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Introduction
Reinforced concrete (RC) column exposure to humidi-
ty environmental could be easily corroded and develop 
corrosion damages that lead to the reinforcement deteri-
oration, including reduction of tensile capacity and fail-
ure elongation. Furthermore, radial stress caused by the 
expansion of corrosion products could result in tensile 

cracking of concrete and significantly decrease the me-
chanical properties and durability of RC columns [1–3].
Also, columns are one of the main critical elements of 
a civil structure that play vital roles in bearing capacity 
of various structures. For this reason, the regulations and 
design codes contain strict rules such important elements. 
According to studies, the failure of reinforced concrete 
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Abstract
In recent years, damage to reinforced concrete structures due to chloride corrosion has become a growing prob-
lem for the durability of structures, which reduces the capacity and the service life of reinforced concrete structures, 
as well as reducing safety. Therefore, a model and reliable method for assessing the remaining resistance is neces-
sary. This method, by evaluating the structure, can help to optimize the maintenance and increase the service life 
of reinforced concrete structures in corrosive environments. Confined transverse reinforcements play important 
roles in improving the strength and ductility of reinforced concrete columns so that this fact is mentioned in most 
design codes. Chloride corrosion of such reinforcements has seriously become a growing challenge for the du-
rability of structures leading to reductions in the capacity of reinforced concrete structures and their lifetime. Be-
cause the transverse reinforcements have small concrete covers and close to free surfaces, the corrosion in these 
rebars occurs earlier and more severe than longitudinal reinforcements. Reductions in confinement, deformation 
capacity, and ductility of reinforced concrete structures are the major consequences of corrosion. Therefore, the 
main objective of this article is to investigate different reinforced concrete columns under diverse corrosion levels. 
Based on the results, the reduction in the strength of the circular columns reinforced by the spirals is larger than 
the corresponding rate in the rectangular columns confined by the stirrups. These cases indicate that the spirals 
are more sensitive to corrosion than the stirrups.
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columns and damage to columns caused by earthquake 
loads can be classified as follows: [4]
• Failure caused by reciprocating bending moment 
and low shear due to high axial pressure, which usually 
occurs in slender columns according to following equa-
tion:

(1)

• Failure caused by reciprocating shear and low 
bending moment under high axial pressure, which usually 
occurs in short columns according to following equation:

(2)

In Eqs. (1) and (2), M, V, h, and L refers to the bending 
moment, shear load, depth and height of the column, re-
spectively. Accordingly, the axial force is an important 
parameter in relation to the failure of concrete columns. 
One of the effective approaches to improving the axial 
strength as well as the ductility of reinforced concrete 
columns is their confinement using transverse reinforce-
ments. The confinement limits the concrete lateral expan-
sion and crack growth. Increases in the concrete strength 
and strain in the paste behavior areas are two main in-
fluences of the concrete confinement. This phenomenon 
leads to a decrease in the slope of the second part of the 
concrete strain-stress curve (its descending part) and an 
increase in the strain of the final stage. In this way, the 
area under the concrete stress-strain, which is equivalent 
to energy absorption, increases, in which case the ductil-
ity of the section of interest increases as well. For better 
understanding, Figure 1 shows the effect of confinement 
on the stress-strain curve.

Building codes have set requirements for satisfying the 
behavior of columns during an earthquake through the 
amount and condition of the transverse reinforcement dis-
tribution. The failure of a column specimen due to large 
distances of transverse reinforcements is shown in Figure 
2. Column failure in the previous earthquakes indicates 
that most of the reinforced concrete buildings were se-
verely vulnerable to earthquakes stemming from the lack 
of confinement, large distances of transverse reinforce-
ments, and other inappropriate details.

To ensure adequate ductility of reinforced concrete col-
umns that are subjected to seismic load, ACI 318-14 
building code has set the following criteria as the min-
imum amount of transverse reinforcements [7]. On this 
basis, Eqs. (3) and (4) present the minimum ratios of 
transverse reinforcements needed for spirals and stirrups:

(3)

(4)

where Ag, Ach, and Ash are the cross-sections of the of 
the concrete specimen, confined concrete core, and the 
transverse reinforcements, respectively. Moreover, fc and 
fyt represent the compressive strength of concrete and the 
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Figure 1. The effect of confinement on the stress-strain 
curve [5]

Figure 2. The severe failure in the column due to large 
distances of transverse reinforcements [6]
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where Ag, Ach, and Ash are the cross-sections of the of the concrete specimen, confined 

concrete core, and the transverse reinforcements, respectively. Moreover, fc and fyt represent 

the compressive strength of concrete and the yield stress of the transverse reinforcement, 

respectively. Finally, s and bc denote the distance of the transverse reinforcements and the 

width of the confined concrete core, respectively. It is worth remaking that the fundamental 

principles of Eqs. (3) and (4) are based on the fact that the concrete column can preserve its 

strength after separating the concrete cover.  

Corrosion of the transverse reinforcements is one of the important factors that not only 

reduces the bearing capacity, but may also changes the state of failure owing to the reduction 

of ductility. Therefore, the behavior of reinforced concrete columns affected by corrosion 

may be different from the original design. In this case, a full investigation of the effects of 

the corrosion of transverse reinforcements on the bearing capacity of reinforced concrete 

columns is of paramount importance. Despite some rules in building codes for decreasing the 

impact of corrosion on structures including reinforced concrete columns, there is not any 

formulation to estimate the axial strength of the corroded elements. This formulation allows 

civil engineers to evaluate the performance of structures and determine the axial capacity of 

columns under any condition and any degree of corrosion. 

On the other hand, a better understanding of the effect of corrosion on the column 

performance helps owners and operators of reinforced concrete structures to reinforce 

damaged columns with a more open vision and careful strategic planning. In this article, by 

the equations has been proposed with the limited available experimental data, the effect of 

transverse reinforcements corrosion on axial strength of columns is investigated. 

2. Related works 

Reinforced concrete (RC) columns are widely used in engineering structures, and their 

performance  is inevitably degraded by factors such as dry-wet cycles, freeze-thaw cycles, 
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yield stress of the transverse reinforcement, respectively. 
Finally, s and bc denote the distance of the transverse re-
inforcements and the width of the confined concrete core, 
respectively. It is worth remaking that the fundamental 
principles of Eqs. (3) and (4) are based on the fact that the 
concrete column can preserve its strength after separating 
the concrete cover. 
Corrosion of the transverse reinforcements is one of the 
important factors that not only reduces the bearing ca-
pacity, but may also changes the state of failure owing 
to the reduction of ductility. Therefore, the behavior of 
reinforced concrete columns affected by corrosion may 
be different from the original design. In this case, a full 
investigation of the effects of the corrosion of transverse 
reinforcements on the bearing capacity of reinforced con-
crete columns is of paramount importance. Despite some 
rules in building codes for decreasing the impact of corro-
sion on structures including reinforced concrete columns, 
there is not any formulation to estimate the axial strength 
of the corroded elements. This formulation allows civil 
engineers to evaluate the performance of structures and 
determine the axial capacity of columns under any condi-
tion and any degree of corrosion.
On the other hand, a better understanding of the effect of 
corrosion on the column performance helps owners and 
operators of reinforced concrete structures to reinforce 
damaged columns with a more open vision and careful 
strategic planning. In this article, by the equations has 
been proposed with the limited available experimental 
data, the effect of transverse reinforcements corrosion on 
axial strength of columns is investigated.

2. Related works
Reinforced concrete (RC) columns are widely used in 
engineering structures, and their performance is inevita-
bly degraded by factors such as dry-wet cycles, freeze-
thaw cycles, and steel corrosion. Among these factors, the 
corrosion of steel bars is recognized as the main reason 
for the deterioration of the mechanical properties of re-
inforced concrete columns [8], because it will cause the 
degradation of the mechanical properties of the corroded 
steel bars, the corrosion-induced cracking of concrete and 
the deterioration of the interface bonding properties.
The rehabilitation of deteriorated RC column is becom-
ing increasingly important due to the maintenance pur-
pose. Several rehabilitation systems have been applied in 
RC columns. Steel plate is one of the traditional retrofit 
methods and used widely for strengthening RC columns 
[9]. However, steel plate suffers from low corrosion re-
sistance, which raises another durability problem. Many 
research efforts have been focused on investigating the 
behavior of RC columns strengthened with fiber-rein-

forced polymer (FRP) [10–12].
The corrosion of steel reinforcement negatively influ-
ences the mechanical performance of columns reducing 
both their strength capacity and ductility. In some studies 
[13,14], the effect of corrosion on reduction in the me-
chanical properties of steel bars that leads to significant 
degradation on the local conditions of steel–concrete 
bond mechanism has been evaluated. Also, few experi-
mental studies have been conducted to assess the flexural 
behavior of corroded reinforced concrete beams [15–17].
A review of experimental studies on the reinforced con-
crete elements indicates that the corrosion of transverse 
reinforcements affects the behavior of those elements [18-
22].  Shayanfar et al. [23] investigated the reduction of the 
compressive strength of reinforced concrete specimens 
under different degrees of corrosion. They subjected cubic 
specimens with different ratios of water-to-cement (w/c) 
under accelerated corrosion and then measured their com-
pressive strength. Moreover, they proposed a formulation 
for the reduced compressive strength caused by corrosion. 
Ghanoni Bagha et al. [24] examined the reduction of com-
pressive strength due to corrosion in their self-compact-
ing concrete specimens using mineral admixtures. They 
concluded that the compressive strength of the concrete 
decreases by about 20% when the crack width increases 
by about 1 mm representing 7-12% corrosion in the rein-
forcements. Ahmadi et al. [25] evaluated the influence of 
the corrosion of transverse reinforcements on reducing the 
compressive strength of concrete confined by spirals. They 
corroded standard cylindrical specimens reinforced by 
spirals under the accelerated corrosion technique. The test 
variables included the corrosion percentage, spiral diame-
ter, spiral pitch, and confined core diameter (concrete cov-
er). Their experimental results demonstrated that the cor-
rosion up to 2.5% affects reducing the confined strength. 
Moreover, it was observed that small spirals are less sen-
sitive to correction. Goharrokhi et al. [26] investigated the 
reduction of the concrete compressive strength confined 
by corroded stirrups. In their experimental study, cubic re-
inforced concrete specimens with different diameters and 
spacing distances were subjected to various corrosion de-
grees. They showed that the reduction of the compressive 
strength depends on both the corrosion percentage and the 
stirrup diameter, for which they derived a formulation.

3. Effect of the transverse reinforcement corrosion 
on the axial strength of reinforced concrete ele-
ments
Ahmadi et al. [25] and Goharrokhi et al. [26] proposed 
Eq. (5) to calculate the compressive strength of the rein-
forced concrete elements using corroded transverse rein-
forcements:
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(5)

where fcc is the compressive strength of the unreinforced 
reinforced concrete element; fcc-corr denotes the compres-
sive strength of the reinforced concrete element with cor-

roded transverse reinforcements.
Moreover, λ is the parameter for reducing the compres-
sive strength due to corrosion of transverse reinforce-
ments
Figure 3 shows the fracture mechanism of the reinforced 
specimens with corroded spirals.

Ahmadi et al. [25] constructed cylindrical reinforced con-
crete specimens using spirals of the size (diameter) of 4 
and 6 mm to investigate the changes in the compressive 
strength against different degrees of corrosion as can be 
seen in Figure 4. They expressed logarithmical formula-
tions between the reduced compressive strength and cor-
rosion percentage of transverse reinforcements (Cw) as 
follows:

(6)

(7)

Additionally, Goharrokhi et al. [26] evaluated the chang-
es in the concrete compressive strength against different 
corrosion degrees for rectangular cube specimens with 4 
and 6 mm diameters as can be observed in Figures 5 and 
6. They proposed the following equations for the speci-
mens of the diameters of 4 and 6 mm, respectively:

(8)

(9)
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Figure 5. The fracture mechanism of the corroded rein-
forced rectangular specimens [26]

Table 1. Characteristics and strength of non-reinforced 
axial elements

Table 2. Strength of the columns in the corroded and 
conditions

Figure 6. Changes in the compressive strength against 
various corrosion degrees for different stirrup diameters 
[26]

4. Investigation of the concrete columns with cor-
roded transverse reinforcement
In this section, reinforced concrete columns are investi-
gated to evaluate the reduction of the axial strength caused 
by the corrosion of the transverse reinforcements. For this 
aim, columns with circular and rectangular cross-sections 
were selected and the problem of interest was evaluated 
by using the proposed formulations by Ahmadi et al. [25] 
and Goharrokhi et al. [26]. The circular columns, which 
were reinforced and evaluated by FRP, include the height 
of 1.5 m and the diameter of 300 mm [27,28]. In this re-
gard, the spirals with the diameters of 4 and 6 mm placed 
at the intervals of 50 and 25 mm with the concrete cover 
were used to reinforce these columns as shown in Figure 
7(a). The rectangular columns evaluated by Regine and 
Sebastian [29], consist of the cross-section of 140x140 
mm and the height of 2 m. In these elements, four lon-
gitudinal reinforcements of the diameter of 8 mm were 
connected by the stirrups of the diameters of 4 and 6 mm 
with the intervals of 50 and 25 mm as can be observed 
in Figure 7(b). The columns are named C-a-b and S-a-b, 
where C and S represent the circular and rectangular col-
umns, while a and b refer to the diameter and distance of 
the transverse reinforcements. The characteristics of the 
columns as well as their strength values in the non-re-
inforced states are given in Table 1, in which fc0 and fc 
denote the strength variables of the cylindrical specimen 
and the non-reinforced column, respectively.

The results of the strength of the columns in the corrod-
ed and non-corroded conditions are listed in Table 2. 
On the other hand, the formulations proposed by Rich-
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S-6-50 1.47 1.35 1.2 1.06 0.92 0.77 

S-6-25 1.92 1.76 1.57 1.39 1.2 1.01 
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Figure 7. The details of the axial elements: (a) the circular columns [27,28], (b) the rectangular columns [29]

Figure 8. Reduction in the compressive strength of the 
circular columns caused by the corrosion of the trans-
verse reinforcements

Figure 9. Reduction in the compressive strength of the 
rectangular columns caused by the corrosion of the 
transverse reinforcements

(a) (b)

art et al. [30] and Palter and Legeron [5] are applied to 
compute the increase in the strength obtained from the 
confinement of the circular sections with spirals and the 
rectangular sections, respectively. The main reason for 
utilizing their formulations originate from their approval 
by the ACI code. Accordingly, Figures 8 and 9 illustrate 
the changes in the compressive strength caused by the 

corrosion of the transverse reinforcements regarding the 
circular and rectangular columns, respectively. Based on 
these figures, the reduction in the strength of the circular 
columns reinforced by the spirals is larger than the cor-
responding rate in the rectangular columns confined by 
the stirrups. These cases indicate that the spirals are more 
sensitive to corrosion than the stirrups.
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Conclusions
Based on the results obtained from the circular columns 
with spirals, the reduction of the compressive strength 
attributable by corrosion is initially large but it then de-
creases. In general, it can be concluded that the strength 
of spirals decreases because of corrosion but this reduc-
tion is less at higher corrosion degrees. The results of the 
rectangular columns constructed by the stirrups demon-
strated that the compressive strength initially decreases in 
the stirrups with a smaller diameter. However, the speci-
men with larger diameter becomes more sensitive to cor-
rosion when the degree of corrosion increases. Therefore, 
it is recommended to use stirrups with small diameters in 
environments exposed to severe weather conditions. This 
is because such stirrups are less sensitive to high degrees 
of corrosion.
Generally, the corrosion of the transverse reinforcements 
in the circular columns reinforced by the spirals leads to 
a greater effect on the reduction of the strength. Further-
more, one can conclude that the reduction in the strength 
of the circular columns reinforced by the spirals is larger 
than the corresponding rate in the rectangular columns 
confined by the stirrups. These cases indicate that the 
spirals are more sensitive to corrosion than the stirrups. 
Thus, it is recommended that the regulations assign more 
requirements and restrictions to consider the effect of the 
corrosion on the spirals.
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