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Abstract: The urban drainage system plays an important role in the urban infrastructure resilience
discussion. Its functional failures can trigger cascading effects on other urban systems and critical
infrastructures. The main aim of this work is to investigate and quantify urban flood resilience,
offering an integrated methodological approach. In this process, the flooding consequences were
quantified by hydrodynamic simulations, using a case study in an exploratory research method. A
set of indicators was proposed to map the cascading effects generated by floods and the consequent
quantification of urban flooding resilience. Two simulation scenarios were proposed to validate
the methodological assessment framework proposed in this work. The first scenario represented
the current flooding situation and showed the negative effects on the city systems resulting from
disordered urban growth. The second scenario considered the improvement of the drainage behavior,
considering a sustainable urban drainage approach supported by the concept of blue-green infrastruc-
ture integrated with the urban open spaces system. A comprehensive flood resilience assessment over
time was conducted by analyzing the evolution of the System Integrity Index on both scenarios. The
results showed that water dynamics play an important role in ordering land use and that preserving
water spaces can efficiently respond to urban developing threats, dealing with floods in an earlier
development moment, proving the importance of the drainage system as a preliminary structuring
driver for supporting a sustainable urban planning, ordered according to environmental constraints
defined by water dynamics.

Keywords: urban drainage systems; urban floods; cascade effects; urban flood resilience; open spaces
system; blue-green infrastructure

1. Introduction

It is not unusual to find cities where land use planning is conducted without properly
considering the natural dynamics, imposing a rigid grid-like outline, disregarding the
specific environment conditioning features [1,2]. The carrying capacity of natural systems
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cannot be neglected without negative consequences. However, this seems to be especially
frequent in what regards water dynamics: urban flooding appears as one of the most
significant natural disasters in global statistics [3].

Conceptually, the drainage system occupies a key position in the urban spatial analysis,
acting in the interface between natural demands and the built environment needs. While the
natural water cycle demands a floodway to rainwaters that are gathered in the watershed,
the urban environment demands safe and healthy places for urban activities and services [4].
More sensitive ecological approaches have appeared in recent years, encouraging engineers
and urban designers to work with nature [5–7], reorganizing spaces and flood flow patterns.
However, many cities still work to “defend” themselves from floods [8] and are still seeking
disaster recovery strategies [9], and are therefore focusing on the consequences. In this
context, there is a gap between flood risk management and land use planning processes,
which makes it difficult to increase the resilience of cities. Consequently, there is a need to
build an integrative flood risk assessment tool for land use planning, improving stakeholder
awareness and collaboration, strengthening risk communication, and improving both
quality and access to data [10]. The need for a greater understanding of communities’
knowledge, experiences and needs is also highlighted, in order to integrate it with the
current risk communication plans, with a clear and comprehensive flood map to inform
communities at risk of flood hazard [11].

Failures in the operation of urban drainage systems generate several potential damages
and losses to the daily city routine [12]. Globally, flooding is the most spatially diffused
natural hazard, representing a major threat to cities [13]. Especially in countries with
less economic stability, floods are capable of directly impacting the physical and mental
health of the affected population, as well as forcing people to leave their residences to
pursue refuge for a short or long period of time [14]. According to the Centre for Research
on the Epidemiology of Disasters (CRED), reported flooding losses have amounted to
USD 656 billion over the 20-year interval between 1997 and 2017 [15]. In response, the
United Nations Sendai Framework for Disaster Risk Reduction (SFDRR) is one of the global
initiatives developed to protect human lives, ecosystems, and infrastructures from natural
and human-caused hazards until the year 2030 [16].

The urban major drainage system is usually designed to respond to a certain flood
reference event, but when this event is exceeded, the capacity of the drainage structures
will not be able to convey the higher discharges, failing and flooding city areas. Factors
such as garbage accumulation in drainage networks [17], the uncontrolled soil paving and
the consequent additional increase in runoff [18], or even the inadequate occupation of
riverine areas and flood plains, may lead to changes that the drainage net has not been
dimensioned to face [19], aggravating damages to the city [20].

Many times, the rivers are canalized, buried and hidden, disappearing as elements
of the urban landscape [21], impoverishing urban biodiversity, aggravating public health
problems, devaluating the built environment, and decreasing leisure opportunities, among
other problems [22]. Moreover, disordered urban growth or unplanned urban sprawl can
lead to damages to buildings and urban facilities, degrading and impoverishing areas
exposed to floods, due to successive replacement costs and the interruption of services
and business [19,23]. Flooding events can disrupt city mobility [24] and affect (and be
affected by) the improper collection and disposal of sewage and municipal solid waste [25],
becoming potential vehicles for spreading water-borne diseases [26]. This sequence of
events can reach the critical infrastructure of a city and trigger a set of cause-and-effect
connections, cascading negative effects to other systems [27] in a much wider range than
that defined only by the directly flooded areas. Additionally, the lack of open spaces,
usually observed in dense urban environments, is responsible for limiting the possibilities
of reversing this situation, since available open areas could be responsible for offering
temporary storage volumes to the drainage system. Figure 1 schematically shows the cycle
of city degradation caused by the failures in the urban drainage system—in brief, when a
city grows quickly, without proper planning and provision of the necessary infrastructure,
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the land use and river system change, aggravating flood events that strike back at the city
itself, generating damages that demand new urban interventions to reduce flood losses. As
the city grows, this vicious cycle is fed back.
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In this way, floods appear as a disruption driver to urban services, infrastructure
networks, community facilities and housing systems. Considering that urban resilience is
directly associated with the structural integrity of urban elements and the ability of urban
systems to continue working under stressing conditions [28,29], the cascading effects that
undermine system functions can considerably reduce city resilience [30,31].

Critical infrastructure resilience can be increased if the ability to adequately manage
flood risks is properly built [32]. Flood risks can usually be reduced if floods are mitigated,
if the population is no longer exposed or if the system vulnerability is reduced [33,34].
However, floods are usually difficult to mitigate, mainly due to the usual characteristics
of the urban development process, since the first moments of city growing, when dense
urban tissues are progressively molded without the provision of the proper open spaces
needed to accommodate the natural water dynamics [35]. Removing people from floodable
areas (reducing their exposure) is also difficult and provides social problems related to this
relocation process (breaking affective laces and social relations, moving away from cultural
heritage and working opportunities, etc.) [36]. At last, reducing vulnerability often implies
adaptive strategies to live with floods, seeking to raise resilience in the context of preparing
a city to be safe to fail [37]. This can also be difficult due to the costs involved and usually
implies some mitigation and relocation measures. In this context, preventing risks from the
beginning should be the primary aim of the urban planning process and offering ways to
reach this aim is one of the main contributions of the research developed in this manuscript.

Flooding consequences are always related to space allocation in cities. That is, water
needs space to develop its natural dynamics and there are frequent conflicts between urban
aims and natural needs. It is more likely to find critical flooding cascading effects in cities
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where open spaces were not foreseen to cope with the water dynamics. This situation points
to the need to deal with these conflicts, and the conception of a formal system of open
spaces to provide environmental services associated with natural hydrological functions
can be an alternative to ordering urban planning guidelines [38]. Considering this, our
research supports the hypothesis that if this concern is considered in a timely manner,
before significant urban growth, in the first stages of urban planning, it is possible to
design more functional and resilient cities, avoiding future problems. Coordinating natural,
technological, and socio-economic systems when designing, planning, and managing urban
nature-based solutions enable optimal social-ecological outcomes [39].

Urban open spaces can provide a wide range of benefits to the citizens of a community.
Parks and natural areas can be used for recreation; wetlands and forests can supply wildlife
habitat; farms and forests can provide aesthetic benefits to surrounding residents; green
spaces can reduce imperviousness and heat islands effects; and open spaces, in general,
can provide volumes to store rainwaters [40–42].

As integrated systems, the concept of a blue-green infrastructure (BGI) as a functional
urban system [43,44], capable of providing environmental services, appears as an alternative
to reduce runoff and floods [45–47], increase biodiversity [48], offer cultural benefits [49],
support healthier urban living style through public access to valuable natural resources [50]
and make cities more resilient to climate change [51,52]. BGI can also enable the necessary
connections for fragmented natural open spaces. Considering BGI concepts while designing
a multifunctional opens space system can support city solutions in a sustainable way.

Given this introductory discussion, the present work proposes to investigate and quan-
tify urban flood resilience, offering an integrated quantitative methodological approach. A
case study in the city of Rio de Janeiro/Brazil, which is a dense urban and degraded area
frequently affected by flooding and marked by the lack of open spaces that could mitigate
floods, will be explored to test the hypothesis and validate the proposed method. In this
process, a set of indicators and integrated procedures are proposed as the main contribution
to the knowledge of this research area, composing an evaluation framework intended to
provide a way to measure the urban flooding cascading effects and city resilience to floods
as a complementary practical tool to support urban planning decisions.

Additionally, the practical assessment conducted in the exploratory case study offered
here also acts as an alert for growing cities that should incorporate water dynamics issues
into their urban planning process—it will be seen that an uncontrolled urban growth can
produce extremely negative effects in terms of urban flood consequences spread over the
watershed. As a consequence, policy implications can be possibly developed in the path of
producing a more sustainable urban tissue.

The Acari River watershed, shown in Figure 2, is one of the largest and most populous
in the Rio de Janeiro municipality, where there are numerous urban drainage problems,
varying from gaps in the infrastructure provision to system maintenance, and consequent
degradation of the natural and built environment. It is also an area recognized for its social
claims. In this watershed, the urbanization did not respect the “water spaces”, occupying
riparian areas and even riverbanks, in the most critical points. A previous study developed
for this area [53] showed that a large portion of the population living there is not able
to recover from flooding losses over time, being heavily affected even when considering
flooding events of low return periods (such as 5 years, for example).
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The Acari River case study works as a “laboratory”, where the hypotheses of the
work are evaluated, discussed and confirmed. An urban diagnosis of the current flooding
situation, the measurement of consequent cascading effects and the assessment of city
resilience to floods composes the core of the proposed method offered by our approach.
The final procedures can be used to manage flood risks and offer guidelines to order land
use in the watershed, avoiding aggravating natural floods and providing opportunities to
integrate environmental and urban needs while improving city resilience. In this way, urban
open spaces will be used to provide volumes for flood control, acting as multifunctional
landscapes in a blue-green infrastructure design integrated with the drainage system.
Giving back spaces to the river will be a priority in the solutions presented, supporting the
hypothesis that urban water dynamics should guide the initial urban land use definitions
to order urban occupation in the planning process.

Therefore, this work offers as its main objective a methodological framework to
evaluate the cascading effects generated by floods in the infrastructure of a city, allowing us
to quantify city resilience and assess alternatives for urban planning and flood mitigation.

2. Materials and Methods

The first step in the methodological pathway refers to a diagnosis of the watershed,
concerning stormwater aspects. This diagnosis is supported by hydrodynamic math-
ematical modeling. In this way, the current flooding situation is assessed and the im-
pacts on flood patterns caused by the inadequate urban expansion process are mapped.
The hydrodynamic simulation, in our work, was performed using the Urban Flood Cell
Model—MODCEL [54].

The basic concepts of MODCEL are associated with two main aspects: the possibility
of dividing the region to be modelled into flow-cells (individual compartments that charac-
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terize a homogeneous portion of the watershed) and the establishment of flow connections
between every two cells using hydraulic relations capable of representing diverse types
of flows and hydraulic structures. Therefore, a looped network of cells allows flows to
occur in several directions of the two-dimensional plane, represented by a two-dimensional
grid of irregular shaped cells. Flow-cells may be grouped to represent hydraulic structures
and natural or urban landscapes. The cell arrangement and the interactions among the
modelled cells aim to reproduce various possible flow patterns, inside the channel network
and over the different city surfaces. This hydrodynamic model, despite working with
one-dimensional hydraulic relations, can represent the flow patterns in two dimensions,
which can be especially practical (and accurate) when the superficial flows are mainly
conditioned by topographic barriers or urban structures. When the superficial layer is
connected to the underground storm drains layer, the model creates a three-dimensional
spatial network representation that jointly considers surface flows, channel flows and storm
drains. Therefore, a dual drainage approach supports this model, so that flows can occur
simultaneously on two superimposed layers, i.e., surface and underground [55]. This
feature makes it possible to assess both river flooding and the drainage network overflows.

The model was calibrated and validated considering past precipitation events, in
which the simulations showed coherent responses. The calibration and validation processes
are fundamental to increase the reliability of the flood results for the different scenarios [56].

After the flood diagnosis, the impacts generated by floods on the other urban systems
were quantified. Six components were considered in this analysis: Housing; Sewage System;
Mobility; Community Facilities; Economy; and Cultural Heritage. Table 1 presents the
indicators used for this analysis. In general, these are key factors concerning any city and
they cover, which, in a broad sense, are basic needs and services related with quality of life.
In particular, these components also appear in the Rio de Janeiro Metropolitan Plan [57] as
the main structuring axes of urban planning for the development of the metropolis in the
coming years.

Table 1. Indicators of urban drainage impacts.

Urban System Indicator Description Indicator Computation Note

Housing

Flooded dwellings Number of dwellings
that have been hit by floods

≥20 cm of flood to informal buildings and
≥50 cm to formal.

Average flood depth (m)
(in the flooded areas)

(Sum of all flooded dwellings multiplied by
their flood depth)/

(Total flooded dwellings)

≥20 cm of flood to informal buildings and
≥50 cm to formal.

Sewage System Contaminated areas by sewage
system failures (m2) Area occupied by flooded dwellings

Area contaminated by the undesired
contribution of drainage network

overflows to sewage networks

Mobility

Flooded weighted roads length (km) Length of flooded roads multiplied by
hierarchy weighting factor.

The flood depth of 50 cm would represent
the blockage of mobility.

Hierarchy weighting factor: local
streets—1, collectors—2, secondary
arterials—3, main arterials—4 and

highways—5

Flooded stations Number of flooded stations ≥50 cm of flood depth, including railway,
subway, and bus stations

Community Facilities
Flooded health centers Number of flooded health centers ≥50 cm of flood depth

Flooded educational centers Number of flooded educational centers ≥50 cm of flood depth

Economy Flooded commercial centers Number of flooded commercial centers ≥50 cm of flood depth

Cultural Heritage Flooded cultural heritages Number of flooded buildings representative of
cultural heritage ≥50 cm of flood depth

The second step intended to compute a comprehensive flood resilience evaluation.
This analysis assesses the critical areas identified in the flood mapping, resulting from the
mathematical modeling of the current scenario. Thereby, the System Integrity Index (Is) is
proposed in this work to assess the operational behavior of a system exposed to flooding.
The Is represents the mathematical computation of the urban components listed in Table 1.
Firstly, according to the criteria shown in Table 1, the components of urban systems existing
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within the area are counted for each simulated time interval, highlighting the affected ones.
Then, the Is is calculated for each system according to the formulations presented in the
Table 2.

Table 2. Formulation of the System Integrity Index for each urban system considered.

Urban System System Integrity Index (Is)

Housing IHousing = 1 − Total o f dwellings a f f ected
Total o f dwellings in the analysis area

Sewage System ISewage = 1 − Area occupied by a f f ected dwellings
Total area o f analysis

Mobility
IMobility = 1 −[

0.5 ×
(

1·L local−a f + 2·Lcollector−a f + 3·Lart1−a f + 4·Lart1−a f + 5·Lhigh−a f

1·L local−T + 2·Lcoletora−T + 3·Lart2−T + 4·Lart1−T + 5·Lhigh−T

)
+ 0.5 ×

(
Total a f f ected stations and bus stops

Total stations and bus stops in the analysis area

)]
L local−a f —Length of local roads affected;
Lcollector−a f —Length of collectors affected;

Lart2−a f —Length of secondary arterials affected;
Lart1−a f —Length of main arterials affected;

Lhigh−a f —Length of highways affected;
L local−T—Total length of local roads in the analysis area;
Lcoletora−T—Total length of collectors in the analysis area;

Lart2−T—Total length of secondary arterials in the analysis area;
Lart1−T—Total length of main arterials affected in the analysis area;
Lhigh−T—Total length of the highways affected in the analysis area.

Community Facilities ICFacilities = 1 −
[

0.5 ×
(

Total health centers a f f ected
Total health centers in the analysis area

)
+ 0.5 ×

(
Total educational centers a f f ected

Total educational centers in the analysis area

)]
Economy IEconomy = 1 − Total commercial centers a f f ected

Total commercial centers in the analysis area

Cultural Heritage ICHeritage = 1 − Total cultural heritage a f f ected
Total cultural heritage in the analysis area

Computing the System Integrity Index for each time step allows us to draw a curve,
point by point, which represents the system behavior over time. After the construction of
the associated graphs, dimensionless resilience values can be obtained by the integration of
the area under the graph divided by the maximum possible area of the graph, representing
the regular full operational system (in which the System Integrity Index has a constant
value equal to 1). The final values vary from 0 to 100%. The closer to 100%, the greater the
system resilience is.

At this point, it is expected to demonstrate how drainage flaws might affect the
functioning of the city, in a broad sense, reducing its resilience, while disrupting city
systems, disturbing the city life and the well-being of the population. From this evidence,
the drainage system is revised and modified, using sustainable urban drainage measures
integrated into the open spaces system, intending to explore the possibility of recovering
natural functions that should have been preserved to respect pluvial water dynamics.

Therefore, a second simulation proposes a scenario based on an ordered land use plan-
ning, driven by the drainage system adaptation needs to cope with natural demands. This
scenario interacts with the open-space system through the proposal of a system of fluvial parks.
Fluvial parks are parks set along riverbanks, covering the immediate riverine areas, mostly
composed by green areas, and capable of providing storage volumes for floods. Mathematical
modelling comparatively shows the current condition versus the proposed condition. Again,
the indicators shown in Table 1 are calculated, the System Integrity Index graphs are built,
and the integrated resilience values for each system are calculated (using Table 2 relations).
In this way, it becomes possible to compare the proposed scenario with the current situation.
The comparisons allow for showing the changes brought on by the actions on the drainage
system over the other systems of the city.
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3. Results and Discussion
3.1. Diagnosis
3.1.1. Urban Drainage—Diagnosis

The hydrodynamic behavior of the Acari River and its main tributaries was simulated
using the computational model MODCEL, considering a design storm with a 25-years
return period, as recommended by Brazilian standards. The result of the simulation allows
for obtaining flood maps for the watershed. The simulation results for the current situation
(Figure 3) show that the watershed presents multiple flooded areas, mainly near the main
channel downstream and in the surroundings of the secondary stream courses, indicating
general failures in the major drainage system.
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Specifically, four areas in the Acari River watershed can be highlighted in terms of
flooding, as shown in Figure 3. Additionally, the figure shows the flood depths separated
into 8 flooding ranges.

Area 1 is in the Marechal Hermes neighborhood, around Montese Square. In this
area, the floods are due to difficulties in draining the Tingui River under the railroad,
and the maximum water depth simulated was 1.39 m, close to the train station. This is
also a traditional area, with some heritage buildings. Area 2, in turn, is the region of
the confluence of Tingui River and Sapopemba River and includes part of the Deodoro,
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Marechal Hermes, and Guadalupe neighborhoods. In this area, floods occur due to a flow
restriction caused by a low bridge, and the maximum water depths exceed 1.0 m at different
points. The most critical location in this area shows a maximum water depth of 1.55 m,
exactly where the confluence of both rivers occurs, consequently forming the Acari River.

The most critical of all four areas, in terms of flooding, is Area 3. This area is located
upstream of Presidente Dutra Avenue and includes the Pavuna, Coelho Neto, Acari, Irajá,
and Parque Colúmbia neighborhoods. The floods are caused by the lack of hydraulic
capacity on the Acari River, the riverbank occupation, and the hydraulic limitations due
to the pillars of bridges that partially block the floodway. In this region, the maximum
water depths reach values greater than 2.0 m. It is important to note that this area is
characterized by high vulnerability due to the presence of informal urban occupation on
the Acari riverbanks and slums around it.

Area 4 is the region close to the mouth of the Acari River, located in the Jardim América
neighborhood. The floods are due to the lack of hydraulic capacity on the Acari River and
the backwater of the São João de Meriti River. The maximum water depth reaches 0.92 m.

3.1.2. Impacts Generated by Floods on Other Systems

In this section, the flooding impacts are evaluated for each considered urban system.

• Housing

The impact of flooding negatively affects housing prices [58], devaluing the built
environment. Furthermore, several other aspects must be observed, such as the effects
of flooding on the building structure and components, as well as on their occupants, and
also on the recovery and repair activities undertaken when buildings are damaged by
flooding [59]. The impact of floods on housing is a fundamental point to be observed.

The constructive standards in the Acari River watershed change spatially, depending
on the type of urbanization. “Favelas” (or slums) and informal occupation show houses
very close to the street level, while other regions present dwellings at higher levels, more
protected from possible floods, as shown in Figure 4.
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Observing the patterns of informal areas, we considered that flooding in the streets that
exceeds 20 cm will enter the houses. In the regular areas of the watershed, the dwellings
were 50 cm above the street level. From these premises, there are 46,398 dwellings flooded
in the current situation. To have an idea of the amount of water entering the homes, the
average flood depth was calculated for all flooded dwellings. Thus, an average flood depth
of 37 cm was found to occur inside the houses.
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• Sewage System

When the floodwaters invade the inside of the dwellings, they also start to enter the
sewage network [60]. Therefore, once more we considered 20 cm for informal dwellings
and 50 cm for formal dwellings as thresholds representing the point that generates sewage
overflows and consequent contamination that affects the area where these houses are
located. Thus, 46,398 dwellings contribute to the contamination of the drainage system
through communication with the sewage system, affecting an area of 11,533,684 m2.

The combination of drainage and sewage networks can impact the quality of water
bodies and groundwater, contaminating supply sources. The contamination of these
sources of drinking water has the potential to have a more intense impact on the most
vulnerable parts of the society [61].

• Mobility

Estimating flood impacts on daily activities is vital to disaster risk reduction and
urban resilience. Human mobility suffers from remarkable impacts on rainy days [62]. The
evaluation of flood hazard impacts on road transportation networks and consequent effects
of flood-induced mobility disruptions are important aspects to be considered [63,64].

The flood depth of 50 cm would represent the blockage of mobility to the majority
of the automotive vehicles (including buses). Thus, 174 km of flooded streets over 0.50 m
were identified for a 25-year return period rainfall. Flooded sites represent 11% of all local
roads, 14% of collectors, 13% of secondary arterials, 11% of main arterials and 9.5% of
highways. Figure 5 shows the impact of floods on the watershed mobility sector. The most
critical problems occur in the main roads: Presidente Dutra, linking the state of Rio de
Janeiro with São Paulo (the most important economic Brazilian axis), and Brasil Avenue,
the most important road of the city of Rio de Janeiro.

To obtain a single flood length number to express the relevance of flooding on mobility,
an indicator was obtained by multiplying the total length of the flooded roads by a hierar-
chy weighting factor (local—1, collectors—2, secondary arterials—3, main arterials—4 and
highways—5). Thus, we obtained the value of 270-equivalent km of weighted flooded roads.

Another crucial point in the mobility analysis refers to the identification of subway
and train stations and bus stops that are affected by floods. Flood depths above 50 cm were
considered to disrupt service offerings. Although metro and railway stations cannot be
directly affected by floods, depths above 50 cm hinder user access to the stations. Thus,
180 points are impacted by the floods in the current situation, being 175 bus stops, 3 train
stations and 2 subway stations.

• Community Facilities

Only health and educational facilities were considered in this analysis. Hospitals
play a significant role in protecting the community from potentially devastating flood
impacts, and it is critically important that they remain functional [65,66]. On the other
hand, educational centers usually have low resilience to flood events [67] although they
might play an important role as temporary shelter for those who have their houses flooded.

Similar to the previous systems, only flood depths above 50 cm were considered as
critically affecting these installations. Whereas depths below this value cause annoyance,
they do not completely disrupt the associated services. However, when the value of 50 cm
of water is reached, health and educational facilities cannot be accessed and people inside
them cannot go out. The simulated event flooded 18 health centers and 85 educational
centers, corresponding to 27% and 18% of the total, respectively. The most critical region is
in the vicinity of Montese Square, with 16 flooded facilities, 3 of which are health centers
and 12 are educational centers. The community facilities and their interactions with floods
can be seen in Figure 5.
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• Economy

Quantifying the economic impacts of a flood is complex and delicate [68,69]. Many
of the losses and damages occur by indirect means and cannot be easily converted into
economic damages and their total precise quantification is impossible. This work focuses
on the quantification of the commercial centers that are flooded (in streets with floodwater
depths of 0.50 m). This assumption considers that flooded commercial centers may lose
stocked goods, materials and equipment that may lead them to cease economic activities.
This is a partial assessment, but it can work as a practical indicator of the severity of this
effect. The simulated event reached 11 of the 21 centers of economic importance surveyed,
which represents more than 50% of the total. Figure 5 pictures this situation.

• Cultural Heritage

The analyses of the cultural heritage will allow stakeholders and decision-makers to
determine the potential impacts of flooding to these assets, for example, helping to prevent
impacts on monuments, archeological sites, historical buildings, as well as their interiors
and the collections they hold [70], which allows us to prevent high risks to the cultural
heritage on a sustainable basis [71].
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The work superimposed the 36 points of Cultural Heritage of the watershed with the
areas of flood depth greater than 50 cm. As a result, there are five points with probable
flooding for a 25-year time-critical recurrence event. Three of these five points are in the
vicinity of Marechal Hermes Train Station.

3.1.3. Comprehensive Flood Resilience Assessment

A comprehensive flood resilience assessment was conducted for each of the four
selected areas highlighted in the Section 3.1.1. Figure 6 presents these areas in detail,
with the location of buildings (in general), transportation infrastructure, cultural heritage,
commercial centers, and community facilities (health and educational centers) surveyed. In
the background, the flood depths simulated for the current situation are presented.
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In the Figure 7, the System Integrity Index is plotted in graphs presented for each of
the systems considered for the resilience assessment of the current situation.
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Table 3 shows the resilience values obtained for each area and each urban system
considered, based on the graphs of Figure 7. It is possible to observe that, in Area 1, the
lowest resilience values refer to the Mobility (85%) and Cultural Heritage (88.6%) systems.
It should be noted that these values are calculated using the whole event, integrating the
calculation of the areas under the curve from time step 0 until the last simulated time step.
This choice produces higher values because there are moments in which the system is not
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affected. However, when doing this, we can maintain the same basis of calculation, for
comparison purposes. In this area, there are important roads and the main railway line of
the metropolitan area of the city, besides historical buildings. With considerable flooding
depths, which exceed 1.0 m in some places, these roads and cultural heritages are harmed,
explaining the lower resilience for these two systems. It is noteworthy that, in this area,
there are no slums or informal dwellings.

Table 3. This is a table. Tables should be placed in the main text near to the first time they are cited.

Urban System Area 1 Area 2 Area 3 Area 4

Housing 95.6% 74.9% 55.4% 67.4%

Sewage System 93.7% 77.0% 54.0% 68.0%

Mobility 85.0% 75.5% 55.7% 69.1%

Community Facilities 91.3% 82.5% 68.3% 84.3%

Economy 100.0% 74.2% 59.2% 78.0%

Cultural Heritage 88.6% - - -

In Area 2, the lowest resilience values are for the Economy (74.2%) and Housing (74.9%)
systems. Part of this area has many dwellings in places with maximum water depths above
1.0 m. Furthermore, the region has commercial centers located in areas with water depths
higher than the limit considered to cause damage. Also noteworthy is the result for the
Mobility system, which reaches 75.5% due to the flooding of an important road, which is
between the railway and Brasil Avenue, and several bus stops are in floodable areas. It is
important to note that the Housing, Sewage, and Mobility systems need a period larger
than that used in the analysis for their full recovery.

In Area 3, the resilience values found are unsatisfactory for all systems in the current
situation, requiring an even longer period than that used in the analysis for recovery, except
for the Community Facilities system. The worst values are for the Sewage (54.0%) and
Housing (55.4%) systems, and the highest value obtained was 68.3% for the Community
Facilities system. It is noteworthy that this is a very critical area of the watershed. There
are many informal dwellings and slums on the riverbanks, and health, educational and
commercial centers are subjected to high flooding depths, which reach 2.0 m or even more
in some places. The flooding of important roads is also verified.

In Area 4, the worst resilience values obtained refer to the Housing (67.4%) and Sewage
(68.0%) systems. This region has many dwellings subjected to a water depth greater than
0.50 m. This fact contributes to the low values found for these systems. On the other hand,
the highest resilience value obtained is related to the Community Facilities system (84.3%).

Table 3 shows a summary of these results.

3.1.4. Diagnosis Discussion

The urban drainage diagnosis presented in Section 3.1.1 allowed us to identify the
criticality of the floods in the watershed due to different causes, such as the lack of hydraulic
capacity of the rivers, the flow restrictions due to existing crossings and bridges, the
informal riverbank occupation, and the São João de Meriti River backwater. Thus, four
areas were highlighted as critical from the analysis of the flood map obtained in the
simulation of the current situation.

After that, different urban systems in the watershed were quantitatively evaluated to
identify the cascading effects propagated to other urban systems. The analyses conducted,
presented in Section 3.1.2, showed the vulnerability of the study watershed to floods. In
addition, there is a spatial heterogeneity in the watershed regarding this vulnerability. The
four critical areas highlighted concentrate most of the impact generated by floods and are
representative of the flooding problem in the watershed. For example, considering Area
3 alone, it concentrates 25% of all flooded dwellings in the basin. It occurs because these
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regions occupy the natural riverine areas and suffer the functional deficit of the existing
drainage system, which cannot cope with the excess of surface water and lacks open spaces
for allocating rainwater volumes.

Finally, a comprehensive flood resilience assessment was carried out for the areas
identified as critical in the watershed (Section 3.1.3). This assessment demonstrated that
drainage failures directly and greatly affect urban systems, causing resilience to drop
considerably, especially in Area 3, which is the most critical area in the watershed. Recovery
times are also a critical factor, and, in some areas, it is not possible to observe the recovery
of their infrastructure during the simulation period in the mathematical model.

Considering all these results, it is possible to raise the hypothesis that, if the water
dynamics had been thought out in advance, with urban drainage acting as a structuring
driver for the space planning and occupation, the watershed could experience fewer failures
and greater resilience to flooding. The flood control design (shown in the next section) aims
to recover storage volumes of water and protect critical infrastructure from flooding. The
result to be achieved must be a watershed with greater resilience to facing flood disasters,
helping to verify the proposed hypothesis.

3.2. Urban Drainage Design Supported by the Open Spaces System

Considering the impacts caused by flood occurrences, recognizing the potentialities of the
open spaces system as a multifunctional element becomes a key factor in enhancing integrated
urban planning in a compatible way with natural dynamics. In this work, a Design Scenario
was proposed, in an exploratory procedure, with the introduction of mitigation measures
supported by the open spaces system integrated with blue-green infrastructure. Blue-green
infrastructure was used in the proposal of a continuous fluvial park, increasing the infiltration
opportunities, and recovering natural spaces to the fluvial system.

In this context, the riverine areas with potential to be incorporated into the drainage
system infrastructure were identified to compose the imagined fluvial park and receive part
of the flood volumes. The mapping of the open spaces to compose the macro and micro
drainage system was carried out, selecting parks and squares, mainly the ones that are
already floodable (but without any control). It was also suggested to preserve the existing
green and permeable areas, incorporating them into the proposed open spaces system. In
the absence of potential open spaces for flood mitigation, marginal areas of the watercourse
should be expropriated, relocating the population settled in irregular urban occupations,
mainly if these areas are floodable and represent risk to this population. Additionally, the
proposition of blue-green infrastructure considers an environmental improvement along
the Acari river, including the possibility to increase the quality of life and add recreational
spaces for the population.

The fluvial parks proposal considers that the riverbanks in these new areas should be
lowered to work as a secondary channel of the river, acting as a multifunctional project. In
periods of low waters, they will function as linear parks; in periods of floods, they will be
occupied by the river waters, avoiding flooding in urbanized areas of the river vicinity. In
addition to having an important function for the proper functioning of the drainage system,
these parks serve as an environment connection between the segregated open spaces of
the watershed. This scenario proposal also considers the incorporation of a landscape
project for the fluvial park, emphasizing the importance of interdisciplinary work in the
conception design.

Besides the incorporation of many existing open spaces in the flood control design,
some corrections of the actual urban drainage system were also proposed. The dredging
of the bottom of the Acari River was proposed in the downstream reaches to improve
hydraulic capacity. It is important to note that the lack of vegetation on the riverbanks does
not protect the river system in the current situation and siltation is high in the lower reaches
of the watershed. Furthermore, some bridges were also modified to reduce their impacts
on the flow—these structural problems must be corrected to allow a proper solution. The
modification in these structures considered the elevation of the Dutra Road, responsible for
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a considerable bottleneck in the Acari River. We also resized the outlets of two drainage
pipes, one in the vicinity of Montese Square, in the Marechal Hermes neighborhood, and
another in an upstream point of the watershed, to allow a greater discharge capacity
crossing the railway line. Figure 8 shows the main interventions proposed in the flood
control design for the Acari River basin.
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3.2.1. Urban Drainage—Design

Modifications were performed in the mathematical model—MODCEL—to reflect the
proposed Design Scenario, and the obtained results can be observed in Figures 9 and 10. The
water profile along the main course of the Acari River (Figure 9) shows that overflows no
longer occur in the main river for the design storm with a 25-year return period. Additionally,
the flood map obtained for the Design Scenario (Figure 10) shows a significant reduction in
floods when compared with the current situation. The remaining flood depths on the map are
related to the non-simulation of the smaller pipes in the minor drainage system (and to real
problems related to the minor drainage system performance). This consideration is consistent
with the local reality since, for the return period of 25 years, it is expected that these pipes
will fail (it is worth noting that this system is dimensioned for a return period of 10 years
in Brazil).
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3.2.2. Design Impact on Other City Systems

Taking into consideration the proposed drainage design and the current situation,
the indicators regarding housing, sewage, mobility, community facilities, economy and
cultural heritage were computed to identify the obtained gains to the city, as shown in
Table 4. There are gains in all urban systems, but the decrease in the housing sector needs
to be highlighted.

Table 4. Comparison between Current Situation and Design Scenario.

Urban System Indicator Current Situation Design Scenario Gain

Housing
Flooded dwellings 46,398 12,291 73.5%

Average flood depth (m)
(in the flooded areas) 0.37 0.19 48.6%

Sewage System Contaminated areas by sewage system failures (m2) 1,153,368 420,477 63.54%

Mobility
Flooded weighted roads length (km) 270.65 116.85 56.8%

Flooded stations 180 94 47.8%

Community Facilities
Flooded health centers 18 7 61.1%

Flooded educational centers 85 33 61.2%

Economy Flooded commercial centers 70 26 62.9%

Cultural Heritage Flooded cultural heritage 5 0 100.0%

The housing system has the second-biggest gain concerning the other indicators, with
a reduction of 73.5% of flooded dwellings. Although there are still 12,291 dwellings in a
situation of flooding, the state of calamity to which the most critical area of the basin was
subjected has been overcome. Flooded dwellings that had an average flooding depth of
37 cm inside the house had a gain of 48.6% and improved, on average, to less than 20 cm
of flooding. The composition of these two indicators indicates huge significant gains and
decreases the number of dwellings affected and the flooding intensity of those that remain
flooded. It is also important to note that there are no more river overflows, implying that
the major drainage is equated. Minor drainage still needs to be revised. At the same time,
with the improvement of the housing system, the sewage system also makes progress by
reducing areas contaminated by the failure of the drainage network and its contribution to
sewage networks.

3.2.3. Comprehensive Flood Resilience Assessment

Figure 11 presents the four selected areas in detail. Similar to what was conducted
before, for the current situation, the location of buildings (in general), transportation
infrastructure, cultural heritage, commercial centers, and community facilities (health and
educational centers) are shown over a background where the flood depths obtained for the
Design Scenario are presented.

Figure 12 shows the System Integrity Index behavior for each of the systems considered
in the resilience assessment for the Design Scenario.

Table 5 shows the resilience values obtained for each area and each urban system
considered, based on the computed areas of graphs shown in Figure 12. With the proposed
design measures, it is possible to observe a clear flood control improvement in general in
Area 1, although in the surroundings of the train station there is still a maximum water
depth above 0.50 m. As a result, the resilience values increase in this scenario, reaching
values close to 100.0% in all systems, except the Mobility system (97.7%).
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Table 5. Comparison between Current Situation (CS) and Design Scenario (DS)—Results of compre-
hensive flood resilience assessment.

Urban System
Area 1 Area 2 Area 3 Area 4

CS DS CS DS CS DS CS DS

Housing 95.6% 99.9% 74.9% 92.4% 55.4% 96.2% 67.4% 98.1%

Sewage System 93.7% 99.8% 77.0% 93.0% 54.0% 97.0% 68.0% 97.0%

Mobility 85.0% 97.7% 75.5% 94.5% 55.7% 95.0% 69.1% 98.9%

Community Facilities 91.3% 99.8% 82.5% 100.0% 68.3% 99.4% 84.3% 100.0%

Economy 100.0% 100.0% 74.2% 100.0% 59.2% 98.1% 78.0% 100.0%

Cultural Heritage 88.6% 100.0% - - - - - -

In Area 2, there is a decrease in the flooding depths to a considerable extent, to levels
below 0.20 m, consequently improving the resilience values of all systems. The Community
Facilities and Economy systems stand out because they are not affected anymore and
maintain the system integrity at 100% over the whole period considered.

There is a considerable improvement in the reduction of maximum flooding depths
in Area 3 after introducing the design measures and, consequently, the system resilience
also improves, reaching results that range from 95.0% (Mobility) to 99.4% (Community
Facilities). The systems are still affected because, despite the significant reduction in water
depths, remaining ponds are still found in the region (above 0.50 m) (Figure 11).

There is also a decrease in the maximum flooding depth to levels below 0.50 m in
the whole of Area 4, being in large part less than 0.20 m. This fact contributes to the
improvement of resilience values not only in the two most critical systems, which increase
from 67.4% to 98.1% (Housing) and from 68.0% to 97.0% (Sewage System), but in all others,
which are not affected, except the Mobility system, which increases from 69.1% to 98.9%.

3.2.4. Design Discussion

The analysis of the hydraulic behavior of the watershed after the implementation of
the measures proposed in the Design Scenario, as presented in Section 3.2.1, indicates that
they can solve the overflow problems of the main course of the Acari River, considering the
25-year return period reference event. In addition, the measures reduce widespread flooding
in the watershed. There is a 50% reduction in the total flooded area in the watershed, with an
average water depth 18 cm smaller than that found in the current situation.

As noted in Section 3.2.2, controlling overflows of the Acari River has significant impacts
on urban systems and it is the first step for controlling the tributaries’ responses in the
following. All systems analyzed show a reduction in flood impacts by more than half of the
original effects. The proposal can improve people’s quality of life, since 34,107 houses do not
flood anymore (a reduction of 73.5%), and the 12,291 houses still exposed to flooding present
an average reduction of 19 cm inside them (a gain of 48.6%). There is also a reduction of
more than 7000 m2 of urban areas contaminated by the interaction of drainage waters with
the sewage network (a reduction of 63.54%). Regarding the urban Mobility system, 153.8 km
of roads and 86 stations do not flood anymore in the proposed design situation (gains of
56.8% and 47.8%, respectively), enabling the continuity of the mobility system even in the
face of extreme events. Another considerable gain is related to Community Facilities aspects.
Health centers and educational centers, essential for receiving wounded people and families
displaced by floods, show significant gains (greater than 60%).

There are also positive consequences to the Economic sector: 44 commercial centers
are put in safe conditions (gains of 62.9%), reducing the impact of flooding on the city’s
businesses. The impacts on the economic sector obviously go beyond those presented in
this analysis and are associated with the quantification of direct and indirect losses caused
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by the cascading effects, including a long-term analysis. The quantification of these impacts
are expected to be developed in more detail in future works.

The Cultural Heritage system presents the highest proportional gains. Museums,
sculptures, and historic buildings of the city that were subject to flooding in the current
situation are now safe in the Design Scenario. All these results corroborate the perception
that urban drainage can cascade a series of negative effects.

Section 3.2.3 shows that the gains for the four most critical areas are as significant
as those previously presented for the entire watershed. The design alternative proposed
can reduce flooding and, additionally, the remaining ponding areas will have relatively
minor impacts on the urban areas and the city can quickly recover its state of previous
normality, featuring a significant increase in urban resilience, which is confirmed by the
comprehensive flood resilience assessment (values above 90% for the design situation).

Thus, a comparative analysis between the results obtained in the Design Scenario
with the current situation makes it possible to identify the structuring role that the urban
drainage system wields in the planning and development of the city, confirming the
hypothesis raised in Section 3.1.4, supporting that urban water dynamics should guide
urban land use planning in a preliminary way. Once the failures of the drainage system are
reduced, resulting in smaller water depths, other urban systems are less affected and can
manage to recover more quickly. Therefore, the introduction of measures that favor the
infiltration and storage of flood volumes and the improvement of the hydraulic capacity
of existing rivers and channels can reduce the cascading effects generated by floods, thus
increasing the resilience of the basin.

4. Conclusions

The main conclusion of this work is related to the finding that designing a proper
drainage system and recognizing natural water dynamics needs and the watershed car-
rying capacity must precede and feed the urban planning process, to avoid exposing the
population to risks and consequently avoid the need for future mitigation actions. The
drainage system should be seen as a preliminary driver for ordering urban spaces, espe-
cially when it is possible to work preventively in growing cities, or, on the other hand, it
can be a catalyst for changes, when flood mitigation is already requested in an established
city. This consideration greatly reduces the possibility of cascading negative effects through
city systems and consequently raises city resilience to floods.

In this work, the Acari River watershed was taken as a living laboratory to apply the
proposed method, in an exploratory procedure. The research was supported by hydro-
dynamic mathematical modeling, complemented by the evaluation of flooding cascading
effects through different urban systems, using a set of proposed indicators, and followed by
a comprehensive resilience quantification for urban systems, comprising Housing, Sewage,
Mobility, Community Facilities, Economy, and Cultural Heritage.

The diagnosis of the current case study situation shows how critical flooding can
be in a watershed and to what extent the city services can be disrupted by these floods.
A significant part of the severity of the flood problem mapped in the Acari River basin
was generated by disordered urban growth, including flood plains’ irregular occupation,
excess of imperviousness, and inadequate design of urban structures (low bridges, narrow
channels, small pipes), among other things. This work also found that the basin poorly
responds to flooding events, presenting low levels of resilience.

This diagnosis showed that urban growth was carried out disregarding natural
drainage constraints as a preliminary driver for land use and occupation planning. To over-
come this situation, a Design Scenario was proposed, in which flood flows are reorganized
in the urban landscape and urban spaces in the vicinity of the rivers are used to allocate
space for temporally storing overflows, to avoid (or minimize) the cascading effects identi-
fied in the current situation. In this way, the open spaces system appears as a partner of
urban drainage solutions, offering storage volumes to restore natural hydrological functions
that were lost in the urban water cycle. Specifying a multifunctional open-space system,
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controlling future land use and occupation in strategic areas, and consolidating blue-green
infrastructure in the urban environment can play a significant role in the recovery of the
drainage system functions, fostering city resilience.

In general, efforts to reclaim areas degraded by floods are huge, requiring the incorpo-
ration of former private areas into the open-space system; however, the gains obtained can
be truly relevant. It is interesting to note that, in the Acari River watershed, for each house
relocated from a risky area, to conform to the proposal of a longitudinal fluvial park running
along the riverbanks, 15 other houses were no longer flooded in the watershed area.

The results obtained in the case study corroborate the hypothesis proposed, showing
that cities with an orderly and sustainable land use process, respecting water dynamics
and preserving water spaces, can respond in a more efficient way to floods. This is
essential information for growing cities. The proposed multifunctional open-space system
was able to significantly reduce the water levels in the main river and its tributaries,
diminishing flooded areas and increasing the safety of the hydraulic structures in the
floodway, significantly increasing city systems resilience.

The proposed framework of this research is replicable to other cases, allowing for a
broad diagnosis of flooding behavior. It can be used as a qualifying tool for evaluating flood-
managing alternatives, in the face of the potential city resilience responses. The work provides
a structured method that can be used by decision-makers, such as municipal managers, in the
urban planning process for flood risk mitigation and stormwater management since it allows
the verification of the different flood impacts in the other systems of the city, evaluating the
resilience of the urban infrastructure. In addition, this method can help to justify investments
to improve the urban drainage system, since a broader view of the negative consequences
that their failures can trigger all over the city can help in cost–benefit analysis, offering wider
benefits when avoiding general losses of cascading effects.
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