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Abstract - One of the frequently seen phenomena is the corrosion of rebar in reinforced cement (RC) elements. Rebar corrosion 

impacts how well RC structures work and ultimately causes the structures to fail. In this paper, the residual flexural capacity of 

RC beams is evaluated by an analytical approach and finite element analysis. Residual bond strength is required for the 

analytical calculation of residual flexural capacity and finite element modelling. Residual bond strength for different levels of 

corrosion is obtained through different bond models available in the literature. A finite element model is also created for 

corroded RC beams with varying levels of corrosion. Residual flexural capacity obtained through the analytical approach and 

finite element approach is validated with the available experimental results. Finite element modelling can be used to forecast the 

remaining strength of corroded RC flexural elements since the results are in good agreement with experimental and analytical 

findings.  
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1. Introduction 
Steel reinforcement corrosion is a major cause of 

deterioration in RC structures, particularly flexural members 

and structures located in coastal/marine environments. 

Rebar's cross-sectional area is decreased as a result of 

corrosion, reduced mechanical properties of rebar (Wang & 

Liu, 2008) and changed bond strength between rebar and 

concrete. The severity of the damage depends on the types of 

corrosion, i.e., pitting or uniform, the extent of corrosion and 

the location of corrosion. Many experimental investigations 

are available in the literature assessing the flexural capacity 

of corroded beams for various corrosion levels. Al-Sulaimani 

et al. (1990) studied the failure of beams with and without 

bond strength failure. Rodriguez et al. (1997) did an 

experimental investigation of corroded RC beams using 

tensile, compressive and shear reinforcement with different 

levels of corrosion. Maaddawy et al. (2005) studied the 

behavior of corroded beams under sustained loading. Smith 

(2007) studied the failure pattern of corroded RC beams under 

sustained loading for a different level of corrosion. Sun et al. 

(2015) investigated the failure mode of corroded RC members 

under repeated loading. Recupero et al. (2018) investigated 

the effect of corrosion on flexural and shear reinforcement. 

Song et al. (2019) investigated the fatigue behavior of 

corroded RC beams. Yalciner et al. (2020) investigated the 

effect of corrosion on the flexural strength of RC beams.  

 

The influence of corrosion on RC structures based on a 

numerical approach has also been reported in the pieces of 

literature; Wang et al., 2008 did a finite element investigation 

of corroded RC beams. Azad et al. (2010) predicted the 

residual flexural capacity of the beam analytically. Kallias et 

al. (2010), Guzman et al., 2012; Jnaid et al., 2016 predicted 

the response of corroded RC beams by finite element 

modelling. Abdelatif et al., 2018 studied the finite element 

response of corroded splice joints. Hawileh et al., 2019 

studied the response of beams with externally bonded (EB) 

fiber-reinforced polymer (FRP) systems. Alabduljabbar et al., 

2020 predicted the flexural model of a corroded RC beam. 

Meet et al., 2021 investigated the nonlinear response of 

corroded RC beams. Peng et al., 2022 predicted the flexural 

behavior of corroded beams using an adaptive neuro fuzzy 

inference system.  

 

The major effect of corrosion which causes loss of 

ultimate capacity of flexural members, is the change in bond 

strength which increases initially for smaller levels of 

corrosion due to the formation of rust whose volume is higher 
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than the volume of steel lost. Once the concrete is cracked up 

to the cover front, the bond strength starts decreasing. 

Several studies have been done on bond deterioration due to 

corrosion and its effect on the ultimate load-carrying capacity 

of corroded RC structures. Stanish et al., 1999; Wei-liang et 

al., 2001 studied the bond behavior of concrete under 

corrosion. Chung et al., 2004; Bhargava et al., 2007 provided 

the prediction model of bond strength for corroded bars. Wu 

& Hao, 2012; Shetty et al. (2016); Elghazy et al., 2018; Bani 

et al. (2019) also studied the bond strength of concrete for 

corroded reinforcement. The researchers have also reported 

that the presence of stirrups in the vicinity of flexural steel 

positively affects the residual bond strength. Also, laboratory 

experiments revealed that flexural members extensively 

attacked by corrosion failed in shear instead of ductile failure 

(Wang et al., 2008). 

 

Since the experimental testing of corroded RC elements 

in the lab is a cumbersome task as the development and 

simulation of different corrosion levels in the reinforcement 

steel bars may not be accurate enough and also to make an 

assessment of the residual flexural capacity of the corroded 

RC elements through experimental investigations are 

expensive and time-consuming approach. Hence, there is a 

need to develop a more convincing and economical analytical 

approach to predict the residual load-carrying capacity of 

corroded RC elements. So that the cost of experimental 

testing, inspection, repair work and maintenance of the 

corrosion-affected RC structures gets minimized. If accurate 

modelling of corroded structures and deterioration of material 

properties is done, then corroded structures' safety and service 

life can be predicted accurately.  

 

In this present study, the residual flexural capacity of 

corroded RC elements is estimated by using an analytical 

method (Wang & Liu, 2008) and a nonlinear finite element 

modelling technique through finite element analysis (FEA) 

based ATENA software. Here different bond models 

available in the literature have been used for predicting the 

affected residual bond strength of corroded RC flexural 

members. Results obtained through FEM modelling and 

analytical study are validated with the available experimental 

data (Rodriguez et al., 1997; Smith, 2007). 

  

2. Analytical Calculation of Residual Flexural 

Capacity of RC Beam 
The method suggested by Wang & Liu (2008) has been 

used to calculate the residual flexural capacity of corroded RC 

beams. The cross-sectional area of steel, modulus of elasticity 

and steel yield strength is calculated as Wang & Liu (2008) 

suggested. Affected bond strength has been calculated as 

suggested by different authors (Bhargava et al., 2007; Stanish 

et al., 1999; Chung et al., 2004; Wang et al., 2008). Residual 

flexural capacity has been calculated for the beams whose 

experimental data are already available in the literature 

(Rodriguez et al., 1997; Smith, 2007).  

 

3. Finite Element Modelling 
Corroded beam has been modelled in FEA-based 

ATENA software to evaluate the flexural capacity of 

corroded beams. Affected parameters such as yield strength, 

modulus of elasticity, the cross-sectional area of 

reinforcement and bond strength are used as input in order to 

simulate the corroded RC beam. Four-point loading is used in 

ATENA to simulate the experimental load application. 

 

3.1. Concrete Modelling 

Modelling of concrete in ATENA 2D is done by selecting 

SBETA material which is one of the available material types 

in the ATENA material library, as shown in Fig.1. After 

selecting SBETA material, uniaxial compressive strength of 

the concrete is given as shown in Fig. 2. Rest of the 

parameters required for nonlinear analysis is calculated by the 

default formula of ATENA, like stress-strain curve of 

concrete as shown in Fig. 3. If experimental values of 

parameters are available then the available value should be 

used. 

Fig. 1 Selection of material in ATENA 
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     Fig. 2 Assigning compressive strength of concrete

 
Fig. 3  Auto-generated stress-strain curve of concrete

3.2. Mechanical Properties of Reinforcement 

Since corrosion reduces the value of yield strength and 

elastic modulus of reinforcements, reduced values should be 

used while modelling. Reduced yield strength of 

reinforcement is given by the following relationship: 

 

𝑓𝑦𝑥 = (1 −
1.24∆𝑤

100
)𝑓𝑦 

 

𝑓𝑦𝑥= Reduced value of yield strength  

𝑓𝑦= yield strength of rebar 

∆𝑤 = percentage loss of mass (%) of rebar  

 

Reduced modulus of elasticity of reinforcement is given by 

following the relationship 

 

𝐸𝑠𝑥  = (1 −
0.75∆𝑤

100
)𝐸𝑠 

 

𝐸𝑠𝑥 = Reduced value of elastic modulus of rebar 

𝐸𝑠  = Initial value of elastic modulus 

∆𝑤 = percentage loss of mass (%) of rebar  

Fig. 4 shows the assignment of yield strength and elastic 

modulus for rebar modelling. 

 

3.3. Cross-sectional Area of Reinforcement 

Reinforcement is modelled by giving the coordinate of 

starting and end point of reinforcement as well as the 

diameter and number of bars (Fig.5 and Fig. 6). As finite 

elements of any particular size and type are generated, 

ATENA changes the reinforcements into truss elements. 

Hence reinforcements are used as truss elements for finite 

element analysis. 

 

To calculate the reduced area, attack penetration depth 

𝑥 to be determined as mentioned earlier. 

𝑥 =
𝑑∆𝑤

400
 

Where x = attack penetration depth,  

d= diameter of rebar,  

∆w = loss of weight of rebar (%). 



Anil Kumar et al. / IJETT, 71(4), 462-473, 2023 

 

465 

 
Fig. 4 Assignment of mechanical property of corroded rebar 

 

 
               Fig. 5 Assignment of rebar end
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Fig. 6 Assignment of number and area of rebar 

3.4. Bond Strength between Concrete and Reinforcement 

Bond strength is to be modelled by using the user-defined 

bond model. To obtain a user-defined bond model CEB FIP 

bond model (Fig. 7) is to be used. The relations used to obtain 

the CEB FIP bond model are shown below. Table 1 shows the 

different parameters used to obtain the bond stress-slip curve. 

To obtain the residual bond strength of the corroded bar bond 

model of Wang & Liu (2008) is used here. 

𝜏𝑏 = 𝜏𝑚𝑎𝑥 (
𝑠

𝑠1

)
𝛼

, 0 ≤ 𝑠 ≤ 𝑠1 

 

𝜏𝑏 = 𝜏𝑚𝑎𝑥               𝑠1 ≤ 𝑠 ≤ 𝑠2 

𝜏𝑏 = 𝜏𝑚𝑎𝑥 − (𝜏𝑚𝑎𝑥 − 𝜏𝑓) (
𝑠 − 𝑠2

𝑠3 − 𝑠2

) , 𝑠2 ≤ 𝑠 ≤ 𝑠3 

𝜏𝑏 = 𝜏𝑓 , 𝑠 ≤ 𝑠3 

 

Where 𝜏𝑏= available bond strength 

             𝑠 = slip  

𝑠1, 𝑠2, 𝑠3 can be obtained from Table 1. 

 
Fig. 7 Bond strength - slip law by CEB-FIP code (Cervenka et al., 2012) 

 

To obtain the user-defined bond model, the changed 

ultimate bond strength τ𝑚𝑎𝑥 h a s  to be used. 

Table 1. Parameters to be used for bond strength-slip relationship (CEB-FIP code) 

Value Unconfined concrete Confined concrete 

 Bond conditions Bond conditions 

 Good All other cases Good All other cases 

S1 0.6 mm 0.6 mm 1.0 mm 

S2 0.6 mm 0.6 mm 3.0 mm 

S3 1.0 mm 2.5 mm Clear rib spacing 

α 0.4 0.4 

𝜏𝑚𝑎𝑥  2.0√𝑓𝑐 1.0√𝑓𝑐 2.5√𝑓𝑐 1.25√𝑓𝑐 

𝜏𝑏 0.15 𝜏𝑚𝑎𝑥 0.40 𝜏𝑚𝑎𝑥 
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Fig. 8 Bond stress vs slip curve 

For the different levels of corrosion, if the maximum 

bond strength at any particular corrosion level is greater than 

the maximum bond strength for zero-level corrosion, then a 

perfect bond model will be used. Clear rib spacing is taken as 

0.6 times the diameter of the uncorroded bar. The bond stress 

vs slip value used in ATENA is shown in Fig. 8. 

 

4. Validation of Experimental data 
Experimental data obtained through pieces of literature 

are used for modelling in ATENA. All the affected parameters 

are modelled as described in the above sections to simulate the 

actual condition of corroded flexural members. Finite element 

analysis is done to validate with experimental available 

residual flexural capacity and results obtained by the 

methodology suggested by Wang & Liu (2008) for calculation 

of residual flexural capacity as described earlier. Experimental 

data used for validation are taken from the experimental study 

of Rodriguez et al. (1997) and Smith’s experiment (2007). Fig. 

9 shows the detailed dimension of the RC beam used by 

Rodriguez et al. (1997). Fig.10 and Fig.11 show the FE model 

of the beams used by Rodriguez et al. (1997) and Smith’s 

experiment (2007). 

Fig. 9 RC beam used by Rodriguez et al (1997)
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Fig. 10 FE model of RC beam used by Rodriguez et al. (1997)

Fig. 11 FE model of RC beam used in Smith’s experiment (2007) 

 

5. Results and Discussion 
Residual moment capacity (by analytical approach, table 

2) obtained using the bond model of Wang & Liu (2008) is 

close to experimental results; hence this bond model is used 

here for Finite element modelling. Types of element used for 

FE modelling is quadriletral type. Force has been applied by 

displacement control method with 0.0002mm / Load step.  

The element size used for the modelling beam used by 

Rodriguez et al. (2007) is taken as 0.038mm, and that for the 

beam used in Smith’s experiment (2007) as 0.044mm. Load 

deflection curve obtained by finite element analysis and 

shown in Fig. 12 and Fig. 13 for beam 112 (Rodriguez et al., 

2007) and 311 (Smith’s experiment, 2007), respectively. 

 

Similarly, load-deflection curves for other beams for a 

different level of corrosion are obtained, and the ultimate load 

for each strength used to calculate the residual flexural 

capacity is calculated using the different bond models. Then 

residual flexural capacity is calculated, as mentioned earlier 

(Wang & Liu, 2008).  Results obtained through FE modelling 

have been compared with experimental results and analytical 

results. 

 

Fig. 12 Load deflection curve for beam 112 (Rodriguez et al., 1997) 
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Table 2. Comparison of residual moment capacity (in kN-m) obtained by different   bond models, ATENA and experiment (Rodriguez et al., 1997) 

The residual flexural capacity of corroded beam obtained by analytical method   (Wang & Liu, 

2008) for different bond model 

ATENA EXP. 

Beam no 

Chung et al 

bond model 

(2004) 

Bhargava et al. pullout 

bond model (2007) 

Bhargava et al. flexural 

bond model (2007) 

Stanish 

et al. bond 

model 

(1999) 

Wang 

and Liu 

(2008) 

112 14.52 14.52 14.52 14.52 14.52 15.65 15.70 

113 5.03 6.71 1.60 8.08 8.07 9.89 10.10 

114 5.55 8.13 2.21 8.44 8.43 10.42 10.50 

115 7.11 9.30 4.54 9.24 9.24 11.42 11.60 

116 3.23 2.32 0.27 0.18 6.24 8.01 8.60 

122 37.55 37.55 37.55 37.55 37.55 40.54 38.30 

123 19.12 27.22 16.51 27.06 26.06 27.75 27.20 

124 16.11 25.65 11.26 25.34 21.17 24.02 20.40 

125 16.57 26.13 12.06 25.96 20.43 24.63 22.90 

126 21.03 27.90 20.22 27.73 27.09 28.38 29.00 

131 37.84 37.84 37.84 37.84 37.84 38.60 36.60 

133 18 27.42 15.7 27.24 24.63 30.68 25.20 

134 19.80 28.03 19.0 27.86 26.54 29.6 25.30 

135 15.94 26.22 12 25.91 18.97 22.30 24.70 

136 15.55 26.25 11.28 26.08 19.55 24.00 21.20 

211 37.36 37.36 37.36 37.36 37.36 34.34 38.40 

213 15.24 25.51 9.76 25.27 19.76 25.62 19.40 

214 12.03 17.96 5.16 23.36 14.45 21.31 20.90 

215 18.10 27.02 14.64 26.80 26.32 28.67 28.20 

216 21.76 27.98 20.98 27.76 26.18 29.12 26.40 

311 38.40 38.40 38.40 38.40 38.40 36.30 38.1 

313 25.40 29.35 25.9 29.21 29.31 32.17 28.20 

314 15.04 24.40 7.88 24.86 24.94 29.80 28.50 

315 14 21.64 6.44 24.14 24.25 27.72 20.20 

316 17.40 26.17 11.65 25.98 26.12 29.88 27.50 

Fig. 13 Load deflection curve for beam 311 (Smith’s experiment, 2007) 
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Fig. 14 Comparison with flexural capacity for beam series 11 

Fig. 15 Comparison with flexural capacity for beam series 13 

Fig. 16 Comparison with flexural capacity for beam series 21 
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Fig. 17 Comparison with flexural capacity for beam series 31 
 

Suppose the residual flexural capacity obtained by 

different bond models using an analytical approach is 

compared. In that case, it is clear that the bond model 

suggested by Chung et al. (2004) and the flexural model of 

Bhargava et al. (2007) underestimate the residual flexural 

capacity. Bond models of Stanish et al. (1999) and the pullout 

model of Bhargava et al. (2007) predict better results than the 

bond model suggested by Chung et al. (2004) and the flexural 

model of Bhargava et al. (2007). However, flexural capacity 

is underestimated for the beam with a higher corrosion level 

(beam 116). This is because these entire bond models, except 

Wang and Liu's model (2008), do not consider the 

contribution of shear reinforcement, which contributes 

mainly to bond strength at higher levels of corrosion. Wang 

and Liu's (2008) model considers the contribution of stirrups 

predicting good results. For beam 214 Wang and    Liu model 

underestimates the capacity, but if we see the experimental 

data of beams 213 and 214, we expect the flexural capacity 

for beam 214 to decrease. It can be said that Wang and Liu's 

model (2008) is the best in comparing all models' results. As 

a result, for bond strength modelling, the Wang and Liu 

model (2008) is used for finite element modelling, and the 

results agree well with the experimental results. 

 

As obtained in the experiment of Rodriguez et al. (1997), 

If residual flexural capacity is calculated for the beam used in 

Smith’s experiment (2007) by analytical approach, we can say 

that the bond models of Chung et al. (2004) and the flexural 

model of Bhargava et al. (2007) still underestimate the results. 

The pullout bond model of Bhargava et al. (2007) and the 

bond model of Stanish et al. (1999) predict somewhat better. 

However, due to not taking the contribution of stirrups, 

they also predict a  lower value at a higher level of corrosion. 

The Wang and Liu model (2008) results predict results closer 

to the experimental results. If moment capacity at zero level 

corrosion and 11.56 % corrosion is compared, then the loss of 

moment capacity is not much. This is due to the fact that 

stirrups are provided at a closer spacing which does not allow 

the bond strength to decrease much more. Hence Wang and 

Liu's model (2008) is used for modelling bond strength in 

ATENA for 2D modelling, and results obtained by finite 

element modelling in ATENA are in good agreement with 

experimental results.

Table 3. Comparison of residual load carrying capacity (kN) obtained by different bond models, ATENA and experiment (Smith’s 

experiment,2007) 

The residual flexural capacity of corroded beam obtained by analytical method    

(Wang & Liu, 2008) for different bond model 

ATENA EXP. 

Beam no 

Chung et al  

bond model 

(2004) 

Bhargava et al.  

pullout bond  

model (2007) 

Bhargava et al.  

flexural bond  

model (2007) 

Stanish 

et al. bond model 

(1999) 

Wang 

and Liu 

(2008) 

BS 01 116.10 116.10 116.10 116.10 116.10 116.10 140.96 

BS 08 114.1 114.1 114.1 114.1 114.1 115.10 117.40 

BS 07 110.35 110.6 110.3 111 110.65 112.02 115.86 

BS 10 79.35 104.75 101.3 105 104.3 105.44 100.81 

BS 09 57.25 100.8 70.75 100.75 100.35 104.76 101.27 

BS 12 39.25 75.85 39.2 93.2 93.8 93.02 96.47 

BS 11 34.5 65.55 30.3 86.75 91.1 90.88 96.08 
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Fig. 18 Comparison with flexural capacity for beam series of BS 

6. Conclusion 
Using FE analysis and analytical approach, different 

bond models are used to obtain corroded members' bond 

strength and residual flexural capacity. Results show that 

corrosion strongly affects flexural members' bond strength 

and flexural capacity. Finite element analysis is also 

performed for corroded members. 

 

Based on the above study following conclusions are 

drawn: 

• Bond strength at higher corrosion levels is mainly due to 

the confinement force provided by the stirrups. Therefore, 

at a higher level of corrosion importance of stirrups is 

increased. 

• The residual bond strength between corroded 

reinforcement and concrete depends on corrosion 

pressure, friction coefficient, and confinement provided to 

the corroded reinforcement by cracked concrete and 

stirrups. 

• The available bond strength between concrete and 

corroded reinforcement can be used to determine the 

residual flexural strength of corroded RC flexural 

members. 

• Residual flexural capacity by Wang and Liu model (2008) 

gives good agreement with analytical results, 

experimental results and results obtained in ATENA.   As 

a result, this model can predict the residual flexural 

capacity of corroded flexural members.
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