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ABSTRACT
The performance of lifelines under damage and emergency conditions induced by sudden extreme
events, such as earthquakes, can be assessed based on the concept of resilience. Damage also arises
in time due to aging, affecting the structural performance of each network component and, conse-
quently, impairing the overall system functionality. Furthermore, the sparse location over the network
of vulnerable deteriorating structures, such as spatially distributed bridges, should be taken into
account to establish proper infrastructure management policies. In this article, a probabilistic approach
is proposed to assess the seismic performance of transportation networks considering the uncertain-
ties involved in the lifetime structural response of aging bridges under different earthquake scenarios.
The time-variant seismic capacity associated with prescribed limit states is evaluated by nonlinear
incremental dynamic analysis. The initial damage induced by seismic events and its recovery process
through structural repair is related to traffic restrictions to different road users. Traffic flow distribution
analyses are carried out over the road network to assess the post-event system functionality and the
corresponding seismic resilience. The role of different factors such as aging, earthquake scenario, and
seismic capacity correlation is investigated by considering spatially distributed reinforced concrete
bridges exposed to corrosion and highway networks with detours and re-entry links.
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Introduction

Planning proper lifeline management policies is a key task
to satisfy the primary needs of communities not only under
operational conditions, but also in a state of emergency.
Resilience is becoming a driving concept for new genera-
tions of Building Codes and Standards, particularly in
United States and Europe, informing innovative trends and
practical policies for design, assessment, monitoring, and
maintenance of strategic structures and infrastructure facili-
ties. Several definitions of resilience can be found in litera-
ture, based on the epistemological orientation and
theoretical background of the reference discipline (Gilbert,
2010). In civil engineering, resilience can be defined as the
capability of the system to withstand the effects of extreme
events and to recover promptly and efficiently the pre-event
performance and functionality (Bruneau et al., 2003).
Resilience of structure and infrastructure systems is gener-
ally investigated considering damage and disruptions caused
by sudden extreme hazards, such as earthquakes (Biondini,
Capacci, & Titi, 2015b; Bocchini & Frangopol, 2011, 2012a,
2012b; Bruneau & Reinhorn, 2007; Bruneau et al., 2003;
Burton, Deierlein, Lallemant, & Lin, 2015; Capacci, 2015;
Chang & Shinozuka, 2004; Cimellaro, Reinhorn, & Bruneau,
2010a, 2010b; Dec�o, Bocchini, & Frangopol, 2013; Franchin
& Cavalieri, 2015). In this context, road infrastructure net-
works play an important role in the emergency response to
seismic events and related hazards to ensure both a quick
deployment of aids and resources to distressed communities

and a prompt repair of the surrounding lifelines and build-
ings (Carturan, Pellegrino, Rossi, Gastaldi, & Modena, 2013;
Zanini, Faleschini, & Pellegrino, 2017).

Consistently with graph theory, road networks are
defined as a set of nodes and edges, i.e., vertices and arcs,
respectively. Vertices can be referred to as specific points of
interest used to define trip origins and destinations in the
transportation system, while edges represent road segments
and bridges in series that connect specific pairs of nodes
(Thomson & Richardson, 1995). Among these elements,
bridges are frequently the most vulnerable components
(Bas€oz & Kiremidjian, 1998; Iwasaki et al., 1995; Yashinsky,
1995). The assessment of the residual structural capacity
and the definition of ex-ante preventive retrofit interven-
tions and ex-post effective recovery processes of bridges are
hence key factors to ensure suitable resilience levels of road
infrastructure networks (Billah & Alam, 2015). In particular,
highway bridges are essential to guarantee suitable function-
ality levels and to prevent or minimise outages and disrup-
tions in the aftermath of an earthquake (Bocchini &
Frangopol, 2011; Chang, 2009). Indeed, damage of bridges
causes direct economic losses due to repair interventions, as
well as indirect losses due to network downtime and traffic
delay. It is therefore important to minimise consequences of
extreme events by ensuring the disaster resilience of high-
way transportation systems (Venkittaraman &
Banerjee, 2014).

Nevertheless, for structural systems exposed to an aggres-
sive environment, damage can also arise continuously in
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time due to the effects of aging and structural deterioration
(Biondini, Bontempi, Frangopol, & Malerba, 2004, 2006;
Biondini, Camnasio, & Palermo, 2014; Biondini &
Frangopol, 2016, 2018; Frangopol, 2011; Jia & Gardoni,
2018; Kumar & Gardoni, 2014; Sanchez-Silva, Klutke, &
Rosowsky, 2011; Yang & Frangopol, 2019). Consequently,
seismic resilience of deteriorating structures and infrastruc-
ture systems depends on the time of occurrence of the seis-
mic event (Biondini, Camnasio, & Titi, 2015a; Biondini,
Capacci, & Titi, 2017; Capacci, Biondini, & Titi, 2016; Titi
& Biondini, 2013; Titi, Biondini, & Frangopol, 2015).
Furthermore, the fulfilment of modern requirements associ-
ated with traffic flow capacity during the entire service life
of transportation facilities should guide road management
policies towards the compliance of old roads to new con-
struction standards (Papageorgiou, Mouratidis, & Eliou,
2012). Therefore, system functionality and seismic resilience
should be formulated as time-variant performance indica-
tors under a life-cycle perspective to properly support the
decision making process and the definition of robust and
comprehensive strategies for critical infrastructure manage-
ment. Finally, the spatial distribution over the transporta-
tion road network of vulnerable aging structures, such as
bridges, should be taken into account within a proper road
management policy to assess the effectiveness of infrastruc-
ture investments, including the upgrading of existing road
networks by building new highway branches (Capacci &
Biondini, 2018a).

This article presents a life-cycle probabilistic approach to
seismic performance assessment of spatially distributed
aging bridges under different earthquake scenarios and
resilience analysis of highway networks with detours and re-
entry links. The time-variant seismic fragilities of the deteri-
orating bridges in the network are assessed for several limit
states, from damage limitation up to collapse, through non-
linear incremental dynamic analysis (IDA) and Monte Carlo
simulation. The level of seismic damage, which depends on
the time of occurrence of the seismic event, is related to
vehicle restrictions and traffic limitations. A traffic flow dis-
tribution analysis is carried out over the entire road network
to compute the system functionality and the corresponding
seismic resilience under prescribed post-event recov-
ery scenarios.

The proposed approach is applied to reinforced con-
crete (RC) bridges exposed to chloride-induced corrosion,
considering highway networks with detour and re-entry
link. In particular, different network configurations are
considered in order to investigate different levels of seis-
mic capacity correlation among bridges, as well as the
impact of the seismic event in terms of earthquake magni-
tude, epicentre location and seismic area source. The pur-
pose of the applications is to show the detrimental effects
of aging and structural deterioration on the seismic per-
formance of bridge structures and seismic resilience of
road networks and emphasise the importance of the earth-
quake scenario in a multi-hazard life-cycle-oriented
approach to seismic design of resilient structures and
infrastructure systems.

Structural deterioration of RC bridges
under corrosion

Chloride-induced corrosion is a critical issue for RC bridges
(American Society of Civil Engineers [ASCE], 2017). The
damage suffered in time by materials, concrete and steel,
affects the structural response of single members and the
overall structure under service loadings, accidental actions
and extreme events, such as earthquakes. In this article, the
time-variant seismic performance is evaluated at the system
level based on a general methodology for life-cycle probabil-
istic assessment of RC structures in aggressive environment
(Biondini et al., 2004, 2006, 2014). This approach accounts
for both the diffusion process of aggressive agents, such as
chlorides, and mechanical damage induced by diffusion,
which involves corrosion of reinforcement and deterioration
of concrete (Bertolini, Elsener, Pedeferri, & Polder, 2004).
The different sources of uncertainty related to random vari-
ability of material and structural properties, environmental
exposure, diffusion process, and earthquake excitation are
taken into account based on a probabilistic modelling of the
involved random variables (Biondini et al., 2006, 2014).

Diffusion process

The Fick’s laws of diffusion can effectively describe the process
associated with chloride ingress in concrete. The diffusion pro-
cess of a single component in an isotropic, homogeneous and
time-invariant medium, can be reduced to the following
second order partial differential linear equation (Glicksman,
2000)

Dr2C ¼ @C
@t

(1)

where D is the diffusivity coefficient of the medium,
C¼C(z,t) is the concentration of the chemical component
at point z and time t, rC ¼ grad C(z,t) and �2 ¼ ���.
The numerical solution of Fick’s diffusion equation is
achieved by means of cellular automata (Biondini et al.,
2004, 2006; Titi & Biondini, 2016). The exposure scenario is
associated with the chloride concentration C0(z0,t) ¼ C0

prescribed on the points z0 of the external surface of the
member cross-section.

Corrosion damage

The initiation of corrosion damage at time tcr is triggered
by the attainment of a critical threshold of chloride concen-
tration Ccr. The corrosion rate depends on the spatial con-
centration C¼C(z,t) of the chemical substance. Based on
available data for chloride attacks (Bertolini et al., 2004), the
following relationship is assumed (Biondini et al., 2004)

@ds
@t

¼ qsCðz, tÞ, t � tcr (2)

where qs is a damage rate coefficient.
The main effect of corrosion in RC structures is the mass

loss of the reinforcing steel bars. The percentage loss of steel
resistant area of a corroded bar can be described by means
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of a dimensionless damage index ds ¼ ds(t) which provides
a direct measure of deterioration within the range [0,1]. In
this way, the time-variant area of the corroded bar is
expressed as a function of the damage index as follows
(Biondini et al., 2004)

A tð Þ ¼ 1�ds tð Þ½ �A0 (3)

where A0 is the area of the undamaged bar.
The corrosion process may also involve a remarkable

reduction of steel ductility even for a limited amount of
mass loss (Almusallam, 2001; Apostolopoulos & Papadakis,
2008). Moreover, the formation of oxidation products may
lead to the development of longitudinal splitting cracks in
the concrete surrounding the corroded bars and, conse-
quently, to delamination and spalling of the concrete cover
(Al-Harthy, Stewart, & Mullard, 2011; Cabrera, 1996;
Guzm�an, G�alvez, & Sancho, 2011; Vidal, Castel, & Francois,
2004; Zhang, Castel, & François, 2010). Based on experi-
mental evidence, these damage effects depend on the
amount of mass loss and can be effectively modelled by
relating the ultimate steel strain esu of the corroding bars
and the compression strength fc of the surrounding concrete
to the damage index ds. The formulation of the deteriorating
functions esu ¼ esu(ds) and fc ¼ fc(ds), as well as the numer-
ical validation against experimental results of the damage
model adopted in this study, can be found in Biondini and
Vergani (2015). Deterioration of concrete is not considered
as a critical factor for the applications presented in this art-
icle and is hence neglected.

Lifetime seismic assessment of spatially distributed
RC bridges

Seismic capacity and bridge damage states

The lifetime seismic capacity of RC bridges is investigated
under uncertainty. The seismic capacity Is,b associated with
the s-th damage limit state of the b-th bridge in the network
depends on the bridge age tb ¼ t0–tc,b, where t0 is the occur-
rence time of the seismic event and tc,b is the bridge con-
struction time tc,b < t0 (Capacci & Biondini, 2018b) and is
hence time-variant due to structural deterioration (Biondini
et al., 2014, 2015a; Capacci et al., 2016). The corresponding
time-variant fragility curves PEs,b ¼ P(Is,b(tb)�ib) provide
the probability of exceedance of a damage limit state sb
given the occurrence at time t0 of a seismic event of inten-
sity ib at the b-th bridge location.

Fragility curves can be developed using a variety of meth-
ods based on static and dynamic structural analyses (Billah
& Alam, 2015). In this article, probabilistic nonlinear IDA is
used to evaluate the bridge seismic capacity (Vamvatsikos &
Cornell, 2002). Time-variant IDA is carried out at different
bridge ages taking into account the progressive reduction of
the reinforcement mass and ductility. Even though IDA is
computationally expensive, it provides a thorough under-
standing of the structural response of RC bridges, taking
into account the uncertainties associated with the ground
motion and the degradation of the structural performance
(Elnashai & Di Sarno, 2008).

The peak ground acceleration (PGA) is assumed as seis-
mic intensity measure ib. Limit states should be informed by
damage limitation associated with the accumulation of
excessive plastic strains in critical regions. As an example,
girder bridges under seismic loading are expected to develop
plastic hinges at the pier ends. Bridge performance levels
can therefore be defined with respect to inelastic displace-
ment demand ratios similarly to what has been developed
for buildings (Structural Engineers Association of California
[SEAOC], 1995), as proposed in Biondini et al. (2014). A
damage measure associated with the maximum pier drift
hmax,b, defined as the largest ratio of the bridge pier top dis-
placement to the pier height experienced during the seismic
event, is hence considered in this article. It is worth noting
that, depending on the type of structure and failure condi-
tions, multiple critical members and related damage meas-
ures can be considered for the definition of limit states and
easily incorporated in the proposed framework.

In the following, the attainment of damage states sb is
associated with the following drift thresholds hs,b
(Capacci, 2015):

� Slight Damage (SD, sb ¼ 1): hs¼ 1,b¼ hy,b;
� Moderate Damage (MD, sb ¼ 2): hs¼ 2,b¼ hy,bþ0.3hp,b;
� Extensive Damage (ED, sb ¼ 3): hs¼ 3,b¼ hy,bþ0.6hp,b.

with hp,b ¼ hu,b–hy,b, and where hy,b and hu,b are damage
measures associated with the first yielding and ultimate
bending curvatures, respectively, at the base cross-section of
the bridge piers. In addition, the bridge suffers No Damage
(ND, sb ¼ 0) if hmax,b<h1,b, and reaches the limit state of
Structural Collapse (SC, sb ¼ 4) when the dynamic equilib-
rium under ground motion is no longer fulfilled. Table 1
defines the set of damage states herein presented and the
related limit conditions. The deterioration process induces a
progressive reduction of strength, stiffness and ductility of
the member cross-section affecting the structural response
parameters that originate unacceptable plastic strains at the
sectional level (Biondini et al., 2014, 2015a). Therefore, also
the damage thresholds should be time-variant: the reference
damage measures hy,b(tb) and hu,b(tb) are assessed as the
mean values of a probabilistic time-variant non-linear static
(pushover) analysis evaluated at different bridge ages
(Capacci et al., 2016).

Damage states sb are associated with seismic capacities
Is,b. The definition of the drift thresholds hs,b obtained from
push-over analysis for sb ¼ 1,2,3, ensures I1,b�I2,b�I3,b.
With reference to SC limit state sb ¼ 4, it is assumed
Is,b�I4,b for sb ¼ 1,2,3. Therefore, damage states associated
with seismic capacities Is,b are mutually exclusive and col-
lectively exhaustive events (Ang & Tang, 2007) and their

Table 1. Definition of damage states and limit conditions.

Damage state Acronym sb Limit condition

No damage ND 0 hmax,b < hy,b
Slight damage SD 1 hmax,b � hy,b
Moderate damage MD 2 hmax,b � hy,b þ 0.3hp,b
Extensive damage ED 3 hmax,b � hy,b þ 0.6hp,b
Structural collapse SC 4 Loss of dynamic equilibrium
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probability of occurrence can be defined as follows:

Ps¼0, b ¼ P sb ¼ 0ð Þ ¼ P I1, b<ibð Þ
Ps¼1, b ¼ P sb ¼ 1ð Þ ¼ P I2, b<ib � I1, bð Þ
Ps¼2, b ¼ P sb ¼ 2ð Þ ¼ P I3, b<ib � I2, bð Þ
Ps¼3, b ¼ P sb ¼ 3ð Þ ¼ P I4, b<ib � I3, bð Þ
Ps¼4, b ¼ P sb ¼ 4ð Þ ¼ P I4, b � ibð Þ

8>>>>>>>><
>>>>>>>>:

(4)

Assuming perfect linear correlation between each pair of
fragility curve and setting PE0,b ¼ 1 and PE5,b ¼ 0, the
time-variant probability of occurrence of the damage state
sb¼ 0,… ,4 on the b-th bridge can be conveniently reduced
to the following compact form

Ps, b ¼ PE
s, b � PE

sþ1, b (5)

Earthquake scenario and seismic demand

The seismic risk assessment of vulnerable structures, how-
ever, should be informed by several critical factors, includ-
ing the uncertain distance from the site of the earthquake
source (Cornell, 1968). The seismic demand of spatially dis-
tributed bridges can be evaluated by ground motion predic-
tion equations (GMPEs). Based on GMPEs, seismic intensity
ib ¼ ib(de,b,M) at the site of the b-th bridge in the network
is related to both earthquake magnitude M and source-to-
site distance de,b, which is the distance between the epi-
centre location xe and the bridge site xb.

Furthermore, area sources are often used in practice to
account for ‘background’ seismicity (Baker, 2009) and they
can model the seismic exposure of regions characterised by
lack of information on the local active faults. Assuming that
the likelihood of occurrence of a seismic event with given
magnitude is equal in any point along the area source As,
the uniform probability density function associated with the
epicentre location can be expressed as follows

fXe xeð Þ ¼ I xeð Þ
As

(6)

where I(xe) is a step function with I(xe)¼ 1 if the epicentre loca-
tion lies within the area source, i.e. xe2As, and I(xe)¼ 0
otherwise.

Damage combinations probability and hazard
capacity vectors

The emergency response to hazardous events of complex
systems such as critical infrastructures is affected by the
damage state combination of a large number of vulnerable
network components. In practical applications, the seismic
reliability assessment of bridge networks can be carried out
based on simulation techniques (Ghosh, Rokneddin,
Padgett, & Due~nas-Osorio, 2014) or analytical methods rely-
ing on suitable mathematical formulations (Kang, Song, &
Gardoni, 2008). Assessing the vulnerability of a large-scale
network can be a challenging task not only due to the

computational costs, but also due to incomplete information
on the bridge vulnerability and on their statistical depend-
ence (Der Kiureghian & Song, 2008; Song & Ok, 2010). In
order to focus on the methodological aspects of the time-
variant metrics of seismic resilience proposed in the article,
the applications will deal with simple small-scale networks.

Based on the ordered selection with repetitions of the
damage states sb for each bridge in a given road system, net-
work damage combinations can be associated with the fol-
lowing integer index s

s ¼ 1þ
XNb

b¼1

Ns, bð ÞNb�b � sb (7)

where Nb is the number of bridges in the network and Ns,b

is the number of possible damage states for the b-th bridge.
Consistently with the set of possible damage states of a sin-
gle bridge, all the possible network damage combinations
represent a set of mutually exclusive and collectively
exhaustive events. In particular, the event s¼ 1 refers to the
undamaged network condition (sb¼ 0,8b) and the combin-
ation associated with all bridges suffering the most severe
damage is s ¼ Ns, which is the total number of possible net-
work damage combinations

Ns ¼
YNb

b¼1

Ns, b (8)

The time-variant structural capacities of the reference set
of vulnerable facilities under interdependent hazards, such
as the seismic scenario and age-induced deterioration pro-
cess, are collected in a hazard capacity vector g. The time-
variant probability of occurrence of the s-th network dam-
age combination Ps ¼ P(sjg) is conditioned by several fac-
tors collected in g associated with the seismic demand and
structural capacity of the spatially distributed vulnerable
bridges in the network. In general, the network damage
combinations depend on the seismic intensity ib at the b-th
bridge location, bridge age tb and correlation between the
seismic capacities associated with each damage state and
each pair of bridges in the network. Therefore, the condi-
tional probabilities can be defined in terms of the intensity-
based vector gi

gi ¼ ib, tb, qf g (9)

where q is the matrix of the linear correlation coefficients of
each pair of seismic capacities (Capacci & Biondini, 2018b).
However, for spatially distributed bridges, the seismic inten-
sities ib are related to the earthquake scenario in terms of
magnitude M, epicentre location xe and bridge site xb. In
this case, a pointwise hazard capacity vector ge needs to be
introduced

ge ¼ M, xe, xb, tb, qf g (10)

As mentioned, a seismic area source As may be conveni-
ently used in practice to model the seismic exposure of
entire regions. In this case, the conditional probabilities
associated with network damage combinations can be eval-
uated based on the total probability theorem as follows
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Ps sjgAð Þ ¼
ð
As

Ps sjge
� � � fXe xeð Þ � dA (11)

where an area-based hazard capacity vector gA is defined in
terms of the area source As

gA ¼ M,As, xb, tb, qf g (12)

Traffic flow analysis of road networks

Congestion-based traffic model

The performance and functionality of road networks can be
assessed based on traffic flow response and minimum travel
time given origin-destination (O-D) traffic demands and
network topology (Bocchini & Frangopol, 2011). A road arc
is defined by the origin i, where the flow gets into the arc,
and the destination j, where the users get out of the arc.
The travel time cij of the arc i – j can be expressed as a func-
tion of several parameters: cij ¼ cij(fij;Lij,nL,dmin,vcr,vlim),
where: fij is the traffic flow of vehicles per unit of time in
the arc i – j; Lij and nL are, respectively, the arc length and
number of open lanes of each road arc; dmin, vcr and vlim
are, respectively, the minimum allowed distance between
vehicles, the speed associated with critical capacity (i.e. the
critical speed) and the speed limit for each road class. It is
worth noting that when the arc includes vulnerable bridges
along the network, the travel time spent to cross it also
depends on the post-earthquake conditions of each dam-
aged structure.

Among all lifelines, transportation networks have a
unique feature: all nodes can be both an origin and a destin-
ation of traffic flows. In this study, the two-way traffic flows
for all road users incoming and outgoing the highway net-
work are prescribed a priori, based on literature data.
However, it is worth noting that the O-D traffic flows can
also be related to the condition of the network. As an
example, after seismic events, due to the damages of the
transportation infrastructure system, the users may adapt
their trips preferring closer destinations (Bocchini &
Frangopol, 2011), changing the travel mode or even elimi-
nating scheduled activities suppressing trips (Erath, Birdsall,
Axhausen, & Hajdin, 2009). Furthermore, the emergency
vehicles demand should vary over time according to the
actual emergency response of the affected region.

Road arc travel time

According to Bocchini and Frangopol (2011), the travel
time cij is related to the traffic flow fij as follows

cij ¼ c0ij 1þ a
fij
f crij

 !b
2
4

3
5 (13)

with a¼ 0.15 and b¼ 4 (Bocchini & Frangopol, 2012b;
Martin & McGuckin, 1998). The travel time at free flow
c0ij¼ Lij/vlim is the time spent by one car to cross the arc
with no traffic, and the practical capacity f crij ¼ nL(vcr/dlim)

is the critical flow capacity at which the congestion starts to
heavily affect the traffic (for fij>f crij the travel time increases
with higher rate).

The traffic capacity of a road arc may be impaired by
traffic restrictions applied to regulate the transit on damaged
bridges (Mackie & Stojadinovi�c, 2006). A generic arc can
involve Nij,f free segments and Nij,b bridges. Therefore, the
travel time cij of the O-D arc will be the sum of the travel
time cij,f for each free segment and cij,b each bridge

cij ¼
XNij, f

f¼1

cij, f þ
XNij, b

b¼1

cij, b (14)

To reduce the computational cost, it is possible to define
an equivalent arc that incorporates the traffic response of
each bridge crossing the road segment. The travel time cij of
the equivalent arc is defined as a function of the traffic flow
fij based on the following definitions for c0ij and fcrij
(Bocchini & Frangopol, 2012a)

c0ij ¼
XNij, f

f¼1

c0ij, f þ
XNij, b

b¼1

c0ij, b (15)

f crij ¼ b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c0ijPNij, f

f¼1

c0ij, f
f crij, fð Þb þ

PNij, b
b¼1

c0ij, b
f crij, bð Þb

vuuut (16)

Total travel time and optimal traffic flows

The actual traffic flow distribution in each road of the high-
way network can be identified based on the user-equilib-
rium condition enforced by Wardrop’s gravitational model
(Wardrop, 1952). This condition consists in minimising the
total travel time (TTT), i.e. the time spent by all users to
reach any destination from any origin departing in a fixed
time window. The TTT is computed as follows (Bocchini &
Frangopol, 2011):

TTT ¼
X
i2I

X
j2J

ðfij
0
cij fð Þdf (17)

where f is a dummy integration variable, I is the set of all
the generic nodes in the network and J is the subset of
nodes connected to node i by a road segment.

Therefore, an optimisation problem needs to be solved.
In this study, the enforcement of user-equilibrium condition
relies on a suitable implementation of the Frank–Wolfe
algorithm (Frank & Wolfe, 1956). Given the O-D traffic
demand and the arc parameters, the optimisation procedure
exploits the convexity of the solution domain (Evans, 1976)
to define a sequence of feasible solutions in terms of traffic
flow distribution fij that converges to the optimal one (i.e.
the one satisfying the user-equilibrium condition). More
details can be found in Bocchini and Frangopol (2011) and
Capacci (2015).

270 L. CAPACCI ET AL.



Life-cycle seismic resilience of road networks

Bridge traffic limitations

The actual practicability of each arc depends on the set of
restrictions that the owner of the transportation network
imposes to regulate the traffic along each bridge damaged
by hazardous events. Restrictions to each type of vehicle
and limitations to traffic network capacity are applied
depending on the damage state of the bridges in the road
network (Mackie & Stojadinovi�c, 2006).

The type of users of road networks depends on the needs
and duties associated with travels. Three different types of
road users are considered to define the O-D demand: light
vehicles fl, heavy vehicles fh, and emergency vehicles fe.
Traffic limitations on the b-th bridge are identified by a
decision variable db based on the following Nd,b ¼ 5 traffic
restrictions (Biondini et al., 2015a):

� No restrictions (db ¼ 0): the traffic on the bridge is regu-
lar and the speed limit vlim corresponds to the maximum
allowed speed vmax.

� Weight restriction (db ¼ 1): heavy vehicles are forbidden,
i.e. fh ¼ 0, and the speed limit is reduced to vmin.

� One lane open only (db ¼ 2): light and emergency
vehicles can transit on only one lane, i.e. nL ¼ 1.

� Emergency access only (db ¼ 3): the transit of emergency
vehicles only is allowed, i.e. fl ¼ 0.

� Closure (db ¼ 4): no vehicles can transit over the bridge,
i.e. fe ¼ 0 or nL ¼ 0.

Network traffic combinations and functionality

The set of possible states of the bridge decision variable db
considered in this article are listed in Table 2, where the
restrictions db ¼ k with k> 1 are inclusive of the traffic lim-
itations associated with db < k. Each network restriction
combination d and the number of possible combinations Nd

can be expressed in terms of the decision variable db of each
bridge consistently with the criterion proposed for the dam-
age state combinations

d ¼ 1þ
XNb

b¼1

Nd, bð ÞNb�b � db (18)

Nd ¼
YNb

b¼1

Nd, b (19)

The functionality level Qd(d)2 [0;1] of the road network
associated with the combination d of traffic restrictions is
defined as follows (Capacci, 2015)

Qd ¼ TTTu

TTTdðdÞ (20)

where TTTd ¼ TTT(d) is the total travel time when the
d-th network restriction combination is applied and
TTTu¼TTT(d¼ 1) is the total travel time under unre-
stricted conditions, i.e. no traffic regulations are applied to
any bridge. The condition of unrestricted transit with
TTTd¼TTTu and Qd ¼ 1 holds for the network with all

bridges under no damage state. Such condition is fulfilled
before the occurrence of significant structural deterioration or
seismic damage and after recovery processes with bridges
fully restored.

Bridges may suffer a loss of structural capacity when an
earthquake occurs. The initial restrictions in the aftermath of
the occurrence of the seismic event are associated with the
attainment of the limit states for each bridge in the network. In
particular, the traffic restriction db ¼ k is applied to the b-th
bridge if the earthquake induces the damage state sb ¼ k.
Therefore, a seismic event would cause a sudden drop of net-
work functionality from the pre-event level to Qs ¼ d due to the
traffic restrictions under the initial damage combination s.

Recovery process of bridge structural capacity

After the occurrence time t0, the repair activities of each
given bridge in the network will start at the idle time ti,b
and will be carried out up to the recovery time tr,b (i.e. the
time of repair completion). The purpose of post-event repair
actions is to restore partially or totally the pre-event seismic
capacity of the bridges in the network to ensure the safety
of the roadway users. The structural recovery profile
depends on several factors, including type of system and
components, magnitude and location of damage, and restor-
ing techniques (Bocchini, Dec�o, & Frangopol, 2012; Dec�o
et al., 2013). Effective functionality recovery models have
been proposed by Kafali and Grigoriu (2005), Cimellaro
et al. (2010b), Bocchini et al. (2012), Titi and Biondini
(2013), Karamlou and Bocchini (2017a, 2017b), Sharma,
Tabandeh, and Gardoni (2018). The following recovery
model rb¼rb(s)2 [0;1] is adopted over the bridge recovery
time interval Dtr,b¼tr,b–ti,b (Titi et al., 2015)

rb sð Þ ¼
0 , s � 0
x1�wsw , 0 < s � x
1� 1�xð Þ1�w 1�sð Þw ,x < s � 1
1 , s > 1

8>><
>>: (21)

where s¼ (t–ti,b)/Dtr,b2 [0,1] is a normalised time variable.
The parameters x2 [0,1] and w� 0 define the shape of

the recovery profile. A proper calibration of the shape
parameters for each bridge in the networks allows to effect-
ively reproduce continuous recovery processes, for example
in limit cases where functionality is restored quickly after
the seismic event (x� 0 and w> 1), gradually in time
(w� 1), or mainly at the end of the recovery process (x� 1,
w> 1). The type of recovery actions and, consequently, the
values of the shape parameters should be selected depending
on the damage state to be restored and on the related effect-
iveness of the repair activities. The calibration of recovery

Table 2. Definition of decision variables and traffic limitations.

Decision variable db Traffic limitation

No restrictions 0 vlim ¼ vmax and nL ¼ bridge lanes
Weight restriction 1 fh ¼ 0 and vlim ¼ vmin

One lane open only 2 nL ¼ 1
Emergency access only 3 fl ¼ 0
Closure 4 fe ¼ 0 or nL ¼ 0
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models of each damaged bridge in the network based on all
the variables involved and their uncertainties is out of the
scope of the article.

Recovery process of network functionality

Post-event repair activities on each bridge lead to a progres-
sive network functionality restoration. The road network
functionality is described by a discrete set of values as a
function of the damage state of the bridges and the limit
states progressively restored at the component level (Padgett
& DesRoches, 2007). Therefore, the repair activities on each
bridge lead to the definition of a constant stepwise model
for network functionality, evolving from the initial damage
combination up to the traffic restrictions at
repair completion.

The recovery process of each bridge initiates after an idle
time ti,b and develops over a series of time steps. The partial
recovery times tp,b are related to time instants in which the
attainment of intermediate structural capacity targets rp
allows the enforcement of less severe traffic limitations up
to complete reopening of the bridge to all users. In particu-
lar, p¼ 1,… ,Nj,b where Nj,b is the total number of steps in
the network recovery process induced by restoration of the
b-th bridge. The completion of the repair actions on the
b-th bridge is reached at the final recovery time tr,b.
According to the bridge structural recovery model, partial
and final recovery times of each bridge depend not only on
the initial damage state sb, and on the intermediate capacity
targets rp, but also on the specific repair strategy applied to
restore the bridge structural capacity. In the following it is
assumed that the initial traffic limitations db ¼ k with k> 0
are partially released through a progressively decreasing
sequence of less severe restrictions db ¼ h with k< h.
Finally, full serviceability of the bridge, i.e., db ¼ 0, is
assumed to be reached at tr,b.

The recovery function of network functionality over the
horizon time interval Dth ¼ th–t0 between the occurrence
time t0 and a given horizon time th is hence defined in step-
wise form as follows:

Q tð Þ ¼ Qj, tj � t < tjþ18j 2 0,Nj½ � (22)

where tj is the time instant associated with a partial or total
recovery time of a bridge in the network and Qj is the net-
work functionality after the j-th step over the time interval
Dtj ¼ tjþ1–tj, i.e. the recovery time interval. The total num-
ber of time steps in the network recovery process is defined
as Nj ¼

P
bNj,b, with th¼ tjþ1 for j¼Nj.

In this article, the recovery process is assumed to be pre-
scribed based on the post-earthquake damage state of each
individual bridge. Optimal planning of the recovery inter-
ventions is not investigated. However, prioritising the inter-
ventions on individual bridges is necessary for effective
emergency management strategies under limited resources.

Time-variant seismic resilience

The resilience level Rs associated with the network damage
combination s is defined as the average integral of the net-
work functionality over the horizon time interval Dth

Rs ¼ 1
Dth

ðth
t0

Q tð Þdt (23)

Given the stepwise form of the recovery profile, the aver-
age integral can be expressed in summation form as follows

Rs ¼ 1
Dth

XNj

j¼0

Qj � Dtj (24)

The recovery phase and pattern of network functionality
are related to the repair activities carried out to restore each
bridge in the road system from the given post-event damage
state combination. Severe seismic damage and late restor-
ation can substantially reduce the network resilience. In fact,
the application of restrictive traffic limitations may force
traffic flows to be detoured to secondary roads for the time
interval required to carry out the necessary repair activities.
These effects could be mitigated by upgrading interventions
aimed at improving the network connectivity by means of
new road branches and alternative travel paths, which may
provide significant gains in seismic resilience (Biondini
et al., 2017; Capacci & Biondini, 2018a). In this context, the
resilience levels depend on both the network layout, in
terms of the related functionality levels Qd, and variables
affecting the recovery from the s-th damage state combin-
ation, which can conveniently be collected in a capacity
recovery vector cs.

A comprehensive quantification of resilience is herein
presented and inspired by the concept of expected utility
(Ang & Tang, 1984). The proposed resilience measure R is
obtained by weighing the resilience levels Rs of the Ns net-
work damage combinations with the corresponding proba-
bilities of occurrence conditioned by the variables collected
in the hazard capacity vector g

R g, c,Qdð Þ ¼
XNs

s

Ps sjgð Þ � Rs cs,Qdð Þ (25)

where c collects the information contained in cs for any
damage combination s. The type of resilience measure
depends on the definition of damage probabilities through
the hazard capacity vector g. The following measures
are considered

� Intensity-based resilience R ¼ R(ib) based on gi; this
measure is convenient for road networks with a single
bridge exposed to seismic events with intensity ib.

� Pointwise resilience measure R ¼ R(M,xe) associated
with ge, which depends on the earthquake scenario in
terms of magnitude M and epicentre location xe and it
may be used for road networks with spatially distrib-
uted bridges.

� Area-based resilience measure RA ¼ RA(M,As) associated
with gA; this is an average measure for seismic events
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with earthquake magnitude M and epicentre located
within a prescribed seismic area source As. It provides a
more synthetic measure of resilience for road networks
with spatially distributed bridges.

Applications

The effectiveness of the proposed approach is shown
through three case studies focusing on assessing the seismic
resilience of road networks with RC bridges, evaluating the
effects of structural deterioration associated with corrosion,
and investigating the role of spatial distribution of vulner-
able bridges, respectively.

The first case study is devoted to the seismic resilience
assessment of simple networks with only one RC bridge.
The fragility curves of the bridge are evaluated considering
two different types of pier cross-section to emphasise the
role of both the bridge structural capacities and recovery
processes from seismic damage. The second case study is
aimed at investigating the detrimental effects of bridge aging
and deterioration on the lifetime seismic resilience of differ-
ent road networks. Finally, two road networks with spatially
distributed bridges are considered in the third case study to
show the influence of both the earthquake scenario and
environmental aggressiveness on the network resilience.

RC bridge

The four-span continuous RC bridge shown in Figure 1 is
considered (Pinto et al., 1996; Titi et al., 2015). The total

length of the bridge deck is 200m, with four spans of 50m
each. The box girder cross-section is shown in Figure 2(a).
Two different configurations of the bridge piers are consid-
ered: hollow-core rectangular box cross-section with height
H¼ 21 m (Figure 2(b)) and circular cross-section (Mander,
Dhakal, Mashiko, & Solberg, 2007) with height H¼ 14 m
(Figure 2(c)). The nominal material properties are as fol-
lows: concrete compression strength fc ¼ 40MPa; steel
yielding strength fsy ¼ 450MPa; concrete ultimate strain in
compression ecu ¼ 0.35%; steel ultimate strain esu ¼ 7.5%.

The piers are exposed to chloride diffusive attack on the
external surface, with nominal concentration C0 ¼ 3%
[wt.%/c]. A nominal diffusivity coefficient D¼ 15.8	 10–12

m2/sec is assumed. The corrosion damage is evaluated by assum-
ing a nominal damage rate coefficient qs¼ (0.02 year–1)/C0, with
corrosion initiation associated with a nominal critical concentra-
tion Ccr¼ 0.6% [wt.%/c] (fib, 2006).

Structural modelling and seismic analysis

The seismic performance of multispan RC girder bridges
have been studied in previous works under different
assumptions regarding the abutments and soil structure
interaction (Isakovi�c & Fischinger, 2000; Ni, Petrini, &
Paolucci, 2014). In this article, such issues are not investi-
gated and a structural model with roller supports at the
abutments and piers with fixed ends is assumed. The struc-
tural model is developed with a level of complexity that
allows capturing the dominant behaviour of the bridge and,
at the same time, limit the computational cost of the prob-
abilistic analysis.

The deck is modelled by elastic beam elements. Under
transversal loading, plastic hinges are expected to develop
only at the pier ends (Biondini et al., 2014; Priestley, Calvi,
& Kowalsky, 2007). The piers are hence modelled through
beam elements with lumped plasticity. The nonlinear behav-
iour of the plastic hinges is defined in terms of bending
moment versus curvature relationship based on the Mander
model for concrete (Mander, Priestley, & Park, 1988) and a
bilinear elastic-plastic model for reinforcing steel. The hyste-
retic behaviour is based on the Takeda model (Takeda,
Sozen, & Nielsen, 1970), with a backbone curve defined by
a stepwise linearisation of the moment versus curvature dia-
gram. The length of the plastic hinge is evaluated as pro-
posed by Paulay and Priestley (1992).

Seismic analysis is carried out considering a uniform
gravity load equal to 315 kN/m, including self-weight, dead
loads and a 20% of live loads, applied on the deck. Non-lin-
ear time-history dynamic analyses of the RC bridge are per-
formed using OpenSees (Mazzoni, McKenna, Scott, Fenves,
et al., 2006).

Probabilistic model

The uncertainties associated with the structural system and
the aging process is taken into account based on a set of
mechanical and environmental parameters modelled as
uncorrelated random variables. These parameters are:

Figure 2. Geometrical characteristics of the bridge components: (a) deck cross-
section; (b) hollow-core rectangular cross-section, and (c) circular cross-section
of the piers.

Figure 1. Four-span continuous RC box-girder bridge.
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concrete compression strength fc; steel yielding strength fsy;
viscous damping n; diffusivity coefficient D; damage rate qs;
chloride concentration along the pier circular cross-section
C0; critical concentration Ccr. Nominal values are assumed
as mean values. The analytical models for the distribution of
the considered random variables and their coefficients of
variation are listed in Table 3 (Biondini et al., 2006; Dol�sek,
2009). The variability of the ground motion is accounted for
by considering a set of ten artificial earthquakes (SIMQKE,
1976) generated to be compatible with the elastic response
spectrum given by Eurocode 8 for soil type B (CEN-EN
1998-1, 2004).

The life-cycle fragility analysis is carried out based on
1000 samples resulting from the application of each artifi-
cial accelerogram to 100 realisations of the deteriorating
bridge by means of Monte Carlo simulation and Latin
Hypercube Sampling (Iman & Conover, 1982) with correl-
ation control based on Simulated Annealing (Vo�rechovsk�y
& Nov�ak, 2009). The sample size has been selected as a
trade-off between computational effort and representative-
ness of the uncertainties involved in seismic demand, seis-
mic capacity, and structural deterioration (Capacci, 2015).
The IDA realisations are processed at different bridge ages
by assuming time-variant lognormal distribution of the
seismic fragilities

PEs, b ib, tbð Þ ¼ P Is, b tbð Þ � ibð Þ ¼ U
lnib�ks, b tbð Þ

fs, b tbð Þ
� �

(26)

where U refers to the cumulative distribution function of
the standard normal variate, and ks,b and fs,b are the mean
and standard deviation, respectively, of the natural loga-
rithm of the seismic capacity Is,b associated with damage
state sb.

Lifetime fragility analysis of the RC bridge
under corrosion

The results of the probabilistic IDA at the initial time, with
no corrosion, are shown in Figure 3 for both types of bridge
piers in terms of median, 16% and 84% IDA capacity curves
(Vamvatsikos & Cornell, 2002). The probability of exceeding
a prescribed limit state given the intensity measure ib corre-
sponding to the PGA is described by means of fragility
curves. Figure 4 shows the lognormal best fitting of the fra-
gility curves for the four investigated limit states sb ¼
1,2,3,4, from slight damage up to collapse. The drift

thresholds associated with each intermediate damage state
are collected in Table 4.

The fragility curves are then used to compute the bridge
damage probabilities for a given seismic demand shown in
Figure 5, which are the weighting coefficients of the inten-
sity-based resilience measure associated with the hazard cap-
acity vector gi. In particular, the curve associated with sb ¼ 4
(i.e., probability of ‘Structural Collapse’) corresponds to the
fragility curve associated with the most severe damage state
and the curve associated with sb ¼ 0 (i.e., probability of ‘No
Damage’) represents the complementary CDF of the least
severe damage state (i.e., ‘Slight Damage’). It is worth noting
that the bridge vulnerability to slight damage is almost the
same for both types of bridge piers. However, the larger
flexibility due to the slenderness of bridge pier with circular
cross-section along with the higher sectional ductility guar-
anteed by the confinement (Capacci, 2015) provides a better
seismic response in the post-elastic range (especially for MD
and ED limit state) with respect to hollow-core rectangular
cross-section bridge piers.

The effects of a severe environmental exposure scenario
on the time-variant seismic performance of the RC bridge
are displayed in Figures 6 and 7 for the case of piers with
circular cross-section (Figure 3(c)). A similar trend qualita-
tively holds also for the case of piers with hollow-core rect-
angular cross-section. Figure 6 represents the time-variant
drift thresholds associated with each intermediate limit state
for the bridge with circular piers, based on the outcomes of
the pushover analyses in terms of first yielding drift
hy,b¼ h1,b and ultimate drift hu,b.

Table 3. Probability distributions and coefficients of variation (l ¼
mean value).

Random variable (t ¼ 0) Distribution type C.o.V.

Concrete strength, fc Lognormal 5MPa/l
Steel strength, fsy Lognormal 30MPa/l
Viscous damping, n Normal
 0.40
Diffusivity, D Normal
 0.20
Damage rate, qs Normal
 0.30
Chloride concentration, C0 Normal
 0.30
Critical concentration, Ccr Beta

 0.25

Truncated distributions with non-negative outcomes.

Lower bound bmin ¼ 0.2 wt.–%/c; Upper bound bmax ¼ 2.0 wt.–%/c.

Figure 3. Probabilistic parameters of the IDA capacity curves (median, 16%
and 84% fractiles) of the RC bridge: piers with (a) hollow-core rectangular
cross-section and (b) circular cross-section.
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Figure 7 depicts the lognormal best fitting of the four
time-variant fragility curves for different bridge ages tb every
10 years up to 100 years. Except for the slight damage limit
state, the probability of exceedance of each limit state
increases over time due to the detrimental effects of corro-
sion on longitudinal reinforcing steel bar cross-sectional
area and steel ductility. The central values of each fragility
curve tend to decrease in time, whilst their dispersion
slightly tends to decrease after more than 60 years. The
extreme environmental conditions assumed in the present
application lead to an increase in time of the probability of
complete corrosion damage (i.e., ds� 1), reducing in turn
the incidence in the fragility analysis of the random varia-
bles associated with the deterioration process.

Resilience of highway networks

Three types of highway road networks, as shown in Figure
8, are investigated (Biondini et al., 2015b). The traffic

parameters of the road segments are summarised in Table 5.
Each network is characterised by one origin and one destin-
ation, respectively originating and attracting all trips. Three
types of road segments define the network topologies and
provide the connectivity between the nodes:

� Highway of overall length Lij ¼ 10 km, nL ¼ 3 lanes and
maximum speed limit vmax ¼ 130 km/h. It is the faster
route available for the users, but the structural damage
of the vulnerable elements may impair its practicability.

Figure 4. Lognormal model of the fragility curves of the RC bridge: piers
with (a) hollow-core rectangular cross-section and (b) circular
cross-section.

Table 4. Drift thresholds of the RC bridge (tb ¼ 0).

Damage state hs ¼ 1,b [%] hs ¼ 2,b [%] hs ¼ 3,b [%]

Hollow-core rectangular
cross-section (H¼ 21m)

0.44 0.92 1.40

Circular cross-section (H¼ 14m) 0.87 2.09 3.31

Figure 5. Probability of occurrence of damage state sb of the RC bridge: piers
with (a) hollow-core rectangular cross-section and (b) circular cross-section.

Figure 6. Time-variant drift thresholds associated with different limit states.
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The component B indicated in Figure 8 represents a sin-
gle bridge. Network N1 is a single road segment.

� Secondary road of overall length Lij ¼ 40 km, nL ¼ 2
lanes and maximum speed limit vmax ¼ 90 km/h. In the
case of network N2, such detour provides a viable alter-
native to the users when the principal roadway under-
goes traffic limitations.

� Re-entry link of length Lij ¼ 1 km, nL ¼ 1 lane and
same speed restrictions as the secondary road, i.e.,
vmax¼ 90 km/h. In network N3, the reduction of travel
times and distances is mitigated by a prompt return into
the main route of the traffic flow rerouted to the second-
ary road. The topological location of the re-entry link is
defined in terms of a dimensionless parameter k, which
expresses the ratio between the distance of the re-entry
link from the origin node and the main total length of
the highway branch.

The two-way traffic flows associated with light, heavy
and emergency vehicles are adapted from literature data and
assumed as fl ¼ 7000 cars/h, fh ¼ 1000 cars/h and fe ¼ 700
cars/h, respectively. Figure 9 shows the bar chart that col-
lects the functionality levels Qd of each network given the
decision variable db associated with the bridge B. These
results allow quantifying the drop of network functionality
induced by the traffic limitations in terms of network

topology and traffic restriction severity. Due to the complete
lack of redundancy, any bridge restriction on network N1
leads to its complete inoperability as soon as some road
users are not allowed to reach the destination node (from

Figure 7. Lognormal model of the time-variant fragility curves for the RC bridge with circular cross-section of the piers under a seismic event occurring at bridge
age from tb every 10 years up to 100 years: (a) slight damage, (b) moderate damage, (c) extensive damage, and (d) structural collapse.

(a)

(b)

(c)
Figure 8. Highway road networks with a single bridge component B: (a) high-
way with a single road segment (N1); (b) highway with detour (N2); (c) highway
with detour and re-entry link (N3).
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Weight Restriction, db ¼ 1, up to Closure, db ¼ 4). The
presence of a detour in network N2 guarantees connectivity
between origin and destination nodes when traffic limita-
tions are applied, leading to non-zero value even for the
minimum functionality level associated with db ¼ 4. Finally,
the higher degree of redundancy of network N3 involves an
increase of functionality for each traffic restriction. The
mitigation of the impact of bridge transit limitations is
more evident when the detoured traffic flow is forced to
bypass a short restricted highway segment, which is numer-
ically captured comparing the functionality levels with ‘close’
versus ‘far’ re-entry link, i.e. k ¼ 0.25 versus k ¼ 0.75.

Depending on the damage state sb experienced by the
bridge, traffic limitations are applied to the highway net-
works, leading to a loss of network functionality. This loss
can be recovered by the post-event repair actions on the
bridge, consequently leading to gradual removal of the traf-
fic limitations. The shape parameters x and w of the bridge
recovery profile are selected based on the damage state to
be restored. Figure 10 shows the normalised bridge recovery
model rb versus normalised time variable s with the selected
shape parameters for each possible initial damage state.
Given the seismic damage and selecting the recovery strat-
egy to restore it, stepwise partial increments of the network
functionality at time instants tp,b (where p ¼ 1,… ,sb) are
obtained when the bridge seismic capacity reaches the target
levels rp up to Dtr,b, i.e. the final recovery time interval. The
shape parameters of the recovery profiles for each initial
damage state sb are listed in Table 6. The corresponding
recovery time intervals (adapted from Zhou, Banerjee, &
Shinozuka, 2010) and capacity targets (Capacci, 2015) are
listed in Table 7.

Figure 11 shows the recovery model for each initial dam-
age state sb in terms of normalised bridge capacity rb, step-
wise evolution in time of the decision variable db and step-

wise functionality profiles Q for each studied network by
assuming zero idle time and horizon time th ¼ 365 days.
Furthermore, the bar chart in Figure 12 collects the resili-
ence levels Rs of each network given the bridge damage state
sb. These results indicate that, as expected, resilience
decreases as the severity of the damage state increases and
they allow quantifying the beneficial effects of detours and
re-entry links. In particular, network N1 exhibits low levels
of resilience with respect to other networks since its recov-
ery profile shows only one jump in functionality related to
the complete re-opening of the carriageway to all the users.
On the other hand, the bypass associated with the re-entry
link close to the restricted highway segment provides to net-
work N3 with k ¼ 0.25 the largest resilience levels com-
pared to the other networks given the bridge damage
state sb.

Figure 13 shows the intensity-based resilience measure
associated with the hazard capacity vector gi for both types
of bridge piers. As expected, resilience decreases as the
seismic demand increases regardless of the network layout.

Table 5. Traffic parameters of the road segments of the highway networks.

Traffic parameters Highway road Secondary road Re-entry link

Length Lij [km] 10 40 1
Number of lanes nL 3 2 1
Speed limit vmax [km/h] 130 90 90
Reduced speed limit vmin [km/h] 70 50 50
Critical speed vcr [km/h] 65 65 65
Minimum distance dmin [m/cars] 30 30 30

Figure 9. Bar chart of the functionality levels Qd given the decision variable db
for networks N1, N2 and N3 with �k ¼ 0.25 and 0.75. Figure 10. Recovery model of the normalised bridge capacity rb versus normal-

ised recovery time s¼(t–ti)/(tr–ti): (a) slight damage, (b) moderate damage, (c)
extensive damage, and (d) structural collapse.

Table 6. Shape parameters of the recovery profile for each damage state.

Damage x w

SD 0.20 2.0
MD 0.40 3.0
ED 0.60 4.0
SC 0.80 5.0

Table 7. Capacity targets and recovery time intervals for each damage state.

Damage rp ¼ 1 rp ¼ 2 rp ¼ 3 rp ¼ 4 Dtr,b [days]

SD 1.00 – – – 30
MD 0.50 1.00 – – 90
ED 0.20 0.50 1.00 – 180
SC 0.05 0.20 0.50 1.00 360
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The comparison of the results for each road system con-
firms that detours in combination with re-entry links make
the road network more resilient by enhancing the network

topological redundancy. Moreover, it is worth mentioning
that the remarkably lower vulnerability of the bridge piers
with circular cross-section to moderate and extensive

Figure 11. Bridge normalised capacity recovery, bridge decision variable, and network functionality profiles: (a) slight damage, (b) moderate damage, (c) extensive
damage, and (d) structural collapse.
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damage states leads to higher values of resilience for seis-
mic events with PGA ranging from about 0.40 g to
about 0.80 g.

Effect of aging on the lifetime resilience of
highway networks

The deterioration of structural performance due to aging
leads to a reduction of seismic resilience during the service
life of the road networks. The detrimental effects of structural
deterioration on seismic resilience are shown in Figure 14 for
network N3 with different re-entry link locations k ¼ 0.25
and 0.75 and different times of occurrence of the seismic
event associated with bridge ages tb ¼ 0, 30 and 60 years.
Similar qualitative results can be obtained for the other net-
works. It is found that resilience is not affected over time up
to a limited seismic intensity of about 0.20 g due to the low
impact of vulnerability to damage state sb ¼ 1.

Nevertheless, resilience decreases over time by increasing
the seismic intensity and, consequently, the probability that
the bridge suffers severe damage. Finally, the benefit of a
favourable location of the re-entry link on the overall func-
tionality still holds when taking into account structural
aging. However, regardless of the network layout and for
decreasing values of seismic intensity, the relevant and pro-
gressive decay of bridge seismic capacity over time leads
resilience to approach the minimum level associated with
the bridge collapse.

Resilience of road networks with spatially
distributed bridges

Real road networks include multiple bridges and their loca-
tion within the network may become significantly important
depending on the considered earthquake scenario. The two
simple road networks shown in Figure 15 are considered to
investigate the influence of spatially distributed bridges on
lifetime network resilience. The network S consists of a
main highway with two identical bridges in series (Figure
15(a)). The network P includes two identical parallel high-
ways with a single bridge along each road segment (Figure
15(b)). Both networks include one origin and one destin-
ation and a secondary road to detour the traffic flow. The
identical bridges B1 and B2 are built at time tc,b ¼ 0. With
reference to a Cartesian coordinate system x¼ (x,y) with
origin xc ¼ (0,0) in the bridge network centroid and x-axis
aligned with the O-D nodes, the coordinates of the bridges
are (km): xb¼ 1¼ (–5,0) and xb¼ 2¼ (5,0) for system S; xb ¼
1 ¼ (0,–5) and xb ¼ 2 ¼ (0,5) for system P. The length of
the road segments is equal to L¼ 15, 18 and 60 km for the
main highway of network S, the two main highways of net-
work P and the detour of both networks, respectively. The
other traffic parameters are the same as the ones collected
in Table 5. Indeed, the two networks have similar total
travel times in unrestricted conditions.

For a highway network with two bridges (i.e. Nb ¼ 2)
and five possible initial damage states sb with the related
structural recovery profiles (i.e. Ns,b ¼ 5), the possible initial
damage state combinations are Ns ¼ 52 ¼ 25. Similarly,
given the five possible traffic restrictions per bridge db, the
possible traffic restriction combinations are Nd ¼ 25. The
bar charts shown in Figure 16 provide the functionality lev-
els for each network restriction combination d. Since redun-
dancy of network S is provided only by the detour, the
network functionality is mainly affected by the bridge sub-
jected to the most severe traffic restriction (Figure 16(a)),
e.g. the functionality level Qd with db ¼ 1 ¼ 2 and db ¼ 2 ¼
0 is almost equal to Qd with db ¼ 1 ¼ 2 and db ¼ 2 ¼ 1.
Conversely, the network P has a greater topological redun-
dancy and its traffic capacity is significantly harmed only if
both bridges are extensively damaged (Figure 16(b)), e.g. the
functionality level Qd with db ¼ 1 ¼ 2 and db ¼ 2 ¼ 0 is
remarkably larger than Qd with db ¼ 1 ¼ 2 and db ¼ 2 ¼ 1.
Analogous comparisons can be drawn for the resilience lev-
els Rs presented for each network damage combination s in

Figure 12. Bar chart of the resilience levels Rs given the bridge damage sb and
the recovery profiles for the networks N1, N2, and N3 with �k ¼ 0.25 and 0.75.

Figure 13. Resilience of networks N1, N2, and N3 with �k ¼ 0.25 and 0.75: bridge piers with (a) hollow-core rectangular cross-section and (b) circular cross-section.
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the bar charts in Figure 17, which are defined based on zero
idle time, horizon time th ¼ 365 days, and recovery model
defined by the parameters listed in Tables 6 and 7.

The seismic demand is evaluated by the GMPE proposed
by Bindi et al. (2011) based on the strong motion database
for Italy:

log10ib ¼ 3:672þ FD de, b,Mð Þ þ FM Mð Þ þ FS þ Fsof (27)

FD ¼ �1:940þ 0:413 M�Mrefð Þ½ �log10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2e, b þ h2e

q
dref

� 0:000134
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2e, b þ h2e

q
�dref

� � (28)

FM ¼ �0:626 M�Mrefð Þ�0:0707 M�Mhð Þ2 for M � Mh

0 otherwise

�
(29)

where ib is given in cm/s2, M is the moment magnitude, de,b
¼ jjxb–xejj is the source-to-site distance (in km), FD(de,b,M),
FM(M), FS, and Fsof are the distance function, the magnitude
scaling, the site amplification factor, and the style-of-faulting
correction, respectively, he ¼ 10.322 km is a pseudo-depth
parameter, dref ¼ 1 km, Mref ¼ 5, and Mh ¼ 6.75. Reverse
faulting is assumed, with site amplification FS ¼ 0.162 and
style-of-faulting correction Fsof ¼ 0.105.

For a given earthquake magnitude, the bridges are
exposed to different seismic demands depending on the epi-
centre distances. The influence of the earthquake scenario is
investigated by considering a square grid of epicentre loca-
tions with grid size of 0.2 km, providing the geographical
distribution of pointwise resilience measures based on the
hazard capacity vector ge. Assuming a moment magnitude
M ¼ 6.50, Figure 18 shows the 3-D surfaces and the con-
tour maps of resilience for network S evaluating the occur-
rence of a seismic event at specific time during the service
life of the structures, namely t0 ¼ 50 years. Two levels of
correlation of the bridge seismic capacities are considered:
(a) statistical independency and (b) perfect linear
correlation.

As expected, resilience decreases as the epicentre
approaches the location of the bridges. Due to the limited
system redundancy, the most critical earthquake scenarios
for both levels of correlation are associated with epicentre
locations close to one of the two bridges. However, the
impact of the lack of redundancy is partially mitigated
increasing the bridge capacity correlation when the epicentre
is close to the bridge network centroid xc. In fact, the likeli-
hood of having at least one bridge severely damaged
increases as correlation decreases. Conversely, the most crit-
ical earthquake scenarios for the network P are associated
with epicentre locations close to xc, as shown in Figure 19.

This tendency is exacerbated by the correlation of bridge
seismic capacities, since for these scenarios the likelihood of
having both bridges severely damaged increases with the
correlation level. These outcomes emphasise the key role of
the mutual influence between earthquake scenario,

Figure 14. Time-variant resilience of the network N3 with �k ¼ 0.25 and 0.75
for RC bridge piers with circular cross-section and bridge age tb ¼ 0, 30
and 60 years.

Figure 15. Road networks with two bridges: (a) network S with bridges in ser-
ies; (b) network P with bridges in parallel.

Figure 16. Bar charts of the functionality levels Qd given the bridge damage combination d: (a) network S; (b) network P.
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Figure 17. Bar chart of the resilience levels Rs given the bridge damage combination s and the bridge recovery profiles (Figure 8): (a) network S; (b) network P.

Figure 18. Resilience surfaces and contour maps of network S versus the epicentre location xe ¼ (xe,ye) for earthquake magnitude M ¼ 6.50 and bridge age tb ¼
50 years: (a) statistically independent and (b) perfectly correlated seismic capacities.

Figure 19. Resilience surfaces and contour maps of network P versus the epicentre location xe ¼ (xe,ye) for earthquake magnitude M ¼ 6.50 and bridge age tb ¼
50 years: (a) statistically independent and (b) perfectly correlated seismic capacities.
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geographic location of vulnerable structures and system
management interventions in a multi-hazard life-cycle-ori-
ented approach to seismic design of resilient structures and
infrastructure systems.

Resilience tends to decrease over time due to the detri-
mental effects of structural deterioration. The impact of the
environmental exposure depends on the earthquake scenario
and, consequently, on the seismic exposure of the most crit-
ical bridges in the network. Figure 20 presents the seismic
resilience versus the time of occurrence of the seismic event
every 10 years over a 100-year lifetime under different earth-
quake magnitudes M ¼ 6.25, 6.50, and 6.75, and epicentre
located at the bridge network centroid, i.e., xe ¼ xc. The
progressive decay of resilience depends on the earthquake
magnitude based on the considered GMPE. A magnitude M
¼ 6.75 induces significantly large probability of simultan-
eous collapse of both bridges and resilience approaches the
corresponding minimum value. For earthquake occurrence
from the initial time t0 ¼ 0 to t0 ¼ 30 years the decay rate
is significant only for magnitude M> 6.75. After significant
propagation of corrosion damage, the network resilience is
progressively impaired also for the lower magnitudes M ¼
6.25 and 6.50. Nonetheless, the predicted intensity measures
on both bridges are such that the probability of severe dam-
age occurrence never reaches large values even at an
advanced stage of deterioration.

The aforementioned beneficial effect of bridge capacity
correlation for network S, as well as the detrimental effect
for network P, can be qualitatively appreciated in Figure 20
by comparing the dashed line with circle markers (i.e.

statistically independent case) with the continuous line with
square markers (i.e. perfectly correlated case). In order to
assess the role of correlation based on a quantitative metric,
the following time-variant resilience sensitivity index is
introduced:

Drq ¼ Rq�Rq ¼ 0

Rq ¼ 0
(30)

where Rq is the network seismic resilience associated with a
linear correlation coefficient q.

Figure 21 illustrates the resilience sensitivity index Drq
for q ¼ 1, i.e. Drq ¼ 1, in terms of the pointwise resilience
measure evaluated in the network centroid xc versus the
occurrence time t0 and different magnitudes M ¼ 6.25,
6.50 and 6.75. These results confirm the opposite trends
obtained for the series system S, with Drq ¼ 1>0, and the
parallel system P, with Drq ¼ 1<0. Moreover, in both cases
the correlation effects tend to increase at the beginning of
the service life, after about 10 years, when corrosion damage
propagates. However, this tendency is reversed over time
under severe deterioration for increasing seismic hazard
since both bridges are likely to suffer extensive seismic dam-
age regardless of the level of correlation of their seis-
mic capacities.

Finally, Figure 22 displays the area-based resilience meas-
ure RA associated with the hazard capacity vector gA. This
synthetic indicator allows assessing the interaction between
aging and earthquake scenario on the overall studied region
by averaging the pointwise resilience measure along a pre-
scribed area source As. In the present application, the area-
based resilience measure RA is computed over a 10-km
radius circular area centred in the bridge network centroid
xc. The results confirms the qualitative trends obtained by
means of the pointwise measure of resilience in Figure 20.

Nonetheless, the impact of correlation is largely reduced,
as also confirmed in Figure 23 by the trend of resilience sensi-
tivity index Drq ¼ 1 in terms of the area-based resilience meas-
ure RA associated with the hazard capacity vector gA. The
comprehensive representation of the system resilience by
means of the proposed average resilience measure RA allows a
direct comparison of the effectiveness of different network
management strategies. Thus, the distributed information
presented in the contour maps is merged in single parameters,
which can properly assist the decision making process.
Nevertheless, the indicator RA depends on the dimension of

Figure 20. Network resilience R versus the occurrence time t0 for epicentre location at the bridge network centroid xc and earthquake magnitudes M ¼ 6.25,
6.50, 6.75: (a) network S; (b) network P.

Figure 21. Sensitivity index Drq of resilience R with epicentre location at the
bridge network centroid xc for q ¼ 1.0 versus the occurrence time t0 for earth-
quake magnitude M ¼ 6.25, 6.50, 6.75.
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the seismic area source and on the likelihood of occurrence of
a seismic event with given magnitude in a specific epicentre
within the estimated area source. For example, an increase in
the size of the area source leads to a reduction of the average
resilience decay rate because larger areas enclose epicentre
locations too far from the bridges to induce relevant probabil-
ity of large damage (Capacci & Biondini, 2018c).

Conclusions

A multi-hazard probabilistic framework for life-cycle seismic
resilience assessment of road transportation networks has
been presented in this article considering spatially distrib-
uted RC bridges exposed to chloride-induced corrosion and
different earthquake scenarios. Simple road networks have
been investigated to demonstrate the capability of the pro-
posed framework to qualitatively and quantitatively assess
the interdependency between seismic hazard scenario and
environmental exposure of spatially distributed vulnerable
bridges in the affected region by means of a set of conges-
tion-based resilience measures that comprehensively assess
the time-variant performance of the transportation
infrastructure.

The results highlighted that, as expected, detours in com-
bination with re-entry links allow reducing the loss of func-
tionality and, consequently, make the transportation lifeline
more resilient with respect to seismic events. However, it
has been found that environmental aggressiveness can sig-
nificantly reduce over time the seismic capacity of bridges
and exacerbate in this way the impact on infrastructure

resilience of large functionality drops and late restoration
processes. In addition, the decay in time of seismic resili-
ence due to aging processes can remarkably depend on the
seismic exposure in terms of earthquake magnitude, source-
to-site distance and geographical features of the seis-
mic source.

The presented applicative examples are simple compared
with complex real case transportation infrastructure systems.
Nevertheless, they incorporate some of the most relevant
features of the investigated research problem. It has been
shown that for networks with bridges in series, which rely
on detour routes to ensure a certain degree of redundancy,
the most critical earthquake scenarios are associated with
epicentres close to the bridges. The impact of the lack of
redundancy can be partially mitigated by correlation
between bridge seismic capacities when the epicentre is rela-
tively far from the bridges.

In fact, in this case the likelihood of having at least one
bridge severely damaged tends to increase as correlation
decreases. Conversely, for parallel bridge networks the most
critical earthquake scenarios are associated with epicentres
close to the bridge network centroid. This is emphasised by
bridge capacity correlation, since in these scenarios the like-
lihood of having severely damaged bridges increases with
correlation. Moreover, for the investigated series and parallel
networks the correlation effects tend to increase under mod-
erate levels of structural deterioration. However, over time
the combined exposure to severe corrosion and seismic
damage may significantly reduce such effects.

The resilience framework presented herein can assist
decision makers in the definition of effective, reliable, and
sustainable emergency management strategies informed by
life-cycle multi-hazard probabilistic criteria. To this purpose,
future studies should investigate the interaction between
traffic restrictions and residual bridge seismic capacities, as
well as between direct repair costs and socioeconomic con-
sequences induced by downtime and lack of network con-
nectivity for complex real case transportation
infrastructure systems.

Further research is needed also for a more complete
understanding of the processes involved in the earthquake-
induced disruptions of road networks and communities and
their effective and prompt recovery by prioritising the inter-
ventions on individual bridges. This includes the role of

Figure 22. Network resilience RA, computed over a circular area source with 10-km radius and centre at the bridge network centroid xc versus the occurrence time
t0 for earthquake magnitudes M ¼ 6.25, 6.50, 6.75: (a) network S; (b) network P.

Figure 23. Sensitivity index Drq of the resilience RA over a circular area source
with 10-km radius and centre at the bridge network centroid xc for q ¼ 1.0 ver-
sus the occurrence time t0 for earthquake magnitude M ¼ 6.25, 6.50, 6.75.
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several features of the recovery process, including idle time,
recovery time, target functionality, horizon time, and recov-
ery profiles with time-variant parameters related to type,
severity, and location of seismic damage. The proposed
framework may also be adapted to take into account more
in-depth knowledge on the mutual interaction of different
earthquake-related hazards of spatially distributed vulnerable
structures, such as landslides, site amplification effects,
liquefaction, and cumulative damage induced by multiple
mainshocks or mainshock-aftershock sequences,
among others.
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