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A total of 30 full-scale reinforced concrete (RC) columns were tested 
to develop models for the prediction of the structural behavior of 
corroded RC columns. Of these, 25 RC columns were tested under 
cyclic loading for two different applied axial load ratios—namely, 
0.20 and 0.40—at three concrete strength levels—namely, 9, 27, 
and 37 MPa (1305, 3915, and 5365 psi)—and at four corrosion 
levels. Five RC columns were loaded monotonically with an axial 
load ratio of 0.20 at four corrosion levels to calculate the damage 
index. The actual corrosion levels were obtained by breaking the 
concrete and extracting all the reinforcing bars. The test results 
demonstrated that the ductility ratios of the corroded RC columns, 
which were not determined in accordance with energy-based or 
bilateral failure criteria, could be misleading. The determined 
energy dissipation capacity and damage index of the columns 
further revealed the corrosion effects.
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INTRODUCTION
The accurate prediction of the structural behavior 

of corroded reinforced concrete (RC) buildings can be 
achieved by modeling the materials affected by corrosion 
and by performing nonlinear analysis using modified plastic 
hinge properties. One of the major effects of corrosion that 
reduces the seismic performance levels of RC structures is 
reduction in the cross-sectional area of the reinforcement 
bars. A reduction in RC structure performance levels does 
not depend only on losing a cross-sectional area of the 
reinforcement bars (Yalciner et al. 2015). Other effects of 
corrosion such as cracking of concrete, reduction in bond 
strength, and the mechanical properties of concrete and steel 
bars may also cause reduction in the seismic performance 
levels of RC structures. Owing to the unknowns and difficul-
ties involved in corrosion, its effects are generally preferred 
to be considered as the reduction in the cross-sectional area 
of reinforcement bars for decision making on the seismic 
performance levels of existing RC buildings, unless detailed 
information is collected from the existing structures and its 
effects are fully considered (for example, mechanical prop-
erties of materials, bond-slip relationships, and confinement 
effects). Structural data obtained from experimental studies 
on corroded RC members provide easier and more practical 
approaches for the structural assessment of corroded RC 
buildings. Thus, numerous experimental studies have been 
conducted to examine the effects of corrosion on RC columns, 
as summarized in Table 1. One of the experimental studies 
on the prediction of the structural behavior of corroded RC 
columns was conducted by Ma et al. (2012). In that study, 
the applied axial load ratios were increased with corrosion 

level. Another experimental study to evaluate structural 
behavior of the corroded RC columns was performed by 
Meda et al. (2014). In the study done by Meda et al. (2014), 
stirrups were coated and the longitudinal bars were corroded 
as the third level of the columns. Thus, the bond strength 
degradation owing to the corrosion of the stirrups and contri-
bution of stirrups to the lateral displacement were neglected. 
In contrast to Ma et al. (2012) and Meda et al. (2014), Guo 
et al. (2015) obtained the actual corrosion levels at both the 
longitudinal bars and stirrups. Yang et al. (2016) noted that 
the ductility ratios of the RC columns decreased as the corro-
sion level increased. By contrast, the ductility ratio of each 
corroded RC column increased for each corrosion level in Li 
et al. (2018), and up to a certain corrosion level in Ma et al. 
(2012) and Guo et al. (2015). Although several experimental 
results indicated an increase in the ductility ratio (Guo et al. 
2015; Li et al. 2018) and energy dissipation (Ma et al. 2012; 
Meda et al. 2014) of corroded RC columns in comparison 
with non-corroded columns, other studies reported a reduc-
tion in the ductility ratio (Ma et al. 2012; Yang et al. 2016) 
and energy dissipation (Guo et al. 2015; Yang et al. 2016; 
Liu et al. 2017; Yuan et al. 2017).

RESEARCH SIGNIFICANCE
Currently, there exist few models for predicting the seismic 

performance of corroded RC columns. Contradicting results 
have been obtained regarding the ductility ratio and energy 
dissipation capacity of corroded RC columns owing the limited 
dependent variables (that is, the same concrete strength level 
or axial load ratio were used) and considered failure criteria. 
In contrast to previous studies, in the present study, 30 RC 
columns were evaluated at three different concrete strength 
levels, different corrosion levels, and for two axial loads. The 
corrosion levels were specifically designed to investigate the 
contradicting results reported in various studies.

EXPERIMENTAL PROGRAM
The test specimens were first divided into three main 

groups for three different concrete strength levels—namely, 
C8, C20, and C30. Each group was then divided into four 
subgroups for different corrosion levels. Thereafter, each 
subgroup was tested for two different applied axial loads 
of 20 and 40% under cyclic loading. The specimens were 
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designated as CAB, %x, %y, z, where A indicates the concrete 
strength level; B indicates the number of specimens; x and 
y represent the average corrosion levels of the longitudinal 
bars and stirrups, respectively; and z represents the applied 
axial load ratio (for example, C81, 10%, 8%, 0.2). The applied 
axial loads were 20 and 40% for the specimens numbered 
from 1 to 5 and 6 to 10, respectively.

Materials
Ready mixed concrete was used for all RC columns, which 

were placed at the same time. All RC columns were cured 
for 3 months to avoid changes in the concrete compres-
sive strength after placement. The cylindrical compressive 
strength of the concrete was obtained on the day of the loading 
tests. The average cylindrical compressive strength levels of 
C8, C20, and C30 were 9.47, 27.79, and 37.46 MPa (1373.15, 
4029.55, and 5431.70 psi), respectively. The deformed longi-
tudinal reinforcement bars had a diameter of 16 mm (0.63 in.), 
and yield and rupture strengths of 500 and 590 MPa (72,500 
and 85,550 psi), respectively; the corresponding strains were 
0.0022 and 0.1156, respectively. After cyclic loading and 

extraction of the reinforcement bars from the concrete, longi-
tudinal bars were cut into different pieces for each tested RC 
column, and the mechanical properties of the corroded bars 
were investigated by conducting tensile tests in accordance 
with ASTM A370 (2008). In the tests, the cuts were made 
where the corrosion level was similar to that of uncut bars. As 
illustrated in Fig. 1, premature yielding and rupturing of the 
reinforcement bars occurred as the corrosion level increased. 
It should be emphasized that the effect of corrosion on the stir-
rups was more pronounced owing to their lower initial mass 
compared to that of longitudinal bars.

Test specimens
The dimensions and reinforcement details of the RC columns 

are depicted in Fig. 2. Each tested RC column had a cross section 
of 300 x 300 mm (11.81 x 11.81 in.) and a length of 2190 mm 
(86.22 in.) from the footing to the top. The RC columns were 
reinforced with eight deformed longitudinal reinforcement bars 
with a diameter of 16 mm (0.63 in.). Deformed stirrups with a 
diameter of 8 mm (0.31 in.) were used. The intervals of the stir-
rups were reduced from 150 to 100 mm (5.91 to 3.94 in.) at the 

Fig. 1—Mechanical properties of corroded bars: (a) C8; (b) C20; and (c) C30.

Table 1—Summarized studies

Previous studies Ma et al. (2012) Meda et al. (2014) Guo et al. (2015) Yang et al. (2016) Li et al. (2018)

Number of specimens 13 2 4 5 6

Axial load ratio 0.15 to 0.90 0.22 0.10 0.18 0.10 and 0.30

fc-cubic, MPa (psi) 32.4 (4698) 20 (2900) 42.9 (6220.5) 46.4 (6728) 50.2 (7279)

Obtained corrosion 
levels Actual corrosion levels Faraday’s mass loss Actual corrosion 

levels Actual corrosion levels Actual corrosion 
levels

CLL, % 0 to 15.1 20 5, 10, and 15 0 to 16.8 0 to 18.45

Considered corrosion 
levels Average corrosion levels Faraday’s mass loss Average corrosion 

levels Maximum corrosion levels Average corrosion 
levels

μD

Increased for corrosion levels 
of 4.1 and 9.5% with axial 

load ratios of 0.25 and 0.15, 
respectively

Increased for a 
corrosion level of 

20%

Increased for a 
corrosion level of 

5.07%

Decreased for each corro-
sion level

Increased for each 
corrosion level

E Increased for a corrosion level 
of 14%

Decreased for a 
corrosion level of 

20%

Decreased for each 
corrosion level

Decreased for each corro-
sion level

Decreased for each 
corrosion level

Developed models
Yield and ultimate loads, 

displacement ductility ratio and 
stiffness degradation

— — Displacement ductility 
ratio and energy absorption —

Note: fc-cubic is cubic concrete compressive strength; CLL is corrosion levels of longitudinal bars; μD is displacement ductility ratio; E is energy dissipation capacity.
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column densifications to reflect real conditions more accurately. 
The concrete cover depths used for the RC columns were the 
same and equal to 35 mm (1.38 in.).

Accelerated corrosion method
The RC columns were subjected to accelerated corrosion 

after 3 months of curing. Prior to the installation of rein-
forcing bars and the accelerated corrosion, all reinforcing 
bars were cleaned by brushing to record their initial mass. 
A balance with a two-point load cell was used to record the 
initial mass of each longitudinal bar and stirrup. As illus-
trated in Fig. 3, once the initial mass of the reinforcement 
bars was recorded, 4 mm (0.16 in.) diameter stainless copper 
wires were tied to each longitudinal bar and stirrup prior to 
placing the concrete. A full-scale accelerated corrosion pool 
was used for the aging process of the RC columns. Figure 4 
depicts a schematic diagram of the accelerated corro-
sion method. As the corrosion pool was constructed with 
concrete, plastic membranes were bonded on each surface 
of the concrete pool to prevent current loss. An adjustable 
direct current power supply at a rated voltage of 60 V and 
rated current within the range of 0 to 10 A was used. While 
the positive outputs of the power supplies were connected 
to the extended copper wires, which acted as an anode, the 
stainless copper plates surrounding the RC columns acted as 
a cathode. The corrosion of reinforcing steel in concrete may 
be due to internal or external factors. The former includes 
cement composition, impurities in aggregates, mixing and 
curing water, water-cement ratio, and admixtures. Internal 
factors result in the same corrosion level on the inner and 

outer face of the structural members. Sea salt, which is an 
external factor, is carried by the wind and may increase the 
probability of corrosion, particularly on the outer faces of 
structural members. Yalciner et al. (2015) demonstrated that 
RC buildings under sea salt attack tend to exhibit higher 
corrosion levels on the outer face of RC columns compared 
to the inner face. As illustrated in Fig. 4(b), the water in the 
corrosion pool was up to the top level of the RC columns, 
which provided higher corrosion levels for the bottom (that 
is, positive loading direction). The aim was to reflect the 
external factors on existing RC buildings, where the outer 
faces of structural members may be more exposed to corro-
sion than the inner faces. The corrosion levels were set by 
considering the degree of degradation owing to corrosion 
according to the AIJ (1997) guidelines.

Voltmeters were used to estimate the time required for 
obtaining the desired corrosion level, which was evaluated 
according to Faraday’s law as follows

	 mass loss =
( ) × ( ) ×

×
t s I A 55 847

2 96 487

.

,
	 (1)

where t is the time; and I is the current. Faraday’s law was 
used only for monitoring so that the same corrosion level 
may be attained at three different concrete strength levels. 
The actual corrosion level (CL) for each RC column was 
calculated based on Eq. (2)

	 CL
M M
M
i f

i

= ×−
100 	 (2)

where Mi is the original mass (g) of the reinforcing bars prior 
to corrosion; and Mf is the final mass (g) of the reinforcement 
bars following the removal of corrosion products. The total 
loss in the cross-sectional area (ΔAs) of the longitudinal bars 
and the average loss in the cross-sectional area of the stirrups 
in a column were calculated using Eq. (3)

	 ∆
∆

A A
ms s
m= × 	 (3)

Fig. 2—Section properties.

Fig. 3—Copper wires used for reinforcement bars.
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where As is the original cross-sectional area of the reinforce-
ment bars (mm2); and Δm is the mass loss per unit length (g/
mm), which was calculated by Eq. (4)

	 Δm = m – m′	 (4)

where m and m′ are the mass per unit length (g/mm) of the 
non-corroded and corroded bars, respectively.

The structural behavior resulting from the corrosion accel-
eration using an impressed direct current technique may be 
different from that resulting from the corrosion acceleration 
under an artificial climate environment (Zhang et al. 2009; 
Grandić and Bjegović 2011; Zhu and François 2014). Yuan 
et al. (2007) compared the differences in structural behavior 
under different corrosion techniques. In that study, it was 
found that the corrosion process and corrosion characteris-
tics of the steel bar under artificial climate environment are 
similar to that of corrosion under natural environment. Yuan 
et al. (2007) demonstrated that the failure modes of corroded 
RC beams were similar at low corrosion levels; however, 
two different corrosion techniques (that is, impressed direct 
current technique and artificial climate environment) resulted 
in different ductility behavior at higher corrosion levels for 
the same crack width. It has been underlined that the differ-
ences in structural behavior under different corrosion tech-
niques are primarily due to different corrosion characteristics 
on the surface of steel. As observed by Yuan et al. (2007) and 
Zhu and François (2014), although the galvanostatic method 
results in more uniform corrosion, the natural corrosion on 
the surface of the steel bar causes pitting. However, it is also 
possible to have uniform corrosion (not as uniform as that 

obtained by using the impressed direct current technique) 
in reinforcement bars that are corroded in a natural environ-
ment. Yalciner et al. (2012a, 2015) demonstrated that the 
settlement of sea salt (by the wind in marine atmosphere) 
on the concrete surface may also cause uniform corrosion 
in steel bars. For the current study, gravimetric tests were 
conducted on the extracted bars to determine the corrosion 
levels where pitting corrosion and spatial variability was not 
considered. Pitting corrosion mainly yields more premature 
reduction in mechanical properties of steel bars compared to 
uniform corrosion. Therefore, stirrups compared to longitu-
dinal bars are prematurely ruptured that cause more brittle 
behavior for RC members due to shear cracking. Previous 
models were compared in this study based on the impressed 
direct current technique, and further investigations can be 
undertaken by considering the effects of corrosion tech-
niques on earthquake indicators.

Loading setup and instrumentation
A schematic diagram of the loading test setup is depicted 

in Fig. 5. Two axial load ratios (ꞃ) of 0.20 and 0.40 were 
applied, which are defined as the ratio of the applied axial load 
to the cross-sectional area of an RC column, multiplied by 
the cylinder compressive strengths (fc-cylinder) of the concrete. 
Axial loads were applied by means of two hydraulic jacks 
with a capacity of 1000 kN (225 kip). A hydraulic jack with a 
capacity of 600 kN (135 kip), which was fixed to the reaction 
wall, was used for the lateral load. Hinge systems were used 
for both the vertical and horizontal jacks. The lateral displace-
ments were measured using a linear variable differential trans-
former (LVDT) placed at the end of the beam at the level of 
the applied horizontal load. The column footings were firmly 
mounted with steel plates that were anchored to the floor 
using 14 steel profiles with a diameter of 16 mm (0.63 in.). 
Seven strain gauges were bonded on one of the longitudinal 
bars in the positive loading direction, and one strain gauge in 
the negative loading direction at the theoretical location of the 
plastic hinge of the RC columns (that is, 150 mm [5.91 in.] 
beyond the footing of the column). The bonded strain gauges 
were used to obtain the yield strength (Qy) of the RC columns 
to be used for calculating the damage index.

The loading history followed the standard test procedure 
for full-scale moment-resistant elements, as defined by 
FEMA 461 (2007). As illustrated in Fig. 6, three complete 
cycles using a triangular waveform (that is, loading and 
unloading) were applied for each drift ratio. RC columns 
C301 to C305 were tested using monotonically increased 
lateral forces with an axial load ratio of 0.20, which is highly 
recommended by FEMA 461 (2007), to provide a baseline 
for the loading history program for cyclic loading and to 
facilitate the calculation of the damage index.

EXPERIMENTAL RESULTS
Actual corrosion level

All RC columns were broken to extract each longitudinal 
bar and stirrup from the concrete after the cyclic lateral 
displacement tests. Chemical cleaning by immersing the 
reinforcing bars into Clark’s solution (HCl) and mechan-
ical cleaning by brushing the reinforcing bars were applied 

Fig. 4—Accelerated corrosion method: (a) test setup; and 
(b) schematic diagram.
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to remove corrosion products from the reinforcement bar 
surfaces, according to ASTM G1 (2003). Figure 7 illustrates 
the applied cleaning process for obtaining the actual corro-
sion level of the reinforcement bars.

As previous models for corroded RC columns were based 
on either average or maximum corrosion levels, the detailed 
gravimetric test results for the reinforcing bars are presented 
in Table 2. Furthermore, the table presents the average corro-
sion level of the longitudinal bars (CLL), average corrosion 
level in the positive (CLLp) and negative (CLLn) loading direc-
tions, and average corrosion level of the stirrups (CLS) using 
Eq. (2), as well as the corresponding loss in the cross-sectional 
areas of the reinforcement bars using Eq. (3). As indicated in 
Table 2, there are significant differences between the obtained 
actual corrosion levels and the theoretically estimated corro-
sion levels based on Faraday’s law. Specifically, the actual 
corrosion levels were lower than the theoretical values owing 
to concrete resistance. Faraday’s law considers that the mass 
loss begins as soon as the current is applied. However, when 
the steel bars are embedded in concrete, the amount of time 
and energy are needed until conditions are met for corrosion 
initiation. An experimental study conducted by Bicer et al. 
(2018) showed that less than 5% of corrosion levels based on 
Faraday’s law did not allow the corrosion process to begin 
for large-scale RC beams. As indicated in Table 1, in the 
study conducted by Meda et al. (2014), the ductility ratio of 
a corroded RC column increased at a corrosion level of 20%, 
contradicting the results of other experimental studies. This 
was due to the overestimation of the corrosion levels by Fara-
day’s law. As indicated in Table 2, the actual corrosion levels 
at the stirrups were higher compared to the longitudinal bars 
because of their lower initial mass. Moreover, the average 
corrosion levels of the longitudinal bars, positive and nega-
tive directions, and maximum corrosion levels differed. The 
effects of the considered corrosion levels (that is, average or 
maximum corrosion levels) on the seismic behavior of the 
corroded RC columns for the developed models are explained 
in the test results.

Load-displacement results
Owing to the large number of specimens, the selected 

hysteretic loops of the RC columns are depicted in Fig. 8.
In Fig. 8, differences can be observed between the positive 

and negative loading directions of the hysteretic loops. The 
differences between the load-carrying capacities in the two 
directions were due to the higher corrosion levels in the posi-
tive loading direction (that is, the bottom face of the columns 
in the corrosion pool) of the RC columns, and to non-uniform 
strength degradation in cyclic loading. The different corro-
sion levels obtained (that is, asymmetric corrosion levels) 
in the push and pull directions of the RC columns indicated 
that as the corrosion levels on the tensile reinforcement bars 
were higher, the permanent damage also increased when the 
load was released for initiation of the reversed loading. This 
was mainly a consequence of stiffness degradation caused by 
the occurrence of corrosion crack widths during the accel-
erated corrosion process, which were further opened at the 
locations of the plastic hinges during loading (for example, 
refer to Fig. 8(f)). Figure 9 illustrates that as the corrosion 
level increased and the concrete strength level decreased, the 

Fig. 5—Test setup for loading: (a) schematic diagram; and (b) photo for test setup.

Fig. 6—Loading history program.
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length of the plastic hinges changed as an indicator of the 
energy dissipation capacity of the tested RC columns.

The yield displacement (Δy) and corresponding load (that 
is, Fy) of all RC columns were calculated according to the 
procedure described by Sezen and Moehle (2004). The 
ultimate load (Fu) was defined when the given set of three 
cycles dropped to 85% of the maximum lateral load. Table 3 
summarizes the idealized experimental test results.

According to Fig. 8 and the test results summarized in 
Table 3, with an axial load ratio of 0.40, the yield strength 
in the positive loading direction for groups C20 and C30 
slightly increased at lower corrosion levels, whereas the 
yield strength of the C8 specimens exhibited sudden reduc-
tions. Similar experimental test results can also be observed 
in the hysteric curves obtained by Yang et al. (2016) for the 
increased strength capacity of corroded RC columns. The 
slight increases in yield strength can be explained by the 
increased roughness of the steel bars that results from corro-
sion products filling concrete pores. In Table 3, considering 
the unilateral (that is, test results discussed for only one 
loading direction) and bilateral (that is, structural capacity 
obtained from both loading directions) failure criteria, the 
yield strength of the corroded RC columns was reduced as 
corrosion level increased. The reduction percentages of the 
yield strength for C810, 4.82%, 10.54%, 0.40, C2010, 5.91%, 10.89%, 0.40, 
and C3010, 6.02%, 12.36%, 0.40 compared to the non-corroded RC 

columns were 13.65, 19.67, and 13.98, respectively. Table 3 
indicates that the applied axial load ratio dominated the deci-
sion-making for the corroded RC columns. When the axial 
load ratio was reduced to 0.20, the effect of the corrosion 
level on the structural behavior was not linear, unless bilat-
eral failure criteria were considered. With an axial load ratio 
of 0.40, slight increases occurred in the ultimate strength 
capacity in the positive loading directions of groups C20 and 
C30, whereas the ultimate loads of the C8 specimens exhib-
ited sudden reductions. The reduction in the ultimate load 
capacity of the severely corroded RC columns C810, C2010, 
and C3010 were 17.56, 16.21, and 16.81%, respectively.

The experimental test data (corrosion level and yield and 
ultimate load of the non-corroded RC columns) from Yang 
et  al. (2016), Li et al. (2018), and the present study were 
input into the model developed by Ma et al. (2012) to predict 
the yield and ultimate loads of the corroded RC columns. 
As the model developed by Ma et al. (2012) was based on 
unilateral failure criteria, the test results obtained from the 
unilateral failure criteria were used to predict the exper-
imental tests results. Figure 10 illustrates the ratios of the 
predicted to experimental values.

It can be observed in Fig. 10 that the model developed by Ma 
et al. (2012) provided an improved prediction of the yield load 
of the corroded RC columns compared to the ultimate load for 
the experimental data obtained by Yang et al. (2016). The lowest 

Fig. 7—Process for obtaining actual corrosion levels: (a) breaking of RC columns; (b) chemical cleaning; and (c) mechanical 
cleaning.
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calculated ratio was for the ultimate load, and was equal to 0.73 
at a corrosion level of 13.25%. The model developed by Ma 
et al. (2012) overestimated the experimental data obtained by Li 
et al. (2018). In the study by Li et al. (2018), when the axial load 
ratio was increased to 0.30 with average corrosion levels of 6.79 
and 16.32%, the predicted to experimental yield load ratios were 
1.41 and 1.29, respectively. The ratios of the predicted to experi-
mental ultimate load at different corrosion levels with axial loads 
were also overestimated by Li et al. (2018), and ranged between 
1.23 and 1.46. When the present experimental test results were 
input into the model developed by Ma et al. (2012), it was found 
that they effectively predicted the yield and ultimate loads of 

the corroded RC columns. The accurately predicted loads in the 
current study were at lower corrosion levels compared to those 
of Ma et al. (2012). In Table 3, the variation coefficients for the 
ratios of the yield and ultimate loads for the unilateral failure 
criteria (positive loading direction) to those for the bilateral 
failure criteria are 0.09 and 0.08, respectively, and were provided 
to consider the highly corroded positive loading direction for the 
models of ultimate and yield loads of corroded RC columns. The 
present data and experimental test data in Ma et al. (2012), Guo 
et al. (2015), and Li et al. (2018) were used for linear regression 
analysis to improve the model by Ma et al. (2012), as well as 
the prediction of the yield (Fyc) and ultimate (Fuc) loads of the 

Table 2—Gravimetric test results

Specimen

Sound mass, g
Actual mass 

loss, g
Achieved actual 

corrosion level, %
Faraday’s

corrosion level, % ΔAs, mm2
CLLp,  

%
CLLn,  

%
CLLpmax, 

%

Applied current 
time-hours 

(A.h)L S L S CLL CLS L+S ΔAsL ΔAsS

C81 x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C82 32,867.1 8751.0 704.6 363.5 2.14 4.15 6.78 34.48 2.09 2.73 1.74 3.26 2706.5

C83 32,728.0 8743.5 735.5 418.5 2.25 4.79 8.19 36.15 2.41 2.71 1.85 3.00 3260.5

C84 32,683.0 8667.5 1580.5 834.0 4.84 9.62 12.18 77.78 4.84 5.92 4.03 6.57 4834.2

C85 32,836.5 8669.0 1786.0 889.5 5.44 10.26 17.02 87.49 5.16 7.43 3.90 7.90 6781.1

C86 x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C87 32,771.5 8743.5 937.0 589.5 2.86 6.74 6.51 45.99 3.39 3.68 2.04 4.33 2592.7

C88 32,799.5 8688.0 1380.0 622.5 4.21 7.17 8.04 67.68 3.60 5.15 3.56 5.74 3200.8

C89 32,822.5 8649.5 1422.5 783.5 4.33 9.06 12.03 69.71 4.55 5.59 3.16 6.64 4789.3

C810 32,897.0 8667.0 1586.5 913.5 4.82 10.54 17.01 77.57 5.30 7.44 2.62 8.89 6786.8

C201 x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C202 32,466.0 8127.5 707.0 340.0 2.18 4.18 6.50 35.03 2.10 3.37 1.39 3.61 2533.0

C203 32,499.0 8038.5 433.5 296.0 1.33 3.68 8.02 21.46 1.85 1.91 0.99 2.29 3121.5

C204 32,508.5 8024.0 877.0 460.0 2.70 5.73 12.02 43.39 2.88 4.16 1.59 4.87 4674.5

C205 32,388.5 8007.0 2279.0 922.5 7.04 11.52 17.35 113.18 5.79 10.34 4.09 11.75 6726.6

C206 x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C207 32,477.0 8023.0 571.0 374.5 1.76 4.67 6.50 28.28 2.35 2.76 1.09 3.56 2526.9

C208 32,560.0 8063.5 797.5 433.5 2.45 5.38 8.00 39.40 2.70 3.75 1.55 4.26 3118.4

C209 32,490.0 8098.0 1267.5 680.0 3.90 8.40 12.03 62.75 4.22 5.78 2.33 6.15 4686.1

C2010 32,292.0 8078.0 1908.0 880.0 5.91 10.89 16.87 95.04 5.48 9.40 3.22 9.98 6536.4

C301 x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C302 32,488.5 8124.5 474.5 321.0 1.46 3.95 6.50 23.49 1.99 2.00 0.95 3.63 2533.1

C303 32,267.5 8099.5 768.5 432.5 2.38 5.34 8.01 38.31 2.68 2.80 1.90 4.60 3104.6

C304 32,471.5 8012.5 1350.0 683.0 4.16 8.52 12.00 66.87 4.28 5.65 2.86 6.68 4663.9

C305 32,429.5 8044.5 2064.0 945.5 6.36 11.75 17.00 102.37 5.91 8.52 4.18 10.75 6604.4

C306 x 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C307 32,447.5 8156.5 592.5 330.0 1.83 4.05 6.50 29.37 2.03 2.59 1.09 4.99 2532.3

C308 32,360.0 7946.5 1028.5 553.5 3.18 6.97 8.00 51.12 3.50 4.56 1.92 5.03 3095.2

C309 32,447.0 8038.0 1226.0 585.0 3.78 7.28 12.01 60.78 3.66 5.91 1.97 6.79 4666.5

C3010 32,447.5 8054.0 1952.0 995.5 6.02 12.36 17.01 96.77 6.21 8.15 4.26 9.79 6613.0

Note: x is non-corroded column; L is total mass of eight longitudinal bars; S is total mass of eighteen stirrups; ΔAsL is total loss in cross-sectional area of longitudinal bars; ΔAsS is 
average loss in cross-sectional area of stirrups; CLL is average actual corrosion levels of longitudinal bars; CLS is average actual corrosion levels at stirrups; CLLp is average actual 
corrosion levels of longitudinal bars in positive loading direction; CLLn is average actual corrosion levels of longitudinal bars in negative loading direction; CLLpmax is maximum 
corrosion level in RC column; 1 g = 0.0022 lb; 1 mm2 = 0.00155 in.2.
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corroded RC columns provided by Eq. (5) and (6). The newly 
developed models effectively captured the previous experi-
mental results by considering the present study. The correlation 
coefficients in Eq. (5) and (6) are 0.90 and 0.87, respectively, 
and the corresponding root mean square of the error estimates 
are 0.037 and 0.039.

	 F F
CLyc yo

L

=
+ ×







1

1 0 039.
	 (5)

	 F F
CLuc uo

L

=
+ ×







1

1 0 033.
	 (6)

Fig. 8—Hysteretic loops: (a) C81; (b) C85; (c) C206; (d) C2010; (e) C306; and (f) C3010.

Fig. 9—Changes in plastic hinge formation of RC columns.
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Table 3—Experimental test results

Specimen

Positive loading direction Negative loading direction Bilateral failure criteria

μE

E 
(kN.m) Ꞃ

Fy, kN 
(kip)

Fu, kN 
(kip)

Δy,
m (in.)

Δu,
m (in.) μD

Fy, kN
(kip)

Fu, kN
(kip)

Δy,
m (in.)

Δu,
m (in.) μD

Fy, kN
(kip)

Fu, kN
(kip) μD

C81
27.49
(6.19)

28.68
(6.45)

0.03
(1.12)

0.08
(3.15) 2.82 30.47

(6.86)
35.91
(8.08)

0.03
(1.13)

0.08
(3.17) 2.80 28.98

(6.52)
32.30
(7.27) 2.81 3.67 11.94 0.20

C82
34.93
(7.86)

36.87
(8.30)

0.03
(1.03)

0.09
(3.45) 3.35 33.54

(7.55)
35.13
(7.90)

0.03
(1.06)

0.09
(3.67) 3.45 34.24

(7.70)
36.00
(8.10) 3.40 4.15 13.91 0.20

C83
29.41
(6.62)

31.36
(7.06)

0.02
(0.76)

0.06
(2.50) 3.31 26.76

(6.02)
28.84
(6.49)

0.02
(0.78)

0.06
(2.50) 3.22 28.09

(6.32)
30.10
(6.77) 3.26 5.63 12.67 0.20

C84
23.91
(5.38)

24.27
(5.46)

0.02
(0.69)

0.06
(2.49) 3.63 17.83

(4.01)
19.40
(4.37)

0.02
(0.75)

0.03
(1.34) 1.79 20.87

(4.70)
21.84
(4.91) 2.71 5.55 11.25 0.20

C85
28.78
(6.48)

30.10
(6.77)

0.03
(1.00)

0.07
(2.86) 2.86 35.19

(7.92)
36.73
(8.26)

0.04
(1.39)

0.08
(3.29) 2.37 31.99

(7.20)
33.42
(7.52) 2.61 3.36 10.88 0.20

C86
33.12
(7.45)

35.99
(8.10)

0.03
(1.02)

0.10
(3.85) 3.79 26.79

(6.03)
28.58
(6.43)

0.02
(0.88)

0.10
(3.85) 4.39 29.96

(6.74)
32.29
(7.26) 4.09 7.60 23.31 0.40

C87
30.22
(6.80)

33.13
(7.45)

0.02
(0.89)

0.09
(3.60) 4.05 29.69

(6.68)
32.16
(7.24)

0.02
(0.78)

0.10
(3.93) 5.04 29.96

(6.74)
32.65
(7.35) 4.54 9.73 24.52 0.40

C88
21.00
(4.73)

27.95
(6.29)

0.02
(0.89)

0.10
(3.98) 4.47 35.15

(7.91)
37.21
(8.37)

0.02
(0.98)

0.10
(3.94) 4.03 28.08

(6.32)
32.58
(7.33) 4.25 6.72 24.33 0.40

C89
30.40
(6.84)

32.44
(7.30)

0.02
(0.86)

0.09
(3.56) 4.17 28.89

(6.50)
30.21
(6.80)

0.02
(0.89)

0.09
(3.55) 3.98 29.65

(6.67)
31.33
(7.05) 4.07 5.35 22.16 0.40

C810
28.60
(6.44)

29.67
(6.68)

0.02
(0.84)

0.06
(2.45) 2.92 27.42

(6.17)
30.13
(6.78)

0.02
(0.75)

0.07
(2.77) 3.69 28.01

(6.30)
29.90
(6.73) 3.31 4.95 13.81 0.40

C201
51.71

(11.63)
53.68

(12.08)
0.03

(1.18)
0.11

(4.19) 3.54 45.14
(10.16)

47.57
(10.70)

0.02
(0.90)

0.06
(2.39) 2.67 48.43

(10.90)
50.63

(11.39) 3.11 6.09 29.53 0.20

C202
49.10

(11.05)
48.53

(10.92)
0.03

(1.17)
0.10

(3.75) 3.21 47.55
(10.70)

51.05
(11.49)

0.04
(1.57)

0.07
(2.93) 1.86 48.33

(10.87)
49.79

(11.20) 2.54 5.54 28.70 0.20

C203
59.64

(13.42)
59.45

(13.38)
0.03

(1.24)
0.10

(3.94) 3.17 38.10
(8.57)

40.42
(9.09)

0.02
(0.83)

0.05
(2.12) 2.55 48.87

(11.00)
49.94

(11.24) 2.86 7.01 29.98 0.20

C204
49.95

(11.24)
53.74

(12.09)
0.02

(0.91)
0.08

(3.16) 3.46 43.91
(9.88)

46.56
(10.48)

0.03
(1.02)

0.08
(3.17) 3.10 46.93

(10.56)
50.15

(11.28) 3.28 7.50 32.03 0.20

C205
53.85

(12.12)
55.62

(12.51)
0.02

(0.76)
0.08

(3.21) 4.22 39.01
(8.78)

41.42
(9.32)

0.02
(0.93)

0.09
(3.57) 3.84 46.43

(10.45)
48.52

(10.92) 4.03 9.44 36.30 0.20

C206
54.91

(12.35)
57.82

(13.01)
0.02

(0.90)
0.09

(3.48) 3.88 50.00
(11.25)

59.62
(13.41)

0.02
(0.76)

0.09
(3.56) 4.70 52.46

(11.80)
58.72

(13.21) 4.29 9.85 45.79 0.40

C207
59.72

(13.44)
61.37

(13.81)
0.02

(0.96)
0.08

(3.12) 3.24 48.11
(10.82)

54.88
(12.35)

0.02
(0.72)

0.09
(3.47) 4.83 53.92

(12.13)
58.13

(13.08) 4.04 8.19 39.45 0.40

C208
55.98

(12.60)
59.02

(13.28)
0.02

(0.85)
0.07

(2.71) 3.20 47.13
(10.60)

55.22
(12.42)

0.02
(0.66)

0.08
(3.14) 4.75 51.56

(11.60)
57.12

(12.85) 3.97 7.82 35.49 0.40

C209
51.48

(11.58)
52.46

(11.80)
0.02

(0.64)
0.06

(2.45) 3.85 46.34
(10.43)

50.71
(11.41)

0.02
(0.79)

0.07
(2.78) 3.53 48.91

(11.00)
51.59

(11.61) 3.69 5.43 19.74 0.40

C2010
44.11
(9.92)

48.45
(10.90)

0.02
(0.68)

0.06
(2.45) 3.62 47.27

(10.64)
52.05

(11.71)
0.02

(0.77)
0.07

(2.78) 3.62 45.69
(10.28)

50.25
(11.31) 3.62 5.25 18.52 0.40

C301
42.10
(9.47)

42.71
(9.61)

0.04
(1.48)

0.13
(4.93) 3.32 M M M M M M M M M 5.24 0.20

C302
44.05
(9.91)

44.19
(9.94)

0.02
(0.69)

0.04
(1.47) 2.14 M M M M M M M M M 1.47 0.20

C303
46.14

(10.38)
59.65

(13.42)
0.01

(0.34)
0.02

(0.98) 2.88 M M M M M M M M M 1.22 0.20

C304
42.61
(9.59)

49.06
(11.04)

0.03
(1.30)

0.07
(2.58) 1.98 M M M M M M M M M 2.51 0.20

C305
42.03
(9.46)

50.31
(11.32)

0.03
(1.16)

0.05
(1.95) 1.67 M M M M M M M M M 1.75 0.20
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Displacement ductility
The displacement ductility ratio (μD = Δu/Δy) of each RC 

column was calculated by dividing the ultimate displacement 
by the yield displacement. According to the summarized test 
results in Table 3, the bilateral and unilateral failure criteria 
exhibited significant differences in terms of the ductility 
ratio of the corroded RC columns. At different corrosion and 
concrete strength levels, the displacement ductility ratios 
were different for positive and negative loading directions. 
In Table 3, increased ductility ratios of the corroded RC 
columns for the unilateral failure criteria are considered. The 
increase in the ductility ratio of the corroded RC columns 
was also investigated in the study by Li et al. (2018). In the 
present study, the increase in the ductility ratio was more 
obvious for the C8 RC columns with an axial load ratio of 
0.20. This was due to the lower impact of the axial load ratio, 
with a greater confinement effect of corrosion products at 
lower concrete strength levels. The increased ductility ratio 
at lower corrosion levels can be partially explained by the 
confinement provided by corrosion products (that is, the 
effect of corrosion on bond-slip relationships). The study by 
Yalciner et al. (2012b), where pullout tests were conducted 

on corroded concrete specimens, and the flexural strength of 
corroded RC beams (Yalciner et al. 2018) also emphasized 
this phenomenon. In the study by Yalciner et al. (2012b), it 
was concluded that the bond strength degradation at higher 
concrete strength levels occurred at lower corrosion levels. 
Another cause of the increased ductility ratio was the prema-
ture yielding of the corroded reinforcement bars. In addi-
tion, the affected mechanical properties of the reinforcing 
bars and concrete spalling owing to volumetric expansion by 
the corrosion products reduced the yield load of the corroded 
RC columns. When bilateral failure criteria were considered, 
the test results, as presented in Table 3, indicated that the 
ductility ratio of the corroded RC columns increased for 
lower corrosion levels, and then decreased with increased 
corrosion levels (as was expected from the structural 
behavior of the corroded RC members). Considering the 
bilateral failure criteria, the reduction in the ductility ratio 
of the highly corroded RC columns C810,  4.82%,  10.54%, 0.40, 
C2010, 5.91%, 10.89%, 0.40, and C3010, 6.02%, 12.36%, 0.40 was 19.23%, 
15.62%, and 20.61%, respectively.

The two models developed by Ma et al. (2012) and Yang 
et al. (2016) were used to predict the displacement ductility 

Specimen

Positive loading direction Negative loading direction Bilateral failure criteria

μE

E 
(kN.m) Ꞃ

Fy, kN 
(kip)

Fu, kN 
(kip)

Δy,
m (in.)

Δu,
m (in.) μD

Fy, kN
(kip)

Fu, kN
(kip)

Δy,
m (in.)

Δu,
m (in.) μD

Fy, kN
(kip)

Fu, kN
(kip) μD

C306
64.83

(14.59)
68.54

(15.42)
0.03

(1.08)
0.07

(2.61) 2.41 55.35
(12.45)

58.82
(13.23)

0.01
(0.54)

0.07
(2.65) 4.87 60.09

(13.52)
63.68

(14.33) 3.64 8.43 22.09 0.40

C307
65.65

(14.77)
69.66

(15.67)
0.02

(0.72)
0.05

(2.01) 2.79 45.99
(10.35)

50.33
(11.32)

0.01
(0.53)

0.06
(2.38) 4.49 55.82

(12.56)
60.00

(13.50) 3.64 8.52 22.46 0.40

C308
67.40

(15.17)
67.97

(15.29)
0.02

(0.78)
0.05

(1.78) 2.29 48.66
(10.95)

51.68
(11.63)

0.01
(0.49)

0.06
(2.34) 4.81 58.03

(13.06)
59.83

(13.46) 3.55 7.45 19.20 0.40

C309
55.34

(12.45)
56.68

(12.75)
0.01

(0.57)
0.03

(1.32) 2.31 51.89
(11.68)

57.17
(12.86)

0.01
(0.46)

0.04
(1.73) 3.77 53.62

(12.06)
56.93

(12.81) 3.04 5.75 14.51 0.40

C3010
55.77

(12.55)
57.02

(12.83)
0.01

(0.57)
0.04

(1.49) 2.61 50.26
(11.31)

53.65
(12.07)

0.01
(0.54)

0.04
(1.70) 3.16 53.02

(11.93)
55.34

(12.45) 2.89 5.60 12.14 0.40

Note: E is cumulative energy dissipation capacity at 85% of ultimate load; M is monotonic loading.

Table 3 (cont.)—Experimental test results

Fig. 10—Ratios of predicted to experimental values using Ma et al. (2012).
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ratio of the corroded RC columns in the present study and 
in experimental data obtained in Li et al. (2018). Figure 11 
depicts the ratios of the predicted to experimental values. 
As the models were based on unilateral failure criteria, the 
obtained test results (that is, the positive loading direction) 
were used to predict the experimental results.

In Fig. 11, by considering the two models, the calculated 
lowest values for the descending branches of the displace-
ment ductility ratio for C8, C20, and C30 were 0.68, 0.73, 
and 0.75, respectively. In Fig. 11, the improved prediction 
by Ma et al. (2012) compared to that by Yang et al. (2016) 
was due to the considered average corrosion levels of the 
longitudinal bars under cyclic loading. The model developed 
by Ma et al. (2012) considered the average corrosion level 
of the longitudinal bars to predict the displacement ductility 
ratio, whereas Yang et al. (2016) considered the maximum 
corrosion level of the longitudinal bars. It is well known the 
ductility behavior of RC members depends on the confine-
ment effect by the stirrups. As indicated in Table 2, there is 
a strong relationship between the average corrosion levels 
of the longitudinal bars and the stirrups. The variation coef-
ficient for the ratio of the corrosion level of the stirrups to 
that of the longitudinal bars was 0.18. Therefore, to reflect 
the effect of the stirrups on the ductility ratio of the corroded 
RC columns, the considered average corrosion level of the 
longitudinal bars provided superior predictions of structural 
indicators for corroded RC columns. The models developed 
by Ma et al. (2012) and Yang et al. (2016) underestimated 
the ductility ratio of the corroded RC columns for the study 
by Li et al. (2018). It can be observed from Fig. 11 that 
the ratio of the predicted to experimental values using the 
approach by Ma et al. (2012) varied from 0.39 to 0.75. When 
the corrosion levels obtained by Li et al. (2018) were input 
into the model by Yang et al. (2016), the resulting ductility 
ratio varied from 0.06 to 0.69.

It should be noted that the experimentally obtained 
displacement ductility ratio of all corroded RC columns 

were increased in the study by Li et al. (2018). In contrast 
to the results of Yang et al. (2016), the experimentally 
obtained ductility ratio of a column in the study by Ma et 
al. (2012) also increased by 15% at a corrosion level of 
4.1%. The increase in the ductility ratio of a corroded RC 
column in another study by Guo et al. (2015) was 4% at 
a corrosion level of 5.07%. Although the experimentally 
obtained ductility ratios in Ma et al. (2012) were increased 
for certain corrosion levels, the model by Ma et al. (2012) 
considered that the ductility ratios were reduced for each 
given corrosion level. When the experimental results in Ma 
et al. (2012) were revisited, it was found that the signifi-
cantly decreased ductility ratios were due to not only to 
the increased corrosion levels but also the increased axial 
loads, for which the increased axial load ratios (0.60, 0.75, 
and 0.90) of the corroded RC columns were not tested for 
comparison with non-corroded columns. The contradicting 
results for the displacement ductility ratio of the corroded 
RC columns were due to the considered unilateral failure 
criteria, as well as the increased ductility ratios determined 
by the displacement-based method (that is, μD = Δu/Δy). 
As indicated in Table 3, the determined ductility ratio of a 
corroded RC column was increased for a positive loading 
direction, whereas the ductility ratio was reduced for a nega-
tive direction, and differences were evident among the other 
specimens. This was due to the non-uniform strength degra-
dation of RC columns under cyclic loading with dissipated 
energy capacity, which becomes more evident with asym-
metric corrosion levels. Even in the absence of corrosion, 
cyclic loading may cause non-uniform strength degradation 
(Ma et al. 2012; Li et al. 2018). Therefore, it is conceivable 
that under cyclic loading of corroded RC columns, bilateral 
failure criteria yield superior results in terms of displace-
ment ductility ratio. Moreover, the authors of this paper 
agreed with the increase in the ductility ratio of corroded 
RC columns up to a certain corrosion level, as indicated by 
Li et al. (2018), and identified further experimental data in 

Fig. 11—Ratios of predicted to experimental values using Ma et al. (2012) and Yang et al. (2016).
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other studies (Ma et al. 2012; Guo et al. 2015). However, 
it is also believed that it is not easy to define a corrosion 
level limit state precisely for the ascending and descending 
branches of the ductility ratio of corroded members, owing 
to the numerous corrosion-related parameters. It is clear 
that as the corroded reinforcement bars yielded prematurely 
compared to the non-corroded bars, the ductility ratios 
calculated according to the displacement-based method 
considering unilateral failure criteria were misleading in 
terms of the structural behavior of corroded RC columns, 
despite the fact that corroded RC columns absorb less energy 
prior to failure. Therefore, the authors of this paper suggest 
calculating the energy-based ductility index (that is, μE 
= E/Ey) in the case of corrosion, by dividing the cumula-
tive energy dissipation by the cumulative dissipated energy 
at yield strength. As indicated in Table 3, the determined 
ductility index of the corroded RC columns (that is, ꞃ = 
0.40) according to the energy-based method was reduced as 
corrosion level increased, further demonstrating the effects 
of corrosion. A new model was developed to predict the 
displacement ductility ratio of the corroded RC columns by 
considering the energy-based displacement ductility index, 
as per Eq. (7). The coefficient of correlation in Eq. (7) was 
0.78 having a root mean square of error estimate of 0.079.

	 μc = μo(0.91CLL)	 (7)

Energy dissipation capacity
The cumulative energy dissipation capacity of all RC 

columns was calculated using Eq. (8) and Fig. 12, and the 
test results are summarized in Table 3

	 E Ei
n

i= ∑ =1 	 (8)

where E is the sum of all hysteretic loops; and Ei is calcu-
lated from the energy dissipated at each positive and nega-
tive cyclic loop. In Eq. (8), the total dissipated energy of the 
tested RC columns was determined by the sum of all loading 
cycles until the lateral force of the member was reduced to 
85% of the maximum load.

The previously noted effects of lower axial load ratio on 
earthquake indicators were also valid for the energy dissipation 

capacity of the corroded RC columns. It can be observed in 
Table 3 that when the axial load ratio was 0.20, the reduction in 
the energy dissipation capacity was not significant compared 
to the value of 0.40. The reduction in the energy dissipation 
capacity of the severely corroded RC columns C810, 4.82%, 

10.54%, 0.40, C2010, 5.91%, 10.89%, 0.40, and C3010, 6.02%, 12.36%, 0.40 was 
40.77%, 59.55%, and 45.03%, respectively. Contradictions 
were found in terms of the energy dissipation of corroded 
RC columns in the literature. Ma et al. (2012) (increased up 
to 14% of the corrosion level and then decreased) and Meda 
et al. (2014) (increased up to 20% of the corrosion level) 
noticed that the energy dissipated by the corroded columns 
was higher than that of the non-corroded columns, while Guo 
et al. (2015), Yang et al. (2016), Liu et al. (2017), and Yuan 
et al. (2017) observed a decrease in the energy dissipation of 
corroded RC columns. This contradiction also confirms the 
previously noted challenges regarding the ductility ratio. The 
expected large amount of inelastic energy dissipated at the 
plastic hinges may be reflected by large inelastic deformations 
with increased ductility ratio. Therefore, the models devel-
oped for the prediction of the displacement ductility ratio of 
corroded RC columns should be related to energy dissipation 
capacity. As indicated in Table 3, the progressive reduction in 
energy dissipation capacity refers to the energy-based method, 
as proposed in the present study, so that the developed model 
may predict the ductility ratio of corroded RC columns under 
cyclic loading.

Experimental test data from Ma et al. (2012), Guo et al. 
(2015), and the present study were input into the model by Yang 
et al. (2016) to predict the experimentally obtained energy dissi-
pation of corroded RC columns. As the exact corrosion levels at 
all reinforcement bars were not available in these experimental 
studies, the average corrosion levels provided were input into 
the model by Yang et al. (2016). Figure 13 depicts the ratios of 
the predicted to experimental values.

The model by Yang et al. (2016), illustrated in Fig. 13, 
was based on the same applied axial load ratio of 0.18, for 
which the model effectively predicted the experimentally 
obtained values by Ma et al. (2012) up to an axial load ratio 
of 0.25, but for lower corrosion levels. At higher corrosion 
levels with increased axial loads, the ratio of the predicted 
to experimental values for Ma et al. (2012) was 1.56 and 
1.67. It was found that that model developed by Yang et al. 
(2016) is safe if the axial load ratio is high and the corro-
sion level is low, or the corrosion level is low and the axial 
load is high, owing to the unique axial load ratio used in 
their experimental program. The effectively predicted exper-
imental data in the study by Guo et al. (2015) also supported 
this finding. In Fig. 13, it can be observed that the model 
developed by Yang et al. (2016) accurately predicted the 
experimentally obtained dissipated energy in Guo et al. 
(2015). The accurately predicted experimental data in Guo et 
al. (2015) were provided by similar applied axial load ratios 
(that is, 0.10 to 0.18) and concrete strength levels. When the 
current experimental test results were input into the model 
by Yang et al. (2016), using the 46.4 MPa (6728 psi) cubic 
concrete strength level of Yang et al. (2016), the dissipa-
tion energy of the corroded RC columns for group C30 was 
reasonably well predicted (fc-cubic = 46.8 MPa [6786 psi]). In 

Fig. 12—Schematic for energy dissipation.
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Fig. 13, it can be observed that the predicted energy dissi-
pation capacity ratio for C30 ranged between 0.85 and 1.34. 
Although the maximum corrosion levels of the current study 
were within the corrosion level limits obtained by Yang et 
al. (2016), owing to the corrosion effects on the concrete 
strength levels, the calculated lowest ratio for C20 (fc-cubic 
= 34.7 MPa [5423 psi]) was 1.93. The present experimental 
test results re-emphasize the corrosion effects on concrete 
strength levels in terms of corrosion crack widths owing to 
volumetric expansion by corrosion products (which also 
relates to Fig. 9) indicating the changes in the plastic hinge 
formation of RC columns.

The present experimental test results demonstrated that 
the energy dissipation capacity was a major and significant 
effect of corrosion for different concrete strength levels. 
When the permeability of a lower concrete strength level is 
considered, the corrosion and seismic risks are higher for 
older RC buildings. A study by Cağatay (2005) investigated 
the effects of concrete quality on building collapses during 
the June 27, 1998 Adana-Ceyhan and the August 17, 1999 
Izmit earthquakes in Turkey. It was determined that most 
collapsed buildings were constructed with concrete strength 
levels lower than 10 MPa (1450 psi), and unwashed sea sands 
with seashells were found in the concrete of these collapsed 
buildings. A study conducted by Shimizu et al. (2000) also 
emphasized the existence of lower concrete strength (less 
than 13 and 10 MPa [1885 and 1450 psi]) in Japan for RC 
buildings constructed between 1926 and the 1980s. There-
fore, it is important to predict the energy dissipation capacity 
of lower concrete strength levels, considering the available 
literature. Owing to the greater confinement provided by 
corrosion products at C8, two different empirical models 
were developed to predict the energy dissipation capacities 
of lower and higher concrete strength levels, as expressed by 
the following equations
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The coefficients of correlation were 0.97 and 0.99 in Eq. (9) 
and (10), with root mean square of error estimates of 0.039 
and 0.021, respectively.

Stiffness degradation
The stiffness of each RC column was calculated by the 

following equations, according to Sun et al. (2008)
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where Fj,max and Δj are the maximum lateral load within a 
cycle and its corresponding displacement, respectively (refer 
to Fig. 12). The calculated stiffness for each displacement 
was normalized with respect to the stiffness of the first three 
cycles, as illustrated in Fig. 14.

In Fig. 14, it can be observed that there was strong agree-
ment of the initial stiffness of the corroded RC columns in 
the available literature (Ma et al. 2012; Meda et al. 2014; 
Di Carlo et al. 2017; Liu et al. 2017), where the corrosion 
in the reinforcement bars had an insignificant effect on the 
initial stiffness degradation. The average normalized secant 
stiffness (Ks) of each group of RC columns was determined 
according to the procedure described by Ma et al. (2012). 
The ratio of the average normalized secant stiffness of the 
corroded columns (Ksc) to the non-corroded columns (Kso) is 
indicated in Fig. 15.

As illustrated in Fig. 15, as the corrosion level increased, 
the secant stiffness of the corroded RC columns decreased 
progressively, owing primarily to the wider opened cover 
cracking of the concrete. With an axial load ratio of 0.40, 
the percentage reduction in the secant stiffness of severely 
corroded RC columns C810 and C3010 was greater than 
that of C2010, at 34%. The reason for the additional degra-
dation in secant stiffness of C8 and C30 was the lower 
strength capacity of C8 and the effect of corrosion products 
at higher concrete strength levels, whereby the concrete 
became more brittle compared to lower strength concrete 

Fig. 13—Ratio of predicted energy dissipation capacities using Yang et al. (2016).
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levels, as investigated in an early study by Yalciner et al. 
(2012b). In Fig. 15, the reduction in secant stiffness of C205 
was 12%, whereas it was 42% at C84 with an applied axial 
load ratio of 0.20. This provided evidence that the corro-
sion effects differed at varying concrete strength levels. 
The model developed by Ma et al. (2012) using the 32.4 
MPa (469  psi) concrete strength level effectively predicted 
the average normalized secant stiffness of C20 (fc-cubic = 
34.7 MPa [5423 psi]), and overestimated C8 and C30, which 
supports the previous finding of greater degradation in the 
secant stiffness of C8 and C30. The model developed by Ma 
et al. (2012) is suggested for use in further studies for the 
prediction of the normalized secant stiffness of C20. Equa-
tion (13) was developed to predict the ratio of the average 
normalized secant stiffness of corroded RC columns (Ksc) to 
non-corroded columns for C8 and C30, where the correla-
tion coefficient was 0.84, with a root mean square of error 
estimate of 0.065.

	
K
K

CLsc

so
L= +( )−

1
0 24. 	 (13)

Damage index
It is important to conclude the seismic behavior of corroded 

RC columns in terms of damage level. The model developed 
by Park and Ang (1985) was used to calculate the damage 
state of the RC columns according to the following equation

	 D
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where δm and δu are the maximum and ultimate deforma-
tions under seismic and monotonic loads, respectively; Qy is 
the yield strength when the steel bar yields; dE is the incre-
mental adsorbed hysteretic energy; and β is a model param-
eter representing the effect of cyclic loading on the structural 
damage, which was taken as 0.05 according to Park et al. 
(1987). The quantities δm, Qy, and dE were adopted from 
the present experimental data. The experimentally obtained 
relationships among the monotonically loaded RC columns 
C301 to C305 and cyclic loaded columns C305 to C3010 were 
used to predict the ultimate deformations of C8 and C20 
under monotonic loads. As indicated in Table 3, there was a 
strong relationship between the ultimate loads of C301 to 5 
(monotonically loaded) and C305 to 10 (cyclic loaded). The 
ratio of the ultimate loads of the monotonically loaded RC 
columns to the cyclic loaded RC columns were 0.62 and 0.63 
for the non-corroded (C301/C306) and the least corroded RC 
columns (C302/C307), respectively. These ratios were 0.88, 
0.87, and 0.88, respectively, for further corrosion levels 
(C303…5/ C308…10). The determined ratios were used for the 
prediction of the ultimate deformations under monotoni-
cally loaded RC columns at C8 and C20. Figure 16 depicts 
the determined damage index of the RC columns corre-
sponding to drift ratios. The associated performance levels 
(immediate occupancy, operational, life safety, and collapse 
prevention) corresponding to roof drift ratios are illustrated 
in Fig. 16 according to Vision 2000 (1995). The definitions 
of the damage index of conventional RC buildings were also 
defined based on Varum (2003) in the same figure.

As illustrated in Fig. 16, the damage index of the non-cor-
roded RC columns increased as the concrete strength level 
was reduced. In the case of corrosion, the damage index 
of the corroded RC columns increased as corrosion level 
increased and the concrete strength level was reduced. The 
determined damage index of the severely corroded RC 
column C3010 was 0.62, corresponding to the associated 
performance level of immediate occupancy (0.2% of the 
drift ratio), whereas the damage index of C810 and C2010 
was 0.91 and 0.87, respectively. According to Vision 2000 
(1995), repair is possible for conventional structures when 
the drift ratio is less than 1.5% (that is, a limit state of life 
safety). However, as illustrated in Fig. 16, the determined 
damage index of C810 and C2010 was greater than 1 when 
the drift ratio was 1.5%. Therefore, it is evident from Fig. 16 
that the seismic performance level of the RC columns was 
significantly affected by corrosion, which requires the limit 
states of the performance level of corroded RC columns to 
be redefined for decision making on the repair and strength-
ening of such structures in further studies.

Fig. 14—Normalized stiffness degradation.

Fig. 15—Average secant stiffness.
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CONCLUSIONS
The seismic behavior of corroded RC columns under 

combined cyclic loading was investigated at different 
concrete strength levels and axial load ratios for detailed 
gravimetric tests on the corroded reinforcement bars. This 
study mainly aimed to capture and identify the effects 
of corrosion level on the structural behavior at different 
strength levels and axial load ratios by considering both the 
ascending and descending branches of earthquake indicators. 
A number of new empirical models for structural engineers 
were developed. The test results and developed models may 
provide a guideline for several earthquake codes and further 
studies. The following conclusions can be drawn based on 
the obtained experimental test results.
•	 The yield and ultimate loads of RC columns were 

slightly increased at lower corrosion levels, and then 
decreased at higher corrosion levels. Owing to the 
asymmetric corrosion levels, the structural capacity 
differed based on the determined unilateral and bilat-
eral failure criteria, where the bilateral criteria exhib-
ited more linear relationships. Considering the present 
and previous experimental test results, the effects of 
corrosion on the load-carrying capacity were not signif-
icant when the axial load ratio was lower than 0.40. 
It is conceivable that the lower axial load ratios used 
in previous studies may be one of the reasons for the 
contradictions in the literature, through the contribution 
of corrosion products to the bond strength and slippage 
of the reinforcement bars in particular, and thus lateral 
displacement capacity of corroded RC columns.

•	 In terms of the comparison of previous models, the test 
results demonstrated that the considered average corro-
sion levels provided superior performance over the 
maximum corrosion level for the developed models. 
This was due to the relationships between the average 
corrosion levels of the longitudinal bars and stirrups. 
The corrosion levels obtained according to Faraday’s law 
also resulted in different conclusions for the effects of 
corrosion on corroded RC columns. If Faraday’s law is 

preferred for considering the corrosion level, it is highly 
recommended that the actual corrosion levels be obtained 
at the locations of plastic hinges for further study.

•	 The authors strongly agree with the conclusion drawn by 
Li et al. (2018) for the recommendation of using energy 
dissipation instead of the ductility ratio to assess the 
seismic performance of corroded RC structures, owing to 
the increased ductility ratios if bilateral failure criteria are 
not considered. The authors further underline the impor-
tance of the determined damage index of corroded RC 
columns. The determined damage index, which is also 
a function of energy dissipation, clearly indicated the 
corrosion effects, and provides the basis for further study.

•	 The reduction in the energy dissipation capacity of the 
corroded RC columns was more significant than other 
earthquake indicators. It was clearly demonstrated that the 
test results from bilinear idealized curves of cyclic loops in 
previous studies caused the aforementioned contradicting 
results in the literature. Bilinear idealized curves provide 
yield strength even when the structural members act as 
brittle. Moreover, they falsely indicate higher ductility for 
corroded RC columns than non-corroded columns, despite 
the fact that corroded RC columns absorb less energy 
prior to failure. Therefore, an energy-based comparison is 
highly recommended for the determination of the ductility 
index of corroded RC columns.
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NOTATION
Ec	 =	 energy dissipation capacity of corroded column
Eo	 =	 energy dissipation capacity of non-corroded column
Fuc	 =	 ultimate load of corroded column
Fuo	 =	 ultimate load of non-corroded column
Fyc	 =	 yield load of corroded column
Fyo	 =	 yield load of non-corroded column
Ksc	 =	 average normalized secant stiffness of corroded column
Kso	 =	 average normalized secant stiffness of non-corroded column
Qy	 =	 yield strength when steel bar yields
µc	 =	 energy ductility index of corroded column
µD	 =	 displacement ductility ratio
µE	 =	 energy ductility index
µo	 =	 energy ductility index of non-corroded column
ꞃ	 =	 axial load ratio
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