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Abstract Road networks are classified as critical infras-
tructure systems. Their loss of functionality not only hin-
ders residential and commercial activities, but also
compromises evacuation and rescue after disasters. Dealing
with risks to key strategic objectives is not new to asset
management, and risk management is considered one of the
core elements of asset management. Risk analysis has
recently focused on understanding and designing strategies
for resilience, especially in the case of seismic events that
present a significant hazard to highway transportation
networks. Following a review of risk and resilience con-
cepts and metrics, an innovative methodology to stochas-
tically assess the economic resources needed to restore
damaged infrastructures, one that is a relevant and com-
plementary element within a wider resilience-based
framework, is proposed. The original methodology is based
on collecting and analyzing ex post reconstruction and
hazard data and was calibrated on data measured during the
earthquake that struck central Italy in 2016 and collected in
the following recovery phase. Although further improve-
ments are needed, the proposed approach can be used
effectively by road managers to provide useful information
in developing seismic retrofitting plans.
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1 Introduction

The launch of the 55000 series ISO Standards for Asset
Management between 2014 and 2019 represented a step
change for the asset management community. The standard
series focus on managing physical and intangible assets
and provide a framework to establish asset management
policies, objectives, processes, and governance, and facil-
itate an organization’s achievement of its strategic goals.
The ISO standards point out that the risks and opportunities
in managing assets need to be determined to prevent or
reduce undesired effects (ISO 55001 2014; ISO 55002
2018).

With respect to risk assessment and management, ref-
erence is made to ISO 31000 standard launched in 2009
and revised in 2018. According to ISO 31000 (2018), risk
is the effect of uncertainty on an organization’s ability to
meet its objectives, and risk management is a group of
coordinated activities to direct and control an organization
with regard to risk. The traditional definition of risk simply
combines the probability of an event with its potential
severity. Both definitions talk about the same phenomena
but from two different perspectives. ISO thinks of risk in
goal-oriented terms while the traditional definition thinks
of risk in event-oriented terms.

Over the last two decades, risk management has shifted
from risk reduction and protection of critical infrastructure
assets from potential hazards, initially highly concentrated
on direct threats, to improving infrastructure resilience
(that is, the ability to absorb and quickly recover from
events) to a wider range of hazards, including both direct
and natural threats (Fekete et al. 2014).

The services provided by transportation and telecom-
munications systems, as well as water and electricity sup-
ply networks, are essential to our daily lives. The
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complexity of these networked systems has been increasing
in recent decades, and has made them vulnerable. Trans-
portation systems are among the infrastructure systems
most affected by natural hazards and disasters (Keller and
Atzl 2014; Utasse et al. 2016). Natural hazards are the main
causes of transportation network disruptions in many
countries, including Italy. Among these events, earth-
quakes are the costliest. Some good examples are the
earthquakes that occurred in Sichuan, China (2008);
Maule, Chile (2010); Tohoku, Japan (2011); Christchurch,
New Zealand (2011); and L’Aquila (2009) and Emilia
(2012) in Italy. Therefore, incorporating risk management
and resilience assessment into transportation asset man-
agement (TAM) procedures is an extremely important
factor in order to manage events and not passively suffer
the consequences of natural hazards and disasters, and an
in-depth focus on this topic is needed.

2 Resilience Definition and Metrics

The traditional way of coping with adverse events is to
develop approaches and systems to identify and mitigate
risks. Stochastic models are used to forecast future adverse
events and to make better-informed decisions about how to
manage risk. These traditional risk management practices
have proven insufficient to adequately address the adverse
events that have occurred. Therefore, standards, legisla-
tions, and policies that are implemented to support pro-
tection needs of critical infrastructure have shifted their
attention from identifying risk and alleviating the level of
vulnerability to trying to increase resilience (Flannery et al.
2018).

Following the Hyogo Framework for Action
2005—2015 by the United Nations, definitions of resilience
in transportation infrastructure systems have been dis-
cussed in some articles (Zhou et al. 2019). According to the
literature, all definitions characterize resilience from one or
both of two perspectives: (1) the capacity to maintain the
serviceability (during a disaster event); and (2) the timing
and resources required for restoring previous conditions
(after a disaster event). Resilience of transport systems may
be defined as the ability of transport systems to prepare for
and adapt to a major disruption, providing and maintaining
an acceptable level of service or functionality, and
responding to and recovering rapidly from the disruption.
Therefore, resilience measurement includes the time and
level of performance the asset is able to sustain after an
event occurs and before full performance is recovered
(Fig. 1). The definition and illustration provided in Fig. 1
are consistent with approaches proposed worldwide,
according to which resilience can be represented by four
properties: robustness, redundancy, resourcefulness, and

recovery speed. During the disruption phase, the levels of
robustness and redundancy affect the performance level of
a transportation system. Robustness, in particular, deter-
mines the capacity to resist damages caused by disaster
events, and redundancy suggests the presence of alternative
resources. During the recovery phase, both resourcefulness
and rapidity indicate the ability of the system to recover
serviceability.

In order to incorporate resilience into asset management
processes, transport organizations need quantitative meth-
ods to measure the resilience of their systems to threats that
may cause failures. Generally, there are two steps to
measure a quantity. The first step consists of providing a
metric for measurement, and the second step consists of
computing the metric using some evaluation approaches.
Currently, there is no unified measurement standard for
resilience within road networks, both in terms of metrics
and methods of assessment.

The metrics used so far for the resilience measurement
of transportation infrastructure can be divided into two
categories: topological metrics and performance-based
metrics. Topological metrics look only at the network
configuration of the transport system but ignore the oper-
ating conditions and usually use some topological charac-
teristics of transportation networks, such as shortest path
length (Schintler et al. 2007; Berche et al. 2009), average
node degree (Testa et al. 2015), or betweenness centrality
(Aydin et al. 2018). Performance-based metrics evaluate
the resilience of the network systems based on their per-
formance during all periods of time affected by disasters
(disruption, time at bottom level, and recovery).

The three most widely used performance-based mea-
sures of resilience (MoR) are identified in the literature as:
(1) the degradation of system quality over time; (2) the
time-dependent function of quality during the restoring
from disruption; and (3) the expected fraction of demand
satisfied in the post-disaster network using specific recov-
ery costs. Examples of performance-based MoR of type 1
are those proposed by Twumasi-Boakye and Frangopol
(Bocchini and Frangopol 2012; Twumasi-Boakye and
Sobanjo 2018) and by Adjetey-Bahun et al. (2016), and are
represented by Eqs. 1 and 2, respectively:
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where R is the value of resilience; f; is the time when the

disruptive event occurs; f3 is the time when the perfor-

mance level of the system achieves the previous conditions
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(see Fig. 1); and Q(¢) is the quality/performance of the R — ISP+ RC (4)

system (for example, based on total travel time or total
travel distance).

In type 2 MoR, resilience is dynamically represented as
a temporal function, as opposed to the other types of
indicators where resilience is a static indicator that repre-
sents the overall effects of disruption in the three phases
following the occurrence of the event (see Fig. 1). An
example of the performance-based MoR of type 2 is the
one proposed by Liao et al. (2018) represented in Eq. 3:

F(tr|€j) — F(td|€j)
F(l‘()) — F(ld‘é'j)

where R(t,|e;) is the resilience value of the system at time

R(t/lej) =

(3)

t, resulting from disruption e;; F (t,|ej) is the performance
function of the system at time ¢, resulting from disruption
e, F (td|ej) is the minimum performance function of the
system resulting from disruption e;; and F(#o) is the func-
tion of the system at the pre-disruption state.

In type 3 MoR, resilience is defined as the expected
fraction of demand satisfied by the network in the post-
disaster phases with specific recovery costs. These indica-
tors thus have two characteristics: (1) they explicitly con-
sider transportation demand; and (2) they consider the
dependence of the post-disruption phases on the economic
resources committed. An example of metrics of type 3 is
provided by Vugrin et al. (2014), who proposed to assess
resilience through the system of relationships shown in
Eq. 4:

@ Springer

where ISP is the increase in cost of transport, including
both increases in costs for flows on links and penalty costs
for demand that cannot be accommodated; and RC is the
resources needed to implement the scheduled tasks on
damaged links in the network. If resilience is to be mea-
sured according to this performance-based MoR approach,
road managers should aim at minimizing the R value per-
taining to their transport network.

In general, many researchers consider the performance-
based metrics more suitable than topological metrics to
measure the resilience in transportation networks, as the
latter do not consider directly the effect on the users.
Among the performance-based metrics, type 3 is often
preferred over the other two because it takes into account
the performance offered by the system during the entire
time frame in which it was affected/disturbed by the dis-
ruptive event. Furthermore, the metrics that incorporate the
economic resources required for recovery, which influence
the recovery time, into the resilience evaluation, are better
than the others, which usually fix as constraints the
recovery resources.

In the literature numerous approaches have been pro-
posed to measure the level of service of transportation
systems and calculate performance-based resilience met-
rics. These performance evaluation approaches are classi-
fied as: optimization models; simulation models;
probability theory models; fuzzy logic models; and data-
driven models. Since the purpose of this study is not a
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literature review, the different approaches are not analyzed
in detail, but optimization approaches are the most widely
used (Zhou et al. 2019). They are primarily used to address
two types of problems: (1) solving the traffic assignment
problem, through deterministic or stochastic user equilib-
rium (UE) assignment algorithms; and (2) optimizing the
utility of resources deployed for mitigation/preparation/
response/recovery.

In this study, a metrics for evaluating the seismic resi-
lience is proposed, based on both cumulative impact of
disruption on system performance and the recovery
efforts/costs. An operational procedure for stochastic
evaluation of roadway rehabilitation costs is illustrated.
The procedure was calibrated using data acquired for road
infrastructure restoration during the 2016 earthquake in
central Italy.

3 Seismic Resilience Evaluation Methodology

In this section the proposed procedure to stochastically
evaluate rehabilitation costs due to a seismic event is
presented. The discussion on the proposed methodology is
first framed in a wider context pertaining to the resilience-
based performance evaluation for transportation networks.
Subsequently, following the stochastically-based frame-
work, the issue related to the assessment of recovery cost is
addressed by highlighting the contributions by the seismic
hazard and by the vulnerability of critical transportation
assets.

3.1 The Metrics for Assessing Seismic Resilience

The objective is to introduce a methodology for the
quantitative and stochastic assessment of the resilience of
road networks to earthquake hazards. As resilience evalu-
ations have to be considered as part of risk management in
transportation asset management (TAM), the proposed
methodology is consistent with the risk analysis criteria
introduced in the ISO 31000 (2018) standards. In addition,
the approach used to describe the randomness of seismic
events complies with the procedures developed within the
European design standards (that is, EN 1998-1 2004).

The methodology developed in this study refers to a
performance-based measure and a metric of the third type
that explicitly considers the resources required for recov-
ery, as explained in Sect. 2. Specifically, a cost-based
resilience indicator composed of two addendums—the
increase in the cost of transportation on the road network,
and the cost of restoring the infrastructure following the
occurrence of the seismic event—is proposed that can be
expressed by means of the following:

R, = ODC, + ORC,

ODC; = 3 [GTCi_post (RCir) — GTCi_pye] (5)
ORC, = Y > RCi;(r, Vij)
ij

where ODC, is the overall delay cost of transport on the
road network caused by an earthquake at a reliability level
r (which has r probability of not being exceeded during the
period of analysis); GTC; s (RC;,) is the generalized
transport cost on the link i in the post-earthquake scenario
that has r probability of not being exceeded during the
period of analysis; GTC; ,,. is the generalized transport
cost on the link i in the pre-earthquake scenario; ORC, is
the overall recovery cost at a reliability level r; RC;; (r, V;)
is the recovery cost function on the element j (for example,
bridge, tunnel,and so on) of the link i (having as inde-
pendent variable the vulnerability V of the element and the
reliability r).

The cost of transport on the different links of the net-
work is determined by redistributing traffic on the road
network after and before the earthquake by solving the
traffic assignment problem, through user equilibrium
assignment algorithms. These issues and the evaluation of
the ODC, component have been discussed by D’Apuzzo
et al. (D’ Apuzzo, Esposito, et al. 2019; D’ Apuzzo, Evan-
gelisti, et al. 2019; D’Apuzzo et al. 2020). This study
focused on a methodology developed for the evaluation of
the recovery cost, and in particular the recovery cost
functions calibrated on the basis of data acquired during the
2016 earthquakes in central Italy.

3.2 Stochastic Recovery Cost Function
for the Resilience Evaluation

In the method proposed in this study for risk management,
the effects are measured in terms of economic damage D,
or rather resources needed to restore infrastructure func-
tionality after an event. The effects or consequences of a
natural event in general, and an earthquake in particular,
depend on two factors:

e Magnitude of the action that for earthquakes is
measured by the PGA parameter (that is, maximum
or peak ground acceleration that may occur during an
earthquake in a specific location);

e Vulnerability of the infrastructure, that is, the ability of
the construction to withstand actions of a certain type.

Provided the stochastic nature of the involved factors, the
probability that during a period of time 7, an economic
damage higher than or equal to D occurs in an asset
element having vulnerability V, can be expressed by the
following:

@ Springer
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F(D,T,V) = P(D,V|T,PGA) - P(T,PGA) (6)

where F(D, T, V) is the probability that, during a period of
time 7, an economic damage higher than or equal to
D occurs in an asset element having vulnerability V; P(D, V
| T, PGA) is the conditional probability of having a damage
greater than or equal to D in an asset element having
vulnerability V for a given earthquake with a magnitude
higher than or equal to PGA in a period of time T; P(T,
PGA) is the probabilistic seismic hazard function (that is,
probability of having almost one earthquake with a mag-
nitude higher than or equal to PGA in a period of time
T) defined below.

3.2.1 Seismic Risk Assessment

Seismic hazard maps that provide peak ground acceleration
(PGA) at all sites for different probability of exceedance
(PE) and/or for different return periods Tk, are currently
used in many European countries. The inverse of the return
period is the average annual frequency recurrence /4 of the
event linked to that intensity:

1

A=—
Tg

(7)

The plot of the values allows us to obtain the hazard
curve.

Normally the occurrence of a ground motion parameter
at a site in excess of a specified level is modelled as
Poisson process. Clearly this implies that any seismic event
is independent of the occurrence of all others, and this
could be approximately true for major earthquakes,
excluding associated foreshocks, aftershocks, and so on.
Applying this stochastic model, the probability of occur-
rence of n events, which have intensity (PGA) higher than
the one corresponding to the average frequency of recur-
rence A, in a time interval ¢, is:

P(n) =P, = (41" e 4t (8)

Consequently, it is possible to evaluate the recurrence
law to predict the probability of at least one exceedance in
a period ¢:

Pn>1)=1-P,g=1—e* (9)

An example of a probabilistic hazard curve is shown in
Fig. 2.

3.2.2 Cost Damage Function
Although the probabilistic seismic hazard function can be

easily evaluated by means of a seismic hazard curve,
evaluation of the conditional probability P(D, VIT, PGA) of

@ Springer

Probability of exceedence in the period of analysis

PGA (m/s?2)

Fig. 2 Example of a typical hazard curve in a site for a time period of
10 years. PGA = Peak ground acceleration

having a damage greater than or equal to D in an asset
element having vulnerability V for a given earthquake with
a magnitude higher than or equal to PGA in a period of
time 7 is more complex, since it requires information on:
the vulnerability of different road sections; the damage the
different road assets underwent following a real seismic
event; the corresponding seismic magnitude of the ana-
lyzed event (also evaluated according to site conditions);
and the corresponding recovery or reconstruction cost
borne to restore the ex ante serviceability conditions.

Since all these data are of stochastic nature, an economic
damage function, D, can be represented through a
stochastic function:

D =f(PGA,V) (10)

where f (PGA, V) is the cost damage function that returns
the average economic damage in an element of the trans-
portation asset having vulnerability V when an earthquake
of “PGA” magnitude occurs.

Therefore if data on recorded PGA and on vulnerability
values for the different road assets (viaduct, tunnel,
embankment, trenches) can be collected for a wide area
subjected to a given seismic event, it is possible to
empirically derive a functional form for the economic
damage function, D, by combining all the collected
information.

3.2.3 Vulnerability

The seismic vulnerability of a structure is a quantity
associated with its weakness/strength in the case of earth-
quakes of a given intensity, and expresses the probability
that buildings will suffer damage due to a seismic phe-
nomenon. Different seismic vulnerability assessment
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methods have been proposed in the literature and can be
divided into three main groups—empirical methods, ana-
lytical methods, and hybrid methods (Shabani et al. 2021).

Many of the analytical methods share the same
assumption that the gap (or ratio) between the actual
seismic demand and the seismic capacity of the structure
(or the seismic demand at the time of the design) can be
considered as an indicator of structural performance deficit.
Therefore, in this research, the following quantitative
seismic structural performance parameter is used to assess
vulnerability:

PGA¢;
PGAp;

Rpcai = (11)
where i is the limit state considered (for example, ultimate
limit state or serviceability limit state); Rpga; is the struc-
tural performance indicator in terms of PGA for limit state
i; PGAc; is the maximum extent of the actions that the
structure is able to support, for limit state i, in accordance
with the margins of safety imposed by the standards (that
is, peak ground acceleration “capacity”); PGAp; is the
expected seismic action stated by the standard for limit
state i (that is, peak ground acceleration “demand”).

Values of the Rpgy,; indicator are typically between 0
and 1: values close to 1 characterize cases where the reli-
ability level is close to the one required by the standards;
values close to O represent a much lower reliability than
that allowed by the standards (high risk cases). The Rpga;
indicator is analogous to the structural performance score
(SPS) included in the New Zealand guidelines for assessing
and improving the seismic performance of buildings during
earthquakes (NZSEE 2014), or to the NODE indicator
proposed by Iervolino (Petruzzelli and Iervolino 2021), and
the quantity 1-Rpg,; is related to the probability of damage
(that is, vulnerability). Therefore, the Rpg,; indicator has
been used in this study to evaluate vulnerability (Table 1).
Once all the involved factors had been defined, the pro-
posed methodology was applied to data collected following
a major seismic event that struck central Italy in 2016.
Collected data and corresponding derived damage cost
functions are reported below.

Table 1 Vulnerability classes adopted by the current study for
bridges (ultimate limit state, ULS)

Rpga Vulnerability class
R > 0.8 A (low)

04 <R<038 B (medium)
R<04 C (high)

4 Data

In this study, using the indicators previously illustrated,
three classes of vulnerability were introduced, based on the
Rpga (Table 1). In order to develop a recovery cost func-
tion, the data on the costs of the interventions on the
national road network and PGAs recorded in the seismic
events in central Italy during the years 2016—2017 were
used. The analysis of the costs for the renewal of the road
network was carried out on a regional scale, as extensive
damage affected nine provinces (Fig. 3): Ascoli Piceno,
Rieti, Macerata, Fermo, Perugia, Teramo, L’Aquila,
Ancona, and Terni. The intensity of the seismic events that
affected the territory in question in 2016 is reflected by the
epicenters:

e 24 Aug 2016, Epicenter at Accumoli (Rieti), Moment
Magnitude Scale (MMS) 6,0;

e 26 Oct 2016, Epicenter at Visso (Macerata), MMS 5,9;

e 30 Oct 2016, Epicenter at Norcia (Perugia), MMS 6,5.

Recovery and repair interventions were foreseen for
several damaged engineering works, which were divided
into two macro-groups: road sections (excavation/em-
bankment) and bridges. The first one includes: road pave-
ments, retaining walls, bulkheads, and every typology of
complementary works designed to protect and support the
road. The second one includes all types of bridges,
regardless of construction technology. For each of the
provinces affected by the earthquakes, the total costs
related to the interventions on the roads and bridges were
assessed. The former was related to the length of the road
network (excluding bridges), the latter to the total length of
the bridges existing in the road network; therefore, it was
possible to obtain costs per unit length. These values are
listed in Table 2 (last two columns).

To characterize the intensity of the seismic events, the
PGA was selected as the reference seismic parameter.
Since the aim was to perform an analysis with a regional
extension, the effects of local amplification of ground
motion were not considered. Therefore, the data of the
ground accelerations recorded during the seismic events
were processed. To perform this operation, the database of
Project Orfeus, called the Engineering Strong-Motion
Database, was used (Luzi et al. 2016). It allowed us to
obtain all the engineering seismic parameters recorded by
acceleration stations during the ground shaking, such as
ground acceleration, velocity, displacement, and response
spectrums.

For each of the seismic events, the data relative to the
peak ground accelerations recorded by 60 accelerometric
stations in the area of interest were analyzed. Subsequently,
a mean value, restricted to administrative boundaries and
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Fig. 3 Map of Italy showing the study area and the affected provinces and epicenters of the earthquakes considered

Table 2 Repair costs per unit length of roads and bridges in the
central Italian study area road network and average values of peak
ground accelerations (PGAs) recorded during the earthquakes,

compared with the values provided for the ultimate limit state
(ULS) by the construction standards (NTC 2018)

Road body repair cost (k USD/km)

Bridges repair cost (k USD/km)

Provinces Regional PGA (m/s?) PGA (ULS) (m/s%)
Ascoli Piceno 3.09 3.08
Rieti 247 2.95
Macerata 2.43 3.12
Fermo 1.46 3.31
Perugia 1.40 3.03
Teramo 1.01 3.12
L’Aquila 0.86 4.44
Ancona 0.64 3.12
Terni 0.32 2.64

193.6 8075.5
49.3 5353.5
100.6 1227.6
272 150.5
23.0 2003.1
6.7 307.3
0.5 -
3.0 -
04 45.0

damaged areas, was calculated (see the first column of
Table 2).

Additional data related to the ultimate limit state of
collapse (ULS) can be added to the data collected and
previously illustrated. The main European and US regula-
tions promote the principle according to which the “no-
collapse” requirement (that is, “The structure shall be

@ Springer

designed and constructed to withstand the design seismic
action without local or global collapse, thus retaining its
structural integrity and a residual load bearing capacity
after the seismic events” (EN 1998-1 2004, paragraph 2.1,
p- 29)) is achieved for design seismic action associated
with a low reference probability of exceedance (5—10%) in
a reference period (for example, 50—200 years) (EN
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1998-1 2004; AASHTO 2010; FHWA 2014; NTC 2018).
In this case study of central Italy, the following criterion
was chosen: 5% reference probability of exceedance in a
reference period of 200 years (class IV suggested for
national two-lane highway and motorway according to
NTC 2018). The choice is based on both the necessary
agreement between the experimental data and related
Italian regulations, and above all, the most precautionary
target. However, the criteria and thresholds chosen are
consistent with those adopted in most of the more eco-
nomically developed countries. Therefore, the seismic
action linked to this return period can be associated with
the total reconstruction cost of the road element. On the
basis of analyses carried out by the Ministry of Transport,
the parametric cost of reconstruction (carriageway about 12
m wide) for the bridges and the road sections (general road
cross-section excavation or embankment) is 12,680.40 and
2,488.00 thousand USD/km, respectively.

Finally, it must be considered that the cost for the same
seismic action depends on the vulnerability. Vulnerability
data were provided by the national road organization
ANAS (Azienda Nazionale Autonoma delle Strade/Italian
National Road Company). This allowed the identification
of low and high vulnerability infrastructural systems, with
reference to the ultimate limit state (ULS) risk values of
Table 1. For ordinary road sections there is currently no
classification according to vulnerability so it has not been
possible to distinguish the data.

5 Results

The data on earthquake intensity and road damage col-
lected allowed the development of cost functions through
statistical regressions. Considering that these functions
must tend to zero for PGA = 0 and to cost of reconstruc-
tions for PGA of the ultimate limit states, it was decided to
use a sigmoidal function. The cost functions identified are
shown below and represented for bridges and excavation/
embankment road sections, respectively, in Figs. 4 and 5:

b
D:a+(1+exp(c-PGA+d)) (12)

where a = — m, b is the maximum cost corre-
sponding to the cost of reconstruction (Table 3); c is a
constant that governs the form of the function and is
assumed to be the same for all levels of vulnerability
(Table 3); and d is a constant, or rather a translation factor,
which depends on the level of vulnerability (Table 3).
Because there are no vulnerability data for ordinary road
sections, the regression function obtained has been attrib-
uted to a medium vulnerability, and the functions for high

and low vulnerability have been obtained by shifting this
function similarly to that found for bridges.

Due to their generality, cost functions can be considered
valid for the whole national territory. Finally, the intro-
duced functions represent two elements of seismic risk
analysis: vulnerability (V), and exposure (E). The cost
functions identified so far are stochastic and link the PGA
to the damages. To account for the random effects of the
seismic phenomenon, it is necessary to use the stochastic
model shown earlier for PGA (see Sect. 3.2.1 and Eq. 8).

After defining a period of analysis (for example, 7' = 10
years, see Fig. 2) the hazard curves can be obtained. Using
the cost function determined earlier, it is possible to sub-
stitute the recovery cost for the PGA in the hazard curve.
This yields a stochastic representation of the recovery cost
due to seismic events RCij (v, V;;) (Fig. 6), which is one of
the addendums of the resilience indicator to be used in road
asset management, as mentioned in Sect. 3.1. With the
reliability (that is, the probability to not exceed a cost)
decided and the vulnerability of the element known, the
expected recovery cost is obtained. This result can also be
useful in the evaluation of budget plans for future retro-
fitting interventions by highway network managers, and
since the employed vulnerability and hazard criteria are
consistent with the regulations adopted in the European
Union and the United States, they may represent an
effective tool for most highway managers worldwide.

Moreover, although it is fair to assume that design and
construction techniques for bridges and excavation/em-
bankments road sections are similar in most of the more
economically developed countries, the sigmoidal function
allows to “scale” reconstruction costs (by choosing a
suitable value for the b parameter) conveniently in order to
adapt the evaluation to the specific national economic
situation.

6 Conclusion

Introducing resilience into road asset management systems
requires the establishment of effective metrics and robust
systems for evaluating them. This article presents a
stochastic metric for assessing the resilience of road net-
works against disruptive seismic events and a framework
for performing its evaluation. Given that the ultimate goal
of a road network’s resilience is to ensure the continuity of
its normal functions, the metric chosen is based on changes
in total costs (that is, maintenance/restoration costs and
transportation costs). The cost-based assessment allows for
the quantification of resilience, for all three phases usually
considered (see Fig. 1), using a single unit of measure for
the different addendums.
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Table 3 Parameters of the sigmoidal cost function for assets, bridges, and road sections related to the three levels of vulnerability in the central
Italian study area

Function Parameters Bridge Excavation/embankment road sections vulnerability
vulnerability
Medium High Low Medium High Low
b $12,680.40 $12,680.40 $12,680.40 $2488.00 $2488.00 $2488.00
(k USD/km)
c —4.2219 —4.2219 —4.2219 6.8888 6.8888 6.8888
d 12.4867 10.7228 14.2507 24.9330 21.4110 28.4551
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Probability of no exceedence in the period of analysis

Cost (k USD/km)

Fig. 6 Probability of not exceeding the repair cost in the period of
analysis for bridges (solid line: medium vulnerability; dotted line:
high vulnerability; dashed line: low vulnerability)

In the study, attention was focused on the assessment of
damage/repair costs of the road elements (embankments,
cuttings, bridges, and viaducts) damaged by seismic events
(absorptive capacity). These costs, in addition to consti-
tuting one of the addendums of the resilience indicator, are
a fundamental element for evaluating possible damage and
reductions in the functionality of the various links of the
road network and the consequent increases in the cost of
transport.

The proposed criterion for evaluating repair cost after an
earthquake is aligned with the design standards (see, for
example EN 1998-1 2004) both in terms of defining seis-
mic risk, that is, the probability of having a seismic event
of a given magnitude (PGA), and in terms of defining the
vulnerability of infrastructure elements. This feature makes
it possible to establish a transparent and direct link between
any planned and designed retrofitting interventions on
infrastructure elements and the increase in their resilience
characteristics.

The proposed criterion has been applied by referring to
the data available on the national Italian road network
during the earthquakes in central Italy (2016—2017). The
case study shows how on the basis of historical data it is
possible to perform a calibration of the stochastic evalua-
tion tool of the costs of restoration of a road network. The
assessment tool, once calibrated, allows the quantification
of the resilience of the network related to the recovery
phase for future seismic events as a function of mainte-
nance interventions aimed at decreasing the vulnerability
of the infrastructure. In the application to the case study,
some critical issues emerged for the assessment of repair
costs of cuttings and embankments of a road section, due to

the almost complete absence of a vulnerability classifica-
tion for these infrastructure elements.

Future research will be directed toward integrating the
economic damage assessment criterion into the trans-
portation cost assessment. In particular, on the basis of real
data the possibility of establishing a correspondence
between the repair costs required following an earthquake
of a given intensity and the limitations to road traffic
caused by the damage itself will be verified. This will allow
the completion of the structure for the evaluation of the
proposed resilience indicator.

However, since hazard and vulnerability criteria have
been derived from international standards and regulations,
the proposed methodology, but also the obtained damage
cost functions themselves, may provide an effective and
immediate evaluation tool for road managers worldwide as
far as future budget scenarios for road infrastructure seis-
mic retrofitting are concerned since the required input
parameters on the specific examined road network can be
easily collected.

Although it can be argued that the proposed stochastic
damage/repair cost function has been developed and cali-
brated based only on Italian data, the design and con-
struction techniques are quite similar for most of the more
economically developed countries. However, the employed
sigmoidal structure allows the adjustment of the evaluation
tool to the specific country economic situation by choosing
an appropriate value for the unit reconstruction cost.

Therefore, the framework of stochastic cost recovery
functions developed may represent an interesting and
sound basis for road managers who need to evaluate
financial resources to be gained in order to implement the
restoring operations following an earthquake. This is the
case because the stochastic character of the presented
approach, that allows the definition of a specific excee-
dance probability, can provide a sound justification for
retrofitting budget needs as far as technical issues are
concerned, provided that a convenient shift on repair and
reconstruction costs is to be assessed based on the specific
country economic situation.
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