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Abstract: As a consequence of climate change impact, a significant variation in terms of temperature,
atmospheric humidity, and carbon dioxide concentration levels is happening. This condition leads
to several negative effects on the safety and the life cycle of existing concrete structures, such as the
increase in the rate of material degradation, due to corrosion phenomena. In fact, the presence of
carbonation and corrosion phenomena significantly influence the load-bearing capacity of existing
reinforced concrete (RC) structures, under both static and dynamic loads. Among the wide range of
existing RC constructions, bridges stand out for their importance. Furthermore, as structures directly
exposed to the weather effects, they are more susceptible to these phenomena. In this paper, the
influence of corrosion on existing RC motorway viaducts’ seismic behavior, considering the impact
of climate change, is investigated, by means of an efficient procedure based on the implementation
of 3D simplified finite element models and the use of analytical relations to obtain the amount of
reduction in the steel reinforcement area as a function of the age of the bridge and of the different
corrosion scenarios analyzed. Several scenarios for the expected variations in CO2 concentrations,
temperature, and relative humidity are evaluated, considering that most of the viaducts present in
the Italian motorway network were built between the 1960s and the 1970s. The results obtained
using the projection of climate change impacts are compared with those calculated considering the
corrosion scenarios resulting from the DuraCrete research project, to understand if the evolution of
climate change leads to worse scenarios than those previously assessed.

Keywords: climate change impact; seismic performance; existing reinforced concrete bridges; corrosion

1. Introduction

During the last few years, the attention paid to safety assessments of existing rein-
forced concrete (RC) viaducts has grown significantly, especially due to several collapses
that involved this kind of structure [1–5]. One of the major causes that affects the load-
bearing capacity of existing RC motorway viaducts, both in serviceability conditions and
under extreme action, is the corrosion of the piers’ steel reinforcement, which can be due to
carbonation or the presence of chlorides [6–8]. In fact, among the different types of degra-
dation of RC constructions, corrosion of the steel rebar is the most usual one, considering
that all the main structural elements of RC bridges are subjected to the same environmental
conditions at the construction site. Moreover, the intensification of environmental pollution
and the impacts of climate change have influenced the continuous evolution of corrosion
phenomena, as demonstrated by several research works developed in recent years [9–13].
In particular, the effects of climate change are currently considered and studied in an
international context, using several models. It is well-known how rainstorms or tropical
cyclones significantly influence the structural stability of motorway bridges and viaducts,
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especially if these are characterized by reduced spans, due to possible erosion phenomena
or the presence of additional actions [14,15].

Considering that the above-described corrosion effects act on the steel reinforcement
of the concrete structural elements of existing RC bridges and viaducts, it is possible to
highlight that the carbonation effects mainly affect the piers, while the presence of chlorides
mainly affects the deck, particularly if de-icing salts are used. Therefore, the safety level
and the related structural behavior of existing RC viaducts are strictly influenced by the
possible presence of corrosion phenomena, under both static and dynamic loads.

Focusing the attention on the Italian motorway networks, it is important to note that
most of the RC bridges were designed and built between the 1960s and the 1970s, without
considering seismic actions. Consequently, taking into account the ageing issues and the
actual seismic loads defined by the Italian Building Code [16], a correct scheduling of
appropriate maintenance interventions is required. For this reason, maintenance and visual
inspections are the key actions, in order to prevent bridge collapses [17–19]. Moreover, the
growing use of structural health monitoring (SHM) techniques is fundamental, to be able
to evaluate the maintenance states of existing RC bridges over time [20–22].

According to the development of the recent international design codes, different meth-
ods have been proposed to assess the seismic performance of existing RC structures. One of
the most widely used approaches is the pushover analysis [23,24], considering the increase in
the use of non-linear techniques. However, the application of this method is quite limited for
constructions whose dynamic behavior is defined by a predominant translational vibration
mode. Another approach used in recent decades is the non-linear time history analysis
(NTHA), but it is characterized by different critical aspects, especially if applied to structures
that are very developed in length and which cross different geomorphological conditions.
Furthermore, this type of analysis is characterized by high levels of computational effort, and,
for these reasons, this approach is not commonly used by designers. In recent years, different
research groups have developed several types of fragility curves to obtain results regarding
the seismic behavior of existing RC viaducts [25–29]. Another method, widely used in recent
decades, is incremental dynamic analysis (IDA), as presented in [30].

In the first decades of the 2000s, refs. [31,32] extended the application of modal
pushover analysis (MPA) to the assessment of the seismic vulnerability of reinforced
concrete bridges. This approach, developed in [33,34], was initially applied to the de-
termination of the seismic behavior of unsymmetrical-plan constructions. Basically, this
approach is a development of response spectrum analysis (RSA), which is used to evalu-
ate the seismic behavior of irregular buildings characterized by a dynamic behavior not
governed by one vibration mode with a high participating mass, and, consequently, the
contribution of the higher modes is not negligible.

As described in [35–38], the RC viaducts present in the Italian motorway network are
also characterized by a dynamic behavior which cannot be defined by one vibration mode.
Therefore, the evaluation of their correct dynamic behavior still represents an important
civil engineering issue, as in the case of long or multi span viaducts with cantilever or
frame piers and elastomeric bearings. In the presence of this type of structure, the standard
pushover analysis is not a suitable approach. Moreover, corrosion effects significantly
influence the dynamic behavior of existing RC bridges, due to the piers’ stiffness and
strength reductions.

The present paper analyzes the impacts of climate change (in terms of the increase
in temperature and the variation in relative humidity), which influence the development
of corrosion phenomena due to carbonation, on the seismic performance of existing RC
viaducts. A method of investigation for RC bridges is proposed, based on the literature
models that relate the variation in climate parameters to corrosion processes induced by
carbonation, taking as a benchmark a real case study: an existing RC viaduct of the Italian
motorway network, built around the 1970s and located in the province of Massa-Carrara.

The paper is organized as follows: in Section 2, the climate model projections are
described in detail, highlighting the relation with the development of the corrosion effects
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due to carbonation. In Section 3, the proposed structural modelling approach is explained,
also considering the evaluation of the carbonation phenomenon, expressed as the reduction
in pier steel reinforcements. Section 4 reports the use of the proposed method on the
chosen viaduct, where its seismic performance is defined through appropriate risk indices,
obtained as the ratio between the peak ground acceleration, which leads to the collapse of
the first monitored structural element (PGAC), and the design peak ground acceleration
(PGAD), evaluated as reported in [16], as well as the related return periods (RPC and RPD).
Finally, in Section 5, some concluding remarks are drawn.

2. Climate Change’s Impact on the Corrosion Rate

As highlighted in [39–41], the durability and reliability of RC bridges are significantly
affected by climate change, which involves variations in three fundamental environmental
parameters: (i) temperature, (ii) relative humidity, and (iii) CO2 (carbon dioxide) concentra-
tion levels. In this research work, the attention is focused on the variation in temperature
due to climate change and its influence on the evolution of the mean corrosion current
density icorr [42].

The evaluation of future climate evolution is based on several assumptions regarding
future trends in socio-economic dynamics, future concentrations of greenhouse gasses, and
variations in land use and land cover, which determine an increase in radiative forcing, as
the variation in the energy flux in the year 2100 will be equal to 2.6, 4.5, 6.0, and 8.5 W/m2,
in comparison with the values of the pre-industrial era. From this, we can define the
representative concentration pathways (RCP), as reported in [43]. Two main scenarios are
considered in climate risk studies [44–47]: (i) RCP4.5 and (ii) RCP8.5. According to the
last IPCC (Intergovernmental Panel on Climate Change) report [48], an average increase
in global mean surface air temperature of 2.7 ◦C and 4.4 ◦C is expected at the end of the
century (in the period of 2081–2100) for RCP4.5 and RCP8.5 scenarios, respectively. In
fact, for these two scenarios, several climate projections can be found in current literature
and, for this reason, have been adopted in this research work, considering that they
correspond to medium and maximum pathways. The expected variation in the climate
parameters is evaluated through the analysis of obtained climate projections, considering
high-resolution regional climate models run according to RCP4.5 and RCP8.5, provided by
the EURO-CORDEX project [47]. It is important to notice that only a limited number of
climate projections are available, and, for this reason, it is useful to evaluate the increase
in temperature over time using a probabilistic approach based on weather generation
techniques, such as suggested in [49].

As mentioned in Section 1, the temperature variation over the years due to climate
change is strictly linked to the increase in the corrosion rate of steel reinforcements, follow-
ing the model developed by [43]:

icorr(t) = icorr,20[1 + 0.025(T(t)− 20)] f or T(t) < 20◦C
icorr(t) = icorr,20[1 + 0.073(T(t)− 20)] f or T(t) > 20◦C

(1)

where icorr,20 represents the value of the mean corrosion current density at 20 ◦C, which is
strictly related to environmental exposure. Focusing attention on the location of the investi-
gated RC bridge, i.e., Massa-Carrara (longitude: 10.141; latitude: 44.025), an ensemble of
climate projections of daily temperatures is extracted from the Copernicus Data Store and
combined with the available observations at the closest weather station. In fact, climate
models provide gridded data, which are always characterized by a different resolution
from point observations, and there is a need to bridge this scale gap to use these data in
engineering applications [50]. Among the different calibration strategies [51], the delta
change approach is adopted, and the time series of future temperatures are evaluated by
adding, to the observed time series at the weather station, the climate change signal derived
from the analysis of climate projections [52].

Figure 1a shows the resulting trend of yearly average temperatures at the investigated
location, while in Figure 1b the related percentage increase in corrosion rate is reported. The
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variation in corrosion rate up to 14% is expected at the end of the century, when taking into
account only yearly variation, but even higher changes are expected when daily variations
are considered in the analysis [42].
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The reference values of icorr,20 is reported in [53,54], depending on the exposure
of the structural elements. The corrosion rate icorr,20 values, equal to 0.172, 0.345, and
0.431 µA/cm2, are given in [53] for the following exposure classes: C2—wet/rarely dry
(unsheltered); C3—moderate humidity (sheltered); and C4—cyclically wet–dry (unshel-
tered), respectively. Starting from these values, the variation in icorr as a function of time is
evaluated and illustrated in Figure 2.
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humidity (sheltered), and C4—cyclically wet–dry (unsheltered) exposure (icorr,20 = 0.172, 0.345, and
0.431 µA/cm2, respectively).

Different outcomes are obtained when considering the icorr,20 reference values reported
in [54] for low, moderate, and high corrosion scenarios (0.1, 1, and 5 µA/cm2) as highlighted
by the variations illustrated in Figure 3.

Another widely used model used to evaluate the effect of temperature variation on
corrosion rate is obtained by starting from the well-known Arrhenius law [9], defined by
the following Equation (2):

icorr(t) = icorr,20exp
(

E
R

(
1

293
− 1

273 + T(t)

))
, (2)

where E indicates the activation energy of the diffusion process equal to 40 kJ/mol and R
represents the gas constant (8.314 × 10−3 kJ/mol K). Considering this approach, which
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is also adopted in the model code for service life design [55], the obtained percentage of
variation is greater than the previous one, showing an increase of up to 30% at the end of
the century when yearly variations are considered (Figure 4). The associated icorr values
and their variation over time, which can be compared with those given in Figures 2 and 3,
are shown in Figures 5 and 6.
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For this reason, only the variation in mean corrosion current density (icorr) with time
evaluated, taking into account the same reference value, icorr,20, given in [53,54], is consid-
ered in this work.
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3. Structural Modelling and Analysis Method

To assess the seismic vulnerability of existing RC viaducts in the presence of corrosion
of the steel reinforcement due to carbonation, the structural modelling approach described
in [56] is used. This method starts with the realization of simplified 3D FEMs (finite
element models) by means of the MIDAS Civil 2023 commercial software [57], using only
Timoshenko beam elements to implement the main structural elements, such as the deck, the
pier caps, and the piers, in order to optimize the computational effort, while the elastomeric
bearings are modelled using elastic links characterized by rotational and translational
stiffnesses, evaluated as reported in [58]. The connection between the previously mentioned
elastic links and the beam elements of the deck and the pier caps is realized by means
of rigid links (Figure 7). In order to obtain the correct dynamic behavior of this type of
structure, a reduction in the piers’ bending stiffness is introduced by means of appropriate
scale factors, considering the main points which define the moment–curvature (M–χ)
diagram of the piers’ gross-sections, applied to the concrete cross-section elastic stiffness,
which characterizes the piers of the viaduct, using the relation reported in [59]. The stiffness
which characterizes the deck, instead, is not reduced, as this remains within the elastic
range when the viaduct is subjected to a seismic event [60,61].

The pier foundations and the abutment are not implemented in the FEM but are
modelled as perfect restraints, applied at the node located at the bottom end of the pier and
at the nodes representing the base of the elastomeric bearings present in the abutment–deck
interface, respectively.

The presence of the deck pavement and guard rails (non-structural elements) is intro-
duced in the FEM by means of uniform distributed loads applied, in correspondence with
the beam elements representing the deck. Also, the presence of the deck cross beams is
added through the application of nodal loads to the beam elements representing the deck,
in correspondence with their position along the deck’s longitudinal axis. The traffic load is
not considered in this work, according to the method reported in [16].

For each pier, two collapse mechanisms are evaluated: (i) the ductile and (ii) the
brittle collapse mechanism. In particular, the first failure mechanism is governed by the
trend of the M–χ diagram, which characterizes the pier gross-section and presents a large
strain-hardening plastic behavior, which follows an initial elastic branch; the second failure
mechanism is defined by a load–displacement diagram having a linear behavior, until the
ultimate shear strength of the monitored structural element is reached. It is important
to highlight that the first failure mechanism is governed by the rotational capacity of the
monitored plastic hinge. The development of the second failure mechanism depends on
the pier shear strength.

To introduce the non-linear behavior of the materials, two different constitutive laws
are adopted: the Kent and Park model [62] and Park strain hardening [63] model, for
concrete and steel reinforcement, respectively.
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Considering the first ductile failure mechanism, the verification criteria adopted is the
achievement of ¾ of the ultimate rotation, θu, while the brittle collapse mechanism is the
overcoming of the shear strength of the considered pier, evaluated using the cyclic shear
resistance method proposed by [64].

The corrosion effects are implemented in the FEM using an analytical model that
describes the evolution of the reduction of the steel reinforcement diameter. Basically,
in this approach, the corrosion penetration in a generic concrete volume is described by
a parabolic law, as follows:

s = k·t
1
n , (3)

where s is the carbonated concrete layer thickness, k represents the penetration rate coeffi-
cient, and t indicates the time. Considering that the analyzed viaduct was built in the 1970s,
n = 2 can be fixed, considering that it was built using normal compacted concrete [65]. The
steel reinforcement reduction diameter and area are calculated using Equations (4) and (5),
respectively:

d(t) = d0 − 2P(t) = d0 − 2icorrk(t − ti), (4)

As(t) = π[d0 − 2icorrk(t − ti)]
2/4, (5)

where d0 is the initial diameter of the steel reinforcement and ti is the time of corrosion
initiation.

Equation (4) explains the variation over time of the steel reinforcement diameter d,
which depends on the corrosion penetration P(t). Equation (5), instead, regulates the related
variation over time of the cross-section area of the steel rebar.

In this work, three different corrosion levels are considered, following the indications
reported in [53,54] and discussed in the previous Section: (i) slight, (ii) moderate, and
(iii) high. For each analyzed corrosion level, two different assumptions were made, to
obtain the icorr,20 value. The first assumption is based on [53], where icorr,20 values equal
to 0.172 µA/cm2, 0.345 µA/cm2, and 0.431 µA/cm2 represent slight, moderate, and high
corrosion scenarios, respectively. In the second assumption, the icorr,20 values are estimated
considering the indications reported in [54]. In this case, icorr,20 values equal to 0.1 µA/cm2,
1 µA/cm2, and 5 µA/cm2 represent slight, moderate, and high corrosion levels.

The variation over time of the steel reinforcement diameter is evaluated by considering
the difference between d0, which represents the initial diameter, and d(t), which indicates
the diameter calculated at the time t, which is obtained using the corrosion effects. It can be
highlighted that the variation of the steel reinforcement diameter depends on the initiation
time (ti), considered to be a random variable, and on the mean corrosion current density
(icorr) value, which is evaluated, in this work, by considering the previously discussed
different assumptions reported in [53,54]. With an initial value of concrete cover thickness
equal to 25 cm, the procedure is repeated iteratively using different values of concrete cover
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thickness. The other parameters considered constant are illustrated in Table 1, where fck
is the concrete compressive strength, k is the penetration rate coefficient, εu,0 is the steel
ultimate deformation, w/c is water/cement ratio, and ti is the initiation time.

Table 1. Constant parameters.

fck k εu,0 w/c ti

[MPa] [-] [%] [-] [year]
28 0.0116 9 0.6 13.5

The effects of corrosion processes over time are calculated with the following time
steps: when the bridge was built, and 13.5 years, 50 years, 75 years, and 100 years after
its construction. To obtain the seismic performance of the viaduct considering the above-
mentioned time steps, a multi-modal pushover analysis is performed, using the capacity
spectrum method (CSM) to determine the performance point [66,67]. For each vibration
mode, with a participating mass at least equal to 1%, a capacity curve is calculated using
the related modal load profile. The performance point defined by each curve is obtained
using the seismic demand spectrum. Consequently, the internal actions acting on each pier
of the viaduct are calculated, with regard to the performance point evaluated by means of
the intersection between the above-mentioned demand spectrum and the capacity curve
in the ADRS plane. The obtained internal actions are combined by means of the CQC
(complete quadratic combination) rule, in order to perform the structural checks.

4. Case Study

As mentioned before, the approach illustrated in detail in Section 3 is applied to a
viaduct built in Northern Italy in the 1970s in the Massa-Carrara province. The fundamental
seismic hazard parameters of the site where the viaduct is located are the following: soil
type C and a PGA equal to 0.156 g.

The viaduct is made by two adjacent carriageways, which are independent due to
the presence of a continuous longitudinal joint, and it is characterized by the presence of
four simply supported spans, measuring 40.40 m in length. The planimetric and altimetric
layout is rectilinear, as shown in Figure 8. The roadway presents an overall width equal to
9.86 m, and the spans are made of a precast concrete girder, composed of three longitudinal
pre-stressed I beams with five transverse beams. The structure of the deck is a concrete
slab with a thickness equal to 20 cm. The span is characterized by the presence of 3 × 2
elastomeric bearings placed in the pier cap. The deck is supported by three hexagonal
hollow RC piers, whose main characteristics are reported in Table 2.
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Table 2. Pier properties.

Piers Cross-Section Height Longitudinal Steel Rebar Stirrups

[n◦] [m] [m] [-] [-]
1 4.0 × 2.5 5.06 148Φ14 Φ10/20
2 4.0 × 2.5 10.84 148Φ14 Φ10/20
3 4.0 × 2.5 15.51 148Φ14 Φ10/20

Table 3 reports the most important characteristics of the viaduct.

Table 3. Viaduct main properties.

Span Length Bearings Pier Pier Shape Pier
Thickness

[n◦] [m] [-] [n◦] [-] [m]
4 200 2 × 3 3 Hexagonal hollow 0.35

The first three fundamental natural periods which characterize the dynamic behavior
of the viaduct are: T1 = 2.73 s, T2 = 2.56 s, and T3 = 2.41 s. Figure 9 reports the vibration
mode shapes related to the above-mentioned first three natural periods.
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In Tables 4 and 5, the results of the corrosion effects are expressed in terms of longi-
tudinal rebars, and the stirrups’ diameters and area variations are reported, considering
the icorr,20 values calculated using the assumptions presented in [53,54], for the different
time steps mentioned in Section 3. The variation in the steel ultimate deformation (εu,0) is
calculated by means of the relation proposed by [68].

Considering the results reported in Tables 4 and 5, it is important to recall that the
corrosion effects begin to develop 13.5 years after the bridge is built and, consequently,
before this point, no steel reinforcement reduction diameter is present. Taking into account
the results obtained using the assumptions reported in [53] related to the evaluation of
icorr values, the variation of the steel reinforcement diameter leads to the values of area
reduction always being less than 9%, even considering the time step of 100 years after the
building of the viaduct.
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Table 4. Steel reinforcement diameter and area variation calculated considering the assumptions
reported in [53].

t

Corrosion Scenario

Slight Moderate High
icorr = 0.172 [µA/cm2] icorr = 0.345 [µA/cm2] icorr = 0.431 [µA/cm2]

d0 d ∆As εu d0 d ∆As εu d0 d ∆As εu
[Years] [mm] [mm] [%] [%] [mm] [mm] [%] [%] [mm] [mm] [%] [%]

0–13.5
10.00 10.00 0.00 9.00 10.00 10.00 0.00 9.00 10.00 10.00 0.00 9.00
14.00 14.00 0.00 9.00 14.00 14.00 0.00 9.00 14.00 14.00 0.00 9.00

50
10.00 9.85 1.46 8.79 10.00 9.71 2.92 8.59 10.00 9.64 3.65 8.36
14.00 13.85 1.04 8.85 14.00 13.71 2.09 8.70 14.00 13.64 2.61 8.54

75
10.00 9.75 2.45 8.57 10.00 9.51 4.92 8.14 10.00 9.39 6.15 7.92
14.00 13.75 1.75 8.69 14.00 13.51 3.52 8.38 14.00 13.39 4.39 8.23

100
10.00 9.65 3.45 8.39 10.00 9.31 6.92 7.78 10.00 9.14 8.65 7.48
14.00 13.65 2.47 8.57 14.00 13.31 4.95 8.13 14.00 13.14 6.18 7.92

Table 5. Steel reinforcement diameter and area variation calculated considering the assumptions
reported in [54].

t

Corrosion Scenario

Slight Moderate High
icorr = 0.1 [µA/cm2] icorr = 1 [µA/cm2] icorr = 5 [µA/cm2]

d0 d ∆As εu d0 d ∆As εu d0 d ∆As εu
[Years] [mm] [mm] [%] [%] [mm] [mm] [%] [%] [mm] [mm] [%] [%]

0–13.5
10.00 10.00 0.00 9.00 10.00 10.00 0.00 9.00 10.00 10.00 0.00 9.00
14.00 14.00 0.00 9.00 14.00 14.00 0.00 9.00 14.00 14.00 0.00 9.00

50
10.00 9.92 0.85 8.88 10.00 9.15 8.47 7.80 10.00 5.77 42.34 1.57
14.00 13.92 0.60 8.91 14.00 13.15 6.05 8.15 14.00 9.77 30.24 3.69

75
10.00 9.86 1.43 8.75 10.00 8.57 14.27 6.50 10.00 2.87 71.34 1.17
14.00 13.86 1.02 8.82 14.00 12.57 10.19 7.21 14.00 6.87 50.96 2.33

100
10.00 9.80 2.01 8.65 10.00 7.99 20.07 5.48 10.00 0.00 100.00 0.00
14.00 13.80 1.43 8.75 14.00 11.99 14.33 6.48 14.00 3.97 71.67 1.01

Instead, considering the results obtained for the icorr values suggested by [54] for the
three analyzed corrosion scenarios, a significant reduction in steel reinforcement area occurs
50 years after the construction of the viaduct, in the high corrosion scenario. Focusing on
the stirrups, these appear to be completely corroded after 100 years of the viaduct’s service
life, with a high corrosion level.

Moreover, the presence of corrosion effects influences the dynamic behavior of the
viaduct, due to the reduction in the pier stiffness as a function of the age of the viaduct. In
fact, considering the icorr values proposed by [54], it is possible to observe a slight increase
in the first fundamental natural periods, which characterize the dynamic behavior of the
viaduct. On the contrary, due to the limited values of steel reinforcement diameter obtained
for each corrosion scenario analyzed 100 years after the viaduct was built, this fact does not
occur when using the icorr values proposed by [53].

As mentioned in Section 3, to investigate the seismic performance of the viaduct,
several multi-modal analyses were carried out, through an iterative process based on an
increasing demand spectrum until the required limit state is reached, to evaluate the peak
ground acceleration, which leads to the failure of the first monitored structural element
(PGAC) and its related return period (RPC). Starting from these values, the assessment of
the seismic performance of the viaduct is defined by means of appropriate indicators, called
risk indices, calculated as the ratio between PGAC and the design peak ground acceleration
(PGAD), which is obtained as reported in [16], and as the ratio between the associated
return periods:

RIPGA =
PGAC
PGAD

, (6)

RIRP =
RPC
RPD

, (7)
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Risk index values close to or greater than one indicate a structure characterized by an
adequate safety level. On the contrary, risk indices less than one define structures that are
not adequate for the seismic loads defined by [16]. The results obtained, expressed in terms
of the above-defined risk indices, are reported in Tables 6 and 7, considering again the icorr
values suggested by [53,54], respectively, both for ductile and brittle collapse mechanisms
and where X indicated the direction along the longitudinal axis of the viaduct and Y the
transverse one.

According to the considerations about the longitudinal steel reinforcement and stirrups
area reduction, the decrease in the risk index values is more significant for the moderate and
high corrosion levels, considering the icorr values proposed by [54]. It is possible to highlight
that, 100 years after the construction of the viaduct, the variation of the risk indices reaches
values equal to 90%, in terms of reduction (as is possible to observe for the brittle failure
mechanism considering the Y direction), with respect to the initial value (0–13.5 years).
Also, considering the results obtained for the moderate corrosion scenario after 100 years
of the viaduct’s service life, it is possible to observe an important reduction (greater than
75%) of the risk index value calculated for the brittle collapse mechanism in the Y direction.
Another significant reduction, in terms of risk index values, can be observed after 75 years
of the viaduct’s service life for the moderate and high corrosion levels.

The results presented above consider the constant reference values of icorr = icorr,20 and
can be used to assess the impact of global warming on seismic risk when higher corrosion
rates are expected (see Section 2).

The range of values of icorr for the location of the bridge in Section 2, as predicted
for moderate and high exposure, are 0.12–0.18 µA/cm2 and 0.31–0.45 µA/cm2, when the
reference values are taken from [53] and 0.75–1 µA/cm2 and 3.8–5 µA/cm2 when the
reference values are taken from [54].

Table 6. Risk indices obtained considering the icorr values suggested by [53].

Corrosion Level

Ductile Failure Mechanism

50 Years 75 Years 100 Years
X Y X Y X Y

RIPGA

Slight 5.342
(0.00%)

3.936
(0.00%)

5.342
(0.00%)

3.936
(0.00%)

5.231
(−2.08%)

3.851
(−2.16%)

Moderate 5.262
(−1.50%)

3.888
(−1.22%)

5.201
(−2.64%)

3.866
(−1.79%)

5.171
(−3.20%)

3.815
(−3.07%)

High 5.231
(−2.08%)

3.851
(−2.16%)

5.171
(−3.20%)

3.815
(−3.07%)

5.100
(−4.20%)

3.799
(−4.14%)

RIRP

Slight 9.804
(0.00%)

6.464
(0.00%)

9.804
(0.00%)

6.464
(0.00%)

9.597
(−2.11%)

6.303
(−2.49%)

Moderate 9.686
(−1.20%)

6.387
(−1.19%)

9.583
(−2.25%)

6.356
(−1.67%)

9.502
(−3.08%)

6.288
(−2.72%)

High 9.597
(−2.11%)

6.303
(−2.49%)

9.502
(−3.08%)

6.288
(−2.72%)

9.480
(−3.30%)

6.200
(−4.08%)

Brittle failure mechanism

RIPGA

Slight 1.379
(0.00%)

0.959
(0.00%)

1.379
(0.00%)

0.959
(0.00%)

1.257
(−8.46%)

0.889
(−7.30%)

Moderate 1.313
(−4.79%)

0.913
(−4.80%)

1.297
(−5.94%)

0.901
(−6.04%)

1.221
(−11.45%)

0.836
(−12.82%)

High 1.257
(−8.46%)

0.889
(−7.30%)

1.221
(−11.45%)

0.836
(−12.82%)

1.144
(−17.04%)

0.632
(−34.09%)

RIRP

Slight 1.547
(0.00%)

0.949
(0.00%)

1.547
(0.00%)

0.949
(0.00%)

1.421
(−8.15%)

0.882
(−7.06%)

Moderate 1.478
(−4.46%)

0.906
(−4.53%)

1.459
(−5.68%)

0.893
(−5.90)

1.398
(−9.63%)

0.855
(−9.90%)

High 1.421
(−8.15%)

0.882
(−7.06%)

1.398
(−9.63%)

0.855
(−9.90%)

1.200
(−22.43%)

0.627
(−33.93%)
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Table 7. Risk indices obtained considering the icorr values suggested by [54].

Corrosion Level
Ductile Failure Mechanism

50 Years 75 Years 100 Years
X Y X Y X Y

RIPGA

Slight 5.342
(0.00%)

3.936
(0.00%)

5.342
(0.00%)

3.936
(0.00%)

5.342
(0.00%)

3.936
(0.00%)

Moderate 5.100
(−4.20%)

3.799
(−4.14%)

5.083
(−4.84%)

3.801
(−3.43%)

4.537
(−15.01%)

3.004
(−23.68%)

High 4.968
(−7.00%)

3.782
(−4.56%)

3.194
(−40.21%)

2.348
(−40.35%)

1.114
(−79.15%)

0.876
(−77.74%)

RIRP

Slight 9.804
(0.00%)

6.464
(0.00%)

9.804
(0.00%)

6.464
(0.00%)

9.804
(0.00%)

6.464
(0.00%)

Moderate 9.480
(−3.30%)

6.200
(−4.08%)

9.322
(−4.92%)

6.208
(−3.96%)

8.374
(−14.58%)

5.233
(−19.04%)

High 8.879
(−9.34%)

6.122
(−5.29%)

4.862
(−50.41%)

3.198
(−50.53%)

2.256
(−76.99%)

1.635
(−74.70)

Brittle failure mechanism

RIPGA

Slight 1.379
(0.00%)

0.959
(0.00%)

1.379
(0.00%)

0.959
(0.00%)

1.379
(0.00%)

0.959
(0.00%)

Moderate 1.144
(−17.04%)

0.632
(−34.09%)

1.003
(−27.26%)

0.413
(−56.93%)

0.829
(−39.88%)

0.222
(−76.85%)

High 0.937
(−32.05%)

0.299
(−68.82%)

0.442
(−67.95%)

0.241
(−74.87%)

0.123
(−91.08%)

0.054
(−94.37%)

RIRP

Slight 1.547
(0.00%)

0.949
(0.00%)

1.547
(0.00%)

0.949
(0.00%)

1.547
(0.00%)

0.949
(0.00%)

Moderate 1.200
(−22.43%)

0.627
(−33.93%)

1.102
(−28.76%)

0.389
(−59.01)

0.966
(−37.56)

0.237
(−75.03%)

High 0.984
(−36.39%)

0.267
(−71.87%)

0.503
(−67.49%)

0.230
(−75.76%)

0.159
(−89.72%)

0.062
(−93.46%)

Focusing attention on the risk index for the brittle mechanism in the Y direction, RIPGA,
these expected changes in corrosion rates could lead to significant variations in seismic
risk indices, as shown by the shaded colored areas in Figure 10, when reference values
from [53] are considered.
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5. Conclusions

In this paper a procedure for the assessment of the seismic performance of an existing
RC viaduct located in the Massa-Carrara province, when subjected to different corrosion
scenarios and considering the age of the structure. In particular, the impact of global warm-
ing on the evolution of corrosion phenomena due to carbonation is discussed, considering
available climate projections and future emission scenarios. Three different corrosion levels
were investigated: (i) slight, (ii) moderate, and (iii) high; these were characterized by differ-
ent values of mean corrosion current density (icorr). Moreover, the values of icorr obtained
from the DuraCrete research work were considered, in order to evaluate the difference
between these values and those obtained using the climate change impact model prediction.
To assess the seismic vulnerability of the viaduct, an efficient methodology, based on the
implementation of simplified 3D finite element models, was used, taking into account
ductile and brittle failure mechanisms. The analyses were carried out using different time
steps: at the time of construction of the viaduct and after 13.5, 50, 75 and 100 years of its
service life. This was undertaken in order to look at the evolution of the effects of corrosion
as a function of the age of the structure, expressed in terms of the reduction in longitudinal
and transverse steel reinforcement area by means of an analytical model.

The results obtained are reported using appropriate risk indices, defined as the ratio
between the peak ground acceleration, which leads to the collapse of the first monitored
pier (PGAC), and the design peak ground acceleration (PGAD), calculated as reported in
the Italian Design Code, and as the ratio of the related return periods (RPC and RPD).

The following points can be observed from the obtained results:

• The values of icorr calculated considering the climate change impact through the
indications suggested by Stewart et al. are lower than those obtained considering the
results reported in DuraCrete, except for the slight corrosion scenario, which does not
significantly influence the seismic performance of the viaduct;

• The corrosion effects, expressed in terms of the reduction in steel reinforcement,
influence the brittle failure mechanism more significantly than the ductile one;

• Considering the corrosion scenarios obtained from the above-mentioned climate
change impact prediction model, a significant reduction in the risk indices, which
characterize the seismic vulnerability of the viaduct, are observed only for the high
corrosion level (icorr = 0.431 µA/cm2) with the brittle collapse mechanism;

• Different conclusions can be observed when considering the icorr values proposed
by DuraCrete, where an important decrease in risk index values is obtained for the
moderate and high corrosion scenarios. Focusing on the high corrosion level, the
reduction in the risk index values exceeds 90% for the brittle collapse mechanism and
80% for the ductile collapse mechanism;

• The corrosion levels obtained from DuraCrete lead to more critical scenarios compared
to those obtained from climate change projections for the area where the analyzed
viaduct was built, when the corrosion rates proposed by Stewart et al. are considered.

Finally, it is important to highlight that the comparison of the results obtained, consider-
ing the different scenarios analyzed, is useful to improve the maintenance and management
of these strategic structures, in order to always guarantee an adequate safety level. Potential
future developments of this research work are related to the generalization of the results
obtained, by considering other viaducts built in different years and located in different
seismic zones.
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Abbreviations

icorr Mean corrosion current density
icorr,20 Mean corrosion current density at 20 ◦C
K Environmental exposure factor
E Activation energy of the diffusion process (40 kJ/mol)
R Gas constant (8.314 × 10−3 kJ/mol K)
s Carbonated layer thickness
k Penetration rate coefficient
n Parameters related to the concrete characteristics
d0 Initial diameter of the steel reinforcement
P(t) Corroded thickness
ti Initiation time of the corrosion process
fck Concrete compressive strength
εu,0 Steel ultimate deformation
c Concrete cover thickness
w/c Water/cement ratio
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