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Abstract. Urban risk mitigation is a priority in city management due to the severe
consequences and costs that disasters can cause. Several efforts are focused on disas-

ter prevention through the definition of pre-disaster actions, especially in highly vul-
nerable urban areas. In that sense, historical centres represent one of the main
challenges for risk mitigation due to two inherent characteristics: their heritage value,

related to their historic importance, economic role and social symbolism; and their
high vulnerability, resulting from the condition of old urban areas, usually complex
in terms of architectonic, constructive and urbanistic development. Considering the

abovementioned, the present work focuses on the fire risk assessment of the Histori-
cal Centre of Guimarães, in Portugal. The assessment was developed through the
application of an index-based fire risk assessment method to the 436 buildings that
comprise this UNESCO World Heritage Site. After being integrated into a geograph-

ical information system tool, the assessment results were spatially analysed and dis-
cussed in the form of vulnerability and risk maps. Analysis revealed that about 67%
of the assessed building stock have a moderate to high fire risk. From the analysis of

the sub-factors that compose the Fire Risk Index method, it was further possible to
perceive that this situation is not only associated with the characteristics of the build-
ings, but also to the inner characteristics of the urban area itself. Taking into account

the scale and aim of the study, the results obtained in this work were found to be
reliable, allowing for identification of the most vulnerable buildings in respect to fire
risk.
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1. Introduction

Destruction caused by disasters in urban areas is increasing every year due to
unplanned urban expansion and inefficient government administration. On aver-
age, around 82,000 people are killed annually by disasters, with most fatalities
concentrated in low- and middle-income countries [1]. Not only due to their
higher occupation densities, but also because they are usually located in high risk
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zones, urban areas are particularly vulnerable. This is the result of a fast urban-
ization process accompanied by increased competition for land, a gradually
decreasing vegetation cover, changes in land use, and higher variability in the nat-
ural environment. Exacerbating this situation, urban management is often reactive
to disasters, while prevention is almost not taken into account. Technical, institu-
tional and financial efforts are focused on post-disasters actions, leaving as a
result a lack of knowledge and resources on pre-disaster plans and preventive ini-
tiatives.

In the framework of prevention actions to reduce risk, the present work focuses
on the fire risk assessment of historical centres, urban areas are especially complex
due to their vulnerability and heritage value. On the one hand, proclivity to vul-
nerability is associated to their old nature; some of the main characteristics are
combustible materials present in traditional buildings, high density of construc-
tions with narrow unobstructed street widths, inadequate adaption of buildings
for non-residential purposes and the existence of old electrical installations [2]. On
the other hand, old historical centres are characterized by their high heritage
value, due to their monuments and historical constructions, which are generally
full of attributes of universal importance.

The fire risk analysis of the Historical Centre of Guimarães, a World Heritage
Site inscribed by UNESCO since 2001 due to its extraordinary authenticity and
well-preserved condition, is presented and discussed in this work through the
application of a recently proposed method to assess urban fire risk. In order to
have a spatial view of the obtained results, they were integrated into a geographic
information system (GIS) tool developed to combine data regarding the character-
istics of the building stock, types of use, conservation state, level of exposure and
fire risk. Because it is based on a comprehensive knowledge of the site under anal-
ysis, such a tool is a valuable asset for risk management purposes, allowing city
councils or regional authorities to define more effective and efficient risk mitiga-
tion strategies able to support the requirements of safety and emergency planning
in case of urban fire, which constitutes one of the main outcomes of the analysis
contained in this work.

2. Methodological Framework

In order to clearly identify the methodological framework followed in this work,
this section presents and discusses the fundamentals of the applied fire risk assess-
ment method (in Sect. 2.1), the approach adopted to properly characterise the his-
torical, urban and constructive characteristics of the site (in Sect. 2.2), and the
Geographic Information System tool developed to integrate, manage and visualise
data in the form of geo-referenced maps (in Sect. 2.3).

2.1. Fire Risk Index Method

As already mentioned, the assessment was carried out through the application of
the Fire Risk Index method, which was originally developed by [2] from the sim-
plification of a pre-established fire risk assessment methodology. Such methodol-
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ogy, known in the literature as the A.R.I.C.A. method [3, 4], was originally devel-
oped to evaluate the fire safety of individual buildings using as reference the
requirements of the Portuguese regulation for fire safety in buildings [5]. Built on
this premise, and since the application of the A.R.I.C.A. method to a large num-
ber of buildings is not feasible due to time and resources constraints, the Fire
Risk Index method was proposed with the aim of providing a viable alternative to
conduct large-scale fire risk analysis, accelerating the information gathering pro-
cess and optimising the risk evaluation through a ‘‘large-scale reworked and rede-
fined assessment tool’’ [2]. As with the original A.R.I.C.A. method [3, 4], the Fire
Risk Index method is composed by two global factors: global risk factor (FGR)
and global efficiency factor (FGE), see Table 1.

The global risk factor is divided into three sub-factors devoted to evaluating the
fire ignition phase (SFI), the fire propagation phase (SFP) and evacuation phase
(SFE). As for the global efficiency factor, it considers the fire combat with only
one sub-factor (SFC.). Even though methodologically these four sub-factors pre-
sent the same numerical weight in the calculation of the Fire Risk Index (FRI),
they embrace the general aspects of fire prevention in old masonry buildings, fol-
lowing the whole process of a fire incident, from fire ignition, propagation and
evacuation to fire combat and extinction. Furthermore, the sub-factors break-
down into partial factors that assume numerical values which are defined accord-
ing to an analytical hierarchy process. As presented in Eq. (1), the Fire Risk
Index (FRI) is obtained by the quotient between the weighted average of the four
sub-factors described above and a reference risk factor (FRR) that takes into
account the type of building use (see Table 2).

FRI ¼
1:20� SFI þ 1:10� SFP þ SFE þ SFCð Þ=4:0

FRR
ð1Þ

As in the A.R.I.C.A. original methodology, the obtained FRI assumes the unit
value as the reference value for safety verification. Thus, in a simplified manner,
an FRI value higher than 1.0 suggests the need for the implementation of fire risk
mitigation strategies. On the contrary, an FRI value lower than 1.0 suggests that
the building fulfils the minimum fire safety requirements of the Portuguese fire
safety code [5].

As can be seen in Eq. (1), sub-factors SFI and SFP are affected by two aggra-
vating coefficients equal to 1.20 and 1.10, respectively. The adoption of these two
coefficients is justified by [2] under the premise that interventions in old city cen-
tres should be targeted to reduce both the likelihood of fire occurrence and propa-
gation.

It is important to stress that, since FRI is founded on the empirical determina-
tion of the four abovementioned sub-factors, this Fire Risk Index method is con-
sidered a deterministic-based approach. The definition of each one of the four
sub-factors that compose the method is presented below. By the way of example,
the full definition of partial factors PFB3, PFC1 and PFD1 is provided. Further
information regarding the definition and corresponding values of the remaining
partial factors can be consulted in [6].
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The first sub-factor ‘‘Fire ignition’’ (SFI) is associated with four partial factors.
The ‘‘Building conservation state’’ (PFA1), which evaluates the conservation state
of individual components of the building, such as the façade wall, horizontal dia-
phragms and ceilings, as well as the general conservation state of the construction.
The ‘‘Electrical installations’’ (PFA2), on the basis of which the electrical installa-
tions existing in the buildings are classified into refurbished, partially refurbished
or non-refurbished. Regarding the ‘‘Gas installations’’ (PFA3), the methodology
considers the type of gas supply, its location and the ventilation condition.
Finally, the partial factor ‘‘Fire load nature’’ (PFA4) embraces two fundamental
aspects associated with the building materials: their combustibility, evaluated
through a combustibility coefficient, which relates to such aspects as combustion
speed and inflammability; and an activation coefficient, related to the ignition sus-
ceptibility of the materials.

Table 1
Fire Risk Index Method: Global Factors, Sub-factors and Partial
Factors Definition

Sub-factors Partial factors

Global risk factor (FGR)

Fire ignition (SFI) Building conservation state (PFA1)

Electric installations (PFA2)

Gas installations (PFA3)

Fire load nature (PFA4)

Fire propagation (SFP) Gap between aligned openings (PFB1)

Safety and security teams (PFB2)

Fire detection, alert and alarm (PFB3)

Fire compartmentalisation (PFB4)

Fire loads (PFB5)

Evacuation (SFE) Evacuation and escape routes (PFC1)

Building properties (PFC2)

Evacuation correction factor (PFC3)

Global efficiency factor (FGE)

Fire combat (SFC) Building external fire combat factors (PFD1)

Building internal fire combat factors (PFD2)

Security teams (PFD3)

Table 2
Reference Risk Factor, FRR, for Different Types of Building Use

Reference risk factor

Building use

Residential Service or industrial spaces, libraries and archives

FRR 0:19þ 0:25� Fc* 0:10þ 0:25� Fc*

*FC is a correction factor that can assume the values of 1.10, 1.20 or 1.30, for a building of< 3,< 7, and

7 + floors, respectively.
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Sub-factor ‘‘Fire propagation’’ (SFP) is based on five partial factors. The first
one evaluates the ‘‘Gap between aligned openings’’ (PFB1) by considering the
number of gaps between aligned openings with a distance lower than 1.10 m, a
value that is indicated by the Portuguese fire safety code [5] as the minimum
admissible distance to avoid vertical propagation. The second partial factor,
‘‘Safety and security teams’’ (PFB2), is related to the existence of the safety of
security teams in the buildings, according to the criteria established in the Por-
tuguese fire safety code [5]. Regarding the partial factor ‘‘Fire detection alert and
alarm’’ (PFB3), it considers the existence of an automatic, manual or combined
fire detection system, depending on the building’s use. Two different alarm fire
equipment/devices are established in the Portuguese fire safety code [5]: automatic
detectors and alarm operator buttons (manual detectors). On this basis, the condi-
tions and values presented in Table 3 were defined to assign the partial factor
PFB3. As one can observe, whenever fire alarm equipment/devices are not required
by the current code, partial factor PFB3 can assume a value equal to or lower
than 1.00, in the cases where, respectively, there are or there are not such equip-
ment/devices. In the other cases, i.e., whenever there are no fire alarm equipment/
devices, although required by the current fire code, the partial factor PFB3 should
assume a value higher than 1.00.

The fourth partial factor, ‘‘Fire compartmentalisation’’ (PFB4) addresses the
resistance to fire of the construction elements that play the most important role
for fire compartmentalisation, namely the exterior and interior walls, the slabs and
the openings (windows). Finally, the partial factor ‘‘Fire loads’’ (PFB5) evaluates
the type and quantity of fire load present in the building.

As for the sub-factor ‘‘Evacuation’’ (SFE), it is evaluated by means of three par-
tial factors. A first partial factor devoted to the ‘‘Evacuation and escape routes’’
(PFC1). This partial factor considers all features concerning building evacuation
conditions and escape routes, from clear widths of horizontal and vertical evacua-
tion routes, to windows and doors widths, number of available exits, slope of ver-
tical escape routes and emergency light signage systems. As presented in Table 4,
partial factor PFC1 assumes an initial lower limit value of 1.00, to which can be
added one or more coefficients related to the inherent conditions of the evacuation
and escape routes. It is worth noting that, also in this case, the conditions given in
Table 4 were defined in accordance with the Portuguese fire safety code [5].

Regarding the ‘‘Building properties’’, evaluated by partial factor PFC2, three
fundamental aspects are considered: fire alert and alarm, the existence of security
teams and the frequency of evacuation simulacrums. The final evaluation of the
evacuation characteristics of the buildings are obtained by considering the partial
factor ‘‘Evacuation correction factor’’ (PFC3), which should be considered when
partial factors PFC1 and PFC2 are not applied according to the regulation require-
ments. In practice, when this condition is not verified, this partial factor acts as a
magnification factor to the values of PFC1 and PFC2. In respect to the number of
floors for a building of< 3,< 7 and 7 + floors, PFC3 assumes the values 1.10,
1.20 or 1.30, respectively [6].

Finally, sub-factor ‘‘Fire combat’’ (SFC) is evaluated with three partial factors.
As for the first one, the ‘‘Building external fire combat factors’’ (PFD1), it is
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obtained from the arithmetic average of three fundamental parameters: building
accessibility, external fire hydrants and water supply reliability. Regarding the
accessibility parameter, it considers all features concerning building evacuation
conditions, namely the widths of the horizontal and the vertical evacuation routes,
the number of exits, the slope of the vertical evacuation routes and the existence
of emergency lighting systems. Table 5 presents the features and conditions estab-
lished to evaluate this parameter. For the cases not covered by the ranges defined
in Table 5, the accessibility parameter should be assigned as equal to 2.00.

In respect to external hydrants parameter, the Portuguese fire safety code [5]
recommends the existence of fire hydrants at a maximum distance of 30 meters
from every building exit. However, considering the characteristics inherent to the
nature of historical urban areas, one can easily understand that this requirement is
unreasonable and therefore the Fire Risk Index method assumes as an admissible
value a maximum distance of 100 meters [2], see Table 6. The final value of this
parameter further depends on the existence and availability of wall hydrants in the
building’s façade. Concerning the water supply reliability parameter, since there is
no valid data or information to evaluate this aspect, it is usually considered as
equal to 1.00.

Regarding the partial factor ‘‘Building internal fire combat factors’’ (PFD2), it
evaluates the fire combat conditions in the interior of the building. This factor is

Table 3
Description of Partial Factor PFB3: Fire Detection, Alert and Alarm
Systems

Fire detection, alert and alarm systems

Code com-

pliance Type of Equipment/device PFB3

Does not

require

There is an automatic fire detection system (automatic detectors) 0.50

There is a manual fire detection system (alarm operator buttons) 0.90

Requires Equipment in accordance with fire code requirements 1.00

There is no manual fire detection system with alarm operator buttons 1.20

There is only a manual fire detection system, when fire code requires an auto-

matic fire detection system as well

1.80

There is no automatic fire detection system 2.00

Table 4
Description of Partial Factor PFC1: Evacuation and Escape Routes

Conditions of the evacuation and escape routes PFC1

Widths of corridors/paths and openings lower than 0.90 m 0.25

Number of exits lower than the minimum regulatory required 0.25

Slope of vertical escape routes higher than 45º 0.25

Nonexistence of light-signalling emergency systems when required 0.25
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relatively simple, as it depends only on the building use and on the existence of
fire extinguishers. For residential buildings this partial factor assumes the value of
0.9 in the cases where there is at least one fire extinguisher. For the other cases, a
value of 1.0 should be adopted. For buildings with a no-residential use, the num-
ber of fire extinguishers should be equal to the number of floors of the building,
allowing extinguishing of the fire properly at an initial stage. The existence of fur-
ther fire protection systems, such as wet fire sprinkler systems, dry pipe systems
and pre-action systems can be also considered by the adoption of subtraction
coefficients equal to - 0.25, until a maximum of - 0.75 [6]. Finally, regarding the
partial factor ‘‘Security teams’’ (PFD3), it should assume the same value consid-
ered for sub-factor SFP.

2.2. Adoption of a ‘‘Site Approach’’

To comprehensively characterize the site, facilitate the in situ inspection procedure
and organize the information in a systematic and logical way, the process of data
collection and analysis was based in three fundamental axes: ‘‘site context’’, ‘‘ur-
ban development’’ and ‘‘building characterization’’. From the combination of
these three axes, which are illustrated in Fig. 1 and briefly described in the follow-
ing paragraphs, it is possible to properly characterize the study site and to organ-
ise it with respect to the different characteristics, specifically selected taking into
account the objective(s) and the scale of the analysis. Among other advantages,
this process allows the buildings to be grouped with similar and singular charac-

Table 5
Features and Values Established to Evaluate the Accessibility
Parameter

Accessibility and evacuation route conditions

Height (m) Width (m) Clear height (m) Slope (%) Accessibility parameter value

£ 9.00 ‡ 3.50 ‡ 4.00 £ 15.00 1.00

‡ 3.50 ‡ 4.00 > 15.00 1.50

> 9.00 ‡ 6.00 ‡ 5.00 £ 10.00 1.00

‡ 6.00 ‡ 5.00 > 10.00 1.50

Table 6
Features and Values for the External Fire Hydrants Parameter

Conditions

Distance from the fire hydrant Existence of wall hydrants Fire hydrants parameter value

£ 100 m No 1.00

> 100 m Yes 1.50

No 2.00
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teristics, to identify the most vulnerable areas and to establish a spatial organiza-
tion of the data.

The ‘‘site context’’ is related to the gathering of relevant information about the
site. Cities typically have multiple sources of information developed by different
actors, such as governmental and management authorities, civil protection bodies
and research institutions, which, together with the several operational manage-
ment plans in force, can support the risk assessment and increase the accuracy of
the analysis. By this process, it is possible to obtain fundamental data that are dif-
ficult or impossible to obtain on the basis of in situ inspection.

The ‘‘urban development’’ is, in turn, related to the historical evolution of the
site. On the basis of this information it is possible to identify periods of stagna-
tion or intense development in the expansion of the territory, which, as detailed in
[7, 8], can be considered as breakpoints where the constructions share similar con-
structive, formal and organisational characteristics. Since, from the risk assess-
ment standpoint, these characteristics can be interpreted as vulnerability sources
(either positive or negative), the ability to typify them spatially and chronologi-
cally is of utmost importance in an urban risk assessment.

As for the ‘‘building characterisation’’, it is related to the identification of the
construction techniques, materials and architectural features shared by a group of
buildings. The organisation of these characteristics allows quick determination of
the most vulnerable points in a specific construction typology, usually related with
a certain historical period. Within the scope of fire vulnerability, material compo-
sition is a crucial factor for three main reasons. Firstly, the capacity to hold fire,
gases and heat inside a space for a determined amount of time. Secondly, the nat-
ural combustion behaviour of the elements, regarding its tendency to contribute to
fire propagation. Finally, the degradation velocity of walls, slabs and ceilings, tak-
ing into account their contribution for the final resistance behaviour in high tem-
peratures [6].

2.3. Implementation of a Geographic Information System (GIS) Tool

The risk assessment and mitigation in urban areas is often undertaken without the
use of a general planning tool. A primary consequence of this situation is that
technicians and decision makers (city councils or regional authorities) do not
acquire a global view of the area under analysis, which can compromise decision-
making and the effectiveness of subsequent risk mitigation measures [9]. This fact
justifies the need for a multipurpose tool connected to a relational database within
a GIS environment, through which it may be possible to perform integrated anal-
ysis of the project and manage data regarding the characteristics of the building
stock, types of use, conservation state, level of exposure and fire risk.

The GIS software adopted in this study was the open-source suite QGIS [10]
wherein geo-referenced graphical data (vectorized information and orthophoto
maps) was combined with building parameter information. In this specific case,
each polygon (corresponding to a building) was associated with several features
and attributes, allowing for their visualisation, selection and searching. All of the
routines used in this study were programmed and compiled in Visual Basic�
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within a spreadsheet environment. This procedure enabled rapid data layering and
editing of building information. Moreover, all database information associated
with the GIS tool could be updated at any time, which also represents an impor-
tant added-value.

3. The Historical Centre of Guimarães

3.1. Site Context

The historic town of Guimarães, located in the northern Portugal district of
Braga, is usually referred as the cradle of the Portuguese nationality. Its historical
centre, which was formally inscribed as a UNESCO World Heritage Site in 2001,
is an exceptionally well-preserved and authentic example of the evolution of a
Medieval settlement into a modern town (see Fig. 2). Because of its unity, its
architectural characteristics (a diversity of typologies, illustrating the evolution of
the city at different periods), its construction system (the use of traditional tech-
niques), and its integration with the landscape setting, the old centre of Guimar-
ães represents outstanding universal values [11].

The authenticity of the Historical Centre of Guimarães results from the unified
protection strategies that have been implemented by the municipal technical offices
(GTL). The policies of urban conservation have been based on the promotion of
rehabilitation and the re-evaluation of public spaces, retaining the resident popu-
lation, protecting and maintaining the existing historic structures built with tradi-
tional technologies, as well as guaranteeing a strict implementation, which have

Figure 1. Site approach scheme: site context, urban development
and building characterisation.
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resulted in an exemplary case that distinguishes Guimarães from the other towns
of the country [11].

3.2. Urban Development and Building Characterization

The Historical Centre of Guimarães dates from the tenth century. It started as a
settlement of two elements: a monastery and a fort, one in the valley and the
other in the hill, respectively. Through the centuries, these two focal points have
continued to grow until they formed the walled city in the thirteenth century.
Although in subsequent centuries the city has begun to expand outside the wall,
this core area would remain almost unchanged until 1853, when the village of
Guimarães was elevated to the category of city and the surrounding wall was
removed. From this point on, Guimarães suffered intensive urban development
through the 19th and 20th centuries, including the improvement of the extramural
modern city and several interventions in the historical centre [12].

According to ICOMOS [13], the Historical Centre of Guimarães has several
typologies of constructions corresponding to different periods of the city. The
classification includes buildings that still exist in the UNESCO nominated area,
starting from the Bourgeois Houses of the XVI century, to the Urban Noble
Houses from the second half of the XVIII century and the traditional Stone
Masonry Constructions Coated with Tiles, characteristic of the XIX and XX cen-
turies. The main construction systems present in the Historical Centre of Guimar-
ães are granite stone masonry walls and two traditional construction processes

Figure 2. A view of the Historical Centre of Guimarães (Source
www.guimaraesturismo.com; author: P.Pacheco).
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called ‘‘Taipa de Rodizio’’ and ‘‘Taipa de Fasquio’’. While granite stone masonry
was generally used in the façade and ground floor walls, ‘‘Taipa de Rodizio’’ and
‘‘Taipa de Fasquio’’ are often founded in the upper floors due to their lightweight
nature [14].

3.3. Fire History in the Historical Centre of Guimarães and the Pilot Plan
for Fire and Safety

During the last 11 years, 3 out of 9 fires registered in Guimarães have occurred
inside the study area. Although no deaths have been reported in these events, they
have resulted in significant material losses, not only in the buildings directly affec-
ted by fire, but also in the neighbouring ones [15–17]. In response to those events,
in 2004 the Municipality of Guimarães has developed a Pilot Plan for Fire Fight
and Safety [18], which divides the Historical Centre of Guimarães in two distinct
zones: the UNESCO nominated area and the surrounding zone, known as the
buffer zone. In general lines, the plan was developed in five main phases: phase
1—intervention methodology; phase 2—information acquisition and analysis
objects; phase 3—elaboration of a risk letter; phase 4—elaboration of safety mea-
sures; and phase 5—emergency plans. It is worth noting that this Pilot Plan does
not include a specific proposal for an emergency plan for fire risk, since, at that
time, the Municipality of Guimarães already had an emergency plan in the
required terms.

4. Study Area, Survey Procedure and Evaluation Criteria

Under the fire risk assessment of the Historic Centre of Guimarães, 436 buildings
were evaluated, spread over an area of about 15.9 m2. To better organize the sur-
vey campaign, the study area was divided into seven zones defined according to
the urban development of the area, whose foundations were already detailed in
Sect. 2.2. Figure 3 presents the study area and the delimitation of the seven zones.

The building stock included within the study area is mainly constituted of med-
ieval constructions, located in the settlement area of the old walled city back in
the tenth century. Of the seven zones, Zone 1 and Zone 7 were not considered in
the assessment because they are composed of buildings that, due to their construc-
tive features, are incompatible with the assessment approach applied in this work.
In the case of Zone 1, it held singular buildings of monumental nature (such as
the Castle and the Palace of the Dukes of Braganza), whereas Zone 7 includes
contemporary buildings, not related therefore to the medieval typology.

4.1. Survey Procedure

As a complement of the ‘‘site approach’’ described in Sect. 2.2, an extensive field
data survey was carried out, including both in situ building inspection and per-
sonal interviews. In order to encourage public participation and increase the
amount of data obtained, the survey approach was divided into two parts. The
first part, intended for the building owner/users, included basic information about
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the building, such as its type of use, general conservation state, stored material
(fire load), the existence of fire safety equipment, as well as type and number of
evacuation routes. A second part, of the responsibility of the technician conduct-
ing the survey, includes more technical information on the building, comprising
the characterization of relevant structural, non-structural and construction
aspects, and external fire combat conditions (accessibility, water availability and
the proximity to hydrants).

All data obtained from the in situ inspections was codified and organized into a
comprehensive database, which, as already mentioned in Sect. 2.3, was connected
to the GIS tool. In order to facilitate future identification and update, the numeri-
cal information was complemented with photographic records of the buildings.

4.2. Evaluation Criteria

For analysis purposes, the 436 buildings located within the study area were divi-
ded into two groups: evaluable and not-evaluable buildings. The first group, con-
taining a total of 269 buildings, was mostly composed by housing, commercial
and mixed-use buildings. As for the second group, with 167 buildings, it included
all buildings that, either due to their construction characteristics (reinforced con-
crete or RC buildings), type of use (churches, museums, etc.) or current occupa-
tion state (abandoned), were not evaluated in this work.

Figure 3. Historical Centre of Guimarães: Study area and zone
delimitation.
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5. Fire Risk Assessment Results and Data Interpretation

The first step towards the fire risk assessment involved the identification of the
different types of use associated with each building. Despite most of the buildings
corresponding to mixed uses, it was necessary to identify the worst-case scenario
in order to assess each specific case.

As depicted in Fig. 4, a total of 107 buildings combine a commercial use (bars,
restaurants and offices) on the ground floor with residential use of the upper
floors. There are 55 buildings whose use is exclusively residential, and 58 that
combine other types of use (other than residential). As for the remaining 40 build-
ings, there are combined situations of vacant upper floors with commercial (36) or
other types of use (4) on the ground floor.

5.1. Fire Risk Index

On the basis of the Fire Risk Index (FRI) results mapped in Fig. 5 it is possible to
quickly examine the overall level of fire risk associated to each one of the build-
ings included in the study area. This indicator allows, in a broader and spatial
manner, to identify more unsafe and critical buildings. To do so, FRI can be divi-

Figure 4. Identification of the types of building use identified in the
Historical Centre of Guimarães.
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ded into four levels of risk: low [0.60–1.00], moderate [1.00–1.30], high [1.30–1.65]
and extreme [1.65–2.0]. As discussed in detail below, buildings classified with high
to extreme risks generally combine the following situations: derelict and obsolete
electrical installations, structural safety issues, significant fire loads, lack of or
inoperability of fire detection means, alert and alarm systems, and constrained or
even inaccessible evacuation routes.

From the analysis of the result depicted in Fig. 5, one can observe that 161
buildings, which corresponds to almost 55% of the building stock evaluated pre-
sent a moderate risk. Moreover, about 30% of the buildings (92 buildings) have a
high level of risk, as most of them are located in streets without an access for fire
fighting vehicles. Only 16 buildings, which represents 6% of the building stock
analysed, resulted in a low level of risk. In other words, only 16 buildings out of
the 269 buildings included in the first group of buildings analysed comply with the
requirements of the Portuguese fire safety regulations in force.

5.2. Sub-factor Associated to Fire Ignition

As already mentioned, the sub-factor associated to ‘‘Fire ignition’’ (SFI) is
obtained through the average of four partial factors: ‘‘Building conservation
state’’ (PFA1), ‘‘Electric installations’’ (PFA2), ‘‘Gas installations’’ (PFA3) and

Figure 5. Mapping of the Fire Risk Index (FRI) results.
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‘‘Fire load nature’’ (PFA4). This sub-factor is particularly important insofar that
old and absolute electrical installations and heating systems are among the main
sources of fire ignition in old buildings [19]. These elements are particularly haz-
ardous when associated with low conservation/maintenance levels and high fire
loads.

Thus, the partial factor related to ‘‘Building conservation state’’ (PFA1) provides
crucial information on the fire ignition conditions of the buildings. In general,
59% of the buildings analysed (160) were considered to be in a reasonable conser-
vation state, 28% (99) in a good conservation state and 4% (10) in a bad conser-
vation state. Besides, during the in situ survey, two buildings were found in a state
of ruin and 9 were under rehabilitation works. Regarding the electric installations,
which are evaluated by partial factor PFA2, 51% of the buildings (138) had instal-
lations completely refurbished in the past 10 years, 23% of the buildings (62) kept
partially refurbished installations and 26% of the buildings (69) presented original
non-refurbished installations. It is important to highlight the direct relationship
found between this feature and the FRI value of the building. In fact, much of the
buildings considered to be high risk (i.e., with a fire risk index greater than 1.60)
have non-refurbished electrical installations. As for the partial factor related to
the ‘‘Gas installations’’ (PFA3), 56% of the buildings evaluated are either supplied
by canalised gas or do not have any gas supply facility. The remaining 34% of the

Figure 6. Mapping of: (a) fire ignition (SFI); and (b) fire propagation
(SFP) sub-factors.
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buildings are supplied by gas bottles. Of the latter ones, 9% keep the gas bottle
outside, 23% keep the gas bottle in a ventilated place inside, and 12% keep the
bottle in a non-ventilated place. In what regards the partial factor related to ‘‘Fire
load nature’’ (PFA4), due to the low risk nature of the materials found, both in
terms of combustibility and activation coefficient, it is not interesting to detail it
here.

From the exposed, and reporting to Fig. 6a wherein the global distribution of
the sub-factor associated to fire ignition are presented, it is worth commenting
that about 93% (253) and 6% (16) of the buildings present a low and a moderate
level of risk, respectively. It is important to note that despite there being several
buildings with non-refurbished gas installations and gas bottles placed inside the
building in non-ventilated compartments, the values obtained for this sub-factor
were low due to the nature of the materials present in most of the buildings.

5.3. Sub-factor Associated to Fire Propagation

Sub-factor associated to ‘‘Fire propagation’’ (SFP) is obtained through the aver-
age of five partial factors: the ‘‘Gap between aligned openings’’ (PFB1), ‘‘Safety
and security teams’’ (PFB2), ‘‘Fire detection, alert and alarm’’ (PFB3), ‘‘Fire com-
partmentalization’’ (PFB4) and ‘‘Fire loads’’ (PFB5).

Regarding the ‘‘Gap between aligned openings’’ (PFB1), only 38% of buildings
(78) fulfil the requirement of the Portuguese fire safety code [5], see Sect. 2.1. In
consequence, 70% of the buildings (188) present two or more openings with a ver-
tical gap of less than 1.10 m. These buildings, most of them with a commercial
use, are mainly located in zones Z3, Z4 and Z5. As for the partial factor dedi-
cated to ‘‘Fire detection, alert and alarm systems’’ (PFB3), its evaluation was per-
formed taking into account the provisions of the Portuguese fire safety code. As
referred to in Sect. 2.1, residential buildings are not required to have a fire detec-
tion system, which means that all residential buildings were considered to be safe
in relation to sub-factor PFB3. In the case of buildings with a commercial use–
bars, hostels and restaurants–Portuguese fire safety code requires the existence of
both a fire alarm system and manual call points. However, the majority of the
constructions evaluated only present one of these two devices, usually the auto-
matic detection system. Thus, in summary, 37% of the buildings (100) comply
with the regulation, 19% (51) are required to have a manual call point but do not
have it, and 41% of the buildings (110) do not have an automatic detection sys-
tem, although required. Concerning the ‘‘Fire loads partial factor’’ (PFB5), which
evaluates the density of the fire load of the materials with major presence on the
buildings, 48% of buildings (129) have a moderate fire load, i.e., they present
materials that may potentiate fire propagation, such as paper and textiles. More-
over, 4% (10) present a high fire load. Most of these latter are used as small-scale
workshops and are located in Zone Z4.

It is important to notice that partial factors PFB2, ‘‘Safety and security teams’’,
and PFB4, ‘‘Fire compartmentalization’’, are not detailed in this paper due to their
homogeneous distribution over the study area, which makes them unrepresenta-
tive for the assessment. However, it is worth mentioning that materials and con-
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structive systems are crucial factors to be analysed from the fire risk point of
view, mainly due to reasons already pointed out in Sect. 2.2: the capacity to hold
fire, gases and heat inside a space for a determined amount of time, their natural
combustion behaviour, as well as their rate of degradation taking into account
their contribution for the final resistance in high temperatures [6].

Figure 6b presents the global distribution of the sub-factor associated to ‘‘Fire
propagation’’ (SFP). As can be seen there, 52% of the buildings (140) are consid-
ered in high risk, mainly due to the lack of detection and alarm systems, the
insufficient vertical distance between aligned openings and the presence of materi-
als with moderate to high fire load densities. Furthermore, 38% of the buildings
present a moderate risk. Regarding these latter buildings, it is worth noting that
most of them have a commercial use, which means that, for legal reasons, they
are periodically subjected to a compulsory inspection process. For this reason, it is
reasonable to assume that they fully comply with the legal regulations in force.
Finally, 3% of the buildings (8) were found to be in extreme risk taking into
account their fire propagation characteristics.

5.4. Sub-factor Associated to Evacuation

The sub-factor associated to ‘‘Building evacuation’’ (SFE) can be obtained
through the average of three partial factors: the ‘‘Evacuation and escape routes’’
(PFC1), the ‘‘Building properties’’ (PFC2) and the ‘‘Evacuation correction factor’’
(PFC3).

The first partial factor, PFC1, is related to the characteristics of the internal
evacuation routes, the transit flow capacity and the existence of eventual obstacles
that can make evacuation difficult. Evacuation conditions can be aggravated by
the building use, the number of inhabitants, the number and the characteristics of
the escape routes, as well as by the existence of emergency signage. Moreover, the
typical architectural layout of old buildings, with few main spaces and secondary
narrow ones, may lead to the choice of wrong evacuation paths and assembly
points, along with a significant decrease in the evacuation time [19].

In the case of the buildings located in the Historical Centre of Guimarães, the
average width of the evacuation ways range between 0.90 m and 1.20 m. It is
important to note that all zones from Z2 to Z6, present a higher risk due to the
slope of the exit ways, which are greater than 45 degrees. This characteristic
increases the evacuation time of the building, especially for people with reduced or
null mobility. Such an aspect is particularly important for the old urban areas in
general, and for the Historical Centre of Guimarães in particular, where 30% of
population live in buildings with moderate to high risk in respect to evacuation.
Regarding the partial factor, PFC2, ‘‘Building properties’’, three main characteris-
tics were evaluated: the presence of security teams, whose results were considered
not representative for the assessment given that the majority of buildings evalu-
ated do not have any security team; the presence of fire alarm and detection sys-
tems; and the existence of illuminated emergency signage in the evacuation paths.
As already mentioned in Sect. 2.1, SFE is eventually aggravated by a correction
factor obtained from partial factor PFC3. As explained in detail there, this correc-
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tion factor was thought to take into account the difficulties inherent in the evacua-
tion of higher buildings and therefore its value increases with the number of
floors.

The distribution of the sub-factor SFE over the study area is depicted in
Fig. 7a. From the analysis of this figure it is possible to observe that about 41%
of buildings assessed (110) present a level of risk ranging from high to extreme. It
is also possible to see that these buildings are mainly located in Zones 3 and 6. In
Zone 6 there are actually 5 buildings with extreme risk, which represents the high-
est concentration of buildings with extreme risk in one single zone.

5.5. Sub-factor Associated to Fire Combat

The last sub-factor that composes the Fire Risk Index is associated with ‘‘Fire
combat’’ (SFC). As detailed in Sect. 2.1, SFC is evaluated by means of three par-
tial factors. The first one is related to the ‘‘Building external fire combat’’ (PFD1),
the second one, with the ‘‘Building internal fire combat’’ (PFD2), and the third one
with the existence of fire ‘‘Security teams’’ (PFD3).

In what concerns the building external fire combat factors, 68% of the buildings
(183) have a limited fire combat capacity, whereas 32% (86) present an efficient
fire combat capacity. The result of this partial factor is related to two key charac-

Figure 7. Mapping of: (a) Evacuation (SFE); and (b) fire combat (SFC)
sub-factors.
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teristics: the accessibility and the location of hydrants in the vicinity of the build-
ing. This factor also evaluates the accessibility of the streets, based on their free
width and height, and on the slope of the access ways. According to [19], these
features are particularly important due to their influence on the capacity of the
emergency vehicles to access the buildings and to help and rescue the victims dur-
ing the fire.

With the exception of two streets, the Historical Centre of Guimarães does not
present any issue related to the free height and the slope of the streets. However,
regarding their free width, there is a potential risk resulting from the fact that
much of streets located within the study area present free widths lower than
3.5 m, see Fig. 8a. The only exceptions are the peripheral streets of the area,
whose dimensions comply with this threshold of 3.5 m, see Fig. 8b.

Considering the location of hydrants, the Historical Centre of Guimarães pre-
sents a quite favourable situation, given that all buildings have at least one
hydrant located less than 100 meters from their main exits. Nevertheless, the
absence of fire reels must be underlined here as a negative aspect. These systems
notably improve the effectiveness of the ability to combat fire. Regarding partial
factor PFD2, ‘‘Building internal fire combat’’, it evaluates the existence of fire
extinguishers in the buildings. From the evaluation results it was possible to verify
that about 75% (202) of the buildings analysed fully comply with the require-
ments, about 7% (19) have at least one extinguisher, though still not complying
fully with the Portuguese fire safety regulation, and about 18% (48) do not have a
fire extinguisher, although required. Finally, regarding the existence of ‘‘Security
teams’’ (PFD3), none of the buildings evaluated have a security team dedicated to
the surveillance and management of fire response.

Figure 7b depicts the distribution of the sub-factor ‘‘Fire combat’’ (SFC). As
can be seen there, about 65% of the evaluated buildings present a level of risk
defined as high or extreme. Moreover, 50% and 14% of the buildings (135 and
40) present, respectively, a risk level of moderate and extreme.

5.6. Second Order Analysis

To better understand the fire risk in the Historic City Centre of Guimarães, the
Fire Risk Index (FRI) values are combined and analysed in this section with two
types of exposure data: the existence of empty upper floors and total number of
occupants per building. In the first case, empty upper floors can be seen as ele-
ments that benefit fire propagation, namely due to the increased difficulty in
detecting the ignition. In the second case, the number of building occupants is a
fundamental indicator for estimating the number of people potentially exposed to
fire.

Figure 8a shows the distribution of the empty upper floors in the Historical
Centre of Guimarães, together with the individual FRI results. As one can
observe, there is a total of 20 buildings that are currently empty, with most of
them having a commercial use. It is important to note that some buildings share
partition walls with empty floors, a situation that can enhance fire propagation.
Regarding the combined analysis of the FRI and the total number of building
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occupants, depicted in Fig. 8b, approximately 30% of the occupants considered in
this study are associated with buildings whose FRI ranges from high to extreme
(1.3–2.0). Also in this regard, it is worth adding that the distribution of buildings
with high to extreme fire risk is homogeneous over the whole study area. This sit-
uation emphasizes the need for the adoption of appropriate fire risk mitigation
strategies, not only in specific locations but in the whole area of study (Fig. 9).

6. Final Remarks

As presented and discussed in this paper, the level of fire risk in old urban areas
depends on various factors, some of them related to the physical characteristics of
the buildings, and others associated with the features of the urban space. This
fact, together with the technical and practical difficulties associated with the evalu-
ation of fire risk in existing buildings, makes the fire risk assessment of old urban
areas a particularly challenging task. The methodology used in this work, a sim-
plified version of A.R.I.C.A. methodology, emerged as an attempt to address and
overcome some of the difficulties inherent to such large-scale assessments, namely
those related to time constraints and to the limited access to the interior of build-
ings and to detailed data (e.g. blueprints, drawings and historical information). In
this sense, the results presented and discussed herein should be interpreted taking

Figure 8. Mapping of accessibilities in the Historical Centre of
Guimarães: (a) street width; and (b) accessibility.
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into account the scale and aim of the work. Nevertheless, despite the limitations
associated with this type of analysis, their results allow for the identification of the
most vulnerable buildings in respect to fire risk, which, from the risk management
standpoint, represents a valuable contribution. Actually, the authors believe that
this research can contribute in a meaningful way to the development of a concep-
tual framework to be used by urban management and civil protection authorities
in supporting more effective and efficient risk mitigation strategies.

Before presenting a synthesis on the most significant results obtained for the
Historical Centre of Guimarães, it is worth stressing that this study is based on an
in-depth knowledge of the historical and urban development of the city, namely
regarding the existing architectural typologies, construction techniques and build-
ing materials. Such knowledge constituted an important factor, allowing an
increase in the accuracy of the data used in the assessment and a reduction in the
uncertainty associated with the results.

Regarding fire risk assessment results, only 6% of all the buildings in the His-
toric Centre of Guimarães present a low level of risk, which means that almost all
the study area is currently in an ‘‘unsafe’’ situation. From the analysis of the sub-
factors that compose the Fire Risk Index, it was possible to perceive that the
main causes behind this situation are associated with inner characteristics of both
the buildings and the urban area itself. Aspects like the access ways, evacuation

Figure 9. Combined analysis of FRI results and: (a) empty upper
floors; and (b) number of building occupants.
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paths and vertical communications inside buildings are particularly inefficient,
since they were not originally designed to comply with the current fire safety stan-
dards. Furthermore, the existence of a high density of buildings with mixed use
(typically with small commercial and service areas at the ground floor level and
residential use in the upper floors) is a frequent issue in historical urban areas,
constituting itself an important risk factor.

As a final comment, the authors would like to stress that the Fire Risk Index
method presented in this paper aims at representing a first step towards a broader
objective of enhancing the understanding of the natural and anthropogenic haz-
ards that may affect the Historical Centre of Guimarães. In a short to medium
term, it is intended that this approach can be part of a multi-risk research strategy
(considering urban fire, floods and earthquake risk), wherein various types of risk-
related databases and models are to be integrated into a general assessment mod-
el/tool for risk management and mitigation. Nevertheless, further improvements
should be implemented in the presented Fire Risk Index method, such as the
influence of adjacent buildings with higher fire risk potential and the consideration
of human and socio-economic factors. Moreover, uncertainty analysis should be
performed in order to improve the reliability and the accuracy of the approach.
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9. Maio R, Ferreira TM, Vicente R, Estêvão J (2015) Seismic vulnerability assessment of

historical urban centres: case study of the old city centre of Faro, Portugal. J Risk Res
19:551–580

10. QGIS (2017) Development Team. QGIS Geographic Information System. Open Source

Geospatial Foundation. URL: http://qgis.osgeo.org
11. UNESCO (2001) World Cultural Heritage Nomination Document: Historic Centre of
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