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ABSTRACT

RESUMO

Flood processes become increasingly harmful to communities due
to factors such as climate change and land use. This study aims to
evaluate the economic damages of flood events in an area of the
urban basins of Lages/SC. Thus, four plans were considered for
economic evaluation: one referring to conditions without protective
measures and three with the application of elevation of structures
at different heights, as well as two scenarios of the evolution
of urban occupation. The rainfalls were obtained through the
Gumbel probabilistic model to estimate the maximum accumulated
precipitations over 5 days, with the hydrological modeling carried
out at the HEC-HMS. The hydrodynamic modeling was performed
in HEC-RAS through the simulation of a 1D model. The HEC-FDA
model was used to perform the risk reduction analysis of damage
caused by floods, where the expected annual damages (EAD) were
calculated for the four proposed plans as well as for the urban
growth scenarios. The results showed that the application of the
mitigating measure of raising the structures reduced the EAD by up
to 83.10%. As for the scenario of the evolution of urban growth,
there was an increase in EAD of 62.09%, in the interval of 20 years.
The HEC-FDA model has been demonstrated as good software for
assessing the economic damage of floods in different scenarios,
showing results that can help decision-makers in the development
of public policies.

Keywords: flooding; mitigation; socio-hydrology; HEC-FDA;
urban growth.

Os processos de inundagdo tornam-se cada vez mais prejudiciais as
comunidades, em razdo de fatores como as mudangas climdticas e o uso
do solo. Este estudo teve como objetivo avaliar os danos econémicos
de eventos de inundag¢des em drea das bacias urbanas de Lages/SC.
Foram considerados quatro planos para a avaliagdo econémica, um
referente a condigées sem medidas protetivas e trés com a aplicagdo de
elevagdo de estruturas em diferentes alturas, bem como dois cenarios
de evolugdo da ocupagao urbana. As chuvas foram obtidas por meio do
modelo probabilistico de Gumbel, para a estimativa das chuvas maximas
acumuladas de cinco dias, com a modelagem hidroldgica realizada no
hydrologic modeling system (HEC-HMS). A modelagem hidrodinamica
foi executada no river analysis system (HEC-RAS), por meio da simulagdo
de modelo 1D. O modelo HEC-FDA foi utilizado para a realizagdo da
analise de redugdo de risco de danos causados por inundagdes, em
que foram calculados os danos anuais esperados (EAD) para os quatro
planos propostos, bem como para os cenarios de crescimento urbano.
Os resultados demostraram que a aplicagdo da medida mitigadora de
elevagdo das estruturas reduziu o expected annual damage (EAD) em até
83,10%. Ja para o cenario de evolugdo do crescimento urbano, observou-
se aumento do EAD em 62,09% no intervalo de 20 anos. O modelo FDA
demostrou ser uma boa ferramenta para a analise dos danos econémicos
de inundagGes em diferentes cenarios, com resultados que podem
auxiliar os tomadores de decisdes na fomentagdo de politicas publicas.

Palavras-chave: enchentes; mitigacdo; sécio-hidrologia; HEC-FDA;
crescimento urbano.
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Assessment of economic impacts in flood events in Lages/SC, Brazil

Introduction

Scientific studies indicate that the effect of climate change com-
bined with urban growth, and consequently, land-use change, contrib-
utes to increase the risk of flooding in urban areas (Nithila Devi et al.,
2019; Tramblay et al., 2019; Avashia and Garg, 2020; Chen et al., 2020b;
Reichstein et al., 2021; Ajjur and Al-Ghamdi, 2022).

Flood processes combined with land use changes can have both
negative and positive impacts on communities. Among the negative
impacts, land use change in urban areas favors an increase in the im-
pacts of floods. As the soil becomes more impermeable (Liu et al.,
2014; Pour et al., 2020), hydrological process such as infiltration re-
duce, while there is an increase in surface runoff, which can modify the
water balance on the hydrological cycle, overload the drainage systems,
and potentiate peak runoff (Adnan et al., 2020; Chen et al., 2020a). In
addition, negative impacts on communities, such as waterborne and
vector-borne diseases, along with psychological health problems, can
be enhanced by the occurrence of flood events (Farias Asmus et al.,
2013; Menne and Murray, 2013; Leite and Steffens, 2018; Paterson
et al., 2018; Portela et al., 2020; Shokri et al., 2020).

Floods can also generate beneficial impacts, such as the growth
of community spirit, recharge of underground water sources, nutri-
ent transport, sediment distribution, and woody debris that contrib-
utes to aquatic habitat’s complexity and diversity. In addition to soil
enrichment and water availability for agriculture and livestock (Pe-
ters et al., 2015; Svetlana et al., 2015; Walker-Springett et al., 2017;
Talbot et al., 2018).

Thus, it is known that humans have lived close to rivers since the
beginning of time, for so many reasons that, even though beneficial
in some cases, cause higher exposure to the risks of flooding in areas
inhabited by riverside populations, who increasingly pass through this
type of events (Viglione et al., 2014; Fang and Jawitz, 2019). To this
extent, in the context of hydrological landscapes, lowlands, due to their
proximity to the water table, are predisposed to have low water storage
capacity and are prone to respond quickly to precipitation, indepen-
dent of their location in the catchment, in such a manner that they
concentrate risks for the communities who live in this landscape unit
(Gharari et al., 2011).

Therefore, risk can be understood as the probability of a hazard
occurring in a given region, along with exposure and vulnerability
(Mianabadi et al., 2020). Human capacity to resist, recover, and adapt
in a process that communities learn to deal continuously with land use
change and climate change can be considered an important factor for
risk composition in a given region (Marcelino et al., 2006; Sorensen
et al,, 2016). Thus, people who have been affected by past experiences
of flood events seek to improve their levels of preparedness for future
floods, often neglecting the possibility that future floods might have
a greater magnitude, which can influence the efficiency of mitigation

measures (Fox-Rogers et al., 2016).
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Risk management is a useful tool in mitigating flood hazards,
which can help reduce loss of life and economic damages to commu-
nities (Disse et al., 2020). In Brazil, the National Secretariat for Protec-
tion and Civil Defense manages natural disasters, such as floods, by a
cycle separated into seven stages, namely, disaster impact, response, re-
covery, development, prevention, mitigation, and preparedness, which
do not have a linear but cyclical nature (Carter, 2008).

Regarding the economic damages caused by flooding in northern
Argentina and Uruguay, losses were estimated at US$ 2.5 billion in Jan-
uary 2019 this event also affected southern Brazil (WMO, 2020). More-
over, in the State of Santa Catarina, losses were estimated in the range
of R$ 4.8 billion between the years 2000 and 2010 (Herrmann, 2014).

In Brazil, several studies have proposed methodologies for estimat-
ing flood damage, in the main through flood-damage curves, damage
assessment forms, and equations to estimate damages (Machado et al.,
2005; Corsi et al., 2012; Alves et al., 2013; Silva, 2015; Minervino and
Duarte, 2016; Batista et al., 2020).

However, it is known that hydrological modeling has progressed a
lot in recent years, mainly driven by easy access to computational capa-
bility, sophisticated instrumentation, remote sensing, and Geographic
Information System (GIS) capabilities. To this extent, integration of
hydrology with allied areas is occurring increasingly, for example, with
economic studies (Singh, 2018; Miiller and Levy, 2019).

The HEC-FDA was developed by the U.S. Army Corps of Engi-
neers; this model can be coupled to hydrological and hydrodynamic
models. The program provides the capability to formulate and evalu-
ate flood damage reduction plans using risk-based analysis methods
by estimating the expected annual damage (EAD), which can be used
to compare different scenarios, that consider with and without project
conditions and distinct analysis years in such a way that can support
the development of a flood risk management plan (Lehman, 2016;
Martinez-Gomariz et al., 2020). EAD is calculated by the integration of
the damage-probability function; that being so, damage is estimated by
multiple Monte Carlo sampling of discharge-exceedance probability,
stage-discharge, and stage-damage relationships and their associated
uncertainties (USACE, 2016; Stakhiv, 2021).

The HEC-FDA model has been applied in watersheds in Europe,
Asia, and North America. These studies used the model to estimate
flood damage considering scenarios without projecting, i.e., without
application of flood control methods, and scenarios with project-
ing, i.e., with mitigation measures, such as dams and flood insur-
ance programs (Cunha and Taveira-Pinto, 2011; Qi and Altinacar,
2011; Mohammadi et al., 2014; Lee et al., 2015; Mas, 2015; Van Dau
et al,, 2017; Difrancesco et al., 2020; Moosakhaani et al., 2020; Moo-
sakhaani et al., 2022).

Furthermore, mitigation measures play a fundamental role in
flood risk management, as they have the potential to reduce impacts on

communities. Structural or non-structural measures can be adopted,
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such as flood detention basins, structural elevation, flood insurance,
and flood warning (Arrighi et al., 2018; Jacob et al., 2019; Ruig et al,,
2019; Sukhwani et al., 2019; Robinson and Botzen, 2020; Nofal and
Lindt, 2021).

This study became necessary to fill the current research gap in view
of studies that evaluate and quantify the economic impacts of flood
events in the urban basins of Lages/SC. Thus, the main objective of this
study was to evaluate the economic damage caused by flood events,
considering scenarios without project and with building elevation, be-

sides the effects of urban growth in the past 20 years.
Materials and Methods
Study area

The urban basins of the city of Lages, located in the mountain-
ous plateau region of Santa Catarina State in southern Brazil, were
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Figure 1 - Location of the study area.

adopted as the study area. This area was chosen due to the recur-
rent flooding that generates negative impacts on the riverside pop-
ulations, with records of 20 significant flooding events between
the years 1979 and 2017 (Liz, 2018). Figure 1 shows the location
of the study area, as well as sectors 9, 10, 23, and 24 proposed by
the Geological Survey of Brazil; these sectors were selected due
to their high perception of flood risk and vulnerability (Lamberty
and Mendonca, 2018). In addition, these areas coincide with the
flood polygon shapefile observed during the flood events in 2005,
2008, and 2011, which were given by the municipal administration
of Lages/SC.

According to Figure 2, the climate type in the study area is the hu-
mid temperate climate (Cfb) (Alvares et al., 2013). Moreover, the rain-
iest months of the year in Lages/SC, are September and October, while
the least rainy months are April and May, according to the historical
rainfall time series from 1941 to 2019.
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Figure 2 - Climate classification and monthly rainfall.

Hydrological modeling

Initially, eight hydrographs were computed in the hydrological
modeling, referring to eight different return periods (3, 5, 10, 15,
25, 50, 100, and 500 years), needed for economic modeling in the
HEC-FDA. It was decided to adopt the annual maximum 5-day rain-
fall, computed by the Gumbel model, considering that it is one of
the most used probability distributions to estimate extreme rainfall
(Ozonur et al., 2021). The HEC-HMS 4.6.1 was chosen to calculate
the project hydrographs, transforming the rainfall-runoff in the
studied urban basins.

The rainfall data were obtained through the historical series of two
rainfall stations: the Experimental Station of Epagri (Code 2750005,
Geographical Coordinates: lat. —27°48°30”, long. -50°19°42”), which
has data from March 1941 to March 2014, and the Station of Coral Dis-
trict (Code 2750046, Geographical Coordinates: lat. -27°48°25”, long.
-50°18’18”), which has data from April 2014 to June 2019, compiling
74 years of consistent data.

The Gumbel model was calculated for maximum 5-day rainfall; the
model parameters beta and alpha were determined using the method
of moments, while the empirical frequency was estimated using the
Kimbal formula. In addition, the D coefficient and return periods were
calculated for each year of the historical series.

To verify whether the annual maximum 5-day rainfall time series
fit the Gumbel distribution, the Kolmogorov-Smirnov adherence test
was applied, with a 1% level of significance (p < 0.01). This test was ad-
opted because it is one of the most used in hydrology studies (Back and
Bonfante, 2021). Thus, after analyzing the historical series, rainfall was

estimated for all the return periods studied using the inverse Gumbel

model (Equation 1).

TR
TR —

h=h - Sh{0.45+0.7797 +In [ln( 1)

o)t

Where:

h = rainfall for a given return period, mm;

h = average annual maximum 5-day rainfall, mm;
Sh = standard deviation of the annual maximum 5-day rainfall, mm.

Considering the temporal distribution of rainfall, it was decided
to use the observed rainfall, recorded in the historical series, as a pa-
rameter for the maximum 5-day rainfall disaggregation, since rainfall
disaggregation coefficients for the State of Santa Catarina only cover
rains of up to 1-day duration (CETESB, 1986).

Therefore, the proposed methodology consisted of analyzing the
observed rainfall events that were equivalent to the modeled rainfall by
the Gumbel model, thus calculating the percentage of observed rainfall
on each day of the event and using this factor for the distribution of
modeled rainfall over time. It is considered that for modeled rainfall
where there was not equivalent observed rainfall, the event with the
closest return period for the rainfall distribution was used.

The hydrological modeling was computed from a calibrated mod-
el in HEC-HMS; this model represents the Ponte Velha Catchment,
which covers the urban basins of Lages/SC, and was developed by the
Hidro-Lages Project (Rafaeli Neto, 2019b). It should be noted that this
model was not validated for a period after 2019, since the fluviometric
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station used in the model is no longer in operation. Thus, the project
hydrographs were obtained from the calibrated model for each of the
eight return periods.

Hydrodynamic modeling

The hydrodynamic modeling was performed in HEC-RAS 5.0.3,
since it belongs to the HEC family of programs, in a way that provides
a good level of coupling between the programs used in this study. In
addition, this coupling of programs facilitated the input of data into
the HEC-FDA model. It was decided to apply a 1D model for delin-
eating the geometry of the study area in order to facilitate the im-
port of the water surface profile into the FDA model, which requires
cross-sectional data.

In this study, a high-resolution digital terrain model (DTM) was
used for the hydrodynamic modeling, with a resolution of 30 cm; this
DTM was available for the floodplain topographic surface of the Lages
urban area, being one of the products of the Hidro-Lages Project. This
DTM was obtained through an aerial photogrammetric survey carried
out in 2019 using LiDAR (Light Detection and Ranging) technolo-
gy and the orthorectification technique in an area of 25 km* (Rafaeli
Neto, 2019a).

Figure 3 shows the geometry used in the study area, which cov-
ers parts of the Ponte Grande, Carahd, and Caveiras River basins. In
terms of the number of cross-sections created per river, a total of 93
cross-sections were inserted in the model, considering a higher level of
detail in the study area. Furthermore, regarding the Manning rough-
ness coeflicients data, a value of 0.035 s.m'> was defined for the main
channels and 0.055 s.m™'” for the right and left banks. The hydrody-

563,000 564,000 565.000 567.000

» wunction 13

namic simulation was carried out using unsteady flow analysis, while
for the boundary conditions, junctions 13 (River Carahd), 8 (River
Ponte Grande), and 4 (River Caveiras) were defined as inflow locations
in the model, along with a cross-section for outflow. Thus, the proj-
ect hydrographs, obtained in the hydrological modeling, were inserted
in their respective inflow junctions, while for the outflow, the normal
depth method was adopted with an input value of 0.001 m.m™.

A compilation of data was done in the HEC-RAS model before
exporting to the HEC-FDA model, so the following data were com-
piled for all simulated return periods: total discharge (m*/s), minimum

cross-section elevation (m), and water surface elevation (m).

Economic analysis: HEC-FDA model

The economic damage caused by floods was estimated using HEC-
FDA 1.4.3; this model was chosen because it provides the capability to
perform an integrated hydrological and economic analysis for flood
damage evaluation. The HEC-FDA model has the following five main
analysis steps:
o definition of a study;
» study configuration;
« hydrological engineering data;
« economics data;

+ evaluation and computation of EAD.

Therefore, it is noteworthy that two damage reaches were delineated
in the study configuration, which are specific geographical areas within
a floodplain, as well as their respective index locations, which enable

the aggregation of stage-damage functions from individual structures.
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Figure 3 - HEC-RAS one-dimensional hydrodynamic modeling, geometric configuration.
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Damage reaches are used in the definition and storage of consistent
data for the plans and to aggregate structure damage information;
these areas were delimited between a range of cross-sections for each
river, as shown in Figure 3.

Thus, four plans were defined for this study: the plan without
project conditions and three plans with the application of mitigation
measures. It was decided to use the building elevation as a mitigation
measure, considering three different heights. These heights were cho-
sen according to the flood propagation in the Ponte Grande and Car-
ahd River basins, obtained in the hydrodynamic modeling. In view of
this, the water level at which flood propagation began to impact the
buildings was verified, so that an average depth of 0.29 m was observed
for these situations. In such a manner, it was determined to use the fol-
lowing heights for building elevations: 0.305 m (Plan 1), 0.610 m (Plan
2), and 1.000 m (Plan 3).

Moreover, it was decided to adopt two different periods for the
study analysis years, with residential occupation scenarios in 2002 and
2022. These years were selected due to the availability of spatial data for
the study area, such as orthophotos, building lots, and houses, which
were retrieved from the Lages municipal government database.

In hydrological engineering, the data were imported from results
obtained in the HEC-RAS, and the discharge-exceedance probability
function with uncertainty was computed in the FDA using a graph-
ical exceedance probability function, which is recommended when
the discharge-exceedance probability function cannot be fitted by
a Log Pearson Type III distribution (USACE, 2016). Likewise, the

stage-discharge functions were computed in the FDA model; these

565,000 567,000

Figure 4 - Location of the sampled buildings.

functions were created from the eight water surface profiles imported
into the HEC-FDA.

As for the economic data, only the residential damage category was
considered in this study, while two structure occupancy types were de-
fined: one-story without basements and two-story without basements.
The depth-percent damage functions were inserted for each of the oc-
cupancy types; these functions were assigned for both economic dam-
age to structure and content. Generic depth-damage relationships were
adopted and provided in the Economic Guidance Memorandum 04-01
(USACE, 2003).

The attributes entered for the structure inventory were obtained
from the Lages municipal government database, which contains shape-
files of building footprints and building lots. In addition, the 30 cm
DTM was used to define the ground level value for each structure. In
order to define the number of structures to be analyzed, it was decided
to carry out a sampling based on the buildings in the study area, using
the Cochran formula with a confidence level of 95%, a margin of er-
ror of 0.07%, and a population proportion of 50% variability, so that a
previous sample of 196 structures was estimated. However, the small
sample correction was applied to reduce the sample size, but it should
be noted that the database was consolidated, considering only residen-
tial buildings located in the damage reaches, obtaining a sample of 158
structures. Furthermore, samples were spatially distributed using the
“Create Random Points” tool in ArcGIS 10.5 (Figure 4).

The economic value of the sampled buildings was calculated using the
evolutionary method (ABNT, 2001), since it can be used for property valua-
tion. This method is based on the combination of two different methodologies.
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Therefore, the direct comparative method and the cost quantifica-
tion method were adopted in the valuation of properties, according to

Equation 2.

VI = VCD+VQB

! @)

Where:

VI = total property value, R$;

Vcp = property value by the direct comparative method, R$;
VQ g = property value by the cost quantification method, R$.

To apply the direct comparative method, the behavior in the real
estate market was evaluated with the objective of estimating the square
meter value of the study area. Thus, the properties for sale in the study
area were surveyed by local real estate agencies in April 2022, verify-
ing 13 properties for sale, with an average cost per square meter of
R$ 674.40. As for the cost quantification method, the unit cost of civil
construction (CUB) was adopted for economic valuation, using the
average residential CUB in the State of Santa Catarina in April 2022,
equivalent to the cost of R$/m? 2,461.35. In this way, for both meth-
ods, based on the estimation of the square meter price, it was possible
to calculate the cost of each structure by multiplying the area by the
square meter price.

The Ground Stage was determined according to the value for the
elevation of the ground at the structure; in view of this, it was analyzed
whether the sample had elevated houses through observations on the
GeoLages website, which has photos of the properties in the munici-
pality, and through the most recent images available on Google Street
View. Therefore, if there was not an elevation of the building, the foun-
dation height was equal to zero meters, while when the buildings were
raised, the estimated height was entered in the foundation height box.
It should be noted that when a given building was elevated, if the raised
height was higher or very close to that of a given plan, this structure

was not considered in that plan. Thus, the without project condition

Table 1 - Annual maximum 5-day rainfall and total discharge by return periods.

Total Discharge - Junction 13

(Years) (mm) (m?/s)

3 160.77 45.2

5 185.31 52.2

10 216.15 63.8

15 233.54 69

25 255.11 75.2

50 284.01 81.1

100 312.70 89.1

500 379.00 107.7

has 158 structures, while Plans 1, 2, and 3 have 100, 114, and 130 struc-
tures, respectively, totaling an inventory of 502 structures.

In addition, considering the “year in service” box, the FDA adopt-
ed the default year of 1900 for all structures that were built and oc-
cupied before 2002, while for structures that were built and occupied
after 2002, a subsequent year was entered in this box. Thus, the FDA
understands that this structure does not exist in 2002 and should not
be included in the stage-damage computations for the base year (2002)
but only for the most likely future year (2022).

The depth-damage functions with uncertainty were computed af-
ter entering all data into the structure inventory, and 500 Monte-Carlo
simulations were performed to compute the stage-aggregated damage
function. The computation of expected annual damage (EAD) was per-
formed, using a 5% residual damage associated with the 0.01 exceed-
ance probability event as the target stage to compute output parame-
ters. This combination was chosen because it was considered a good
target stage based on HEC’s experience (USACE, 2016).

Results and Discussion

Hydrological modeling

The historical series of the annual maximum 5-day rainfall pre-
sented an average of 147.4 mm and a standard deviation of 52.7 mm; in
view of this, it was verified that the time series fits the Gumbel distri-
bution, since the calculated D (0.06) was below the critical D (0.19), at
the a significance level of 1%, according to the Kolmogorov-Smirnov
adherence test. Pereira et al. (2017) showed that Gumbel distribution
fitted well to the maximum 1-day rainfall in the city of Ipameri/GO,
according to the results of the following adherence tests: Kolmorov—
Smirnov, Anderson-Darling, and Chi-Square, considering a signifi-
cance level of 1%.

Table 1 shows the maximum 5-day rainfall calculated by the in-
verse Gumbel model (Equation 1), as well as the total discharge at each

junction, considering all the return periods.

Total Discharge - Junction 8 Total Discharge - Junction 4

(m?/s) (m?/s)
26.9 437.9
33.3 573.3
40.9 827.7
452 964
50.2 1135

58 1307.4
65 1503.7
81.1 1932.3
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Hydrodynamic modeling

Figure 5 shows the water levels modeled for all return periods,
highlighting minimum and maximum values as well as the inun-
dation boundary in the study area, verifying the advance over the
sample buildings.

The comparison between modeled floods and observed floods
(events of 2005, 2008, and 2011) shows that the HEC-RAS model per-

LAY s LAY e S

Figure 5 - Flooding mapping in the study area, for return periods of (A) 3, (B) 5, (C) 10, (D) 15, (E) 25, (F) 50, (G) 100, (H) 500 years.

Inundation area (observed)
I

o el

25, and 50 years; (C) 100 and 500 years.

- i i Za Y .

formed better at representing spatial distribution of inundation bound-
ary in the Ponte Grande and Caveiras River basins, while for the Caraha
River basin, there was a better representation of inundation boundaries
from 100- and 500-year return periods, as shown in Figure 6. Accord-
ing to Rafaeli Neto et al. (2015), it was found through simulations that
HEC-RAS model can be used to satisfactorily reproduce the floodplain
of Ponte Grande, Carahd, and Caveiras River basins.

L e ' 1

? [ ‘
Figure 6 - Inundation boundary in HEC-RAS model and flood events observed in 2005, 2008, and 2011, for return periods of (A) 3, 5, and 10 years; (B) 15,
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Economic analysis: HEC-FDA model

Regarding economic valuation, Figure 7 shows the estimated prop-
erty value of sampled buildings, which were obtained using the evolu-
tionary method (Equation 2). To this extent, property values had an av-
erage price of R$ 531,454.36, with a maximum price of R$ 4,242,528.64
and a minimum price of R$ 151,252.90. It should be noted that factors
such as quality of building construction, state of building conservation,

and depreciation were not considered in this study.

Urban growth

Considering the urban growth, in the Ponte Grande River basin, a
greater change in land use occurred, with a large expansion of build-
ings, while in the Caraha River basin, there was a more consolidated
land use, with a smaller number of new buildings, between 2002 and
2022 (Figure 8). Among the 158 buildings sampled, 124 were occupied
in 2002, while the new ones represented an increase of 27.41% in build-
ings. The Ponte Grande River basin presented the highest number of
new buildings, with a total of 26 structures.

Table 2 shows the expected annual damage (EAD) computed using
HEC-FDA, considering damage reaches established in the Ponte Grande
and Caraha River basins, for the different urban growth scenarios.

Thus, there was an increase in expected annual damage of approx-
imately 62.09%, between 2002 and 2022, with a significant increase
of approximately 91.58% for the damage reach of the Ponte Grande

Figure 7 - Property values calculated using Equation 2*.
*Nominal values for April 2022.
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River basin, demonstrating a high rate of urban growth in the flood-
prone zones. It was noticed that all new buildings were located in the
floodplain, so these structures aggregated the stage-damage functions
for subsequent computation of the EAD, a fact that may explain the
high increase in the expected annual damage. Therefore, it was veri-
fied that the urban growth towards flood-prone areas contributed to
the increase in damage between the analysis years, enforcing the need
for more strong control and inspection measures by public agencies to
prevent economic losses and avoid the construction of new buildings
in these areas.

According to Lemos et al. (2021), the effects of changes in land
use and occupation in the Ponte Grande River basin are perceptible
over time, with a percentage increase in the urban area class equal
to 16.55, 34.92, and 41.71% for 1984, 2003, and 2019, respectively.
Meanwhile, Mombach et al. (2018) verified that floods were consid-
ered the main problem of the Carahd River basin through interviews
with local inhabitants.

In the study conducted by Tiepolo and Galligari (2021), the link
between urban expansion and flood damage was analyzed in the
Dosso Region of Niger between 2001 and 2020, verifying the expan-
sion of human settlements to flood-prone areas due to factors such
as population growth, a lack of awareness, and poverty. They iden-
tified a 14% increase in economic damage to human settlements

located in urban areas caused by floods between 2004 and 2019.
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e Study Structures
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= g - 7 ; [ Ponte Grande River basin

Figure 8 - Urban growth in the Caraha and Ponte Grande River basins, (A) 2002 and (B) 2022.

Table 2 - Expected annual damage (EAD), by analysis years*.

Damage
Damage Reach EAD 2002 (R$) | EAD 2022 (R$) Increased (%)
Carahd River 120,869.47 153,091.92 +26.66
basin
LETDER 145,221.20 278,216.72 +91.58
River basin
Total 266,090.67 431,308.64 +62.09

*Nominal values for April 2022.

Similarly, in a study performed in Lagos (Nigeria), urban expansion
and land use changes were investigated for the period between 1990
and 2020, aiming to mitigate future flood damage in flood-prone areas.
Their results suggested that urban growth areas are more vulnerable to
flooding due to unsustainable growth (Koko et al., 2021). Furthermore,
in similar studies developed in other countries, such as Chile and Can-
ada, it was indicated that expansion of urban areas can increase expo-
sure to risk in flood-prone areas (Rojas et al., 2017; Feng et al., 2021).
Thus, it is clear that the lack of suitable areas for new housing, along
with factors such as urban growth, economic insufficiency, and vulner-
able buildings, contribute to increasing flood damage in the study area.
Moreover, among the studies identified that used HEC-FDA for flood
damage analysis, it is noted that none of them developed a study based on
past land use, which can be compared with the results of this study (Cunha
and Taveira-Pinto, 2011; Qi and Altinacar, 2011; Mohammadi et al., 2014;
Lee et al,, 2015; Mas, 2015; Difrancesco et al., 2020; Moosakhaani et al.,
2020; Moosakhaani, et al., 2022). However, Van Dau et al. (2017) estimated
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flood damage due to potential climate change impacts in Vietnam, using
the FDA model and considering current and future climate. Thus, flood
damage was estimated at US$ 18.8 million in 2020 and US$ 20.7 million in
2080, resulting in an increase of approximately 10% in the expected annual

damage, considering the RPC 8.5 scenario.

Flood mitigation measures

In preparing structures inventory, it was verified that 46% of the
sampled buildings were elevated by using different techniques (e.g.,
stilt foundation, pile foundation, and slab on grade foundation). Fig-
ure 9A shows the buildings that were considered out of floodplain
by HEC-FDA, as a result of the aggregate stage-damage computa-
tion, i.e., it represents the buildings, which the sum of ground stage
and foundation height is greater than the water surface elevation;
consequently, these structures are considered out of floodplain. In
addition, the model computes total damage to structures for a given
return period in order to make it possible to determine the begin-
ning of flood damage by return period, considering all plans (Fig-
ures 9B, 9C, 9D, and 9E).

Thus, for the condition without project, a total of 23 buildings
were considered out of floodplain, while for Plans 1, 2, and 3, there
were a total of 17, 24, and 36 buildings, respectively. Regarding the
beginning of flood damage, for the plan without project, damage be-
gan with a 5-year flood event, with two buildings damaged. While
for most of the samples, the damage started between 10- and 25-
year flood events in a total of 31 buildings. Moreover, it is possible
to notice the beginning of damage in 44 properties between 50- and
500-year flood events.
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(d)

In Plan 1, it was observed that damage started from the 10-year
flood, with more buildings damaged from the 50-year flood events.
In addition, there was an increase in buildings considered without
damage for this plan compared to the plan without project condi-
tions. Meanwhile, for Plans 2 and 3, damage started from the 15-year
flood event, with more properties damaged from the 100-year return
period. For these plans, the change in return period at the beginning
of flood damage was equally noticeable as the elevation of the struc-
ture changed.

There was a considerable amount of buildings classified as being
without damage in the Caraha River basin, considering all the evalu-
ated plans, while the Ponte Grande River basin has a smaller amount
of buildings without damage. This might have occurred due to the fact
that the hydrodynamic modeling was better performed in the Ponte
Grande River basin, resulting in a good representation of the inun-
dation boundary for all return periods. However, in the Carahd River
basin, the model had a good performance in representing inundation
boundaries only for some return periods, in particular, the 100- and
500-year flood events (Figure 6).

Table 3 shows the expected annual damage computed by the HEC-
FDA model, considering all plans.

Thus, after applying the mitigation measures, there was a reduction
in the expected annual damage, with a decrease in flood damage of
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Structure damage begin at (1/p) Out of Floodplain

Without damage Plan 1

5-year flood 4 Plan2

10-year flood A Plan3

15-year flood A Without Project
“_ Rivers

25-year flood
50-year flood
100-year flood
500-year flood

002 0®00O0

(e)

Figure 9 - Sampled buildings (A) out of floodplain; and return period, when damage begins, for scenarios (B) without project; (C) Plan 1; (D) Plan 2; (E) Plan 3.

Table 3 - Expected annual damage (EAD), by Plan*.

EEECN A=
Without Project 431,308.64 0.00 0.00
Plan 1 (0.305 m) 117,599.90 313,708.74 72.73
Plan 2 (0.610 m) 91,692.29 339,616.36 78.74
Plan 3 (1.000 m) 72,890.26 358,418.39 83.10

*Nominal values for April 2022.

approximately 72.73, 78.74, and 83.10%, for Plans 1, 2, and 3, respec-
tively, when compared with the results obtained in the plan without
the project.

Therefore, results obtained in the economic modeling performed
in the HEC-FDA showed that the building elevation measure con-
tributed to the reduction of flood damage in the study area since this
measure aimed to reduce its vulnerability to flooding by increasing the
height of the plinth level from the ground.

Some studies that used HEC-FDA, for evaluating flood damage
proposed plans with mitigation measures, such as dams, flood in-
surance, and different channel types. In these studies, benefits were
found with the application of protective measures, such as a reduc-
tion in expected annual damage (Lee et al., 2015; Mas, 2015; Moo-
sakhaani et al., 2020).
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In a study carried out in the Bago region of Myanmar, it was ob-
served that there were elevated houses, with average heights between
1.4 and 1.9 m, indicating that this type of house was mostly located
in highly flood-prone areas, aiming to adapt to flooding. The results
showed less flood damage in elevated houses in comparison with nor-
mal houses in two of the three townships under study. The authors
highlighted that normal houses can more easily be damaged since this
type of house is closer to the ground level, and, therefore, they con-
clude that flood damage can be significantly reduced by raising the lev-
el of the building foundation (Shrestha et al., 2021).

Meanwhile, in a study carried out in Los Angeles, building el-
evation measure was evaluated at 2, 4, 6, and 8 ft elevations. Their
results claimed that elevation performed best in areas with high in-
undation depths, as well as that the investment costs for flood mit-
igation measures can be a barrier to their effective implementation
(Ruig et al., 2019).

Another example of a study that evaluated building elevation
measures to reduce flood damage was developed in North Carolina,
considering elevation in combination with other mitigation measures,
such as buyout, levees, and retention systems, in a total of 28 mitigation
scenarios. The results indicated that the scenarios with the application
of buyout and elevation can reduce flood damage by an amount of US$
3.93 to US$ 49.56 million, which can be reduced even more if other
mitigation measures are added. The authors conclude that a combina-
tion of home buyout policy and elevating buildings requires substan-
tial funding, yet it provides significant protection for the buildings in
flood-prone areas (Nofal and Lindt, 2021).

Therefore, it is evident that the building elevation measure can
reduce flood damage, although studies are needed to evaluate the
cost-benefit as well as whether it should be used in combination with

other mitigation measures.

Conclusion

The flood damage analysis using HEC-FDA proved to be a good
tool for formulating and evaluating flood damage reduction plans,
which consider factors such as urbanization and application of miti-
gation measures to estimate flood damage associated with a maximum
5-day rainfall.

Thus, the results obtained in this study may be important for pro-
moting public policies aimed at improving the quality of life. It is rec-
ommended to promote measures to prevent urban expansion in highly
flood-prone areas, especially in the Ponte Grande River basin, which
has shown greater urban expansion in the past 20 years.

In addition, it is suggested that the National Secretariat for Protec-
tion and Civil Defense along with other municipal government depart-
ments provide technical guidance to determine a minimum height of
elevation at ground level, for buildings located in flood-prone areas,
considering flooding mapping under different return periods. To en-
courage residents to adopt this adaptation measure, aiming to reduce
and optimize resources, and mitigate damage to vulnerable buildings.

For future studies, it is recommended to evaluate more plans of
mitigation measures, such as flood insurance and detention basins,
among others, and to evaluate the cost-benefits of the proposed con-

trol measures.
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