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Abstract. The analysis of reinforced concrete (RC) infrastructure in aggressive
environments is a rather challenging task. Nonetheless, it is essential to design
new structures as well as to predict the residual life of existing constructions and
to plan suitable maintenance interventions. Therefore, this work illustrates the
preliminary version of a comprehensive numerical framework conceived to assess
the evolution in time of the capacity of RC structures exposed to chlorides, with
focus on bridges. A nonlinear dynamic model is first developed by means of the
finite element method in the attempt to simulate the transport of chlorides, taking
into account binding capacity of concrete as well as the effects due to temperature
and moisture. This model is then employed to estimate the free chloride content
during the lifetime. Such a result is finally used to evaluate the corrosion current
density and the pitting corrosion of the reinforcing bars in order to estimate the
pier capacity.

Keywords: bridge · chlorides · capacity · multiphysics finite element analysis ·
pitting corrosion · reinforced concrete

1 Introduction

The presence of chloride ions in reinforced concrete (RC) structures can promote the
rapid and localized corrosion of the steel bars, thereby increasing the risk of failures.
Therefore, the simulation of the chlorides ingress into concrete as well as the capacity
assessment of RC elements with corroded bars are of utmost importance, see for instance
(Imperatore et al. 2019; Lavorato et al. 2017, 2020; Marano et al. 2008, 2010). Within
this framework, the present work illustrates a numerical approach conceived to assess the
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evolution in time of the capacity of RC structures exposed to chlorides. Particularly, the
present study is concerned with RC bridge piers exposed to chloride ions due to sea-salt
particles floating in the air close to coastal areas. First, a 2D finite element (FE) based
nonlinear transient analysis of the chloride transport into the cross-section of members
made of ordinary Portland cement (OPC) is performed. Numerical simulations based
on this multiphysics FE analysis allow to estimate the free chloride content during the
lifetime of the structure taking into account the role of temperature and moisture. Such
a result, in turn, is used to evaluate the pitting corrosion of the reinforcing bars, which
serves at estimating the capacity with respect to relevant limit states.

2 Multiphysics Fe Analysis of Chlorides Ingress in RC Strutures

2.1 Chlorides Transport Modelling

Chlorides in concrete can be either dissolved in the pore solution (free chlorides), or
chemically and physically bound to the cement hydrates (bound chlorides). Free chlo-
rides dissolved in the pore solution are responsible for initiating the process of corrosion.
Transport mechanisms relevant to chlorides penetration into RC structures include ionic
diffusion and capillarity sorption (convection) in concrete.

At present, it is assumed that chlorides transport in concrete is dominated by diffu-
sion. Such an approximation is very common when studying chloride transport in RC
structures exposed to sea-salt particles floating in the air (Muthulingam and Rao, 2014;
Shafei et al. 2012). It is instead presumed that chloride ions cannot flow through the
steel reinforcing bars. According to the Fick’s 1st law of diffusion:

Jc = −Dc

(
∂Cfc
∂x + ∂Cfc

∂y

)
, (1)

where Jc [kg/m2s] is the flux of chloride ions due to diffusion, Dc [m2/s] is the effective
chloride diffusion coefficient andCfc [kg/m3 of concrete] is the concentration of chlorides
dissolved in the pore solution (free chlorides). It is important to note that Dc is given
for a concentration gradient expressed in [kg/m3 of concrete]. However, free chlorides
concentration is more commonly expressed as [kg/m3 of pore solution], and thus Eq. (1)
must be rewritten as follows:

Jc = −Dcωe

(
∂Cfc
∂x + ∂Cfc

∂y

)
, (2)

where ωe is the evaporable water content expressed as [m3 of evaporable water/m3 of
concrete]. It is defined as the water held in both capillary and gel pores. It is implicitly
assumed that the water in which diffusion occurs is equal to ωe. Henceforth, Cfc will
be expressed as [kg/m3 of pore solution]. By imposing the mass conservation law, it is
obtained:

∂Ctc

∂t
= −∂Jcx

∂x

∂Jcy
∂y

, (3)
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where Ctc [kg/m3 of concrete] is the total chloride concentration whereas Jcx and
Jcy [kg/m2s] are the flux of chloride ions due to diffusion in the x and y directions,
respectively. By introducing Eq. (2) into Eq. (3), the Fick’s 2nd law is obtained:

∂Ctc

∂t
= ∂

∂x

(
Dcωe

∂Cfc

∂x

)
+ ∂

∂y

(
Dcωe

∂Cfc

∂y

)
. (4)

Equation (4) provides the change of total chloride concentration with time as a
function of the spatial gradient of free chlorides.

2.1.1 Chloride Binding Isotherm

If chloride binding is neglected, then Ctc = ωeCfc, but this is an oversimplification.
In fact, the effect of chloride binding is relevant and twofold: i) the rate of chloride
ionic transport in concrete decreases, since the amount of available mobile ions (free
chlorides) is reduced; ii) the reduction of free chlorides in concrete results in lower
amounts of chlorides at the reinforcing steel. It is thus appropriate to revise Eq. (4)
taking into account that:

Ctc = Cbc + ωeCfc, (5)

where Cbc [kg/m3 of concrete] is the concentration of bound chlorides. By applying
the mass conservation law to Eq. (5) and substituting into Eq. (4), the Fick’s 2nd law is
reformulated as follows:

∂Cfc
∂t = ∂

∂x

(
D∗
c

∂Cfc
∂x

)
+ ∂

∂y

(
D∗
c

∂Cfc
∂y

)
, (6)

where

D∗
c = Dc

1+ 1
ωe

∂Cbc
∂Cfc

, (7)

is the apparent diffusion coefficient expressed in [m2/s] whereas ∂Cbc/∂Cfc is known as
binding capacity. It can be noted that the Fick’s 2nd law in Eq. (6) is now given in terms
of the same chloride concentration Cfc, which is the quantity of interest for monitoring
the corrosion of reinforcing steel bars.

The chloride binding isotherm Cbc
(
Cfc

)
must be specified in Eq. (7). In the present

work, the reference chloride binding isotherm is the Langmuir isotherm:

Cbc = αLCfc
1+βLCfc

→ ∂Cbc
∂Cfc

= αL

(1+βLCfc)
2 , (8)

where αL [m3 of pore solution/m3 of concrete] and βL [m3 of pore solution/kg] are
binding constants. In case of linear isotherm, it is instead obtained:

Cbc = αlinCfc → ∂Cbc
∂Cfc

= αlin, (9)

where αlin [m3 of pore solution/m3 of concrete] is the binding constant.
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Fig. 1. Relationship between Cfc and Cbc according to Langmuir and linear isotherms. Values of
the ratio D∗

c/Dc as function of Cfc.

For concrete with 40% slag replacement level and water-to-cementitious material
ratio (w/cm) equal to 0.3, Martın-Pérez et al. (2000) obtained αL and βL equal to 0.39
and 0.07, respectively, whereas αlin has been found equal to 0.07. These values were
carried out for an exposure to a chloride concentration 2.5 M, which is representative
of bridges exposed to de-icing salts (Cfc and Cbc were expressed as [kg/m3 of pore
solution] and [kg/m3 of concrete], respectively). These binding constants are adopted in
the present study in agreement with previous applications pertaining to OPC exposed
to chloride ions floating in the air (Muthulingam and Rao; 2014, Shafei et al. 2012)
because of the lack of more reliable data, although neither the cement composition nor
the exposure conditions in (Martın-Pérez et al. 2000) fully match with those pertinent to
such a situation. Langmuir and linear isotherm are compared in Fig. 1. The numerical
values of D∗

c/Dc are also provided in Fig. 1 for these two isotherms (it is here assumed
ωe equal to 0.10). It can be observed in Fig. 1 that chloride binding contributes to a
significant reduction of the chloride penetration, since D∗

c/Dc is less than 1 for a large
range of values ofCfc. It is also remarked that Eq. (8) or Eq. (9) presumes an instantaneous
equilibrium between Cfc and Cbc, even if it is a transient process.

2.1.2 Chloride Diffusion Coefficient

Several concurrent chemo-physical phenomena have influence on the chloride penetra-
tion. In the present preliminary work, the effects due to temperature and moisture are
considered by revising Dc in Eq. (7) as follows (Muthulingam and Rao; 2014, Shafei
et al. 2012):

Dc = Dc,ref FT (T )Fh(h), (10)
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where Dc,ref [m2/s] is the reference chloride diffusion coefficient (i.e., Dc value for
reference conditions). It is presumed thatDc,ref is constant over the domain. The param-
eters FT (T ) and Fh(h) 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. An increment of the temperature is expected to facilitate the chloride ions
ingress, and thus FT (T ) grows for increasing values of T . Since chloride diffusion only
occurs if water is present in the capillary pores, the larger h is, the larger Fh(h) will be.

On the basis of the short literature review in (Shafei et al. 2012), it can be assumed
Dc,ref equal to 2.60·10–12, 4.47·10–12 and 12.50 ·10–12 m/s2 for w/cm equal to 0.4, 0.5
and 0.6 at a reference temperature Tref = 296.15 K (23 °C), respectively. In agreement
with most of the existing studies (Muthulingam and Rao, 2014; Shafei et al. 2012),
dependence of the chloride diffusivity on temperature is estimated using the Arrhenius
law as follows:

FT (T ) = exp
[
Uc
RG

(
1

Tref
− 1

T

)]
, (11)

where Uc [kJ/mol] is the activation energy of the chloride diffusion process, RG =
8.314 · 10−3 [kJ/Kmol] is the gas constant, Tref = 296.15 K (23 °C) is the reference
temperature. The parameter Uc depends on w/cm. Following (Shafei et al. 2012), Uc

can be assumed equal to 41.8, 44.6 and 32.0 kJ/mol for w/cm equal to 0.4, 0.5 and 0.6,
respectively. In agreement with most of the existing studies (Muthulingam and Rao,
2014; Shafei et al. 2012), the effect of the pore relative humidity h is considered through
the following corrective factor:

Fh(h) =
[
1 +

(
1−h
1−hc

)4]−1

, (12)

where hc is the humidity at whichDc drops halfway between its maximum andminimum
value. It is almost constant and equal to 0.75.

Fig. 2. Numerical values of FT (T ) and Fh(h).

Figure 2 illustrates the numerical values of FT (T ) and Fh(h). On the other hand,
Fig. 3 illustrates the values ofD∗

c/Dc,ref calculated according to Eq. (7) as function of T
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and h for Cfc equal to 5 kg/m3 of pore solution whileUc and ωe are equal to 44.6 kJ/mol
and 0.10 (the Langmuir isotherm is here assumed).

Fig. 3. Values of the ratio D∗
c/Dc,ref as function of T and h.

For the sake of completeness, it is finally remarked that other phenomenamight affect
the ingress of chloride ions into concrete, such as time of exposure, carbonation process
and stress/strain fields. At present, these concurrent phenomena are not considered yet.

2.2 Heat Transfer Modelling

It is assumed that heat transfer can be modelled through the Fourier’s heat conduction
law equation under isotropic conditions, which is given by:

q = −λ
(

∂T
∂x + ∂T

∂y

)
, (13)

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

�c ∂T
∂t = ∂

∂x

(
λ∂T

∂x

) + ∂
∂y

(
λ∂T

∂y

)
, (14)

where � is the density and c [J/kgK] is the specific heat capacity. Note that Eq. (14) is
implemented under the following further assumptions: i) variations of thermal conduc-
tivity, density and specific heat capacity are small and negligible; ii) generation of heat
during hydration process is not considered; iii) hardened concrete does not produce or
consume heat. These assumptions are reasonable for temperature and humidity values
of interest for the present study.
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Heat transfer by conduction can take place in, both, concrete and steel reinforcing
bars. Thermal conductivity, density and specific heat capacity for concrete are assumed
equal to 2 W/mK, 2400 kg/m3 and 1000 J/kgK, respectively. The corresponding values
for steel are 50W/mK, 7850 kg/m3 and 620 J/kgK (Muthulingam and Rao, 2014; Shafei
et al. 2012).

2.3 Moisture Ingress Modelling

It is presumed that moisture ingress affects the concrete only. Moisture flow in concrete
is most commonly defined in terms of the pore relative humidity gradient as follows:

Jm = −Dh

(
∂h
∂x + ∂h

∂y

)
, (15)

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 = ∂

∂x

(
Dh

∂h
∂x

)
+ ∂

∂y

(
Dh

∂h
∂y

)
, (16)

where ∂ωe/∂h is the so-called moisture capacity. It is highlighted that Eq. (16) is imple-
mented under the following hypotheses: i) drop in humidity due to self-desiccation is
small and negligible (this is acceptable for ordinary concrete, but it is no longer valid for
high-strength concrete because of the very low w/cm ratio); ii) effect of heat in moisture
transport is ignored, since the contribution of this term is rather small for the range of
temperature values of interest.

2.3.1 Adsorption Isotherm

The concrete moisture distribution given in terms of pore relative humidity h in Eq. (16)
refers to the thermodynamic state of the pore water, but it does not provide the amount
of free water ωe. Since the moisture diffusion is a slow process, vapour, capillary water
and adsorbed water are almost in thermodynamic equilibrium. This allows to relate pore
relative humidity h and evaporable water content ωe through a sorption isotherm. The
most common one is the Brunauer-Skalny-Bodor model (Muthulingam and Rao, 2014;
Shafei et al. 2012), which is given by:

ωe = CkVmh
(1−kh)[1+(C−1)kh] , (17)

whereωe is here expressed as [g of evaporable water/g of cementitiousmaterial] whereas
C, k and Vm are model parameters. The moisture capacity in Eq. (16) is thus obtained
as follows:

∂ωe
∂h = {CkVm+ωeh[1+(C−1)kh]−ωeh(1−kh)(C−1)}

(1−kh)[1+(C−1)kh] , (18)

and it is expressed as [g of evaporable water/g of cementitious material]. The results
expressed as [m3 of evaporable water/m3 of concrete] are obtained by multiplying the
outcomes of Eq. (17) and Eq. (18) by c/�w, where c is the cement content expressed as
[kg/m3 of concrete] whereas �w is the water density equal to 1000 kg/m3 (Han, 2007).



674 G. Quaranta et al.

AlthoughEq. (17) has been calibrated for cement pastes, it is commonly implemented
for the analysis of concrete structures because of the lack of experimental data for
concrete. Following (Muthulingam and Rao, 2014) the model parameters C, k and Vm

can be defined as follows:

C = exp(855/T ), (19a)

k = (1−1/m)C−1
C−1 (0 < k < 1), (19b)

m =
(
2.5 + 15

te/86400

)
· (0.33 + 2.2w/cm)Nct, (19c)

in which Nct and Vct are equal to 1.1 and 0.9, respectively, for OPC. In Eq. (19)a, b, c,
te [s] is the equivalent hydration age. It is defined as follows:

te = t0 + ∫ t
to
βTβhdt, (20)

where t0 [s] is the time of first exposure of the concrete whereas βT and βh are functions
that reflect the dependence of te on temperature T and pore relative humidity h. For the
sake of simplicity, in this preliminary study, C, k and Vm are assumed to be constant
values with te = 180 days, T = 296.15 K (23 °C) and w/cm = 0.5. Figure 4 shows ωe

and ∂ωe/∂h for different values of te, with T and w/cm equal to 296.15 K (23 °C) and
0.5, respectively.

Fig. 4. Values of ωe and ∂ωe/∂h as function of te.
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2.3.2 Humidity Diffusion Coefficient

The variability of the humidity diffusion coefficient is commonly considered following
an approach similar to that employed in Eq. (10), and thus:

Dh = Dh,ref GT (T )Gh(h), (21)

whereDh,ref [m2/s] is the reference humidity diffusion coefficient (i.e.,Dh value for ref-
erence conditions), and it is assumed to be the same over all the domain. The parameters
GT (T ) and Gh(h) are the corrective factor of the humidity diffusion coefficient that take
into account the effects due to temperature T and pore relative humidity h, respectively.

Following (Muthulingam and Rao; 2014, Shafei et al. 2012), Dh,ref can be assumed
equal to 2.00 ·10–11 m/s2 for w/cm equal to 0.5. Similarly to Eq. (11), GT (T ) is defined
as follows:

GT (T ) = exp
[
Uh
RG

(
1

Tref
− 1

T

)]
, (22)

in whichUh [kJ/mol] is the activation energy of the humidity diffusion process. Accord-
ing to (Shafei et al. 2012),Uh is assumed equal to 22.0 kJ/mol. Finally,Gh(h) is evaluated
by means of the following formulation (Muthulingam and Rao, 2014):

Gh(h) = αo + 1−αo

1+
(

1−h
1−hc

)n , (23)

where αo is assumed equal to 0.05, and it is almost constant for different concrete or
cement pastes. The exponent n varies between 6 and 16, and it is here assumed an average
value equal to 10 as in (Muthulingam and Rao, 2014). Numerical values of GT (T ) and
Gh(h) are shown in Fig. 5.

Fig. 5. Numerical values of GT (T ) and Gh(h).

For the sake of completeness, it is finally remarked that other phenomena might
affect the moisture ingress in concrete, mainly hydration period, carbonation process,
concentration of other dissolved ions and hysteresis in wetting/drying cycles. Reliable
models are not available yet for some of these phenomena, and they are not considered
at the present in the current study.
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2.4 Solutions of the Partial Differential Equations

Overall, the chloride transport is mathematically modelled through a set of linear and
nonlinear partial differential equations, namely Eqs. (6,14,16). They are solved bymeans
of a FE method over the 2D domain that defines the cross-section of the bridge pier.

3 Analysis of Steel Bars Corroded by Chlorides

3.1 Evaluation of the Corrosion Current Density

The corrosion rate at the time t is estimated in terms of corrosion current density icorr .
Henceforth, as usual in the current literature, t is now expressed in [years]. According
to Liu (1996), icorr [µA/cm2] is related to water soluble chlorides as follows:

icorr = 1.08exp
[
8.37 + 0.618ln

(
1.69Cfc

) − 3034
T − 0.000105Rc + 2.32t−0.205

]
,

(24)

where Cfc here refers to the free chloride ions concentration at the reinforcing steel bar
to evaluate its pitting corrosion. Compared to (Liu, 1996), the factor 1.69 is introduced
in Eq. (24) to convert the chloride concentration from [kg/m3] to [lb/yd3] whereas the
factor 1.08 allows to convert the corrosion current density from [mA/ft2] to [µA/cm2].
Moreover, Rc [�] is the ohmic resistance of concrete. Although Rc depends on the
chloride content, in this preliminary study it is assumed equal to 1700 �, which fairly
coincides with the average of the mean ohmic resistance up to five years found by Liu
(1996) at different outdoor exposure conditions.

Figure 6 has been derived for Cfc equal to 5 kg/m3 of pore solution, and it highlights
that the larger is T , the larger is icorr at a given point point-in-time. Conversely, it
decreases during the time at a given temperature. Generally, a corrosion rate between
0.1 and 0.5 µA/cm2 correspond to low corrosion intensity whereas a high corrosion
intensity occurs above 1.0 µA/cm2.

3.2 Pitting Corrosion of Reinforcing Steel Bars

It has been estimated that icorr equal to 1 µA/cm2 corresponds to a uniform corrosion
penetration of 11.6 µm per year. In case of pitting corrosion, the penetration is much
larger. The evaluation of the corrosion penetration in case of pitting corrosion is thus
based on the use of an amplification factor named pitting factor R. This typically lies
between 4 and 8.

Overall, the increment of the pit depth 	p [mm] is then evaluated as follows:

	p = 0.0116icorr	tR, (25)

where	t is the time step in [years]. At each time instant, the pit depth p [mm] is obtained
as cumulative sum of the corresponding previous increments. The area of the corroded
reinforcing steel bar At [mm2] at the year t is:

At = A0 − Ap, (26)
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Fig. 6. Effects of T and t on the numerical value of icorr .

where A0 [mm2] is the original (uncorroded) area of the bar whose original (uncorroded)
diameter is D0 [mm]. Moreover (Val, 2007):

Ap =

⎧⎪⎨
⎪⎩

A1 + A2, p ≤ D0√
2

A0 − A1 + A2,
D0√
2

< p ≤ D0

A0, p ≥ D0

(27)

A1 = 1
2

[
θ1

(
D0
2

)2 − a
∣∣∣D0
2 − p2

D0

∣∣∣
]
, (28)

A2 = 1
2

[
θ2p2 − a p2

D0

]
, (29)

a = 2p

√
1 −

[
p
D0

]2
, (30)

θ1 = 2arcsin a
D0

, θ2 = 2arcsin a
2p , (31)

The pitting corrosion layout is shown in Fig. 7.
Besides reducing the cross-section of the steel bars, it has been recognized that

pitting corrosion also affects the stress-strain relationship of thematerial. Such an aspect,
however, is not the focus of the present preliminary work.

4 Application

4.1 Problem Data

The case study here considered is one pier of the RC bridge crossing the Tirso river
in Oristano (Italy). The bridge is rather close to the sea, thereby resulting potentially
exposed to chloride ions floating in the air.
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Fig. 7. Pitting corrosion configuration in the cross-section of a reinforcing steel bar.

According to the data available from technical drawings, the diameter of the anal-
ysed cross-section is 120 cm, the concrete cover is 4 cm whereas the steel longitudinal
reinforcement consists of 20 bars (whose diameter is 24 mm). Since the transversal
reinforcement is made of spirals (whose diameter is 12 mm), the 2D analysis of the
cross-section including the longitudinal bars only is deemed appropriate to estimate the
free chlorides concentration at any level of the pier.

Material parameters adopted for modelling the chloride penetration are the ones
previously presented in Sect. 2 and Sect. 3, because of the lack of data specifically
referring to the case study here considered. In doing so, it is arbitrarily assumed that
w/cm = 0.5 and c = 450 kg/m3 of concrete.

No data are available for initial and boundary conditions as well. Therefore, they are
also assumed arbitrarily in the present work. Specifically, it is assumed that the initial
free chloride ions concentration is null. Initial temperature T0 and initial pore relative
humidity h0 of the cross-section are equal to 296.15 K (23 °C) and 0.65, respectively.
According to the review made by Shafei et al. (2012), a surface chloride content of
17.7 kg/m3 of pore solution simulates the complete submersion in seawater while this
value increases to 90 kg/m3 of pore solution for tidal or splash zones. Typically, the
surface chloride content due to the chloride ions floating in the air has a smaller value
(it also depends on time and distance from the source of chloride ions). In the present
work, a constant surface chloride content equal to 10 kg/m3 of pore solution is assumed
on the boundary. On the other hand, time-dependent boundary conditions are defined
for T and h as follows:

T = T0 − 	T sin
(
2π t/86400

365

)
, (32)

h = H0 + 	hsin
(

π t/86400
365

)
, (33)

where 	T [K] and 	h are taken equal to 15 K and 0.15, respectively. The FE analysis
of the chloride ions penetration process has been performed within a time window equal
to 100 years.
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4.2 Numerical Results

The free chloride concentration profile close to the spiral and near the longitudinal bar
is provided in Fig. 8. According to Eq. (24), after 100 years, this approximately results
into icorr = 1.5 µA/cm2 and icorr = 1.3 µA/cm2 for the spiral and the longitudinal
bar, respectively. Since icorr > 1.0 µA/cm2 after 100 years, a high corrosion intensity
is expected.

Fig. 8. Numerical prediction of the Cfc values close to the spiral and near the longitudinal bar.

Fig. 9. Time-dependent variation of the cross-section area of spiral and longitudinal bar
(dimensionless value with respect to the initial one).

Figure 9 illustrates how the ratio between the current cross-section area of the rein-
forcement and its initial (uncorroded) value reduces over the lifetime. As expected,
pitting corrosion has much large effect on the spiral rather than on the longitudinal
bar because of its more severe exposure condition and the smaller cross-section. After
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100 years, the ratio between the pit depth and the initial (uncorroded) diameter value is
0.6348 and 0.2299 for the spiral and for the longitudinal bar, respectively. The reduction
of the cross-section area after 100 years is about 10% for the longitudinal bar whereas
it is almost 60% for the spiral.

5 Conclusions

This work has illustrated the preliminary version of a numerical platform devised to
predict the capacity loss in RC structures exposed to chlorides. Specifically, the chloride
concentration is first estimated by means of a multiphysics FE analysis. This, in turn,
serves at calculating the corrosion current density and, finally, the reduction of the cross-
section area of the reinforcement due to the pitting corrosion phenomenon. Based on
these preliminary investigations, more refined models and extensive structural analyses
have been presented recently byPelle et al. (2022a,b). Particularly, amore comprehensive
multiphysics model of the chloride ingress into concrete has been reported by Pelle et al.
(2022a), where it is also investigated the effect of the corrosion pattern on the cyclic
behaviour of RC bridge piers taking into account the buckling of longitudinal rebars.
Pelle et al. (2022b) provided some insights about the repair of corroded RC bridge piers
with ultra-high performance fiber reinforced concrete.
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