Nat. Hazards Earth Syst. Sci., 12, 5526 2012 -K
www.nat-hazards-earth-syst-sci.net/12/511/2012/ Natural Hazards
doi:10.5194/nhess-12-511-2012 and Earth

© Author(s) 2012. CC Attribution 3.0 License. System Sciences

B

Comparison between seismic and domestic risk in moderate seismic
hazard prone region: the Grenoble City (France) test site

F. Dunand! and P. GuegueR

1GEOTER, Ble Geoenvironnement, 2 rue Jean Monnet, 34830 Clapiers, France
2|STerre, Universite Joseph Fourier — Grenoble 1, CNRS, IFSTTAR, BP 53, 38041 Grenoble Cedex 9, France

Correspondence td?. Gueguen (pgueg@obs.ujf-grenoble.fr)
Received: 26 April 2011 — Revised: 28 October 2011 — Accepted: 10 January 2012 — Published: 29 February 2012

Abstract. France has a moderate level of seismic activity, risk due to its voluntary nature. (2) involuntary risk, i.e. the
characterized by diffuse seismicity, sometimes experiencingisk suffered by the population or a company and not chosen
earthquakes of a magnitude of more than 5 in the most activéreely (e.g. exposure to an earthquake or fire). For this type
zones. In this seismicity context, Grenoble is a city of major of risk, the level of acceptability is low, since it is often per-
economic and social importance. However, earthquakes beceived as being inevitable. Public authorities responsible for
ing rare, public authorities and the decision makers are onlypublic safety make rules to reduce the levels of both volun-
vaguely committed to reducing seismic risk: return periodstary and involuntary risks. They rely on precise knowledge
are long and local policy makers do not have much informa-of the risk levels to enable the risk reduction schemes avail-
tion available. Over the past 25yr, a large number of studiesable (from an economic or legislation point of view) to be
have been conducted to improve our knowledge of seismidriggered.

hazard in this region. One of the decision-making concerns Certain industries (e.g. nuclear, chemical, etc.) have had
of Grenoble’s public authorities, as managers of a large numio define risk acceptability levels using the ALARP (As Low
ber of public buildings, is to know not only the seismic-prone As Reasonably Practicable) approach, which is based on rep-
regions, the variability of seismic hazard due to site effectsresenting the seriousness of consequences in three areas ac-
and the city’s overall vulnerability, but also the level of seis- cording to their probability (Figl):

mic risk and exposure for the entire city, also compared to

other natural or/and domestic hazards. Our seismic risk anal- 1. Area 1, where the risk is considered unacceptable be-
ysis uses a probabilistic approach for regional and local haz-  cause its frequency is too high or its consequences are
ards and the vulnerability assessment of buildings. Its appli- ~ too great. Immediate action must be taken to reduce the
cability to Grenoble offers the advantage of being based on  risk;

knowledge acquired by previous projects conducted over the
years. This paper aims to compare the level of seismic risk <
with that of other risks and to introduce the notion of risk

acceptability in order to offer guidance in the management 3 area 2 is an intermediary area, where risk is considered

Area 3, where the risk is no longer perceived and is con-
sidered to be acceptable;

of seismic risk. This notion of acceptability, which is now to be tolerable. Actions may be taken and justified ac-
part of seismic risk consideration for existing buildings in cording to their efficiency and cost.

Switzerland, is relevant in moderately seismic-prone coun-

tries like France. The notion of acceptability is difficult to interpret and

comes up against various legal considerations that are not
discussed in this article. However, the ALARP approach is
1 Introduction of interest in processing events whose probability of occur-
rence is not high, which is the case of countries exposed to
In the summary of risk levels for different dangers proposeda moderate level of seismic activity. For example, Switzer-
by Breysse 2009, two types of risk are identified: (1) vol- land is a country of moderate seismicity, and the verifica-
untary risk, i.e. the risk taken voluntarily by a person in or- tion of the earthquake engineering safety of existing build-
der to obtain a certain benefit (e.g. parachuting or helicopteings S1A2018 2004 takes into account the notion of risk
flight). The level of acceptability may be high for this type of according to the ALARP principle when assessing the need
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1.0800 Daily life risk Moderate risk Major risk a St.rong econo.mic impaCt on the reg_ion' and a large POP-
O S NSRS PSS ulation (approximately 300000 inhabitants). The Northern
' Alps, where Grenoble is located, has recently experienced
S =72 e 1 moderate earthquakes, some of which (Annedy, = 4.8
2 |4 0E03 15 July 1996) caused slight damage. In the national EC8
E annex, the seismic level of this region is part of the high-
e 1.0E-04 est hazard zones (Zone 1V) with acceleratigr=0.16 g for
T [1.08-05 475 yr of return period.
E 1 0E-06 Numerous studies have been carried out in Grenoble over
' the past 25 yr to improve our knowledge of the seismic risks
1.0E-07 in this region. They have observed the seismicity of the Alps
el LS and the Grenoble area by setting up a seismological surveil-
:ZE ZZ Acceptable TSk lance network@Guyoton et al.199Q Thouvenot et a).2003,

N defining homogenous seismotectonic zones for the seismic
zoning of FranceNlartin et al, 2002, adjusting according
to the various studies conducted by GEOTER in France since
Fig. 1. Representation of the As Low As Reasonably Practicable2002. Other studies have observed, analyzed and identified
approach (after Bress2009. the areas of the city with major site effectseprun et al.
2001 Cornou et al.2003 Gueguen et al2007a Pequegnat
to reinforce the earthquake resistance of buildings. Usinget al, 2008, characterized also of the urban environment and
an analysis with three levels of increasing accuracy, this apestimated of the physical vulnerability of the constructions
proach enables (1) identification of the buildings in need of(Gueguen et 312007k and the study of human behavior and
risk reduction actions and (2) the prioritization of the actions the social vulnerability of GrenobléSueguen et al2009.
to be implemented. It also enables the various risks (naturafhe method used in this article is based on a probabilistic
or domestic) to be positioned on a single scale and comparedisk assessment and qualification approach. First, hazard is
even if the acceptability limit remains difficult to determine assessed according to a probabilistic approach, which gives a
since it varies depending on the voluntary or involuntary na-hazard curve integrating local site effects. Then, the vulner-
ture of the risk in question; reasoned policy decisions canability of the buildings will be analyzed, giving vulnerabil-
thus be taken to reduce overall risk. In zones exposed to nafty functions and fragility curves. Finally, a probabilistic risk
ural disasters, this approach also enables the associated riskglculation will be proposed integrating hazard, vulnerability
to be compared and offers guidance for the investment fundand certain loss aspects. The level of seismic risk obtained
available. will then be compared to the level of other risks, particularly
In France, this exercise is difficult because of the moderatelomestic risks (e.g. car accidents, sport accidents, etc.), and
seismicity level and also because there are no specific Frendo conclude, the notion of risk acceptability will be discussed.
regulations concerning the consideration of risk acceptabil-
ity. It is estimated, using a Guttenberg-Richter type seismic-
ity model, that on average a quake of a magnitude greatep Seismic hazard evaluation
than 5 can be expected every 30yr, and a quake of 6+ mag-
nitude every 300yr. A contemporary earthquake occurred?.1 Regional hazard
in Lambesc in 1909, estimated magnitude 6, causing around
forty casualties. However, earthquakes are rare. France’&renoble is in the Northern Alps, on the external border of
seismic risk prevention policy can be seen from two pointsthe alpine mountain range. The region observes intense seis-
of view: either the commitment of the public authorities re- mic activity and has experienced a number of major, historic
garding the reduction of seismic risk fails to meet the ex-earthquakesThouvenot et a).2003. The seismicity here
pected risk, or greater natural or domestic risks exist and théncludes (Fig2) an active fault along the Belledonne moun-
commitment of the public authorities is equal to or greatertain range. This fault causes seismic activity very close to
than the acceptable level. If we can determine the real situaGrenoble, with magnitudes of 3 and more, felt locally by the
tion, we can provide policy makers with information to help population and occasionally causing disorder. Major earth-
them to define adequate prevention policies. quakes have also occurred along this same line, including the
This paper proposes an analysis of seismic risk usinghistoric earthquake of 1962 (Correncdfi =5.3), Faverges
a probabilistic approach, including regional and local haz-in 1980 (M| = 4.7), and Grand Bornand in 1994( =
ards, and the vulnerability assessment of buildings. In the5.1). Around Grenoble, historic data from the SISFRANCE
French seismic context, Grenoble is a city of major eco-databasehttp://www.sisfrance.nétivere analyzed by.ev-
nomic and social importance, being home to a number ofret et al.(1994 1996. Intensities are given in MSK intensity
sensitive industries (chemical, nuclear, etc.), companies witf{Medvedev et a).1965. Around fifty historic events were

Seriousness (casualties)
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Table 1. List of historical earthquakes having produced macro-
seismic intensities over V Northern Alps region in the Grenoble dis-
trict (Io: epicentral intensity/: macroseismic intensity in Greno-
ble; Gr: Council of Grenoble; Swz: Switzerland; It: Italy, Fr:
France (Sourcenttp://www.sisfrance.net/

Date Region I 1

25 April 1963 Monteynard (Fr) VIl \%

25 April 1962 Correncon (Gr) Vi=vill - VI=Vil
30 May 1946 Chalais (Swz) Vi \Y

25 January 1946 Chalais (Swz) Vi=vilE v
18 July 1938 Guillestre (Fr) VI-VII \%

23 February 1887 Imperia-Bussana (It) X \
27 November 1884  Guillestre (Fr) Vil \Y,
10 December 1882  Belledonne (Gr) \% \%

5 August 1881 Belledonne (Gr) VI V-VI
22 July 1881 Belledonne (Gr) Vil \%

25 July 1855 Visp (Swz) IX \%

3 April 1839 Domene (Gr) VI \%

19 February 1822  Bugey (Fr) VIV V=V
15 October 1784 Aix-les-Bains (Gr) VI-VII \%

15 July 1782 Uriage (Gr) \ \Y

2.2 Probabilistic hazard curve

The aim of the intensity approach followed in this paper is
to reduce the uncertainties in the probabilistic hazard as-
sessment due to the conversion relationships between inten-
sity/magnitude or intensity/acceleration. Moreovégedu-

val et al, 2008 showed that existing methods focusing on
testing modeled earthquake occurrences (in magnitude and
space) against ground motion observations remain essential,
especially for moderately seismic- prone regions. Moreover,

Fig. 2. Map of Grenoble and the main epicenters localized by thein order to estimate the seismic risk, no recent major earth-
regional seismic network SISMALP (aft&@houvenot et a).2003.

guakes occurred in this region; the only data compiled for
the seismic hazard analysis developed here was found in the

located around Grenoble. The depths considered correspondacroseismic database SISFRANCE. Since most of the em-
to average depths of the source zones to which they are apirical methods for assessing seismic vulnerability and dam-
tached, as defined by the probabilistic zoning of France (Mar-age are given for macroseismic intensities, as was the case
tin et al., 2002). The earthquakes produced intensities ofor Grenoble Gueguen et al.20071, the seismic hazard
less than V, except for the Gresivaudan earthquake on 7 Jarassessment is provided in intensity in this paper. In order
uary 1851 (V-VI in Grenoble, 5km NW of Grenoble), the to take into account the epistemic uncertainties related to
Correngon earthquake on 25 April 1962 (about 20 km NWthe zonings, two alternative seismotectonic models are used:
of Grenoble) with an epicentral intensity of VII-VIIl and the (1) general zoning of FranceM@rtin et al, 2002, based
Voreppe earthquake on 12 January 1754 (epicentral intenen a simplification of the basic French 52-zone model, pro-
sity VI-VII, 20 km NNW of Grenoble). Other more distant duced for the probabilistic seismic hazard study for France
but strong intensity quakes have been included in this study(Fig. 3a); (2) a second zoning (Figb), called GEOTER
characterizing the level of seismicity of the Northern Alps (Martin et al, 2008, adjusted to the most recent studies of
region to which Grenoble belongs. Table 1 gives the list ofthe Northern Alps, enabling the contours of certain areas to
major historic events of an intensity of more than V within be defined more accurately. It is also based on the analysis

the study area.

www.nat-hazards-earth-syst-sci.net/12/511/2012/

and integration of more recent data and studies (PALEOIS
European project: Evaluation of the potential for large earth-
quakes in regions of present-day low seismic activity in Eu-
rope, SAFE (Slow Active Faults in Europe), GEOFRANCE
3D, ENTEC (Environmental Tectonics, The Northern Alpine

Nat. Hazards Earth Syst. Sci., 12, 5846, 2012
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Fig. 3. Seismic zoning of the Grenoble regiGh) extracted from the national probabilistic seismic hazard assessmentMaain(et al,
2002 and(B) modified using regional tectonic information by Martin et 2008.

Foreland Natural Laboratory). The zones mainly identify thewhole of France. For intensity IX, the date 1300 was used
boundaries of the geological units considered as being hoin order to take the Basel/Mulhouse (Northern Alps zone)
mogenous in terms of the current constraints field, of the ex-earthquake into account in the adjustments. The model used
pression of recent deformation, and mostly limited by majorto define seismicity distribution is a Gutenberg-Richter type
tectonic accidents. Table 2 shows the input data used for thef Poisson’s model, giving the annual rate of occurrence for
GEOTER zoning probabilistic calculation. For each zone,each intensity. The calculation of the adjustment parameters
the date and intensity are indicated for the strongest hisfor the Gutenberg-Richter curves uses Weichert's maximum
toric earthquakes listed in the SISFRANCE database and thékelihood method Yeichert 1980, well-suited to the vari-
source parameters (Intensfiyyminimal and maximal macro- able completeness periods and enabling quantification of the
seismic intensity, depth corresponding to minimal and max-uncertainties associated with the adjusted parameters. For
imal intensity). For the Grenoble zone, earthquakes with armost of the zones, the seismicity samples suffice to calcu-
epicentral intensity between 5 and 8 at depths between 3 anldite the zones’ seismic parameters. If not, several zones

15km are taken into account. are grouped together to enable the adjustment. The calcu-
lated gradient is then set for the grouped zones, while the
2.2.1 Seismicity model rate of activity is divided proportionally to the zones’ sur-

face areas. For the statistical calculation of the Guttenberg-
The seismic parameter calculation of the distribution IaWSRichter’S law seismic parameters a and b, intensity intervals
takes completeness periods into consideration. These perps 0.5 are used. For each source zone, Grenoble’s complete-
ods are defined using two methods, the first being the Steppess periods are used, corresponding to the large geographic
method Gtepp 1972 and the second corresponding to @ zone to which the seismic zone is attached, i.e. the Alps. The
histogram analysis of the number of earthquakes per timemjnimal intensity for the adjustment calculation/jgn = IV.
window for each level of intensityMartin et al, 2008. The  adjustment of the distribution laws based on this threshold
completeness periods used for the Grenoble region for eacBnaples integration of the largest possible seismicity sample
intensity are: 1920 (IV-V), 1880 (V-VI), 1830 (VI-VIl), and thus compensates for the small size of the source zones
1800 (VII-VIll), 1500 (VIII-IX) and 1300 (IX-X). In the  and lack of data. If the adjustments obtained are not satisfac-
Alpine region, it is always pOSSibIe to define CompleteneSStory’ other minimal intensity values are usdmiﬁ =IV-V,V,
periods, except for intensities VIl and IX, because of the \v_v| or vI). These minimal intensities are independent of

small number of earthquakes. For these levels of intensitythe minimal intensities used for the seismic hazard calcula-
the periods used were obtained from the full catalogue for the

Nat. Hazards Earth Syst. Sci., 12, 511526, 2012 www.nat-hazards-earth-syst-sci.net/12/511/2012/
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Table 2. Parameters of the seismic zones used for the probabilistic assessment in the Grenoble zone (GTR57) with the GEOTER zoning
(Martin et al, 2008. Code: code of the zone, MHE: Major Historical Earthquake of the zone; SP: Source parameters; Date: date of the
MHE; Io = Epicentral intensity of the MHE; Loc-Int: quality of the historical information for the location and the intensity of the MHE (A:

high quality; K: very low quality);/;: Minimal macroseismic intensity of the zong;: Maximal intensity of the zone#;/a: Minimal and

maximal depth of the seismic source in the zone. Intensities are given in MSK scale.

Code MHE SP
XX Date Ip Loc/int I; I, Hla
GTR31 11 Jun 1909 VII-IX AIA V IX 3-16
GTR32 18 Nov 1769 VI DB V VI-VIl 3-16
20 Jul 1564 DC
GTR36 18Jan 1618 VIl pC VvV  VII-IX 5-15
15 Feb 1644 qc
12 Dec 1855 ZB
GTR37 28 Jun 1950 VI-VIl AK V VIl 5-15
23Jan 1773 A
GTR38 19 Jul 1873 VII-VII AA V Vil 3-10
8 Aug 1873 AB
GTR42 29Dec 1854 VII-VII BC V VI 5-15
GTR43 23 Feb 1887 IX X V IX—=X  5-15
GTR44 7 Apr 1966 VI-VII AA V VIl 5-15
GTR45 30 May 1905 VI BB V VI-VIl  5-15
GTR46 25 May 1901 VI BB V VI-VIl  5-15
GTR47 12Sep 1785  VII-VII DcC Vv VIl 5-15
GTR48 19 May 1866 VII-VIII gK Vv VIl 3-8
GTR49 18 Oct 1833 Vi DB V VI-VIl 5-15
GTR57 19Feb 1822  VII-VIII BB V Vil 3-15
25 Apr 1962 AA
GTR58 18 Feb 1889 VI-VII DBV Vil 5-15
GTR59 29Jun 1477  VII-VII @B V Vil 5-15
GTR60 9 Sep 1879 \! m Vv VI-vil  3-15
GTR61 17 Aug 1846 VI DB V VI-VIl 3-15
21 Jun 1971 AA
GTR62 24 Jun 1878 \! BB V VI-VvIl  5-15
GTR63 27 Jan 1881 Vil pC Vo VIV 3-8
11 Mar 1817 DA
GTR64 22 Jul 1881 VIl gB VvV VI-VIl 5-15
13 Aug 1905 @B
25 Apr 1963 AA
GTR65 25 Jul 1855 IX BA V IX-X 5-15
GTR70 5 Apr1959 VII-VIIl BB V Vil 5-15
GTR71 29 Apr1905 VII-VIII BB V VIl 3-8

www.nat-hazards-earth-syst-sci.net/12/511/2012/ Nat. Hazards Earth Syst. Sci., 12, 58462012
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Epistemic Uncertainties Epistemic Uncertainties
Seismo-tectonic zoning Ground Motion Prediction | Guttenberg-Richter’s parameter
Equation in Intensity (a,b), and Mmax
Regional linear model |_ 100 random run on
(W=0.5) a,b,Mmax
GEOTER Zoning
(W=0.5)
Regional non-linear - 100 random run on
model (W=0.5) a,b,Mmax
Probabilistic logic
tree
Regional linear model - 100 random run on
(W=0.5) a,b,Mmax
MEDD Zoning
(W=0.5)
Regional non-linear - 100 random run on
model (W=0.5) a,b,Mmax

Fig. 4. Logic tree of the probabilistic hazard assessment method used for assessing and accounting for the uncertaiMusifedteal,
2008.

tions. The annual activity rate values for each source zone argype model (Eq. 1) and a non-linear type model (Eq. 2) for
therefore systematically reduced to the minimal intensity ofthe Alps region:

the seismic hazard calculation. Generally speaking, in eac _ _ _
source zone of the two zonings, a series of adjustments jdo— I =—0.3209-0.019Repi+ 1.6938log o Rep) 1)

applied according to different intensity intervals and differ- wheres =0.91.

ent minimal intensities. The best adjustment is chosen on the ORI
basis of the following criteria: Al =Iy—1=34logy (%)
— Calculation ofz andb Guttenberg-Richter’'s parameters
and associated standard deviations. The adjustments re- 3.410 %log; (e) ( /Rgpi—i— 11722 — 1]_72) (2)

sulting in the smallest standard deviations are preferred.
wheree means the Neper’s constant (2.718) and 1.04. In

— The gradient of the adjustment must remain within the both equations] and/y are the macroseismic and epicentral
range 0.25-0.75. intensities, respectivelyRepi the epicentral distance and

— The adjustment between the distribution law and thethe standard deviation.

seismicity data must be satisfactory. 223 Probabilistic calculation

Finally, adjustment coherency is checked to make sure that o L .
the annual activity rates per intensity interval cumulated for | N€ Probabilistic seismic hazard (PSHA) is calculated by fol-

all sources coincide with the catalogue rates for the study©Wind the branches of a logical decision tree, as proposed by
Bommer et al. 2005, to take uncertainty into account. All

the branches of the logic tree in Fig.are tested for each

2.2.2 Empirical macroseismic intensity prediction of the 100 random parameter combinations at each point
model of the grid. In all, 400 simulations were carried out, each

one resulting in a hazard calculation. Each calculation con-
Arracoucau et al.2006 defined an overall attenuation model sisted in determining the annual exceedance probability of
for the whole of France based on points in time from the SIS-a series of intensities and providing a hazard curve. Taking
FRANCE database (sample of 1000 points in time). Consid-nto account the weightings of the logic tree branches, sta-
ering all the data, the sample includes a larger number of lowtistical processing enables the results and their distribution
intensities and there is a risk of influencing the attenuationto be expressed as three hazard curves, associated with me-
model because of the greater weighting associated with lowdian, 15 %, and 85 % percentiles of annual probability distri-
intensities. The model was adjusted to the data using théutions. Exploitation of the hazard curves at each point of
least-squares method. Several sensitivity tests were carrietthe grid enables definition of the intensities associated with
out (Martin et al, 2008, not described here, to enable verifi- a return period by interpolating the values on the hazard in-
cation of this adjustment. They led to the proposal of a lineartensity curves. Similarly, the results and their distribution

zone.
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9 Fig. 6. (A): Amplified frequency between 1 and 15Hz observed
in the Grenoble district by the H/V spectral ratio using seismic
noise. The black lines correspond to the boundaries between the

Fig. 5. Hazard curve in intensity for the Grenoble district given the gravel/sandy sediment and the silt/clayed sediments, both having

annual probability of exceedance of EMS98 intensity. been brought by the flooding of the Drac (West) and the Isere (East)

rivers. (B): Rough ECS8 classification of the two zones in the district

of Grenoble following the amplified frequency map (Zone 1: class
are expressed by the median and 15 % and 85 % percentilg with A7 =0.7; Zone 2: class C witih] = 1.5— AT is the incre-

statistical values. For applying the vulnerability methods de-ment of intensity depending on the soil classification and following
fined using the European Macroseismic Scale 98 (EMS98Astorza and Monje1991).

Grunthal and Levre2001) for intensity, the PSHA curve are

converted from MSK (SISFRANCE catalog) to EMS98, as

proposed by Musson et aR@10 who assume a direct equiv- distinguished (Fig6a) (1) in the West and South-east with
alence. Thus, Figs shows that the return periods of macro- frequencies over 6 Hz corresponding to gravel fills, (2) in the
seismic intensity VI (beginning of damage) is around30 centre and in the East of the city with frequencies of around
and 104 for intensity VIII. These values are relatively sim- 1-5Hz corresponding to high clay fills (sometimes includ-
ilar to those proposed by the magnitude methods. In Grenoing peat) and which generate major site effects because of
ble, intensity having annual probability of 0.002 (475 of re- @ strong impedance contrast. This paper proposes to define

6.5-8.0
5.0-6.5
3.0-5.0
1.0-3.0

Annual probability of exceedance

1,0E-05

[ JoYoyox J

1,0E-06

4 5 6 7
Intensity EMS 98

[}

turn period) is VII-VIII. the limits of the zones approximately according to HVSRN
measurements. This gives two large zones (6lg: zone 1
2.3 Local hazard comprising type B soils (sand and gravel) and zone 2 with

type C soils (silt and clay), according to the EC8 classifica-
Grenoble lies in a Y-shaped sediment basin, which has extion. The correlation coefficients of macroseismic intensities
perienced several fill periodsN{coud et al, 2009. The  are then taken fromstorza and Monj¢1991), choosing av-
thick filling causes considerable amplification of the seismicerage values: for zone 1, the hazard calculated for rock site,
ground motion [ebrun et al.2001) (Gueguen et al2007)  and expressed in macroseismic intensity, will be incremented
(Pequegnat et al2008 within a frequency range of 0.3Hz by 0.7; for zone 2, the calculated hazard will be incremented
to 10 Hz. Seismic ground motion also varies due to the lashy 1.5. These weighted intensities will then be assigned to

few meters of fill which, according to Lebrun et &001)  each urban area, since this is the geographic unit of interest.
and Gueguen et al20078, produce amplifications in the

highest frequencies (3—10 Hz). This frequency range affects

Grenoble’s buildings since most have a resonance frequencg Seismic vulnerability assessment

within this same rangda-arsi and Bard2004 Michel et al,

2010, causing a situation in which damage can also be am-The first signs of habitation of the Grenoble area date back to

plified (e.g.Anderson et a).1986 Gueguen et /1998. 450 BC, but the town really started to develop in the sixteenth
Some authors propose intensity increments according t@entury, growing in a number of stagdzafent1982. Prior

the type of terrain (e.gMevedev et al.1962 Astorza and to the nineteenth century, the city’s walls limited the devel-

Monje, 1991). There is no formal microzoning of the opment and urbanization of the surrounding basin. Around

Grenoble valley; however, measurements based on seist850, the population increased and the city spread beyond the

mic background noise (the HVSRN background noise H/V walls, which were destroyed in about 1910. With the city’s

method) enable identification of the zones with variableindustrialization, a new urbanization phase began towards the

amplifications, which may be related to the most superficialwest and south. So-called expansion suburbs developed to

formations in particular (e.gGueguen et al.2000. Using  the south, and these suburbs continued to grow until about

this method and the sedimentary fill analysis, fills can bel1945. During this period, the use of reinforced concrete

www.nat-hazards-earth-syst-sci.net/12/511/2012/ Nat. Hazards Earth Syst. Sci., 12, 5846 2012



518 F. Dunand and P. Gueguen: The Grenoble City test site

started to become widespread, assisting the 1945-1970 pe
riod with the largest urban expansion ever experienced by the
city, particularly in the southern suburbs. A previous study
(Gueguen et al20071 identified the types of construction
and their distribution throughout Grenoble, according to lo-
cal specificities and national building developments (such as

design codes in particular). This study shows that the city — 450 Bc-xivth century
centre is mainly built in masonry (the nearby mountain quar- - s e
ries providing limestone materials). The peripheral suburbs ~7" 131 @ @ e southem
were mainly built using reinforced concrete with frame de- expansion in 1945

signs before 1965 and shear walls after 1970. Finally, the
expansion suburbs are highly heterogeneous, mixing private
housing and collective residential buildings, concrete and
masonry constructions, built during different periods (Fig.
The successive waves of demographic increase systemati
cally led to a demand for public institutions, such as schools.
In all, 15 schools were built within fifteen years during the
most remarkable period after the 1960s. Experience has
shown that schools are public buildings which have a major S
impact on society in the event of seismic damage: if schools
suffer during an earthquake, education is interrupted, sociFig. 7. Urbanization of the Grenoble district since 475 BC, includ-
ety’s organization is affected and fallback sites are no Iongeling the most urbanization policies in 1870, 1914, 1945 and 1965.
available. Furthermore, schools are more liable to suffer ir-
reversible damage by their specific design and their function,, . . o .
(Augenti et al, 2004 asymmetry is almost systematic be- distribution of the typologies and criteria used in the VUL-

cause of covered playgrounds or long lines of classroomé\lERALP.methoq was obtained py way Of. Surveys among
along one side, which appears to increase vulnerability inrandom itinerary in the areas previously defined as being ho-

constructions mainly built before the application of earth- mogeneousGueguen et'aI2.007l). The damage scale used,
the European Macroseismic Scale (EMS-98)unthal and

quake engineering rules. Attention is therefore given par- ) .
ticularly to such buildings in this paper Levret 2001, characterizes the damage level on a discrete
' 5-level scale (lp for k =0,1,2,3,4,5). The vulnerability

The VULNERALP method Gueguen et al.2007h was T
developed in Grenoble, adapting the methods used in highl)‘furves enable characterization of an average damage value
), representing the mean damage for buildings of the

seismic countries. A certain similarity between old Ital- (1D 9 ) ) . )
ian and French constructions (particularly in terms of ma-Same vulnerability indexes subjected to a given intensity. To

sonry) enabled us to base our method on the GNDT metho@ke_intq account the variability of da_mage I_evbjsjamage
(GNDT, 1993 Seismocare1998. This method consists in distribution around average (.jam.agg is pon5|dered. Some
identifying the probable weaknesses of the constructions i uthorg ha\{e sh.ow_n that th!s Q|str|_but|on can be favalgated
the event of an earthquake and assigning them a vulnerabi Dy a binomial d|§tr|but|on K""P“”OV'C and Trendaf_|losk|
ity index, based upon the damage observed after destruc,z—ooa’ (L.agomarsmo and G'OV'”G‘,ZﬁOO@ (Eq. 5), adjusted
tive earthquakes in Italy. GNDT values were used in the 0 €xperience feedback from major Italian earthquakes:
VULNERALP method because France has no such docu- 5 up D 5
mented records corresponding to seismic damage. In the(Dx) = m(?) X (1—?) (4)
VULNERALP method Gueguen et al.2007h, each vul- ’
nerability index IV is associated with a vulnerability curve It is therefore possible to calculate the probability distri-
found in GNDT method, which enables determination of anbution of observing each level of damageaccording to
average damage valugrf) according to the EMS98 damage EMS98 (D1, D2, D3, D4 and D5) for each average damage
scale, according to a given macroseismic intendity§): levelin Eq. (4) up =1, 2, 3 or 4). This gives the distribution
of damage levels for a set of homogeneous buildings, or the
#p = 0.5+0.45atart0.55(/ems — 10.2+0.051V)) (3) probability of observing each level of damage for a specific
The construction typologies used in VULNERALP are the building. For example, an average damage valus) (of 2
same as those described in EMS98. This strategy mean@ulnerability index 66, intensity 6.5) gives a probability of
that vulnerability can be linked to a damage level compat-26 % of level D1 damage, 34 % of level D2 damage, 23 % of
ible with that of EMS98 Gueguen et a1.2007h. Matri- level D3 damage and 17 % for other damage levels. Using
ces are then available, with the intervals of probable value€gs. (3) and (4), the vulnerability curves and damage distri-
[IV —; IV+] taken from the GNDT criteria and values. The butions are combined to give damage probability distribution
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1.0E+00 1 | probability of a building being at a damage level D5, g
individual mortality probability of a building’s occupant is:
Z 10801 Py = P(D5) x MR (6)
g Zj::: ::j:? / (Loss 3 The building loss is represented according to the
R = Damage grade 2 / level of damage observed in the event of an earthquake. Ac-
: Damage grade 3 cording to EMS98, damage D2 corresponds to the first grade
z eos ——Damage grade 4 / of damage (i.e. slight damage). ProbabilityD > D2) of ex-
5 T ——Damagegrade s ceeding or equalling damage level D2, i.e. the probability of
observing at least slight damage is given by:
R . : ; . s P(D>D2) = p(D2)+ p(D3)+ p(D4) + p(D5) @)

Intensity EMS98

Fig. 8. Example of probability curves of occurrence for each 4 Risk assessment

grade of EMS98 damage computed following the VULNERALP

approach Gueguen et al20071 for a given EMS98 intensity and  Risk is evaluated by developing a comprehensive probabilis-

a given vulnerability index (in this example B 30). tic approach, by convoluting the hazard, vulnerability and
loss curves. This approach enables evaluation of risk, taking
into account the probability of occurrence of all the intensi-

curves. This then gives the probability of reaching each leveties (from low to high) and enables risk to be quantified ac-

of damage (DO, D1, D2, D3, D4 and D5) for different in- cording to the different acceptability thresholds, which is the

tensities and for a given vulnerability index (FB). At this purpose of this paper. In this paper, since the risk is based

stage, the hazard is not part of the risk probability evaluationonly on the exceedance probability of two damage levels,

since hazard probability has not yet been introduced. Thd.e. D2 corresponding to at least slight damage and D5 for

initial exercise of this project, i.e. evaluation of the seismic mortality, the annual probability’, (D) of occurrence cor-

risk in Grenoble, would not be complete without estimating responding to each EMS98 damage leveli®given by:

the impact of damage on the populations. Certain links are -

available in the literature, again, based on past experienc _

(e.g. Coburn and SpeanO(g)a. There are tl\DNo diffeprent P00 _./o Fy(Temsed x p(Di)d Iemses ®

types of loss in our study: the occupants (1) and the build- . -

ing (2). (Loss 3 The consequences of an earthquake on the'Nere Py(lemsee) is the annual occurrence probability of

occupants are assessed based on the probability of a fatalifyMS98 intensity ang(Dy) is the occurrence probability of
among the building’s occupants. Assessing the number of'€ damage level bfor a given intensitylemsos as provided

victims is highly complex since experience shows that thisPY Ed- @)- Py (Iemses) may be deduce from the annual prob-

number can vary significantly. Authors have however re-2Pility of exceedance?y, computed for Fig5, for each .in-
ported that building collapse (EMS98 damage level D5) is!€NSity incremend [emsgs, using the following equation:
the main cause of death (75-95 % of deaths, according t _

Coburn and SpencQ02. The method used here is based by (Temsoe) = Pye x d1 ©)
on the following equation and results in a mortality ratg{

) . Finally, for risk assessment corresponding at least to dam-
in the event of collapse (i.e. damage level D5):

age D2, the exceedance probabil®fD > D2) is the sum
of the occurrence probability for each damad®, (k > 2)
MR = Mz x M3 x (M4+ Ms(1— My)) ®)  (Eq.7).

The notion of risk acceptability was proposed by the Swiss
where M5 is the rate of building occupancy at the time of (SIA2018 2004 to enable decisions to be made regarding
the earthquake (0.5)¢3 is the rate of occupants trapped by the reinforcement and renovation of existing buildings ac-
the collapse (0.6)M4 is the mortality rate during collapse cording to an acceptable risk level (ALARP method). This
(0.4) andMs is the mortality rate after collapse (0.7). The approach, in a moderate seismicity country, offers the ad-
rates used here (in brackets) are the average rates adoptedntage of setting about renovation work without necessar-
for the project, proposed by Coburn and Sper&@9g). The ily aiming for conformance with equivalent earthquake engi-
final mortality rate isMr = 0.25 for each of the occupants of neering rules for new constructions. Risk is thus evaluated in
the buildings affected by a damage level DBr represents  two stages: evaluation of the probability of observing each
the individual probability of death if D5 type damage occurs. of the damage levels based on hazard and vulnerability and
In order to take into account the variability of this rate, an then risk evaluation for the different losses considered (i.e.
set error rate of:10% is considered. Writing®(D5) the individual mortality and damage).
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Fig. 9. Probability curve for D2 damage grade for building hav- Fig. 10. Seismic probabilistic assessment given the annual prob-

ing IV =30 for a given seismic intensity (yellow), annual probabil- 4 pjjivy for observing each EMS98 damage gradeibthe Greno-
ity curve of exceedance for seismic hazard in intensity (blue) andy)|q yistrict considering the cumulative annual probability to observe

probab?l?ty product of the hazard and vulnerability, i.e. seismic risk each seismic intensity, for several vulnerability index IV.
probability curve (red).

(1) one year, corresponding to the probability period gener-

; A ; lly considered for the presentation of domestic risks (road,
According to the probabilist h, der all &Y €Of _ mes >
ceorcing o te probablisic approach, we consicer a industrial accidents, etc...); (2) 50yr, which is the lifetime

the possible combinations of intensity and damage probabil- ) ST )
ities for each intensity. Figur@ illustrates the seismic risk generally applied to a building; and (3) 100yr, which corre-

computing detailed before. It shows the product of hazardSpon.ds more or less to the one human generation_. The_cal—
probability and damage probability. In this example, the alreaculatlons were repeated 9 times for each probability period
1 . . . . 0
under the red curve is equivalent to the annual probability of© conso|der all thg possible pairs Of hazard (mgd@n, 15%
observing D2 level damage. Finally, for each damage leve nd 85 % percentiles) and vulnerability (mean, minimum and

(DO to D5) and for each vulnerability index IV, this annual maximum va_lues). H“_”?a” loss 'S r_epresen'_[ed by the indi-
probability can be calculated as shown in Fig. Uncertain- vidual mortality probability and building loss is represented

ties can be considered at the various stages of the caIcuIatioW the probabllllty Of. exceeding the damageilevels D2 .a_nd
; -IPS, where D2 is equivalent to the loss of building operability
different curves and a median value, enabling the calculatiorf:‘nd DS its collapse, e?‘Ch time for the three periods. Or_lly
of 15 and 85 percentiles. The VULNERALP vulnerability the results corresponding to the one year and 50yr period
analysis method proposes maximum and minimum vulneraflogr (ijmige Iﬁvﬁls Dﬁ ar}q D2 are shovv_ln Eler(_a (F&gss.’lz |
bility indexes to take into account the epistemic variability of ~> )’ThUt a t'EIOt elr |gur;as ?re a\ﬁ.a eéndt € supple-
the estimation, due to the assignment of a standard behavidper?t' € possibie values of vuinerabi Ity and damage eSt'.'
model for each buildinggpence et al2003. The average mations systematically vary more than those of hazard esti-

variability observed on the study’s vulnerability indexes is mat_es. Th_|5 Isa dlr_ect consequence of the vulnerability esti-
+40 and—20 for average indexes of 25. These different un- mation using a basic method (VULNERALP, Gueguenetal.,

certainties are added up during the risk calculation processzoom' This is also a direct consequence of the lack of in-

combining the different values: 3 random event values (15 %formation describing existing structures, one of the more im-

percentile, median and 85% percentile) and 3 vulnerabilityportam source of uncertainties (epistemic) of fragility curves

values (minimum, mean and maximum values) (Spence et a12003. Although this method implies high un-
’ ' certainty, it offers the advantage of being able to provide an

initial representation of vulnerability on the scale of the city,
5 Discussion on the Grenoble test-bed site specifically in a moderate seismic context. However, as men-

tioned by Spence et aRQ03, we must bear in mind that the
The risk study has been undertaken on Grenoble’s aggreatest proportion of uncertainty in estimating damage is
glomeration, considering an average vulnerability index forepistemic in origin because of the need to classify each con-
each area of homogeneous typology (37 areas) and fostruction according to a generic behavior model, even though
schools, considering a vulnerability index for each schoolvery little information is available. These uncertainties could
(73 schools). Local hazard is taken into account for each areie reduced by changing the way in which they are spread
and for each school, according to their respective positionspver the risk estimation. Indeed, this method of calculating
integrating site effects. If certain areas overlap different lo-uncertainties by adding them up results in uncertainty being
cal hazard zones, variability is taken into account by sub-maximized in the end result. For a complete probabilistic cal-
dividing the areas. Risk is calculated over three periods.culation, a logical tree could be used with different branches
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Fig. 11. Annual probability of exceedance for damage grade D2. Fig. 12. Same as Figll, damage D5.
On each figure, the median valdestandard deviation correspond-
ing to the hazard curves (from left to right) and the vulnerability empirical method cannot be considered significant for a sin-
assessment (from top to bottom) are displayed. The triangle repreg e pyilding, it does enable a hierarchy to be established for
sents the localization of schools, assessed following the same prog group of buildings (in this case, schools), identifying the
cess as for the urban area. . ST
schools with the worst characteristics in terms of earthquake
) ] ] resistance. Extensive homogeneity is observed in the me-
corresponding to a random selection of different values of they; probabilities of D2 and D5 between the schools and the
calculation steps, thereby better spreading hazard and vulnefeas, regardiess of the return periods considered. This ob-
ability uncertainties. servation reflects the consequence of the city’s urbanization
The median probability of exceeding damage level D2 (atover the ages, since urbanization has been accompanied by
least slight damage to the structure) is about“910~3  an increase in population, requiring the simultaneous con-
per year and 107 — 101 per 50yr. Over 100yr, the value struction of the school buildings required by the city author-
reaches 107 to 10" in the most vulnerable areas (in the ities (Gueguen et al2009. The schools therefore have the
city centre). This reflects the lack of seismic resistance ofsame construction characteristics and the same vulnerability
the old masonry constructions in the city’s historic quarters.as the areas in which they are built.
The probabilities of building collapse per year, per 50yrand |n order to place the seismic risk assessed in the Grenoble
per 100yr are 10°—107°, 104 —~10%and 102-10"%  yrpan area within a local context, the mortality rates asso-
respectively. Certain variations within the city are apparent,ciated with other types of risk were analyzed and compared
thus distinguishing what appear to be the most vulnerable argjith those of the seismic risk. The 2008 INSEE census in
eas or the areas with major site effects. This also shows thatyance enables evaluation of the mortality rate per age range.
the risk of collapse over 50yr (D5) is lower than the risk of For an annual rate of.80~3, this rate obviously varies ac-
seeing at least slight damage (D2). In a moderate seismigording to the age of the person: froni@* for under 20's
context, this observation is of interest since it enables the imig 4.10-2 for over 65s. This risk can be considered as be-
portance of seismic risk to be put into perspective, even ifing natural, since it is unavoidable. The Emergency Events
slight damage may still have direct economic consequencepatabase (EM-DAT) maintained by the Collaborating Centre
(need to reinforce or renovate). for Research on the Epidemiology of Disaste@rgd 2003
In the figures, the triangles show the locations of the city’sgathers information on natural and technological disasters
schools, whose vulnerability was evaluated in the Sismo-DTthroughout the world. An analysis within mainland France
project using the same VULNERALP method as for other enables extraction of the events occurring during the period
buildings Gueguen et a12007h 2009. Although this basic  1900-2010 (Table3). Based on the theory of an average
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Fig. 15. Same as Figl1, damage D5, 50 yr probability.

Fig. 13. Same as Figl1, individual casualty.
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Fig. 16. Same as Figl1, individual casualty, 50 yr probability.

Fig. 14. Same as Figl1, damage D2, 50 yr probability.
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Table 3. Annual rate of mortality (Rate) for different hazards ?nhabitant ofGrenobIg in relation jto the riskg to which he/she
(industrial, domestic and natural) corresponding to the number ofiS €xposed on a daily or occasional basis. For example,
events and associated casualties over the 1900-2010 period ate annual individual probability of dying because of the
corresponding to an average population of 50000000 inhabitant$otal collapse of a building during an earthquake is around
for France. Data have been provided by the EM-DATE: Emergencyl0~’ — 10~ (median value) in the peripheral suburbs of
Events Database managed by the Collaborating Centre for Resear@renoble and 10° —10~° in the city’s historic quarters. This

on the Epidemiology of Disaster€(ed 2003. rate is low because the annual probability of D5 damage is
low. The annual mortality rate must be compared with the
Events Number Casualties Rate  average annual probability of a 40-yr old person in France
Extreme temperature 12 20941  %80-6 dying for any reason whats_oevgr (£). This rate does not
Traffic accidents 49 3499  6:410~7 take into account certain situations, such as smoker or non
Other Accidents 29 1502 2710-7 smoker, genetic pre-dispositions, etc. However, a difference
Industrial accidents 14 1221 2210~7 of 3 orders of magnitude can be observed, showing that the
Storms 49 418 7.6 10°8 earthquake risk is not a risk that affects the all cause mor-
Floods 38 295 4.4 10-8 tality rate. Inversely, annual mortality in 2008 due to a car
Wet Landslide 6 114 2.%10°8 accident in France shows a rate o£@~° which is close to
Forest fires 12 112 2010-8 the 10°® —10-° rate observed for an earthquake in the cen-
Dry Landslide 3 64 1.%10-8 tre of Grenoble. This result must be considered cautiously
Earthquakes + tsunami 2 57  10l0-8 since the traffic accidents rate is a national rate while the
Epidemic 2 21 3.810°9 earthquake casualties’ rate is regional. The seismic risk thus

reaches the same level as that taken by car drivers, a level
that is not enough to stop them from driving their cars. Al-
population of around 50 million during the last century, the though considered tolerable, since it is accepted, major polit-
greatest average annual mortality rates deduced is given fqea| actions have been undertaken to reduce this risk. These
extreme temperature, that means all values are less thameasures concern prevention and education, repression and
3.810°° considering all hazards. improving infrastructures. These measures can be compared

Seismic activity in mainland France over the previous cen-with earthquake risk reduction actions, ranging from the in-
tury shows a mortality rate of.@ x 10-8. The national value  formation available to the population to the action to be taken
should be taken with some precaution since a return perio@during an earthquake, training for builders, adoption of ade-
of a century is not enough to qualify destructive phenom-quate regulations and control of compliance with such regu-
ena with long return periods. Furthermore, this is an aver{ations. In comparison with other similar natural and indus-
age value for the whole territory, which has a highly variable trial risk phenomena, it appears that the mortality rate of an
seismic random event. In Grenoble, the average rate of morearthquake in Grenoble is the same as that of extreme tem-
tality found in this study is between 18— 1077, depend-  peratures (10°), transport or industrial accidents 10(Ta-
ing on the quarters (Figl3). According to the Ministry of  ple 3) in France. However, it remains higher than other nat-
Ecology and Transportation, 4443 people died on the roadsiral disasters (1&) including floods, storms or landslides,
in 2008 for a population of 64321374 on 1 January 2009.which places earthquakes among the most important natu-
There are numerous analyses possible on this risk, accordingil phenomena against which protection must be provided in
to age range, time spent on the road etc. but these figuresrance. Again, in Grenoble, exposed to natural hazards such
show an average annual mortality rate of arourtD7° in as floods and rock falls, regional estimates should be consid-
France, which is similar to the average earthquake values irred for a whole and complete analysis of the Grenoble city
Grenoble. The road risk has increased with the traffic in therisk. Moreover, global climate changes mean that these fig-
last two decades, given a higher rate than for the last centuryyres require review. In addition, over a period of 50yr, the
The road risk is an example of an individual risk which is ac- individual mortality rate is 10*—10-°. At 100yr (Supple-
cepted by the population as a whole, in the sense that knowlment), i.e. the upper boundary of the lifetime for one gener-
edge of the risk does not prevent individuals from using theation, the individual mortality rate is T8 —10~% in the city
road. However, the perception of this risk is sufficiently high centre, peaking at 1@ — 102 in certain areas, i.e. a higher
for the public authorities to take action to reduce it and torisk. These rates reflect the poor quality of the existing build-
commit to a wide range of decrees and laws concerning preings.
vention, control and repression to reduce (or at least contain)
this mortality risk.

In terms of the individual mortality risk due to an earth- 6 Conclusions
guake in Grenoble, this study does not intend to be alarmist,
nor to encourage unnecessary melodrama. It has bee8eismic studies based on hazard and vulnerability are be-
conducted to enable representation of the risk run by arcoming increasingly insufficient for the public authorities,
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which also require an evaluation of seismic risk. It is there- Supplementary material related to this
fore necessary to find a coherent approach, between the revticle is available online at:
gional hazard assessment, consideration of site effects, strubttp://www.nat-hazards-earth-syst-sci.net/12/511/2012/
tural characteristics and the representation of consequencethess-12-511-2012-supplement.pdf
on the populations. This study, albeit incomplete, enables the
identification of certain imperfections and certain steps that _ .
must be improved. Firstly, the study of regional hazard, in-~cknowledgementsThis work has been supported by thers
) . L ._regional Council, through the Pole Alpin des Risques Naturels pro-
tegrating the progress made since the start of seismic zonin

iew in E . bablv th d d H 8ram. This work benefited from the financial support of the DREAL
review In France, Is probably the most advanced. 0Wever(Direction Regionale de I'Environnement, de I'A@magement et

the link between intensity and ground motion is not yet fully 4, Logement) and the FEDER in the framework of the RiskNat
controlled and mastered, although a number of initiatives areyroject in the ALCOTRA (2007—2013) programme.

underway in this field. This link must be completed with

the consideration of site effects, which could be significantly Edited by: M. E. Contadakis

improved if the hazard were defined in spectral parameterfkeviewed by: P. Lestuzzi and another anonymous referee

and not in intensity. If this were so, the difficulty would be-

come the ground motion/damage prediction step, since mos'l2

of the methods suitable for the city scale express probabil- eferences

ity of damage for a macroseismic mtensﬁy. Wg are thereforeAnderson, J. G., Bodin, P., Brune, J. N., Prince, J., Singh, S. K.,
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