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1 Introduction 

 
Probabilistic seismic hazard analysis (PSHA) has become a fundamental tool in assessing 
seismic hazards and seismic input motions. It is used for both site-specific evaluation in case 
of critical facilities and at national or regional scale for building codes. 
 
PSHA outcomes are expected to be affected by uncertainty due to imperfect knowledge of 
physical processes that generate the seismic ground shaking (faulting, seismic wave 
propagation, etc.), This uncertainty (being large or small) is an important component of PSHA 
outcomes and implies that several possible situations (seismic scenarios) may occur during 
the expected operational period (TecDoc IAEA in progress). Considering this high uncertainty 
in Probabilistic Seismic Hazard Assessments (PSHA) and the importance of PSHA for the 
seismic design, it is largely pertinent to focus on the issue of consistency-checking of the PSHA 
outcomes. 
 
PSHA outcomes can be evaluated against different types of observations, such as 
accelerations recorded at instrumented sites (Stirling et al. 2010, Fujiwara et al. 2009, Albarello 
et al. 2008, Viallet et al. 2008), macroseismic intensities (Stirling et al. 2006), or maximum 
acceleration levels based on precarious fragile structures (Brune et al. 2002). Methods to 
compare probabilistic estimates with observations range from purely qualitative techniques to 
quantitative statistical methods. They either focus on sites (a specific site or a set of several 
sites) or embrace a regional scale area. The approach presented in this report is of this latter 
type.  
 
In recent years, increasing efforts have been devoted to assessing the reliability of PSHA 
results, different kinds of procedures have been tested and many papers have provided useful 
information on this topic. In 2015, the OECD Nuclear Energy Agency, in cooperation with the 
IAEA, organized a workshop hosted by EUCETER (Pavia University) on Testing Probabilistic 
Seismic Hazard Analysis Results and the Benefits of Bayesian Techniques (OECD/NEA 
2015). The main recommendation issued by this workshop was: A state-of-the-art PSHA 
should include a testing phase against any available observation, including any kind of 
observation and any period of observation, including instrumental seismicity, historical 
seismicity and paleoseismicity data if available. It should include testing not only against its 
median hazard estimates but also against their entire distribution (percentiles). 
 
In the last decade, several approaches for testing PSHA results have been published. Several 
recent opinion papers encourage hazard analysis to carry out tests (Stein 2011, Stirling 2012) 
and several applications have been made in different countries (France, Italy, New Zealand, 
USA, Mexico, etc) (Stirling et al. 2006, Brune et al. 2002, Rey et al. 2018). For evaluating 
PSHA outcomes against observations, most researches use accelerations recorded at 
instrumented sites. However, stable continental regions with low deformation rates and low 
seismicity have not sufficient seismic activity (the level of accelerations is too low) or the period 
of observations is too short for testing PSHA outcomes. For these regions, the use of 
macroseismic data is of primary interest when dealing with seismic hazard analysis and 
particularly for testing the consistency of seismic hazard estimates with observations.  
 
However, despite this interest, researches on the subject are not too much developed. The 
objective of the present research is to apply a method based on macroseismic data (Labbé 
2008, 2010, 2017), so as to evaluate the consistency with historical seismicity of three hazard 
maps of the French metropolitan territory (established in 2002, 2012 and 2017), which reveal 
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a dramatic lack of consensus on the subject. For practical reasons, the consistency evaluation 
is limited to the continental France. 
 
The method does not consist of directly comparing accelerations with intensities, but of 
calculating the seismic risk by two different approaches presented in section 2. The seismic 
risk is defined as the annual probability that a building of a given vulnerability class experiences 
a given damage grade, where the vulnerability class and the damage grade are defined in the 
EMS-98 scale (Grünthal 1998).  
 
Editorial remark: In this report the term “continental France” means “metropolitan French 
territory, Corsica excluded”. 

2 Methodological approach  

The methodology applied in this research consists in calculating the seismic risk using two 

different approaches (Labbé 2008, 2010, 2017):  

1) Seismic risk 1, derived from historical seismicity.  

2) Seismic risk 2, calculated by convolution of hazard maps and fragility curves.  

The seismic risk derived from historical seismicity (macroseismic observations) is considered 

as the “reference” for comparing with the seismic risk obtained by convolution.  

Next paragraphs are describing the principle of calculation of both methods explored in this 

research.   

2.1 Seismic risk derived from historical seismicity 

2.1.1 Seismic hazard derived from historical seismicity  

 
The calculation of seismic hazard based on historical seismicity considers the ratio between 

the annual average area affected by an intensity equal to or larger than 𝐼 in a region of interest 
and the total area of this region.  

2.1.1.1 Principle of calculation 

We consider a territory of area A, inside which the seismic activity is deemed to be 
homogeneous (in space) and stationary (in time). We denote AI the average area of this 
territory yearly affected by an intensity equal to or larger than I. Then the annual observing 
frequency (𝐼) of at least one intensity equal to or larger than I at any location in the territory 
reads: 

 𝑝(I) = AI / A. (1) 

Conceptually, would we have at our disposal comprehensive macro-seismic data on a very 
long period of time (T years), calculating AI would be easily achieved as follows: For every 
event i occurring during the period of time T, we denote Ai,I the area affected by an intensity 
larger than or equal to I. Then  

 AI = AI /T   with  AI =  Ai,I  (2) 
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2.1.1.2 Practical implementation 

Practical implementation of the above approach faces two difficulties. The first one is that we 
do not have at our disposal the above-mentioned ideal comprehensive information. However, 
considering the Continental France, we have, in MSK scale, a comprehensive set of 
isoseismals of those earthquakes felt in the territory in the years 1900-2007 (T=108 y), whose 
epicentral intensities are equal to or larger than VI (Pecker et al 2017). This enables us to 
derive, for I>=VI, an estimated value, 𝑝’(I), of 𝑝(I) as follows: 
 

 𝑝’(I) = A’I / A. (1’) 

 A’I = A’I /108   with A’I =  Ai,I  on 1900-2007 (2’) 

 
The second difficulty is that the Continental France cannot be regarded as homogeneous in 
terms of seismic activity. In order to address this variability, we separate the territory into 8 
domains, presented further, in such a way that the activity can be regarded as reasonably 
homogeneous inside a domain.  
 
Consequences of these two difficulties are addressed in section 3.1.  
 
 

2.1.2 Transition to historically observed seismic risk 

2.1.2.1 Relevant features of the EMS-98 scale 

Consistently with the MSK scale used in Lambert et al 2015, the EMS-98 scale (Grünthal 1998) 

is selected to derive the seismic risk from the historical seismic hazard. The EMS-98 scale is 

based on:  

- Differentiation of buildings into vulnerability classes 

Four types of structures are differentiated namely: masonry, reinforced concrete, steel and 

wood. Figure 1, copied from the EMS-98 scale for masonry, presents the classification into 

vulnerability classes 𝐶 = A,… , F, where A is the class of the most vulnerable buildings and F 

the class of the most resistant ones. 
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Figure 1 : Classification of vulnerability classes for masonry, scale EMS-98 (Grünthal 1998) 

 

- Classification of damages 

Five grades of damage are considered, whose definitions are depending on the type of 

structure. Definitions for masonry are presented in Figure 2.  
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Figure 2: Classification of masonry damage degrees following the scale EMS-98. 
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- Definition of quantity 

The EMS-98 scale quantifies the qualitative words "most", "many" and "few" through a scheme 

reported in Figure 3.  

 

Figure 3: Quantitative interpretation of the qualitative terms as presented in the EMS-98 Scale 

 

The final quantification retained for this study is: most = 80%, many = 35% and few = 8%. The 

qualification “all” is a probability of 100%.  

- Definition of intensity degrees 

Intensity degree definition considers effects on humans, effects on objects and on nature, and 

damage to buildings. In the framework of the present study, we focus on damage to buildings. 

Excerpts of intensity definitions that pertain to this study are: 

 Intensity V:  

Damage of grade 1 to a few buildings of vulnerability class A and B. 

 Intensity VI:  

Damage of grade 1 is sustained by many buildings of vulnerability class A and B; a few of class 

A and B suffer damage of grade 2; a few of class C suffer damage of grade 1. 

 Intensity VII:  

Many buildings of vulnerability class A suffer damage of grade 3; a few of grade 4. Many 

buildings of vulnerability class B suffer damage of grade 2; a few of grade 3. A few buildings 

of vulnerability class C sustain damage of grade 2. A few buildings of vulnerability class D 

sustain damage of grade 1. 

 Intensity VIII:  

Many buildings of vulnerability class A suffer damage of grade 4; a few of grade 5. Many 

buildings of vulnerability class B suffer damage of grade 3; a few of grade 4. Many buildings 

of vulnerability class C suffer damage of grade 2; a few of grade 3. A few buildings of 

vulnerability class D sustain damage of grade 2. 

 Intensity IX:  

Many buildings of vulnerability class A sustain damage of grade 5. Many buildings of 

vulnerability class B suffer damage of grade 4; a few of grade 5. Many buildings of vulnerability 

class C suffer damage of grade 3; a few of grade 4. Many buildings of vulnerability class D 

suffer damage of grade 2; a few of grade 3. A few buildings of vulnerability class E sustain 

damage of grade 2. 
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These effects on buildings are summarized in the Table 1. Terms in green are not explicitly 

mentioned in the EMS-98 scale. They are the result of an interpretation of the scale by the 

authors, in the continuity of terms that are explicitly mentioned (in blue).  

 

   

   

 

Table 1: Transition from the seismic hazard in intensity to damage to buildings. In blue, terms that are 

explicitly used in EMS-98, in green interpretation by the authors.  

 

2.1.2.2 Risk calculation 

Combining the definition of intensity and quantity, we introduce 𝐹𝐷
𝐶(𝐼), probability that a 

damage D or larger than D occurs in a building of vulnerability class C  in case an intensity I  is 

observed or assumed. Values of 𝐹𝐷
𝐶(𝐼) result from the Table 1, replacing the qualitative terms 

by their quantified values. 

Eventually, once the seismic hazard is described in terms of intensities, it is possible to 

calculate the seismic risk, RC(D), already introduced as the annual probability that a building of 

vulnerability class C experiences a damage D, by: 

𝑅𝐶(𝐷) = ∑ 𝑝(𝐼) 𝐹𝐷
𝐶(𝐼)

𝐼𝑋

𝐼=𝑉𝐼

                                                                     (3) 

Because we do not have a comprehensive information on Intensity V, the summation starts at 

I=VI. Consequently, the above formula (3) is only valid for D >1.  

Remark: In this approach, it is necessary that the seismic hazard is described in terms of 

intensities, but it is not necessary that this description is derived from historical seismicity in 

the way presented in 2.1.1.  

  

Intensité V

degrees of damage A B C D E

1 few few - - -

2 - - - - -

3 - - - - -

4 - - - - -

5 - - - - -

Vulnerability classes

Intensité VI

degrees of damage A B C D E

1 many many few - -

2 few few - - -

3 - - - - -

4 - - - - -

5 - - - - -

Vulnerability classes

Intensité VII

degrees of damage A B C D E

1 all most many few -

2 most many few - -

3 many few - - -

4 few - - - -

5 - - - - -

Vulnerability classes

Intensité VIII

degrees of damage A B C D E

1 all all most many -

2 all most many few -

3 most many few - -

4 many few - - -

5 few - - - -

Vulnerability classes

Intensité IX

degrees of damage A B C D E

1 all all all most many

2 all all most many few

3 all most many few -

4 most many few - -

5 many few - - -

Vulnerability classes
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2.2 Principle of calculation of seismic risk based on probabilistic seismic hazard models 

and fragility curves  

 

It is assumed here that probabilistic seismic hazard models provide values in acceleration 

(PGA, Peak Ground Acceleration) and that concurrently fragility curves in PGA are available 

for at least some classes of vulnerability. Under these conditions, the seismic risk 𝑅 
𝒞(𝐷) in a 

location inside the territory can be calculated by the convolution integral:  

𝑅 
𝒞(𝐷) =  ∫ −𝐻 

′(𝑎)
∞

0

𝐹𝐷 
𝒞 (𝑎)𝑑𝑎                                                                      (4) 

where:  

𝐻 
 (𝑎) is the seismic hazard or annual frequency of observing a PGA equal or greater than a at 

the considered location. 

𝐹𝐷 
𝒞 (𝑎)  is the fragility curve or probability that the acceleration inducing a damage of degree 𝐷 

in a building of vulnerability class 𝒞 is lower than 𝑎. 

 

An analytical expression of the above integral is available under two conditions: 

- The hazard curve is replaced by its tangent line at the point corresponding to a defined 

return period, 𝑇𝑟𝑒𝑓, as illustrated in Figure 4-a. 

- Building fragilities are log normally distributed, as illustrated in Figure 4-b. 

On these bases, the above integral (4) takes the value given by the formula (5). Formula (4) 

and (5) were proposed, established and used for instance by Kennedy (1999).  

𝑅 
𝐶(𝐷) = ∫ −𝐻′ (𝑎) 𝐹𝐷 

𝒞 (𝑎)𝑑𝑎
∞

0

≈
1

𝑇𝑟𝑒𝑓
(
𝑎𝑟𝑒𝑓

𝑎𝐷
𝐶 )

𝑛 

𝑒𝑥𝑝 (
𝑛 
2𝛽𝐷

𝐶2

2
)                                    (5) 

where: 

𝑇𝑟𝑒𝑓 : return period selected for establishing the probabilistic seismic hazard analysis,  

𝑎𝑟𝑒𝑓: PGA at the considered Tref ,  

𝑎𝐷
𝐶  : median value of PGAs generating a damage grade D in a building of vulnerability class C, 

𝛽𝐷
𝐶: standard deviation of the logarithm of the PGAs generating a damage grade D in a building 

of vulnerability class C, 

𝑛  : slope in log-log scale at aref of the line tangent to the seismic hazard curve at the considered 

location. 
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Figure 4: Scheme of seismic hazard curve, parameters 𝑇𝑟𝑒𝑓 and 𝑎𝑟𝑒𝑓, and tangent line at aref. (left)  

and typical lognormal fragility curve plotted for median PGA =1 and =0.5 (right) 

3 Application to the continental France  

3.1 Seismic risk derived from historical seismicity  

3.1.1 Description of input data  

 

An atlas of isoseismal maps was elaborated in the framework of the SIGMA research 

development project (Senfaute et al. 2015, Pecker et al. 2017). This atlas (identified as “the 

SIGMA atlas” in the following) comprises earthquakes drawn from the SisFrance database 

(http://www.sisfrance.net/). The SIGMA atlas is an exhaustive set of manually drawn 

isoseismals for events with epicentral intensities of degree VI (MSK) or greater, occurring over 

the period 1900 to 2007, and felt in continental France or its immediate vicinity (194 events), 

Lambert 2015. Details on these 194 events are presented in the Annex 4. 

Even if some manual isoseismal drawing were already available for some of the events of 

interest (Levret et al. 1994), this new atlas provides a homogeneous dataset of isoseismals 

based on a unique approach and with drawing associated to reliability indexes. Figure 5 

illustrates the location of the 194 epicentres under consideration. Figure 6 presents an example 

of isoseismal map derived from the Intensity Data Points (IDPs)  

0

0,5

1

0 1 2 3

F(a)

a

http://www.sisfrance.net/
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Figure 5: Location of epicentres with intensity equal to or greater than VI  

over the period 1900 – 2007 

 

Figure 6: Example of isoseismal map derived from the Intensity Data Points. The intensity of the 

epicentre was evaluated at VII (Lambert et al. 2015). 

 

Continental France is a moderate seismicity area. The activity is usually diffuse and not 

homogeneous across the territory. In order to identify reasonably homogeneous domains, we 

rely on seismo-tectonic studies that were conducted by Drouet et al. 2017 to individualize 

crustal units of homogenous seismogenic characteristics, on the basis of criteria related to 
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static and dynamic state of the seismogenic crust (geometry and kinematic of tectonic 

structures, distribution of seismicity activity, stress field...). These deemed homogeneous 

domains are presented in Figure 7. Domain areas (in km²) are reported in the Table 2, including 

area of the continental France. 

 

 

Figure 7: Seismo-tectonic domains relatively homogenous across the French territory. 

 

3.1.2 Completeness and extreme historical events 

 

We may note, for instance, that no Intensity VIII was observed on 1900-2007 in the Alpes-Bâle 

domain. Obviously, it does not mean that such intensities are not possible. Similarly, no 

intensity 9 was observed in the continental France, which does not mean it could never 

happen. This raises the issue of the consequences of the lack of completeness of only one 

century of observations, which issue can be split into two questions to be resolved: 

- Question 1: To what extent the seismic hazard estimates such as presented in Table 3 

could be affected by the considering extreme events that are not in the 1900-2007 data 

base? 

- Question 2: How can we introduce in the hazard assessment the fact that events 

stronger than those observed in the period 1900-2007 could occur? 

Answer to question 1 is founded on: 

a) A statistical analysis of isoseismal radii of our data base, presented in the Annex 4. A 

remarkable output is that, for an epicentral intensity 𝐼0, radii of isoseismals 𝐼 ≤ 𝐼0 are 

log-normally distributed with an excellent coefficient of determination. 

b) The analysis of extreme events presented in the Annex 5. These events, which 

occurred in the 16th, 17th and 18th centuries are extreme in the sense that, for their 

epicentral intensities, the extension of isoseismals are much larger than observed in 

our database. In Annex 5, we discuss whether, on the basis of the 1900-2007 statistics, 
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these large values can be regarded as the expected extreme values on a period of time 

of 2, 3 or 4 centuries.  

From the analyses carried out in Annexes 4 and 5, it results that the historically observed 

extreme events are representative of the statistically expected extreme events in the 

considered period of time. Would series of 2, 3 or 4 centuries of historical seismicity be 

simulated on the basis of the 1900-2007 statistics, such events would likely appear in the 

series. Consequently, it can be concluded that the hazard assessment carried out on the basis 

of the 1900-2007 database is not to be corrected in the light of extreme events that are not in 

the database. 

As concerns the question 2: the frequencies calculated for high intensities are null. It means 

that no isoseismal of these intensities has been observed during the 1900-2007 period. It does 

not mean that an event of high intensity could not occur. In order to avoid the null frequencies, 

the high intensity frequencies must be calculated not directly based on observed isoseismals 

of SISFRANCE database. There are several possibilities. The simplest possibility is to estimate 

frequencies of high intensities by extending the hazard curves towards the high intensities.  

Another possibility would be to use the extreme value theory (EVT) to estimate the distribution 

of high intensities frequencies as Dutfoy (2018) made it for extreme magnitude values. 

Furthermore, the estimation of extreme frequencies could be obtained by generating a number 

of extreme earthquakes from a Gutenberg-Richter law and estimate the isoseismal areas 

affected by these earthquakes using for example a distribution of the isoseismal radii as in 

Labbé (2018). However, for the latter possibility it would be necessary on the one hand to 

generate French earthquakes but also abroad ones that could have an impact on the France 

territory. On the other hand, the spatial distribution of these generated earthquakes must be 

known in order to affect the French part of these generated isoseismals to the right domain if 

the hazard is assessed by domain such as the figure 7. 

 

This study uses the first possibility and the hazard curves presented in table 3 are extended 

towards high frequencies. 

 

3.1.3 Seismic hazard estimate  

 

In order to apply the method described in section 2.1, we first need to calculate the distribution 

of isoseismal areas in the 8 identified domains. For this purpose, we have plotted all the 

isoseismals of the considered 194 events of the SIGMA atlas, as presented in Figure 8, and 

used the QGIS software to calculate the total area affected by the intensity 𝐼, in each domain. 

These areas, as well as the domain areas, are summarized in the Table 2.  
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Figure 8: Superposition of isoseists of all epicentres of intensity ≥ VI during the 1900-2007 period 

 

DOMAINS \ INTENSITIES (MSK) VI VII VIII IX DOMAIN AREA 

ALPES + BALE 10693.02 1731.13 338.69 66.26 30591.00 

BLOC ARMORICAIN / DOMNOMEEN / MANCELLIEN 3140.99 396.45 50.04 6.32 125670.84 

GRABEN DU RHIN 1133.52 6.68 0.04 0.00 12487.58 

MANCHE / MER DU NORD 442.66 10.17 0.23 0.01 8623.73 

MASSIF CENTRAL / BRESSE / JURA 878.47 17.67 0.36 0.01 124008.54 

MEDITERRANEE 2830.22 565.31 210.90 78.68 41153.39 

PLATEFORME STABLE OCCIDENTALE 84.07 1.69 0.03 0.00 175088.54 

PYRENEES 14367.93 1470.03 26.78 0.49 29929.19 

CONTINENTAL FRANCE 33570.89 4197.43 627.07 151.76 547552.81 

Table 2: Areas affected during the 1900-2007 period by an intensity I or higher (I=VI, VII, VIII) 

 in each domain, and domain areas (km²). The values in italic are not directly derived from observed 

isoseismals (because of the lack of information cf. paragraph 3.1.2) 

 

Applying the equation 1’, we calculate for every domain an estimate of the seismic hazard 

based on historical seismicity. The result of this calculation is presented in the Table 3. In most 

domains, the fact that no intensity VIII and IX was observed between 1900 and 2007 results in 

a zero estimated probability. 
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DOMAINS \ INTENSITIES (MSK) VI VII VIII IX 

ALPES + BALE 3.24E-03 5.24E-04 1.03E-04 2.01E-05 

BLOC ARMORICAIN / DOMNOMEEN / MANCELLIEN 2.31E-04 2.92E-05 3.69E-06 4.65E-07 

GRABEN DU RHIN 8.40E-04 4.95E-06 2.92E-08 1.72E-10 

MANCHE / MER DU NORD 4.75E-04 1.09E-05 2.51E-07 5.76E-09 

MASSIF CENTRAL / BRESSE / JURA 6.56E-05 1.32E-06 2.65E-08 5.33E-10 

MEDITERRANEE 6.37E-04 1.27E-04 4.75E-05 1.77E-05 

PLATEFORME STABLE OCCIDENTALE 4.45E-06 8.94E-08 1.80E-09 3.62E-11 

PYRENEES 4.45E-03 4.55E-04 8.28E-06 1.51E-07 

CONTINENTAL FRANCE 5.68E-04 7.10E-05 1.06E-05 2.57E-06 

Table 3: Seismic hazard estimate based on historical seismicity in each domain. The values in italic are 
not directed derived from observed isoseismals (because of the lack of information cf. paragraph 3.1.2). 

 

 

3.1.3.1 Risk assessment 

The section 2.1.2 describes the method for calculating the seismic risk by combining the 

seismic hazard expressed in Intensity and the EMS-98 scale.  

The annual probability of suffering a damage of degree 𝐷 or higher (D = 2 to 5) for a building 

of vulnerability class C (C =A to D) is calculated in each domain by formula (3). The table 5 

shows the results for each domain and for the continental France.  
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Table 5: Seismic risk evaluation on the bases of historical seismicity for four degrees of damage and 

four classes of vulnerabilities (A, B, C, D) within each domain 

 

 

 

Degrees EMS98 A B C D A B C D

1 3,58E-03 3,07E-03 5,26E-04 9,22E-05 3,63E-04 3,34E-04 3,16E-05 3,96E-06

2 9,48E-04 5,26E-04 9,22E-05 1,52E-05 5,53E-05 3,16E-05 3,96E-06 4,58E-07

3 3,17E-04 9,22E-05 1,52E-05 1,60E-06 1,57E-05 3,96E-06 4,58E-07 3,72E-08

4 9,06E-05 1,52E-05 1,60E-06 0,00E+00 3,92E-06 4,58E-07 3,72E-08 0,00E+00

5 1,36E-05 1,60E-06 0,00E+00 0,00E+00 4,21E-07 3,72E-08 0,00E+00 0,00E+00

ALPES + BALE BLOC ARMORICAIN /  DOMNOMEEN / MANCELLIEN

Degrees EMS98 A B C D A B C D

1 2,38E-03 2,38E-03 6,90E-05 4,06E-07 7,11E-04 7,00E-04 4,20E-05 9,65E-07

2 7,30E-05 6,90E-05 4,06E-07 2,39E-09 5,08E-05 4,20E-05 9,65E-07 2,21E-08

3 2,15E-06 4,06E-07 2,39E-09 1,37E-11 4,90E-06 9,65E-07 2,21E-08 4,61E-10

4 4,06E-07 2,39E-09 1,37E-11 0,00E+00 9,65E-07 2,21E-08 4,61E-10 0,00E+00

5 2,38E-09 1,37E-11 0,00E+00 0,00E+00 2,16E-08 4,61E-10 0,00E+00 0,00E+00

GRABEN DU RHIN MANCHE / MER DU NORD

Degrees EMS98 A B C D A B C D

1 2,14E-04 2,12E-04 5,73E-06 1,15E-07 9,52E-04 8,44E-04 1,38E-04 3,95E-05

2 6,79E-06 5,73E-06 1,15E-07 2,31E-09 2,34E-04 1,38E-04 3,95E-05 9,99E-06

3 5,89E-07 1,15E-07 2,31E-09 4,27E-11 1,01E-04 3,95E-05 9,99E-06 1,42E-06

4 1,15E-07 2,31E-09 4,27E-11 0,00E+00 3,81E-05 9,99E-06 1,42E-06 0,00E+00

5 2,27E-09 4,27E-11 0,00E+00 0,00E+00 8,58E-06 1,42E-06 0,00E+00 0,00E+00

MEDITERRANEEMASSIF CENTRAL / BRESSE / JURA

Degrees EMS98 A B C D A B C D

1 1,98E-05 1,97E-05 3,88E-07 7,81E-09 4,78E-03 4,33E-03 5,21E-04 3,94E-05

2 4,60E-07 3,88E-07 7,81E-09 1,56E-10 8,86E-04 5,21E-04 3,94E-05 7,16E-07

3 3,99E-08 7,81E-09 1,56E-10 2,89E-12 2,02E-04 3,94E-05 7,16E-07 1,21E-08

4 7,80E-09 1,56E-10 2,89E-12 0,00E+00 3,94E-05 7,16E-07 1,21E-08 0,00E+00

5 1,54E-10 2,89E-12 0,00E+00 0,00E+00 7,03E-07 1,21E-08 0,00E+00 0,00E+00

PLATEFORME STABLE OCCIDENTALE PYRENNEES

Degrees EMS98 A B C D

1 7,36E-04 6,68E-04 7,92E-05 1,12E-05

2 1,36E-04 7,92E-05 1,12E-05 1,75E-06

3 4,03E-05 1,12E-05 1,75E-06 2,05E-07

4 1,10E-05 1,75E-06 2,05E-07 0,00E+00

5 1,54E-06 2,05E-07 0,00E+00 0,00E+00

CONTINENTAL FRANCE 
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3.2 Seismic risk based on Probabilistic Seismic hazard models and fragility curves  

3.2.1 Description of input data 

 

Probabilistic seismic hazard models  

In the last years, several probabilistic seismic hazard maps have been established for the 

French territory. The main characteristic of these maps regards the huge variability in the 

hazard assessment. For the present study three probabilistic seismic hazard maps were 

selected:  

1) MEDD: French probabilistic seismic hazard map established in 2002. This hazard map 

was used by French organisations to elaborate the French zoning map dividing the 

country into five levels of hazard. There is not a scientific publication for this hazard 

map.  

2) SHARE: European probabilistic hazard map established in 2013. SHARE was 

elaborated under the Seventh Framework Program of the European Commission and 

provide seismic hazard estimates for the Euro-Mediterranean regions 

(http://www.share-eu.org/). 

3) GEOTER: French probabilistic hazard map established in 2017. It is the most recent 

hazard map of the French metropolitan territory, which integrates the last state of the 

art and particularly all scientific progress of SIGMA research program (Drouet et al. 

2015, Martin et al. 2017). The main progress introduced in GEOTER model are: a new 

French seismic catalogue, homogenous in moment magnitude, attenuation ground 

motion models better adapted to the French territory, improved methodologies for a 

better determination of maximum magnitudes, propagation of uncertainties, etc. 

Publication of this hazard map is in progress.  

 

Fragility curves  

According to the method described in 2.2, it is necessary to know the parameters 

characterizing the fragility curve namely 𝑎𝐷  and 𝛽𝐷  (see equation 5). To obtain these 

parameters, the approach of Lagomarsino & Cattari 2014 is used.  

The table 6 indicates the values of 𝑎𝐷  and 𝛽𝐷using the conversion formulas intensity to PGA 

by Murphy & O’Brien 1997, and Faccioli & Cauzzi 2006 for three damage degrees (D2, D3 and 

D4) and two vulnerability classes (B and C). Annex 1 presents a synthesis of the method to 

derive the values of table 6.   

http://www.share-eu.org/
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Table 6: Median values and standard deviation of natural logarithm of PGAs for two conversion 

formulas, three damages degrees (D2, D3, D4) and two vulnerability classes B and C 

 
A concern with this approach is that the considered fragility curves are derived from intensity 
observations and conversion formula. In the spirit of our study, another option would be that 
we use fragility curves that are directly established in terms of PGA, such as those proposed 
by Milutinovic & Trendafiloski (2003) or Rota et al. (2008). Vulnerability classes to be 
associated to these fragility curves are not specified by the authors. Regarding Rota et al., the 
building description is clearly in favour of class C. As Milutinovic & Trendafiloski values are 
similar, it is also assumed that they are for class C as well.  
 
In any case, it should be observed that, either or not derived from observations in intensity, the 
available fragility curves take the form of lognormal functions. It means that the intensity 
intermediate is not a real concern to the extent its effects on seismic risk assessment can be 
covered by a sensitivity analysis such as presented in Annex 6. For instance, for the damage 
grade 2, there is a difference of one order of magnitude between the probability derived from 
the fragility curve of Lagomarsino & Cattari (2014) based on Murphy & O’Brien (1977) and the 
probability derived from the fragility curve of Rota et al. (2008). 
 

3.2.2 Calculations and results  

 

The seismic risk was derived from each hazard maps (MEDD, SHARE, GEOTER) and each 
fragility curves described in the precedent chapter, which results in 6 combinations. The 
seismic risk calculations were done for a grid of 115 points, presented in Figure 10, whose 
coordinates are listed in the Annex 3. 
 
The risk was calculated at every point by formula (5). The selected Tref is 475 years and the 
corresponding values of aref and n are listed in the Annex 3 for the 3 maps. 
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Figure 10: Grid of points selected for risk calculation within each domain   

 

A median value was then calculated for each domain. These results are presented in the next 

section. For every of the 6 combinations of hazard and fragility, the calculated seismic risk 

exhibits a strong consistency: 

 The larger the damage grade, the lower its probability of occurrence, 

 The larger the vulnerability class, the lower the expected damage, 

 The seismic risk is lower for stables domains (ex. “plateforme stable continentale”, 

domain No 7) and higher for more active domains (ex. “Alpes and Pyrenes, domains 1 

and 8).  

 

3.3 Comparing seismic risk evaluations and discussion  
 

This section presents the comparison of two seismic risk described in the precedents sections: 

1) seismic risk derived from historical seismicity and 2) seismic risk derived from seismic 

hazard maps and fragility curves. Results are summarized in the table 7. They are also 

presented in the form of graphs. As an example, the figure 9 shows the comparison for the 

domain 1 (Alps + Base). The graphs of other domains are in Annex 2. 
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a. Murphy & O’Brien 1977 – Vulnerability class B  

 

 

b. Faccioli & Cauzzi 2006 – Vulnerability class B 

 

 

c. Murphy & O’Brien 1977 – Vulnerability class C  

 

 

d. Faccioli & Cauzzi 2006 – Vulnerability class C 

 

Table 7: Annual probabilities of having a damage greater or equal to degrees D2, D3 and D4 using: a) 

Murphy & O’Brien 1977 and vulnerability class B; b) Faccioli & Cauzzi 2006 and vulnerability class B; 

c) Murphy & O’Brien 1977 and vulnerability class C; d) Faccioli & Cauzzi 2006 and vulnerability class 

C. Results from each seismic hazard map is indicated in the table by MEED, SHARE, GEOTER. The 

seismic risk based on historical seismicity is indicated in the colomn HISTORIQUE. 

MEED SHARE GEOTER HISTORIQUE MEED SHARE GEOTER HISTORIQUE MEED SHARE GEOTER HISTORIQUE

ALPES + BALE 6,10E-02 4,61E-02 2,52E-03 5,26E-04 1,34E-02 8,04E-03 1,13E-03 9,22E-05 3,23E-03 1,59E-03 5,21E-04 1,52E-05

BLOC ARMORICAIN 1,51E-02 1,63E-03 6,10E-04 3,16E-05 3,33E-03 3,80E-04 3,40E-04 3,96E-06 8,03E-04 9,62E-05 1,99E-04 4,58E-07

GRABEN DU RHIN 3,51E-02 3,03E-02 1,11E-03 6,90E-05 7,71E-03 4,44E-03 4,58E-04 4,06E-07 1,86E-03 7,58E-04 1,95E-04 2,39E-09

MANCHE / MER DU NORD 1,26E-02 1,95E-03 2,80E-04 4,20E-05 2,76E-03 4,55E-04 1,57E-04 9,65E-07 6,65E-04 1,15E-04 8,86E-05 2,21E-08

MASSIF CENTRAL / BRESSE / JURA 1,42E-02 3,44E-03 3,72E-04 5,73E-06 3,13E-03 5,66E-04 1,90E-04 1,15E-07 7,54E-04 1,33E-04 8,76E-05 2,31E-09

MEDITERRANEE 1,39E-02 4,19E-03 4,86E-04 1,38E-04 3,06E-03 9,76E-04 2,31E-04 3,95E-05 7,38E-04 2,47E-04 1,12E-04 9,99E-06

PLATEFORME STABLE OCCIDENTALE 2,70E-03 3,65E-04 2,81E-04 3,88E-07 5,95E-04 1,42E-04 1,67E-04 7,81E-09 1,43E-04 5,70E-05 9,93E-05 1,56E-10

PYRENEES 3,08E-02 1,00E-02 1,73E-03 5,21E-04 6,78E-03 2,08E-03 6,46E-04 3,94E-05 1,63E-03 4,78E-04 2,50E-04 7,16E-07

FRANCE CONTINENTALE 1,47E-02 5,43E-03 6,16E-04 7,92E-05 3,23E-03 1,01E-03 3,03E-04 1,12E-05 7,79E-04 2,23E-04 1,54E-04 1,75E-06

D2 D3 D4

MEED SHARE GTR HISTORIQUE MEED SHARE GTR HISTORIQUE MEED SHARE GTR HISTORIQUE

ALPES + BALE 2,61E-02 1,66E-02 1,72E-03 5,26E-04 6,70E-03 3,47E-03 8,34E-04 9,22E-05 1,94E-03 8,49E-04 4,23E-04 1,52E-05

BLOC ARMORICAIN 6,49E-03 7,28E-04 4,59E-04 3,16E-05 1,66E-03 1,96E-04 2,80E-04 3,96E-06 4,83E-04 5,95E-05 1,68E-04 4,58E-07

Graben du Rhin 1,50E-02 9,47E-03 7,21E-04 6,90E-05 3,85E-03 1,71E-03 3,23E-04 4,06E-07 1,12E-03 3,68E-04 1,53E-04 2,39E-09

MANCHE / MER DU NORD 5,38E-03 8,72E-04 2,16E-04 4,20E-05 1,38E-03 2,35E-04 1,27E-04 9,65E-07 4,00E-04 7,12E-05 7,72E-05 2,21E-08

MASSIF CENTRAL / BRESSE / JURA 6,09E-03 8,72E-04 2,75E-04 5,73E-06 1,56E-03 2,35E-04 1,42E-04 1,15E-07 4,53E-04 7,12E-05 7,06E-05 2,31E-09

MEDITERRANEE 5,96E-03 1,87E-03 3,43E-04 1,38E-04 1,53E-03 5,05E-04 1,75E-04 3,95E-05 4,44E-04 1,53E-04 9,28E-05 9,99E-06

PLATEFORME STABLE OCCIDENTALE 1,16E-03 2,29E-04 2,23E-04 3,88E-07 2,97E-04 9,73E-05 1,38E-04 7,81E-09 8,62E-05 4,39E-05 8,80E-05 1,56E-10

PYRENEES 1,32E-02 4,12E-03 1,06E-03 5,21E-04 3,39E-03 1,00E-03 4,34E-04 3,94E-05 9,82E-04 2,79E-04 1,90E-04 7,16E-07

FRANCE CONTINENTALE 6,29E-03 1,96E-03 4,39E-04 7,92E-05 1,61E-03 4,59E-04 2,33E-04 1,12E-05 4,68E-04 1,27E-04 1,28E-04 1,75E-06

D2 D3 D4

MEED SHARE GEOTER HISTORIQUE MEED SHARE GEOTER HISTORIQUE MEED SHARE GEOTER HISTORIQUE

ALPES + BALE 1,32E-02 7,95E-03 1,11E-03 9,22E-05 2,85E-03 1,36E-03 4,96E-04 1,52E-05 6,84E-04 2,67E-04 2,28E-04 1,60E-06

BLOC ARMORICAIN 3,28E-03 3,74E-04 3,35E-04 3,96E-06 7,07E-04 8,54E-05 1,93E-04 4,58E-07 1,70E-04 2,16E-05 9,68E-05 3,72E-08

GRABEN DU RHIN 7,60E-03 4,41E-03 4,50E-04 4,06E-07 1,64E-03 6,31E-04 1,84E-04 2,39E-09 3,93E-04 1,07E-04 7,79E-05 1,37E-11

MANCHE / MER DU NORD 2,72E-03 4,48E-04 1,54E-04 9,65E-07 5,86E-04 1,02E-04 8,58E-05 2,21E-08 1,41E-04 2,58E-05 4,84E-05 4,61E-10

MASSIF CENTRAL / BRESSE / JURA 3,08E-03 5,61E-04 1,87E-04 1,15E-07 6,64E-04 1,17E-04 8,33E-05 2,31E-09 1,60E-04 2,82E-05 3,74E-05 4,27E-11

MEDITERRANEE 3,02E-03 9,61E-04 2,27E-04 3,95E-05 6,50E-04 2,20E-04 1,07E-04 9,99E-06 1,56E-04 5,55E-05 5,19E-05 1,42E-06

PLATEFORME STABLE OCCIDENTALE 5,86E-04 1,39E-04 1,64E-04 7,81E-09 1,26E-04 5,35E-05 9,65E-05 1,56E-10 3,03E-05 2,14E-05 5,75E-05 2,89E-12

PYRENEES 6,67E-03 2,05E-03 6,35E-04 3,94E-05 1,44E-03 4,18E-04 2,34E-04 7,16E-07 3,46E-04 9,46E-05 9,04E-05 1,21E-08

FRANCE CONTINENTALE 3,18E-03 9,94E-04 2,99E-04 1,12E-05 6,86E-04 1,94E-04 1,48E-04 1,75E-06 1,65E-04 4,53E-05 7,32E-05 2,05E-07

D2 D3 D4

MEED SHARE GEOTER HISTORIQUE MEED SHARE GEOTER HISTORIQUE MEED SHARE GEOTER HISTORIQUE

ALPES + BALE 6,51E-03 3,36E-03 8,21E-04 9,22E-05 1,72E-03 7,29E-04 4,04E-04 1,52E-05 4,89E-04 1,74E-04 2,03E-04 1,60E-06

BLOC ARMORICAIN 1,62E-03 1,91E-04 2,77E-04 3,96E-06 4,27E-04 5,31E-05 1,61E-04 4,58E-07 1,21E-04 1,58E-05 9,09E-05 3,72E-08

Graben du Rhin 3,74E-03 1,64E-03 3,18E-04 4,06E-07 9,89E-04 3,08E-04 1,45E-04 2,39E-09 2,81E-04 6,47E-05 6,80E-05 1,37E-11

MANCHE / MER DU NORD 1,34E-03 2,29E-04 1,26E-04 9,65E-07 3,54E-04 6,35E-05 7,49E-05 2,21E-08 1,01E-04 1,89E-05 4,52E-05 4,61E-10

MASSIF CENTRAL / BRESSE / JURA 1,52E-03 2,29E-04 1,40E-04 1,15E-07 4,01E-04 6,35E-05 6,73E-05 2,31E-09 1,14E-04 1,89E-05 3,32E-05 4,27E-11

MEDITERRANEE 1,49E-03 4,91E-04 1,72E-04 3,95E-05 3,93E-04 1,36E-04 8,90E-05 9,99E-06 1,12E-04 4,05E-05 4,68E-05 1,42E-06

PLATEFORME STABLE OCCIDENTALE 2,89E-04 9,56E-05 1,37E-04 7,81E-09 7,63E-05 4,14E-05 8,57E-05 1,56E-10 2,17E-05 1,84E-05 5,41E-05 2,89E-12

PYRENEES 3,29E-03 9,74E-04 4,26E-04 3,94E-05 8,70E-04 2,45E-04 1,78E-04 7,16E-07 2,47E-04 6,36E-05 7,68E-05 1,21E-08

FRANCE CONTINENTALE 1,57E-03 4,45E-04 2,30E-04 1,12E-05 4,15E-04 1,12E-04 1,23E-04 1,75E-06 1,18E-04 3,18E-05 6,70E-05 2,05E-07

D2 D3 D4



 

Research and Development Program on 
Seismic Ground Motion 

Ref : SIGMA2-2018-D5-016 

Page 23/58 

 

Evaluation of Probabilistic Seismic Hazard Analyses based on macroseismic observations - SIGMA2-2018-
D5-016 

 

Figure 11: Comparison of the seismic risk derived from seismic hazard maps (MEED, SHARE, 

GEOTER) and seismic risk based on historical seismicity, horizontal scale. a) Seismic risk for 

vulnerability class B and b) Seismic risk for vulnerability class C using Murphy & O’Brien (1997) in the 

left and Faccioli & Cauzzi (2006) in the right side. The dark blue, light blue and the grey colours 

represent respectively the degrees of damages D2, D3 and D4. 

 

The most remarkable output of this research is that the seismic risk derived from convolution 

of seismic hazard maps and fragility curves is systematically and significantly larger, by one or 

two orders of magnitude, than the seismic risk derived from historical seismicity. This tendency 

is obtained for all type of hazard models, hypothesis, vulnerability and degree of damage 

tested. 

Regarding the three considered hazard maps, the seismic risk derived from the MEDD map is 

the highest in the vast majority of case, followed by the SHARE map, and finally the seismic 

risk of GEOTER map remains the lowest. Therefore, the GEOTER map is the most consistent 

with the historical seismic risk and the MEDD map is the less consistent. 

Regarding activity domains, it is interesting to note that the gap between the two risk 

approaches is much smaller in the most active domain (Pyrénées) than in the less active one 

(Plateforme stable).  

Regarding the two considered conversions formulas, the one by Faccioli and Cauzzi leads to 

risk estimates that are systematically more consistent with the historical risk than the one by 

Murphy and O’Brien.  

Regarding vulnerability classes and damage grades, it is observed that selecting class B and 

damage D2 trends to minimize the gap between the two seismic risk approaches.  
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A satisfactory consistency between the two approaches is obtained in the following case: 

- Pyrénées Domain, 

- GEOTER map, 

- Vulnerability B, 

- Damage D2, 

- Conversion formula by Faccioli and Cauzzi, 

which leads to: 

- Risk estimate 1 (historical seismicity): 5.21 10-4, 

- Risk estimate 2 (convolution hazard-fragility): 10.6 10-4. 

 

4 Conclusions and perspectives  
 

This research applied a methodology based on macroseismic data to check the consistency 

of three hazard maps of the French metropolitan territory (MEED, SHARE, GEOTER). The 

methodology consists in calculating the seismic risk using two different approaches: 1) seismic 

risk derived from historical seismicity and 2) seismic risk calculated by convolution of hazard 

maps and fragility curves.  

The main output of this research is that the seismic risk derived from convolution of seismic 

hazard maps and fragility curves is systematically and significantly larger, by one or two orders 

of magnitude, than the seismic risk derived from historical seismicity. This tendency is obtained 

for all type of hazard models, hypothesis, vulnerability and degree of damage tested. 

The seismic risk calculated with the GEOTER map is the less inconsistent with the seismic risk 

derived from historical seismicity, the MEDD map is the most inconsistent. These results 

highlight that, among the three models tested in the present study, GEOTER model is the one 

that should relatively be regarded as the most coherent with observations of historical 

seismicity. 

Although some developments of the presented analyses are still possible, it is not expected 

that the gap between the two approaches could be bridged at the current state of practice. 

Main tracks of development are as follows: 

- Fragility curves 

At the moment when this study was conducted, fragility curves directly established in PGA for 

well characterized EMS-98 vulnerability classes are not available. Available curves explicitly 

associated to vulnerability classes were obtained through intensity-PGA conversion formula, 

while curves directly established in PGA were not associated to a vulnerability class. For the 

beauty of the analysis, it would be preferable that fragility curves directly established in PGA 

(without conversion formula) be available for EMS-98 vulnerability classes. However, the 

sensitivity study conducted in this study gives evidence that, in practice, only a small part of 

the gap between approaches could be bridged through a new fragility curve.  
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- Site amplification factors 

Hazard data used in this study are those corresponding to rock sites. Of course, it is not 

possible to assume that the entire France is made of rocky sites. In practice it would be 

necessary that the building stock distribution in sites categories (e.g. Eurocode 8 categories) 

be accounted for through a site amplification factor. This necessary development can only lead 

to enlarging the gap between approaches.  

- Expected maximum intensities 

As indicated above, although there was no observation of intensity 9 in the French continental 

territory during the considered period of time, it is not possible to derive that the probability of 

such an event is zero. To cope with this issue, an inclusive extrapolation has been 

implemented, based on expert judgment. In the future it is expected that, the extreme value 

theory will be used to derive an extreme intensity frequency, in a manner similar to the one 

used by Dutfoy (2019) for extreme magnitudes.  

- Uncertainties 

In this study uncertainties on the distribution of seismic event on a century, as well as 

uncertainties on isoseismal have not been evaluated or processed. They could be both 

addressed in further developments. Another option to handle uncertainties would be that 

fractiles of hazard maps are examined in addition to the median map. Such an analysis could 

for instance lead to the conclusion that the fractile 20% or 30% of a given map is consistent 

with historical seismicity.  
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ANNEX 1 - Description of fragility curves parameters 

 

To obtain the parameters 𝑎𝐷 and 𝛽𝐷, the approach of LAGOMARSINO & GIOVINAZZI (2006), 

taken up by LAGOMARSINO & CATTARI (2014) is used. 

This approach consists in translating the EMS-98 scale based on macroseismic intensities 

from the fuzzy sets theory. A mean damage function in intensities is obtained. Then a fragility 

curve using a binomial distribution is obtained in intensities. After converting the curves from 

intensities to PGA, a calibration of these curves on a log-normal distribution is performed to 

obtain the parameters 𝑎𝐷 and 𝛽𝐷, 

 

The mean damage functions are given by the following formula: 

𝜇𝒞(𝐼) =

{
 

    2.5 + 3 𝑡𝑎𝑛ℎ (
𝐼 + 6.25𝑉𝒞 − 12.7

𝑄
)                                𝐼 > 7                  (𝐴1.1)

 [2.5 + 3 𝑡𝑎𝑛ℎ (
𝐼 + 6.25𝑉𝒞 − 12.7

𝑄
)] 𝑒

𝑉𝒞(𝐼−7)
2               𝐼 ≤ 7                    (𝐴1.2)

 

Where : 

𝑉𝒞 : vulnerability index for vulnerability class 𝒞, 

Q : ductility index.  

 

These two parameters characterize the seismic behavior of a homogeneous set of buildings. 

Table A1.1 presents the ranges of possible values of this index for the vulnerability classes A 

to D (representative of the masonry) obtained from the theory of the fuzzy sets: 

𝓒 A B C D 

𝑽𝓒 [0.84 − 0.92] [0.68 − 0.76] [0.52 − 0.60] [0.36 − 0.44] 

Table A1.1: Vulnerability index values proposed by LAGOMARSINO & CATTARI (2014) 

Following values were selected for calculations: 𝑉𝐴 = 0.88 ; 𝑉𝐵 = 0.72 ; 𝑉𝐶 = 0.56 ; 𝑉𝐷 = 0.40 ; 

and the ductility index, was calibrated to 3. Figure A1.1 shows the corresponding pseudo-

fragility curves for the A to D classes. 
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Figure A1.1: Mean damage curves for the vulnerability classes A to D 

 

From these mean damage functions, one can have the probability 𝑓𝐷
𝒞(𝐼) of having a damage 

of degree 𝐷 on a building of vulnerability class 𝒞 caused by a felt intensity 𝐼. This probability is 

assumed to be binomially distributed ℬ (5.
𝜇𝐷(𝐼)

5
). 

𝑓𝐷
𝒞(𝐼) =

5!

𝐷! (5 − 𝐷)!
(
𝜇𝒞(𝐼)

5
)

𝐷

(1 −
𝜇𝒞(𝐼)

5
)

5−𝐷

                                          (A1. 3) 

 

Thus, the probability𝐹𝐷
𝒞(𝐼) to have a damage greater than or equal to 𝐷 on a building of 

vulnerability class 𝒞 caused by a felt intensity 𝐼 is given by the formula (A1.4): 

𝐹𝐷
𝒞(𝐼) = ∑ 𝑓𝑘

𝒞(𝐼)

5

𝑘=𝐷

                                                    (A1.4) 

 

However, these fragility curves are functions of the macroseismic intensity whereas we need 

curves in accelerations (PGA). 

To do this, two PGA-macroseismic intensity conversion formulas were used namely those of 

MURPHY & O'BRIEN (1977) and FACCIOLI & CAUZZI (2006). The equation (A1.5) gives the 

standard form of these formulas: 

𝐼 = 𝑎 + 𝑏 𝑙𝑜𝑔(𝑃𝐺𝐴)                       (A1.5) 

Table A1.2 presents the values of a and 𝑏 proposed by MURPHY & O'BRIEN (1977) and 
FACCIOLI & CAUZZI (2006) and the corresponding formulas are plotted in Figure A1.2  
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 𝒂  𝒃  

MURPHY & O’BRIEN (1977) 7 4 

FACCIOLI & CAUZZI (2006)  6.54 4.51 

Table A1.2: Parameter values of the intensity – PGA conversions formulas 
 
 

 
Figure A1.2: Representation of the conversion formulas 

 
 

It only remains to convert the intensities in PGA to get the fragility curves in PGA. For the rest, 

only the degrees of damage 2, 3 and 4 were selected for this study. In addition, only 

vulnerability classes B and C of the EMS-98 scale were analyzed. Figures A1.3 and A1.4 

present the fragility curves derived from both considered conversion formulas. 

 

 

Figure A1.3: Fragility curves for vulnerability classes B and C 

based on MURPHY & O’BRIEN (1977) 
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Figure A1.4: Fragility curves for vulnerability classes B and C 

based on FACCIOLI & CAUZZI (2006), 

 

Values of 𝑎𝐷 were obtained as the median of each series. Values of 𝛽𝐷 they were obtained by 

calibration so that the curves of figures A1.3 and A1.4 are as close as possible to a log-normal 

curve. 
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ANNEX 2 - Seismic risk comparison 

 

 

Comparison of the seismic risk derived from seismic hazard maps (MEED, SHARE, GEOTER) and 

seismic risk based on historical seismicity, horizontal scale. a) Seismic risk for vulnerability class B and 

b) Seismic risk for vulnerability class C using Murphy & O’Brien (1997) in the left and Faccioli & Cauzzi 

(2006) in the right side. The blue colours and the grey colour represent respectively the degrees of 

damages D2, D3 and D4 
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ANNEX 3 - Grid point coordinates and data for seismic risk 

calculation 

 

 

Domain numbering 

1 ALPES + BALE 

2 BLOC ARMORICAIN / DOMNOMEEN / MANCELLIEN 

3 GRABEN DU RHIN 

4 MANCHE / MER DU NORD 

5 MASSIF CENTRAL / BRESSE / JURA 

6 MEDITERRANEE 

7 PLATEFORME STABLE OCCIDENTALE 

8 PYRENNEES 

  

Point 
nb. 

Domain 
number 

Long. Lat. 
MEDD 

aref 

cm/s² 

MEDD 
n 

SHARE 
aref 

cm/s² 

SHARE 
n 

GEOTER 
aref 

cm/s² 

GEOTER 
n 

1 1 6.8 46 183.1 2.7 168.9 3.1 120.3 1.44 

2 1 5.9 45.3 173.9 2.7 95.8 3.1 77.4 1.44 

3 1 6.8 45.4 153.1 2.7 118.6 3.1 94.1 1.44 

4 1 6.3 45 154.8 2.7 97.8 3.1 83.0 1.44 

5 1 6.5 44.5 185.5 2.7 136.6 3.1 92.5 1.44 

6 1 6.3 43.9 164.2 2.7 93.9 3.1 57.1 1.44 

7 1 7.3 43.9 177.1 2.7 141.9 3.1 84.8 1.44 

8 1 6.2 45.7 174.8 2.7 121.0 3.1 82.1 1.44 

9 2 -1.6 49.4 92.6 2.7 44.8 2.6 19.6 0.98 

10 2 -1.2 48.8 93.4 2.7 47.5 2.6 23.1 0.98 

11 2 -0.1 48.8 85 2.7 41.0 2.6 16.9 1.31 

12 2 -4.4 48.5 91.2 2.7 39.6 2.6 24.1 0.98 

13 2 -3.2 48.5 93.6 2.7 43.7 2.6 26.2 0.98 

14 2 -3.7 48 95.8 2.7 44.8 2.6 31.6 0.98 

15 2 -2.4 48.1 94.8 2.7 46.9 2.6 29.1 0.98 

16 2 -0.7 48.1 93.7 2.7 46.5 2.6 22.1 1.31 

17 2 -2.2 47.4 107.1 2.7 48.7 2.6 35.3 0.98 
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18 2 -1 47.4 114.1 2.7 48.6 2.6 34.7 0.98 

19 2 0.3 47.4 94.7 2.7 42.7 2.6 24.9 1.31 

20 2 -1.8 46.8 112.9 2.7 60.3 2.6 36.1 0.98 

21 2 -0.6 46.8 116.5 2.7 56.3 2.6 38.5 1.31 

22 2 1 46.8 106.6 2.7 47.3 2.6 31.2 1.31 

23 2 2.3 46.8 106.3 2.7 48.0 2.6 22.1 1.31 

24 2 -0.8 46 116 2.7 56.1 2.6 30.9 0.98 

25 2 0.4 46 106.9 2.7 47.6 2.6 29.6 1.31 

26 2 1.6 46 104.1 2.7 45.1 2.6 23.3 1.31 

27 2 -0.2 45.5 105.3 2.7 44.5 2.6 21.4 1.31 

28 3 7.5 48.7 128.9 2.7 90.1 3.4 48.1 1.59 

29 3 6.6 48 143.5 2.7 86.5 3.4 46.3 1.59 

30 3 7.5 48 150.2 2.7 176.8 3.4 71.3 1.59 

31 3 6.3 47.7 140.6 2.7 84.7 3.4 39.6 1.59 

32 4 1.7 50.9 95.5 2.7 48.3 2.6 10.8 1.05 

33 4 2.4 51 75.1 2.7 73.4 3.1 12.2 1.05 

34 4 2.3 50.6 97.1 2.7 46.9 2.5 11.4 1.05 

35 4 3 50.4 99.2 2.7 50.2 2.6 16.4 1.05 

36 4 3.7 50.3 134.8 2.7 120.5 3.4 29.1 1.05 

37 5 6.5 47.4 120.3 2.7 92.2 2.7 52.6 1.2 

38 5 4.7 46.8 101.7 2.7 53.5 2.7 19.7 1.2 

39 5 5.8 46.7 149.4 2.7 65.0 2.7 50.2 1.2 

40 5 3 46 117.7 2.7 94.9 2.7 24.6 1.48 

41 5 4.2 46 116.2 2.7 84.1 2.7 18.8 1.2 

42 5 5.3 46 124.9 2.7 64.4 2.7 39.6 1.2 

43 5 6.1 46 173.9 2.7 128.3 2.7 75.2 1.2 

44 5 1 45.4 72.6 2.7 29.2 2.5 16.4 1.48 

45 5 2.1 45.4 60.5 2.7 34.0 2.5 15.0 1.48 

46 5 3.6 45.4 116.9 2.7 84.3 3.2 18.7 1.2 

47 5 4.7 45.4 118.4 2.7 61.4 3.2 28.5 1.2 

48 5 1.4 44.9 49.9 2.7 24.2 3.2 12.2 1.48 

49 5 2.6 45 87.2 2.7 50.0 3.2 15.6 1.48 

50 5 4.1 45 114.2 2.7 73.1 2.7 21.0 1.2 

51 5 5 45 155 2.7 94.6 2.7 43.9 1.2 

52 5 1.4 44.3 48.7 2.7 25.0 2.5 14.6 1.48 

53 5 2.2 44.4 78.4 2.7 35.8 2.5 13.9 1.48 

54 5 3.4 44.4 86.1 2.7 45.6 2.7 16.1 1.48 
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55 5 1.7 43.8 52.3 2.7 30.7 2.5 18.9 1.48 

56 5 2.9 43.9 73.6 2.7 35.3 2.7 15.5 1.48 

57 5 1.9 43.4 65 2.7 39.8 2.5 25.5 1.48 

58 6 4.6 44.4 133.1 2.7 147.4 2.6 31.5 1.34 

59 6 5.6 44.5 94 2.7 89.6 2.6 54.5 1.4 

60 6 5.2 44.1 130.8 2.7 96.3 2.6 38.5 1.34 

61 6 4.1 43.8 93 2.7 37.7 2.6 20.5 1.34 

62 6 5 43.5 111.8 2.7 68.8 2.6 25.1 1.34 

63 6 2.9 43.2 90.1 2.7 43.7 2.6 25.6 1.34 

64 6 5.7 43.3 100.9 2.7 50.3 2.6 24.6 1.4 

65 6 6.7 43.5 109.2 2.7 67.4 2.6 37.2 1.44 

66 6 3.6 43.5 86.7 2.7 30.9 2.6 18.5 1.34 

67 7 1.7 50.3 59 2.7 23.2 1.7 8.0 0.95 

68 7 1.1 49.8 49.2 2.7 16.4 1.7 6.9 0.95 

69 7 2 49.9 52.8 2.7 19.9 1.7 7.0 0.95 

70 7 3.3 49.8 62.3 2.7 30.2 1.7 10.4 0.95 

71 7 4.7 49.8 60.4 2.7 33.7 1.7 13.1 0.95 

72 7 0.3 49.4 55 2.7 22.1 1.7 11.0 0.95 

73 7 1.7 49.4 49 2.7 15.3 1.7 5.8 0.95 

74 7 3 49.4 47.2 2.7 18.0 1.7 6.0 0.95 

75 7 4.4 49.3 46.9 2.7 19.5 1.7 6.8 0.95 

76 7 5.6 49.3 47 2.7 22.2 1.7 10.2 0.95 

77 7 1.4 48.7 51.9 2.7 16.5 1.7 6.6 0.95 

78 7 2.4 48.7 44.7 2.7 12.6 1.7 4.2 0.95 

79 7 3.9 48.7 44.8 2.7 14.0 1.7 4.4 0.95 

80 7 5 48.7 46.5 2.7 17.7 1.7 7.1 0.95 

81 7 6.3 48.8 56.6 2.7 27.5 1.7 15.1 0.95 

82 7 1 48 58.2 2.7 22.4 1.7 10.3 0.95 

83 7 2.1 48 48.6 2.7 16.9 1.7 6.5 0.95 

84 7 3.5 48.1 47.5 2.7 15.4 1.7 4.7 0.95 

85 7 4.7 48 60.3 2.7 26.5 1.7 9.6 0.95 

86 7 5.6 48.1 79 2.7 35.3 1.7 16.0 0.95 

87 7 1.5 47.4 67.8 2.7 29.3 1.7 14.2 0.95 

88 7 3 47.4 69.1 2.7 29.4 1.7 8.0 0.95 

89 7 4.2 47.4 62.7 2.7 32.9 1.7 10.4 0.95 

90 7 5.4 47.4 82.1 2.7 47.9 1.7 23.9 0.95 

91 7 3.5 46.9 67.5 2.7 37.7 1.7 11.2 0.95 
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92 7 -1.1 44.9 50.5 2.7 20.5 1.7 10.6 0.95 

93 7 0 44.9 58.4 2.7 24.4 1.7 12.6 0.95 

94 7 -1.2 44.3 50.6 2.7 25.4 1.7 15.3 0.95 

95 7 -0.3 44.4 52.7 2.7 26.2 1.7 15.4 0.95 

96 7 0.6 44.4 48.2 2.7 25.5 1.7 14.7 0.95 

97 7 0.3 43.8 67.2 2.7 43.2 1.7 27.0 0.95 

98 7 -1 45.3 66.9 2.7 26.0 1.7 13.3 0.95 

99 7 -0.8 44 66.6 2.7 35.1 1.7 25.7 0.95 

100 8 -1.3 43.7 104.1 2.7 41.8 3.3 41.6 1.77 

101 8 -0.8 43.7 105.4 2.7 53.6 3.3 49.6 1.77 

102 8 -0.3 43.5 126.4 2.7 94.3 3.3 68.9 1.77 

103 8 -1.5 43.4 137.5 2.7 51.1 2.8 63.5 1.77 

104 8 -1.1 43.3 197.7 2.7 92.1 3.3 95.9 1.77 

105 8 -0.6 42.9 211.3 2.7 136.3 3.3 119.7 1.77 

106 8 0 42.8 208.2 2.7 173.5 3.3 111.5 1.77 

107 8 0.3 43.4 114 2.7 85.8 3.3 58.3 1.77 

108 8 0.5 42.8 209.4 2.7 153.0 2.8 96.6 1.77 

109 8 0.6 43.1 138.6 2.7 125.7 2.8 79.5 1.77 

110 8 1.5 43.1 106.3 2.7 68.9 2.8 42.2 1.77 

111 8 1.5 42.7 174 2.7 85.4 2.8 61.4 1.77 

112 8 2 43 109.2 2.7 78.4 2.8 43.8 1.77 

113 8 2.6 42.8 126 2.7 84.3 2.8 48.9 1.77 

114 8 2.5 42.5 145.2 2.7 82.5 2.8 54.4 1.77 

115 8 2.9 42.6 133.3 2.7 68.8 2.8 43.8 1.77 
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ANNEX 4 – Statistical treatment of a comprehensive set of 

isoseismals observed in France during one century 

 

This Annex consist in a communication that was presented at the 16th European Conference 

on Earthquake Engineering, copied in the following pages.  

From the viewpoint of the present deliverable, a key output of the hereunder communication 

is that, for any epicentral intensity, all isoseismal radii are log-normally distributed (section 3.1). 

This feature plays a crucial role in the Annex 5 rationale.  
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ANNEX 5 – Possible effect of extreme historical events on the 

outputs of the study 

 

 

1 Introduction 

Some historical events that occurred before 1905 were documented by Levret et al. (1994) in 

terms of isoseismal diameters, and a few other ones by Lambert et al. (1997). The most 

significant of them by the size of isoseismals are summarized in Table A5-1. For instance, 

isoseismals of the Détroit de Calais earthquakes (I0=7,5) are much larger than the largest in 

the 1900-2007 database, which are R7 = 19.4 km, R6 = 51.4 km and R5 = 114.8 km, these 

three values being due to the Massif du Mont Blanc earthquake (Lac d’Emosson), dated 29 

April 1905 (event 740060 in Annex 4). 

 

Table A5-1 Outstanding historical earthquakes 

Name Date I0 R9 R8 R7 R6 R5 

Bâle 18/10/1356 9  30    

Détroit de Calais 06/04/1580 7.5   30 111 208 

Bigorre 21/06/1660 8.5  16 44 113 240 

Bouin 25/01/1799 7.5   18 100 180 

Brenne 14/09/1866 7   15 32 170 

Vallée de la Saône 24/06/1878 6.5    30 52 

Limagne 26/08/1892 6.5    45 75 

 

A consequence of this situation is that we should wonder whether the seismic hazard 

assessment that we have carried out could result in different outputs in case we account for 

these large events. We are going first to present the rationale on the case of the Détroit de 

Calais earthquake. Then we shall present results obtained for the other earthquakes 

introduced in Table A5-1.  

2 Rationale 

As the Detroit de Calais earthquake occurred in 1580, an ideal way to answer the above 

question would be that we have at our disposal the comprehensive series of isoseismals for 

all the I0=7,5 earthquakes that occurred, say as of the early 1500’s. As we observed 15 such 

events on 1900-2007, it means that we would ideally handle approximately 75 events since 

1500.  

This is not such a large number of events and we could think of launching a research on them. 

However, it is very probable that we would face a completeness issue because, in the 

population of I0=7.5 earthquakes, some of them are of small extension (e.g. event 40099 in 

Annex 4) and the track of such events in the 16th or 17th century may be lost. On the opposite 
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we may assume that earthquakes with a large extension are obviously better documented and 

that we do not miss the largest ones in the databases. 

Consequently, we are led to raise the following question: Considering the population of I0=7.5 

earthquakes, such as characterised by its statistics on the 1900-2007 period of time (presented 

in Annex 4), is it likely that its largest event on the last four and a half centuries be represented 

by the Détroit de Calais earthquake?  

In order to answer this question, we found the rationale on 

- The statistics of classes of isoseismals I0:I introduced in Annex 4, in particular on the 

fact that isoseismal radii can be regarded as log-normally distributed random variables. 

- The mathematics of extremes, which predict the distribution of the maximum in a set 

of n samples of such a random variable.  

3 Mathematical background on extreme values of random variables 

For the sake of clarity and simplicity, we are reasoning on the case of log-normally distributed 

variables that pertain to our case.  

Let’s consider a random variable x, entirely characterized by its mean value m and standard 

deviation . We pick at random n samples of x and we retain the maximum, X. We may pick 

again n other samples and obtain another maximum. It means that X appears as a new random 

variable. It is clear that, would we multiply x by , X would also be multiplied by . 

Consequently, we may limit ourselves to considering the random variables y=x/m (of mean 

value 1 and standard deviation s=/m) and Y=X/m. It is clear that the distribution of Y is 

depending on s and n.  

Distributions of extremes were studied by several authors, in particular by Fréchet, Gumbel 

and Weibull, whose name were given to 3 different possible distributions of Y (actually there 

are only 3 possible types). For a log-normally distributed y random variable, its maximum is 

asymptotically distributed according to the Gumbel distribution. Asymptotically means that Y 

distribution trends towards a Gumbel type for large values of n. However, this convergence is 

slow and the Gumble formula is not valid for small values of n as those we may encounter 

when dealing with historical seismicity. Therefore, we use tables of values that provide the 

mean value of Y (Table A5-2) and its standard deviation (Table A5-3) versus s and n.  
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Table A5-2. Mean values of Y versus s and n 

s\n 5 10 15 20 30 50 100 200 500 1000 

0.1 1.12 1.162 1.185 1.2 1.221 1.247 1.279 1.31 1.348 1.376 

0.2 1.246 1.339 1.391 1.427 1.477 1.537 1.617 1.695 1.794 1.868 

0.3 1.374 1.528 1.616 1.678 1.764 1.871 2.016 2.16 2.35 2.494 

0.4 1.504 1.725 1.855 1.947 2.079 2.245 2.475 2.708 3.023 3.268 

0.5 1.631 1.926 2.103 2.232 2.416 2.654 2.988 3.335 3.815 4.196 

0.6 1.755 2.128 2.357 2.525 2.77 3.091 3.549 4.035 4.723 5.279 

0.7 1.874 2.327 2.613 2.824 3.135 3.549 4.151 4.801 5.739 6.512 

0.8 1.988 2.523 2.866 3.123 3.506 4.022 4.784 5.622 6.854 7.887 

0.9 2.095 2.712 3.115 3.42 3.878 4.503 5.441 6.489 8.056 9.39 

1 2.195 2.894 3.358 3.712 4.248 4.988 6.114 7.391 9.331 11.007 

1.1 2.29 3.068 3.592 3.996 4.613 5.473 6.797 8.319 10.667 12.724 

1.2 2.378 3.235 3.819 4.272 4.97 5.953 7.484 9.267 12.053 14.525 

1.3 2.46 3.393 4.036 4.54 5.319 6.427 8.171 10.225 13.478 16.397 

1.4 2.537 3.543 4.244 4.797 5.659 6.892 8.854 11.19 14.933 18.328 

1.5 2.609 3.685 4.444 5.045 5.987 7.347 9.531 12.156 16.408 20.306 

 

Table A5-3. Standard deviation of Y versus s and n 

s\n 5 10 15 20 30 50 100 200 500 1000 

0.1 0.076 0.069 0.066 0.064 0.061 0.059 0.056 0.053 0.051 0.049 

0.2 0.169 0.16 0.156 0.153 0.149 0.146 0.142 0.139 0.136 0.134 

0.3 0.281 0.275 0.273 0.271 0.269 0.268 0.267 0.266 0.268 0.269 

0.4 0.411 0.415 0.418 0.42 0.424 0.429 0.437 0.446 0.459 0.47 

0.5 0.558 0.58 0.593 0.602 0.616 0.634 0.659 0.686 0.723 0.753 

0.6 0.72 0.768 0.796 0.816 0.845 0.883 0.936 0.991 1.069 1.131 

0.7 0.895 0.977 1.026 1.061 1.111 1.177 1.27 1.368 1.505 1.615 

0.8 1.081 1.205 1.28 1.334 1.412 1.515 1.661 1.816 2.036 2.214 

0.9 1.277 1.45 1.556 1.633 1.746 1.894 2.107 2.336 2.664 2.933 

1 1.48 1.71 1.851 1.956 2.109 2.311 2.606 2.926 3.39 3.775 

1.1 1.69 1.981 2.164 2.299 2.498 2.764 3.155 3.583 4.212 4.739 

1.2 1.905 2.263 2.49 2.659 2.91 3.248 3.75 4.304 5.126 5.823 

1.3 2.124 2.554 2.829 3.036 3.344 3.761 4.386 5.084 6.13 7.024 

1.4 2.347 2.852 3.179 3.425 3.795 4.3 5.061 5.919 7.217 8.338 

1.5 2.572 3.156 3.537 3.826 4.262 4.861 5.771 6.805 8.384 9.758 

 

4 Application to an example 

Lets consider as an example the class of isoseismals I0=7,5:I=6 and the Détroit de Calais 

earthquake. 

For I0=7,5:I=6 , the Annex 4 Formula (2) provides: 

- m = 21.1 km and  = 17.9 km, corresponding to s=0.85. 



 

Research and Development Program on 
Seismic Ground Motion 

Ref : SIGMA2-2018-D5-016 

Page 56/58 

 

Evaluation of Probabilistic Seismic Hazard Analyses based on macroseismic observations - SIGMA2-2018-
D5-016 

Taking into account that 15 events I0=7.5 were observed on 1900-2007 (see Annex 4), we may 

expect approximately n = 65 such events on a four and a half centuries period of time. 

Interpolating in the Tables A5-2 and A5-3 for s=0.85 and n=65 leads to: 

- Y mean = 4.56. 

- Y standard deviation= 1.77. 

For m = 21.1 km, we derive: 

- X mean = 4.56 x 21.1 = 96 km  

- X mean + standard deviation= (4.56 + 1.77) x 21.1 = 133 km.  

The observed radius of the isoseismal I=6 of the Détroit de Calais earthquake is R6 = 111 km 

(See Table A5-1). It lies between the mean value, 95.4 km, and the mean plus one standard 

deviation, 133 km, of the expected maximum value of R6 on four and a half centuries.  

5 Outputs and conclusion 

Calculation outputs for R5, R6 an R7 of Détroit de Calais earthquake versus the expected 

maximum values are summarized in the Table A5-4, as well as similar outputs for the 7 events 

presented in Table A5-1. In this table, Ns is number of centuries considered for calculating 

features of the expected maximum isoseismal radii. Except for the Détroit de Calais event (as 

indicated above), Ns is calculated on the basis of the completion dates provided by Secanell 

et al. (2007), presented in Table A5-5: 

 

Table A5-4 Comparison of radii of historical isoseismals with expected maximum values  

Name Date I0 Ns R8 R7 R6 R5 

Bâle 18/10/1356 9 7.2 30/29/16    

Détroit de Calais 06/04/1580 7.5 4.5  30/35/14 111/96/37 208/261/101 

Bigorre 21/06/1660 8.5 5.2 16/23/11 44/62/30 113/169/81 240/461/219 

Bouin 25/01/1799 7.5 2.7  18/31/13 100/83/34 180/224/93 

Brenne 14/09/1866 7 2.7  15/25/9 32/69/25 170/187/67 

Vallée de la Saône 24/06/1878 6.5 1.7   30/33/13 52/91/36 

Limagne 26/08/1892 6.5 1.7   45/33/13 75/91/36 

Ns: Number of centuries considered for calculating features of the expected maximum isoseismal radii. 

hh/mm/ss: historicaly observed value / expected maximum-mean / expected maximum-standard deviation 

 

Table A5-5 Completeness dates of historical earthquakes in France (excerpt from Lambert et al. 1996) 
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Even though some radii look very large, it can be observed that they are generally below the 

expected maximum value, four of them are larger than the mean expected maximum but none 

of them exceeds the mean plus one standard deviation.  

In other words, taking the example of the Brenne earthquake, would we simulate a series of 

2.7 centuries of events with epicentral intensity I0=7 and characterized by the 1900-2007 

observations, we would obtain a series of extreme events that would cover the Brenne 

earthquake. And similarly for the other events.  

In conclusion, the analysis of large historical events in the light of the statistical model of 

isoseismals resulting from the 1900-2007 database do not lead to the conclusion that the 

hazard calculated on the basis of this database should be amended in order to take into 

account those large events. 
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ANNEX 6 – Effect of fragility curves choice on seismic risk results 

This annex shows the difference between the seismic risks according to the fragility curve that is used.  

The fragility curves used in this study are determined by the approach of Lagomarsino & Cattari (2014) 

with two conversion relations (Murphy & O’Brien (1977) and Faccioli & Cauzzi (2006)).  

Two others fragility curves, as indicated in the hereunder table A6-1, are here used to calculate the 

seismic risk of the continental France in order to analyse the impact of a fragility curve change. 

 
Table A6-1: Alternative fragility data 

  Milutinovic et al. (2003)  Rota et al. (2010) 

Damage grade  𝑎𝐷 D  𝑎𝐷 D 

D=2  1.76 ms-2 0.50  1.97 ms-2 0.29 

D=3  2.83 ms-2 0.55  2.68 ms-2 0.29 

 

Impacts are not significant as presented in the hereunder pictures for damages 2 and 3. 

 

 

 

 




