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Abstract

The detrimental effect of steel corrosion on seismic response is investigated by non-linear analysis. A
multiphysics FE model is used to evaluate the time-dependent chloride-induced corrosion. Different
steel arrangements are considered. Results show that the greater is the diameter of the reinforcing bar,
the lower is the degree of corrosion. Furthermore, numerical investigations of seismic response with
IMPADb suggest that pitting corrosion may lead to different bar behavior, producing or avoiding prem-
ature bar buckling. Corrosion of transverse reinforcements results to be more severe than for longitudi-
nal ones leading to probable shear failure.

1 Introduction

Reinforced Concrete (RC) bridges are of crucial importance for any transportation networks, and their
serviceability should be guaranteed, in some cases, also after a strong earthquake. Frequently, RC
bridges are exposed to aggressive environments, such as marine environments, so that may suffer from
material aging. Corrosion of steel reinforcement is undoubtedly the most important degradation phe-
nomenon for RC bridges piers, and more generally for all RC structures, in fact, many considerations
can be easily extended to buildings. In this work, we refer mainly to RC columns as the deck degrada-
tion, less relevant for seismic issues, is usually dealt with for non-seismic situations.

Uniform and/or localized corrosion phenomena are widely recognized as the most common corrosion
morphologies. The former is mainly due to carbonation-induced corrosion and involves the full length
of steel bars reducing equally the diameter, while the latter occurs under chloride ions penetration in
concrete, and reinforcing surface is characterized by local cavities and notches, known as pits. Pitting
corrosion may appear in a heterogeneous way along the length of the reinforcement resulting in a more
severe attack than a uniform one. Localized cavities, in fact, not only reduce the strength of the rein-
forcing bars but also their ductility. If the steel bar is stretched by a tensile force, the deformation will
be concentrated in deeper notches. Thus, the overall elongation will be developed in small zones and,
consequently, the average strain will be less at failure compared to an uncorroded bar. Different studies
have been proposed to address tensile [1,2] as well as compressive behaviours [3,4] of both bare and
embedded corroded bars.

Corrosion directly affects the mechanical properties (strength and ductility) of RC elements. Meda
et al. [5] found a reduction of about 30% and 50% of ultimate lateral resistance and displacement,
respectively in a corroded column with respect to the uncorroded one.

Longitudinal bars under compression in RC members, if not properly retained by transversal rein-
forcement, may exhibit large transverse deformation, known as buckling. Lavorato et al. [6] observe
that corrosion may increase the likelihood of premature bar buckling since reduces average bar diameter
and increases the longitudinal reinforcement buckling length, also for the deteriorated stirrup retaining
contribution. In addition, the compressive response of the longitudinal bars may be strongly affected
by pitting morphologies. The position of cavities along the steel surface as well as the loss cross-section
area in these zones may create very different behaviours, as detected in [3,7]. Eventually, it has been
shown in [7] that pitting corrosion may even reduce the probability of rebar buckling if two pits only
create within the stirrup pitch where buckling usually develops. Moreover, transversal reinforcements,
because of their minor concrete cover, are affected by a greater degree of corrosion than longitudinal
ones, making easier local and global bar buckling. In certain circumstances, a strong reduction of the
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transversal rebars cross-section area associated with a decrease of its strength and ductility may facili-
tate shear failure, a brittle mechanism.

In the RC bridge pier immersed in the sea can be distinguished different zones along the height of the
column: submerged zone, tidal and splash zone, and atmospheric zone. In the submerged zone the cor-
rosion is modest or even absent, contrary, the tidal and splash zone is the worst one because cyclic
wetting and drying may cause accumulation of chloride which facilitates corrosion initiation and prop-
agation. Hence, a different spatial variability of corrosion along the elevation of the piers may create a
weaker section, not at the base, but close to the mid-level. Similar mid-height corrosion concentration
may also happen in piers where, for example, trees or bushes exist at the base, protecting from rain,
sunshine, and freeze. During a strong seismic action, the plastic hinge may form at a higher level, with
respect to the base section, increasing the local ductility demand (i.e. curvature ductility) due to shorter
distance from plastic hinge to pier top, while displacement demand remains unchanged, therefore de-
creasing column displacement ductility.

Nowadays, the modern codes, such as the Eurocodes, have introduced specific requirements to reduce
serious material aging issues for RC structures during the design working life [8], adopting higher con-
crete strength and larger cover. Bergami et al. [9] showed that Eurocode requirements result in a sharp
reduction of the degree of reinforcement corrosion. This fact avoids strength and ductility reduction.
Buckling of compressed reinforcement is avoided in new structures thank to a limited spiral pitch, while
aging does not affect transverse reinforcement, avoiding possible buckling due to corrosion. Unfortu-
nately, most of the existing RC bridges have been built prior to the adoption of the modern codes and
lack of adequate provision to prevent reinforcement corrosion and avoid premature bar buckling which
strongly contributes to column failure.

Hence, there is the need for fragility evaluation techniques that allow accounting for the huge un-
certainties related to corrosion processes to produce a reliable seismic assessment, without dispropor-
tionate calculation efforts. To account for the non-linear seismic response the scientific community, in
a recent period, is oriented to use pushover-based procedure specifically developed for buildings or
bridges [10]. This approach is oriented to avoid non-linear dynamic analysis (is now popular the use of
Incremental Dynamic Analysis (IDA) [11,12]) since those can be time-consuming and the time histories
selection and scaling is a controversial point. The adoption of adequate time histories in the fields of
the rare records complying with specific site conditions and high intensities is not always possible; this
difficulty adds to the cumbersome treatment of the great uncertainties associated with corrosion. To
this end, the authors have proposed the use of IMPAP (Incremental Modal Pushover Analysis for
bridges [13]), a method specifically for bridges, developed as an evolution of Incremental Modal Push-
over [14,15] originally proposed for buildings; IMPAR allows to reduce computational time with re-
spect to IDA without losing the accuracy of the fragility evaluation, especially in case of corrosion [9].

In this paper, we discuss the cited items considering as case study a continuous bridge with piers of
different height and so classified as irregular, according to modern codes [16]. The following three
hypotheses are made: a) designed according to Eurocode 8 with slightly excessive stirrup pitch; b) like
in the previous case but with smaller longitudinal diameters and with stirrup pitch compliant with Eu-
rocode, ¢) under-designed bridge with 1/3 of case b) reinforcement. In all three cases, cover provisions
for corrosion seem to be respected. The aim of the proposed numerical investigations, for which the
results are reported in §3, is to show the effect of uniform and pit type corrosion, of both longitudinal
and transversal reinforcement, on seismic performances as a consequence of different steel arrange-
ments. Finally, conclusions are drawn.

2 Numerical Investigation

2.1 Case studies

The RC pier selected for the present numerical investigation, with a diameter of 2.5 m and height of 7.0
m, is the central one of a four-span irregular bridge studied in many previous works [9,13,17], consid-
ering three different reinforcements as shown in Table 1 and in Fig. 1. The steel rebars have yield
strength equal to 450 MPa and the ultimate strain for uncorroded rebars is assumed to be equal to 7.5
%.

Table 1 Pier Geometry and reinforcement arrangements
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Case Longitudinal Reinforcement Transverse Reinforcement
A 210430 — on 2 layers 2 ¢18 mm spiral /200
B 330024 — on 3 layers (2" and 3 in adherence) 2 ¢12 mm spiral /100
C 110424 — on 1 layer ¢12 mm spiral /100
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Longitudinal Rebars
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Fig. 1 RC pier bridge geometry and reinforcements: Case A) 210¢30 mm longitudinal rebars and
spiral $30/200 mm, Case B) 33024 mm longitudinal rebars and spiral ¢12/100 mm and
Case C) 11024 mm longitudinal rebars and spiral ¢12/100 mm.

For all these section configurations, the concrete cover was assumed to be 50 mm from the external
surface to the centroid of spiral reinforcement. The longitudinal reinforcement ratio p; for the first two
reinforcement configuration is about pi=3.0%, while the third one has a longitudinal reinforcement ratio
of about p=1.0 %. Resulting in an over reinforced section for arrangements A and B and in an under
reinforced section for arrangement C. The axial load ratio is about v=15.0 % (P=13936.7 kN).

Cases A and B result from design in Reggio Calabria (Italy), where PgA (peak ground acceleration)
is 0.35g. Details of the design response spectrum are given in [9].

2.2 Numerical modelling

2.2.1 Effects of chloride-induced corrosion

In this work, a multiphysics FE model to evaluate the effect of chloride-induced corrosion for the dif-
ferent section arrangements is adopted. The ingress of chloride ions inside concrete cover is simulated
as a diffusion process adopting the Fick’s second law to evaluate the spatial variability of total chloride
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concentration Cy. at the time ¢. The effects of temperature, humidity, cover cracking, and concrete age
on the chloride diffusion coefficient are considered.

Corrosion current density ic,- is evaluated as a function of total chloride concentration C;. by the
equation proposed in [18] and, assuming that pitting corrosion dominates the loss of reinforcing steel
bar cross-section, the model proposed by Val. [19] can be used to evaluate the residual cross-section
area at the time ¢. More details on the multiphysics FE model can be found in [9].

Fig. 2 shows the time-dependent cross-section of transversal and longitudinal reinforcement area losses
for the considered steel arrangements. Initial conditions are: a null chloride concentration, the values of
temperature and humidity equal to 296.15 K and 0.65, respectively. Furthermore, a total surface chlo-
ride content of 7 kg/m? of concrete has been assumed, which is representative of exposure conditions
close to the Mediterranean coasts.

2.2.2 Finite element model of RC bridge pier

The finite element model adopted in this research is developed according to Kashani et al. [20] using
OpenSEES. It is based on a two-component approach, in which the following coexisting behavioural
mechanisms are separately accounted for flexure and bonding, as schematically depicted in Fig. 3.

The flexural behavior is modelled using a nonlinear force-based beam-column element available in
OpenSEES. The first element, in the proximity of the plastic hinge zone, is modelled using three Gauss-
Lobatto integration points and its length is 6 times the longitudinal steel buckling length L, (herein
assumed equal to the spiral pitch). Instead, the second element is modelled as a force-based element
with five integration points (Fig. 3a). The behavior of the beam-column is obtained through the inte-
gration of the responses obtained at the section level. The element cross-sections are discretized in
fibres (Fig. 3b).

Since it is expected that bar buckling will occur on the first critical section of the column, modified
Monti and Nuti with corrosion stress-strain law (SteelMN implemented in OpenSEES by the authors),
which is able to account for bar buckling, is employed to represent the response of the steel bars in the
element 1. More details on this constitutive model are available in [6,7,21,22]. The softening ratio by.,
superposition length y,, and curvature control parameter in compression Ry. have been specifically eval-
uated through a FE micro model of the steel bar. Instead, the constitutive model by Menegotto and
Pinto (Steel02) is adopted for the bars in the 2nd element. Variations of steel bar mechanical proprieties
due to corrosion are considered only for the outermost layer on the base of corrosion diffusion results.
To account for the effect of strain concentration due to pitting corrosion which reduces the reinforce-
ments ductility, the method proposed by Imperatore et al. [23] is employed. The greater slenderness
ratio (A=L/D, where L is the spiral pitch and D is the diameter of the longitudinal reinforcement) of the
corroded longitudinal rebars under compression is accounted for as suggests in [6].

1.0 I =
0.8 0.8
se 0.6 { 0.6 )
S04 Z04
$30 mm longitudinal bars $24 mm longitudinal bars |*«_
0.2 4| ¢18 mm spiral confinement 0.2 $12 mm spiral confinement ‘\\
50 mm concrete cover 50 mm concrete cover Sl
0.0 T T T 0 T T T =
0 25 50 75 100 0 25 50 75 100
a) t [years] b) t [years]
Longitudinal rebar (red line) 400 kg of cement/m? of concrete
Spiral confinement (black line) - === 300 kg of cement/m? of concrete
Fig. 2 Loss of cross-section area for transversal and longitudinal reinforcement with 50 mm of

concrete cover. a) 30 mm diameter longitudinal rebars and 18 mm diameter spiral confine-
ment, b) 24 mm diameter longitudinal rebars and 12 mm diameter spiral confinement.
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Unconfined cover concrete
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5 Gauss-Lobatto —=

integration points

Element 1
3 Gauss-Lobatto
integration points

Zero Length
Element
a) b)
Fig. 3 Model implemented in OpenSEES: a) element configuration, b) fibre section.

Steel reinforcement

Confined core concrete

The concrete is modelled using the Concrete04 uniaxial material which is based on the Popovics law.
The concrete on the section cover is considered unconfined, whilst the concrete in the section core is
considered as confined, using the Mander et al. model. The effect of concrete cover cracking and spall-
ing due to rust expansion is also taken into account reducing the strength of the cover concrete as sug-
gest by Coronelli and Gamabrova [24], no variations of mechanical proprieties of the confined concrete
core are considered since internal spiral confinement is expected to be uncorroded.

The bonding is responsible for the extra displacement due to the slippage of the longitudinal reinforcing
bars in the anchoring concrete. This is accounted for through a rotational slip spring at the bottom of
the column with a linear constitutive relationship [25].

3 Results and discussion

Table 2 reports a general overview of the numerical investigations considered in the present paper, for
Case A and B they are named as, for example, 4.0 where the letter specifies the section case considered
and the following number represents the time of exposure (0 means uncorroded case). Instead, for Case
C, the numerical results are named as, for example, C.0.5a where the first two characters have the same
meaning of the previous cases while the following number indicates the slenderness ratio of the longi-
tudinal bars since, only for Case C, two slenderness ratios are considered, adding to the usual as in case
B of about 5.0 also a slenderness ratio equal to 8.0, while the last letter indicates the pit morphologies,
a for three pits configuration (Fig. 6a) and b for two pits (Fig. 6b).

Fig. 4 shows: a) the displacements Vs Peak Ground Acceleration (PgA) obtained in [9] for the
central column of the bridge, and b) the cyclic history imposed to the column at different drifts to have
an understanding of the seismic behavior at such large deformations.

Table2  Cases considered in the present numerical investigation

Case Time Longitudinal bar Spiral confinement
[years] A(t)/Ag [%] A(t)/Ag [%]
A.0,B.0 and C.0.x 0.00 100.0 100.0
A.68 68.0 89.3 60.5
B.68, C.68.xa and C.68.xb 68.0 81.5 27.2

Note: x in C.0.x, C.68.xa or C.68.xb is equal to 5 or 8, the slenderness ratios considered.
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Fig. 4 a) Displacement of the central column Vs PgA in [9]; b) cyclic displacements applied to

OpenSees model, in Fig.3.

In Fig. 5 the pier shear-drift behaviours for the uncorroded and corroded cases are compared. For Case
A (Fig. 5a) there are slight differences between the uncorroded and corroded responses. This may be
attributed to the modest loss cross-section area of the longitudinal reinforcement due to pitting corro-
sion. In fact, there is a loss of about 10% at 68 years of exposure in the external circumference while
the internal remains uncorroded. Similar conclusions can be drawn for Case B (Fig. 5b), despite a
greater loss cross-section area (about 20% at 68 years of exposure for the external layer) only one-third
of longitudinal rebars are expected to be corroded.

It is important to underline that the external spiral reinforcements are heavily affected by larger
corrosion with respect to longitudinal reinforcement. Therefore, the pier may undergo a shear failure in
the elastic branch or immediately after the formation of the plastic hinge [26]. The FE model developed
herein is not able to directly account for shear behavior. However, the shear strengths for the corroded
pier evaluated with the model of Priestley [27] and with a truss model (§=45°) are reported in Fig. 5.

The latter model is quite conservative than the former one. It is evident that in Case B the failure
may be in shear, while in Case A the shear strength is higher than shear demand yet. This is due to the
different transverse arrangements; the greater is the spiral reinforcement diameter (18 Vs 12), the lower
is the damage due to pitting corrosion.

Shear [x10°kN]
Shear [x103kN]

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Drift [%] Drift [%]
a0 T A0 —— A68 by T B.0 —— B.68
o Shear strength evaluated with _ _ _ . Shear strength evaluated with
the model of Priestley the truss model (6 = 45°)
Fig. 5 Comparison between uncorroded and corroded behaviours. a) pier shear-drift responses for

Case A, b) pier shear-drift responses for Case B. Shear strength is evaluated only for cor-
roded cases.
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In a) and c) pier shear-drift and rebar stress-strain responses, respectively, with a slender-
ness ratio of the longitudinal bars equal to 5 are reported. In b) and d) are reported the same
quantities with a slenderness ratio equal to 8.0.
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In Fig. 6c the responses for two distinct pits morphologies (Fig. 6a and Fig.6b), obtained through a FE
micro model of the compressive longitudinal bar, are reported. Buckling may or may not happen
whether the middle pit creates or not and according to the amount of loss cross-section area in the two
pits near the spiral level, which usually happen first. Namely, in the case of two pits and a cross-section
area reduction corresponding to 68 years of exposure, buckling cannot arise, contrary to the case with
three pits. This topic deserves further investigations.

In this paper, the modified Monti and Nuti stress-strain law parameters have resulted from the FE
micro model of the compressive longitudinal steel bar. For Case C the effects of different pit morphol-
ogies, shown in Fig. 6, on column response and longitudinal rebars at the base of the column, are re-
ported in Fig. 7. In Fig 7a and c, pier shear-drift responses and stress-strain laws of longitudinal rebars,
respectively, with a slenderness ratio equal to about 5 are plotted, in Fig 7b and d the same quantities
are plotted for the slenderness ratio equal to 8. For both, pits morphology » impedes buckling.

Case with slenderness 5 has no buckling at time 0, while has buckling for time 68 years and mor-
phology a (Fig. 6a). On the other hands, case with slenderness 8 has buckling at time 0 too and even
larger for time 68 years and morphology a. Buckling cannot happen for morphology b (Fig. 6b).

4 Conclusion

The cases of bridge columns with code complying for design for corrosion are investigated at time 0
(zero) and after 68 years. Corrosion may happen in different ways: uniform, pitting and in the latter
case with different morphologies. The following conclusions can be drawn:

- Pushover allows the determination of seismic response, resulting fast and efficient.

- It has been shown that transverse reinforcement has larger corrosion with respect to longitu-
dinal.

- Large diameter adoption reduces the amount of corrosion.

- Buckling of corroded longitudinal rebars usually happens also in cases of original design
complying with provision given to avoid this drawback.

- Eventually, pit corrosion may lead to avoid buckling thanks to the reduction of two sections
per spiral pitch. This may result in a stronger column in bending but leads more easily to
shear failure.
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