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Abstract: During their service life, existing structures may suffer a combination of ageing and rein-
forcement corrosion. The corrosion deterioration can significantly affect the durability of reinforced
concrete (RC) elements causing premature concrete crushing, size reduction of reinforcement cross-
section, degradation of mechanical properties of steel and concrete, and stirrups rupture. One of
the main purposes related to durability reduction is the evaluation of the maintenance of adequate
safety and residual capacity throughout the life of the structure. For this reason, a non-linear finite
element approach (NLFEA), based on multi-layer shell elements and PARC_CL 2.1 crack model
has been presented in this paper. The PARC_CL 2.1 model is a fixed crack model developed at the
University of Parma and implemented in a subroutine UMAT for ABAQUS that incorporates cyclic
constitutive laws of materials and the evolution of corrosion over time. In the present work, the crack
model was improved by implementing the effects of exposure to environmental attack. Firstly, the
effectiveness of the proposed model has been validated through comparison with experimental data
available in literature. The residual capacity of corroded RC panels subjected to cyclic loads was
then investigated over time considering different exposure classes. Based on the obtained results, the
capacity reduction in terms of maximum shear stress and ductility have been estimated over time.

Keywords: corrosion; numerical crack model; time-dependent analysis; reinforced concrete; cyclic
behavior; non-linear finite element analysis

1. Introduction

Nowadays, a significant part of reinforced concrete (RC) structures and infrastructures
have almost reached and overcome their conventional service life and are suffering ageing
effects and material deterioration [1].

In particular, corrosion has been recognized as one of the principal causes that leads RC
members to premature unexpected failures, characterized by structural brittle behavior and
lacking of warning signs [2]. As widely reported, the principal effects of corrosion deterio-
ration can be identified as concrete crushing, size reduction of reinforcement cross-section,
degradation of mechanical properties of steel and concrete, and stirrups rupture [3–6].
Since the aggressive environmental attack—due to chloride contents (localized corrosion)
or carbonation (uniform corrosion)—increases over time, the corrosion process plays a
crucial rule, increasing the vulnerability of RC structures and drastically decreasing their
structural capacity over the years. In this framework, a large amount of research was
conducted to analyze the effects induced by corrosion deterioration on RC structures and
infrastructures and to evaluate the residual life of corroded RC members. For instance,
referring to the residual capacity of corroded RC elements, Rodriguez et al. [7] experi-
mentally investigated 31 corroded beams by reproducing the corrosion deterioration by
applying a current density of 100 µA/cm2, while Torres-Acosta et al. [8,9] performed a
huge experimental campaign investigating the reduction in terms of flexural resistance
induced by pitting corrosion of reinforcements. On the other hand, the relevant topic
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concerning the prediction of the residual service life of corroded RC members has seen
increasing interest in the last years. Among them, Ahmad et al. [10] investigated the
remaining service life of corroded structures considering both empirical and experimental
methods. Ranjith et al. [11] carried out a parametric study on relevant parameters such as,
cover thickness, corrosion rate, and perimeter of the bar, for the evaluation of the effects of
corrosion on service life prediction. Moreover, Imperatore et al. [12] proposed a simplified
integrated procedure for the estimation of the strength decay of RC sections exposed to
chloride attack.

Despite the amount of work carried out, additional efforts from researchers must be
addressed to the study of serviceability, durability, and safety performance of corroded RC
structures subjected to cyclic loading. To this aim, the present work proposes a reliable
numerical model, called PARC_CL 2.1 crack model—developed at the University of Parma
and implemented in a user subroutine for ABAQUS software [13]—for the cyclic and
dynamic response prevision of existing RC structures subjected to corrosion deterioration.
It is worth noting that the proposed model has been already successfully applied to the
non-linear finite element analysis (NLFEA) of RC elements subjected to static, cyclic, and
dynamic loading, as reported in [14–16].

The main novelty of the study consists of the implementation of a stiffness matrix to
be used at the integration point, for non-linear finite element simulation of corroded RC
members. The stiffnesses matrix, based on the PARC_CL 2.1 crack model, represents a new
release of the user subroutine for membrane or multi-layered shell elements. Appropriate
models, available in literature, for concrete and steel damaged by corrosion effects were
implemented in the new release of PARC_CL 2.1. The new release of PAR_CL 2.1 is
validated by analyzing RC panels that represent an element of assemblages of entire
structures. Therefore, the knowledge of the mechanisms and failure modes caused by
corrosion in RC panels can improve the knowledge of the mechanisms and the failure
modes of entire structures. In the present work, the residual loading capacity of corroded
RC panels were evaluated by coupling the new release of PARC_CL 2.1 with other available
models concerning chloride-induced corrosion. To this aim, the proposed model was firstly
validated by means of the comparison with experimental results carried out on uncorroded
RC panels tested by Mansour and Hsu [17] and previously investigated in Belletti et al. [14].
Once validated, the proposed model was used for the prediction of the ultimate resistance
and ductility of corroded RC panels subjected to localized corrosion deterioration. In
this context, referring to chloride-induced corrosion, a parametric analysis considering
three different exposure classes related to sea water exposure, XS1, XS2, and XS3 was
performed over time. As the first step, the model for deteriorated structures proposed
by Tuutti [18] was assumed for the evaluation of the initiation and propagation period,
where input parameters, such as, the chloride critical contents and the chloride diffusion
coefficient were estimated according to scientific literature outcomes [11,12,19,20]. Secondly,
the corrosion effects in terms of maximum penetration depth was evaluated according
to CONTECVET manual [21]. Thirdly, the reduced mechanical properties of steel and
concrete were evaluated by means of models developed by Chen et al. [22] and Coronelli
and Gambarova [23], respectively. Finally, the comparison of the obtained results in terms
of shear stress—shear strain cyclic response and pre-yield shear stiffness were carried out.
The outcomes show that a critical reduction in terms of maximum shear stress and shear
strain takes place over time, especially in the case of splash and spray condition. On the
other hand, the constantly submerged environment leads to a general lower reduction.

2. Materials and Methods
2.1. The PARC_CL 2.1 Crack Model

Currently, available to designers all over the world, there are different approaches for
non-linear finite element modelling of RC structures such as, fiber models, 2-dimensional
models (2D), and 3-dimensional models (3D). Basically, each model is characterized by
pros and cons generally related to its complexity and computational cost. In particular,
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2D approaches present limited computational efforts and provide the chance to model
complex structural typologies taking into account both flexural and shear effects.

In the present study, the PARC_CL 2.1 crack model, which stands for Physical Ap-
proach for Reinforced Concrete subjected to Cyclic Loading, is described and used in order
to predict the structural response under cyclic loading of corroded RC panels. PARC_CL
2.1, which was implemented in a user subroutine for the software ABAQUS [13] at the
University of Parma, is a total fixed crack approach for 2D multi-layered shell elements
that assumes reinforcement smeared in the concrete element. The non-linear behavior is
assigned through the model at each integration point, where two reference systems are
defined: (a) the first one refers to the local x,y coordinate system of the finite element,
while the other (b) refers to the 1,2-coordinate system, assumed along the principal stress
directions, Figure 1.
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The proposed model treats the cracked solid as a continuum by reducing the stiffness
matrix at the integration points. When the crack is formed, the 1,2-coordinate system re-
mains fixed throughout the loading process. The uniaxial model proposed by He et al. [24]
based on the energy fracture law is implemented to predict the non-linear behavior of
concrete. The shear stress due to the effect of aggregate interlock is evaluated by imple-
menting the Gambarova law [25]. Moreover, the biaxial state for concrete in compression
is considered by using the law proposed by Vecchio and Collins [26], but extended to
cyclic loading. Several stress-strain relationships for steel such as, the widely used uniaxial
model proposed by Menegotto and Pinto [27], and two additional models able to detect the
buckling of the reinforcement: the Monti-Nuti model [28], and the Kashani et al. model, are
implemented in the PARC_CL 2.1 crack model [29]. Recently, the model has been upgraded
by implementing adequate constitutive laws to evaluate the contribution of creep and
shrinkage effects. For the sake of brevity, further details on the PARC_CL 2.1 crack model
can be found referring to [14,15,30–33].

2.2. Validation of the Model

According to the results shown in Belletti et al. [14], the PARC_CL 2.1 crack model was
validated by simulating 8 out of 12 uncorroded specimens belonging to the experimental
campaign carried out by Mansour and Hsu [17]. All panels were characterized by a height,
h0, equal to 1397 mm and a width, b0, equal to 1397 mm. Two different rebar diameters, D0,
were considered equal to 19 mm and 25 mm, leading to uncorroded cross-sectional area,
As0, of about 284 mm2 and 510 mm2, respectively. A modulus of elasticity of reinforcing
steel, Es, equal to 200 GPa was assumed.

Generally, the panels were 178 mm thick, except those reinforced with a bar diameter
of 25 mm which had a thickness equal to 203 mm.
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In the present work, two RC panels (CE3 and CA4) were taken into account for the
evaluation of the corrosion effects over time. The panel of the CE series was characterized
by longitudinal and transversal reinforcement placed parallel to the applied principal
stresses. On the other hand, the CA series had a bar orientation with respect to the applied
principal stresses equal to 45 degrees. Table 1 lists the values of the mechanical properties of
undamaged concrete (fc0, εc0) and uncorroded rebar for the different diameters considered
(fy0, εy0, fu0, εu0, ρ), where fc0, and εc0 are the cylinder compressive strength of concrete and
the concrete strain at maximum compressive stress, while fy0, εy0, fu0, and εu0 stand for the
yield strength, the yield strain, the ultimate strength, and the ultimate strain of reinforcing
steel, respectively, and ρ is the ratio of longitudinal tension reinforcement.

Table 1. Uncorroded mechanical properties of reinforcements and concrete.

Rebar Diameter, D0 (mm) fy0 (MPa) εy0 (-) fu0 (MPa) εu0 (-)

19.00 425.40 0.002127 541.15 0.06
25.00 453.40 0.002267 568.87 0.06

Panel CE3 CA4

Ratio of longitudinal tension
reinforcement, ρ

0.012 0.027

Cylinder compressive strength
of concrete, fc0

50.00 45.00

Concrete strain at maximum
compressive stress, εc0

0.0024 0.0028

Referring to non-linear finite element analysis (NLFEA), the panels were modelled us-
ing a single 4 node membrane element with reduced integration, M3D4R, and to reproduce
the same experimental loading condition, truss elements were used to realize an external
frame to apply the cyclic displacement time history. To reproduce the experimental tests
carried out by Mansour and Hsu [17], compression-tension cyclic loading with the same
absolute (positive and negative) values was applied to RC panels. These values simulate
the principal stresses in the horizontal and vertical directions, and they are characterized by
increasing magnitude during the cyclic displacement time history. Figure 2 shows the com-
parison between experimental test results and numerical outcomes in terms of measured
shear stress versus shear strain response for CE3 and CA4 uncorroded panels. For more
details on the setting of the NLFE analyses and the comparison between experimental and
NLFEA outcomes refer to [14].
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2.3. Prediction of Corrosion Deterioration

To carry out a reliable prediction of the cyclic behavior of corroded RC elements, the
main effects due to corrosion deterioration were included in the NLFEA. In this context,
it is widely recognized in the scientific literature that the corrosion deterioration process
can drastically reduce the resisting cross-section of the reinforcement as well as modify
the mechanical response of rebar and surrounding concrete. In addition, the cracking
phenomena and the reduction of bond between concrete and steel should be considered as
relevant issues over time.

The model proposed by Tuutti [18] for deteriorated structures was assumed to estimate
the design life of corroded RC elements. According to this model, the design life of the
structure can be divided into two main periods. The first period, called initiation period
(years), ti, or depassivation time, corresponds to the time from structural construction up
to the depassivation of the reinforcement and it depends primarily on cover depth, w/c
ratio, curing time, environmental conditions, and temperature. The second period, called
propagation period (years), tp, starts from the depassivation of the reinforcement until a
certain unacceptable level of deterioration and depends on oxygen, water availability, and
hydrogen ions concentration [21].

The present work primarily focuses on the investigation of the effects induced by
chloride corrosion (localized/pitting corrosion). To this aim, according to the environmental
classification proposed in EN 206 [34], the exposure classes for corrosion induced by
chlorides from sea water (XS1, XS2, and XS3) were taken into account. The exposure class
XS1 refers to structures exposed to airborne salt but not in direct contact with sea water,
XS2 is assigned to structures permanently submerged, while the exposure class XS3 refers
to tidal, splash, and spray zones.

Based on these assumptions, the initiation period, ti, was calculated for each expo-
sure class by applying the chloride concentration diffusion model (Fick’s second law of
diffusion), which expression is reported in Equation (1):

C(x, t) = Ci + (Csa − Ci)

[
1− er f

(
x

2
√

Dclt

)]
(1)

where, C(x,t) is the chloride content at depth x from the concrete surface at a time t (years),
x is the thickness of concrete cover (mm), Ci is the initial chloride content (%), assumed
equal to 0, Csa is the achieved surface chloride content (%), evaluated from scientific liter-
ature (DuraNet) [19,20] in function of the height above sea level, and Dcl is the chloride
diffusion coefficient of the concrete. Based on scientific literature outcomes, different
opinions about the values of the chloride diffusion coefficient, Dcl, are available: Ranjith
et al. [11] pointed out a range that varies from 0.45 to 6 cm2/year, Imperatore et al. [12] sug-
gested a range from 0.16 to 8 cm2/year, and Collepardi et al. [35] showed a Dcl varying from
0.26 to 1.57 cm2/year. In the following calculations, a chloride diffusion coefficient equal to
0.61 cm2/year was assumed. Additionally, as pointed out by different authors [12,36], an
actual definition of the critical chloride content, Ccr, is hardly achievable, since this thresh-
old value depends on several parameters. Table 2 reports the critical chloride contents
assumed in this study as a function of the different exposure classes considered.

Table 2. Input parameters and initiation period for different exposure classes.

Exposure Classes XS1 XS2 XS3

Achieved surface chloride content, Csa (%), [19,20] 0.45 0.50 0.36
Critical chloride content, Ccr (%) 0.25 0.25 0.17

Initiation period–Depassivation time, ti (years) 48 37 33
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The evolution of chloride content over time for the different exposure classes is
reported in Figure 3. In this regard, by assuming a concrete cover, x, equal to 45 mm, and
by imposing the chloride content C(x,t) equal to a critical content (%), Ccr, the initiation
period, ti, has been evaluated for the different exposure classes under analysis, Table 2.
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Figure 3. Chloride content, C(x,t), at depth x (thickness of concrete cover) versus time.

Once the initiation period, ti, was evaluated, the propagation period, tp, was calculated
through the expression reported in Equation (2):

tp = t− ti (2)

where, t is the time of the assessment. For the case study, the prediction is carried out from
50 up to 100 years, assuming a time step equal to 10 years.

Investigating the localized (pitting) corrosion, the next step consisted of the evaluation
of the maximum penetration depth (mm), Ppit(tp), which was calculated by using the
formulation provided in CONTECVET manual [21] and reported in Equation (3):

Ppit(tp) = 0.0116αtp Icorr (3)

where, 0.0116 is a conversion factor of µA/cm2 into mm/year, α is the pitting factor,
set equal to 10, and Icorr (µA/cm2) is the corrosion rate. Referring to CONTECVET
manual [21]—in case of lack of in situ measurements—values of corrosion rate equal
to 1.7 µA/cm2, 0.5 µA/cm2, and 2.5 µA/cm2 for exposure classes XS1, XS2, and XS3 were
assumed, respectively. Table 3 reports the maximum penetration depths, Ppit(tp), calculated
over time by applying Equation (3) for the different exposure classes.
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Table 3. Maximum penetration depth and cross-sectional loss over time for the exposure
classes analyzed.

Exposure Class Parameters
Time of Analysis (Years)

50 60 70 80 90 100

XS1
Ppit(tp) (mm) 0.39 2.37 4.34 6.31 8.28 10.25

µmax (%) (D0 = 19 mm) 0.09 2.93 9.40 18.88 30.78 44.41
µmax (%) (D0 = 25 mm) 0.05 1.66 5.37 10.94 18.12 26.65

XS2
Ppit(tp) (mm) 0.75 1.33 1.91 2.49 3.07 3.65

µmax (%) (D0 = 19 mm) 0.31 0.95 1.94 3.25 4.87 6.78
µmax (%) (D0 = 25 mm) 0.17 0.54 1.09 1.83 2.76 3.86

XS3
Ppit(tp) (mm) 4.93 7.83 10.73 13.63 16.50 19.43

µmax (%) (D0 = 19 mm) 11.95 27.87 47.87 69.67 89.57 100.00
µmax (%) (D0 = 25 mm) 6.86 16.35 28.87 43.54 59.32 78.71

Thereafter, according to the model proposed by Val [37,38], a hemispherical pit type
morphology was assumed in order to estimate the area loss due to pitting (mm2), Ap(tp), as
a function of the maximum penetration depth, Ppit(tp), and the uncorroded diameter, D0,
Equations (4)–(9):

Ap(tp) =


A1 + A2 Ppit(tp) ≤ D0√

2
πD2

0
4 − A1 + A2

D0√
2
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πD2
0
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1
2

[
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(
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2

)2
− a
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2
−
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2
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∣∣∣∣∣
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A2 =
1
2

[
ϑ2
(

Ppit(tp)
)2 − a

(
Ppit(tp)

2

D0

)]
(6)

ϑ1 = 2arcsin
(

a
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ϑ2 = 2arcsin

(
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2Ppit(tp)
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√
1−

(Ppit(tp)

D0

)2

(9)

Furthermore, by considering the uncorroded cross-sectional area of rebar, As0, the
maximum cross-sectional loss (%), µmax, due to localized corrosion was estimated through
Equation (10):

µmax =
Ap(tp)

As0
· 100 (10)

Table 3 shows the percentage of the maximum cross-sectional loss over time for the
three exposure classes taken into account. In Table 3 the two different rebar diameters, D0,
are considered.

2.4. Mechanical Properties
2.4.1. Steel

As highlighted by several research, corrosion deterioration may lead to a critical
reduction in terms of load capacity and ductility of reinforcement rebar over time and
with the increasing corrosion level. In the present work, the corrosion deterioration was
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considered by reducing the area of the reinforcement. The ultimate strain, εu,cor, was
estimated through the expression proposed by Chen et al. [22], as reported in Equation (11).

εu,cor =

 εu0 −
(
εu0 − εy0

)( fu0
fu0− fy0

µmax
100

) 1
P

µmax ≤ µcrit
fy0εy0

fy0

(
1− µmax

100
)

µmax > µcrit

 (11)

where, fu0 and εu0 are the ultimate strength and the ultimate strain of the uncorroded
reinforcing steel, respectively, while fy0 and εy0 are the yield strength and the yield strain of
the uncorroded reinforcing steel. The coefficient P is the strain-hardening power, estimated
according to the formula reported in Equation (12), [22]:

P = Esh0
εu0 − εy0

fu0 − fy0
(12)

where, Esh0 is the strain-hardening modulus, which was set equal to 2 GPa.
According to Chen et al. [22], a critical corrosion level (%), µcr, above which the rebar

would not yield upon failure was calculated by using Equation (13), Figure 4. Referring to
the uncorroded yield and ultimate strength of reinforcing steel reported in Table 1, critical
values equal to 21.39% and 20.30% are obtained for rebar diameter, D0, equal to 19 mm and
25 mm, respectively.

µcr =

(
1−

fy0

fu0

)
· 100 (13)
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For instance, Figure 5 shows reduced force–strain relationships over time in the case
of panel CE3—with reinforcements characterized by a rebar diameter equal to 19 mm—for
the exposure classes XS1 and XS3, respectively. The force, F, was evaluated according to
Equation (14):

F = σAcorr(tp) (14)

where Acorr(tp) is the corroded area of the rebar over time, evaluated as the difference
between the uncorroded area of rebar, As0, and the area loss due to pitting, Ap(tp). As
visible from Figure 5, with the increase in the exposure time, the hysteretic loops tend
to reduce and disappear, leading to brittle failure of the analyzed panels, except for the
exposure class XS2.
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Figure 5. Force–strain curves over time of panel CE3 for the exposure class: (a) XS1, (b) XS2, and (c) XS3.

2.4.2. Concrete

The increase of the volume of steel during the corrosion process may cause delam-
ination and spalling of the concrete cover. This latter phenomenon may cause concrete
cracking and reduction of the ductility and compressive strength of concrete. The reduc-
tion law proposed by Coronelli and Gambarova [23] was assumed for the evaluation of
the cylinder compressive strength of damaged concrete (MPa), fc’, through the formula
provided in Equation (15):

f ′c =
fc

1 + kε1/εc0
(15)

where, fc is the cylinder compressive strength of undamaged concrete (MPa), Table 1, k is a
coefficient related to the bar roughness and diameter, which is set equal to 0.1 according
to [23], εc0 is the concrete strain at maximum compressive stress, and ε1 is defined as
the average strain in the cracked concrete at right angles to the direction of the applied
compression. This latter parameter was calculated according to Equation (16) as a function
of the number of rebars in compression, nbar, the uncorroded section width, b0, and the
total crack width for a given corrosion level (mm), wcr.

ε1 =
(b f − b0)

b0
=

nbarswcr

b0
(16)
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To take into account the effect induced by localized corrosion, the total crack width,
wcr, was estimated according to the model proposed by Xia et al. [39], as reported in
Equation (17):

wcr = wc,max = K ln
µaverage

µlim
(17)

where, µaverage is the average cross-sectional loss (%), assumed equal to 0.476 times the
maximum cross-sectional loss [39], µmax, and µlim is the critical cross-sectional loss (%),
evaluated according to the model proposed by Vidal et al. [40] in correspondence of the
initiation of cracking through Equation (18). Lastly, K is a parameter established for the
evaluation of the maximum crack width as a function of the concrete cover, x, and rebar
diameter, D0, that was calculated through the expression provided in Equation (19).

µlim = 1−
[

1− α

D0

(
7.53 + 9.32

x
D0

)
10−3

]2
α =

2
(
1−

√
1− 2.1µaverage

)
1−

√
1− µaverage

(18)

K = 2
(

x
D0

)−12
· 103 + 0.22 (19)

Furthermore, the ultimate strain of concrete in compression, εcu,cor, was reduced over
time proportionally to the reduction of the cylinder compressive strength of damaged
concrete, fc’. Table 4 reports the values of the cylinder compressive strength of damaged
concrete, fc’, over time for the two RC panels analyzed.

Table 4. Reduced compressive strength of concrete over time for the two RC panels analyzed.

Exposure
Class

Corroded RC Panels
Time of Analysis (Years)

50 60 70 80 90 100

XS1
CE3 50.00 49.71 45.10 42.75 41.28 40.29
CA4 45.00 45.00 24.33 18.94 16.39 14.89

XS2
CE3 50.00 50.00 50.00 49.27 47.59 46.30
CA4 45.00 45.00 45.00 42.85 33.23 28.06

XS3
CE3 44.26 41.57 40.09 39.24 38.90 37.30
CA4 22.15 16.85 14.61 13.38 12.63 12.12

Finally, to consider the effect induced by the rust product’s formation and concrete
cracking caused by the progress of corrosion deterioration over time, a threshold value
of the mass loss (%), ηloss, of reinforcing rebar equal to 20% was selected, as pointed out
by Jiang et al. [41]. When the mass loss of reinforcement exceeds this critical value, the
spalling of concrete cover was assumed to occur, leading to the reduction of the thickness
of the panel. The mass loss, ηloss, of reinforcement associated to each panel over time was
evaluated in relation to the corroded cross-sectional area of the rebar, Acorr(tp), through the
expression proposed by Li et al. [42], Equation (20):

ηloss =
1− Acorr(tp)

As0

0.0161
(20)

3. Results and Discussion

Starting from the uncorroded RC panels tested by Mansour and Hsu [17] and analyzed
by Belletti et al. [14], the effects of corrosion on RC panels subjected to cyclic shear stresses
were evaluated by analyzing the hysteretic loops of the shear stress–shear strain curves
until failure. It is worth noting that RC panels tested by Mansour and Hsu [17] did not
fail during the experimental campaign. Hence, to study the ultimate behavior of the two
panels subjected to corrosion, once validated as shown in Figure 2, the NLFE model was
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put forward until reaching the ultimate strain of reinforcing steel or the ultimate strain of
concrete in compression. To this aim, the loading protocol in terms of number of cycles
used during the experimental tests was further extended to reach the assumed ultimate
strain value of reinforcing steel or the ultimate strain of concrete in compression. The
starting loading cycles that were previously set for the reference uncorroded specimen
were assumed the same for the corroded RC panels. In this study, NLFEA of RC panels
was carried out without considering the buckling phenomenon and therefore by adopting
the Menegotto and Pinto [27] model for steel.

In particular, the hysteretic loops obtained by performing NLFEA were simplified
by considering two distinct stages: (i) from the origin to the yielding point and (ii) from
the yielding point to the maximum point. To this aim, four critical points were identified
by letters Y+, Y−, M+, and M−, where point Y identifies the yielding point in tension and
compression, while point M stands for reaching of the maximum point in tension and
compression, respectively.

For the sake of clarity, Figure 2 shows the identification of the main points on the
hysteretic loops for the uncorroded panels CE3 and CA4, while Table 5 reports the NLFEA
values of the investigated parameters for both uncorroded specimens considered.

Table 5. Critical NLFEA points for uncorroded specimens (CE3 and CA4).

Sample
ID

τ
max

+ (MPa)
γ

max
+

(mm/mm)
τ

max − (MPa)
γ

max −

(mm/mm) Kγ
+ (MPa) Kγ

− (MPa)

CE3 6.22 0.0501 −6.45 −0.0600 2414 2576
CA4 10.54 0.0075 −10.2 −0.0077 1791 1804

3.1. Shear Stress–Shear Strain Response Reduction

To investigate the detrimental effects induced by corrosion deterioration, the decay
in terms of maximum shear stress, τmax, and maximum shear strain, γmax, in tension and
compression were investigated over time for the three exposure classes XS1, XS2, and
XS3. Generally, the maximum shear stress, τmax, was assumed equal to the maximum
point reached by the shear stress–shear strain curve. Consequently, the maximum shear
strain, γmax, was set equal to the strain value evaluated in correspondence of the measured
maximum shear stress, τmax.

Additionally, the reduction in terms of ductility, µp, were investigated over time. This
latter parameter was calculated according to Equation (21):

µp =
γu − γy

γy
(21)

where γy corresponds to the shear strain evaluated in correspondence of the yielding point,
Y, while γu stands for the ultimate shear strain of the analyzed panel. In this context, as
pointed out by Mansour and Hsu [17], when no descending branch is exhibited by the
hysteretic loop response, the ultimate shear strain is identical to the maximum shear strain,
γmax, as highlighted by Figure 6a. On the other hand, when a descending branch is visible,
the ultimate shear strain is evaluated in correspondence of an ultimate shear stress value,
τu, assumed equal to the 80% of the maximum shear stress, τmax, Figure 6b.
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Figure 6. Critical points identification on hysteretic loops: (a) panel CE3 and (b) panel CA4.

Appendix A reports the obtained results for both the corroded RC panels taken into
account. Examples of the reduction of hysteretic loops as a function of chloride-induced
corrosion over time are shown in Figure 6—considering exposure classes XS1 and XS3—in
case of panels CE3 and CA4, respectively.

Figure 7 graphs the NLFEA outcomes in terms of τmax for the analyzed RC panels. The
reduction is expressed in percentage (%) and evaluated with respect to NLFEA outcomes
of each uncorroded panel (Belletti et al. [14]). Additional information can be found in
Appendix A.

Based on the obtained results, after 50 years of exposure, negligible differences in
terms of maximum shear stress were noticed for the exposure classes XS1 and XS2, while
for the exposure class XS3 in case of panel CE3 and CA4, a significant reduction of about
20% and 45% of the maximum shear stress was observed (Figure 7). Moreover, within
an exposure time of about 60 years, little scatter of data between exposure class XS1 and
XS2 was detected. After about 70 years of exposure, a significant reduction in terms of
maximum shear stress took place, except for the exposure class XS2. Referring to the latter,
a high residual maximum shear stress even after 100 years of exposure to chloride attack
induced by sea water was noticed for panel CE3 (Figure 7a), while for panel CA4, a 30%
reduction was estimated, Figure 7b.

As a result, a relevant reduction of the maximum shear stress, τmax, and the maximum
shear strain, γmax, were detected over time, especially for the exposure class XS3, which
can be considered as the more aggressive exposure environment condition analyzed. On
the other hand, it is possible to state that the class XS2 results in being the less aggressive
exposure environment with a general limited or negligible deterioration process even after
a period of about 100 years for panel CE3 and CA4, respectively. An intermediate behavior
was predicted for the corroded RC panels subjected to exposure class XS1.

Additionally, it is worth noting that the reduction of the maximum shear stress over
time due to chloride-induced corrosion causes a sensible reduction in the maximum and
ultimate shear strain—characterized by the disappearance of the hysteretic loops—leading
to the occurrence of brittle failures of the corroded RC panels (Appendix A, Table A1). This
type of failure was frequent in the case of exposure class XS3 after a period comparable
to the time at which a first big drop in the maximum shear stress versus time graphs
was observed (Figure 7). Generally, two different failure modes were detected over time:
(i) failure of steel induced by reaching the corroded ultimate strain of reinforcing steel,
εu,cor, (steel rupture) or (ii) failure of concrete due to reaching the corroded ultimate strain
of concrete in compression, εcu,cor (concrete crushing). Since the reinforcements were
symmetrical, the failure modes of the RC panels were not affected by aggregate interlock
phenomenon. Basically, the failure mode of panel CE3 is characterized by the rupture of
rebars after a period that varies in relation to the exposure class taken into account. On
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the other hand, panel CA4 showed a failure mode caused by the crushing of concrete.
Additionally, it was observed from NLFE outcomes that—with the decrease of mechanical
properties induced by corrosion deterioration process—the failure mode characterizing
each RC panel analyzed does not vary over time. In particular, the effects induced by
the corrosion process over time, i.e., increase of the maximum penetration depth and
consequent increase in the maximum cross-sectional loss, leads—especially for the exposure
class XS3—to a drastic reduction over time of the ultimate strain of reinforcing steel and of
the cylinder compressive strength of damaged concrete. Consequently, the number and
the amplitude of hysteretic loops tends to reduce over time (Figures 4 and 5), leading to a
reduction of the loading capacity of the investigated corroded RC panel.
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Figure 7. Maximum shear stress, τmax, percentage reduction over time for different exposure classes: (a) panel CE3 and (b)
panel CA4.

Figure 8 shows the reduction trend of the ductility, µp, over time considering the
exposure classes under analysis. If compared to the uncorroded value, the ductility of the
RC panels tends to be more preserved over time in the case of exposure class XS2, except
after a period of about 80 years for panel CA4, when a clear reduction started to be detected.
On the other hand, a severe reduction over time was observed in the case of exposure class
XS3 for both the analyzed panels. When the corroded rebar fails in the elastic branch of the
stress–strain response, the yield shear strain, γy, cannot be reached in the cyclic loading
response of corroded RC panels, leading to a ductility, µp, equal to zero. Once again, an
intermediate behavior was observed when the RC panels were subjected to exposure class
XS1. In this case, the disappearance of ductility only took place for panels CE3 after a
period of exposure of about 90 years. Moreover, comparing the two RC panels and taking
into account their different failure modes, it is possible to affirm that panel CA4, that fails
due to concrete crushing and it is characterized by an overall lower ductility if compared
to panel CE3, shows a less pronounced reduction trend over time than the other RC panel,
that exhibits failures induced by rebar rupture. In this regard, referring to panel CA4, a
residual ductility equal to 0.9 was still detected after a period of about 90 years in the case
of exposure class XS3 (most aggressive environments). On the other hand, considering the
same exposure class (XS3), no ductility could be obtained for panels CE3 after a period of
about 60 years.
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3.2. Pre-Yield Shear Stiffness Effect

In addition to the evaluation of the reduction of maximum shear stress, τmax, and
ductility, µp, over time and for different exposure classes, a further parameter—the pre-
yield shear stiffness, Kγ—has been analyzed. The pre-yield shear stiffness, Kγ, is defined as
the ratio between yield shear stress, τy, to yield shear strain, γy, as shown by Equation (22):

Kγ =
τy

γy
(22)

The positive and negative values of the parameter (Kγ
+ and Kγ

−) for both the analyzed
RC panels were investigated and reported in Appendix A, Table A2, for each exposure class
taken into account. Figure 9a,b show the variation of pre-yield shear stiffness coefficient
over time for panel CE3 in the cases of exposure classes XS2 and XS3, respectively. The
dashed black line plotted in Figure 9 stands for the experimental uncorroded pre-yield
shear stiffness measured during the experimental campaign carried out by Mansour and
Hsu [17].

Generally, as visible from the obtained outcomes reported in Appendix A, Table A2,
varying the exposure classes, even in the case of the pre-yield shear stiffness coefficient, no
remarkable difference after a period of about 50 years was observed. Moreover, referring
to exposure classes XS1 and XS2, similar results were obtained until a period of exposure
of about 70 years. After this time threshold, the difference between the obtained values
became visible. In final analysis, increasing the exposure time, more relevant reduction of
pre-yield shear stiffness occurred, especially for the exposure class XS3.

In detail, in the case of high levels of corrosion, the ultimate strain of reinforcing steel
drops drastically, leading to a sudden rupture of the rebar at the elastic stage. Therefore,
the yielding point (τy, γy) cannot be reached during the analysis and consequently the
pre-yield shear stiffness, Kγ, results in being equal to 0. In correspondence of this value
(Kγ = 0), a brittle failure of the corroded RC panel was assumed to occur (brittle behavior),
as shown in Figure 9b for panel CA3. Conversely, when the RC panel is subjected to a less
aggressive exposure condition, i.e., exposure class XS2, since the cyclic loading response of
the analyzed RC panel can overcome the yielding point, leading to a residual ductility of
the RC panel (Kγ 6= 0), a reduced value of the pre-yield shear stiffness coefficient can be
detected over time even after 100 years of exposure to chloride ions, as shown in Figure 9a.
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4. Conclusions

In this paper, the PARC_CL 2.1 model was used to predict the cyclic loading response
of corroded RC panels. Firstly, the main features of the PARC_CL 2.1 crack model were
described, secondly the main assumptions for the evaluation of chloride-induced corro-
sion effects as well as the constitutive laws for the estimation of the reduced mechanical
properties of both concrete and steel were discussed. Finally, after model validation by
means of comparison with the experimental results obtained for uncorroded RC panels,
the proposed model was applied for the prediction of the ultimate resistance of corroded
RC panels over time.

Based on the obtained results, the following conclusions can be drawn:

• Generally, the PARC_CL 2.1 crack model can be used as a powerful and useful tool for
the prediction of the cyclic response of existing corroded RC structures.

• As expected, the corroded RC panels present lower maximum resistance and ductility
than the uncorroded one. In this regard, considering the severe reduction of mechan-
ical properties of both steel and concrete over time, brittle failures characterized by
absence of ductility occur.

• Over time, a significant reduction in terms of maximum shear stress, τmax, ductility,
µp, and pre-yield shear stiffness, Kγ, was observed, especially for the exposure class
XS3, which results in being the worst environmental condition analyzed. On the other
hand, a significant lower reduction was noticed in the case of exposure class XS2,
except for panel CA4.

• As highlighted by NLFEA results, the failure of each panel occurred after a different
exposure time as a function of both the reduction of the mechanical properties of
steel and concrete and the type of exposure class considered. As a general statement,
panel CE3 fails due to the rupture of reinforcement, while the failure of panel CA4 is
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induced by concrete crushing. In particular, with the decrease of mechanical properties
induced by the corrosion deterioration process, the failure mode characterizing each
RC panel analyzed does not vary over time.

• To carry out reliable calculations of existing RC structures over time, particular at-
tention must be addressed to the estimation of important parameters, such as critical
chloride content, chloride diffusion coefficient, and corrosion rate. These values may
be obtained by means of in situ measurement, when possible, or through probabilistic
and statistical analyses. On this research topic, further studies need to be carried out.

Finally, future research will concern the estimation of the effect induced by different
reinforcement ratios in longitudinal and transversal direction on the residual capacity of
corroded RC panels. Moreover, additional efforts will aim to investigate the cyclic loading
response of corroded RC panels considering the contributions provided by creep and
shrinkage effects over time and buckling phenomenon of compressed steel reinforcement.
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Appendix A

Here are reported the outcomes concerning the main investigated parameters for the
two RC panels analyzed (τmax, γmax, and Kγ).

Table A1. Variation over time of the maximum shear stress and the maximum shear strain (positive
and negative values) in function of different exposure classes - for the two investigated panels.

Corroded
RC Panels

Parameter
Time of Analysis (Years)

50 60 70 80 90 100

Exposure Class: XS1

CE3

τmax
+ (MPa) 6.22 6.20 5.17 4.27 3.50 3.48

τmax
– (MPa) –6.45 –6.27 –5.29 –4.28 –2.73 –2.46

γmax
+ (-) 0.0501 0.0500 0.0285 0.0063 0.0014 0.0013

γmax
− (-) –0.0598 –0.0520 –0.0346 –0.0081 –0.0019 –0.0003

CA4

τmax
+ (MPa) 9.47 9.26 5.73 4.55 3.93 3.47

τmax
− (MPa) –9.36 –9.00 –5.70 –4.50 –3.94 –3.47

γmax
+ (-) 0.0057 0.0056 0.0038 0.0031 0.0027 0.0026

γmax
− (-) –0.0057 –0.0055 –0.0038 –0.0030 –0.0028 –0.0025

Exposure Class: XS2

CE3

τmax
+ (MPa) 6.20 6.16 6.15 5.86 5.84 5.33

τmax
– (MPa) –6.44 –6.36 –6.29 –6.02 –5.96 –5.62

γmax
+ (-) 0.0498 0.0496 0.0494 0.0429 0.0425 0.0285

γmax
− (-) –0.0592 –0.0574 –0.0547 –0.0510 –0.0470 –0.0416

CA4

τmax
+ (MPa) 9.46 9.41 9.37 9.15 7.44 6.47

τmax
– (MPa) –9.28 –9.22 –9.21 –8.97 –7.42 –6.49

γmax
+ (-) 0.0056 0.0054 0.0054 0.0053 0.0044 0.0040

γmax
– (-) –0.0058 –0.0057 –0.0056 –0.0055 –0.0045 –0.0041
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Table A1. Cont.

Corroded
RC Panels

Parameter
Time of Analysis (Years)

50 60 70 80 90 100

Exposure Class: XS3

CE3

τmax
+ (MPa) 4.87 3.30 3.16 2.22 2.07 -

τmax
– (MPa) –5.03 –3.02 –2.44 –2.24 –2.09 -

γmax
+ (-) 0.0213 0.0014 0.0014 0.0002 0.0002 -

γmax
− (-) –0.0280 –0.0021 –0.0003 –0.0003 –0.0003 -

CA4

τmax
+ (MPa) 5.25 4.06 3.42 3.30 3.03 -

τmax
− (MPa) –5.27 –4.07 –3.41 –3.30 –3.03 -

γmax
+ (-) 0.0035 0.0028 0.0025 0.0023 0.0003 0.0003

γmax
− (-) –0.0034 –0.0028 –0.0026 –0.0023 –0.0020 -

+ positive loading direction; – negative loading direction.

Table A2. Variation over time of the pre-yield shear stiffness (positive and negative values) in
function of different exposure classes - for the two investigated panels.

Corroded
RC Panels

Parameter
Time of Analysis (Years)

50 60 70 80 90 100

Exposure Class: XS1

CE3
Kγ

+ (MPa) 2074.4 2059.1 1888.2 1698.6 - -
Kγ
− (MPa) 2449.5 2303.0 2121.2 1787.9 - -

CA4
Kγ

+ (MPa) 1660.5 1653.6 1508.5 1468.8 1453.7 1334.9
Kγ
− (MPa) 1642.1 1636.4 1499.2 1451.6 1405.7 1386.3

Exposure Class: XS2

CE3
Kγ

+ (MPa) 2069.4 2057.9 2045.4 2011.5 2005.6 1941.4
Kγ
− (MPa) 2449.5 2419.2 2363.6 2333.3 2287.9 2166.7

CA4
Kγ

+ (MPa) 1701.4 1672.7 1669.7 1666.7 1596.6 1517.2
Kγ
− (MPa) 1582.5 1575.6 1568.4 1555.7 1524.5 1483.3

Exposure Class: XS3

CE3
Kγ

+ (MPa) 1954.5 - - - - -
Kγ
− (MPa) 2050.5 1482.4 - - - -

CA4
Kγ

+ (MPa) 1590.0 1374.9 1266.7 1188.2 1174.5 -
Kγ
− (MPa) 1548.9 1452.3 1310.6 1304.7 1273.6 -

+ positive loading direction; − negative loading direction.
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