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ABSTRACT: Risk assessment of transportation networks exposed to seismic hazard should be based on time-
variant probabilistic performance indicators taking into account the aging and deterioration of bridges caused
by environmental stressors. In this context, climate change may exacerbate the deterioration rate, harming the
capacity of the overall network to sustain the impact of earthquakes without experiencing disproportionate loss
of functionality due to excessive traffic flow downtime. This paper presents a probabilistic framework for seis-
mic risk assessment of aging transportation systems based on a quantitative measure of network resilience. The
proposed framework integrates the traffic response of the transportation system with the time-variant seismic
capacity assessment of reinforced concrete structures exposed to chloride-induced corrosion and prescribed
climate change scenarios. The results of the application allow quantifying the detrimental impact of climate
change to each single vulnerable facility in the road network and, in turn, on the overall transportation lifeline.

I INTRODUCTION

Life-cycle risk assessment of infrastructure systems
and lifelines is crucial for the prosperity of communi-
ties in hazard-prone areas. The performance under
emergency conditions of vulnerable infrastructure
systems exposed to extreme events, such as earth-
quakes, can be assessed in terms of resilience, i.e. the
ability of a system to withstand the effects of disrup-
tive events and to recover promptly and efficiently the
pre-event functionality (Bruneau et al. 2003, Deco et
al. 2013, Capacci et al. 2020). The social impact of
historical seismic events provides a clear example of
the increasing need of building resilient transporta-
tion networks, in which bridges are frequently the
most vulnerable components (Bas6z and Kiremidjian
1998).

The seismic capacity and resilience of key bridges
within transportation networks can be severely im-
paired over time by environmental stressors (Biondini
et al. 2015, Capacci et al. 2020). Climate change may
also significantly alter the deterioration rate of mate-
rials and components exacerbating the effects of ag-
ing and structural deterioration of bridges and infra-
structure systems (Stewart et al. 2011, Mondoro et al.
2017, Nasr et al. 2019). In this context, optimal life-
cycle management strategies of critical road networks
should be informed by time-variant performance in-
dicators able to incorporate global warming effects
that may affect the long-term resilience of infrastruc-
ture systems (Capacci and Biondini 2019).

This paper proposes a probabilistic framework for
life-cycle resilience-based seismic risk assessment
that integrates the road network traffic response with
the time-variant seismic vulnerability assessment of
reinforced concrete (RC) bridges exposed to seismic
hazard, environmental stressors, and temperature in-
crease under uncertainty. The probabilistic resilience
of road networks is defined and quantified based on
the capability of essential bridges to sustain over time
the effects of sudden disruptive events without suffer-
ing damage that would force infrastructure managers
to impose prolonged traffic restrictions for the sake of
users’ safety, harming the functionality of the overall
transportation network due to excessive traffic flow
downtime.

The proposed risk measure is assembled by three
main components: the probabilistic seismic hazard
model at the regional scale, the seismic capacity of
vulnerable bridges in the network, and the system ex-
posure representing the consequences of bridge seis-
mic damage and deterioration at the infrastructural
level. The time-variant mean annual rate of exceed-
ance of resilience target thresholds is assessed based
on the probabilistic seismic hazard scenario affecting
a road network with aging RC bridges exposed to
chloride-induced corrosion under prescribed temper-
ature increase scenarios. The results of the presented
application allow quantifying the detrimental impact
of climate change effects to each single vulnerable fa-
cility in the road network and, in turn, on the overall
transportation lifeline.



2 RESILIENCE-BASED RISK ASSESSMENT
2.1 Seismic hazard scenario

The first component in risk assessment is associated
with the quantification of hazards, namely the set of
physical phenomena that can cause structural damage
and operational disruption. Probabilistic Seismic
Hazard Analysis (i.e. PSHA) aims to describe the oc-
currence rate of severe seismic events at a specific site
of interest based on the characteristics of active tec-
tonic faults in the area of interest (McGuire 2004).
The seismic intensity at any location in the region
affected by seismic events is a generally represented
as a lognormal random field given the vector of seis-
mic hazard parameters Hy, which collects the 7 basic
random variables that allow predicting the rate of oc-
currence and severity of earthquakes in the region
(e.g. moment magnitude, epicenter location, etc).
Therefore, the seismic intensity scenario I is a multi-
variate random variable representing the seismic in-
tensity at the site of the n, vulnerable bridges within
the network. The parameters of the lognormal random
field are conditioned on a set of seismic hazard pa-
rameters Hj based on a suitable ground motion pre-
diction equation (GMPE) accounting for the inter-
and intra-event variability of the shaking intensity and
the spatial distribution of the bridge sites with respect
to the seismic source. The probability density func-
tion (PDF) of the seismic intensity scenario fi(i) is de-
fined based on total probability theorem as follows:
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where i and i, are the vectors collecting the outcomes
of seismic intensities and hazard parameters.

Based on the common assumption that the occur-
rence of seismic events of given intensity follows a
Poisson process, the differential annual rate of ex-
ceedance of a given seismic intensity scenario is de-
fined as follows:

|dA@)| = (T2, v) - fi@D) - di (2)

where v is the annual rate of earthquake occurrence
for each of the k-th out of ny seismogenic sources in
the region.

2.2 Bridge network seismic vulnerability

The second component of risk assessment consists in
the quantification of the system vulnerability, which
provides the probability that the network undergoes a
specific damage state in the aftermath of a hazardous
event. The marginal vulnerability of aging bridges
can be assessed based on the exceedance probability
of damage state s, (i.e. fragility curve), corresponding

to the time-variant cumulative distribution function
(CDF) of the bridge seismic capacity I, with respect
to the damage state itself:

P[Sp(t) = splip] = Fls,b(t)(ib(t)) (3)

where S} is a discrete univariate time-variant random
variable representing the damage state of the b-th
bridge in the network. The time-dependency in bridge
fragility is due to the fact that the vulnerability of each
bridge can be affected by detrimental effects of phys-
ical damage suffered due to aging effects coupled
with extreme loading conditions during the bridge
lifetime and the beneficial effects of maintenance and
retrofit investments designed to improve the struc-
tural reliability (Biondini e al. 2006, Mari and Bairan
2008). In the present paper, the dependency with time
of bridge seismic capacity is associated with aging
and deterioration of the structural system and time-
variant fragility curves. Other sources of damage
could be incorporated such as the cumulative earth-
quake damage under successive earthquake shocks
(Kumar et al. 2009).

Fragility curves represent the exceedance proba-
bility of a damage state given i at the h-th bridge. The
occurrence probability of such damage state corre-
sponds to the difference between fragility curves as-
sociated with subsequent damage states as follows:

P[Sy (1) = splin] = Fii_, yoUp) = Fi () (4)

The occurrence of a specific bridge damage combina-
tion s given the seismic intensity scenario i can be de-
fined as the probability of the intersection of the set
of events representing the damage state occurrence s
of each bridge given the seismic intensity i, at the
bridge site:

{S(®) = s|i} = {N,2,[Sp () = splip]} (5)

where S is a discrete multivariate time-variant ran-
dom variable representing the combination of bridge
damage states. It is worth noting that the occurrence
probability of a given damage combination s does not
only depend on the seismic intensity at each site ip,
but also on the correlation between the seismic capac-
ities of each pair of bridges in the network (Capacci
and Biondini 2018, Capacci et al. 2020).

2.3 Lifetime seismic risk of bridge networks

The third component of risk assessment regards the
system exposure, which quantifies based on appropri-
ate performance indicators the operational disruption
due to earthquake-induced structural damage. After



the occurrence of a seismic event at time ¢, infrastruc-
ture managers may be forced to apply a set of traffic
limitations due to the damage suffered by the vulner-
able bridges in the network. Repair activities allow
releasing at discrete time instants ¢ the traffic re-
strictions when the bridge load-carrying capacity is
restored. The system functionality profile for a given
damage combination s can be defined in stepwise
form as follows:

Q(t;s) =Q;(s) ti(s) =t <tjyq(s) (6)

where 7, is the number of recovery steps and Q; and ¢;
are the j-th recovery step functionality level and the
time instant, respectively, Vj€[0,n,(s)]. In particular,
ta+1=ty corresponds to a prescribed horizon time. The
functionality levels Q;, the recovery time instants ¢
and the number of recovery steps n; are affected by
uncertainties related to the recovery strategy adopted
for each bridge. In the proposed framework, the re-
covery process is directly related to the post-earth-
quake damage state of each bridge collected in vector
s. Further details on the model for functionality as-
sessment are provided in Capacci et al. (2020).

In the proposed framework, the resilience measure
is quantified given the occurrence of a bridge damage
combination s as the integral mean of the functional-
ity profile from the time of occurrence time 7 up to a
fixed horizon time #;:

R(s) = 5[, @t s)dt (M)

The uncertainties in the constitutive parameters of the
functionality profile are also affecting the resilience
measure. Based on the total probability theorem (Ang
and Tang 2007), the time-variant CDF of the resili-
ence measure conditional on a given seismic intensity
scenario i can be defined as the weighted sum of the
marginal resilience measure CDFs associated with a
prescribed bridge damage combination s weighted by
its probability of occurrence under given i (Capacci
and Biondini 2020):

Friyi = 2y Fris - PIS(E) = sli] (8)

Given the Poissonian nature of the seismic hazard
scenario, seismic risk can be quantified based on the
annual failure rate of meeting a prescribed target for
the resilience measure as follows:

VRST(rl t) = fgﬁ’lb FR(t)|l(r|l) : |d2(l)| (9)

3 PROBABILISTIC DAMAGE ASSESSMENT
3.1 Corrosion initiation time

Empirical evidence shows that the complex nature of
aggressive agents transport in concrete can be effec-
tively represented as a diffusive process, motivating
the adoption of Fick’s diffusion model to represent
analytically the chloride ingress in concrete (Bertolini
et al. 2004). The solution of the diffusion equation al-
lows defining the initiation of corrosion damage, trig-
gered at time 7, when the chloride concentration
reaches a critical threshold value C.,. The numerical
solution of the diffusion equation could be achieved
by means of cellular automata (Biondini et al. 2004,
Titi and Biondini 2016). In the applications of this pa-
per, 2D and 3D diffusion effects are negligible and
the solution of the 1D Fick’s model is considered
(Duracrete 2000, fib 2006, Stewart et al. 2011):

C(x,t) =C, [1 - erf( (10)
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where D is the reference diffusivity coefficient, x is
the concrete cover depth. The function f7(¢) models
the effect of temperature on diffusivity based on Ar-
rhenius Law (Stewart et al. 2011):

fr(t) = exp [i_z (% - 27341-7_"(1:))] (D

where E,~40 kJ/mol is the activation energy of the
diffusion process, Rg=8.314x10 kJ/mol K is the gas
constant and T'(t) is the time-variant average temper-
ature in Celsius degrees. It is worth noting that high
temperatures have a detrimental impact on corrosion
initiation, reducing the resistivity of concrete to the
ingress of aggressive agents.

3.2 Corrosion penetration rate

Corrosion leads to a local breakdown of steel protec-
tive oxide film in alkaline concrete and acts as anode
for the cathodic reaction of oxygen reduction taking
place with the surrounding still passive areas. Pits of
irregular shape are produced where corrosion takes
place with a rate proportional to the electrical current
density ico developed during the chemical reaction
(Bertolini et al. 2004). Experimental evidence indi-
cates that the corrosion rate increases with tempera-
ture and the following stepwise linear relationship is
used (Duracrete 2000, Stewart et al. 2011, Bastidas-
Arteaga et al. 2013):

icorr(t) = leorr—20 (1 + K(T(t) — 20)) (12)



where icom-20 1 the corrosion rate at 20°C, 7(¢) is the
time-variant temperature profile and K=0.025 or
K=0.073 when the temperature is lower or larger than
20 °C, respectively.

Based on Faraday’s law, the corrosion current den-
sity is proportional to steel mass loss, which can be
expressed in terms of the pitting penetration rate:

9ps
ot

(13)
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where pjy is the corrosion penetration depth and ps is
the steel volumetric mass density, e.c,=M/(zF) is the
electrochemical equivalent of a corroding metal,
M=55.8 g/mol is the iron molar mass, F=96493 C/mol
is Faraday’s constant, z is the ion valence formed fol-
lowing the anodic reaction (generally assumed to be
2). The pitting factor Ryis typically between four and
eight (Gonzalez et al. 1995) and it defines the ratio
between pit penetration depth and average penetra-
tion depth measured empirically to calibrate the cor-
rosion rate. The time-variant penetration depth py(?)
can be evaluated integrating numerically the penetra-
tion rate as a function of the temperature profile.

3.3 Mechanical damage of RC members

Pitting corrosion leads to a localized loss of steel mass
of irregular form generally described by simplified
geometrical models, such as hemispherical shapes
with radius equal to the penetration depth (Val and
Melchers 1997, Biondini and Vergani 2015). The re-
duction of resisting area of a corroded bar is defined
in terms of the time-variant deterioration index Js (i.e.
percentage mass loss) scaling the undamaged steel
bar area 4,0 as follows:

As(8) = [1 = 65(0)] - Aso (14)

Tensile tests on corroded bars show that limited
mass loss may lead reinforcing steel bars to experi-
ence brittle failure modes (Almusallam 2001). Exper-
imental evidences also show that the amount of mass
loss can be informative of the reduction of steel duc-
tility induced by the corrosion process (Apostolopou-
los and Papadakis 2008). Furthermore, the formation
of oxidation products leads to the propagation of lon-
gitudinal cracks along the concrete cover up to its de-
lamination and spalling. The effects of such degrada-
tion process can be modelled by reducing the
effective concrete compression strength f in terms of
the deterioration indices of the steel longitudinal rein-
forcement bars d,. Further details on the degradation
laws adopted in this paper for longitudinal reinforce-
ment area, steel ductility, and concrete cover strength
are presented in Biondini and Vergani (2015).

3.4 Probabilistic environmental damage assessment

The aging process is affected by uncertainties and the
time-variant PDF of the bridge deterioration indices
05(f) can be quantified based on the total probability
theorem:

fsb(t)(sb) = ngne chb(t)me(sblne) 'fHe(ne)dne (15)

In particular, 85(¢)€[0,1] is a multivariate stochastic
process defining the ns bridge deterioration indices
with outcomes 6 and the vector He collecting the n.
basic variables that constitute the multivariate distri-
bution of environmental hazard, whilst vectors n. col-
lects their outcomes. It is worth noting that the nota-
tion adopted for the environmental hazard assessment
is consistent with the one used for seismic hazard as-
sessment.

Therefore, time-variant fragility curves can be de-
fined based on the damage-dependent fragility curves
and the total probability theorem:

Fls,b(t) (lb) = f[OXl]n5 fERnk Fls‘bl&l((ib |81 K) '

’ fsb(t) (6) '

(k) dk d8 (16)

where K and k collect the n; random variables and
their outcomes, respectively constituting the multi-
variate distribution of basic bridge mechanical pa-
rameters.

4 APPLICATION

4.1 Seismic hazard scenario

Area sources are often used in practice when the com-
plex spatial distribution of the epicenters of historical
earthquakes discourages the choice of hazard models
that attribute them to their causative fault (Barani et
al. 2009). Figure 1 represents the ZS9 seismic zona-
tion related to the Italian scenario. The benchmark
network is located in the city of L’ Aquila represented
by the white dot in Figure 1 (Lat. 42.35°, Lon. 13.40°)
surrounded by “zone 923”.

The area source is characterized by the normal
prevalent faulting mechanism and truncated Guten-
berg-Richter distribution (Gutenberg and Richter
1944) presented in Figure 2 (thin line), with shape pa-
rameter b=1.05, annual recurrence rate of events with
magnitude vi>4.76=0.14, and minimum and maximum
moment magnitude mmin=4.76 and mma=7.06, re-
spectively (MPS Working Group 2004).
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Figure 1. ZS9 seismic zonation and sample epicenter locations
at the site of interest.

The ground motion prediction model derived from
the Italian strong motion database is adopted (Bindi
et al. 2011). The prediction model allows simulating
the seismic intensity measures i, at each bridge site
given source-to-site distances and moment magni-
tudes. A simulation framework based on Importance
Sampling has been adopted to reduce the computa-
tional effort without compromising the accuracy of
the risk estimates (Jayaram and Baker 2010). The
black dots in Figure 1 represent 2000000 realizations
of the sample epicenter locations within the selected
are sources. The same number of samples is drawn
from the right-skewed distribution represented with
thick line in Figure 2, characterized by a probabilistic
model of the truncated Gutenberg-Richter distribu-
tion with shape parameter »=-1.0. This allows in-
creasing the likelihood of sampling earthquakes lead-
ing to higher seismic intensities at the bridge sites
and, in turn, severe damage state combinations.

4.2 Temperature scenarios and aging process

Two temperature scenarios are considered. The first
scenario assumes constant average annual tempera-
ture of 15°C and equal annual duration of hot and cold
season and peak seasonal temperature variations
equal to +£10°C. Seasonal variations are taken into ac-
count with sinusoidal oscillations about the average
temperature trend (Bastidas-Arteaga et al. 2013).

Table 1. Random variables associated with environmental hazard.

A second scenario under climate change is charac-
terized by a constant increase of the average annual
with rate +0.04-°C/year and a linear increase in the
annual duration from 50 to 60% for hot season and 50
to 40% for cold season. Figure 3 represents the pre-
scribed temperature profiles with and without climate
change (continuous and dashed lines, respectively).
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Figure 2. Truncated Gutenberg-Richter CDFs for zone 923 of

789 zonation (thin line) and for selected sampling distribution
(thick line).
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Figure 3. Prescribed temperature scenarios with (continuous
line) and without (dashed line) climate change effects.

Variable

Distribution Mean Value u C.o.V.
Diffusivity D Truncated Positive Normal 15.8x1072m?/sec 0.20
Aging Coefficient a Beta between 0.0 and 1.0 0.30 0.12/u
Surface Concentration Cy Truncated Positive Normal 4.0 wt.%/c 0.20
Critical Concentration Ce, Beta between 0.2 and 2.0 wt.%/c 0.6 wt.%/c 0.15 wt.%/c/u
20°C Corrosion rate icom20 Lognormal 2.586 pA/cm? 1.724 uA/em? / u
Pitting Factor Ry Gumbel 7.1 0.17/pu




Monte Carlo simulations are carried out to assess
the time-variant probability density function of the
deterioration index. Table 1 collects distributions and
parameters of the aleatory uncertainties involved in
the deterioration process. Figure 4 represents the
time-variant empirical CDF of the deterioration index
os every 20 years for the prescribed temperature sce-
narios. Early initiation and rapid rate of corrosion in-
duced by climate change can have a substantial im-
pact on the percentage mass loss of steel bars.
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Figure 4. Time-variant empirical CDF of the steel damage index
with (continuous lines) and without (dashed lines) temperature
increase.

4.3 Aging fragility curves under climate change

The three-span continuous RC bridge shown in Fig-
ure 5a (adapted from Bouassida et al. 2012) is ana-
lyzed. The total length of the bridge is 81 m, with lat-
eral spans and central span of 23 and 35 m,
respectively. The height of both piers is 8.5 m and, as
shown in Figure 5b, they are characterized by circular
cross-section reinforced with 21 steel bars with
32mm-diameter. Table 2 collects the basic random
variables associated with model uncertainties of the
bridge piers: concrete strength f., yielding strength f;,
and damping ratio ¢ (with positive truncated normal
distribution). The deck is modeled as elastic system
(Capacci et al. 2020).

1.60 m
I 81 m -
_2lm 35m o 2lm
w 21032
(a) (b)

Figure 5. RC bridge. (a) Longitudinal profile; (b) piers cross-
section.

Table 2. Random variables associated with bridge properties.

Variable Mean Value u CoV
Concrete Strength f. 38 MPa 5MPa/ u
Yielding Strength f;, 500 MPa 30 MPa/ u
Damping Ratio & 3.0% 0.4

Damage state exceedance is associated with the at-
tainment of progressively restrictive conditions on a
damage measure Y, informative of the accumulation
of excessive plastic strains in critical regions after the
occurrence of a seismic event of intensity #5. In this
paper, xp is the maximum response curvature at the
base of the bridge piers and the attainment of each
damage state is associated with the capacity thresh-
olds ¥ p defined as follows:

e Slight Damage: x5 ,(s6 = 1) = Xy

e Moderate Damage: ¥, (sp =2) = Xy + 0.3)xpp
e Extensive Damage: ¥ ,(sp = 3) = xyp + 0.6xp 1
e Structural Collapse: Y5 p(s6 =4) = Xup-

In particular, Yp, ,=Xu bp-Xyp» 18 the margin between ul-
timate curvature y,, and first yielding curvature
Xy,p- The failure probabilities for each intensity meas-
ure ip are computed based on a procedure involving
importance sampling on the deterioration damage in-
dex os. Fragility curves are then calibrated by linear
regression given the failure probability at given inten-
sity measures i, (Lallemant et al. 2015) fitting a
lognormal model for seismic capacity:

In ib—ls,b(t)) (17)

Fls'b(t) - CD( Is,p(t)

where Asp and {» are mean and standard deviation,
respectively, of the logarithm of the seismic capacity
L ». Figure 6 shows the time-variant parameters of the
fragility curves from 0 to 80 years every 5 years. The
thickness of each line increases with damage severity.
The seismic vulnerability to first yielding occurrence
(sp=1) is slightly affected by chloride-induced corro-
sion, whilst aging dramatically reduces the median
and increases the dispersion of fragility curves for any
damage state s,>1. The climate change scenario exac-
erbates such trends, increasing medians decay and
dispersions increase rate.

4.4 Target resilience annual exceedance rate

The seismic resilience of the simple road network
shown in Figure 7 is investigated (Capacci and
Biondini 2020). The network includes one Origin
node (O) and one Destination node (D) of the traffic
demand connected by a main highway with two iden-
tical bridges at a relative distance of 5 km. The seis-
mic capacity of the bridge pair is assumed to be sta-
tistically independent. The OD pair is also connected
by a secondary detour route with a re-entry link. Fur-
ther details on the adopted model for post-earthquake
bridge recovery under uncertainty and the assessment
of functionality profile and network resilience are
presented in Capacci and Biondini (2018, 2020).
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Figure 6. Time-variant parameters of bridge seismic fragility
curves: (a) median and (b) logarithmic standard deviation.
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Figure 7 — Benchmark road network with spatially distributed
aging RC bridges.

Figure 8 shows in semi-logarithmic scale the nu-
merical estimate of the lifetime annual rate of failure
in meeting a prescribed target of network resilience
between 80 and 90%. The annual failure risk measure
v, increases with large resilience targets, associated
with higher performance levels that the network is re-
quired to fulfill. Bridge aging can severely affect the
annual failure rate after 20 years, namely when the
deterioration process remarkably affects the fragility
curves of moderate to severe damage states compared
to the pristine bridge conditions, i.e. #p=0.

Figure 9 represents the annual failure rate in meet-
ing a prescribed resilience target of 85%. These re-
sults emphasize the detrimental impact of the climate
change scenario. The seismic risk measure under ris-
ing temperatures increases of one order of magnitude
when the infrastructure reaches 50 years of age, about
five years earlier with respect to the scenario with
constant average temperature.
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Figure 8. Annual rate of failure in meeting a prescribed target of
network resilience between 80 and 90% at different times with
(continuous lines) and without (dashed lines) climate change.
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Figure 9. Lifetime annual failure rate with 85% resilience target
with (continuous line) and without (dashed line) climate change.

5 CONCLUSIONS

Depending on environmental aggressiveness, RC
bridges may suffer significant reduction of seismic
capacity over time leading to intensify the potential
impact of severe earthquakes at the network level.
These effects can be exacerbated by climate change
effects. A probabilistic framework for lifetime seis-
mic risk assessment of aging bridge networks has
been proposed based on the definition of a quantita-
tive measure of system resilience. The impact of cli-
mate change on seismic risk of aging has been taken
into account considering scenarios of seasonal varia-
tions and increasing average temperatures. The pro-
gressively increasing seismic vulnerability of ex-
posed bridges induced by corrosion and rising
temperatures can severely affect the annual rate of
failing to meet suitable resilience target.

The proposed application emphasizes the im-
portance of formulating appropriate lifetime perfor-
mance indicators that would inform design, mainte-
nance and retrofit policies supporting the decision
making process for new and existing structures under
climate change. Further research efforts should be de-
voted to the incorporation of additional climate
change factors, such as the impact of gas emissions,
on both the occurrence and rate of deterioration pro-
cesses and other related hazards.
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