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ABSTRACT
The vulnerability assessment of the building stock in a given territorial area, such as a city or an
entire country, is a key prerequisite for evaluating risk, not only because of the potential physical
consequences resulting from the occurrence of an event, but also because it is one of the few
aspects in which engineering research can intervene. In fact, the rigorous vulnerability assessment
of existing buildings followed by the implementation of appropriate retrofitting solutions can help
to substantially reduce the levels of physical damage and economic impact of future events.
Particularly regarding the seismic vulnerability assessment of historical centers, the amount of
knowledge that has been accumulated over the past decades, together with the broad damage
data obtained from post-earthquake damage surveys, provides a singular opportunity to develop
and calibrate innovative large-scale seismic vulnerability assessment approaches, which can be
used to outline and support risk mitigation and management strategies. This article addresses this
issue by discussing the use of a large-scale seismic vulnerability assessment methodology for
masonry façade walls as a tool for evaluating the potential benefit resulting from the application
of different seismic retrofitting strategies, both considering their contribution to reduce post-
event urban losses and accessibility.
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Introduction

Masonry is one of the oldest construction techniques in
the world. In zones with high seismic hazard, this kind
of construction is the most vulnerable mainly because
of their material properties and constructive features.
Regarding the former, the negligible tensile strength,
the heterogeneity and anisotropy of masonry material
are among the main reasons for the poor structural
response of unreinforced masonry buildings.

Moreover, unreinforced masonry constructions
commonly present flexible diaphragms and the lack of
proper connection between walls and horizontal struc-
tures and perpendicular walls, which represents a clear
but rather common structural fragility (Ferreira, Costa,
and Costa 2015a; Lourenço et al. 2017). Among the
most frequently observed damage mechanisms in
masonry structures, the out-of-plane response of the
façade walls is undoubtedly one of the most concern-
ing, not only due to the direct consequences that may
result from their collapse, namely in terms of casualties

and economic losses, but also because of its indirect
impacts, such as the obstruction of evacuation routes as
a result of the deposition of debris and ruins.

From this, it is easy to understand that the seismic
vulnerability assessment of masonry facade walls is a fun-
damental step toward the definition of more effective
seismic risk mitigation strategies for urban area. For
such a purpose, and when a large-scale assessment is
required, first it is necessary to outline expected scenarios
to identify potentially vulnerable buildings or urban areas,
which, in terms of urban management, deserve special
attention.

Considering the exposed, the main objective of this
work is to analyze and discuss the potential benefit
resulting from the application of different seismic ret-
rofitting strategies, not only accounting for their con-
tribution to reduce individual and global damages
resulting from seismic events with different intensities,
but also regarding their global impact in terms of civil
protection and urban accessibility. To accomplish these
objectives, two work phases can be distinguished. In a
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first phase, a pre-established hybrid seismic vulnerabil-
ity assessment approach for masonry façade walls (see
the next section) was applied to the historical city
centre of Coimbra and the vulnerability results
obtained from this application were used to estimate
damage scenarios and collapse probabilities for differ-
ent macroseismic intensities. In a second phase, such
damage scenarios were used to discuss emergency plan-
ning strategies, namely through the definition of eva-
cuation routes, the identification of the urban areas that
may be potentially inaccessible in the case of a seismic
event, as well as the number of people that, in conse-
quence, may be affected. Finally, the potential impact in
terms of inaccessibility resulting from the adoption of a
traditional seismic retrofitting technique is analyzed.

Large-scale seismic vulnerability assessment
approaches

According to several literature sources, e.g., Carreño,
Cardona, and Barbat (2006) and Maio et al. (2015),
absolute seismic risk evaluation of built-up areas can
be expressed as the probability of occurrence of a
seismic event of certain intensity, for a specific site
and during a determined period. Within this holistic
approach, the building stock vulnerability assessment of
an urban centre is a key prerequisite for its seismic risk
assessment because it is the only factor that remains to
be engineered.

The information to collect and treat when perform-
ing vulnerability assessment of many buildings can be
enormous and therefore the use of less complex
approaches is more adequate. In this sense, methodol-
ogies for vulnerability assessment of urban scale should
be based on few parameters, typically of empirical nat-
ure, defined through the knowledge of the effects of
past earthquakes, which can be treated statistically
(Ferreira, Maio, and Vicente 2016, Neves et al. 2011).

Large-scale seismic vulnerability assessment
approaches can be distinguished between those purely
empirical, which are based on post-earthquake damage
observation, and those relying on analytical formula-
tions, where a model of a representative building for a
certain typology is defined and the response of such
model to expected shaking intensities is computed.

Empirical methods are particularly suited to old city
centers, where a record of past earthquakes is available
and damage to the building has been systematically col-
lected over a significant number of events. According to
Calvi et al. (2006), the stream of thought implicit in
empirical methods usually fall upon damage probability
matrices (Whitman, Reed, and Hong 1973), vulnerability
index methods (Azizi-Bondarabadi et al. 2016, Benedetti

and Petrini 1984), continuous vulnerability curves
(Rossetto and Elnashai 2003, Rota, Penna, and Magenes
2010), or screening methods (Lee et al. 2011,
Pardalopoulos, Pantazopoulou, and Lekidis 2018), for
example. Analytical (or mechanical) methods are more
suitable for the cases wherein construction details are
recorded and well understood. According to Maio,
Ferreira, and Vicente (2017), they tend to feature slightly
more detailed and transparent vulnerability assessment
algorithms with direct physical meaning, which not only
allow detailed sensitivity studies to be undertaken, but
also the straightforward calibration to various character-
istics of building stock and hazard sources. For large-scale
vulnerability assessments, capacity and demand are often
determined using simplified analytical methods; see, for
example, Mouroux and Le Brun (2006). It is worth refer-
ring to a third group of methods, the heuristic or judge-
ment-based methods, by which vulnerability is attributed
to building typologies by a panel of experts elicited to
perform an assessment based on a common set of infor-
mation and their previous knowledge. An illustrative
example can be found in Porter, Kennedy, and Bachman
(2007). This technique may be particularly useful for
generating vulnerability curves or damage probability
matrices (DPMs) for classes of structures which are rea-
sonably well defined in structural terms, but for which
other methods cannot be applied (Rota, Penna, and
Strobbia 2008).

Finally, a fourth group of methods, the hybrid
approaches, tries to overcome the main limitations of the
previously described methods, making use of different
sources of information combined together (Rota, Penna,
and Magenes 2010). Relevant examples of hybrid
approaches are the macroseismic method, which are
based on both empirical data and expert judgement
(Giovinazzi 2005), and the vulnerability assessment
approach for façade walls used in this work (Ferreira
et al. 2017a) or the method proposed by Kappos et al.
(2006), which combine empirical data and analytical
results.

Seismic vulnerability assessment of masonry
façade walls

The seismic vulnerability assessment method used in this
work (consider as a hybrid technique) is inspired in the
original formulation of the vulnerability index method
proposed by Benedetti and Petrini (1984). In Ferreira,
Vicente, and Varum (2014), the authors present an adapta-
tion of the original formulation in order to assess masonry
façade walls. More recently, a further calibration of the
method was proposed and discussed by the same author
in Ferreira et al. (2017a). As schematized in Figure 1, this

1260 J. L. P. AGUADO ET AL.



calibration process was based on two complementary
approaches, the first one based on fragility curves obtained
from damage limit states defined with a simplified analy-
tical method (Ferreira et al. 2015b), and the second one
based on post-earthquake damage survey data. In this new
calibration, three new parameters were added to the ten
originally included in the vulnerability index, namely to
accounting for the interaction between adjacent façade
walls, the replacement of the original flooring system and
the existence of improving elements. When considering
those new parameters, a comparison of the results of the
vulnerability index obtained was made. Because of the
addition of these parameters, the method resulted in a
better approximation between the analytical based damage
results and real post-earthquake damage data.

Description of the vulnerability index formulation

According to the vulnerability index methodology for
façade walls, individual vulnerability is measured by
means of an index which is obtained as the weighted
sum of 13 evaluation parameters (presented in Table 1),
each one of which related to 4 classes, Cvi, of increasing
vulnerability: A, B, C, and D.

The vulnerability index of the façade wall, I!vf , can be
then obtained by the weighted sum of the 13 para-
meters, each one of them affected by a weighting factor,
pi, which depends on the relative importance of the that
particular parameter; see Equation (1). For ease of use,
the vulnerability index is usually normalized to range
between 0 and 100; the lower its value, the lower the
seismic vulnerability of the façade wall:

I!vf "
X13

i"1

Cvipi: (1)

Damage distribution and scenarios

According to the exposed formulation, a mean damage
grade, !D, can be estimated for different macroseismic
intensities based on the vulnerability index, I!vf . To this

end, an analytical expression that correlates hazard with
the mean damage grade (0< !D< 5) of the damage dis-
tribution in terms of vulnerability value was developed by
Ferreira, Vicente, and Varum (2014, Equation (2)):

!D " 2:51# 2:5$ tanh
I # 5:25$ V % 11:6

Q

! "
; (2)

where I represents the seismic hazard described in
terms of macroseismic intensity scale EMS-98
(Grünthal 1998), V is the vulnerability index obtained
from Equation (3), and Q is a ductility factor that
describes the ductility of a certain constructive typol-
ogy. Following the calibration made by Ferreira,
Vicente, and Varum (2014), a value of Q = 2.0 was
assumed in this work. According to the authors, this
value leads to the best approximation between mean
damage grade values and post seismic damage evalua-
tion for traditional stone masonry buildings:

Figure 1. Schematic representation of the two-step calibration process proposed in Ferreira et al. (2017a).

Table 1. Vulnerability index associated parameters classes and
weights.

Class, Cvi

Parameters A B C D
Weight

pi
Relative
Weight

Group 1. Façade geometry, openings and
interaction
P1. Geometry of the façade 0 5 20 50 0.50 16.7/100
P2. Maximum slenderness 0 5 20 50 0.50
P3. Area of openings 0 5 20 50 0.50
P4. Misalignment of openings 0 5 20 50 0.50
P5. Interaction between
contiguous facades

0 5 20 50 0.25

Group 2. Masonry materials and conservation
P6. Quality of materials 0 5 20 50 2.00 31.5/100
P7. State of conservation 0 5 20 50 2.00
P8. Replacement of original
flooring system

0 5 20 50 0.25

Group 3. Connection efficiency to other
structural elements
P9. Connection to orthogonal
walls

0 5 20 50 2.00 33.3/100

P10. Connection to horizontal
diaphragms

0 5 20 50 0.50

P11. Impulsive nature of the
roofing system

0 5 20 50 2.00

Group 4. Elements connected to the façade wall
P12. Elements connected to the
facade

0 5 20 50 0.50 18.5/100

P13. Improving elements 0 5 20 50 !2.00
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V " 0:592# 0:0057$ Ivf : (3)

In order to simplify the interpretation of the mean
damage grade value, !D, it can be indirectly related
with the discrete damage grades, DK, defined in the
EMS-98 (Grünthal 1998), through a set of damage
factors, DF, that represent the cost of returning a build-
ing to its original undamaged condition. To this pur-
pose, a probabilistic distribution of damage, derived
from the discretisation of a beta distribution defined
in the interval between 0 and 5, can be assumed. In this
work, such correspondence was carried out resorting to
the correlation proposed by Bramerini et al. (1995),
which can be approximated by the analytical function
given in Equation (4):

!D " 4$ DF0:45: (4)

Thus, by using the damage factors suggested by
Bramerini et al. (1995) as threshold values in
Equation (4), it was possible to establish a correspon-
dence between the discrete damage grades, Dk, defined
in the EMS-98 (Grünthal 1998) and different ranges of
the mean damage grade, !D. The result of this corre-
spondence is presented in Table 2.

It is important to note that since the EMS-98 scale
(Grünthal 1998) was developed for buildings, and
Equation (2) was developed specifically for façade
walls, Ferreira, Vicente, and Varum (2014) have pro-
posed a readjustment of the original EMS-98 damage
descriptions in order to make it more suitable for
façade walls. Such adapted damage descriptions are
herein presented in Table 3.

Application to the historical city center of
Coimbra

Description of the case study

Coimbra is one of the oldest Portuguese cities and is the
home of the University of Coimbra, one of the world’s first
universities. Besides the University of Coimbra-Alta and
Sofia zone, classified in 2013 as a UNESCOWorldHeritage
Site (Vicente, Ferreira, and Mendes da Silva 2015), the
historical city center of Coimbra is also a remarkable

cultural and touristic point of the city. The urban environ-
ment, the architecture, the history and the cultural wealth
of the area are highly appreciated by the more than 300,000
tourists that, every year, visit the city (Mendes da Silva,
2015). A view to Rua Ferreira Borges, one of the most
important and emblematic streets of the historical city
centre of Coimbra, is presented in Figure 2a.

Like in many other Portuguese Cities, such as
Guimarães, Lisboa, Porto or Évora, in the last decades
the historical city center of Coimbra went through an
important renewal process involving the city council
and the University of Coimbra. The process was con-
ducted in a unique organized, integrated, and metho-
dological manner, being an example of great success.
In the beginning, it started off as more of a heritage
conservation concern, with the aim of developing a
building stock management platform leading to social
and economic improvement. However, it was very
soon understood that such a process could not be
sustainable without a vulnerability assessment and
risk evaluation (Vicente et al. 2010). Therefore, the
city council invited the University to carry out a com-
plete identification and inspection survey of old
masonry buildings (Vicente, Mendes da Silva, and
Varum 2005). The main goal was to develop a reliable
first level seismic vulnerability assessment approach
that could be used to assess urban areas, specifically
old masonry buildings.

As part of this renovation and rehabilitation process,
a complete identification and inspection survey of the
old masonry buildings located in the project area, see
Figure 2b, was carried out on three different domains:
(a) architectural typologies and drawings; (b) structural
and non-structural building features and defects; and
(c) socio-demographic characterization. This unique
opportunity allowed the appraisal, diagnosis, and
inspection of building stock dating from the 17th to
the 20th centuries, using a detailed inspection checklist
specifically prepared for the effect. All data gathered

Table 3. Damage grades adopted by Ferreira, Vicente, and
Varum (2014) for masonry façade walls.
Discrete damage
grades, Dk Description

D0 - No damage No observed damage
D1 - Slight damage Presence of very localized and hairline cracking
D2 - Moderate
damage

Cracking around openings; localized detachment of
wall coverings (plaster, tiles, etc.)

D3 - Severe
damage

Opening of large diagonal cracks; significant
cracking of parapets; masonry walls may exhibit
visible separation from diaphragms; generalized
plaster detachment

D4 - Very severe
damage

Facade walls with large areas of openings have
suffered extensive cracking. Partial collapse of the
facade (shear cracking, disaggregation, etc.)

D5 - Destruction Total in-plane or out-of-plane failure of the facade
wall

Table 2. Correlation between discrete damage grades, Dk, and
ranges of mean damage grade, !D.
Discrete damage grades,
Dk

Damage factors,
DF

Mean damage grades,
!D

D0 - No damage 0.00 [0.00, 0.50]
D1 - Slight damage 0.01 [0.50, 1.42]
D2 - Moderate damage 0.10 [1.42, 2.50]
D3 - Severe damage 0.35 [2.50, 3.50]
D4 - Very severe damage 0.75 [3.50, 4.00]
D5 - Destruction 1.00 [4.00, 5.00]
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was processed and integrated into a database manage-
ment system developed to manage, compare, and ana-
lyze the information. It is worth noting that the present
study is only possible due to the existence of such a
relational database.

Methodology and discussion of the results

The seismic vulnerability assessment of the historical
city centre of Coimbra was carried out by applying
the vulnerability index methodology presented in
“Description of the vulnerability index formulation.”
Since the methodology requires accurate knowledge
of the building characteristics, which can only be
obtained via thorough and detailed inspection, the
evaluation was undertaken in two phases. In the
first phase, the vulnerability index, Ivf, was assessed
for the buildings for which detailed information was
available: building plans with accurate dimensions,
enabling the determination of geometric parameters,
and photographic information for the evaluation of
the remaining non-geometric parameters. In this
phase, 330 façade walls selected from a universe of
672 buildings were evaluated. In the second phase, a
more expeditious approach was adopted to assess the
342 building façades for which it was not possible to
obtain or consult detailed plans. In those cases, the
parameters possible to assess only based on photo-
graphic information were considered, while for the
remaining it was adopted the mean values obtained
in the detailed assessment (first phase). It is impor-
tant to note that this criterion was assumed based on
the thesis that the architectural, structural, and

material features of the masonry building are quite
homogeneous all over the study area.

To efficiently deal with the great amount of data
resulting from this process, the open source GIS soft-
ware Quantum GIS, release 2.18 (QGIS 2018), was used
to create a flexible and easily updatable geographic
information system tool. In the GIS environment,
geo-referenced graphical information was combined
and connected to a relational database containing the
main characteristics of the assessed buildings. Various
modules with different objectives were developed via
numerical algorithms for different tasks, including:
visualization of general information and results by
zones, vulnerability assessment, damage, and loss esti-
mation for different earthquake scenarios, as well as
information of the building parameters and features
used to estimate vulnerability.

Vulnerability index results
As already referred, the seismic vulnerability index Ivf
was calculated resorting to Equation (1). The mean
values of the Ivf and the corresponding standard devia-
tion values obtained from both the detailed and non-
detailed assessments are presented in Table 4. In addi-
tion, the mean Iv and standard deviation obtained for
the overall distribution (all buildings), are also given
there.

From values presented in Table 4, it is possible to
observe that the mean value of the Ivf obtained for the
two assessment levels (detailed and non-detailed assess-
ment), as well as for the overall distribution, are prac-
tically the same, presenting a maximum difference of
about 1.12%. As for the standard deviation values, !Ivf,

(a) (b)

Figure 2. Historical city center of Coimbra: (a) general view to Rua Ferreira Borges and (b) project area.
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a reduction of 37% was obtained from the detailed
assessment to the non-detailed assessment group. In
terms of global distribution, presented in Figure 3,
around 39% of the building stock have an Ivf value
higher than 35 and 20% higher than 40. Of these, 79
buildings present a vulnerability index value over 45, a
value that according to Vicente et al. (2010) is equiva-
lent to vulnerability class A in the EMS-98 scale
(Grünthal 1998). The extreme values obtained, respec-
tively minimum and maximum, are 9.34 and 77.17.

Finally, the standard deviation "Ivf associated with the
overall vulnerability index distribution was 10.18.

As already mentioned, seismic vulnerability results
were mapped using the QGIS software connected to a
relational database of structural building characteristics.
Among other practical advantages (optimisation of time
and processes), the use of a GIS allows for a spatial and
organic view of the inter-connected problems associated
with a given study area. Thus, the GIS tool developed
was used to provide a good global overview of the
vulnerability assessment and risk scenarios (including
potential damage mapping for events of different seismic
intensity, as will be presented in a later section). The
spatial distribution of the vulnerability index values for
the whole study area is shown in Figure 4a.

In addition, Figure 4b, highlights the buildings for
which the corresponding vulnerability index value

Table 4. Mean vulnerability index, Ivf, and standard deviation,
"Ivf, results.
Assessment detail Ivf,mean "Ivf
Detailed assessment (330 out of 672 buildings) 34.57 12.28
Non-detailed assessment (342 out of 672 buildings) 34.17 7.71
Overall distribution (672 building) 34.33 10.18

(a) (b)

Figure 4. Vulnerability maps: (a) global vulnerability distribution and (b) identification of the building façade walls with Ivf values over 45.

Figure 3. Vulnerability index distribution.
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resulted higher than 45. For these building, a more
detailed vulnerability assessment is recommended. From
the analysis of Figure 4b it is possible to observe that there
is a concentration of buildings with higher vulnerability
index values in the north part of the study area. This
result, when analyzed in conjunction with the urban
characteristics of this area (characterized by narrow
paths, alleys, and streets), allows one to infer that this
area could be particularly problematic and difficult to
access in the case of a seismic emergency.

Seismic scenarios
Characterized the seismic vulnerability of the building
façade walls within the study area, it is then possible to
estimate damage distributions for different macroseis-
mic intensities. To do so, the above presented
Equation (2) is used here to construct the vulnerability
curves given in Figure 5. The curves plotted in this
figure were obtained considering five characteristic
values of the vulnerability index distribution: the
mean value and the upper and lower bound ranges
(Ivf,mean-2"Ivf; Ivf,mean-"Ivf; Ivf,mean; Ivf,mean+ "Ivf; Ivf,mean

+ 2"Ivf).
Figure 5 also includes the damage distributions

obtained for seismic scenarios with intensities IEMS-98 =
VIII and IX. For the first, a great part of the building
façade walls assessed (around 98%) present damage
grades ranging between D3 and D4. Only 2% of the
building stock buildings present damage grade D5 for
IEMS-98 = VIII. For this level of macroseismic intensity,
none of the façade walls present damage grade D0, D1 or
D2. As for a macroseismic intensity of IX, all building
stock present damage grades between D4 and D5 (around
28% and 72%, respectively).

Moreover, resorting to the GIS tool, it is possible to
mapdamage scenarios for different earthquake intensities.
Figure 6 shows four of these damage scenarios, in this case

for intensities between IEMS-98 = VII and IX. From the
analysis of Figure 6a,b, it is possible to observed that for
earthquake intensities less than VII, most of the building
façade walls present damage values lower than 3.0. For
intensities IEMS-98 =VIII and IX the global scenario is quite
different, with a very great amount of buildings presenting
damage grades in the range between 3.0 and 5.0, which,
according to Table 3, represents partial to total collapse.

An alternative method of representing damage distri-
butions involves the use of fragility curves. In fact, fragility
curves are one of the most widely accepted and used
approaches 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
the beta probability function for a determined building
typology. Just like the vulnerability curves (already pre-
sented in Figure 5), fragility curves define the relationship
between earthquake intensity and damage in terms of the
conditional cumulative probability of reaching or exceed-
ing a certain damage state, d. Thus, discrete probabilities
P(DK = d) can be derived from the difference of cumula-
tive probabilities PD[Dk ! d] applying Equation (5):

P Dk " d& ' " PD Dk ( d) * % PD Dk#1 ( d) *: (5)

These fragility curves are directly influenced by the
parameters of the beta distribution function and allow
for the estimation of damage as a continuous probabil-
ity function. In accordance with Giovinazzi (2005), beta
distribution parameters t, a, and b were assumed in this
work as equal to 12, 0, and 5, respectively.

Figure 7 presents the fragility curves obtained by
considering both: the mean value of the vulnerability
index distribution, Ivf,mean = 34.33, and the mean value
of the vulnerability index distribution added to the
corresponding standard deviation, Iv mean + !Ivf = 44.51.

(a)

(b)

(c)

Figure 5. Vulnerability curves and damage distributions for intensities IEMS-98 = VIII and IEMS-98 = IX.
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Estimation of collapse probabilities
According to the description of the damage grades earlier
presented Table 3, damage grade D5 represents the global
collapse of the façade wall. Starting from this premise, it is
possible to assume that the probability of a certain façade
wall collapses can be represented directly by the probabil-
ity of attaining damage grade D5, as in Equation (6):

Pcollapse " P D5& '; (6)

where P(D5) is the probability of the façade wall
attains damage grade D5.

Figure 8 shows the probability of collapse curves
built considering the mean value of the vulnerability
index distribution, Ivf, mean, as well as its upper and

(a) (b)

(c) (d)

Figure 6. Damage scenarios for increasing macroseismic intensities: (a) IEMS-98 = VI; (b) IEMS-98 = VII; (c) IEMS-98 = VIII; and (d) IEMS-98 = IX.
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lower bound ranges (Ivf,mean-2"Ivf; Ivf,mean-"Ivf; Ivf,mean;
Ivf,mean+ "Ivf; Ivf,mean+ 2"Ivf).

As can be observed from this graph, for an intensity
value of IEMS-98 = VIII, the probability of collapse is
equal or lower than 10% for all the plotted cases. As
already mentioned, these probabilities are associated
with the total collapse of the façade walls. However, it
is important to stress that, as partial collapses may also
occur for damage grades D3 and D4, resulting in poten-
tial fatalities and/or obstructions to the roads, further
scenarios for which less severe damage levels are
expected should be also considered.

It is also interesting to note that after IEMS-98 = VIII,
small increases in the earthquake intensity lead to a
very abrupt increase in the collapse probabilities. As
an example, from IEMS-98 = IX to X (considering the
curve corresponding to the Ivf, mean), the probability of
collapse rises almost 50%, from about 27 to 74%.

Theuse of damage results for emergency planning

Civil protection bodies are the agencies responsible for
all tasks of the emergency planning process, covering all
type of hazards, both before and after an event. Among
all the other, the design of prevention plans is a task of

paramount importance. In fact, investing in prevention
and planning is recognized as the most cost-wise strat-
egy to mitigate earthquake risk, with a direct impact on
the decrease of all type of losses, whether human,
material, or economic. As part of this strategy, the
planning of rescue operations is critical, including
transportation of the injured, dealing with the home-
less, the provision of basic services and post-event
management (Bernardini, D’Orazio, and Quagliarini
2016a; Ferreira, Maio, and Vicente 2017b).

As comprehensively discussed by Bernardini,
D’Orazio, and Quagliarini (2016a), the prediction of
direct physical damages (buildings and infrastructures’
collapse, including ruin generation and roads damages)
plays a crucial role on the establishment of more effective
emergency planning strategies, namely because of the
possibility to provide prediction about post-earthquake
scenarios based on real-word events (Del Gaudio et al.
2017, 2016; Kibboua et al. 2014). In this sense, and as
referred before in the introductory section of this paper,
the collapse of the façade walls directly influence the
evacuation conditions of the buildings’ occupants; when
a building (or part of a building) implodes, the possibility
to evacuate the building itself is decreased and the occu-
pants can be trapped or injured (Alexander 2012;

(a) (b)

Figure 7. Fragility curves obtained for the: (a) Iv mean and (b) Iv mean + !Ivf.

Figure 8. Probabilities of collapse for different vulnerability index values.
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Quagliarini et al. 2016; Shapira et al. 2015). Furthermore,
the presence of debris along the routes (or damage to the
roads network itself) can reduce the evacuation paths
width or the safe areas dimension, slow down pedestrians’
speed, or even deny the use of the path or the safe area
(Bernardini, D’Orazio, and Quagliarini 2016a). All these
aspects were already addressed in the past by several
authors, namely by Bernardini, Quagliarini, and
D’Orazio (2016b), D’Orazio et al. (2014), Ferlito and
Pizza (2011), and Goretti and Sarli (2006).

It is therefore clear that the identification of the key
risk agents or, in this case, the identification of the most
vulnerable zones (already presented and discussed in
“Application to the historical city center of Coimbra”),
constitute itself as a valuable resource for emergency
planning purposes. As will be discussed in detail in the
following sections, from this information it is possible
to obtain realistic evacuation maps considering differ-
ent seismic intensities, as well as to identify the areas
and to estimate the number of inhabitants that could
potentially become isolated in consequence of these
events.

Evacuation routes

Considering the damage scenarios presented in
Figure 6, a proposal of evacuation routes for the histor-
ical city centre of Coimbra is given and discussed in
this section. For this end, there were established two
cumulative conditions to determine whether a street,
alley, or avenue can be considered or not as an evacua-
tion route.

! There is a minimum free width of 4 m. This
condition was formulated to check the conditions
for the circulation of emergency and rescue vehi-
cles, such as ambulances and fire trucks.

! There are no elements for which a mean damage
grade value, !D, equal or greater than 3.5 is
expected (corresponding to a damage grade D4

or D5), i.e., façade walls for which higher levels
of damage, from very severe to destruction (refer
to the correlation presented in Table 2), are
expected. It is worth underlining that the value
of 3.5 was selected on the basis of the thesis that,
although the total collapse of the façade wall may
not happen for this level of damage, it is expect-
able that partial collapses may occur. In those
cases, the rupture and fall of wall portions, as
well as other structural or non-structural elements
(such as balconies, parapets, chimneys, cornices,
ornaments, etc.), may block the streets next to the
building, preventing the free circulation of people
and vehicles (Rojo, Beck, and Lutoff 2017).

Thus, if the two conditions stated above are satisfied,
it is assumed that the street, alley, or avenue in question
is potentially free of obstacles and can therefore be
considered as an evacuation route. If at least one of
the conditions is violated, it is automatically assumed
that the pass is blocked.

Starting from the exposed, Figure 9 illustrates the
result obtained considering an earthquake event of
intensity IEMS-98 = VIII, which represents the maximum
historic intensity felt in the City of Coimbra. The three

(a) (b)

Figure 9. Definition of evacuation routes for an earthquake scenario of IEMS-98 = VIII: (a) location of the building façade walls with
!D> 3.5 and (b) identification of the different accessibility levels considered.
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accessibility levels referred above are represented in
accordance with the following criterion: the routes
where rescue vehicles can potentially circulate are
marked in green; the routes with restricted access are
marked in yellow (despite no obstacles/debris are fore-
seen, the narrowness of the street does not allow the
circulation of rescue vehicles); finally, the roads that are
potentially blocked for this scenario are indicated
in red.

Evaluation of inaccessible urban areas

From the evacuation routes result presented in the pre-
vious section, it is also possible to define the urban areas
that, for different seismic intensities, may be potentially
inaccessible. For this purpose, the inaccessible routes and
the blocked passes at the extremes of the aggregates
should be considered. As depicted in Figure 10, it is
assumed that the zones located between two or more
buildings for which it is expected either the partial or the
global collapse of their façade walls (elements with
!D! 3.5, in accordance with the correlation between
discrete damage grades, Dk, and the mean damage
grades, !D, presented in Table 2) are isolated, as well
as, as a consequence, all buildings located within its
perimeter. Following this criterion, Figure 11 shows the
nine areas of the historic city center of Coimbra that, for
a seismic intensity of VIII, may possibly be inaccessible.

Moreover, considering the probability of collapse of
those façade walls (elements with !D! 3.5), it is further
possible to determine the probability of an area to be
isolated after the occurrence of a seismic event of a
certain intensity. According to Equation (7), this prob-
ability can be obtained from the discrete probabilities of
reaching damage grade D4, which represents the partial
collapse of the n building façade walls that can poten-
tially contribute to obstruct the area i:

Pinaccessibility Ai& ' " P D4jF1& ' $ P D4jF2& ' $ . . .

$ P D4jFn& '; (7)

where Pinaccessibility(Ai) is the probability of Area i
become inaccessible and P(D4|Fn) are the discrete prob-
abilities of the n building façade walls that condition
the accessibility of Area i attain damage grade D4. The
probabilities of inaccessibility associated with each one
of the nine areas identified in Figure 11 are plotted in
Figure 12 for different macroseismic intensities.

As it can be observed in Figure 12, for a seismic
intensity of IEMS-98 = VII, Area 1 and Area 2 present a
probability of inaccessibility of about 10%, while the
remaining areas present probabilities below 3%.
However, for a seismic event of intensity VIII, these
numbers increase exponentially to values of around
80% for Areas 1 and 2 and in the range between 33
and 60% for the remaining seven areas. Finally, for an
intensity of IEMS-98 = IX, all the areas analyzed resulted
in probabilities of inaccessibility over 90%.

It is worth noting that these results are inevitably
affected by uncertainties arising from different sources,
namely from: the estimation of the damage levels, the
estimation of the collapse probabilities and the applica-
tion of the vulnerability index methodology itself. In this
particular regard, it is important to stress that, if the
inspection of buildings is carried out in detail and accu-
rate geometrical information is available, as is the case,
the vulnerability index method can be considered robust.

Isolated people

An important parameter measured during the identifica-
tion and inspection action carried out in the historic city
centre of Coimbra (addressed in “Description of the case
study”), was the quantification of the number of residents
living in each building located in the study area and, con-
sequently, within each one of the nine areas identified in the
previous section. Those values are listed below in Table 5.

Despite this information should be used with cau-
tion, not only due to the expectable uncertainty asso-
ciated to its collection, but also because the number of
people in the buildings is highly dependent on the time
of the day, it can be used to obtain an estimation of the
number of people potentially isolated in each area.

To do so, the probabilities of inaccessibility given by
Equation (7) and plotted in Figure 12 for the nine areas
identified in Figure 12, should be multiplied by the
number of residents living in that area. This is mathe-
matically expressed by Equation (8) which can there-
fore be used to estimate the number of people
potentially isolated, for each one of the seismic inten-
sities considered:

Figure 10. Definition of inaccessible urban areas and isolated
buildings.
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Figure 12. Probability of inaccessibility for the most vulnerable areas of the historical city center of Coimbra.

Figure 11. Mapping of possible inaccessible areas in the historical city center of Coimbra after an IEMS-98 = VIII earthquake
event.
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Pisolated people " Pinaccessibility&Ai' $ Nresidents;i; (8)

where Pisolated people is the probability of isolated
people for a certain seismic intensity, Pinaccessibility(Ai)
is the probability obtained from Equation (7), and
Nresidents,i is the total number of residents living in
area i.

Figure 13a,b present, respectively, the number of
isolated people estimated for each one of the nine
areas identified in Figure 11 and the cumulative num-
ber of isolated people considering the nine areas. In
both cases, the result is presented for different earth-
quake intensities.

As a final comment, it is worth highlighting the
already addressed idea that the above presented results
must be interpreted with care, since these numbers are
highly conditioned by the population changes over the
day. In this case in particular, since most of these
buildings have commercial use at its ground floor
level, the occurrence of a seismic event during the day
time will very probably result in much more significant
numbers than those presented here, due to the many

passers-by and customers potentially in the affected
areas.

Analysis of the impact of adopting traditional
seismic retroffiting strategies

Following the exposed in “Evaluation of inaccessible
urban areas”, the nine areas more likely to be inacces-
sible after a seismic event of intensity IEMS-98 = VIII
were defined on the basis of the mean damage results
obtained for the end-row building façade walls; see
Figure 10. Among these nine areas, Area 5 is the one
that results in the most unfavourable case, combining a
relatively high probability of inaccessibility (about 33%,
according to Figure 12) with a large number of resi-
dents (98 people, as presented in Table 5). Figure 14
shows shaded in yellow the shape of Area 5, which has
resulted from the development of damage grade D4 in
the façade walls of Buildings 1, 2, 3, and 4.

As discussed in detail in Ferreira et al. (2017b), simpli-
fied seismic vulnerability assessment approaches can be
efficiently used for supporting the analysis of the urban
impact of the adoption of different seismic retrofitting
strategies. Following the same line, this section explores
the potential impact in terms of inaccessibility resulting
from the adoption of a seismic retrofitting technique
focused on the improvement of the connections between

Table 5. Number of residents living in each one of the nine
areas analyzed.
Area 1 2 3 4 5 6 7 8 9 Total

No. Residents 5 35 58 25 98 26 2 14 10 273

(a) (b)

Figure 13. Number of isolated people: (a) for each vulnerable area and (b) cumulative.

(a) (b)

Figure 14. Area 5: (a) before and (b) after the adoption of a seismic retrofitting strategy.

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE 1271



the façade wall and other structural elements. This is
analyzed here through the virtual application of a set of
traditional seismic retrofitting techniques detailed in
Ferreira et al. (2016b), which involve: (i) the improvement
of the wall-to-wall connections by means of effectively
tying walls together with steel tie-rods (RS1); (ii) the
improvement of the wall-to-floor connections by means
of the introduction of steel angle brackets adequately
anchored to walls through steel connectors and anchor
plates (RS2); and (iii) the enhancement of the structural
performance of the roofing system by introducing steel
tie-rods underneath the ceiling joists, both to improve the
wall-to-roof connection and to sustain horizontal thrusts
in the event of an earthquake (RS3); see Table 6.

In methodological terms, this can be done by reas-
sessing the vulnerability classes, Cvi, of the parameters
that are related to those features, namely of Parameter
P9, which evaluates the connection between the façade
wall and the orthogonal walls, Parameter 10, which
evaluates the connection between the façade wall and
the horizontal diaphragms, and Parameter P11, which
evaluates the impulsive nature of the roofing system.

Thus, the structural connections of the buildings
identified in Figure 14a as Buildings 1, 2, 3, and 4
were virtually retrofitted by upgrading the original vul-
nerability classes of parameters P9, P10, and P11 to
class A, resulting in the reduction of their Ivf values
and, consequently, in the decrease of their mean
damage grade values, !D. Table 7 summarizes the

values of the vulnerability index, Ivf, and the mean
damage grade, !D, obtained for the four buildings iden-
tified in Figure 14a, considering a seismic intensity
IEMS-98 = VIII, before and after the adoption of the
above referred seismic retrofitting strategy.

From the analysis of the results given in Table 7, it is
clear that after retrofitted the four buildings investi-
gated present mean damage grade values lower than
3.5 (corresponding to a damage level D3), which, in
practice, results in a clear reduction of Area 5, depicted
in Figure 14b. Its new shape, shaded in yellow in the
figure, is now conditioned only by the global and/or
partial collapse of the façade walls of Buildings 5 and 6.
With these new conditions, Area 5 present about 50%
probability of being inaccessible for a seismic intensity
of IEMS-98 = VIII. However, since the number of people
potentially affected considering the new shape of Area 5
is significantly lower (from 98 to 50), the results in
terms of number of isolated people can be reduced in
about 50%. The confront between the number of iso-
lated people for both situations (before and after retro-
fitting) is presented in for different macroseismic
intensities.

According to the results presented in Table 8, for a
seismic intensity of VIII, the expected number of people
to be potentially isolated has suffered a clear reduction
from 33 in the original situation, to 25 in the retrofitted
situation, which represents a reduction of about 24%.

Conclusions

The actual techniques available to assess vulnerability
of old masonry buildings are in constant change. Since
a great part of them are based on post-earthquake
observation damage, the experience to be gained in
future seismic events will permit to improve, calibrate,
and update those methodologies.

The application of the seismic vulnerability index
method to the building stock of historic city center of
Coimbra allowed to produce a broad range of relevant
results to build a qualitative and quantitative database.
This database can be future improved by the addition
of updated information regarding either the assessed
(detailed and non-detailed) and the unassessed build-
ings, leading to build up optimized risk mitigation
measures and civil protection planning.

Table 7. Vulnerability index and mean damage grade values
obtained for a macroseismic intensity IEMS-98 = VIII.

Before retrofitting After retrofitting

Building Ivf !D Ivf !D
1 50.07 3.67 35.60 3.21
2 49.13 3.64 23.04 2.76
3 46.37 3.56 31.90 3.08
4 45.00 3.52 29.35 2.99

Table 8. Number of isolated people in Area 5 considering the original and the retrofitted situation for different macroseismic
intensities IEMS-98.

Macroseismic Intensity, IEMS-98
Situation Population V VI VII VIII IX X XI XII

Before retrofitting 98 0 0 1 (1.02%) 33 (33.67%) 88 (89.80%) 97 (98.98%) 98 (100%) 98 (100%)
After retrofitting 50 0 0 0 25 (50%) 47 (94%) 50 (100%) 50 (100%) 50 (100%)

Table 6. Influence of each retrofitting solution over the vulner-
ability index parameters.
Retrofitting solution Parameter

RS1: Improvement of the wall-to-wall
connection

P9. Connection to orthogonal
walls

RS2: Improvement of the wall-to-floor
connections

P10. Connection to horizontal
diaphragms

RS3: Improvement of the structural
performance of the roof

P11. Impulsive nature of the
roofing system
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From the vulnerability curves obtained and pre-
sented in Section 4, it is possible to analyze the levels
of damage expected for each macroseismic intensity.
Considering the maximum historical intensity felt in
Coimbra, IEMS-98 = VIII, it was found that the expected
damage is above D3 for the mean value of the vulner-
ability index distribution. However, it was possible to
observe that, from this intensity on, small increases in
the levels of macroseismic intensity lead to much
higher level of damage. From the fragility curves
obtained, the probabilities of collapse for a seismic
event of IEMS-98 = VIII are relatively low, with most of
the damage ranging between damage levels D1 and D4.
Nevertheless, it is important to note that buildings with
values of mean damage grade greater than 3.5 should
be addressed with attention since this level of damage
could represent the partial collapse of the façade or the
fall of non-structural elements, which eventually may
threaten the security of people or obstruct the road in
front of the building.

Through the mapping of the vulnerability and loss
assessment results, using the GIS tool, possible evacua-
tion routes with different levels of accessibility were
obtained. Blocked, restricted access and free roads were
plotted considering both the façade walls prone to partial
or total collapse and the narrowness of streets. Due to its
practical application, this information can represent an
important output for civil protection agencies. The iden-
tification of the buildings for which the façade walls
present higher risk of partial or total collapse is a funda-
mental step toward the definition of the areas more
prone to be inaccessible as a consequence of a seismic
event. For the case study analyzed, the buildings with an
estimated damage level equal or higher than D4 were
identified and the probability associated with such
damage was calculated. From these probabilities, and
considering the buildings located at the beginning/end
of the streets, the probability of the more vulnerable
urban areas to be isolated were determined and the
number of potentially isolated people after the occur-
rence of an earthquake was discussed.

In this regard, it is worth noting that the number of
people used to obtain such result corresponds to the
number of inhabitant at the time of the in-situ survey
actions described in “ Application to the historical city
center of Coimbra.” Since the historic city center of
Coimbra has an important number of floating popula-
tion, namely tourist and non-resident workers, from
the available data it is not possible to obtain the exact
number of people that might be isolated in the such
vulnerable areas, only an approximation by defect.

Considering the retrofitting of the building façade
walls that define the areas more prone to be

inaccessible, it was proved that the size of these areas
can be clearly reduced by the application of current
seismic retrofitting strategies, and, as consequence, the
number of isolated people is also significantly reduced.
From these results it became clear that, on the basis of
the identification of the buildings that condition the
existence and the shape of potentially inaccessible areas,
it is possible to identify the constructions that present
higher seismic risk and therefore should be retrofitted,
allowing to prioritize intervention strategies. Several
iterations can be performed to minimize risk within a
delicate balance between safety and cost.
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