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A B S T R A C T   

Recent natural and anthropic disasters have aroused the interest of the scientific and governmental community in 
seeking more efficient and effective risk mitigation strategies. Index-based approaches have received particular 
attention in the field of disaster risk because of their extraordinary capacity to synthesise and spatially con-
textualise vulnerability. Motivated by the massive impacts of earthquakes, the seismic risk field has gained 
popularity over the last few decades. However, little attention has been paid so far to a potentially highly 
impacting phenomenon: post-earthquake fires. Historical records have shown that fire ignitions triggered by 
earthquakes present a significant likelihood of ending up in massively destructive urban fires whose conse-
quences are even more dreadful than those of the earthquake itself. This paper aims to contribute to the body of 
knowledge in the field of post-earthquake fires by presenting a scenario-based analysis in the Historic City Centre 
of Leiria. Firstly, two seismic vulnerability index methodologies are applied to obtain post-earthquake damage 
scenarios. Then, a risk matrix is used to identify the buildings that are more prone to suffer post-earthquake fire 
ignitions. Finally, fire spreading and suppression conditions are examined and discussed through a detailed 
analysis where fire risk outputs, damages, and the accessibility conditions of the area are combined to obtain an 
integrated post-earthquake fire analysis. The results show that for a seismic event of intensity IEMS− 98 = VIII, 33% 
of the total surveyed buildings could present a moderate or high risk of post-earthquake fire ignition.   

1. Introduction 

Although many aspects of seismic vulnerability and fire risk assess-
ment in historical urban centres have been investigated in recent years, 
the subject of fire ignition and spread following an earthquake has still 
received little attention. The most used term in the literature is "post- 
earthquake fire (PEF)" [1–5], though it can also be found associated with 
the acronym FFE "fire following an earthquake" [6,7]. 

Post-earthquake fires are a low-probability phenomenon but can 
have very high consequences in terms of human loss and severe damage 
to property. Fire losses are zero for most earthquakes, but history has 
shown that when the fire occurs after an earthquake, the losses can 
exceed the ones provoked by the earthquake [8]. The San Francisco 
earthquake in 1906 is a paradigmatic example of that – more than 80% 
of the damages reported was due to fire; over 28,000 buildings were 
destroyed [1]. During the Great Kanto Earthquake (Japan, 1923), near 

450,000 houses were burnt, and more than 110,000 people died as a 
result of the fires. Within 30 min of the first tremor, more than 130 major 
fires broke out across Tokyo alone, many clustered in the eastern and 
north-eastern sections of the capital [9]. 

The devastating examples throughout history [10–12] and the high 
dependency on uncertain factors of urban fires following earthquakes 
[13] have motivated the scientific community to study and develop 
models for estimating the probability of ignition, possible consequences 
and damage mitigation strategies for more than 60 years having 
remarkable burst research since 2000 [7]. According to Farshadmanesh 
and Mohammadi [5], PEF studies can be grouped into three categories: 
(i) fire ignition, (ii) fire spreads [14–16] and (iii) fire suppressions [17, 
18]. 

Many ignition models have been developed [2,5,19–26] to estimate 
the number, location and/or times of ignition after an earthquake, Ig-
nitions following an earthquake are directly related to the built 
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environment and to the way how buildings respond to strong ground 
motions [27]. Most models used for estimating PEF probability are 
based on statistical analyses on damage data from recent earthquakes in 
the United States, Japan and a few other countries [27]. They essentially 
correspond to regression models that relate some measure of ignition 
frequency to extents of seismic intensity (e.g., PGA, IMM or building 
collapse ratio) [7]. 

One of the first studies intended to model post-earthquake fire spread 
was developed by Hamada (1951) [28]. Hamada’s model assumes that 
the built environment is comprised of equally-spaced – equal square 
urban blocks of buildings – and that fire spreads in an elliptical shape 
according to the wind speed and direction [7]. The first physics-based 
approaches [29,30], which are able to recognise the different modes 
of fire spread, such as radiation from roof flames or branding and 
represent each separately, has been proposed in 2008. According to Lee 
et al. [7], some of the most common factors used by propagation models 
account for the size and shapes of buildings plans, spaces between 
buildings, and wind speed and direction. In a few cases, the effect of 
slope, vegetation or building damage state is also considered. Scawthorn 
et al. [31] propose a methodology for determining probabilistic losses in 
the result of post-earthquake fire spreading. The model incorporates 
building density, wind velocity, deterioration of firefighting response 
and seismic intensity. Subsequently, other models integrating ignition 
and spread/suppression probabilistic analysis were presented by Refs. 
[4,8,23,32]. Most of the previous mentioned PEF studies and models are 
data-driven, utilising ignitions reported following recent earthquakes. 
However, in areas for which historical PEF data is not available, such as 
European cities, a different methodology for developed a PEF model is 
needed [5]. 

Index-based approaches have received particular attention in the 
field of disaster risk management because of their ability to synthesise 
the multidimensional concept of vulnerability spatially [33]. To date, 
risk assessment studies for cultural heritage assets have focused mainly 
on their physic vulnerability to a single hazard. From these, seismic 
vulnerability studies have been particularly explored [34–36], mostly 
because seismic events represent one of the major causes of loss of 
cultural heritage. As for fire risk, there are some vulnerability and risk 
assessment methodologies developed for historic buildings [37–39], 
which allows managing the risk in large urban areas. 

A consequent and sustainable risk reduction is only possible if all 
relevant hazards are considered and analysed. However, the analysis of 
the physical vulnerability towards multiple hazards or cascade effects is 
a field that still receives little attention, though the results of such 
studies can contribute effectively to reducing the overall risk [40]. This 
gap can be somehow justified by the numerous challenges and diffi-
culties [41]: (i) hazards are not directly comparable as their character-
istics and describing metrics differ; (ii) the analysis methods and models 
used for distinct hazards also diverge widely with respect to inherent 
assumptions and model principles, which makes their results hardly 
comparable; (iii) multidisciplinary knowledge and experience are 

required; (iv) the data acquisition and the preparation as well as the 
modelling and assessment of hazards, exposure (elements 
at-risk/vulnerability) and risk for single hazard procedures consist of a 
large number of different analysis steps that are complicated and thus 
time-consuming and prone to mistakes. 

This work is presented as the starting point for the development of an 
integrated risk management tool by discussing the use of a set of index- 
based methodologies to assess the seismic vulnerability (for masonry 
and reinforced concrete) and the fire risk of existing buildings. In 
particular, this paper addresses the issue of post-earthquake fires (PEF) 
in historical centres, i.e., the probability of the occurrence of an urban 
fire event triggered by a seismic event. Taking advantage of a vast 
amount of data and results previously obtained by Anglade et al. [42] 
and Blyth et al. [43] for seismic vulnerability and by Bento [44] for fire 
risk, the Historic City Centre of Leiria, Portugal, is used herein as a pilot 
case study for this analysis. Methodologically, the analysis initiates with 
the creation of a damage scenario for a specific earthquake intensity. In 
this particular case, it was considered a damage scenario obtained for a 
seismic intensity EMS-98 = VIII, which is the maximum representative 
intensity for Leiria according to the maximum intensity maps (MIM) 
available for Portugal mainland [45]. The individual level of damage 
assigned to each building was obtained from the quantification of its 
vulnerability resorting to the vulnerability index methodologies pro-
posed by Vicente et al. [34] and by Ferreira et al. [46] for masonry and 
reinforced buildings, respectively. Once the post-earthquake damage 
scenario is obtained, a fire risk assessment is carried out using the 
simplified version of the ARICA methodology proposed by Ferreira et al. 
[38,47]. These fire risk results are then aggregated and analysed 
together with the estimated damages through a risk matrix, allowing for 
the identification of the buildings more prone to the outbreak and spread 
of fire as a result of the seismic event. 

2. Background 

Post-earthquake fire is a highly complex and challenging issue since 
an earthquake has the potential for initiating a chain of hazardous 
events with the potential to cause damage to structures and to lifelines, 
such as water supply, gas, electricity, transportation and communica-
tions systems [1]. As a result, many simultaneous ignitions may occur. 
Moreover, the damaged water supply systems impair fire suppression 
capabilities, damaged communication networks make coordination 
difficult, narrow and damaged roads restrict access, passive fire defences 
degrade, and fire service personnel are injured or overwhelmed by the 
demand for their service [7]. 

This problem is critical in the cities of Japan, in the United States and 
in other countries that, besides being located in high seismic hazard 
areas, have a large number of buildings composed mainly of wood. 
However, such an issue is not exclusive to these countries. In Europe, for 
example, many historical urban centres are formed of buildings whose 
structural system is comprised of masonry, in the vertical elements, and 

Fig. 1. (a) Effect of shaking intensity on rates of ignition; (b) Probability that various shaking intensities will be accompanied by ignition. Adapted from Ref. [8].  
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wood, in the openings, partition walls, floors and roof structure. The 
high quantity of these materials, together with the urban morphology 
and the density of the building stock in the historical urban centres, 
make the risk of fire following an earthquake a very relevant issue in 
these areas. 

The risk is difficult to quantify due to the large uncertainties related 
to both the earthquake occurrence and to the likelihood of fire after the 
earthquake [48]. According to the literature [1,48,49], the 
post-earthquake fire phenomenon involves many factors and steps that 
start with the occurrence of an earthquake. According to Zhao [4] the 
steps can be summarised as follows:  

i. Occurrence of the earthquake: The earthquake can cause 
structural and non-structural damage to buildings and in-
frastructures, including roads, bridges, and fire stations. Different 
types of lifelines, such as electric power, oil and natural gas, 
water and communications, can also be severely affected. Some 
studies [21] have shown a clear trend of increasing ignitions with 
increasing seismic intensities. Cousins & Smith [8], for example, 
found a fairly good correlation between the effects of shaking 
intensity and ignition rates from historical data of seismic events 
that occurred in the United States between 1906 and 1989 
(Fig. 1). The sloping dotted line in Fig. 1 (a) is an approximate 
upper bound to the data, whereas the sloping solid line is the 
mean line used for the ignition probability modelling by shaking 
intensity. The results have shown that there is a 23% probability 
of ignition in a building hit by an MMI VIII earthquake, see Fig. 1 
(b).  

ii. Ignition: Heavy damage to the electrical and gas system can 
result in leakage, which can cause simultaneous fire ignitions. 
Fire ignition can also be caused by the dumping of electrical 
appliances, heating equipment or flammable materials within 
structures [6]. Some authors [6,27] group together building ig-
nitions in three main categories: the utility networks (e.g., gas 
and electrical systems) and ignitable braced or hazardous com-
ponents (e.g., stoves and portable heaters), whose ignition is 
directly related to the overall response of the buildings; and the 
ignitable unbraced or less hazardous components (e.g., televi-
sions and computers), ignition is controlled by the level of ac-
celeration to which the contents are subjected to Ref. [27].  

iii. Detection: Historical records [12] show that many of the fires 
can be quickly put out by the occupants of the buildings. But in 
some cases, fires grow and spread to a state where firefighters are 
needed. This can be due to either late detection or misleading 
response of the building occupants as a result of the stress caused 
by the fire [50].  

iv. Alarm: When detected, the fire occurrence has to be reported to 
the firefighting authorities. In some situations, reporting may be 
delayed or prevented due to the disruption of the communication 
network, and the readiness and efficiency of the response may be 
impaired if the earthquake has damaged the emergency services 
(fire trucks, fire station, etc.).  

v. Response: Many ignitions can occur at the same time, and other 
types of emergencies can also occur, such as chemical spills, 
building collapses, etc., reducing the workforce and resources 
available. Since not all fires may be responded to, the fire may 
spread [1]. On the other hand, the streets can be blocked by 
falling debris or overturned facades due to the ground motion, 
which can make emergency management very difficult [51].  

vi. Fire-spreading: The spread of the fire within and between 
buildings can be gradual or very fast depending on different 
factors, such as the geometry of the façades (size and distance 
between openings), the interior compartmentation and distribu-
tion of the building, the boundary conditions between buildings, 
the materials, the type and quantity of fire loading, etc. [1].  

vii. Suppression: In what suppression is regarded, the water supply 
system for firefighting is the most important factor. This is a 
crucial aspect since, following the shake, water volume and 
pressure may drop significantly as a result of damages in the 
underground water pipelines [4].  

viii. Extinguishment: All the difficulties examined in the previous 
stages can contribute to the fact that an out-of-control fire can 
easily evolve into a conflagration. 

3. Bases of the methodological framework 

The methodologies applied in the present work to assess the seismic 
and the fire vulnerability of the buildings in the Historic City Centre of 
Leiria are presented and discussed in the following subsections. 

In the first stage, the two methodologies presented in Section 3.1 are 
used to characterise the seismic vulnerability and to generate damage 
and loss scenarios according to the formulation detailed in Subsection 
5.1. In the second stage, these damage probabilities are analysed 
together with the ignition and fire propagation factors obtained from the 
application of the fire vulnerability and risk assessment approach 
described in Section 3.2. 

3.1. Seismic vulnerability analysis 

The seismic vulnerability of a structure was described by Calvi et al. 
[52] as the susceptibility of a building to damage by ground shaking of a 
given intensity. In this regard, the ultimate goal of any vulnerability 
assessment methodology is to estimate the level of damage that a given 
building is likely to suffer as a result of a seismic event of a specific 
intensity or magnitude. Given that different building typologies require 
the use of different (specific) vulnerability assessment approaches, two 
index-based seismic vulnerability assessment methodologies are used in 
this work: one for masonry buildings, presented in Subsection 3.1.1, and 
another one for reinforced concrete buildings, in Subsection 3.1.2. 

3.1.1. Seismic vulnerability assessment approach for masonry buildings 
The seismic vulnerability assessment was mainly carried out using a 

Table 1 
Vulnerability index associated parameters, classes and post-calibration weights 
pi [54].  

Parameters Class, Cvi  Weight Relative 
weight 

A B C D pi  

Group 1. Structural building 
system      

50/100 

P1 Type of resisting system 0 5 20 50 2.50 
P2 Quality of the resisting system 0 5 20 50 2.50 
P3 Conventional strength 0 5 20 50 1.00 
P4 Maximum distance between 

walls 
0 5 20 50 0.50 

P5 Number of floors 0 5 20 50 0.50 
P6 Location and soil conditions 0 5 20 50 0.50 
Group 2. Irregularities and 

interaction      
20/100 

P7 Aggregate position and 
interaction 

0 5 20 50 1.50 

P8 Plan configuration 0 5 20 50 0.50 
P9 Regularity in height 0 5 20 50 0.50 
P10 Wall façade openings and 

alignments 
0 5 20 50 0.50 

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

other elements      
12/100 

P13 Fragilities and conservation 
state 

0 5 20 50 1.00 

P14 Non-structural elements 0 5 20 50 0.75  
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hybrid approach based on the GNDT II method [53]. The methodology 
used in this work – which was presented by Vicente et al. [34] and later 
calibrated by Ferreira et al. [51] – is based on the calculation of a 
vulnerability index obtained from the evaluation of 14 vulnerability 
parameters related to the seismic performance of the masonry building 
and its components. A vulnerability class (cvi) related to increasing 
vulnerability (A, B, C and D) is assigned to each parameter, and a weight 
(pi) is given ranging from 0.50 for the least important parameters up to 
2.50 for those considered most important (see Table 1). The vulnera-
bility index is then calculated with Eqn. (1) by computing the weighted 
sum of the parameters multiplied by their specific weight assigned as a 
meaning of importance in the definition of seismic response. After 
normalised, the vulnerability index takes on an integer value in the 
range between 0 and 100. 

IV =
∑14

i=1
CVi × pi (1)  

3.1.2. Seismic vulnerability assessment approach for reinforced concrete 
buildings 

The simplified methodology used for assessing the seismic vulnera-
bility of reinforced concrete buildings was developed by Ferreira et al. 
[46]. Like the previous one used for the masonry buildings, this 
approach is based on the evaluation of 8 parameters (see Table 2) 
associated with the different aspects that affect the seismic response of 
the structure, which, through a weighted sum allows to obtain a 
vulnerability index of the building, Eqn. (2). In this case, the particular 
approach takes into account aspects related to the structural charac-
teristics of the building, its foundations, and its position within the 
urban mesh. As is usual in this type of methods, the formulation of each 
parameter and the relative weight attributed to each one of them were 
defined by Ferreira et al. [46] based on post-earthquake damage 
observation and expert opinion. Also, in this case, the normalised 
vulnerability index can assume an integer value between 0 and 100. 

I*
V =

∑8

i=1
CVi × pi (2)  

3.2. Fire vulnerability and risk assessment approach 

Fire vulnerability and risk is assessed in this work resorting to the 
Fire Risk Index method. As discussed in detail in Ref. [38], this method 
was proposed as an alternative to the ARICA method [47], better suited 
for large-scale usage in old city centres. Among other points, it aims at 
accelerating the information gathering process and optimising the risk 
evaluation through “a large-scale reworked and redefined assessment tool” 
[38]. Conceptually, the Fire Risk Index method is composed of two 
global factors: a global risk factor (FGR), and a global efficiency factor 
(FGE), which, together, allows obtaining a Fire Risk Index (FRI). As 

presented in Table 3, the FGR is divided into three sub-factors related to 
fire ignition (SFI), fire propagation (SFP) and evacuation (SFE), whereas 
the FGE is related to fire combat (SFC). Each sub-factor, in turn, is 
composed of a series of partial factors related to the different fire 
safety-related aspects. The fact that this method considers parameters 
like the conservation state of the building or the characters and the state 
of its electrical and gas installations, all relevant aspects when dealing 
with the assessment of old buildings located in historic urban areas. This 
makes it particularly fitted for the task. 

As given in Eqn. (3), the Fire Risk Index (FRI) is obtained by the 
quotient between the weighted average of the fire ignition (SFI), fire 
propagation (SFP), evacuation (SFE) and fire combat (SFC) sub-factors, 
and a Reference Risk Factor (FRR) that takes into account the type of 
building use. As can be seen in Eqn. (3), sub-factors SFI and SFP are 
affected by two factors, 1.20 and 1.10, respectively, aimed at accounting 
for the more significant role of ignition and propagation in the overall 
fire risk process. Regarding the Reference Risk Factor (FRR), it is tabu-
lated [38], taking the value 1.19 or 1.215, respectively, for residential 
buildings up to 3 or 7 floors, and 1.375 or 1.40 for service buildings, 
industrial spaces, libraries and archives, with the same number of floors 
criterion. 

FRI =
(1.20 × SFI) + (1.10 × SFP) + SFE × SFC/4.0

FRR
(3) 

Roughly speaking, it is possible to associate the FRI values with four 
levels of increasing fire risk: low, when FRI is within the range 
0.60–1.00, moderate to values between 1.00 and 1.30, high for 1.30 to 
1.65, and extreme for 1.65 to 2.0. 

3.3. Data collection, management and analysis 

To facilitate the collection of data on-site and organise the infor-
mation in a systematic and logical way, the process of data gathering, 
management and analysis adopted in this work based on two main axes: 
the gathering of relevant information about the site aimed at creating a 
solid knowledge base about its historical and social context; the char-
acterisation of the building stock, which involves the identification and 
section of the buildings into different typologies based on their 

Table 2 
Parameters of the vulnerability index for reinforced concrete buildings, classes, 
and weights [46].  

Parameters Class, Cvi  Weight 

A B C D pi  

Group 1. Foundations      
P1 Building implantation 0 5 20 50 1.50 
Group 2. Relative position      
P2 Building position 0 5 20 50 0.50 
Group 3. Structural features      
P3 Building age 0 5 20 50 1.50 
P4 Irregularity in plan 0 5 20 50 2.00 
P5 Irregularity in height 0 5 20 50 2.00 
P6 Soft-story mechanism 0 – – 50 2.00 
P7 Presence of short columns 0 5 20 50 2.00 
P8 Presence of other vulnerable elements 0 5 20 50 0.50  

Table 3 
Fire Risk Index method: Global factors, sub-factors and partial factors [38].   

Sub-factors Partial factors 

Global risk factor 
(FGR) 

Fire ignition (SFI)  Building conservation state 
Electric installations 
Gas installations 
Fire load nature 

Fire propagation 
(SFP)  

Gap between aligned openings 
Safety and security teams 
Fire detection, alert and alarm 
Fire compartmentalisation 
Fire load 

Evacuation (SFE)  Length of the elements of the escape 
routes 
Number of exits from the sites 
Slope of vertical escape routes 
Protection of escape routes 
Smoke control of escape routes 
Emergency signalling and lighting 
Fire detection, alarm and warning 
Security teams 
Performing evacuation exercises 

Global efficiency 
factor (FGE) 

Fire combat (SFC)  Accessibility to the building 
Exterior hydrants 
Reliability of the water supply 
network 
Extinguishers 
Armed fire networks 
Dry or wet columns 
Automatic extinguishing systems  
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construction, material and architectural features. By combining these 
two axes, it is possible to adequately characterise the site and organise it 
according to the intent and scale of the analysis. 

In the case of seismic vulnerability assessment, the geometrical 
properties, material and construction characteristics of the building play 
a particularly important role [42]. In terms of vulnerability to fire, the 
material composition is a crucial factor. Firstly, the capacity to hold fire, 
gases and heat inside a space for a determined amount of time. Secondly, 

the natural combustion behaviour of the elements, regarding its ten-
dency to contribute to fire propagation. Finally, the degradation velocity 
of walls, slabs and ceilings, taking into account their contribution to the 
final resistance behaviour in high temperatures [55]. 

Fig. 2. Identification of the study area.  

Fig. 3. Map with building typology and non-evaluated buildings.  
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4. The Historic City Centre of Leiria 

4.1. Site context and overview of the study area 

Leiria is located on the bank of Lis River, in the centre of Portugal, 
between Coimbra and Lisbon’s cities. The foundation of the town dates 
back to 1135 when king D. Alfonso Henriques ordered the construction 
of the Leiria Castle. Its strategic position first as an outpost to the 
Moorish domains and later as a commercial hub ensured the establish-
ment and affirmation of Leiria as one of the most important and devel-
oped cities in the Portuguese context. 

Designed following a fishbone morphology (still present), the His-
torical Centre of Leiria developed in relation to the castle and the two 

landmarks of the main square and the cathedral. Its layout is defined by 
the fundamental axis of Barão de Viamonte Street, also known as Rua 
Direita, and related streets branching perpendicularly. According to the 
department of urban planning and management of the Municipal 
Council of Leiria, the Historical Centre of Leiria is made up of 402 
buildings [56] of different typologies and construction periods. 

The present work focuses on a specific area of the Historic City 
Centre of Leiria where the urban fabric is particularly dense, and 
therefore the interest in analysing its post-earthquake fire safety is 
especially relevant. Furthermore, as will be discussed in detail in the 
next section, the buildings included in this 15,000 m2 area present a 
series of construction and material characteristics that make them 
representative of the typologies of the entire Historical Centre of Leiria 

Fig. 4. Type of use of the buildings in the study area [44].  

Fig. 5. Walls facades’ openings: (a) regular layout of a principal masonry facade wall opening facing a square (Praça Francisco Rodrigues Lobo); (b) irregular layout 
and secondary masonry facade wall facing minor Street (Rua Mestre de Aviz); (c) difference in height between floors in a reinforced concrete building. 
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(Fig. 2). It is worth highlighting that, rather than examining a large 
number of buildings, the decision was to work in a more controlled 
setting, with fewer buildings and less but more accurate data. The au-
thors believe that such a setting provides better conditions for the pur-
pose of discussing the interest of the scenario-based analysis presented 
in this paper. 

4.2. Building characterisation of the study area: use, geometrical and 
material characteristics 

The study area is composed of 69 buildings divided into two main 
structural typologies: 28 reinforced concrete (41%) and 41 masonry 
buildings (59%). In terms of occupation and use, 11 of these 69 buildings 
are empty, and three are currently being refurbished or reconstructed, 
see Fig. 3. Although most of the buildings have a mixed-use [57], mainly 
residential and small shops and residential and restaurants, there are 
also some cases of buildings with (single) residential, administrative, 
hotel and commercial use [44] (Fig. 4). 

In Blyth et al. [43], this area is described as a fairly homogeneous 
building stock with common features that were easily identifiable dur-
ing the fieldwork. The buildings are generally part of an aggregate and 
usually are of 3–4 stories and regular in both plan configuration and 
height. 

In masonry buildings, the thickness of the façade wall varies from 
0.4 m to 1.0 m, averaging 0.7 m [42,58]. The openings in the façade 
walls present varieties in the building stock – façades facing main streets 
typically have regular openings in terms of their layout and size (Fig. 5 
(a)), while those facing secondary streets present a more irregular layout 
and size, see Fig. 5 (b). 

Reinforced concrete buildings are also mainly regular in both plan 
and height. Though, there have been identified cases of buildings with 

discontinuities on the vertical loadbearing elements and differences in 
height between floors, see Fig. 5 (c). 

There is also a relatively large number of buildings with non- 
structural element connected to the façade, namely small balconies, 
balusters, lighting and air conditioning elements [42]. The consider-
ation of these elements is of paramount importance for this analysis 
because its fall may not just endanger people during the post-earthquake 
evacuation process but also obstruct possible evacuation routes. More-
over, the fall of non-structural elements can also damage the structural 
components of the building. 

Regarding the masonry buildings, the façade walls are mainly 
comprised of stone masonry, typically locally available limestone units 
bonded with weak hydraulic mortar [58]. Observable walls sections 
showed that façade walls are usually made with units of different sizes 
and sometimes other materials (e.g., clay bricks marlstones, etc.) with 
sub-horizontal mortar joints and vertical alignment. According to 
Anglade et al. [42], in several cases, the presence of brick masonry was 
observed to constitute the filling panels located around the façade 
openings. Thus, a three-leaf wall (i.e., a wall constituted by two external 
leaves and an inner core usually made of poor-quality rubble masonry or 
another non-homogeneous filling material), with no transversal con-
nections, is assumed in this work [59]. The mechanical properties of the 
masonry were classified according to the Italian Codes as “Masonry of 
rough-hewed stones” and validated with flat jack results obtained from an 
experimental campaign performed by Pinheiro et al. [60]. 

It is assumed the wall-to-wall connection is efficient whenever it is 
possible to confirm the presence of large well-dressed stones at the 
corners, see Fig. 6 (a). If this was not observed, a bad quality connection 
and improper interlocking were conservatively assumed, see Fig. 6 (b). 
This assumption was supported by the presence of large vertical and 
diagonal cracks as a sign of a poor connection between the internal and 

Fig. 6. Connection between structural elements: (a) good quality connections; (b) bad quality connections; (c) detachment crack propagating through the limestone 
lintels of the openings 

Fig. 7. (a) Example of a two-order timber floor with connection to the perimeter wall; (b) timber king post truss of a roof; (c) mixed masonry-timber perimeter ribbon 
of the roof. 
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external walls that allows for independent behaviour and rotation of the 
façade walls, as illustrated in Fig. 6 (c) [43]. 

Timber floors are the most predominant types of floor present in the 
masonry building stock of the Historic City Centre of Leiria. The wood 
floor is made up of pine beams directly supported by a bearing wall or by 
a primary order of timber beams, Fig. 7 (a). No tie rods or metallic el-
ements were identified to improve connections between the floor and 
walls. 

Regarding the roofs, Blyth et al. [43] observed that they are mainly 
built of timber trusses elements, typically simple or king post trusses, see 
Fig. 7 (b). The truss structure is usually connected to the walls through a 
dormant beam extending all along the perimeter with load distribution 
and tying function (Fig. 5 (c)). This beam is a mixed masonry-timber 
element whose presence indicates the proper distribution of the roof 
weight over the loadbearing walls and the effective connection between 
the structural components of the roofing system and the walls. It was 
assumed that inaccessible roofs are similar to the ones inspected. These 
assumptions, namely the non-impulsive nature of the roof and the 
presence of a perimeter ribbon, might lead to a slight, yet no significant, 
underestimation of the vulnerability of the buildings to the roofing 
system interaction [43]. 

5. Post-earthquake damage scenarios and fire risk assessment 

Post-earthquake fire risk analysis encompasses three fundamental 
components: the probability of ignition, the analysis of the way how fire 
is likely to propagate and spread in the building and between neigh-
bouring buildings, and fire suppression, which among other aspects, 
relates to fire combat and evacuation. The following sections present 
and discuss the use of the index-based methodologies detailed in Section 
3. 

5.1. Post-earthquake damage scenarios 

As previously discussed in Section 2, ignition models typically esti-
mate the number, place and/or time of ignition, using regression models 
based on historical event data [11]. According to some literature [7], 

there is a direct correlation between the number of ignition occurrences 
per unit area and the intensity of the earthquake to which this area has 
been exposed, as well as between the level of damage suffered by a 
building and the likelihood of ignition occurring as a result of that 
damage. Following this assumption, it is thus necessary to estimate the 
level of damage that the buildings in the study area of the Historic City 
Centre of Leiria are expected to suffer and, in consequence of that 
damage, the possibility of fire outbreaks. This can be made by using two 
analytical expressions, Eqn. (4) and Eqn. (5), which allow for the esti-
mation of mean damage grades from a correlation between discrete 
values of seismic hazard and the physical vulnerability of the buildings 
quantified using the vulnerability assessment approaches presented in 
Section 3.1. 

Proposed by Bernardini et al. [61], Eqn. (4) allows to estimate mean 
damage grades in masonry buildings, relates the intensity I, defined 
according to the EMS-98, the vulnerability index Iv, obtained with Eqn. 
(1), and the ductility factor Q, which, according to Ref. [43], was 
assumed to be 3.0.   

Ferreira et al. [46] proposed an analogous equation to be used to 
estimate mean damage grades in reinforced concrete buildings, Eqn. (5): 

μD(I, Iv)= 2.839 ×

[

1+ tanh
(

I + 10.79 × (− 0.02 + Iv × 0.0104) − 11.6
5.0

)]

(5) 

Individual mean damage grades computed for each building can be 
then converted to the discrete damage grades (Dk, k∈ [0;5])defined in 
EMS-98 [45], as detailed in Blyth et al. [43]. To perform the conversion, 
a probabilistic distribution based on the discretisation of a beta distri-
bution defined between 0 and 5 is assumed. The correlation proposed by 
Bramerini et al. [62], whose correspondence with the ranges of mean 
damage grade is given in Table 4, is used in this case study. Damage 
factors (DF) defined for each discrete damage grade are used to relate 
the discrete damage grade to the mean damage grade according to the 
approach proposed by Maio et al. [63]. 

Fig. 8 illustrates the spatial distribution of the discrete damage 
grades obtained for a seismic event of intensity IEMS− 98 = VIII. As can be 
observed in Fig. 8 and graphically presented in Fig. 9, 15% of the 
buildings are expected to reach damage grade D1, 19% damage grade 
D2, and 58% damage grade D3, corresponding to severe damage. Finally, 
6% of the buildings reach damage grade D4, and 1%, D5. It is worth 
noting all these buildings with damage grade D4 and 1%, D5 are masonry 
structures, see Fig. 9. 

5.2. Ignition and post-earthquake fire risk 

A strong ground shaking, as is the case of a seismic event of intensity 
IEMS− 98 = VIII, can cause structural and non-structural damage to 
buildings and infrastructures and, as a result of these damages, poten-
tiate different sources of ignition [4]. Short circuits or leaks resulting 
from damage to old and inadequate electrical and gas installations, and 
the overturning of electrical appliances, heating equipment or flam-
mable materials, are just a few examples of potential sources of fire 
inside buildings. Damaged urban infrastructures, such as gas mains and 
pipelines, as well as broken electrical transmission lines, can also cause 
fiercer urban fires following strong seismic events [6]. 

Based on the damage scenario obtained, post-earthquake fire (PEF) 
risk is analysed in this study by combining the above-presented discrete 
damage grades (Table 4) and the fire ignition indicators described in 
Section 3.2. As presented in Table 5, this is done through a risk matrix 
that relates the level of seismic damage estimated for each building and 
its level of risk associated with fire ignition (SFI), which results from the 
analysis of the overall conservation state of the building, the state of 
maintenance of the electrical installations, the type of gas installations, 

Table 4 
Correlation between discrete damage grade and range of mean damage grade 
[42].  

Mean damage grade, μD  Damage factor, DF Discrete damage grade, Dk  

[0.00, 0.50] 0.00 D0: No damage 
[0.50, 1.42] 0.01 D1: Slight damage 
[1.42, 2.50] 0.10 D2: Moderate damage 
[2.50, 3.50] 0.35 D3: Severe damage 
[3.50, 4.00] 0.75 D4: Very severe damage 
[4.00, 5.00] 1.00 D5: Destruction  

μD(I, Iv,Q)=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

[

2.5 +

[

3 × tanh
(

I + 6.25 × (0.592 + 0.0057 × Iv) − 12.7
Q

)]]

× e(0.592+0.0057×Iv)/2×(I− 7), I ≤ 7

2.5 +

[

3 × tanh
(

I + 6.25 × (0.592 + 0.0057 × Iv) − 12.7
Q

)]

, I > 7
(4)   
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Fig. 8. Spatial distribution of discrete damage grades obtained for a seismic event of intensity IEMS− 98 = VIII.  

Fig. 9. Damage distribution for IEMS− 98 = VIII.  

Table 5 
Post-earthquake fire (PEF) risk matrix. 
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and the combustibility (combustion speed and inflammability) and 
ignition susceptibility of the materials inside the building. From the 
combination of these aspects, it is then possible to compute a quanti-
tative risk indicator (SFI) that quantifies the risk associated with fire 
ignition. For ease of interpretation and input into the risk matrix, fire 

ignition results are graded into four levels: Low, if SFI ranges between 
1.00 and 1.33; Moderate, if it is higher than 1.33 but lower or equal than 
1.66; High, if it higher than 1.66 but lower than 1.99; and Extreme, if the 
SFI is greater than 1.99 [38]. 

Figs. 10 and 11 illustrate the spatial distribution of the fire ignition 

Fig. 10. Fire ignition (SFI) results.  

Fig. 11. Spatial distribution of post-earthquake fire (PEF) risk results, obtained according to Table 5.  
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(SFI) results and post-earthquake fire risk (PEF) results, respectively. 
From the analysis of Fig. 10, it is possible to observe that most of the 
buildings (68% of them) present a low probability of ignition. This 
outcome results from the combination of a generally good conservation 
state of these buildings, remodelled or new electrical and gas in-
stallations, and low fire loads. An important part of the buildings pre-
sents a moderate risk of fire ignition (23%), mainly corresponding to 
buildings whose electrical installations have not been completely 
refurbished, still retaining several original circuits. Finally, 9% of the 
buildings present a high risk of ignition (SFI) as a result of their poor 
conservation state, the presence of electrical installations that do not 
guarantee adequate safety conditions and gas supply based on cylinders 
stored in non-ventilated compartments inside the building. 

Regarding the post-earthquake fire risk results, as presented in 
Fig. 11, 37 (54%) buildings resulted in a low level of post-earthquake 
fire (PEF) risk, 16 (24%) in a moderate PEF risk and 6 (9%) in a high 
PEF risk. There were also identified 8 (12%) buildings for which the 
level of post-earthquake fire risk is neglectable, as a result of a very low 
level of seismic damage (no damage to slight damage, see Fig. 8) and low 
level of risk associated with fire ignition (SFI), see Fig. 10. 

5.3. Fire propagation 

Fire outbreaks are often extinguished at an early stage by the 
buildings’ occupants. However, in a post-earthquake scenario where 
people are faced with a chaotic event, the response conditions may be 
diminished, giving way to its spread. Botting [3] describes three ways in 
which a fire can spread: (i) within buildings, most likely through 
openings or vertical routes (stairs), or when internal walls or partitions 
fail; (ii) through the outside of the building when flames come out of 
windows and reach the upstairs openings; and (iii) between buildings, 
by radiant ignition of combustible exterior materials or contents and by 
firebrands. According to some authors (refer to Ref. [15], for example), 
fire spreading through windows or by direct flame contact via roofs are 
the two leading causes of fire spread in urban areas. Having this in mind, 

two types of fire spread are considered in this analysis: inside the 
buildings (whose assumptions are detailed below) and outside the 
building through windows. Propagation between buildings is taken into 
account in a simplified manner by admitting that buildings with a high 
fire propagation factor (SFP), are likely to be a source of fire to adjacent 
buildings. 

Fig. 12 shows the mapping of the fire propagation factor (SFP). As 
given in Table 3, this factor depends on five partial factors: the gap 
between aligned openings, the existence of safety and security teams, 
fire detection, alert and alarm systems, fire compartmentalisation and 
fire loads. To consider the effects of the seismic damages (structural and 
non-structural) on the spread of fire within the buildings, it was 
admitted that buildings with damage grades equal to or greater than 
D3present a level of damage such that the compartmentalisation ca-
pacity of the interior walls is compromised. Based on this premise, the 
partial factor related to fire compartmentalisation was evaluated and 
reduced accordingly for the post-earthquake scenario given in Fig. 12. 
The increase in the fire propagation factor (SFP) in a post-earthquake 
scenario is represented by the dotted circles. 

According to the analysis performed, most of the buildings, 66%, 
present a low risk of propagation (SFP). These are mainly mixed-use 
buildings (commercial and residential) with low amounts of fire load. 
10% of the buildings that were identified as having a moderate risk of 
propagation (SFP) correspond either to buildings with an insufficient 
distance between aligned openings or to commercial buildings with lack 
or inadequate fire detection alert or fire alarm systems. This group also 
includes buildings that are currently undergoing renovation or recon-
struction works. As it is recognised [64], besides the lack of surveillance 
during non-working hours, which can lead to late detection situations, 
these buildings typically store high amounts of dangerous material and 
products, such as solvents, fuels, compressed gases, etc., which, com-
bined with the material and construction characteristics of the buildings 
with plenty of voids and ducts where fire can spread, make these 
intervention periods particularly dangerous and prone to uncontrolled 
fire situations [65]. 15% and 9% of the buildings resulted respectively in 

Fig. 12. Mapping of the PEF risk associated with the development and propagation of fire.  
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Fig. 13. Accessibility levels, inaccessible areas (a) and post-earthquake fire risk and propagation results (b) for an earthquake scenario of IEMS-98 = VIII.  
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a high and very high level of risk regarding fire propagation (SFP). These 
buildings correspond mainly to mixed-use residential and commercial 
buildings, which combine significant amounts of fire load and the 
absence of fire detection or alarm means – in some cases, violating the 
current regulation. 

5.4. Fire combat 

Fire combat refers to all activities to extinguish a fire. Firefighting 
activities encompass five fundamental actions: fire discovery, fire 
report, fire response, the arrival of the fire brigades, and fire control [4]. 
Different factors can delay fire control efforts [10,48], including damage 
to communication equipment or to operational buildings (particularly to 
fire stations), the failure of water supply systems, and the blockage or 
ruin of the evacuation paths. According to Quagliarini et al. [66], 
evacuation paths’ vulnerability can be measured in terms of intrinsic 
and extrinsic vulnerability. The intrinsic vulnerability relates to street 
elements (i.e., street pavements, foundations, embankments and life-
lines) and underground elements such as underground structures. 
Extrinsic vulnerability refers to elements that do not belong to the street 
but may compromise or block it, such as building debris. 

Although the intrinsic vulnerability of evacuation routes is a major 
issue in many historical centres – many are built on human-made ground 
cavities going back to the past centuries [67], which make them sus-
ceptible to foundation failure –, the present study focuses specifically on 
the analysis of the extrinsic vulnerability of the evacuation paths by 
assessing possible obstruction phenomena resulting from the deposition 
of building debris. This topic requires special attention since it is not 
only a crucial factor in firefighting but also the road’s performance as an 
evacuation route will be reduced. Nishino et al. [13] addressed this issue 
by analysing the probability of firefighting routes become impassable as 
a result of the collapse of some buildings. A similar analysis was pre-
sented by Zlateski et al. [68]. However, in that case, built environment 
damage assessment was combined with the simulation of human evac-
uation behaviour to identify potentially inaccessible evacuation paths 
and urban areas in case of a seismic event. 

Among the most frequently observed mechanisms of damage in 
building in urban areas, the out-of-plane behaviour of the facade walls is 
undoubtedly the most concerning one, not only because of the direct 
consequences of that collapse (namely in terms of human and economic 
losses) but also due to their indirect impacts, such as the previously 
mentioned obstruction of evacuation and rescue routes. Based on this 
observation, Ferreira et al. [51] proposed a methodology for assessing 
the seismic vulnerability of masonry façade walls, based on that 
vulnerability, creating damage and urban inaccessibility scenarios. This 
method was recently applied by Anglade et al. [42] in the analysis of a 
broader area of the Historic City Centre of Leiria. Based on the estimated 
damages and using criteria that adds the geometrical characteristics of 
the roads, Anglade et al. [42] have hierarchised three different typol-
ogies of evacuation routes according to their level of post-earthquake 
functioning [69]: routes accessible by car: minimum free width of 4.0 
m; routes accessible for pedestrian rescue: free width smaller than 4.0 m; 
and inaccessible routes. 

Fig. 13 (a) and (b) show the urban accessibility outputs reported in 
Anglade et al. [42] and its combination with the fire ignition (SFI) and 
propagation (SFP) results for the same post-earthquake scenario, 
respectively. 

As can be seen in Fig. 13 (a), the three areas identified as potentially 
isolated that encompass buildings with a high risk of post-earthquake 
fire (PEF), see Fig. 13 (b). Most of these buildings are located around 
the main square of the Historic City Centre of Leiria, which, in addition 
to a fundamental node in the urban fabric of the historic centre, was 
identified by Anglade et al. [42] as a safe area for people during the 
evacuation process. In the case of the PEF scenario, some of these routes 
could be blocked by flames, smoke and ashes, preventing or turning 
difficult the passage of evacuees and rescuers. It can also be seen in 

Fig. 13 that three of the buildings identified with a moderate risk of 
post-earthquake fire are located within the limits of isolated area 3. Even 
though these buildings do not present a considerable risk of propaga-
tion, the blockade of the streets can prevent the quick access of the fire 
brigades to the building, delaying thus the start of the combat and giving 
time to the fire to propagate and, in the worst-case scenario, leading to 
conflagration. Contributing to this is also the fact that three out of the 
five hydrants located within the study area (H1, H2 and H5) might 
become unreachable to the fire brigades, see Fig. 13 (b). 

6. Final remarks 

This paper discusses the use of pre-established seismic and fire 
vulnerability and risk assessment approaches to evaluate post- 
earthquake fire risk in historic city centres. Among other innovative 
aspects, this framework takes advantage of damage scenarios not only to 
analyse possible post-earthquake fire ignitions but also to account for 
the impact of the damages in terms of fire propagation. Although many 
questions are still unresolved in this field, this work allowed to gain 
some valuable insight into the way how already existing and validated 
seismic and fire vulnerability assessment methods can be effectively 
used to perform post-earthquake fire risk analyses at the urban scale. 

The case study area used herein is only a small portion of a wider 
urban centre. Even so, it allowed evaluating the suitability of the pro-
posed framework. According to the obtained results, masonry buildings 
are significantly more vulnerable than reinforced concrete ones – 85% of 
the buildings with severe damage level (D3), or higher (D4 and D5) are 
masonry buildings. This fact, together with the fire ignition and prop-
agation conditions in the buildings, which, in turn, are strongly influ-
enced by the conservation state of the buildings, the characteristics of 
their electrical and gas installations, and the nature of their fire load, 
makes it clear that some of these buildings may present a potential risk 
of post-earthquake fire. 

Such a risk has been measured here resorting to a risk matrix that 
relates estimated discrete seismic damage grades with the probability of 
fire ignition (SFI). The proposed matrix allowed for the identification 
and hierarchy of the buildings according to four levels of post- 
earthquake fire risk. According to this, 67% of the buildings assessed 
in this work present neglectable or low level of post-earthquake fire risk. 
33% present moderate to a high level of post-earthquake fire risk. It 
should be noted that no building presents a very high risk of post- 
earthquake fire. 

Detecting the levels of post-earthquake fire risk in each building 
made it possible to identify the buildings that, as a result of eventual 
structural and non-structural damages, will present more favourable 
conditions to the propagation of the fire. Finally, the role played by these 
damages in the urban context has also accounted for by integrating 
urban accessibility outputs in the analysis. This is a crucial aspect in a 
post-earthquake fire risk analysis to the extent that urban blockages can 
make some urban areas inaccessible to the fire brigades and evacuation 
teams. 

This study is presented as an original approach in the field of post- 
earthquake fire. Although it is currently limited to masonry and rein-
forced concrete buildings, this work shows that the use of evidence- 
based methodologies for large-scale vulnerability assessment is appro-
priate, allowing to generate a wide set of results that can be subse-
quently used to support and outline effective post-earthquake fire risk 
mitigation strategies in historic urban areas. Future works should focus 
on improving and validating some specific aspects of the analysis, such 
as a more accurate analysis of the fire propagation phenomena between 
buildings, and extending the assessment to other building typologies, for 
example, timber-based and steel structures. It is also recommended that 
future studies extend this research by deepening the consideration of the 
buildings’ occupancy throughout the day. Defining different scenarios 
for distinct day time periods is a possibility that is worth exploring. 
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