A quantitative model to define the priority of recovery of road network elements
following a relevant event
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The work proposes a quantitative model to determine the transport relevance of the different sections of a road
network. In this way it is possible to define priorities for single network elements’ restore following relevant events
such as earthquakes. The model was developed within a project with the Italian Civil Protection Department
following the earthquakes occurred in central Italy in 2016. The planning and programming of the interventions
arises from the need to restore in the shortest time the ordinary people mobility within the territory; in the meantime
it is also necessary to guarantee the operational needs of the Civil Protection, such as the transport and construction
of temporary housing for the population. The proposed model considers the development of 5 quantitative indicators
to characterize the transport importance of the network links deciding the priority of the interventions. These
indicators take into account, for example, the link flow, the number of paths over a link and the Origin/Destination
pairs satisfied. In this way it is possible to assess the impact that the restore of a network link could have on one or
more routes and generally on the whole road network. The model can be considered as a Decision Support System
that can be used to plan and schedule the restore of a road network according to specific needs.
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1. Introduction

When a major event occurs over a larger or
smaller area, the transport system plays a key role
in emergency management. The rescue system, in
fact, can use different modes of transport in order
to achieve two main objectives: to bring relief to
the affected areas in the least possible time and to
evacuate the population from the affected areas.
In the post-emergency phase, the priority is to
recover the operation of the transport network,
which may have been partially or completely
damaged by the event itself. This activity is
aimed, on the one hand, to ensure the main
movements of the vehicles involved in the
activities of reconstruction and safety of the
territory and the population (demolition, rubble
removal, construction of temporary housing

modules, etc.), on the other hand, to restore the
possibility of moving people and goods that affect
the territory. The latter aspects can have an
important impact on the socio-economic system
related to a region or country; it is therefore
important to bring the functionality of the network
to an acceptable level as soon as possible.

Considering  the  interdependencies,  the
functioning of infrastructure systems (e.g.
transportation, power, water and

telecommunications) depends on each other, thus
interruptions in one system can spread to other
systems and cause cascading failures, Ni et al.
(2019). In a limited resources context, it is
necessary to proper undertake a planning and
schedule of recovery activities, in order to give
priority to the interventions on those elements of
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the network characterized by significant
importance compared to the overall functioning of
the network itself. Having said that, it is necessary
to define quantitative criteria allowing an estimate
of the expected (positive) impacts on the entire
network to follow the restoration of a single
damaged element that helps to define the level of
priority of the interventions themselves.

2. Background

In the technical-scientific literature several
authors have addressed the issue of vulnerability
and resilience of transport systems following
relevant events. Today it is very difficult to give a
unique definition of terms such as resilience,
vulnerability and other components. In particular,
the study of the vulnerability of a transport
network allows to evaluate the serviceability that
describes the possibility to use that link/route/road
network during a given period, Berdica (2002)
and Jenelius et al. (2006). Regarding the risk
definition, vulnerability can be considered an
element together with the probability of
occurrence and the consequences of a dangerous
event, Coburn et al. (1994) and Linkov et al.
(2018). A network element can be considered
vulnerable if its functionality’s leads to a
significant reduction in the accessibility of the
network or particular elements, Taylor et al.
(2006). Zio et al. (2008), proposed to study the
robustness of network systems by analyzing the
structure of interconnection of their components.
They introduced a global and local reliability
using efficient indicators for evaluating the
robustness and vulnerability to faults of the
network defining the reliability distances
accounting for the probabilities of failure of the
links interconnecting the nodes of the network.
Others, like Ganin et al. (2016), propose a
resilience evaluation method based on critical
functionality, a performance function of time set
by the stakeholders. With reference to the
definition of resilience, the components related to
response and recover have been deeply studied.
The proposed model has been developed
according to the above-mentioned analyses. In
fact, as shown in Fig. 1, the response and recovery
phases of a transport system can present different
trends depending on time, Zhang et al. (2017).
The time depends on several factors such as, for
example, accessibility of the territory, availability
of specialized resources and equipment, planning
of interventions, etc., Borghetti and Malavasi
(2016a), Borghetti and Malavasi (2016b). With
reference to Fig. 1, the proposed model aims to
identify the curve that will allow the recovery of
the infrastructure in the shortest possible time
according to the available resources, Borghetti et
al. (2017). Ni et al. (2019) examine the routing
problem of local supply chains delivering critical

commercial services within an area under
disrupted transportation systems.
Fig. 1. Different trajectories (trends) of the transport system
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recovery as a function of time. Adapted from Carlson et al.
(2012), Zhang et al. (2017) and Borghetti et al. (in press).

3. Research goal and work structure

The main goal of the work is to implement a
Decision Support System - DSS capable of
providing guidance to rank the interventions to be
carried out for the recovery of a road network
following relevant events. The tool, developed in
the framework of an agreement with the Italian
Civil Protection Department, allows to support
different subjects, including road infrastructure
managers in identifying the high priority recovery
operations. In this way it is possible to allocate
economic resources in an optimal and targeted
way also according to time. In the event of an
earthquake, for example, the number of transport
infrastructures involved may be high. Recovery
activities cannot be carried out simultaneously,
but must be planned and programmed over time,
according to the economic and operational
resources available by defining certain priority
criteria. The proposed model foresees two
calculation sub-models: the first one concerns the
development of indicators needed to guarantee the
ordinary mobility of people and goods; the second
one considers the specific needs of Civil
Protection (provision of temporary housing
modules, removal of rubble, securing the
territory, etc.). The combination of the two sub-
models allows to obtain a global indicator of
transport-wise importance for the different
sections of the road network: in this way, when
defining the priority classes of interventions, it is
possible to consider both needs at the same time.

The first sub-model is illustrated in this work and
in particular the five indicators developed are
described analytically. Fig. 2 shows the
framework and the research phases described in
the following paragraphs.
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Fig. 2. Framework and structure of the proposed model.

4. Analysis of the transport system and
mobility demand

Following the earthquakes that occurred in Italy
in 2016, the National Civil Protection Department
coordinated road restoration work. In four Italian
regions, Lazio, Marche, Umbria and Abruzzo,
earthquakes have caused significant damage, in
some cases it resulted in a road no longer viable.
The territorial area affected by the seismic events,
which is the focus of this study (see Fig. 3),
includes 131 municipalities and is characterized
by an overall development of the road network of
about 15,300 km.
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Fig. 3. Territorial representation of the study area where the
proposed model was applied.

The first step is to analyze the road transport
system and the territorial area. The components of
supply and transport demand have been defined
and an analytical representation of their
components has been used. In this phase GIS -
Geographic Information System tools and traffic
simulation models were used. The transport
supply was represented by means of a geo-
referenced graph of the transport network, where
each road section is represented by a link; each
link is associated with different information such
as length, travel speed, number of lanes, etc.

In order to analyze the transport demand, the
territory affected by the earthquake has been
divided into areas generally coinciding with the
municipalities or parts of them. Each zone
represents an origin and/or destination of the
journeys affecting the study area; a centroid, i.e. a
dummy point representing the position of origin
and destination of the journeys, has been
associated to each of them. The estimation of the
number of travels for each pair of
origin/destination O/D zones was made using a
gravity model, a classical model widely used to

calculate commuting patterns by many authors,
such as Ganin et al. (2017). The estimated demand
flow for the different O/D relations has not been
calibrated and therefore does not represent a
significant value in absolute terms, but it is
significant in relative terms; for the aims of this
work it is necessary to be able to compare the
relative flows for the different O/D pairs. In this
way it is possible to determine the territorial
relationships that have a higher number of
journeys than the other relationships. On the basis
of these relationships it is possible to define the
mobility needs of crossing, distribution and
access for the territory affected by a relevant
event. The estimated number of trips has been
represented by an O/D matrix, where in each cell
the number (flow) of journeys /°¢ generated by the
o origin zone, corresponding to the element row,
and directed to the d destination zone,
corresponding to the element column, is
indicated. By way of example, Fig.4 shows a
study area divided into 4 origin/destination zones,
represented by the corresponding centroids.

Centroid
Zone 1
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Zone 2

4

<4

Route:
sequence
of links

—

Centroid
Zone 4

‘ Centroid

Zone 3
Fig. 4. Example of a territory being divided into 4 zones. In
each zone is placed a centroid (triangle) representing the origin

and destination of the journeys. The transport network is
represented by links and nodes.

5. O/D matrix assignment

After analyzing and defining the supply and
demand transport components, the next step is to
assign the transport demand to the road graph.
This step has been carried out using a
deterministic All or Nothing algorithm, which
assumes that all users moving between a given
O/D pair choose the route characterized by the
lowest overall cost. In the proposed model, the
generalized cost is represented by the travel time
of each link of the network; road congestion,
which could increase the travel time of a route,
has been neglected as it is considered not relevant
for the purpose of this research. At the end of the
assignment procedure, it is possible to know:
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o 1! [min]: the travel time of the routes
connecting each O/D pair;

e the sequence of the links crossed by the
routes;

e 1% traffic flow on each generic link a
generated by a given route O/D;

e  f, total flow on a generic link a, generated
by the sum of all route flows passing
through the link itself;

e Np,: total number of routes crossing a
generic link a.

6. Transport importance indicators for road
links

The most important phase of the work is to
develop a quantitative indicators to define the
transport-wise importance of the different links
(road sections) that make up the road network of
the study area. The links characterized by the
greatest transport importance are those where the
presence of any critical issues and/or interruptions
will have to be solved in a priority way compared
to the other links. As already mentioned, in this
work the five indicators developed are described
in an analytical way, like shown below. Each of
the 5 indicators is adimensional and can vary
between 1 and 3; value 1 represents a high
importance, value 2 a medium importance while
3 identifies a situation of low importance where
the priority of recovery is not elevated. In a real
application, the choice of the indicator to be used
may depend on the purposes considered as
priorities by the institutional and administrative
subjects involved in the decision-making process,
as well as on the availability of means and
resources to carry out a high number of
interventions in a short time.

6.1 Origin-destination relationships - Iop

The Origin-Destination relationships indicator -
Ilop allows to associate a high priority of
intervention to the paths that connect the areas of
the territory characterized by a high demand for
mobility, avoiding discontinuity and
interruptions. The indicator guarantees that for
O/D relations characterized by high trips there is
at least one route at minimum cost whose
intervention priority is defined as high (value 1).
1t follows that all the links making up the route are
characterized by the same intervention priority
(high). Starting from the O/D matrix,
implemented with the gravitational model, the /*¢
demand flows have been divided into 3 classes;
class 1 represents the highest flows while class 3
represents the lowest ones. The subdivision into
classes has been made according to the natural
breaks defined by Jenks Algorithm. The natural

breaks criterion sets the limits between two
classes in correspondence of discontinuities or
"jumps" in the frequency distribution. We
proceed with the assignment of demand flows
belonging to the first class of importance (high
flows); in this way it is possible to identify the
paths, made up of a sequence of links at minimum
cost.

To each path used by the above demand flows is
given a level of importance /op = I; consequently,
each link making up the selected routes is given
importance Iop = 1.

With the same approach we proceed to assign the
traffic flows of the OD matrix belonging to the
second importance class, attributing an lop = 2
importance indicator to the relative links crossed.
This operation is not performed for the links that
in the previous phase have already been marked
with an Jop = I importance indicator. Finally, the
same procedure is carried out for the relationships
whose flows have been classified in the third
importance class. Fig. 5 shows an example of an
OD matrix in which the traffic flows are split into
three classes. In red are identified higher flows
while in green the more contained traffic flows.

Legend

| SN g
importance

Fig. 5. Example of O/D matrix with traffic flows divided into
classes. The traffic flows in the OD matrix in red give rise to
the two routes characterized by a high priority of intervention.
The two routes have been determined with the assignment of
the O/D matrix considering the minimum travel time.

6.2 Link flow - Ia

The I, indicator considers the link flow as the sum
of the route flows related to the O/D relations
connecting the different zones of the territory.

The links characterized by a high flow can be
considered important in terms of traffic volumes
according to a punctual approach; in fact, a road
link is analyzed without considering its
relationships  with the transport network.
However, this indicator does not take into account
a network approach where the aim is to ensure the
practicability of the routes. Even for this
indicator, the links of the road network have been
divided into 3 classes according to traffic flow.
Links with a high traffic value have been assigned
a value of I, =1, while links with a low flow have
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a value of I, =3. A graphic representation of the
outputs related to the link flow indicator is shown
in Fig. 6.
Fig. 6. Representation of the outputs related to the link flow
indicator I, in the study area (made with GIS tools).
Level 1
‘& High importance
e Level 2
Average importance

Level 3

(‘i Low importance
Y
SR

6.3 Link flow/number of routes - I,_np

The indicator /, ,, considers both the link flow
and the number of paths passing over the link it.
Compared to the previous indicator ([i), the
importance associated with a link increases if
there are several routes affecting it. It means that
a link is more important transport-wise if more
origin/destination relations are needed. Let’s
proceed with the calculation of the importance
indicator link flow I as explained above.
Subsequently, with the same methodology, a
similar /y,q indicator is determined based on the
number of paths passing over the link a; also in
this case a subdivision of the link into 3 classes is
considered. Class 1 is characterized by the highest
number of paths while class 3 identifies a situation
with few paths. Fig. 7 shows an outline of the
calculation of the indicator. Starting from the
flows of each link and the number of paths that
cross it, we can identify the links with the highest
value of the indicator.

i
g’

io%—»&:t °

Fig. 7. Outline of the flow/number of routes indicator
calculation.

The third step is to calculate the indicator 7, .,
determined by the minimum value between the
two previous indicators as reported in Eq. (1):

Iy np = min[l; ; Iyp, | (1)

A representation of the results for the indicator
link flow importance/number of paths is shown in
Fig. 8.

Fig. 8. Representation of the outputs related to the link
flow/number of routes indicator 1, ,, in the study area. (made

Level 1
= High importance

Level 2
Average importance

Level 3
Low importance

with GIS tools).

6.4 Routes - Ipa

This indicator combines both a punctual and a
systemic analysis. The importance of a link a is
analyzed considering both the flow and the
relationships that the link has in ensuring the
continuity of the routes that cross it. With the /,,
indicator we want to guarantee the continuity of
importance on all the routes that pass through a
link characterized by a link flow indicator equal
to 1 or 2. The calculation procedure considers the
classification of the links of the road network
according to the traffic flow (/i indicator). For
each link a characterized by I = 1 (high
importance) the pop routes passing through it are
identified. The value /,,=1 is extended to these
routes. Fig. 9 shows an outline of the indicator
calculation. Starting from the two red links
characterized by In = 1 (high importance)
represented on the left, the routes that pass
through the two links on the right are identified.

—>

Fig. 9. Outline of the routes indicator calculation.

Fig. 10 shows the extension process of the level
of importance from link to route. In this way the
continuity of the routes between the different OD
is guaranteed.
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Fig. 10. Graphic representation of the process of extending the
level of importance of links to all the routes that pass through
them (made with GIS tools).

The procedure is repeated considering the links
characterized by I, = 2 (medium importance). The
level of importance 2 of these links is extended to
the routes that pass through them (/,» = 2); this
value is not extended to those paths that in the
previous iteration had already been attributed a
value of the indicator /,, = 1. The links
characterized by link flow indicator I, = 3
confirm their level of importance by assuming a
value of the indicator [, = 2. The output
representation of the routes indicator is shown in
Fig. 11.

Level 1
== High importance

Level 2
Average importance

Level 3
Low importance

Fig. 11. Representation of the outputs related to the routes
indicator /,, in the study area (made with GIS tools)

6.5 Percentage route Iy

The fifth indicator /,¢; is similar to the previous
one, but the criterion to define the most important
links of the road network is based on the /ink
Sflow/number of routes indicator 1, ,, and not on
the /link flow indicator ;. In addition, the
extension of the importance level from the
selected links to the routes does not occur for all
routes passing through the selected link (as in the
previous indicator), but only to routes with a
higher traffic flow. The calculation procedure of
the I,¢; indicator considers the classification of the
links of the road network according to the third

indicator, i.e. link flow/number of routes /, »»; the
three classes of importance are maintained (levels
1, 2 and 3). For each link a, characterized by an
indicator ~of importance I, ,,=1  (high
importance), the pop routes passing through it are
identified and the related f°P route flows are
considered. The paths must be ordered in
decreasing order according to /P, as shown in the
example in Table 1 for the links, 7-9 and 1-5. Note
that the flow of link 7-9 is 14,632; this value is the
sum of the flows of the four routes L-M, E-F, P-
Q and G-H that cross link 7-9. The link flow 1-5
is equal to 1,569 and is determined as the sum of
the two paths J-K and B-C that cross it.

Table 1. Decreasing order of /°° route flows for two links
characterized by the indicator 7, ,, = 1 (high importance).

a Pop fo P Ja

(link)  (route) (route flow) (link flow)
7-9 L-M 3,884

7-9 E-F 3,800

7-9 P-Q 3,494 14,632
7-9 G-H 3,454

1-5 J-K 802 1569

1-5 B-C 767 ’

The next step is to define a R, parameter that
represents a percentage rate applicable to the
flows of each link a. If we consider the link a and
its flow f, (determined by the sum of the f°P path
flows passing through it), the R, rate is used to
calculate a reduced link flow f -z, (With firq <f2).
With reference to Table 1, an example of
calculation of the reduced link flow f;. . is shown:
link 7-9 is characterized by a link flow f; equal to
14,632; assuming a value of the R, parameter
equal to 60%, the reduced link flow is reported in

Eq. (2):
fa-ra = fa " Ra = 14,632 0,6 = 8,779 (2)

For each link, characterized by the importance
indicator I, ,,=1, all paths passing through the
link are identified. The extension of the
importance level from link to path is done
considering a subset of the routes passing through
it. This subset is determined by the R, parameter
selecting the path flows whose sum must not
exceed the reduced link flow f;.z.. For each link a,
the procedure starts by selecting the path
characterized by the highest /P flow and
continues adding the /°P flows of the following
paths, until the condition reported in Eq. (3) is
verified:

D P < fara 3)
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When this condition is no longer verified, the
calculation process stops and the importance level
1 of the link is extended only to the selected routes
(whose sum of flows is less than fir.). All the
links that make up the selected paths are
characterized by a level of importance I, = 1.
With reference to the example in Table 1, in Table
2 it is highlighted that for link 7-9 only the first
two paths (L-M and E-F) are selected in green
because the sum of the two flows (3,884 and
3,800) is lower than the reduced link flow fi-ra
(8,779); if it is added also the third path P-Q (in
red) in order of decreasing flow, the sum of the
flows of the three paths (3,884 + 3,800 + 3,494 =
11,178) is greater than f,.z, (8,779) and therefore
the condition in Eq. (3) would not be verified. The
same reasoning is valid for the path G-H.

Table 2. Example of selection of routes to extend the
importance level 1 from two links characterized by the
indicator /, ,, = 1. The Ra parameter is equal to 60 %.

a Pop fOD f;—Ru
(link) (route) (route flow) (link flow)
7-9 L-M 3,884
7-9 E-F 3,800
7-9 P-Q 3,494 8779
7-9 G-H 3,454
1-5 J-K 802
941
1-5 B-C 767

In the example in Table 2, all the links that make
up the two selected paths (L-M and E-F) will be
marked with a level of importance 7,4, = 1. Fig. 12
shows an outline of the 4 paths that pass-through
link 7-9. According to the parameter f.z, only the
paths L-M and E-F will have a high level of
importance (1,0, = 1).

Legend
_> L-M route

Fig. 12. Outline of the percentage routes indicator calculation.

=Jp-P-Q route

In the case of link 1-5 only the links belonging to
the J-K path (highlighted in green) will be marked
with a level of importance /,o; = 1. In fact, in this
second case, only the flow of the J-K path checks
the condition in Eq. (3) (802 < 941). We repeat
the procedure considering also the links
characterized by an indicator of importance /,
= 2 (medium importance). Even in this case the

level of importance 2 of these links is extended to
a subset of the paths passing through them,
following the procedure already described for the
level of importance 1. The level of importance 2
(1p2 = 2) cannot be extended to the links to which
in the previous iteration a level of importance /,2;
= 1 has already been attributed. In this second
iteration the R, parameter must be equal to the
value used in the first iteration. Finally, links
characterized by an initial level of importance
I.p = 3 (low importance), do not change
classification and assume a level of importance
Ly, = 3 if in previous iterations they were not
affected by the extension of importance levels 1
and 2. At the end of the calculation procedure, a
classification of the links in the three levels of
importance /,o; between 1 and 3 is also obtained
for this indicator, see Fig. 13, where the value 1
represents a high importance and the value 3 a low
importance.

Level 1
=" High importance

Level 2
Average importance

Level 3
Low importance

Fig. 13. Representation of the outputs related to the percentage
route indicator 7,»; in the study area (made with GIS tools).

The R, parameter used in the above described
procedure affects the number of paths towards
which the level of importance of a link a is
extended; R, can be varied according to two
specific needs of the analyst. The first need
concerns the case where there are resources and
means to intervene only on a very limited number
of links. By choosing a R, value of about 20-30%
you can obtain a rather small subset of links of
high importance, on which to concentrate the first
available resources. The second need allows to
intervene on a greater number of links by adopting
a value of the R, parameter equal to about 50-60
%. In this way it is possible to obtain a more
numerous subsets of links characterized by an
indicator of high importance.

7. Conclusions

The work illustrates a model developed within the
framework of the agreement between Politecnico
di Milano and the National Civil Protection
Department; the agreement is aimed to support
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the road network recovery activities following the
earthquakes that occurred in Italy between August
and October 2016. The proposed model consists
of two sub-models of calculation: the first
concerns the development of indicators that
respond to the need to guarantee the ordinary
mobility of people and goods; the second
considers the specific needs of Civil Protection. In
this work the first sub-model has been described
with reference to the development of the 5
analytical indicators to characterize the
importance of each road section in relation to the
road network. The Decision Support System
(DSS) implemented, allows to plan and organize
the operations related to road rehabilitation on the
basis of objective criteria able to establish
intervention priorities. The proposed model has
been developed according to a flexible and
modular criterion allowing, therefore, to be
exported and used also in other territorial
contexts. One of the most interesting aspects lies
in the development of several indicators that
underlie different decision-making criteria; these
indicators can be used individually according to
the analyst's aims. Finally, the analysis of
transport demand was considered rigid and
therefore not variable according to a relevant
event.
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