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Abstract

This study presents the results of a refined numerical investigation meant at

understanding the time-dependent cyclic behavior of reinforced concrete

(RC) bridge columns under chlorides-induced corrosion. The chloride ingress

in the cross-section of the bridge column is simulated, taking into account the

effects of temperature, humidity, aging, and corrosion-induced cover cracking.

Once the partial differential equations governing such multiphysics problem

are solved through the finite-element method, the loss of reinforcement steel

bars cross-section is calculated based on the estimated corrosion current den-

sity. The nonlinear cyclic response of the RC bridge column under corrosion is,

thus, determined by discretizing its cross-sections into several unidirectional

fibers. In particular, the nonlinear modeling of the corroded longitudinal

rebars exploits a novel proposal for the estimation of the ultimate strain in ten-

sion and also accounts for buckling under compression. A parametric numeri-

cal study is finally conducted for a real case study to unfold the role of

corrosion pattern and buckling mode of the longitudinal rebars on the time

variation of capacity and ductility of RC bridge columns.
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authors’ closure, if any, approximately nine months after the print publication.
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1 | INTRODUCTION

The assessment of reinforced concrete (RC) bridges sub-
jected to deterioration phenomena is of utmost importance
because of the safety issues that can occur under service-
ability loads and/or exceptional events (e.g., earthquakes).
Among the possible causes of RC bridges deterioration,
corrosion can jeopardize significantly the global structural
safety even in a short time window as compared with the
design lifetime. The corrosion induced by chlorides trans-
ported by sea aerosol close to coastal zones or originated
from some industrial activities but also due to the use of
deicing salts in mountain regions turns out to be very
severe for RC members1,2 and thus deserves special con-
sideration. Within this framework, a recent statistical
study3 based on a dataset including 20,000 coastal brid-
ges extracted from the National Bridge Inventory of the
US Federal Highway Administration has demonstrated
that the durability of bridges is noticeably affected by
sea chlorides at coastal distances up to 2–3 km inland.
Another statistical study4 based on Monte Carlo simula-
tions also pointed out that if chloride and moisture con-
tents are large enough to initiate the corrosion at inland
locations, then the long-term damage risk is likely to
increase significantly under climate change. It is evi-
dent that resources allocation as well as prioritization
of the actions needed for ensuring the minimum safety
level of transportation networks call for the long-term
assessment of RC bridges under chlorides-induced cor-
rosion. This, in turn, has motivated many valuable
studies in recent years.

On the one side, approaches based on multiphysics
analysis have been pursed to evaluate the evolution in
time of the structural capacity. For instance, Alipour
et al.5,6 performed a multiphysics-based simulation of the
chloride ingress into concrete under the assumption that
the process is dominated by diffusion phenomenon by
taking into account the effects due to temperature,
humidity, and concrete aging. A set of multi-span regular
RC bridges has been investigated through numerical sim-
ulations. The deck is modeled using linear-elastic ele-
ments while the columns are modeled using inelastic
beam-column elements, where the plasticity has been
concentrated over a specified length of element ends.
Nonlinear dynamic analyses have been presented to eval-
uate the evolution in time of the deck drift ratio, and fra-
gility analyses have been performed, considering the

column curvature ductility as damage measure. Further-
more, the moment-curvature response of the bridge col-
umns has been discussed together with the results of
standard nonlinear static (pushover) analysis. More
recently, Zhou et al.7 analyzed an existing RC arch
bridge. In that study, the chloride ingress is simulated as
a diffusion process, and the multiphysics analysis herein
reported accounts for the influence of the temperature
only. The numerical assessment of corroded RC members
has been evaluated against static actions due to self-
weight and traffic loading.

Other studies have focused on the accurate numerical
modeling of corroded RC bridge components. For
instance, Kashani et al.8,9 developed, calibrated, and
tested a phenomenological uniaxial material model for
corroded reinforcing steel bars in RC bridge columns that
account for the effect of inelastic buckling and low-cycle
fatigue. Recently, Rasulo et al.10 have addressed the
analysis of RC bridge columns taking into account
flexure–shear interaction. To this end, they considered a
fiber-based, nonlinear beam-column finite element with
zero-length rotational spring at the ends to simulate the
bond-slip behavior and a base zero-length translational
spring to account for the shear behavior. The residual
capacity of RC grillage decks under static loads has been
examined by Conti et al.,11 who paid special attention on
the numerical modeling of its torsional response. Marí
et al.12 analyzed an RC footbridge affected by corrosion
at the bottom layer of reinforcement due to exposure to
marine environment. The interested reader can refer to a
recent state-of-the-art review paper by Kashani et al.13 for
an experimental-based critical discussion about the
effects of corrosion on strength and ductility of corroded
RC bridge components.

For the sake of completeness, it should be not under-
estimated the relevance of corrosion scenarios in bridges
made of prestressed or posttensioned concrete members.
For more information about this topic, the interested
reader can refer, for instance, to numerical and experi-
mental studies by Belletti et al.14,15 A useful review paper
dealing with corroded prestressed and posttensioned con-
crete structures has been completed recently by
Vereecken et al.16

In this perspective, the present work is targeted at
investigating the long-term behavior of RC bridge col-
umns under chlorides-induced corrosion. Initially, the
multiphysics simulation of the chloride transport is
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detailed. Besides the effects of environmental factors and
aging, a simplified approach is here adopted to take into
account those due to corrosion-induced cover cracking.
Once the corrosion current density is thus calculated, a
parametric description of the corrosion pattern is pres-
ented. Next, the nonlinear modeling of the RC bridge col-
umn is addressed. The final structural model employs a
novel proposal for the estimation of the ultimate strain in
tension of the corroded longitudinal reinforcing steel bars
and also accounts for buckling under compression.
Finally, the results obtained for a real case study are dis-
cussed extensively to derive useful recommendations.

2 | CHLORIDE INGRESS AND
CORROSION CURRENT DENSITY IN
RC BRIDGE COLUMNS

A multiphysics FE based analysis is performed to evalu-
ate the chloride concentration within an RC bridge col-
umn made of ordinary Portland cement (OPC). This
multiphysics simulation of the chloride transport resem-
bles to some extent the ones presented in previous stud-
ies5–7 for the time-dependent assessment of corroded RC
bridges. Compared with the previous studies in this field,
a simplified, yet effective, approach is also implemented
to evaluate the effect of cover cracking due to the rein-
forcement corrosion on chloride transport. Furthermore,
the proposed multiphysics FE based analysis is ultimately
completed with the estimate of the corrosion current den-
sity given the amount of chloride into concrete together
with material properties and environmental conditions.
This section is intended to illustrate main assumptions,
governing equations, relevant material data, and refer-
ences adopted to simulate the chloride transport as well
as to determine the corrosion current density.

2.1 | Chloride transport modeling

It is known that chloride in concrete can be either dis-
solved in the pore solution (free chloride) or chemically
and physically bound to the cement hydrates (bound
chloride). Free chloride dissolved in the pore solution is
responsible for initiating the process of corrosion.
Transport mechanisms relevant to chloride penetration
into concrete include ionic diffusion and capillarity
sorption (convection). In agreement with previous
studies,5–7,17–19 it is assumed that chloride ingress in
concrete can be effectively approximated as diffusion-
like process (on the other hand, it is understood that
chloride cannot pass through reinforcing steel bars).

Given the 2D domain of the bridge column
section defined by the set of coordinates x,yð Þ, according
to the Fick's first law of diffusion:

Jc ¼�Dc
∂Cfc

∂x
þ ∂Cfc

∂y

� �
, ð1Þ

where Jc [kg/(m
2s)] is the flux of chloride ions due to dif-

fusion, Dc [m
2/s] is the effective chloride diffusion coeffi-

cient, and Cfc [kg/m
3 of concrete] is the concentration of

chloride dissolved in the pore solution (free chloride).
The use of Equation (1) presumes that concrete is an iso-
tropic material with respect to chloride ingress. Given Cfc

[kg/m3 of pore solution], Equation (1) is reformulated as
follows:

Jc ¼�Dcωe
∂Cfc

∂x
þ ∂Cfc

∂y

� �
, ð2Þ

where ωe [m3 of evaporable water/m3 of concrete]. It is
defined as the water held in both capillary and gel pores.

By imposing the mass conservation law as a function
of the time parameter t [s], it is obtained:

∂Ctc

∂t
¼� ∂Jcx

∂x
� ∂Jcy

∂y
, ð3Þ

where Ctc [kg/m3 of concrete] is the total chloride con-
centration whereas Jcx and Jcy [kg/(m2s)] are the flux of
chloride ions due to diffusion in the x and y directions,
respectively. By introducing Equation (2) into Equa-
tion (3), the Fick's second law is obtained:

∂Ctc

∂t
¼ ∂

∂x
Dcωe

∂Cfc

∂x

� �
þ ∂

∂y
Dcωe

∂C∞

∂y

� �
: ð4Þ

2.1.1 | Chloride binding isotherm

The effect of chloride binding is relevant because: (i) the
rate of chloride ionic transport in concrete decreases,
because the amount of available mobile ions (free chlo-
ride) is reduced and (ii) the reduction of free chloride in
concrete results in lower amounts of chloride at the rein-
forcing steel, thereby causing a delay in the onset of cor-
rosion. It is, thus, appropriate to revise Equation (4),
taking into account that:

Ctc ¼CbcþωeCfc, ð5Þ

where Cbc [kg/m3 of concrete] is the concentration of
bound chloride. By applying the mass conservation law
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to Equation (5) and substituting into Equation (4), the
Fick's second law is reformulated as follows:

∂Cfc

∂t
¼ ∂

∂x
D*

c
∂Cfc

∂x

� �
þ ∂

∂y
D*
c
∂Cfc

∂y

� �
, ð6Þ

where:

D*
c ¼

Dc

1þ 1
ωe

∂Cbc
∂Cfc

: ð7Þ

Herein, D*
c [m2/s] is the apparent diffusion coefficient,

whereas ∂Cbc=∂Cfc is known as binding capacity.
The chloride binding isotherm Cbc Cfcð Þ must be speci-

fied to estimate D*
c [m2/s] according to Equation (7). In

the present work, the Langmuir isotherm is employed,
which reads:

Cbc ¼ αLCfc

1þβLCfc
! ∂Cbc

∂Cfc
¼ αL

1þβLCfcð Þ2 , ð8Þ

where αL [m3 of pore solution/m3 of concrete] and βL
[m3 of pore solution/kg] are given constants. The Lang-
muir isotherm is here employed by assuming
αL ¼ 0:39 m3 of pore solution/m3 of concrete and
βL ¼ 0:07 m3 of pore solution/kg in agreement with previ-
ous studies.6,17,18 It is understood that such modeling
implies the simplified assumption of an instantaneous
equilibrium between Cfc and Cbc.

2.1.2 | Chloride diffusion coefficient

Several physical, chemical, and mechanical concurrent phe-
nomena have influence on the chloride diffusion. In the
present work, Dc in Equation (7) is calculated as follows:

Dc ¼Dc,refFT Tð ÞFh hð ÞFδ δð ÞFt tð Þ, ð9Þ

where Dc,ref [m2/s] is the reference chloride diffusion
coefficient (i.e., Dc value for reference conditions). The
parameters FT Tð Þ and Fh hð Þ are the corrective factors of
the chloride diffusion coefficient that take into account
the effects due to temperature T [K] and pore relative
humidity h, respectively. Moreover, the factors Fδ δð Þ and
Ft tð Þ serve at taking into account the effects of cover
crack width δ [mm] and concrete age t [s] on chloride dif-
fusion coefficient, respectively. The parameter Dc,ref is
assumed to be constant, and its value depends on the
concrete composition. In this regard, it will be assumed
henceforth a cement content c equal to 400 kg of cement/

m3 of concrete and a water-to-cement ratio w=c equal to
0.5. For the next numerical simulations, it is considered
Dc,ref ¼ 4:5 �10�12 m2/s.

In agreement with most of the existing studies,5–7,17–19

dependence of the chloride diffusivity on temperature is
estimated using the Arrhenius law as follows:

FT ¼ exp
Uc

RG

1
Tref

� 1
T

� �� �
, ð10Þ

where Uc [kJ/mol] is the activation energy of the chloride
diffusion process, RG ¼ 8:314 �10�3 kJ/(Kmol) is the gas
constant, and Tref ¼ 296:15 K is the constant reference
temperature. For w=c¼ 0:5, it can be assumed
Uc ¼ 44:6 kJ/mol.

It is rather common in the existing literature to also
account for the effects of the pore relative humidity h
through the following corrective factor5,6,17–19:

Fh ¼ 1þ 1�h
1�hc

� �4
" #�1

, ð11Þ

where hc is the value of h at which Dc drops halfway
between its highest and lowest value. Its values are typi-
cally constant and equal to 0.75.

For the sake of simplicity, Fick's second law is often
used for estimating the chloride penetration into concrete
even when cracks are present, and, in agreement with
this assumption, many experimental studies have been
performed to evaluate the corresponding amplification
factor for the reference chloride diffusion coefficient.20,21

For a concrete composition very similar to that consid-
ered in the present study, Shao-feng et al.21 derived
experimentally the following relationship:

Fδ ¼max 1,47:18δ2�8:18δþ1
� �

: ð12Þ

Equation (12) is applied up to the maximum crack width
reported by Shao-feng et al.,21 which is about
δmax ¼ 0:5 mm. Above this threshold, Fδ δmaxð Þ is
assumed. This large amplification of the reference chlo-
ride diffusion coefficient is basically intended to simulate
the acceleration of the chloride penetration starting from
the onset of cover spalling, which usually occurs for
cracks width around 1mm.22 The value of δ is deter-
mined according to the experimental relationship pro-
vided by Vidal et al.23 as a function of the loss of
reinforcing steel bar cross-section area.

Several studies also pointed out the effect of concrete
aging on chloride transport.18,24 Following Muthulingam
and Rao,18 the effect of concrete age on the chloride dif-
fusion coefficient is estimated as follows:
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Ft¼ tref
t

� 	μ

, ð13Þ

where tref [s] is the reference time of exposure, t [s] is the
actual time of exposure, and μ is the age factor. It is here
considered tref at 28 days and μ¼ 0:15.

Figure 1 serves at highlighting the combined effect of
different aspects on chloride transport (it is here assumed
ωe¼ 0:15 m3 of evaporable water/m3 of concrete and
Cfc ¼ 10 kg=m3 of pore solution).

2.2 | Heat transfer modeling

The heat transfer in concrete and steel is modeled in a
simplified way through the Fourier's heat conduction law
equation under isotropic condition, which is given by:

q¼�λ
∂T
∂x

þ ∂T
∂y

� �
, ð14Þ

where q [W/m2] is the conduction heat flux, and λ
[W/(mK)] is the thermal conductivity. The temperature
profile is determined by applying the energy conservation
law, thus obtaining:

ϱc
∂T
∂t

¼ ∂

∂x
λ
∂T
∂x

� �
þ ∂

∂y
λ
∂T
∂y

� �
, ð15Þ

where ϱ [kg/m3] is the density, and c [J/(kgK)] is the spe-
cific heat capacity. It is pointed out that Equation (15) is
implemented under the following implicit assumptions:
(i) variations of thermal conductivity, density, and

specific heat capacity are small and negligible,
(ii) generation of heat during hydration process is not
considered, and (iii) hardened concrete does not produce
or consume heat. Thermal conductivity, density, and spe-
cific heat capacity for concrete are assumed equal to 2 W/
(mK), 2400 kg/m3, and 1000 J/(kgK), respectively,
whereas the corresponding values for steel are 50W/
(mK), 7850 kg/m3, and 620 J/(kgK).

2.3 | Moisture transport modeling

It is presumed that moisture ingress takes place into con-
crete only. Moisture flow in concrete is commonly defined
in terms of the pore relative humidity gradient as follows:

Jm ¼�Dh
∂h
∂x

þ ∂h
∂y

� �
, ð16Þ

where Jm [m/s] is the moisture flux, and Dh [m/s2] is the
humidity diffusion coefficient. The corresponding mass
conservation reads:

∂ωe

∂h
∂h
∂t

¼ ∂

∂x
Dh

∂h
∂x

� �
þ ∂

∂y
Dh

∂h
∂y

� �
, ð17Þ

where ∂ωe=∂h is the so-called moisture capacity. It is
highlighted that Equation (17) is implemented under the
following hypotheses: (i) drop in humidity due to self-
desiccation is small and negligible and (ii) effect of heat
in moisture transport is ignored, because the contribution
of this term is rather small for the range of temperature
values of interest.

FIGURE 1 Values of D*
c=Dc,ref for uncracked concrete after 28 days as a function of T and h (up). Values of D*

c=Dc,ref for temperature

and pore relative humidity equal to 296.15K (23�C) and 0.75, respectively, as a function of δ and t (down)
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2.3.1 | Adsorption isotherm

Under the hypothesis that moisture diffusion is a slow
process, it can be assumed that vapor, capillary water,
and adsorbed water are always in thermodynamic equi-
librium. This allows to relate h and ωe through a sorption
isotherm. The most common adopted is the Brunauer–
Skalny–Bodor model, which reads:

ωe ¼ CkVmh
1�khð Þ 1þ C�1ð Þkh½ � , ð18Þ

with ωe [g of evaporable water/g of cement], where C, k,
and Vm are the model parameters. The moisture capacity
is, thus, obtained as follows:

∂ωe

∂h
¼

CkVmþωeh 1þ C�1ð Þkh½ �
�ωeh 1�khð Þ C�1ð Þ
1�khð Þ 1þ C�1ð Þkh½ � , ð19Þ

with ∂ωe=∂h [g of evaporable water/g of cement]. It
is noted that ωe [m

3 of evaporable water/m3 of concrete]
and ∂ωe=∂h [m3 of evaporable water/m3 of concrete]
are obtained given the cement content c [kg/m3 of
concrete]. The model parameters C, k, and Vm are
defined following the assumptions by Muthulingam and
Rao.18

2.3.2 | Humidity diffusion coefficient

Several physical, chemical, and mechanical concurrent
phenomena have influence on the moisture transport. In
the present study, the variability of the humidity diffu-
sion coefficient is modeled as follows:

Dh ¼Dh,refGT Tð ÞGh hð ÞGte teð Þ, ð20Þ

where Dh,ref [m2/s] is the reference humidity diffusion
coefficient (i.e., Dh value for reference conditions), and it
is assumed to be the constant over all the domain. The
parameters GT Tð Þ and Gh hð Þ are the corrective factors of
the humidity diffusion coefficient that take into account
the effects due to temperature T [K] and pore relative
humidity h, respectively, whereas Gte teð Þ accounts for
those related to the hydration age. It is here assumed
Dh,ref ¼ 2:00 �10�11 m2/s.

The parameters GT Tð Þ are defined as follows:

GT ¼ exp
Uh

RG

1
Tref

� 1
T

� �� �
, ð21Þ

where Uh [kJ/mol] is the activation energy of the humid-
ity diffusion process. Herein, it is considered
Uh ¼ 22 kJ/mol.

On the other hand, Gh hð Þ is evaluated by means of
the following formulation25,26:

Gh ¼ αoþ 1�αo

1þ 1�h
1�hc

� 	η , ð22Þ

where αo is assumed equal to 0.05, and it is almost con-
stant for different concrete or cement pastes. The expo-
nent η typically varies between 6 and 16, and it is here
assumed an average value equal to 10 as in some previ-
ous studies.18

Finally, Gte teð Þ is calculated as follows27:

Gte ¼ 0:3þ
ffiffiffiffiffi
13
te

r
, ð23Þ

where te [days] is the equivalent hydration period.26

Figure 2 serves at highlighting the combined effect of dif-
ferent aspects on moisture transport (it is here consid-
ered te ¼ 180 days).

2.4 | Corrosion current density

The corrosion current density icorr [μA/cm2] is estimated
by solving the governing nonlinear partial differential
equations through the FE method by means of the

D
h
/D

h,ref

FIGURE 2 Values of Dh=Dh,ref as a function of T and h
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program COMSOL Multiphysics 5.3. Specifically, the fol-
lowing relationship is adopted28:

ln1:08icorr ¼ 7:89þ0:7771ln1:69Ctc

�3006
T

�0:000116Rcþ2:24t�0:215,
ð24Þ

with t [years]. In Equation (24) Rc is the ohmic resistance
of concrete, which decreases as the amount of chloride
increases as proposed by Liu.29

3 | CORROSION PATTERN AND
STRUCTURAL MODELING OF
CORRODED RC BRIDGE COLUMNS

The corrosion current density as estimated from the mul-
tiphysics FE based analysis is then employed to quantify,
both, geometrical and mechanical effects of chlorides-
induced corrosion on rebars. Compared with previous
studies on the assessment of RC bridge members under
corrosion,5–7 the present analysis accounts for the pattern

of the corrosion process, proposes a novel formulation for
the ultimate tensile strain of corroded rebars, and imple-
ments a refined nonlinear model for corroded reinforcing
steel bars with buckling in compression. This section is
intended to illustrate the way by which the effects of
chlorides-induced corrosion are evaluated, together with
the nonlinear FE model developed to simulate the cyclic
response of RC bridge columns.

3.1 | Pitting morphology and corrosion
pattern

Under chloride ingress, localized (pitting) corrosion usu-
ally takes place together with generalized corrosion30,31;
see Figure 3. Localized corrosion occurs with the forma-
tion of large major pits whereas a cluster of minor pits
along the cross-section boundary of the bar leads to a
generalized corrosion.32 Corrosion pattern (viz., number,
position, and morphology of the pits as well as the rela-
tionship between localized and generalized corrosion) is
expected to affect the structural response of RC members.

l
p l

p

d
p

FIGURE 3 Schematic view

of the corrosion pattern
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As regards the localized corrosion, the increment of
the pit depth Δp [mm] is evaluated as follows33:

Δp¼ 0:0116icorrΔtR, ð25Þ

where Δt [years] is the time step, and R is the pitting fac-
tor, which typically lies between 4 and 8.33 In the present
study, severe exposure conditions to chlorides will be
assumed, and a mid-high severity of the pitting corrosion
is considered with 6≤R≤ 8. At each time instant, the pit
depth p [mm] is obtained as cumulative sum of the
corresponding previous increments Δp. The area of the
corroded reinforcing steel bar Ap

t [mm2] at the cross-
section affected by localized corrosion is:

Ap
t ¼A0

s�Ap, ð26Þ

where A0
s [mm2] is the original (uncorroded) area of a

reinforcing steel bar whose uncorroded diameter is D0
s.

The loss of reinforcing steel bar cross-section area under
localized corrosion Ap [mm2] is herein modeled, assum-
ing a circular pit morphology according to the model
developed by Val and Melchers33:

Ap ¼

A1þA2 if p ≤ D0
s=

ffiffiffi
2

p

As0 �A1þA2 if D0
s=

ffiffiffi
2

p
< p ≤ D0

s

As0 if p > D0
s

8>>><
>>>:

, ð27aÞ

A1 ¼ 1
2

θ1
D0
s

2

� �2

�a
D0

s

2
� p2

D0
s

����
����

" #
, ð27bÞ

A2 ¼ 1
2

θ2p
2�a

p2

D0
s

� �
, ð27cÞ

a¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2

D0
s

� �2
s

, ð27dÞ

θ1 ¼ 2 arcsin
a
D0
s
,θ2 ¼ 2 arcsin

a
2p

: ð27eÞ

The generalized corrosion is idealized as a uniform
reduction of the rebar cross-section. The area of the cor-
roded reinforcing steel bar Ag

t [mm2] at the cross-section
affected by generalized corrosion is:

Ag
t ¼A0

s�Ag, ð28Þ

where Ag [mm2] is the loss of reinforcing steel bar cross-
section area under generalized corrosion. In the present
study, this is parameterized as follows:

Ag ¼ ρAp: ð29Þ

If the magnitude of localized and generalized corrosion is
approximately the same, then Ag ≈Ap ! ρ≈ 1. Con-
versely, if generalized corrosion is negligible with respect
to localized corrosion, then Ag ≈ 0! ρ≈ 0.

It is presumed that where a pit takes place, it dominates
the loss of the reinforcing steel bars cross-section. In other
words, no generalized corrosion is considered where a pit
exists whereas the vice versa holds true otherwise.

3.2 | Stress–strain relationship for bare
steel bars

In what follows, the models implemented for the analysis
of a bare steel bar in tension or compression are intro-
duced, because they will serve at identifying the parame-
ters adopted for the nonlinear modeling of the RC bridge
column. The steel bar is modeled by neglecting the stress
concentration due to the eccentricity originating from
non-uniform rebar corrosion in the cross-section where a
pit occurs. Material properties of the rebars are assumed
to be unaffected by corrosion.34

The virgin strain–stress relationship of the bare steel
bar under tension is assumed to be elastic with linear
hardening. Furthermore, constant strain fields with dif-
ferent strain magnitudes are considered; see Figure 4.
Two corrosion indices are also defined, namely μpit ¼
1�Ap

t =A
0
s and μrel¼ 1�Ap

t =A
g
t .

The failure condition of the corroded rebar corre-
sponds to the attainment of the ultimate strain ε0su in the
pit, which implies an average ultimate strain εsu over the
reference length L given by:

εsu ¼
ε0suℓpþ εgs L�ℓp

� 
L

, ð30Þ

where ε0su is the ultimate strain of the uncorroded steel,
and εgs is the strain level in the reinforcing steel bar under
generalized corrosion. The reference length L is assumed
equal to the distance s between two transverse reinforce-
ment positions. The parameter εgs is estimated as follows:

εgs ¼

f *su 1�μrelð Þ
Es

if μrel ≥ μcr

f 0sy b�1ð Þþ f *su 1�μrelð Þ
bEs

if μrel < μcr

8>>>><
>>>>:

, ð31Þ

where f 0sy is the yield stress of the uncorroded reinforcing
steel bar, and Es and b are Young's modulus and harden-
ing ratio of the uncorroded reinforcing steel bar,
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respectively. Moreover, f *su is the actual ultimate stress of
the uncorroded reinforcing steel bar based on the instan-
taneous cross-section area,35 with f *su ¼ f 0su 1þ ε0su

� 
,

where f 0su is the engineering ultimate stress based on the
nominal cross-section area of the uncorroded reinforcing
steel bar. Finally, the parameter μcr ¼ 1� f 0sy=f

*
su is the

critical corrosion level36; i.e., the corrosion level above
which the bar outside the pit would not yield upon the
failure in the pit. The proposed model is validated against
available experimental data37; see Figure 5. In general, it
can be observed that the proposed model is in good
agreement with the experimental data until μpit ¼ 20%.
Otherwise, it underestimates the ultimate strain of the
corroded bar. This might be due to the fact that available
experimental data refer to Tempcore bars, which have a
heterogeneous cross-section with a martensitic crown
(outside layer) stronger and less ductile than the ferrite
core (inner layer).38 For sake of completeness, it also
illustrated the proposed model for a Tempcore bar in
which ε0su ¼ 20% is adopted for μpit > 30% (this value is
here adopted because the area of the martensitic crown
for the tested bar having a 12mm nominal diameter was
found to be about 30% of the total cross-section area39).

Regarding the analysis of the bare steel bar in compres-
sion, a force-based beam-column element is considered
under large displacements via corotational transforma-
tion.40,41 The virgin strain–stress relationship of the bare steel
bar under compression is assumed according to the Giuffré–
Menegotto–Pinto model42 with isotropic strain hardening.

The adopted buckling length Lb to evaluate the bare
steel bar response in compression is equal to the distance
between transverse reinforcement s (local buckling) or to
an integer multiple of it (global buckling).43 The occur-
rence of local or global buckling depends on the stiffness of
transverse reinforcement (which provides the lateral con-
straint to the longitudinal rebars) and the inertia of longitudi-
nal rebars. As corrosion reduces the area of transverse

reinforcement and its lateral constraint capability, the buck-
ling length of longitudinal reinforcement can increase during
time. On the other hand, corrosion also reduces the inertia
of the longitudinal rebars, which thus require a lower level
of lateral constraint to prevent buckling.

3.3 | Numerical FE model

The nonlinear FE model of the RC bridge column has
been developed into the OpenSees platform. The cross-
sections of the column are discretized into several

l
p

g
t

p
t g

t

g
s

su

FIGURE 4 Idealization of the

corroded longitudinal reinforcing bare

steel bar under tension and

identification of the strain profile

su

FIGURE 5 Relationship between μpit and εsu under tension
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unidirectional steel and concrete fibers. The resulting dis-
cretized model employs force-based fiber elements,44,45

and the Gauss–Lobatto integration scheme is adopted
when appropriate. It is known that force-based elements
can lack of objectivity at local or global level, depending
on the hardening/softening-type response.46 In this sense,
the post-buckling softening-type response of reinforcing
steel bars under compression has significant impact on
strain localization at the critical sections. Hence, it has
been recommended to assume the integration length of
the base first integration point (where buckling is
expected to occur) equal to Lb.

9 As the Gauss–Lobatto
integration scheme does not allow adjusting the length of
the first integration point, this requires the use of two
force-based elements. The first one (lower element) has a
length equal to 6Lb and three Gauss–Lobatto integration
points. This makes the length of the first integration
point equal to Lb. Conversely, a force-based element with
five integration points is employed for the second ele-
ment (upper element).47 When Lb is larger than the dis-
tance between two transversal reinforcements, the
Newton–Cotes integration scheme with two integration
points is adopted for the first element. The length of the
first element, in this case, is considered to be twice the
buckling length of the longitudinal reinforcement.

Moreover, a rigid link is introduced to connect the col-
umn tip in the FE model (i.e., intersection between column
vertical axis and pier cap longitudinal axis) with the point
where axial and lateral force are applied (i.e., bridge bear-
ing). A zero-length section at the base of the column is used
to simulate the strain penetration of the anchorage rein-
forcement in the footing. Herein, a displacement–stress
relationship is assigned at each fiber instead of the strain–
stress one. In detail, the slip–stress constitutive model devel-
oped by Zhao and Sritharan48 is assigned to the reinforcing
steel bars. This is accomplished into OpenSees by means of
the uniaxial material model Bond_SP01. In doing so, the
anchorage reinforcement in the footing is presumed to be
protected against aggressive chemicals, and thus, the footing
reinforcement is assumed to be not affected by corrosion.
The displacement–stress relationship for concrete is
obtained by multiplying the strains of the Kent–Scott–Park
strain–stress model49,50 by an effective depth dcomp ¼ 0:3D
over which the compression strain takes place9,47 (where
D is the diameter of the RC bridge column).

The overall FE model of the RC bridge column is
shown in Figure 6.

3.3.1 | Strain–stress relationship for concrete

The uniaxial material model Concrete01 available into
OpenSees is employed to simulate the behavior of the

unconfined cover concrete. It implements the Kent–Scott–
Park strain–stress model,49,50 where a parabolic curve in the
pre-peak stage and a linear softening curve in the post-peak
response are assumed under compression whereas a null ten-
sile strength is considered under tension. For the unconfined
concrete, the falling branch reaches zero stress for the spalling
strain value equal to 0.4% in uncorroded condition. The effects
of concrete cover cracking and spalling due to rust production
are also taken into account. Specifically, the strength of the
cover concrete is reduced by adopting a brittle post-peak
behavior as suggested by Coronelli and Gambarova.51 The
reduced concrete cover strength f c is evaluated as follows:

f c ¼
f 0c

1þKε1=ε0c
, ð32Þ

where f 0c is the nominal compressive strength of sound
concrete, K is a coefficient related to bar roughness and

FIGURE 6 Structural FE model of the RC bridge column

(up) and detail of the cross-section discretization (down)
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diameter (K ¼ 0:1 can be adopted for ribbed bars), and ε0c
is the strain value corresponding to f 0c. Moreover, ε1 is
the average tensile strain of the cracked concrete.52

On the other hand, the uniaxial material model Con-
crete04 available into OpenSees is employed to simulate the
behavior of confined core concrete. This model implements
the strain–stress relationship proposed by Popovics53 for
loading in compression. It is also implemented into the con-
crete model proposed by Mander et al.,54 which is adopted
to account for the confinement due to the transverse rein-
forcement. The effect of transverse reinforcement corrosion
on core concrete confinement is modeled in a simplified,
yet conservative, way by referring to the time-varying value
of its corroded cross-section area.

3.3.2 | Strain–stress relationship for
reinforcing steel bars

The strain–stress relationship adopted in the present work for
the longitudinal reinforcement is a modified Monti–Nuti

uniaxial material model55–57 SteelMN developed ad hoc into
OpenSees (note that it is an in-house material model for
OpenSees not publicly available yet). Its complete formula-
tion is also reported in fib Bulletin 2020.58 The model repre-
sents a generalized cyclic stress–strain characterized by
isotropic and kinematic hardening with possible inelastic
buckling in compression. Menegotto–Pinto-type skeleton cur-
ves42 are herein implemented, which are constituted by
straight segments. Elastic and plastic branches are character-
ized by elastic modulus, hardening ratio, yielding, and inver-
sion point coordinates in the strain–stress plane. The bare
steel bars model presented previously has been employed,
considering the relevant corrosion morphologies to estimate
all the involved parameters. For sake of completeness, it is
recalled that this model for corroded rebars is very accurate if
the strain in compression is smaller than 1.5%; otherwise, its
accuracy slightly reduces. This is compatible with failure con-
ditions in the following numerical investigation. In general,
previous investigations have demonstrated that larger defor-
mation values seldom occur in realistic RC members59 at the
compressed reinforcement level.

FIGURE 7 Layout of the case study

TABLE 1 Corrosion scenarios for the longitudinal rebars in-between the transverse reinforcement (they apply to all D0
s values)

Additional pitting corrosion

Scenario label
Additional pit(s)/pitting
factor/pit(s) position Pit(s) length Generalized corrosion

0p None – ρ¼ 0

1p6-50-0 One pit/R = 6/dp = 0.50s ℓp ¼ 0:50D0
s ρ¼ 0

1p6-150-0 One pit/R = 6/dp = 0.50s ℓp ¼ 1:50D0
s ρ¼ 0

1p6-150-50 One pit/R = 6/dp = 0.50s ℓp ¼ 1:50D0
s ρ¼ 0:50

2p6-150-0 Two pits/R = 6/dp = 0.33s and dp = 0.66s ℓp ¼ 1:50D0
s ρ¼ 0

2p6-150-50 Two pits/R = 6/dp = 0.33s and dp = 0.66s ℓp ¼ 1:50D0
s ρ¼ 0:50

1p8-100-0 One pit/R = 8/dp = 0.50s ℓp ¼ 1:00D0
s ρ¼ 0

Note: One pit (R¼ 8) with ℓp ¼ 1:00D0
s is always assumed in the longitudinal rebar at the level of the transverse reinforcement.
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3.3.3 | Buckling length of the longitudinal
reinforcement

The buckling length Lb depends on both flexural rigidity of
longitudinal rebars and stiffness of the transverse reinforce-
ment. Therefore, buckling length can change the buckling
mode from being local to global during the service life of
the bridge column because of the corrosion. The iterative
procedure proposed by Dhakal and Maekawa60 is here con-
sidered to evaluate the effective buckling length. It is an
energy-based methodology that allows to calculate the stiff-
ness required to sustain the nth buckling mode (where n is
the number of spiral pitches involved in the buckling
mode). The required stiffness is thus compared with the
current stiffness of the transverse reinforcement to estab-
lish the actual buckling mode (i.e., to find the value of n).
The iterative procedure ends when the required stiffness
to support the nth buckling mode is less than the current
stiffness. This methodology was later implemented by
Kashani et al.61 for corroded rebars under the following
simplified assumptions: (i) the current minimum inertia
value of the corroded longitudinal reinforcement Imin is
adopted for evaluating the flexural rigidity of longitudinal
reinforcement instead of the value referred to the
uncorroded bars and (ii) the uncorroded area of the
transverse reinforcement A0

s is replaced with the current
minimum corroded value As for evaluating its stiffness.
Hence, the current flexural rigidity of the longitudinal
corroded bars EIt is calculated as follows60:

EIt ¼EsImin

2

ffiffiffiffiffiffiffiffi
f 0sy
400

s
: ð33Þ

The (time-dependent) stiffness of the corroded spiral con-
finement K t is evaluated according to the empirical for-
mulation proposed by Pantazopolou62:

K t ¼ 4EsAsffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2þd2c

q , ð34Þ

where dc is the core diameter.

4 | NUMERICAL INVESTIGATION

4.1 | Case study

The reference layout of the case study herein considered
for the following parametric investigations is derived from
a real RC bridge located in Sardinia (Italy), which is illus-
trated in Figure 7. The deck is made of simple multi-span

precast concrete girders supported by rigid frame column.
The selected bridge column has a height equal to 3.85 m
(up to the pier cap) and a circular cross-section with diame-
ter equal to 1.2 m. The original longitudinal reinforcement
consists of 20 rebars with diameter equal to 24 mm placed
on a single concentric circular layer. Longitudinal rebars
with diameter equal to 20 and 28 mm are also considered
to investigate the influence of different diameters (the geo-
metrical reinforcement ratio is kept constant). Moreover,
there is a spiral confinement whose diameter and spacing
are equal to 12 and 250 mm, respectively. The concrete

FIGURE 8 Imposed drifts for the nonlinear cyclic analyses of

the RC bridge column
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cover depth is equal to 40 mm, and the axial load on the
single column is estimated equal to P¼ 4500 kN. As the
main goal of the present study is to investigate the cyclic
behavior of corroded RC bridge columns, a single pier is
analyzed in the longitudinal direction, which can be
effectively modeled as a cantilever element (by neglecting
the effect due to the frame).

Mechanical proprieties of sound concrete are assumed
to be f 0c ¼ 30:0 MPa and ε0c ¼ 0:2%. Average uncorroded
mechanical proprieties of the reinforcing steel bars are
assumed as f 0sy ¼ 536:00 MPa, f 0su ¼ 649:00 MPa, and ε0su ¼
11:6% following Apostolopoulos et al.63

4.2 | Solution methods and data

The time evolution of the pitting corrosion in the RC bridge
column cross-section was assessed by means of multiphysics
simulations throughout a lifespan equal to 100 years. A null
initial chloride concentration is considered within the cross-
section whereas the initial values of temperature and pore rel-
ative humidity are taken as 296.15 K and 0.65, respectively. A
total surface chloride content of 7 kg/m3 of concrete is
assumed, which is representative of exposure conditions
close to the Mediterranean coasts. Temperature and relative
humidity on the boundary vary according to T¼ 296:15

�15sin 2πt=365ð Þ [K] and h¼ 0:65þ0:15sin πt=365ð Þ,
respectively, with t [days]. The analyses were performed
for pitting factor values equal to 6 and 8.

The parametric study is detailed in Table 1. Corrosion sce-
narios differ in terms of pitting corrosion pattern for the longi-
tudinal rebars in-between the transverse reinforcement. For
all corrosion scenarios, it is assumed that a localized corrosion
also occurs in the longitudinal reinforcing steel bar at the
level of the transverse reinforcement, in agreement with sev-
eral laboratory evidences and field surveys.30,31,64 Corrosion
scenario cases are labeled as follows: number of pits on the
longitudinal rebars in-between the transverse reinforcement/
p/pitting factor—ratio between pit length and longitudinal
rebar diameter in percent—ratio between loss of reinforcing
steel bar cross-section area under generalized corrosion and
that due to pitting corrosion in percent. It is pointed out that
pit length values ℓp in Table 1 are assumed as given
numerical data for the parametric study, and they are
consistent with reported experimental evidences.31,65

The parametric analyses campaign has been planned
as follows. The comparison among the cases 0p, 1p6-50-0,
1p6-150-0, and 1p8-100-0 is meant at investigating what
is the difference if none or one pit in-between the trans-
verse reinforcement spacing is assumed, taking also into
account the influence of pitting factor and pit length. On
the other hand, the comparison between case 1p6-150-0

s
s

s s

s
s

s s

s
s

s s

su

FIGURE 10 Strain–stress relationships for bare steel bar with D0
s ¼ 24 mm for constant local buckling mode (i.e., Lb ¼ s)
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and case 1p6-150-50 serves at understanding the influ-
ence of a simultaneous generalized corrosion. Two pits
in-between the transverse reinforcement spacing are con-
sidered in cases 2p6-150-0 and 2p6-150-50, taking also

into account the influence of the generalized corrosion
besides the localized one in the latter. Nonlinear cyclic
analyses are performed under displacement-controlled
conditions. The imposed drifts are reported in Figure 8.

It is understood that the following numerical study is
meant at understanding the time-dependent flexural
behavior of the column while the shear capacity is not
discussed. However, for the present case study, it has
been estimated according to the model proposed by
Kowalsky and Priestley66 that the shear capacity (without
considering the contribution due to the transverse rein-
forcement) is always higher than the shear demand.

4.3 | Parametric study

The time-dependent evolution of the pitting corrosion
predicted from multi-physics FE based simulations is
illustrated in Figure 9. As expected, the lower the diame-
ter of the reinforcing steel bars, the larger the effects of
the pitting corrosion. For the considered set of longitudi-
nal rebar diameters, the corroded area as consequence of
the pitting corrosion ranges from 5% to 10% at
t¼ 50 years, whereas it varies between 20% and 30% at
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FIGURE 12 Evolution of Lb (up) and n (down) for different values of D0
s

TABLE 2 Values of λ at t¼ 100 years for different values of D0
s

Data at t¼ 100 years

D0
s [mm] Ds,eq [mm] Lb [mm] λ [�]

20 15.0 500 33.30

24 18.5 750 40.50

28 23.5 1000 42.55
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t¼ 100 years considering R¼ 6. The larger the pitting
factor, the larger the corroded area. If R¼ 8 is considered,
then the corroded area in the longitudinal rebars ranges
from 10% to 15% at t¼ 50 years, whereas it varies
between 30% and 50% at t¼ 100 years. For R¼ 8, it is
estimated that the cross-section area of the transverse
reinforcement at the pit is completely corroded after
about t¼ 90 years.

Figure 10 illustrates the strain–stress relationships of
a bare bar with D0

s¼ 24 mm under compression at t¼
50,75,100f g years (they are evaluated with respect to the
cross-section area in the generalized corrosion region) as
well as the ultimate strain in tension calculated according
to Equation (30). A constant buckling length Lb ¼ s
(i.e., a local buckling mode) is considered to derive the
strain–stress relationships in Figure 10 for better under-
standing the effects of the corrosion pattern.

Figure 10 shows that a degrading branch due to the
rebar buckling at t¼ 100 years occurs for the corrosion
scenario 1p8-100-0 only. On the other hand, with the
exception of the corrosion scenario 0p at t¼ 75 years,
rebar instability at t¼ 50,75f g years takes place after
yielding. This can be explained by recalling that lateral
instability is triggered when three aligned plastic hinges
arise along the longitudinal rebar under compression.
Therefore, while two plastic hinges are expected at the
level of the transverse reinforcement because of the high
pitting corrosion severity at these points, an additional
hinge may or may not arise in-between depending on
rebar yielding at the intermediate pit before failure in
compression. Rebar buckling would happen until the
ratio between cross-section area of the longitudinal steel
bar affected by pitting corrosion at the level of the trans-
verse reinforcement Ap,end

t , and that in the middle pit,
Ap,middle
t is greater than f 0sy=f

0
su. Figure 11 shows

Ap,end
t =Ap,middle

t for all corrosion scenarios and rebar diam-
eters, and it is useful to further explain the results in
Figure 10. In fact, Figure 10 highlights that, since three
identical pits take place in the longitudinal steel bars for
the corrosion scenario 1p8-100-0, the ratio Ap,end

t =Ap,middle
t

turns to be equal to 1 and rebar buckling always happens
in such case. For other corrosion scenarios, rebar buck-
ling may or may not arise depending on the point in
time. It can be also inferred from Figure 10 that the
response under compression is slightly affected by pit
length and number of pits in the middle (when larger
than one). This is because the post-yield buckling
response is ruled by the equilibrium of the buckled bar
within two consecutive stirrups, which, in turn, depends
on the plastic moments in three plastic hinges.67

Results in Figure 10 refer to a local mode of buckling
only. However, it has been found that a global buckling
mode can take place near the end of the considered

lifespan. Specifically, Figure 12 illustrates that the current
stiffness of the transverse reinforcement is lower than the
required stiffness needed to sustain local buckling after
about t¼ 86,84,76f g years for longitudinal rebar diame-
ters equal to D0

s ¼ 20,24,28f g mm, respectively. The max-
imum mode of buckling is achieved at t¼ 90 years and is
equal to n¼ 2,3,4f g for longitudinal rebar diameters
equal to D0

s ¼ 20,24,28f g mm, respectively. It is pointed
out that this value of n is also assumed for t>90 years,
because the iterative procedure for finding the buckling
mode does not converge beyond such limit.

Figure 12 basically highlights the need of recon-
sidering the results into Figure 10 corresponding to
t¼ 100 years because of the global buckling modes of the
longitudinal reinforcement. Buckling will always occur
in this case, because three aligned plastic hinges arise
along the longitudinal rebar, and the buckling response
results are affected only by the plastic moments in its
most corroded sections (i.e., corrosion scenarios consid-
ered in Table 1 do not affect anymore the buckling
response of the bare bar at t¼ 100 years). Table 2
provides details about the slenderness of the corroded
longitudinal rebars at t¼ 100 years (herein, Ds,eq is
the equivalent corroded longitudinal rebar diameter,
Lb ¼ n � s and λ¼Lb=Ds,eq).

Results in Table 2 confirmed that the slenderness
ratio λ at t¼ 100 years is always greater than the critical
slenderness ratio λcr. The buckling of the longitudinal

FIGURE 13 Slip–stress curve of the steel reinforcement for the

zero-length section element representing the strain penetration

effects
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rebars is governed by Eulerian law, and the compressive
post-peak behavior is almost brittle (i.e., high negative
slope of the softening branch).

Figure 13 illustrates the slip–stress curve of the
steel reinforcement for the zero-length section ele-
ment representing the strain penetration effects at the
beginning and the end of the considered time window.
Some representative cycle responses in terms of drift
and base shear are shown from Figures 14–16 for dif-
ferent corrosion scenarios, longitudinal bar diameters,
and time of exposure. A comprehensive overview
about the time variation of the RC bridge column
response is provided in Figure 17 in terms of yielding
displacement, ultimate displacement, and ductility
(normalized with respect to the corresponding
values for the uncorroded column). For the sake of

completeness, capacity and displacement ductility of
the sound column are also provided in Table 3.

Two limit scenarios are considered in Figure 14, where
the case of two pits in the longitudinal rebar at the level of
the transverse reinforcement (scenario 0p) is compared with
a pattern consisting of an additional identical pit in the mid-
dle of the spiral pitch (scenario 1p8-100-0). These results
demonstrate that the column capacity is slightly affected by
the occurrence of such further localized corrosion in-
between the transverse reinforcement. Conversely, the cor-
rosion scenario has significant influence on the mid-term
response (i.e., at t¼ 75 years) in terms of ductility, because
local rebar buckling does not arise for the scenario 0p
after about 65 years for D0

s ¼ 24 mm (see Figure 11) while
it always occurs for the scenario 1p8-100-0. On the other
hand, the long-term responses (i.e., at t¼ 100 years) do

FIGURE 14 Drift versus base shear (up) and cumulated energy (down) for corrosion scenarios 0p and 1p8-100-0 at t¼
50,75,100f g years considering D0

s ¼ 24 mm
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not depend on the corrosion scenario, because they are
governed by the global rebar buckling, which arises
for both scenarios after t¼ 84 years (see Figure 12). This
reflects, in the different ways, the energy dissipated over
time. In fact, the amount of dissipated energy reduces
passing from t¼ 0 years (uncorroded case) to t¼
100 years for the scenario 1p8-100-0 because of the
loss of the reinforcing steel bar cross-section area. On
the other hand, an increment of the dissipated energy
is observed at t¼ 75 years for the scenario 0p even
though the loss of the reinforcing steel bar cross-section
area is higher than that at t¼ 50 years, because the rebar
instability is prevented for such corrosion pattern after
about 65 years. The amount of dissipated energy drasti-
cally decreases again in such scenario at t¼ 100 years
due to the occurrence of global rebar buckling.

Figure 15 highlights the role of a generalized corrosion
of the longitudinal reinforcing steel bars together with a pit
in-between the transverse reinforcement. To this end, the
scenarios consisting of three pits in the longitudinal rebar
(i.e., two identical pits at the level of the transverse rein-
forcement together with a less severe pit in-between) with-
out or with generalized corrosion are considered (namely,
scenarios 1p6-150-0 and 1p6-150-50). Despite the rather
large magnitude of the generalized corrosion, it seems that
its effects on the column capacity are moderate, and they
appear even smaller in terms of ductility. Also, the time-
evolution and the amounts of dissipated energy with or
without a simultaneous generalized corrosion are rather
similar. This suggests that the localized corrosion is likely
the most important aspect in the cyclic behavior of the con-
sidered RC bridge column.

FIGURE 15 Drift versus base shear (up) and cumulated energy (down) for corrosion scenarios 1p6-150-0 and 1p6-150-50 at t¼
50,75,100f g years considering D0

s ¼ 24 mm
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Figure 16 investigates the role of the longitudinal
rebar diameter in RC bridge columns. Herein, it consid-
ered the corrosion scenario consisting of one shorter and
less severe pit in the middle of the spiral pitch besides
two severe pits at the level of the transverse reinforce-
ment (scenario 1p6-50-0). As the loss of cross-section area
for rebars with large diameter values is less than that for
low diameter values, the reduction of the RC bridge col-
umn capacity grows up as the nominal rebar diameter
reduces. The amount of dissipated energy reduces at t¼
50 years passing from D0

s ¼ 28 mm to D0
s ¼ 20 mm due to

the larger loss of the corroded cross-section area of the
rebars. After t¼ 100 years, the dissipated energy for D0

s ¼
20 mm is especially low as compared with that for D0

s¼
24 mm and D0

s ¼ 28 mm due to premature failure.
Figure 17 show that the time variation of the yielding

displacement with respect to the capacity is almost linear.

While a monotonic trend is observed in terms of yielding
displacement (i.e., the lower is the capacity, the lower is
the yielding displacement), this does not hold always true
in terms of ultimate displacement. This is especially evi-
dent for the scenario 0p, where the local rebars buckling
is prevented for the scenario 0p after about 65 years,
thereby causing a temporary significant increment of the
ultimate displacement with respect to the sound RC
bridge column. Once a global buckling mode takes place,
however, the ultimate displacement becomes less than
the corresponding value for the sound RC bridge column
also for the scenario 0p. It can also be observed that the
corrosion has more influence on the yielding displace-
ment rather than on the ultimate displacement
(i.e., yielding displacement degrades with time faster than
ultimate displacement). Once the global buckling mode
of the longitudinal rebars is triggered, the geometrical

FIGURE 16 Drift versus base shear (up) and cumulated energy (down) for corrosion scenario 1p6-50-0 at t¼ 50 years and t¼ 100 years

considering D0
s ¼ 20,24,28f g mm

98 PELLE ET AL.



features of the pits do not matter whereas the simulta-
neous presence of the generalized corrosion can have a
moderate influence.

Overall, Figure 17 confirms that additional intermedi-
ate pits in the longitudinal rebar less severe than that of
the two pits at the level of the transverse reinforcement
do not affect significantly the considered RC bridge col-
umn behavior, regardless of their number or length

(i.e., normalized curves for scenarios 1p6-50-0, 1p6-150-0,
and 2p6-150-0 are very close to each other). The occurrence
of a generalized corrosion in the longitudinal rebar has
moderate influence on the column capacity only, regardless
of the number of pits already in place (i.e., normalized cur-
ves for scenarios 1p6-150-50 and 2p6-150-50 are very close
each other). These scenarios markedly differ from those in
which no pitting corrosion occurs in the longitudinal

(a)

(b)

(c)

s s s

FIGURE 17 Yielding displacement (up), ultimate displacement (center), and ductility (down) normalized with respect to the

corresponding values for the uncorroded RC bridge column at t¼ 50,75,100f g years considering D0
s ¼ 20,24,28f g mm
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rebars in the middle of the spiral pitch, or an additional pit
identical to that at the level of the transverse reinforcement
takes place (i.e., normalized curves for scenarios 0p and, to
a lesser extent, 1p8-100-0 are different from the others).
The maximum tensile strain achieved in the present case
study for the most stressed steel fiber is about 1.5% at the
failure (where the failure corresponds to a force reduction
equal to 20% with respect to the maximum value). There-
fore, the estimated maximum tensile strain in the corroded
longitudinal rebars is lower than the ultimate tensile strain
evaluated according to Equation (30), and the failure is
always due to concrete crushing.

5 | CONCLUSIONS

The present work has presented a comprehensive numeri-
cal methodology to predict the effects of chlorides-induced
corrosion on RC bridge columns. The overall framework
results rather articulated as it combines multiphysics simu-
lations and nonlinear structural analyses. This level of
complexity is motivated by the need of forecasting the
time-dependent cyclic behavior of the RC bridge columns
with a satisfactory level of accuracy. The main findings of
the present work can be summarized as follows.

• Multiphysics analyses for long-term performance assess-
ment of RC bridges under corrosion require a large com-
putational effort, but some simplifications might be
introduced to reduce the total elaboration time. Herein,
physics-based models have been employed to simulate
the effects of environmental factors and aging whereas
available data-driven models have been considered to
take into account the effect of concrete cover cracking
due to rebars corrosion in such a way to avoid time-
consuming nonlinear static analyses.

• A convenient way to parameterize the corrosion pattern
in terms of both localized and generalized corrosion has
been here adopted. This facilitates a rational assessment
of the RC bridges for different corrosion scenarios. In
this regard, the case study here investigated has shown
that the flexural behavior of RC bridge columns is
mostly governed by localized corrosion. The generalized

corrosion has moderate influence on the capacity, and
its impact is even smaller in terms of ductility.

• It has been highlighted that the behavior of bare bars
under pitting corrosion is strongly affected by the cor-
rosion pattern. Under compression, pit length and
number of pits as well as the simultaneous occurrence
of the generalized corrosion do not have as much
impact as the pits arrangement. Conversely, these
parameters have greater influence under tension.

• The numerical results for bare bars under compression
have shown that post-yield buckling might be prevented
as the corrosion progresses. This, in turn, can change
drastically the cyclic behavior of RC bridge columns over
time. Experimental investigations are required to vali-
date this numerical prediction. Generally, the occur-
rence, or otherwise, of local buckling as well as the
onset of global buckling of the longitudinal rebars com-
plicates the time-dependent prediction of the cyclic
response of RC bridge columns. However, once the
global buckling of longitudinal rebars is triggered, the
corrosion pattern has no influence, with the only excep-
tion of the minor role played by the generalized corro-
sion. As this typically takes place after a long time, it
brings down the impact of the large uncertainties inher-
ent to long-term forecasting of exposure conditions.

• The considered RC bridge column was found very sensi-
tive to the rebar response under compression while the
ultimate strain was never attained under tension. Failure
under tension might occur in different situations. In gen-
eral, geometry of the RC bridge column cross-section
and axial load level are expected to influence the failure
conditions. Therefore, further parametric investigations
should be directed toward understanding the role of
cross-section geometry and axial load level in combina-
tion with the corrosion pattern on failure modes.
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