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A B S T R A C T

In light of the new legal framework in force in Portugal, which defines the terms for reporting the seismic
vulnerability assessment and the need for seismic strengthening of existing buildings, this paper aims at in-
vestigating the correlation between two well-known approaches for the seismic risk assessment of stone masonry
buildings located within historic centres: the vulnerability index method and nonlinear static seismic analyses.
The latter were carried out by using a new three-dimensional macroelement model to numerically represent the
considered sample of prototype buildings, together with the application of the N2 Method.

In this paper, the original purpose of the vulnerability index method, that of ranking the seismic vulnerability
of existing urban cultural heritage (UCH) assets within the same building typology, was numerically validated.
However, when reverting the use of the vulnerability index method by replacing the Macroseismic Intensity with
a response spectrum, the results were not as interesting as envisaged, since the correlations between the vul-
nerability index and the main properties of the capacity curves derived from numerical models, presented, in
general, a poor fitting. Finally, the possible causes for such poor fitting and future lines of investigation are
discussed.

Despite these results must be understood with due care and diligence, the authors believe that this exercise
might encourage new investigations on this topic that could lead to the development of a new code-oriented
methodology for the seismic risk assessment of UCH assets within historic centres.

1. Introduction

Common seismic risk analyses encompass a broad set of necessary
instruments that are far from being accessible by non-academic audi-
ences. Moreover, aggregating the results of such detailed and complex
analyses at a convenient scale is a huge challenge. This hinders their
application to historic centres given the large amount of data and re-
sources required. Furthermore, given the existing conflicting interests
and lack of understanding of scientific findings, final decisions turn out
to be often based on political and economical interests rather than on
the technical ones, as argued by Hunter and Fewtrell [1]. These are the
grounds that served as motivation for the research carried out in this
paper, which fundamentally aims at casting a new light for the seismic
risk assessment of stone masonry buildings located within historic
centres. To better understand the scientific relevance of this research it
is fundamental to start by understanding its framework. For this reason,
the following sections are dedicated to a pragmatic reflection not only

about an eventual window of opportunity to investigate the develop-
ment of a new hybrid methodology that could possibly help bridging
the gap between empirical and analytical methods for the seismic risk
assessment of historic centres, but also about the context of seismic risk
assessment in Portugal.

1.1. Bridging the gap between empirical and analytical methods

The “assessment scale spectrum” in Fig. 1 refers to the different
methodologies or approaches available for the seismic vulnerability
assessment of unreinforced stone masonry structures. This spectrum
is often divided into first-, second- and third-level approaches, as
described in [2,3]. Without getting into much detail, first-level ap-
proaches are more suitable for large-scale assessments and include
methodologies that resort to a large amount of data (usually of
qualitative nature and provided either by the census, municipalities’
archives, or “in situ” survey and inspections). Second level
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approaches are based on mechanical models that rely on a higher
quality of data (including geometrical and structural features). Fi-
nally, third level approaches involve the use of numerical models
more or less sophisticated that require a complete survey of in-
dividual buildings and a thorough knowledge of both geometry and
materials’ properties.

In recent years, significant effort has been put into the development
of innovative methodologies as a mean of bridging the methodological
gap that exists between empirical and analytical methods, whose
computational efforts are not bearable with large-scale assessments
neither cost- nor time-wise. This gap might be possibly explained due to
the complexity and non-linearity of the phenomenon under study, the
uncertainties associated with these methods, or even due to the general
lack of interest of the scientific community on this topic, motivated by
an eventual disbelief on the potential of combining the use of such
methods.

However, the research carried out for example, by Barbat et al. [4];
Basaglia et al. [5]; Ródenas et al. [6]; Chieffo et al. [7]; Liu et al. [8];
Kassem et al. [9], brought a new hope for this type of approaches. In
Portugal, the investigation in this topic has gained more and more at-
tention by the scientific community, as demonstrated by the recently
developed studies of Mota de Sá [10]; Ortega [11]; Ortega et al. [12].

The m
3 method proposed by Mota de Sá [10], for example, is based

on the assumption that the response of an existing structure to ground
shaking, can be interpreted as a function of three main characteristics:
stiffness, strength and ductility. The SAVVAS method developed by
Ortega [11] instead, makes use of a set of parameters related to geo-
metrical, structural, constructive and material characteristics of (ver-
nacular) buildings. However, the maximum seismic capacity of build-
ings in the SAVVAS method is evaluated in quantitative terms, as a
result of an extensive (numerical parametric) analysis carried out to
evaluate and quantify the influence of these parameters on the seismic
capacity of such buildings.

Inspired by the previous studies, this paper aims at investigating of a
new light for the seismic risk assessment of historic centres by using the
simplified scoring method developed by Ortega [13], also known as
vulnerability index method. This macroseismic approach adapted the
use of the vulnerability index method developed by Vicente [14] and of
the second-level vulnerability spreadsheet of the GNDT [15], also
known as the Italian approach, to the Portuguese masonry building
stock. This method has been applied to several historic centres in Por-
tugal ever since [16–18], and was recently calibrated in [19], by using
post-earthquake damage data derived from the 1998 earthquake of
Azores, in Portugal.

At the current state-of-art, a common way to correlate hazard with
the mean damage grade when considering the macroseismic approach
is to use the analytical expression proposed by Bernardini et al. [20],
and adapted by Vicente [13]. The macroseismic approach understands
the definition of building typologies belonging to different vulner-
ability classes, the classification of damage and intensity levels ac-
cording to the European Macroseismic Scale, EMS-98 [21]. Hence, the
average mean damage grade, μD, of a given damage distribution is
given by Eq. 1, where I is the seismic hazard described in terms of
macroseismic intensity, V is the vulnerability index, and Q is a duc-
tility factor that describes the ductility of a determined building ty-
pology (ranging from 1 to 4) [13]. While the vulnerability factor, V,
controls the position of the curve, the ductility factor, Q, controls the
slope of the vulnerability function. Eq. 2 was proposed by Vicente [13]
to correlate vulnerability factor V to the index Iv. This correlation

enables the estimation of the mean damage grade, μD, and subse-
quently, to perform loss assessment.

= × + + ×µ 2.5 1 tanh I 6.25 V 13.1
QD

(1)

= + ×V 0.592 0.0057 Iv (2)

However, the use of macroseismic intensities in countries with a
limited observed damage data from real ground motions, as in the case
of Portugal, restricts the applicability of such a ground motion measure
to estimate damage [10]. Moreover, apart from only a few studies, as
that of Sandi and Floricel [22], the value adopted for the ductility
factor, Q, is often poorly addressed in the literature, being, for this
reason, an issue of great controversy among the scientific community.
In addition to this, there is also limited understanding about to what
extent the vulnerability index method developed in [13] is sensitive to
the structure’s yielding frequency, ductility, stiffness and base shear
capacity. Hence, this exercise examines the potential of the vulner-
ability index method to identify and prioritise the most vulnerable
buildings within a specific building typology.

To this aim, the correlation between the vulnerability index method
developed by Vicente [13] and the seismic capacity curve derived from
simplified numerical models, and further applied in the scope of the N2
Method [23,24], as demonstrated for instance in [25], will be herein
evaluated. The seismic capacity curve was derived by using the mac-
roelement model recently developed by Pantò et al. [26], that was in-
corporated within the software code 3D-Macro® [27]. Having this been
said, the main research questions are:

• How could we possibly revert the use of the vulnerability index
method by avoiding the use of the European Macroseismic Intensity
Scale, IEMS−98?

• How can we take advantage of the potential of simplified numerical
models to this aim?

• Is there a correlation between the vulnerability index method and
the main properties of the numerical capacity curves?

Finally, it is equally important to be aware of the possible limita-
tions of the exercise that is intended to be investigated in this study.
Firstly, the bounding of the available literature is naturally responsible
for introducing some theoretical limitations on the investigation carried
out. The incomplete knowledge of the state of the art is mainly related
to subscription and content protection policies from publishers.
However, even if one would have open access to all the literature re-
levant to our research, achieving a thorough knowledge would not be
feasible time-wise. Therefore, the literature review consulted for this
paper is considered to be just a sample of all the current streams of
thought.

When using models to simulate the real behaviour of a natural
phenomenon, in this particular case, the effect of earthquakes on
buildings and other infrastructures, one should recall that all models
are wrong. From this fact, scientists have been developing methods to
approximate their models to the real phenomena, but again, they are
always a mere approximation. Bearing in mind the above, it is worth
noting that the research herein developed has naturally some metho-
dological limitations resulting from the fact that it utilises different
methods for the seismic vulnerability assessment of existing masonry
structures.

The empirical limitations of this research include the selection of
the previously-mentioned methods for the vulnerability assessment of
the buildings, the selection of the buildings as fully representative of the
building typologies under study, the sample size, the assumption that
these structures might be grouped in function of the number of storeys
or period range, and finally, that the complexity of such a nonlinear
problem can be reduced or simplified to a correlation between three
fundamental parameters.

Fig. 1. Illustration of the idealised “assessment scale spectrum”, which can be
subdivided into first-, second- and third-level approaches.
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1.2. The context of seismic risk assessment in Portugal

In Europe, particularly in Mediterranean bordering countries,
earthquakes have been triggering significant destruction and loss over
the last decades. The causes and consequences associated to earthquake
risk mitigation of existing structures have been acknowledged by the
European Union, which has expressed great concern about this issue,
either by supporting the development and implementation of
Eurocodes, promoting supplementary coordination with civil protection
bodies, or even by funding numerous research programmes in this
particular field. However, there is still much to be done as regards
seismic risk assessment and mitigation of old masonry structures, since
they are often erected without anti-seismic provisions.

The seismic response assessment of masonry structures brings ad-
ditional challenges to engineers, as their complex nature in terms of
cultural significance, boundary conditions and materials’ heterogeneity,
for example, hinders the acquisition of input data about the material
properties and structural details, and consequently, the correct inter-
pretation of output data. Moreover, while few of these structures retain
their original morphology, the great majority have been subjected to
many, often non-engineered, structural transformations in favor of
economic interests, which have been proven to exacerbate their seismic
vulnerability. This reality is particularly truth in the case of historic
centres. In fact, these are frequently the areas at highest risk, due to the
combination of several factors such as: high concentration of old ma-
sonry structures and therefore, high seismic vulnerability; high ex-
posure, as historic centres feature the majority of cultural heritage as-
sets and represent a crucial part of our cultural identity, high
population, and building density, for example. As the majority of
Mediterranean bordering countries’s economy is firmly reliant on
tourism, the protection and safeguarding of historic centres has be-
coming one of the hotly debated topics in the political agenda of these
countries’ leaders.

Portugal, in particular, has experienced both the most devastating
and the most severe earthquake ever recorded in Europe, in terms of
magnitude, respectively the well known November 1755 Lisbon
earthquake and the 1969 earthquake that struck western Portugal and
Morocco [28]. In addition to this, great part of the building stock in
Portugal was constructed before the introduction of a more demanding
seismic design code (RSA - Safety regulations for buildings and bridges)
in 1983 [29]. Additionally, the living conditions offered by historic
centres worsen significantly during the last decades, resulting in a
massive exodus to peripheral areas, contributing therefore, to an ac-
centuated degradation of disused buildings. To worsen this unfavour-
able atmosphere, the ageing population and low birth rate index, as-
sociated to the financial-economic crisis between 2010 and 2014,
contributed, and somehow explained, the balance of about 1 million
unoccupied dwellings in this country. For these reasons, the last decade
has been marked by an unceasing dialogue between, the Portuguese
scientific community alongside SPES, and the public authorities and
governments’ leaders, regarding the urgent need to promote active
actions for the earthquake risk mitigation in Portugal.

Given the substantial growth in tourism observed in the past few
years in Portugal, the economy, and the construction sector in parti-
cular, has been recovering from a severe economic crisis, and many
interventions have been carried out ever since nationwide. The re-
vitalisation of urban renovation was assumed as one of the top priorities
of the XVII Constitutional Government of Portugal, as at the time, the
renovation of the existing building stock only represented about 6.5%
of the construction sector, far below the 37% of the European average
[30]. This led the Government to design the legal framework of urban
renovation issued in the Decree Law 307/2009 of October 23, 2009
[31].

The Government that followed made the firs amendments to the
Decree Law 307/2009, by issuing the Decree Law 32/2012 of August
14, 2012 [30], designed to provide specific framework for the

protection and renovation of existing structures exclusively located in
classified urban areas. The Decree Law that followed, the 53/2014 of
April 8, 2014 [32], allowed the non-observance of legal framework
supervening the original construction period, if, and only if, these in-
terventions would not cause or exacerbate the non-compliance with the
current legislation in force, or improve the safety and salubrity condi-
tions of the building, and if the respective constructive provisions
would be adequate for the structural and seismic safety of the building.
Despite its exceptional character, the Decree Law 53/2014 has been
subject of great controversy, as it is known, for example, that at the
time of the Building Census Survey of 2011, 25% of the Portuguese
building stock was designed with no explicit seismic provisions (i.e.,
constructed before 1958). Moreover, 37% of the building stock was
constructed while the first seismic design codes (RSCCS, RSEP), which
might not guarantee adequate seismic performance, were in force [29].
In any case, and disregarding the eventual lack of assertiveness and
clarity of the Decree Law 53/2014, the non-observance of current legal
framework must be identified and justified by the civil engineer re-
sponsible for the renovation design project through a declaration of
responsibility.

Despite this encouraging atmosphere, which could have con-
stituted an excellent opportunity to conciliate the implementation of
adequate seismic strengthening with the renovation of UCH assets,
there are reasons to believe that the upsurge of interventions to UCH
assets has been pursued either on a too superficial or intrusive way.
While in the first case, non-structural or minor structural interventions
have been carried out without any anti-seismic provisions, in the
second case, little respect has been shown to existent construction
techniques and materials, usually involving the demolition of the
whole building except for its façade (a common reconstitution practice
also known as “façadism”). If the carrying out of these practices is
undeniably wrong from the conservation viewpoint, their legitimacy
from the structural viewpoint raises many questions, particularly in
seismic prone areas such as the metropolitan area of Lisbon or the
Algarve region, as latest estimates foresee that within the next decades
Portugal may be severely hit by a strong earthquake similar to the
historic 1755 event.

Fortunately, a new arrangement applicable to the renovation of
existing buildings and building units, within or outside classified urban
areas, was recently issued in Portugal [33]. This new arrangement takes
precedent over the previous legislation, and includes the compliance
not only with the structural Eurocodes, but also with a new Ordinance
302/2019 [34] specifically designed to better address the always con-
troversial “seismic vulnerability” issue. In short, the Ordinance 302/
2019 defines not only the terms on which the seismic vulnerability of
existing buildings must be or not evaluated and subsequently reported,
but also the terms on which seismic retrofitting or strengthening is
required. This new arrangement naturally brings a new opportunity for
doing things right, or at least better.

2. The vulnerability index method

As mentioned above, the vulnerability index method herein con-
sidered was developed by Vicente [13], and has been applied to several
historic centres in Portugal [16–18]. Moreover, this method was re-
cently calibrated by Ferreira et al. [19], by using post-earthquake da-
mage data derived from the 1998 earthquake of Azores [35]. As de-
monstrated in Table 1, a vulnerability index is obtained by the
calculation of a score for each building, as the weighted sum of 14
parameters. Each parameter covers one aspect related to the building’s
seismic response and is distributed into 4 vulnerability classes (Cvi) of
growing vulnerability: A, B, C and D. Weights, pi, range from 0.50, for
the less important parameters (in terms of structural vulnerability), to
2.5, for the most important ones. In Table 1 two sets of weights are
presented: those originally proposed by Vicente [13], and the set of
weights recently calibrated by Ferreira et al. [19].
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To have better control over this complex problem, it was necessary
to establish dependency relationships between some of these para-
meters. These relationships are highlighted both in Table 1 and in
Fig. 2, where parameters coloured in “light grey” were considered as
independent parameters. Parameters P7, P9 and P14 (“dark red”) were
disregarded from this study either due to the increased complexity or

Table 1
Vulnerability index method, developed by Vicente [13]. While the parameters coloured in “light grey”
represent the parameters considered as independent, those in “red” were disregarded in this study. Finally,
the remaining parameters P1, P3, P12 and P13 were considered as dependent.

Fig. 2. Dependency relationships assumed between the parameters of the vul-
nerability index method proposed by Vicente [13].

Table 2
Mechanical properties of both rural and urban stone masonry typologies of Faial island, adopted from the last
update of the Italian Building Code, NTC [40].

Fig. 3. Example of the variability between rural (left) and urban (right) stone
masonry typologies in Faial island..
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difficulty on representing such features numerically. Finally, P1, P3,
P12 and P13 were taken as dependent. These dependencies were es-
tablished according to the very formulation of the vulnerability index
method, fully described in [13].

3. From Iv to numerical models

After establishing the dependency relationships between para-
meters, it is necessary to understand how each class of these parameters
can be reflected in the numerical models. Thus, the explanation of how
independent parameters were defined for the generation of the nu-
merical models is given in this section. It is yet opportune to clarify that
this investigation was applied to the vernacular stone masonry building
stock of Faial island, in Azores (Portugal). Several studies have been
carried out concerning the seismic vulnerability assessment and the
typological classification of the vernacular architecture in Faial island
ever since the 1998 earthquake of Azores [19,36–39].

3.1. Quality of resisting system (P2)

For the quality of the resisting system, the values of two different
typologies were adopted from the last update of the Italian Building
Code, NTC [40], by considering the minimum and maximum values of
classes I and VI. These values, given in Table 2, match those usually
associated to both rural and urban stone masonry typologies of Faial
island [41], illustrated in Fig. 3. As demonstrated in Table 2, the value

Fig. 4. Vulnerability classes for the irregularity in plan parameter (P8).
Openings in dark grey represent door elements while those in light grey re-
present windows.

Fig. 5. Vulnerability classes for the alignment of openings parameter (P10),
herein exemplified for a 2-storey building.
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of the tensile strength of masonry, ftm, was assumed equal to 5% of the
compressive strength, ft. While the resistance values given in Table 2
are divided by a confidence factor, CF, equal to 1.35, the values of the
elastic properties instead, are multiplied by the corresponding cracked
stiffness factor.

3.2. Maximum distance between walls (P4)

According to Vicente [13], the estimation of the vulnerability class
for parameter P4 essentially depends on the ratios L/s and H0/s. While
L/s represents the ratio between the maximum span between load-
bearing walls, L, and the average wall thickness, s, H0/s represents the

ratio between the average inter-storey height, H0, and the average wall
thickness, s. After the careful and extensive examination of technical
drawings and inspection reports of several stone masonry buildings
located in the island of Faial, in Azores, which were gathered in the
framework of the reconstruction process of Faial in the aftermath of the
1998 Azores earthquake [35], the maximum distance between walls (L)
and the inter-storey height, H0, were assumed constant and equal to
10.0 m and 2.5 m, respectively. Additionally, average wall thicknesses
of 0.70 m, 0.60 m, 0.50 m, 0.40 m were assigned to each vulnerability
class, from A to D, respectively.

3.3. Number of floors (P5)

Once again, when examining the database collected during the re-
construction process of Faial island, one can observe that the number of
floors of stone masonry buildings generally vary between 1 and 4.
While in rural areas, buildings with 1 and 2 storeys are more frequent,
in the case of urban areas, stone masonry buildings generally have 3 or
4 storeys. The vulnerability classes for parameter P5 were defined di-
rectly as a function of the number of storeys, being the vulnerability
class A associated with 1-storey buildings, and the vulnerability class D
with 4-storey buildings.

3.4. Location and soil condition (P6)

The vulnerability classes for parameter P6 were assigned as a
function of the respective soil type, based on the definition given in the
EN 1998-1 [42]. There are, however, a few aggravating factors, such as
the slope of the soil where the building is located or the difference in

Table 3
Values adopted for equivalent thickness, teq, and equivalent stiffness, Geq, for each floor typology considered,
according to the NZSEE guidelines [43]. The gravity (Gk) and live (Qk) loads are also shown for floor (left
value) and roof (right value) elements.

Fig. 6. Histograms obtained for both original [13] and calibrated [19] weights of I*v (left), and the deviations in terms of cumulative percentage between the sample
of 112 models and 5 randomly selected samples of 1000 models (right).

Fig. 7. Generic graphical representation of the N2 Method proposed by [23,24],
with the determination of the target displacement of the SDOF system, d*t.
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the height of the foundations, which were disregarded in this study,
given the inability of the software 3D-Macro® [27] to model the in-
teraction between the foundation soil and the structure in such a de-
tailed way. For this reason, the underlying soil (foundations) were
modelled as rigid.

3.5. Irregularity in plan (P8)

As for the parameter P8, four different configurations were assumed
as representative of the majority of both urban and rural typologies of
Faial island’s stone masonry architecture: square-shape; rectangular-
shape; L-shape, and L-square shape. These configurations are illustrated

Fig. 8. Scatter plot of the F*y/m* and %ag NC average values disaggregated for
the X and Y direction, considering a random distribution for the soil type and
both original [13] and calibrated [19] weights.

Fig. 9. Scatter plot of the F*y/m* and %ag NC average values disaggregated in
terms of number of storeys, considering a random distribution for the soil type
and both original [13] and calibrated [19] weights.
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in Fig. 4. The association between each configuration and vulnerability
class was established by considering the criteria described in [13].

3.6. Alignment of openings (P10)

This parameter classifies the irregularity of openings in height, again
following the original formulation of the vulnerability index method

proposed in [13]. As demonstrated in Fig. 5, vulnerability class A cor-
responds to a configuration where openings are regular and aligned,
vulnerability class B to a horizontal misalignment, and vulnerability class
C to both horizontal and vertical misalignments. Finally, vulnerability
class D corresponds to a situation where openings are both horizontally
and vertically misaligned (vulnerability class C) plus the presence of a
large opening at the ground floor level, a common but erroneous practice
observed in many buildings located in Portuguese historic centres.

Fig. 10. Scatter plot of the F*y/m* and %ag NC average values disaggregated in
terms of floor typology, considering a random distribution for the soil type and
both original [13] and calibrated [19] weights.

Fig. 11. Scatter plot of the %ag NC average values, considering the original
weights [13] and different distributions for the soil type, disaggregated in terms
of number of storeys.
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3.7. Horizontal diaphragms (P11)

The Elastic modulus of horizontal diaphragms were calculated by 3D-
Macro® [27] according to the geometrical properties of the floor typology.
The equivalent thickness, teq, and equivalent stiffness, Geq, were defined
according to the NZSEE guidelines [43], as demonstrated in Table 3.

The gravity (Gk) and live (Qk) loads adopted for each floor typology,
are also given in Table 3. There are a few questionable aspects con-
cerning the definition herein assumed for horizontal diaphragms. As an

example, in the case of poorly connected diaphragms, it is not clear
whether or not a flexible typology is actually more vulnerable than a
rigid one. Moreover, the quality of the connections between horizontal
diaphragms and the vertical structure was not modelled numerically.

4. Sample generation

In this study, a sample of 112 prototypes was considered as re-
presentative of Faial island’s stone masonry building stock. To each

Fig. 12. Scatter plot of the F*y/m* (left) and %ag NC (right) average values, considering the original weights [13] and a random distribution for the soil type,
disaggregated in terms of number of storeys and for different types of curve fitting.
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vulnerability class of each parameter, 4 different models were built,
being the classes of the remaining parameters randomly assigned.

The histogram in Fig. 6 (left) compares the I*v obtained for the
sample of 112 prototype buildings by using both the original weights
proposed by Vicente [13] and those recently calibrated by Ferreira et al.
[19]. From Fig. 6 (left), it is possible to observe that the histogram
obtained by using the calibrated weights, which were derived from
post-earthquake damage data from the 1998 Azores earthquake, is
significantly shifted to the right, covering this way a broader range of
I*v. Fig. 6 (right) instead, demonstrates the deviation, in terms of cu-
mulative percentage, between the sample of 112 prototype buildings
(or models) and 5 randomly selected samples of 1000 models. The I*v
values in Fig. 6 (right) correspond, exclusively, to the weighted sum of
independent parameters P2, P4, P5, P6, P8, P10, and P11, by using the
original weights proposed in [13].

5. Other numerical considerations

A few other considerations and assumptions were assumed during

the numerical modelling phase. The three-dimensional model devel-
oped by Pantò et al. [26] and incorporated in software 3D-Macro® [27],
was used to perform a set of nonlinear analysis considering the positive
and negative directions of the main planar directions X and Y for the
uniform load pattern distribution and considering both positive and
negative accidental eccentricity (in a total of 12 analyses for each
model). The control point was fixed for each architectural configuration
at the same roof slab element. Moreover, macroelements were modelled
with a maximum dimension of 1.50 m. One-storey buildings were
modelled with a flexible pitched roof 1.50 m tall (assuming a non-ac-
cessible roof), even in the cases in which rigid diaphragms were to be
assigned. Timber lintels were inserted over openings with the following
properties (E = 3.907 GPa, w = 2.6 kN m−3, b = depth of the wall, h
= b/2).

As the use of the Eurocodes for structural design was recently ap-
proved by the new Ordinance No. 302/2019 [34], the global dis-
placement capacity was defined according to EN 1998-3 [44]. Hence,
the global displacement for the NC limit state was defined by the
magnitude of the roof displacement at the point when the lateral

Table 4
Average values obtained for each variable aggregated by direction of the analysis and number of storeys. Please note that the
values coloured in green verify the respective limit state in terms of acceleration, while those in red don’t.

Table 5
Example of the obtained adjusted-R2 values for a random distribution of the soil type and considering the original weights [13].

Curve fitting
model

Number of storeys d*y F*y d*NC k* F*y/m* %ag DL %ag SD %ag NC Av.

Linear 1 0.091 0.070 −0.023 0.210 0.031 0.053 0.044 0.015 0.061
2 −0.009 0.388 0.032 0.229 0.485 0.546 0.547 0.482 0.337
3 0.370 0.618 0.194 0.574 0.824 0.499 0.587 0.640 0.538
4 0.249 0.279 0.085 0.388 0.107 −0.024 0.025 0.155 0.158
Av. 0.175 0.339 0.072 0.350 0.362 0.268 0.301 0.323 0.274

Exponential 1 0.152 0.038 0.061 0.224 0.027 0.038 0.035 0.017 0.074
2 −0.003 0.385 0.018 0.205 0.481 0.600 0.587 0.495 0.346
3 0.340 0.603 0.185 0.602 0.815 0.502 0.594 0.644 0.536
4 0.229 0.296 0.058 0.421 0.086 −0.042 0.005 0.139 0.149
Av. 0.158 0.338 0.021 0.366 0.344 0.257 0.292 0.313 0.261

Polynomial 1 0.115 0.035 −0.072 0.223 −0.007 0.017 0.008 −0.002 0.040
2 −0.049 0.381 −0.071 0.203 0.478 0.594 0.580 0.489 0.326
3 0.339 0.602 0.172 0.592 0.815 0.492 0.591 0.642 0.531
4 0.229 0.333 0.057 0.447 0.090 −0.075 −0.011 0.124 0.149
Av. 0.180 0.331 0.080 0.363 0.352 0.274 0.305 0.324 0.276
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capacity has reduced to 80% of its previous maximum value. The global
displacement capacity for the Significant Damage (SD) limit state in-
stead, was defined as 75% of the NC value. Finally, the displacement
capacity for the Damage Limitation (DL) limit state, was defined as the
displacement corresponding to the yield point of the idealised elasto-
plastic pushover curve.

As mentioned previously, in this study, the capacity curves were
derived by applying the N2 Method proposed by [23,24], and illu-
strated in Fig. 7, which is incorporated in the NP EN 1998–1 [45], and
combines the use of nonlinear pushover analyses with the response
spectrum method. Despite a non-iterative procedure is also re-
commended in the NP EN 1998-1 [45], in this study, the iterative
procedure for the application of the N2 Method, described in detail by
EstêVão [46], was considered.

For the sake of simplicity, the ratio F*y/m* in Fig. 7, which re-
presents the yielding spectral acceleration of the SDOF system, is going
to be one of the two selected parameters for the comparison and dis-
cussion of the results, in the following Section 6. The other parameter,
% ag, is given by the ratio agC/ag, being agC the acceleration associated
to the performance point, whose displacement corresponds to the value
imposed for each limit state, and ag, the peak ground acceleration. The
latter value is obtained by multiplying the reference ground accelera-
tion, agR, by the importance factor, γI, herein considered equal to 1.00
(assuming an importance class II) [44]. Please note that the structure’s
demand acceleration, agD, compatible with the fulfilment of each limit

state, was then obtained multiplying the peak ground acceleration, ag,
by the coefficients proposed in the NP EN 1998-3 [47], equal to 0.55,
0.89, and 1.22, respectively for the DL, SD and NC limit states. The full
explanation on how the values of % ag were derived from the appli-
cation of the N2 Method, is provided in [46].

6. Discussion of the results

Given the multitude of outputs that can be possibly derived from the
sample of 112 prototypes, this section is structured as follows: in a first
moment a few scatter plots are going to be presented to illustrate dif-
ferent ways of examining the results and search for eventual data
clusters or tendencies; in a second moment, the results obtained are
going to be analysed in statistical terms, and finally, in a third phase,
focus will be given to the goodness-of-fit itself, through the evaluation
and comparison of the obtained adjusted-R2 values. This indicator is
often used to compare the goodness-of-fit for regression models that
contain different numbers of independent variables.

On the one hand, the I*v value of each model can be compared, for
example, to the following numerical outputs:

• Both yielding and ultimate displacements (associated with the DL
and NC limit states) of the equivalent SDOF system, d*y and d*u,
respectively;

• The yielding base shear strength of the equivalent SDOF system, F*y;
• The stiffness of the equivalent SDOF system, k*;
• The ratio F*y/m*;
• The parameter % ag.

On the other hand, these outputs can be disaggregated in multiple
ways, as for example: for both original and calibrated weights; for each
main direction X and Y; in function of the number of storeys or the
equivalent period, T*; in function of the horizontal diaphragm ty-
pology, or even soil type. The strategy herein adopted was that of
starting examining the sample from a more global perspective and then,
investigating the possibility of disaggregating the sample.

6.1. Scatter plots

As mentioned above, there is a multitude of output combinations
that could be possibly generated in the study. However, for the sake of
simplicity, only a few of these outputs are going to presented and dis-
cussed. Starting from a more global perspective, Fig. 8 presents the
scatter plot for the variables F*y/m* and %ag NC obtained for each
model along the two main directions X and Y, considering a random
distribution for the soil type, and both original [13], and calibrated
[19] weights.

From observing Fig. 8, it is possible to conclude that on the one
hand, the acceleration at the yielding point, F*y/m*, is slightly higher
along the X direction, being the average deviation between the X and Y
direction of about 11%. On the other hand, the acceleration ratio, %ag
NC, is, on average, higher along the Y direction, with an average de-
viation between X and Y directions’ average values of about 5%. If
considering all the variables analysed, the yielding capacity, F*y, and
the displacement at the NC limit state, d*NC, are those that provide
more significant deviations between the X and Y directions, 11% and
10%, respectively. The average deviations of the remaining variables
are equal or lower than 5%. Fig. 9 presents the correlation between the
same variables, this time disaggregating the sample by the number of
storeys. As the vulnerability index, I*v, is not sensitive to the direction
of the seismic action, Fig. 9 presents the average values between the X
and Y direction. From Fig. 8 it is possible to note that a higher dis-
persion in terms of both F*y/m* and %ag NC values, is generally ob-
served in the case of 1- and 2-storey prototypes.

Fig. 10 shows another possible disaggregation of the results, this
time in function of the floor typologies considered. Similarly to the

Fig. 13. Comparison of the average adjusted-R2 values obtained for each curve
fitting model and soil type distribution, considering both original [13] (left) and
calibrated [19] (right) weights.
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previous case, Fig. 10 compares the results obtained by considering the
original [13] and calibrated [19] weights, for the average values of the
two main planar directions (X and Y) and a random distribution for the
soil type.

The scatter plots in Fig. 10 clearly identify the different clusters of
data as a function of the floor typology. However, in global terms, the
results derived from the numerical analyses are not in agreement with
the respective vulnerability class definition (parameter P11). Even
though this statement might need to be double-checked in future de-
velopments, the reason for this mismatch might be related to a in-
accurate definition of the vulnerability class of parameter P11 in the
first place, or to the lack of accuracy of the software on modelling not
only the particularities of each floor typology, but also the interaction
between horizontal and vertical elements, as initially suggested in
Section 3.2. Fig. 11 shows the scatter plots of the %ag NC average values,
considering the original weights [13] and different distributions for the
soil type, disaggregated in terms of the number of storeys. Contrarily to
prototypes with 1 and 2 storeys, the dispersion in terms of %ag NC va-
lues in the case of 3 and 4 storeys is considerably smaller.

Finally, in Fig. 12 the scatter plots for the average values of the same
variables, F*y/m* (left) and %ag NC (right), are shown, considering the
original weights [13] and a random distribution for the soil type. These
results are disaggregated in terms of the number of storeys and for
different types of curve fitting (linear, exponential and polynomial).
Even though the goodness-of-fit of each regression curve is going to be

evaluated and discussed in the following Section 6.2, it is already
possible to conclude that the polynomial fit is not indeed a reliable
solution to describe the problem in hands, as in the initial branch of the
curve (even if only for 1 storey buildings), %ag NC increases pro-
portionally to the increase of the I*v index.

6.2. Statistical analysis

The following Table 4 summarises the average values of several nu-
merical outputs, which resulted from the run of a set of 6 nonlinear static
analysis in each direction and the subsequent application of the iterative
procedure of the N2 Method, for each single model of the considered
sample of 112 prototypes. These outputs, which are aggregated in terms
of direction of the analysis and number of storeys, should be understood
with due care, because the features and properties defined in Section 3
and randomly assigned to each prototype, may vary significantly, even
for the same loading direction and number of storeys. However, from
analysing the results in Table 4, a few interesting remarks can be made.
Firstly, it is possible to observe that in average, and as expected, the
displacement capacity increases as we move from 1 to 4 storeys, re-
gardless from the loading direction considered. To the contrary, the
equivalent stiffness of the SDOF system, k*, as well as the yielding
spectral acceleration of the SDOF system, F*y/m*, decrease in height. If
one compares the % ag with the structure’s demand acceleration, agD, for
each limit state, it is possible to observe that, in average, the majority of

Fig. 14. Overview of the geometry and building typology of each case study (from A to E): ground floor plans and the respective main façade elevations. Please note
that traditional stone masonry elements are coloured in grey, while masonry brick blocks are coloured in light grey. Moreover, the reference axes (X and Y)
considered throughout this section for each model are identified in the respective ground floor plans.
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the prototypes verify the safety requirements imposed in the NP EN
1998-3 [47] in terms of acceleration. 0.55, 0.89, and 1.22, respectively
for the DL, SD and NC limit states. As highlighted in Table 4, the only
exceptions are the prototypes with 3 and 4 storeys, which do not verify
the SD limit state (in red).

6.3. Curve fitting

In this subsection the goodness-of-fit is going to be evaluated and
compared through the adjusted-R2 values obtained for different curve-
fitting models, disaggregating the data in function of the number of
storeys and considering different distributions for the soil type. The use
of the adjusted-R2 is preferable when evaluating model fit and com-
paring alternative models. The main difference to the coefficient of
determination, R2, is that the adjusted-R2 can evaluate the percentage
of variation explained by only the independent variables that actually
affect the dependent variable.

The adjusted-R2 values presented in the following Table 5 were
computed for a set of 8 variables considering the original weights and a
random distribution of the soil type. To have a better picture of which
model provides the best fitting, the global average values (Av.), which
were computed by aggregating the adjusted-R2 values in function of
each variable and number of storeys, are also given in Table 5 (in bold).
If focusing on these values, it is possible to observe that the same trend
was obtained in terms of the number of storeys, regardless from the
type of the curve fitting model considered (where the lower and higher
adjusted-R2 values are associated to buildings with 1 and 3 storeys,
respectively). In general, the results obtained with the exponential
curve fitting model presented the lowest average adjusted-R2 values,
and for this reason, the poorest fitting to the actual data points. Even
though this is, theoretically, a problem highly nonlinear, the average
adjusted-R2 values obtained for the linear curve fitting model are quite
close to those obtained by the polynomial curve fitting model. In
average, the lowest adjusted-R2 values are associated with the dis-
placement parameters, d*y and d*NC. Conversely, a better fit was ob-
served for parameters associated with the base shear strength, such as
d*y and F*y/m*.

In Fig. 13, the average adjusted-R2 values are plotted not only for
each curve fitting model and soil type distribution but also for both
original (left) and calibrated (right) weights. From Fig. 13 (left), one
can observe that the deviations between adjusted-R2 values are lower
when assuming a random distribution of soil type (presented in the
previous Table 5). Moreover, the results in Fig. 13 (left) also show that
the exponential curve provides the worst fit, regardless of the soil type
distribution considered. When looking at the results obtained in the
case of the calibrated weights, in Fig. 13 (right), the variation of the
average adjusted-R2 values according to each soil type distribution is
higher. It is interesting to observe that, on average, the highest values of
adjusted-R2 were obtained for a soil type C, which represents the soil
type of an important part of the building stock in Faial island. Another
interesting observation is that, contrarily to what was found in the case
of Fig. 13 (left), when using calibrated weights, the trend in terms of
goodness-of-fit of the different curve-fitting models is no longer
straightforward.

7. Application example

In this subsection, the full potential of the idealised approach is
going to be demonstrated and applied to the same case studies recently
used by Maio et al. [48], and illustrated in Fig. 14. Since the volume of
case study D exceeds by a large margin the average volume of the
prototypes idealised in the sample of 112 models, a fifth case study, E,
was considered as the result of the disaggregation of case study D into
two separate structures.

In a first phase, the vulnerability index, I*v, was determined, fol-
lowing the same assumptions and considerations described in Section 3.
The bar chart presented in Fig. 15 (upper row) compares the I*v value
estimated to each case study, with that corresponding to the average of
the generated sample of 112 prototypes (equal to 184.2). According to
these results, it is possible to conclude that the I*v of case studies C, D
and E, are quite close to the average value of the generated sample of
112 prototypes. Conversely, the I*v value of case studies A and B is far

Fig. 15. I*v values estimated for each case study building (upper row) and the
percentage change between the numerical and the expected values for each
variable considered (bottom row), by using the original weights of the vul-
nerability index formulation proposed by Vicente [13] and assuming a soil type
C.

Table 6
Expected and numerical values for variables F*y/m* and % ag NC, estimated for
each case study building. These values were derived from the respective linear
regression models considering a soil type C, the respective number of storeys,
and for the original weights of the vulnerability index method [13].

Variable Parameter Case study building

A B C D E

I*v – 340.0 291.3 163.8 135.0 183.8

F*y/m* y-intersept, b 5.520 5.660 5.660 4.076 4.076
Slope, m −0.002 −0.009 −0.009 −0.006 −0.006
Expected value 4.9 3.1 4.2 3.2 2.9
Numerical value 4.0 2.9 2.0 2.8 2.6

% ag NC y-intersept, b 174.1 140.8 140.8 145.7 145.7
Slope, m −0.057 −0.167 −0.167 −0.180 −0.180
Expected value 154.5 92.0 113.4 121.4 112.7
Numerical value 77.3 76.9 115.9 99.0 121.2
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off from that obtained for the average of the 112 prototypes. This shows
that, in terms of I*v, case studies A and B are less representative of the
vulnerability index associated with the average prototype’s building
typology.

Subsequently, the expected value of each output variable was de-
termined from the analytical expressions derived from the linear curve
fitting process discussed in Section 6.2 for a soil type C, the respective
number of storeys, and for the original weights of the vulnerability
index method [13].

The case studies were then modelled according to their geometry
and by following the same considerations and procedure as in Section 5.
Nonlinear static analyses were performed, and the iterative procedure
of the N2 Method was applied to determine the numerical values of
each output variable. Both expected and numerical values of variables
F*y/m* and % ag NC, are compiled in the following Table 6, together
with the respective parameters b (y-intercept) and m (slope), from the
linear analytical expression in a slope-intercept form. The numerical
values are, in fact, median values, as they result from the set of push-
over analyses carried out for the positive and negative directions of the
main planar directions X and Y, considering a uniform load pattern
distribution and both positive and negative accidental eccentricity (in a
total of 12 analyses for each model).

According to the values presented in Table 6, the highest deviations
between the expected and numerical values were observed for case
studies A and C, in the case of F*y/m*. In the case of % ag NC, the
highest deviations were found for case studies A, B and D.

The comparative analysis of the deviations found between expected
and numerical values was extended to the set of the 8 variables in the
following Fig. 15 (lower row), by evaluating the percentage change.
Again, these results were computed by assuming the original weights of
the vulnerability index formulation proposed by Vicente [13] and a soil
type C. From this figure, it is possible to observe that, in overall terms,
and to the exception of stiffness and strength variables (k*, F*y, F*y/
m*), the highest percentage change values were observed to case study
A. In the case of stiffness and strength variables, the highest percentage
change values were observed to case study C. On the one hand, if
considering the average of all case studies, the highest percentage
changes are associated to variables d*y, F*y and d*NC. On the other
hand, the lowest percentage changes are associated, in general, to
variables F*y/m*, % ag SD and % ag NC.

8. Conclusions

In this paper, a new hybrid approach for the seismic risk assessment
of UCH assets within historic centres was investigated. This approach
attempted to revert the original use of the vulnerability index method
developed by Vicente [13], in which the analytical expression proposed
in [20] is used to correlate hazard with the mean damage grade. In a
first phase, the main particularities of the vulnerability index method
were discussed, as well as the drawbacks commonly associated with the
current use of this macroseismic approach. In a second phase, the
strategy adopted to establish the dependencies between the parameters
of the vulnerability index method and the numerical models, was ex-
plained. The discussion of the results was carried out by first analysing
the scatter plots for each parameter of the capacity curve and seismic
performance-based assessment, versus the vulnerability index values,
and secondly, the goodness-of-fit of different curve fitting models,
through the comparison of the respective adjusted-R2 values.

This paper has validated the original use of the vulnerability index
method, that of ranking the seismic vulnerability of existing UCH assets
within the same building typology. However, when reverting the use of
the vulnerability index method by replacing the Macroseismic Intensity
by a response spectrum, the results were not as interesting as envisaged,
since the correlations between the vulnerability index and the main
properties of the capacity curves derived from numerical models, pre-
sented, generally, a poor fitting. For this reason, these results must be

understood with due care and diligence.
There are several possible causes for such poor fitting. Firstly, one

should acknowledge that the formulation behind the vulnerability
index method might need to be revised or upgraded, in order to over-
come some limitations already identified in this paper, such as the
eventual inaccuracy on the definition of the vulnerability class of
parameter P11, for example. Secondly, the mismatch between these
results might be related to the software code herein used to compute the
capacity curves. As demonstrated in Table 5, the worst correlations
were observed, in general, for the variables associated with the dis-
placement capacity. In fact, when checking the results obtained from
the pushover analyses for the same prototype building, a higher de-
viation is observed in terms of displacement capacity. Numerical in-
stability issues or the development of local mechanisms that might both
anticipate the achievement of the stopping criteria recommended in
current seismic codes for the computation of nonlinear static analyses,
and therefore compromise the global response of a given building. For
this reason, this exercise should be cross-validated in future by using a
different software code or numerical model of similar simplicity. In
addition to the previous causes, the authors suspect that the analytical
expression proposed by Bernardini et al. [20] might also be responsible
for such poor fitting. Furthermore, the authors are reluctant about
whether the ductility factor, Q, should be considered a constant or not.
This is indeed, an aspect of great interest that shall be also addressed in
future developments. Lastly, one should keep in mind the possibility of
“no correlation” between the vulnerability index method and the results
derived from nonlinear static procedures.

As a final comment, the authors would like to stress out that what it
is indeed essential to assimilate from this exercise, is the potential of
this type of approach, hoping that, in the near future, a new metho-
dology for the seismic risk assessment of UCH assets within historic
centres can be developed and validated by extending the current
sample, cross-checking these results with those obtained with different
numerical models, and eventually using more sophisticated tools for the
identification of data clusters.
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