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ABSTRACT 

 

SINAPS@ (Earthquake and Nuclear Plants: Improving and Sustaining Safety) is a five-

year research project starting in 2013 and financially supported by the French government. This 

project was motivated by the need of characterizing the potential seismic margins of existing 

nuclear facilities. SINAPS@ conducts critical analysis at each step of the seismic risk 

assessment, from seismic hazard, to site effects, interactions between the wave field the soil and 

structures, structural and nuclear components vulnerabilities: current French practices are 

challenged against site data and innovative methods more adapted to model complex nonlinear 

processes that occurred during the seismic loadings transfer. The seismic margins are appreciated 

through all assumptions and the epistemic/aleatory uncertainties treatment during the analysis.  

The present contribution expose some lessons learned from SINAPS@ in the area of the seismic 

hazard assessment. Among them, we present recent published strong motions databases and 

associated ground motion prediction equations that should be considered as references for SHA 

in France; SINAPS@ also investigated Bayesian approach and clearly showed their betterment 

in the GMPE’s selection and weighting process with respect to the classical and less objective 
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expert’s advices practice. We also discuss recent progress in the site-specific SHA as the host-to-

target and kappa corrections.   

 

INTRODUCTION 

 

The occurrence of the 2011 magnitude (Mw) 9-9,1 Tohoku earthquake triggered a huge tsunami 

that induced the major accident at the Fukushima-Daïchi nuclear power plant. Rapidly the 

seismic assumptions considered for the plant design and more generally the approaches of 

seismic hazard assessment have been questionned. In this context in 2012 began in France the 

Complementary Safety Studies (CCS hereafter) aiming at characterizing the seismic margins of 

the existing facilities, as  requested by all nuclear authorities the nuclear operators worldwide. In 

the same time the French government launched a call to support research on nuclear safety 

related to natural extreme events. The SINAPS@ (“Earthquake and nuclear facility: improving 

and sustaining safety”) project was built by an academical and nuclear practionners and experts 

partnership. The originality of SINAPS@ lies in its ambition to advance knowledge in the whole 

seismic risk analysis in the nuclear safety context, having a careful identification and treatment 

of all uncertainties: the seismic event and its effects on nuclear facilities are  then continuously 

studied from the geological fault, to the wave field propagation in complex 3D geological media: 

then the non linear interactions between the seismic field, the structure and the soil are analyzed 

before the transfer of the seismic motion from structural foundations up the nuclear components. 

Finally the seismic risk is assessed mainly through the fragility curves estimates. SINAPS@ tests 

the French current approaches (which are those practiced in the nuclear engineering offices) 

against innovative methods, enabling to account for the complexities of geological soils 

behaviour, the non-linear phenomena both in geological media and in structural elements. The 

seismic risk is also computed using fragility curves assessed by mainly probabilistic methods 

propagating epistemic and aleatory uncertainties from the seismic source up to the floor response 

spectra of critical nuclear components. In this project verification and validation phases of 

numerical developments (e.g., strong ground motions predictions, non linear site and structural 

reponses …) are conducted taking advantages of existing rich databases like the one provided by 

the 2007 Chuetsu Oki japanese earthquake recorded on the Kashiwazaki-Kariwa NPP, and using 

newly acquired data thanks to specific networks deployed on SINAPS@ initiative in highly 

seismic areas. The whole project, its actors, its scientific structure were presented in details 

during the last 2015 SMIRT conference in Manchester (see Berge-Thierry et al. (2017) where, 

for each step of the seismic risk analysis (from hazard to vulnerability and risk) the state of 

practices in France is presented coupled with the specific challenges faced by SINAPS@. In the 

present paper, we restrict the discussion to research performed for the seismic hazard assessment, 

and focusing on the topic of strong ground motion prediction. The objectives of the contribution 

is to highlight several important conclusions that can be drawn from SINAPS@ research, 

enabling to formulate recommendations that should open discussions to update the current 

French nuclear mandatory practice. Authors underline the need to distinguish the state of art in 

the seismic hazard practice as it can be observed at the international level and in particular 

established in highly seismic areas and the “relevant good practice” that could be stated in 

France, and should be constrained by the degree of knowledge based on avalaible data (and their 

adequacy with respect to chosen models and methods). The number, quality and reliabity of the 

data, the uncertainties should drive the convergence towards relevant practices. Finally we 
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mention that most of the topics presented here are adressed both in deterministic and 

probabilistic approaches.  

 
2017 STATE OF PRACTICE IN STRONG GROUND MOTION PREDICTION IN THE FRENCH 

CONTEXT OF NUCLEAR FACILITIES SAFETY 

 

The first step of any seismic risk analysis consists in assessing the seismic hazard (SHA). This 

evaluation necessarely requires to predict the strong ground motion either from a deterministic 

view (e.g. scenario based), or from a probabilistic one (considering the whole type of seismic 

scenarios deduced from the Gütenberg Richter curve weighted by their occurrence rate).  

 
Case of current French deterministic recommended approach 

 

French nuclear recommended (if not mandatory) current practice to  assess the hazard is 

presented in Berge-Thierry et al. (2017). Each step of the deterministic methodology is explained 

among which the strong motion prediction: for each retained seismic scenario (e.g. safety 

reference and paleoseismic levels), the strong motion is assessed through the pseudo spectral 

accelerations on a broad frequency range, using a unique Ground Motion Prediction (Berge-

Thierry et al. (2003)). In the recommended (and in fact mandatory) practice (reference text RFS 

2001-01, (2001)) the mean response spectrum is requested. This GMPE was established on a 

strong motion database built mainly on the European strong motion data available in the 2000’s 

and qualified by Ambraseys et al. in 2000, completed by a set of Californian data in order to 

complete the distribution for magnitudes > 6. The metadata assigned in the RFS2001-01 database 

were basically for each strong motion record: the magnitude of the earthquake in surface wave 

magnitude scale (Ms) for European data and moment magnitude (Mw) for the 16% Californian 

data, the hypocentral distance between event nucleation and the recording station, and the soil 

category roughly defined through two Vs30m categories “rock” (Vs30m > 800 m/s) and “soil” 

(Vs30m from 300 to 800 m/s).  
 

Case of recent probabilistic seismic hazard assessments (PSHA) performed in the frame of French 

CCS  
 

The French Nuclear Safety Authority requested the operators to complete their hazard 

assessments based on the deterministic RFS2001-01 approach by probabilistic studies. The three 

main operators EdF, CEA and Areva then conducted probabilisitic seismic hazard assessement 

(PSHA) for their nuclear sites, following the international state of practice (e.g. state of art in 

knowledge, data characterization and choice of models), and propagating the uncertainties using 

logic trees enabling to account for the epistemic component (weighted branches), and the 

aleatory one by Monte-Carlo samplings. Concerning the strong motion predictions, the PSHA 

practice consists in selecting several GMPE’s, those considered as being the most approriate 

regarding the area of interest and the objective of the study: indeed, seismological criteria have 

been proposed for example by Cotton et al. (2006) to justify the selection, but the continous 

practice of PSHA and in particular in the nuclear field shows that complementary information 

have to be accounted for this selection that are: 
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 the relevance of the GMPE’s regarding the quality of the database they are based on, 

especially their “state of art” status (e.g. recently published in a peer reference review 

and not superseed by another one proposed by same authors), 

 the target return period of the PSHA, because its drives the seismic contributors from the 

hazard de-agregation process (in terms of Magnitude, Distance and  parameters), 

 the analysis of the contributing seismicity (e.g. typical depth of events, focal mechanisms 

…), 

 the adequacy between the definition of the parameters chosen in the GMPE functional 

form and the seismic catalog characterization: for example it is strongly recommended to 

select GMPE’s that have : 

o the same magnitude scale definition than the one of the catalog avoiding to 

include conversions steps that inevitably introduce an uncertainty, 

o the more appropriate source to site distance definition, with respect to the 

type of seismic source being considered (e.g. hypocentral distance 

definition only acceptable in case of point source approximation validity, 

shortest distance to rupture being prefered when the site is close to the 

source). 

 
RECENT EVOLUTION IN STRONG MOTION REFERENCE DATABASES IN EUROPE AND 

WORLDWIDE - ASSOCIATED EMPIRICAL GROUND MOTION PREDICTION EQUATIONS 

From the establishment of the GMPE (Berge-Thierry et al. (2003) retained in the French nuclear 

SHA regulation (RFS2001-01, (2001)), numerous new strong motion data have been collected 

worldwide, on recording stations whose site characterization was improved. More generally one 

can expect that the confidence in the metadata and uncertainties associated to each strong motion 

record (magnitude of the event, distance from source to site, depth, focal mechanism …) is 

improved in the recent databases in comparison with  oldest ones.  

2017 Strong Motion reference Database and GMPE’s from the “Next Generation Attenuation 

Relationships for Western US (NGA-West2) project”, from the U.S. Pacific Earthquake Engineering 

Research Center 

For instance, the NGA-West2 ground motion database includes a very large set of ground 

motions recorded from worldwide shallow crustal earthquakes in active tectonic regimes. The 

database has one of the most comprehensive sets of meta-data, including different distance 

measure, various site characterizations, earthquake source data, etc. The current version of the 

database is similar to the NGA-West2 database, which was used to develop the 2014 NGA-

West2 ground motion models (GMMs, see peer.berkeley.edu/ngawest2): this NGA-West2 

database and associated GMPEs set are inconstestably one of the references to retain in any SHA 

in France, and they superseed previous works (such as the NGA1 GMPE’s generation): the 

PEER Center in charge of this huge program clearly states that previous databases (as NGA1) 

are obsolete and no more accessible. 

http://peer.berkeley.edu/ngawest2/


 

24
th

 Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 

Division IV  

5 

 

2017 Strong Motion reference Database and GMPE’s from the “SIGMA (Seismic Ground Motion 

Assessment)” project, led by a French and Italian Consortium 

In France the SIGMA research project (2010-2015, http://projet-sigma.com/index.html)  led by 

EdF, CEA, ENEL and Areva resulted in many products among them the Resorce strong motion 

database (collected in the Pan-Europe)  was built and released after classical quality checks 

(Akkar et al. (2013)) (http://www.resorce-portal.eu/). Several improvments have been reached in 

Resorce in comparison with what was feasible in the 2000’s, and especially the homogenous 

moment magnitude characterization of the events, and the proposition of uncertainties estimates 

on the metadata. Like in the NGA2 case, several GMPE’s were derived from the Resorce 

database, and published in peer review reference journals (see Douglas et al, 2014, Akkar et al. 

(2013), Bindi et al. (2014), Derras et al. (2014), Bora et al. (2015)). These GMPE’s then become 

also eligible when performing SHA in Europe. Another output of the SIGMA project which is of 

primary importance in SHA studies (deterministic or probabilistic) in France is the seismic 

catalog covering the historical and instrumental periods produced in an homogeneous Mw 

magnitude scale. Considering this catalog and the Resorce associated GMPE’s should assure a 

better coherency of the SHA avoiding magnitude conversions that necessarely introduced 

additionnal uncertainty (with respect to the practice of the RFS2001-01 methodology).  

As there is currently no guideline in France, authors recommend that the criteria, the 

reference databases and GMPEs just discussed above be recognized as  the “Relevant Good 

Practice” for selecting the GMPEs in any S.H.A. type (e.g. probabilisitc or deterministic): it 

should be stated in a reference document and such adapted GMPEs shoud replace the use of a 

single GMPE published 15 years ago as done in the RFS2001-01: that could limit debates 

between experts, and make the process more stable, objective and definitively more compatible 

with nowdays state of knowledge (use of several, adapted, recently published and reviewed 

GMPEs). In particular currently any SHA in Metropolitan France should preferentially consider 

at least NGA2 GMPEs and those produced by SIGMA project, whithout however excluding the 

possibility or relevance to include other GMPEs (e.g. hybrid – physic based, or established from 

other high quality databases, as Cauzzi et al. (2015) developed independently form NGA2 and 

Resorce databases). Finally we mentioned that the on-going PEER NGA-East project should 

produce in the coming years interesting results (and especially probable GMPEs) representative 

of Central and eastern US seismic behavior that could be appriopriate with respect to the French 

crustal stable regions. 

 
EVOLUTION OF PRACTICE SINCE THE 2000’S IN THE USE OF GMPES FOR SHA: FOCUS 

ON SOME SELECTED KEY ISSUES 

 

Beyond the extraordinary number of GMPEs published since 20 years thanks to the increase of 

available well characterized strong motions worldwide, the evolution in the functional forms and 

number of parameters they consider (see Douglas and Edwards, (2016)), we just highlight here 

three aspects that have drastically changed when using GMPEs to perform SHA: 

(i) the treatment of the median, mean and uncertainty when predicting the hazard through a 

combination of GMPE’s, 

(ii) the treatment of the crucial ergodicity assumption included in most of used GMPEs,  

(iii) and corollarly the site-specific host-to target adjustment process. 

http://www.resorce-portal.eu/
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In the RFS2001-01 (2001) reference deterministic approach : 

(i) the mean-median prediction of the Log10 pseudo acceleration is obtained using a single 

GMPE as mentionned above, and its standard deviation is not used, 

(ii) no correction is applied to the predicted ground motions that are polluted by the ergodicity 

character of the GMPE, 

(iii) the site is characterized through 2 classes and a single proxy which is Vs30m (class 1 “rock” 

for sites with Vs30m> 800 m/s and class 2 “soil” for Vs30m between 300 to 800 m/s): the real 

Vs30m at the target site is not directly introduced in the GMPE. 

 

We mention that recent studies, although mainly performed in a probabilistic context invite to 

reconsider such RFS2001-01 practice. Indeed, (i) several experts recommend to consider 

separate GMPEs models to predict in one hand the mean or meadian, and in the other hand to 

account for the uncertainty, and (ii) the correction of the bias due to the ergodic assumption 

under which most of the GMPE’s are derived becomes a classical procedure in many PSHA 

studies (including in the nuclear field as done for the Thyspunt nuclear site PSHA, see Bommer 

et al., (2015)). This correction is made considering that the uncertainty in the motion prediction 

at the targeted site is not necessary that one associated to the GMPE (as resulting of records from 

many sites that have individually their own “site variability”). SINAPS@ produced interesting 

results on this topic through Laurendeau et al., (2016) and on going Bora et al., (2016) works. 

These authors investiguated different ways to correct the free-field response spectrum resulting 

from the use of purely ergodic GMPEs, considering alternative “host-to-target” processes and 

then adressing the (iii) topic. The Laurendeau et al., (2016) strategy is already introduced in 

Berge-Thierry et al., (2017). Concerning Bora et al. recent work in SINAPS@ dealing with the 

GMPEs adjustment for a site specific study, they are in continuity with previous reasearch by 

same authors in SIGMA project (see Bora et al., (2014) and (2015)).  

The state of practice to perform this host-to target correction is the following: empirical ground 

motion models developed for one region are adjusted for the use in another region by ratios of 

stochastically simulated response spectra representing host and target regions (“hybrid empirical 

method” HEM, Campbell (2003) or IRVT Inverse random vibration theory, Al Altik et al., 

(2014)): 

 
Hybrid empirical Response Spectrum (Target) = GMPE Response Spectrum (Host) * correcting factor[Target RS/Host RS] 

 

Following such HEM, response spectra are adjusted in a way as one would adjust the 

corresponding Fourier spectra. Bora et al. then developped a new approach, based on the 

generation of empirical Fourier amplitude spectra and duration equations: from these 2 empirical 

prediction equations, and using the SDOF and random vibration theory Bora et al. are able to 

obtain the response spectra amplitudes.   

In the frame of SINAPS@, authors have analysed pan-European strong motion database 

(Resorce-2012) of acceleration traces compiled across Europe and Mediterranean regions. As the 

majority of the earthquakes are of small to moderate magnitude, a point source ω2 model is 

assumed to be appropriate. The selected dataset (see Figure 1) exhibits a bilinear distance-

dependent Q model with average κ0 value 0.0308 s. However, strong regional variations in 

inelastic attenuation were also observed. In addition, apparent site attenuation parameter (κ0) 

values also indicate strong trade-off with regional variations in Q0. The linear site amplification 

factors were constrained from residual analysis at each station and site-class type. The moment 
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magnitudes determined from the Fourier amplitude spectra of acceleration traces were found 

comparable with the database values. Bora et al. provide κ0 values for 45 European stations and 

source parameters (i.e., fc, stress parameter and seismic moments) for 43 well-recorded 

earthquakes. Bora et al. mention that: 

 Kappa affects high oscillator frequency ground motions but it’s estimation involves large 

amount of uncertainty even at a single station, 

 and regional and depth variations in Q can affect the estimation of kappa. Using records 

only from the near distances can limit the uncertainty (Figure 2). 

They also conclude that a reasonably good comparison of response spectra from the stochastic 

model (derived herein) with that from (regional) ground motion prediction equations (GMPEs) 

suggests that the presented seismological parameters can be used to represent the corresponding 

seismological attributes of the regional GMPEs in a host-to-target adjustment framework (see 

Bora et al. (2016) SINAPS@ 2016 proceedings). 

 

 

 
 

Figure 1. Metadata features of the selected dataset. (a) Distribution of earthquake epicenters. (b) MW-

hypocentral distance distribution; (c) MW-depth distribution; (d) light-shade: high-pass and dark-shade: 

low-pass frequency; (e) number of records per station vs number of stations. Bora et al. (2016, 2017). 
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Figure 2. Station κ0 plotted against Vs30 values for Vs30 > 400 m/s: (a) when earthquakes located at less 

than 40 km (from a station) are used, (b) when all the earthquakes recorded at a station are used. Markers 

indicate the median while the extent of vertical bars indicates the values corresponding to16 and 84 

percentiles at each station, i.e., within-station variability. The horizontal solid line indicates the median 

value of all station κ0 in the sample, while two dashed lines indicate 16 and 84 percentile values in the 

sample, i.e. between-station variability. In both cases stations which have recorded at least 10 records 

(including both the components) are used. From Bora et al. (2016, 2017). 

Are such host-to target corrections currently applicable in Metropolitan France? 

 

Depending on the selected method to apply a site specific correction from a generic ergodic  

GMPE,  there is a need to constrain some site parameters controlling or characterizing its seismic 

response of the site, through for example the Kappa factor. Laurendeau (2013), Ktenidou et al. 

(2015) presented the theoretical principles associated to this Kappa parameter. Even at this time 

its physical meaning seems to not fully understood, measuring Kappa requests unavoidably to 

record strong motion at the target site, that strongly reduces the possibility of using such host-to 

target corrections in the metropolitan France. Indeed very few sites recorded sufficiently 

seismicity to be able to constrain this parameter. From F. Hollender experience (personal 

communication), in charge of characterizing strong motion stations in France for the French 

Accelerometric Network (RAP), constraining Kappa values is possible on several sites that 

record seismicity for a long time (e.g. up to 20 years): as Kappa is a high frequency parameter its 

measurement on seismograms requests to catch local and regional earthquakes, and a good 

coverage in epicentral distances is needed. Nevertheless, concerning nuclear sites, as the seismic 

instrumentation is very limited and directly related with safety procedures (e.g. triggering on 

seismic intensity threshold exceedance) the Kappa parameter is not accessible. Excepted in one 

case which is the Cadarache (SE France) site where the nuclear licensee (CEA) installed several 

years ago accelerometers and velocimeters on different soil and rock stations, on a continuous 

recording mode, enabling to catch sufficient events to perform the Kappa empirical 

measurements. As an example of a site-specific study accounting for the Vs profile and Kappa 

site properties we mention Ameri et al., 2017: these authors conducted a partially non-ergodic 

PSHA on the Cadarache site.  

 

In SINAPS@ we already mentioned the work performed by Laurendeau et al. (2016), consisting 

in deriving GMPEs directly from in depth data to avoid the superficial site response: as such 

approach is not applicable to the Resorce database containing only surface stations, one should 

refer to the global inversion methods, such as developed by Drouet at al. (2005) on Pyrenee’s 

RAP permanent stations, providing an empirical site amplification term. In the nuclear field, we 

mention Foundatos et al. (2017) work: applying this technique to the Kiknet database, authors 

were able to compare their site coefficients with the amplifications deduced by Laurendeau et al. 

2016.  

An alternative to Kappa measurement lies in the SSR technique (Site to Reference Ratio); 

defining a reference station (meaning a « rock » one and located close to the target site to 

consider the travel path as equivalent) the target site response is appreciated through the ratio 

between a set of common recorded events. Such SSR approach needs to install dedicated sensors 

for a long period in order to catch enough data to constrain the mean ratio and associated 

dispersion. But, compared to the Kappa measurements requirements performing SSR is more 

accessible: indeed as the frequency band of interest is broader, any type of events (in terms of 



 

24
th

 Conference on Structural Mechanics in Reactor Technology 

BEXCO, Busan, Korea - August 20-25, 2017 

Division IV  

9 

 

magnitude, distances) can help, in a certain frequency band, to constrain the site response. This is 

then less costly in time than the Kappa measurements.  

 
Current conclusions regarding the site characterization  

 

(i) At this time, authors consider that very few sites in France benefit today of such good 

instrumentation and local data enabling to access to the real site response or seismic parameters. 

This situation implies that currently the use of generic and ergodic GMPEs remains the best 

practice: nevertheless the choice of GMPEs adapted regarding the Vs30m of the target site and 

potentially its fundamental resonance frequency f0 are justified, and preferable with respect to the 

use of fixed site category using a range of Vs30m. 

(ii) But, as the site characterization remains a priority to control and potentially reduce the 

uncertainty in the SHA it is strongly recommended to install as soon as possible permanent 

seismic networks especially on nuclear sites, in order to collect numerous and high quality  site-

specific seismic responses: this is an unavoidable condition to reach the “true” site response. 

Velocimeters and accelerometers should be coupled and if possible the coupling between surface 

and in depth sensors ideally anchored at the bedrock would be of great interest enabling to 

directly measure the site effect. 

 
CONTRIBUTION OF BAYESIAN METHODS IN SELECTING AND WEIGHTING RELEVANT 

GMPE’S IN SHA  

 

As previously discussed the use of GMPEs is currently the best practice worldwide and shall be 

still for a long time when performing SHA using either probabilistic or deterministic approaches. 

Nevertheless, if the selection of the most adapted GMPEs is often justified using classical criteria 

as their representativness in terms of geodynamic context, applicability domain, parametric and 

functionnal forms, and other considerations related for example with the insights of the PSHA 

deaggregation, the justification of their weighting remains currently mainly based on the 

experts’s opinions (Chartier et al. (2014), Lancieri et al. (2016)). Obviously the selection and 

weighting of the most adapted GMPEs shall be challenged against real data representative of the 

target site, but practically it is not necessary the case because there is not precisely any reference 

data set. From authors point of view this issue shall be better guided in the French practice. 

Indeed, as presented above, these last years a huge effort has been made to gather and qualify the 

strong motion data available in Pan-Europe, and stored in the Resorce database. Several GMPEs 

were then derived. The same procedure was before developed in the US through the NGA-West2 

project. As mentioned previously the GMPEs provided by these 2 reference projects are mainly 

those that are eligible, at this time, to predict the motion in any SHA in France. The selection of 

the most appropriate GMPEs shall be justified against a selection of the “most representative 

data” chosen in NGA-West2 and Resorce databases, but also potentially being independent from 

these databases: perhaps defining a concept of “regional masterevents” that would constitute a 

serie of very well recorded and characterized earthquakes ?   
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We introduce now an interesting and promising approach tested in the frame of SINAPS@ that 

are the Bayesian appraoches. These techniques appear really promosing in order to hierarchy and 

weight several eligible GMPEs, through a data-driven instead of an  “expert opinion” process. 

Bertin et al. (2016) investigated a way to address the issue of model's predictive quality 

evaluation and of model selection without any additional hypothesis: the Bayesian Model 

Averaging approach (BMA). This method is an extension of classical Bayesian Calibration 

techniques and allows taking into account a set of several models instead of a unique one. By 

making these models encounter a dataset of observations through a statistical framework, BMA 

approach provides an unbiased evaluation of each model likelihood and moreover, it produces a 

weighted average formula using every model considered to get the best predictive result.  

Several BMA algorithms were implemented, compared and used with 8 GMPEs (models). The 

model averaging calibration was computed with around a hundred records of seismic events 

from the RAP database (French Accelerometric Network), see Figure 3.  

 
Figure 3. 8 GMPEs are selected as « models » to perform the Bayesian Model Averaging Method (BMA). 

The three plots illustrate de distribution of the strong motion RAP data used in order to test the relevance 

of the 8 GMPEs to correctly predict these data (from Bertin et al. (2016)). 

 

First results show a good predictive performance of the resulting model average, and a strong 

discrepancy between GMPEs BMA weights (that can be seen as confidence criteria) is also 

noticed, specifically, the distribution of these weights differs according to the frequency domain 

considered. Figure 4 (on the left) illustrates the performance of the 8 GMPE’s (the lower is BMA 

weight the best is the prediction relationship with respect to the data selection and the chosen 

information criterion to minimize).  

Current conclusions regarding the Bayesian method potential 

 

This first work on BMA algorithms have proven a promising potential (i) to get a hierarchy of 

GMPE’s based upon their statistical accordance to seismic records (ii) to propose a new 

predictive model (BMA) that uses the best from each GMPE. Analyzing the relevance of the 
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selection and weighting of the eligible GMPEs models in a SHA in France as discussed in this 

paragraph can be performed by direct comparison with a reference dataset and/or performing 

more sophisticated and no “expert opinion” driven process as the presented BMA method. 

 
Figure 4. Illustration of BMA results. (left) BMA ranking of GMPE’s differs according to the frequency 

(right) Predictions quality is enhanced. At worst, Bayesian Model Average has the same quality of the 

most performing model.  

In any case the construction of a “reference dataset” to conduct these comparisons is necessary: 

there is a need to converge toward such a reference “master-events” set that could be enriched by 

any new records of well constrained earthquakes (in terms of magnitude, location …). Such 

comparisons with “true representative data” are the only objective way to classify the numerous 

sometimes complex models. 

TESTING PROBABILISTIC SEISMIC HAZARD ANALYSIS RESULTS 

 

Checking the consistency of PSHA results is a very important phase given the high uncertainties 

in SHA and the importance of PSHA results for seismic design. In recent years increasing efforts 

have been devoted to assess the reliability of PSHA results, different kinds of procedures have 

been tested, and many papers have provided useful information on this topic. The OECD/NEA 

(Nuclear Energy Agency) in cooperation with IAEA organised in 2008 a first workshop on 

“Recent Findings and Developments in PSHA: Methodologies and Applications” (OECD/NEA, 

2008), and a second one in 2015 entitled “Testing Probabilistic Seismic Hazard Analysis Results 

and the Benefits of Bayesian Techniques (OECD/NEA, 2015). These workshops have 

recommended that all PSHA studies should include a testing phase against any available 

observation, including instrumental and historical seismicity and paleoseismicity data if 

available. 

 

In the framework of SIGMA project, several researches to test the PSHA results again 

observations were performed: Secanell et al (2017) published results on the application of a 

Bayesian methodology to update the Probabilistic Seismic Hazard Assessment. This 

methodology is based on the comparison of predictive exceedance rates of a fixed acceleration 

level (given by the seismic hazard curves) and the observed exceedance rates in some selected 

sites. The application of the Bayesian approach leads to a new and more objective definition of 

the weights of each branch of the logic tree and, therefore, to new seismic hazard curves (mean 

and centiles).  
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In the framework of SINAPS@, an important work is in progress to test the PSHA results against 

observations within a scientific collaboration with IUSS (Instituto Universitario di Studio 

Superiori) and EUCENTRE (European Centre for Training and Research in Earthquake 

Engineering) in Pavia, Italy. The objective is to develop a methodology to check the results of 

PSHA at a regionalscale, using all macroseismic intensity data available in the historical catalog 

of events and spatially correlated random fields of ground motion intensity measures (e.g. PGA). 

Such a methodology uses statistical and stochastic techniques, and enables investigating whether 

PSHA estimates are in agreement with empirical observations of damage. The case study PSHA 

model selected for this application is the one performed in the framework of SIGMA for South 

Eastern France and the observations are the macroseismic intensities of SISFRANCE catalogue. 

The hazard results are tested at the regional level by comparing the likelihood of observing 

different levels of shaking at any site in the region, as predicted by a PSHA model, with the 

likelihood extracted from the regional historical catalog. This likelihood is estimated with the aid 

of spatially correlated fields of Peak Ground Acceleration (PGA) generated for historical 

earthquakes that occurred in a given time span, and for simulated earthquakes consistent with the 

PSHA model that are stochastically generated for the same time span. The random fields for the 

set of simulated earthquakes are based on the characteristics of the events (e.g., their magnitude 

and epicenter/hypocenter/rupture location), while the random fields of the set of real earthquakes 

also consider the damage data, given in terms of Macroseismic Data Points (MDPs). Although 

the strong motion observations could be included in the modelling, the data available are few in 

number and with very low PGA values (≤0.006 g), and have not been included in the modelling. 

The two sets of random fields, stochastic and historical, are used to empirically derive different 

types of distributions, such as the distribution of the total number of points exceeding different 

levels of PGA within the study region. A statistical agreement between these distributions will 

point to a consistency between the modeled seismicity and the historical seismicity. The main 

steps required to implement this methodology (ongoing work) are: 1) the generation of spatially 

correlated random fields of  PGA for the historical catalogue; 2) the generation of spatially 

correlated random fields of PGA for multiple stochastic catalogues of simulated events covering 

the time span of the historical catalogue, (see Figure 5 an example of historical – stochastic 

extended catalogue); 3) the check of the consistency of model and data.  

 

 
Figure 5 - Historical earthquakes in the 200 years complete portion of the catalogue (red stars) 

overlaid on two realizations of the historical-stochastic extended catalogue (black stars). 

Stochastic

Historic
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POTENTIALITY AND LIMIT OF PHYSIC BASED MODELING OF SEISMIC SOURCE 

RUPTURE TO PREDICT GROUND MOTION IN METROPOLITAN FRANCE 

 

In the SINAPS@ project we investigated the potentiality of using extended rupture source 

models to predict the strong motion. Indeed as previously mentioned the current French safety 

approach assess the seismic hazard through a single GMPE developed in 2003. This latter 

empirical model simplifies the seismic source to a point source describing its energy release 

through the magnitude parameter. In case of a nuclear facility located close to an active fault, this 

point source approximation can be questioned regarding the well-known source effects such as 

the directivity (see Archuleta and Hartzell (1981), Somerville et al. (1997)), and the near- source 

effect called the saturation. In France, the Cadarache site operated by CEA has many nuclear 

facilities: it is located close to the Middle Durance Fault (MDF hereafter) considered as 

seismically active, and some adjacent structures (Figure 6). The MDF is a system of several 

segments with a complex 3D geometry. The seismic hazard for the Cadarache site is obviously 

fully controlled by seismic scenarios involving this main fault whatever the considered level 

(SSE and Paleoevent in the classical RFS2001-01 DSHA or performing PSHA). The use of 

extended kinematic source model to predict the motion in comparison with the RFS 2001-01 

point source approximation was tested by Baumont et al. (2004), whereas dynamic source model 

enable to test and constrain the maximal magnitude that could be assigned to the MDF when 

performing hazard assessments (see Aochi et al. (2006) and Berge-Thierry et al. (2017)). 

  
Figure 6. 2 events located on the MDF (magnitude Ml 2.9 in 2010 and Ml 3.5 in 2012) recorded by 22 

common stations around the Middle Durance Fault.  

 

In SINAPS@ project, we focused the research on the potentiality to use kinematic rupture source 

model associated to the empirical Green’s functions summation technique.  
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Such works have been also conducted on the MDF, by the IRSN and the CEA, both motivated 

by their own seismic motions database. Indeed the IRSN instrumented the MDF more than 20 

years ago (see Volant et al. (2000)), and CEA maintains also velocimeters and accelerometers for 

many years. The common objective pursued by IRSN and CEA is to assess the potentiality of 

using complex rupture source models and to combine them with empirical Green’s functions to 

perform realistic strong motions prediction, enabling to (i) better represent the seismic source 

physic and the site response (than done through ergodic GMPEs) and (ii) including the 

variability due to the source parameters and their uncertainties exploration. 

 

A “signal over noise ratio” analysis was performed on the 22 common stations recording the 

2010 and 2012 events (located on the MDF, then eligible to be considered as empirical Green’s 

functions (EGF) to perform MDF events simulations) as illustrated in Figure 7. Although the 

MDF is probably one of the most instrumented areas in France, finally very few good quality 

seismic motions are really available in order to perform EGF summation methods. The reliability 

of the EGF characterization in terms of location, depth, magnitude and focal mechanism is of 

primary order of importance if used to predict a target event. That is why before performing 

simulations considering the Cadarache target using a k
-2

 rupture kinematic source and the 

available empirical Green’s functions to describe the waves propagation including linear site 

effects, A. Dujardin conducted a wide study to quantify several effects (and then improved the 

original code of Causse et al. (2009)).  

 
Figure 7. Example of Signal over Noise Ratios for GSME station that recorded the 2010 and 2012 events. 

(Left, for the 2010 Ml 2.9 event), (Right, for the Ml 3.5 event): (below) the 3 components of recorded 

motion the S wave phase being colored as the noise signal part used to computed the ratio, (middle) 

Signal over Noise ratio amplitude as a function of the frequency, (top) Amplitude spectral density as 

function of frequency, vertical lines defining the frequency domain for the ratio computation. 
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Indeed, as in this MDF case study only 2 available EGF were recorded by stations located at 1 to 

50 km, A. Dujardin firstly studied the influence (e.g. regarding the directivity variability and the 

saturation phenomenon) of the original location of the EGF on the fault plane and of the various 

physical effects (the geometrical attenuation,  the inelastic attenuation,  the time shifts due to  the 

wave travel path and the rupture, the S and P radiation patterns) when this EGF is scattered on 

the other sub-faults on the source. This study should enable to define the applicability conditions 

(and source parameters uncertainties to explore) of the EGF summation technique in the MDF 

case and possibly the need to combine in some frequency range the strong motion prediction by 

pure synthetic simulation (e.g. hybrid ground motion prediction). 

 

The IRSN performed on its own MDF seismic motions database a comparable signal over noise 

study: in their case, it appeared that the recordings were of poor quality (bad signal on noise 

ratios and frequency band too reduced) then not usable as EGF. The IRSN concluded that in 

France at least such EGF summation methods coupled with extended rupture source models are 

not mature due to seismic faults and events (location, magnitude, focal mechanism …) badly 

constrained (Del Gaudio et al., 2017).  

 

Current conclusions regarding the potentiality of using extended rupture source modeling and EGF 

summation in France SHA 

 

As preliminary conclusions on this topic of simulating strong ground motion using extended 

source model coupled with EGF summation, we mention that: 

(i) several complex kinematic source models have been developed, verified and validated 

worldwide for many years (Bernard et al. (1996), Gallovic (2016), SCEC Platform), they 

demonstrated their ability to predict broad band  strong motions even in the near-field, 

(ii) the wave path estimate can be performed through pure numerical way or using EGF 

summation methods: in the first case the reliability of the simulations are related to the 

knowledge of the geological medium (and the capacity to compute in 1D, 2D or 3D medium), 

the second one being constrained by the availability and quality of EGF. For the EGF use, we 

also underline the importance of the data quality and characterization (frequency band, 

signal/noise ratio, magnitude determination of the EGF, location and focal mechanism): in 

particular, in the frame of SINAPS@, Bollinger et al. (2016) highlighted the trade-off between 

the focal mechanism of the event with the velocity model considered to locate it.  

(iii) using one or very few EGF to perform large magnitude event simulation requires to perform 

several corrections that are quite complex (e.g., correcting the EGF radiation pattern), but that 

are unavoidable to assure a right near field content and reproducing properly the saturation 

effect. 

Based on these findings we could recommend the use of complex kinematic extended source 

models (using synthetic and/or empirical Green’s functions if any) at this time in France in 

sensitivity studies to appreciate for example the impact of source parameters variability and 
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uncertainties. Such computations could be finally compared to the classical strong motion 

predictions using GMPE’s: the safety coefficients or seismic margins took in a nuclear facility 

safety study could then be challenged against complete rupture source modellings (see Berge-

Thierry et al., (2017)). 

CONCLUSION 

 

We present some preliminary conclusions and recommendations in the field of SHA from the on-

going SINAPS@ French research project. Without covering the whole scientific spectrum of the 

performed research, we point out the improvement (i) in the strong motion databases since the 

2000’s (date of the last French regulatory document) in terms of number of records and quality 

of their associated metadata and uncertainties characterization (ii) of ground motion prediction 

models either empirical (GMPEs) or numerical, including the physical based models (illustrating 

nevertheless some limitations regarding the use in low seismic area of EGF summation methods) 

(iii) of the site-specific SHA through host-to-target approach or more simply (and more adapted 

to French seismic site response knowledge) using Vs30m (and other site parameters) as proxy in 

the GMPE’s functional form. We finally highlight the potential already operational of the 

Bayesian method to avoid the expert’s opinions when selecting and weighting ground motions 

models, but we also underline the need of defining a reference dataset to challenge these various 

models. The BMA is also used in order to check the PSHA results using accelerometric and 

macroseismic data. The conclusions and recommendations regarding the unavoidable evolution 

of the SHA practices in the nuclear French field are valid for deterministic or probabilistic 

approach. 
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