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Steel reinforcement corrosion has been recognized as a major deterioration issue for the performance and
safety of reinforced concrete (RC) structures. In this paper, the behavior of corroded RC columns under
the seismic loading was studied using a three-dimensional (3D) non-linear Finite Element (FE) analysis,
considering the material properties deterioration of reinforcement and concrete induced by corrosion.
The experimental results of nine reinforced concrete (RC) columns in three experimental studies in
literature were selected to verify the accuracy of the proposed 3D non-linear FE model. Thereafter, an
extensive parametric investigation, including the FE models of 240 RC columns subjected to the
simulated seismic loading was performed to study the influence of various crucial parameters on the
seismic performance of corroded RC columns, particularly their lateral load resistance and ultimate drift
capacity deterioration. Finally, these key parameters were incorporated into two prediction equations of
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the lateral load resistance and ultimate drift capacity for corroded RC columns.
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1. Introduction

Steel reinforcement corrosion has been considered as a main
cause of deterioration for reinforced concrete (RC) structures in
the corrosive environments. At the material level, the tensile
stresses will develop at the interface between reinforcing bars
and concrete because of the volumetric expansion of corrosion
product induced by reinforcement corrosion, causing the cover
concrete of RC structures to crack and eventually spall off as well
as reducing the bond strength of reinforcement at these interfacial
regions. In addition, the confinement effect of core concrete will
be also decreased due to corrosion of transverse reinforcement,
particularly its maximum compressive strength and ultimate
strain [1]. With regard to the corroded reinforcement, some
experimental studies in literature revealed that the cross-sectional
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area, strength and ultimate strain of steel reinforcement are
significantly decreased due to corrosion [2-4]. As a result, these
mechanical properties deteriorations of reinforcement and con-
crete adversely affect the long-term performance and safety of
RC structures, especially these structures under severely corrosive
environments and subjected to the seismic loading.

Previous research mainly focuses on the causes and mechanism
of reinforcement corrosion and its influences on the deteriorations
of reinforcement and concrete [5-8]. On the other hand, the corro-
sion effect on the performance of RC structures subjected to the
seismic loading has relatively little concern. Recently, several
experimental investigations on the seismic behavior of corroded
RC columns have been carried out in literature [9-13], which
revealed that the corrosion phenomenon strongly affects the global
performance of these structures, particularly their strength and
ultimate drift capacity. For instance, in the experimental program
carried out by Meda et al. [13], comparing to the uncorroded
column with the same specifications and loading conditions, the
corroded column with the corrosion level of approximately 20%
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Notation
a shear span defined as distance from maximum moment S bond slip
section to point of inflection s1,52,53 value of slip related to various bond conditions
Ag gross cross-sectional area of the RC column spacing between stirrups
Apit cross-sectional area of corroded reinforcement at the Teorr corrosion initiation time
pitting location t corrosion time
As(Xcorr) average corroded cross-sectional area of reinforcement Xcorr corrosion level in terms of mass loss (%)
Astnom original cross-sectional area of reinforcement X depth of corrosion attack
v cross-sectional area of transverse reinforcement Ve lateral load resistance of corroded RC column
bo circumference of the RC column section Wy reinforcement weight before corrosion
Cc smaller of concrete cover and one-half spacing between Wi corroded reinforcement weight after corrosion
reinforcing bars w/c water to cement ratio
Do diameter of uncorroded reinforcement Wer crack width due to corrosion penetration
D. diameter of corroded reinforcement A; lateral displacement corresponding to the i step
DRy,  ultimate drift ratio capacity of corroded RC column Qmea measured area within the hysteresis loops
d effective depth of RC column section Qcal calculated area within the hysteresis loops
dp diameter of reinforcing bar o yield and ultimate strength factor of reinforcement in-
Eforce normalized hysteretic force error duced by pitting corrosion
Eenergy  normalized hysteretic energy error B ultimate strain factor of reinforcement induced by pit-
fe compressive strength of concrete ting corrosion
c compressive strength of corroded cover concrete &1 average tensile strain in cracked concrete
; tensile strength of uncorroded concrete Eco concrete strain at maximum concrete stress
;c tensile strength of corroded concrete Ecu ultimate strain of confined concrete
Fyn yield strength of stirrup Euo ultimate strain of uncorroded reinforcement
Feal calculated lateral force at corresponding displacements Euc ultimate strain of corroded reinforcement
Frnea measured lateral force at corresponding displacements Tfc bond stress of corroded reinforcement
F; lateral force corresponding to the ith step Tfo bond stress of uncorroded reinforcement
k coefficient regarding to the diameter and roughness of TmaxC maximum bond stress of corroded reinforcement
reinforcement Tmax0 maximum bond stress of uncorroded reinforcement
K confined strength coefficient Ver ratio of the volumetric expansion of the corroded steel
N axial compression force to the virgin steel
R factor that predicts the change of bond strength due to Py volumetric transverse reinforcement ratio
the corroded reinforcement

showed a decrease of 30% of the lateral load and 50% of the
maximum displacement. Similarly, the experimental study
conducted by Ma et al. [11] also indicated that the reduction of
50% ultimate displacement capacity and 20% of yield as well as
ultimate forces can be found in the corroded RC column subjected
to the corrosion level of 15% when comparing to the uncorroded
column. Therefore, it is vital to quantify the corrosion effect and
its interaction among the other important factors on the lateral
load resistance and ductility deterioration of corroded RC columns,
specifically column aspect ratio, axial force ratio, concrete strength,
and reinforcement ratio.

This study aims to develop a 3D non-linear FE analysis to study
the seismic performance of corroded RC columns that deliberates
the influences of corrosion level and various key parameters. The
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Fig. 1. Quasi-static cyclic loading history for FE model columns.

effects of corrosion damage on RC columns can be modeled by
adapting the material properties of corroded reinforcement,
unconfined cover and confined core concrete, modifying the
bond behavior between corroded reinforcement and concrete.
The experimental results reported in literature are employed to
validate the accuracy of the proposed 3D non-linear FE model.
Thereafter, this proposed FE model is adopted to study the
behavior of corroded RC columns in an extensive parametric
investigation. Finally, based on the multivariable regression
analysis, two prediction equations of the lateral load resistance
and ultimate drift capacity are developed for corroded RC columns.

2. 3D non-linear finite element model of corroded RC column
2.1. General

In this paper, a 3D non-linear FE analysis was carried out to
simulate the seismic behavior of RC columns with corroded
reinforcement using DIANA [14] - a commercial non-linear FE
software package. The validity and reliability of this FE software
to model the behavior of corroded RC structures have been
confirmed in literature [15-17].

In this proposed 3D non-linear FE model, concrete is modeled
by adopting the twenty-node isoparametric solid brick element
while the separate truss element which is connected to the
concrete element using interface element is utilized to model
the reinforcement. The local bond stress-slip law proposed in the
CEB-FIP [18] is employed and modified to incorporate the corro-
sion effect in this study. A combination of a horizontal cyclic
displacement and a vertical axial force is applied to simulate the
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seismic loading on the corroded RC columns. The loading history is
controlled by the drift ratio (DR) as shown in Fig. 1.

2.2. Modeling of unconfined cover concrete

Corrosion transforms steel into rust, resulting in the volumetric
expansion that can develop the splitting stresses in concrete. The
cracking and spalling of concrete induced by these stresses can
be modeled by reducing the strength of concrete elements
belonging to this region, as follows [19]:

!

o fc 1
ch 1 4 k% ( )
where Kk is the coefficient with regard to the diameter and rough-
ness of reinforcement, the value k = 0.1 proposed in [20] is adopted

in this study; ¢; is the smeared tensile strain, regarding to the crack
width of concrete due to corrosion, which can be estimated as:

S Wa Y27V — 1)
T by bo @)

&1

7D0_Dc
x== 3)

where by is the circumference of a RC column section; w,, is the
crack width induced by corrosion of reinforcement; x is the depth
of corrosion attack; v, is the ratio of the volumetric expansion of
the corroded steel to the virgin steel that depends on the type of
corrosion products. The value of v, = 2 recommended by Molina
et al. [21] is commonly employed in analytical studies of RC
structures under corrosion of reinforcement [1,15,19].

According to the recommendation of Hanjari et al. [17], because
of the cracked concrete around corroded reinforcement induced
by corrosion, the tensile concrete strength should be reduced
proportionally to the reduction in compressive concrete strength
as following expression:

)
fee :%f’t (4)
c
where the tensile strength f; of uncorroded concrete estimated
based on the CEB-FIP [18] as follows:

fi=030(f,) ()

Fig. 2(a) and (b) present the modeling of cover concrete under
compression and tension.

2/3

2.3. Modeling of corroded reinforcement

Generally, the average cross-sectional area of corroded
reinforcement can be estimated as:
nD; Xeor
As(xcorr) = TO < - 186) (6)
Wy - W
Xeorr :OT()]* 100 (7)

where X(%) is the corrosion level which can be estimated based
on the experimental measurement of the mass loss. When the
experimental measurement is unavailable, the corrosion level can
be predicted as following equations [22]:

D% _ D2
Xeor = —2—=—<%100 (8)

[

1.0508(1 — w/c)™ '
dc

D. =Dy — (t = Teorr)™"! 9)

where Dy, D, are the diameters of the uncorroded and corroded
reinforcing bars, respectively; T, is the starting time of corrosion;
and t is the time after corrosion starts, more details can be found in
[22].

In general, reinforcement corrosion in reinforced concrete
structures is usually classified into two types: uniform corrosion
caused by carbonation attack and pitting corrosion induced by
the chloride penetration. Previous experimental studies in litera-
ture revealed that the stress-strain relationships of reinforcement
are not seriously influenced by uniform corrosion [3,23]. Therefore,
the mechanical properties of the corroded reinforcement induced
by uniform corrosion can be simply modeled by reducing the
cross-sectional area of uncorroded reinforcement as following
Eq. (6). However, the yield and ultimate strengths of reinforcement
due to pitting corrosion significantly deteriorate because of the
stress concentration at the pitting location that can be estimated
as follows [2]:

fo (1_aﬂ>fo (10)
stnom

where Asmom iS the original cross-sectional area of uncorroded

reinforcement; Ap; is the residual cross-sectional area of corroded

reinforcement at the pitting location and its calculation can be

found in [2]. The value of the empirical coefficient o = 0.005

suggested by Du et al. [3] is utilized in this paper.

Due to stress concentration at the pitting location, the ductility
of corroded reinforcement reduces more drastically than its
strength. In this study, the empirical equation developed by Du
et al. [4] to calculate the ultimate strain of corroded reinforcement
is adopted:

Euc = (1 - ﬂxcorr)guo (11)

where g is the empirical coefficient; 8 = 0.03 and = 0.05 for a bare
bar and a bar embedded in concrete, respectively. Fig. 2(d) indicates
an example of modeling of stress-strain relationships for uncorroded
and corroded reinforcing bars.

In this paper, the buckling of steel reinforcement in corroded RC
columns under cyclic loading was modeled by adopting the stress-
strain relationship of corroded reinforcement and the Monti-Nuti
plasticity model [24] suggested in DIANA [14].

2.4. Modeling of confined concrete

As mentioned above, the corrosion of confinement reinforce-
ment results in the properties degradation of confined core
concrete, particularly the maximum strength and the ultimate
strain which can be estimated when the transverse confining
reinforcement fractures. In this paper, the stress-strain relation-
ship developed by Mander et al. [25] is utilized and modified to
simulate the behavior of confined concrete due to corrosion.
According to this model, the confined strength and ultimate strain
of concrete are estimated as:

fee =Kfo (12)

1.4p f yhtuc
fee
where f., f., are the confined and unconfined concrete strengths,
respectively and K is the confined strength coefficient which
depends on lateral confining stresses f, and f),, for details see
[25]. To take into consideration the corrosion effect, this coefficient
can be calculated by reducing the average cross-sectional area and
strength of both longitudinal and transverse reinforcing bars, as
mentioned in Eqs. (6) and (10). The ultimate strain deterioration
of confined core concrete due to corrosion can be simply estimated

€ = 0.004 + (13)
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Fig. 2. Column FE model - Constitutive models for: (a) Cover concrete under compression and (b) Tension; (c) Confined core concrete under compression; (d) Steel

reinforcement; (e) Local bond stress-slip relationship.

using Eq. (13) by altering the yield strength f,, and ultimate strain
&y of transverse reinforcement according to Egs. (10) and (11),
respectively. Fig. 2(c) presents the modeling of uncorroded and cor-
roded confined concrete under compression.

2.5. Modified bond deterioration model

2.5.1. Bond strength of corroded reinforcement

Various bond strength deterioration models of corroded
reinforcement induced by corrosion are available in literature
[26-28]. In this paper, the bond strength model developed by
Maaddawy et al. [29] is utilized to calculate the maximum
bond strength of corroded reinforcement. As compared to other
empirical bond strength models, some advantages of this model
include its ability to take into account the contributions from
concrete and stirrup independently and also consider the effect
of impressed current density for accelerated corrosion on the bond
strength deterioration. In this model, the maximum bond stress of
corroded reinforcement Tna.xc can be expressed as follows:

Avfyh
Sd,

Tmaxc :R<0.55+0.24%> . +0.191 (14)
b

R= (Al +A2Xcorr) (15)

where R is the empirical factor that predicts the change of bond
strength induced by corrosion of reinforcement.A; and A, are the
variables that depend on the current density used for accelerated
corrosion, for details see [29].

2.5.2. Modified local bond stress-slip model

To take consideration the influence of corrosion on the local
bond behavior, the bond stress-slip model developed in the
CEB-FIP [18] is utilized and modified by using Eq. (14) as:

T= rmaxc(i)“ For 0 <s <

T = TmaxC Fors; <s<s; (16)
T = Tmaxc — (Tmaxc = Tp)(5%)  For s, <s<s3

T="Tf Fors; <s

It is noted that with the generally designed cover concrete
thickness and transverse reinforcement amount, the bond failure
in corroded reinforcement is mostly due to splitting [19]. There-
fore, the values of parameters of the modified bond stress-slip
model can be chosen as:

=04; s;=06mm; s;,=06mm; s3=25mm;
Tf = 0.15Tmaxc (17)

Fig. 2(e) shows an example of the modified bond model for
uncorroded and corroded reinforcing bars.

3. Validation of proposed 3D non-linear FE model

Three experimental studies reported in literature [10,12,13] on
the performance of corroded RC columns under the simulated
seismic loading are selected to validate the accuracy of the
proposed 3D non-linear FE model. The first experimental study
carried out by Wang [10] comprised 17 RC columns owing the
same specifications, which were subjected to different axial
force ratios from 0 to 0.5 and varying corrosion levels. In this
experimental program, both longitudinal and transverse reinforc-
ing bars were corroded until the expected corrosion levels from 0
to 25% in terms of mass loss. In the second experimental study
conducted by Goksu [12], 13 RC columns were accelerated corro-
sion in which the corrosion level varies from 0 to 54%, and then
tested as singer curvature under constant axial force ratio of
0.18 together with cyclic loading. The last experimental study
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conducted by Meda et al. [13] includes four RC columns with the
same specifications in which the first two columns were acceler-
ated corrosion, and then the reinforcement was extracted from
these RC columns and tested in tension to study about the
corrosion effect on the stress-strain relationships of corroded
reinforcement. The third column was corroded up to a desired
corrosion level of approximately 20% and subjected to cyclic
loading while the last column was used as reference uncorroded
specimen for comparison against the corroded RC column. It is
noted that in the second and third experimental studies [12,13],
only longitudinal reinforcing bars were corroded.

In total, the experimental data of 9 RC columns in three
experimental studies were selected to validate the proposed 3D
non-linear FE model, in which both uncorroded and corroded RC
columns as well as various corrosion levels were examined. The
details of these RC column specimens are shown in Table 1 and
Fig. 3 while their material properties used in the 3D non-linear
FE analyses are indicated in Table 2. Figs. 4-6 indicate the compar-
ison of hysteresis loops between the numerical analyses and the
experimental data for both uncorroded and corroded RC columns
in these three experimental studies. As observed, there is a good
correlation in the overall global behavior between the experimen-
tal and FE results in terms of the initial stiffness, energy dissipation
capacity, lateral load resistance, and ultimate displacement. To
quantify the accuracy of the FE analyses, the normalized hysteretic
force error Epy and normalized hysteretic energy error Eepery are
evaluated; those are the errors between measured and calculated
hysteretic forces and hysteretic energies, respectively, as the
following equations [30]:

1 1< P2
Eforce = m E;(Fmea - cal) (18)
Qe — Q
Eenergy = %eaca[ (19)
n-1
F, — F
Q=3 (A1 = A) (20)

i=1

where F,., and F, are the measured and calculated lateral forces at
corresponding displacements; F; and A; are the lateral force and

horizontal displacement at the jh step; Qume, and Qg are the
measured and calculated areas within the hysteresis loops which
can be estimated based on the trapezoid numerical integration
scheme as Eq. (20). It is noted that if the hysteretic energy
Eenergy < 0, the estimated response overestimates the amount of
dissipated energy in the experiment, otherwise it is underestimated
if the hysteretic energy Eepergy > 0.. Table 3 summarizes the values of
normalized hysteretic force error and normalized hysteretic energy
error of 9 RC columns. As indicated, the mean error in hysteretic
force is 10.53% and the mean absolute error in hysteretic energy

Table 1
Summary of RC column specimens to validate the proposed FE model.

is 5.92%. These values are lower than those reported by Lepech
et al. [31] in their validation of corroded circular RC columns using
OpenSees modeling software, those are 12.9% of mean error in
hysteretic force and 25.3% of the mean absolute error in hysteretic
energy, respectively.

In order to verify the applicability and accuracy of numerical
models, Figs. 7 and 8 present the stress contour in reinforcement
and concrete at the collapse of corroded RC columns tested by
Meda et al. [13] and Goksu [12]. These figures also indicate the
comparison of the crack pattern obtained from 3D non-linear FE
analyses and the observed experimental crack pattern at the final
stage of cyclic loading of these corroded RC columns. As shown
in these figures, the most critical regions of forming cracks near
the bottom of corroded RC columns in the experiment are
predicted accurately in the 3D non-linear FE analyses.

The aforementioned verification of finite element results
revealed that the proposed FE model is acceptable and can be
adopted to predict the performance of corroded RC columns under
seismic loading. Based on the well-estimated model, further
numerical simulation and parametric study will be performed by
varying critical parameters to estimate the lateral load resistance
and ultimate drift capacity of corroded RC columns.

4. Parametric investigation
4.1. Numerical models of corroded RC columns

Adopting the proposed 3D non-linear FE model discussed
above, numerical simulations were performed to study the influ-
ence of various parameters on the seismic behavior of corroded
RC columns, and to further estimate the reduction of their lateral
load resistance and ultimate drift ratio capacity. An extensive para-
metric study was carried out, including corrosion level, column
aspect ratio, axial force ratio, transverse reinforcement ratio, and
compressive concrete strength. Table 4 tabulates the range of
studied parameters. The parametric investigation is conducted by
analyzing the FE models of 12 RC columns, labeled from series A
to series L, as indicated in Fig. 9. The series A, B, E, F, I and ] columns
are designed for seismic zones according to the requirement in the
ACI 318-14 [32] with sufficient stirrup in the plastic hinge zone.
Table 5 summarizes the specimen configurations in the parametric
study.

4.2. Numerical results of corroded RC columns

4.2.1. Influence of corrosion level

The 3D non-linear FE analyses for the simulated models
subjected to different corrosion levels are presented in this section.
In reality, the corrosion level of transverse reinforcement is slightly
larger than that of the longitudinal reinforcement due to its smaller
diameter and its distance to the outside environment is nearer.
However, to simplify the analyses, the longitudinal reinforcement

Specimens bxh (mm) L (mm) Aspect ratio Longitudinal reinforcement Transverse reinforcement Axial force ratio Corrosion level (%)
ZZ-1[10] 200 x 200 1100 5.5 6014 26@80 0.34 0

XZ-2 [10] pr=231% P, =0.93% 0 6

XZ-7 [10] 0.25 4

Z-4 [10] 0.34 18

NS-X0 [12] 200 x 300 1260 5.5 4014 ?8@100 0.18 0

NS-X9 [12] pp=1.03% p, =1.08% 9

NS-X16 [12] 16

UC [13] 300 x 300 1800 533 4016 @8@300 0.22 0

CC[13] p; =0.89% P, =027% 20
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Fig. 3. Details of specimens tested by: (a) Wang [10]; (b) Goksu [12]; (¢) Meda et al. [13].

Table 2

Material properties of RC column specimens in FE analyses.
Specimens Cover concrete Confined core concrete Longitudinal reinforcement Transverse reinforcement Tmax MPa

fe MPa fi MPa fec MPa fi MPa Ecu fy/fu MPa/MPa & fy/fu MPa/MPa £

ZZ-1[10] 24.56 2.53 28.2 2.53 0.026 415/639 0.15 325/565 0.15 6.43
XZ-2 [10] 16.35 1.69 27.7 0.022 412/634 0.123 322/560 0.123 535
XZ-7 [10] 18.42 1.90 28.0 0.024 414/637 0.132 324/563 0.132 5.71
Z-4 [10] 9.60 0.99 25.8 0.014 386/594 0.069 302/525 0.069 3.20
NS-X0 [12] 25.5 2.6 29.3 2.6 0.037 460/652 0.115 486/681 0.134 9.14
NS-X9 [12] 18.15 1.85 452/640 0.084 7.22
NS-X16 [12] 14.70 1.50 434/615 0.060 5.72
UC [13] 20.0 2.21 20.0 221 0.022 520/620 0.18 520/620 0.18 5.85
CC[13] 10.61 1.17 260/434 0.045 2.30

and transverse reinforcement are assumed to be corroded at the
same level in the current parametric study. Fig. 10 demonstrates
the effect of corrosion level on the backbone curve of lateral
load-displacement relationships in which the corrosion level varies
from 0% to 30%. As observed, the higher corrosion level results in
the lower lateral load resistance and its significant reduction can
be seen when the RC columns are highly corroded, that is the
corrosion level from 20% to 30%. For example, the studied series
E column with the axial force ratio of 0.2 and transverse reinforce-
ment ratio of 1.07%, when the corrosion level increases from 0% to
5%, 10%, 20%, and 30%, the lateral load resistance reduces 6%, 12%,
21%, and 28%, respectively. The more serious deterioration of lat-
eral load resistance in the series G column with axial force ratio
of 0.4 and transverse reinforcement ratio of 0.64%, that is the
decrease of 10%, 17%, 29%, and 39% can be seen with the rise of
corrosion level from 0 to 5%, 10%, 20%, and 30%, respectively.
Therefore, it is concluded that the corrosion effect on the lateral

load resistance deterioration is more critical in cases of lower
transverse reinforcement amount and higher axial force. With
regard to the ultimate drift capacity, it appears that higher corro-
sion level results in the lower ultimate drift capacity. As observed
in Fig. 10, the uncorroded series E column failed when the drift
ratio reached 4.5% while this column with the corrosion level of
30% failed at the ultimate drift ratio of 3%. However, when the
corrosion level is less than 10%, the ultimate drift ratio of the
corroded series E and G columns is not significantly affected.

4.2.2. Influence of aspect ratio

In this paper, the width and depth of the RC column section are
kept constant for all the 3D non-linear FE models. Therefore, an
increase in the aspect ratio refers to an increase of total column
height. The influence of aspect ratio on the backbone curves of
corroded RC columns is demonstrated in Fig. 11 in which the
aspect ratio varies from 2.0 to 3.0 and 4.0 to represent both
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Fig. 4. Comparison of analyzed and experimental hysteresis loops of specimens tested by Wang [10]: (a) ZZ-1; (b) XZ-2; (c) XZ-7; (d) Z-4.

shear-critical and flexural RC columns. At the same corrosion level,
with the increase of aspect ratio from 2.0 to 3.0 and 4.0, the lateral
load resistance reduces by approximately 30% and 45%, respec-
tively. On the other hand, the increase of aspect ratio results in
the higher ultimate drift capacity of corroded RC columns, for
instance, the series C, G, and K columns with the corrosion level
of 20% and axial force ratio of 0.2 failed at the ultimate drift ratio
of 2.0%, 2.5% and 3% in which the aspect ratio varies from 2.0 to
3.0 and 4.0, respectively. Therefore, it is concluded that among
the 3D non-linear FE models with the same corrosion level, the
higher aspect ratio results in the higher ductility capacity.
However, the lower lateral load resistance is obtained in these FE
models with the higher aspect ratio.

4.2.3. Influence of axial force ratio

It is well-known that the axial force is considered as one of the
key parameters in the studies of seismic behavior of RC columns.
However, its effect on the corroded RC columns is still scarce in
literature in terms of both experimental and analytical studies. In
this paper, the axial force ratio varies from 0.1 to 0.4. Fig. 12 indi-
cates that the lateral load resistance of corroded columns rises
with an increase in axial force, for example, the corroded series C
column subjected to the corrosion level of 30%, the lateral load
resistance rises by approximately 12%, 16%, and 19% when the axial
force ratio increases from 0.1 to 0.2, 0.3, and 0.4, respectively. In
contract, the higher axial force causes a more brittle behavior in
corroded RC columns. As indicated in the series I column with

the corrosion level of 10%, these corroded RC columns failed at the
ultimate drift ratio of 4.5%, 3.5%, 3%, and 2.5% corresponding to the
axial force ratio varies from 0.1 to 0.2, 0.3, and 0.4, respectively.

4.2.4. Influence of volumetric transverse reinforcement ratio

Generally, the stirrup amount and distribution play a vital role
in improving the strength and ductility capacity of RC columns
because of its confinement effect [33]. Fig. 13 demonstrates the
effect of stirrup amount on the performance of corroded RC
columns. As observed in the studied series | & K columns subjected
to the axial force ratio of 0.3, an approximately 10% and 16% lateral
load resistance decrease is observed for corroded RC columns with
corrosion level of 10% and 30%, respectively corresponding to the
reduction of the volumetric transverse reinforcement ratio from
1.07% to 0.64%. It is also revealed that the effect of transverse
reinforcement amount on the lateral load resistance deterioration
of corroded RC columns becomes more significant in cases of
higher corrosion level. Furthermore, the ultimate drift capacity sig-
nificantly decreases in cases of corroded RC columns with lower
transverse reinforcement amount. For example, the ultimate drift
ratio of series A & C columns under axial force ratio of 0.2 and
corrosion level of 20%, with a decrease of volumetric transverse
reinforcement ratio from 1.07% to 0.64%, the ultimate drift
ratio reduces from 3.5% to 2.5%, respectively. In conclusion, the
volumetric transverse reinforcement ratio drastically influences
both the lateral load resistance and ultimate drift capacity of
corroded RC columns.
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Fig. 5. Comparison of analyzed and experimental hysteresis loops of specimens
tested by Goksu [12]: (a) NS-X00; (b) NS-X09; (c) NS-X16.

4.2.5. Influence of compressive concrete strength

Fig. 14 demonstrates the effect of compressive concrete
strength on the performance of corroded RC columns. The FE
results revealed that at the same corrosion level, the lateral load
resistance of corroded RC columns increases along with the
compressive concrete strength. For example, the studied series G
& H columns subjected to corrosion level of 20% and axial force
ratio of 0.2, when the compressive concrete strength increases
from 30 MPa to 40 MPa, the lateral load resistance rises by approx-
imately 16% and the similar tendencies can be seen for other

Lateral Load (kN)

Lateral Load (KN)

Displacement (mm)

(b)

Fig. 6. Comparison of analyzed and experimental hysteresis loops of specimens
tested by Meda et al. [13]: (a) Uncorroded column - UC; (b) Corroded column - CC
(Xcorr = 20%)‘

Table 3

Summary of normalized hysteretic force error and normalized hysteretic energy error
of RC column specimens in FE validation.

Specimens Normalized hysteretic Normalized hysteretic
force error Egyree (%) energy error Eepergy (%)

7Z-1[10] 7.73 3.81

XZ-2 [10] 5.15 —4.56

XZ-7 [10] 8.73 5.05

Z-4 [10] 10.11 3.90

NS-XO0 [12] 15.60 -12.64

NS-X9 [12] 12.43 5.21

NS-X16 [12] 9.13 3.16

ucC [13] 13.75 -11.35

CC[13] 12.16 -3.61

Mean absolute error 10.53 5.92

corrosion levels. However, regarding to the ultimate drift capacity,
with a rise of compressive concrete strength from 30 MPa to
40 MPa, no significant changes were observed on the corroded
RC columns subjected to the same corrosion level.

4.3. Prediction of lateral load resistance and ultimate drift capacity for
corroded RC columns

4.3.1. Prediction equation of lateral load resistance
The parametric study on 240 FE models was carried out to
reveal the significance of several key parameters that influence
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stress contour; (c) Crack pattern and crack strain; (d) Observed experimental crack pattern.
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Fig. 8. Finite element analyses of the corroded RC column (NS-X16) at the final stage of cyclic loading tested by Goksu [12]: (a) Stress in reinforcement; (b) Concrete normal
stress contour; (c) Crack pattern and crack strain; (d) Observed experimental crack pattern.

Table 4
Parameters study.
No. Notation Description Range
investigated
1 Xeorr (%) Corrosion level 0, 5, 10, 20, 30
2 a/d Aspect ratio 2.0,3.0,4.0
3 N/f.Ag Axial force ratio 0.1,0.2,03,04
4 P, (%) Volumetric transverse reinforcement  0.64, 1.07
ratio
5 fi.(MPa)  Compressive concrete strength 30, 40

the lateral load resistance deterioration of corroded RC columns
under cyclic loading, particularly corrosion level, column aspect
ratio, axial force ratio, volumetric transverse reinforcement ratio,
and compressive concrete strength. Comparison between the FE
analysis results of lateral load resistance of 48 uncorroded RC
column models and their shear strength calculated by equation
in the ASCE 41-06 [34] shows that the numerical results produced
a good agreement with the shear strength prediction in the ASCE
41-06 [34], as demonstrated in Fig. 15, particularly the average
of ratio of their strength calculated from the equation in the ASCE
41-06 [34] to numerical results is equal to 1.05 and its standard
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Fig. 9. Details of specimens in the parametric study.

deviation of 0.16. Therefore, in this study the shear strength 0.35./f
equation proposed in the ASCE 41-06 [34] is adopted and modified Vae = 1 0.7Auf yud +— \/F‘
1+41.59%ar S a/d

to calculate the lateral load resistance of corroded RC columns. By
conducting the regression analysis of the numerical results of 240
FE models, the prediction equation of the lateral load resistance for
corroded RC columns is derived as follows:
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Table 5
Characteristics of the specimens in the parametric study.
Series column Width & depth Column height Aspect ratio a/d Concrete Longitudinal Transversereinforcement
bxh mm L mm strength reinforcement
. MP. o
fc a P % fyo/fuo MPa/Mpa pu/° fyo/fuo MPa/MPa
A 350 x 350 2800 4.0 30 1.31 400/550 1.07 400/550
B 40 1.07
C 30 0.64
D 40 0.64
E 350 x 350 2100 3.0 30 1.07
F 40 1.07
G 30 0.64
H 40 0.64
1 350 x 350 1400 2.0 30 1.07
J 40 1.07
K 30 0.64
L 40 0.64
256 256
a/d=3.0 200 a/d=3.0 200
N/fAg=0.2 N/f A=0.4
pv=1.07% 150 pv=0.64% 150
=30 MPa =30 MPa
s 100 -
Z Z
E E
— —
S b 1 2 3 4 S -B
8 8
= =
— —8— X00 — —&— X00
—— X05 —o— XO05
X10 X10
—o— X20 *— X20
—*— X30 ¢ X30
=256 =256
Drift Ratio (%) Drift Ratio (%)

Fig. 10. Influence of corrosion level on the backbone curve of corroded RC columns.
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Fig. 11. Influence of aspect ratio on the backbone curve of corroded RC columns.
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Fig. 12. Influence of axial force ratio on the backbone curve of corroded RC columns.

where V¢ is the lateral load resistance of the corroded RC column;
Xeorr 1S the corrosion level. The average ratio of the lateral load
resistance of 240 FE models calculated by FE analyses to their lateral
load resistance predicted by adopting Eq. (21) is 0.974 and its
standard deviation of 0.083, showing a good correlation between
the FE analyses and this prediction equation, as illustrated in
Fig. 16. In addition, the lateral load resistance of 25 tests of
uncorroded and corroded RC columns calculated by Eq. (21) is then
compared to the experimental results. As shown in Table 6, the
comparison shows a good agreement between the experimental
data and the proposed equation because the average lateral load
resistance ratio of the experiment to the prediction using Eq. (21)
is 0.962 and its standard deviation of 0.260.

4.3.2. Prediction equation of ultimate drift capacity

to the maximum lateral load carrying capacity deteriorates 20%
[35-38]. Several studies have proposed drift-based design
equations for RC columns in which the effect of the confinement
coefficient mainly due to the stirrup amount and distribution,
aspect ratio and axial force has been incorporated into these
equations [35,39,40]. However, the influence of reinforcement
corrosion on the ultimate drift capacity deterioration of corroded
RC columns has not been well studied. The numerical results
mentioned above revealed the significance of several key factors that
influence the ultimate drift capacity of corroded RC columns, such as
corrosion level, aspect ratio, axial force ratio, and transverse
reinforcement ratio. Therefore, based on the multivariable regression
analysis of numerical results of 240 FE models, the prediction
equation of the ultimate drift capacity of corroded RC columns
subjected to the simulated seismic loading is proposed as follows:

.Ultimate drift cqpacity of the RC column is usually studied DRy = 1 ~— 1(0.45+0.21p,) ].66+0'36 (1.49+0.]29>
using lateral load-displacement responses. As the common prac- 1+1.833% A d
tice in literature, the ultimate lateral displacement capacity of a (22)
RC column can be defined as a displacement value corresponding
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Fig. 13. Influence of volumetric transverse reinforcement ratio on the backbone curve of corroded RC columns.
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Fig. 15. Comparisons of the lateral load resistance of 48 uncorroded RC column
models between calculated by FE analyses and ASCE 41-06 [34].

where DRy;c is the ultimate drift capacity of the corroded RC
column; X is the corrosion level which can be estimated based
on Eq. (7) or Eq. (8). The comparison between the FE analyses and
the proposed equation produces a good correlation because the
average ratio of ultimate drift ratio of 240 FE models calculated
by FE analyses to their ultimate drift ratio predicted by adopting
Eq. (22) is 0.996 and its standard deviation of 0.137, as demon-
strated in Fig. 17. Furthermore, the applicability of this proposed
equation for prediction of ultimate drift capacity of corroded RC
columns is verified by comparing to the experimental results of 21
tests in literature. Table 6 shows the average ratio of the experimental
to the predicted ultimate drift capacity of corroded RC columns by
using Eq. (22) is 1.086 and its standard deviation of 0.114.

5. Conclusions

In this paper, the influences of reinforcement corrosion on
the seismic behavior of RC columns are studied using the 3D
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Fig. 16. Comparisons of the lateral load resistance of 240 FE models between
calculated by FE analyses and Eq. (21).

non-linear FE approach. The critical parameters influencing the
performance of corroded RC columns are investigated and their
effects as well as interaction on the lateral load resistance and
ultimate drift capacity of corroded RC columns are quantified,
including corrosion level, aspect ratio, axial force ratio, concrete
compressive strength, and transverse reinforcement ratio. Accord-
ing to the numerical results, some important conclusions can be
summarized:

1. The 3D non-linear FE model for the corroded RC columns
subjected to the seismic loading was proposed that considers
the degradation of corroded materials, including reduction
in strength and ductility of both unconfined cover concrete
and confined core concrete, decrease of cross-sectional area,
strength and ultimate strain of corroded reinforcement, and
bond strength deterioration of corroded reinforcement as well
as modification of its local bond behavior.

2. The numerical analyses revealed that the lateral load resistance
and ultimate drift capacity of corroded RC columns deteriorate
when the corrosion level increases. The deterioration is more
significant in RC columns subjected to higher corrosion levels
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Table 6
Experimental verification of proposed equations of corroded RC columns.
Specimen  Xeorr (%)  f. (MPa) fyn Ay S P (%) A G Vil Vie kN DRGE DRUc(%) e DRy
(mm) (mm)  (mm) kN (%) * uie
Wang [10] XZ-1 8 24.56 325 56.54 80 093 05 55 5157 4467 3.0 2.63 1154 1.141
XZ-2 6 24.56 325 56.54 80 093 0 55 2950 3270 4.0 - 0902 -
XZ-3 8 24.56 325 56.54 80 093 0 55 2850 3178 45 - 0897 -
XZ-4 9 24.56 325 56.54 80 093 0 55 2910 3133 45 - 0929 -
XZ-5 5 24.56 325 56.54 80 093 05 55 5740 4665 3.0 2.76 1231 1.085
XZ-6 5 24.56 325 56.54 80 093 0 55 3000 3318 3.0 - 0.904 -
Xz-7 4 24.56 325 56.54 80 093 025 55 4450 4188 45 3.48 1.062 1292
XZ-8 6 24.56 325 56.54 80 093 025 55 4400 4067 45 337 1.082 1.337
XZ-9 7 24.56 325 56.54 80 093 025 55 4230 4008 40 3.31 1.055 1.208
XZ-10 6 24.56 325 56.54 80 093 05 55 5380 4597 33 2.72 1170 1214
771 0 24.56 325 56.54 80 093 034 55 5190 4682 33 3.36 1108 0981
z2 14.5 24.56 325 56.54 80 093 034 55 4700 3805 3.0 2.64 1235 1.135
Z3 16 24.56 325 56.54 80 093 034 55 4350 3733 25 2.59 1165 0.967
Z-4 18 24.56 325 56.54 80 093 034 55 4190 3640 25 2,51 1151 0995
z-5 24 24.56 325 56.54 80 093 034 55 4080 3389 20 2.32 1.204 0.863
76 6 24.56 325 56.54 80 093 034 55 5590 4274 35 3.02 1.308 1.158
z-7 19 24.56 325 56.54 80 093 034 55 4500 3596 2.0 2.48 1.251 0.807
Goksu [12] NS-X00 0 255 486 1005 100 108 018 55 5690 10795 5.0 452 0527 1.107
NS-X09 9 255 486 100.5 100 1.08 018 55 5444 9444 45 3.86 0576 1.165
NS-X13 13 255 486 100.5 100 1.08 018 55 4239 8946 3.0 3.63 0.474 0.826
NS-X16 16 255 486 1005 100 1.08 018 55 4480 8606 4.0 3.47 0521 1.152
NS-X22 22 255 486 100.5 100 1.08 018 55 4601 7997 40 3.20 0575 1.252
NS-X54 54 255 486 100.5 100 1.08 018 55 4032 5808 20 2.24 0.694 0.892
Medaetal. [13] UC 0 20 520 100.5 300 027 022 533 6300 6569 35 3.07 0.959 1.141
cc 20 20 520 100.5 300 027 022 533 4600 4984 25 2.23 0923 1.122
Mean 0.962 1.088
Coefficient of variation 0.260 0.151
7 to the higher corrosion level. In contract, the ultimate drift
capacity decreases with the reduction of aspect ratio, increase
of axial force ratio, and decrease in transverse reinforcement
e R ratio. However, it is not correlated with the change of compres-
v u sive concrete strength.
~ . . . . . .
A3 s " 5/ . 4. Based on an extensive parametric investigation of various
A B e LR EEEY ErL)  LLLLLELELELEEEEE T o s .
S - ) - key parameters, two prediction equations of the lateral load
Q = . u g H resistance and ultimate drift capacity of corroded RC columns
[3" alo . % :' 77777777777777777777 under the seismic loading were derived from the multivariable
| . . 4 L] - regression analysis of the numerical results of 240 FE models.
Q ] . . . .
= s sSAg I L Future experimental studies on the seismic performance of
2 7 S en g8 2R8 8 W corroded RC columns are desired that will provide additional
@ - p
A data to further verify the accuracy of the proposed 3D
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= ju" non-linear FE model and two prediction equations.
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Fig. 17. Comparisons of the ultimate drift ratio capacity of 240 FE models between
calculated by FE analyses and Eq. (22).

(20-30%) than those under low corrosion levels (0-10%).
Furthermore, the FE results exposed that the influence of the
corrosion level on the lateral load resistance deterioration is
more significant in RC columns designed with lower stirrup
amount and subjected to higher axial force. However, the
ultimate drift capacity of corroded RC columns is not signifi-
cantly affected when the corrosion level is less than 10%.

3. The FE results showed that the lateral load resistance of
corroded RC columns reduces with the increase of aspect ratio,
decrease of axial force ratio, and reduction in compressive
concrete strength as well as stirrup amount. Furthermore, the
effect of stirrup amount on the lateral load resistance deteriora-
tion becomes more significant in cases of RC columns subjected
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