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Abstract: Historic city centres near watercourses are a specific type of urban area that are particularly
vulnerable to flooding. In this study, we present a new methodology of flood risk assessment
that crosses hazard and physical vulnerability information. We have selected the Historic City
Centre of Guimarães (Portugal), a UNESCO Heritage Site, for developing and testing the defined
methodology. The flood hazard scenario was obtained through the hydrologic–hydraulic modelling
of peak flows with a 100-year return period, which provided flood extent, depths, and velocities.
A decomposition of the momentum equation, using depth and velocity, allowed reaching a final
hazard score. Flood vulnerability was assessed through combining an exposure component and
a sensitivity component, from field-collected data regarding wall orientation, heritage status, age,
number of storeys, condition, and material of buildings. By combining the results of the hazard
and vulnerability modules in a risk-matrix, three qualitative levels of flood risk were defined.
The individual and crossed analysis of results proved to be complementary. On one hand, it allows
the identification of the more relevant risk factors—from the hazard or vulnerability modules. On the
other hand, the risk-matrix identified other buildings with a high risk that otherwise would remain
unnoticed to risk managers.

Keywords: urban flood; flood risk assessment; risk management; Historic City Centre of Guimarães

1. Introduction

The dizzying rate of urbanisation over the last few decades has led to an exponential increase
in the magnitude of losses caused by natural and technological hazards worldwide. According to
the risk-related literature, these losses can be understood as the consequence of a certain level of risk
associated with a specific community or society over some specified time period [1]. In a broader
sense, disaster risk is a compound concept determined by the combination of the hazard, exposure,
and intrinsic vulnerability. Moreover, because vulnerability and hazard may change over time, disaster
risk is highly dynamic [2,3]. For this reason, it is fundamental to have ways of monitoring this risk and,
when necessary, supporting the definition and implementation of risk mitigation actions.

As a result of their heritage value and high physical vulnerability, historical centres are particularly
critical areas and, therefore, deserve particular attention. According to the literature [4,5], in the last few
decades, the impact of flooding events in historic centres has indeed increased steadily. As reported
by Miranda and Ferreira [6], examples of recent high-impacting flooding events in historical centres
include those that occurred in Central Europe, back in 2002 and 2010, in South Asia, in 2007 and
2008, and the New Orleans flood of 2005, caused by Hurricane Katrina. In a recent attempt to
study this phenomenon, Marzeion and Levermann [7] investigated the number of cultural heritage
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sites worldwide that, due to global warming, are at risk of being flooded in the next two millennia.
The results of this study are quite conclusive, pointing out that approximately 6% of current UNESCO
sites (about 40 sites) will be flooded, particularly in China and India.

The present article addresses this challenge by discussing the application of an integrated flood
risk assessment approach, which combines flood hazard and building vulnerability indicators to
identify and classify risk and to narrow intervention priorities. The Historic City Centre of Guimarães
(Portugal)—a World Heritage Site inscribed by UNESCO since 2001 due to its extraordinary authenticity
and well-preserved condition—is explored here to illustrate the application of the methodology.
After modelling the flood hazard using the hydrologic–hydraulic method and evaluating the flood
vulnerability of the buildings by resorting to a simplified vulnerability assessment method, we provide
a comprehensive analysis of the outputs, both in an individual and integrated manner. Finally, we used
a risk-matrix approach to aggregate these hazard and vulnerability outputs and categorise the buildings
into three qualitative levels of risk.

More than the results themselves—which are indeed very important for the Municipality of
Guimarães, but eventually will be of little relevance to the reader—the interest and the innovation of
this paper lies in how this integrated flood risk assessment approach (which results from the original
combination of two already existing methods) can be used to individualise and guide intervention
decisions. It is this analysis that, we believe, can be of great interest and direct relevance to the reader’s
own practice.

2. The Historic City Centre of Guimarães

Located in northern Portugal, the city of Guimarães is usually referred to as the cradle of the
Portuguese nationality [8]. The Historic City Centre of Guimarães is a World Heritage Site, deemed as
such in 2001. According to the classification committee, the Historic City Centre of Guimarães is an
exceptionally well-preserved and authentic example of the evolution of a Medieval settlement into a
modern town, see Figure 1a. The architectural characteristics of the Historic City Centre of Guimarães,
marked by a rich diversity of construction typologies associated with different evolution periods of
the place, as well as its unity and integration with the landscape setting, compounds outstanding
universal values.
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Figure 1. The Historic City Centre of Guimarães: (a) View to one of its squares; (b) Example of a flood
event in the Couros’ river basin (source: Guimarães City Council).

According to Miranda and Ferreira [6], in recent decades, the city of Guimarães has been subjected
to intense anthropogenic pressure as a result of a steady increase of urban and industrial occupation.
This has led to the depreciation of the Couros river basin, which was once a central part of the
population’s life and a vital element for the development of the leather industry [9]. As a result,
the levels of pollution and contamination in the Couros creek, as well as the severity of flood events in
the Historic City Centre of Guimarães, have increased substantially, Figure 1b.
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The coexistence of the aspects mentioned above makes the assessment of the flood risk in the
Historic City Centre of Guimarães a particularly challenging and relevant work, constituting, therefore,
the justification for the selection of this case study.

Past Flood Events in the Historic City Centre of Guimarães

The Couros river basin (11.2 km2) is part of the Selho river basin (67.7 km2), which is a sub-basin
of the Ave river basin (1390 km2) which drains to the Atlantic Ocean. The Couros river (5.6 km length)
is thus a small left tributary of Selho river, located entirely in the Municipality of Guimarães.

Water availability soon became a relevant driver of human occupancy along the Couros river
valley that crosses the Historic City Centre of Guimarães.

According to the DISASTER database [10], there are 10 flood occurrences in the municipality.
This database covers the period from 1865 to 2015 and includes only the most severe cases of flooding
(i.e., when at least one casualty, injured, missing, displaced, or evacuated person is registered in the data
sources). In the study area, along the Couros river, there are two flood occurrences of the DISASTER
type, both occurring during the flood event of 28 February 1978: in the elder residential structure
“Lar dos Santos Passos”, where 23 persons were evacuated; and a few hundred meters downstream,
at the trucking station, where three families were evacuated.

Despite this apparently modest record of severe losses, the dense artificialisation and
imperviousness of the basin—particularly in the Historic City Centre—has been causing frequent
episodes of flooding with only material consequences and economic losses. The most recent occurred
on 20 December 2019, which was associated with the Elsa atmospheric depression.

3. Materials and Methods

To better explain the methodological framework adopted in this work, this section presents and
discusses the fundamentals of the applied flood risk assessment method. As schematically illustrated
in Figure 2, the approach is composed of two main modules, the hazard and the vulnerability module.
The bases of these two modules are detailed in Sections 3.1 and 3.2. Finally, Section 3.4 introduces the
study area and the approach adopted in this research to collect, manage, and explore data.
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3.1. Hazard Module

The flood hazard was assessed using the hydrologic–hydraulic method. The assessment
process involved the acquisition and preparation of geometric data, the estimation of the peak
flow, the hydraulic modelling, and the GIS post-processing and mapping.

In the first step, we obtained the geometric data, representing the morphological features of the
floodplain from a base map at a scale of 1:1000, contour lines 1 m equidistant, and a dense cover of
mass points. Such data allowed us to create a detailed digital elevation model (DEM) with 1 m cell
size, covering the entire valley of the Couros river, oriented E-W and crossing the Historic City Centre
of Guimarães, illustrating how significantly modified by human intervention the natural morphology
of the study area has been. The DEM features a topographic obstruction crossing the floodplain– and
the Couros river—with an orientation N-S. At this section, flow occurs through a hydraulic passage
of 30 m length, with a rectangular shape of 4.0 m × 3.5 m, which was geometric and hydraulically
modelled as a bridge. Roughness was represented through the Manning’s n value: 0.025 in the channel
and 0.05 in overbank areas.

Flow data were estimated for the 100-year flood, based on the results obtained from the hydrologic
study of Ramísio, Duarte, and Vieira [11,12], in which peak flows were obtained using empirical,
kinematic, and statistical methods. The adopted 100-year peak flow results from a simple average
of the estimates presented in the cited study, regarding four methods. Three of the methods are
kinematic: the Giandotti, the rational method (using Kirpich concentration-time), and the rational
method (using the Chow concentration-time). As for the rational method, we used the rainfall
Intensity-Duration-Frequency (IDF) curve parameters from a rain gauge station located 45 km ENE of
the study area, with a time series of 25 years. Although the gauge is located 45 km from the study
area, it represents the same climatological and pluviogenic context found at the Couros river basin.
Although the rain gauge is located at an elevation of 95 m, its 10 km radius has a mean elevation of
331.4 m, which is circa 70 m above the mean basin’s elevation of 258.8 m. Considering the mountainous
context where both areas are located, such a difference can be considered as not relevant. Of the several
rainfall durations for which those parameters are valid, we have adopted the interval 30 min to 6 h,
which frames the concentration-time found in the upstream sub-basin that drains to the modelled
reach—30.8 min and 71.7 min according to the Kirpich and Chow formulas, respectively. The rainfall
duration is assumed to equal the concentration-time obtained from the simple average of the applied
methods. The runoff coefficient C was estimated from the slope angle, land use data, and the degree of
imperviousness [11]: 0.56 in the upstream basin and 0.73 in the basin crossed by the modelled stream
of the Couros river.

The fourth method is a statistical one, designated as the Loureiro’s formula. This method uses the
area of the basin and regional parameters, valid for the Portuguese context only, calculated from peak
flow data fitted to the Gumbel distribution. The average of the four estimations was used from the
Ramísio, Duarte, and Vieira [12] study in two sections: one, defined at the upstream inlet (35.95 m3/s,
corresponding to a contributing basin of 3.75 km2); the other, estimated at the downstream outlet of the
modelled reach (54.15 m3/s), the difference (18.2 m3/s) of which we have distributed along the 1786 m
length of the modelled reach, proportionally to the drainage area of 11 pour points, Table 1.

Table 1. Estimated flow data for use in the hydraulic model of the Couros river reach, in the Historic
City Centre of Guimarães.

Pour Point Upstream Inlet A B C D E F G H I J K

Reach length
(m) 0.00 33.0 51.6 158.9 260.0 651.2 782.7 1013.7 1146.4 1252.6 1344.2 1495.1

Affluent Qp
(m3/s) 35.95 0.45 1.53 0.60 2.00 1.16 0.32 1.97 7.55 0.38 0.97 1.27

Sum Qp
(m3/s) 35.95 36.40 37.93 38.53 40.53 41.69 42.01 43.98 51.53 51.91 52.88 54.15
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By adopting this approach, we have intended to consider the effect of the complex sewer system
that drains the small urban basins directly to the Couros river along the modelled reach.

Pre-processing of geometric data was performed at the HEC-RAS 5.0.7 environment [13], using
the RAS Mapper tool. The modelled reach goes further downstream from the area to which the
vulnerability of buildings was available. This is explained by the existence of the mentioned obstruction
near the study area, leading us to model a flood pathway long enough to allow a proper elongation of
floodwaters downstream of the obstruction. A normal depth slope of 0.015 m/m was used to define the
downstream reach boundary conditions. A steady flow water surface computation was initiated at the
upstream boundary using the 35.95 m3/s peak flow, to which the mentioned 11 flow change locations
were sequentially added. In the modelling plan, we selected a mixed flow regime and requested the
optional floodplain mapping.

Finally, we sequentially exported the HEC-RAS modelling results to SDF, XML, and GIS formats.
Velocity and depth data were exported as GRID files (ESRI raster format) and the flood boundary as
shapefile (vector polygon), both for the 100-year flood.

3.2. Vulnerability Module

Flood vulnerability is assessed through the application of the simplified flood vulnerability
assessment methodology, which was initially proposed by Miranda and Ferreira [6]. This methodology
consists of the evaluation of two vulnerability components, an exposure and a sensitivity component
(Figure 2), which, through an index, quantify the vulnerability of the building to flood inundation.

As presented in Figure 3, the Exposure Component is composed of one single parameter
(Wall Orientation), which evaluates the influence of the orientation of the main façade wall of the
building to the water flow. This parameter intends to bring together the multiple aspects behind this
phenomenon: the location of the building, the orientation of its main façade wall, and the existence
of openings, knowing that buildings located in low-lying areas are theoretically more susceptible
to inundation due to runoff. Regarding the Sensitivity Component, this focusses on the physical
characteristics of the building by evaluating its Material characteristics, Condition (or conservation
state), Number of Storeys, Age, and Heritage Status. It is worth noting that these indicators were
defined from a comprehensive review of analogous indicators proposed for assessing similar building
typologies and structural characteristics under similar conditions [6].

Water 2020, 12, x FOR PEER REVIEW 5 of 17 

 

obstruction near the study area, leading us to model a flood pathway long enough to allow a proper 
elongation of floodwaters downstream of the obstruction. A normal depth slope of 0.015 m/m was 
used to define the downstream reach boundary conditions. A steady flow water surface computation 
was initiated at the upstream boundary using the 35.95 m3/s peak flow, to which the mentioned 11 
flow change locations were sequentially added. In the modelling plan, we selected a mixed flow 
regime and requested the optional floodplain mapping. 

Finally, we sequentially exported the HEC-RAS modelling results to SDF, XML, and GIS 
formats. Velocity and depth data were exported as GRID files (ESRI raster format) and the flood 
boundary as shapefile (vector polygon), both for the 100-year flood. 

3.2. Vulnerability Module 

Flood vulnerability is assessed through the application of the simplified flood vulnerability 
assessment methodology, which was initially proposed by Miranda and Ferreira [6]. This 
methodology consists of the evaluation of two vulnerability components, an exposure and a 
sensitivity component (Figure 2), which, through an index, quantify the vulnerability of the building 
to flood inundation. 

As presented in Figure 3, the Exposure Component is composed of one single parameter (Wall 
Orientation), which evaluates the influence of the orientation of the main façade wall of the building 
to the water flow. This parameter intends to bring together the multiple aspects behind this 
phenomenon: the location of the building, the orientation of its main façade wall, and the existence 
of openings, knowing that buildings located in low-lying areas are theoretically more susceptible to 
inundation due to runoff. Regarding the Sensitivity Component, this focusses on the physical 
characteristics of the building by evaluating its Material characteristics, Condition (or conservation 
state), Number of Storeys, Age, and Heritage Status. It is worth noting that these indicators were 
defined from a comprehensive review of analogous indicators proposed for assessing similar 
building typologies and structural characteristics under similar conditions [6].  

 

Figure 3. The schematisation of the vulnerability module. 

We obtained the values of the exposure (EC) and the sensitivity (SC) components, which was 
done based on the vulnerability classes identified in Figure 3 (where A = 10, B = 40, C = 70, and D = 
100), and individual flood vulnerability (FV) can be obtained using Equation (1). FV = EC × SC.   (1) 

For simplicity’s sake, the values of these three indices (EC, SC, and FV)—which range, 
respectively, from 10 to 100, 50 to 500, and 500 to 50000—are normalised to fall within the range of 0 

Figure 3. The schematisation of the vulnerability module.



Water 2020, 12, 1648 6 of 17

We obtained the values of the exposure (EC) and the sensitivity (SC) components, which was done
based on the vulnerability classes identified in Figure 3 (where A = 10, B = 40, C = 70, and D = 100),
and individual flood vulnerability (FV) can be obtained using Equation (1).

FV = EC × SC. (1)

For simplicity’s sake, the values of these three indices (EC, SC, and FV)—which range, respectively,
from 10 to 100, 50 to 500, and 500 to 50,000—are normalised to fall within the range of 0 to 100; the lower
the value of the index, the lower the level of exposure, sensitivity, or vulnerability of the building.
According to Miranda and Ferreira [6], despite the fact that this approach was primarily intended
for assessing the flood vulnerability of single buildings, its simple formulation makes it particularly
suitable to evaluate large urban areas, such as historic city centres. It is precisely in this context that we
apply this methodology herein.

3.3. Risk Matrix

Finally, flood risk is computed from the combination of the hazard and vulnerability results
obtained by using the above-presented approaches. This is done through a vulnerability–hazard
matrix, which relates each building’s vulnerability with the level of hazard to which it is exposed
(see Table 2).

Table 2. Flood risk matrix.

Flood Risk
Hazard

Low Moderate High

Vulnerability
High Middle Risk High Risk High Risk

Moderate Low Risk Middle Risk High Risk
Low Low Risk Low Risk Middle Risk

Regarding the vulnerability level, this is measured directly by the flood vulnerability index.
For such, 20 and 40 were conservatively defined here as plausible threshold values for “moderate”
and “high” vulnerability, respectively. Although this criterion may be debatable, it is important
to note that the value of 40 (the boundary value between “moderate” and “high”) is frequently
used in index-based vulnerability assessment approaches as a threshold for high vulnerability, see,
for example, [14]. Concerning the level of hazard, this is obtained by combining flood velocity (v) and
water depth (y) results according to the criterion given in Equation (2):

v < 2 m/s ∨ y× v < 3 m2/s , Low Hazard
v > 2 m/s

∧
3 m2/s < y× v < 7 m2/s , Moderate Hazard

v > 2 m/s
∧

y× v > 7 m2/s , High Hazard.
(2)

This criterion was proposed originally by Clausen [15] based on empirical data. According to
Kelan and Spence [16], a physical meaning for this condition is related to momentum = mass× v =

pw × volume× v = pw ×horizontal flood area× y× v. If pw is constant in this hypothesis, the horizontal
flood area can be considered constant, thus leaving y× v as the variable.

3.4. Study Area, Building Assessment, and Implementation of a Geographic Information System (GIS) Tool

The study area includes nine blocks with 116 buildings in total. Each one of these buildings
was comprehensively assessed onsite to collect the data required for applying the flood vulnerability
assessment approach, by using a detailed checklist. After being digitalised and systematised, the data
that were contained in the checklists were manually inputted into a spreadsheet database to create a
digital record and to automate some later steps of the work.
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Once all the indices and flood indicators were computed, the results were plotted and analysed
spatially using the open-source Geographic Information System software QGIS [17]. Geo-referenced
graphical data (i.e., vectorised information and orthophoto maps) and specific information related to
the hazard and the characteristics of the buildings were combined within the software to obtain first-
and second-order outputs. In this case, each polygon (corresponding to a building) is associated with
several features and attributes, allowing for their visualisation, selection, and search.

Because this GIS tool can efficiently combine highly-relevant hazard, vulnerability, and risk
outputs in a very flexible and dynamic environment (easily updatable or modified at any time), it is
undoubtedly a significant asset for risk management purposes, allowing the local authorities to define
more consequent risk mitigation strategies.

4. Results and Discussion

Before getting into the integrated risk assessment outputs in Section 4.3, it is worth exploring the
individual hazard and vulnerability results (in Sections 4.1 and 4.2, respectively), which we define as
first-order results.

4.1. Hazard Modelling

The flood modelling process described in Section 3.1 allowed us to obtain a broad set of primary
hazard indicators, which, alone, give us good insight into the potential magnitude of a flood event in
the study area. As already noticed in Section 3, we focused on three primary hazard indicators: flood
extent, velocity, and water depth.

As for the flood extent, we found that for the adopted 100-year peak flow scenario, the study area
was significantly affected by the flood. As illustrated in Figure 4, 41 out of the 116 buildings considered
in this analysis are potentially affected by the flood.

1 
 

 

Figure 4. Flood inundation map for the adopted 100-year peak flow scenario.

Of these 41 buildings, 23 are affected to the fullest extent, whereas the other 18 are partially
flooded, see Table 3. In absolute numbers, about 11,000 m2 of a total of about 32,000 m2 of built-up
area are affected, which corresponds to about 34%.
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Table 3. Number of affected building distributed by ranges of the affected extent.

Flood Extent
Range of Values

>0–20 20–40 40–60 60–80 80–<100 Fully affected

Affected Buildings 4 (9.76%) 2 (4.88%) 4 (9.76%) 1 (2.44%) 7 (17.07%) 23 (56.10%)

Concerning the flood velocity, presented in Figure 5, it ranges between 0.01 m/s and 5.72 m/s.
The average velocity value at the surface of the 41 buildings affected by the flood is about 2.15 m/s—with
a standard deviation value (STD) of 1.68—being that 22 of these 41 building are exposed to surface
velocities higher than 2 m/s. As can be observed in Figure 5, there are two blocks that are particularly
affected: one located in the northeast zone (15 buildings) and the other roughly at the central zone of
the study area (7 buildings).Water 2020, 12, x FOR PEER REVIEW 8 of 17 
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As for the water depth, from our hazard analysis, it was found that for the considered 100-year
peak flow scenario, the buildings will expectably be exposed to an average depth of about 1.20 m
(STD = 0.97). As illustrated in Figure 6, 31 out of the 41 buildings affected—which is slightly more
than 75%—present a water height of more than 0.5 m, which is a very significant value. The maximum
water depth value was obtained at the triangular shape building located at the southwest zone of the
study area (4.58 m), see Figure 6.

Table 4 summarises the above-discussed results, presenting the absolute and relative number of
potentially affected buildings for different ranges of flood velocity and water depth.

Table 4. Number of affected buildings distributed by ranges of flood velocity and water depth.

Hazard Indicator
Range of Values

0–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0 3.0–3.5 3.5–4.0 >4.0

Velocity (m/s) 12
(29.3%)

3
(7.3%)

1
(2.4%)

3
(7.3%)

5
(12.2%)

5
(12.2%)

4
(9.8%)

3
(7.3%)

5
(12.2%)

Depth (m) 10
(24.4%)

15
(36.6%)

4
(9.8%)

5
(12.2%)

2
(4.9%)

2
(4.9%)

1
(2.4%)

1
(2.4%)

1
(2.4%)
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1 
 

 

Figure 6. Water depth resulted from the adopted 100-year peak flow scenario.

4.2. Flood Vulnerability

From the application of the flood vulnerability assessment approach detailed in Section 3.2,
we found that 60% of the 116 buildings evaluated present a flood vulnerability value (FV) between
0 and 30. As presented in Figure 7, the remaining 40% present values ranging between 30 and 100.
Statistically, the dataset has an average value of 25.70 (STD = 15.95).

Although flood damages cannot be estimated directly from these vulnerability values,
the distribution shown in Figure 7 seems to demonstrate that a significant proportion of the buildings
assessed are potentially very vulnerable to a flood event. We will provide more insight into this in
Section 4.3.

When exploring vulnerability results, it is often relevant to dive into the analysis of the specific
parameters of the methodology. Such analysis allows for a better understanding of the vulnerability
sources, which is a fundamental prerequisite to defining more consequent and effective risk mitigation
measures. Figure 6 presents a set of six maps associated with the spatial distribution of the parameters
that compose the flood vulnerability index.

A comprehensive discussion of the maps gathered in Figure 7 would be of little interest. However,
we find it relevant to highlight some main results.

Firstly, the general conservation state of the buildings: As it is apparent in Figure 7c, in general,
the buildings are either in good condition (Vulnerability Class A, 34%) or have minor conservation
issues (Class B, 46%). Most of these minor conservation issues are related to small cracks or coating
decay. Further, 20% of the buildings are in poor condition, presenting a significant cracking and
moisture phenomena.

Secondly, the distribution of the number of storeys, in Figure 7d: This aspect is especially
relevant since, according to several authors [18,19], the number of storeys has a direct influence on the
vulnerability of the building to flooding. We will go into further detail regarding this when discussing
the second-order risk results. For now, let us emphasise that 113 out of the 116 buildings evaluated
have between 1 and 3 floors, distributed as follows: 38% are single-storey buildings, 33% have two
storeys, and 27% have three.

Finally, the Heritage Status, in Figure 7f: This is a relevant aspect in the sense that buildings
with heritage value deserve particular attention when it comes to risk assessment. Thus, regarding
this aspect, 59% of the buildings assessed are ordinary buildings (i.e., non-classified). Then, 38% are
currently in the process of classification and only 3% correspond to classified buildings.
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When getting into the discrete exposure, sensitivity, and vulnerability results, it is possible to gain
a much better understanding of the overall vulnerability of the buildings. As illustrated in Figure 8a,b,
respectively, spatial analysis reveals a scattered distribution of exposure and the sensitivity indicators
over the study area. Comparatively, it is also clear that the exposure values are generally higher than
sensitivity values. Despite this, and although there is no correlation between these two indicators,
it is interesting to see that some of the most exposed buildings are also those that revealed to be more
sensitive. This cross analysis is presented in Figure 9a, where we identify the buildings to which
the exposure and the sensitivity values are cumulatively higher than 40. For vulnerability reduction
purposes, these buildings are the most critical ones.
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Figure 9b presents the distribution of the vulnerability index results. Although we have already
commented on the most significant aspects when addressing the exposure and the sensitivity results,
it is worth emphasising two further points. First, the fact that a significant part of the most vulnerable
buildings is located in the central part of the study area. As we will have the opportunity to prove
afterwards, this aspect may be essential, taking into account that these more vulnerable buildings are
located coincidentally within the most hazardous area. Second, the fact that some of these buildings
are abandoned. Keeping the social aspects out of the discussion, buildings’ abandonment is one of
the main factors of rapid degradation and, as a result, increased physical vulnerability. During the
discussion of the risk results, we will provide further insight into these critical issues.

4.3. Integrated Risk Assessment

After having discussed the main outputs resulting from the hazard and the vulnerability analysis,
we are in an excellent position to integrate these results in order to obtain more comprehensive flood
risk indicators. As detailed in Section 3.3, this integration will ultimately result in a risk matrix
that correlates the level of vulnerability with the level of hazard to which each building is exposed.
However, before going into such an outcome, we would like to analyse a set of second-order results
obtained by crossing some of the above-discussed indicators.

4.3.1. Second-Order Analysis

The first second-order result that we think is of great interest is the joint analysis of the water depth,
the exposure component of the vulnerability index, and the conservation state of the buildings. Before
going into the result, it is worth justifying the selection of these particular indicators. Water depth
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is recognised as the most relevant hazard indicator when analysing the impact of flood actions on
buildings [15]: depth is usually used to produce vulnerability curves associated with flood events,
which is also known as depth-damage curves [20–22]. In fact, although some studies note the
importance of flood parameters other than depth [16], those are barely analysed so comprehensively.
Equally important is the fact that water depth is directly related to flow velocity and, therefore, with
the effects of the hydrodynamic actions. The impact of these hydrodynamic actions on the buildings
are, of course, very dependent on their level of exposure—a building of which its façade wall is
perpendicular to the direction of the water flow is potentially much more affected than another where
its façade is parallel to the direction of the flow. As referred to in Section 3, this is exactly what the
sensitivity component of the flood vulnerability index seeks to evaluate and that is why it is considered
in this second-order analysis. It is also known that the weaker the state of conservation of the building,
the higher the impact of the flood (due to hydrostatic and hydrodynamic actions). This fact rationalises
the inclusion of this aspect in the present analysis.

Justifying the three indicators considered herein, Figure 10 presents the map resulting from their
integrated analysis. We want to highlight a couple of interesting conclusions from the analysis of this
map. The first one is the identification of highly-exposed buildings (i.e., with an EC value higher
than 40) that, for the adopted 100-year peak flow scenario, are subject to a water depth over 2 m. Based
on this first criterion, it is possible to identify six buildings—about 5% of the building stock within our
study area—which are highlighted in red in Figure 10. However, when including the conservation
state into the analysis, this number can be further reduced to 5 (about 4% of the building stock), making
this result even more informative for decision-making purposes.
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Another second-order result that we find worthy of particular discussion herein is the joint
analysis of the water depth and the sensitivity component of the flood vulnerability index methodology.
Since this component assesses the intrinsic characteristics of the buildings that make them sensitive
to the impact of flood actions, it is undoubtedly relevant to consider these two indicators together.
We would like to note that the conservation sate of the buildings is already part of the sensitivity
component, which is why we now choose not to consider this aspect explicitly. Figure 11 presents the
maps resulting from this analysis.
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As can be inferred from the analysis of Figure 11, the number of buildings identified from the
joint analysis of the water depth and the buildings’ sensitivity (for the very same 100-year peak flow
scenario) is reduced to 2, which is a little less than 2%. It is also interesting to note that these two
buildings are among the five already identified in Figure 10, which, from a decision-making standpoint,
pushes them to the top of the intervention priorities.

4.3.2. Matrix-Based Analysis

After the above preliminary second-order analysis—through which we have already gained a
deeper understanding about the potential impact of the considered flood scenario in some particular
buildings—we got to the point of combining the obtained hazard and vulnerability results into a
single flood risk indicator. As a result, the level of hazard and vulnerability associated with each
building are related through a risk matrix, wherein the vulnerability is inputted directly using the
flood vulnerability index (FV) and the hazard is derived from the velocity and water depth results,
using Equation (2).

Thus, before diving deeper into the results obtained from the flood risk matrix, it is useful to map
and analyse the spatial distribution of the hazard and vulnerability results. These maps are presented in
Figure 12a,b. According to the criterion adopted in this matrix-based analysis, the level of flood hazard
throughout the study area is quite homogeneous, see Figure 12a. Further, 22 out of the 116 buildings
assessed (about 19%) were identified as having a “Moderate” flood hazard, whereas all the remaining
were labelled with “Low” hazard. In terms of spatial distribution, it is possible to identify two blocks
that can be particularly affected. Let us notice that although the hazard is being evaluated differently
in this section—here, velocity and water depth are combined into a single hazard indicator—this result
is in essential agreement with the discussion provided in Section 4.1. As for the spatial distribution of
the flood vulnerability results, given in Figure 12b, it is visibly more heterogeneous: 37.9% (44), 41.4%
(48), and 20.7% (24) of the buildings were identified as having a “Low”, “Moderate”, and “High” flood
vulnerability, respectively.
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As shown in the flood risk matrix provided in Table 5, 66.4% of the buildings (77) were identified
with “Low” flood risk, 29.3% (34) with “Middle” risk, and 4.3% (5) with “High” risk for the same
100-year peak flow scenario considered in this work.

Table 5. Flood risk matrix.

Flood Risk
Hazard

Low Moderate High

Vulnerability

High 19 (16.4%)
Middle Risk

5 (4.3%)
High Risk

0
High Risk

Moderate 33 (28.5%)
Low Risk

15 (12.9%)
Middle Risk

0
High Risk

Low 42 (36.2%)
Low Risk

2 (1.7%)
Low Risk

0
Middle Risk

Complementarily to the main conclusions drawn from the second-order analysis discussed
in Section 4.3.1, this outcome allows us to recognise some additional buildings that, because the
hydrodynamics effects of the flood have been disregarded in that analysis (only water depth was
considered explicitly), are not identified there. In fact, none of the building previously highlighted
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in Figures 10 and 11 are identified in this final analysis as having a “High” flood risk. If in a less
thoughtful consideration these two results may seem divergent, in fact, they prove to us the importance
of considering different criteria and approaches to assess flood risk in urban areas. Still, in this regard,
we would like to stress that these results are obviously conditioned by the criterion used to define the
levels of hazard and vulnerability. If, for example, we had used a different criterion from that given
by Equation (2)—which, as is always the case, was proposed by Clausen [15] from a set of specific
conditions—the results could be very different. This said, the five buildings identified in this analysis,
together with those five identified in Section 4.3.1, should be the priority targets of future flood risk
mitigation programs.

5. Conclusions

This paper presents a new method for assessing the flood risk of the built environment, specifically
adapted to areas classified by their heritage value. For the effect, the Historic City Centre of Guimarães
(Portugal) was selected as a study area.

We have defined a hazard scenario for the 100-year flood by hydraulic modelling with HEC-RAS,
of which its outputs are flood extent, depth, and velocity. Such outputs, derived from a steady
flow analysis, must assume the limitation of not providing information that ultimately would
allow for a better understanding of the flooding process, namely that from a flood hydrograph
(time to peak and duration of inundation), an unsteady analysis would result. The vulnerability has
been assessed by considering an exposure component (based on wall orientation) and a sensitivity
component (based on heritage status, age, number of storeys, condition, and material of buildings).
They define the hazard and vulnerability modules of a GIS tool, which later provided a cross-analysis
of information, culminating in a flood risk matrix. A total of 116 buildings were evaluated with the
developed methodology.

The first insight into each module’s results provided a detailed understanding of flood risk
roots or causes, which gives decision-makers and planners information on which risk factors are
more relevant in each block or building. This highlighted wall orientation and condition as the
most concerning aspects, with exposure being more relevant than sensitivity in explaining physical
vulnerability. The second-order analysis evaluated evidence risk contexts that otherwise would go
unnoticed, namely a) the analysis of flood depths, conservation state (from the sensitivity component of
FV), and wall orientation (from the exposure component of FV) and b) the overlay of flood depths with
the sensitivity component of FV. Complementarily, the risk-matrix analysis identified other buildings
as high risk, some of them not coincident with the individualised analysis of risk components (hazard
and vulnerability).

It is the ability to characterise the potential impacts of hazardous processes that allows us to
prepare and promote the necessary formal and informal changes, which, ultimately, will contribute
to risk reduction [23]. In that sense, we expect the generated knowledge to be applicable in different
fields of flood risk management.

If the individual first-order results are used, resources’ assignment will prove to be more efficient
in addressing the particular risk factors identified as more relevant in each building. Combined
with the risk-matrix classification, the results are capable of informing municipal decision-makers
and planners regarding the intervention priorities of urban rehabilitation projects. Civil protection
agents will be capable of planning efficient and safe evacuation routes, in case of flash flooding.
The business sector will be able to prepare for recurrent flooding with minor consequences, defined by
some as nuisance flooding. Finally, medium- to long-term strategies of spatial planning and design
can be drawn from the risk-matrix results: the eventual relocation of buildings classified as high
risk; the retrofitting of their physical characteristics in order to reduce their physical vulnerability
while maintaining their functionality, if possible, even during flood events, in the areas of low risk.
Intermediate contexts of flood risk require, in terms of spatial and design planning, pondering the
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range of possible interventions, specifically those that better combine urbanity and safety in distinct
degrees of flood adaptation [24].

When coupled with social vulnerability data, the provided risk assessment will significantly
contribute to increasing the resilience of the built environment. The historical centres of cities represent
places of high sensitivity of their exposed elements. In addition to their heritage and cultural value,
the mandated authorities need to consider the functions that these buildings provide, both for the
resident population and the transient population.

The analysis we have presented, although focused on flood risk, can be replicated with some
adaptation, concerning other hazard processes, not exclusively of hydro-geomorphologic origin.
Moreover, provided that the evaluated buildings can be grouped typologically, we believe that this
framework can be easily applied in larger-scale risk assessments, keeping a very reasonable balance
between accuracy and applicability. In that case, blocks of buildings or even entire neighbourhoods
can be used as the basic assessment units. An interesting example of using neighbourhoods as the
basic assessment unit to evaluate fire risk can be found in [25].
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