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Abstract: Transport networks play a critical role for living communities, as they facilitate the exchange
of people and goods and foster economic growth. Improving their resilience against seismic hazards,
among which liquefaction is by far one of the most significant and complex, is consistent with most
of the Sustainable Development Goals pinpointed by the United Nations’ Agenda. In this paper,
an original methodological framework, combining innovative Geo-statistical approaches to analyze
soil properties, prediction models for soil liquefaction, and calibrated transport demand models
providing the social and economic cost associated with seismic-induced road damages and closures
within a renewed Geographical Information Systems (GIS) workspace, is proposed. In particular,
based on traditional risk assessment evaluation, an innovative approach to evaluate the exposure
in terms of economic loss due to lack of accessibility is presented. The methodology is applied
to a district area in northern Italy that underwent a recent seismic event that caused several soil
liquefaction phenomena. Results provided by a sensitivity analysis on a stochastic (return period)
basis are derived: as the seismic intensity increases, the total social costs increase, but the trend of
the rates due to traffic delays and the loss of accessibility are irregular. Although further simulation
scenarios need to be undertaken, the proposed methodology seems to provide an effective planning
tool to evaluate preventive strategies aimed at improving the resilience of transport networks against
liquefaction risk.
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1. Introduction

with regard to jurisdictional claims in

Transport infrastructure networks represent one of most significant systems affecting
the quality of life and economic development of human communities. However, because of
their extensive layout, they undergo several natural and/or anthropogenic threats and/or
hazards that may impact their functionality and, in turn, the involved communities nearby.
For these reasons, in the last two decades, several national and international projects
and research studies have been promoted with the aim of evaluating transportation network
risk assessment and to estimate the potential losses induced by natural and man-made
catastrophic events [1–10], and other more recent studies implementing GIS environment
have been presented for vulnerability assessment [11,12].
According to a traditional engineered approach that is mainly based on risk evaluation,
thus far the main interest has focused on the Expected Annual Damage (EAD) and Expected
Annual Exposure (EAE) [13], where the former parameter refers to repair/replacements
losses due to disruption events.
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However, nowadays, a leap forward is required to cope with adverse events that
cannot be tackled within the traditional risk-based approach. The focus of transport
managers is to shift from prevention against threats or events that may occur and that may
degrade the performance of the asset itself to a new comprehensive “Resilience-based”
approach, able to speed up recovery and restore initial (ex ante) asset conditions, once the
disruptive events have occurred [14].
Following the derivative of a concept initially grown within structural mechanics,
resilience, intended as the “ability to recovery from adversities or disturbances”, has been
extended to a wider range of fields, such as psychology, ecology, sociology, urban planning,
and so on [15,16]. Within the civil engineering context, since early 2000, resilience has been
recalled in transportation networks, mainly with reference to response to natural hazards;
however, it should be acknowledged that a resilience-based approach should embrace all
type of risks (natural and man-derived risks) [13].
Although resilience in transport networks has been the subject of a several reviews [17,18],
a common background can be identified encompassing two main aspects: the ability to
maintain functionality under disruptions or degrading scenarios, and the time and resources
required to restore the level of performance after disruptions. Basing on these premises,
Resilience may be defined as the ability of a transport system to prepare for and adapt to
major disruption, provide and maintain an acceptable level of service or functionality, and
respond to and recover rapidly from disruption. Currently, there is no measurement standard
for resilience within the transportation network and the resilience metrics for transportation
infrastructure used thus far can be divided into two categories: topological (TOP) metrics and
performance-based (PB) metrics, where the latter metrics are considered more appropriate
than topological metrics as the TOP approach does not consider flows in the networks [14].
On the other hand, it must be acknowledged that the United Nations recently proposed
a strategic plan to foster the 2030 agenda for sustainable development goals (SDGs) [19]. In
this connection, increasing resilience of transport networks against natural hazards seems
consistent with SDG9 (Industry Innovation and Infrastructures) and SDG11 (Sustainable
Cities and Communities), but it may also impact other SDGs. For instance, road closures
following disruption events may affect accessibility to small communities and this, in turn,
will impact SDG8 (Decent Work and Economic Growth) and/or will increase inequalities
among communities themselves (SDG9), whereas corresponding traffic delays will be
responsible for an increase in exhaust emissions by motor vehicles, worsening air quality,
which will affect SDG3 (Good Health and Well-being), SDG15 (Life on Land), and climate
change and corresponding Climate Action (SDG13).
Among the natural hazards stressing the transport networks, seismic-related hazards
are by far most significant. In this connection, transport infrastructure damage induced
by soil liquefaction phenomena appears to deserve a higher focus due to their extensive
character, especially in liquefaction prone soil formations.
In this paper, an original complex methodological framework, combining innovative
Geo-statistical approaches to analyze soil properties, soil liquefaction prediction models,
and calibrated transport demand models providing the social and economic cost associated
with seismic-induced road closures within a renewed Geographical Information Systems
workspace, is proposed. The methodology that is described in the following section is
applied to a district area in northern Italy that underwent a recent seismic event that caused
several soil liquefaction phenomena.
2. Methodology
Seismic risk assessment quantifies the probability of occurrence and associated uncertainty on seismic intensity, ground motion, subsoil condition, infrastructure response,
physical damage, and socio-economic losses. A flow chart of the proposed methodology is
reported in the following figure (Figure 1).
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response and liquefaction of sands.
The proposed expression for the dynamic settlement ρdyn (i.e., the settlement during
shaking) is shown in Equation (2), with ca being a foundation aspect ratio correction (where
c0 = 0.003), amax the peak bedrock acceleration, T the representative period of the motion, N
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the number of cycles of the excitation, Zliq the thick liquefiable sand layer, B the embankment
width at the base, and FSdeg the degraded static factor of safety of the foundation.
Zliq
= camax T 2 N
B


ρdyn

1.5

1
·
FSdeg



L
c = c0 1 + 1.65·
≤ 11.65c0
B
amax T 2 N =

Z t
t =0

|v(t)|dt

!3
(2)

(3)
(4)

FSdeg in Equation (2) can be calculated as the degraded bearing capacity (qult,deg )
divided by the bearing pressure (q) (see Equation (6)), which is evaluated in each section
by multiplying the soil unit weight g for the transversal area of the embankment. The
foundation bearing capacity failure mechanism is simulated by the Meyerhof and Hanna
model [21] for a crust on a weak layer using the degraded friction angle in Equation
(5) where ru is the average excess pore pressure ratio of the liquefied sand and ϕ0 is the
initial friction angle. The superficial crust is beneficial, and there is an upper bound beyond
where failure occurs entirely within the crust and is not affected by the liquefiable layer.
ϕdeg = tan−1 (1 − ru )tan( ϕ0 )
FSdeg =

qult,deg
q

(5)
(6)

As far as the road embankment Vulnerability assessment is concerned, the SYNER-G
classification for the definition of the damage state limits [22] is adopted. In particular, it
considers three different levels of damage state:
1.

2.

3.

Minor, characterized by an average Permanent Ground Deformation (PGD) of 0.05 m
[min 0.02 m ÷ max 0.08 m]. Generally, the observed damages on the road are surface
slide of the embankment at the top of the slope, minor cracks on the road surface,
and/or minor track displacement. The related road network serviceability includes a
useful road, open to vehicle traffic, with a speed reduction.
Moderate, characterized by an average PGD of 0.15 m [min 0.08 m ÷ max 0.22 m].
Generally, the observed damages on the road are deep slide or slump of the embankment, medium cracks on the road surface and/or settlement, and/or medium track
displacement. The related road network serviceability includes a partially open road
during repair works with an alternating direction of vehicle traffic.
Extensive, characterized by an average PGD of 0.4 m [min 0.22 m ÷ max 0.58 m].
Generally, the observed damages on the road are extensive slump and slide of the
embankment, extensive cracks on the road surface and/or settlement, and/or extensive tracks displacement. The related road network serviceability includes a complete
unusable road, closed to vehicle traffic.

Finally, the concept of transport network Exposure is expressed as the quantification of
the socio-economic damages that a catastrophic event, such as liquefaction, can produce
to the collectivity. It is intimately linked to the Social Costs concept, which can be usually
evaluated as a sum of direct (i.e., repair or replacement cost of the damaged elements)
and indirect (reduction in or interruption of the transportation network service and its
consequences on society and economy) losses.
As far as the characterization of the analysis of transportation networks is concerned,
according to the level of assessment of their functionality, a transportation network analysis
classification has been proposed [4] and is summarized in Table 1.
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Table 1. Summary of the transportation network analysis classification [4].
Transportation Network Analysis Type

Description
related to the damage level of each single element of the transportation network (such
as bridge, tunnel, embankment, etc.), according to a specific post-seismic scenario.
according to a specific post-earthquake scenario, evaluates the accessibility to specific
or strategic areas when the loss of service of some connections occurs.
related to the network capacity to accommodate traffic flows, and provides direct and
indirect losses due to damage levels occurring in the whole network.
provides a more realistic estimate of total loss in the long-term, taking into account
both direct and indirect impacts on economic sectors.

Vulnerability
Connectivity
Capacity
Serviceability

In the methodology here presented, a preliminary approach for a simplified Serviceability
Analysis is proposed. It has been conceived with the aim to evaluate indirect losses due to
reduced/ceased activity in economic sectors (industry, services, life activities) and losses due
to increased travel time, both caused by the loss of accessibility to the inhabited center.
In fact, in the scenarios of complete isolation of the inhabited center, socio-economic
impacts are accounted for in the reduction in or interruption of all socio-economic activities
such as the closure of schools, commercial activities, offices, and industries in the isolated
inhabited center.
The simplified approach proposed for the assessment of socio-economic losses is
presented below.
2.1. Assessment of Socio-Economic Losses: A Simplified Approach
As previously mentioned, the complete Serviceability Analysis applied to a generic
catastrophic scenario can provide a more realistic estimate of total loss, including both direct
losses related to physical damage suffered by the built environment (network components,
residential, business, and industrial buildings) and indirect losses caused by the increased
travel time of the traffic network and the reduction in or closure of economic activities [4].
It is worth noting that, as far as the complete Serviceability Analysis application is
concerned, the complexity of the economic models becomes relevant (and their analysis is
not the aim of this paper), and the quantity and quality of the input data become onerous.
Its fully systemic analysis involves the knowledge of information relating to the variation
in the demand in terms of both travel (the increasing travel times make trips less attractive)
and goods, commodities, services, etc. (due to damaged factories and industries, isolation
of inhabited centers, etc.). Finally, all these considerations must be modeled depending on
the speed of the reconstruction and/or recovery process [23].
Due to the complexity of collecting input data and evaluating economic models, the
simplified methodology for the assessment of indirect losses here proposed has the purpose
of providing a satisfactory evaluation of indirect socio-economic losses.
It is based on the estimation of two fundamental categories of socio-economic losses,
which can be directly related to the economic and social sectors of an inhabited or an
industrial/business area:

•
•

indirect losses due to the impact on traffic mobility due to the temporary reduced
functionality of the transportation network;
indirect losses due to the temporary isolation of the inhabited and/or industrial/
business center.
Below, a more detailed description is provided.

2.1.1. Evaluation of Indirect Losses Due to the Increasing Travel Costs
The temporary reduction in and/or loss of serviceability of the transportation networks, which can mainly depend on the level of damage, the features of the transportation
system, and the traffic demand, has as a principal consequence an impact on the traffic
flows and the trips of the study area.
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In order to evaluate socio-economic impacts related to mobility in the post-catastrophic
scenario, the indirect losses in terms of the Total Delay Cost, TDC, are estimated. Assuming
that the Generalized Transport Cost, GTC, is a measure of the overall cost (including travel
time cost) that is “paid” by each transport user in a specific study area, the TDC can be
evaluated using the following expression (7):
TDC = GTC post − GTC pre

(7)

where:
TDC = Total Delay Cost computed on a daily basis;
GTCpost = Generalized Transport Cost in the post-seismic scenario;
GTCpre = Generalized Transport Cost in the pre-seismic scenario.
In order to evaluate the aliquot of social cost suffered by a community in the study
area, due to the impact of traffic delays, TDC must be multiplied by the overall number of
days needed to restore the pre-seismic event conditions of the transportation network.
The evaluation of the delay related to the damage impact on the transportation system
requires the development and implementation of the Travel Demand Forecasting Model,
TDFM, which, according to Cascetta [24], is a mathematical four-stage model which reproduces, on an hourly basis, all the trips occurring in a specific analysis area, according to its
purpose (s), user class (cu), time period (h), origin (o), destination (d), transport mode (m),
and path (k).
In particular, the TDFM can be evaluated by means of the following equation [24]:
diod (s, h, m, k) = dio (sh)· pi (d/osh)· pi (m/oshd)· pi (k/oshdm)

(8)

where:
di od (s, h, m, k) is the average number of trips performed by cui , starting from origin
traffic zone o, finishing in the destination traffic zone d, for a specific purpose s, within the
time period h, using the transport mode m, and choosing the trip path k;
di o (sh) is the average number of cui that perform a trip from o, for purpose s, within
the time period h;
pi (d/osh) is the fraction of the cui that travels to d performing a trip from o, for purpose
s, within the time period h;
pi (m/oshd) is the fraction of the cui that uses the transport mode m, performing a trip
from o to d, for purpose s, within the time period h;
pi (k/oshdm) is the fraction of the cui that chooses the trip path k, performing a trip from
o to d, for purpose s, within the time period h, with the transport mode m.
2.1.2. Evaluation of Indirect Losses Due to the Isolation of the Inhabited and/or
Industrial/Business Center
In the case of very disruptive catastrophic events, an entire inhabited center and/or
industrial and economic center has a high probability of remaining isolated from the rest of
the road network. The causes can be both of a direct nature, when there is direct damage to
the road infrastructure, and when the damage to the built environment occludes the roads
with rubble. In both cases, the accessibility is compromised for a time that depends on the
nature and extension of the damage, and it is necessary to estimate the economic losses
suffered by the community.
The simplified approach here proposed is based on the evaluation of two main economic features of the society:
1.
2.

Lost income due to lost days of work;
Lost income due to lost days of school.

In the first case, the lost income can be easily evaluated as the number of lost days
of work for each worker included in the isolated area (considering both workers in the
area who live outside and who live in the study area but have a job outside), multiplying
for the relative daily wage. It is possible to perform different levels of accuracy of the
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analysis: considering various annual income brackets with the relative number of workers,
or considering an average annual income value of the area, applied for all the present
workers. This annual income so estimated can be used to evaluate daily income of the
area, which, multiplied for the isolation days of the inhabited center and/or industrial and
economic center, provides the lost income due to lost days of work. Equation (9) estimates
lost income due to lost days of work:
LILDW =

AAI
· ndi · nwia
anwd

(9)

where:
LILDW = Lost income due to the lost days of work [EUR];
AAI = Average annual labor income of the area [EUR];
anwd = Average number of working days in a year [dimensionless];
ndi = Number of days of isolation of the area [dimensionless];
nwia = Number of workers in the isolated area [dimensionless].
In the second case, the lost income can be evaluated as the number of lost days of
school for each student included in the isolated area, multiplying for the relative future
daily expected wage. This economic characteristic is based on the concept of human
capital, which can be defined as “the stock of knowledge, skills and other personal characteristics
embodied in people that helps them to be productive” [25]. For this reason, to invest in human
capital, formal education, from early childhood to formal school systems and adult training
programs, must be encouraged. At the same time, missing long periods of education would
negatively affect the human capital of each student, affecting their future wage.
The relationship between wages and years of education is defined by the wage–education
curve, which indicates the levels of future expected wages for each level/year of education
achieved. Different curves can be developed for each country, year, and type of schooling.
Equation (10) estimates the lost income due to lost days of school:
LILDS =

AEFI
· ndi · nsia
ansd

(10)

where:
LILDS = Lost income due to the lost days of school [EUR];
AEFI = Average expected future income level of the area [EUR];
Ansd = Average number of school days in a year [dimensionless];
ndi = Number of days of isolation of the area [dimensionless];
nsia = Number of students in the isolated area [dimensionless].
The methodology described thus far is applied in a case study presented below.
3. Case Study
The Emilian Po Valley (Italy) was, in 2012, subjected to a series of severe seismic events,
which, after the two major events occurred on May 20th (Mw = 6.1-hypocentral depth
of 6.3 km) and on May 29th (Mw = 5.8-hypocentral depth of 10.2 km), caused a total of
27 victims, around 400 injured, more than 15,000 displaced persons, and extensive damage
to the cultural and economic heritage of the area. Furthermore, due to the particular
conditions of the subsoil, widespread liquefaction phenomena were observed.
In the area of the municipalities of San Carlo, Sant’Agostino, and Mirabello, called
Terre del Reno, along the old riverbed of the Reno River, the greatest concentration of
liquefaction evidence has been detected [26].
In Figure 2, the area of Terre del Reno, its municipalities, and the position of the two
major seismic events that occurred in 2012, are reported.
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Figure 5. Comparison of Traffic Counts vs. Predicted Traffic Flow (a) pre-calibration and (b) postcalibration.
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By way of example, in Figure 5 the results of the TDFM calibration, in terms of traffic
flows for the morning peak hour, are reported.

(a)

(b)

Figure 5. Comparison of Traffic Counts vs. Predicted Traffic Flow (a) pre-calibration and (b) postFigure 5. Comparison of Traffic Counts vs. Predicted Traffic Flow (a) pre-calibration and
calibration.
(b) post-calibration.

Observing Figure 5, it is possible to see that the traffic flow estimates of the precalibration phase (derived from the commuter mobility data [30]) overestimate the real
traffic flow. This could be due to having neglected, in the traffic model, the presence of the
A 13 motorway. This difference is conveniently corrected by the traffic model calibration
(see Figure 5b).
In order to convert the traffic delay into Overall Social Cost, a cost o45EUR 45 for
heavy vehicles and EUR 12 for the others, is applied.
3.3. Socio-Economic Aspects of Terre del Reno District for Indirect Losses Evaluation
As previously mentioned, Terre del Reno is a district composed by three different
municipalities: Sant’Agostino, San Carlo, and Mirabello (see Figure 2). In order to apply
the simplified approach for the evaluation of indirect losses due to the isolation of the
inhabited and/or industrial/business center, few and simple socio-economic data were
collected from the ISTAT open-source databases and are summarized in Table 2.
Table 2. Summary of the socio-economic features of Terre del Reno district [32,33].
Population

N◦ Workers

Average Annual Wage of the Area [EUR]

N◦ Students

10.571

7.778

19.592

5.180

It should be noted that both workers who move to and from Terre del Reno district to
carry out their work have been considered.
Finally, in order to evaluate the average expected annual salary for Terre del Reno
district, the wage–education curve was estimated. According to data analyzed by the
Bank of Italy [34] for the Italian population, the wage–education curve for the year 2012,
corresponding to the seismic event year, is represented in Figure 6.

Wage-Education Curve
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district, an average expected annual salary of approximately EUR 17,600 is obtained.
4. Results
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(a)

(b)

(c)

(d)

(e)
Figure 7. Distribution of traffic flows on Terre del Reno district for (a) RP 30Y, (b) RP 50Y, (c) BackAnalysis, (d) RP 475Y, and (e) RP 975Y.
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As it is possible to observe from Figure 7, the seismic events characterized by the last
two RPs cause the complete isolation of the Terre del Reno district; in fact, accessibility
to the three distinct municipalities is lost. For only these seismic scenarios, evaluation of
indirect losses due to the isolation of Terre del Reno district is performed.
By means of Equation (7), the TDC, and in turn, the aliquot of social cost due to the
impact of traffic delays are evaluated. Then, applying Equations (9) and (10), the aliquot
of social costs due to the lost income for lost days of work and school are calculated. The
results are summarized in the Table 3.
Table 3. Summary of the results in terms of traffic delays and social costs suffered by Terre del Reno
district for the return periods.
Return Period

Traffic Delays (TDs) [h]

Social Cost Due to
TDs [EUR]

Social Cost Due to
Isolation [EUR]

Total Social Cost [EUR]

30 Years
50 Years
20 May 2012
Event
475 Years
975 Years

1014
1118

34,354,989
38,003,367

-

34,354,989
38,003,367

1636

62,481,661

-

62,481,661

1063
1019

46,689,300
48,569,595

17,398,797
22,966,412

64,088,097
71,536,007

It is important to highlight that the isolation period, which coincides with the time
needed to restore accessibility to Terre del Reno district, is assessed by assuming focused
and partial restoration activities, with the sole aim of re-establishing accessibility to the
three main municipalities as soon as possible.
5. Discussions
As it is possible to see in the summary of Table 3, in the last two analyzed return
periods, a reduction, in terms of both traffic delay and the relative aliquot of social cost, is
highlighted. While it may seem counterintuitive, the reduction is correctly related to the
damage level suffered by the road network. In fact, in the last two return period scenarios,
complete isolation of the Municipality of Terre del Reno occurred. In these particular cases,
a considerable number of trips, which generally take place in the territory of Terre del Reno,
are suppressed. These lost trips are also a cost suffered by the community, which must
renounce the movements of its normal everyday life.
In order to assess the aliquot of social cost which reflects the overall number of lost
trips, in the seismic scenarios of RP 475 years and 975 years, indirect losses due to the
isolation of Terre del Reno district are evaluated.
According to the simplified approach here proposed, for the evaluation of indirect
losses due to the isolation of Terre del Reno, only lost income due to lost days of work and
school are considered.
It is worth highlighting that the results presented in this work are focused on evaluation of indirect losses in terms of social costs and do not include the evaluation of direct
costs due to the reconstruction.
It is believed that this kind of cost may represent a better candidate for a resiliencebased seismic retrofitting budget allocation methodology within a transportation asset
management system.
6. Conclusions
In this paper, a new approach for the evaluation of indirect economic losses due to
the isolation of the inhabited and/or industrial/business center, and due to traffic delays
suffered by a community after a catastrophic event, was proposed.
The strategy is part of the liquefaction risk assessment methodology, which, also by
means of geoinformatics [35], involves the evaluation and combination of the territorial
distribution of hazard, vulnerability, and exposure [27].
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Then, a probabilistic approach was performed on Terre del Reno district, by simulating
five different seismic events with increasing return periods (from 30 years to 975 years,
including the real event of 20 May 2012). The liquefaction damage levels suffered by the
road network and the relative road network serviceability, according to the SYNER-G
classification [22], were evaluated and, for each scenario, a traffic analysis, to evaluate the
travel time, was performed. Finally, according to the simplified approach here presented,
the social costs, in terms of both traffic delay impact and indirect losses due to the isolation
of Terre del Reno, were evaluated.
Results obtained thus far, according to what is expected, confirm that as the seismic
intensity of the event increases, the traffic delays suffered by the community increase,
until the isolation of the Municipality occurred. In this case, the number of suppressed
trips “lightens” the pressure of road traffic on the network but, at the same time, it causes
increasing social costs paid by the community, which were evaluated as indirect economic
costs due to the isolation of the inhabited and/or industrial/business center.
It should be noted that, although the methodology here presented was applied to
liquefaction risk evaluation, the proposed approach for the evaluation of indirect economic
losses due to the isolation of the inhabited and/or industrial/business center, and due
to traffic delays, can be applied to the evaluation of other natural and/or man-made
disrupting events.
Although further simulation scenarios need to be undertaken, the proposed methodological framework seems to provide an effective planning tool to evaluate preventive
strategies and budget allocation prioritization criteria for seismic retrofitting aimed at
improving the resilience of transport networks against catastrophic risk. Future research
can be oriented to the application of the proposed methodology to develop road asset
management tools that can drive highway managers in planning seismic retrofitting road
interventions in a more “resilient” way.
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