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Abstract: Aging and corrosion of reinforced concrete structures (RCS) is becoming a global problem,
thus proper procedures for simulating the structural performance of corroded RCS should be assessed.
Among the main corrosion effects, concrete cover cracking and reinforcement cross-section reduction
may influence the materials’ constitutive laws, moreover the confinement contribution and the lateral
instability of the longitudinal rebars can be modified. In the present paper, the predictive models
available in the scientific literature to assess the materials’ mechanical properties of corroded RCS are
recalled and employed into a novel model to derive the theoretical moment–curvature relationships
for the cross-section of square and rectangular corroded reinforced concrete elements. The model
accounts for cover spalling, buckling of longitudinal reinforcing bars, reduction in confinement
pressures, reduction in concrete constitutive law due to the concrete cracking induced by rust
formation and decay of mechanical properties for corroded reinforcements. The obtained results
are compared with the classical simplified models for corroded RCS, highlighting that buckling and
confinement variations cannot be disregarded into a reliable modelling strategy, especially when
local ductility plays a key role in the performed investigations.

Keywords: reinforced concrete; corrosion; load-carrying capacity; local ductility; modelling strategies

1. Introduction

Most existing reinforced concrete (RC) structures in industrialized countries have at
least 40 years [1,2] and are characterized by obsolete design methodologies, disregarding
appropriate seismic principles [3,4] and durability issues [5–8]. Since corrosion degrada-
tion is becoming a problem of global relevance, due to the aging coupled to continuous
environment and climate changes, the seismic assessment of corroded RC structures is
shaping up to be one of the new frontiers of research. To this aim, a proper evaluation of
the residual ductility of corroded RC members plays a fundamental rule. Moreover, the
simulation of the seismic performance of complex structural systems requires the assess-
ment of optimized modelling strategies, catching the effective behavior of RC members
subjected to corrosion degradation.

Under corrosion, RC elements progressively decrease their structural capacity due
to: (i) concrete cracking and the decay of its compressive strength [9,10], (ii) modification
of the bond-slip law between reinforcement and concrete [11–14], (iii) variation in the
tension-stiffening effects [15,16], and (iv) the cross-section reduction of steel reinforcements
and the decay of their mechanical properties [17].

Consequently, the whole structure under seismic actions may have a performance
worse than the estimated one. Nowadays, the assessment of corroded RC structures is
mainly modeled by considering the steel and (eventually) the concrete deterioration [18–21].
Rarely, the bond-slip law as well as the buckling effects are considered [22,23].

The main object of the present research is to propose a novel simplified model to assess
theoretical moment–curvature relationships for rectangular/square corroded reinforced
concrete elements. The model accounts for the corrosion effects on: (i) concrete cover
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cracking, (ii) concrete confinement, (iii) steel constitutive law, and (iv) lateral instability of
the longitudinal reinforcement. Moreover, a parametric analysis is carried out to evaluate
the most effective modeling strategy for corroded reinforced concrete structures. The
obtained results, compared to the ones derived for classical simplified models, allow the
assessment of the optimal modelling strategy which assesses the sectional response of
corroded structural elements in RCS.

2. Constitutive Laws of Materials after Corrosion Degradation

A sensible reduction in the structural capacity of corroded RC elements is observed for
corrosion levels higher than 10% in mass loss [24,25]. At this stage, the bond strength can be
considered completely loss [14,16], and relevant variations in the reinforcement mechanical
properties can be observed in case of pitting corrosion [17]. Moreover, the concrete constitutive
law reduces due to the cracking caused by the oxides’ expansion [9,10,26–28]. In the following
sections, the main constitutive relationships simulating both the corroded reinforcement and
the cracked concrete are recalled. Among all, proper decay laws are selected for their feasibility
in simulating some experimental results [29,30].

2.1. Influence of Corrosion Cracking on Concrete Constitutive Law

Since the corrosion products have a density lower than the sound steel, a radial internal
pressure stresses the concrete when the reinforcements corrode. Once the tangential stresses
caused by the oxides’ expansion exceed the concrete tensile strength, cracks progressively
grow in the concrete cover and enlarge, increasing the corrosion level [31].

According to [32], the tensile strains in the transverse direction reduce the concrete
compressive strength. From this perspective, a reduction in the mechanical properties for
concrete cracked by corrosion is expected and the residual strength of the concrete cover
can be theoretically estimated as [9]:

fc, corr =
1

1 + k εave
εc0

· fc (1)

where k is a coefficient related to bar roughness and diameter, εc0 the strain at the peak
compressive stress fc; and εave the smeared tensile strain in the cracked concrete defined as:

εave =
πnD[ρrust − 1][1− 0.1

√
100− CL]

b0
(2)

where n represents the number of corroded bars, ρrust is the ratio of volumetric expansion
of the oxides with respect to the virgin material, D is the initial reinforcement diameter, b0
is the section width in the virgin state and CL is the corrosion level expressed in mass loss.

The experimental tests carried out on corroded specimens by [10] allow the definition
of the residual strength of the cracked concrete as:

fc, corr = (1− λ)· fc (3)

being
λ = 2.720·CL− 1.980 f or water− to− cement ratio equal to 0.40
λ = 2.288·CL− 1.733 f or water− to− cement ratio equal to 0.45
λ = 2.576·CL− 1.876 f or water− to− cement ratio equal to 0.50

(4)

Instead, according to the experimental campaign performed on concrete cores ex-
tracted by corroded piers [26], the regression coefficient estimated for the residual strength
of the cracked concrete are:

λ = 0.773·CL i f the average values o f the concrete strength are considered
λ = 1.121·CL i f the 5% values o f the concrete strength are considered
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Moreover, in [26], the peak strain of the concrete cover damaged by the steel reinforce-
ment corrosion is suggested:

εc_peak, corr = (1−Q)·εc_peak
Q = 0.549·CL i f the average values o f the concrete strength are considered
Q = 0.841·CL i f the 5% values o f the concrete strength are considered

(5)

Finally, the classical Mander’s model [33] is adapted by [27,28] for estimating the con-
crete strength confined by corroded stirrups. According to [27], the mechanical properties
of confined concrete for corroded RC columns can be evaluated as:

f corr
cc = (1− α·CL)· fc0·

(
2.254·

√
1 + 7.94· f corr

l
fc0

− 2· f corr
l

fc0
− 1.254

)
εcorr

cc = (1− β·CL)·εc0·
[
1 + 5

(
f corr
cc
fc0
− 1
)]

εcorr
cu = 0.004 + (1− CL)·

1.4·ρs · f corr
yh ·ε

corr
su

f corr
cc

(6)

where α is the yield strength reduction factor for corroded transverse reinforcement (equal
to: 0.19 for square confined section with single hoops configuration, 0.40 for square sections
with double hoops configuration and 0.51 for circular confined section with spiral hoops),
β is a strain correction coefficient (equal to: 0.49 for square confined section with single
hoops configuration, 1.29 for square sections with double hoops configuration and 0.28
for circular confined section with spiral hoops). The parameter f corr

l is the effective lateral
confining stress, defined as:

f corr
l =

1
2
·ke·(1− CL)·ρs· f corr

yh (7)

where ke is the confinement effectiveness coefficient defined according to [33].
Similarly, in [28] the following relationships are suggested to estimate the mechanical

properties of confined concrete in corroded circular RC columns:

f corr
cc = fc0·

(
2.254·

√
1 + 7.94· f corr

l
fc0

− 2· f corr
l

fc0
− 1.254

)
εcorr

cc = εc0·
[
1 + 5

(
f corr
cc
fc0
− 1
)]

εcorr
cu = 0.004 +

1.4·ρs · f corr
yh ·ε

corr
sm

f corr
cc

(8)

where the effective lateral confining stress is:

f corr
l =

2· f corr
yh ·Asp

ds·s
·
1− s

2ds

1− Asl
Ac

(9)

where Asp is the sectional area of transverse reinforcement, ds is the diameter of spiral rein-
forcement, s is the vertical spacing between spirals, Asl is the cross-section of longitudinal
reinforcement and Ac is the concrete core sectional area.

In the previous relationships (Equations (6)–(8)):

• f corr
cc , εcorr

cc and εcorr
cu respectively represent the compressive strength, the strain at com-

pressive strength and the ultimate strain of confined concrete damaged by corrosion;
• εc0 is axial strain of unconfined concrete corresponding to maximum unconfined stress.

εc0 = 0.002 can be assumed when test data are not available;
• f corr

yh and εcorr
su are the yield stress and the ultimate strain of corroded transverse

reinforcements, respectively;
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• ρs is the ratio of volume of transverse reinforcement respect to the volume of confined
concrete core;

• fc0 is the compressive strength of unconfined concrete.

2.2. The Monotonic Mechanical Properties of Corroded Steel Reinforcements

The shape of naturally corroded steel reinforcement is well simulated by the artificial
corrosion (Figure 1). Therefore, if the process is not excessively accelerated, similar me-
chanical properties are expected in artificially and naturally corroded bars. The literature’s
experimental outcomes highlight a reduction in the mechanical properties increasing the
corrosion level, allowing the derivation of different degradation laws, a useful tool to assess
the structural performance of corroded RC structures. In detail, linear relationships relate
strength and corrosion level CL, while the ultimate deformation can follow a linear or an
exponential trend. A complete review on the degradation laws of corroded reinforcements
can be found in [17].
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Figure 1. Comparison between: (a) natural and (b) artificial corrosion.

The state-of-the-art on the monotonic behavior under compression highlighted that the
buckling effects become relevant for slenderness ratios (λ = l/φ) higher than 10 [34–37]. Only
two models are available in the scientific literature concerning the mechanical performance
in compression of corroded reinforcement, respectively, developed for uniform [35] and
pitting corrosion [36,37]. Concerning the uniform corrosion [35], the reduction in the peak
stress in compression follows a decay law depending on both the elastic Eulerian buckling
strength and the reduction in the yielding stresses in tension. The post-buckling behavior
instead depends on both the slenderness ratio and the cinematic response of the corroded
steel rebars. Concerning the pitting corrosion, instead, the statistical regression of the
experimental results from [36,37] governs the decay law for the peak strength, while the
post-yield buckling response is derived modifying to the classical model by [38] to account
for the corrosion degradation.

2.3. Choice of the Constitutive Law for Simulating Corroded Reinforced Concrete Elements Using
Experimental Data

With the main aim to define a proper modelling approach for corroded RC members,
the structural performance of the uncorroded and corroded specimens has been simulated
in OpenSees according to a distributed plasticity approach. To this aim, a monotonic
pushover analysis based on a fiber-section model has been implemented. The uniaxial
Hysteretic material model has been adopted to simulate the performance of the steel
reinforcements in both tension and compression. In the latter case, the Dhakal–Maekawa
buckling model [38] is considered for the sound specimen. The Concrete02 material
available in OpenSees has been instead employed to model the concrete stress–strain
law [33].

The concrete cracking and the variation of the reinforcement mechanical properties are
introduced in the numerical model to account for the corrosion effects. According to [39],
only the concrete cover should be regarded as cracked and the deterioration of the concrete
material properties due to the presence of the cracks is evaluated by adopting the approach
proposed in [9]. The corrosion influence on the constitutive law of the confined concrete is
considered by means of the relationships proposed in [27], based on the classical Mander’s
model [33]. Concerning the reinforcement material properties, the degradation law for
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pitting corrosion proposed in [17] and in [36] for the tensile and the compressive behavior
are introduced, respectively.

The numerical model is validated by considering the experimental tests performed
in [29,30], as shown in Figure 2. According to the obtained results, the constitutive laws pro-
posed in [9,27,36,40] can be chosen for simulating the performance of corroded reinforced
concrete elements, provided that the phenomena like the fixed-end rotation or premature
slip occurrence are avoided. This is the case of the specimens tested in [29], characterized by
a construction joint between the column and the foundation, or of the uncorroded specimen
tested in [30], subjected to excessive slips between concrete and reinforcement due to the
inhomogeneous mixture casted. In both cases, the specimens’ deformability cannot be
perfectly simulated if the additional zero-length element suggested in [39] is disregarded
in the numerical model.
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of original images).

3. Local Behavior of Corroded Reinforced Concrete Elements

The local behavior of reinforced concrete elements can be evaluated by means of
a moment–local curvature relationship able to account for both the confinement and
the buckling influence. The typical moment–curvature diagram is shown in Figure 3:
point A represents the first cracking of the section; point B represents the yielding of the
reinforcement in tension; point C defines the concrete spalling, and point D defines the
element collapse. Points A’ and C’ describe the element behavior immediately after the
concrete cracking and the spalling, respectively.

The neutral axis position xn is evaluated imposing the equation of equilibrium to the
axial load N:

N =
∫ xn

xn−δ(b− 2δ)σcnc(εc(xn))dx +
∫ xn

0 2δσcnc(εc(xn))dx+∫ xn−δ
0 (b− 2δ)σcc(εc(xn))dx + Ascσsc(εc(xn − δ), λ)− Ast σst(εc(d− xn))

(10)

where b is the section width, d is the effective section depth, δ is the section concrete cover,
xn is the neutral axis, x is the depth of the generalized concrete fiber, Asc and Ast represent
the sound area of the reinforcement in the compressive and tensile region, respectively; σcc
and σcnc are the constitutive laws of the confined and not confined concrete, accounting
for the effects of both the concrete cracking due to the oxides’ expansion and the stirrups’
corrosion; σst and σsc are the ones of the tensed and the compressed corroded reinforcement,
respectively (the latter depends on the slenderness λ= sst/φ, defined as the ratio between
the stirrups spacing sst and the longitudinal reinforcement diameter φ).
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Knowing the neutral axis position and consequently the relative curvature ϕ, the
bending moment M is given by:

M− N
(

h
2 − xn

)
=
∫ xn

xn−δ(b− 2δ)σcnc(εc(xn))xdx +
∫ xn

0 2δσcnc(εc(xn))xdx

+
∫ xn−δ

0 (b− 2δ)σcc(εc(xn))xdx + Ascσsc(εc(xn − δ), λ)(xn − δ)
+Astσst(εc(d− xn))(d− xn)·

(11)

In the cracking stage (point A), the contribution of the concrete in tension is considered
and the section is characterized by a curvature φcr = εct

h−xA
, as xA the neutral axis at the

cover cracking; subsequently, the sectional behavior at the post-cracking stage (point A’) is
evaluated imposing a curvature φ = φcr into the hypothesis that the cracked section doesn’t
work. Similarly, the curvature at the yielding point B is evaluated as φy =

εsy
h−xB

, being xB the
neutral axis and εsy the yielding strength of the corroded reinforcement. When the concrete
starts to crush, a check on the concrete strains is necessary. If the maximum strain of
both concrete and reinforcement is lower than the materials’ ultimate strain at the spalling
stage, a collapse without spalling can occur, and the moment–curvature relationship can
be limited to the point C, defined by evaluating the ultimate bending moment MU = MC
and the ultimate local curvature φU = φC. This means that the corroded section breaks
down when the concrete cover reaches an ultimate strain larger than the conventional 3.5‰
(estimated proportionally to the concrete strength reduction defined in [9]) or, alternatively,
when the tensed reinforcement reaches the ultimate strain εsu defined according to the
relationship proposed in [40]. In both cases, the local ductility is conventionally evaluated
as µ = φC

φy
.

If, instead, the spalling starts (point C’), the sectional collapse occurs at the concrete
core crushing. The latter condition is evaluated according to the constitutive law defined
in [27] for concrete confined by corroded stirrups. In this condition, the compressed cover
cannot work anymore, the section is in the post-spalling stage (C’-D) and the section is
characterized by a curvature φsp = εcmax

xC
, with xC the neutral axis at the cover spalling. In

this condition, the local ductility can be estimated as µ =
φsp
φy

while the ultimate bending
moment becomes MU = MD.

On the theoretical basis previously described, a parametrical analysis has been carried
out, with the main aim to assess the better modeling strategy for the corroded reinforced
concrete elements. As a reference, a typical column designed about 50 years ago and
characterized by a rectangular section 30 × 50 cm2 is considered. The materials and
reinforcement arrangement are defined according to the provision of the Decree of Italian
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Ministry of 30 May 1972 that introduced the use of ribbed bars for RC structures [41]. In
detail, the maximum or minimum stirrups spacing (affecting both the slenderness ratio
λ and the concrete confinement level) as well as a different mechanical percentage of
longitudinal reinforcement ω (maximum, minimum, average) are considered. As usual, the

mechanical percentage of longitudinal reinforcement ω is defined as ω =
As · fy0
b·d· fc0

, where fc0

and fy0 are the concrete compressive strength and the yielding strength of the uncorroded
section, respectively. On the reference element, different corrosion levels are introduced
according to the modelling strategy applied in Section 2.3. Moreover, the corrosion effects
on the performance of confined concrete are accounted for by adopting the approach
proposed in [27].

With the main aim to evaluate the most performing modeling strategy, simplified
approaches are finally implemented, and their results are compared to the reference one.

3.1. Load-Carrying Capacity of Corroded Reinforced Concrete Elements

The performance of the reference element is firstly analyzed in terms of load-capacity
reduction. At this aim, the nondimensional ultimate bending moment after corrosion
(mAD) was introduced and evaluated as mAD =

MU,corr
MU,0

, being MU,corr and MU,0 the ultimate
bending moment of the corroded and sound section, respectively. In Figure 4, the variation
of mAD is plotted as a function of the corrosion level (CL) expressed as CL =

Ast,0−Ast,corr
As,0

,
where Ast,0 and Ast,corr are the reinforcement cross section in the sound and corroded
condition, respectively. For the sake of simplicity, in the parametric analysis both stirrups
and longitudinal reinforcements are assumed as affected by the same corrosion amount.
According to previous results obtained by the author in more simplified approaches [42,43],
increasing the corrosion level, the load-carrying capacity typically reduces, with some
exceptions. In fact, for a low corrosion level, the structural response of the most compressed
section (ν = 25.65%, being ν = Nrd

b·d· fc0
where Nrd is the design axial load according to [41])

is always governed by buckling and the spalling phenomena. Therefore, due to the
progressive reduction in the neutral axis, an initial increment of the load-carrying capacity
can be observed when the flexural contribution of the axial load becomes relevant on the
internal stresses. Such an effect is more consistent in case of large stirrups spacing, due
to the lower level of the internal forces caused by the reduced confinement and by the
buckling occurrence.
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Figure 4. Load-carrying capacity reduction due to the corrosion degradation: (a) ν = 25.65%,
(b) ν = 15.39%, (c) ν = 5.13%.

To evaluate the effectiveness of simplified models in catching the sectional response
of the corroded section, the nondimensional ultimate bending moment after corrosion
mAD (hereinafter called mAD reference) is compared with the one estimated by disregarding:
(i) only the buckling occurrence (mAD no buckling), (ii) only the concrete cover (mAD no cover),
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(iii) both the concrete cover and the buckling occurrence (mAD no cover+buckling). Since
the buckling occurrence mostly affects the plastic hinge zone of columns subjected to
seismic excitation, only the cases characterized by a maximum (ν = 25.65%) or intermediate
superimposed axial load (ν = 15.39%) are considered.

If the buckling effects are disregarded in the modelling approach (Figure 5), the
simplified model can underestimate the effective sectional load-carrying capacity, with an
error generally lower than 25%. The only exception is the case of the compressed section
with the larger stirrups spacing and the lower longitudinal reinforcement amount, for
which the two modeling approaches always bring to different failure modes increasing the
corrosion level.
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Figure 5. Load-carrying capacity variation due to the corrosion degradation: comparison between
the simplified model disregarding the buckling effects and the reference section. (a) ν = 25.65%,
(b) ν = 15.39%.

Finally, the classical simplified models are considered, disregarding the concrete cover
and eventually the influence of the lateral instability of the longitudinal reinforcement
(Figure 6). In detail, disregarding only the concrete cover, a significant overestimation of
the effective load-carrying capacity can be attained by adopting the simplified models, that
progressively reduces increasing the superimposed axial load. Instead, the error of the sim-
plified approach become reasonable if both the instability of the compressed reinforcement
and the contribution of the concrete cover are disregarded: an underestimation of the real
response can be observed that amount to about the 10% if the superimposed axial load is
30% of the maximum sectional capacity in compression.

3.2. Local Ductility of Corroded Reinforced Concrete Elements

Once assessed the corrosion influence on the sectional load-carrying capacity, the
response in terms of local ductility is investigated. At this aim, the nondimensional local
ductility after corrosion (µAD) is introduced, defined as µAD =

µU,corr
µU,0

with µU,corr and µU,0

the local ductility of the corroded and sound section, respectively.
Considering the reference section, a sharp reduction in local ductility can be observed

increasing the corrosion level (Figure 7). In detail, µAD takes the same trend for both the
high and the medium axial load level. The only exception regards the section with the larger
stirrups spacing and the lower longitudinal reinforcement amount, which ductility increases
in the presence of a high compression. This is due to the failure mode characterizing the
section, governed by concrete spalling and reinforcement buckling for all considered
corrosion level. In all other cases, the stirrups’ influence on both the buckling occurrence
and the confinement effects appears negligible for corrosion levels higher than 15%.
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Figure 6. Load-carrying capacity variation due to the corrosion degradation: comparison between the
simplified models and the reference section. (a) ν = 25.65%, section modeled disregarding only the
concrete cover vs. reference section. (b) ν = 15.39%, section modeled disregarding only the concrete
cover vs. reference section. (c) ν = 25.65%, section modeled disregarding both the concrete cover
and the buckling effects vs. reference section. (d) ν = 15.39%, section modeled disregarding both the
concrete cover and the buckling effects vs. reference section.
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Figure 7. Local ductility variation due to the corrosion degradation: (a) ν = 25.65%, (b) ν = 15.39%,
(c) ν = 5.13%.

Finally, the effectiveness of the simplified models in simulating the response of the
corroded section in terms of local ductility is investigated considers only the cases character-
ized by ν = 25.65% or ν = 15.39%, according to the choice made in the previous section. At
this aim, the nondimensional local ductility after corrosion (hereinafter called µAD reference)
is compared with the one estimated by disregarding: (i) only the buckling occurrence



Materials 2022, 15, 4601 10 of 13

(µAD no buckling), (ii) only the concrete cover (µAD no cover), (iii) both the concrete cover and
the buckling occurrence (µAD no cover+buckling).

If the stirrups’ spacing is sufficiently large, as in the case of old existing RC structures,
the omission of the buckling effects does not cause errors for an intermediate level of the
superimposed axial load (Figure 8). An overestimation of the effective local ductility can be
instead observed for the high compressive level, excepting for the section characterized
by the lower reinforcement amount, due to its peculiar failure mode. On the contrary, the
buckling effects cannot be disregarded in the case of reduced stirrups’ spacing.
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Figure 8. Local ductility variation due to the corrosion degradation: comparison between the simplified
model disregarding the buckling effects and the reference section. (a) ν = 25.65%, (b) ν = 15.39%.

Finally, the feasibility of simplified models in simulating the sectional behavior also in
terms of local ductility is analyzed. As highlighted in Figure 9, unlike the nondimensional
ultimate bending moment, the adoption of the classical simplified models results in a
serious error of the sectional response, thereby threatening the reliability of the entire
structural model if the seismic assessment of a corroded structure is researched.
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Figure 9. Local ductility variation due to the corrosion degradation: comparison between the
simplified models and the reference section. (a) ν = 25.65%, section modeled disregarding the concrete
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cover vs. reference section. (b) ν = 15.39%, section modeled disregarding the concrete cover vs.
reference section. (c) ν = 25.65%, section modeled disregarding both the concrete cover and the
buckling effects vs. reference section. (d) ν = 15.39%, section modeled disregarding both the concrete
cover and the buckling effects vs. reference section.

4. Discussion and Conclusions

In this paper, a parametric analysis is carried out with the main aim to evaluate the
most effective modelling strategy in simulating the corrosion effects at a structural level.
The sectional behavior of a corroded rectangular reference section, subjected to different
levels of axial load and characterized by a variable amount of longitudinal reinforcement
and stirrups, is investigated. Both the effects of the confinement and the lateral instability
of the longitudinal reinforcement are considered, by varying the material constitutive laws
proposed in the scientific literature. The parametric analysis involved the development of
proper moment–curvature relationships, derived according to the classical formulations
(congruence and equilibrium equations) in which all the modality of collapse (including
the spalling) are accounted for.

The obtained results show that load-carrying capacity depends on: (i) the assumed
level for the axial load (ν = N

b·d· fck
), (ii) the stirrups amount, and (iii) the buckling occur-

rence. Progressively reducing the superimposed axial load level, the stirrups’ contribution
becomes negligible. If a simplified model disregarding both the concrete cover and the
buckling is adopted, the error committed for the corroded section can be considered tol-
erable in terms of the load-carrying capacity if the section is subjected to an intermediate
superimposed axial load (about the 30% of its sectional capacity). Instead, both the spalling
occurrence and the buckling significantly increase the local ductility.

Due to this reason, depending on the typology of structural assessment to perform,
different modelling strategies should be adopted. If only the residual load-carrying capacity
is researched, a simplified model disregarding the presence of the concrete cover, as well
as the confinement and the buckling occurrence, could be adopted. On the contrary, if
in the analysis the knowledge of the local ductility is requested, i.e., in case of seismic
assessment, a more accurate model should be defined, in which all the main corrosion
effects are accounted for (concrete constitutive law variation due to both cover cracking
and concrete confinement variation, and steel constitutive law variation accounting for the
buckling of the longitudinal reinforcements). Finally, as highlighted by the comparison with
some experimental results, it is worth underlining that the local response well catches the
structural response of corroded reinforcement concrete elements, provided that excessive
slips between reinforcing bars and concrete, i.e., due to fixed-end rotation effects, are
avoided. Where this last condition is not fulfilled, more accurate theoretical or numerical
models accounting for the occurrence of reinforcement slip in the tensile stage should
be considered.

Funding: This research received no external funding.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also form part of an ongoing study.

Acknowledgments: The paper is part of the research “OPTION—The corrosion effects on the struc-
tural integrity of reinforced concrete beams” between Niccolò Cusano University and Oslo Metropoli-
tan University.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Aïtcin, P.C. Cements of yesterday and today: Concrete of tomorrow. Cem. Concr. Res. 2000, 30, 1349–1359. [CrossRef]
2. Ngowi, A.B.; Pienaar, E.; Talukhaba, A.; Mbachu, J. The globalisation of the construction industry—A review. Build. Environ.

2005, 40, 135–141. [CrossRef]

http://doi.org/10.1016/S0008-8846(00)00365-3
http://doi.org/10.1016/j.buildenv.2004.05.008


Materials 2022, 15, 4601 12 of 13

3. Ghobarah, A. Seismic assessment of existing RC structures. Prog. Struct. Eng. Mater. 2000, 2, 60–71. [CrossRef]
4. Masi, A. Seismic vulnerability assessment of gravity load designed R/C frames. Bull. Earthq. Eng. 2003, 1, 371–395. [CrossRef]
5. Angst, U.M.; Hooton, R.D.; Marchand, J.; Page, C.L.; Flatt, R.J.; Elsener, B.; Gehlen, C.; Gulikers, J. Present and future durability

challenges for reinforced concrete structures. Mater. Corros. 2012, 63, 1047–1051. [CrossRef]
6. Angst, U.M. Challenges and opportunities in corrosion of steel in concrete. Mater. Struct. 2018, 51, 4. [CrossRef]
7. Bossio, A.; Bellucci, F. Environmental degradation of reinforced concrete structures. Corros. Rev. 2019, 37, 1–2. [CrossRef]
8. Kioumarsi, M.; Benenato, A.; Ferracuti, B.; Imperatore, S. Residual flexural capacity of corroded prestressed reinforced concrete

beams. Metals 2021, 11, 442. [CrossRef]
9. Coronelli, D.; Gambarova, P. Structural assessment of corroded reinforced concrete beams: Modeling guidelines. J. Struct. Eng.

2004, 130, 1214–1224. [CrossRef]
10. Shayanfar, M.A.; Barkhordari, M.A.; Ghanooni-Bagha, M. Effect of longitudinal rebar corrosion on the compressive strength

reduction of concrete in reinforced concrete structure. Adv. Struct. Eng. 2016, 19, 897–907. [CrossRef]
11. Zhao, Y.; Lin, H.; Wu, K.; Jin, W. Bond behaviour of normal/recycled concrete and corroded steel bars. Constr. Build. Mater. 2013,

48, 348–359. [CrossRef]
12. Mancini, G.; Tondolo, F. Effect of bond degradation due to corrosion–a literature survey. Struct. Concr. 2014, 15, 408–418.

[CrossRef]
13. Jiang, C.; Wu, Y.F.; Dai, M.J. Degradation of steel-to-concrete bond due to corrosion. Constr. Build. Mater. 2018, 158, 1073–1080.

[CrossRef]
14. Lin, H.; Zhao, Y.; Feng, P.; Ye, H.; Ozbolt, J.; Jiang, C.; Yang, J.Q. State-of-the-art review on the bond properties of corroded

reinforcing steel bar. Constr. Build. Mater. 2019, 213, 216–233. [CrossRef]
15. Amleh, L.; Mirza, S. Corrosion influence on bond between steel and concrete. Struct. J. 1999, 96, 415–423.
16. Imperatore, S.; Rinaldi, Z.; Spagnuolo, S. Influence of corrosion on the experimental behaviour of RC ties. Eng. Struct. 2019,

198, 109458. [CrossRef]
17. Imperatore, S. Mechanical Properties Decay of Corroded Reinforcement in Concrete—An Overview. Corros. Mater. Degrad. 2022,

3, 210–220. [CrossRef]
18. Imperatore, S.; Kioumarsi, M. Lateral displacement capacity of reinforced concrete elements damaged by corrosion. IOP Conf. Ser.

Mater. Sci. Eng. 2019, 652, 012032. [CrossRef]
19. Bossio, A.; Fabbrocino, F.; Monetta, T.; Lignola, G.P.; Prota, A.; Manfredi, G.; Bellucci, F. Corrosion effects on seismic capacity of

reinforced concrete structures. Corros. Rev. 2019, 37, 45–56. [CrossRef]
20. Berto, L.; Caprili, S.; Saetta, A.; Salvatore, W.; Talledo, D. Corrosion effects on the seismic response of existing rc frames designed

according to different building codes. Eng. Struct. 2020, 216, 110397. [CrossRef]
21. Couto, R.; Requena-García-Cruz, M.V.; Bento, R.; Morales-Esteban, A. Seismic capacity and vulnerability assessment considering

ageing effects: Case study—three local Portuguese RC buildings. Bull. Earthq. Eng. 2021, 19, 6591–6614. [CrossRef]
22. Kordtabar, B.; Dehestani, M. Effect of corrosion in reinforced concrete frame components on pushover behavior and ductility of

frame. Struct. Concr. 2021, 22, 2665–2687. [CrossRef]
23. Afsar Dizaj, E.; Salami, M.R.; Kashani, M.M. Seismic vulnerability assessment of ageing reinforced concrete structures under real

mainshock-aftershock ground motions. Struct. Infrastruct. Eng. 2021, 1–17. [CrossRef]
24. Zhu, W.; François, R. Corrosion of the reinforcement and its influence on the residual structural performance of a 26-year-old

corroded RC beam. Constr. Build. Mater. 2014, 51, 461–472. [CrossRef]
25. Imperatore, S.; Rinaldi, Z.; Spagnuolo, S. Experimental investigations on the effects of the steel rebar corrosion at structural level.

Struct. Concr. 2019, 20, 2230–2241. [CrossRef]
26. Andisheh, K.; Scott, A.; Palermo, A. Experimental evaluation of the residual compression strength and ultimate strain of chloride

corrosion-induced damaged concrete. Struct. Concr. 2019, 20, 296–306. [CrossRef]
27. Vu, N.S.; Yu, B.; Li, B. Stress-strain model for confined concrete with corroded transverse reinforcement. Eng. Struct. 2017, 151,

472–487. [CrossRef]
28. Andisheh, K.; Scott, A.; Palermo, A. Effects of corrosion on stress–Strain behavior of confined concrete. J. Struct. Eng. 2021,

147, 04021087. [CrossRef]
29. Meda, A.; Mostosi, S.; Rinaldi, Z.; Riva, P. Experimental evaluation of the corrosion influence on the cyclic behaviour of RC

columns. Eng. Struct. 2014, 76, 112–123. [CrossRef]
30. Rinaldi, Z.; Di Carlo, F.; Spagnuolo, S.; Meda, A. Influence of localised corrosion on the cyclic response of reinforced concrete

columns. Eng. Struct. 2022, 256, 114037. [CrossRef]
31. Imperatore, S.; Rinaldi, Z. Cracking in reinforced concrete structures damaged by artificial corrosion: An overview. Open Constr.

Build. Technol. J. 2019, 13, 199–213. [CrossRef]
32. Vecchio, F.J.; Collins, M.P. The modified compression-field theory for reinforced concrete elements subjected to shear. ACI J. 1986,

83, 219–231.
33. Mander, J.B.; Priestley, M.J.; Park, R. Theoretical stress-strain model for confined concrete. J. Struct. Eng. 1988, 114, 1804–1826.

[CrossRef]
34. Lin, M.; Niu, D. Buckling performance of the corroded reinforcing bars considering the effects of corrosion pits. Mater. Res. Innov.

2015, 19 (Suppl. 8), S8–S670. [CrossRef]

http://doi.org/10.1002/(SICI)1528-2716(200001/03)2:1&lt;60::AID-PSE8&gt;3.0.CO;2-O
http://doi.org/10.1023/B:BEEE.0000021426.31223.60
http://doi.org/10.1002/maco.201206898
http://doi.org/10.1617/s11527-017-1131-6
http://doi.org/10.1515/corrrev-2018-0091
http://doi.org/10.3390/met11030442
http://doi.org/10.1061/(ASCE)0733-9445(2004)130:8(1214)
http://doi.org/10.1177/1369433216630367
http://doi.org/10.1016/j.conbuildmat.2013.06.091
http://doi.org/10.1002/suco.201300009
http://doi.org/10.1016/j.conbuildmat.2017.09.142
http://doi.org/10.1016/j.conbuildmat.2019.04.077
http://doi.org/10.1016/j.engstruct.2019.109458
http://doi.org/10.3390/cmd3020012
http://doi.org/10.1088/1757-899X/652/1/012032
http://doi.org/10.1515/corrrev-2018-0044
http://doi.org/10.1016/j.engstruct.2020.110397
http://doi.org/10.1007/s10518-020-00955-4
http://doi.org/10.1002/suco.202000309
http://doi.org/10.1080/15732479.2021.1919148
http://doi.org/10.1016/j.conbuildmat.2013.11.015
http://doi.org/10.1002/suco.201900246
http://doi.org/10.1002/suco.201800108
http://doi.org/10.1016/j.engstruct.2017.08.049
http://doi.org/10.1061/(ASCE)ST.1943-541X.0003005
http://doi.org/10.1016/j.engstruct.2014.06.043
http://doi.org/10.1016/j.engstruct.2022.114037
http://doi.org/10.2174/1874836801913010199
http://doi.org/10.1061/(ASCE)0733-9445(1988)114:8(1804)
http://doi.org/10.1179/1432891715Z.0000000001772


Materials 2022, 15, 4601 13 of 13

35. Imperatore, S.; Rinaldi, Z. Experimental behavior and analytical modeling of corroded steel rebars under compression. Constr.
Build. Mater. 2019, 226, 126–138. [CrossRef]

36. Kashani, M.M.; Crewe, A.J.; Alexander, N.A. Nonlinear stress–strain behaviour of corrosion-damaged reinforcing bars including
inelastic buckling. Eng. Struct. 2013, 48, 417–429. [CrossRef]

37. Kashani, M.M.; Lowes, L.N.; Crewe, A.J.; Alexander, N.A. Phenomenological hysteretic model for corroded reinforcing bars
including inelastic buckling and low-cycle fatigue degradation. Comput. Struct. 2015, 156, 58–71. [CrossRef]

38. Dhakal, R.P.; Maekawa, K. Modeling for postyield buckling of reinforcement. J. Struct. Eng. 2002, 128, 1139–1147. [CrossRef]
39. Afsar Dizaj, E.; Madandoust, R.; Kashani, M.M. Exploring the impact of chloride-induced corrosion on seismic damage limit

states and residual capacity of reinforced concrete structures. Struct. Infrastruct. Eng. 2018, 14, 714–729. [CrossRef]
40. Imperatore, S.; Rinaldi, Z.; Drago, C. Degradation relationships for the mechanical properties of corroded steel rebars. Constr.

Build. Mater. 2017, 148, 219–230. [CrossRef]
41. Ministry of Public Works (Law). Decreto Ministeriale 30 Maggio 1972–Norme Tecniche Alle Quali Devono Uniformarsi le

Costruzioni in Conglomerato Cementizio, Normale e Precompresso ed a Struttura Metallica. Suppldnento Ordinario G.U. n.190
del 22 Luglio 1972. Istituto Poligrafico dello Stato 1972. Available online: http://www.staticaesismica.it/normative/DM_30_05_
1972.pdf (accessed on 10 May 2022). (In Italian).

42. Imperatore, S.; Leonardi, A.; Rinaldi, Z. Strength decay of RC sections for chloride attack. Int. J. Struct. Integr. 2016, 7, 194–212.
[CrossRef]

43. Bossio, A.; Imperatore, S.; Kioumarsi, M. Ultimate flexural capacity of reinforced concrete elements damaged by corrosion.
Buildings 2019, 9, 160. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2019.07.109
http://doi.org/10.1016/j.engstruct.2012.09.034
http://doi.org/10.1016/j.compstruc.2015.04.005
http://doi.org/10.1061/(ASCE)0733-9445(2002)128:9(1139)
http://doi.org/10.1080/15732479.2017.1359631
http://doi.org/10.1016/j.conbuildmat.2017.04.209
http://www.staticaesismica.it/normative/DM_30_05_1972.pdf
http://www.staticaesismica.it/normative/DM_30_05_1972.pdf
http://doi.org/10.1108/IJSI-09-2014-0043
http://doi.org/10.3390/buildings9070160

	Introduction 
	Constitutive Laws of Materials after Corrosion Degradation 
	Influence of Corrosion Cracking on Concrete Constitutive Law 
	The Monotonic Mechanical Properties of Corroded Steel Reinforcements 
	Choice of the Constitutive Law for Simulating Corroded Reinforced Concrete Elements Using Experimental Data 

	Local Behavior of Corroded Reinforced Concrete Elements 
	Load-Carrying Capacity of Corroded Reinforced Concrete Elements 
	Local Ductility of Corroded Reinforced Concrete Elements 

	Discussion and Conclusions 
	References

