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Abstract

Resilience of bridges and infrastructure networks is generally investigated considering damage and disruption caused by
sudden extreme events, such as earthquakes. However, damage could also arise continuously in time due to aging and
structural deterioration, which can modify over time the structural performance and functionality and, consequently, the
system resilience. Therefore, for critical infrastructures exposed to seismic and environmental hazards, resilience depends
on the time of occurrence of the seismic event. This paper investigates the life-cycle seismic resilience of aging infrastructures
and presents a probabilistic approach to seismic assessment of deteriorating bridges and resilience analysis of road networks
under prescribed earthquake scenarios. The time-variant seismic fragilities of the deteriorating bridges in the network are
assessed for several limit states, from damage limitation up to collapse. The seismic demand is evaluated for each bridge
based on a ground motion prediction equation in terms of earthquake magnitude and epicentral distance. The corresponding
levels of seismic damage are derived from the time-variant fragilities and related to vehicle restrictions and traffic
limitations. A traffic analysis is carried out over the entire road network to compute both the time-variant system
functionality and life-cycle seismic resilience under prescribed post-event recovery processes. The proposed approach is
applied to reinforced concrete bridges in a highway network with detour and re-entry link. The bridges are exposed to
chloride-induced corrosion and earthquake scenarios considering different magnitude and epicenter location. The results
show the detrimental effects of aging and structural deterioration and emphasize the role of the earthquake scenario on the
time-variant seismic performance of bridge structures and life-cycle resilience of road networks.
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1. Introduction

. )

A proper management of strategic structures and infrastructure facilities, such as highway bridges, is essential to
prevent or minimize outages and disruptions after seismic events [1-3]. In fact, road infrastructure networks are
of primary importance in the post-event emergency phase in order to ensure both a quick deployment of aids and
resources to distressed communities and a prompt repair of the surrounding lifelines and buildings [4]. Damage
of bridges may affect the network functionality and involve significant economic losses due to repair
interventions, traffic delay, and network downtime, among others. Therefore, the definition of effective post-
event recovery processes of damaged bridges is a key factor to ensure suitable resilience levels of the entire
network [5, 6].

Seismic resilience is becoming a driving concept in design, assessment, monitoring, maintenance and
management of structures and infrastructure systems. Resilience can be defined as the capability of a system to
withstand the effects of disruptive events and to recover promptly and efficiently the pre-event functionality
[7-10]. For bridges and infrastructure networks, this performance indicator is often investigated considering the
consequences of the sudden damage induced by seismic events [9-13]. However, for structural systems exposed
to seismic and environmental hazards, damage can also arise continuously over time due to the effects of aging
and structural deterioration. Consequently, seismic resilience of deteriorating bridges and infrastructure networks
depends on the time of occurrence of the seismic event [14-16]. Therefore, system functionality and seismic
resilience should be formulated as time-variant performance indicators under a life-cycle perspective to properly
support the decision making process for management of critical infrastructures.

This paper presents a life-cycle probabilistic approach to seismic assessment of bridge structures and
resilience analysis of road networks considering the interaction of environmental and seismic hazards under
prescribed earthquake scenarios. The time-variant seismic fragilities of the deteriorating bridges in the network
are assessed for several limit states, from damage limitation up to collapse, through nonlinear incremental
dynamic analysis and Monte Carlo simulation. The seismic demand is evaluated for each bridge based on a
ground motion prediction equation in terms of earthquake magnitude and epicentral distance. The corresponding
levels of seismic damage, which are depending on the time of occurrence of the seismic event because of aging
and structural deterioration, are derived from the time-variant fragilities and related to vehicle restrictions and
traffic limitations. A traffic analysis is finally carried out over the entire road network to compute the time-
variant system functionality and life-cycle seismic resilience under prescribed post-event recovery processes.

The proposed approach is applied to reinforced concrete (RC) bridges in a highway network with detour
and re-entry link. The bridges are exposed to chloride-induced corrosion and earthquake scenarios with different
magnitude and epicenter location. The objective of the application is to show the detrimental effects of aging and
structural deterioration on the seismic performance of bridge structures and seismic resilience of road networks
and emphasize the importance of the earthquake scenario in a multi-hazard life-cycle-oriented approach to
seismic design of resilient structures and infrastructure systems.

2. Seismic assessment of spatially distributed RC bridges under corrosion
2.1 Incremental dynamic analysis and seismic capacity

In this paper, the seismic capacity of RC bridges is evaluated through nonlinear incremental dynamic analysis
[17] by assuming the peak ground acceleration (PGA) as intensity measure and the maximum drift Gma—=Amax/H,
with Amax = maximum top displacement of a bridge pier and H = pier height, as damage measure. The structural
modeling is based on beam finite elements with material non-linearity lumped at the beam ends, where plastic
hinges are expected to occur [18]. The nonlinear behavior of the plastic hinges is defined in terms of bending
moment M versus curvature y relationship, according to the constitutive laws of the materials. For concrete, the
model proposed by Mander et al. [19] is assumed. For steel, a bilinear elastic-plastic model is adopted. The
hysteretic behavior is based on the Takeda model [20], with a backbone curve defined by a stepwise linearization
of the moment versus curvature diagram. The length of the plastic hinge is evaluated as proposed by Paulay &
Priestley [21].
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2.2 'Damage limit states and seismic fragility

The damage limit states can be conveniently associated with threshold values of the maximum drift Gmax, for
example as follows [22]:

— Slight Damage (SD): Omax=0y;
— Moderate Damage (MD): Omax=6y+0.36y;
— Extensive Damage (ED): max=6,+0.66,;

where 6,=6,—6y, and 6, and 6, are the drift limits associated with, respectively, the first yielding and ultimate
curvatures of the bridge piers in the undamaged state. The drifts 6, and 6, are computed by nonlinear static
(pushover) analysis. In addition, a structural collapse limit state (SC), associated with the loss of dynamic
equilibrium under ground motion, is considered.

The seismic capacities of RC bridges under uncertainty are investigated by means of fragility analysis and
described in probabilistic terms by fragility curves providing for each damage limit state the probability of
exceedance versus the PGA. It is worth noting that seismic capacities and fragility curves are time-variant due to
aging and structural deterioration [14-16].

2.3 Effects of reinforcing steel corrosion

The application presented in this paper deals with RC bridges exposed to chloride-induced corrosion [23]. The
chloride ingress is modeled by the Fick’s laws of diffusion and described by using cellular automata [24, 25].

The main effect of the corrosion process induced by chloride diffusion is a reduction of the cross-sectional
area of reinforcing steel bars. This effect can be described by means of a dimensionless damage index & which
provides a measure of damage within the range [0,1]. Corrosion may also cause a significant reduction of
ductility of the reinforcing steel bars. Moreover, the formation of oxidation products may lead to propagation of
longitudinal splitting cracks and concrete cover spalling. These effects are modeled as a reduction of both the
ultimate steel strain &, and concrete strength f; as a function of the damage index & [26].

The corrosion rate at point x and time t depends on the chloride concentration C=C(x, t), and damage
initiates once concentration reaches a critical value C=Ci.. Based on available data for chloride attacks, a linear
relationship between corrosion rate and chloride concentration is assumed as follows:

a5,(x.t) _

p g, C(x,1) )

where (s is a damage rate coefficient. Further details on the corrosion model can be found in [24-26].
2.4 Earthquake scenario and seismic demand

For spatially distributed bridges, the earthquake scenario should consider both magnitude and epicentral
distances. The following ground motion prediction equation, proposed by Bindi et al. [27] based on the strong
motion database for Italy, is considered:

log,,PGA =3.672+F,(d,M)+F,(M)+F; + F (2

2 2
Fo(d,M) =[-1.940+0.413(M — M ., )]log,, —”dd”‘ —0.000134 (\/d 24+h? —d,, ) (3)
ref

—-0.262(M —M,)—-0.0707(M —M,)*> ,forM <M,
0 ,otherwise

FM(M)={ (4)

where PGA is in cm/s?, Fo(d,M), Fu(M), Fs, and Fs are the distance function, the magnitude scaling, the site
amplification, and the style-of-faulting correction, respectively, M is the moment magnitude, d is the epicentral
distance (in km), h=10.322 km is a pseudo-depth parameter, drer=1 km, Mrer=5, and My=6.75.
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3. Seismic resilience of road networks
3.1 Network traffic flow analysis

The performance and functionality of road networks where users take part in the origin/destination flows can be
assessed based on traffic flow response and minimum travel time [2]. 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 c; of the arc i—j
can be expressed as a function of several parameters:

Cj =Gj; ( fij 1P road Croad) (5)

where fj is the vehicle flow per unit of time in the arc i—j, proad includes road parameters such as arc length L;
and number of lanes ni, and croaq is the road class depending on several factors, including the minimum distance
dmin between vehicles, the corresponding speed limit, or critical speed vcr, and the maximum speed limit Vmax. The
travel time cj is related to the traffic flow f; as follows [2]:

Y
¢, =c 1+0{ fij ] (6)
i

where c%=Lij/Vma is the travel time at free flow, f;®"=n (ver/dmin) is the practical capacity, =0.15, and =4 [28].

The total travel time TTT, which is the time spent by all users to reach any destination from any origin
departing in a fixed time window, is evaluated as follows [2]:

TT=%% jof" ¢, (f)df @)

iel jeld

where i and j are generic nodes of the network, and | and J are the whole sets of nodes. The optimal traffic flow
distribution is identified by minimizing the total travel time. In this study, initial traffic flows are prescribed a
priori. However, traffic flows related to the condition of the network can also be considered [2, 29].

3.2 Type of users and traffic limitations

The type of users of road networks depends on the needs and duties associated with travels. Three different types
of traffic flows are considered: light vehicles f;, heavy vehicles f,, and emergency vehicles f.. Restrictions to type
of vehicles and limitations to traffic network capacity are applied depending on the damage state of the bridges
in the network [30]. The following four traffic limitations, identified by a Decision Variable DVy=k associated to
four bridge damage levels k=1,...,4, are assumed:

— Weight Restriction (DVy=1): transit of heavy vehicles is forbidden and maximum speed is reduced:;
— One Lane Open Only (DV,=2): only one lane is left open to traffic due to repair activities;

— Emergency Access Only (DVy=3): transit of emergency vehicles only is allowed;

— Closure (DVp=4): transit is forbidden to all vehicles.

The traffic limitations are represented as follows:

f.=0andv__<v._. ,DV, =1
n, =1 ,DV, =2

8
f, =0 ,DV, =3 ®
f,=0o0rn =0 ,DV, =4

where the restriction DVy=k, with k=2,3,4, is inclusive of the traffic limitations associated with DV, < k. In this
paper, the bridge damage thresholds are associated with the attainment of the limit states SD, ED, MD, and SC.

4



b

q’;;ﬁ 16™ World Conference on Earthquake, 16WCEE 2017
R 2

‘;‘ s C Santiago Chile, January 9th to 13th 2017

3.3 Network functionality and recovery model
The functionality Q=Q(t)<[0,1] of the road network is defined as follows [3]:

TTT
t)=—"— 9
Q) T, () 9)
where TTTy and TTTg=TTTq(t) are the total travel times, respectively, of the undamaged and damaged network at
time t. A seismic event that strikes the system at time to may cause a sudden loss of functionality AQ=AQ(to) due
to vehicle restrictions and traffic limitations imposed to damaged bridges.

The functionality drop AQ can be recovered by post-event restoration activities over a recovery time
interval J, = t: —t;, where ti = to+di and t; are the initial and final time of the restoration process, respectively, and
di is the idle time. The purpose of repairing activities is to restore the pre-event seismic capacity of the bridges in
the network. The following recovery model r=r(t)<[0,1] is adopted at the bridge component level [16, 31]:

ppr 0<r<
(=1 " e (10)
1-(1-0)’0-7) ,o<r<l

where 7= (t-t;)/6,€[0,1] is a dimensionless time variable, and w<[0,1] and p>0 are parameters which define the
shape of the recovery profile. The values of the shape parameters depend on the damage state to be restored.

The road network functionality is described by a discrete set of values as a function of the damage state of
the bridges. Therefore, at the network level a constant stepwise recovery model is achieved [32].

3.4 Network seismic resilience

The seismic resilience R of the road network is computed through the integration of the constant stepwise
network functionality recovery function over a time horizon t, as follows:

1
R(t) = —Zm QAtb iAtb,i (11)
t, -1, i ‘

where Qam,i is the level of network functionality over the time interval Aty; between two subsequent steps of the
restoration process, which depends on the damage states and corresponding repair activities carried out on the
bridges in the network. In this way, resilience can be computed for each potential damage state of the network.
An overall measure of resilience versus the seismic demand is achieved by a weighted average of the resilience
levels by assuming damage probabilities, i.e. the probabilities of being in a damage state, as weight coefficients.

It is worth noting that the seismic resilience R=R(to) is a function of the time of occurrence of the seismic
event to due to the combined effects of sudden seismic damage and continuous structural deterioration, which
affect both the functionality drop and the recovery profile [15].

4. lllustrative example
4.1 RC box-girder bridge

The four-span continuous RC bridge shown in Fig. 1 is considered [13, 16, 33, 34]. The total length of the bridge
deck is 200 m, with spans of 50 m. The height of the bridge piers is 14 m. Fig. 2.a shows the box girder cross-
section of the deck. The piers have circular cross-section [35] and are reinforced with 36 steel bars with diameter
@=30 mm, as shown in Fig. 2.b. Roller supports are assumed at the abutments. The constitutive laws of the
materials are defined by the following initial nominal values of the material properties: concrete compression
strength f.=40 MPa; steel yielding strength fs;=450 MPa; concrete ultimate strain in compression £q,=0.35%;
steel ultimate strain €5,=7.5%. Seismic analysis is carried out by considering a uniform gravity load of 315 kN/m,
including self-weight, dead loads and a 20% of live loads, applied on the deck.

5
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200 m
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Fig. 1 — Four-span continuous RC box-girder bridge.
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Fig. 2 — RC bridge: (a) deck cross-section; (b) pier cross-section, with reinforcement layout.

The deck is modeled by elastic beam elements, since nonlinear behavior is expected to develop only in the
piers. Non-linear time-history dynamic analyses are performed for a set of 10 artificial earthquakes generated to
comply with the elastic response spectrum given by Eurocode 8 for soil type B [36, 37].

4.2 Bridge fragility analysis

The piers are exposed to a chloride diffusive attack on the external surface, with nominal concentration C;=3%
[wt.%/c]. A nominal diffusivity coefficient D=15.8x10""* m?/sec is assumed. The corrosion damage is evaluated
by assuming a nominal damage rate coefficient gs = (0.02 year)/Co, with corrosion initiation associated with a
nominal critical threshold of concentration Ceit=0.6% [wt.%/c].

The uncertainties related to the structural system and the damage process are taken into account in
probabilistic terms by assuming the random variables, probability distributions, and coefficients of variation
listed in Table 1 [25, 38]. Nominal values are assumed as mean values. Random variables are considered
uncorrelated. The seismic fragility analysis is carried out by Monte Carlo simulation based on Latin Hypercube
Sampling. Further details about the simulation process can be found in [22].

The results of the probabilistic analysis are shown in Fig. 3 in terms of lognormal fitting of the bridge
fragility curves for each limit state over a 100-year lifetime based on a sample of 1000 realizations (100 samples
x 10 accelerograms). The vulnerability of the bridge to the SD limit state slightly decreases over time due to the
increase of flexibility of the damaged piers in the transition from concrete cracking to steel yielding. For the
other limit states, as expected, the probability of exceedance increases over time due to the effects of corrosion.

Table 1 — Probability distributions and coefficients of variation

Random Variable (t = 0) Distribution C.o.V.
Concrete strength, f. Lognormal 5MPa/f¢ nom
Steel strength, Lognormal 30MPa/fsy,nom
Viscous damping, & Normal ¢ 0.40
Diffusivity, D Normal ¢ 0.20
Damage rate, Qs Normal ¢ 0.30
Chloride concentration, Co Normal 0.30

Critical concentration, Cerit Beta () 0.15

) Truncated distribution with non-negative outcomes. ) Lower bound bmin = 0.2. Upper bound bpmax = 2.0.
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Fig. 3 — Lognormal fitting of the fragility curves of the RC bridge (t = 0, 25, 50, 75, and 100 years).

4.3 Highway network and resilience levels

The highway road network shown in Fig. 4 is considered. The network layout is characterized by one origin and
one destination, two bridges B1 and B; located on the main highway in proximity of the origin/destination nodes,
and a possible detour route with re-entry link. Table 2 summarizes the traffic parameters of the three types of
road segments (main highway, secondary road, re-entry link).

Fig. 4 — Highway network with two bridges, detour route and re-entry link.

Table 2 — Traffic parameters of the road segments.

Traffic Parameters Highway Road Secondary Road Re-entry Link
Length L [km] 10 40 1
No. of lanes n. 3 2 1
Speed limit Vimax [km/h] 130 90 90
Lowered speed limit V__ [km/h] 70 50 50
Critical speed v [km/h] 65 65 65
Minimum distance dmin [m/cars] 30 30 30
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Traffic restrictions are applied to the bridges depending on their damage state. The loss of network
functionality is recovered by post-event bridge repairs, which allow a progressive removal of traffic limitations
[13]. The shape parameters w and p of the bridge recovery profiles are selected based on the damage state to be
restored. In particular, for each damage state k the recovery process of each bridge leads to restore capacity
levels rpsp at time instants t,, with p=1,...,k, with stepwise increments of the network functionality over the
recovery time interval ;. Shape parameters, capacity targets, and recovery time intervals J; are listed in Table 3.

. )

The functionality profile is evaluated based on traffic analysis. For a highway network with two bridges
and five bridge damage states there are 5’=25 possible network functionality profiles. The corresponding
resilience levels are reported in matrix form in Table 4. The resilience matrix indicates the different importance
of the bridges in the network depending on their location. The damage of the bridge that is farthest away from
the re-entry link (bridge B>) is the most critical in terms of network functionality and seismic resilience.

Table 3 — Shape parameters, capacity targets, and recovery time intervals for each bridge damage state.

Damage ) o bs1 Ios2 bs3 ros4 Jr [days]
SD 0.20 2.0 1.00 - - - 30
MD 0.40 3.0 0.50 1.00 - - 90
ED 0.60 4.0 0.20 0.50 1.00 - 180
SC 0.80 5.0 0.05 0.20 0.50 1.00 300

Table 4 — Resilience matrix of the highway network.

Bridge BzBrldge Bi No damage SD MD ED sC
No damage 1.000 0.990 0.958 0.806 0.507
SD 0.978 0.973 0.945 0.806 0.507
MD 0.925 0.921 0.907 0.800 0.506
ED 0.737 0.737 0.736 0.715 0.479
SC 0.380 0.380 0.380 0.376 0.340

4.4 Earthquake scenarios and life-cycle seismic resilience of the highway network

Fig. 5 shows the contour map of the PGA [g] for the moment magnitude M versus epicentral distance d assuming
soil type B of Eurocode 8 [37] and reverse faulting, with site amplification Fs=0.162 and style-of-faulting
correction Fs=0.105 [27]. For a given magnitude, the bridges B: and B, are exposed to different seismic
demand depending on their epicentral distances. The influence of the earthquake scenario on the time-variant
seismic performance of the bridges and life-cycle seismic resilience of the highway network is investigated by
varying the earthquake magnitude and considering a grid of potential epicenters with size 5x5 km, as shown in
Fig. 6. The corresponding seismic demands for bridges B: and B; are reported in Table 5.

For the sake of synthesis and to emphasize the importance of the bridge location in the network layout, the
fragility curves shown in Fig. 3 are assumed for both bridges B; and B, without correlation. However, it is worth
noting that different and/or correlated fragilities can be easily accommodated in the proposed procedure. Fig. 7
shows the seismic resilience of the highway network, computed as the weighted average of the resilience levels
by assuming the damage probabilities as weight coefficients, versus the moment magnitude for the set of
epicenter locations shown in Fig. 6 and different times of occurrence of the seismic event over a 100-year
lifetime. As expected, resilience decreases as the seismic demand increases and bridge epicentral distances
decrease. Moreover, resilience decreases over time due to the detrimental effects of structural deterioration and
the impact of the environmental exposure depends on the earthquake scenario and related seismic exposure of
the most important bridges in the network. This emphasizes the key role of the earthquake scenario in a multi-
hazard life-cycle-oriented approach to seismic design of resilient structures and infrastructure systems.
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Fig. 5 — Contour map of PGA [g] for magnitude M vs epicentral distance d for soil type B and reverse faulting.
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Fig. 6 — Grid of potential epicenters for the earthquake scenarios (grid size 5x5 km).

Table 5 — Seismic demand (PGA [g]) of the bridges B: and B, under earthquake scenarios defined in terms of
moment magnitude and epicenter location: coordinates (x,y) in km, with origin in the bridge B, (epicenter #7).

Bridge B: Bridge B>
M #1 #2 #3 #6 #7 #8 #1 #2 #3 #6 #7 #8
(-5,£5) (0,%5) (5,45) (-5,0) (0,0) (5,0) (-5,£5) (0,45) (5,£5) (-5,0) (0,0) (5,0)

4.0 0.036 0.044 0.036 0.044 0.056 0.044 0.013 0.022 0.036 0.015 0.026 0.044
4.5 0.066 0.080 0.066 0.080 0.100 0.080 0.027 0.044 0.066 0.030 0.049 0.080
5.0 0.115 0.136 0.115 0.136 0.167 0.136 0.052 0.078 0.115 0.055 0.088 0.136
55 0.182 0.212 0.182 0.212 0.255 0.212 0.089 0130 0.182 0.095 0.143 0.212
6.0 0.267 0305 0.267 0305 0.359 0.305 0.142 0198 0.267 0151 0.216 0.305
6.5 0.361 0406 0.361 0.406 0.466 0.406 0210 0279 0361 0220 0.301 0.406
7.0 0529 0583 0.529 0583 0.656 0.583 0.334 0425 0529 0348 0453 0.583
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Fig. 7 — Seismic resilience of the highway network versus the earthquake magnitude for the set of epicenter
locations shown in Fig. 6 (coordinates (x,y) in km, origin in the location of bridge B, epicenter #7) and different
times of occurrence of the seismic event over a 100-year lifetime (t0=0, 25, 50, 75, and 100 years).
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5. Conclusions

. )

A life-cycle probabilistic approach to seismic assessment of bridge structures and resilience analysis of road
networks has been presented and applied to a highway network with RC bridges exposed to chloride-induced
corrosion. A parametric analysis has been carried out by varying the moment magnitude and epicenter location
to investigate the influence of the earthquake scenario and the role of road hierarchy and network structure. It
has been found that the functionality of transportation networks can be substantially reduced due to seismic
damage, in particular when severe traffic restrictions are applied to the most important bridges of the network. In
addition, the effects of aging and structural deterioration can significantly reduce over time the seismic capacity
of the bridges. Therefore, the combined effects of seismic and environmental hazards can exacerbate the loss of
network functionality and make the seismic resilience depending on the time of occurrence of the seismic event.
These detrimental effects can be partially mitigated by detours and re-entry links, or network upgrading with
additional road branches aimed at increasing the minimum level of network resilience over the life-cycle.

The obtained results highlighted the important role of both the environmental exposure and earthquake scenario
in a multi-hazard life-cycle-oriented approach to seismic design of resilient structures and infrastructures.
Additional studies are required to investigate the correlation of the bridges in terms of environmental exposure,
seismic capacities, damage states, and recovery processes, among others. Further research is also needed to
account for the cumulative damage induced by multiple mainshocks or mainshock-aftershock sequences, as well
as for the effects of other interacting natural hazards, including landslides and liquefactions.
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