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Abstract: The development of strategies to adapt to and mitigate the potential adverse consequences
of natural hazards requires support from risk assessment studies that quantify the impacts of
hazardous events on our society. A comprehensive analysis of risk commonly evaluates the elements
exposed to the hazard probabilistic scenarios and their vulnerabilities. However, while significant
advances have been made in the assessment of direct losses, indirect impacts are less frequently
examined. This work assesses the indirect consequences of two hydrologic hazards, i.e., pluvial and
fluvial floods, in an urban context from a system perspective. It presents a methodology to estimate
the services accessibility risk (SAR) that considers the accessibility of roads and the connection
between providers and users of services in a city. The feasibility of the proposed approach is
illustrated by an application to a pilot study in Monza city (northern Italy) considering pluvial and
fluvial flood hazard with different return periods. The results in terms of the social and economic
impacts are analyzed considering features of age, disability, and the different economic sectors.

Keywords: risk assessment; indirect flood impact; flood; road accessibility; graph theory

1. Introduction

Future sustainable cities will have to adapt to and mitigate the potential adverse
consequences of natural hazards. Urban areas can be considered “systems of systems” [1,2]
where socio-economic and cultural spheres rely on critical infrastructure networks. Floods
are among the costliest natural hazards affecting urban environments. Floods might occur
after heavy rainfall with insufficient drainage capacity, i.e., pluvial floods, or in case of
river overland flows, i.e., riverine floods. Pluvial floods appear on small spatial scales
without any direct relation to the river network, due to the strong dependence on the
micro topography and the drainage pathways [3]. Despite hydrologic differences, both
riverine and pluvial floods have impacts on buildings, with pluvial events mostly affecting
basements and ground floors, and on road infrastructures. Existing literature mostly
describes risk assessment methods and applications to case studies focusing on one of the
two hazards. River flooding and its economic consequences are frequently studied from
the urban to the global scale [4–8]. In the last decade, pluvial flood risk has also emerged
as a research topic [9–12]. Recent work started focusing on compound events [13–16]
establishing multi-hazard risk assessment frameworks.

A comprehensive analysis of risk commonly evaluates the elements exposed to the
hazard probabilistic scenarios and their vulnerabilities. However, while significant ad-
vances have been made in the assessment of direct losses [17–21], i.e., those caused by
physical contact with floodwaters, indirect impacts are less frequently examined [22,23].
Indirect impacts are more difficult to assess because they require ad hoc simulation of
interdependencies between assets potentially located far from the flooded area in space
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and time [24]. Interdependencies can be described by different modeling approaches cate-
gorized into six groups: empirical, agent-based, system dynamics-based, economic-theory
based, network-based, and others [25]. These models are capable of propagating cascade
impacts [26–28] or analyzing the systemic properties of the exposed elements [29].

Studies about the indirect impacts on critical infrastructures demonstrate that, in
addition to monetary losses, the social impacts related to the reduction of availability and
accessibility of basic services might affect the population much more than the direct impacts
of the flood [24,30,31]. Moreover, flooded roads are particularly dangerous for vehicles and
pedestrians as shown by fatality reports [32]. Mobility disruption can also delay rescue
activities or prevent reaching a hospital in a timely manner [33], with health consequences.
Social impacts related to the interruption of service accessibility, e.g., education or health
facilities, are hardly monetizable but play a crucial role in flood resilience.

A service becomes unavailable for users when at least one of the following applies:
(i) the provider is flooded, (ii) the user is flooded, and/or (iii) the road infrastructure
connecting user and provider is interrupted. The third condition might be neglected in a
standard risk analysis, where only direct impacts are accounted for. Capturing this aspect
requires a systemic approach where node interconnections are considered.

In this context, modeling might provide risk scenarios useful for decision makers,
planners, and civil protection [34].

A change in the perspective of urban flood risk analysis should switch from single to
multi-hazard, from silo-to systemic analysis, from monetary to social impact understanding.

The overarching objective of this work is to deepen the understanding of the indirect
consequences of two hydrologic hazards, i.e., pluvial and fluvial floods, in an urban context
with a system perspective. The three specific objectives are:

• to define a methodology for estimating the services accessibility risk (SAR) that
considers the accessibility of roads and the connection between providers and users of
services in a city;

• to demonstrate the applicability of the methodology to pluvial and fluvial flood hazard
with different return periods for the case study of Monza (northern Italy); and

• to analyze social impacts considering aspects of age, disability, and the different
economic sectors.

2. Materials and Methods

The methodology to estimate the SAR follows the three traditional risk components
as reported in Figure 1: hazard, exposure, and vulnerability.

The hazard component uses as input the hyetograph and the hydrograph to estimate
pluvial and fluvial flood maps, respectively. The maps provide flood extension and inten-
sity, i.e., depth and velocity, for the different return periods. The second component requires
a change of paradigm from a silo to systemic exposure, in which each exposed element
is connected to other nodes according to the exchange of services. The exposed system is
represented by a graph in which there are nodes that provide services (i.e., providers) to
nodes that receive those services (i.e., users). The road vulnerability estimates accessibility
based on the physical stability of vehicles and pedestrians in flood conditions (i.e., water
depth and velocity).

By integrating the information of the three components, it is possible to estimate how
many services in the exposed systems are lost under different hazard scenarios and by
defining proper proxies, it is also possible to differentiate the impacts between different
sectors: economic and social. Finally, the SAR can be computed associating the estimated
impacts to the probability of occurrence of different scenarios.
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2.1. Exposed System: Building the Graph

The proposed methodology adopts a system structure which represents the entire
exposed system properties by means of a graph. The graph is constructed by identifying
the two main objects, i.e., nodes and links, and their characteristics. Each node can provide
or receive service to or from others (links). Links can be of different types according to the
nature of the connection: physical, geographical, cyber, or logical [35].

Once the terms of the connections between the different node categories are defined,
it is crucial to establish the rules to determine if two nodes belonging to different categories
should be linked. The set of rules proposed to create the links is based on a distance criterion
that allows users to accept multiple providers per service, introducing redundancy into the
network [23].

In order to reproduce the complex interconnection and heterogeneity of an urban city,
the graph must be redundant and weighted. The graph is redundant when each node does
not receive the service only from the closest provider [23,36], but from many. In a weighted
graph, each edge has attached an attribute as a numerical value functioning as a weight.
The attachment of the weight changes depending on the application. In this case study,
each provider-receiver link is weighted by the number of people that use the service.

Once the nodes and the rules to link the various services are laid out, the graph is
built, and the relevant graph attributes can be computed and assigned to its nodes or links.
Finally, the graph is used to simulate the number of economic and social services impacted
under flood conditions, along the road segments vulnerable for drivers and/or pedestrians.

2.2. Vulnerability Road Ranking

Flooded roads might cause injuries and fatalities when people attempt to move by
car or on foot [37,38]. Therefore, here, the vulnerability of road segments does not refer to
potential direct impacts on the road itself (e.g., new asphalt resurfacing), but to the indirect
impacts potentially caused to drivers and pedestrians that might lose their stability under
certain combinations of flood parameters such as water depth and velocity.
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The vulnerability of pedestrians is assessed by means of an equilibrium equation
(Equation (1)) dependent on flood depth H (m), Froude number Fr (-), and height of
the target subject HP (m), here assumed as an average Italian adult (HP = 1.75 m). The
two regression coefficients are obtained from experimental data on human stability in
floodwaters [33]

Hcr,P = HP·
0.29

0.24·Fr
(1)

Equation (1) identifies a threshold critical condition for pedestrians Hcr,P (m) which
allows a vulnerability ranking according to the following

vulnerability =


high, H

Hcr,P
≥ 1

medium, 0.5 ≤ H
Hcr,P

< 1
low, H

Hcr,P
< 0.5

(2)

The maximum vulnerability for driving vehicles is reached when flood depth equals
or exceeds the threshold Hcr,V = 0.3 m, the depth at which a standard saloon or estate car is
unable to operate, and roads are considered impassable [39]. Equation (3) identifies the
degree of vulnerability according to the following

vulnerability =


high, H

Hcr,V ≥ 1
medium, 0.5 ≤ H

Hcr,V < 1
low, H

Hcr,V
< 0.5

(3)

H and Fr are obtained by 2D flood modeling [40] and associated to each road segment
through a raster zonal statistic. As a conservative hypothesis, the maximum H in the road
segment is considered for vulnerability ranking. A road segment with high vulnerability
(for pedestrians or traveling vehicles) should therefore be considered closed; medium
vulnerability roads should be used with prudence.

2.3. Multi-Sectoral Impact and Risk Assessment

The road accessibility, obtained from the spatial intensity information of the haz-
ard (i.e., water depth and velocity) and the road vulnerability, together with the system
exposure allows to estimate the indirect impacts across different sectors: social and eco-
nomic. Table 1 describes the quantitative proxies adopted to estimate the impacts for the
two sectors.

Table 1. Proxy for social and economic impacts.

Sector Proxy Computation

Social Services not delivered because
receivers are in closed roads

Sum of the weights of the inbound links to
residential nodes located in a road closed to

the traffic. The value can be analyzed by
gender, age, and disability.

Economic Services not delivered because
providers are in closed roads

Sum of the weights of the outgoing links from
provider nodes that are located in a road

closed to the traffic. The value can be analyzed
by service typologies.

The sum of all the proxy values obtained in the flooded roads represents the impact
in the city for that sector for a specific scenario. Considering different scenarios and their
probability of occurrence, it is possible to assess the service accessibility risk (SAR) of
the city. Differently from the traditional risk curves which are commonly obtained by
considering the cost of the reconstruction of buildings, the SAR assessment replaces the
reconstruction cost with the number of services lost for the inaccessibility of roads. While
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traditionally the common indicator of risk is the annual average loss, in SAR, it is the
annual average number of services lost.

2.4. Case Study

The methodology proposed in this paper was applied to the case study of Monza.
The city and its municipality, hosting more than 120,000 residents, is situated in northern
Italy in the Lombardy region, where it ranks third amid the most populated metropolitan
areas in the region behind Milan and Brescia. The city is densely populated and is split in
half by the Lambro River, which passes right through the city’s historical center touching
downstream Milan before delving into the Po river. In recent years, several flooding events
have occurred, threatening the heterogeneous fabric of the city. Moreover, severe rainfall
events highlighted the drainage system’s incapacity to cope with extreme events, thus
provoking pluvial flooding and providing an additional hazard to the city by spatial and
temporal resolution [41]. The dimension of the city allowed us to study the urban system
and its interdependencies at high resolution.

As part of the NEWFRAME project (www.newframe.it, accessed on 20 September
2021), Monza municipality provided us with a catalogue of all the buildings and their
features. The characteristics of the building could be divided into two categories: (1) proper-
ties related to the geometry (i.e., area and height) and the georeferencing (i.e., addresses) of
the building and (2) those related to its use and function. The latter features of the building
were used to classify the network nodes into the categories reported in Table 2, along with
their numerosity and the type of nodes they serve. Each node is associated with a real
physical element (e.g., a building or a major intersection), although this association is not
univocal. The directed and weighted link represents the services that are exchanged, within
a certain distance, in an urban area like Monza, where the direction denotes the nature of
the relationship between the vertices and the weight the importance of the links. The first
column of Table 2 reports the typology of nodes defined for the study case based on the
data provided by the municipality, while the column ‘Receiver’ indicates the orientation
of the edge (i.e., the vertices belonging to the category indicated in column 1 provide a
service to the vertices belonging to the category indicated in column 4).

Table 2. List of node types.

Category Category’s Description Numerosity Receiver

Bridge
The 10 bridges that cross the Lambro and Lambretto river inside the

municipality of Monza. These bridges are the way to pass from west to east
of the town and are closed in case of river flood.

10 Crossroad

Center for Disability All the facilities that offer services aimed at disabled people as indicated in
the data provided by the municipality. 6 Residential

Crossroad Fifty major intersections inside the municipality of Monza. 50 All typology

Education Primary, middle, and high school and university as reported in the data
provided by the municipality. 136 Residential

Health Structures that provide services related to human beings’ health that do not
require first aid (e.g., nursing home, general practitioner). 80 Residential

Industry All the establishments that are involved in activities falling within the
secondary sector scope according to the data provided by the municipality. 331 Residential, shops

Leisure Structures that offer opportunity for social gathering or recreational
activities (e.g., community centers, volunteer offices). 143 Residential

Public Office Public administration offices and postal offices. 28 Residential

Recovery The structures in charge of providing first aid 24/7 (e.g., hospitals,
fire fighters). 10 All typology except for

bridge and crossroad

Senior Center Structures that offer social services and assistance to the elderly. 6 Residential

Shops All the establishments that are involved in activity falling within the tertiary
sector scope according to the data provided by the municipality. 214 Residential

Residential The buildings where at least one person resides according to the data
provided by the municipality. 4990 -

www.newframe.it
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Regarding the categories, the following assumptions were adopted. The recovery
nodes provide first aid, such as hospitals, firefighters, and police stations on call 24/7
and grant rescue to all the other categories. Industrial nodes provide a service both to
residential nodes in the form of job opportunities and to the shops as suppliers. Lastly,
there are categories of nodes that directly offer various services to the citizens or part of it.
This group comprises services like health facilities (e.g., pharmacy, private practice), shops,
public office (e.g., postal office), and leisure (e.g., cinema, arcade), which are intended for
the entire population. Senior centers are intended for the elderly, the centers for disability
are aimed at people with some sort of handicap and educational services are provided
to the younger portion of the population. The residential typology does not provide any
service but acts just as a receiver. Each building was represented as a residential node with
a number of residents as provided by the municipality and with the age distribution (split
into three groups: 0–15, 16–64, 65+) equal to that of the parent census area as provided
by the National Institute of Statistics (ISTAT). The municipality also provided data on the
fraction of the disabled people. The population feature, age distribution, and disability
attached to the buildings were used to refine the weights of the links between certain
nodes. The weights are represented by the number of users that the link serves in total.
For example, a link connecting a shop to a residential building where ten people reside is
assigned a weight value of 10. A link connecting the industrial provider that replenishes
the aforementioned shop would have a weight that is equal to the sum of the weights of all
the links of which that shop is the provider. The weights underwent a log-transformation
to overcome the wide range of values that this procedure would return.

Table 3 reports the area used to establish the connections between provider and
receiver according to their type: (1) the entire city for recovery nodes (i.e., all the nodes in
the city are linked to all the recovery nodes), (2) parallel bands for bridges (i.e., the study
area are separated into overlapping parallel strips from west to east where each strip is
centered around and parallel to a bridge), and (3) radial area for the remaining connections
(i.e., each receiver is connected to all the providers, for a given category, within a certain
distance called radius).

Table 3. Spatial ranges employed for establishing connections.

Provider Receiver Spatial Range

Bridge Crossroad Parallel bands
Center for Disability Residential Radial area

Crossroad All typology Radial area
Education Residential Radial area

Health Residential Radial area
Industry Residential, shops Radial area
Leisure Residential Radial area

Public Office Residential Radial area
Recovery All typology except for bridge and crossroad Entire city

Senior Center Residential Radial area
Shops Residential Radial area

As a result of the above assumptions, we represented Monza as a directed, weighted
graph with 6007 nodes and almost 1.3 million links that can represent well a system’s
complexity of an urban city. Figure 2 shows the node providers and the services exchange
between themselves.
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3. Results

This section shows the results obtained from road accessibility analysis, followed by
the estimation of the services accessibility risk (SAR).

The road accessibility was obtained using the flood hazard information of both pluvial
and river floods for three different return periods (i.e., T10, T100, and T200) together with
the vulnerability information of vehicles and pedestrians.

The service accessibility risk was obtained adding to the road accessibility (i.e., hazard
and vulnerability) the information of the services exposed to those inaccessible roads
provided by the graph analysis.

3.1. Road Accessibility

Figure 3 compares the road accessibility for vehicles in the city center of Monza
between pluvial and river floods at the 100 years return period. The green segments
indicate roads that are accessible, the yellow segments indicate roads with a reduced
traveling speed, and finally the red segments indicate roads closed since the stability of the
vehicles is not guaranteed. The maps show a notable difference between the two types of
floods: the segments affected by pluvial flood have homogeneous geographical distribution
across the city; instead, river floods intensely affect only the road segments along the river.
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Figure 4 shows the percentages of road accessibility over the entire network of the city
for both hazards, for three different return periods and according to the flood vulnerability
of pedestrians and traveling vehicles.
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The results confirm an increasing percentage of segments where vehicles need to
drive with prudence and closed roads for higher return periods for all three different
vulnerabilities conditions. Furthermore, the results show that the percentages of segments
closed for vehicles are always greater with respect to pedestrians, and in particular the
vehicles in transit are the most vulnerable for any return period and both types of floods.
Finally, the results confirm a much higher percentage of closed roads in case of pluvial
floods compared to the river floods.

3.2. Services Accessibility Risk (SAR)

The road accessibility and the graph properties are the required pieces of information
to estimate the SAR. The hazard and vulnerability assessments shown in the previous fig-
ures were integrated with the information on the exposure of services providers and users.

Figure 5 compares the same portion of the Monza road network with three different
gradings: (Figure 5a,b) vehicles road accessibility; (Figure 5c,d) social service accessibility
impacted; and (Figure 5e,f) economic service accessibility impacted. The maps show that
although some roads are dangerous for traveling vehicles, since they have fewer services,
they have a lower grading in the service accessibility or vice versa. Furthermore, according
to the type of service, social or economic, the roads have different grading: for example,
we can observe that the city center is characterized by a greater importance for the social
service with respect to the economic service.

Figure 6 shows how the social services are impacted by the three different return
periods and how the impact is distributed across the age and people with disability. In
particular, in the case study, it is evident that for pluvial hazards, disabled people are
relatively more impacted while for river floods, young people are relatively more impacted.

Figure 7 shows how the economic accessibility is distributed across different typologies
of services. In both hazards, the public office, health, education, and industry are the most
impacted. In case of pluvial flood, the recovery services are the most impacted for the
low return period of 10 years, an aspect that does not happen in the case of river flood.
Furthermore, river flood has a higher impact for the services provided to disabled people
compared to the pluvial one that has a higher impact for services to elder people.
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Finally, Figure 8 shows the number of services lost at the different probabilities of
occurrence of the events to represent the traditional risk curve. The results show that for
both hazards, the loss of economic services is higher compared to the loss of social services.
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4. Discussion

The SAR methodology developed in this work estimates the loss of social and eco-
nomic services due to the reduction of accessibility. The methodology is based on two main
steps: (1) construction of a graph that represents the services that the exposed elements
exchange within the city; and (2) ranking of the road vulnerability in order to identify non
accessible roads after an event.

The weighted directional graph simulates the number of services lost because of the
non-accessibility of a road segment, both to incoming (social impact: service not received)
and to outgoing nodes (economic impact: service not provided). The graph constructed
considering different types of service and the different attributes of the population also al-
lows to calculate the losses for each type of service provided and for the different categories
of population that cannot receive the service (e.g., gender, age disabled).

Although the proposed methodology allows us to move toward the direction of a
systemic assessment of losses, it still has several limits. First, although the estimate of the
impact is quantitative, it is based only on the number of services lost without weighing



Hydrology 2021, 8, 142 11 of 14

differently the type of services, the supplier providing it, and not even the receiver. Second,
the estimate of indirect damage is obtained by considering only the first order lost services,
that is, no simulations of the cascade effects that could be generated due to the missing
services have been made. Third, the proposed method neglects the effects of the flood
duration on the estimate of service losses, an aspect that for some types of service may
be relevant. Finally, the lack of post-event data does not allow for validating the method,
whose results were only qualitatively assessed based on stakeholders’ experience.

The applicability of the proposed methodology has been demonstrated through a
case study by simulating two types of flooding in the urban center of the city of Monza:
pluvial flood due to heavy rainfall in the urban area and fluvial flood due the Lambro
river that crosses the city. The scenarios for which the impacts were calculated considered
three different return periods: T10, T100, and T200. The vulnerability assessment of the
individual road segment was computed using the maximum value of water depth and
velocity within the segment for each scenario. This assumption, based on precautionary
purposes, generates an overestimation in those segments where only a small part of the
road is flooded, typically for pluvial flooding, thus generating an excess estimate of the
economic and social impacts.

The complexity of the city system exposed to the two flooding phenomena was
obtained by creating a graph, consisting of over 6000 nodes and nearly 1.3 million links,
based on the exchange of services between the elements considered most relevant in the
urban area of study. The constructed graph does not constitute the actual exchange of
services between the elements, as this information is not currently available in any database,
therefore the reasonable hypothesis of associating suppliers and users based on logic of
geographical proximity has been adopted. Furthermore, the population was considered
only as a receiver of services and the service offered as a workforce with other exposed
elements (e.g., doctors working in hospitals) was not considered.

The accessibility results obtained from the case study for the two hazards and three
return times shows in all cases a greater number of roads closed for vehicles in transit
compared to pedestrians. On the other hand, the comparison between hazard type shows
that the roads closed due to pluvial flooding are greater than the river floods in which the
closed roads are located along the axis of the river. The case study also shows the effec-
tiveness of the methodology in identifying and distinguishing the loss between economic
and social services. In particular, the city center is characterized by a greater loss of social
service relative to the economic service in both hazards. Comparing the different return
times, one can observe the great jump between the impacts obtained for T10 and T100,
while the difference between T100 and T200 is much smaller; this aspect should make one
reflect on the importance of considering more frequent flooding. The graph constructed
considering the information on the social distribution of the Monza population, age and
disability, allowed to analyze the distribution of losses in the social fabric. In particular, in
the scenarios considered, it was observed that disabled people are most affected in the case
of pluvial flood, while young people in the case of river flood. Regarding the economic
fabric, the results show that the highest impacts are in the public office, health, education,
and industry sector. Furthermore, in the case of a pluvial flood, there are greater losses in
the services offered to the elders, while in the case of a river flood, there is greater damage
to the services provided for the disabled.

Finally, the case study demonstrates that this methodology can be used both to com-
pute the impact for each single scenario but also to develop the traditional risk assessment
based on the number of services lost versus the probability of occurrence. The under-
standing of indirect loss of services due to floods might change the perspective of urban
planning, which currently focuses on assets directly exposed to inundations. Within a
service accessibility risk framework, more relevance is attributed to indirect social impacts
occurring outside flooded areas, which are usually less frequently examined by standard
risk assessments. The reduction of lost services could be obtained by increasing spatial
redundancies of some services instead of centralizing them or by constructing floodproof
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infrastructures to ensure access to critical services, such as health facilities, provided that
environmental and legislative constraints make this possible. Moreover, the reduction of
lost services can also be effectively addressed by preparedness plans which, for example,
identify elderly or disabled people requiring specific assistance in case the roads are not
safe for common passenger vehicles.

5. Conclusions

In the introduction of this article, we highlighted that it is no longer sufficient to assess
risk based on the estimation of the potential direct losses that a natural hazard could cause,
but rather it is necessary to study the indirect effects. Therefore, we proposed and applied
a methodology to estimate proxies of indirect economic and social services lost due to
inaccessible flooded roads.

The existing methodologies are well advanced in assessing risk based on the estimation
of direct losses caused by physical contact with floodwaters, and typically these methods
use physical vulnerability functions of the elements and the economic cost to estimate the
magnitude of the losses. Instead, in this work, we investigated the indirect impacts across
the system due to the interdependency between assets and we considered the number of
economic and social services to estimate the magnitude of the losses. In particular, we
evaluated the road accessibility in order to estimate which services between providers
and users, according to the directed weighted graph built, could not be delivered due to
the flood.

This methodology allows to investigate the impact not only within the flooded area
but also outside of it. In fact, the construction of the graph allows to propagate the impacts
across the city. This new information could be useful to promote new strategies and
territory plans, which will not need to only focus on the hazard extension but rather on
the total impact that an event can generate in the territory. Further research should be
pursued to overpass the hypothesis of geographical proximity to build a more accurate
connection between providers and users, and also to assess the efficacy of the adopted
proxies compared to others.
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