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Abstract: The high performance of reinforced concrete structural elements under the effects of lateral loads such as earthquakes is of 

great importance in terms of minimizing the loss of life and property that may occur due to earthquakes. One of the parameters 

affecting the earthquake behavior of a reinforced concrete structure is the corrosion effect. The aim of this study is to investigate the 

behavior of reinforced concrete columns exposed to different corrosion levels for different durations within the damage limits. In this 

direction, it is aimed to perform linear and nonlinear analysis of reinforced concrete columns in 5 different corrosion scenarios. In the 

study, nonlinear analyzes of the column were made using ANSYS software, the data obtained were determined for different damage 

limit levels and compared with the section analysis. Because of the study, moment-curvature relations, lateral load-horizontal 

displacement relations, bending ductility and plastic rotation capacity of the reinforced concrete column were determined for each 

corrosion scenario. 
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1. Introduction 
Reinforcement corrosion occurring in a reinforced 

concrete structure causes cracking and spalling in the 

concrete by decreasing the diameter of the 

reinforcement, loss of adherence between concrete and 

reinforcement and decrease in the mechanical properties 

of reinforcing steel, thus decreasing the performance of 

the carrier system. In reinforced concrete columns and 

beams exposed to corrosion effect, since volume 

expansions occur due to excessive corrosion of the 

reinforcement, corrosion cracks in the longitudinal 

direction cause the strut layer to break off in time (Figure 

1). Reinforced concrete structures subjected to these 

corrosion effects reach the state of collapse in a much 

shorter time than normal and in abnormal ways under 

the effect of earthquake loads. 

 

 

 

 

 

 

 

Figure 1. Reinforced concrete elements subjected to 

corrosion effect. 

 

 

When the literature examined, many experimental and 

numerical studies have carried out on the effects of 

corrosion on reinforcing steel and the inadequacies in 

earthquake performance due to the negative effects of 

corrosion on reinforced concrete structures. In these 

studies, it has been determined that the failure mode of 

beams subjected to corrosion under bending effect 

changes from ductile to brittle (Mangat and Elgarf, 1999; 

Mohammed et al., 2004). In addition, in these studies, it 

stated that corrosion of steel reinforcement causes 

deformation of the entire system, especially the bearing 

capacity of the structural elements (Yavuz et al., 2019). In 

studies evaluating the seismic performance of reinforced 

concrete columns at different corrosion levels and axial 

load rates, it was determined that the corrosion effect 

significantly reduces the strength and horizontal 

displacement capacity of the columns and changes the 

failure mode from flexural-shear failure to sudden axial 

failure (Vu and Li, 2018). Palsson and Mirza (2002) 

subjected reinforcing bar samples taken from reinforced 

concrete bridges subjected to corrosion to tensile tests 

and found that the reinforcements fractured brittle. 

Revathy et al. (2009) concluded that the axial load 

carrying capacity of column elements subjected to 

corrosion effect gradually decreases with increasing 

corrosion effect.  

In case of weakening of the adherence bond established 
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between the reinforcement and concrete in the 

constituent elements of the reinforced concrete 

structure, the behavior of the reinforced concrete 

structure turns into a stressed arch behavior. In stressed 

arch behavior, since the reinforcement collapses before 

reaching the yield stress, the relationship between the 

corrosion level of the reinforcement and the adherence 

bond strength is extremely important. It was determined 

that at low corrosion levels, the adherence bond strength 

increased to a certain extent, but if the corrosion level 

increased, the adherence bond strength gradually 

decreased (Chung et al., 2008). This decrease in bond 

strength causes significant changes in the earthquake 

performance and target displacements of the structure 

(Yüksel and Sancaklı, 2018). 

In columns where reinforcement losses due to corrosion 

increase up to 15.1%, the increase in corrosion level 

impairs the cyclic stability of the reinforced concrete 

column under cyclic load effects and reduces the ductility 

of the reinforced concrete column (Ying et al., 2012). 

In some studies in the literature, the effect of corrosion 

on reinforced concrete structures has studied using finite 

element modeling technique. Dizaj and Kashani (2021) 

proposed a modeling technique that simulates the 

regional variability of corrosion and the effects of 

corrosion damage. Finite element analysis using the 

proposed modeling approach revealed that corrosion 

significantly affected the damage states, flexural capacity 

and energy absorption capacity of reinforced concrete 

members. In another study by Imperatore et al. (2017), 

where an experimental study to evaluate the residual 

flexural capacity of beams was simulated using the finite 

element method, the relationship between the level of 

corrosion and the reduction in the flexural strength of the 

beam was determined (Bossio et al., 2019). In another 

study evaluating the seismic behavior of corroded 

reinforced concrete bridges, the decrease in the bond 

strength between concrete and reinforcement was 

modeled using finite element modeling technique. 

Softening of concrete and reduction in mechanical 

properties of reinforcement also taken into account in 

the modeling. Because of the study, it recommended to 

increase the design PGA from 4.70% to 6.15% for the 

seismic performance of the bridge considering the 

reductions due to corrosion effect. (Ou et al., 2013). 

In this study, the linear and nonlinear behavior of 

reinforced concrete column elements under 5 different 

corrosion scenarios were investigated. In the corrosion 

scenarios, the adherence losses between reinforcement 

and concrete and all the consequences of corrosion on 

concrete and reinforcement elements modelled together 

depending on the corrosion propagation rate and 

corrosion duration parameters. In the study, the change 

in column structural behavior due to corrosion evaluated 

in terms of damage limits at different corrosion levels 

using both finite element method and cross-sectional 

analysis. 

 

2. Materials and Methods 
A reinforced concrete column with a rectangular cross-

section of 300 x 400 x 2350 mm dimensions determined 

in accordance with TBDY (2018) used in the study.  The 

concrete strength class of the column element taken as 

C25/30. The size information of the reinforced concrete 

column, the layout of the longitudinal and transverse 

reinforcements used and the variation of the transverse 

reinforcement spacing are as shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Reinforced concrete column cross-section and reinforcement arrangement. 
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TBDY, (2018) a 500 mm long formed at the upper and 

lower ends of the column, and no stirrup with a diameter 

smaller than Ø8 used as transverse reinforcement in 

these zones. According to TBDY (2018) the spacing of the 

transverse reinforcements to be used in the column is 

arranged so that they are not smaller than 50 mm and 

not larger than 100 mm. Reinforcement smaller than Ø14 

was not used in the reinforced concrete column element, 

and the longitudinal reinforcement area specified in 

TBDY (2018) was acted in accordance with the condition 

that the longitudinal reinforcement area shall not be less 

than 1% and not greater than 4% of the gross cross 

section. 

According to TBDY (2018) the longitudinal 

reinforcement ratio in column elements should not be 

less than 0.01 and not greater than 0.04.  In this context, 

8Ø14 longitudinal reinforcement used in the reinforced 

concrete column used in the study and the longitudinal 

reinforcement ratio calculated as 0.0103. Since the 

normal force determines the type of fracture in the 

reinforced concrete column element, the normal force 

should be limited to prevent brittle fracture (Topçu, 

2022). According to TBDY (2018) the maximum axial 

load that the column element can carry calculated as 

stated in Equation 1. 
 

Nd ≤ 0,4fckAc (1) 
 

According to Equation 1, the maximum axial load value 

that the reinforced concrete column used in the study can 

carry calculated as 1200 kN. 

In this study, it investigated how the earthquake 

performance of the reinforced concrete column element, 

whose dimensional and cross-sectional properties given 

above, will change if it exposed to corrosion effect.  In 

this context, the reinforced concrete column element was 

analyzed under 5 different corrosion scenarios.  The 

effect of corrosion on the reinforced concrete column 

depends on the rate of corrosion spread and the duration 

of the effect, but it causes the steel reinforcement to 

expand in volume, soften and reduce its weight. The 

decrease in the weight and change in the diameter of the 

steel reinforcement calculated using Equation 2 and 

Equation 3 as follows (Berto et al., 2008): 
 

%∆w=
∅0

2 − ∅(t)2

∅0
2 x100 (2) 

 

∅(t) = ∅0 − 2Px = ∅0 − 2icorrk(t − tin) (3) 
 

2.1. Evaluation of the Rate of Propagation and 

Duration of Corrosion 

In the literature, a number of formulations based mainly 

on empirical expressions have been proposed for the 

evaluation of corrosion propagation rate (𝑖𝑐𝑜𝑟𝑟) and 

weight decrease in reinforcing steel, ranging from a 

deterministic approach to a probabilistic context (Berto 

et al., 2009). In particular, the evaluation of corrosion 

propagation rate (𝑖𝑐𝑜𝑟𝑟) obtained from laboratory tests 

and corrosion effects in real structures is shown in Table 

1 (Dhir et al., 1994; Brite/Euram, 1995; Middleton and 

Hogg, 1998). 

In this study, 𝑖𝑐𝑜𝑟𝑟=0.15 for reinforced concrete columns 

with low corrosion level and 𝑖𝑐𝑜𝑟𝑟=0.8 for reinforced 

concrete columns with medium corrosion level and 

𝑖𝑐𝑜𝑟𝑟=4 for reinforced concrete columns with high 

corrosion level and the current corrosion scenarios are 

shown in Table 2. In the study, 15 years since the 

reinforced concrete column was manufactured (𝑡𝑖𝑛) was 

considered as the initial stage of corrosion. 

In addition to the weight decrease in the reinforcing bar 

of a reinforced concrete column subjected to corrosion, 

some changes occur in the yield and tensile strengths, 

yield and tensile deformations and elastic modulus of the 

reinforcement in a corroded reinforcement. These 

changes calculated using Equation 4, Equation 5, 

Equation 6 and Equation 7 (Lee and Cho, 2009): 
 

𝜎𝑦 = (1 − 1,24.
∆𝑤

100
) . 𝜎𝑦(𝑖𝑛𝑖𝑡𝑖𝑎𝑙) (4) 

 

𝜎𝑢 = (1 − 1,07.
∆𝑤

100
) . 𝜎𝑢(𝑖𝑛𝑖𝑡𝑖𝑎𝑙) (5) 

 

𝐸𝑠 = (1 − 0,75.
∆𝑤

100
) . 𝐸𝑠(𝑖𝑛𝑖𝑡𝑖𝑎𝑙) (6) 

 

𝜀𝑢 = (1 − 1,95.
∆𝑤

100
) . 𝜀𝑢(𝑖𝑛𝑖𝑡𝑖𝑎𝑙) (7) 

 

The effects of corrosion on the bond strength reduction 

of the steel reinforcement due to corrosion must also 

take into account.  To account for the effects of corrosion 

on bond strength reduction in the analysis, the concept of 

equivalent unlimited length was used (Ou et al., 2010). 

According to this concept, the reduction in bond strength 

reflected in the models by multiplying the bond 

reduction coefficient (ϕ) defined by Equation 8 by the 

stress-strain curve of steel. 
 

Φ =
𝐿𝑒𝑢(𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑓𝑟𝑒𝑒 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)

𝐿𝑒𝑢(𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)
 (8) 

 

Here Leu is the equivalent unlimited length derived from 

Equation 9. 
 

𝐿𝑒𝑢 =
𝑆𝐸

𝜀𝑠𝑚
 (9) 

 

 

Table 1. Classification of corrosion propagation rate 𝑖𝑐𝑜𝑟𝑟(𝜇𝐴 𝑐𝑚2⁄ ) 

Corrosion level Dhir et al. (1994) Brite/Euram (1995) Middleton and Hogg (1998) 

Corrosion free - 𝑖𝑐𝑜𝑟𝑟 < 0,1 - 

Low 𝑖𝑐𝑜𝑟𝑟 = 0.1 𝑖𝑐𝑜𝑟𝑟 = 0.1 − 0.5 𝑖𝑐𝑜𝑟𝑟 = 0.1 − 0.2 

Middle 𝑖𝑐𝑜𝑟𝑟 = 1 𝑖𝑐𝑜𝑟𝑟 = 0.5 − 1 𝑖𝑐𝑜𝑟𝑟 = 0.2 − 1 

High 𝑟 > 10 𝑖𝑐𝑜𝑟𝑟 > 1.0 𝑖𝑐𝑜𝑟𝑟 > 1.0 
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Table 2. Corrosion scenarios 

Scenario 

number 

İnitial diameter 

(mm) 

𝑖𝑐𝑜𝑟𝑟 

(𝜇𝐴 𝑐𝑚2)⁄  

Time 𝑡 

(yıl) 

𝑡𝑖𝑛 

(yıl) 

Last diameter 

(mm) 

Weight reduction 

(%) 

1 
8 0 0 0 8.00 0.00 

14 0 0 0 14.00 0.00 

2 
8 4 20 15 7.60 9.75 

14 4 20 15 13.60 5.63 

3 
8 0.8 50 15 7.44 13.51 

14 0.8 50 15 13.44 7.84 

4 
8 4 50 15 5.20 57.75 

14 4 50 15 11.20 36.00 

5 
8 4 35 15 6.40 36.00 

14 4 35 15 12.40 21.55 

 

Where 𝑆𝐸 is the slip of a reinforcement in the critical 

section of a column cross-section 𝜀𝑠𝑚 is the maximum 

strain in the reinforcement and the slip in the 

reinforcement estimated using Equation 10 and Equation 

11 (Sezen and Setzler, 2008): 
 

𝑆𝐸 =
𝜀𝑠𝑚𝐿𝑑1

2
                                    (𝜀𝑠𝑚 ≤ 𝜀𝑦) (10) 

 

𝑆𝐸 =
𝜀𝑦𝐿𝑑1

2
+

(𝜀𝑠𝑚 + 𝜀𝑦)𝐿𝑑2

2
      (𝜀𝑠𝑚 > 𝜀𝑦) (11) 

 

Here   𝐿𝑑1 and 𝐿𝑑2  is calculated using Equation 12 and 

Equation 13.  
 

𝐿𝑑1 =
𝑓𝑠𝑚𝑑𝑏

4𝜏𝑚𝑎𝑥
≤

𝑓𝑦𝑑𝑏

4𝜏𝑚𝑎𝑥
 (12) 

 

𝐿𝑑2 =
(𝑓𝑠𝑚 − 𝑓𝑦)𝑑𝑏

4𝜏𝑓
 (13) 

 

Where𝑓𝑠𝑚, is the maximum stress in the reinforcement, 

𝑑𝑏, is the longitudinal reinforcement diameter, 𝜏𝑚𝑎𝑥, is 

the bond strength and 𝜏𝑓, is the residual friction bond 

strength. For reinforcement without corrosion effect, 

𝜏𝑚𝑎𝑥 and  𝜏𝑓 values can be taken as √𝑓𝑐  and 0.15𝜏𝑚𝑎𝑥 

respectively. When the reduction in reinforcement 

weight exceeds 1.5%, the corrosion effect calculated 

according to Equation 14 (Bhargava et al., 2008). When 

the corrosion level is less than 1.5 %, the bond strength 

assumed to been equal to the corrosion-free value.  

Here 𝜏𝑚𝑎𝑥𝑜, is the bond strength is assumed to be equal 

to the corrosion free value. 
 

𝜏𝑚𝑎𝑥 = 1.346𝑒−0.198∆𝑤(%)𝜏𝑚𝑎𝑥𝑜 (14) 
 

The stress-unit strain curves of the reinforcements in the 

reinforced concrete column subjected to corrosion effect 

arranged for each corrosion scenario by considering the 

decrease in the adherence bond strength (Figure 3). 

Cracking and softening effects occurring in the concrete 

due to corrosion effect should also take into 

consideration in the reinforced concrete column element 

exposed to corrosion.  The softening effect of concrete 

due to corrosion expressed by concrete softening 

coefficient (ζ).  Concrete softening coefficient calculated 

according to Equation 15 (Ou et al., 2013). 
 

𝜁 =
0.9

√1 + 600𝜀𝑟

 (15) 

 

Where 𝜀𝑟  the yield is strain of reinforcement and 

calculated according to Equation 16. Where 𝑏0 is the 

perimeter length of the reinforced concrete column 

cross-section and   ∑ 𝑤𝑐𝑟 is the total crack width in the 

concrete due to corrosion of longitudinal and transverse 

reinforcement (Ou et al., 2013).  Each crack width  𝑤𝑐𝑟 

calculated using Equation 17 (Molina et al., 1993) (Figure 

4). 
 

𝜀𝑟 =
∑ 𝑤𝑐𝑟

𝑏0
 (16) 

 

𝑤𝑐𝑟 = 𝜋. (𝑉𝑟𝑠 − 1). 2𝑥 (17) 
 

Here 2x is the reduction in the diameter of the steel 

reinforcement due to corrosion. The volume expansion of 

steel reinforcement due to corrosion causes softening 

and weight decrease (Figure 4). 𝑉𝑟𝑠  is the diameter 

expansion coefficient of steel reinforcement due to 

corrosion. For this study, 𝑉𝑟𝑠 = 2 (Ou et al., 2013) (Figure 

4). 

Considering the effects of cracking and softening of the 

concrete due to the corrosion effect in the reinforced 

concrete column element subjected to corrosion, 

Equation 18 and Equation 19 are used for the increasing 

and decreasing regions of the stress- strain relationship 

of concrete, respectively (Hsu, 1993). 
 

𝜎 = 𝜁𝑓𝑐
′ [2 (

𝜀

𝜁𝜀0
) − (

𝜀

𝜁𝜀0
)
2

] (18) 

 

𝜎 = 𝜁𝑓𝑐
′

[
 
 
 

1 − (

𝜀
𝜁𝜀0

− 1

2
𝜁

− 1
)

2

]
 
 
 

 (19) 

 

Here, 𝜀0 is the unit strain value corresponding to the 

maximum stress in the stress-strain curve of concrete 

and it accepted as approximately 0.002. 

In the study, the stress-strain curve of the concrete 

material for each corrosion scenario in the reinforced 

concrete column subjected to corrosion effect was 

determined by considering the effects of cracking and 

softening in the concrete (Figure 5). 
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Figure 3. Stress - strain curves of steel according to corrosion scenarios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Corrosion cracks in longitudinal and transverse reinforcement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Stress - strain curves of concrete according to corrosion scenarios. 
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2.2. Creation of Finite Element Model of Reinforced 

Concrete Column  

Finite element model of the reinforced concrete column 

element to be used in the study was created using ANSYS 

software. In the finite element model, Solid65, which is a 

solid element with 8 nodes, was used for concrete and 

Link180 elements were used for reinforcing steel. The 

finite element model of the reinforced concrete column 

shown in Figure 6. 

In the finite element model, the foundation of the 

reinforced concrete column not modelled in order to 

shorten the analysis time and to create the minimum 

number of finite elements. Instead, each nodal point at 

the lower end of the reinforced concrete column 

modelled in accordance with the anchored support 

assumption (Figure 7). 

2.3. Determination of Stress-Strain Relationships for 

Concrete and Steel in Finite Element Model 

The stress-strain curves of the concrete used in the finite 

element model of the reinforced concrete column shown 

in Figure 8 and the stress-strain curves of the reinforcing 

steel shown in Figure 3. 

Concrete of strength class C25/30 used in the finite 

element model of the reinforced concrete column. The 

modulus of elasticity of concrete and steel material for 

different corrosion scenarios given in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6. Reinforced concrete column concrete and reinforcement finite element model. 

 

 

 

 

 

 

 

 
 

 

Figure 7. Reinforced concrete column anchored support model. 

 

Table 3. Material properties according to corrosion scenarios (MPa) 

Scenario number Concrete (Ec) Steel (Es) Concrete softening coefficient (ɀ) 

1 24306 200000 0.9 

2 24139 188465 0.73 

3 24080 183988 0.68 

4 23483 129688 0.41 

5 23767 156838 0.51 
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Figure 8. Concrete material models according to corrosion scenarios. 

 

2.4. Application of Axial and Horizontal Load in Finite 

Element Model  

In this study, the nonlinear behavior of a finite element 

modelled reinforced concrete column subjected to 

corrosion under axial load and lateral load investigated. 

For this purpose, 165 nodal points selected at the upper 

end of the column and the axial load 𝑁𝑑 = 1200 𝑘𝑁 

equally distributed to each nodal point.  In addition, 

horizontal displacement applied to a node at the upper 

end of the reinforced concrete column by utilizing the 

rigid beam feature of the MPC184 compliance element. 

The rigid beam feature of the MPC184 element utilized in 

order to distribute the applied lateral load equally and 

evenly to the reinforced concrete column and to prevent 

excessive deformation of the concrete particles forming 

the column nodes (Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Application of axial load and lateral load. 

 

2.5. Evaluation of the Reliability of the Finite Element 

Modelling Method Used 

The reliability of the finite element modelling software 

used in the study and the demonstration that the 

parameters used in the modelling are determined in a 

way to give the closes results to the actual behavior of the 

reinforced concrete column are of great importance for 

the present study. 

In the study conducted by Elçi and Göker (2018) the 

reinforced concrete column whose section geometry and 

reinforcement plan shown in Figure 10 was 

experimentally investigated under axial and lateral load.  

The existing reinforced concrete column was finite 

element modelled by Çolakoğlu (2020) and subjected to 

nonlinear analysis under the axial and horizontal load 

effects in the experimental study by Elçi and Göker 

(2018). The data obtained were processed and the shear 

force-horizontal displacement and bending moment-

curvature relationships in Figure 11 were drawn. 

When Figure 11 examined, it considered that the finite 

element modelling and nonlinear analysis performed 

with the ANSYS package are very reliable for reinforced 

concrete columns and it is important to adjust the 

modelling parameters to give results close to reality. 

 

3. Results 

In this study, nonlinear analysis of a reinforced concrete 

column whose finite element model produced using 

ANSYS software performed.  In addition, cross-sectional 

analysis of the reinforced concrete column under 

corrosion effect performed and the deformation state 

compared with the nonlinear analysis.  Lateral load – 

horizontal displacement relationship, bending moment-

curvature relationship, flexural ductility and plastic 

rotation capacity evaluated using the obtained data. 

3.1. Lateral Load - Horizontal Displacement 

Relationship  

The horizontal load-lateral displacement graph obtained 

because of the nonlinear analysis of the reinforced 

concrete column subjected to corrosion effect under axial 

load and horizontal load shown in Figure 12 for each 

corrosion scenario. 
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Figure 10. Reinforced concrete column cross-section and reinforcement plan. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11. Shear force – horizontal displacement relationship and bending moment – curvature relationship. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Lateral load - horizontal displacement relationship (ANSYS). 
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When Figure 12 analyzed, it seen that the lateral load 

capacity of the reinforced concrete column element 

exposed to corrosion effect decreases. 

3.2. Bending Moment - Curvature Relationship  

In order to determine the behavior of a section under the 

effect of bending and axial force or only bending, the 

moment-curvature relationship of a modelled element 

can obtained based on the actual material behavior 

(Ersoy and Özcebe, 2018). 

In order to calculate the values of 𝑀𝑖  and 𝐾𝑖 , which 

constitute the moment-curvature relationship, by 

iteration method, equations of equilibrium and 

compatibility are utilised.  If a beam section is utilised, 

assumptions are made for the value of c (neutral axis 

depth), and the value of c is changed until the balance of 

forces is achieved.  A value is chosen for the unit 

shortening of concrete at the outermost lift, 𝜀𝑐𝑖.  Steel unit 

deformations, 𝜀𝑠𝑖 , are found for known 𝜀𝑐𝑖 and c. Stresses 

in the reinforcement and reinforcement forces are 

determined from the 𝜀𝑠𝑖  values. The concrete 

compression component 𝐹𝑐  is calculated. After 

equilibrium reached, the moment of internal forces 

around the centre of gravity is calculated and 𝑀𝑖  found. 

The curvature is determined as given in Equation 20 

(Ersoy and Özcebe, 2018). 
 

Ki =
εci

c
 (20) 

 

In the finite element model of the reinforced concrete 

column, the curvature calculated for each horizontal row 

of solid elements at the lower end of the column 

calculated as in Equation 21 by using the unit strains at 

the beginning and end nodes of each fibre as shown in 

Figure 13. 
 

∅ = (|ε1| + |ε2|) L⁄  (21) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Definition of curvature in finite element 

modelling. 

 

Figure 14 shows the bending moment-curvature 

relationship obtained from the nonlinear analysis of the 

reinforced concrete column subjected to corrosion effect, 

and Figure 15 shows the bending moment-curvature 

relationship obtained from the section calculation for 

each corrosion scenario. 

When the lateral load – horizontal displacement 

relationship and bending moment – curvature 

relationship obtained from the nonlinear analysis of the 

reinforced concrete column subjected to corrosion effect 

were examined, it was determined that the lateral load 

capacity and moment carrying capacity decreased 

depending on the duration and rate of propagation of 

corrosion. This decrease found to be more intense 

especially in Scenario-4, where the rate of propagation 

and duration of corrosion was the highest.   

When the cross-sectional analysis performed due to the 

corrosion effects to which the reinforced concrete 

column element was exposed were examined, it was 

determined that the moment carrying capacity and cross-

sectional ductility decreased depending on the corrosion 

levels, similar to the results obtained in the nonlinear 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Bending moment – curvature relationship for nonlinear analyses (FEM) 
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Figure 15. Bending moment – curvature relationship for section calculation (SC). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Bending moment – curvature relations for corrosion scenarios. 
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In Figure 16, the bending moment – curvature 

relationships of the reinforced concrete column 

subjected to corrosion effect in different corrosion 

scenarios compared in terms of nonlinear analysis and 

cross-sectional analysis, and in Table 4, the reduction in 

lateral load and bending moment carrying capacity for 

each corrosion level calculated according to Scenario-1 

without corrosion effect. 

3.2.1. Flexural ductility of reinforced concrete 

column 

Flexural ductility defined as the ratio of the maximum 

curvature that can occur in a reinforced concrete element 

section in bending without a significant reduction in 

strength to the curvature now when yielding occurs in 

the tensile reinforcement, which is determined as the end 

of linear behavior.  Flexural ductility calculated as shown 

in Equation 22 (Celep, 2008). 
 

𝜇 =
∅𝑢(max)

∅𝑦
 (22) 

 

The flexural ductility of the reinforced concrete column 

subjected to corrosion effect obtained because of 

nonlinear analysis and section analysis shown in Table 5. 

3.2.2. Plastic joint yield rotation and plastic 

rotational capacity 

As the reinforced concrete column element translated 

under the effect of the applied lateral load, the 

displacements increase at the sections where the 

moment is the largest at the base of the column. In 

particular, the displacements, which are zero at the place 

where the column supported on the foundation, increase 

smoothly until the plastic hinge occurs, while a sudden 

increase in curvature occurs in the plastic hinge region. 

Plastic joint yield rotation (𝜃𝑦) determined according to 

the stacked plastic behaviour model of the reinforced 

concrete column element is calculated as given in 

Equation 23 and plastic rotation capacity (𝜃𝑃) is 

calculated as given in Equation 24, Equation 25 and 

Equation 26. 
 

θy =
∅yLs

3
+ 0.0015η (1 + 1.5

h

Ls
) +

∅ydbfye

8√fce
 (23) 

 

θP
(GÖ)

=
2

3
[(∅u − ∅y)Lp (1 − 0.5

Lp

Ls
) + 4.5∅udb] (24) 

 

θP
(KH)

= 0.75θP
(GÖ)

 (25) 
 

θP
(SH)

= 0 (26) 
 

Where ∅𝑦  the effective is yield curvature and ∅𝑢 is the 

total curvature before collapse. For beam and column 

elements, 𝜂 = 1 taken and h is the height of the section. 

𝑓𝑐𝑒 and 𝑓𝑦𝑒 are the average (expected) compressive 

strength of concrete and average yield strength of 

reinforcement, respectively. 𝑑𝑏 is the average diameter of 

the reinforcing steel clamped to the support, while 𝐿𝑠 is 

the shear span.  

It assumed that the curvature in the plastic joint regions 

where linear inelastic deformations are concentrated in 

the reinforced concrete column subjected to corrosion 

effect increases abruptly. 𝐿𝑝, which expresses the length 

of the plastic joint region where the curvature increases 

rapidly, calculated as given in Equation 27. 
 

Lp = 0.5h (27) 
 

Table 6 shows the plastic rotation capacities and plastic 

joint yield rotations of the reinforced concrete column for 

different corrosion scenarios in the nonlinear analysis 

and Table 7 shows the plastic rotation capacities and 

plastic joint yield rotations for Limited Damage (LD), 

Controlled Damage (CD) and Collapse Prevention (CP) 

performance levels in the section analysis. 

 

Table 4. Lateral load and bending moment capacity losses 

Scenario number Lateral load (kN) Bending moment (kNm) 

FEM FEM SC 

Scenario -1 0.000 0.000 0.000 

Scenario -2 20.99 18.95 15.79 

Scenario -3 28.20 27.08 22.73 

Scenario -4 87.96 87.37 86.05 

Scenario -5 77.83 77.43 57.79 

 

Table 5. Flexural ductility 

Scenario 

number 
Yield curvature 

(∅𝒚) 

Maximum curvature 

(∅𝒖(𝐦𝐚𝐱)) 

Flexural ductility 

(𝝁) 

FEM SC FEM SC FEM SC 

Scenario -1 0.0078 0.011 0.060 0.094 7.69 8.55 

Scenario -2 0.0061 0.0093 0.031 0.076 5.08 8.17 

Scenario -3 0.0052 0.0085 0.024 0.073 4.62 8.58 

Scenario -4 0.0021 0.0035 0.0022 0.012 1.05 3.43 

Scenario -5 0.0022 0.0066 0.0023 0.047 1.05 7.12 
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Table 6. Plastic joint yield rotation and plastic rotational capacity (FEM) 

Scenario 

number 

Plastic rotation capacity Plastic joint yield rotation 

𝜃𝑃(𝑆𝐻) 𝜃𝑃(𝐾𝐻) 𝜃𝑃(𝐺Ö) (𝜃𝑦) 

Scenario -1 0 0.01956 0.026079 0.008399 

Scenario -2 0 0.009377 0.012503 0.007422 

Scenario -3 0 0.007089 0.009453 0.006904 

Scenario -4 0 0.000089 0.000119 0.005121 

Scenario -5 0 0.000098 0.000131 0.005178 

 

Table 7. Plastic joint yield rotation and plastic rotation capacity (SC) 

Scenario no Plastic rotation capacity Plastic joint yield rotation 

𝜃𝑃(𝑆𝐻) 𝜃𝑃(𝐾𝐻) 𝜃𝑃(𝐺Ö) (𝜃𝑦) 

Scenario -1 0 0.031056 0.041408 0.010239 

Scenario -2 0 0.024903 0.033204 0.009262 

Scenario -3 0 0.024041 0.032054 0.008802 

Scenario -4 0 0.00318 0.004239 0.005925 

Scenario -5 0 0.015033 0.020044 0.007709 

 

4. Discussion and Conclusion 
In this study, the deformation of a rectangular reinforced 

concrete column subjected to corrosion effect under axial 

and lateral load effects investigated. In the study, the 

finite element model of the reinforced concrete column 

produced using ANSYS software and the nonlinear 

analysis performed. In addition, cross-sectional analysis 

of the reinforced concrete column under the effect of 

corrosion carried out and the deformation state 

compared with nonlinear analysis.  The findings of the 

study draw attention to the losses caused by the 

corrosion effect on the lateral load carrying capacity and 

bending moment carrying capacity of the reinforced 

concrete column. In this context, it thought to be a good 

guide for the readers in determining the effect of 

corrosion on structures. The results obtained because of 

the research explained below. 

 The lateral load and bending moment carrying 

capacities of reinforced concrete structural 

elements vary depending on the duration of the 

corrosion effect and the propagation speed 

parameters. Compared to Scenario-1, where there is 

no corrosion effect, in Scenario-4, where the 

corrosion effect is the most intense, the lateral load 

carrying capacity of the reinforced concrete column 

decreased by approximately 87.96% and the 

bending moment carrying capacity decreased by 

approximately 87.37% in the nonlinear analysis. 

 When the Scenario-2 and Scenario-4 cases where 

the rate of corrosion spread is 𝑖𝑐𝑜𝑟𝑟 = 4 are 

examined, it is determined that the loss in the 

horizontal load and bending moment carrying 

capacity of the reinforced concrete column 

increases by an average of 4.4 times in the nonlinear 

analysis if the corrosion period increases from 20 

years to 50 years. 

 When Scenario-3 and Scenario-4 cases where the 

duration of corrosion is t=50 years, it is determined 

that the loss in the horizontal load and bending 

moment carrying capacity of the reinforced concrete 

column increases by an average of 3.2 times in the 

nonlinear analysis if the corrosion propagation rate 

increases from 0.8 to 4. 

 Ductility of reinforced concrete structural elements 

is of great importance in terms of earthquake 

performance.  In this study, it was determined that 

corrosion effect not only reduces the lateral load 

and bending moment capacity of the reinforced 

concrete column but also negatively affects the 

flexural ductility.  While the flexural ductility ratio 

was 7.69 according to the nonlinear analysis in 

Scenario-1 without corrosion effect, the flexural 

ductility ratio was determined as 1.05 in Scenario-4 

with the highest corrosion effect. When the data 

obtained from the cross-sectional analysis of the 

reinforced concrete column are examined, it is 

determined that the flexural ductility ratio 

decreases significantly when the mass loss in the 

reinforcement increases to 35% and above due to 

the corrosion effect. It was determined that there 

was no significant change in the flexural ductility 

ratio as a result of the section analysis at mass 

losses below 35%.   It is thought that this result is 

due to the fact that the section analysis does not 

consider the cracking behavior of concrete. 

 In the nonlinear analysis of the reinforced concrete 

column, the plastic rotation capacity decreased by 

approximately 99.55 % for CD and CP damage limit 

levels in Scenario-4, where the corrosion effect is 

the highest, compared to Scenario-1, where there is 

no corrosion effect.  In section analysis, this 

reduction was calculated as 89.76% for CD and CP 

damage limit levels in Scenario-4, where the mass 

loss in the reinforcement was more than 35%. 

 In the beyond-linear analysis of the reinforced 

concrete column, it was determined that a loss of 

12% for Scenario-2, 17% for Scenario-3, 17% for 



Black Sea Journal of Engineering and Science 

BSJ Eng Sci / Halit Erdem ÇOLAKOĞLU and Muhammed ÖZTEMEL 421 
 

Scenario-4 and 39% for Scenario-5 occurred in the 

plastic joint yield rotation value compared to 

Scenario-1 without corrosion effect. In the cross-

sectional analysis, it was determined that a loss of 

7% for Scenario-2, 11% for Scenario-3, 41% for 

Scenario-4 and 22% for Scenario-5 occurred in the 

plastic joint yield rotation value compared to 

Scenario-1.  Accordingly, it can be said that similar 

losses occur in the plastic joint yield rotation value 

when the corrosion level is the highest in both 

nonlinear analysis and cross-sectional analysis. 

 The bending moment capacity of the reinforced 

concrete column subjected to corrosion effect 

obtained from the nonlinear analysis was lower 

than the bending moment carrying capacity 

obtained from the cross-sectional analysis. The 

cracking property of the Solid65 element used in the 

finite element modelling under load effect and the 

cracking behavior of concrete are considered as the 

reason for this situation. 
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