.0 5.4 5.8 5.0 6.2 6.4 6.0 
6 5.8 6.0 5.6 6.0 6.2 5.8 5.4 5.6 5.2 
7 6.0 6.2 5.8 6.0 6.2 5.8 6.5 6.7 6.3 
8 6.2 6.4 6.0 6.2 6.4 6.0 6.2 6.5 6.0 
9 5.8 6.0 5.4 5.8 6.0 5.4 6.0 6.2 5.8 
10 5.8 6.0 5.6 5.8 6.0 5.6 6.2 6.4 6.0 
11 6.2 6.4 6.0 6.2 6.4 6.0 6.0 6.2 5.8 
12 6.5 6.7 6.3 6.5 6.7 6.3 5.6 6.0 5.2 
13 6.2 6.4 6.0 6.2 6.4 6.0 6.5 6.7 6.4 
14 6.2 6.4 6.0 6.2 6.4 6.0 5.8 6.0 5.6 
15s 6.2 6.4 6.0 6.0 6.2 5.8 6.0 6.2 5.8 
15d       7.5 7.7 7.3 
16 5.4 5.6 5.2 5.4 5.6 5.2    
17 6.5 6.7 6.4 6.5 6.7 6.4    
18s 6.0 6.2 5.8 6.0 6.2 5.8    
18d 7.5 7.7 7.3 7.5 7.7 7.3    
19 5.6 6.0 5.2 5.6 6.0 5.2    
20 6.2 6.4 6.0 6.2 6.4 6.0    
21    6.0 6.2 5.8    
22    5.8 6.0 5.6    
23    5.6 5.8 5.4    
24    5.8 5.8 5.2    
25    5.8 6.0 5.6    

6. Ground motion attenuation 

A ground motion attenuation function is a probability density function whose parameters depend on the 
earthquakes and site characteristics. The standard version is a function of the earthquake magnitude and source 
distance from the site of interest. The probability of exceeding a certain value of the ground motion caused by 
an earthquake of magnitude M and located at a distance R from the site is calculated by means of the ground 
motion attenuation functions. One ore more attenuation relationships are determined on the basis of the strong 
motion records and isoseismal maps for the region of concern. In case specific data are not enough, attenuation 
data and relationships for similar geological regions may be used, taken from the literature. 
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Figure 2:     Peak horizontal attenuation curves for M 6 strike slip earthquake on consolidated alluvium 
 published by different authors. 
 For PSHA of Paks NPP site, attenuation relations developed by Ambraseys et al. (1996), 

Boore et al. (1993) and Sadigh et al. (1993) were adopted with ½, ¼, and ¼ weights respectively. 

Site specific attenuation relations for the Pannonian region based on the strong motion data are practically 
non-existent. Based on the analysis of macroseismic effects and intensity attenuation, Zsíros (1996) 
concluded that the attenuation of ground motion with distance in the Pannonian Basin is greater than in 
many similar areas with low to moderate seismicity. 

For the hazard computations of Paks NPP site, attenuation relations developed by Ambraseys et al. (1996), 
Boore et al. (1993) and Sadigh et al. (1993) were adopted with ½, ¼, and ¼ weights respectively. Figure 4 
shows how these attenuations relate to other peak horizontal attenuation curves published by different 
authors for M 6 strike slip earthquake recorded on consolidated alluvium. 

7. Mathematical model to calculate seismic hazard 

Earthquake occurrence is represented as a random process. The most widely used is the Poisson process 
which assumes time independence of earthquake occurrence. The probability of earthquake occurrence as a 
function of magnitude is usually represented by an exponential distribution. 

As developed by Cornell (1968), the probabilistic hazard methodology aims to calculate the annual 
probabilities that various levels of ground motion (characterized as, e.g., peak horizontal ground 
acceleration, peak ground velocity, or peak spectral values) will be exceeded at a site. The probabilistic 
hazard curve represents the integration, overall earthquake sources and magnitudes, of the probability of 
occurrence of all possible future earthquakes; and for each earthquake, the probability that a particular 
value of ground motion is exceeded at the site. 

The result of the calculation is a hazard curve expressing the annual probability that various levels of the 
ground motion parameter will be exceeded. 

The adequacy of the earthquake catalogue (i.e. length, completeness and reliability) has an important bearing on 
the accuracy of the stochastic model. This in turn contributes to the uncertainty inherent in the hazard curve. 
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Figure 3:  Simplified logic tree for the probabilistic seismic hazard computation 

8. Management of uncertainties and presentation of the hazard results 

The basic calculation described above results in a seismic hazard estimate for a single characterization of a 
set of seismic sources, including recurrence and maximum magnitude values, and a single ground motion 
attenuation relation. Thus, the result of this calculation is a single hazard curve that represents the 
randomness (or aleatory uncertainty) inherent in the location and magnitude of future earthquakes, and in 
the generation and seismic wave propagation. 

There is also uncertainty in the characterizations of seismic sources and ground motion attenuation. This 
uncertainty, called model (or epistemic) uncertainty, arises from incomplete knowledge of earthquake 
processes, limited data, and alternative interpretations of the available data. The methodology explicitly 
incorporates these uncertainties into the analyses to quantify the uncertainty in the final hazard results. 

Uncertainty in seismic source evaluation is represented by weighted alternative seismotectonic models in 
which each seismotectonic model represents a possible, yet weighted, realistic physical model of future 
seismicity. Uncertainty in recurrence is characterized by subjective probability distributions on the 
recurrence parameters; and uncertainty in ground motion evaluations is characterized by a set of alternative 
ground motion relationships and their associated weights. 

 

Figure 4:  Seismic hazard curves for Paks NPP site along logic tree branches 
   Thick black line is the weighted mean, yellow and red show 15% and 85% confidence levels 
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The mean, 15th, 50th and 85th percentile hazard curves are typically presented to display the hazard uncertainty 
for ground motions. With these hazard results, uniform hazard spectra (spectral amplitudes that have the same 
annual exceedance frequency for the range of structural periods of interest) can be constructed for any selected 
target hazard level. 

 

Figure 5:     Uniform Hazard Bedrock Response Spectrum (UHRS) for 104, 105 and 106 years 
 with 5% damping at Paks NPP site (GeoRisk, 2000) 
 Black line is the weighted mean, yellow and red show 15% and 85% confidence levels 

The present practice is to characterize the severity of the ground motion by a single parameter such as 
acceleration, velocity or displacement. It is used as the independent variable of the hazard curve relationship. 
Although the hazard curve is defined in terms of a single parameter, it is essential that other parameters 
including duration and spectral content are considered when determining the seismic input. Time histories can 
be actual strong motion records selected from a suitable set of records or artificially generated to confirm to a 
prescribed spectrum. 

 

Figure 6:     Seismic hazard in the Pannonian basin region; expected peak ground acceleration in m/s2 
 (10% probability of exceedance in 50 years, 475 year return period) 

9. Site effect and potential secondary seismic effects 

Soft surface layers, marked lateral discontinuities in the immediate vicinity or accentuated changes in 
topography can result in considerable amplification or alteration of the ground motion. These effects have 
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to be accounted for by a calculation of the dynamic response of the site’s geological formation to incoming 
earthquake waves. Besides the amplification of shaking secondary seismic effects – such as surface 
faulting, slope instability and liquefaction – can also occur and can be crucial to the safety of a given site. 
Hungary is situated in the Pannonian basin so large areas – including Paks NPP – are covered by loose 
fluvial or aeolian quaternary sediments. Consequently, site effect evaluation is a very important step in 
seismic hazard computation. Site amplification can be determined by experimental and analytical methods, 
but only the latter ones can be built into the probabilistic hazard computations. Experimental two- and one-
station techniques can be used mainly for verifying the results given by numerical methods. 

The aim of the site effect evaluation is to modify the bedrock peak ground acceleration (PGA) and uniform 
hazard response spectrum (UHRS) determined by the site specific PSHA so that we take into account the 
effects of surface layers. From engineering point of view, a geological formation is regarded as bedrock if 
its shear wave velocity is larger than 700m/s. 

Flowchart of the evaluation of site amplification is shown in Figure 9. In addition to the bedrock PGA and 
UHRS the input parameters are the geometry and the dynamic parameters of the soil profile. In the first 
step of the computation an input earthquake acceleration time history has to be selected and scaled to local 
conditions. In most cases real accelerograms from strong motion databases are used.  

The applied method for computing the response of the soil, and so the number of input parameters depend 
in one hand on the bedrock acceleration level and on the soil parameters on the other. The method can vary 
from the simplest linear to the most sophisticated nonlinear effective stress analysis which can take into 
account the pore pressure increase besides hysteretic damping during an earthquake loading.  

Uncertainties (both aleatory and epistemic) are built into the site effect estimation process with logic tree 
methodology, so the computation is carried out many times depending on the number of branches in the 
logic tree. At the end, we get a probability distribution for the PGA and also for the spectral accelerations 
at each probability level. Therefore site effect evaluation is also a quasi probabilistic approach which is an 
integral part of the probabilistic seismic hazard assessment. 

 

Figure 7:  Site effect methodology: analitical task flow 
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As an example, site effect evaluation at Paks NPP will be described hereafter. The Paks NPP is situated in 
the middle part of Hungary (Figure 8) on the top of deep sedimentary layers. The depth of Mesozoic 
basement is approximately 700 m. The basin is filled with different sediments. On the top there is some 
artificial fill in variable thickness. The underlying layers are Quaternary sediments eg. fluvio-aeolian strata, 
fluvial sand and gravel. In 27 m depths, there is minimum 70 m thick very dense and very silty Pannonian 
age (upper Miocene) sand. Geophysical and geotechnical measurement carried out on the area indicated 
that the quaternary sandy layers between 10 and 20 m below the ground level (which depths are under the 
ground water level) are susceptible to liquefaction. 

Probabilistic seismic hazard analysis including site effect evaluation was carried out to very low (10-4 – 10-6) 
annual probability levels, that is very high acceleration levels, for the probabilistic safety analysis (PSA) of the 
power plant. Thus nonlinear effective stress analysis has to be applied, that is effects of pore pressure increase 
have to be taken into account during determination of surface motion. 

For the purposes of site response analysis bedrock has been assumed to be at the top of the Pannonian 
deposits, at 27 m below the ground level. Soil properties have been extracted from various measurements. 
In most cases these have given different values for the same parameter, therefore best estimate and lower 
and upper bound profiles were also accounted. The average ground water level was 8 m below the ground 
level. As the power plant had been built near the river Danube, therefore it varies to a smaller degree with 
the changes in water level of the river. Three real accelerograms were used as input motion in the 
computations. Taking into account the uncertainties in bedrock motion, in the soil parameters and the 
variation of ground water level, moreover the effect of different input accelerograms, logic tree with 6 
nodes has been used for each probability level (Figure 10). 

 
 

Figure 8:  Logic tree with the applied weights used in the computation  

The analysis was carried out for horizontally layered soil model subjected to transient and vertically 
traveling shear waves. The computations for the best estimate soil profile, ground water level were done by 
nonlinear total and effective stress methods as well. Figure 11 shows an example computation for 10-4, 10-5 
and 10-6 probability levels: time histories of the surface accelerations calculated by total and effective 
stress methods, shear strain, stress, strain and excess pore pressure. In the case of 10-6 probability level, the 
shear strain, stress, and excess pore pressure curves show that a layer at 16.5 m depth is liquefying. Large 
scale soil degradation, decrease of acceleration and shortening of strong motion duration are the 
determinant effect on the surface. The most probable depths of liquefaction could be also designated. 

In consequence of large number of computations – resulting from the large number of branches in the logic tree 
– a probability distribution curve has been obtained at every probability level for the surface PGA and also for 
each spectral acceleration values. From these distributions any required statistical quantity, for example the 
mean and any percentiles of surface hazard curves, spectral ratio curves and the surface UHRS could be drawn. 
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Hazard curves for the surface are shown in Figure 12a. Peak ground accelerations grow with decreasing 
annual probability but their increase slows down and the uncertainties grow. The difference between 
bedrock and surface accelerations becomes larger at lower probability levels due to nonlinear behavior of 
soils and pore water buildup (Figure 12b). 

 

Figure 9:  Time histories and pore pressure distributions for three probability levels computed for the best 
estimate soil profile. From the comparison of surface accelerations computed by total and effective 
stress analysis the effect of pore pressure buildup can be seen well as the bedrock acceleration 
level increases. For the 10-6/year probability level total liquefaction of the studied layer can be 
seen. Large-scale soil degradation, decrease of acceleration and shortening of strong motion 
duration are the determinant effects on the surface. The layer liquefies when the excess pore 
pressure is reaching the initial effective pressure. In that time the shear stress is decreasing 
practically to zero, and large shear strain develops. From the pore pressure depth functions we can 
designate the place of the liquefied layers. 

 

Figure 10:  Example site effect calculation: Best estimate and 15%, 50%, 85% percentiles hazard curves 
computed for the surface (a); best estimate bedrock and surface PGA hazard curves (b) 

Figure 13b shows the best estimate surface and bedrock UHRS for 10-4, 10-5 and 10-6 probability levels. As the 
maximum values of bedrock UHRS curves are at 0.2s and the spectral ratio values have their minimum at the 



  NEA/CSNI/R(2009)1 

327 
 

same period (always less than 1.0) therefore the surface UHRS curves are always below the bedrock response 
spectra at that point. For 10-4 probability, broadening of the surface spectrum can be seen. For 10-5 probability, 
amplification can be observed only at periods larger than about 0.4s, while for 10-6 probability the entire surface 
response spectrum is below the bedrock UHRS. 

 

Figure 11:  Example site effect calculation: best estimate (mean) spectral ratios (a) and comparison of best 
estimate bedrock and surface UHRS at 5% damping (b) for three different probability levels 

10. Conclusions 

As demonstrated through the example of Paks NPP site characterization, probabilistic method of seismic 
hazard assessment provides a very complete evaluation of hazard especially in low-to-medium level 
seismicity region like Hungary. By incorporating and treating both model uncertainty and randomness in 
the earthquake process the methodology allows rational consideration between different (likely and/or 
highly uncertain) scenarios. Sensitivity analyses can identify important contributors to the hazard results 
and the relative importance of various data and interpretations. As an additional result, priorities for further 
data collection and analysis efforts can be set down. 

In the case of Paks NPP site, seismic source model definitions and local ground motion attenuation are the 
two most uncertain fields of inputs. 

Experience shows that it is useful to operate a network of sensitive seismographs having a recording 
capability for low magnitude earthquakes to supplement available data on larger historical earthquakes to 
model potential seismic sources. Particularly, in regions of low seismicity larger events occur infrequently 
and do not provide the needed timeframe. The rationale of such a local seismic monitoring network is to 
develop a database of well located earthquakes that can be used to resolve the tectonic framework in the 
vicinity of the site and also to adjust published ground motion attenuation functions to local conditions. 

Site effect results computed by effective stress analysis show that the difference between bedrock and 
surface accelerations becomes larger at lower probability levels due to the nonlinear behavior of soils and 
the pore water buildup. Consequently, liquefaction potential can be identified as the major secondary 
seismic effect at Paks NPP site. 
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Accounting for Epistemic Uncertainties In Site Effect Studies: Examples of a Logic Tree Approach 
 

P-Y. Bard1, D. Fäh2, A. Pecker3, J. Studer4 and N. Abrahamson5 

Probabilistic estimates for site specific studies are most often separated into "regional" PSHA to estimate 
the rock spectra, and local analysis to derive the site amplification factors: this latter part is mainly 
deterministic and is applied to the rock spectra corresponding to the design return period. 

This presentation will focus on several developments achieved recently within the framework of the 
PEGASOS project to account for site effects in a fully probabilistic way, including both epistemic 
uncertainties and aleatory variabilities. This approach was based on a wide spectrum of computations using 
different 1D soil columns to account for the uncertainty of soil parameters, different input spectra to 
account for non-linear effects, and various modelling approaches (1D/2D, various incident wave fields, 
without / with close sources). The final uncertainty is estimated through a logic tree approach: not only the 
weights for each branch do vary from one expert to another, but also the structure of the logic tree itself. 
Some examples will be given and briefly discussed. Some examples of resulting median amplification 
curves, together with their variability and sensitivity to the level to input ground motion, will be shown. 
The effects on the final hazard curves are significant: while obviously frequency dependent, they also 
strongly depend on the return period because of non-linear effects: significant amplification at low return 
periods may be replaced by attenuation at much longer return periods, so that the shape of the hazard 
curves may be significantly modified with respect to rock hazard curves. 

This experience brought several very valuable learnings. Despite very different approaches, the variability 
of final median estimates proves to be relatively small from one expert to the other. The overall variability 
could probably be significantly reduced with more site specific data (on site earthquake recordings, 
specific measurements of NL parameters for instance), and may be also by coupling the estimations of 
response spectra ordinates with estimations of other ground motion parameters. 
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PSHA Outputs Versus Historical Seismicity - Example of France 
 

Pierre Labbé, Électricité De France, Din, 1 Place Pleyel 

1. Introduction 

The purpose of this paper is to compare two different approaches for estimating the seismic risk on a 
territory, with application to the metropolitan French territory (Corsica excepted). 

The risk can be defined as the annual probability of occurrence of certain damage degrees (according to 
EMS98 scale definition) on certain types of buildings. In the context of the seismicity of metropolitan 
France, and in view of addressing historical seismicity, the risk is measured in this paper as the annual 
probability of occurrence of damage degrees 2 and 3 on conventional masonry buildings. 

The first method considered in the paper is based on historical data, while the second one is based on 
convolution of seismic hazard data and fragility curves. In the later, seismic hazard is described in the form 
of three different maps of metropolitan France. These maps are outputs of PSHA studies; they provide 
PGA values for a 475 year return period. 

2. Seismic risk assessment based on historical seismicity 

2.1 Areas affected by a given intensity 

2.1.1 Principle 

In view of processing historical data from a series of earthquakes, i is the sequential number of an event 
and Ai,V denotes the area inside the iso-intensity V line for this event. 

On an hypothetical territory with stationary activity, observed on a very long period of time, T, and with a 
perfectly documented historical seismicity, the average area affected annually by an Intensity V or greater1

 
would be calculated as follows : AV denoting the sum of all the Ai,V on the period of time T, the average 
area affected annually by an Intensity V or greater is equal to : 

AV = AV/T 

Practically this straightforward procedure is not applicable because we do not have at our disposal such 
ideal data. However the following historical data can be processed: 

− nI0 (I0 ] V) : number of earthquakes of epicentral intensity I0 felt on the territory per century.2 
− AI0,V : average area affected by an Intensity ] V for an event of epicentral intensity I0.3 

On these bases estimates of AV and AV are calculated as follows:  

                                                      
1 Intensity V is an example ; the procedure is similar for every intensity. 
2 In the case of metropolitan France, a significant percentage of these events have their epicentres outside the territory.  
3 Only the part of this area inside the French territory pertains for risk assessment.  
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AV= � nI0 AI0,V,   I0= V à IX    and     AV = AV/100 

The same procedure applies for other AI areas, I= VI to IX. 

2.1.2 Application the metropolitan French territory 

References available for establishing a statistics of events felt in France [1] [2] are analysed and discussed 
in Ref [4]. Outputs of this analysis are presented in Table 1. 

Epicentral Intensity I0 V V-VI & VI VI-VII & VII VI-VIII & VIII VIII-IX 

Number of events 350 150 70 10 1 

Table 1:  Average number of events felt in France per century versus their  epicentral intensities  (I0 ] V) 

In order to calculate AI0,V , average area affected by an Intensity ] V for an event of epicentral intensity I0, a 
series of 140 isoseismical maps [3] established by IPSN was processed. A statistical analysis of every set of 
events corresponding to a given epicentral intensity was carried out. (A more refined analysis is presented in [4], 
while the treatment of extreme events is discussed in [5]). An output is that in every set, Ai,V values fit a 
log-normal distribution. Mean values of these distributions are presented in Table 2. In the case of metropolitan 
France, it is rather frequent that a significant part of Ai,V is out of the national territory (seismic activity is 
concentrated in border regions). The impact on AI0,V values is also presented in Table 2. 

Epicentral Intensity I0 V V-VI & VI VI-VII & VII VII-VIII & VIII VIII-IX 

AI0,V (km²) 180 1020 5300 16300 103000 

AI0,V inside Metropolitan
France(km²).  

120 620 2940 8790 21800 

Table 2:  Average area with Intensity ] V versus epicentral Intensity 

Series of values presented in Tables 1 and 2 lead to AV = 4500 km². A similar processing was also carried 
out for Intensities VI, VII and VIII, leading to values of AVI AVII and AVII also presented in the first line of 
Table 3. 

The metropolitan French territory is not homogeneous in terms of seismic activity. It is possible to split it 
in zones from very still to rather active. For the purpose of seismic risk estimate, we have considered only 
two zones, qualified as “exposed” and “less exposed” in Table 3. The area of the exposed zone is only 15% 
of the territory but the zone concentrates 56% of the activity. 

Zone \ Intensity V VI VII VIII 

Metropolitan France (538000 km²) 4500 470 58 3,7 

Exposed zone (79200 km²) 2500 260 32,5 3,7 

Less exposed zone  2000 210 25,5 0 

Table 3:  Annual mean values of areas (km²) affected by an intensity at least equal to the value indicated at the 
top of the column (in metropolitan France, and distribution in exposed and less exposed zones) 
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2.2 Risk exposure assessment for masonry buildings 

In a first step, assuming that population density, and consequently building density, is not correlated with 
seismic hazard, annual probability that a building (of any type) experiences a given intensity can be 
derived from the estimated areas reported in Table 3. For instance, in average on the Metropolitan French 
territory, the annual probability that a building experiences an Intensity VII is equal to 58 / 538000 = 1,1 
10-4. In exposed areas, it is 32,5 / 79200 = 4,1 10-4. 

In a second step, annual probability that a damage grade 2 or 3 is experienced by a type of building 
depends on its vulnerability class, such as defined in the EMS98 scale [7]. According to this scale, and 
considering damage grades 2 and 3 for conventional masonry buildings,  

− Intensity VI implies that a few of them suffer damage of grade 2. 
− Intensity VII implies that many of them suffer damage of grade 2 and a few of them damage of grade 3. 
− Intensity VIII implies that most of them suffer damage of grade 2 and many of them damage of grade 3. 

Definitions of a few, many and most are relating to fuzzy set concept and leads to quantified of a few as 
8%, many as 35% and most as 80%. 

Eventually, taking into account contributions of Intensities VI, VII and VIII (Intensity V does not contribute) to 
damage grades 2 and 3, the annual probability that a conventional masonry building experiences at least such a 
damage can be estimated as follows : 

 Grade 2 Grade 3 

In average in Metropolitan France  1,1 10-4 1,1 10-5 

In average in exposed zone 4,5 10-4 4,9 10-5 

Table 4:  Annual probability of damage grades 2 and 3 on conventional masonry buildings, as resulting 
from historical seismicity data 

3. Seismic risk assessment based on PSHA outputs and fragility curves 

3.1. Formula for seismic risk calculation 

3.1.1. Principle 

Reference is made here to the classical methodology for seismic risk assessment, such as discussed in IAEA or 
OECD documents [12] [13]. It is assumed that the PGA is a suitable parameter for rating seismic hazard on a 
site. The PGA value is denoted a, and Pe(a) is the annual probability that a PGA value larger than a is recorded 
on the site4. Consequently, the annual probability that a PGA is recorded in the range a - a+da is equal to pe(a) 
da, so that: 

pe(a) da= – Pe’(a) da . 

Fragility of buildings of a given type is described by the percentage of buildings of this type that, under a 
PGA equal to a, suffer a damage grade at least equal to D (according to EMS98 scale definitions). This 
percentage is also the probability that a building of the considered type suffers at least a damage D under 
the PGA a ; it is denoted Pf,D(a).  
                                                      
4 Relation between Pe(a) and the return period T(a) reads : Pe(a)=1–exp(-1/T(a)); it means Pe(a)=1/T(a) for rare events. 
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Then the annual probability that such a building suffers at least a damage D reads : 

∫
∞

=
0

D,feD da)a(P)a(pp . 

3.1.2. Usual pe et Pf,D functions 

It is widely admitted that Pe(a) can be expressed as56: Pe(a) = (a/A) –n , where A is a corner value. Consequently 
pe takes the form: 

pe = n /A (a/A) – (n+1)  
It is also widely admitted that log-normal distributions are suitable for describing building fragilities. In the 
following formula, aD is the median value of a, corresponding to damage D, and βD is the associated 
standard deviation of the natural logarithm of a.  
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On the basis of these assumptions, the annual probability that a building of the type under consideration 
suffers at least a damage D can be calculated and expressed as follows: 

D

n

D
D k

a
Ap 








=   ,  

2
nexpk

2
D

2

D
β

=  

3.2. Application to traditional masonry buildings in France  

3.2.1. PSHA maps of France 

Three different Seismic Hazard Maps (SHM) of the French territory are considered. The three of them are 
providing the 475 year return period PGA on the French territory, denoted a475. They were respectively 
issued in 2002, 2004 and 2006 and are identified in this paper as SHM-2002 [8], SHM-2004 [9], and 
SHM-2006 [10]. In every location of the continental French territory, taking into account an a475 values 
that depends on the map under consideration, Pe(a) and pD reads: 
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3.2.2. Fragility data 

The EMS98 building classification was adopted by the R&D European project Risk_UE. In the framework 
of this project a methodology was set up in order to establish fragility curves by building types. Traditional 
masonry buildings were considered by Skopje University, which proposed a series of aD and βD values 

                                                      
5 In principle this formula is not correct. It cannot be a probability because it leads to values larger than 1 for a values lower than A.. This 

formula would be more suitable for the annual rate of exceedance of a (This rate is exactly the inverse of the return period). However it is 
admitted here that we are considering rather long return periods, so that the annual probability of exceedance and the rate of exceedance 
may be regarded as equal. 

6 Practically n value is around 2 or 3. 
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[11]7 , including aD and βD values for damage grades 2 and 3 that are presented in Table 5. In this Table kD 
values corresponding to n=2 and n=3 are also indicated (n values are discussed in the Appendix). Whether 
these fragility curves are suitable for traditional masonries built in metropolitan France is a matter of 
discussion. Possibly, compared to France, larger exposure to seismic risk might have maintain a better 
“seismic risk culture” in Balkan. In such a case, aD values applicable to metropolitan France should be 
lower than presented in Table 5. 

Damage grade, D aD �D kD (n=2) kD (n=3) 

2 1,76 ms-2 0,50 1,65 3,08 

3 2,83 ms-2 0,55 1,83 3,90 

Table 5:  Fragility features for conventional masonry buildings [11] and associated kD values 

3.2.3. Outputs 

Eventually, seismic risk estimates associated to the three SHMs under consideration are summarized in 
Table 6. Comparing these outputs with the above estimate based on historical seismicity (Table 4) is of 
major interest and some conclusions can be drawn from this comparison.  

 Grade 2 Grade 3 Grade 2 Grade 3 Grade 2 Grade 3 

Metropolitan territory 15 10-4 45 10-5 0.32 10-4 1.1 10-5 2.8 10-4 4.5 10-5 

Exposed zone 45 10-4 160 10-5 1.65 10-4 5.9 10-5 1.6 10-4 51 10-5 

 SHM-2002 SHM-2004 SHM-2006 

Table 6:  Annual probability of damage grades 2 and 3 on conventional masonry buildings, as resulting 
from convolution of PSHA and fragility data 

4. Conclusions 

In this paper a methodology was presented, and exemplified on the case of metropolitan France, about 
comparison of two different approaches of seismic risk. The seismic risk is evaluated as the annual probability 
that a certain damage grade is experienced by a building of a given type. The first approach processes historical 
seismicity data while the second one is based on the convolution of PSHA outputs and fragility data. Outputs of 
these two approaches can be compared in case the considered type of building is traditional masonry, 
historically built in France, and the damage grades are rated 2 and 3, which corresponds to damages rather 
frequently observed. This comparison enables to check consistency of PSHA outputs against historical 
seismicity. 

Fragility curves used in this analysis were not derived from French data. They were obtained in the framework 
of the European project Risk_UE by researchers from Skopje University. However, regardless possible 
discussions about aD values, it is possible, on the basis of the methodology presented in this paper, to draw some 
conclusions about the three SHMs considered in this paper: The gap between historically observed risk and risk 
derived from SHM-2002 is so large that we can conclude without doubt that SHM-2002 [8] overestimates 
significantly seismic hazard on the metropolitan French territory, by a factor of 10 or more in terms of return 
periods. SHM-2006 [10] still appears pessimistic while SHM-2004 [9] appears somewhat optimistic. Would aD 
values suitable for metropolitan France be slightly lower than those proposed for Balkan countries, SHM-2004 
would even appear as satisfactory consistent with historical seismicity. 
                                                      
7 building type M1-2 according to Risk_UE methodology. 
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A Method for Comparison of Recent PSHA on the French Territory with Experimental Feedback 
 

N. Humbert, Engineer, EDF SEPTEN, Dept. of Dynamics & Earthquake Engineering, Lyon France  
E. Viallet, Team Manager Dept. of Dynamics & Earthquake Engineering, EDF SEPTEN, Lyon France 

Abstract 

Recent Probabilistic Seismic Hazards Assessments (PSHA) studies on the French metropolitan territory 
exhibit very different seismic level. The two PSHAs considered in this paper are the study published by the 
MEDD (French ministry of environment and sustainable development) in 2002 and the study conducted by 
a working group of AFPS (French association of earthquake engineering) in 2006. These two studies are 
clearly not consistent in term of median values: we observe ratios of approximately 2 in term of PGA for a 
given return period and ratios of 10 between return periods for a given PGA. These discrepancies are a real 
serious problem for French Earthquake engineering. 

The purpose of this study is to compare PSHA of the French territory with experimental feedback and 
gives an objective point of view of the confidence on probabilistic models of seismic hazard based on 
observations. The PSHA considered is compared with seismic experience feedback provided by the survey 
system of EDF sites and by the RAP (French seismograph network). 

This paper develops a methodology based on a probabilistic approach. A statistic methodology of determination 
of soil-structure interaction (SSI), and specific soil effect is developed for each site where feedback is collected. 
These probabilistic models developed for each SSI and soil effect allows us to compare PSHA with feedback by 
a integration of both epistemic and random variability at each step of the methodology. 

KEYWORDS: PSHA, Experimental Feedback, Confidence 

1. Introduction 

Recent PSHA studies developed on the French metropolitan territory put the light on the importance of working 
hypothesis defined prior to any hazard integration. This point is not surprising because we know that epistemic 
uncertainties increase in low to moderate seismicity context. The French metropolitan territory has a relatively 
low seismicity and have to be subjected to particular care for epistemic uncertainties treatment. 

To confront this difficulty the common practice for engineering is to compare the hazard evaluations of PSHA 
with experimental feedback making certain the consistency. This paper present a statistical approach which 
takes inspiration from this common practice. It is illustrated by two practical applications on: 

− The PSHA published by French ministry of environment and sustainable development (MEDD) in 2002 
(Martin et al. 2002) and the study published  by a working group of AFPS in 2006 (Martin et al. 2005). 

− The seismic experience feedback provided by the survey system of EDF power plants (19 stations) and 
by the French seismograph network (RAP) (set of 20 sites based on rock). (Figure 1) 
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This comparison can be done in several dimensions (one dimension for each station). But in order to look 
at this study a little more clearly, we reduce these dimensions to one: the total number of “events” observed 
on all the stations (an “event” is an exceeding of a Peak Ground Acceleration (PGA) of 10 gal). 

Figure 1:  Survey system of EDF power plants and a selection of the French seismograph network (RAP) 

2. Data processing of the hazard: soil-structure interaction + site effect  

The PSHA gives a hazard consistent with rock (hard soil) and with free field seismic motion (without any 
building). This is fully consistent with the RAP experience feedback. But the accelerometers of the French 
power plants are based in the bottom slab of the reactor building and on various soil condition (rock or 
soft/sedimentary soil). 

2.1. ISS 

The first step of the study is an ISS evaluation for each site. This evaluation is done with the same spirit as 
a Seismic Probabilistic Risk Analysis (SPRA), but with very low values of distortion: so we do not reach 
the same non-linearity in soil and in structures as SPRA. 

In these 19 ISS studies we develop a « best estimate » model accounting for epistemic uncertainties of 
parameters. The computation is performed using an axisymetric stickmodel of the reactor building 
(accounting for specificities of each French Reactor Building). The median Young’s modulus of the 
concrete comes to 41900 Mpa and the soil is represented by series of layers: with shearing waves velocity 
(Vs) fitted on cross hole reports. The uncertainties on seismic motion, soil conditions and building physical 
parameters are integrated in the computation (~600 runs : 19 buildings x 30 computations). 

A conversion coefficient KISS between the free field and the bottom slab of reactor buildings is defined for 
each site (equation (2.1)). This coefficient is a statistical variable with a distribution specific for each site. 

                                                          KISS= 
SlabBR

otionFreeFieldM
_

                                                        (2.1) 

The Figure 2 gives an overall view of the finite element model and shows the median value for KISS with 
a desegregation on Vs30: the average velocity of shearing waves in the 30 first meters. 

2.2. Soil amplification (KSOL) 

The ratio proposed to represent soil amplification KISS (equation (2.2)) published in literature are not estimated 
as « best estimate » values but as fixed and conservative coefficient (for instance the Eurocode 8 coefficients). 

RAP          
EDF 
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Moreover some studies (e. g. Drouet S. 2007) take a new look at the « rock » reference of attenuation 
relationship and PSHA. To avoid this in-depth debate this study decided to have a “deterministic” hypothesis 
for this step : KISS=1 (with no uncertainty). In this study this hypothesis is the most restrictive one. 

                                                KSOL=
RockFreeField

SiteEffectFreeField
+

+                                                            (2.2) 

Figure 2:  Model and median results for KISS estimation 

2.3. Equivalent exceeding level determination 

For each accelerometer we evaluate the Equivalent Exceeding Level : this equivalent level is determined 
by equation (2.3). It depends on KISS and KSOL so this coefficient is a statistical variable with a specific 
distribution for each site. 

                                                     =
ISS

SOL

K
K

MotionRockFreeField
MotionSlabBR

_
__

+
                                               (2.3) 

3. Assessment of the expected cumulated feedback with a psha study  

The objective is not to assess a second time seismic hazard by using experimental feedback: some studies prove 
this is practically impossible (Beauval et al, 2007). This paper uses the model developed in PSHA to predict the 
experimental feedback of the last years: this probability is conditional: P(Feedback/Model) which means “what 
could have been observed if the model is true”. This conditional probability includes the occurrence random 
variability due to the finite observation window so there is no question of “sufficiency” of feedback. The 
confrontation always is possible, however its conclusions can be interesting or not. That is why this study 
introduces a real discussion on consistency of PSHA with accelerometers feedback. 

3.1. Estimation for one site 

PSHA studies give an expectation of λ, the annual exceeding frequency for a PGA value (all this site by 
site). PSHA studies formulate the hypothesis that earthquake occurrence is a Poisson process. So the 
number of exceeding for one site follows a Poisson distribution (equation 3.1). 
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P(n,t) is the probability recording n « events » during t years. We notice that the uncertainty of this distribution 
depends on (1/t)0.5: so the longer is the time of feedback, the more precise the evaluation becomes. We don’t 
need to check sufficiency of time of feedback, the occurrence model do it automatically. 

3.2. Estimation for all the sites (cumulated feedback) 

If we formulate the hypothesis that sites are independent in term of seismic hazard, the total number of 
exceeding for the N sites follows a Poisson distribution too (equation 3.2). 

                                           
!

)(),(
n
AetnP

nA

=   with      ∑
∈

=
sitesi ISS

SOL
ii K

KtA λ                                            (3.2) 



NEA/CSNI/R(2009)1 

 400

We don’t formulate this independence hypothesis because the model developed in PSHA is able to account 
for this hazard dependence. The hazard dependence has no effect on “A” (expectation of the distribution) 
but increases the standard deviation (SD): for a Poisson distribution the SD is “A0.5” with the dependence 
hypothesis this SD becomes “KA0.5”, with K a parameter greater than 1. K is the average number of sites 
impacted by one earthquake. 

For data post processing reasons, the assessment of the distribution for the cumulated feedback is estimated 
with a Monte-Carlo simulation instead of the continuous integration of activity expectation proposed by 
McGuire (1976). Using more than 100 000 simulations we estimate the cumulated feedback distribution: 
the negative binomial distribution (ie. Pòlya distribution) proposed by Woo G. (2000) fitted perfectly the 
Monte-Carlo simulation (validation on 5 SD) (Figure 3 and equation 3.2). 

The K parameter depends on all the PSHA parameters and depends on each branch of the logic tree. But K 
depends mainly on two hypothesis: the feedback (sites localization, number and time of recording) and the 
minimal magnitude for hazard integration (Mmin). So we have to estimate K for each PSHA and each type 
of experimental feedback. 

Figure 3:  Example of Monte-Carlo simulation and Poisson/NegativBinomial distributions comparison. 
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with lnΓ the logarithmic gamma function. The effect of the dependence hypothesis is a widening of the 
feedback estimate (Figure 3). 

4. Implementation of the comparison 

In this part we implement the method presented in part 2 to 3 on both PSHA and both experimental 
feedbacks. Because it would be impossible to present all the possible comparisons in this paper we only 
present some results as illustrations. First we present both PSHA compared with feedback of power plants 
in term of median epistemic value. Then for the AFPS 2006 study we implement a desegregation on 
epistemic fractiles, which allows us to introduce some details about the likelihood function.  

4.1. Median comparison with power plants feedback 

Figure 4 presents the comparisons between the feedback distribution estimated by PSHA for French power 
plants and the real experimental feedback. There is only one event recorded on the 19 power plants taken 
into account, the Sierentz earthquake of 1980 with a PGA of 18 gal observed on Fessenheim nuclear power 
plant. 
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Figure 4:  Comparison of MEDD 2002 and AFPS 2006 (median) with feedback of French power plants 

We observe that MEDD 2002 PSHA estimates that only one observation is impossible: this PSHA is 
inconsistent with experimental feedback. The AFPS 2006 median study seems to be more consistent with 
experimental feedback in spite of the fact that it seems to overestimate the hazard too. 

4.2. Comparison of “AFPS 2006” with both feedbacks: epistemic desegregation 

 Seismic Hazard Map (SHM) 2006 
Prediction compared to observations 

EDF NPP experience feedback : PGA  >  0.01g 
1977 -> 2006 : ~400 years of cumulated observation (100% data)

0 

0.02 

0.04 

0.06 

0.08 

0.1 

0.12 

0.14 

0.16 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Number of event 

Probability of 
occurence 

SHM 2006 - Fractile 15%

SHM 2006 - Median

SHM 2006 - Fractile 85%

1 

2 

3 

1 

2 

3

Feedback 
1 event 

Seismic Hazard Map (SHM) 2006 
Prediction compared to observations 

RAP experience feedback : PGA  >  0.01g 
~100 years of cumulated observation 

0.00E+00

2.00E-02

4.00E-02

6.00E-02

8.00E-02

1.00E-01

0 5 10 15 20 25 30 35 40 45 50
Number of event  

Probability of 
occurence SHM 2006 - Fractile 15%

SHM 2006 - Median

SHM 2006 - Fractile 85%

1 

2 

3 

2 

3 

Feedback 
12 events 

1

 

Figure 5:  Comparison of AFPS 2006 with feedback of French power plants and RAP stations 

PSHA are based on series of epistemic hypothesis, which could lead to large uncertainties. Comparison of 
PSHA with a desegregation on epistemic uncertainty could be a solution to limit these uncertainties. The 
Figure 5 presents this comparison for “AFPS 2006” with the experimental feedback of power plants an 
RAP. We notice that in both cases the situation is similar: the 15% fractile is the most consistent with 
experimental feedback.  

4.3. Introduction to Bayesian methods on PSHA 

In order to have a statistical result of this comparison we introduce the Bayes' theorem also known as 
“Bayes' rule” or “Bayes' formula”. This equation is not describe here but based on the conditional 
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probability P(Feedback/Model) assessed in previous parts this theorem defines a likelihood function which 
gives a “weight” for each branch considered functions of  consistency with experimental data. 

The Figure 6 is identical as the Figure 5 but formulated in term of likelihood. 
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Figure 6:  Likelihood of epistemic fractiles on “AFPS 2006” compared both feedback 

5. Robustness of the method 

Comparison of PSHA with experimental feedback is not absurd because PSHA are completely based on 
experimental feedback. However this type of study is commonly criticize because of its potential 
instability. In order to answer this reservations, the robustness of the method is studied with three cases. 
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Figure 7:  Likelihood on fractiles of “AFPS 2006”: 4 robustness cases 

5.1. Case 1: reference 

This is the result of the comparison of the  AFPS 2006 PSHA with the experimental feedback of power 
plants formulated in term of likelihood. (Figure 6 and 7). 

5.2. Case 2: What happens in case of a second event tomorrow 

This is the same comparison as “case 1” but with a second event observed on French power plants. We observe 
that the differences are hardly noticeable. There is no instability of the comparison on the randomness of seismic 
events because the randomness of earthquake’s occurrence is included in the comparison. 
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5.3. Case 3: Do we have enough information? (1/2) 

In 1991 we had only a quarter of the experimental feedback. The “case 3” is the result we could have 
obtained in 1991 with this methodology. We observe the same tendency as “case 1” but less pronounced: 
because the cumulated time of observation is only 100 years, so the randomness of seismic occurrence 
plays a more important role making the likelihood less contrasting between epistemic fractiles. 

5.4. Case 4: Do we have enough information? (2/2) 

In 1980 when the only event ever recorded on the French power plants occurred (Sierentz) we could have used 
the same method: the “case 4” is the result of this comparison. We see that the likelihood gives no contrast 
between epistemic fractiles. Due to the lack of feedback the comparison is inefficient. In conclusion we do not 
need to study effectiveness of feedback to be compared with PSHA, the “effectiveness” is automatically 
represented because randomness of occurrence is included in the statistical comparison.  

6. Conclusions 

6.1. Development of the methodology 

This paper develops a methodology based on a probabilistic approach which allows us to compare PSHA 
with experimental feedback. This methodology do “best estimate” evaluations at each step with a realistic 
integration of epistemic uncertainties and random variability: 

1. Site Effect and Soil-Structure interaction are conceptualized as statistical variables with an epistemic 
distribution specific for each site. 

2. The limits of experimental feedback are integrated: (i) the random variability of earthquake occurrence 
due to the limitations of observation period is accounted for and (ii) the seismic dependence between 
different sites of experimental feedback is accounted for by a Pòlya distribution. 

3. There is no interpretation of PSHA, the hypothesis retained are exactly the same as those developed 
initially. 

Finally the comparison is done in terms of conditional probability “P(Feedback/Model)” which means 
“what could have been observed if the model is true”. 

6.2. Application for the context of the French metropolitan territory 

The methodology is developed on two PSHA of the French metropolitan territory and on two experience 
feedback. The conclusions are: 

1. The median PSHA is inconsistent with PSHA for one of the two studies (MEDD 2002) with an 
obvious overestimation of hazard. 

2. The comparison with experimental feedback enable us to define a likelihood function. This function 
can distinguish between two epistemic choices and be accounted for in a Bayesian updating 
technique as presented by Viallet (2008). 

6.3. Robustness 

Finally robustness of the method of comparison is proved and the discussion on sufficiency of  observation 
period solved. 
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Consistency of PSHA Models in Acceleration and Intensity by Confrontation of Predictive Models to 
Available Observations in France 
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Abstract 

During recent years, different attempts have been made in France to calibrate the predicative PSHA models in 
terms of PGA at short return periods using a comparative method between the predictive PGA and the observed 
PGA. Significant differences were noted between predictions and observations. Some of these differences can 
be related to: a) the relationships used to define a homogeneous magnitude from either macroseismic data or 
various magnitude scales, b) the attenuation models for which the principle of statistical ergodicity is assumed 
in France, c) the way the uncertainties are propagated into the predictive model and, d) the short period of 
observations. 

To overcome the difficulties due to the use of macroseismic and historical seismicity to predict 
probabilities of exceedance of physical values like PGA, a PSHA in intensity is directly carried out for the 
whole French territory. 

This approach eliminates the majority of the difficulties encountered in the acceleration model thanks to the use 
of specific French data to derive regional attenuation laws, and to a larger time-period of observations (5 
centuries). Following this approach, an acceptable agreement is found between predictions and observations, for 
the various seismotectonic contexts of France, including the most “stable” and active areas. 

KEYWORDS 

Probabilistic seismic hazard, Predictive model, Empirical model, Calibration of predictive model, France. 

1 Introduction 

During the last 8 years, 3 PSHA studies and their corresponding PGA maps have been published in France: 
probabilistic seismic zonation of France (Martin et al. 2002), maps of Marin et al. 2004, and the maps proposed 
by a AFPS working group in 2006 (Figure 1). Significant differences are observed with PGA at 475 years of 
return period ranging from 0.05 g to 0.25 for the 2002 model, 0.005 g to 0.1g for the 2004 model and 0.01 g to 
0.2g for the 2006 model. When comparing the predictive number of acceleration thresholds exceedance issued 
from the models with the observed number of exceedance of the same acceleration thresholds obtained at 
accelerometric stations, over a cumulated time period of 400 years, a significant gap is observed between 
predicted and observed values. In the best case, the model predicts at least three times the observed exceedance 
level of 10 cm/s². 

The inconsistencies between predictions and observations are mainly related to the attenuation relationship 
adopted, to the conversion of magnitudes used, and to the short recoding time period over which recorded 
accelerometric data are available. For this reason, a PSHA in terms of intensity was performed (using the same 



NEA/CSNI/R(2009)1 

 414

methodology than that adopted for the PGA model). This kind of approach avoids these problems by using only 
French data, by developing regional attenuation relationships to fit this data, avoiding any intensity to 
magnitude transformation and, finally, using a larger data sample over the period of 5 centuries with 
macroseismic information (about 5 centuries). 

 
a) b) c) 

Figure 1:  Recent seismic hazard maps for PGA and 475 years of return period. Reference: a) Martin et 
al. (2002) b) Marin et al. (2004) and c) GTAFPS 2006 

2. Probabilistic seismic hazard assessment in terms of intensity 

2.1. Catalogue of seismicity 

The catalogue of epicenters used (extracted from SISFRANCE file) contains 1331 earthquakes with intensity 
equal or greater to IV (MSK). The catalogue in intensities contains 39 aftershocks. Figure 2 shows the 
geographical distribution of the epicenters. Compared with the catalogue in magnitudes, for the same 
geographical frame, the catalogue in magnitudes contain more than 11,000 earthquakes with magnitude equal or 
greater than 2.5 and more than 2,800 earthquakes with magnitude equal or greater than 3.5. 

SISFRANCE file contains also 87,681 macroseismic data. 33,068 of them correspond to intensities equal or 
greater than IV. We used these last data (Figure 2) to fit the regional attenuation laws in France and to compare 
the observations with the predictions of PSHA.  

2.2. Seismotectonic models 

Two seismotectonic models are used. The first model corresponds to the seismotectonic models used in the 
seismic zonation of France (Martin et al., 2002). It is a simplified zonation adapted to work with intensities 
because of the greater size of sources. The second model is based on a recent interpretation of seismotectonic 
mechanisms and deformations of the west European plate. In the second zonation used, the size of the sources is 
smaller and, sometimes, an association of sources is needed to fit the seismic distribution parameters. Both 
zonations are presented in Figure 4. The association of sources is indicated in figure 4b) using different colours. 
The seismic activity of the sources is calculated by repartition of the seismicity depending on the surface.  
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Figure 2:  Map of historical epicenters (Sisfrance 
database). 

Figure 3:  Map of macroseismic with I≥IV 
(Sisfrance database) 

 
a)

 
b) 

Figure 4:  Seismotectonic zonations used a) EPAS working group 2000 b) GEOTER 2007 
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2.3. Characterisation of the seismic zones activity 

The calculation of the seismic parameters of distribution laws considers the completeness periods of each 
intensity range. They are defined using two methods. The first one corresponds to the methodology proposed by 
Stepp (1972). The second one corresponds to an analysis of the histograms representing the number of 
earthquakes of each intensity by temporal window. The completeness periods are presented in Table 1.  

Zone Intensities 
IV et IV-V 

Intensities 
V et V-VI 

Intensities 
VI et VI-VII 

Intensities 
VII et VII-VIII 

Intensities 
VIII et VIII-IX 

Intensities 
IX et IX-X 

France 1920 1880 1850 1750 1500 1300 
Alpes 1950 1880 1830 1800 1500 1300 

Massif Armoricain 1920 1880 1750 1700 1500 1300 
Nord 1920 1880 1850 1750 1500 1300 

Provence 1925 1880 1850 1750 1500 1300 
Pyrénées 1930 1910 1910 1750 1500 1300 

Rhin 1885 1870 1750 1630 1500 1300 
Other regions 1960 1850 1750 1750 1500 1300 

Table 1:  Completeness periods defined from the analysis of SISFRANCE data 

The Poisson model is adopted to define the distribution of the seismicity with a double truncated Gutenberg-
Richter law. 

The calculation of the parameters of the seismic distributions is done using the maximum likelihood 
methodology proposed by Weichert (1980). In this case, this methodology is adapted to consider different 
completeness periods depending on the range of intensities and to quantify the uncertainty of the parameters of 
the distribution laws. 

In most of the zones, the seismic sample allows to fit the seismic parameters.   When it is not possible, we 
associate the seismicity of zones of similar context to fit the parameters: the b parameter is constant and the 
activity rate is calculated considering the surface of the individual sources. 

2.4. Development of intensity attenuation models 

The objective was to develop one or several attenuation laws to each of the 7 regions with similar 
seismotectonic characteristics defined (Figure 5). Three different equations are used to fit the macroseismic data 
of the SISFRANCE file: 

a) Linear equation  
)(log10 epiepio RCBRAII ++=−  

b) Non-linear equation  

)(*)(log**log* 22
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 +
=− α  

c) Epicentral intensity dependent equation  
)1(log*)*( 10 +++=− epioepio RICBARII  

In these equations, I represents the macroseismic intensity at a site, Io the epicentral intensity, Repi the epicentral 
intensity and A, B, C, k, h, b and α are fitting parameters. 
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After a detailed analysis of the adjustments, we decided to use only the linear and the non-linear models for the 
PSHA calculations (Figure 5). 
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Figure 5:  Example of adjustment for the region of the Alps using two equations: 

a) Non-linear equation and b) Epicentral intensity dependent equation. 

2.5. Logic tree 

Figure 6 shows the final logic tree used in the PSHA calculation. It allows treating the epistemic uncertainty 
associated with the choice of the seismotectonic models and the attenuation models. It allows to propagate the 
random uncertainty (variability) associated to the definition of the seismic parameters of the sources (b 
parameter, seismic activity and maximum intensity).  

The logic tree contains two main branches corresponding to both seismotectonic zonations. They are used with 
an equivalent weight (0.5). Each one of these branches is further divided into two additional branches associated 
to the attenuation model used (linear or non-linear). The weight adopted for each attenuation model is also 
equivalent. The Monte Carlo technique was used to generate the random samples of the seismic parameters. 
They were used to define the secondary branches of the logic tree. 
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Figure 6:  Logic tree used for the PSHA in terms of intensity 

2.6. National intensities maps 

We performed median, fractiles 15% and fractiles 85% seismic hazard maps in terms of intensity for the return 
periods of 475, 975, 1 975, 5 000 and 10 000 years. The calculation is carried out using a grid of 0.2º with the 
following hypothesis:  

- Maximum intensity: the maximum intensity observed plus 0.5. 
- Minimum intensity of calculation: V 
- Distance of integration: 200 km 
- Integration of the standard deviation of the ground motion relations: 3 standard deviations 

The Figure 7 shows the median and fractiles 15% and 85% seismic hazard maps at 475 years of return period. 
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a) 

 
b) 

 
c) 

Figure 7:  Seismic hazard maps in terms of intensity for a return period of 475 
years. a) median, b) fractile 15% and c) fractile 85%. 

3. Comparison between predictions and observations 

Two different methodologies were used to compare predictions and observations.  

3.1 Method 1 

The first method used to validate the theoretical predictions against observations is based on the analysis of the 
differences between the number of observations of each intensity during the completeness period associated to 
the intensity level and the predictions calculated from the seismic hazard curves. The comparison was done at 
40 selected large cities (where complete seismic data exists) located in the seven regions where attenuation 
models were calculated. 

At each selected site, the macroseismic data are extracted from the file SISFRANCE and the observations are 
classified for ranges of intensities [IV,IV-V] to [IX,IX-X] to determine the exceedance number during the 
completeness period. 
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The numbers of exceedance (observed and predicted) are compared to the deterministic number of exceedance, 
i.e. the intensities probably felt in the 40 selected cities are calculated by direct application of the regional 
attenuation laws. The theoretical exceedance number for each intensity level is calculated using the seismic 
hazard curves of the PSHA. The exceedance number is calculated by the multiplication of the annual 
exceedance rate and the completeness period.  

The observations and predictions (deterministic and probabilistic) for different intensity levels are also 
compared. Two functionals are used to study the differences between observations and predictions. The first one 
is related directly to the differences between predictions and observations. The second one corresponds to the 
chi-square test. Table 2 shows a sample of the comparison performed for the whole French territory.  

 
 

 χ2 (I≥IV) χ2  (I≥V) χ2   (I≥VI) 

Med 0 0.03 0.39

Fra15 0.21 0.17 0.08

Fra85 0 0 0

Table 2:  Comparison between predictions and observations during the completeness period of each 
intensity level 

The results shows that the predictions based on the median probabilistic model are globally in agreement with 
the observations for intensities greater or equal to VI. For I≥V, the fractile 15% is the best adapted model. This 
situation is even more accentuated for I≥IV.  The reason could be related to the possible loss of reported low 
intensities. 

3.2 Method 2 

The second methodology applied to compare predictions and observations is based on Beauval et al. (2007) 
approach that provides the period of observations needed to validate the Poisson model in the occurrence of 
observations for different intensities and with different uncertainties. Table 3 presents the necessary temporal 
window to validate the Poisson model with a 20 % of uncertainty for different intensity levels. 

Return period Minimum temporal window of observations needed 
1 month 2 years 
1 year 25 years 

475 years 12000 years 
3000 years 75000 years 

10000 years 250000 years 

Table 3:  Minimum temporal window needed to validate the supposed Poisson distribution of intensity 
exceedance with a 20% of uncertainty 
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To apply this methodology to our case we adopted the following process: 

a) Definition of the “average” intensity associated to the 475 years of return period in each one of the seven 
regions.  

b) In each region, sum of the cumulated years of observation at all sites for the intensity level associated 
to the 475 return period. 

c) In each region, calculation of the cumulated observed number of exceedance for the same intensity level.  
d) In each region, calculation of the predicted number of exceedance of the same intensity level using 

the hazard curves. 
e) Sum of the results of all regions. 

The results are synthesized in Table 4. 

  
Alps  

(7 sites) 
MA  

(9 sites) 
NF  

( sites) 
Provence 
(2 sites) 

Pyrenees 
(2 sites) 

Rhin  
(2 sites) 

Other  
(16 sites) Sum 

Period of completeness  I=V 1880 1880 1880 1880 1910 1870 1850   

Period of completeness  I=VI 1830 1750 1850 1850 1910 1750 1750   

Period of completeness  I=VII 1800 1700 1750 1750 1750 1630 1750   

Period of completeness  I=VIII 1500 1500 1500 1500 1500 1500 1500   

Years of observation I=V /  site 125 125 125 125 95 135 155   

Years of observation I=VI / site 175 255 155 155 95 255 255   

Years of observation I=VII / site 205 305 255 255 255 375 255   

Years of observation I=VIII / site 505 505 505 505 505 505 505   

Cumulated years of obs. I=V  875 1125 250 250 190 270 2480 5440 

Cumulated years of obs. I=VI 1225 2295 310 310 190 510 4080 8920 

Cumulated years of obs. I=VII 1435 2745 510 510 510 750 4080 10540 

Cumulated years of obs. I=VIII  3535 4545 1010 1010 1010 1010 8080 20200 

Cumulated years of observations 
associated to the Intensity corresponding  
to 475 years of return period 1435 2295 310 510 510 750 2480 8290 

Observations of intensities associated 
to P=475 during the cumulated number  
of years of observation 3 4 2 0 2 0 14 25 

Predictions of intensities associated to 
P=475 during the cumulated number  
of years of observation 3.4 4.5 2.6 0.19 1.96 1.5 15.85 30 
  In yellow, « average »intensity associated to a 475 years of return period  

Table 4:  Comparison between observations and predictions using the Beauval et al. 2007 methodology 
It appears that the predictions of the PSHA are, globally, in agreement with the observations for all regions. 

Beauval et al. (2007) estimates that 5,000 and 12,000 cumulated years are needed to validate a Poisson 
distribution with 30% and 20% uncertainty respectively (table4). In our case, with 8,290 years, the global error 
between observations and predictions is less than 30%. Therefore, we can assume that the cumulative number of 
exceedances in the 40 sites follows a Poisson distribution and that the predictions are in agreement with the 
observations with a 30% of uncertainty. 



NEA/CSNI/R(2009)1 

 422

4. Comparison with otherPSHA 

The probabilistic maps in intensity can be compared with recent maps published for Italy. Figure 8 presents the 
median and the fractiles 16% and 84% seismic hazard maps in intensity developed in Italy by Gómez Calpera 
(2006) corresponding to a return period of 475 years. 

 
a) 

 
b) 

 
c) 

Figure 8:  Seismic hazard maps in intensity of Gómez (2006). Return period= 475 years. A) Median, b)
fractile 16% and c) fractile 84%. 

The comparison of the seismic hazard maps presented in Figures 7 and 8, in the border alpine region, show a 
good agreement between both independent studies. In the alpine region, the median intensity is around VII-VIII 
in both studies. The intensity associated to the fractiles 15% (16%) are around VII in both maps and finally, the 
intensity associated to the fractiles 85% (84%) are around VIII in both maps.  

If we transform the intensities in PGA using the same relations in both cases (relation of Faccioli and Cauzzi, 
2006), we obtain the maps presented figure 9 (return period=475 years). Figure 9 compares the PGA seismic 
hazard map obtained by the GTAFPS 2006 working group with the PGA seismic hazard map obtained by the 
Livorno group, Italy. The accelerations are in good agreement along the border region. They range from 0.1g to 
0.15g. Each one of the maps has been produced independently from the others. Two of them have been 
calculated in terms of intensity and transformed to PGA and two have been directly calculated in PGA.  
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a) 

 
b) 

 
c)  

d) 
Figure 9:  Comparison of PGA seismic hazard maps. Return period= 475 years. a) Italian map 

transformed in PGA using the Faccioli and Cauzzi relation b) French map transformed in 
PGA using the Faccioli and Cauzzi relation c) PGA map of  the GTAFPS2006 and d) 
PGA map proposed by Livorno group. 

5. Conclusion 

The predictions of intensity deduced from PSHA performed in terms of intensity are in better agreement with 
the observations than the predictions done in PGA. This PSHA agrees with other PSHA (also done in terms of 
intensity) performed independently in Italy. 

Regionally, relative good agreement exists between observations and predictions in all regions except in the 
region of the North of France. This last region is affected by a specific seismicity, with some great earthquakes 
but with absence of small ones. 

The PSHA in terms of intensity validates to some extent the probabilistic model, at least the seimic zonation, 
and the characterization of the seismic activity. Therefore, the poor agreement between predictions of PSHA in 
terms of acceleration and observations (PGA) could be produced mainly due to:  

- The relationships used to transform intensities to magnitudes. 
- The poor consistency between the French magnitudes and the magnitudes of the usual attenuation laws. 
- The PGA attenuation relationships that need to be calibrated for application on the French territory. 

-4 -2 0 2 4 6 8 10

42

44

46

48

50

52

0 cm/s2
10 cm/s2
25 cm/s2
50 cm/s2
75 cm/s2
100 cm/s2
125 cm/s2
150 cm/s2
200 cm/s2
250 cm/s2
300 cm/s2
350 cm/s2
400 cm/s2
450 cm/s2
500 cm/s2
600 cm/s2
750 cm/s2
1000 cm/s2
1250 cm/s2
1500 cm/s2

-4 -2 0 2 4 6 8 10

42

44

46

48

50

52

0 cm/s2
10 cm/s2
25 cm/s2
50 cm/s2
75 cm/s2
100 cm/s2
125 cm/s2
150 cm/s2
200 cm/s2
250 cm/s2
300 cm/s2
350 cm/s2
400 cm/s2
450 cm/s2
500 cm/s2
600 cm/s2
750 cm/s2
1000 cm/s2
1250 cm/s2
1500 cm/s2



NEA/CSNI/R(2009)1 

 424

The PSHA in terms of intensities remains an alternative method to the definition of seismic design motion in 
acceleration, in low to moderate seismic areas, to constrain the seismic level at return periods of interest of the 
different seismic regulations, since it avoids the propagation of  the uncertainties associated to the PGA 
attenuation models. 
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Constraining Probabilistic Seismic Hazard Estimates with Strong Motion Data: Possibilities and 
Limitations1 

 
C. Beauval2, P-Y. Bard3, S. Hainzl4 

The amount of probabilistic hazard studies has been increasing in the last years, due to the requirements by 
new regulations that hazard be estimated in probabilistic terms. The present study aims at defining the 
possibilities and limits for a comparison test between predictions and observations, with an emphasis on 
tests based directly on the rate of ground-motion occurrences are favoured, rather than on the rate of 
earthquake occurrences. Based on the properties of Poisson processes, the minimum time window insuring 
reliable occurrence rate estimates at a site is computed and evaluated. For example, for ground motion with 
a 475 years return period at a site, a minimal 12 000 years observation time window is required for 
estimating the rate with a 30% uncertainty (coefficient of variation: standard deviation divided by the 
mean). These values do not depend on the seismic activity level of the regions under study. An analysis of 
recorded ground-motions at the stations of the permanent French accelerometer network shows that at best, 
the occurrence rates can be estimated with an accuracy of 30% for very low acceleration levels 
(0.0001 g - 0.001 g for the station STET). A similar analysis, carried out at two stations with longer time 
histories and located in much more active regions (Greece and California), provides ground motion levels 
up to 0.1 g. The issue whether the results of a comparison test at low acceleration levels can be generalized 
to higher acceleration levels remains in any case open, even if using a ground-motion prediction equation 
uniformly valid for a wide range of accelerations. 

 

                                                      
1  Slightly modified from a paper to appear in an early issue of BSSA 2008 

2  Corresponding author Géosciences Azur, IRD, 250 av. A. Einstein, 06560 Valbonne, France 

3  LGIT, BP 53 X, 38041 Grenoble Cedex 9, France 

4  Institute of Geosciences, Karl-Liebknecht Str. 24, Potsdam University, D-14476 Potsdam Golm, Germany 
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Statistical Comparison between National Probabilistic Seismic Hazard Maps and Frequency of 
Recorded JMA Seismic Intensities by K-NET Strong-Motion Observation Network during Past 

Decade in Japan 
 

Hiroyuki Fujiwara1), Nobuyuki Morikawa1), Yutaka Ishikawa2), Toshihiko Okumura2), Jun’ichi Miyakoshi2), 
and Nobuoto Nojima3) and Yoshimitsu Fukushima4) 

1) National Research Institute for Earth Science and Disaster Prevention, Japan 
2) Shimizu Corporation, Japan 
3) Professor, Department of Civil Engineering, Gifu University, Japan 
4) Ohsaki Research Institute, Japan 

Abstract 

National probabilistic seismic hazard maps for Japan were published in March 2005 by the Earthquake 
Research Committee of Japan. These maps are updated annually to reflect time passage of event recurrence. In 
order to verify the validity of the maps, we compared the station distribution of large intensity recorded by 
K-NET over the last decade with the new probabilistic seismic hazard maps for the 10 years since 1997 that 
corresponded to the same scheme as the annual maps. We also verified the probabilities of exceedance for 
certain intensities on the maps with the actual exceedance of observed intensities by K-NET. These verifications 
were made possible by the intensive and continuous strong motion observations in Japan. 

1. Introduction 

National seismic hazard maps for Japan with meshes of 1×1 km2 were published by the Earthquake Research 
Committee of Japan in March 2005. They are updated annually. Since the probabilistic seismic hazard maps 
focus on estimates for 30 years and even 50 years, strict validation of the maps requires probabilistic and 
statistical approaches with future data. Nevertheless, in this study, as the first step in verifying the validity of the 
maps, we compared the JMA instrumental intensities from strong-motion records over the past 10 years to the 
end of 2006 with the corresponding values on the probabilistic hazard maps. 

2. K-NET statistics 

Verification was done using all of K-NET’s strong-motion records over the past 10 years, up to December 31, 
2006. K-NET is an observation network that uniformly covers all of Japan with a network of stations covering 
polygonal areas about 25 kilometers in size. Network operations began in 1997 with 1,000 stations. New 
observation sites—many of them in the Kanto metropolitan area—have been added since then. The number of 
observation sites peaked at 1,035, but by the end of 2006, the number had dropped to 1,028 stations, including 
six offshore seismometers. The operation rate was about 95% initially, rising to about 97% after the third year 
and to almost 99% over the past five years. All of the K-NET sensors are installed at ground surface. The JMA 
instrumental intensities are calculated using accelerograms recorded by K-NET. Figure 1 shows the distribution 
of observation stations at which the recorded intensity exceeded certain values during the past 10 years. Figure 2 
indicates the total number of intensities for all stations during the past 10 years. Table 1 shows the cumulative 
numbers of observed records that exceeded each discrete intensity levels, as well as the number of stations. 
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3. Amplification characteristics of K-NET stations 

Using the strong-motion database developed by Kanno et al.(2006), Morikawa et al.(2007a) determined an 
attenuation relation for the JMA intensity. Subsequently, Morikawa et al.(2007b) calculated the mean 
site-specific errors between the observed and predicted intensities with attenuation relations for individual K-
NET stations. As shown in Figure 3, the errors at the individual K-NET stations were ordered, where the 
observed intensity exceeded a certain level. The errors for intensities that exceeded 3 were close to zero near the 
centre of the order, as shown in Figure 3(a), indicating that the errors were distributed without bias when the 
intensity exceeded a relatively low as 3. However, the zero crossing point moves lower in the order for the 
higher intensities. Eventually, most of the errors that exceeded 6-lower of the highest criteria are larger than 
zero, as shown in Figure 3(d). Hence, extremely strong ground motions above intensity 6-lower have been 
observed only at sites with large amplifications. Therefore, the observed intensity likely depends on the 
amplification at the site. 

The Japanese probabilistic seismic hazard maps used amplification characteristics based on the fine 
geomorphologic classifications of the national geographical information (NIED, 2005, J-SHIS). Average S 
wave velocities from the surface to 30 m in depth were empirically estimated from the geomorphology. 
Subsequently, the corresponding amplifications also were empirically estimated from the average Vs. This 
two-step procedure to estimate the amplification characteristics may affect the accuracy of the amplification. 
Figure 4 shows a comparison between the amplification of the intensity estimated from the two-step procedure 
and the errors of the observed vs. predicted intensities by Morikawa et al.(2007b) for K-NET stations. Although 
this figure seems to show a slight positive correlation, the resolution of the estimated amplification is inadequate 
to draw this conclusion. In order to improve the national probabilistic seismic hazard maps, the estimates of 
amplification must be improved. 

The K-NET stations at which the intensity exceeded 3 in the last decade are distributed throughout Japan, 
particularly along the Pacific coast in northeastern Japan and in the Kanto basin. The stations at which the 
intensity exceeded 4 are also distributed all over Japan except in the northern part of Hokkaido island, part of 
the coast along the Japan sea, and in the Chubu area of central Honshu Island, although many active faults exist 
in the Chubu area. However, several specific large events in the last decade have strongly influenced the 
distribution on the stations with intensities that exceeded 5-low. These events were larger than M7 and caused 
significant damage, including the 1997 Northwestern Kagoshima prefecture, 2000 Western Tottori prefecture, 
2001 Geiyo, 2003 and 2005 Off Miyagi prefecture, 2003 Off Tokachi, 2004 Chuetsu, Niigata prefecture and 
2005 Western off Fukuoka prefecture earthquakes. In addition to these earthquakes, intensities above 5-lower 
were also observed from stationary events of relatively smaller magnitude in the Kanto and Chubu areas than 
the specific events. Intensities above 6-lower were mostly observed during the major earthquakes at sites with 
large amplification as shown in Figure 3(d). 

The current probabilistic seismic hazard maps cover all earthquake types in this region. However, focusing on 
intensities above 5-low, which can cause damage, requires alternative maps for restricted types of events and 
specific amplification characteristics. 

4. Probabilistic seismic hazard at K-NET stations 

The 1,028 probabilities of exceedance above intensity 6-lower in 30 years at the meshes where K-NET stations 
are located were selected from that of the all meshes in the most recent national probabilistic hazard map 
established at the beginning of 2007. A cumulative relative frequency for the 1,028 meshes is shown in 
Figure 5(a) to the probability of individual exceedance below 0.1, 3, 6, 26 and 100%. As a comparison, we 
attached cumulative relative frequencies of probability to all 385,5476 meshes of the map, as well as to the 
25,409 meshes that had populations exceeding 1,000 from the previous map in 2005 (Ishikawa et al., 2006). 
From this figure, we found that trend of the frequency for K-NET stations is more likely for the populated areas 
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than that of all meshes. This may be due to the fact that K-NET stations were installed mainly in inhabitable 
areas, whereas the national maps cover the entire country, including unpopulated areas. 

In Figure 5(b), a cumulative relative frequency of only 29 meshes, where the instrumental JMA intensity above 
6-lower has actually been recorded by K-NET in last decade, is also compared with the frequency for all of the 
K-NET stations. A relative difference in low probability indicates that an intensity of 6-lower was frequently 
recorded in areas that had been assigned the probability of exceedance less than 3% in the last decade. A similar 
trend was also observed for intensity of 5-lower, although it is not shown in this paper. One possible reason is 
that some large events have occurred in low probability areas, whereas any large subduction zone earthquake, 
which would strongly affect high probability, has not occurred along the Nankai trough in the last decade. 

5. Probabilistic seismic hazard maps for the 10 years since 1997 

In order to compare the frequency of strong motions recorded by K-NET with the expected values based on 
similar scheme of the maps, we calculated the new probabilistic seismic hazard maps for the 10 years since 
1997. 

5.1. Evaluation criteria 

The new maps for the last decade are based on same criteria as the previous national maps, which were 
established since the beginning of 2007. However, for representative subduction zone earthquakes with short 
recurrence interval, the beginning of 1997 was assumed to be an origin time of the probabilistic analysis, since a 
time-predictable model with non-stationary occurrence was adopted for those earthquakes. Their probabilities of 
occurrence in the past 10 years are shown in Table 2. The previous 2003 Tokachi-oki earthquake occurred in the 
last decade, therefore, we assumed that the last event was the March 1952 earthquake, which was not in the 
decade. Their probabilities of occurrence in the 30 years after 2007 are also included. The remarkable reduction 
from 15% to 0.32% is due to the influence of the 2003 Tokachi-oki earthquake. 

Major active faults with relatively long recurrence interval, as well as the other source definitions of the Poisson 
process, and the attenuation relation used are the same condition as the previous maps for the 30 years from 
2007. 

5.2. Results 

The probabilistic seismic hazard maps for the 10 years since 1997 are shown in Figure 6. Figures 6(a) and (b) 
show the probabilities of exceedance for intensities exceeding 5-lower and 6-lower respectively. Figure 7 shows 
the maps for the 30 years after 2007. The maps for 10 years have similar colour pattern to the maps for 30 years, 
however, we should note that the colour legends in the scale differ. Nevertheless, the patterns for 30 years agree 
well with the patterns for 10 years. 

A slight difference can be seen on the Pacific coast along the Nankai trough; the probabilities of the next 30 
years are higher than the past 10 years. Increase of the probabilities of occurrence for the subduction zone 
earthquakes affects these areas, except in the case of a Tokachi-oki earthquake, for which the probability of the 
occurrence has decreased because such an event has already occurred in the last decade. 

6. Relative comparison of the calculated probability and the intensity observed by K-NET 

The observed intensities that exceeded 5-lower and 6-lower in Figures 1(c) and (d) were compared with the 
calculated probabilities for the last decade in Figure 6. Many of the K-NET stations at which intensities 
exceeded 5-lower are located along Pacific coast in the high probability area of the map. However, intensities 
exceeding 5-lower were also recorded in areas of relatively low probability: in Niigata prefecture, western 
Chugoku (including Tottori prefecture), and northern and southwestern Kyushu Island. These areas correspond 
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to the source areas where crustal earthquakes occurred in the last decade, such as the 2004 Chuetsu, 2000 
western Tottori prefecture, 2005 western off Fukuoka prefecture and 1997 northwest Kagoshima prefecture 
earthquakes. Stations recording intensities higher than 6-lower were also located in areas of relatively low 
probability except along the eastern Pacific coast. Since most of the stations are located in areas with a 
probability of 3% or less, the cumulative relative frequency of the stations, at which intensities above 6-lower 
were actually recorded, increases around this probability in Figure 5(b). 

In order to verify the global result, average probability of exceedance above 5-lower, 5-upper, 6-lower and 6-
upper in the last decade were compared with the ratios of the number of stations that recorded certain intensities 
to the total number of K-NET stations. Since these ratios are averaged over the entire K-NET network, which 
uniformly covers all of Japan, the values of the ratios correspond to the average probabilities of exceedance for 
all meshes. The ratios of the K-NET stations and the average probabilities are indicated in left and center 
columns of Table 3 respectively.  The averaged probabilities are slightly lower than the ratios of the K-NET 
stations. Therefore, average probabilities of exceedance for meshes with populations exceeding 1,000 are also 
indicated in right column of Table 3. The average probabilities are larger than the ratios from K-NET records, 
since the expected Soutei-Tokai earthquake of the very high probability, which strongly affects the area with 
high probability in Figure 6, did not occur during the decade. 

The records during the only past decade may not be enough to verify the maps, nevertheless, the averaged 
probabilities of maps fairly correspond to the ratios from K-NET. 

7. Conclusions and remarks 

• Large intensities were observed at stations with high amplification characteristics. 
• Adequate estimation of site amplification is required for future PSHA. 
• Crustal events occurred in areas of low probability during the last decade. 
• The estimated overall probabilities for the last decade generally correspond well to the observed 

probabilities in last decade. 

We would like to emphasise importance of the practical verification of the probabilistic seismic hazard analysis 
using actual data by intensive and continuous strong motion observation, and look forward to regularly 
conducting this type of analysis in the future. 
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Table 1:  Cumulative number of records and stations, where observed instrumental JMA seismic intensity 
exceeded certain levels during the last decade from January 1, 1997 to December 31, 2006 

IJMA Number of records Number of stations ≧2 42,995 1,029 ≧3 12,141 992 ≧4 2,519 714 ≧5-lower 412 232 ≧5-upper 145 99 ≧6-lower 36 29 ≧6-upper 8 6 
Note: Six offshore K-NET stations in Sagami bay were excluded. 

Table 2:  Probability of occurrence of major subduction zone earthquakes 

 Nankai To-Nankai Tokai Off Miyagi 
prefecture 

10 years  
since 1997 2.3% 5.2% 44% 8.2% 

30 years 
 since 2007 53% 64% 87% Near100% 

 Southern Sanriku 
along trench 

Northern off 
Sanriku Off Tokachi Off Nemuro 

10 years  
since 1997 32% Nearly 0% 15% 0.34% 

30 years  
since 2007 80% 3.2% 0.32% 37% 

Table 3:  Ratios of the number of stations at which certain intensities were exceeded and all K-NET stations. 
Average probability exceeding certain intensities for all meshes and the meshes with populations 
higher than 1000 are also indicated. Percentages to the ratios of K-NET are indicated in parentheses.  
Total number of K-NET station was approximated 1000, considering operational rate 

 Ratio of K-
NET stations 

PSHA map 
(All meshes) 

PSHA map 
(above 1000 
population) 

≧5-lower 0.232 0.21 0.39 
≧5-upper 0.099 0.077 0.17 
≧6-lower 0.029 0.021 0.051 
≧6-upper 0.006 0.0028 0.010 

Note: Total number of K-NET station was approximated 1000, considering operation rate. 
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Figure 1:  K-NET observation stations at which the recorded intensities exceeded certain levels during last 

decade from January 1, 1997 to December 31, 2006. Colour patterns correspond to the number of 
times the frequency exceeded above certain intensities. Dark dots indicate more than 15 times 
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Figure 2:  Frequency of intensity at K-NET stations in the last decade, with an interval of 0.1 
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Figure 3:  Mean site-specific errors between observed and predicted intensities by Morikawa et al. (2007) 
at K-NET stations that recorded intensities exceeding certain levels during the last decade 
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Figure 4: Comparison of the amplification of 
intensity applied in the national PSHA 
maps and the mean site-specific errors 
by Morikawa et al. (2007) at K-NET 
stations. The size of the circle 
corresponds to the frequency of the 
records. 

 

 

 

 

 

Figure 5: Cumulative relative frequency for 
probability of exceedance above 
intensity 6-lower in 30 years, (a) at all 
K-NET stations by solid blue with 
diamonds, for all meshes by chained 
red, and meshes with populations 
exceeding 1,000 by broken red lines 
with circle, (b) again at K-NET stations 
and only the 29 meshes at which the 
intensity exceeded 6-lower in the last 
decade by solid red line with cross. 
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Figure 6:  Probabilistic seismic hazard maps for the  
10 years since 1997, (a) probability of  
exceedance above 5-low and (b) above 6-low 

    Figure7:  Probabilistic seismic hazard maps 
for the 30 years after 2007, (a) 
probability of exceedance above 
5-low, and (b) above 6-low 
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Uncertainties in PSHA for Regions of Low-to-Moderate Seismic Potential: 
The Need for a Structured Approach 

 
Jon P. Ake 

Office of Research, Division of Engineering, U.S. Nuclear Regulatory Commission 

The results of properly conducted probabilistic seismic hazard analyses (PSHA) in regions of 
low to moderate seismicity will exhibit significant uncertainties. While uncertainties also exist for regions 
of higher seismicity, the most important sources of uncertainty may differ between the two regions. The 
need to follow a structured process (the SSHAC guidance for example) may be more important in regions 
of lower seismicity simply due to the lack of basic data available to constrain alternative conceptual 
models. 

For higher seismic rate areas where the seismic sources can be identified with some degree of confidence, 
the uncertainty in seismic source characterization with respect to earthquake occurrence rate, recurrence 
model, and source geometry at depth usually have the greatest impact on hazard. For ground motion 
prediction defining the aleatory variability and the uncertainty associated with that estimate is very 
important. This is particularly true if regulatory requirements mandate the computation of hazard results 
for low probabilities. 

The situation is different for areas with low to moderate rates of seismicity. First, the low rates of activity 
generally yield a small number of events of sufficient magnitude and/or ground motion amplitude to be of 
engineering or seismological interest. As a result ground motion prediction equations (GMPEs) derived for 
these areas will have large uncertainties. It can be difficult to properly partition the epistemic and aleatory 
components of uncertainty in the GMPEs. Secondly, it can be much more difficult to confidently identify 
and characterize seismic sources. A seismotectonic framework model characterizes how and where crustal 
deformation is accommodated and if that deformation yields earthquakes. The development of these 
models is very important for the low seismicity case. However, the development of these models is 
inherently subjective and uncertain, and to properly capture the range of plausible interpretations within the 
broader seismic hazard community it is desirable to follow a structured process.  

The failure to properly capture the epistemic uncertainty inherent in some of the inputs to the PSHA will 
likely result in a biased estimate of the mean hazard.  Proper integration and evaluation is necessary to 
successfully identify and incorporate the uncertainties within any seismic hazard assessment. A key 
component of the structured approach must be technical and sponsor peer review throughout the process. 
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An Evaluation of Epistemic and Random Uncertainties 
included in Attenuation Relationship Parameters 

 
N. Humbert, Engineer, EDF SEPTEN, Dept. of Dynamics & Earthquake Engineering, Lyon France 

E. Viallet,  Team Manager Dept. of Dynamics & Earthquake Engineering, EDF SEPTEN, Lyon France 

Abstract 

Attenuation relationships are generally built in a deterministic way: based on physical considerations, the 
overall process (including stability tests) focuses on obtaining median values (median from epistemic and 
random variability). According to this point of view the magnitude, depth and localization of data base 
earthquakes are supposed to be perfectly estimated. 

The objective of the paper is to present a stochastic method that allows to take into account these 
uncertainties of data base at the regression step of the attenuation relationship. 

This method is applied on a European Strong Motion Database with three steps: 

(i) an evaluation of data base uncertainties, 
(ii) a regression taking into account the fuzzy data base, 
(iii) an estimation of model uncertainties. 

Finally this paper (i) presents a method which allows to build appropriate attenuation relationships for 
PSHA and clearly shows that (ii) the usual methods used to build attenuation relationships overestimate 
random variability and underestimate epistemic variability, introducing bias in PSHA. 

KEYWORDS:  Attenuation Relationship, random variability, epistemic uncertainties 

1. Introduction 

Due to large seismic motion database available nowadays, many attenuation relationships are available and 
used widely for deterministic or Probabilistic Seismic Hazard Assessments (PSHA). 

Attenuation relationships are generally built in a deterministic way and focuses on obtaining the best evaluation 
of median values. With this goal in mind this process does not allow to take into account data base uncertainties. 
So magnitude, depth and localization of data base earthquakes are supposed to be perfectly estimated. 

In the stochastic spirit of a PSHA, the epistemic and random uncertainties should be propagated at every step of 
the process in order to quantify each of the parameters in term of (i) median, (ii) epistemic and (iii) random 
variability. 

This paper introduces a real discussion on epistemic uncertainties of attenuation relationships and on 
evaluation of random variability of seismic motion. 

The argument is based on the work of Berge Thierry & Al. on a European Strong Motion Database 
(Ambraseys & Al.). This work uses an attenuation model based on the following equation: 

 Log(PGA) = aM + bR – Log(R) + c         ± σ (1.1) 
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The σ parameter is the deviation representing the quality of regression. Commonly σ is used in PSHA to 
represent  random uncertainties. This paper proves that this parameter overestimates the random variability 
by mixing a part of epistemic uncertainty in the random term of the attenuation relationship. 

2. Evaluation of database uncertainties 

The first step consists in an evaluation of data base uncertainties. The selection of Ambraseys strong 
motion data base included by Berge Thierry in the regression of attenuation relationship is a set of 960 
horizontal time histories recorded on 138 different earthquakes. These seismic events are Mediterranean 
and Californian ones recorded on site with Vs30 (average velocity of shearing waves in the 30 first 
meters). The hypocenter depths are spread from 0 to 30 kilometers and the magnitudes from 4 to 7.4. 

2.1. Method 

With the determination of data base uncertainties as an objective we compare Ambraseys evaluations for 
surface magnitude, depth and localization with the evaluations of the International Seismological Center 
(ISC). This comparison is done for the 138 events of the data base. So we get two evaluations for each 
magnitude, depth and epicenter localisation of each event. 

Because the recording and the method used by ISC and Ambrasey are different this method gives a good 
evaluation of epistemic uncertainties by mixing uncertainties due to model hypothesis and uncertainties 
due to the lack of recording. 
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Figure 1:  Comparison of Ambraseys and ISC evaluations for the same database 
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2.2. Results 

Based on this double sample for each value of the database we build a statistical model of epistemic 
uncertainties (Table 1.1). These models are built with regression on the 138 events. We observe clearly that 
some events are well-defined and some other not. The effect of this reality on regression is a kurtosis 
higher than 3. 

These models are accounted for in the attenuation relationship regression: this is the “regression on fuzzy data”. 

Table 1.1:  Results of regression for database uncertainties 

Parameter  
Standard 
Deviation Skewness Kurtosis 

Magnitude Centered 0.47 0 40 
Depth "LogNormal" *1.7 / 1.7 / / 

Localization Centered 6 km 0 >>3 

2.3. Comparison with uncertainties proposed by ISC 

The International Seismological Center gives evaluation of magnitude, depth an localization uncertainties. 
Based on the model developed in 1.2, we can have an idea of the consistence between the two evaluations. 

(i) Surface magnitude: the ISC gives an average value of 0.3 for this uncertainty. This is consistent 
with our evaluation. 

(ii) Depth: the ISC gives an average uncertainty of 2 km (in standard deviation). This value is 
inconsistent we our evaluation at 1.2. The comparison between ISC and Ambraseys gives a much 
higher value of uncertainty. (cf. Figure 1). 

(iii) Localization: the ISC gives an average uncertainty of 2.5 km. This is inconsistent with our 
evaluation (cf Figure 1). 

In conclusion of this part we notice that this comparison is inconsistent: the uncertainties proposed by ISC 
are clearly underestimated. It is obvious that there is a lack of a real discussion on uncertainties in data 
base evaluation. 

3. Regression on fuzzy data 

Accounting for database uncertainties in the regression process allows us to describe the epistemic uncertainties 
on the attenuation parameters « a , b, c and σ ». The table 2.1 gives the results of the fuzzy regression on these 
four parameters. As shown the fuzzy regression gives the same median value for a, b and c parameters, but with 
non negligible uncertainties of calibration (in opposition to the deterministic approach which shows no 
uncertainties). The σ parameter used in PSHA to represent the random variability is clearly revised down in 
median value by the fuzzy regression, but with an epistemic variability of 13%. 

In conclusion the σ parameter of a “determinist” regression overestimates the random variability by 
confusing a part of epistemic uncertainty in the random part. That the reason why an attenuation 
relationship built in a deterministic way induces an automatic bias in PSHA. 
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Table 2.1:  Results of regression on fuzzy database 

  a b c σ 
Deterministic regression  0.31 -0.00093 1.55 0.29 

Fuzzy regression Median 0.31 -0.00091 1.57 0.23 
Uncertainty 14% 40% 10% 13% 

The Figure 2 gives us a description of the epistemic uncertainty directly estimated on Pick Ground 
Acceleration (PGA). We observe that this uncertainty is not homogeneous and get a significant increase on 
the edge of magnitude and distance of the database. 

But for small values of hypocentral distance the epistemic uncertainty does not increase as expected. This 
is a clue that the attenuation model lacks a degree of freedom impacting the near field values. 
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Figure 2:  Effect of database fuzziness, epistemic uncertainties deaggregation 

4. Attenuation model uncertainties 

4.1. Method 

Three attenuation models are developed:  

(i) The attenuation model of Berge Thierry (equation 1.1) 
(ii) An attenuation model developed by  Ambraseys & Al. in 2005 :  

 log(PGA)=aM+a2M²+(b1+b2M)log( ²² dR + )+c ±σ                             (3.1) 

(iii) An attenuation model developed by  Marin & Al. in 2004: 

 log(PGA)=aM+bR-b1*log(R)+c±σ                                                            (3.2) 

Various regression techniques are developed on fuzzy data: a two step regression developed by Fukushima 
(i), a standard bilinear regression (ii) and a non linear regression (iii). 

Moreover in order to increase the effect of well known events, a likelihood weighting is added on several 
branches. Based on these various options, a logical tree is specified on Figure 3 
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For each branch of the logic tree, epistemic uncertainties of the data base are accounted for by fuzzy data. 
So we compute more than 400 regressions for each branch. 

4.2. Generic equation 

The result of these multiple regressions is a set of more than 2000 attenuation relationships. In order to 
homogenise the result for the three attenuation models developed, a generic equation is proposed with 7 
parameters. 

 ( ) ( ) σ±++++++= cbRMbbbRMaaMPGA ²²log²)log( 3212                          (4.3) 

For each attenuation model, some parameters are not effective, so they are kept equal to zero. But for the 
whole logic tree, we keep the same equation. 

Figure 3:  Logic tree 

4.3. Magnitude conversion study 

The data base of this study is exclusively built with surface magnitude. However it is easy to build the 
same attenuation law for local magnitude by using a conversion equation between Ms and Ml. Introducing 
this conversion at this step of the study (before the regression) is especially interesting in that it allows 
taking into account uncertainties of such a conversion. 

A second study is conducted developing an attenuation relationship in Ml. We use a conversion 
relationship recommended by Marin et al. in 2004. 

 Ml=0.64Ms+2.12(±0.2)                                                                        (4.4) 

The consequence of using this conversion is an addition of fuzziness on the data base. Consequently the 
relationship developed in Ml get more epistemic uncertainty than the relationship in Ms. 
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4.4. Results 

2000 regressions are computed. Based on a statistical analysis of these 2000 relationships in term of 
epistemic fractiles (15% 50% and 85%) and in term of deaggregation on distance and magnitude we can 
write following conclusions : 

4.3.1. Effect of model on uncertainties 

On one hand epistemic uncertainty induced by the model is clearly higher than the one obtained with only one 
attenuation model (Figure 4). Therefore the epistemic uncertainty induced by the model has a great impact on 
the final attenuation relationship. On the other hand there is absolutely no effect of model on random variability. 

4.3.2.  Consistence with validity domain 

Epistemic uncertainties presented on Figure 4 are consistent with the magnitude / distance in the data base. In 
particular, for the small values of hypocentral distance the epistemic uncertainty increases as expected. This 
observation makes the point that working on model uncertainties is fundamental when developing an 
attenuation law. 

4.3.3. Uncertain domains 

Epistemic uncertainties increase in two main zones of the validity domain. First the large and near 
earthquakes : this is rational because these events are extremely rare. Secondly the small and distant 
earthquakes : this is surprising because these events have the largest frequency of occurrence and have an 
significant impact on PSHA. 

 

7 12 20 30 50 80 110 150
4
4.25
4.5
4.75
5
5.25
5.5
5.75
6
6.25
6.5
6.75
7

Hypocentral Distance (km)

Magnitude 
(Ms) 

30%-40%

20%-30%

0%-10%

Uncertainties (%) 

10%-20%0%-10% 
10%-20% 

… 

 

Figure 4:  Epistemic uncertainties, Data base + attenuation model : deaggregation on magnitude and distance 

4.3.4. Discussion on model uncertainties origin 

Increase of epistemic uncertainties induced by attenuation model has two origins :  

(i) The interval between median evaluations for two attenuation models can increase final epistemic 
uncertainties (cf. Figure 5). 
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Figure 5:  Attenuation model deaggregation (median values) 

(ii)  For each branch the regression quality depends on the number of parameters in the model.  The 
bias-variance trade-off (or "bias-variance dilemma") is a very important issue in data modelling: models 
with too few parameters are inaccurate because of a large bias (not enough flexibility) but models with 
too many parameters are inaccurate because of a large variance (too much sensitivity to the sample).  
On Figure 6 we observe larger uncertainties for Ambraseys model than for Berge Thierry model. 
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Figure 6:  Attenuation model deaggregation (median values+15% and 85% fractiles) 

4.3.5.  Discussion on model uncertainties origin 

The magnitude conversion Ms to Ml has to impacts (cf. Figure 7): 

(i) An increase of epistemic uncertainties for the low magnitudes, (ii) An average deviation for the low 
magnitudes (median value). For the large magnitudes the conversion has no effect. 

But magnitude conversion has absolutely no effect on random variability. 
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Figure 7:  Effect of magnitude conversion 
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5. Conclusions 

5.1. On the use of attenuation relationship in PSHA 

This study underlines that the effect of database uncertainties has to be accounted for in regression for two 
reasons: 

(i) The parameters of the attenuation relationship are not perfectly fitted by the regression and include 
epistemic uncertainty. A “deterministic” regression underestimates this epistemic uncertainties. 

(ii) The σ parameter of a “determinist” regression overestimates the random variability by confusing a 
part of epistemic uncertainty in the random part. That the reason why an attenuation relationships 
built in a deterministic way induces an automatic bias in PSHA. This bias can be important 
especially for the long term periods. 

5.2.  On the importance of attenuation model choice 

(i) This study underlines that a large part of epistemic uncertainties is induced by the choice of 
attenuation models. We clearly observe that on the edges of the database validity domain the 
epistemic uncertainties increases sharply. That means that regression result becomes imprecise. 

(ii) Using attenuation models with more degree of freedom enable to be sensitive to phenomenon that 
simple model occults, such as saturation of seismic motion in the near field. However these model 
are more instable. This is the bias-variance trade-off: model sophistication is limited by the size and 
the quality of databases. 

(iii) Deaggregation of epistemic uncertainties on magnitude and distance reveals the point that large and 
near earthquakes are not the worse adjusted events in regression. The small and distant earthquakes 
are clearly badly represented in database although these events have a significant impact on PSHA. 
This deficiency could be avoided because these events have the largest frequency of occurrence. 
This observation is only a deficiency for a probabilistic approach in which small and distant events 
influence the hazard: at the very beginning this relationship was developed in a deterministic 
approach which does not care about the small and distant events. 

A real discussion on epistemic uncertainties and random variability should be introduced in PSHA. Especially 
the attenuation logic tree presented figure 3 should be accounted for by the general PSHA logic tree in order to 
have a” best estimate” evaluation in epistemic uncertainties without bias on the median value of hazard. 
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Damage-Relevant PSHA 
 

Robert T. Sewell, R.T. Sewell Associates, Consulting, Louisville, Colorado USA 

1. Introduction 

In nuclear seismic safety management, earthquakes of principal interest are those having the potential to 
damage the systems, structures and components (SSCs) needed for maintaining safe function and status of 
a nuclear facility.  Correspondingly, damage relevance is generally a desired feature of any probabilistic 
seismic hazard analysis (PSHA). 

Damage-relevance of PSHA is not a new topic; there exists a significant body of knowledge (BOK) in this 
area, with which the reader is encouraged to become familiar.  At the time of inception and early 
application of PSHA – i.e., late 1960s to mid-1980s – a principal goal had been to predict motion 
parameters important to engineering risk and decision analysis1 (whether for risk-consistent design or for 
risk mitigation of existing facilities).  Additionally at that time, seismic engineering had already advanced 
to a point that nonlinear dynamic analysis, and factors influencing damage to structures and equipment, 
were fairly well understood (e.g., see the cited reference 2).  The methods then developed for conducting 
PSHA and seismic risk studies – and importantly, for treating the interface between hazard and risk 
analysis in a way that would reasonably convey motion damageability – were appropriate and practical in 
consideration of the empirical data and computational resources then available.  Correspondingly, to a 
noteworthy degree, many topics pertaining to damage relevance of PSHA have already been raised and 
meaning fully addressed. 

Still, existing issues sometimes resurface regarding PSHA damage relevance.  In addition, interesting new 
concepts for PSHA application progressively emerge.  Included among topics that persist, or have been 
more recently raised, in regard to PSHA damage relevance, are the following: 

1. The conditions for PSHA damage-relevance of peak ground acceleration (PGA). 

2. Problems with use of intensity measures, such as MMI and MSK, as PSHA outputs. 

3. The engineer’s role in selecting a lower magnitude cutoff. 

4. PSHA damage-relevance of cumulative absolute velocity (CAV) or Arias Intensity (IA).  And, the 
engineer’s role in relation to motion filtering (e.g., based on CAV, IA , or other metric). 

5. The form of PSHA results needed for accurate seismic safety-performance analysis of systems that 
are comprised of multiple, redundant components. 

This paper provides some discussion and perspective on each of these topics, with associated informal 
justifications or illustrations.  Even though some of these topics seem to have easy or apparent 
resolutions, or pertain to conventions of PSHA practice that may seem to have already been decided, 

                                                      
1  Cornell, C. A.  “Engineering seismic risk analysis,” BSSA, Vol. 58, pp 1583-1606. 1968. 
2  Kennedy, R.P., Short, S.A., Merz, K.L., Tokarz, F.J., Idriss, I.M., Power, M.S, and Sadigh, K. “Engineering characterization of 

ground motion – Task I,” NUREG/CR-3805, Vol. 1, 1984. 
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the perspectives and justifications provided herein may – at least in part – prove useful or interesting 
to readers.  The author sees opportunity among the seismic safety profession – most particularly in the 
area of the PSHA-engineering interface – to leverage the existing BOK, while yet taking advantage of 
new data and the improved modelling and computational capabilities enabled by modern software and 
hardware, in order to achieve significant advancements in PSHA and its use in damage-related 
applications. 

To help provide a suitable context for discussions of the preceding five topics, this paper first considers 
some relevant background pertaining to: (a) engineering methods for seismic evaluation and design; and 
(b) generalized approaches to the formulation of (and demonstration of the linkage between) seismic 
hazard, seismic damage to structures and components, and overall seismic risk. 

2. Engineering methods of seismic evaluation and design 

PSHA results are intended to serve as inputs for engineering purposes.  These inputs are usually 
demand (earthquake loading) characterisations suitable for seismic design, as well as for seismic 
evaluation – such as seismic fragility analysis in probabilistic safety assessment [PSA] or seismic 
margin assessment [SMA]. 

Seismic design aims to limit or preclude damage for design-basis events, whereas seismic evaluation aims 
to quantify the potential and effects of damage, especially for beyond-design-basis events.  In either case, 
damage is a key state of concern that gets addressed through the established methods of structural 
engineering.  Correspondingly, a PSHA should convey results that permit subsequent probabilistic analysis 
of damage via the established methods of structural evaluation and design. 

Concerning the established methods in structural analysis and design, Table 1 provides a summary of the 
three related major categories of analysis approaches, as well as the general form of input 
characterizations, for the case of dynamic loads. 

Variations on these three basic methods (Equivalent Static Method, Response Spectrum Method, and 
Time History Method) can be conceived and implemented.  It is important to note, however, that 
seismic evaluation and design is either implicitly founded, or explicitly governed, by the relevant 
theories and methods of structural analysis (which are, in turn, appropriately rooted in the established 
energy methods).  Therefore, when developing results from a PSHA to be used for purposes of 
evaluation or design of structures and/or equipment, there is no compelling reason to introduce motion 
characterisations that significantly deviate from a form presented in Table 1 (i.e., from a form that has 
direct use in structural engineering and design). 

The design methods of Table 1 can generally be based on either deterministic or probabilistic inputs.  
Table 2 provides examples of seismic input characterizations for each case.  The example probabilistic 
inputs are those that can be developed by undertaking a PSHA specifically designed to produce those 
results. 
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Table 1:  Established general dynamic analysis methods, and inputs, commonly applied in structural 
engineering and design. 

Dynamic Analysis Method Common Form of Seismic Input 
(Loading) Comments 

Equivalent Static Method Seismic coefficient, PGA; 
Generic spectral shape factored for site soil 
conditions 

Simplified method typically 
used in building codes for 
conventional structures 

Response Spectrum Method Site-specific response spectrum of 
ground acceleration, Sa. 

Develop frequencies and 
mode shapes from structural 
model parameters; apply 
modal superposition method. 

Time History Method Time histories of ground acceleration for 
site-specific conditions. 

Perform full dynamic time 
history response analyses 
based on a suitably detailed 
structural model. 

Table 2:  Examples of deterministic and probabilistic forms of seismic input for each dynamic analysis method 

Dynamic Analysis Method Example Deterministic Input Example Probabilistic Input 

Equivalent Static Method PGA from Maximum Credible 
Earthquake (MCE), anchored to a 
generic conservative spectral 
shape (e.g., mean plus σ) factored 
for site conditions. 

PGA having specified Return Period 
(e.g., 475 years, 10,000 years); 
anchored to a generic spectral shape 
factored for site conditions. 

Response Spectrum Method Smoothed / enveloping response 
spectrum of ground acceleration 
for MCE, including site-specific 
parameters/effects. 

Site-specific Uniform Hazard 
Spectrum (UHS) having a specified 
Return Period. 

Time History Method Site-representative time histories 
of ground acceleration for MCE-
class events 

Site-specific time histories, and 
likelihoods, -- e.g., for the important 
ground-motion (X) classes, or the 
important magnitude-distance (M-R) 
classes.  In either case, the time 
histories should meaningfully 
capture the array of possible spectral 
shapes of realistic motions. 

Results of typical modern PSHA studies for nuclear facilities are often suitable as probabilistic inputs for 
application of the Equivalent Static and/or the Response Spectrum approaches; however, results suitable 
for implementing a methodologically accurate and complete probabilistic Time History approach are 
usually not obtained.  Perhaps only a very few recent applications of PSHA are approaching a level of 
precision in hazard characterization suitable for full probabilistic implementation of the Time History 
Method, although such form of PSHA results (and associated risk analyses) have been earlier studied in 
research investigations.3  

                                                      
3  Sewell, R.T., and S.C. Wu. “Ground Motion Input in Seismic Evaluation Studies: Impacts of Artificial Time History Input on 

In-Structure Demand Spectra.  NUREG/CR-6466, April 1996. 
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The initial onset of damage in structures or equipment occurs when their linear-elastic capacity is 
exhausted, and thus the yield-strength threshold gets exceeded (see Figure 1).  Beyond the yield point, 
whether minor or serious damage occurs is determined by the nature of cyclic nonlinear-inelastic 
response (e.g., how close a component comes to realizing its ultimate stress [load], ultimate strain 
[displacement], or ultimate energy capacity [including ultimate low-cycle fatigue resistance]).  
Usually, damage in a structure or component starts locally (e.g., inelastic buckling in a seismic brace, 
plastic hinging in a beam near a beam-column connection, cracking at corners of cut-outs in shear 
walls, yielding of bolts in an anchorage array, cracking at pipe welds, and so forth).  As each local 
damage or failure is realized during a seismic event, successive damage is exacerbated, with damage 
potentially compounding and spreading due to progressive loss of structural resistance.  Ductile 
components (e.g., properly designed structures and anchorages) have considerable inelastic capacity 
reserve beyond yield, whereas brittle components (weakly reinforced masonry, cast-iron piping, etc.) 
have low inelastic reserve.  In each case, component failure patterns can be predicted and evaluated 
through sound structural modelling and analysis, ranging from suitable consideration of member-level 
responses to much more detailed analysis of basic material-level nonlinearities in complex finite-
element models.  Thus, the ability to address damage effectiveness of ground motions to structures 
and equipment requires that PSHA studies develop results that accommodate, or enable, application of 
these various methods of nonlinear structural analysis. 

In considering the damage relevance of a PSHA study intended for use in seismic evaluation and design, it 
is important to consider the nonlinear/inelastic response implications to the approaches and 
characterizations summarized in Tables 1 and 2.  Correspondingly, Table 3 provides examples of how 
nonlinear response may be generally captured in the basic evaluation and design methods, as well as 
describes the associated characterisation(s) of motion input that may be developed from a PSHA. 

 

Figure 1:  Illustration (idealised) of the damage-related behaviour of structures or equipment, including the 
onset of nonlinear behaviour beyond the yield capacity (Sewell, 1989) 

Inelastic Response,
Leading to Damage 
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Table 3:  Examples of nonlinear/inelastic analysis methods for use in evaluation or design, and the associated 
damage-relevant descriptions of probabilistic seismic input that come from results of PSHA 

Nonlinear Dynamic 
Analysis Method Example Probabilistic Input Comments 

Nonlinear Response in 
the Equivalent Static 
Method 

PGA having specified Return Period 
(e.g., 475 years, 10,000 years); 
anchored to a generic (elastic-
response-based) spectral shape 
factored for site conditions; 
To account for inelastic response, the 
spectral shape is reduced by a general 
R factor representative of the typical 
nonlinear response capacity 
(robustness) of the particular structural 
system. 

The generic R factor associated with 
inelastic capacity is typically codified. 

i) Nonlinear Response in 
the Response Spectrum 
Method 

ii) Nonlinear / Inelastic 
Response Spectrum 
Method 

Site-specific Uniform Hazard 
Spectrum (UHS) having a specified 
Return Period.  To account for inelastic 
capacity, the site-specific UHS is 
reduced by vibration-frequency-
dependent FDM factors. 

Site-specific Constant Damage 
Uniform Hazard Spectrum (UHSDM) 
– i.e., a spectrum of design yield 
strengths such that there is a specified 
Return Period for realizing a specified 
damage level, DM=dm.4, 5  (Note: 
superscript DM, in UHSDM, does not 
denote exponentiation.) 

FDM factors are analogous to R factors, 
but can alternatively be viewed as motion 
characterizations – e.g., factors by which 
to multiply a motion, beyond the yield 
capacity of a structure, in order to achieve 
a specified level of a particular damage 
measure (i.e., DM=dm) in that structure. 

To achieve this result, the PSHA develops 
UHS results based on ground-motion 
relationships for inelastic spectral 
accelerations, SaDM, for a fixed damage 
level, DM=dm, of interest.  (Note: 
superscript DM, in SaDM, does not 
denote exponentiation.) 

Nonlinear Time History 
Method 

Site-specific time histories, and their 
likelihoods, for the important 
magnitude-distance classes.  These 
time histories and likelihoods are used 
to conduct structural time history 
dynamic analyses, and develop 
probabilistic nonlinear results in terms 
of likelihoods of various damage levels 
to systems (e.g., system failure or core 
damage) and/or to individual structures 
and components (e.g., DM=dm). 

As example of how to achieve this result, 
the PSHA may first develop annual 
frequencies for earthquakes of each M-R 
bin, then develop M-R dependent site-
specific spectra, and finally, develop (via 
simulation or empirical selection) time 
histories having realistic peak-to-valley 
variabilities in individual response spectra 
whose collective basic statistics match the 
M-R target spectra.  (See Section 8 for 
further description.) 

It is important to note that the preceding summaries are generally valid in regard to evaluation or design of 
single structural components – i.e., to control or limit damage occurring in an individual building or an 

                                                      
4  Sewell, R.T.  “Damage Effectiveness of Earthquake Ground Motion: Characterizations Based on the Performance of Structures 

and Equipment.”  Ph.D. Thesis, Stanford University.  1989. 
5  Cornell, C.A. and Sewell, R.T., ``Non-Linear Behavior Intensity Measures in Seismic Hazard Analysis,'' Proceedings of 

International Seminar on Seismic Zonation, Guangzhou, China, December 1987. 
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individual piece of equipment.  In other words, these nonlinear probabilistic approaches enable one to 
evaluate damage likelihoods, or design for a consistent risk of damage or failure (component performance-
based design), on individual-component basis.  For relevance to plant system-level damage, involving 
responses of multiple components, additional considerations of systems reliability engineering (including 
plant logic modelling) generally need to be addressed.  As suggested from review of Table 3 (last row, 
middle column), only a Nonlinear Time History Method is generally capable of accurately analyzing 
system-level seismic risk.  However, as previously noted, this method is rarely implemented in practice.  
Correspondingly, in many instances, the ground-motion characterizations and analysis methods being 
currently applied for seismic risk analysis of nuclear power plant (NPP) systems are substantially 
approximate.  Hence, depending on the redundancy features of the particular system being considered and 
on the actual/realistic characteristics of the motions at a particular site of interest, seismic system 
behaviours can be significantly misunderstood (i.e., typically the seismic risk is over-estimated at the 
systems level).  The reasons for this are discussed further in Section 8 of this paper. 

From the preceding discussion, it is apparent that, in order to be most relevant to assessing damage, a 
PSHA must have a clear relationship to the established methods in structural engineering and design 
(notably including the field of nonlinear structural dynamics) for structures and equipment, and 
additionally, to the established methods in engineering reliability analysis for systems. 

A couple of important points of clarification in this regard are that: 

 A PSHA should simply convey the hazard in a format suitable for input to linear and nonlinear 
structural response analysis and design, and systemic reliability assessment, of SSCs (e.g., according 
to the hazard characterizations presented in Table 1 to 3). 

 A PSHA project should not itself take responsibility for eliminating (e.g., filtering) or modifying 
what may be thought to be non-damaging ground motions.  Which motions are assessed as being 
inconsequential versus consequential, from the point of view of potential damage, should be 
ascertained by the seismic structural and seismic systems analysts who will receive the PSHA results 
and who are most closely familiar with the specific characteristics of the facilities to which those 
results will be applied.  Namely, these analysts (consumers of PSHA) include: the structural 
designers, who address design of structures or equipment; the structural fragility analysts, who 
address component damage/failure analyses; and the seismic system-reliability analysts, who 
address overall seismic PSA modeling and quantification. 

3. Generalised formulation of seismic hazard and risk 

To more clearly see the relationship between evaluations of PSHA (ground-motion likelihoods), 
component damage/failure likelihoods, and system-level risk (i.e., damage/failure likelihoods of plant 
systems), it is useful to consider the formulation and elements of PSHA within the more general 
framework of seismic risk analysis – or, perhaps more suitably, to see how seismic risk analysis can be 
treated in an identical formulaic approach as PSHA (and/or as a straightforward extension of PSHA).  In so 
doing, all the major factors linking PSHA to damage relevance – from PSHA inputs, to states of 
component-level nonlinear damage measures (derived from nonlinear structural dynamics), and to states of 
system/plant-level risk measures (derived from the use of component fragilities in system reliability 
models), can be identified in a compact and straightforward way. 

As for any quantitative approach, a PSHA or PSA is only as good as its inputs, its underlying model(s), 
and its applicability for an intended purpose.  With respect to damage relevance, this implies that – in 
addition to sufficiently capturing the fundamental scientific and engineering interpretations (e.g., of 
seismic source characteristics, ground-motion relationships, site response, and so forth) that go into 
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developing PSHA inputs – the PSHA solution itself must be explicitly formulated to capture and convey 
results in a way most meaningful and useful for subsequent PSA damage and risk analyses. 

More specifically, according to PSHA implementation, this requires that the format and parameters of the 
following (illustrative) basic integral – applicable for seismic hazard or for seismic risk – are thoughtfully 
and appropriately configured: 

∑ ∫ ∫ ∫ Θ×≈Θ
iSourcesSeismic

M

M Extent Location
ELMi

U

L

dmdedllfefmfrmPv )()()()]extentlocation,(,|[][λ  

              (1) 

where: λ[·] denotes annual rate (of the event contained in brackets); “Θ” denotes the event that some 
generalized “State of interest” is realized; ν denotes source activity rate; ML and MU denote, respectively, 
the lower and upper limits of integration over earthquake magnitude; and r(location, extent) denotes 
distance as a function of the location and spatial extent of a seismogenic rupture. 

For PSHA, the state Θ pertains explicitly to hazard (H), commonly expressed by the situation that a ground-
motion characterisation, X, equals or exceeds a specific value of interest, x, at a site of interest (such as a NPP).  
Or, in other words, ΘH is often specified to be equivalent to the state that “{X ≥ x}” at the NPP site. 

Note, however, that Θ could just as easily be a state that pertains to seismic damage (D) of a specific 
structure or component, expressed generically herein as ΘD.  Alternatively, Θ could be a state that pertains 
to (system-level or plant-level) seismic risk (R), expressed generically herein as ΘR.  Examples of ΘD and 
ΘR, respectively, might be ΘD=“{Seismic Turbine Building Collapse}” [or ΘD=“{Seismic Failure of Diesel 
Generator Supports}”] and ΘR=“{Seismically Induced Core Damage}” [or ΘR=“{Seismic Loss of the 
High-Pressure Injection System}”]. 

In order to evaluate λ[ΘH], one needs to exercise only a probabilistic ground-motion model (e.g., described 
by a median attenuation law and value of σ) for determining values of P[{X ≥ x}| m, r(location, extent)] for 
each scenario developed in the solution of Eq. (1). 

In order to evaluate λ[ΘD], one needs to exercise – in addition to a probabilistic ground-motion model – a 
component (structure or equipment) probabilistic failure model for determining values of P[{Component 
Fails}| m, r(location, extent)] for each scenario developed in the solution of Eq. (1).  A probabilistic failure 
model for a particular structure (and a particular failure mode) of interest may typically address variations 
in structural stiffness, strength, damping, mass, failure threshold, and so forth, as well as possibly also the 
variations in similar dynamic properties of the supporting ground/soil.  A probabilistic failure model for a 
particular item of equipment may typically address variations in similar characteristic dynamic parameters 
of the equipment, as well as the preceding variations in dynamic properties of the structure in which it is 
enclosed, and possibly also of the variations in dynamic properties for the ground/soil that support the 
structure.  In addressing each of these further parameter variations, additional probabilistic scenarios can 
be introduced into Eq. (1) or (if possible) an analytical solution can be introduced within the integration. 

In order to evaluate λ[ΘR], one needs to exercise – in addition to a probabilistic ground-motion model – a 
systems-level (or plant-level) failure model (systems reliability model) and probabilistic failure models for 
all components comprising the system of interest (or the entire plant), for determining values of  
P[{System (or Plant) Fails}| m, r(location, extent)] for each scenario developed in the solution of Eq. (1).  
A probabilistic systems (or plant) failure model introduces development and solution of the complete logic 
(e.g., fault trees and event trees) needed to describe and quantify the reliability (failure or success 
likelihoods) for the overall system (or plant). 
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Interestingly, the concepts of damage/failure deaggregation and risk deaggregation – i.e., determining 
those specific earthquake (e.g., magnitude-distance [M-R]) scenarios (and failure-model parameter 
variations) that dominate targeted likelihoods of component failures, system failures, or overall plant 
risk-can be enabled by Eq. (1) and the preceding approaches.  In general, the ability to so evaluate or 
estimate the damage/failure-dominant and/or overall risk-dominant scenarios is highly relevant for 
purposes of seismic engineering and design, systems reliability engineering, and decision making, and 
potentially of much greater value than having just the hazard-dominant scenarios that are developed in a 
typical PSHA deaggregation of the hazard. 

It is clear that, in order for λ[ΘD] or λ[ΘR] to be assessed most accurately, ΘD or ΘR ought to be included as 
shown within Eq. (1) – i.e., substituted for Θ.  Where very high accuracy is needed (e.g., perhaps in 
seeking to demonstrate adequate safety of a nuclear facility where less exact methods have failed), it can 
be worthwhile to move toward this type formulation – which is most accurately implemented by use of the 
Time History Method.  Considering that PSHA studies typically involve development of several millions 
of ground-motion scenarios, this approach, if taken literally, would mean that component failure models 
and/or an entire systems reliability model of the facility would need to be exercised several millions times.  
However, as discussed in Section 8 of this paper, there are more practical, yet accurate, forms of this type 
of solution approach, that involve development on the order of only several tens to some hundreds of 
scenarios from the PSHA simulations.  The increased computational resources now commonly accessible 
(at given cost) can enable the cost-effective implementation of this level of approach for very important 
situations. 

In the more usual cases, however, such an approach may not be needed to demonstrate safety; and hence, would 
be viewed as prohibitively costly to implement.  For reasons of practicality, therefore, Eq. (1) – as it pertains to 
damage or risk assessment – is often rearranged in the following simplified and approximate form: 

[ ]{ } [ ] [ ] [ ]H
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Or, in other words, the explicit consideration of (triple integration over) the many individual magnitude-
extent-location [M, R(location, extent)] scenarios affecting damage or risk has been replaced with the 
much simpler consideration of (single integration over) ground-motion values that implicitly incorporate 
the aggregated effects of the several underlying [M, R(location, extent)] events. 

It is useful to point out that, where Θ = ΘD = “{Component Fails}” [or Θ = ΘR =“{System (or Plant) 
Fails}”], the second term within the integral of Eq (2) {i.e., P[Θ | x]} is simply the standard component 
fragility result [or the standard system/plant-level fragility result], and the term λ[X ≥ x] is the usual form 
of the ground-motion hazard curve.  Hence, Eq (2) can easily represent the common hazard-fragility 
convolution. 

Regardless of the specific formulation employed [e.g., Eq (1), Eq (2), or one of the other forms discussed 
subsequently in Section 8] the level of predictability in the end-state of interest, Θ, is governed by at least 
the following three conditions: (1) the extent to which the ground-motion characterization developed from 
the PSHA has demonstrable relationship to damage and risk [such as structural/mechanical design or 
evaluation variables]; (2) the quality of predictability that can be established around the ground-motion 
characterization; and (3) the validity of component failure models and system reliability models, and the 
quality of predictability that can be established around their model input variables. 

With the background covered in the preceding two sections (Sections 2 and 3), a more effective discussion 
of each of the five topics originally noted in Section 1 (Introduction) can now be pursued in the following 
sections. 
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4. Conditions for PSHA damage-relevance of PGA 

As can be noted from inspection of Tables 1 to 3, PGA is an appropriate (albeit partial) seismic input for 
use in the Equivalent Static Method of structural analysis and design.  Therefore, it may be stated that PGA 
hazard curves can be a useful damage-relevant output of PSHA. 

This statement may seem, at first, surprising – especially in consideration of the fact that the limitations of PGA 
as a ground-motion damage parameter have been well known and understood for at least the past two and a half 
decades.  For instance, except for high-frequency components, PGA is a rather poor basis for comparing the 
relative damage potential from motion-to-motion.  One principal issue with PGA has to do with the substantial 
variations in spectral shapes of real motions, and the associated situation that motions of given PGA can have 
vastly different spectral ordinates – an effect that tends to increase with decreasing vibration frequency (i.e., the 
further away one looks from PGA).  Another way to view this is that, given that two motions have similar 
spectral amplitudes at some vibration frequency of interest (e.g., a NPP structure), the PGA for the two motions 
can differ significantly.  As example, Figure 2 shows the significant difference seen in the PGA of two real 
motions having roughly the same spectral amplitudes around 3 Hz. 

 

Figure 2:. Illustration of the large difference in PGA that can exist for two motions having the same 
spectral amplitude at a vibration frequency of interest (Source: Sewell, 1989; adapted from 
Kennedy et al., 1984) 

However, this issue with PGA has been, for many purposes, substantially resolved (albeit approximately) 
in PSHA practice by (1) developing not just the PGA hazard curve, but also a representative complete 
weighted/smooth spectral shape in the form of a UHS; or alternatively (bypassing use of PGA) by (2) 
introducing the development of the hazard curve in terms of average spectral acceleration, again in 
conjunction with use of a UHS for representing spectral shape.  Correspondingly, it has long been common 
practice in seismic fragility analyses to use the UHS associated with a representative (e.g., risk-dominant) 
return period (or annual exceedance frequency), and PGA or average spectral acceleration as the parameter 
for anchoring and scaling a response spectrum (e.g., see the first row of Table 3).  In many cases, this is an 
appropriate approach for conveying input for individual component fragility analyses, and for determining 
seismic failure rates of individual components, λ[ΘD], according to Eq. (2).  It is important to note that, in 
nearly every modern seismic evaluation study of a NPP (with just a very few exceptions), PGA has been 
used as the basic ground-motion parameter in conjunction with an expected, or weighted, spectral shape 
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(which shape is usually equivalent to the UHS associated with a representative annual exceedance 
frequency, but in some earlier cases, might be equivalent to a design-type spectral shape). 

Another commonly cited concern about PGA is that many real high-PGA motions are associated with 
predominantly low-magnitude, short-duration, high-frequency shaking that some believe to always have 
low capability to damage NPP-type structures and equipment.  There are apparently several reasons for 
such thinking, including (at least) the following: 

 High-frequency motions are (often) outside the range of frequencies of greatest practical interest for 
response of NPPs. 

 High-frequency motions are (often) not capable of inducing significant responses across the entire 
broad range of frequencies collectively important to the dynamic behavior of NPPs. 

 High-frequency motions are (often) less effective at penetrating NPP structures (e.g., due to wave 
incoherency and foundation impedance contrast effects). 

 Short duration motions (often) do not possess sufficient number of strong response cycles, or energy, 
to damage NPP components. 

Although there is some validity to each of these considerations, individually or collectively they are not 
adequate to categorically (completely) dismiss as non-damaging the high-PGA motions that are associated 
with short-duration, high-frequency events.  There do, in fact, exist some cases where nuclear facilities are 
sensitive to high-frequency inputs – for example, where important structures and equipment are very stiff 
and have predominantly high-frequency response and are founded on very stiff site conditions.  Analytical 
studies of nonlinear structural response (which must be duly considered, since there is insufficient 
empirical basis to soundly exclude events) demonstrate that these cases can be susceptible to 
short-duration, high-frequency motions. 

Since analysis shows that short-duration high-PGA motions can, in some cases, be damage effective to 
NPP-type components, and since PGA (in any case) serves as a suitable basis for scaling spectra when 
conducting seismic fragility analyses of individual NPP components, PGA hazard results may be 
considered as one form of meaningful damage-relevant output of PSHA. 

Although, relative to PGA, there exist improved forms of characterizing motion damage relevance – such 
as spectral acceleration averaged over the plant-specific frequency range of interest – anchored to a 
risk-dominant (UHS) spectral shape, it is expected that PGA will see widespread use over the foreseeable 
future.  Therefore, the author does not consider it advisable to yet completely eliminate development of 
PGA hazard estimates from PSHA studies. 

5. Problems with PSHA relevance of intensity measures, such as MMI and MSK 

As can be noted from examination of Table 1 to 3, and the discussion in Section 4, following are the 
ground-motion measures that meaningfully pertain to structural evaluation and design: 

 PGA, or other direct/unique scaling metric, as anchor basis to a site-specific spectral shape (e.g., 
weighted spectral shape as derived from a UHS for a specified return period).  Average spectral 
acceleration (over the important plant-specific frequency range of interest) can be considered as an 
alternative – if not preferred – direct scaling metric.  (As will be discussed in Section 7, CAV and IA 
are also reasonable candidates as parameters for scaling motions.) 
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 Response spectral accelerations (Sa), – for example, a set of (i.e., multiple) site-specific response 
spectra (UHS) for several specified return periods (i.e., covering the entire range of annual 
exceedance frequencies of interest). 

 Inelastic factors, FDM, for damage states of interest – in combination with the preceding set of site-
specific UHS at several specified return periods. 

 Inelastic spectral accelerations, SaDM, – for example, a set of site-specific constant damage uniform 
hazard spectra, UHSDM, for several specified return periods and for appropriate damage states (i.e., 
covering the entire range of annual exceedance frequencies of interest, and covering the various 
damage measures [DM] and associated damage states [DM=dm] of interest). 

 An appropriate suite of (X-dependent or M,R-dependent) time histories, together with their 
likelihoods (annual rates of occurrence). 

All of these motion characterizations are meaningful as damage-relevant results from PSHA studies of 
nuclear facilities. 

As can be noted from the preceding list, MMI, MSK and similar intensity measures (e.g., those that are not 
explicitly/uniquely determined from motion time histories or spectra) do not appear as input parameters in 
modern seismic engineering methods.  They are ground-motion metrics based on directly observable, yet 
gross (non-structure-specific) damage patterns, and hence, have empirical-based relevance to the gross 
assessment of motion damage potential.  Correspondingly, they are suitable for determining the statistics of 
damage for a population of conventional structures that belong to a given gross type/category (but 
otherwise having a variety of different structure-specific characteristics that are not individually captured 
via MMI or MSK).  For instance, MMI or MSK could not be used to accurately ascertain the relative 
damages experienced, for a given ground motion, by two shear wall structures that are identical in every 
respect except that one carries 15% less mass, but has 20% larger cutout, compared to the other.6  A further 
problem for MMI and MSK (and similar intensity measures) is that, unlike PGA and average spectral 
acceleration, they cannot serve as a direct/unique scaling basis for response spectra or time histories.  (An 
intermediate [and non-unique] relationship, such as Intensity to PGA regression model [with associated 
significant scatter], would be needed in order to use MMI or MSK as scaling basis.) 

MMI and/or MSK have been used as a primary ground-motion metric in some very early (now outdated) 
PSHA studies of nuclear facilities and, up to more recently (but still outdated), as parameters for estimating 
overall statistics of damage for some insurance loss studies. 

Because MMI and MSK are far too generalized to be of use in structural analysis and design, or in 
structure-specific damage evaluations, and because they are not suitable for direct/unique scaling of 
response spectra or time histories, they are not considered to be highly useful for damage relevance in 
PSHA studies.  Therefore, reintroducing MMI or MSK as a primary ground-motion parameter into PSHA 
studies for NPPs would have little to no apparent value, and would actually stand to serve as a notable 
digression in PSHA practice. 

Still, MMI and MSK might, in some cases, reasonably serve as a motion damage filter, but would be 
subject to similar caveats as other motion-damage filters (e.g., being only applied in concert with due 

                                                      
6  Notice that “structure specific” means the unique details of each individual structure, component, or system of interest, which 

can be fully modelled and evaluated quantitatively according to the methods of structural engineering and seismic systems 
engineering.  An intensity measure based on qualitative structural descriptions, such as structural type and condition, is not 
sufficient for use in design or evaluation of specific SSCs. 
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consultation of the seismic capacity and system engineers who are well familiar with the facility to which 
the PSHA results will be applied), as discussed in the next two sections. 

6. The engineer’s role in selecting a lower magnitude cutoff, ML 

Over 21 years ago, EPRI conducted a workshop on “Engineering Characterization of Small-Magnitude 
Earthquakes.”  The outcome of that workshop served as significant basis for what has become 
conventional practice of applying a lower-bound magnitude cut-off of ML=5.0 [see Eq. (1)] in PSHA 
studies for NPPs.  The justification for selecting ML=5.0 was primarily judgmental, based on experience 
available at that time, and was accompanied by the caveat that it should be applied only for engineered 
facilities.  The selection of ML=5.0 was not rigorously established via theory or a reasonably exhaustive 
empirical base.  In fact, at least one paper7 presented at that workshop clearly suggested, from results of a 
systematic nonlinear-response-based analytical study, that ML=5.0 may not be suitably low to capture all 
types of potentially damaging motions.  Specifically, that paper concluded the following with respect to 
lower-bound magnitude cutoff implications: 

"Generally SM [small magnitude – i.e., M≈5 and lower] motions have [response] spectra that are 
relatively narrow, and therefore, they are not as "universally" threatening to all structures and 
equipment in a power plant as are LM [large magnitude – i.e., significantly greater than M≈5] motions 
of the same PGA.  At any given frequency of structure or equipment (≥ 3 Hz) one can, however, 
identify a subset of SM records which are at least as severe (i.e., as effective in causing ductility levels 
or relative elastic response levels) as the LM design-type motions. 

The conclusions of this paper do not speak (1) to the relative likelihood of SM-caused PGA levels 
occurring at the site, (2) to the probability (less than 1) that the next SM motion at the site will be as 
severe as the (same PGA level) design motion to some pre-specified structure or piece of equipment, 
nor (3) to the less-severe system-wide impact that the SM narrow spectra imply.  Without the total 
integration of all this relevant information, a final lower-bound cutoff magnitude conclusion can 
probably not be made.  We believe that this (analytical only) study demonstrates, however, that (in the 
magnitude 5 range) the causative magnitude level alone is not enough to categorically exclude a motion 
of given PGA from further engineering consideration.  Further studies, such as this one, carried out for 
successively lower magnitude levels might potentially identify a firm specific cutoff magnitude." 

The reader is encouraged to examine that paper, and to become familiar with the basis for its conclusions 
just cited.  The paper reveals that real motions from M≈5.0, and lower, earthquakes can be damage relevant 
to some NPP components – i.e., they can produce demands (both elastic and inelastic) that exceed 
corresponding demands of design spectra, albeit over generally narrow frequency range. 

As a historical point, it is interesting to note that, starting in the mid-1960s, many earthquake engineers 
accepted a popular judgment, based on extrapolation from the limited observations of ground motions then 
available, that 0.5g was about the maximum possible ground acceleration.8, 9  Subsequent observations of 
recorded ground motions, which now include many cases having PGA greater than 0.5g, have led to the 
obvious need to adjust such estimates. 

                                                      
7  Cornell, C. Allin, and Robert T. Sewell, “Equipment response in linear and non-linear nuclear power plant structures: small 

magnitude versus design-type motions,” in Workshop Proceedings on Engineering Characterization of Small-Magnitude 
Earthquakes, EPRI.  January 1987. 

8  Wiegel, R.L. Earthquake Engineering.  Prentice-Hall.  1970 
9  Housner, G.W., “Intensity of ground shaking near the causative fault,” in Proceedings of the Third World Conference on 

Earthquake Engineering, New Zealand, Vol. 1.  1965. 
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Similarly, in regard to the judgment that only M>5 earthquakes are capable of causing damage to engineered 
facilities – which judgment served as primary basis for the convention of selecting ML=5.0 for PSHA 
studies-there are bound to eventually arise some observations of exceptions.  The methods of structural analysis, 
as applied to available real ground-motions, have already suggested that it is primarily just a matter of time 
before damage is realized to an engineered structure, component, or facility from a M<5 earthquake. 

From the author’s experience, M=5 should not serve as a de facto, generally applicable value of ML for PSHA 
studies of all engineered facilities, or of all NPPs.  The author has come across situations where application of 
ML=5 would not be prudent.  There are cases of real M<5 motions that, when input into an appropriate dynamic 
analysis model, will produce demands that exceed the existing engineering design levels of some nuclear 
components.  Such M<5 motions are those having unusually potent demands over a narrow vibration frequency 
range that may happen to be important to a critical structure or piece of equipment. 

Figure 3 shows the response spectra of motion for a recent event having characteristics that would be 
considered, based on conventional judgment, to be non-damaging – i.e., magnitude very much less than M=5, 
high PGA, very low CAV (much less than 0.16g-s), predominantly very high-frequency content, and very short 
duration; and yet, this particular motion has sufficiently robust analytically determined demands to exceed in-
structure NPP design levels for some existing cases of very stiff equipment housed in very stiff structures. 

Additionally, application of ML=5 is not generally prudent for existing facilities that have cases of less-than-
robust, if not poor, engineering details – such as unreinforced (or poorly reinforced) masonry, unanchored (or 
weakly anchored) equipment, and so forth – that have a potentially important impact on safety (e.g., as 
indentified in a plant-specific walkdown).  In the author’s experience, such situations can be found in safety-
relevant systems at some existing NPPs.  Hence, use of ML=5 is not categorically appropriate for all existing 
NPPs; such low-capacity items would need to be retrofitted in cases where ML=5 is applied in the PSHA. 

Therefore, for existing facilities (including NPPs), it is advisable that either (a) the value of ML be selected 
sufficiently low such that the entire hazard is captured (e.g., as can be verified in a plot of hazard 
contribution versus M), or (b) the value of ML be selected by seismic safety engineers who have acquired 
in-depth knowledge of the facility (through conducting not just paper studies alone, but also several 
thorough physical inspections of the specific facility of interest), including the existence of any potential 
vulnerabilities or instances of poor engineering.  The selection of ML should not be made by the PSHA 
team without extensive consultation with the relevant seismic safety experts and regulatory agency. 

 

Figure 3:  Response spectra (5%-damped) of the horizontal and vertical components of a recently recorded 
very small-magnitude earthquake. 
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For facilities of new design, the appropriate value of ML (e.g., ML=5) can be set according to the procedural 
guidance developed and accepted for determining design demands.  It is thereafter the responsibility of the 
structural design engineer(s) to ensure that structures and equipment have adequate capacity, such that the 
probability of failure is negligible for any safety component (or any non-safety component potentially 
influencing, through some means, a safety component) subjected to events less than ML. 

7. PSHA damage relevance of CAV and IA; and the engineer’s role in motion filtering 

CAV is a relatively simple metric that can be computed from a time history of ground acceleration.  The 
procedure for determining CAV starts with the follow formula 10, 11: 

∫=
T

dttaCAV
0

)(       (3) 

where: a(t) is the time history of ground acceleration, and T is the duration of the time history.  This 
equation, however, gets modified in that it is applied only for those portions of the duration, where |a(t)| 
exceeds 0.025g within a one-second time interval.  In other words, if |a(t)| nowhere exceeds 0.025g in a 
one-second time interval, that interval adds nothing to the integration. 

Eq. (3) is somewhat similar to the formula for determining Arias Intensity12: 

∫=
T

A dtta
g

I
0

2 )(
2
π

      (4) 

Although they are derived from relatively simple calculations, both CAV and IA are somewhat more 
involved than the definition for PGA: 

{ })(Max
0

taPGA
T

=
     (5) 

CAV and IA are not explicitly identified in Tables 1 to 3 as common forms of input for seismic engineering.  
However, these parameters are similar to PGA and average spectral acceleration, in that they are derived from 
time histories and can be used as direct/unique basis to scale a spectral shape or time history (see the first bullet 
of Section 5).  A caveat on using CAV or IA as spectral scaling basis, however, is that the associated spectral 
anchor point will not be readily apparent in a plot of the response spectrum or time history. 

As noted previously, MMI and MSK are not determinable from time histories, and thus they are not by 
themselves suitable as primary parameters for motion scaling.  (However, being directly defined in terms of 
gross observed damage patterns, they may [if carefully selected on facility-specific basis by knowledgeable 
seismic engineers] be useful in the secondary role of motion filtering).  In contrast, parameters such as CAV, IA, 
Average Spectral Acceleration, and PGA can serve directly as basis for scaling motions, however, their link to 
observed damage patterns is less direct (i.e., instead of being directly measured in terms of gross observed 
damages [as are MMI and MSK], they can only be considered for statistical correlation with observed damage), 
and hence, their relationship to gross patterns of observable damage is somewhat more tenuous than MMI and 
MSK.  However, they can be directly related analytically to structure-specific damages, using structure-specific 
calculations of nonlinear response with scaled spectra or time histories as inputs.  For this reason – as is the case 

                                                      
10  EPRI, “Standardization of the Cumulative Absolute Velocity,” EPRI TR-100082 (Tier 1), 1991. 
11  EPRI, “A Criterion for Determining Exceedance of the Operating Basis Earthquake,” EPRI NP-5930, 1988. 
12 Arias, A., “A measure of earthquake intensity,” R.J. Hansen, ed. Seismic Design for Nuclear Power Plants, MIT Press, 

Cambridge, Massachusetts, pp. 438-483.  1970. 
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already discussed for PGA and average spectral acceleration – CAV and IA are considered to be additional 
meaningful metrics for damage relevance, which can be obtained as outputs of a PSHA.  A principal current 
issue with CAV and IA , however, is the sparseness of quality ground-motion relationships (e.g., with respect to 
the needs for adequate treatment of epistemic uncertainties). 

CAV has seen wide use as a gross-level damage parameter for indicating exceedance of the operating-basis 
earthquake (OBE), and more recently, has seen some acceptance as a damage filter in PSHA.  It has been 
proposed by others that only motions having CAV>0.16g-s are capable of damaging well-engineered 
structures or components.  That CAV threshold, like the selection of ML=5, has been derived from 
judgment based on rather limited observations.  (Additionally, application of motion filtering for the 
threshold of CAV=0.16g-s generally appears to be more aggressive and optimistic [i.e., filters out more 
motions] relative to application of just ML=5.)  Therefore, CAV filtering in PSHA is subject to similar 
issues, exceptions, and caveats as discussed in Section 6 for ML. 

It is noteworthy that the potentially damaging small-magnitude earthquake discussed in Section 6 (with 
response spectra as shown in Figure 3) generated recorded motions having a maximum CAV that is only 
less than one-tenth of the proposed 0.16g-s damage threshold.  Clearly, if this motion were scaled up to 
have a CAV approaching 0.16g-s (e.g., by over a factor of 10), it would be quite damaging to many NPPs.  
Drawing attention to this situation is not to say that such a scaled motion should be deemed as a highly 
realistic event, but rather, to demonstrate that there are cases where motions having CAV<0.16g-s are 
clearly damaging.  This situation leads to the question: Among the set of possible damaging motions 
having CAV<0.16g-s, do we yet have a sufficient experience base to conclude that none are physically 
possible as real events? 

It is thus clear that, as is the case for ML=5 (for the reasons already discussed in Section 6), CAV=0.16g-s 
should not serve as a de facto, generally applicable damage filter for PSHA studies of all engineered 
facilities, or of all NPPs. 

For existing facilities, including NPPs, it is thus advisable that either (a) the specific threshold employed 
for CAV filtering be selected sufficiently low such that the entire hazard is captured (e.g., as can be 
verified in a plot of hazard contribution versus CAV), or (b) the specific threshold employed for CAV 
filtering be selected by seismic safety engineers who have thorough knowledge of the facility including the 
existence of any potential vulnerabilities or instances that are not well engineered.  No application of CAV 
filtering should be made by the PSHA team without extensive consultation with the relevant seismic safety 
experts and regulatory agency. 

For facilities of new design, the appropriate value used for CAV filtering (e.g., CAV=0.16g-s) can be set 
according to the procedural guidance developed and accepted for determining design demands.  It is 
thereafter the responsibility of the structural design engineer(s) to ensure that structures and equipment 
have adequate capacity, such that the probability of failure is negligible for any safety component (or any 
non-safety component potentially influencing, through some means, a safety component) subjected to 
events having CAV<0.16g-s. 

8. PSHA results for accurate seismic performance analysis of systems 

As discussed in Sections 2 and 3, there are more accurate ways for a PSHA to convey the damage 
relevance of motions than via a motion hazard curve λ[{X≥x}] (where X is a motion scaling parameter, 
such as: PGA, average spectral acceleration, CAV, IA, etc., used to scale a reference spectral shape).  In 
fact, as Sections 2 and 3 have already alluded, an appropriate characterization of time histories and their 
likelihoods is needed, in order to accurately determine response of real systems (that are comprised of 
various redundant components collectively having diverse vibration frequencies) subjected to real ground 
motions (that have realistic peak-to-valley variations in response spectra [see Figure 3]). 
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In this regards, it is useful to note that alternate (and discrete) forms of Eq. (2) could be developed for the 
following descriptions of hazard: 

a) ΘH = “{UHS, or UHSDM, at response spectrum level X=x (±∆x/2)}” where X (i.e., bolded) denotes a 
vector of Sa or Sa

DM values [centered at x within a discrete interval, loosely represented by (±∆x/2)] 
for the array of vibration frequency needed to convey a spectrum; 

b) ΘH = “{Suite of realistic Sa, or Sa
DM, response spectra compatible with UHS, or UHSDM, at response 

spectrum level X=x (±∆x/2)}”; and 

c) ΘH = “{Suite of realistic time histories compatible with UHS, or UHSDM, at response spectrum level 
X=x (±∆x/2)}” 

For these hazard descriptions, the corresponding hazard formulations [alternate forms of Eq. (2)] can be 
expressed, respectively, as: 

]|[]}[{][ j
jAll

j P xx Θ×∆≈Θ ∑ λλ
      (6a) 

],Spectrum|[)|Spectrum(]}[{][ jkj
jAll kAll

kj PP xxx Θ××∆≈Θ ∑ ∑λλ
(6b) 

and: 

],|[)|(]}[{][ jkj
jAll kAll

kj THPTHP xxx Θ××∆≈Θ ∑ ∑λλ
   (6c) 

where: ∆{λ[xj]} denotes {λ[X≥xj] - λ[X>xj+1]}; “Spectrum” denotes a generalized (linear or nonlinear) 
response spectrum (Sa or Sa

DM); and “TH” denotes a time history. 

In the first formulation [Eq. (6a)], a comprehensive set of spectra UHS, or UHSDM, which together cover 
all return periods of interest (just as a hazard curve covers all return periods of interest), are conveyed in 
the PSHA, and then these spectra are used directly (without scaling by another parameter) in conjunction 
with the Response Spectrum Method of structural analysis, in order to determine component fragilities and 
values for P[ Θ | xj ].  Although this is somewhat improved over the use of a single spectral shape, scaled 
by a hazard curve, it still results in the use of spectral shapes not representative of those exhibited by real 
ground motions.  In the second formulation [Eq. (6b)], realistic (linear or nonlinear) spectra that, in 
aggregate, match their target UHS, or UHSDM, shapes are developed, and again the Response Spectrum 
Method is applied for estimating the component fragilities and values for P[ Θ | Spectrumk, xj ].  In the 
third formulation [Eq. (6c)], realistic motion time histories that, in aggregate, match their target UHS, or 
UHSDM, are developed, and the Time History Method of structural analysis is applied for estimating the 
component fragilities and values for P[ Θ | THk, xj ]. 

These formulations would be most accurate in the specific case where the PSHA deaggregation showed the 
hazard to be largely dominated by a tight set of magnitudes and distances (e.g., a single dominant 
magnitude-distance [M-R] bin).  Table 4 illustrates the manner in which PSHA results could be conveyed from 
implementing these formulations, for relevance in estimating damage and risk states Θ=ΘD and Θ=ΘR. 
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Table 4:  Illustration of conveying PSHA results via likelihoods and levels of ground-motion bins 
(aggregated scenarios), for implementing Eqs (6).  [Shaded cells illustrate the level of annual 
probability by ground-motion (spectrum) classes, with a corresponding number of motions that 
might be applied (depending upon the ultimate state of interest ΘD or ΘR .] 

X = 10-3 UHS 10-4 UHS 10-5 UHS 10-6 UHS 10-7 UHS 10-8 UHS 
∆{ λ[xj] } ≈ 

 
NMontions = 

9×10-4

 
5 motions 

9×10-5 

 
15 motions 

9×10-6

 
20 motions 

9×10-7

 
20 motions 

9×10-8 

 
20 motions 

1×10-8 

 
20 motions 

In the general case when the hazard is not dominated by a tight M-R mode, the target UHS or UHSDM 
spectra alone are less likely to be suitable targets for developing a realistic distribution of motions, 
according to the formulations of Eqs (6).  In such cases, a useful compromise between the full scenario 
form of Eq. (1) and the highly aggregated scenario form of Eq. (2) [or Eqs (6)] is the following additional 
basic means of (discretized) formulation: 

],,|[],|[][][][
;

kjl
lAll

kjl
iSources

M

MjAll kAll
kji rmMotionPrmMotionPrRPmMPv

U

L

Θ××=×=×≈Θ ∑∑ ∑ ∑λ

  (7) 

where “Motion” indicates a spectrum or time history among the suite generated for a given magnitude-
distance (M-R) scenario.  In this formulation, the matrix of rupture location and extent scenarios generated 
in the PSHA calculations has been aggregated into a single array of scenarios expressed in terms of 
distance.  Furthermore, the detailed magnitudes and distances developed in the PSHA calculations have 
been lumped together into a more limited set of M-R bins. 

An illustration of this format is shown in Table 5.  Approximately 5 to 10 magnitude intervals, 5 to 10 distance 
intervals, and perhaps 10 to 20 intervals for capturing motion variability levels (e.g., described by dominant ε on 
the ground-motion model for given magnitude and distance), would result in a total of about 250 to 2000 
scenarios – collectively producing motion characterizations and their likelihoods sufficient to convey the hazard 
for most subsequent applications of general damage and risk assessment.  This number of scenarios is several 
orders of magnitude less than the number of scenarios generated within the actual PSHA calculations.  Of 
course, this number of scenarios generally stands to be even further reduced in most cases, since not all M-R 
bins are likely to be meaningfully populated (i.e., having significant activity rates) for any particular case. 

Table 5:  Illustration of conveying PSHA results via magnitude-distance bins (aggregated scenarios) and their 
likelihoods, for implementing Eq (7).  [Shaded cells illustrate activity rate {here denoted as ν(M,R)} by 
magnitude-distance class, with a corresponding illustrative number of motions that might be applied 
(depending upon the state of interest ΘD or ΘR .]] 

 4.5<M≤5.0 5.0<M≤5.5 5.5<M≤6.0 6.0<M≤6.5 6.5<M≤7.0 7.0<M≤7.5 
0<R≤5 km ν(M=4.75, R=2.5) 

20 motions 
ν(5.25, 2.5) 

20 motions 
ν(5.75, 2.5) 

15 motions 
ν(6.25, 2.5) 

10 motions 
  

5<R≤10 km ν(4.75, 7.5) 

20 motions 
ν(5.25, 7.5) 

20 motions 
ν(5.75, 7.5) 

15 motions 
ν(6.25, 7.5) 

15 motions 
ν(6.75, 7.5) 

10 motions 
 

10<R≤25 km ν(4.75, 17.5) 

10 motions 
ν(5.25, 17.5) 

20 motions 
ν(5.75, 17.5) 

20 motions

ν(6.25, 17.5)  

15 motions 
  

25<R≤50 km ν(4.75, 37.5) 

5 motions 
ν(5.25, 37.5) 

15 motions 
ν(5.75, 37.5) 

15 motions 
ν(6.25, 37.5) 

10 motions 
  

50<R≤100 km ν(4.75, 75) 

0 motions 
ν(5.25, 75) 

5 motions 
ν(5.75, 75) 

10 motions 
   

100<R≤250 km ν(4.75, 125) 

0 motions 
ν(5.25, 125) 

0 motions 
ν(5.75, 125) 

5 motions 
ν(6.25, 125) 

15 motions 
ν(6.75, 125) 

15 motions 
ν(7.25, 125) 

20 motions 
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If a suitable discretisation is prepared, and a suitably realistic suite of motions is developed in each case 
(i.e., motions that have realistic peak-to-valley variations, durations, etc., that well represent target spectra 
for each M-R bin), then the type of results illustrated in Table 5 can be used to accurately determine the 
likelihood of any seismic hazard state (ΘH), any seismic damage state (ΘD), and any seismic risk state (ΘR).  
The result is particularly useful for implementing a seismic PSA where accurate analyses of composite 
system-level or portfolio-level risk/reliability performances are required (i.e., where the correlations among 
responses of the various individual elements of the system are important). 

If such results are conveyed as a key product from the PSHA project, then the PSA-experienced seismic 
engineer has sufficient summary and visibility into the findings of the PSHA, so as to knowledgeably 
develop as simplified, or as sophisticated, results – as may be needed – for seismic component fragilities, 
and for seismic system-level / plant-level reliability or risk.  The accuracy of the PSA is then not governed 
by problems having to do with restrictions at the PSHA-engineering interface.  Rather, having the relevant 
understanding of structural mechanics, dynamic analysis, reliability methods, etc., the PSA engineers can 
effectively ascertain the most appropriate ways for further simplifying (if needed) the input or analysis 
cases, so as to achieve suitable accuracy on practical basis. 

Correspondingly, the author believes that the PSHA result illustrated in Table 5 (or in Table 4, if 
applicable) is generally most useful and accurate to convey hazard in a damage-relevant way. 

Furthermore, this is perhaps the only general way appropriate for conveying damage relevance for 
purposes of accurate/realistic (namely, non-conservative) seismic reliability analyses of systems having 
significant redundancy.  The following simple illustration is used to exemplify and help explain this point. 

Simple illustration of seismic system reliability analysis for different forms of PSHA results 

Consider two components (“A” and “B”) that have descriptions and fragilities as shown in Table 6. 

Table 6:  Descriptions and fragility values for two components considered in the simple illustration of seismic 
system reliability analysis. 

Component Description 
f1 , Predominant 

Response Frequency 
(Hz) 

Â , Median 
Acceleration 
Capacity (g) 

βC , Composite 
Logarithmic Standard 

Deviation 

A Flat-bottomed 
water storage tank 0.8 0.50 0.40 

B Electrical cabinet 
anchorage 8.0 0.80 0.40 

For a particular safety system (“S”) of interest at a given NPP, failure of these two components is required 
to achieve system failure, and hence: 

BAS ∩=       (8) 

where S, A, B denote, respectively, the events that System “S” fails, Component “A” fails, and Component 
“B” fails. 

A PSHA study was conducted for the NPP site, producing a UHS shape (broad, smooth) as illustrated in 
Figure 4.  (Note that, taken for convenience, the ratio of [UHS amplitude at f=8.0 Hz] to [UHS amplitude at 
f=0.8 Hz] is equal to [0.80 / 0.50] – i.e., the same as the ratio of median acceleration capacity for Component 
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“B” to that for Component “A”.)  This UHS median shape (the median is the shape commonly employed in 
fragility analyses for PSA studies) is found to be practically the same over the range of annual exceedance 
frequencies that have controlling influence on the risk.  Based on the M-R combinations found to have 
dominant contribution to the hazard, the PSHA study also developed (as alternative results) realistic time 
histories, and found that two time histories “1” and “2” – each having approximately the same likelihood – 
reasonably represent (over the range of annual exceedance frequencies that have controlling influence on the 
risk) the hazard-consistent characteristics of expected real ground motions.  The median of spectral shapes for 
these two motions reasonably approximates the corresponding median UHS.  The amplitudes of the two spectra 
(and their median [geometric mean]), relative to the UHS, at the predominant frequencies of vibratory response 
of Components “A” and “B” are shown in Table 7.  The spectral shapes for Real Time History “1” and Real 
Time History “2” are also shown in Figure 4. 

 

Figure 4:  Alternative PSHA ground-motion characterizations used for an illustrative calculation of seismic 
system reliability 

Table 7:  Characteristics of spectral shapes for two alternative forms of PSHA results: (i) the UHS; and (ii) 
two realistic time histories consistent with the UHS 

Form of 
PSHA 
Results 

Ground Motion 

Spectral Amplitude Relative to UHS, for the 
Following Vibration Frequencies: 

f = 0.8 Hz f = 8.0 Hz 
(i) UHS 1.0 1.0 

(ii) 

Real Time History “1” 3.0 1.0 / 1.75 
Real Time History “2” 1.0 / 3.0 1.75 / 1.0 

Median (Geometric Mean) of 
“1” and “2” 

(Consistent with UHS) 
1.0 1.0 

The seismic systems analyst calculates the probability of failure for System “S” for the two alternative 
cases of PSHA result: (i) the UHS, and (ii) the two realistic time histories that are together consistent with 
the UHS.  A representative (dominant) ground-motion case of interest is where the UHS value at frequency 
8.0 Hz is equal to 0.8g (and hence, the UHS value at frequency 0.8 Hz is 0.5g).  For this case, Table 8 
shows, for each motion, the probabilities of component failures, computed according to the following 
equation (based on lognormal fragilities): 

( )








Φ=

C

Â/ln][
β
aFailP

     (9) 

Component A
0.8 Hz

Real Motion “1” 
Real Motion “2” 

Smooth, “UHS” 

Component B
8.0 Hz
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Additionally, for each motion, the system failure probability is computed as the product of the two 
component failure probabilities.  The results of system failure probability are also shown in Table 8. 

Table 8:  Component and system failure probabilities – when the UHS amplitude at f=8.0 Hz is equal to 
0.8g – for two alternative forms of PSHA results: (i) the UHS; and (ii) two realistic time 
histories consistent with the UHS 

Form of 
PSHA 
Results 

Ground Motion 
Relative 

Likelihood 

P[Fail] for: 

Component 
“A” 

Component 
“B” 

System 
“S” 

(i) UHS 1.0 0.5000 0.5000 0.2500 

(ii) 

Real Time 
History “1” 0.5 0.9970 0.0809 0.0807 

Real Time 
History “2” 0.5 0.0030 0.9191 0.0028 

Weighted 
“1” + “2” 1.0 0.5000 0.5000 0.0417 

Of particular interest is the comparison of system failure probabilities for Case (i) and the weighted 
Case(ii).  This comparison shows that, when the UHS is used as the damage-relevant result of the PSHA, 
the system failure probability is estimated as 0.2500.  In the more accurate case of appropriately 
considering the results produced for the two realistic motions, a weighted system failure of 0.0417 is 
obtained.  Hence, for this specific example, the UHS characterisation results in a system failure probability 
that is about 6 (six) times greater (overly conservative) as compared to the more realistic (accurate) 
representation of PSHA results. 

Although this example is only a simplified illustrative case, it appropriately demonstrates that the more 
realistic form of conveying PSHA results, as illustrated in Table 4 [from Eqs (6)] and Table 5 [from Eq 
(7)], permits development of system risk estimates that are more accurate (as opposed to overly 
conservative) and, most importantly, that allow for improved understanding of the earthquake scenarios 
that dominate seismic risk, as well as of the risk significance of seismic events relative to other accident 
initiators at nuclear facilities. 

9. Conclusions and recommendations 

With the significant Body of Knowledge that now exists concerning damage-relevance of  PSHA, 
combined with the powerful modelling and computational capabilities enabled by modern software and 
computing hardware, the nuclear seismic safety management profession has ample resources to 
fully/robustly address important methods and issues – some of which have been described in this paper-and 
thus, are in position to considerably and progressively advance practices in seismic hazard, seismic design, 
and seismic risk analyses for nuclear facilities. 

Those who may be new to PSHA, those who have interest in learning more about the engineering 
applications of PSHA, and particularly those working in the interface between PSHA and the 
“downstream” engineering uses, are encouraged to become familiar with the available Body of Knowledge 
and related technologies, especially the various seismic engineering design and evaluation methods, and 
the methods of system reliability analysis.  Damage-relevance of PSHA is determined at the 
PSHA-engineering interface; if a PSHA passes information that does not fully enable subsequent 
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implementation of the established methods in engineering design, evaluation, and systems modeling, then 
the ability to effectively conduct seismic safety management is compromised. 

As a final point: PSHA must logically focus primarily on areas of earth science; however, it is important 
(as just noted) that those participating in PSHA studies have general understanding of the intended 
applications of PSHA results.  Similarly, the seismic capability and systems engineers who make use of the 
PSHA results must logically focus on the aspects of engineering and design; however, they should have 
general understanding of how the PSHA is being (or was) conducted.  The PSHA-engineering interface 
should correspondingly be well coordinated/designed, particularly so as to ensure that the PSHA team is 
not making (or limiting) engineering decisions, either explicitly or implicitly – and correspondingly, that 
the engineering team is not influencing/affecting, or making, earth science decisions/interpretations.  
Therefore, the PSHA-engineering interface ideally addresses solely the format of conveyance, or 
specification, of PSHA results.  In cases where it may not be feasible to make a precise dividing line at the 
PSHA-engineering interface: if an engineering issue/decision must be addressed within the scope of the 
PSHA, then the PSHA manager should ensure that the relevant engineers having intimate knowledge of the 
facility being evaluated or designed are called upon to resolve the issue/decision.  On the other hand, if an 
earth science (i.e., PSHA-relevant) issue/decision must be addressed within the scope of the engineering 
effort, the PSA or design engineering manager should ensure that the relevant PSHA expertise is sought 
and relied upon to resolve the issue/decision. 
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Abstract 

Since the basic work of Cornell, many studies have been conducted in order to evaluate the probabilistic 
seismic hazard (PSHA) of nuclear power plants. In general, results of such studies are used as inputs for 
seismic PSA. Such approaches are nowadays considered as well established and come more and more used 
worldwide, generally in addition to deterministic approaches. 

Nevertheless, some discrepancies have been observed recently in some PSHA, especially from studies 
conducted in areas with low to moderate seismicity. The lessons learnt from these results lead to conclude 
that, due to uncertainties inherent to such a domain, some deterministic choices have to be taken and, 
depending on expert judgment, may lead to strong differences in terms of seismic motion evaluation. 

In that context, the objective of this paper is to point out some difficulties that may appear in the development of 
PSHA studies and to propose an approach that may be used to address epistemic uncertainties. The key point, 
which corresponds to the innovating point of the process, is the use of instrumental experience feedback to 
update the results of a PSHA. The method used here is based on a Bayesian updating technique including real 
observations as conditional events, with their own probabilistic distribution. 

The results presented here point out that a PSHA must be conducted in a real probabilistic spirit that is totally 
different from a deterministic approach (the choice of “best-estimate” or “median” input data instead of 
“conservative“ ones is one of the key points). In addition, logic tree procedure, which seems to be the most 
appropriate way to account for epistemic uncertainties, does not quantify the variability on the physical 
parameter itself but quantify variability on expert opinion. This may lead to an important bias in a PSHA. 

Finally, results from PSHA may be strongly different from real seismicity, as recorded, especially 
depending on previous considerations. Then, the comparison to the instrumental experience data appears to 
be necessary to address such difficulties. In that context, the use of the Bayesian updating technique 
presented in this paper may become a necessary tool to address epistemic uncertainties in PSHA and its 
performances could allow to get PSHA more rugged and consistent with observations. 

KEYWORDS:PSHA Bayesian approaches, Instrumental experience feedback, Updating technique 

1. Objectives of the study 

PSHA approaches are nowadays considered as well established and come more and more used worldwide. 
Nevertheless, some discrepancies have been observed recently in some PSHA, especially from studies 
conducted in areas with low to moderate seismicity [OECD-06]. The lessons learnt from these results lead to 
conclude that, due to uncertainties inherent to such a domain, some deterministic choices have to be taken and, 
depending on expert judgment, may lead to strong differences in terms of seismic motion evaluation. 
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In that context, the objective of this paper is not to describe in detail the PSHA overall approach but its objective 
is to point out some difficulties that may appear in the development of PSHA studies, and to propose an 
approach that may be used to orient expert judgment and address epistemic uncertainties. The key point, which 
corresponds to the innovating point of the process, is the use of instrumental experience to update the results of 
a PSHA using observations that remain consistent with the real regional seismicity, as recorded. 

This paper is divided in two parts. The first part presents some basic considerations on the current practice in 
PSHA studies and identifies some difficulties that one may face at different steps of the study, especially 
concerning input data selection. The second part describes an approach that may be used to update the results of 
the PSHA, which is based on a Bayesian updating technique including real observation as conditional events, 
with their own probabilistic distribution. 

2. Part 1 - Basic considerations on the current practice in PSHA and associated difficulties 

As the objective of this paper is not to describe in detail the PSHA overall approach, we only focus 
hereafter on some specific aspects of a PSHA that could lead to difficulties (implying deterministic 
choices) and we try to quantify their consequences. 

2.1. Seismic motion characterisation : random uncertainty? 

We would like to discuss first on the characterization of the variability of the seismic motion. In particular, 
two question may arise related to this factor : 

− Q1: Where does sigma (i.e. standard deviation associated with a given attenuation relationship) 
come from ? 

− Q2: How many sigma around the median value of the attenuation relationship to integrate in the 
PSHA (1, 2, infinite …) ? 

Elements of answer to Q1 
Concerning Q1, it seems to be obvious that sigma comes from the (random) variability of the seismic motion 
itself. Nevertheless, it is also obvious that in strong motion databases that are used to determine attenuation 
relationships, the characteristics (magnitude, location, depth) of the events are known with an uncertainty which 
may be significant. [HUM-08-1] presents a detailed assessment on that topic and clearly shows that a significant 
part of sigma comes from epistemic uncertainty instead of random. As this value of sigma has a direct (and 
important) impact on the PSHA, the rigorous separation between random and epistemic uncertainties should be 
done, especially in attenuation relationships parameters. The usual “deterministic way” induces a systematic 
bias in PSHA which can be important especially for the long term periods. In that context, it appears urgent that 
a real discussion on epistemic uncertainties and random variability should be introduced in PSHA. 

Elements of answer to Q2 
In a pure probabilistic spirit, the first answer should be to integrate the sigma to infinite. Nevertheless, the 
fact that seismic motion distribution follows a lognormal law is only an assumption and should always be 
checked on the basis of real data. Depending on strong motion databases, this verification may not be 
possible over 2 to 3 sigma (see Figure 1). 

This is an important fact to point out. Even if it may be shown that over 3 sigma, the impact may not be so 
important, the range of integration should be carefully assessed in PSHA. 

Another point we would like to discuss now concerns the equivalence of magnitudes that may be necessary to 
use in PSHA, due to historical and instrumental seismicity, and magnitude used in attenuation relationships. 

This leads to choices that can be taken in a probabilistic spirit or in a deterministic spirit. For instance, the 
choice to take a “conservative” relationship between MS and ML(LDG) (see Figure 1), which may be an 
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appropriate choice for a deterministic hazard evaluation for a NPP for instance, may lead to a bias in a 
probabilistic approach and will directly over-estimate the median value of the ground motion. 

 

Figure 1:  Comparison between lognormal distribution, records and model (left) Relationship between 
different types of magnitudes (right) 

According to the PSHA methodology, best-estimate data should be kept at each stage of the process in 
order to keep the “median” estimation spirit of the PSHA, as expected. 

Conclusion on the characterization of the seismic motion 
Concerning variability of seismic motion, some choices have to be made and may have a strong 
impact on the results of a PSHA. The most important request is to keep “best estimate” data, to 
remain consistent with the PSHA philosophy. In that situation, the value of sigma associated with 
attenuation relationships may be carefully estimated in order to account for the random variability of 
the seismic motion only, its range of integration should also be carefully assessed (typically between 
2 and 3 sigma), and the potential relationship use to transform different types of magnitudes should 
be also a best-estimate one. 
This fact should be considered in a PSHA in order to get a “real” median value, as expected. 

2.2. Selection of attenuation relationship for a given area : epistemic uncertainty? 

As one can expect, attenuation relationships come from area with moderate to high seismicity (where data 
are available). However, they may be used for PSHA in area with low to moderate seismicity. In that 
situation especially, their applicability (even if there may not be another way to proceed) is to be seriously 
assessed. In addition, it may be obvious to say that very important differences may be observed from 
different attenuation relationships (see one illustration in Figure 2). 

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

0.00 0.10 0.20 0.30 0.40 0.50
PGA (g)

1 
/ R

et
ur

n 
Pe

rio
d

M1
M2
M3
M4
M5

 

Figure 2:  Illustration of the results of a PSHA depending on attenuation relationships (M1 to M5) 
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In a PSHA, this aspect is accounted for based on expert judgment. The knowledge of (i) the real seismicity of 
the given area and (ii) the construction of attenuation relationships is then a key factor. Practically, this is usually 
accounted for by mean of logic trees that allow to take into consideration all possible judgments. Nevertheless, 
one must keep in mind that this logic tree approach allow to quantify variability on experts judgment only but 
not the variability on the physical parameter itself.  

This epistemic uncertainty is expected to be reduced, with increase of knowledge. 

Conclusion on the choice of an attenuation relationship 
The choice of attenuation relationships is one of the most important choices in a PSHA and may lead 
to high differences in the results. In that situation, it is important to point out that the logic trees 
procedure which seems to be the most appropriate way to account for epistemic uncertainties does 
not quantify the variability on the physical parameter itself but quantify variability on expert opinion. 
This may lead to an important bias in a PSHA study. 
The current practice should then be improved in order to reduce the epistemic uncertainty on 
the physical parameter itself. 

2.3. Conclusion of Part 1 

Although well established, some basic steps of PSHA are still under discussion. But most of the difficulties 
come from the choice of input data and the way to account for uncertainties, which is different from the 
way to address them in a deterministic approach. 

− The most important request is to keep “best estimate” data, at each stage, to remain consistent with 
the PSHA philosophy, and to obtain a “real” median estimation. 

− It is also important to propagate variability but trying to separate random uncertainties from 
epistemic ones, 

− Finally, it must be kept in mind that logic trees allow to quantify the variability on expert judgment 
but not the variability on the physical parameter itself, this should be improved. 

The next part of this paper is to propose a method to address this last point. 

3. Part 2 – A bayesian updating technique to get PSHA more rugged 

3.1. Background: Impact of deterministic choices on PSHA and comparison with observations 

The previous part has pointed out some problems that may occur in PSHA. These problems were also 
confirmed in a different way by using real seismic activity from a given area. 

A detailed study was performed by [HUM-08-2] comparing PSHA results and actual observation. This 
study which includes all sources of uncertainties (epistemic and random) clearly shows that if PSHA 
results are to far from real seismic activity of a given territory, even a low period of observation may be 
sufficient to identify such inconsistency. 

As an example of this, Figure 3 shows the range of inconsistency of a typical (well-performed) PSHA 
when compared to observation (see [HUM-08-2] for details). 
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Figure 3:  Comparison of PSHA prediction (including all sources of uncertainties and random occurrence 
model for earthquake events for a given period of observation) to observation 

Conclusion on the Impact of deterministic choices on PSHA and comparison with observations 
The lesson learnt from this part is that results from PSHA may be strongly different from real 
seismicity, as recorded, especially depending on choices on input data that always depend on expert 
judgment. 
Then, the use of instrumental experience data appears to be necessary to address such difficulties. 

3.2. A way to address uncertainties : The use of a bayesian updating technique 

Based on previous results, the objective here is to use records to update a PSHA in order to get results 
more consistent with observation (which can be trust as reality). 

Principle of the method 
The method used is based on a classical Bayesian updating technique, used for many years in reliability 
field, especially in mechanics. 

The basic consideration is simple : 

“Based on a probabilistic evaluation of a given parameter, what is the most probable values that this 
parameter could take (associated with a given confidence level) considering the available observations 
(including their uncertainties) as conditional events?” 

The technique used here is based on the one initially developed by Madsen [MAD-85] and its performance 
and pertinence have been already confirmed [HEI-99]. 

It uses the Bayesian theorem of conditional probability : 

  

Where : 

− A is the predicted value of the parameter (random variable) of interest, according to a probabilistic 
model, 

− B is the observed value of the parameter (random variable) of interest. 
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Implementation in the present study 
In our application here (PSHA), the Bayesian theorem is applied as follows : 

− P(A) is the probability of A (predicted seismic event) according to the initial prediction 

P(A) can be obtained for each branch “i” of the logic tree (for PSHA) : P(Ai) 

− -> This is usually the weight affected to the branch under consideration (i.e. equal weight w or 
weight given by experts wi) 

− P(B|A) is the conditional probability of the observed event B according to the predicted one A 

P(B|A) can be calculated for each branch “i” of the logic tree : P(B|Ai) 

− -> This step is based on an occurrence model (the process will be explained later) 

− P(B) is the total probability of the observed event B 

P(B) can be calculated based on the total probability theorem : P(B) = Σj P(Aj) . P(B|Aj) 

− P(Ai|B) is the updated probability of A considering B 

P(Ai|B) is therefore the updated weight of each branch of the logic tree (updated based on observation) 

The key point of the process is then to determine the so-called “likelihood function” which is defined by 
the following expression: 

P(A|B)/ P(B) 

Parameter of interest considered in this study 
To apply Bayesian theorem, a parameter of interest has to be defined. This parameter is to be determined in 
a way that it could be easily predicted based on a given PSHA result and determined based on actual 
observations for a given territory. 

For this study, this parameter is defined as a number of observed events with a PGA higher than a given 
value. This parameter can be cumulated among a certain number of accelerometric stations distributed 
among a given area. 

The characteristics selected in our case are those defined in [HUM-08-2]: 

− Territory under consideration : French metropolitan territory, 

− Station of observation : 20 RAP [RAP] and 19 EDF NPP accelerometric stations (39 in total), 

− Seismic event selected : Total number of observed events with PGA > 0.01 g 

− Parameter used for Baysian theorem application : Cumulated number of observed events with PGA 
> 0.01 g among the whole set of stations, accounting for potential correlation between stations. 

See [HUM-08-2] for more detail. 
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Determination of the likelihood function P(A|B)/ P(B) 

This likelihood function is calculated based on the Poisson’s occurrence model, as stated in many PSHA. 
This model is used to calculate the probability of occurrence of a given seismic event considering a given 
time of observation. 

Finally, this process allows to account for all sources of uncertainties included in seismic motion 
occurrence: 

− Random and epistemic uncertainties in seismic motion prediction, as accounted for in the PSHA model, 

− Random occurrence of seismic events in a given territory and duration of observation by the mean of 
Poisson’s model. 

In addition, the following additional sources of bias or uncertainties are accounted for : 

− Site effect : rock condition for PSHA and soil conditions for accelerometric stations in some cases, 

− SSI effect : free field for PSHA and accelerometer located on a building foundation in some cases, 

− Potential correlation between observation sites (1 seismic event may be observed by 2 stations). 

The procedure used here is described in detail in [HUM-08-2]. This allows to avoid any bias in the process 
and to account for all sources of uncertainties. 

3.3. Application 

Initial prediction 
The initial prediction is a full PSHA study, as describe below. 

− Seismotectonic models 

Based on previous experience, 2 different seismotectonic models were used, as shown in Figure 4 : 

      

Figure 4:  Seismotectonic models used for the PSHA 

The first model was developed in a previous study [MAR-02]. The second one was specifically developed 
for the present study. 
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The source model used is based on diffused seismicity (as usually assumed for French metropolitan 
territory), including up to date catalogs for French territory. 

Strong motion attenuation relationships 
An extensive work was done by [HUM-08-1] in order to quantify and take into account all the sources of 
uncertainties (random and epistemic ones) included in strong motion databases used to build attenuation 
relationships. 

This work, performed on a European Strong Motion Data Base [ESMDB] clearly shows that the 
parameters of the attenuation relationship are not perfectly fitted by usual regressions and include 
epistemic uncertainty. A “deterministic” regression underestimates this epistemic uncertainties. 
Consequently, the σ parameter of a “determinist” regression overestimates the random variability by 
confusing a part of epistemic uncertainty in the random part. This the reason why an attenuation 
relationships built in a deterministic way induces a systematic bias in PSHA.  

For this study, the attenuation relationships built by [HUM-08-1] on the basis of fuzzy data regression was 
used. The generic equation has the following form : 

( ) ( ) σ±++++++= cbRMbbbRMaaMPGA ²²log²)log( 3212  

One of the innovating part of the process is that all the parameters (a, b, c, σ …) are characterized by a 
median value and an epistemic uncertainty, accounted for by mean of a standard deviation around the 
median value. 

Finally, different attenuation relationship were used in a logic tree process, as shown in fig. 5. 
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Figure 5:  Attenuation relationship 

Integration of the random variability of the seismic motion 
Due to the previous process which allow to separate epistemic and random uncertainties, the random part 
of the seismic motion (σ value of the attenuation relationships) is integrated to infinite in the PSHA. 
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Full logic tree 

The logic tree finally defined for this study is composed of 50 epistemic branches, as shown in figure 6. 

 

Figure 6:  Logic tree defined for the PSHA 

Weighting process 
Due to the way the PSHA was defined and considering the purpose of the study, which is the application of 
Bayesian theorem, no expert weighting was applied. Consequently, each branch of the initial prediction 
was equally weighted. 

3.4. Results of the initial prediction 

The results of the initial prediction are obtained for different points of the French metropolitan territory and 
expressed for different return period. The resulting hazard map for 100 and 500 return period are shown in 
Figure 7. 

 

Figure 7:  Initial prediction 100 year (left) and 500 year (right) return period hazard maps (median) 

3.5. Observations used for updating 

The updating process is performed as described in paragraph 3.2. The location of the accelerometric 
stations is presented in Figure 8. 
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Figure 8:  Location of accelerometric stations (EDF NPP in red, RAP in black) for the updating process 

This set of accelerometric stations lead to approximately 500 years of cumulated observation. 

3.6. Results of the updating 

The results of the updating process are obtained in the same way than for the initial prediction. The 
resulting hazard map for 100 and 500 return period are shown in Figure 9. 

 

Figure 9:  Updated hazard map for 100 year (left) and 500 year (right) return period (median) 

3.7. Comparison of the initial prediction and the updated one 

The comparison between initial prediction and updated one in term of hazard map is shown in figure 10. 

 

Figure 10:  Comparison between initial prediction (left) and updated one (right) in term of 500 year return 
period hazard map (median) 
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The comparison between initial prediction and updated one in term of hazard curve is shown in Figure 11. 
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Figure 11:  Comparison between initial prediction and updated one in term of hazard curve 

One can observe the potential effectiveness of the updating process which reduces significantly the scattering of 
the initial prediction and also “re-center” the prediction around fractiles which are not the median value of the 
initial prediction. These results are discussed in the next paragraph. 

3.8. Discussion around the updating technique 

First of all, it is important to indicate that the updating technique does not modify any of the input data or 
assumptions of the initial prediction. The technique only accounts for observations in order to identify the 
most likely branches among the initial ones.  

Then, one can notice that the techniques accounts for random uncertainties as far as these random 
uncertainties are included in the observations (this is the case by considering different stations in different 
areas and different time of observation). It also account for the random occurrence of earthquakes by 
Poisson’s occurrence model. 

This is one of the reasons that lead to an updated prediction with still variability (in other mechanical 
studies dealing with other parameters with a low random uncertainty, such as delayed strain in nuclear 
reinforced concrete containment for instance [HEI-05], the updated technique leads to results with a low 
variability). 

Anyway, some questions may arise as for instance : 

− How does the updating process behave depending on the amount of observation used ? 

− Is the updating process sensitive to random occurrence of earthquakes ? 

In order to get an idea of the sensitivity of the method to some of its parameters, 2 tests were conducted. 

− The first one uses a reduced set of observation only, in term of cumulated period of observation 

− The second assume that 1 or 2 additional event would have been observed in the same period of 
observation. 

The results are presented in Figure 11. 
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Efficiency of the updating process
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Figure 11:  Quantification of the impact of a reduced period of observation (left) and 1 or 2 additional 
event observed in the same period of observation (right) 

These results clearly show that the method is robust. Concerning the period of observation, the trend is 
homogeneous and the precision is getting better when the period of observation is increasing. In addition, 
in the case when the period of observation is to low, the updating becomes not effective. Then the process 
reveals its limits by its own. Finally, the process is not so sensitive to random occurrence of seismic events, 
as observed in our case. 

Conclusion on the use of the Bayesian updating technique 

Our conclusion concerning the use of the Bayesian updating technique is that it is a real interesting 
tool to address epistemic uncertainties in PSHA and its performances could allow to get PSHA more 
rugged and consistent with observation. 

Then, updating technique may become one necessary step in PSHA methodologies. 

6. Conclusions 

The objective of this study was to point out some difficulties in PSHA studies and to propose an approach that 
may be used to orient expert judgment and address epistemic uncertainties, cf. [OECD-06] conclusions. 

The most important conclusions that we would like to point out are the following : 

Although well established, some basic steps of PSHA are still under discussion. Most of the 
difficulties come from the choice of input data and the way to account for uncertainties, which is 
different from the way to address them in a deterministic approach. 

− The most important request is to keep “best estimate” data, at each stage, to remain consistent with 
the PSHA philosophy, and to obtain a “real” median estimation. 

− It is also important to propagate variability but trying to separate random uncertainty from epistemic 
ones, especially in attenuation relationship, which is not done systematically at present. 

− Finally, it must be kept in mind that logic trees allow to quantify the variability on expert judgment 
but not the variability on the physical parameter itself, this should be improved. 

Consequently, the lesson learnt is that results from PSHA may be strongly different from real seismicity, 
as recorded, especially depending on choices on input data that always depend on expert judgment. 

− In that situation, the comparison to the instrumental experience as observed appears to be necessary 
to address such difficulties. 
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In that context, the use of the Bayesian updating technique has clearly shown its effectiveness. This 
technique should become a necessary step in PSHA methodology to reduce epistemic uncertainties in 
order to obtain results more rugged and consistent with observations. 

As a final statement, we would like to emphasis the effectiveness of sharing experience between 
seismologists and structural engineers (as it was done here), which should be systematized in future for 
PSHA but also for other fields such as characterization of seismic motion and its damaging potential for 
instance. 
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Comparison of PEGASOS Results with Other Modern PSHA Studies 
 

Martin Richner and Sener Tinic,  
Nordostschweizerische Kraftwerke, NPP Beznau, Ch-5312 Doettingen, Switzerland 

Mayasandra Ravindra, Abs Consulting, 300 Commerce Drive, Suite 200, Irvine, Ca 92602, USA 

1. Introduction 

Switzerland is a country of low to moderate seismicity. At the end of the 1990s, the Swiss authorities 
required to re-evaluate the seismic hazard at the four Swiss nuclear power plant sites. As a result, a project 
called PEGASOS [1] was ordered by the Swiss utilities during 2001 - 2004. The PEGASOS study was 
performed according to the SSHAC procedures [2] at its highest elaborated Level 4. 

The PEGASOS results were presented to the technical community at the OECD Workshop on seismic PSA 
of nuclear facilities in Jeju Island, Korea, in November 2006 [3]. 

In this paper, a comparison of the PEGASOS results with those of other recent PSHA studies is given. The 
comparison is made with studies from countries of similar seismicity as Switzerland, but also with results 
from high seismicity areas. This comparison is performed with respect to the median and mean hazard 
curves, mean uniform hazard spectra and also with respect to the uncertainty range of the results. 

One caution must be made with respect to this comparison. All results are given for a shear wave velocity 
that corresponds to the condition at the foundation of the Reactor Building. These shear wave velocities 
may vary between 600 m/sec to 1000 m/sec. As a result, a small amount of a potential error may be 
included in that comparison of accelerations. However, the conclusions drawn from this comparison are 
independent of such a small potential error. 

2. Seismicity of Switzerland 

Switzerland is a country of low to moderate seismicity as shown in Figure 1. 

Figure 1:  Global seismic hazard map (1999, return period 50 years, from [4]) 

 

Inside Switzerland, the nuclear power plants are located in areas of relatively low seismicity as shown in 
Figure 2. 

Switzerland 
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Figure 2:  Swiss NPP sites and Swiss seismicity 
(rock with shear wave velocity 1500 m/sec, 5 Hz, return period 475 y, [4]) 

 

 

In this paper, the Swiss hazard curves from the PEGASOS project are compared with hazard curves from 
other countries as is shown in Table 1. 

Table 1:  NPP sites considered in the comparison and their seismicity 

Region Seismicity 
PEGASOS, Switzerland, Beznau NPP [1] low to moderate 

Hungary, Paks NPP [6] low to moderate 
Eastern US, EPRI 1989 [8] low to moderate 

Eastern US, LLNL 1993 [9, 10] low to moderate 
Eastern US, Watts Bar NPP [10] moderate to high 

Slovenia, Krsko NPP [7] moderate to high 
California, San Onofre NPP [11] very high 

3. PEGASOS project and results 

The PEGASOS study [1] was a requirement of the Swiss authorities. The study had to be performed 
according to the SSHAC procedures [2] at its highest elaborated Level 4.  

Contributors to the PEGASOS project were 21 international experts from Europe and the US. The project 
was divided into four different subprojects: Source Models (four groups of three experts each), Ground 
Motion Models (five experts), Site Response (four experts) and Hazard Computation. The costs of the 
study were several million US dollars. 

Figure 3 shows the PEGASOS mean hazard curves for the four Swiss NPP sites. For each site, the hazard 
is shown at the foundation level of the reactor building. 
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Figure 3:  PEGASOS mean hazard curves for Swiss NPPs at basemat of reactor building 
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The Beznau and the Muehleberg reactor buildings are founded on soft rock, while the Goesgen and the 
Leibstadt plants are built on a sediment layer. However, the four hazard curves are very similar. Therefore, 
the soil condition below the reactor building does not represent a very sensitive parameter when comparing 
the PEGASOS hazard curves with those from other countries. In the following sections, the Beznau hazard 
is used for comparison of the PEGASOS results with PSHAs from other countries. 

Figure 4 shows the uncertainty range of the PEGASOS hazard for the Beznau site. As shown in this figure, 
the uncertainty becomes huge for high accelerations: The range factor (ratio 95th-percentile/median) is 
about 100 for PGA of 0.8 g and exceeds 1000 for accelerations above 1.25 g. The mean curve exceeds the 
84th-percentile at accelerations above 1 g. 

Figure 4:  Uncertainty range of PEGASOS hazard for Beznau site 
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The deaggregation of the PEGASOS Beznau hazard is shown in Figure 5 for hard rock (shear wave 
velocity 2000 m/sec) and PGA ground motion levels of 0.05 g and 0.7 g. 

Figure 5:  Deaggregation of PEGASOS Beznau hazard for hard rock PGA 
ground motion levels of 0.05 g (top) and 0.7 g (bottom) 

 

 

As it can be seen from Figure 5 bottom, the scenarios contributing most to high accelerations represent 
near field earthquakes of a distance of less than 20 km. For low accelerations, there is a significant 
contribution from distant earthquakes according to Figure 5 top. However, these low accelerations are not 
relevant with respect to the damage of a NPP structure. 

An important comparison is the relative form of the uniform hazard spectra for different exceedance 
frequencies. Figure 6 shows the Beznau PEGASOS mean UHS for 5% damping for the Beznau site and 
different exceedance frequencies. Also shown in the figure is the spectrum that was the basis for the plant 
design. 

Figure 7 illustrates the Beznau PEGASOS mean UHS for 5% damping and 1.E-05 y-1 exceedance 
frequency, separated into three different distance ranges. 
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Figure 6:  PEGASOS Beznau mean UHS for 5% damping and different exceedance frequencies 
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Figure 7:  PEGASOS Beznau mean UHS for 1.E-05 y-1 exceedance frequency and 5% damping, 

separated into three different distance ranges 
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Several important observations can be made from Figures 6 and 7: 

1. Although near field earthquakes dominate the seismic risk at the site, there is no dominating 
contribution from high frequencies. This behavior is surprising and not consistent with modern US 
studies [5]. 

2. The relative form of the spectrum is almost independent from the exceedance frequency and from 
the distance range. This behavior is also surprising. 
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4. Comparison with hazard curves from Europe 

Figure 8 presents a comparison of the PEGASOS Beznau hazard with the curves for Paks NPP [6] in 
Hungary and Krsko NPP [7] in Slovenia. The comparison includes the median, mean and 84th-percentile of 
each hazard curve. 

Figure 8:  Comparison of PEGASOS Beznau hazard with Paks and Krsko 
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Figure 9 illustrates the mean uniform spectra for 5% damping and 1.E-04 y-1 exceedance frequency for the 
three sites for soil surface conditions. 

Figure 9:  Comparison of PEGASOS Beznau mean UHS ( 5% damping, 1.E-04 y-1, 
soil surface condition) with Paks and Krsko 
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As a first observation, the PEGASOS median hazard curve is similar to the Paks median curve and is lower 
than the Krsko median curve. This behavior is in agreement with the seismicity of the different locations. 

However, the mean and the uncertainty range of the PEGASOS hazard curve are extraordinary high 
compared to the other hazard curves. Especially due the high PEGASOS uncertainty, the Beznau mean 
value exceeds the value of Krsko at high accelerations. 

As a result of the high uncertainty, also the Beznau PEGASOS mean UHS is extraordinary high compared 
to the seismicity of the site. 

5. Comparison with hazard curves from US 

Figure 10 shows a comparison of the PEGASOS Beznau hazard curve with several hazard curves from the 
United States. 

The hazard curves of Figure 10 result from the following studies: 

1. The EPRI study dated 1989 [8] 

2. The Lawrence Livermore study dated 1993 for Eastern US [9, 10] 

3. The SSHAC Level 4 Test Implementation study performed for Watts Bar [10] 

4. The San Onofre hazard curve of a region of very high seismicity [11]. 

Figure 10:  Comparison PEGASOS Beznau hazard with US hazard curves 
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From Figure 10, the following observations can be made: 

1. The uncertainty range and the mean value of the PEGASOS hazard are extraordinarily high. 

2. The two SSHAC Level 4 studies PEGASOS and Watts Bar TIP tend to result in a more flat mean 
curve than the other studies, which represent about SSHAC Level 2. 

3. Extrapolated to 1.5 g, the PEGASOS hazard for a low to moderate seismicity region tends to be the 
same as for San Onofre, which is a very high seismicity area. This is not plausible. 
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Figure 11 illustrates the PEGASOS uniform hazard spectra for 5% damping in comparison with the 
modern UHS obtained for Eastern United States for the Vogtle early site permit [5]. Although near field 
earthquakes are completely dominating the risk of PEGASOS, the PEGASOS UHS do not show the typical 
high frequency content as in the US. 

Figure 11:  Comparison of PEGASOS Beznau and Vogtle early site permit 
uniform hazard spectra for near field earthquakes 
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6. Conclusions and outlook on PEGASOS refinement project 

Based on the comparisons given in last chapters, the following conclusions can be drawn: 

• The PEGASOS median results are similar than those of other countries of similar seismicity. 

• However, the PEGASOS uncertainty range and the mean accelerations are extraordinary high 
compared to other modern PSHA studies. 

• The PEGASOS uniform hazard spectra are almost independent from the scenario and do not show 
the typical high frequency content as is expected for near field earthquakes. 

• There is a general trend that SSHAC Level 4 studies give higher and more flat mean hazard curves 
than studies with correspond to SSHAC Level 2. 

As a result, a project to refine PEGASOS is started during this year. The main refinements of this project 
compared to PEGASOS are: 

1. Use of next generation attenuation models (NGA) 

2. Update of the Swiss earthquake catalog 

3. Implementation of a filter for cumulative absolute velocity (CAV) that eliminates non-damaging 
earthquakes of short duration 

4. Change of the rock shear wave velocity to a value that is more close to the foundation level of the 
reactor buildings 

5. Gathering of detailed site specific data to eliminate uncertainties of the site effects. 

As a result of these modifications, a reduction of the revised hazard is expected. First sensitivity runs have 
shown a significant reduction of the PEGASOS accelerations.  
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