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A B S T R A C T   

In many regions of the globe, the seismic data associated with higher magnitude seismic events usable in the 
characterization of the seismic hazard is scarce. Therefore, seismologists have been estimating the magnitude and 
probable epicentral location of historical earthquakes using the historical records and intensity scales to map the 
observed damage. Another method, employed by earthquake engineers, uses fragility functions, a ground motion 
model and the Bayes’ theorem to estimate the probable magnitude of historical seismic events. Nevertheless, this 
method requires assembling an approach consistent with the local seismicity and building stock of the period of 
reference. This paper implements and validates an approach for the estimation of the magnitude of historical 
seismic events in Azores Islands, Portugal, that uses fragility functions. In order to carry out this study, data from 
the damage surveys, a vulnerability distribution and approximate epicentral positions of the 1998 Faial earth-
quake Mw = 6.0–6.2, as well as a specific attenuation model, are utilized in a calibration phase. The vulnerability 
index methodology is employed to derive fragility functions from a detailed vulnerability assessment. After-
wards, the approach is validated using analogous data corresponding to the 1980 Terceira earthquake Mw =

6.8–7.2. The different assumptions and results are discussed and compared. The results show that this approach 
can model expected magnitude values with accuracy: Mw = 6.01–5.76 for the 1998 Faial and Mw = 6.90–6.55 for 
the 1980 Terceira earthquakes. Additionally, the real PGAs may have been in several locations lower than those 
predicted by the selected ground motion equation.   

1. Introduction 

In regions with low to moderate seismicity, such as Portugal, the 
occurrence rate of large magnitude seismic events is relatively low. 
Therefore, most of these events are historical and happened either long 
before the advent of instrumental seismicity or in regions where the 
seismographic network is insufficient to characterize the event, and 
therefore, only damage records exist. Additionally, it is often the case 
that historical earthquakes are influential in the characterization of the 
seismic hazard of a region due to the relatively higher return period of 
high magnitude earthquakes, namely in regions with low to moderate 
seismicity. One example of the influence of strong earthquakes on the 
evaluation for the seismic hazard and illustrates the importance of 
assessing the historical magnitudes is the 1755 Lisbon earthquake, in 
Portugal. This event was estimated with moment magnitudes Mw 

(magnitude related to the energy released by the earthquake) between 
8.5 and 9.0, by Martinez-Solares & Mezcua-Rodriguez in 2002 [1] and 
Machado in 1966 [2], respectively, – in 2020, Fonseca [3] reassessed a 
possible magnitude of Mw 7.7 ± 0.5 for the 1755 earthquake using 
extended macroseismic data. Another example is the 1763 Komárom 
earthquake, in Hungary, Mw between 5.7 and 6.5, as in Locati et al., 
2014 [4] and by Varga et al. in 2001 [5], respectively. The estimated 
magnitudes of both the 1755 and 1763 earthquakes are influential in the 
seismic hazard assessments of their respective countries, e.g. Refs. [6,7]. 
Due to this uncertainty and influence, seismologists have engaged in the 
study of the effects of historical seismic events recorded in historical 
sources such as written documents, paintings or drawings, e.g. in 
Eisinger et al., 1992 [8]. Late 19th century a few seismologists, as Mallet 
in 1862 [9], tried to estimate the direction and location of the epicentre 
by looking at the position of main fissures in earthquake-damaged 
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buildings. 
Traditional methods in historical seismology use intensity scales – 

such as the Modified Mercalli Intensity (MMI) [10] or the Medvedev--
Sponheuer-Karnik (MSK-64) [11] – to map and grade the damage 
recorded in historical sources – a process described e.g. in Eisinger et al. 
in 1992 [6] and Stucchi in 1993 [12]. Despite the effort to categorize 
building typologies e.g. MSK-64 scale, the real behaviour of structures is 
usually left out of further considerations. Nevertheless, the 1998 version 
of the European Macroseismic Scale (EMS-98) [13] provides the basis to 
relate the resistance of structures (buildings) with seismic actions 
(vulnerability) and damage observations, as an effort to reduce the un-
certainty associated to personal judgment in the intensity grading pro-
cess. One practical development was the association of the EMS-98 
damage grades with the vulnerability index methodology [14] and 
consequent development of the macroseismic model by Lagomarsino & 
Giovinazzi in 2006 [15]. This association provided a multidimensional 
framework for vulnerability assessment, enabling large scale seismic risk 
evaluation and different levels of modelling detail and sophistication 
[16], different applications exist in literature e.g. in Ref. [17–21]. 

Another method, proposed by earthquake engineers in Ryu et al. in 
2009 [22], combines the number of structures damaged by the seismic 
event with fragility functions describing the damage in structures in 
terms of an intensity measure (any measure of the ground motion 
spectrum). Afterwards, it integrates the probability of the event with a 
ground motion model (or attenuation relationship) and site-to-source 
prior distance model, with the help of the total probability theorem 
(Fig. 1). Finally, the Bayes’ theorem is computed together with a prior 
magnitude distribution to achieve the posterior magnitude distribution, 
the expected value of magnitude and the standard deviation. In practice, 
the method can either substitute or update prior magnitude estimates by 
incorporating the knowledge of the behaviour of structures into the final 
magnitude estimates. This methodology presents an interdisciplinary 
framework, but it has only been applied in South Korea and Hungary for 

the estimation of the magnitude of the 1613 “Seoul” earthquake [22] 
and the 1763 “Komárom” earthquake, by Morais et al. in 2019 [23]. The 
Portuguese territory has been affected by several destructive seismic 
events. Nevertheless, the assessment of the magnitude of historical 
seismicity has mostly been addressed by seismologists e.g. above 
mentioned [1,2]. Therefore, addressing historical seismicity by using the 
knowledge of the behaviour of structures for magnitude estimation 
brings a novel perspective on the study of the historical seismicity in the 
Portuguese territory. 

The present work studies the effects of the 1980 Terceira earthquake 
and the 1998 Faial earthquake, in Azores Islands, Portugal, in order to 
implement and validate an approach for the estimation of the magnitude 
of historical earthquakes in the Azores that uses fragility functions. The 
magnitude estimates of the 1980 earthquake range in between Mw 6.8 
and 7.2, by Borges et al. in 2007 [24] and Carvalho et al. in 2001 [25], 
respectively, while those of the 1998 earthquake has Mw estimates be-
tween 6.0 and 6.2, by Borges et al. in 2007 [24] and Matias et al. in 2007 
[26], respectively. These two events are relatively recent, well docu-
mented, and studied with different methodologies and across fields in 
both Seismology, e.g. Ref. [24,27], and Civil Earthquake Engineering, e. 
g. Ref. [28,29]. Furthermore, in this study, section 2 presents a literature 
review on seismic hazard and historical seismicity. In section 3 the 
methodological apparatus of the vulnerability index and magnitude 
estimation methods are presented and concatenated. In section 4 the 
damage surveys, fragility functions, Ground Motion Prediction Equation 
(GMPE) as the ground motion model, and prior distributions of distance 
and magnitude are presented and discussed. To carry out this study, in 
section 5, the magnitude estimation method is implemented for the 1998 
Faial earthquake together with known prior distance and magnitude 
distributions [22], calibrated using detailed data on the epicentral 
location presented in the works of Matias et al. in 2007 [26] and Borges 
et al., in 2007 [24], feasible magnitude range and attenuation rela-
tionship, given by an appropriate GMPE for the region, developed by 

Fig. 1. Conceptual map for the application of the methodology for the estimation of the magnitude of historical earthquakes using the vulnerability index approach.  
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Akkar et al. in 2014 [30]. The fragility functions are derived from the 
detailed vulnerability assessment of individual buildings damaged by 
the 1998 earthquake, carried out by Ferreira et al. using the vulnera-
bility index method associated with the EMS-98 scale [18,19] in 2016 
and 2017, respectively. Afterwards, the same set of fragility functions 
and GMPE are utilized to validate the method with the damage survey, 
epicentral location and prior magnitude of the 1980 Terceira earth-
quake. The different assumptions and results are discussed and 
compared in section 5.3. 

2. Seismic hazard and historical seismicity 

The present section concerns a literature review on the Portuguese 
seismicity, focusing on the seismic hazard modelling and historical 
seismicity. The cases of the 1980 Terceira and the 1998 Faial earth-
quakes, which support the present study, are highlighted for the 
implementation and validation of the magnitude estimation method. 

The SHARE (2009–2012) homogenized seismic hazard map for 
Europe [31], was aimed to update the provisions for the Eurocode 8 
(EC8) [32]. The methodology is based on Probabilistic Seismic Hazard 
Analysis (PSHA), a procedure to determine the probability of a ground 
motion intensity measure, here the peak ground acceleration (PGA), 
exceeding a certain threshold level in a given period (e.g. a probability of 
exceedance of 10% in 50 years). The PSHA procedure is described in 
detail by Baker [33]. Seismologists and Earthquake Engineers have been 
concerned with the characterization of both the seismic intensities and 
effects on the Portuguese territory (mainland Portugal, Azores and 
Madeira Islands) as stages of the PSHA process. Studies of a Hazard 

Model for Portugal Mainland exist, e.g. Vilanova & Fonseca in 2007 [6], 
for the Azores, Carvalho et al. in 2001 [25] and for the whole Portuguese 
territory, Campos-Costa et al. in 2008 [34]. Other studies stress the use 
of specific GMPEs often employed for PSHA against instrumental data, 
despite the relative scarcity data on events with magnitudes Mw ≥ 5.0 on 
the national level for comparison or in the development of GMPEs for 
Portugal. Vilanova et al. in 2012 [35] and Estêvão & Carvalho studied 
the respective uncertainties in 2014 [36]. Another work from Estêvão & 
Carvalho questions the use of different attenuation models and GMPEs 
for the evaluation of the ground motion (GM) uncertainties and 
site-effects on structures in 2015 [37]. 

One important step for the PSHA and GM prediction is the charac-
terization of the magnitude of past seismic events produced by specific 
seismogenic sources, e.g. in Stucchi et al. in 2013 [38]. The data on 
historical and instrumental earthquakes, from the year 1000–1899, and 
from 1900 to 2006, that occurred inside Europe were compiled in the 
European Earthquake Catalogue (SHEEC) database [38,39], which feeds 
the SHARE project. Fig. 2 shows the historical events occurred in 
Portugal Mainland and Azores between 1000 and 1899, based on the 
SHEEC database presented in the European Archive of Historical Earth-
quake Data (AHEAD) [4], whose date, magnitude, and maximum 
epicentral intensity and location are summarized in Table 1. The sources 
that inform the database are mainly regional: macroseismic databases 
from SisFrance [41] and Instituto Nacional Geográfico, and [1,35,43,44]. 
A noteworthy 18th-century source on the Portuguese historical seis-
micity may yet be added [45]. A study of the historical seismicity in 
Portugal can be followed in the work of Moreira [46] in 1984. Another 
study, by Costa & Fonseca in 2007, focuses on the medieval period [47]. 

Fig. 2. Epicentral locations of historical seismic events occurred in Portugal Mainland, Azores and offshore, between 1000 and 1899, based on SHEEC estimates and 
Table 1, on [40]. 
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Table 1 
Historical earthquakes in Portugal (and Azores) according to the SHEEC data-
base (1099–1899) [38], and [42].  

Dates 
(yyyy/ 
mm/ 
dd) 

Epicentral 
Area 

Mw I0 Lat. Long. Uncertainty 
(km) 

1009 Offshore 
Portugal 

Mu 

7.00 
– 36.000 − 10.700 – 

1146 Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 99.9, 99.9 

1290 Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 99.9, 99.9 

1309/ 
02/ 
22 

Offshore 
Portugal 

7.00 
±

0.50 

8–9 36.000 − 11.000 99.9, 99.9 

1318/ 
09/ 
21 

Lisbon* 4.79 
±

0.50 

6–7 38.700 − 9.200 99.9, 99.9 

1321/ 
12/ 
09 

Lisbon* 4.79 
±

0.50 

6–7 38.700 − 9.200 99.9, 99.9 

1344 Benavente 6.70 
±

0.50 

7–8 38.714 − 9.138 99.9, 99.9 

1347/ 
11/ 
28 

Portugal 4.46 
±

0.50 

6 41.900 − 6.700 99.9, 99.9 

1353 Silves – 7–8 – – – 
1356/ 

08/ 
24 

S. Vicente 
Cape 

7.50 
±

0.50 

8–9 36.000 − 10.700 99.9, 99.9 

1512/ 
01/ 
28 

Lisbon* – 8 38.700 − 9.200 – 

1522/ 
10/ 
22 

S. Miguel – 10 37.700 − 25.400 – 

1528/ 
03/ 
12 

Alcobaça 4.73 
±

0.40 

6 39.549 − 8.982 40, 40 

1531/ 
01/ 
26 

Lisbon 6.47 
±

0.50 

9 38.981 − 8.931 16.7, 11.4 

1568/ 
04/ 
17 

Évora 4.46 
±

0.50 

6 38.500 − 8.000 39.9, 39.9 

1587/ 
11 

Loulé – 7–8 37.100 − 8.000 – 

1614/ 
05/ 
24 

Terceira – 9 – – – 

1719/ 
03/ 
06 

Portimão 4.79 
±

0.50 

6–7 37.133 − 8.500 99.9, 99.9 

1722/ 
12/ 
27 

Algarve 6.50 
±

0.30 

9–10 36.400 − 7.766 50, 50 

1724/ 
10/ 
12 

Atlantic O. 7.00 
±

0.50 

5 39.000 − 12.500 99.9, 99.9 

1734/ 
02/ 
02 

Algarve 5.00 
±

0.50 

– 37.000 − 8.100 49.9, 49.9 

1736/ 
10/ 
06 

Algarve 5.00 
±

0.50 

– 37.100 − 8.500 49.9, 49.9 

1739/ 
10/ 
25 

Algarve 5.00 
±

0.50 

– 37.100 − 8.500 39.9, 39.9 

1748/ 
01/ 
24 

Lisbon* 3.15 
±

0.50 

4 38.700 − 9.200 99.9, 99.9 

Lisbon 10–11 36.500 − 10.000 49.9, 49.9  

Table 1 (continued ) 

Dates 
(yyyy/ 
mm/ 
dd) 

Epicentral 
Area 

Mw I0 Lat. Long. Uncertainty 
(km) 

1755/ 
11/ 
01 

8.50 
±

0.30 
1757/ 

01/ 
16 

Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 99.9, 99.9 

1757/ 
03/ 
18 

Cascais 5.11 
±

0.50 

7 38.600 − 9.300 39.9, 39.9 

1757/ 
10/ 
10 

Estremoz 4.46 
±

0.50 

6 38.700 − 7.500 99.9, 99.9 

1757/ 
07/ 
09 

S. Jorge – 11 38.600 − 28.000 – 

1761/ 
03/ 
31 

S. Vicente 
Cape 

7.50 
±

0.50 

6–7 36.000 − 10.500 99.9, 99.9 

1761/ 
04/ 
01 

S. Vicente 
Cape 

MM 

6.00 
– 36.800 − 9.383 – 

1764/ 
12/ 
26 

Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 99.9, 99.9 

1769/ 
02/ 
06 

Lisbon* 4.46 
±

0.29 

6 38.700 − 9.200 99.9, 99.9 

1773/ 
04/ 
12 

Cádiz Golf 6.07 
±

0.30 

6 35.519 − 6.812 50, 50 

1783/ 
04/ 
13 

Porto 5.00 
±

0.50 

6–7 41.200 − 8.700 99.9, 99.9 

1791/ 
11/ 
27 

Beja 4.46 
±

0.50 

6 38.000 − 7.900 39.9, 39.9 

1793/ 
05/ 
02 

Braga 4.46 
±

0.50 

6 41.500 − 8.500 99.9, 99.9 

1796/ 
01/ 
17 

Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 99.9, 99.9 

1796/ 
01/ 
27 

Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 99.9, 99.9 

1807/ 
06/ 
06 

Lisbon* 5.00 
±

0.50 

6–7 38.700 − 9.200 49.9, 49.9 

1816/ 
02/ 
02 

Offshore 
Portugal 

7.00 
±

0.50 

6 37.000 − 15.000 99.9, 99.9 

1827/ 
12/ 
13 

Lisbon* 4.13 
±

0.50 

5–6 38.700 − 9.200 99.9, 99.9 

1837/ 
01/ 
21 

Graciosa – 9 – – – 

1841/ 
06/ 
15 

Terceira – 9 – – – 

1842/ 
08/ 
14 

Lisbon 3.80 
±

0.50 

5–6 38.600 − 9.400 39.9, 39.9 

1847/ 
12/ 
17 

Lisbon* 4.00 
±

0.50 

6 38.700 − 9.200 49.9, 49.9 

1851/ 
09/ 
13 

Évora 4.46 
±

0.50 

6 38.500 − 8.000 39.9, 39.9 

1856/ 
01/ 
12 

Golf of 
Cádiz 

5.50 
±

0.50 

7–8 37.100 − 8.000 29.9, 29.9 

Atlantic O. 5 40.000 − 12.000 99.9, 99.9 

(continued on next page) 
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Despite the historical seismicity, recent earthquakes can be used as a 
starting point to address the historical seismicity. The 1980 Terceira and 
1998 Faial earthquakes in the Azores, for instance, are estimated with 
magnitudes in the ranges of Mw 6.8 [24] to 7.2 [25] and Mw 6.0 [24] to 
6.2 [26], respectively. They are widely studied from both engineering 
and seismological perspectives in Ten years after the January 1st of 1980 
[28] and 1998 earthquake – Azores. A decade later [48], which provide a 
broad perspective on the occurred damage and reconstruction following 
the 1980 and 1998 earthquakes. On the seismological side, Borges et al. 
investigated in 2007 the focal mechanisms associated with the 1980 and 
1998 earthquakes, endorsing Mw 6.8 and Mw 6.0, respectively [24]. The 

same study assumes the hypocentral locations of the 1980 and 1998 
events in 38.81◦N 27.78◦W and 38.65◦N 28.63◦W, respectively, both 
with a depth of 10 km. Nevertheless, these magnitude values are 
disputed. For instance, Zonno et al. in 2009 studied the seismic in-
tensities and damage [29] caused by the 1998 earthquake using Mw 6.2 
together with two probable epicentral locations: 38.634◦N 28.523◦W 
(EPI1) and 38.640◦N 28.590◦W (EPI2). Studies of these two seismic 
events also provided maps with isoseismal lines (Fig. 3) and epicentral 
intensities I0 between X and XI [49,50], and IX [51], respectively, in a 
process similar to that of historical seismology. 

Although the 1980 and 1998 events are not historical seismic events, 
relevant seismological and damage data was gathered, making them 
suitable candidates to implement and validate the magnitude estimation 
methodology, which is described in section 3. 

3. Methodological description 

The present section introduces the methodological apparatus to 
carry out the present study. The methodology underlying the present 
study (flowchart in Fig. 1) was developed by Ryu et al. in 2009 and 
aimed for the estimation of the magnitude of historical damaging 
seismic events [22]. Firstly, this study presents a new strategy that in-
volves the derivation of fragility functions befitting the application to 
the context of Azores by employing the vulnerability index method [19] 
and a detailed vulnerability assessment [19]. Afterwards, the method-
ological apparatus of the magnitude estimation method, the attenuation 
relationships, as well as the prior distributions of distance and magni-
tude, are also described. 

3.1. Fragility functions and seismic vulnerability 

The estimation of fragility functions provides the conditional prob-
ability of a damage measure DM exceeding a certain damage state ds 
given a set of parameters related to the GM demand and building 
resistance. Here only the intensity measure IM, with instances xim, is 
utilized. In the present study, the peak ground acceleration PGA, or 
elastic pseudo-spectral acceleration Sa at a period of T = 0 s, is used as 
the IM. Fragility functions are arguably assumed to be represented by a 
lognormal (or equivalent normal) cumulative distribution function 
(CDF) given its manifold properties, see Lallemant et al. (2015) [52]. 
Examples are given in HAZUS MR1 in 2007 [53] and by Sfahani et al. in 
2016 [54]: 

P(DM≥ ds|IM= xim)=Φ
(

ln(xim/μds)

βds

)

(1) 

The statistical procedure uses the maximum likelihood estimation of 
the median μds and logarithmic standard deviation βds, of the damaging 
intensities PGAds for different damage states, here ds = {0,1, …,nd}. In 
turn, the PGAds data points can be estimated using different seismic 
vulnerability analysis techniques, e.g. Ref. [16], depending on the 

Table 1 (continued ) 

Dates 
(yyyy/ 
mm/ 
dd) 

Epicentral 
Area 

Mw I0 Lat. Long. Uncertainty 
(km) 

1857/ 
11/ 
19 

6.50 
±

0.50 
1858/ 

03/ 
19 

Moncorvo 5.36 
±

0.58 

6 40.972 − 7.366 17.6, 22.9 

1858/ 
11/ 
11 

Setúbal 4.50 
±

0.50 

– 38.200 − 9.000 39.9, 39.9 

1858/ 
11/ 
11 

Setúbal* 6.80 
±

0.58 

9 38.244 − 8.802 15.8, 4.2 

1877/ 
10/ 
25 

Atlantic O. 5.90 
±

0.30 

5 40.433 − 10.000 99.9, 99.9 

1880/ 
10/ 
21 

Atlantic O. – 5–6 41.000 − 10.000 – 

1883/ 
12/ 
22 

Lisbon* 3.80 
±

0.50 

5–6 38.700 − 9.200 49.9, 49.9 

1884/ 
12/ 
22 

Lisbon Mu 

3.00 
3–6 37.500 − 19.000 – 

1890/ 
02/ 
21 

Leiria 4.46 
±

0.50 

6 39.700 − 8.900 39.9, 39.9 

1891/ 
08/ 
22 

Lisbon* 4.46 
±

0.50 

6 38.700 − 9.200 49.9, 49.9 

1896/ 
10/ 
30 

Ourique 4.46 
±

0.50 

6 37.500 − 8.200 39.9, 39.9 

1899/ 
08/ 
13 

Lisbon 5.70 
±

0.50 

5–6 38.900 − 9.300 49.9, 49.9 

1899/ 
08/ 
24 

P. of 
Sanabria 

5.44 
±

0.30 

5 41.717 − 6.882 28.2, 19.5  

Fig. 3. Isoseismal lines and probable epicentral locations of the 1980 (on the left) and 1998 (on the right) earthquakes, elaborated based on [49,51], respectively.  
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building, aggregate and urban area levels of analysis (Fig. 4, from Refs. 
[55]). 

The seismic vulnerability can be understood as the intrinsic predis-
position of the structures (the whole building or its structural or non- 
structural elements, see for example [56]) to suffer damage from a 
seismic event of a given intensity [57], being thus dependent on con-
struction, material, geometrical and structural aspects. In turn, the 
vulnerability index method, originally proposed by Benedetti and Pet-
rini [14], is a multidimensional approach that relates the structural 
vulnerability with the seismic actions and the observed damage in 
structures. The present application is the result of an adaptation of the 
GNDT II methodology [58] to the EMS-98 methodology in the Portu-
guese context, carried out by Vicente in 2008 [55]. Other applications in 
Portugal can be followed, for instance, in the cases of the cities of 
Coimbra by Vicente et al. in 2011 [59], Seixal by Ferreira et al. in 2013 
[17] and Faro by Maio et al. in 2016 [20]. Applications in the Azores 
Islands to the damage caused by the 1998 Faial earthquake using 
empirical approaches are considered in Refs. [29], while the calibration 
of the weights for the vulnerability index methodology has been 
developed by Ferreira et al. in 2016 [18], and 2017 [21]. Other meth-
odologies, as nonlinear static or dynamic structural analysis techniques, 
can be used [60,61] on the detailed level, although the detailed levels of 
analysis are usually computationally demanding. Other applications 
consider structural archetypes for existing buildings as the HAZUS 
methodology [53] and the method proposed by Morais et al. in 2019 
[23] for historical contexts. According to these approaches – usually 
defined in the literature as conventional techniques –, the capacity of a 
specific structural archetype, with a specific construction type and level 
of earthquake-resistant design, is defined for different levels of damage 
[21]. Differently, methodologies relying on the statistical analysis of 
damage observations data of buildings in seismically active regions 
provide an efficient framework for the development of seismic fragility 
functions. 

The seismic vulnerability analysis method applied here, the vulner-
ability index approach, similarly to the GNDT II methodology described 
in Ref. [58], determines the vulnerability index Iv* for each building by 
the weighted sum of 14 parameters that affect its seismic performance, 
Equation (2). A vulnerability class (cvi) is assigned to these parameters 
with increasing vulnerability: A, B, C, and D, and a weight (pi) is given 

ranging from 0.5 for the least important parameters to 2.5 for those 
considered most important (Table 2). It is worth stressing that the 
weights adopted in this work, listed in Table 2, have been calibrated 
taking into account the detailed assessment of individual buildings in 
Faial damaged by the 1998 earthquake, as in Ferreira et al. [18,19]. 

I*
v =

∑14

i=1
cvi × pi (2) 

The Iv* index ranges between 0 and 650, and it is often normalized in 
the range between 0 and 100, into the normalized vulnerability index Iv. 

The application of the method relies on the analytical expression in 

Fig. 4. Analytical techniques used at different evaluation scales, by Vicente in 2008 [55].  

Table 2 
Vulnerability index associated parameters, classes and weights, by Ferreira et al. 
in 2017 [19].  

Parameters Class Cvi Weight 
pi 

Relative 
weight 

A B C D 

Group 1. Structural building system 
P1 Type of resisting system 0 5 20 50 2.50 50/100 
P2 Quality of the resisting 

system 
0 5 20 50 2.50 

P3 Conventional strength 0 5 20 50 1.00 
P4 Maximum distance 

between walls 
0 5 20 50 0.50 

P5 Number of floors 0 5 20 50 0.50 
P6 Location and soil 

conditions 
0 5 20 50 0.50 

Group 2. Irregularities and interactions 
P7 Aggregate position and 

interaction 
0 5 20 50 1.50 20/100 

P8 Plan configuration 0 5 20 50 0.50 
P9 Height regularity 0 5 20 50 0.50 
P10 Wall facade openings 

and alignments 
0 5 20 50 0.50 

Group 3. Floor slabs and roofs 
P11 Horizontal diaphragms 0 5 20 50 0.75 18/100 
P12 Roofing system 0 5 20 50 2.00 
Group 4. Conservation status and other elements 
P13 Fragilities and 

conservation status 
0 5 20 50 1.00 12/100 

P14 Non-structural elements 0 5 20 50 0.75  
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Equation (3), that correlates seismic intensity with a mean damage 
grade (0<μD < 5) of the physical damage described by a beta distribu-
tion, proposed by Bernardini et al. in 2007 [63]. 

μD =

[

2.5+ 3× tanh
(

IEMS + 6.25 × V − 12.7
Q

)]

× f (V, IEMS) (3)  

where IEMS is the intensity value of the EMS-98 macroseismic intensity 
scale [13], V is the vulnerability and Q represents the ductility factor, 
ranging between 1.0 and 4.0. A mean Q value of 3.0 is assumed here, 
according to the recommendations in Ferreira et al. in Ref. [19], 
although the same source advises that the specific conditions of the 
targeted building stock may demand a more detailed assessment of this 
factor. See the work of Mota de Sá in 2016 [62] for a detailed discussion 
of this issue. Finally, the function f(V,IEMS), in Equation (4), depends on 
the vulnerability and intensity and represents the adaptation of the trend 
of numerical vulnerability curves and building classes taken from 
EMS-98 [13]. Zonno et al. have also used Equations (3) and (4) in 2010, 
in the study of the damage scenarios after the 1998 Faial earthquake 
[29]. 

f (V, IEMS)=

⎧
⎪⎨

⎪⎩

eV
2 (IEMS − 7), if IEMS ≤ 7

1, if IEMS > 7
(4) 

The vulnerability V, referring to the macroseismic methodology ac-
cording to Bernardini et al. [63] and expressed in Equations (3) and (4), 
can be related to the normalized vulnerability index Iv of the GNDT II 
methodology [56] by Equation (5) [55]: 

V = 0.592 + 0.0057 × Iv (5) 

Another aspect of Equations (3) and (4) is the equivalence of the 
intensity scales, and those with the selected ground motion intensity IM, 
here the PGA. In these regards, Equation (6) has been selected from the 
work of Guagenti & Petrini in 1989 [64] to provide the correspondence 
between the PGA, denoted by y (in g), and the macroseismic intensities 
according to the MCS scale, denoted by IMCS, similarly to Refs. [21], and 
due to the similarity of the building stock analyzed in both studies. 

ln(y)= 0.602× IMCS − 7.073 (6) 

In turn, the correspondence between the macroseismic intensity ac-
cording to the MSK scale IMSK and the IMCS, presented by Margottini et al. 
in 1992 [65] in Equation (7), can be used to express IEMS, in terms of 
PGA, if we also assume that IMSK=IEMS. Musson et al. in 2010 [66] 
discuss the conversion between intensity scales, endorsing this equiva-
lence with a few reservations. 

IMSK = 0.734 + 0.814 × IMCS (7) 

As a result, the fragility functions, in Equation (1), can be expressed 
directly in terms of PGA, vulnerability V and ductility factor Q using 
Equation (3), depending on the properties of the building stock under 
analysis are known. 

3.2. Attenuation relationship 

The attenuation model is a multidimensional model of the GM in-
tensities IM, with instances im, which are relevant for structural dam-
age. The model can be composed by a single or a combination of GMPEs 
of the type given by Equation (8), for which the output intensities im are 
usually defined as a lognormal probability density function, dependent 
of instances of magnitude m and distance r, and two sets of parameters 
θsoil and θfault, related to the site, propagation and earthquake rupture 
effects, respectively: 

fIM|M,R(im|m, r)= μIM
(
m, r, θsoil, θfault

)
+ σIM

(
m, r, θsoil, θfault

)
× ε (8)  

where μIM and σIM are the mean and standard deviation of the GM 

intensities, and ε represents the GM variability, usually assumed in the 
range − 3.5 to 3.5. 

GMPEs are semi-empirical expressions assembled and calibrated 
after the statistical analysis of GM records intensity spectrum, assuming 
a 5% critical damping. They provide a representation of the distribution 
of the spectral ordinates of an intensity measure conditional to the 
earthquake characteristics (e.g. in Fig. 5, spectral pseudo-accelerations 
Sa as a function of the fundamental period Tn) and are usually 
assumed as lognormally distributed in engineering applications, despite 
being correlated and not beyond dispute, e.g. Raschke in 2014 [67]. The 
site amplification is usually dependent of the soil class, here the EC8 
classification [32], or, more recently, or the related average shear wave 
velocity at a depth between 0 and 30 m, or Vs30. 

As denoted, Equation (8) matches the formal procedure of the 
magnitude estimation method [22], further explained in subsection 3.3. 
Thus, the parameters associated to θsoil, and θfault in the GMPEs are 
assumed properties, that either depends on the available knowledge of 
site and fault or described in their plausible range (e.g. it may happen to 
be plausible to model the hanging wall effect, with respective Rake, 
etc.). 

3.3. Magnitude estimation method 

The method for the magnitude estimation (Fig. 1), introduced by Ryu 
et al. [22], proposes that the qualitative description of damage can be 
translated into a quantitative damage event by assigning a value of the 
number of structures under a specific damage state. Hence, if different k 
damage states are considered, the occurrence of a damaging event 
denoted by E can be defined in terms of the occurrence of damages in 
buildings Nk, with instances nk, out of a total of nt buildings, the prob-
ability theory can be applied: 

E≡ ∩
nd

k=0
{Nk = nk}, 0≤ nk ≤ nt (9)  

where k = {0, 1, …, nd}, being nd the total number of considered damage 
states (k = 0 means no damage). 

Therefore, fragility functions describing the relationship between the 
damage measure DM and intensity measure IM, with instances im 
respectively, can be used to compute the probability of equaling a 
certain damage state: 

P(DM= dmk|im)=P(DM≥ dmk|im) − P(DM≥ dmk+1|im) (10)  

where dmk is the kth damage state, the probability P(DM ≥ dm0|im) = 1 
and the probability P(DM ≥ dmnd+1|im) = 0. If the damage also depends 
on the magnitude M and distance R, P(DM = dm|im,m,r) may replace P 
(DM = dm|im). 

Fig. 5. Schematic representation of the mean hazard spectrum plotted in the 
logarithmic scale, defined in terms of periods Tn, with the probability density 
function (pdf) of the accelerations at period T = t seconds. 
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Afterwards, the probability of the damaging event E given an in-
tensity measure im, magnitude m and distance r, can be computed by 
assuming the definition in Equation (1), and combining the number of 
damaged structures under different damage states, with the probabilistic 
description of damage defined by Equation (3): 

P(E|im,m, r)=
nt!

∏nd
k=0nk!

×
∏nd

k=0
P(DM = dmk|im,m, r)nk (11) 

The total probability theorem [68] can then be employed to integrate 
the probability of the event given an intensity measure, magnitude and 
distance, in Equation (11), together with an attenuation relationship fIM| 

M,R(im|m,r), from Equation (8), and a prior distribution of distance fR(r), 
to estimate the probability of the occurrence of the damage event given 
magnitude P(E|M = m): 

P(E|M =m)=

∫ ∫

P(E|im,m, r)× fIM|M,R(im|m, r) × fR(r) dim dr (12) 

Finally, the Bayes’ theorem [68] can be used to compute the poste-
rior distribution of magnitude given a damaging event E, as in Equation 
(13). 

fM|E(m|E)=
P(E|M = m) × fM(m)

P(E)
=

P(E|M = m) × fM(m)
∫

P(E|M = m) × fM(m) dm
(13)  

where fM(m) is the prior distribution of magnitude and P(E) =
∫

P(E|m) 
× fM(m)dm. The posterior distribution can afterwards be employed to 
calculate the expected (mean) value of magnitude given the damaging 
event μM|E and respective standard deviation σM|E. 

As can be seen in Equations (10), (12) and (13) fragility functions P 
(DM ≥ dmk), attenuation relationship fIM|M,R(im|m,r), and prior distri-
butions of distance fR(r) and magnitude fM(m), are important elements in 
the method. The ground motion (GM) model uncertainty has shown a 
significant influence on the uncertainty of the magnitude estimates [22, 
23]. The prior distributions of distance and magnitude depend on the 
seismic sources. They can be modelled by points, lines, areas or volumes, 
and either discretely or analytically described. When the exact location 
of the epicentre and the collapsed structures are unknown, it is advisable 
to consider rather general descriptions with an equal probability of 
occurrence inside a domain, e.g. by Baker [33] and Morais et al. [69]. 

The expressions adopted in Ref. [22] are summarized in Table 3, 
where fR1(r) is valid when the probability of the epicentre being located 
at a distance r from the site, with upper and lower bounds ru and rl, 
respectively; fR2(r) assumes that both the site and epicentre are uniformly 
distributed inside a circle of radius ru; and fR3(r) assumes that both the 
site and epicentre are uniformly distributed in concentric circles, with 
radius ra and rb, respectively. 

The prior magnitude model can also be assumed to be uniformly 
distributed as fM1 (m), lognormally distributed as fM2 (m), or given by the 
Gutenberg-Richter relationship, according to as fM3 (m), in the feasible 

range defined by the upper and lower bounds mu and ml, respectively. 
The three possible magnitude priors fM1-3 are utilized in this study. 

While the distance priors fR1,2 are utilized further in this study, they 
are general expressions that assume the equal location probability inside 
a circle. This is not true for the areas in study – Faial and Terceira Islands 
– where different unevenly distributed subareas, or districts, exist, as 
will be seen in Subsection 4.1 Therefore, in order to account for the 
distance uncertainty inside each subarea that was affected by the 
earthquake, the methodology can proceed twofold. One hypothesis is to 
compute Equation (11) and expressions fR2 and fR3 to model the site 
location for each district. In this way, the final distributions of magni-
tude can be obtained using Equation (14), as a mixed distribution of the 
intermediate magnitude distributions fM|E,i obtained using Equation (13) 
and considering the damage in each i subarea, or district. 

fM|E(m|E)=
1
nt

∑ndist

i=1
ni × fM|E,i(m|E) (14)  

where ni is the number of buildings in the district i, ndist is the total 
number of districts and nt is the total number of buildings. 

The other hypothesis is to compute Equation (11) and implement 
another prior distance distribution fR4, achieved by adjusting a distri-
bution to the discrete values of epicentral distances, expanded with a 
given uncertainty, for the whole area in study – Faial and Terceira 
Islands. The details are given in Subsection 5.1. 

4. Damage, vulnerability and hazard: the 1980 and 1998 
earthquakes 

In this subsection, the elements of damage information, seismic 
vulnerability and hazard modelling are presented for the application of 
the methodology described in section 3, considering the 1980 and 1998 
earthquakes. 

4.1. Characterization and quantification of damage 

The characterization of the damage after the 1980 and 1998 events 
was addressed in different occasions: the first was elaborated by Alberto 
Soeiro and the Public Office for Dwelling, Urban Planning and Environment 
of Angra do Heroísmo (henceforward simply “Soeiro”) [70], and the 
second by the Reconstruction Support Office (in Portuguese “Gabinete de 
Apoio à Reconstrução”, or simply “GAR”) [71]. As observed by the same 
source, differences appear between the surveys presented by “Soeiro” 
and by “GAR”, both in the total number of buildings per district 
(Table 4) and in the damage classification categories used for the 
damage survey (Fig. 6). The interpretation of these elements demon-
strates that the discrepancies between the two databases can be 
explained by both damage classification and the completeness of the 
damage surveys. As recognized by Rossetto et al. the completeness of the 

Table 3 
Prior distance and magnitude distribution functions proposed by Ryu et al. [22].  

Distance Magnitude 

f1
R(r) =

2r
ru2 − rl2  f1

M(m) =
1

mu − ml  

f2
R(r) =

8
πru

(θsin 2 θ cos θ − sin θcos 2 θ + θcos 3 θ)

with θ = cos− 1(r/2ru)  
f2
M(m) =

c
mζ

̅̅̅̅̅̅
2π

√ exp

(
− (ln m − λ)2

2ζ2

)

with λ = log(mM
2 /(sM

2 +mM
2 )0.5), and ζ=(log(sM

2 /mM
2 +1))0.5  

f3
R(r) =

⎧
⎪⎨

⎪⎩

2r/rb
2 0 ≤ r ≤ rb − ra

r
π

(
2α − sin 2 α

r2
b

+
2β − sin 2 β

r2
a

)

rb − ra ≤ r ≤ rb + ra 

with α = cos− 1((r2-rb
2+ra

2)/(2rar)) and β = cos− 1((r2+rb
2-ra

2)/(2rbr))  

f3
M(m) =

2.303 × b × 10− b(m− ml)

1 − 10− b(mu − ml)

ru -upper bound of distance r; rl - lower bound of distance r; mu -upper bound of magnitude m; ml - lower bound of magnitude m; ra is the radius of 
the smaller circle; rb is the radius of the bigger circle; b is calibrated region related parameter; mM and sM – are the mean and standard deviation 
of previous estimates of the seismic event. 
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Table 4 
Classification and distribution of damages in buildings, in Soeiro [70] and GAR [71].  

N.◦ District Location “Soeiro” “GAR” 

Observed damage ntotal Observed damage ntotal 

Lat.◦, Long◦ 0 1 2 3 0 1<ds < 3 4 

1 Serreta 38.747◦, − 27.365◦ 12 33 97 67 209 3 150 106 259 
2 Doze Ribeiras 38.716◦, − 27.360◦ 7 5 11 264 287 4 0 334 338 
3 St. Bárbara 38.696◦, − 27.342◦ 55 79 114 307 555 14 234 350 598 
4 Cinco Ribeiras 38.696◦, − 27.244◦ 49 37 68 130 284 14 127 140 281 
5 Raminho 38.788◦, − 27.330◦ 25 51 116 111 303 181 97 70 349 
6 S. Mateus 38.657◦, − 27.270◦ 484 150 75 65 774 181 453 140 774 
7 S. Bartolomeu 38.674◦, − 27.290◦ 82 230 130 120 562 100 212 250 562 
8 Altares 38.791◦, − 27.299◦ 76 61 105 116 358 147 188 112 447 
9 Terra-Chã 38.672◦, − 27.253◦ 110 160 80 70 420 64 210 150 424 

10 Angra (totals): 38.657◦, − 27.219◦ 1406 930 919 670 3925 1491 1303 1814 4608  
- Sé 55 103 179 279 616 – – – -  
- St. Luzia 273 238 251 140 902 – – – -  
- S. Pedro 423 172 149 32 776 – – – -  
- Conceição 500 300 205 134 1139 – – – -  
- S. Bento 155 117 135 85 492 – – – - 

11 Ribeirinha 38.663◦, − 27.153◦ 304 285 130 120 839 355 234 250 836 
12 Feteira 38.653◦, − 27.122◦ 134 95 57 43 329 39 200 90 329 
13 Porto Judeu 38.647◦, − 27.091◦ 596 50 10 6 662 260 390 6 656 
14 S. Sebastião 38.667◦, − 27.259◦ 326 160 77 122 685 255 356 150 761 
15 Biscoitos 38.793◦, − 27.224◦ 216 202 – 367 785 224 160 403 787 
16 Quatro Ribeiras 38.790◦, − 27.172◦ 20 23 56 115 214 41 62 135 238 
17 Agualva 38.776◦, − 27.151◦ 527 75 30 20 652 136 466 50 652 
18 Vila Nova 38.780◦, − 27.127◦ 460 120 60 40 680 350 230 100 680 
19 S. Brás 38.764◦, − 27.104◦ 261 30 16 14 341 101 210 30 341 
20 Fontinhas 38.740◦, − 27.103◦ 463 36 13 11 523 293 206 24 523 
21 Lajes 38.762◦, − 27.079◦ – – – – – 858 488 12 1358 
22 Fonte de Bastardo 38.692◦, − 27.057◦ – – – – – 131 200 0 331 
23 Cabo da Praia 38.707◦, − 27.086◦ – – – – – 267 187 3 457 
24 Santa Cruz 38.721◦, − 28.097◦ – – – – – 1755 718 7 2480 
25 Manadas 38.633◦, − 28.056◦ – – – – – 170 126 1 297 
26 Norte Grande 38.673◦, − 28.251◦ – – – – – 363 120 29 512 
27 Rosais 38.719◦, − 28.170◦ – – – – – 314 90 0 404 
28 Santo Amaro 38.456◦, − 28.137◦ – – – – – 278 96 10 384 
29 Urzelina 38.652◦, − 28.210◦ – – – – – 202 162 1 365 
30 Velas 38.682◦, − 28.018◦ – – – – – 526 100 0 626 
31 Calheta 38.602◦, − 28.002◦ – – – – – 240 240 34 514 
32 Norte Pequeno 38.649◦, − 27.217◦ – – – – – 118 58 12 188 
33 Ribeira Seca 38.658◦, − 27.810◦ – – – – – 396 200 84 680 
34 Santo Antão 38.542◦, − 27.810◦ – – – – – 217 180 224 621 
35 Topo 38.549◦, − 27.767◦ – – – – – 7 52 179 238 
36 Guadalupe 39.061◦, − 28.022◦ – – – – – 390 540 75 1005 
37 Luz 39.022◦, − 27.991◦ – – – – – 285 344 80 709 
38 Praia 39.050◦, − 27.973◦ – – – – – 272 250 0 522 
39 Santa Cruz 38.730◦, − 27.064◦ – – – – – 411 344 0 755  

Fig. 6. Comparison of the criteria for damage classification by “Soeiro” [70] and “GAR”, adapted from Ref. [71].  
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damage surveys is a critical issue, with the potential to cause bias in the 
resulting damage distributions if unaccounted for [72]. The damages per 
district caused by the 1980 earthquake in Terceira island can be seen in 
Table 4, from GAR [71], consistently with the damage classification 
presented in Fig. 6. 

Unlike the case of the 1980 event, both the location and the damaged 
state of the buildings damaged by the 1998 earthquake and studied by 
Ferreira et al. [21] are well known. While more complete damage re-
cords datasets can be found in Ferreira & Oliveira [73] and Ferreira [74] 
in 2008, the studies developed by Ferreira et al. in 2016 [18] and 2017 
[19] and 2020 [75] focus on a set of masonry buildings considered by 
the authors representative of the traditional Azores construction typol-
ogy, and whose construction, material and structural features are 
comprehensively described for example in Costa [76] or Costa & Arêde 
[77]. The damage states of the buildings in the island of Faial after the 
1998 earthquake, whose vulnerability was surveyed, can be seen in 
Table 5 broken down by district and number of floors. Although the 
detailed presentation of these buildings is out of the scope of this paper, 
it is worth mentioning that traditional Azores constructions generally 
present external volcanic limestone stone masonry walls as the main 
load-bearing elements – either made of well-trimmed or irregular stone 
blocks, depending on the size and nobility of the building – and timber 
floors and roof. In larger buildings, in addition to such external walls, it 
is also possible to find a load-bearing wall parallel to the façade, running 
from the ground floor to the roof. Wood and plaster partition walls are 
usually used to divide the building’s internal space [18]. The fact that 
this typology is so well studied and documented makes it possible to 
assume that the set of buildings used herein, and their vulnerabilities, 
are representative of the building stock, as well as of the observed 
damage. Additionally, this particular category of traditional Azorean 
constructions built before 1960, has been shown, by Teves-Costa et al. in 
2007 [78], to represent the great majority of the damages from the 1980 
earthquake in the city of Angra do Heroísmo, in Terceira island. 
Therefore, the respective fragilities can be used, firstly, in the calibration 
of the magnitude estimation methodology, and secondly, that the same 
set of fragilities can also be adopted for the study of the 1980 
earthquake. 

4.2. Seismic vulnerability in the azores 

According to the seismic vulnerability index methodology, described 
in subsection 3.1, the relation between the damage grade and PGA is 
established by Equation (3), which is a function of the vulnerability V 
and ductility factor Q. Thus, it is possible to generate fragility curves as 
in Equation (1), by sampling θi sets of discrete V, PGA and Q points 
representing a set of Nj individual “structures”. The Monte Carlo sam-
pling method is here employed as represented in Equation (15): 

θi ={V(Iv), IEMS(PGA),Q} ∼ Nj(μi, σi) (15)  

where i is the number of random variables, and j is the number of 

samples generated. 
This strategy incorporates the vulnerability and damage distribu-

tions directly into the fragility functions and uses the version of the 
method introduced by Ref. [22], Equations 11–13, to produce magni-
tude estimates (Fig. 1). 

Assuming that the vulnerability index Iv is normally distributed, with 
mean and standard deviation mIv = 40.07 and sIv = 13.63, that PGA is 
uniformly distributed in the range 0–3.0 g and that Q = 3.0, following 
the detailed vulnerability assessment from Ferreira et al. in 2017 [19], 
NS = 106 samples have been created using Monte Carlo sampling ac-
cording to Equation (15). The probability and damaging intensity points 
PGAds were obtained using Equation (3) and a beta CDF with parameters 
α = t × (μD-a)/(b-a) and β = t-α, where t = 12, a = 0 and b = 5, according 
to Ref. [19], and adopting the EMS-98 damage classification. This 
classification assumed that ds = 0 (no damage) implies 0<μD < 0.5, ds =
1 (slight damage) implies 0.5≤μD < 1.5, ds = 2 (moderate damage) 
implies 1.5≤μD < 2.5, ds = 3 (extensive damage) implies 2.5≤μD < 3.5, 
ds = 4 (severe damage) implies 3.5≤μD < 4.5, and ds = 5 (collapse) 
implies 4.5≤μD < 5.0. Finally, the set of fragility curves was obtained by 
fitting the lognormal curves to the PGAds and probability points using 
the least-squares method with a confidence level of 95%, with the 
resulting moments, μds = {0.037 0.074 0.136 0.278 0.694} and σds =

{0.464 0.473 0.608 0.646 0.600}, respectively (Fig. 7). 

4.3. Attenuation relationships for the azores 

As can be seen, in Section 2, the characterization of hazard in the 
Azores is an ongoing task passible of complex modelling procedures. 
Nevertheless, GMPEs such as the Ambraseys et al. from 2005 [79] and 
Bommer et al. from 2010 [80] have been studied in previous works that 
considered the uncertainties associated to the sources, providing a 
similar (but slightly lower) spectrum to that of the only seismic record 
available from the 1998 earthquake by Estêvão & Carvalho in 2014 [36] 
and Estêvão & Oliveira in 2001 [81]. For that reason, an alternative 
GMPE from Akkar et al., 2014 [30] has been considered for the present 
work. The respective ranges of feasibility are also considered in the case 
of the GMPEs, with magnitudes in between 5.0 ≤ Mw ≤ 8.0 (strong--
motion range) and the minimum distances to the vertical projection of 
the fault, or Joyner-Boore distances in the range 0≤RJB≤100 km, 
although it also works with epicentral distances Repi. For the present 
study, the following variables are utilized: the IM=PGA, or Sa(Tn = 0s); 
the magnitude, is the moment magnitude M = Mw, and the distance is 
the epicentral distance R = Repi, or the distance from a site to the epi-
centre – since the possible epicentral locations of the 1980 and 1998 are 
well known. 

The EC8 ground typologies and respective shear wave velocities Vs30 
are utilized to hold the correspondence for both attenuation equations 
according to Table 6. Teves-Costa et al. [82] studied the soil profiles in 
Terceira and Faial Islands in detail in 2014, showing Vs30 values ranging 
from 230 to >700 m/s, which strictly fits soil types C, B, and probably A. 

Table 5 
Classification and distribution of the assessed buildings, according to Ferreira et al. [21].  

N.◦ District Location Number of floors Observed damage, μD 

Lat.◦, Long◦ Single 2 3 4 0 1 2 3 4 5 

1 Angústias (7) 38.528◦, − 28.627◦ 2 4 1 – – 7 – – – – 
2 Castelo Branco (5) 38.522◦, − 28.717◦ 2 3 – – – 1 3 1 – – 
3 Cedros (6) 38.630◦, − 28.693◦ 2 4 – – – 3 3 – – – 
4 Conceição (12) 38.550◦, − 28.628◦ 5 3 4 – 1 8 2 1 – – 
5 Feteira (5) 38.526◦, − 28.676◦ 2 3 – – – 3 1 1 – – 
6 Flamengos (5) 38.549◦, − 28.653◦ 2 3 – – –  2 1 2 – 
7 Matriz (16) 38.537◦, − 28.627◦ – 3 11 2 1 13 2 – – – 
8 Pedro Miguel (5) 38.576◦, − 28.623◦ 1 4 – – – – – 2 2 1 
9 Praia de Almoxarife (16) 38.558◦, − 28.618◦ 9 7 – – – 7 5 4 – – 
10 Ribeirinha (7) 38.890◦, − 28.614◦ 5 2 – – – – – 3 2 2 
11 Salão (5) 38.618◦, − 28.661◦ 1 4 – – – 2 1 1 1 –  
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The correspondence between the attenuation equations and soil classi-
fication may, for present purposes, follow the mean values of Vs30, so 
that soil types A, B and C correspond to a Vs30 equal to 800, 570 and 270 
m/s, respectively, despite the finer considerations of the same authors in 
Refs. [82] and other works by Teves-Costa & Veludo in 2013 [83]. The 
implementation and calibration of the GMPEs followed the respective 
sources, the PGA values are illustrated in Fig. 8 for magnitude values and 

distance RJB ranges consistent with both the 1998 and 1980 earth-
quakes: respectively, Mw = [6.2 6.1 6.0 5.9] and 4≤RJB≤22 km, and Mw 
= [7.2 7.1 7.0 6.9 6.8] and 20≤RJB≤65 km, for a soil type C and a 
strike-slip fault. As can be seen the GMPE from Ambraseys et al. [79] 
provides in every case higher PGA values than that of Akkar et al. [30]. 

5. Implementation and validation of the methodology 

The present section concerns the application of the methodology, 
explained in section 3, using the damage data, fragilities and attenuation 
models presented in section 4. Firstly, in subsection 5.1, the framework 
of assumptions and an application case are presented, followed by a 
sensitivity study in subsection 5.2. 

5.1. The framework of assumptions 

The assumptions on possible epicentre locations (Eid), soil type (Sid =

A, B or C), and prior distributions magnitude (fMi ) and distance (fRi ) were 
typified for both the events and studied separately, in order to under-
stand their influence on both the expected value of magnitude and 
respective standard deviation. 

The uniform prior distribution of magnitude fM1 was calibrated in the 
strong motion range for both seismic events, with upper and lower 
bounds ml = 5.0 and mu = 8.0, in order to test the magnitude estimation 
solely due to structural damage. The prior distribution fM2 was calibrated 
assuming the mean magnitude value mMw = 6.10 and respective stan-
dard deviation sMw = 0.50, for the 1998 event, and mMw = 7.10 and sMw 
= 0.50, for the 1980 earthquake, as the means to understand the 
eventual influence of the damage in structures in earlier magnitude es-
timates for the same events. Carvalho et al. [25] studied the seismic 

Fig. 7. Chart illustrating the sampling and the derivation of the fragility curves (left – green: ds1, light blue: ds2, dark blue: ds3, orange: ds4, red: ds5).  

Table 6 
Ground types, according to EC8 [32].  

Ground 
Type 

Description of the stratigraphic profile Vs30 (m/ 
s) 

A Rock or other rock-like geological formation, including 
at most 5 m of weaker material at the surface. 

>800 

B Deposits of very dense sand, gravel, or very stiff clay, at 
least several tens of meters in thickness, characterized by 
a gradual increase of mechanical properties with depth. 

360–800 

C Deep deposits of dense or medium dense sand, gravel or 
stiff clay with thickness from several tens to many 
hundreds of meters. 

180–360 

D Deposits of loose-to-medium cohesionless soil (with or 
without some soft cohesive layers), or of predominantly 
soft-to-firm cohesive soil. 

<180 

E A soil profile consisting of a surface alluvium layer with 
Vs values of type C or D and thickness varying between 
about 5 and 20 m, underlain by stiffer material with Vs >

800. 

– 

S1 Deposits are consisting, or containing a layer at least 10 
m thick, of soft clay/silts with a high plasticity index (PI 
> 40) and high water content. 

<100 

S2 Deposits of liquefiable soils, of sensitive clays, or any 
other soil profile not included in types A-E or S1. 

–  
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hazard in the Azores in 2001, suggesting a b = 0.76 (for events with 
Mmáx 5.1 to 7.2) value for the recurrence law for the central group. 
Therefore, this value is employed in the fM3 for both the 1980 and the 
1998 earthquakes. 

The prior distributions of distance fR1-2 were computed for different 
distance ranges between the epicentre and each of the districts, 
distinctly (Table 4 & Table 5), where the uncertainty of ±1.0 km around 
a mid-distance point was assumed for each location. The distances were 

computed with the spherical law of cosines with latitude and longitude 
points, where the radius of the Earth is assumed as 6371 km. Addi-
tionally, prior distance distributions f4R were computed, considering the 
same uncertainty of ±1.0 km, modelling the discrete values of the dis-
trict to epicentre distances with the help of the respective histograms 
(Fig. 9). In Fig. 9, lognormal probability density functions were also 
adjusted in order to have a precise observation of the skew in the data 
distribution. 

Fig. 8. PGA predictions obtained from the GMPEs Ambraseys et al. of 2005 [79] and Akkar et al. of 2014 [30] for different Magnitude values and Joyner-Boore 
distance RJB ranges Mw = [6.2 6.1 6.0 5.9] and 4≤RJB≤22 km (on the left) and Mw = [7.2 7.1 7.0 6.9 6.8] and 20≤RJB≤65 km (on the right) for a soil type C 
and a strike-slip fault. 

Fig. 9. Histograms and lognormal probability density functions fitted to the data, with mean μR and standard deviation σR, for the cases of the Faial 1998 earthquake 
with the epicentre in EPI1 (up to the left) and in EPI2 (up to the right), and for the cases of the Terceira 1980 earthquake using the “Soeiro” (down to the left) and 
“GAR” surveys (down to the right). 
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Furthermore, the application of the method is illustrated in this 
subsection for the case of the 1998 earthquake by assuming the 
epicentral location in EPI1 with Lat. 38.634◦ and Long. − 28.523◦, based 
on Zonno et al. in 2009 [29], the GMPE Akkar et al. of 2014 [30], soil 
type C, and prior distributions of magnitude and distance of type 1, 
respectively fM1 and fR1. The assumed fragilities were presented in sub-
section 4.2 (Table 5) and describe the five damage states described in the 
damage survey. The final distributions of magnitude were obtained as 
mixed distributions, weighed as in Equation (14) (weights according to 
the number of buildings in Table 5), in order to account for the uneven 
contribution of each district in the computation of the final posterior 
magnitude distribution (Fig. 10). The expected magnitude Mw of 5.95 
was achieved, with a standard deviation of 0.87. 

5.2. Sensitivity studies and magnitude estimates 

The application of the method, similarly to what was illustrated in 
Fig. 10, was extended considering the range of possible input parameters 
and strategy, described in subsection 5.1. 

The study was firstly conducted for the 1998 Faial earthquake 
considering the two possible epicentral locations EPI1 and EPI2. Addi-
tionally, the GMPE Akkar et al. from 2014 [30] was computed with Vs30 
values associated with the ground types A, B and C in accordance with 
Table 6. The full set of five fragilities developed in subsection 4.2 with 
median values μds = {0.037 0.074 0.136 0.278 0.694} and standard 
deviation values σds = {0.464 0.473 0.608 0.646 0.600}, was employed 
consistently with the damage record descriptions. 

A similar study was conducted for the 1980 earthquake. Although, 
one possible epicentral location was considered, in Lat. 38.750◦ Long. 
− 27.750◦, and the same GMPE [30] was utilized, using the Vs30 values 
associated with the ground types A, B and C (Table 6). The prior 
magnitude distribution fM2 was adjusted to a mean value of Mw = 7.10 
and a standard deviation of 0.50, consistent with the 1980 event. 
Analogously, the fragilities were also adjusted, considering the to the 
damage categories utilized to describe the seismic damage surveys of the 
Terceira Island (Table 4). As a result, the fragility functions set with 
median values μds = {0.037 0.136 0.694} and standard deviation values 
σds = {0.464 0.608 0.600} was employed in the case of “Soeiro”, and the 
fragility functions set with median values μds = {0.037 0.694} and 
standard deviation values σds = {0.464 0.600} in the case of “GAR”. 

Despite the discrepancies between the maximum and minimum 
values of the magnitude, this difference may be narrowed by assuming 
soil type C (Vs30 = 270 m/s), and a uniform prior magnitude distribution 
fM1 , ranging in between 5.95 (0.87) and 5.80 (0.79), for the 1998 
earthquake (Table 7), and in between 6.69 (0.74) and 6.55 (0.77), for 
the 1980 earthquake (Table 8). Otherwise, if the previous estimates of 
7.10 and 6.10 are assumed for fM2 and soil type C, respectively for the 
1980 and 1998 events, the gap decreases even further, ranging in be-
tween 6.99 (0.45) and 6.93 (0.66), for the 1980 earthquake, and in 
between 5.93 (0.47) and 5.87 (0.47), for the 1998 earthquake. 
Notwithstanding, if the Richter-Gutenberg recurrence law fM3 and soil 
type C are assumed, the expected values of magnitude range between 
6.07 (0.74) and 5.78 (0.64), for the 1980 earthquake, and between 5.41 
(0.70) and 5.32 (0.67), for the 1998 earthquake, which is discrepant 
with the results of previous assumptions. The change of the distance 
distribution fR provides variations inferior to 1.2% in the mean magni-
tude value μ. The change in the soil type (A to C) provides in most cases 
relatively small variations in μ – between 0.3% and 1.2% –, although 
more significant differences appear for the case of the 1980 earthquake, 
related to prior magnitude assumptions fM1 and fM3 , which present vari-
ations between 3.8% and 4.0% in μ. In this sense, soil type A appears 
without exception as an upper bound, while soil type C appears in most 
cases as a lower bound. 

Additionally, higher magnitude estimates of the 1980 Terceira 
earthquake resulted from the damage datasets provided by “Soeiro” 
[70], rather than those of the “GAR” [71], despite the general similarity 
in the damage classification and quantities illustrated in Fig. 6. In the 
case of Faial 1998 earthquake, the higher estimates are provided by an 
epicentral location in EPI1. 

5.3. Discussion of the results 

The seismic fragilities utilized for the estimates were attained from a 
study of the effects of the 1998 Faial earthquake (based on a survey that 
includes damage grades from D0 to D5) were also extended to the case of 
the 1980 Terceira earthquake (to better understand the sensitivity of the 
proposed approach to more uncertainty in data collection). Here, the 
coherence between the structural typologies and the observed damage is 
of the utmost importance since the method can provide significant 
magnitude estimates even in cases where the damage survey is partial. 
This was verified by the application of the method to Faial 1998 

Fig. 10. Posterior distributions of magnitude for the 11 districts according to 
Table 5 and final weighted distribution fM|E. 

Table 7 
Expected mean Magnitude and standard deviation values, μ (σ), for the 1998 
Faial earthquake, under different assumptions: epicentre location EPI1 and EPI2; 
prior distribution of distance fRi=1,2,3; and prior distribution of magnitude fMj=1,2,4.  

Eid = EPI1 EPI2 

fR = Sid = fM =

A B C A B C 

1 1 6.01 
(0.85) 

5.95 
(0.85) 

5.95 
(0.87) 

5.88 
(0.84) 

5.83 
(0.83) 

5.86 
(0.86) 

2 5.96 
(0.46) 

5.93 
(0.46) 

5.93 
(0.47) 

5.89 
(0.46) 

5.87 
(0.46) 

5.88 
(0.47) 

3 5.48 
(0.68) 

5.44 
(0.68) 

5.41 
(0.70) 

5.39 
(0.68) 

5.36 
(0.69) 

5.35 
(0.70) 

2 1 5.99 
(0.85) 

5.93 
(0.85) 

5.94 
(0.87) 

5.86 
(0.84) 

5.81 
(0.83) 

5.85 
(0.86) 

2 5.95 
(0.46) 

5.92 
(0.46) 

5.92 
(0.47) 

5.88 
(0.46) 

5.86 
(0.46) 

5.87 
(0.47) 

3 5.46 
(0.68) 

5.43 
(0.69) 

5.40 
(0.70) 

5.38 
(0.69) 

5.35 
(0.69) 

5.34 
(0.70) 

4 1 5.93 
(0.76) 

5.86 
(0.75) 

5.87 
(0.79) 

5.81 
(0.75) 

5.76 
(0.75) 

5.80 
(0.79) 

2 5.93 
(0.43) 

5.90 
(0.43) 

5.90 
(0.44) 

5.88 
(0.43) 

5.85 
(0.43) 

5.87 
(0.45) 

3 5.41 
(0.63) 

5.38 
(0.64) 

5.36 
(0.66) 

5.35 
(0.65) 

5.33 
(0.66) 

5.32 
(0.67)  
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earthquake, with a small building set but assessed in detail. Despite the 
circularity in the relationship between fragility and damages in the case 
of the 1998 earthquake, the study provides a relatively broad range of 
estimates, in between 6.01 (0.85) and 5.32 (0.67) (Table 7). A similar 
study associated with the 1980 earthquake provides magnitudes in be-
tween 7.05 (0.45) and 5.78 (0.64) (Table 8). 

The assumption of the Gutenberg-Richter law as fM3 provided all the 
lower bound magnitudes – between 6.31 (0.73) and 5.78 (0.64) for the 
1980 earthquake, and in between 5.48 (0.68) and 5.32 (0.67) for the 
1998 earthquake –, and it is probably inadequate to model the highest 
magnitudes produced in the region. The use of extreme value distribu-
tions should be considered instead in future works. Particular attention 
is given to the prior (uniform) magnitude distribution fM1 , which pro-
vided consistent results in most cases in the strong motion range (5≤Mw 
≤ 8) and with varying soil types from A to B – between 6.01 (0.85) and 
5.76 (0.75), for the 1998 event, and between 6.90 (0.70) and 6.68 
(0.74), for the 1980 event. Previous estimates can be found within these 
ranges – e.g. Borges et al., in 2007 [24] estimated Mw 6.0 and Mw 6.8 for 
the 1998 and 1980 events, respectively, despite being generally lower 
than the previous mentioned ranges Mw = 6.2–6.0 and Mw = 7.2–6.8. In 
these regards, it would be expected that the use of a GMPE as Ambraseys 
et al., instead of the Akkar et al., would have provided even lower 
magnitude estimates given the relatively higher PGA values observed in 
Fig. 8. 

There were small variations observed in the expected value of 
magnitude due to the change of prior distance distributions fR1,2,4, 
although the prior distance distribution fR4 have resulted in lower stan-
dard deviation values. This is probably related to the detailed knowledge 
of the epicentral location. Notwithstanding, the distribution of distances 
over comparatively lower value ranges (Fig. 9) given the epicentral 
location in EPI1, in the case of the 1998 earthquake, and given the full 
survey provided by the “GAR”, in the case of the 1980 earthquake, can 
explain the also lower expected values of magnitude. 

6. Conclusions 

The present paper studied the applicability of a method that esti-
mates the magnitude of seismic events using both fragility functions and 
records of damage in traditional buildings located in the Faial and 
Terceira Islands, in Azores, Portugal. The method provided consistent 

expected values of magnitude in both implementation and validation 
phases, based on the fragility functions derived for the set of traditional 
masonry buildings, the damage datasets and the GMPE Akkar et al., 
2014: Mw = 6.01–5.76 for the 1998 Faial earthquake, and Mw =

6.90–6.55 for the 1980 Terceira earthquake. These estimates are slightly 
lower than those of instrumental seismology referred in this study Mw =

6.2–6.0 and Mw = 7.2–6.8, respectively. 
The scarcity of instrumental data in the strong motion range (Mw ≥

5.0) and the consequent difficulty of a broad validating of a GMPE for 
this range and region of Azores, as stated in Section 2, imposes a limi-
tation in the present approach. Although the GMPE Akkar et al. led to 
consistent results, their general tendency suggests that the real PGAs 
may have been in several locations lower than those provided by the 
GMPE. 

While the resulting datasets potentially incorporate the uncertainty 
in ground motion amplification due to site conditions, epicentral loca-
tion and damage records, no detailed account was given to the soil 
profiles. Literature shows that soil profile variations, even within a 
district, may explain irregular damage distributions. Future de-
velopments would benefit from a more detailed account of the site 
location and amplification. 

Additionally, estimates can also be provided by modelling the faults 
as seismogenic sources instead of epicentres, because the earthquake 
occurrences are distributed in the crust along faults. Future works 
should consider this fact. 

This study proves that the proposed methodology and framework 
can be used to estimate ranges of magnitude and epicentral locations for 
historical events where there is no instrumental information but only a 
description of different types of damage through their fragility curves. 
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Workshop on Earth and Spatial Sciences, 2015, p. 12 (in Portuguese). 

[43] I. Martins, L.A.M. Victor, Contribuição para o estudo da sismicidade da região oeste 
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livello e secondo livello (muratura e cemento armato), Gruppo Nazionale per la 
Difesa dai Terremoti, Rome, Italy, 1994 (in Italian). 

[59] R. Vicente, S. Parodi, S. Lagomarsino, H. Varum, J.A.R. Mendes Silva, Seismic 
vulnerability and risk assessment: case study of the historic city centre of Coimbra, 
Portugal, Bull. Earthq. Eng. 9 (2011) 1067–1096, https://doi.org/10.1007/ 
s10518-010-9233-3. 

[60] S.A. Freeman, Development and use of capacity spectrum method, in: 6th US Nat. 
Conf. Earthq. Eng., 1998, p. 6. 

[61] D. Vamvatsikos, C.A. Cornell, Applied incremental dynamic analysis, Earthq. 
Spectra 20 (2004) 523–553, https://doi.org/10.1193/1.1737737. 
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