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Abstract. In view of climate change driving extreme
events such as floods, assessing urban infrastructure re-
silience is critical for disaster response and urban plan-
ning. We investigated how flooding in Rio Grande do Sul
affected road network connectivity and urban resilience in
terms of lack of redundancy to healthcare facilities. We
performed centrality analysis using the edge betweenness
indicator to identify urban arteries critical for connectivity
at metropolitan and intracity scales and compared alter-
native routes to assess healthcare facilities resilience. Un-
derstanding how floods disrupt road connectivity and mo-
bility is critical for identifying vulnerable areas and im-
proving disaster response planning. The results revealed
that 71 km (2% of the total analysed for the centrality
analysis) of urban arteries accounted for 12.32% of core
metropolitan connectivity, which decreased 59%. How-
ever, flooding affected 92% of their connectivity. These
urban arteries include the highway BR-290 Freeway, an
important road for the state Rio Grande do Sul. In terms
of intracity connectivity, Canoas experienced a -59% loss,
while Nova Santa’s loss was only -14%, despite having a
larger flooded area (113 km2 versus 65 km2). Rua Flori-
anópolis in Canoas was severely affected. Regarding the
analysis of urban resilience to access healthcare facili-
ties, the results revealed higher deficits in peripheral hospi-
tals, such as Hospital Restinga e Extremo Sul, indicating
a lower resilience. These results indicate the importance
of multi-scale analyses to reveal spatial disparities and in-
form disaster risk management. With this work, we intend
to provide concrete data to decision makers so they can
leverage this data to improve emergency response and en-
hance infrastructure resilience in the face of future climate
uncertainties.
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1 Introduction

As climate change intensifies extreme events, it is impor-
tant to analyse the resilience of urban infrastructure, par-
ticularly the connectivity and redundancy of road networks
(Petricola et al., 2022; Xu et al., 2021; Morelli and Cunha,
2023; Papilloud et al., 2020). Identifying safe evacuation
routes and ensuring access to critical points such as health-
care facilities is essential for informed spatial decision-
making and effective humanitarian assistance during natu-
ral disasters, including floods, landslides, and mudslides
(Florath et al., 2024; He et al., 2022; Romero and Al-
bornoz, 2016).

In fact, in this 21st century alone, at least a dozen floods
caused by heavy rains have been recorded in Brazilian
cities (Alves Ferreira Neto et al., 2019; Augusto Filho
et al., 2020). Among them, the following stand out: in the
states of Santa Catarina in 2008; Rio de Janeiro in 2011;
Amazonas in 2012 and in 2021; in the state of Acre in
2021; Rio Grande du sul in 2024 (Redin Vestena and Ac-
quaotta, 2024; Stevaux et al., 2009). These rains are in-
tensified by climatic and anthropogenic factors, includ-
ing global climatic phenomena associated with La Niña
or El Niño and the tropical Atlantic climate variability
(Matos Pereira et al., 2021; Towner et al., 2021). This is
compounded by deforestation and alteration of the hydro-
logical cycle, as well as urban sprawl and related prob-
lems, such as high surface runoff (Alves Ferreira Neto
et al., 2019; Alvino-Borba et al., 2020) or high slope of
the terrain combined with small capacity of the basins that
links to flash floods (Martín-Raya et al., 2024).

The last major flood in Rio Grande do Sul, ocurring on
the 29th of April of 2024, is an example of the impact
of these torrential rains and the lack of urban resilience
in densely populated cities. The UN’s Office for the Co-
ordination of Humanitarian Affairs (OCHA) reported that
these floods affected nearly 2.4 million of people causing
183 deaths, 27 missing persons and damage in 478 munic-
ipalities (UNOCHA, 2024). Between 26th April and 5th
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of May 2024, precipitation was three times higher than
the regular monthly climatological distribution of precip-
itation in Rio Grande do Sul for April and May. This in-
cluded a maximum precipitation record of 300 mm in a
single day (Reboita et al., 2024). In addition, the disaster
also affected more than 3000 healthcare facilities, includ-
ing two-thirds of primary care units among them (Rizzotto
et al., 2024).

Disasters such as the one that occurred in Porto Alegre
highlight the need to know the resilience conditions of ur-
ban networks in order to make decisions and respond ef-
fectively to disasters, thus supporting rescue and prepar-
ing response areas such as healthcare facilities and schools
(Liu et al., 2022). Understanding how such events disrupt
road connectivity and mobility is critical for identifying
vulnerable areas and improving disaster response planning
(Liu et al., 2022; Sandoval et al., 2017; Romero and Al-
bornoz, 2016). Urban planning needs to anticipate events
to promote the resilience of urban areas (Phua et al., 2024).
In the urban context, resilience is understood as a charac-
teristic of the urban system that ensures its ability to persist
and thrive in the face of uncertainty, adversity, and change
(Abenayake et al., 2022).

Based on the 4R model of resilience (Rözer et al., 2022),
we focus our study on redundancy, understood as the
availability of substitute or alternative routes.Road net-
works are particularly important in urban flood scenarios,
where dense populations and critical infrastructure are at
risk.Existing studies highlight the importance of alterna-
tive routes in the context of hazard exposure (Florath et al.,
2024; Yang and Lu, 2020; Morelli and Cunha, 2023; He
et al., 2022). The above is based on graph theory, where
edges and nodes are represented as a system of intercon-
nected networks (Freeman, 1977; Wasserman and Faust,
1994).

This study investigates the impact of flooding on the road
network and healthcare accessibility in the “central core”
of the Porto Alegre Metropolitan Region (RMPA), which
includes 9 of the 34 municipalities that make up the re-
gion. This region, located in the proximity to the Lake
Guaíba and the Jacuí and Gravataí rivers, was severely af-
fected Fig. 1. The analysis leverages open data and meth-
ods to ensure transparency and reproducibility. The road
network was derived from OpenStreetMap (OSM), the pri-
mary data source for creating the network graph used in
the centrality analysis. The centrality metrics and redun-
dancy assessments were conducted using the OpenRoute-
Service (ORS) routing engine, combined with flood extent
data and healthcare facility locations. These open tools and
datasets make this approach accessible for replication and
adaptation in other regions. This study aims to address the
following research questions:

• How is road connectivity affected in pre-disaster and
post-disaster scenarios based on edge betweenness
centrality?

• Which municipalities were most affected by the flood
based on the edge betweenness centrality metrics?

• Which healthcare facilitiy was less resilient in terms
of lack of redundancy?

2 Methodology

In order to assess the impact of the flood on the study
area, we analysed the centrality of the road network be-
fore and after the flood. Centrality values were aggregated
at both the core metropolitan and intracity scales to iden-
tify the most affected areas. Additionally, we assessed the
resilience of hospitals with intensive care units (ICUs)
by measuring the availability of alternative access routes
within a 10-minute catchment area to evaluate redundancy.
The reason for studying healthcare facilities with ICU beds
was their high demand during disasters (Sellers et al.,
2024) and a previous study on population access to ICU
beds in Brazil (Silva et al., 2021). The general methodol-
ogy workflow shown in Fig.,7, corresponds to the research
design based on open-source geospatial tools and open
spatial data. With this design, we measured the central-
ity of the network in terms of core metropolitan connec-
tivity (CMC) and intracity connectivity (IC).In addition,
we included the analysis of alternative paths to assess the
redundancy of healthcare facilities. The three main lanes
or activities were the following: (1) selection of the area
of interest, (2) transformation of the road networks to a
routable network, and (3) analysis of centrality and redun-
dancy.

The road network data was sourced from OpenStreetMap
(OSM) and transformed into a routable network graph us-
ing the openrouteservice (ORS) engine. ORS leverages
OSM’s raw data by filtering out information relevant to
car mobility—such as road conditions, speed limits, and
access restrictions—to create a network graph with nodes
and edges that include traversal costs. This process al-
lowed us to go beyond simple edge length as a proxy for
cost, incorporating richer contextual information essential
for realistic routing analysis.

To determine the affected parts of the road network, we
used a flood extent produced by the Federal University of
Rio Grande do Sul (Possantti et al., 2024). This dataset
was created using Skystat, Planet and WorldView-2 satel-
lite imagery taken on May 6th, and validated by field sur-
veys. This flood extent was then applied as a mask to
identify inaccessible roads in the post-flood road network.
Meanwhile, the State Ministry of Health provided infor-
mation on the healthcare facilities with intense care units
(ICU), which was published in the Rio Grande do Sul Spa-
tial Data Platform (IEDE/RS)1 and in the Cadastro Na-
cional de Estabelecimentos de Saúde (CNES) (PCDaS,
2022). The dataset was filtered to include only facilities
with intensive care units (ICUs)

1Hospitais Leitos UTI RS

https://iede.rs.gov.br/server/rest/services/SES/Hospitais_Leitos_UTI_RS/FeatureServer


Figure 1. Figure 1. The study area is located in the Federal Unit of Rio Grande do Sul, within the "central core" of the Porto Alegre
Metropolitan Region (RMPA). It includes 9 municipalities classified as dense urban settlement according to the Global Human Settle-
ment SMOD dataset. These municipalities were: 1) Alvorada; 2) Cachoeirinha; 3) Canoas; 4) Esteio; 5) Gravataí; 6) Nova Santa Rita;
7) Porto Alegre; 8) Sapucaia do Sul; 9) Viamão.

For the centrality analysis, we aimed to simulate trips
through the study area that represent realistic mobility
flows. Similar studies often use spatial population distribu-
tion data to create weighted samples of origin and destina-
tion locations (Petricola et al., 2022; Klipper et al., 2021).
A common challenge is the underestimation of the popu-
lation in informal settlements (Breuer et al., 2024; Abas-
cal et al., 2024). We addressed this gap by using build-
ing volume data from the Global Human Settlement Layer
GHS-Built-V project as a proxy for population distribution
(Pesaresi and Politis, 2023).

The network graph extracted from OpenStreetMap and
processed using the openrouteservice (ORS) engine was
imported into a PostgreSQL database that included the
pgrouting extension. All centrality calculations were per-
formed within this framework, including edge between-
ness.

The remainder of the methodology section details the pre-
processing steps used to prepare the data for analysis, in-
cluding masking of the flood extent and creation of net-
work graphs. It then outlines the centrality and resilience
analysis, specifying the metrics employed to evaluate net-
work connectivity and redundancy. Finally, we describe

the availability of the datasets and software used to ensure
the transparency and reproducibility of our approach.

2.1 Pre-processing

For the pre-processing, we selected a detected flooded ur-
ban human settlement that included Porto Alegre and 9
other municipalities. Their administrative boundaries were
obtained from geoboundaries.org (Runfola et al., 2020)
(Fig.,1). After obtaining the road network from OSM, we
transformed the road network into a routable graph us-
ing OpenRouteService (ORS), which is required to con-
duct the centrality analysis. We also used ORS to generate
the 10-minute isochrones of each of the hospitals to assess
their resilience by determining the lack of redundancy.

This routable graph, obtained from ORS and representing
the pre-disaster road network, included costs based on dif-
ferent maximum speeds and considering road type, sur-
face, zones and surface qualities (ORS, 2024). Clipping
the pre-disaster graph with the flood extent provided the
post-disaster network graph. For this spatial operation, we
applied the following optimisation techniques.

We used a filter-and-refine strategy which included subdi-
viding the complex flood extent into smaller units and ex-



Figure 2. The research design illustrates how three activities are required to calculate centrality and resilience providing the information
to answer the question of how the flooding in Rio Grande do Sul affected the road network and hospital of the core metropolitan area
of Porto Alegre. We used open geospatial tools and data such as PostGIS, pgrouting, OpenRouteService (ORS) ,R and OpenStreetMap
(OSM)

cluding those that did not intersect with the road network
during the clipping process (Zhao et al., 2017). We also
calculated the area of the flood extent to remove the area of
unwanted small polygons, also known as sliver polygons
(Tolpekin and Stein, 2012; Heywood et al., 2011). The
above results in polygon simplification, which increases
the performance of the spatial queries needed to create the
post-disaster network (Grippa et al., 2018).

The use of pgouting was key to calculating the central-
ity values and to selecting a self-connected network with
one component, which is essential for calculating paths or

distances (Lu et al., 2018). As the largest component of
the network had a length of 10,912 km (97% of the total
network), we decided to exclude the remaining 2,586 self-
connected networks, which are often caused by tagging
barriers in the OSM data.

2.2 Centrality and resilience analysis

On this point, we highlight two analyses. The first analysis
aims to quantify the change in road network connectivity
at the core metropolitan scale and to aggregate these values



for each municipality. Moreover, it evaluates the connec-
tivity on a intracity scale for each municipality. The sec-
ond analysis focuses on assessing the redundancy of the
road network within 10-minute isochrones of each hospi-
tal, emphasising its value in ensuring the overall resilience
of the network.

In the first analysis, we used a weighted sampling by ap-
plying an origin-destination matrix with weights deter-
mined by building density to measure the centrality, as de-
picted in the Fig . 5. Azar et al (2010) demonstrated the
value of spatial proxies such as impervious surfaces for es-
timating population. Similarly, Shug et al (2021) showed
that building density improves these estimates. Both sup-
port assigning origins and destinations proportionally to
density areas, as shown in the Fig 5. Therefore, this gen-
erated more origins and destinations where the building
density was higher. The OD matrix contained 300 points as
origins and 300 points as destinations. These ODs are used
to calculate the shortest paths between each pair based
on the cost provided by OpenRouteService (ORS), rather
than just the length of the road (Acheampong and Asabere,
2022). The cost from ORS incorporates factors such as
road type and speed limits, making it more representative
of real-world travel behaviour. Increasing the number of
OD sampling points could cause memory allocation prob-
lems, while decreasing the number would leave out some
municipalities.

Figure 3. The distribution of the origins and destinations to mea-
sure the road network connectivity is weighted by building den-
sity.

We measured the change in connectivity quantitatively by
comparing the edge betweenness of the network before
and after the flood, at both the core metropolitan and in-
tracity scales. At the core metropolitan scale, the fastest
paths based on ORS weights were used between a pair-
wise of 300 origin-destination points samples weighted by
the built-up density over the entire settlement. This repre-
sented the core metropolitan connectivity between cities.
If we limit it to each of the municipalities, the process
shows the connectivity within them, namely its intracity
connectivity.

Following the methodological criterion of Petricola et al.
(2022), we calculated the centrality between edges in a
specific OD matrix, instead of using all the nodes of the
network. For this calculation, we used the weight provided
by the OpenRouteService. In this context, we have associ-
ated higher centrality values with urban arterial roads. This
plays a central role in ensuring movement through the road
network, as opposed to secondary or tertiary roads, which
are responsible for less movement through the network.

To estimate which municipality was most affected by the
floods, we aggregated the change in metropolitan connec-
tivity after the flood per municipality. In addition, a map
illustrating the local connectivity identified the urban ar-
teries of each municipality revealing changes in the road
network pattern when impacted by the flood.

In the second analysis, we used a regularly sampled origin-
destination matrix within a 10-minute drive of the hospi-
tals obtained through ORS. The objective is to assess road
redundancy as an indicator of a dimension of hospital re-
silience. The Fig. 4 shows this regular sampling within the
10 minute isochrones from each hospital.

To evaluate the redundancy of paths in the road network,
we used an iterative penalty method (Bader et al., 2011).
Locations within a 10-minute isochrone around each hos-
pital were sampled, and the fastest path for each health-
care facility was calculated. This process was repeated
three times, increasing the cost of edges on previously
used paths increased at each step to simulate disruption.
This approach quantified changes in path length and travel
cost, reflecting the availability of alternative routes. While
focusing on hospital accessibility, the analysis indirectly
assesses network resilience, as a network with more redun-
dant paths can better maintain flow despite disruptions.

Figure 4. The lack of redundancy measures the resilience based
on regularly spaced origins and destinations in the 10-minute
isochrones of each hospital.



2.3 Metrics

The centrality metric used to determine the importance of
each road segment in the network was the sum of between-
ness centrality. Betweenness centrality assesses the impor-
tance of roads in a network by counting the number of
shortest paths that pass through that node. The most com-
mon definition of betweenness centrality was introduced
by Freeman and it is noted in the Eq. (1).

cB(v) =
∑

s̸=t ̸=v
s,t∈V

σ(s, t|v)
σ(s, t)

(1)

where σ(s, t|v) is the total number of shortest paths be-
tween source (s) and destination (t) that pass through the
vertice v, and σ(s, t) is the total number of shortest paths
between s and t (regardless of whether or not they pass
through v). In this study, edges are used instead of ver-
tices. Most central roads acting as urban arteries scored
high values on cB(v), for example, highways. Previous
studies included betweenness centrality to assess critical
infrastructure (Phua et al., 2024; Petricola et al., 2022).

To measure the redundancy of the network, we have de-
fined the metric as follows: Let P be a starting point to go
to hospital H . P has three paths to H . We define the cost
of the j-th path in the Eq. (2) as:

Cj =

Nj∑
i=1

e
(j)
i (2)

where e
(j)
1 , ...e

(j)
NJ

are the edges belonging to path j, and
j ∈ {1,2,3}. We calculate the Average Cost of the Differ-
ences (ACD) for each P as the Eq. :

ACD(P ) =
|C1 −C2|+ |C1 −C3|+ |C2 −C3|

3
(3)

Where Cj is the cost defined at (??).

Then based on the (3), we denote Lack of Redundancy for
each Hospital H as:

Lack of Redundancy(H) =
∑

Pstart ACD(P )

#starting points

As the lack of redundancy indicator decreases, the road
network becomes more resilient, with a small difference
between the alternative routes to reach the hospital. In
contrast, a high value of the lack of redundancy indicator
shows a road network where the cost of using an alterna-
tive route is high, meaning that the road network is less re-
silient due to its lower redundancy. In a flood event where
routes may be inaccessible, providing alternative routes for
users of the road network improves resilience by reducing
the impact of disruption (Liu et al., 2023).

2.4 Data and Software Availability Section

Open data and open source software were used to
assess the centrality and resilience of the road ne-
towrk. The github repository https://github.com/rruiz-s/
agile-gscience-2024-rs-flood.git stored the code used to
carry out the design research. All data is publicly available
and processed using open source software.

From pre-processing to obtaining the centrality and re-
silience results, the post-gis docker file kartzoa 2 provided
a PostgreSQL 15.3 image with the extensions PostGIS 16-
3.4–v2024.03.17 and pgrouting 3.5 used to handle spa-
tial and routing data respectively. The Terra package (Hi-
jmans, 2024) performed the weighted sampling based on
the built-up density used to measure the general and lo-
cal centrality. As a bridge between PostgreSQL and R,
the DBI library (R Special Interest Group on Databases
(R-SIG-DB) et al., 2024) imported and exported data,
while the glue library (Hester and Bryan, 2024) facilitated
some of the queries using RStudio 2023.06.1+524 "Moun-
tain Hydrangea". The R library openrouteservice (Oleś,
2024) facilitated the isochrones through the openrouteser-
vice API (ope), using default speed limits and the vehi-
cle profile. Similarly, QGIS (QGIS Development Team,
2024) was used to create the maps and check the quality of
results, facilitating communication with the PostgreSQL
database via the DB Manager QGIS plugin.

In terms of computational infrastructure, a CPU Intel(R)
Core(TM) i5-4300U CPU @ 1.90GHz with 15 Gi model
HP EliteBook 820 G1 is used to conduct the study. The
rough calculation of the core metropolitan connectivity
with a 300 OD matrix took 51 seconds, while the calcu-
lation of the lack of redundancy for the 22 healthcare fa-
cilities took more than 2 hours.

3 Results

3.1 Centrality on the road network

The quantitative analysis of road connectivity before and
after the flood revealed an overall connectivity decrease
in the analysed 3254 km of urban roads and surrounding
87592 ha of flood extent. We present our findings consid-
ering both core metropolitan connectivity (CMC) and in-
tracity connectivity (IC).

Figure 5 illustrates the change in centrality values on a
core metropolitan scale before and in the aftermath of the
flood. A total of 71 km of roads, representing urban ar-
teries with edge betweenness values between 4870 and
11205, experienced a 80% (57 km ) loss in length. The
range of values used in the Figure 5 is calculated using the
Jenks natural breaks classification method. The urban ar-
teries accounted for 12.32% of the total CMC before the

2https://github.com/kartoza/docker-postgis?tab=readme-ov-
file
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flood and the values were found above the 0.987 quantile.
After the flood, the centrality values of the remaining 16
km of urban arteries fell below 4870 and were distributed
over lower intervals reducing their total CMC by 92%.
Some of these urban arteries connected Porto Alegre to
Canoas, Alvorada and Gravataı through Rodovia BR-116,
Avenida Asis Brasil and Rodovia Mario Quintana, respec-
tively.

The low connectivity roads, with CMC between 1 and 726,
reduced their length by 514 km (-22%).However, their
core metropolitan connectivity increased by 15%, driven
by 393 km of intermediate, high-value and unused roads
moving into this interval. Part of the 101 km of previously
unused roads with 0 core metropolitan connectivity values
before the flood became part of roads with higher central-
ities values. In fact, 37 km (36%) of the newly used roads
were relatively central, with values between the categories
726 and 4870.

In terms of core metropolitan connectivity (CMC), the
flooding also blocked urban arteries that had a high edge
betweenness centrality value, such as Avenida Presidente
Castelo Branco and BR-290 Freeway (shown in Fig 7),
resulting in a severe 59.14 % loss of centrality. In fact,
as a temporary measure in response to the emergency,
these two roads were part of a humanitarian corridor to
ensure supply and access by emergency vehicles 3.In con-
trast, roads away from the River Gravataı´ and located in
the inner city, such as Avenida Protásio Alves, maintained
or slightly increased their level of connectivity. Given the
strategic function of these arterial roads for urban mobility
in the metropolitan region of Porto Alegre, the flood re-
duced the core metropolitan connectivity of these roads by
a 92%.

In comparison, when the shortest paths were confined
to each of the municipalities measuring the connectiv-
ity within municipalities or intracity connectivity (IC),
the flood caused a lower degree of disruption than in the
core metropolitan connectivity. To illustrate, the Avenida
Senador Salgado Filho in Viamao was a central road for
the intracity connectivity both prior and in the aftermath
of the flooding. However, the centrality of this avenue ex-
perienced only a a 0.76% reduction. The urban arteries of
the municipalities situated in close proximity to the Sinos
River were impacted in varying ways. While the flood re-
duced the connectivity of the central road Avenida João
Pereira de Vargas for Sapucaia do Sul by a -5.19%, the
central road Rua Florianópolis in Canoas was covered by
the flood shown in the Fig. 7D, resulting in a complete
loss of connectivity (-100%). In fact, the analysis revealed
that the degree of the loss of intracity connectivity was not
always proportional to the extent of the flooded area.

In a comparative analysis of the Nova Santa Rita and
Canoas cases, we observed how the 113 km2 (52%)
flooded extension in Nova Santa caused a loss of intracity

3https://prefeitura.poa.br/eptc/noticias/cerca-de-24-mil-
veiculos-passam-pelo-corredor-humanitario-no-primeiro-dia

connectivity of -14.08% , while the 65 km2 (49.83%) of
flood in Canoas caused a loss of intracity connectivity of -
59.57%. Following the flood event, the central roads for in-
tracity connectivity in Nova Santa Rita, namely Rua Sanga
Funda or Avenida Santa Rita, maintained their centrality
values. In fact, the side of the BR-386 Rodovia Gover-
nador Leonel de Moura Brizola, located in Nova Santa
Rita between the industrial state “Parque logı´stico” and
the sport centre called “Velopark”, continued to function
as an urban artery after the flooding. In contrast, the sec-
tion of the BR-386 that crossed the city of Canoas was
inundated, resulting in the complete disruption of intracity
connectivity. In fact, 24.12 % of the population of Nova
Santa were affected by a 1.84 times greater flood extent
than Canoas, where 45.16 % of the population was af-
fected.

3.2 Centrality on municipalities

In our assessment of the impact of the floods on network
connectivity, we also observed an overall decrease but dif-
ferent changes in centrality between municipalities at the
core metropolitan and intracity scale. The table 1 shows
the loss of metropolitan and intracity connectivity, popu-
lation affected and GDP4 for each of the study municipal-
ities.

In terms of length, the 2674 km of roads affected by the
flood were not evenly distributed among the municipali-
ties studied. For instance, Porto Alegre suffered the great-
est loss of its road network with 954 km of flooded roads,
representing a reduction in length of -14.97%. In contrast,
Viamão lost 55 km of its road network, representing only a
1.37% of its total length. The urban typology of these mu-
nicipalities was heterogeneous, with Viamão characterised
by a low population density of 150 inhabitants per km2.
This contrasts with the high population density of 2658
inhabitants per km2 in Canoas.

Similarly, the contribution of these lost roads to the cen-
traliy was also heterogeneous. The loss of 951 km of road
in Canoas led to a CMC centrality loss of -83%, whereas
almost the same road length, 954 km, caused a loss of
CMC centrality of -61% within the city of Porto Alegre.
From an economic and social perspective, we observed a
comparable reduction in connectivity in both, high GDP
municipalities, such as Porto Alegre, and low GDP mu-
nicipalities, such as Alvorada. The decline in CMC con-
nectivity in these municipalities was -61% and -64% re-
spectively, while the decline in intracity connectivity was
-22% and -36% respectively.

In terms of the observed correlations, our findings revealed
that high intracity connectivity on the post-disaster road
network was associated with low population density, with
a negative slope of -726 and a p-value of 0.0978. Conse-
quently, as the population density increased, the post-flood
intracity connectivity decreased. In contrast, municipali-

4https://www.ibge.gov.br/cidades-e-estados.html

https://www.ibge.gov.br/cidades-e-estados.html


Figure 5. Urban arteries, representing 2.18% (71 km) of the network, before the flood sustained 12.32% of the core metropolitan
connectivity, which fell 59% after the flood.Previously unused 101 km (3.10%) of roads provided connectivity under the post-flood
scenario. In both scenarios, roads with low connectivity (1–726) made up the majority of the network.

Table 1. The Intracity Connectivity (IC) was more correlated
with affected population than the Core Metropolitan Connec-
tivity (CMC) without always maintining a relationship with the
GPD. Canoas faced the highest IC connectivity loss and the high-
est impacted number of affected residents

Municipality Pop.Aff CMC IC GDP(R$)

Canoas 157K (45%) -83% -59% 63K
Porto Alegre 125K (9%) -61% -22% 55K
Alvorada 26K (29%) -64% -36% 15K
Esteio 20K (26%) -70% -49% 45K
Cachoeirinha 12K ( 9%) -73% -9% 49K
Gravataí 6K (2%) -56% 58% 36K
Sapucaia do Sul 6K (4%) -63% -07% 29K
Viamão 2K (1.0%) -52% -02% 17K
Nova Santa Rita 7K (24%) -99% -14% 81K

Pop.Aff: Population affected
MC: Metropolitan Connectivity
IC: Intracity connectivity
GDP: Gross domestic product per capita (2021)

ties with low population density per km2, such as Viamão
with 150 inhabitants per km2, were correlated with higher
IC connectivity in the post-disaster scenario. For the CMC
connectivity, a regression analysis suggested a weak posi-
tive relationship between the connectivity before the flood
and the affected population having an intercept estimate of
36 and a p-value of 0.0789.

Figure 6. Healthcare facilities in central areas, such as the his-
toric centre of Porto Alegre , were more resilient, with less lack
of redundancy, while peripheral facilities had accessibility above
the average.ICU beds were spread heterogeneously distributed.
Healthcare facilities in red were flooded



Figure 7. Changes in the road connectivity identifying roads with high edge betweenness centrality values as urban arteries. The
connectivity between all the municipalities (A,B) represents the core metropolitan connectivity. In contrast, the maps (C,D) show the
intracity connectivity for each individual municipality. The urban artery BR-290 Freeway in Porto alegre in the post-flooding event,
while the urban artery Rua Forianópolis is affected by the flood in the municipality of Canoas

3.3 Resilience on hospitals based on redundancy

A quantitative examination of the alternative routes to
reach each hospital measured the resilience of their road
network by evaluating the lack of redundancy of these
routes. For some healthcare facilities, the lack of redun-
dancy was up to 4.58 times greater. A summary of the re-
sults to measure the resilience based on the redundancy
are shown in the table 2, while the table A1 shows all the
results and table A2 the code used to define the type and
juridic nature.

Resilient hospitals were mainly located in the centre of
Porto Alegre, where the lack of redundancy was low, and
provided similar alternative routes. This is shown in the
Fig. 6. In contrast, the lack of redundancy was high in the
hospitales located in the two less densely populated mu-
nicipalities, Viamão and Gravataí, with densities of 150
and 566 of inhabitants per km2 respectively. Out of a total
of 22 hospitals, the extent of the flooding intersected with
3 hospitals. Two of these flooded hospitals are shown in
red in Fig 6. With the loss of access to these hospitals, 478
beds were no longer available, 378 of which belong to pri-
vate hospitals such as Hospital Mae De Deus and Hospital
Porto Alegre. The only public hospital with ICU beds in

flooded area,the Hospital Pronto Socorro De Canoas Dep
Nelson Marchezan, was equipped with 100 beds. The mu-
nicipalities of Nova Santa Rita, Cachoeirinha and Alvo-
rada did not had hospitals with ICU beds.

Hospitals further away from Porto Alegre’s district ’Cen-
tro Histórico’ were less resilient under normal circum-
stances, as they had a greater lack of redundancy. While
the 8 hospitals within 3.2 km from the Centro Histórico of
Porto Alegre scored an average of 231 in the lack of re-
dundancy, the remaining 14 healthcare facilities scored an
average of 423 reaching the highest lack of redundancy at
the hospital Hospital Dom Joao Becker, 24 km away from
the Centro Histórico of Porto Alegre. As the Fig. 6 shows,
the healthcare facilities with a lower lack of redundancy,
located to the right of the x-axis, are in Porto Alegre. The
public Hospital Nossa Senhora Da Conceicao Sa had the
lowest lack of redundancy offering the highest resilience
and ranked second in terms of bed capacity, with a total
number of 824 beds. Considering a 10-minute isochrone,
the Hospital Dom Joao Becker with the highest lack of re-
dundancy reached an area that was 3.29 times larger than
that of the hospital HBMPA.

In the municipality of Porto Alegre, hospitals with the
same number of beds exhibited differences in the lack of



redundancy of their road network within the isochrone.
The Hospital Nossa Senhora Da Conceicao Sa, with 824
beds, was ranked 1st as the hospital with the least lack
of redundancy, while the Irmandade Da Santa Casa De
Misericordia De Porto Alegre, with a similar number of
beds (845), was ranked 13th out of 16 in the municipality
of Porto Alegre. The hospitals most affected by the flood
were the private Hospital Mae De Deus and the Porto Ale-
gre private hospital, with 295 and 83 patients respectively.
In other cases, the flood covered the road network partially
reducing the number of origin-destination points, as in the
Hospital Universitario Ulbra in Canoas, where 66.27 % of
the OD were covered, modifying its lack of redundancy
after the disaster event.

Table 2. Most of the hospitals located in the urban centre of Porto
Alegre with a lower lack of redundancy were more resilient. ICU
bed capacity varied unevenly across the different healthcare fa-
cilities

Rank Healthcare facility Lack R Beds Area [m2]

1 (M) Hospital Nossa
Senhora Da Conceicao
Sa Porto Alegre

183.01 824 4691

2 (G) Hospital Ernesto
Dornelles Porto Alegre

198.28 313 5470

3 (N) Hospital Porto Ale-
gre Porto Alegre

204.86 83 4777

4 (H) Hospital Femina Sa
Porto Alegre

210.66 110 5385

5 (D) Hospital De Clini-
cas Porto Alegre

222.29 736 5162

18 (F) Hospital Dom Joao
Becker

426.12 178 9307

19 (U) Instituto De Cardi-
ologia Hospital Viamao

602.75 171 5964

20 (I) Hospital Indepen-
dencia

610.84 178 4866

21 (E) Hospital Divina
Providencia

727.98 165 3012

22 (P) Hospital Restinga E
Extremo Sul

839.05 122 2936

The table shows hospitals ranked by resilience indicators, including ‘Lack R‘
(redundancy shortfall), number of ICU beds and hospital area reached in 10-minute
isochrone.

4 Discussion

4.1 Global Centrality on Metropolitin scale

The flooding in the study area significantly disrupted road
connectivity with a 59% decrease in edge betweenness
centrality at the core metropolitan connectivity scale. This
disruption particularly impacted the metropolitan road net-
work connecting different municipalities (see Fig. 5). Be-
fore the flood, 71 km of urban arteries accounted for
12.32% of core metropolitan connectivity, including key
routes such as the BR-290 freeway or Avenida Presidente

Castelo Branco (see Fig.7). Following the flooding, the
BR-290 highway became inaccessible, and urban arteri-
als contributing to the core metropolitan connectivity fell
to 92%. The BR-290/RS road, a major access point to
Porto Alegre, has been the focus of previous traffic studies,
which have highlighted its strategic importance (Zechin
et al., 2020). These findings underscore the vulnerability
of relying heavily on some key urban arteries, which are
highly exposed to flooding. Such disruptions exacerbate
the challenges of delivering humanitarian aid and address-
ing the needs of affected populations. Moreover, the cas-
cading effects triggered by the loss of critical infrastruc-
ture can amplify the overall impact of disasters, a phe-
nomenon previously documented in similar contexts (Pet-
ricola et al., 2022).

When evaluating edge-betweenness centrality at the in-
tracity scale - restricted to movements within individual
municipalities - the results reveal heterogeneous effects
of the flood on the road network. Although the overall
reduction in intracity centrality was -13%, which was a
smaller decline compared to the loss of -59% in the core
metropolitan connectivity, the magnitude of this impact
varied significantly in different locations. In Canoas, the
loss of urban arteries such as Rua Florianópolos caused
an overall 59% reduction in intracity connectivity, while
Viamão experienced only a 2% decline. Despite this con-
siderable variation, a common pattern emerged: areas with
higher built-up density exhibited greater losses in edge be-
tweenness centrality. Similar findings have been reported,
with studies emphasising the strong influence of road net-
work structure on flood exposure and its broader impacts
(Papilloud et al., 2020). Examining changes in edge be-
tweenness centrality on an intracity scale highlights crit-
ical patterns, such as the vulnerability of urban arterials,
offering policymakers valuable, localized insights for mit-
igating flood risks and planning resilient infrastructure.

Unexpectedly, 37 km (37%) of the 101 km of unused
roads had high centrality values (>747) after the flood. The
Top 0.988 quantile roads, which previously accounted for
12.32% of CMC connectivity, accounted for only 1% after
the flood.

4.2 Local Centrality on Municipality scale

The edge betweenness centrality results revealed notable
differences in the impact of flooding across municipali-
ties, influenced by whether the analysis focused on con-
nectivity within individual municipalities (intracity con-
nectivity) or across the entire core metropolitan area (core
metropolitan connectivity). For example, while Porto Ale-
gre’s metropolitan connectivity decreased by 61%, its in-
tracity connectivity experienced a smaller reduction of
22%. Conversely, Canoas emerged as the most affected
municipality in terms of both intracity and metropolitan
connectivity. Nova Santa Rita experienced an almost com-
plete (99%) of its core metropolitan connectivity as it be-
came encircled by the flood. The Canoas results are con-



sistent with data from SPGG-DEE-DEPLAN5, which re-
ported Canoas as the most impacted municipality, with
157K people affected. These disparities between intracity
and core metropolitan connectivity highlight the impor-
tance of studying road network disruptions at multiple
scales, ensuring a nuanced understanding of local condi-
tions to better facilitate humanitarian aid and crisis man-
agement.

However, the size of the affected population alone does
not fully capture the magnitude of the impact, as factors
such as age and socio-economic conditions also play a
critical role. For example, Kabiru et al,2023, reported that
populations in slum settlements are often located in flood-
prone areas with inadequate infrastructure, such as a lack
of green spaces that could mitigate flooding by acting as
natural sinks. Similarly, Fatmah, 2024, found that elderly
populations face reduced survival rates during disasters
due to physical limitations that prevent timely evacuation.

An unexpected finding of this study was the large dispar-
ity between the impact on intracity and core metropolitan
connectivity, especially when comparing urban and rural
municipalities. For example, table 1 shows that Viamão,
with a low building density lost half of its core metropoli-
tan connectivity. However, its intracity connectivity only
decreased by 2%, as only 1% of its population was directly
affected. A closer examination reveals that the flooded ar-
eas in Viamão were predominantly rural, with sparse urban
development. This limited urban building coverage prob-
ably explains the lower loss of intracity connectivity and
the lower number of people affected. In support of this,
Balaian et al, 2024, suggested that urban building cover-
age is a key factor influencing flood depth and damage,
with denser urban areas being more vulnerable to severe
flood impacts. Nevertheless, not only the land use, but ge-
ographical aspects such as proximity to rivers also play a
role in the impact of the flood on the connectivity.

4.3 Hospital Resilience

Peripheral health facilities with higher values of lack of re-
dundancy were less resilient to disruptions. For instance,
the private healthcare facility Hospital Nossa Senhora da
Conceição in Porto Alegre’s Centro Histórico was the
most resilient, with a score of 183. In contrast, Hospital
Restinga e Extremo Sul, located in the periphery of Porto
Alegre, scored the highest lack of redundancy at 839. This
difference underscores the advantage of hospitals in urban
centres, such as those in Centro Histórico, where mul-
tiple alternative paths with minimal variation contribute
to greater resilience. Conversely, rural municipalities fur-
ther away from the urban core, such as Gravataí and Vi-
amão, exhibited higher lack of redundancy scores with 426
and 603 respectively, indicating lower level of resilience.
These findings are in line with studies of accessibility to

5https://mup.rs.gov.br/

healthcare facilities in Brazil, which have also reported re-
duced accessibility in rural areas Silva et al. (2021).

For example, facilities such as Hospital Dom João Becker
in Gravataí and the Instituto de Cardiologia Hospital Vi-
amão were accessible over longer distances (Rocha et al.,
2021).

The trend was reversed when measures of accessibility
such as the area within a 10-minute drive, were taken
into account. Healthcare facilities in peripheral areas out-
performed those near the Centro Histórico. For exam-
ple,the Hospital Dom Joao Becker (F) in Gravatai or In-
stituto De Cardiologia Hospital Viamao (U) were acces-
sible over longer distances (see Fig. 6 ). A plausible ex-
planation lies in the higher density of speed limitations
in urban centres, which restricts the reachable area within
a short time frame. In addition, socio-economic vulner-
abilities, reflected in the availability of ICU beds, em-
phasised the significance of peripheral hospitals (Rocha
et al., 2021). By combining accessibility, redundancy, and
socioeconomic data, the study aimed to pinpoint hospi-
tals with limited alternative paths, informing strategies to
prioritize support for the most disadvantaged populations
during humanitarian aid efforts.

It was unexpected to find that some hospitals with high
ICU bed capacity, such as Irmandade da Santa Casa de
Misericórdia de Porto Alegre and Hospital Nossa Senhora
da Conceição, also had a low lack of redundancy, mak-
ing them both critical and resilient. Despite their location
in heavily affected Porto Alegre, these hospitals, with 845
and 824 ICU beds respectively, were not directly impacted
by the flood. As the lack of redundancy was low, the differ-
ence between the three alternative routes was small, offer-
ing several viable access options. In contrast, Pronto So-
corro de Canoas Dep. Nelson Marchezan equipped with
100 beds and one of only two hospitals in Canoas, was
flooded. This hospital is located next to the Dique Mathias
Velho, whose breach caused the flooding of the west side
of Canoas 6. Another notable finding is that resilient hos-
pitals do not necessarily have large bed capacities. For in-
stance, Hospital Porto Alegre ranked third in resilience de-
spite having only 83 beds, while Hospital Dornelles ranked
second with 313 beds (see figure 6). This suggests that
disaster preparedness could be improved by equipping re-
silient hospitals with more ICU beds. Similarly, hospitals
with high accessibility but limited ICU beds, such as HPS
Porto Alegre, represent prime candidates for investment
in network redundancy to enhance resilience. Finally, it
is worth noting that municipalities like Nova Santa Rita,
which lack hospitals entirely, were particularly vulnerable
during the flood (see figure 6). Residents of Nova Santa
Rita were left without easy access to emergency services
after losing critical links, highlighting the importance of
ensuring equitable access to healthcare infrastructure in
disaster preparedness and response planning.

6https://www.canoas.rs.gov.br/noticias/reconstrucao-do-
dique-do-mathias-velho-entra-na-etapa-final/

https://www.canoas.rs.gov.br/noticias/reconstrucao-do-dique-do-mathias-velho-entra-na-etapa-final/
https://www.canoas.rs.gov.br/noticias/reconstrucao-do-dique-do-mathias-velho-entra-na-etapa-final/


5 Conclusion

This study examined the impact of flooding on road net-
work connectivity and healthcare facility resilience in the
metropolitan area of Porto Alegre, with a focus on cen-
trality metrics and redundancy. The results revealed sig-
nificant disruptions to both core metropolitan and intracity
connectivity, emphasising the importance of scale when
analysing road network vulnerabilities. While metropoli-
tan connectivity decreased substantially, the impacts var-
ied across municipalities and were influenced by factors
such as building density, urbanization, and pre-existing
road infrastructure.

Our assessment of hospital resilience showed stark con-
trasts between urban and peripheral facilities. Hospitals
located in central areas, such as Porto Alegre’s Centro
Histórico, benefited from higher redundancy due to mul-
tiple alternative routes, making them more resilient to dis-
ruptions. Conversely, hospitals in rural municipalities ex-
hibited a higher lack of redundancy, compounding accessi-
bility challenges during emergencies. Incorporating mea-
sures like ICU bed capacity further underscored the dis-
parities, identifying critical gaps in disaster preparedness
and response.

The findings underscore the need for targeted interven-
tions, including enhancing redundancy in vulnerable re-
gions, prioritising the retrofitting of key road segments,
and addressing inequities in healthcare accessibility. Pol-
icymakers can leverage these insights to improve infras-
tructure resilience, ensuring better emergency response
and equitable service delivery during disasters. However
this study focused on road networks and healthcare facili-
ties within a single metropolitan area, and its findings may
not generalize to regions with different infrastructure or
flood dynamics.

Future work should explore additional dimensions, such
as incorporating multimodal transport options, analysing
time-variant factors such as traffic density, and address-
ing socioeconomic vulnerabilities. In the same way, using
other buildings converted to shelters rather than hospitals
could be easily implemented and offer valuable insights.
Expanding the study to include different flooding scenar-
ios and integrating 3D flood models would provide a more
comprehensive understanding of resilience in dynamic ur-
ban and rural landscapes.

Code and data availability. Code supporting this publi-
cation is available in https://github.com/rruiz-s/agile-
gscience-2024-rs-flood and accesible via the following
DOI https://doi.org/10.5281/zenodo.14478153.
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