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Abstract The seismic vulnerability assessment of old masonry buildings is essential not

only to buildings with recognised historical and heritage value but also to ordinary resi-

dential masonry buildings. Thus, and resorting a wide set of damage data collected after the

1998 Azores earthquake, this paper addresses the topic of the seismic vulnerability

assessment of traditional masonry buildings through the calibration and application of a

simplified vulnerability assessment method to the old city centre of Horta (Faial Island), in

Portugal. In this case study, 192 buildings were assessed using this methodology, and

vulnerability and loss scenarios were analysed using an integrated Geographical Infor-

mation System tool. As is discussed in this paper, such procedure could allow city councils

or regional authorities to plan interventions based on a global view of the site under

analysis, leading to more accurate and comprehensive risk mitigation strategies, which can

than support the requirements of safety and emergency planning.

Keywords Seismic vulnerability � Old city centres � Vulnerability index � Damage

scenarios � GIS mapping

1 Introduction

The seismic risk management of old city centres is a topic of key importance in today’s

societies; it is impossible to ignore the devastating effects of powerful recent earthquakes,

such as those that hit Port-au-Prince (Haiti) in 2010, Van (Turkey) in 2011, Gorkha (Nepal)

in 2015, or the Northwest region of Ecuador in April 2016, all of which affected millions of

people. Such events stress the necessity of improving knowledge on the vulnerabilities of
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our cities, particularly of the old city centres, and reveal that, despite the significant

attention and discussion that has been taken place within the scientific community, the

implementation of real risk policies based on the rational understanding of these vulner-

abilities is still very limited. Moreover, risk management of urban areas is frequently

undertaken without the use of a general planning tool, which limits the capacity of tech-

nicians and decision-makers to globally analyse the area under study, potentially com-

promising the effectiveness of their risk mitigation measures. In this scenario, the use of

simplified seismic vulnerability assessment methods can play a very important role on the

development of seismic vulnerability scenarios at different scales, applicable on the def-

initions of more effective risk mitigation strategies. Methodologies for vulnerability

assessment either at the national or urban scale should be based on few parameters of

empirical nature, defined through the knowledge acquired from the past earthquakes

(Neves et al. 2012).

As it is comprehensively discussed in Ferreira (2015), the definition and nature of the

seismic vulnerability assessment approaches (qualitative and quantitative) naturally limits

its formulation and the level at which the evaluation is conducted; from the expedite

evaluation of buildings based on visual observation to the most complex numerical models

for single buildings. Among these, the empirical methods are particularly suited to old city

centres, where a record of past earthquakes is available and damage to the building has

been systematically collected over a significant number of events, while the analytical

methods are suitable for the cases wherein construction details are available. Regarding the

latter, this knowledge should be based on experimental work, to characterise the

mechanical behaviour of the materials, and on observed damage data, to calibrate the

procedure. However, when such kind of information does not exist and the typological

characteristics of the buildings to assess are significantly different from those used on the

calibration of the methodology to apply, the results obtained can be quite inaccurate and

therefore there is a continuous need to adapt and recalibrate these approaches taking into

account the context of each built environment.

Thus, taking advantage of a wide set of collected damage data obtained in the sequence

of the magnitude VII earthquake that struck the Azores archipelago on July 9, 1998, this

paper discusses the calibration and application of a seismic vulnerability assessment

approach to the old city centre of Horta, in Faial Island. After calibrated, the methodology

is applied to a set of 192 traditional masonry buildings and the results are analysed using a

geographical information system (GIS) tool, wherein different modules were implemented

aiming to obtain multiple vulnerability and loss estimation outputs for different earthquake

scenarios, namely, number of collapsed buildings, death rate, number of unusable buildings

and repair costs. It is worth noting that although this methodology has already been applied

in the past to assess different case studies in Portugal, this is the first time that it is

calibrated on the basis of Portuguese damage data.

2 Vulnerability index methodology

The vulnerability index formulation applied in this work is based on the GNDT II level

approach (GNDT 1994) for the vulnerability assessment of masonry buildings and is

classified in the literature as a hybrid approach—see Augusti and Ciampoli (2000) or Calvi

et al. (2006). This seismic vulnerability methodology is based on post-earthquake damage

observation and survey data covering a vast number of elements, focusing on the most
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important aspects and features that define building damage. Originally created in Italy, and

largely applied over the last 25 years, it was adapted to the Portuguese masonry built

environment by Vicente et al. (2011a) and improved by the following: (1) introduction of a

more detailed analysis, for cases when an adequate level of building stock information

exists; (2) discussion and redefinition of the criteria for some of the most important

parameters; and (3) introduction of new parameters that account for the interaction

between buildings and other overlooked building features.

Conceptually, this methodology is based on the calculation of a vulnerability index for

each building as the weighted sum of 14 parameters, which individually evaluate one

aspect related to the building’s seismic response. These parameters are distributed into 4

vulnerability classes, Cvi, of growing vulnerability (A, B, C and D), each of which asso-

ciated to a weight, pi, that can range from 0.5 for the less important parameters to a

maximum of 1.5 for the most important ones (see Table 1).

According to the exposed, the seismic vulnerability index of each building, Iv
*, is given

by Eq. (1). Although the value of Iv
* initially ranges between 0 and 650, for ease of use, it is

usually normalised to fall within the range between 0 and 100, where the lower the value of

Iv
*, the lower the seismic vulnerability of the building.

I�v ¼
X14

i¼1

cvi � wi ð1Þ

Table 1 Vulnerability index associated parameters, classes and weights, adapted from Vicente et al.
(2011a)

Parameters Class Cvi Weight Relative weight

A B C D pi

Group 1. Structural building system

P1 Type of resisting system 0 5 20 50 0.75 46/100

P2 Quality of resisting system 0 5 20 50 1.00

P3 Conventional strength 0 5 20 50 1.50

P4 Maximum distance between walls 0 5 20 50 0.50

P5 Number of floors 0 5 20 50 1.50

P6 Location and soil conditions 0 5 20 50 0.75

Group 2. Irregularities and interactions

P7 Aggregate position and interaction 0 5 20 50 1.50 27/100

P8 Plan configuration 0 5 20 50 0.75

P9 Height regularity 0 5 20 50 0.75

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 1.00 15/100

P12 Roofing system 0 5 20 50 1.00

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 0.50
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As discussed in Vicente (2008), the 14 parameters presented in Table 1 are arranged

into 4 groups to emphasise their differences and relative importance:

• Group 1 includes parameters characterising the building’s resisting system, the type

and quality of masonry (P1 and P2), material, masonry fabric, and arrangement and

quality of connections between walls. Parameter P3 estimates the building’s shear

strength capacity and parameter P4 evaluates the potential out-of-plane collapse risk,

while parameters P5 and P6 evaluate the heights and soil foundation conditions of the

buildings, respectively;

• Group 2 evaluates building irregularities and the interaction between buildings.

Parameter P7 focuses on the relative location of a building in the urban mesh and its

interaction with other buildings. Parameters P8 and P9 evaluate both in-plan and in-

height irregularities, respectively, while parameter P10 identifies the relative location

of openings, which is extremely important in terms of the load path [further

information on this topic can be found in D’Ayala and Speranza (2003), Vicente et al.

(2011a); Ferreira et al. (2014)];

• Group 3 evaluates the horizontal structural systems, namely the quality of connections

found in the wooden floors (parameter P11) and the impulsive nature of the pitched

roof system (parameter P12);

• Group 4 is composed of parameter P13, which evaluates structural fragilities and the

conservation states of buildings, and parameter P14 that assesses the negative influence

of the presence of non-structural elements with poor connections to the main structural

system.

It is worth stressing that despite being based on expert opinion, the definition of each

parameter’s weight is naturally a source of uncertainty. In this regard, Vicente (2008) have

also stated that if the inspection of buildings is carried out in detail and accurate geo-

metrical information is available, this method can be considered robust and the uncertainty

in the assignment of vulnerability classes to each parameter can be considered relatively

low. For the operational implementation of the methodology, an analytical expression that

correlates hazard with the mean damage grade (0\lD\ 5) of the damage distribution

(discrete beta distribution) in terms of the vulnerability value was proposed by Bernardini

et al. (2007), in Eqs. (2) and (3):

lD ¼ 2:5þ 3 tanh
I þ 6:25V � 12:7

Q

� �
� f V; Ið Þ ð2Þ

f V; Ið Þ ¼ e
V
2
I�7ð Þ; if I� 7

1; if I[ 7

�
ð3Þ

where I is the seismic hazard described in terms of macroseismic intensity, V is the

vulnerability index used in the Macroseismic Method and expressed through Eq. (4), Q is a

ductility factor that describes the ductility of a certain construction typology (ranging from

1 to 4). According to Bernardini et al. (2007), a mean value of 3.0 was herein assumed for

the ductility factor Q. Nevertheless, it is meant to highlight that, in a more detailed use of

the methodology, the ductility value should be reviewed and specifically adapted taking

into account the particular features of the building stock (namely considering the con-

struction quality and fabric of masonry), since such important parameter can vary sig-

nificantly amongst the existing building typologies. Finally, f(V, I) is a function depending

of the vulnerability index and intensity, introduced to understand the trend of the numerical
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vulnerability curves taken from the EMS-98, even for the lower extremes of the intensity

grades (I = V and VI). This expression was proposed within the framework of an inno-

vative macroseismic approach allowing the vulnerability analysis of building typologies

defined according to the EMS-98 European Macroseismic Scale (Grünthal 1998) and

qualitatively related to its vulnerability classes. Moreover, this expression has been widely

used and validated in literature. Zonno et al. (2010) for example, applied this expression

within a macroseismic assessment method that considered the building typologies and their

associated vulnerabilities to the building stock of Faial Island, from which traditional

construction (stone masonry structures with wooden floors and roofs), that was by far the

most representative typology, perfectly matches the building typologies addressed in this

case study.

The vulnerability index Iv can be related to the vulnerability index V, by means of

Eq. (4), enabling the calculation of the mean damage grade, lD, and the subsequent

estimation of physical, economic and human losses.

V ¼ 0:592þ 0:0057� Iv ð4Þ

3 Calibration of the vulnerability index formulation based on post-
earthquake damage data

Presented the original vulnerability index formulation, this section discusses the calibration

of the weights associated with the 14 parameters presented in Table 1, through post-

earthquake damage data obtained following the 1998 Azores earthquake that hit the central

group of the archipelago of Azores (Portugal). Reaching intensity VII on the Modified

Mercalli Intensity scale, MMI (Wood and Neumann 1931), this earthquake caused 8

deaths, 150 injured and 1500 homeless, amongst a total of more than 5000 people directly

affected by the earthquake (Matias et al. 2007). Three illustrative examples of the high

destruction level observed in the Island of Faial are presented in Fig. 1.

From the technical and academic point of view, the 1998 Azores earthquake allowed the

collection of an unprecedented amount of data concerning the characterisation of the

building stock and the respective damage observed. Part of this data was already treated by

Neves et al. (2012), who have compiled this information into a comprehensive catalogue

comprising a detailed characterisation of the old traditional rubble stone building stock and

a detailed damage degree classification based on different damage mechanisms observed.

Zonno et al. (2010) presented a proposal of a macroseismic intensity distribution map

for the Faial Island (depicted in Fig. 2), which was constructed on the basis of post-event

field survey and observation campaigns. Although the credibility of this source, it is

important to note that this kind of approaches are inevitably subjected to important

Fig. 1 Severe destruction observed at Faial Island after the 1998 Azores earthquake
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uncertainties and therefore it is reasonable to assume that some particular spots could have

been subjected to different intensities of those plotted on the map of Fig. 2.

As already exposed, damage grades and scenarios are estimated in this work considering

the European Macroseismic Intensity scale, EMS-98 (Grünthal 1998). Therefore, it is

necessary to correlate the MMI intensity map of Fig. 2 with the desired scale. Despite the

degree of subjectivity inherent to such process, according to Musson et al. (2010) these

intensity scales can be broadly compared once they derive from the exact same proposal,

originally presented by Cancani (1904). From this assumption, hereinafter, macroseismic

intensity will be represented according to the EMS-98 scale, wherein the degrees from

MMI and EMS-98 scales are directly associated.

Thus, the calibration of the original vulnerability index method was carried out through

its application to a set of 90 masonry buildings considered by the authors as representative

of traditional Azorean constructive typology, described for example in Costa (2002) or

Costa and Arêde (2006), and for which comprehensive information was available.

Among other elements, this documentation was composed of detailed reports, authored

by some of the agents involved in the 1998 Azores reconstruction process, wherein a

description of the original and retrofitted structure (with blue prints and descriptions of the

construction technologies), as well as the post-earthquake damage observed, are reported in

a comprehensive way. This information was further enhanced with a vast collection of

pictures provided to the authors by owners and municipal authorities. A representative

example of one of these reports is presented in Fig. 3.

It is worth noting that, further than their representativeness in terms of material and

constructive technology, buildings were selected so that the sample was composed by both

rural and urban buildings, naturally presenting distinct characteristics and different damage

grades, lD [classified in accordance with EMS-98 (Grünthal 1998)]. On the basis of the

comparison between the results obtained from the application of the vulnerability index

method to this building stock and the damage data described in Table 2, it was then

possible to calibrate each one of the 14 weights that compose the original formulation.

Such procedure is thoroughly discussed next in Sect. 3.1.

Fig. 2 Modified Mercalli Intensity (MMI) scale intensity map of Faial Island. Adapted from Zonno et al.
(2010)
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3.1 Calibration process: application and discussion of the results

From the application of the original index formulation to a sample of 90 buildings, a mean

value of the seismic vulnerability index, Iv, of 32.05 was obtained, with a standard devi-

ation, rIv, of 10.96. Approximately 27% of the assessed buildings have a vulnerability

index over 40 and about 17% over 45 [equivalent to vulnerability class A in the EMS-98

scale (Grünthal 1998)]. 16.6% present an Iv bellow 20 and the minimum and maximum Iv
values obtained were, respectively, 11 and 57. Subsequently, these 90 buildings were

grouped according to the intensity map depicted in the previous Fig. 2 and a mean damage

grade, lD, was estimated to each building based on the available 1998 post-earthquake

damage data. Following this procedure, it was then possible to plot a point cloud for each

one of the four macroseismic intensities felt (refer to Fig. 2) and to analyse its mathe-

matical correlation with the corresponding vulnerability functions obtained from Eq. (2).

Fig. 3 Example of a report used to collect data following the 1998 Azores earthquake: cover page and
detailed mapping of damage

Table 2 Location and distribution of the assessed buildings considering their observed mean damage grades

District Observed mean damage grades, μD
0 1 2 3 4 5

Angústias – (7) – – – –
Castelo Branco – (1) (3) (1) – –
Cedros – (3) (3) – – –
Conceição (1) (8) (2) (1) – –
Feteira – (3) (1) (1) – –
Flamengos – – (2) (1) (2) –
Matriz (1) (13) (2) – – –
Pedro Miguel – – – (2) (2) (1)
Praia de Almoxarife – (7) (5) (4) – –
Ribeirinha – – – (3) (2) (2)
Salão – (2) (1) (1) (1) –
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The analysis of the correlation between the initial point cloud and the previously

referred vulnerability curves, and its later improvement, was made possible resourcing to

Matlab� Curve Fitting Toolbox software. To do that, a weighted least-squares fitting

method was used, varying the parameters’ weights, pi, associated to the vulnerability index

Iv. Data fitting techniques require a parameter model relating the response and the esti-

mated data, with one and more coefficients. Thus, the result of the fitting process is an

estimate of the model coefficient, obtained through the mentioned least-squares method by

minimising the squared sum of the residuals. The residual, calculated with Eq. (5) rep-

resents the error associated with the kth data point, rk, and is defined as the difference

between the observed and the response value, yk, and the fitted response value �yk.

rk ¼ yk � �yk ð5Þ

In order to improve the curve fit, a weighted linear least-squares fitting was conducted

considering an additional scale factor (the weight, wIEMS-98) in the fitting process, wherein

two initial assumptions were considered: (1) bias only exists in the response data (and not

in the estimated data); and (2) the weights provided in the fit- ting process indicate

adequately the differing quality level presented in the data. The data collected for higher

intensities (IEMS-98 = VII and IEMS-98 = VIII) was assumed more reliable since the

extension of damage is easier to observe and classify than the data collected for lower

intensities, according to the damage grades proposed in the EMS-98 scale (Grünthal 1998).

Accordingly, the weights wIEMS-98 were used to adjust the influence that each macroseismic

intensity has on the estimates of the fitted coefficients. The squared sum of the residuals for

a determined intensity I is given by Eq. (6):

SIEMS�98 ¼ wIEMS�98

Xn

i¼1

r2k ð6Þ

where SIEMS-98 is the squared sum of residuals associated to a macroseismic intensity IEMS-

98, wI is the additional scale factor, assumed 15/45 for intensities IEMS-98 = V and IEMS-

98 = VI, and 30/45 for intensities IEMS-98 = VII and IEMS-98 = VIII, and n is the number of

data points included in each curve fit. This way it was then possible to obtain new

parameters’ weights pi that for each intensity IEMS-98 minimise the overall squared sum of

residuals of all the evaluated macroseismic intensities (see Table 3).

From the comparison between the original weights and those resulting from the cali-

bration process, in Table 3, it is possible to infer that the obtained weights comply quite

well with their relative importance, with the parameters related to the type and quality of

the resisting system, as well as those regarding the roofing system, assuming higher

importance after the calibration process. Notwithstanding this fact, it is worth noting that

the relative weight of each group was not significantly changed (maximum variation of 7%

in Group 2), which proves the good fit of the methodology to the characteristics of the

traditional masonry built environment of Horta. Figure 4 presents the global comparison

between the original and the post-calibration results for the macroseismic intensities IEMS-

98 = V, VI, VII and VIII.

Finally, Fig. 5 shows the comparison between the histograms and the normal distri-

butions obtained from the application of the original and the calibrated vulnerability index

method. As it can be seen, the calibration led to a more balanced distribution of the Iv
results. After the calibration, the mean value of the seismic vulnerability index, Iv, changed

from 32.05 to 40.07, with a new standard deviation value, rIv, of 13.63.
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4 Vulnerability assessment of the old city centre of Horta, Azores

As part of the research project ‘‘URBSIS: Assessing Vulnerability and Managing Earth-

quake Risk at Urban Scale’’ commissioned by the City Council of Horta, a complete

identification and inspection survey of old masonry buildings of the old city centre of Horta

was carried out. The data gathered from the inspection of 192 buildings were processed and

crosschecked with the corresponding case files founded at the local Department of Urban

Regeneration. A database management system integrated into a Geographical Information

System (GIS) application was applied to manage, compare and spatially analyse all the

information. It is worth underlining that the creation of a database specifically designed to

gather and manage this type of information is of particular importance to the seismic

vulnerability assessment of old masonry buildings at urban scale, a procedure that is further

discussed in Sect. 4.2.

4.1 Implementation of a GIS tool

The GIS application software adopted in this study was ArcGis 10.2 (Esri 2012), an

environment which combines geo-referenced graphical data (vectorised information and

orthophotomaps) with building parameters’ data. In this specific case, each polygon

(corresponding to a building) was associated with several features and attributes, allowing

for their visualisation, selection and search (see Fig. 6).

Table 3 Vulnerability index associated parameters, classes and post-calibration weights pi, with the
original weights between brackets

Parameters Class Cvi Weight Relative weight

A B C D pi

Group 1. Structural building system

P1 Type of resisting system 0 5 20 50 2.50 (0.75) 50/100

P2 Quality of resisting system 0 5 20 50 2.50 (1.00)

P3 Conventional strength 0 5 20 50 1.00 (1.50)

P4 Maximum distance between walls 0 5 20 50 0.50 (0.50)

P5 Number of floors 0 5 20 50 0.50 (1.50)

P6 Location and soil conditions 0 5 20 50 0.50 (0.75)

Group 2. Irregularities and interactions

P7 Aggregate position and interaction 0 5 20 50 1.50 (1.50) 20/100

P8 Plan configuration 0 5 20 50 0.50 (0.75)

P9 Height regularity 0 5 20 50 0.50 (0.75)

P10 Wall facade openings and alignments 0 5 20 50 0.50 (0.50)

Group 3. Floor slabs and roofs

P11 Horizontal diaphragms 0 5 20 50 0.75 (1.00) 18/100

P12 Roofing system 0 5 20 50 2.00 (1.00)

Group 4. Conservation status and other elements

P13 Fragilities and conservation status 0 5 20 50 1.00 (1.00) 12/100

P14 Non-structural elements 0 5 20 50 0.75 (0.50)
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All of the routines used in this study were programmed in Phyton and compiled in

Visual Basic, an ArcGis 10.2 compatible programming language, on a Microsoft Windows

8.1 platform. Various modules were developed for different tasks, including vulnerability,

damage and loss estimation (such as number of collapsed buildings, death rate, number of

unusable buildings, repair costs, etc.) for different earthquake intensities, allowing for the

construction of multiple damage and loss scenarios. This procedure enables rapid data

layering and editing of building information, which in turn might support risk management

decision-making. All database information associated with GIS application could be
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Fig. 4 Global comparison between the original and the post-calibration results
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updated at any time, being therefore a valuable tool for the management of the old building

stock, allowing for both data storage and the capacity for spatial analysis and enabling the

visualisation of data and the results of different earthquake scenarios. The example herein

developed represents the implementation of a mutable and progressive platform that

integrates all aspects of seismic risk evaluation, from building characteristics to the esti-

mation of economic loss.

4.2 Seismic vulnerability assessment

The masonry building stock of the old city centre of Horta was assessed by assigning a

vulnerability index value, Iv, to each building, according to the methodology described in

Sect. 2, and calibrated in the previous Sect. 3. As already referred in the previous section,

as the methodology applied in this work requires accurate knowledge of the building

characteristics, which can be obtained only with thorough and detailed inspections, the

vulnerability assessment was undertaken in two phases:

In the first phase, an evaluation of the vulnerability index, Iv, was made for those

buildings for which detailed information was available (50 buildings out of 192), by filling

in a set of five detailed checklists specifically adapted for the effect. These inspection and

diagnosis checklists, used to survey each single element (roof, façade walls, timber floors,

internal partition walls, etc.), were structured according to the building criteria, which in

turn were defined ahead of time in a hierarchical manner.

In the second phase, a more expeditious approach for the assessment of the remaining

142 buildings was adopted (non-detailed exterior inspection) that used the mean values

obtained from the detailed analysis of the first group of buildings, considering that the

masonry building characteristics were homogeneous in the region. Starting from this

principle, the mean vulnerability index value obtained in the first phase was used as a

typological vulnerability index (average value), which was subsequently affected by

modifiers of the mean vulnerability index for each building. According to Eq. (7), the

classification of these modifiers influenced the final vulnerability index as a sum of the

scores for all modifiers shown in Table 4.

piP9
i¼1 pi

� cvi � �cvið Þ ð7Þ

where pi is the weight of parameter i, cvi is the modifier factor for vulnerability class and �c

vi is the average vulnerability class of parameter i, defined with the detailed analysis. Thus,

the final vulnerability index Iv is given by Eq. (8):

Fig. 6 GIS tool application environment
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Iv ¼ Iv þ
X

DIv ð8Þ

where Iv is the average vulnerability index from the detailed assessment and
P

DIv is the
sum of the modifier scores. It is worth noting that this kind of strategy is only valid when a

reliable detailed assessment of a large number of buildings in the study area is initially

obtained and the strategy is applied to a single-building typology, as in the case of this

work.

From the application of the vulnerability index methodology to the 50 buildings

assessed in detail (corresponding to the first phase of the assessment) a mean value of the

seismic vulnerability index, Ivmean, of 33.83 was obtained. With the introduction of the

complementary approach, used in the assessment of the remaining 142 buildings for which

the information was incomplete (second phase of assessment), the mean seismic vulner-

ability index value, Ivmean, increased to 35.92, which represents a difference of about 6%.

Approximately 8% of the assessed buildings presented a vulnerability index value over 45,

equivalent to vulnerability class A in the EMS-98 scale (Grünthal 1998), and 4% had a Iv
below 20, equivalent to vulnerability class B (see Fig. 7). The maximum and minimum Iv
values obtained from the assessment were 13.65 and 80.38, respectively. Figure 7 shows

the histogram and the best-fit normal distribution curves resulting from both assessment

phases.

Table 4 Vulnerability modifier factors and scores

Vulnerability modifiers Class Cvi

A B C D

P1 Type of resisting system -4.88 -3.66 0.00 7.32

P2 Quality of resisting system -4.88 -3.66 0.00 7.32

P4 Maximum distance between walls -0.24 0.00 0.73 2.20

P5 Number of floors -0.24 0.00 0.73 2.20

P7 Aggregate position and interaction -0.73 0.00 2.20 6.59

P9 Height regularity -0.24 0.00 0.73 2.20

P10 Wall façade openings and alignments -0.98 -0.73 0.00 1.46

P13 Fragilities and conservation status -0.49 0.00 1.46 4.39

P14 Non-structural elements -1.46 -1.10 0.00 2.20
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Fig. 7 Vulnerability index distributions obtained from both approaches: histograms and best-fit normal
distributions
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The standard deviation value, rIv, associated with the detailed assessment was 13.43.

With the introduction of data obtained from non-detailed assessment, this standard devia-

tion value decreased to 8.04, representing a reduction of about 40%. It is important to stress

that the following results must be interpreted statistically, both by identifying a represen-

tative mean value and defining the upper and lower bounds of the vulnerability index results.

While Fig. 8a presents the overall distribution of the building stock’s seismic vulnerability

of the old city centre of Horta, Fig. 8b highlights the buildings evaluated with Iv C 40.

From their analysis, it is possible to observe that corner and row end buildings of street

blocks are generally more vulnerable due to their particular location and interaction

conditions with adjacent buildings, a phenomenon that was already observed and docu-

mented by Vicente et al. (2011b). For this reason, the four buildings highlighted in Fig. 8b

are recommended for reassessment in order to study the eventual need of retrofitting or

strengthening interventions.

4.3 Damage distribution and scenarios

As already discussed in Sect. 2, mean damage grades, lD, can be estimated for different

macroseismic intensities resorting to Eq. (2), which correlates hazard with the mean

damage grade of the damage distribution in terms of vulnerability value (Bernardini et al.

2007). Based on this analytical formulation, it is possible to derive vulnerability curves

using the mean value and the upper and lower bound ranges of the vulnerability index

distribution for different scenarios (Ivmean - 2rIv; Ivmean - rIv; Ivmean; Ivmean ? rIv;

Ivmean ? 2rIv), as demonstrated in Fig. 9a.

The use of a GIS tool allows to spatially representing the global damage distribution of

the building stock, enabling the identification of more vulnerable areas and buildings,

Fig. 8 Vulnerability index mapping of the old city centre of Horta (a) and identification of buildings with
Iv C 40 (b)
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which can be very useful for the planning of urban management and protection strategies.

Globally, the damage estimated in terms of mean damage grade, lD, ranged from 1.99 to

4.16 for an earthquake scenario corresponding to IEMS-98 = VIII and from 2.98 to 4.73 for

IEMS-98 = IX. In particular, buildings with a vulnerability index higher than the mean value

(Iv[ Ivmean), for which severe damage (3 B lD\ 4) and potential local collapse (lD[ 4)

is expected, are recommended for reassessment with a more detailed methodology.

Figure 10a, b, c, d present damage scenarios for earthquake intensities between

IEMS-98 = VII and IEMS-98 = X, respectively.

4.4 Construction of fragility curves

Fragility curves are one of the most widely accepted and used methods to represent

estimated damage and to define the probability of exceeding a certain damage grade or

state, Dk (k [ [0; 5]). This probability can be obtained from the physical building damage

distributions derived from beta probability function for a determined building typology.

Fragility curves define the relationship between earthquake intensity and damage through a

continuous probability function, expressing the conditional cumulative probability of

reaching or exceeding a certain damage state. Thus, discrete probabilities P(Dk = d)

derived from the difference of cumulative probabilities PD[Di C d] are given by Eq. (9):

P Dk ¼ dð Þ ¼ PD Dk � d½ � � PD Dkþ1 � d½ � ð9Þ

The herein derived fragility curves are influenced by the parameters of the beta distribution

function and allow for the estimation of damage as a continuous probability function.

Figure 11a, b present the fragility curves obtained for the mean value of the vulnerability

index, Ivmean = 35.92 and for the value corresponding to the mean value plus two times the

standard deviation (Ivmean ? 2rIv = 51.99), respectively.

5 Loss assessment

Finally, the present section includes loss estimation results for the old city centre of Horta,

obtained from the damage scenarios previously presented.Among severalmethodologies existing

in the literature for loss estimation as a function of the probability of occurrence of a certain

damage grade, the loss estimation results are herein discussed in two complementary ways:
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• By the construction of damage scenarios based on global probabilistic distributions,

using representative values of the vulnerability index for the buildings evaluated

(Ivmean - 2rIv; Ivmean - rIv; Ivmean; Ivmean ? rIv; Ivmean ? 2rIv), and;

Fig. 10 Damage scenario for different macroseismic intensities IEMS-98
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• By using GIS to estimate individual loss (building by building) and visualize loss

scenarios, combining results obtained from the probabilistic calculations with

individual building aspects and characteristics.

It is important to underline that the potential for handling and editing data allows for the

construction of sensibility analyses, scenario modelling and simulation to foresee the

impact of retrofitting strategies in the reduction of vulnerability and subsequent economic

losses. The damage estimation models are inevitably dependent on the physical damage

grades, including the definition of correlations between the probability of exceeding a

certain level of damage and the probability of different loss phenomena, such as the

probability of collapsed or unusable buildings, due to a lack of structural serviceability

conditions, the probability of death and severe injuries, among others (Maio et al. 2015).

5.1 Collapsed and unusable buildings

The methodology adopted in this work for estimating probability of collapse and unusable

buildings has been proposed by Servizio Ssmico Nazionale (SSN) based on the work of

Bramerini et al. (1995) and involves the analysis of data associated with the probability of

buildings to be deemed unusable after minor and moderate earthquake action. The prob-

abilities associated with the exceedance of a certain damage grade are used in the loss

estimation and affected by multiplier factors, which range from 0 to 1 and differ from

proposal to proposal, but they all involve statistical correlations. Bramerini et al. (1995)

have established these weighted factors and respective expressions on the basis of

extensive damage data obtained from past events occurred in Italy. Equations (10) and (11)

were used for the analysis of collapsed and unusable buildings:

Pcollapse ¼ P D5ð Þ ð10Þ

Punusable buildings ¼ P D3ð Þ � wei;3 þ P D4ð Þ � wei;4 ð11Þ

where P(Di) is the probability of the occurrence of a certain damage grade (fromD1 toD5) and

Wei,j are multiplier factors that indicate the percentage of buildings associated with the damage

grades,Di, that are expected to collapse or to loss their original serviceability conditions. In this

study, the values ofWei,3 andWei,4 were adopted fromVicente et al. (2011a) and Ferreira et al.

(2013), and assumed equal to 0.4 and 0.6 respectively. Figure 12a, b depicts the probability of

collapsed and unusable buildings for themean value of the vulnerability index, Ivmean = 35.92,
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and for other characteristic values of the vulnerability index (Ivmean - 2rIv; Ivmean - rIv;

Ivmean ? rIv; Ivmean ? 2rIv), respectively. As already expected, Fig. 12 demonstrates that the

number of unusable buildings decreases with the increase of the macroseismic intensity and,

consequently, with the number of buildings collapsed.

Additionally, the overall results for moderate to strong intensity seismic events, i.e.,

considering macroseismic intensities IEMS-98 = VII, VIII, IX and X, and for the mean

value of the estimated vulnerability index obtained for the 192 evaluated buildings are

summarised in Table 5.

5.2 Human casualties and homelessness

The proposal presented by Servizio Ssmico Nazionale (Bramerini et al. 1995) was also used

in this work to estimate casualty rates (deaths and severely injured) and homelessness. As

in Vicente et al. (2011a), the death and severe injury rates were defined as being 30% of the

residents living in collapsed and unusable buildings. Regarding the survivors, it was

assumed that they will require short-term shelters. Casualties and homelessness rates were

determined resorting to Eqs. (12) and (13), respectively:

Pdead and severely injured ¼ 0:3� P D5ð Þ ð12Þ

Phomeless ¼ P D3ð Þ � wei;3 þ P D4ð Þ � wei;4 þ 0:7� P D5ð Þ ð13Þ

Following the same presentation scheme used in the previous section, Fig. 12a, b shows the

estimation of the number of deaths, severe injuries and homelessness associated with the

representative values of the vulnerability index, Iv, and Table 6 presents the overall results

associated to that estimation, considering a total number of 1596 inhabitants (Fig. 13).
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Fig. 12 Probability of collapsed (a) and unusable (b) buildings for the representative values of the
vulnerability index

Table 5 Number of collapsed and unusable buildings

Total number of buildings: 192 Macroseismic intensity, IEMS-98

VII VIII IX X

Collapsed 0 0 15 (7.7%) 101 (52.7%)

Unusable 3 (1.8%) 33 (17.3%) 93 (48.2%) 72 (37.3%)
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5.3 Economic loss and repair cost estimation

As it is known, the estimated damage can be treated either economically or as an economic

damage index, representing the ratio between the repair and the replacement costs after a

determined event. The correlation used in this work follows the proposal of Dolce et al.

(2006), who have estimated the cost of typical repair actions from the analysis of post-

earthquake damage data coming from more than 50,000 buildings affected by Umbria-

Marche (1997) and Pollino (1998) earthquakes. According to this author, the repair cost

probabilities for a certain seismic event characterised by an intensity I, P[R|I], can be

obtained from the product between the conditional probability of the repair cost for each

damage level, P[R|Dk], and the conditional probability of the damage condition for each

level of building vulnerability and seismic intensity, P[Dk|Iv,I], as described in Eq. (14):

P RjI½ � ¼
X5

Dk¼1

X100

Iv¼0

P RjDk½ � � P DkjIv; I½ � ð14Þ

To estimate the replacement costs associated with the different building conditions, an

average cost value of 1000 €/m2 was considered for the building stock within the historical

centre of the city of Horta, value that was suggested and adopted in the past by Vicente

et al. (2011a) for the old city centre of Coimbra, in Portugal. It is worth noting that this

value is also in line with the one suggested by Dolce et al. (2006). Table 7 presents the

estimated repair costs for the entire study area, both in global terms and in relation to the

Gross Domestic Product (GDP) of the Autonomous Region of Azores (about 3740 M€).
Based on observation of Table 7, it should be stressed that for intensities within the

range of V to IX, the increase in the value of the repair costs per intensity is quite

Table 6 Number of dead, severely injured and homeless people

Total number of inhabitants: 1596 Macroseismic intensity, IEMS-98

VII VIII IX X

Dead and severely injured 0 0 37 (2.3%) 252 (15.8%)

Homeless 29 (1.8%) 278 (17.4%) 856 (53.7%) 1184 (74.2%)
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Fig. 13 Probability of casualties (a) and homelessness (b) for the representative values of the vulnerability
index
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significant. For example, from intensity V to VI the repair costs increase about 2.42 M€,
which represents an increase of about 650%. When accounting for the local hazard of the

Azores archipelago, where, according to Nunes (2008), the mean period of inactivity

between two earthquakes of intensity ranging from V to VII is only 12 years, the range of

smaller intensities (V\ IEMS-98 B VII) acquires particular relevance. Due to the high

damage levels caused by severe seismic events (IEMS-98[VIII), the difference in terms of

repair costs per intensity is much smaller in that range of intensities.

It is further important to stress that, according to the results found in this work, an

earthquake of intensity VIII, i.e., the same macroseismic intensity of the earthquake that

struck the Azores archipelago in 1998, will lead to repair costs around 37.36 Million e only

in the old city centre of Horta, which represents about 1.0% of the Gross Domestic Product

(GDP) of the region.

6 Final remarks

Vulnerability assessment methods based on statistical approaches and damage observation

are far more suitable to large-scale analysis for two main reasons: firstly, because they

require less information and fewer resources, and secondly, because current simplified

mechanical models still require experimental validation. However, the definition of each

parameter’s weight, the uncertainties associated with this empirical vulnerability

methodology and the respective quality of input data are issues that naturally require

further analyses with respect to post-earthquake data collection. The calibration process

presented and discussed in this work is based on representative post-earthquake damage

observation data collected after the 1998 Azores earthquake and represents therefore an

important contribution to validate this well-known simplified seismic vulnerability

assessment method, used in the past by the authors in several other case studies in Portugal.

The application of the original seismic vulnerability index formulation for the assess-

ment of 90 masonry buildings considered representative of traditional Azorean (and Por-

tuguese) masonry buildings was comprehensively examined, by identifying and discussing

its main advantages and limitations. As intended, the calibration of the weights associated

with the parameters that compose the original formulation have significantly improved the

approximation between the vulnerability curve and the evaluated point cloud. Moreover,

this calibration process has widened the spectrum of vulnerability index range values.

The post-calibration results are closely correlated to the observed building construction

features and general fragilities of the built environment, proving the reliability of the

seismic vulnerability assessment methodology herein applied. The level of damage esti-

mated for the buildings of the old city of Horta is an indicator of their low resistance to

seismic actions, and moderate damage and loss obtained namely for intensity VIII, the

same macroseismic intensity observed in the 1998 Azores earthquake, are a consequence

Table 7 Estimation of repair costs

Total number of buildings: 192 Macroseismic intensity, IEMS-98

V VI VII VIII IX X XI XII

Replacement costs (in millions of €) 0.37 2.77 15.77 37.36 60.50 73.03 77.51 77.96

Percentage of GDP (%) 0.01 0.07 0.42 1.00 1.62 1.95 2.07 2.08
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of these buildings’ high vulnerability. The integration of the obtained results in a GIS tool

is undoubtedly an added value, particularly at the urban scale, as it enables the storage of

several building features and survey information data, the assessment of seismic vulner-

ability, and the generation of damage and loss scenarios. These features, which provide the

possibility of spatial result presentation, make GIS an effective tool in the support of

mitigation strategies and management of seismic risk.

In conclusion, it is worth highlighting that studies based onmacroseismic approaches may

play an important role in the seismic vulnerability assessment of a society’s built heritage in

seismic-prone regions. Moreover, the authors believe that this research could enable:

• The development of a framework for a comprehensive database and guidance tool for

local authorities responsible for rehabilitation and renovation of old urban areas;

• The integration of this database within a GIS environment for risk management at an

urban scale;

• Rapid creation of earthquake scenarios validated by decision makers and technicians

for urban areas, enabling the estimation and forecasting of direct and indirect

consequences of their economic and physical impacts, and;

• The establishment and validation of a modular approach for the creation of building

vulnerability databases, as well as damage and cost evaluation algorithms for other old

urban areas.
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Beiträge zur Geophysik Ergänzungsband 2:281–283

Costa A (2002) Determination of mechanical properties of traditional masonry walls in dwellings of Faial
Island, Azores. Earthq Eng Struct Dyn 31(2000): 1361–1382. http://doi.org/10.1002/eqe.167
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