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1 | INTRODUCTION

Every year the world faces many climate-related and geo-
physical hazards. And although low-income countries
tend to be particularly affected by those hazards due to
poor infrastructure systems, disastrous floods in countries
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Abstract

Around 45% of natural hazards reported worldwide are related to floods, and
current indications show that exposure to floods and inherent losses will keep
escalating. Historic centres are particularly vulnerable in this context due to
the structural and material characteristics of the buildings and because they
embrace social and cultural values that must be safeguarded. This article aims
to contribute to this research area by presenting and discussing the application
of an index-based methodology specifically tailored to assess flood risk in his-
toric urban centres. The historic city centre of Tomar, Portugal, an area that
encompasses over 500 buildings and has a rich history of floods, is used here
as a case study. Vulnerability data resulting from the application of the vulner-
ability assessment approach are then combined with flood hazard—that is,
water velocity and depth obtained from flood peaks estimated for 20- and
100-year periods of return—and used to identify the buildings at risk. Finally,
a set of depth-damage curves is derived and used here to carry out a cost-—
benefit analysis for different flood adaptation measures.
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like Pakistan, Puerto Rico, the United States, and the
United Kingdom prove that floods are a global threat
(Rentschler et al., 2022). In Europe alone, reported eco-
nomic losses due to disasters amount to 281 billion USS,
of which 52% are due to floods. It is estimated that expo-
sure to floods, and consequently damage losses, will grow
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by a factor of three by 2050 due to increases in population
and economic assets in flood-prone areas (Merz
et al., 2021).

Climate change has become one of the most impor-
tant concerns for cultural heritage sites (UNESCO-
WHC, 2021). The Sendai Framework 2015-2030
(UN, 2015) and the 2030 Agenda for Sustainable Devel-
opment (UN, 2018) clearly mention the need to
strengthen efforts to protect cultural and natural heritage
as a key point to increase the resilience of communities.
Furthermore, various international organisations have
highlighted the urgency of taking action through the
development of documentation and projects supporting
preventive, operational and resilience measures aimed at
the reduction and mitigation of damage and losses caused
by natural hazards (Bonazza et al., 2018; Jigyasu, 2016;
Jigyasu et al.,, 2013; UNESCO et al., 2010; UNESCO;
UNEDP, 2016; UNESCO-WHC, 2008, 2021).

Despite these efforts, flood events have had a signifi-
cant impact on cultural heritage and historic centres in
recent years (Holicky & Sykora, 2010; Lanza, 2003;
Vojinovic et al., 2016), and the trend continues to
increase. A recent study analysing 1121 sites as of March
2021 shows that 35% of natural and 21% of cultural and
mixed UNESCO Tangible World Heritage sites are in
geographical areas that are likely to be affected by flood
hazards (Arrighi, 2021). This represents a significant
threat since these assets combine high cultural value with
a series of characteristics that make them potentially vul-
nerable to physical, chemical, and biological degradation
because of moisture ingress (Sesana et al., 2021; Stephen-
son & D'Ayala, 2014). It is worth clarifying in this point
that, in the context of the present article, vulnerability
encompasses exposure and sensitivity and is understood
as the intrinsic predisposition of the buildings to suffer
damage from a flood event—further details on this are
provided in Section 3. It is also important to state that,
despite the high level of scholarly interest in assessing
the impacts of climate change, a comprehensive under-
standing of the impacts of floods on cultural heritage
buildings is still notably absent from the literature
(Fatori¢ & Seekamp, 2017).

The present article attempts to fill that gap through
the application of a large-scale risk assessment of the his-
torical city centre of Tomar. Founded in the 12th century,
this city has historically been strategically important in
Portugal for a long time, and its history is closely associ-
ated with the Knights Templar. Due to its proximity to
the river, the city centre has been affected by at least
14 floods from 1852 to 2019, which, together with its
great historical value, justifies its choice as the subject of
this large-scale risk assessment. This analysis involved
quantifying the vulnerability of the buildings using a
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simplified approach based on indices and then overlaying
that vulnerability with hazard scenarios obtained for two
different return periods (20 and 100 years) to estimate the
level of risk associated with each building. Finally, some
flood adaptation measures were analysed in the context
of a cost-benefit analysis performed from a set of original
flood vulnerability curves. With this article, the authors
hope to offer a valid contribution to consolidating the
knowledge in different areas, including (i) the design of
field matrices for the physical vulnerability of buildings;
(i) the relationship between the expected damage on
buildings following a particular hazard scenario; and
(iii) the theoretical benefits of common retrofitting mea-
sures tailored to the type of building.

2 | THE CITY OF TOMAR

The municipality of Tomar is in the geographical centre
of Portugal, in the Santarém District of Ribatejo Province.
It has a population of 40,677 inhabitants in an area of
351.2 km®. The city is divided by the Nabdo River into
two zones: the historical centre and the new part of the
city (Camara Municipal de Tomar, 2021).

Even though human settlement can be dated back to
more than 30,000 years ago, the city's developmental his-
tory is closely related to the history of the Knights Tem-
plar. In 1159, the land was granted to the Order of
Templar Knights. The first stone of the castle and Con-
vent of the Knights Templar was laid by Gualdim Pais in
1160. In the 14th century, the town of Tomar experienced
significant growth. In the Véarzea Pequena area, an
orthogonal city planning was applied, according to which
the development was perpendicular to the river. Between
the mid-17th century and the end of the 19th century,
Tomar underwent significant industrial development. In
the 1950s, the Castelo do Bode hydroelectric dam was
inaugurated, becoming, at that time and for the following
50 years, the largest dam in the country. In 1983,
UNESCO recognised the Castelo Templdrio-Convento de
Cristo complex as a World Heritage Site, and in the early
1990s, the first steps were taken towards the restoration
and consolidation of the historic centre.

The historic city centre of Tomar and the region
around it are prone to flooding due to its proximity to the
Nabio River. The Nabdo river basin (1053 km?) is part of
the Zézere river basin (5043 km?), which is one of the
main affluents of the Tejo River (22,822 km? in Portugal).
The history of flooding caused by the Nabado River is
mainly reported in the urban area of Tomar since the
urban area is divided by the river (Rodrigues, 2017).
There are reports of 14 floods that have affected the his-
toric city centre of Tomar (FBO Consultores, 2003). Some
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photos of events documented throughout the history of
the city can be seen in Figure 1.

3 | CONCEPTUAL FRAMEWORK
OF THE FLOOD RISK ASSESSMENT
METHODOLOGY

The flood risk assessment methodology adopted in this
study is composed of two components—a hazard and a
vulnerability component, as illustrated in Figure 2 for
better understanding. The bases of each of those are
explained in Sections 3.1 and 3.2, respectively. However,
roughly speaking, the hazard was assessed based on
water depth and velocity results obtained using a 2D
hydrodynamic model. The flood vulnerability, in turn,
was broken down into two sets of vulnerability factors,
one related to the sensitivity of the building to flood
water and the other related to its exposure. It is worth

FIGURE 1 Flooding in the
city centre: (a) 1915-1931 Rua
Everard; (b) 1950-1957, Praceta
Alves Redol. Source: (Memoria
Digital de Thomar, 2013).

Likelihood

Hazard Component
Hazard = f (Depth, Velocity)

Vulnerability Component
Vulnerability = f (Sensitivity, Exposure)

FIGURE 2

Chartered Institution of ~ Journal of
Water and Environmental

Management

Impact

Flood Risk
Risk = f (Hazard, Vulnerability)
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noting that, in the context of this work, exposure is mea-
suring the likelihood and significance of the losses that
may result from the exposure of the building, as a singu-
lar entity, to a flood, given the characteristics of the
immediate setting of the building, and its economic and
heritage value. The results obtained from these two com-
ponents were then integrated and mapped with the help
of a GIS tool, which was also used to represent the level
of flood risk associated with each building in the historic
city centre of Tomar. As detailed in Section 3.3, flood risk
was computed here from the combination of the hazard
and the vulnerability results by using a flood risk matrix.
All these results were finally used to estimate losses and
perform a cost-benefit analysis where the potential
impact of some flood adaptation measures was investi-
gated; refer to Section 5. For such, the damage-depth
curves developed by Martinez-Gomariz et al. (2020) for
the city of Barcelona, Spain, were used in this work as a
basis to derive a set of flood vulnerability curves adapted

Adaptation Scenarios

Cost-benefit analysis for two
adaptation scenarios

Vulnerability Curves

Depth-damage curves for different
types of building use

The conceptual framework of flood risk assessment methodology.
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to the specific characteristics of the buildings in the
Tomar. Such a process involved converting the relative
damage into economic damage per square metre (€/m?”)
with an adjustment factor calculated from regional price
indicators ratios compared to those for Barcelona. The
adjustment factor used was 0.215 based on the historical
sales price difference between Tomar and Barcelona
(Historical sales prices Tomar and Santa Maria dos
Olivais, 2021).

3.1 | Hazard component

The hazard component of the flood risk assessment is
based on the hydrologic and hydraulic models developed
by the Portuguese Environmental Agency (Brandao
et al., 2014) under the scope of the implementation of the
European Union Floods Directive. Flood hazard extent,
depths and velocities were later evaluated and processed
in collaboration with the Institute of Geography and Spa-
tial Planning at the University of Lisbon. In our study,
the flood velocities and depths for the 20-year and
100-year return periods were used, associated respectively
with frequent, rare, and exceptional flooding events.

On the hydrologic component of the hazard model, a
first probabilistic and statistical approach was applied,
followed by a physically-based model that simulates the
rainfall-runoff relationship, resulting in the flood hydro-
graphs for the two return periods. The probabilistic
model examined the annual instantaneous maximum dis-
charge (m?/s) of two-gauge stations, Agroal and Fabrica
da Matrena, which are located upstream and down-
stream, respectively, from Tomar. The second analysis
consisted of validating the first analysis with a hydrologic
model made for the Nabao river using the MOHID Studio
software, which implements the MOHID Land model.
The MOHID Studio software found that the hydrologic
model outputted values that were 11%-23% of the ones
obtained using the statistical model analysis. After, com-
parisons to previous studies were conducted using the
Hydrologic Engineering Center-Hydrologic Modelling
System (HEC-HMS). Since the comparisons were consis-
tent, the hydrologic model created for the Nabdo was
considered valid. On the hydraulic component of the haz-
ard model, the 2D hydraulic MOHID Land and MOHID
Water models were run within the MOHID Studio envi-
ronment using the flood hydrographs previously esti-
mated. The 2D momentum and mass conservation
equations were solved upon a finite element mesh, cre-
ated with a 10 m x 10 m cell size, based on 1:10,000 scale
maps. The resulting flood depth and velocity mapping
were compared with the data obtained from the field sur-
vey to establish which buildings have the greatest risk of
flooding in Tomar.
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3.2 | Vulnerability component

Estimating damage losses from future flooding is essen-
tial for disaster preparedness, as it provides a basis for
decision-makers for urban planning, development of risk
reduction policies and evaluation of the cost-effectiveness
of approaches to strengthening disaster-mitigating mea-
sures (Dutta et al., 2001). A key factor in flood risk assess-
ment and damage loss estimation is the assessment of the
vulnerability of the elements at risk (Velasco et al., 2016).
A variety of approaches have been developed to assess
vulnerability (Huang et al., 2012; Nasiri et al.,, 2016).
However, index-based assessment approaches are partic-
ularly suitable for conducting flood vulnerability assess-
ment in urban areas as they allow for generalised
visibility of vulnerability in a given space through a trans-
parent process and enable the integration of different
dimensions of vulnerability, which vary according to the
objective (emergency management or mitigation and pre-
paredness activities) and the scale of the approach.

In the last decade, different index-based methods
have been developed to assess flood vulnerability in his-
toric city centres—see, for example, those developed by
Gandini et al. (2018), Mebarki et al. (2012), Miranda and
Ferreira (2019), and Stephenson and D'Ayala (2014), all
recently analysed by Baquedano Julid and Ferreira
(2021). Most methodologies incorporate parameters of
physical, socio-economic and cultural vulnerability
dimensions of the building, with the exception of the
methodology presented by Mebarki et al. (2012), which is
only focused on assessing physical vulnerability. From
the individual parameters used by Mebarki et al. (2012)
and Stephenson and D'Ayala (2014), Miranda and Fer-
reira (2019) propose the assessment of a Flood Vulnera-
bility Index (FVI) based on the development of composite
indices related to sensitivity (SC) and exposure (EC). The
main advantage of using composite indicators is that they
can summarise complex and multidimensional realities
in order to support decision-makers. Moreover, they can
be easier to interpret than a battery of separate indices
(Saisana & Tarantola, 2002).

This study presents an extended version of the Flood
Vulnerability Index (FVI) method, initially developed by
Miranda and Ferreira (2019) and subsequently applied by
Ferreira and Santos (2020). The proposed method is
based on the calculation of the vulnerability index con-
sidering a total of 10 parameters (see Table 1), which
were defined based on similar indicators already avail-
able in the literature, developed for assessing analogous
building typologies and structural characteristics under
equivalent assessment conditions. The sensitivity compo-
nent (SC) is comprised of seven parameters that encom-
pass the physical state of the building stock. The
exposure component (EC) consists of three parameters
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TABLE 1
Components Parameters
Sensitivity S1—State of conservation
S2—Structural material
S3—Finishing material of the facades
S4—Type and condition of window/door
frames
S5—Openings at ground floor
S6—Existence of basements
S7—Height of the door threshold
Exposure E1—Type of use or activity

E2—Surface condition

E3—Heritage value

Chartered Institution of ~ Journal of
Water and Environmental
Management

Flood vulnerability index: parameters, classes and weights.

Attributes
No damage/cracking
Slight cracking (under 0.5 mm)/moisture

Generalised cracking (around 2-3 mm)/
settlements/erosion

Deformation/serious material decay
Reinforced concrete/steel structures
Masonry structures

Timber structures

Earth structures

Steel/concrete/glazed tile/glass
Brick/plaster/regular dressed stone
Unglazed tile/irregular stone/wood panels
Earth/rubble stone

Plastics

Metals

Wood

Total exposure

Without openings

Window openings, without door openings
Window and door openings

Large openings

No basement

Basement without windows; no direct access

Basement with windows; no direct access
Basement with direct access
2 or more steps

<2 steps

Level with the outside
Down 1 or more steps
Educational/dwelling
Commercial

Restaurant

Hotel/religious

Convex

Flat and permeable

Flat and impermeable
Concave

Non-classified buildings

Non-classified buildings of high public interest

Buildings of national or local interest

Buildings of international interest

—WI ]_Eyjs_"“8

Class
Cvi

a w »

U QO W > 0 QW > U0 0w»> 00w » g0 w» Ugow» U w e uaowe»eouaQw e o

Weight

10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
10
40
70

100
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describing the unprotectedness of the building based on
its orientation, the use of the building, and its heritage
value. Each parameter is defined by four classes (A, B, C,
D) that rank the vulnerability from lowest to highest with
a certain weight. A (10), B (40), C (70) and D (100). The
scale starts at 10, as it was assumed historic buildings will
always have some degree of vulnerability to flooding
(Stephenson & D'Ayala, 2014).

3.2.1 | Sensitivity parameters

The sensitivity component consists of seven parameters
aimed at identifying the physical characteristics of the
building and the possibility of its envelope being affected
by flooding. The state of conservation (S1) is defined by
the condition assessment of the structure. The poor con-
dition of the structures reduces their resistance to flood
loads and increases the possibility of water infiltration,
aspects which can cause physical losses (Stephenson &
D'Ayala, 2014). The classes were defined mainly accord-
ing to the criteria described by Miranda and Ferreira
(2019). Structural material (S2) parameter evaluates the
ability of the material to be damaged and deteriorated by
water due to its porosity and surface characteristics,
whereas the finishing material of the facades
(S3) evaluates the main cladding of the building, which
acts as the first barrier to water. Different materials will
have different behaviours in the short term with respect
to water exposure. Higher sensitivity is seen in materials
with a greater porosity and those that are more sensitive
to degradation (Gandini et al., 2020).

The remaining four sensitivity parameters are related
to the physical characteristics of the building openings
and the possibility of water entering the building and
damaging its contents. The sensitivity class to the type
and condition of opening frames (S4) were determined
based on existing research into the ability of the finishing
materials of the building, including windows and doors,
to resist flood water damage (FEMA, 2008). The openings
at the ground floor parameter (S5) are used to evaluate
the possibility of water infiltration through the windows
and doors. A larger number of openings increases the
sensitivity class of the building (Gandini et al., 2020). The
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existence of basements (S6) increases the sensitivity of
buildings to floods, as it is the most sensitive part of the
buildings to flooding (Gandini et al., 2020; Martinez-
Gomariz et al., 2021). The presence of openings and
direct access from outside into the basement further
increases the risk of water infiltration into the building.
Finally, the height of the door threshold (S7) is deter-
mined from the plinth. An increase of multiple steps
from the plinth to the door threshold would reduce the
sensitivity class of the building. Consequently, if the door
threshold is below the plinth, this would increase the
sensitivity class (D'Ayala et al., 2020; Martinez-Gomariz
et al., 2021).

3.2.2 | Exposure parameters

The exposure component is composed of three parame-
ters, which help to identify the likelihood of economic,
physical, and cultural damage or loss. Floods not only
physically damage assets but also suspend economic
activity and may compromise the attributes that under-
pin their cultural value. The type of use or activity
parameter (E1) describes the potential economic losses
from flooding that a property may suffer with respect to
the type of use. A building will have a higher or lower
exposure to flood damage based on the type of use or
activity within the building. To determine the exposure
class of a type of property, the average relative damage of
multiple types of properties was compared based on pre-
existing tables (Martinez-Gomariz et al., 2020). As men-
tioned before, the surface condition (E2) assesses the
characteristics of the immediate setting of the building,
including the inclination of the ground—whether the
ground in the vicinity of the buildings has positive, nega-
tive or no concavity (i.e., whether it is convex, concave,
or flat)—and its permeability (see Figure 3). A concave
ground will decrease the exposure of the building since
the water will tend to flow off the building. On the other
hand, a concave ground will retain the water in the vicin-
ity of the building, increasing its exposure. Flat ground
can be considered neutral concerning this aspect. Addi-
tionally, the permeability of the ground refers to the exis-
tence of drainage systems in the vicinity of the building

FIGURE 3
classes of Parameter E2, surface

Exposure

condition: (a) convex; (b) flat
and permeable; (c) flat and
impermeable; and (d) concave.
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(D'Ayala et al., 2020). Finally, the potential cultural value
of the building is considered through Parameter E3, heri-
tage value. This parameter is aimed to incorporate the
cultural value of the building and, in that way, the poten-
tial cultural impact resulting from its damage and loss of
value (Miranda & Ferreira, 2019).

3.3 | Risk analysis

Flood hazard and vulnerability were aggregated here
using a risk matrix. In agreement with the current cli-
mate change adaptation literature, the vulnerability of
each building is determined using a Flood Vulnerability
Index (FVI) given by Equation (1).

Flood Vulnerability Index(FVI)
= Exposure Index(EI) x Sensitivity Index(SI).

1)

Once the FVI is determined, the vulnerability of the
buildings can be divided into four categories. Each cate-
gory is obtained by redistributing the results of the FVI
according to the mean. In this way, the values can be
redistributed over the entire range of the vulnerability
results. The four categories (low, moderate, high and
extreme) are divided according to the criteria proposed
by Rana and Routray (2016). The results from the hazard
analysis were redistributed into five levels based on the
classes of hazard as defined in the Portuguese Floods
Directive; Equation (2) and Table 2.

Flood Hazard Index (FHI) = Depth x (Velocity +0.5).
(2)

The depth and velocity values at each building are the
maximum values found within their implantation limit.
The percentage of the buildings' area was also considered
as a factor applied to the previous hazard score. With the
distributed values of vulnerability and hazard, the result

TABLE 2 Flood risk matrix.

can be plotted into a matrix to determine the flood risk
Table 2. The final flood risks are reported and analysed
in the results.

3.4 | Study area, inspection procedure
and database

As mentioned before, this research focuses on the old
area of the city centre of Tomar. With a total area of
approximately 100,000 m?, it is composed of 520 build-
ings, most of them low-rise buildings, divided into irregu-
lar blocks forming a grid system. To improve the
efficiency of the fieldwork and organise the information
in a systematic and logical way, the process of data collec-
tion followed the ‘Site Approach’ methodology proposed
by Granda and Ferreira (2019). According to this data
collection approach, the fieldwork is organised around
three fundamental axes, ‘site context’, ‘urban develop-
ment’, and ‘building characterisation’: the first axis is
related to the gathering of relevant information about the
study area, the second one is about gathering and study-
ing historical information about the evolution of the site,
whereas the third one is about the identification of the
features that rule the vulnerability of the buildings.
Together, these sets of data allow for a comprehensive
overview of the study area, not only regarding its current
state but also about the factors that have contributed to
that state. Finally, QGIS Software was used to store, man-
age, analyse and map the information collected during
the survey. Due to the large amount of data collected and
time restrictions on site, the Input application was used
to streamline and speed up the field survey. The Mergin
plugin, which acted as the database coordinator, allowed
one to access the maps and parameters fields on smart-
phones using the previously mentioned Input applica-
tion. Once the information was collected, it was
synchronised with the cloud to ensure that the informa-
tion was safely stored in QGIS. After that, the informa-
tion collected on the Input application would be able to

Hazard level [FHI= Depth (velocity+ 0.5)]

Low Moderate High Extreme

Negligible
Flood risk [H<0.5]
Vulnerability level ~ Extreme [ > Mean + SD] Moderate
High [Mean to (Mean+ SD)] Low

Moderate [(Mean—SD) to Mean] Low
Low [ < Mean — SD] Negligible

Note: The greens, yellow and reds are used to illustrate the different risk levels.

[075<H<125] [125<H<25] [25<H<70] [H>7.0]

High Extreme Extreme Extreme
Moderate High Extreme Extreme
Low Moderate High Extreme
Low Low Moderate High
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FIGURE 4

be accessed using the QGIS software for further off-site
analysis.

During the survey, it was found that many buildings
had a similar typology. The majority of the buildings
were unlisted residential or commercial buildings made
of masonry in various states of conservation. Some build-
ings had been fully demolished (Figure 4a), others were
in a bad state of conservation (Figure 4b), but the major-
ity of them were in a good state of conservation or with
slight cracking (Figure 4c).

4 | FLOOD RISK ASSESSMENT:
RESULTS AND DISCUSSION

The most relevant results related to flood hazard, vulner-
ability and risk are given and discussed in the present
section.

41 | Flood hazard

Peak flood discharges were found for 20-year and
100-year periods of the two-gauge stations Agroal
(340 m?/s, 518 m>/s) and Fébrica da Matrena (626 m?/s,
973 m?/s). Despite such a difference in the flood peak
flows between the two return periods, the mapping does
not show a proportional extent between the two floodable
areas. Three factors explain this: the wideness of the
main channel and the height of its longitudinal banks,
which accommodates a significant flood volume before
full bank discharge is reached; the low roughness coeffi-
cients, which promote high velocities in the main

DAVIS ET AL.

(©)

State of conservation (a) fully demolished, (b) bad state of conservation, and (c) good state of conservation.

channel; and the overbank morphology, with flat areas
contiguous to the main channel and intermediate
embankments preventing a planar expansion of floodwa-
ters to outer zones in the city. The peak discharges, as
well as the depth and the velocity of the water during
flooding, were used here to determine the hazard compo-
nent for the flood risk of each building, mapped for each
building polygon along with flood depth and velocity for
return periods of 20-year and 100-year (Figure 5). The
largest flood risk that occurred within the polygon of
each building shows the buildings closest to the river will
be completely affected by the flood, the southeast corner
of the city.

4.2 | Flood vulnerability

The vulnerability of each of the buildings was determined
using data from the survey completed. Using the parame-
ter classification, the combination of the sensitivity and
exposure components could be evaluated, as well as the
FVI. First, the total sensitivity for each building was cal-
culated and normalised within a range of 0-100. The sta-
tistical distribution of the dataset has a mean of 36.32
and a standard deviation of 7.02, as given in Figure 6a.
The exposure class distribution, Figure 6b, is skewed to
the left and has an average of 24.29 (STD = 12.66), likely
due to the similar level heritage values (Parameter E3),
which was of no heritage value.

Following this, the flood vulnerability index (FVI)
was calculated using Equation (1). The FVI was normal-
ised to be within the range of 0 and 100 and plotted on a
histogram, Figure 6c, in order to check the distribution of
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Percentage of the building's area overlaid with the flood-prone area with (a) 20-year return period and (b) 100-year return

period (c, d) indicating flood depth and (e, f) flood velocity for 20 and 100-year return periods.

the results. The FVI ranges from 0 to 40, with a mean
average of 12.79 and a standard deviation of 5.51. These
values correspond to a low vulnerability to the risk of
flooding events. Values of Low, Moderate, High, and
Extreme were associated with each numerical value of

FVI, based on the previously defined risk analysis proce-
dure, distributed in Figure 7.

Many of the buildings which had High or Extreme
values were located along the major streets of the city
centre, shown in Figure 8. Similarly, many buildings
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FIGURE 8 Flood vulnerability index values for each building.

surrounding the main plaza had FVI values of Extreme.
The cause of this is likely due to the heritage value of the
buildings. Furthermore, the buildings in the main plaza
were not used for residential purposes on the ground
level, which increased the FVI level, albeit being further
from the hazard.
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Histogram of the number of occurrences of (a) flood sensitivity values; (b) flood exposure values; and (c) flood vulnerability

4.3 | Flood risk

A flood risk matrix for both the 20-year and 100-year
return period floods was computed (Table 2). The flood
risk per building can be seen in the maps in Figure 9.
Flood risk for the 20-year and 100-year return periods is
remarkably similar, with only a small increase of risk in
the 100-year return period. Based on this analysis, the
flood risk for the city of Tomar is relatively low. The
buildings along the main street, as well as those on the
closest street to the river, have a high number of build-
ings with an extreme risk of being affected by a flood
event. It is also shown that the buildings most intersected
by the extent of the flood are some of the more vulnera-
ble ones. With respect to the level of risk, many of the
buildings with moderate flood risk have got extreme FVI
values. In many cases, this is associated with the heritage
value of the buildings, particularly those surrounding the
main plaza. It should be noted that a significant part of
the buildings located in residential areas and outside of
the hazard zone have either low or negligible levels of
flood risk as a result of the level low or negligible level of
hazard.

The following distribution shows more about the
number of buildings in each category, as in Figure 10.
The values of the flood risk from 20 to 100 years do not
widely differ. Only 17 out of 512 buildings have an
increased flood risk value when evaluating first the
20-year and then the 100-year flood risks. Additionally,
60% of the buildings have a negligible or low risk, and
81.8% have negligible, low, or moderate risk.

The results from this report can contribute to prepara-
tion for a flood event with respect to decisions on the
most impactful changes to make. The ability to character-
ise the importance of different parameters contributing to
the vulnerability of each building to flood is critical. In
this specific case, the most concerning aspects were
found to be the openings on the ground floor, the type of
window and door frames and the building's concavity.
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FIGURE 9 Flood risk per building for (a) 20-year return period and (b) 100-year return period.
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These parameters greatly impacted the sensitivity and
exposure components.

5 | DEVELOPMENT OF FLOOD
VULNERABILITY CURVES AND
ESTIMATION OF ECONOMIC
LOSSES

The flood risk curves given in Figure 11 shows that the
economic damages created by flooding are maximised
around 1.5 m flood depth. If the flood exceeds this depth,
there are no further associated damages, except for work-
shops. The greatest depth of flooding faced by the build-
ings in Tomar (Figure 5c,d) is at a level of 2.5m, by
which time the associated economic damages will have
been reached. Assuming that the depth-damage curves
created for Barcelona follow a normal distribution, the
depth-damage curves shown in Figure 11 are representa-
tive of buildings with a moderate level of vulnerability. In
order to obtain representative economic damages, the
curves can be modified according to the average level of
flood risk in the city centre of Tomar.

According to the flood risk results obtained in
Section 4.3, the average flood risk level of the buildings
in the Centre of Tomar is Low. Considering the central
level of flood risk Low, an adjustment factor of the depth-
damage curves was used to vertically shift the curves as,
for example, buildings with an Extreme flood risk level
will be more prone to damage, and the costs will be
higher. The vertical adjustment of the curves reflects the
costs according to the vulnerability of each building.
Table 3 shows the average level of flood risk and the
adjustment factor associated with each level. Finally,
these factors can be applied to each building according to
its level of flood risk, which is an update compared to
simply assuming the values of the depth-damage curves
shown in Figure 11.

Considering the use of the building (Parameter E1)
and the cost as a function of the depth of flooding of the
building multiplied by the area of the building, it was
possible to obtain the total costs for the historic centre of
Tomar (Table 4).

The cost distribution map can be seen in Figure 12.
The greatest economic damage occurs in buildings used
for education or housing due to their high cost per square
metre of damage. Estimated the economic losses for the
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TABLE 3
and adjustment factors.

Average level of flood risk for depth damage curve

Flood risk Average level of Adjustment
level flood risk factor
Negligible 13% 0.5
Low 51% 1
Moderate 19% 1.25
High 11% 15
Extreme 6% 1.75
TABLE 4 Economic damage in Tomar based on factored depth

damage curves.

Building type Cost (€)

Education or dwelling 1,127,800
Commercial 610,250
Restaurant 173,800
Hotel 81,100
Total 1,993,000
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FIGURE 12
flood risk.

Depth-damage curves: Cost for 20- and 100-year

different types of building use, the next step will involve
the simulation of some flood adaptation measures and
the analysis of the impact that those measures can have
in terms of reducing the vulnerability of the buildings
and, as a consequence of that, of the expected economic
losses.

6 | INVESTIGATION OF POSSIBLE
FLOOD ADAPTATION MEASURES

Flood adaptation measures are aimed at minimising the
probability and the consequences of flooding events in

DAVIS ET AL.

TABLE 5 Flood parameter mitigation techniques.

Parameter Mitigation measure

S1: State of conservation — Fix plaster or repointing

S3: Finishing material of the =~ — External render

facades

S4: Type and condition of — Change frame to metal or
window/door frames plastic

S5: Openings at the ground — Reduce number of

floor openings, instal flood gates

E2: Concavity and
permeability

— Improve drainage systems

areas of high flood risk (Hegger et al, 2016; Xiao
et al., 2021). Mitigation approaches can be divided into
two categories, structural and non-structural. Structural
mitigation strategies can be citywide or building-specific,
while non-structural mitigation strategies deal with the
removal of people and assets from areas of high flood risk
during flooding events (Tyrrel, 2019). Two types of adap-
tation measures were investigated to assess the impact of
implementing flood mitigation measures on a large
scale—measures targeting the buildings, involving replas-
tering and repointing, repairing external render, repla-
cing doors and windows frames with metal or plastic
frames, decreasing the number of openings and installing
flood gates; and measures aimed at improving the capac-
ity of the drainage system. By updating the parameters in
the flood risk assessment based on the mitigation tech-
niques shown in Table 5, the impact of these mitigation
techniques could be measured.

In each analysis, the parameters were updated to a
lower class, one that would make sense based on the type
of mitigation measure applied. The updates are sum-
marised in Table 6.

The first adaptation scenario involved updating the
most critical buildings for each category (Class D). The
second adaptation scenario was chosen to describe a
more widespread measure that impacted many more
buildings and should have a greater impact on the final
flood risk (Class D and C).

6.1 | Vulnerability and risk reduction for
the two adaptation scenarios

The results presented below result from the cumulative
impact of each parameter if they were all updated in a
citywide rehabilitation effort. First, the impact on the
FVI can be seen in Figure 13. For adaptation scenario
1, where only the most vulnerable buildings are updated,
minimal impact on the FVI is observed. Rather for adap-
tation scenario 2, where more buildings are retrofitted,
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TABLE 6 Flood mitigation analysis parameter updates.
Adaptation scenario 1 Adaptation scenario 2
Original Updated No. of buildings Original Updated No. of buildings
Parameter class class updated class class updated
S1: State of conservation D A 13 D,C A 45
S3: Finishing material of D B 1 D,C A 51
the facades
S4: Type and condition of D C 6 D,C A 281
frames
S5: Openings at the ground D C 130 D,C B 501
floor
E2: Concavity and D C 22 D,C B 257
permeability
FVI: Mitigation Analysis This is an issue in many countries, including Portugal.
mOriginal = Analysis 1 = Analysis 2 For the analysis carried out in this work, the cost estima-
60% tion was completed based on the data presented by Keat-
» 30% ing et al. (2015). In Table 7, the costs are represented for
%’J 0% the dry-proofing measures taking into account the risk
= mitigation analysis that was performed for the historic
o ’ city centre of Tomar. Each measure corresponds to a cer-
§ 20% tain parameter which was used in the analysis.
10% I I The above costs were used to identify the cost of
0% implementing these measures in the historic city centre

Negligible Low Moderate High
Flood Vulnerability Index

FIGURE 13
parameters. Original level.

Flood vulnerability index comparison for all

the FVI shifts left, and a great impact on the flood vulner-
ability is observed. Figure 14 confirms the decrease in
flood risk with building retrofit, improving slightly with
adaptation scenario 1 and greatly with adaptation sce-
nario 2. In addition to the graphs, the distribution of
buildings impacted by the risk mitigation measures can
be seen in the maps below, given in Figures 15-17.

In each series of maps, it is possible to appreciate that
the level of flood risk decreases as the updates are made.
As is noticeable from these results, the adoption of reha-
bilitation strategies targeting the characteristics of the
buildings that rule their vulnerability to flood can con-
tribute to reducing their vulnerability and, in conse-
quence, reducing the amount of damage if a flood occurs.

6.2 | Cost-benefit analysis

The cost estimation of mitigation measures is an impor-
tant factor, but the data required to do so is not often
available, or it is hidden in non-peer-reviewed literature.

of Tomar. This was completed using the prices from the
UK and is established as a range of values that would be
applicable for the retrofitting strategies mentioned in the
risk mitigation analyses. The values are shown in Table 8
(assuming for flood up to 1 m depth).

Typical costs of maintenance work used in the UK
have assumed a value between 1% and 5% of the pur-
chase cost of measures (Keating et al., 2015). The costs of
these measures were applied to the historic city centre of
Tomar. In this way, the buildings that, in the previous
analysis, were identified with moderate to extreme flood
risk were counted, and the applicable retrofit measures
were applied. The cost estimation according to this crite-
rion can be seen in Table 9.

Additionally, the cost distribution over the buildings
can be seen in Figure 18. In them, both the low and high
ranges of the costs are displayed. The maps show discrete
values because they are dependent on the type of inter-
vention strategy applied if necessary. Not each building
needs each intervention strategy, depending on the origi-
nal level of vulnerability.

The costs represented in the maps given in Figure 18
show the cost of the retrofit solutions for each building.
From this point, a cost-benefit analysis can be com-
pleted. The cost of the interventions can be compared to
the damage costs factored determined in Section 5. These
costs are compared in Table 10.
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FIGURE 14 (a)Flood risk
20-year and (b) 100-year
comparison for all parameters.
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The cost of the adaptation scenario 1 retrofit is lower
than the cost that the damages would incur, showing a
positive economic balance. However, the retrofit cost of
scenario 2 is higher than the cost of the damages that
would incur. In this case, a long-term cost-benefit analy-
sis, including the estimated cost of damage over multiple
years and savings due to retrofit efforts, would need to be
completed before a recommendation on the amount of

(a) Original flood risk 20 year, (b) adaptation scenario 1, (c) adaptation scenario 2.

retrofit can be completed. This analysis can help with
citywide decision-making for phased intervention plan-
ning. Phases of retrofitting can be used to first apply these
measures to buildings with an extreme level of flood risk,
then a high level of flood risk and, finally, buildings with
a moderate level of flood risk.

By implementing these risk mitigation measures, the
flood risk from both the 20- and 100-year floods can be
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Cost (2021, €) Comments

€58-116

€1015.2-2900.5

€11,602.1-40,607.35  Cost includes construction, fitting, and
training

€9281.7 Costs are inclusive of groundwork and

(a)

FIGURE 17 (a) Original flood risk 100 year, (b) adaptation scenario 1, (c) adaptation scenario 2.
TABLE 7 Indicative costs of flood protection measures for the United Kingdom (Keating et al., 2015).

Measure Parameter Cost (UK)

Additional layer (render, brick, S1/S3 £50-100

facing) (per m)

Flood-resistant door (per door) S4 £875-2500

Flood skirt (per house) S3 £10,000-35,000

Automatic door guard (domestic S5 £8000

2 m opening)

construction

TABLE 8 Cost of replacement with flood resilience alternative assuming flooding up to 1 m in depth. (Keating et al., 2015)
Measure Parameter Cost (2003, UK) Cost (2021, euro)
Coat exterior walls S1/S3 £2400-8000 €2784.5-9281.7
Flood door, windows, skirting board and frames S4 £8100-15,000 €9397.7-17,403.15
Repoint brickwork S1 £3900-12,800 €4524.8-14,850.7
TABLE 9 Cost of adaptations measures 1 and 2.
Adaptation scenario 1 Adaptation scenario 2
Parameter Low (€) High (€) # of buildings applied to Low (€) High (€) # of buildings applied to
S1 13,600 44,500 3 95,000 311,900 21
S3 0 0 0 72,400 241,300 26
S5 65,800 1,218,500 70 1,748,000 3,237,000 186
Total 671,400 126,300 73 1,915,400 3,790,200 187

greatly diminished. Specifically, by using flood doors and
flood skirts and improving the drainage systems, it is pos-
sible to significantly reduce the impact of floods. By
implementing these strategies in phases, from the build-
ings with the highest flood risk to the ones with lower
flood risk, the cost of interventions can be distributed
first to the buildings that need it the most.

Additionally, implementing flood risk mitigation
measures can change the economic damage associated
with floods. As introduced in Section 5, the economic
damage due to floods can be determined and factored
based on the level of flood risk associated with each
building and their respective vulnerability. Since the risk
mitigation analyses decrease the flood risk associated
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FIGURE 18
TABLE 10 Cost associated with depth damage curves as well

as mitigation analyses.

Type of cost Cost (€)

Damage total cost 1,993,000
Analysis 1—Retrofit total cost 126,300
Analysis 2—Retrofit total cost 3,790,200

with each building, the associated damage cost mitigation
can be measured. By recalculating the damage cost asso-
ciated with each building based on the factored curves
from Figure 11, the cost difference for each analysis can
be determined, see Table 11.

The differences in cost savings, as a result of avoided
damages, can be included in long-term cost-benefit anal-
ysis. Additionally, the fact that the mitigations decrease
the cost of damage proves the impact of both mitigation
measures.

7 | CONCLUSIONS

The type of large-scale vulnerability and risk assessment
discussed in this article allows for citywide decision-mak-
ing, which is crucial for planning phased interventions.
Moreover, the mitigation analysis conducted assists in
visualising the improvements to the vulnerability of the
buildings due to interventions.

The use of cloud-based surveying proved to be a very
effective and efficient way of collecting and managing
field data. In this specific case, it was possible to conduct
a survey of over 500 buildings in 2 days with a team of
five surveyors. Although it was not free of technological
difficulties—the ability to store the data from multiple
devices coming in at the same time was an issue—
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Risk Mitigation Cost (€)
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Cost of risk mitigation measures: (a) adaptation scenario 1 and (b) adaptation scenario 2.

TABLE 11
due to the adoption of Adaptation Measures 1 and 2.

Estimation of costs resulting from avoided damages

% difference from

Cost (€)  original

1,993,000

Type of damage cost

Original total damage

Damage after AM1 1,947,500 2%
retrofit

Damage after AM2 1,605,600 22%
retrofit

overall, it was found that it is an efficient way to collect
the necessary data.

In terms of major results, it was possible to observe
that most of the buildings identified with higher levels of
risk are in the commercial streets perpendicular to the
river. This high level of risk is associated with the high
vulnerability of buildings themselves, to a great extent,
due to their type of use on the ground floor. On the other
hand, the high level of risk identified for the buildings
located near the river is primarily associated with the
high level of hazard in those locations. It is also worthy
of note here that most of the buildings located in the cen-
tre of the city were identified as having a low level of
flood vulnerability. This is further reiterated by the distri-
bution of the flood vulnerability index values, which was
skewed to the left. The reason for this low vulnerability is
likely due to the low material and structural heterogene-
ity of the buildings across the city centre.

Throughout this analysis, it was noted that the differ-
ence between the 20- and the 100-year return periods was
not very significant. Thus, both risk levels showed similar
levels of urgency with respect to the need to adopt flood
adaptation measures. Mitigation impacts were also
assessed in this analysis. It was found that decreasing the
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number of openings, installing floodgates, and improving
drainage systems have the greatest potential to mitigate
flood risk. It was also determined that many buildings
needed to be retrofitted to significantly decrease the flood
risk throughout the city centre. The costs of these mitiga-
tion techniques provide interesting data regarding the
potential phases of application, starting from the build-
ings that are at higher risk and finishing with those that
present less risk. The impacts of flooding should be con-
sidered on a citywide level. Damages and the cost of miti-
gation measures should be considered by the government
to save lives and mitigate the risks that a flood can cause,
in a frequently difficult balance between the effectiveness
of those techniques and reglementary and compatibility-
related issues.
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