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Abstract In this article the recently proposed approach known ag-tasgeting’ for the
development of national seismic design maps is investigie mainland France. Risk-
targeting leads to ground-motion maps that, if used forgrepurposes, would lead to a
uniform level of risk nationally. The Eurocode 8 design Isadirrently in force for France
are used as the basis of this study. Because risk-targetngres various choices on, for
example, the level of acceptable risk to be madwiori and these choices are not solely
engineering decisions but involve input from decision makee undertake sensitivity tests
to study their influence. It is found that, in contrast to aions of this methodology for
US cities, risk-targeting does not lead to large modificatiavith respect to the national
seismic hazard map nor to changes in the relative rankingtiesaowith respect to their
design ground motions. This is because the hazard curvésdach cities are almost par-
allel. In addition, we find that using a target annual coléapsobability of about 10° for
seismically-designed buildings and a probability of godlea when subjected to the design
PGA of 10°° leads to reasonable results. This is again in contrast totutfies that have

adopted much higher values for both these probabilities.
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1 Introduction

Like almost all current seismic design maps, the map unihgrlthe French National An-
nex of the Eurocode 8 (EC8) design code is based on a ‘conséaard’ assumption, i.e.
the accelerations for design are those for a return periodl{ernatively an annual ex-
ceedance probability) that is constant across the nattendtory. As with the majority of
design maps (Bommer and Pinho, 2006) the return period ®Ftbnch National Annex
is thought to be 475 years (corresponding to a 10% probgloiliexceedance in 50 years),
although the return period is not explicitly stated in theuloent. As discussed by Luco
et al (2007), however, it would be more consistent with thalfirse of seismic design maps
to adopt a ‘constant risk’ assumption in which the desigrugdbmotions are defined to
lead to a certain level of risk, e.g. annual probability oflagse. This approach was used
by the United States Geological Survey (e.g. Luco, 2009)eelbp the so-called Risk-
Targeted Maximum Considered Earthquake (ME&ound motions in the ASCE Standard
7-10 and the 2012 edition of the International Building C@kieernational Code Council,
Inc., 2012). Elsewhere the ‘risk-targeting’ philosophy#led a ‘performance-goal based’
(United States Nuclear Regulatory Commission, 2007)k-im$ormed’ (Konno, 2003) or
‘risk-consistent’ (Hadjian, 2002) approach. To our knaige, this idea has not been in-
vestigated for the development of national design mapsdaithe USA. Bommer et al
(2005a) propose a more sophisticated approach in whictetemi design levels are fixed
based on iterative loss estimation having defined the lagetiabut they do not present
any calculations using their method. Within the nucleausidy, analyses like that used
to develop risk-targeted ground-motion maps for standartizires are becoming widely
used, as shown by Kennedy (2011) in relation to the ASCE &tandi3-05. The threshold
risk level for nuclear installations, however, is gengradiwer than targeted for standard

structures for the new generation of US seismic design maps.

The aim of this article is to present tests of the risk-targeprocedure of Luco et al
(2007) for mainland France (i.e. excluding French oversiegsrtments and territories) us-
ing the hazard model developed by Martin et al (2002) andubsexquent map that provides
peak ground accelerations (PGA) to define the demand spectrthe French seismic de-
sign code. We investigate whether the current PGA recomat&ms would require large
changes if a risk-targeted approach was adopted. This &wtycerned with the definition

of earthquake loading fanew structures rather than to define the loading for retrofitting



or risk analysis ofxisting buildings. The following section briefly introduces: theeRch

seismic design code, inputs to the subsequent analysishanahéthod used here to com-
pute earthquake risk. The subsequent section presenteghksrof the sensitivity tests in
which the free input parameters in the analysis are variedt,Nin example map using this
approach is presented and compared to the current map. fi¢cle ands with a discussion

of the results, some conclusions and suggestions for fuésesarch.

2 Computing risk-targeted ground motions

In 2002 GEO-TER (Géologie Tectonique Environnement etjigs) published a proba-
bilistic seismic hazard assessment (PSHA) for France basedclassic Cornell-McGuire
approach (Cornell, 1968; McGuire, 1976) with logic treeg(&ulkarni et al, 1984; Bom-
mer et al, 2005b) to account for epistemic uncertainty (Maet al, 2002). They presented
maps for return periods of 100, 475, 975 and 1975 years. TherR&p for a return period of
475 years was used as the basis for a new seismic zonatiowifodl the work of the Groupe
d’Etudes et de Propositions pour la Prévention du risqueigignen France (GEPP) mainly
during the period 2002—2004 (e.g. LeBrun et al, 2004). Thigtion has recently (1st May
2011) come into application as part of the French Nationatednof EC8, the European
seismic design code. The main difference between the PSH# maGEO-TER and the
new French zonation is that the zonation classifies locaitioto five categories depending
on the PGA for 475 years, rather than the continuous valuB&eét provided by the original
PSHA map. The five classes are: ‘trés faible’ (very low) (P@A.7m/s?), ‘faible’ (low)
(0.7<PGA< 1.1m/s?), ‘modéré’ (moderate) (1 < PGA< 1.6m/s?), ‘moyen’ (medium)
(1.6 < PGA < 3.0m/s?) and ‘fort’ (high) (PGA> 3.0m/s?)! (Ministere de IEcologie, de
I' Energie, du Développement durable et de ’Aménagemenémiitoire, 2005). The study
of Martin et al (2002) and the current seismic zonation aechidizard inputs to this article.
As the maps provided by Martin et al (2002) are not sufficientdur purposes, we had to
recalculate the hazard using their input parameters. Thatseof our recalculation are close
to those of Martin et al (2002), but not exactly the same, bseave did not consider the
smoothing branch of the logic tree (weight 20%) and becalesesed the 2003 version of
the CRISIS PSHA software (rather than the version from 128y GEO-TER).

1 Only islands in the French Antilles (e.g. Guadeloupe andtidigue) are classified in the highest zone.



Two performance levels are considered in EC8: ‘no-collapgairement’, which should
be met for a reference seismic action with a 10% probabifigxoeedance in 50 years (475-
year return period), and ‘damage limitation requirementijch should be met for a seismic
action with 50% probability of exceedance in 50 years (9&ryeturn period). ‘No-collapse’
means that the structure should: withstand the seismigulesition without collapse, retain
its integrity and have residual load-bearing capacityrafie earthquake. ‘Damage limi-
tation’ means that the structure should withstand a morgueet seismic action without
damage or limitations of use. The probability of collapssoasated with designing for the
‘no-collapse requirement’ is not explicitly given in EC8&fed on the analysis of Luco et al
(2007) the new US code ASCE Standard 7-10 does assign a fityh@tthis requirement].
In addition, the seismic actions of EC8 are expressed ing@ifnthe PGA for a return pe-
riod of 475 yearsdgr), which is used to scale the normalized spectral shapegrétian
pseudo-spectral accelerations for 2475-year return gp@ised by current American codes.
The PGA for the ‘damage limitation requirement’ is given a&agr. For structures of high
importance (e.g. hospitals) an importance factor is uséactease the design PGA, which
is equivalent to lengthening the return period of the desigtions.

As shown by Kennedy (2011), for example, the seismic §$#y), can be obtained by

convolving the seismic hazard curve and the fragility cursing either of these equations:

dH (a)
da da (1)
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wherePy, (a) is the fragility curve, i.e. the conditional probability @filure given the ground
motion levela, for a design level ofy andH (a) is the seismic hazard curve, i.e. the ex-
ceedance frequency corresponding to ground motion kevel the following, we consider
the seismic risky(ag) to correspond to the annual probability of collapse of amistuc-
ture, as also considered by Luco et al (2007). As part of thidys we have computed
y(ap) using both equations and, as expected, they give the samié e prefer Equa-
tion 2, as did Luco et al (2007), which uses the derivativehefftagility curve, rather than
Equation 1, using the derivative of the hazard curve. Thiseisause the hazard is gener-
ally only computed in PSHA for a limited number of ground-inat(e.g. PGA) levels and,
therefore, its derivative is less accurate than the dérevatf a fragility curve, which is typ-

ically defined by an analytical equation. It is common to use fognormal distribution,



which is completely defined by its meanand standard deviatiofd, for fragility curves,
i.e. P(a) = ®{[In(a) — In(u)]/B}. Luco et al (2007) use this equation for their analysis.
Using Equations 1 or 2, the hazard curve from PSHA and estgnafiy and, the annual
probability of collapse can be readily computed. The eu#neaof this integral is the basis
of risk targeting.

To derive a risk-targeted design map, firstly the hazardesufor each site are derived
by PSHA in the standard way. Next the desired annual prababil collapse Y'), which
defines the acceptable risk threshold, is chosen. The dastgieration is then determined
iteratively. At stepi, the fragility curve for typical buildings is defined by theat design
PGA (g), conditional probability of collapseX() for a and the standard deviatigh (a
lognormal fragility curve is fully defined by the relatiéh, (ag) = X if the standard deviation
is fixed). For this value of; the risk integral is computed for the considered site to find
y(a). Then, examining the value 0f—y(a), a1 is generated for the next iteration. The
procedure is then repeated unfi,) converges. This iterative method is used for every
location covered by the map. The risk integral takes intmaontthe whole hazard curve
rather than simply basing the design ground motions on th& f8Ga given return period.
Consequently, the slopes of the hazard curves for eachasiteghlarge impact on the results:
the relative ranking in design PGA for sites with parallezéal curves would not change
and only when hazard curves have different slopes could taeking change, by adopting
a risk-targeted approach.

The elegance of using knowledge of the level of risk to defieedesign ground motions
comes at the cost of introducing various input parametepgace of a return period for a
‘constant hazard’ map. The evaluation of this integral nepthat the acceptable risk to the
populationY be quantified, which is obviously not a solely scientific dimsas compared
to quantifying a constant hazard return period. Both aréypsocial questions, which might
require input from politicians and sociologists, for exden he integral also requires the
fragility curve for a building designed to the design codéwif assuming a lognormal dis-
tribution, its parameterg (or alternativelyX) and, which are civil engineering questions.
In the documentation accompanying the French seismicaggok there is almost no guid-
ance on what value to choo¥e or on the intrinsic values of and 3. The fragility curve
(or curves) should, ideally, be based on analyses of tygitattures designed using the
ECS8 regulations. Because the seismic design maps applytigoas of structures covered

by the design code, an average curve should be used thataet®snt of the variability in



the vulnerability of structures of different materialsgereinforced concrete and steel) and
geometries (e.qg. different numbers of storeys and bays).

To develop risk-targeted maps for the USA, Luco et al (2005§dufragility curves
based on analyses of typical structures designed using $#@EAStandard 7-05 (Federal
Emergency Management Agency, 2009). These analyses teditat there is roughly a
10% chance that any structure will experience partial caltobllapse as a result of its
mapped design ground motion (Luco et al, 2007). Consequknto et al (2007) used the
equivalent ofP(PGA) = 0.1. Luco et al (2007) adopted a standard deviafofor their
fragility curves of 08 and Chapter 21 of the ASCE Standard 7-10 specifie$d its site-
specific ground-motion procedures for seismic design.

EC8 does not provide nor discuss fragility curves for stites designed using this
building code. The development of such curves for the papos developing risk-targeted
ground motions requires the design of many structures ftardit levels of ground motion
as indicated by the National Annex and different geome#iebmaterials. Subsequently the
fragility of these structures could be evaluated usingdieiement codes and various levels
of shaking (e.g. Seyedi et al, 2010). To our knowledge sudtutzions have not been
made and fragility curves for EC8-designed structures matdeen published. Therefore,
we base our fragility curves on those used by Luco et al (2007)we acknowledge the
uncertainty in this choice. Because of the uncertaintylimput variables, in the following

section we undertake a number of sensitivity analyses.

3 Sensitivity tests

A series of sensitivity tests are conducted for these Freitads with increasing level of
seismic hazard: Paris (lowest zone), Lyon, Nantes, Nicg,Grenoble and Lourdes (high-
est zone in mainland France) (Figure 1), to assess the apmizdbilities of collapsey,
resulting from the hazard map currently defined in the Frévational Annex of Eurocode
8. The seismic hazard curves for the six selected citiegukahazard model of Martin et al
(2002) are displayed in Figure 2. Due to the lack of fragitityves specifically for structures
designed using Eurocode 8, various valueX @nd standard deviation of curves following
the lognormal distribution were used. The results of thesdyaes are summarized in Ta-
ble 1. From this table the sensitivity gtto the parameter¥ andf3, for the 475-year design

PGA, can be seen. This sensitivity is more clearly seen inr€ig§ wherey is plotted against



X for various values of3 and two example French cities. In the following sections mwe t
to choose appropriate values of ttesired annual probability of collapser{ based on our

calculations, the available literature and engineeriggiiaients.
[Fig. 1 about here.]
[Fig. 2 about here.]

[Fig. 3 about here.]

3.1 Fragility curves

The value of has a large effect on the fragility curves, since we are caimshg the proba-
bility of collapseX for a design PGA with a 475-year return period, which shog@ksmall
value. Table 1 shows that whehis high [e.g. 08, the value adopted by Luco et al (2007)
when constraining for a design ground motion with a retunmogeof roughly 2475 years]
andX is low the corresponding fragility curve is unrealistic cnit predicts low collapse
probabilities even for very high shaking levels (high valaé (). Based on this table and
the values of3 reported by Crowley et al (2011) for reinforced-concretidings classified
into generic classes (e.g. ‘mid-rise (4-to-7 storeys)msiially-designed’), which are around
0.5, we prefer to use.B for this parameter, in contrast toB0used by Luco et al (2007) but
relatively consistent with the.6 specified in the ASCE Standard 7-10. Even usng 0.5
the values ofu for the ‘medium’ zone are still possibly unrealisticallyghiwhenX is small.
This suggests that a high valueXf(e.g. 104) should be used. Figure 3 shows that the an-
nual probability of collapsg andX are linked (if only small changes in the design ground
motions based on a 475-year return period are desired)tsr@fore, ifX was largey would

also need to increase to a unrealistically high value (sgeseetion).

3.2 Target annual probability of collapsé,

The choice of a target annual probability of collapgejs discussed by Luco et al (2007)
for the USA. Analogous to what we have done, they computegrbieabilities of collapse
resulting from the design maps in ASCE Standard 7-05 usiagrbthodology presented

above,P(PGA) = 0.1, B = 0.8 and the current seismic hazard curves. They obtained an



average value for western USA of 1% in 50 yeafs=(2 x 10~4), which they then adopted

as the risk target nationwide. Fajfar and Dol3ek (2012) @odlet et al (2007) evaluate

the failure probabilities of code-designed structureagisivo different approaches and find
similar probabilities to that used by Luco et al (2007).

Labbé (2010) tries to estimate the annual probability #&pse in mainland France with
inputs from the French historical earthquake catalogueGBRRSN-EDF, 2011). Using
a simple approach, he computes the mean areas affectedlgriyuentensity higher than
V on the European Macroseismic Scale (EMS98) (Grunthd@120From this he deduces
the average probability of damage of grades 2 and 3 (moderatgnificant damage) using
the EMS98, which are about 16 for grade 2 and about 18 for grade 3. Partial collapse,
which is of interest here, corresponds to grade 4, and carstimated at about 16 but
caution should be used when interpreting this value beoaiute simplified methodology
of Labbé (2010).

Kennedy (2011) computes the minimum seismic core damagedrey (SCDF) achieved
at 28 nuclear power plants in the central and eastern USA wieesite specific design re-
sponse spectra for safe shutdown earthquakes are defingdtbyosthe-art approaches.
The minimum SCDF lies in the range of less thar 80~ to 0.6 x 10-% per annum with a
median of about % 10~ per annum. Based partly on the analysis of Kennedy (2014), th
target SCDF in United States Nuclear Regulatory Commis&lea?) is 10°. These values
are of a similar order to those suggested for normal buiklmglLabbé (2010) (and adopted
here, see below), even though it could be argued that theequesaces of an accident at a
nuclear reactor are much higher than that associated vathdltepse of a regular structure
and, therefore, a lower risk target should be sought foreardicilities.

Based on a review of the literature and design codes, Du(@®4) recommends that
for accidental loads the engineer should aim for a risk dfifaiof roughly 10°® per annum
but following a cost-benefit analysis and after consultatigth the relevant authorities this
could be increased up to 10 per annum. He notes, however, that the public may accept
higher risk levels for accidental loading, which cannot kficition be forecast, than for
loading, such as earthquakes, that could be expected.

Based on simple reasoning, we believe the value used fotarglkting in the USA is
much too high. For example, assuming a 1% chance in 50 yedr§ anillion buildings (a
rough number for areas within the ‘moderate’ and ‘mediunzdrd zones of France) we

would have on average 200 collapsed buildings due to eakeguper year, which seems



much too high. As a compromise between roughly“@dopted by Luco et al (2007) and
computed by Fajfar and Dolsek (2012), and Goulet et al (padd 10°° suggested by Labbé
(2010), Duckett (2004) and Kennedy (2011), we adopt 10~° for subsequent analysis.
This value also means that the fragility curves for the getbealue of3 = 0.5 do not imply

unrealistically strong buildings (i.e. the valuesiofn Table 1 are quite small).

3.3 Probability of collapse at design PGA,

The design PGAs used in Table 1 to define the fragility cunagetbeen taken from the
French seismic zoning, and are consequently based on grnootiohs computed for a 475-
year return period. Hence, we should not use the same vatu¥ s the one used by
Luco et al (2007), which is based on accelerations at arolt#¥&-year return period, but
instead we should use a lower value. After assunfing 0.5 andY = 102, Figure 3 and
Table 1 show thak must be defined as around F0if large changes in the design PGAs
(relative to 475-year accelerations) are not desired.&fbeg, X = 10> has been used here
for subsequent analyses.

Itis interesting to compare the valuesXfndy computed for mainland France and for
United States. Luco et al (2007) based their fragility caroe pseudo-spectral accelerations
(PSA) at 02s computed for a 2475-year return period &g o2 [PSA0.29)] = 0.1. Ta-
ble 2 showsX(2475y) computed for various cities in mainland France and the spoeding
y, for various values of3. Using the sam¢@ and targeting the saméas Luco et al (2007)
(Y =2x 104 andB = 0.8) leads to a lower value of(2475y) (0.018) compared to Luco
et al (2007) (01). The value that is assumed 82475y is actually arbitrary because it
simply defines which percentile of the fragility curve is fixed the seismic design code.
We assumeX = 107> for a return period of 475 years because this leads to onlypmin
modifications in the design PGAs for most locations in maidl&rance. This assumption
means that application of the design levels defined by Ed®&dfor France would lead to

buildings with very small chances of collapse when subgtieheir design loads.

3.4 Effect of using acceleration bands

Using ranges of acceleration rather than the exact PGA sdtrea 475-year return period

computed by Martin et al (2002) has a significant impact orréselts. Table 3 illustrates
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that using the upper and lower limits of the EC8 acceleralorls can change the level
of risk by one order of magnitude. Therefore, for the groomation maps associated with
future design codes, banding perhaps should not be usetiéuotiginal PGAs presented.
This is especially true if a risk-targeting approach is usedause the use of bands would

reduce some of the benefits of the method.

4 Risk-targeted seismic design maps for mainland France

The risk-targeting approach can produce risk-constamieation maps, by back-calculating
iteratively the accelerations constraining the fragifitpctions, after having fixe, Y and
B. Hence, if the annual probability of collapse computed whihtrial design acceleration is
higher than the targeted value, we have to increase therdasagleration (thereby, enforc-
ing stronger structures) and vice versa. Table 4 summatiisesesults obtained using this
iterative procedure for the six cities.

It can be noticed that the accelerations computed with fhyscach are close to those
on the current hazard map. This is what we expected becaaistoftes of the hazard curves
(see values ok in Table 1) are quite similar over the national territory d@he value ofX
was assumed such that it does not modify greatly the curesigd PGAs wheiY = 10-°
andf = 0.5. The PGAs from the risk-targeting approach are generégitsy lower than
those given on the current hazard map since they generaltgspmnd to a return period
shorter than 475 years. As an example, the seismic desigrofimaginland France derived

by targeting a risk of = 10~° with X = 10~ and3 = 0.5 is shown in Figure 4.
[Fig. 4 about here.]

Comparing Figures 1 (the current seismic zonation) and wsltloat the effect of risk-
targeting on the design PGAs is limited and the relative irembf French locations would
not greatly alter by adopting a risk-targeted approach. réltie between these two maps
is shown in Figure 5 — ASCE Standard 7-10 calls this ratio tble coefficient. Locations
of the highest hazard (e.g. Lourdes) would see their des@AsPreduced and the PGAs
in areas with the lowest hazard (e.g. Paris) would increlisesimilar procedure to that
followed in producing the current French National Anneg, tlassifying locations into a
handful of broad acceleration categories, was adopteddkitargeted maps then most of

the apparent differences between the maps shown on Figamres 4 would disappear. This
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is encouraging because it is important that the hazarddelehot change greatly from one
generation of building code to the next so that buildings dbreed significant retrofitting

and that the loading conditions used by engineers are statifee.
[Fig. 5 about here.]

k is roughly uniform across mainland France (about 4). Thimmares to 3—4 for west-
ern North America and to 1-2 for eastern North America (ellgngwood and Kinali, 2009)
and a value of 3 recommended in the French National Annex oddede 8 to modify the
PGA for a 475-year return period to a different return periblis uniformity ink between
locations in mainland France means that the effect of riglfeting on the relative rank-
ing of French cities is limited. This contrasts with the fimgl for the western and eastern
US, where the risk-targeted approach has been adopted itb auprising results when a

uniform (and long) return period is used (Luco et al, 2007).

5 Discussion

Rather than using the risk of collapse to define the acceptadh level it may be more
appropriate for countries of moderate seismicity, such aisilend France, if the risk target
is defined in terms of the probability of slight damage, faample. Because of the nature of
fragility curves and the observed distribution of eartHgudamage, targeting the risk of a
certain level of damage (e.qg. collapse) roughly impliesktarget in terms of other damage
levels too (e.g. if one building collapses, one hundred retineay suffer slight damage).
The cost of each damage level could be quantified and themthehcost of earthquake
damage computed to facilitate the choice of what risk is jpiad#e. This is similar to the
idea of Bommer et al (2005a) but less sophisticated.

As shown above, the acceptable risk target for collapse eddcketed by arguments
based on the observed rate of collapse in earthquakes armaripacisons to acceptable risks
for other industries, for example. However, the other resfuivalue for risk targeting, the
probability of collapse when a building designed to thers@slesign code is subjected to
the mapped ground motion, is a more difficult parameter tesiaim since it is associated
with the conservatism of the design code, which is almosenguantified. As also shown
above, though, if large changes in the design ground moéicmsot desired, then on¥eis
chosen (oKX is quantified) the necessary assumptionXqor choice forY) follows almost

automatically.
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For this article we have focused on providing a single gresmadion map for all types
of structures covered by the EC8 design code (e.g. reirdocoacrete and steel structures
of various geometries), which is the current approach fpressing seismic loading in the
majority of design codes. This means that for risk-targgethre fragility curves used must
be sufficiently generic to cover the vulnerability of a largage of different buildings an@
must capture this spread of vulnerabilities. This is in casttto the fragility curves used for
risk analysis of nuclear reactors, for example, whgiie quite small since it does not need
to account for the variability in response due to differeniiding types or geometries. If
future design codes adopted an approach where multiplendrmotion maps for different
types of structures were acceptable, or their design puwesdesulted in similar fragility

curves for different types of structures, then more spefr#igility curves could be used.

It also should be noted that this article is concerned wittugd-motion maps to be
used to define the earthquake loadingriew structures rather than to define the loading for
retrofitting of existing buildings or for risk assessments of such constructioriee biany
European countries a large number of buildings date frorarbgrevious French seismic
design codes and, therefore, they were not explicitly agesicagainst earthquake loading,

even if they will likely have some inherent resistance toanishaking.

6 Conclusions

In this article we have applied the risk-targeting approexcthe development of national
seismic design maps for mainland France. We find that, bytadppeasonable values for
the free input parameters, the maps produced are roughipenwith those currently in
force. Before the risk-targeting approach can be routinskd, however, it is necessary to
better constrain the free input parameters in this methopatticular, there is considerable
uncertainty in appropriate fragility curves for a suite ofldings designed according to EC8,
including the conditional probability of collapse when althing is subjected to its design
load. Furthermore, what values should be used for the kegnpeter of desired annual
probability of collapse is not simply a civil engineeringig. It should ideally involve input
from the wider community (e.g. decision makers) as to wheellef earthquake risk is

acceptable.



13

Acknowledgements We thank Evelyne Foerster and Kushan Wijesundara for uséfalissions on various
aspects of this study and Nicolas Luco and Peter Fajfar ®waring our questions on the targeted annual col-
lapse rate. This article was supported by an internal BRGdarch programme (VULNERISK/MULTIRISK

2011). We thank the anonymous reviewers for their commantmncearlier version of this article.

References

Bommer JJ, Pinho R (2006) Adapting earthquake actions indéuate 8 for performance-
based seismic design. Earthquake Engineering and Stalidynamics 35(1):39-55,
DOI 10.1002/eqe.530

Bommer JJ, Pinho R, Crowley H (2005a) Using displacemeséthaearthquake loss as-
sessment in the selection of seismic code design level®rbteedings of International
Conference on Structural Safety and Reliability (ICOSSAR), pp 3567-3574

Bommer JJ, Scherbaum F, Bungum H, Cotton F, Sabetta F, AtisdraNA (2005b) On the
use of logic trees for ground-motion prediction equationsdismic-hazard analysis. Bul-
letin of the Seismological Society of America 95(2):37793B0OI 10.1785/0120040073

BRGM-IRSN-EDF (2011) SisFrance : Histoire et caractéyists des séismes ressentis en
France. On Internet at www.sisfrance.net/

Cornell CA (1968) Engineering seismic risk analysis. Biiti®f the Seismological Society
of America 58(5):1583-1606

Crowley H, Colombi M, Silva V, Ahmad N, Fardis M, Tsionis G, gdlia A, Taucer F,
Hancilar U, Yakut A, Erberik MA (2011) D3.1 — Fragility funicins for common RC
building types in Europe. Tech. rep., Systemic Seismic ®ftdbility and Risk Analysis
for Buildings, Lifeline Networks and Infrastructures Sgf&ain (SYNER-G), Project of
the EC Framework Programme 7

Duckett W (2004) Risk analysis and the acceptable prothalmfi failure. In: Henderson
Colloquium (British Group of the International Associatifor Bridge and Structural
Engineering)

Ellingwood BR, Kinali K (2009) Quantifying and communiaagi uncertainty in seismic
risk assessment. Structural Safety 31:179-187, DOI 16/lL6ttusafe.2008.06.001

Fajfar P, Dolsek M (2012) A practice-oriented estimatidthe failure probability of build-
ing structures. Earthquake Engineering and Structuralabyos 41(3):531-547, DOI
10.1002/eqe.1143



14

Federal Emergency Management Agency (2009) Quantificafitmilding seismic perfor-
mance factors. Tech. Rep. FEMA P695, prepared by Applietirfi@ogy Council

Goulet CA, Haselton CB, Mitrani-Reiser J, Beck JL, Deietl&G, Porter KA, Stewart JP
(2007) Evaluation of the seismic performance of a codearomihg reinforced-concrete
frame building — from seismic hazard to collapse safety antemic losses. Earthquake
Engineering and Structural Dynamics 36:1973-1997, DO10@R/eqe.694

Grunthal G (2001) European Macroseismic Scale 1998, vaCafiers du Centre Européen
de Géodynamique et de Séismologie, Luxembourg

Hadjian AH (2002) A general framework for risk-consistertssnic design. Earthquake
Engineering and Structural Dynamics 31:601-626, DOI 10R1€ge.145

International Code Council, Inc (2012) 2012 InternatioBalilding Code. International
Code Council, Inc., USA

Kennedy RP (2011) Performance-goal based (risk informpgjcach for establishing the
SSE site specific response spectrum for future nuclear polaets. Nuclear Engineering
and Design 241:648-656, DOI 10.1016/j.nucengdes.201M@8

Konno T (2003) A developing risk-informed design basis feguake ground motion
methodology. In: Transactions of the 17th Internationahf€oence on Structural Me-
chanics in Reactor Technology (SMIRT 17), Paper #K11-1

Kulkarni RB, Youngs RR, Coppersmith KJ (1984) Assessmertooffidence intervals for
results of seismic hazard analysis. In: Proceedings oft&igforld Conference on Earth-
guake Engineering, vol 1, pp 263-270

Labbé PB (2010) PSHA outputs versus historical seismigigample of France. In: Pro-
ceedings of Fourteenth European Conference on Earthquakiadering

LeBrun B, Imbault M, Mouroux P (2004) Participation du BRGM sous groupe zonage
sismique du GEPP: Activite 2003-2004. Rapport intermigeiBRGM/RP-52970-FR,
BRGM, France, in French

Luco N (2009) Preparation of new seismic design maps fordmgl codes. In: 2009
COSMOS Technical Sesssion

Luco N, Ellingwood BR, Hamburger RO, Hooper JD, Kimball JKirdher CA (2007)
Risk-targeted versus current seismic design maps for théegoinous United States.
In: SEAOC 2007 Convention Proceedings

Martin C, Combes P, R S, Lignon G, Fioravanti A, Carbon D, M®@y Grellet B (2002)
Revision du zonage sismique de la France: Etude probabillgich. Rep. Rapport de



15

Phase 3, GEO-TER, France, report GTR/MATE/0701-150, Adfab. 1601, in French

McGuire RK (1976) FORTRAN computer program for seismic rahalysis. Open-File
Report 76-67, United States Department of the Interior Ggioll Survey

Ministere de IEcologie, de I[Energie, du Développement durable et de '’Aménagement
du territoire (2005) Aléa sismique de la France. Poster amd Internet at:
www.planseisme.fr/La-nouvelle-carte-d-alea-sismilyumal

Seyedi DM, Gehl P, Douglas J, Davenne L, Mezher N, Ghavam{@08)) Development of
seismic fragility surfaces for reinforced concrete builg by means of nonlinear time-
history analysis. Earthquake Engineering and Structugadanics 39(1):91-108, DOI
10.1002/ege.939

United States Nuclear Regulatory Commission (2007) A perémce-based approach to

define the site-specific earthquake ground motion. Tech. R2p8



16

Table 1 Annual probability of collapse of structureg,based on the hazard map defined in the French National Arfie<®. 8 is the standard deviation of the lognormal
fragility curves used ani is the probability of collapse for the design PG4, given as the range of PGA indicated on the map. PGA (GEO-TERJIs the PGA extracted
from Martin et al (2002), whereas PGA (recalculated) is thli@ recalculated for this study.andky are the shape parameter (slope) and constant, respectit/éye hazard
curve when plotted on a log-log graph (e.g. Ellingwood andakj 2009).u is the PGA corresponding to a probability abOof collapse for the fragility CurV@sge for the

considered zone. The valuesygPGA(recalculatey] andX in the column ‘Average for France’ are the mean values fooalitions in a grid covering mainland France.

Average for France Paris Lyon Nantes Nice Grenoble Lourdes PagR PagR

Zone very low low moderate moderate medium medium| verylow  medium

agr (m/s?) <07 0.7-11 11-16 11-16 16-30 16-30 <0.7 16-30

PGA (GEO-TER 2002) (&%) 0.45 1.06 1.16 1.49 1.73 2.22

PGA (recalculated) (ne) 0.35 1.03 1.18 1.46 2.17 2.74

k 4.8 4.7 4.4 4.0 3.8 4.1

ko x 10° 1.8 15.4 15.2 20.6 65.6 184.0

y[PGA(recalculateg] B X y[PGA(recalculateg] u u

104 0.4 40x10°° 57x10°° 11x10* 34x10° 7.2x10°° 7.6x10°° 14x10* 1.9 7.8

" 0.5 30x10°* 53x10°° 11x10°* 3.6x10°° 7.4%x10°° 7.8x10°° 14x10* 2.2 89

" 0.6 9.0x10°* 49%x10°° 12x107* 3.8x10° 7.7x10°° 8.0x10°° 1.5x10* 2.6 104
0.8 25x10°8 45x10°° 12x10* 4.4x10°5 8.6x10°° 8.6x10°° 17x10* 38 151
1 3.4x10°3 41x10°5 12x10*% 48x105 91x10°% 87x10° 18x10* | 6.0 240

10°° 0.3 50x 10713 7.9%x10°° 9.1x10°© 19%x10°° 49x10° 3.1x10° 48x10°° 33 132

" 0.4 80x10°° 7.5%x10°° 9.5%x10°° 21x10°° 53x10°° 41x10°° 6.6x10°° 3.8 153
0.5 7.0x10°7 7.0x10°° 9.9x10°© 24x10°© 57x10°° 50x10°° 8.4x10° 4.5 179
0.6 80x 106 66x10°% 10x10° 28x10°% 62x10°® 59x10% 10x10° | 53 213
0.8 80x10° | 57x10°® 11x10° 35x10°® 73x10°% 73x10° 14x10° | 82 328

" 1 2.0x10°* 49x10°° 12x10°° 41x10°6 8.1x10°° 8.0x10°° 1.6x10°° 138 552

10 0.2 40x10%8 | 1.0x108 73x107 7.0x10® 21x107 32x10® 47x10°8 | 52 209
0.3 20x101° | 11x10% 71x107 30x10% 92x10® 12x10° 17x10° | 58 234

" 0.4 80x 10713 9.5%x 1077 7.9x10°7 11x10°7 3.1x10°7 1.2x1077 1.7x10°7 6.8 270

" 0.5 10x10°° 9.1x10°7 8.7x1077 15%x 1077 4.0x10°7 23x10°7 3.6x10°7 8.0 321

" 0.6 40x10°8 8.0x 1077 8.9x10°7 1.8x 1077 45%x10°7 3.2x10°7 53x 1077 100 401
0.8 18x10°® 70x107  10x10% 26x107 59x107 54x107 94x107 | 163 651
1 9.0x10°6 59x107 11x10% 34x107 70x107 68x107 13x10° | 291 1166




Table 2 Annual probability of collapse of structureg,based on PGA computed for a 2475-year return period usingrtizurves computed by Martin et al (2002).

Average for France Paris Lyon Nantes Nice Grenoble Lourdes
PGA(2475y) (M) 0.7 1.8 2.0 2.5 3.7 4.4
y[PGA(2475y)] B X(2475y) y[PGA(2475y)]

35x10* 0.8 0.100 x10* 26x10% 25x10% 27x10% 25x10% 32x10*
20x10* 0.8 0.018 0x10° 39x10° 39x10°% 40x10° 37x10° 42x10°
10°° 0.4 50x107 26x10°% 52x107 47x107 42x107 14x107 53x10°8

” 0.5 13x10° 26x10% 67x107 62x107 60x107 31x107 17x1077

” 0.6 70x10° 25x10% 82x107 77x107 76x107 51x107 34x1077

” 0.8 35x10% 24x10% 12x10% 12x10°% 12x10% 98x107 86x1077

LT
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Table 3 Influence of the use of ranges of acceleration instead oft exedige for 475-year return period. The first part of this éabhows the three acceleration levels used for

constraining the fragility curve in jis?: lower limit of the interval, exact value and upper limit.@&econd part showscomputed from these three acceleration levéls: 10-°
andf = 0.5 have been used.

Paris Lyon Nantes Nice Grenoble Lourdes Average (France)
agr (lower limit)  none 0.7 1.1 1.1 1.6 1.6
Exact 0.35 1.03 1.18 1.46 2.17 2.74 0.95
agr (upper limit) 0.7 11 1.6 1.6 3.0 3.0
y
agr (lower limit)  none 9x106 24x10% 57x10°% 50x10°® 84x10°% 10x10°
Exact 11x10°° 21x10% 18x10°% 17x10°® 11x10% 49x107 69x10°

r (upper limit)  10x106 16x106 44x107 11x10% 18x107 28x107 15x10°
g




Table 4 Accelerations adjusted iteratively to obtain= 105 with X = 10~% and 8 = 0.5. The accelerations from the French zoning map and the exaeierations for a

475-year return period hazard are also given for comparisthaccelerations are expressed ir/sh Also given are the return periods corresponding to thesigdéGAs.

Paris Lyon Nantes Nice Grenoble Lourdes
agr (lower limit) none 0.7 1.1 1.1 1.6 1.6
Exact 0.35 1.03 1.18 1.46 217 2.74
agr (upper limit) 0.7 1.1 1.6 1.6 3.0 3.0
PGA 047 092 1.02 126 181 2.04
Return period (years) 911 343 320 310 294 198

6T
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Fig. 1 French National Seismic Hazard Map (Ministere décblogie, de [Energie, du Développement
durable et de I’'Aménagement du territoire, 2005) and tleations of the six cities chosen for this study.
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Fig. 4 Seismic design map for mainland France derived by targetinigk of collapse off = 10> with
X =10"5andB =0.5.
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Fig. 5 Map of risk coefficients (as named by the ASCE Standard 7-&€ihedd by ratio of map shown in
Figures 4 to current seismic zonation shown in Figure 1.



