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ABSTRACT :

Accounting for the inherent undainty in the data and models that feed seismiafthestimates has been an issu
more than 30 years. Probabilistic seismic hazarthods provide so far the only established tools fibienally accour
for uncertainty. In this study, we propose an alitive approach that allovessessing deterministic seismic hazard
associated confidence levels using the French auobgulatory guide RFS 2001-01 as an exandpie.objective of th
paper is to propose a methodology that allows mateégy uncertainties involved at each step of th&gnination of a
SMHV. The four main steps in the deterministic RE®1-01 guidelines entail (1) the definition of eissnotectoit
zonation, (2) the selection of most damaging histbror instrumental earthquakes within each zoma] thei
displacement as close as possible to the sitetefeist, within their own zone, (3) the evaluatidmagnitudedeptt
characteristics and4) the estimation of intensity or spectral accdieraat the site. The propagation of inhe
uncertainties associated to each step allows pimgatfferent hazard spectrum depending on theidente level ¢
interest. Finally, deagregation of thezhed spectrum over the entire frequency range alliowntifying the earthqua
parameters that best fit the seismic hazard spadiiuthe chosen confidence level
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1. INTRODUCTION

The characterization of earthquake sources and ofrttkend motions that they may produce are necessapg fo
seismic hazard assessmehie characterization of earthquake sources resjkinowledge of the geometry of
causative faults, of their gegjizal history and, if possible, of their tectonicain rate accumulation. The definit
of the geometry of the sources depends on theadlaiknowledge in the region of study. Regionsighstrair
rate accumulations are often illuminated by a sigfit number of earthquakes that delineate actiwdtst
Moreover, where such faults leave traces of thadt pctivities, it is possible to propose faultreleterizations. |
many regions of the world, however, where the strate is low or the recairty capabilities are insufficient, it
often difficult to identify the active faults, seucity appears more diffuse and it is thus necgssarpropos
seismotectonic zones, assumed to have equal seisteiatial.

France is a region of moderate to low strain rateumulation (Nocquet and Calais, 20@4ith predominantl
diffused seismicity. In such a context, defining thutlines of such zones remaasubject of great debate (Cusl
et al., 2003). Once the sources have been definexithen necessary to defitlee earthquake potential of e
source zone. Forturedy France has a rather good knowledge of its h¢stbseismicity that covers a thous.
years, collected in a relational database visiblire at www.sisfrance.ng¢Bcotti et al., 2004). The interpretat
of intensity database in terms of physical charzsties of the past earthquakes remains a diffieisk.t Numerot
hypothesis can be formulated which can lead toegdifferent results in terms of magnitude and degstimate:
Thus different catalogues of historical seismician be constructed depending on the choices made.

In this paper, we first present the uncertainti@glived in thedelineation of seismotectonic zones and ir
quantification of historical earthquake parametesisg the French data as an example. We then mpopagegrat
these quantified uncertainties in the estimationthaf seismic spectral response through an expboraif all
plausible parameters. In the final step, we distiisgreat interest of this strategy eterministic seismic haze
assessments (DSHA) procedures in terms of defsggmic hazard at a specified confidence level.
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2. DSHA: THE FRENCH NUCLEAR BASIC SAFETY RULE ASAN EXAMPLE

The Basic Safety Rule (RFS-2001-Qh@at defines the seismic hazard to be consideretlPP in France is bas
on a deterministic approach. “It asnto remedy the underlying uncertainties in seidmaizard estimations by taki
into account all direct and indirect factors thatid play a role in the appearance of earthquakesyell as a
known seismicity data”. The basic approach consgistssuminghat earthquakes comparable to historically kr
earthquakes are liable to occur in the future, \@ithepicentre position that is most penalising wigard to it
effects (in terms of intensity) on the site, whitanaining compatible with the g®gical and seismological d:
(SMHV). For each SMHYV, a "Safe Shutdown Earthqual@&ViS) is defined by adding one-degree in intentsity
the SMHV, which corresponds to an increase in ntadei conventionallyset at 0.5. The response spe
corresponding to the horizontal and vertical congmis of the motion are calculated according tontlean groun
motion prediction equation as described in Bergd.g¢2000).

3. UNCERTAINTY IN SEISMOTECTONIC ZONING

In many countriesthere are usually as many seismotectonic zonatibarses (STZS) as there are seismic hi
analysts. Moreover, in DSHAaroposed STZS do not provide uncertainties unagglynany of the zone bound:
outlines. In this paper, we consider two stratetpeguantify uncertainty in STZS. One which explorésraative
STZS, and a second strategy that introduces bzdiees for each boundary of a given STSZ. The dirstegy ma
lead to identify different SMHYV at a site. In susituations, it is importarto estimate the impact of each STZ¢
the final hazard. In other situations, the bouretamay be similar between STZSs, however, the demte witl
which the expert has drawn the boundary line mayite different. Then buffer zones around eachniary
(estimated by expert judgment) can help reflectagree of uncertainty of the expert.

DSHA is here calculated for a target site locatedvestern France. Two determinis83ZS developed for tl
French territory are used and the most damagingtever the target sitare selected and translated as clo:
possible to the target site of interest (Figureripur example, three events contribute to thensei®iazard of tr
target site: the 1775 Caen event, the 1769, VdakeRoses event and the 1909 Brest event. FORBAIBTZS
the Caen event is in a zone where thea¥a boundary is very uncertain, mainly definedh®sy seismic activity ar
partly defined by the thickness of the sedimentagin. A 20 km wide buffer zone is thus definecehearorder t
quantify the impact of this uncertainty in the IRSBITZS on the final seismic hazard level.
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Figure 1 Location of Target site with respect te RSN (Cushing et al., 2003) and BRGM (Terriealet2000)
seismotectonic zonation schemes (STZS). A buffees also drawn in thRSN STZS to illustrate an alternati
way of including boundary uncertainty when estimgttonfidence levels in DSHA



th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

4. UNCERTAINTY IN THE MAGNITUDE-DEPTH CHARACTERISTICS OF EARTHQUAKES

Once the SMHVs have been identified, it is necgssaestimate their magnitude and defthe macroseismic tc
proposed in this paragra@ims at quantifying data and modelling uncertagtinvolved in the estimate of -
macroseismic magnitude-depthitiplet of historical earthquakes (Baumont and t&c@006, 2007, 2008 It
involves a twastep procedure: (1) to derive a mean intensitynattton model and related uncertainty, and (
invert for the magnitude terms of the model usiagous instrumental catalogues.

4.1. Intensity Attenuation with distance and inteibsbinning strategies

In order to estimate a mean model of intensityna¢ion for metropolitan France, we proceeded $elaction ¢
the best documented historical earthquakes of ifer&hce macroseismic database. The data uncessaitt are
accounted for in this methodology include thoseoeissed with:the intensity evaluation at each locality,
estimation of the epicentral location and the eatidun of the epicentral intensity. In the SISFRANG&abas
each one of these paraters is associated with a quality factor (Scdttale 2004), which is here converted |
numerical value to be formally included in the utaimty exploration. Rather than using the intgndiita point:
most of the published studies are based ¢tengity binned data (IBD), such as isoseismal, agelintensity p
distance, etc. However, as discussed in (Baumodt Sootti, 2006, 2007, 2008ahe slope of the intens
attenuation with distance depends on the IBD usedjuantify he impact of the binning strategy on the estimi
of the attenuation rate, we assumed that intebgityed data (IBD) decreases with the logarithmheftypocentr:
distance (Kovesligethy, 1907; Sponheuer, 1960)thatintrinsic attenuation can be neglected

R
I =|O+B'L0g10F+SIERR

The intensity attenuation coefficieft, assumed to be constant over metropolitan Fraiaepe retrieved from
selection of events using an iterative damped legstare scheme with inequality constraints (Meri&84
Tarantola, 2005). The results obtaingepend on a number of parameters such as thd seteated events, t
relative event weighting, and the starting modsl.eBploring each combination of parameters (searigaut anc
Scotti, 2006, 2007, 2008a), we can build an ermgdipcobability density function dd for each IBD. As showm
Figure 2 the intensity attenuation strongly depends on liming strategy and differences are statisti
significant.

Beta(Iyg ) = -2.96 +- 0.09
Beta(R yvg ) = -3.50 +/- 0.11
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Figure 2 Empirical probability density functionsRBFs) estimated for metropolitan France for distafhgc) and
intensity (Rwg) binning strategies

4.2. Intensity — Magnitude calibration

In the light of these results, it appears necestgapstablish an intensity-magnitudéenuation model specific
each binning strategy. The need to consider neigiiiigp countries stems from the necessity of disgpsif the
widest magnitude range possible for the calibratiblacroseismic data were thus collectedotigh variou
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European macroseismic databases (SisFrance2007,@BMCOS, EMID). Two important assumptions v
made: MCS intensity data of the Italian DBMIO4 detse were converted into MSK using the scheme gespb
Godefroy and Levret (1985) and tBeEPDFs established for metropolitan France are egipk to neighbourir
countries. (It can be shown that simiaREPDFs results can be obtained using the Italiarrasacsmic databa

when MCS values are converted into M$¢tac) = -3,11 + 0,15 an@(Ravc) = -3,55 £ 0,17). Two homogenec
catalogues based on a selection of published msintal magnitudes were constructed i ¥hd My. The
calibration was performed testing various comboratiof data and model parameters (Taplaiding the followin
functional form:

1=C, + C,, M+ B.Log,, R

This exploration resulted in the definition of anfity of intensity-magnitude attenuation models éaichcalibratior
magnitude (Ms and Mw) and each IDB carrying the ieicgdly derived weight of th@ EPDF (Figure 2).

Table 1 : Parameters explored to build intensiagmtude attenuation relationships (example: MwéR

. Homogeneous
B(RAVG) Starting Constraints on depth catalogue in
+weights depth (km) M

W

-3,3 5 1-25 km (France) ; 1-50 km (other E
3,4 countries) urope
35 (#229)
-3,6 10 H+/- dH (instrumental);
-3,7 1-25 km (France) ; 1-50 km (other FR+NL+ CH
-3,8 15 countries) (#96)

For each binning strategy, observed magnitudebearell predicted by a single magnitude-intensitgrauation
model over the entire magnitude range< (8 < 7) as shown in Figure 3 for the,Matalogue based on thg/k

IDB strategy.
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Figure 3 Example of calibration for theR IDB using the median value Bfard the selection of events locatec
Italy, France, Switzerland, Netherlands, and adeygs-boundary events.

4.3. Computing empirical probability density funots to quantify historical earthquake characteries

The families of empirical intensity-magnitude prdie equations obtained for each IDB and eachbiction
magnitude sample the epistemic uncertainty assatiatthe macroseismic evaluation of the magnitigfath of
historical earthquakes. Additional uncertaintieyrakso stem from the functional form used to dedhee
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intensity-magnitude calibrations. In the followirdata and epistemic uncertainties are combinelgein t
macroseismic tool developed here with additiontdrieity-magnitude schemes available in the liteeatthich
may be applicable to France to explore and quaatffar as possible the large range of uncertaintieerlining
the estimates of magnitude-depth-epicentral intggihistorical earthquakes (Figure 4).
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Figure 4: Schematic representation of the epistemeertainties explored. For each earthquake, aklgming
strategies dum, Rave, Rcum) and intensity-attenuation predictive equationaui@ont and Scotti, 2008; Levret et
al., 1994; Ambraseys, 1985) are tested to estithatenagnitude-depth characteristics taking int@antthe
individual observation @gs) and epicentral location (XY) uncertainties.

The results of the above exploration is shownter\feules-les-Roses earthquake (Figure 5) whictvsiior this
case two distinct evaluations that depend on tligeuBed.
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Figure 5: Magnitude-depth estimates of the 176%l&&les-Roses earthquake (lobs shown in the igiir€)
described as a probability density function. Theaguncertainty underlying the intensity data Fas event is well
expressed by the wide range of possible valuegdlatt. Furthermore, for this event, the individolaservations

are clearly very sparse and the type of indicaseduRum Or lcunm) leads to different estimates of the
characteristics.
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5. ESTIMATING CONFIDENCE LEVELSIN DETERMINISTIC SEISMIC HAZARD ASSESSMENT

In order to compute seismic hazard, it is ne@gsso choose a ground motion prediction equatBNIPE). It is
well known that this choice is critical for defigirthe final seismic hazard level. Moreover, thatment of th
aleatory variability in GMPE exerts a very pronoaddnfluence on the caltated hazard. These issues have
discussed at length in recent publications (seeskample Bommer and Abrahamson, 2006). In this mpape
choose to focus our discussion on the impact @&gnating uncertainties in STZS and (M-gj-uncertainties in
seismic hazard analysis using a single GMPE (Betg#., 2003) calibrated in MIn accordance with the Frer
regulation RFS-20004, we limit our calculations to the median GMPHuea Accounting for different GMF
would lead to different evaluatiored the final hazard uncertainty and integrating éheatory variability woul
increase the final hazard level.

The objective of this exercise is to estimate aterice levels for seismic hazard spectrums commgdearding t
the French regulatory rule. To illustrate the mdtilogy and appreciate the impact on hazard estsnegsults a
presented tre for the target site by exploring only some af fiources of uncertainties presented in secticg
4. Figure 6a, for example, shows the uncertaingeismic hazard due to the exploration of variamlznations ¢
IBD (e.g. Rwe, lave), and intensitynagnitude prediction equations (Baumont and Sc08; Levret et al., 19¢€
Ambraseys, 1985). In this case only thé"B@rcentile spectral level for the SMHV associatedthe 176¢
Veules-les-Roses event is considefdus epistemic uncertainty alone, can lead to tthlearels that differ by up
70%. Figure 6b shows, for a given branch (IRSN-STRSc IDB and Ms, B&S -2008),the integrated uncertair
of magnitude-depth characteristics of all the evghat may contribute to the hazard in the IRSNES (Caer
Veules-les-Roses, and Wavignies earthquakes itRBR-STZS, see Figure 1). Hazard values estimatétessd’
and the 99 percentiles differ by up to 40 % for thisalnch. In a more realistic application, the uncatjawoulc
increase if the entire epistemic uncertainty dégdiin Figure 4 were explored. In Figure $gismic hazal
calculations applied in Figure 6b are extendedhttude three STZS (the BRGM, IRShhd its alternative wi
buffer limits were used assuming weights of 0.5@50and 0.25 respectively). Seismic hazard unceytde
increased with respect to Figure 6b, even if theatwh values estimated at the"Spercentile remains alme
unchangedit turns out that for this target site, the IRSNMEBRGM STZS do not lead to very different seis
hazard spectra in spite of the fact that they keadifferent choices of reference events. Howeirdrpducing
buffer zone in the IRSN-STZS allows ti@aen event to come much closer to the target skesnding th
uncertainty to higher spectral levels.

M
M

Frequency [Hz]
Frequency [Hz) Frequency [Hz]

Figure 6: (a) Uncertainty on the"%8pectral level due to the epistemic uncertaintyiensity data modeling (see
Figure 4) of the 1769, Veules-les-Roses earthgiraltee IRSN-STZS. (b) Confidence levels for seishrzard
spectrums resulting from the propagation of thestuainty on the magnitude-depth estimates of eaehte
(IRSN-STZS, Ryc IDB and Ms, B&S -2008). (c) Confidence levels for seismicdralzspectrums calculated for
three STZS accounting for the uncertainty in therabteristics of each event (see text for weighticiteme).
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6. CONCLUSION: ESTIMATING SMHVsAT SPECIFIED CONFIDENCE LEVELS

We have Bown that the integration of uncertainty inherenseismotectonic models and estimations of hisil
earthquake characteristics is fundamental. Thaokbis methodology it is now possible to estimabafitienc
levels in DSHA. Finally, in order to identify th#1¢{R) space that contributes the most to the seisramardwith &
given confidence level, deagregation can also wioimeed. Rather than presenting a deggtion frequency t
frequency, deagragations is shown by integratingy ¢ive entire frequency range (0.34 to 34 Hz). légushow:
the magnitude-distance contributions to the haaatte target site for the 8@&nd 84" confidence levels shown
Figure 6¢c. Two main contributions can be clearlgnidfied at the 58 confidence levetorresponding to the 17¢
Veules-les Roses-earthquake (about B340-5.2 at a hypocentral distance of 14ii) and to the 1755, Cs
earthquake (about 6.3 at a hypocentral distance of about 20 km)84%t confidence level, the Caen earthqt
starts to contribute with (M-R) characteristics i#mto the Veules-les-Roses earthquake.

09 ™

Figure 7: Deagregation of the hazard shown in igurat the 50and 84' confidence levels.
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