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Abstract

Corrosion is a major threat to the early degradation of reinforced concrete (RC) structures. This deterioration leads to a reduction 

in the overall ductility and load-carrying capacity of RC structures. In RC structures, columns play a crucial role as columns take both 

structural and seismic loads. When columns are affected by corrosion and subjected to seismic events simultaneously, columns may 

collapse suddenly. This sudden failure poses risks to human beings as well as the surrounding environment. Hence, evaluating the 

residual capacity of corroded RC columns is essential to implement preventive and rehabilitation measures before a catastrophic 

failure occurs. The objective of the current study was to assess the performance and reliability of existing design guidelines and 

analytical models in estimating the residual lateral load-carrying capacity of corroded RC columns. A dataset containing 157 rectangular 

corroded RC columns was analyzed using various design guidelines and analytical models, and their performances were evaluated 

using performance indices. Among all the design guidelines and analytical models, the EM-3 model (GB 50010–2010 design guideline) 

and the EM-7 model respectively demonstrated superior performance. Moreover, the EM-7 model excelled among all the considered 

design guidelines and analytical models, revealing significant values for various performance indices.
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1 Introduction
Reinforced concrete (RC) is one of the most widespread 
construction materials in modern construction due to its 
higher durability, strength, and adaptability. RC struc-
tures are constructed and formed to satisfy varied archi-
tectural and technical requirements and resist differ-
ent environmental and loading conditions. However, RC 
structures are not invulnerable to deterioration and dam-
age. Chloride-induced and carbonation-induced corrosion 
in reinforcing steel (RS) have emerged as the major causes 
of degradation of these RC structures [1].

The corrosion in RS causes a reduction in the diameter 
and mechanical properties of the steel [2]. Moreover, the 
corrosion product exerts higher pressure on surrounding 
concrete, degrading steel to concrete bond, generating 

cracks, and causing spalling of concrete [3] that affects the 
mechanical strength of concrete and ultimately impacts the 
overall load-carrying capacity (LCC) of the RC structures.

Column in the RC structures is the crucial component that 
takes all the vertical load and lateral seismic load. However, 
the corrosion in columns affects the seismic strength of RC 
structures and may cause the failure of the overall structure 
under seismic events [4]. Several studies have done exper-
imental investigations to evaluate the failure behavior and 
seismic capabilities of corroded reinforced concrete (CRC) 
columns. Lee et al. [5] discovered that the degradation in 
mechanical and physical characteristics of corroded RS and 
degradation in bond strength between RS and concrete were 
the main factors affecting the seismic performance of CRC 
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columns. Rajput et al. [4] reported that the lateral LCC of 
CRC columns was reduced by 55.5% and 27% compared to 
the un-corroded columns, corresponding to 15% and 10% 
corrosion mass loss respectively. Another study by Guo 
et al. [6] examined the cyclic performance of the CRC pier 
and concluded that an increase in the corrosion degree of 
reinforcement reduces the seismic performance of the pier. 
Several studies have shown that the energy dissipation 
capacity, cross-section ductility, ultimate displacement, and 
LCC of the CRC columns under cyclic lateral loading sig-
nificantly diminish with an increase in the corrosion level 
[4, 6–8]. The degree of corrosion and axial load ratio (ALR) 
have a substantial effect on the failure mode and LCC of 
CRC columns [9–11]. Moreover, the failure mode of CRC 
columns under cyclic loads might shift from ductile flexural 
failure to flexural-shear failure or brittle shear failure due 
to reduced strength, ductility, and load-carrying capacity 
caused by corrosion [5, 12]. The combined action of corro-
sion and seismic forces in RC columns makes them more 
vulnerable and may cause damage to human life as well as 
the environment [6]. Therefore, it becomes crucial to assess 
the residual shear capacity (RSC) of CRC columns so that 
preventive maintenance and strengthening work can be done 
before the structure collapses. 

2 Research significance
Presently numerous design guidelines and analytical models 
are available to calculate the shear capacity of RC columns. 
However, there is a difference between the findings of experi-
ments and the results obtained through design guidelines and 
analytical models. Consequently, a thorough analysis of the 
various computed models using a large experiment dataset is 
required. Therefore, the present study evaluated the perfor-
mance of existing design guidelines and analytical models in 
estimating the RSC of CRC columns and suggested the most 
reliable model that can accurately predict the RSC. 

3 Working methodology and experimental dataset
The working methodology of the current study is illus-
trated in Fig. 1, which started with understanding the 
problem and reviewing existing literature to explore the 
analytical models and experimental datasets.

The collected dataset underwent data filtration by exclud-
ing the column specimens that were uncorroded and tested 
without axial load. The final dataset was used to predict the 
RSC of CRC columns through existing design guidelines 
and analytical models. The performance and efficacy of the 
design guidelines and the existing models were evaluated 

through the performance indices and the best model was 
suggested based on the performance results.

3.1 Dataset 
Initially, a dataset containing experimental outcomes of 
RSC of 251 RC columns tested under cyclic lateral load 
and with or without axial compression load was collected 
from the published literature. The collected dataset con-
tained both the corroded and uncorroded column speci-
mens. The final data set was then prepared by considering 
only 157 CRC specimens that were tested under combined 
axial load and cyclic lateral loading [4–35]. Fig. 2 depicts 
the configuration of experimental testing of columns, that 
was adopted by most of the researchers in the literature.

Fig. 2 Testing configuration of column

Fig. 1 Working methodology
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Table 1 represents the statistical properties such as 
range, standard deviation (SD), mean, minimum, and max-
imum values of input parameters such as length of column 
(L), width of column (b), shear span to depth ratio (λ), depth 
of column (D), compressive strength of concrete ( fck ), clear 
cover (c), yield strength of longitudinal reinforcement ( fyl ), 
area of longitudinal reinforcement (Al ), yield strength of 
transverse reinforcement ( fys ), area of transverse reinforce-
ment (As ), spacing between transverse reinforcement (s), 
mass loss of longitudinal reinforcement (ηlm ), mass loss of 
transverse reinforcement (ηsm ), and axial compression load 
(Pa ) to predict the RSC (Pu ), which represents the output 
parameter. It is important to note that the L is the length of 
the column from the foundation stub's top face to the point 
of application of lateral load as illustrated in Fig. 2.

3.2 Evaluation criteria
The performance indices like correlation coefficient (R), 
mean absolute percentage error (MAPE), a20-index, root 
mean square error (RMSE), Nash–Sutcliffe efficiency 
index (NS), and mean absolute error (MAE) were used 
to evaluate the accuracy and performance of the design 
guidelines and analytical models in predicting the RSC of 
CRC columns. The values of a20-index, R, and NS closer 
to 1 indicate the robust positive relationship between the 
predicted values and experimental values, whereas the 
values of RMSE, MAPE, and MAE closer to zero indicate 
the better performance of the model with the least errors 
[36]. The mathematical expressions of these performance 
indices are expressed in Eq. (1) to Eq. (6).
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where N represents the total number of experimental data-
sets collected, m20 is the total number of values derived 
from X/P values that fall between 0.8 and 1.2, Pi and P̅ 
represent the predicted value and mean of all the predicted 
values respectively, Xi and X̅  represent the experimental 
value and mean of all the experimental values respectively.

4 Shear capacity estimation
4.1 Design guidelines and analytical models
The RSC of the CRC columns had been predicted using 
the four design guidelines and four analytical mod-
els published in previous studies. Each design guideline 
and analytical model had given distinct model identity 

Table 1 Statistical properties of input and output parameters

Parameters Symbol Unit Minimum Maximum Range Mean SD

Length of column L mm 455.00 2300.00 1845.00 1218.54 433.04

Shear span-to-depth ratio λ - 1.75 11.00 9.25 4.16 1.60

Width of column b mm 200.00 600.00 400.00 279.87 74.20

Depth of column D mm 200.00 400.00 200.00 276.37 57.86

Compressive strength of concrete fck N/mm2 11.84 56.25 44.41 36.20 11.78

Clear cover c mm 10.00 35.00 25.00 25.04 6.97

Yield strength of longitudinal reinforcement fyl N/mm2 298.00 610.00 312.00 448.70 73.38

Area of longitudinal reinforcement Al mm2 615.75 3926.99 3311.24 1514.54 663.58

Yield strength of transverse reinforcement fys N/mm2 235.00 607.40 372.40 390.14 91.91

Area of transverse reinforcement As mm2 56.55 268.15 211.60 110.61 42.57

Spacing between transverse reinforcement s mm 50.00 300.00 250.00 109.14 49.36

Mass loss of longitudinal reinforcement ηlm % 0.00 67.17 67.17 8.12 8.32

Mass loss of transverse reinforcement ηsm % 0.00 64.47 64.47 10.54 11.24

Axial compression load Pa kN 120.00 1417.60 1297.60 567.07 381.12

Lateral load Pu kN 22.63 513.20 490.58 121.06 109.23
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to aid clarity such as ACI 318–14 [37], FEMA 273 [38], 
GB 50010–2010 [39], ASCE/SEI 41–06 [40], Sezen and 
Moehle [41], Aschheim and Moehle [42], Wang et al. [43], 
and Zhang et al. [44] were named as EM-1, EM-2, EM-3, 
EM-4, EM-4, EM-5, EM-6, and EM-7 respectively.

The analytical model proposed by Sezen and Moehle 
[41], was also used in the ASCE/SEI 41–06 [40]. Therefore, 
these models provided the same model identity. Table 2 
provides detailed information and mathematical expres-
sion of all the design guidelines and analytical models that 
were considered in this study. 

The seismic performance in RC structures greatly 
depends upon the displacement ductility. The displace-
ment ductility is the ratio of ultimate displacement (Δu ) 
to the yield point displacement (Δy ) of the specimen 
[7, 15, 32] as shown in Fig. 3.

Please note that in the above models, the degraded prop-
erties of steel reinforcement were utilized to introduce the 
effect of corrosion while predicting the RSC of CRC col-
umns. The yield strength ( fysc ) and cross-sectional area 

(Asc ) of corroded stirrups were calculated using the equa-
tion proposed by Du et al. [45].

f fysc m ys� �� �1 0 005. � , (7)

A Asc m s� �� �1 0 01. � , (8)

where ηm is the percentage corrosion mass loss of stirrups, 
fys and As are the yield strength and area of stirrups before 
corrosion, respectively.

5 Results and discussions
This section presents and describes the predicted outcomes 
through existing design guidelines and analytical models. 
The predetermined performance indicators discussed in 
Section 2.2 and the coefficient of variation (CoV) value, 
which was derived from the ratio of predicted values to 
experimental values, were used to compare the outcomes 
and performance results of the models. It is significant to 
remember that a CoV value that is closer to zero denotes 
better predicting outcomes and a smaller deviation from 

Table 2 Design guidelines and analytical models

Model References Formulation Remarks

EM-1 ACI 318–14 [37]

EM-2 FEMA 273 [38]
k = 1 (for low ductility demand)

k = 0 (for moderate to high ductility demand)
λo is a coefficient depending on concrete weigh 

EM-3 GB 50010–2010 [39]

EM-4 ASCE/SEI 41–06 [40]; 
Sezen and Moehle [41]

EM-5 Aschheim and Moehle 
[42]

EM-6 Wang et al. [43]

EM-7 Zhang et al. [44]

Vn is the shear capacity of column, N is the axial compression load, n is ALR, Ag is the gross area of column, b is the width of column, f'c is the 
compressive strength of concrete cube, fc is the compressive strength of concrete cylinder, d is the effective depth of column, Ast is the cross-section 
area of stirrups, fys is the yield strength of stirrups, s is the center to center spacing between stirrups, Ls is the shear span, μ is the displacement 
ductility, ft is the tensile strength of concrete, λ is the shear span to depth ratio, βv is the stirrups volumetric ratio.
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the actual values. Fig. 4–6 illustrate a scatter plot com-
paring predicted capacity to experimental capacity, as 
well as error (experimental values – predicted values) 

and performance ratio plots representing the relationship 
between predicted and experimental values. Additionally, 
Fig. 4–6 provide a summary of the dataset's distribution 
across various error and performance ratio ranges, along 
with mean, SD, CoV values, and performance indices for 
all design guidelines and analytical models.

5.1 Results of design guidelines
Fig. 4–6 demonstrate that among all design guidelines, 
the EM-3 model demonstrated the best performance, with 
impressive values of R (0.7730), a20-index (0.3057), NS 
(0.6266), MAE (49.38 kN), RMSE (67.83 kN), MAPE 
(67.02%), and CoV (0.5346). Notably, the EM-3 model exhib-
ited the highest NS and a20-index values, while achieving 
the lowest values for MAE, RMSE, and MAPE. The EM-4 
had the highest R-value of 0.8754, indicating a strong cor-
relation between predicted and experimental values. In con-
trast, the EM-10 model exhibited the lowest R-value of 

Fig. 3 Displacement ductility of specimen

(d) (e) (f)

(a) (b) (c)

Fig. 4 Performance of analytical models and design guidelines (a), (d), scatter plot with performance indices, (b), (e), (h) error plot and, (c), (f), (i) 
performance ratio plot (predicted/experimental values), Fig. 4 (a, b, c) EM-1, Fig. 4 (d, e, f) EM-2
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0.7581, suggesting a significantly inferior predictive capabil-
ity. It's worth noting that the EM-3 model had an R-value of 
11.69% lower and a CoV value of 5.01% higher than the EM-4 

model. Furthermore, when compared to the EM-2 model, 
which demonstrated the poorest overall performance, the 
EM-3 model showed significant improvements. Specifically, 

(d) (e) (f)

(a) (b) (c)

Fig. 5 Performance of analytical models and design guidelines (a), (d), (g) scatter plot with performance indices, (b), (e), (h) error plot and, (c), (f), (i) 
performance ratio plot (predicted/experimental values), Fig. 5 (a, b, c) EM-3, Fig. 5 (d, e, f) EM-4, Fig. 5 (g, h, i) EM-5

(g) (h) (i)
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the EM-3 model had 1.97%, 300.13%, and 722.31% higher R, 
a20-index, and NS values respectively. Additionally, it show-
cased 65.65%, 59.77%, and 65.74% lower MAE, RMSE, and 
MAPE compared to the EM-2 model.

5.2 Results of analytical models
Fig. 4–6 indicate that among all analytical models, the 
EM-7 model demonstrated the best overall performance, 
exhibiting significant values for R (0.8528), a20-index 
(0.3503), NS (0.7044), MAE (42.94 kN), RMSE (59.41 
kN), MAPE (53.81%), and CoV (0.5531). Notably, the 
EM-7 model exhibited the highest a20-index and NS val-
ues, indicating superior efficiency in capturing variability, 
along with the lowest RMSE and MAE values, suggest-
ing fewer prediction errors. However, it had a 2.58% lower 
R-value, 9% higher MAPE value, and 8.66% higher CoV 
than EM-4, EM-6, and EM-4 models respectively.

Fig. 4–6 also highlight that the EM-4 model had the low-
est CoV value of 0.5090 and the highest R-value of 0.8754, 
indicating strong alignment between estimated and exper-
imental values with minimal deviations. Conversely, the 
EM-6 model showed the highest CoV value of 0.5935 and 
the lowest R-value of 0.7339, suggesting a notably inferior 
predictive capability.

Furthermore, the EM-5 model demonstrated the low-
est performance results with poor values of R (0.7730), 
a20-index (0.0828), NS (0.0062), MAE (117.39 kN), 
RMSE (152.49 kN), MAPE (149.73%), and CoV (0.5447). 
Compared to the EM-5 model, the EM-7 model exhibited 
10.32%, 323.07%, and 11261.29% higher R, a20-index, 
and NS values respectively. Additionally, it had 63.42%, 
61.04%, 64.06%, and 1.54% lower MAE, RMSE, MAPE, 
and CoV values respectively.

(d) (e) (f)

(a) (b) (c)

Fig. 6 Performance of analytical models and design guidelines (a), (d), scatter plot with performance indices, (b), (e), (h) error plot and, (c), (f), (i) 
performance ratio plot (predicted/experimental values), Fig. 6 (a, b, c) EM-6, Fig. 6 (d, e, f) EM-7
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5.3 Discussions
Among the design guidelines and analytical models, 
the EM-3 and EM-7 exhibited the best overall perfor-
mance, respectively. Upon comparing these two models, 
it becomes evident that the EM-7 model surpassed the 
EM-3 model. It demonstrated 14.59%, 10.31%, and 12.42% 
higher values for a20-index, R, and NS, while also show-
ing 13.04%, 12.41%, and 19.71% lower values for MAE, 
RMSE, and MAPE, respectively. However, it's important 
to note that the EM-7 model had a slightly higher CoV 
value (0.5531) compared to the EM-3 model (0.5346). 
Despite this small difference, it can be concluded that the 
EM-7 model outperformed all design guidelines and ana-
lytical models based on the overall performance results. 

In the performance ratio plot of Fig. 4–6, when the 
Pred./Exp. values are 1, which means that the predicted 
values match the actual values exactly. Likewise, if the val-
ues are less than 1, it suggests that the results are underes-
timated, whereas values exceeding 1 imply overestimation 
Additionally, in the error plot of Fig. 4–6, an error of zero 
indicate perfect alignment between predicted and actual 
values. Positive errors suggest underestimation, whereas 
negative errors imply overestimation. Notably, Fig. 4–6 
reveal that the EM-2 model exhibit the highest percentage 
of the dataset (96.2%) with negative errors and the lowest 
percentage of the dataset (3.8%) with Pred./Exp. value less 
than one, indicating overestimated results. Conversely, the 
EM-6 model demonstrates the lowest percentage of dataset 
(47.1%) with negative errors and the highest percentage of a 
dataset (53.5%) with Pred./Exp. value less than one.

Furthermore, the output of all the design guidelines and 
analytical models demonstrated that the seismic strength 
of CRC columns decreased significantly with increasing 
the axial load ratio and degree of corrosion. This observed 
phenomenon is consistent with prior investigations 
[16, 23, 33], which have similarly underscored the adverse 
impact of these factors on seismic strength.

6 Conclusions
This study presented and evaluated four design guidelines 
and four analytical models for the residual shear capacity 
prediction of corroded RC columns subjected to both axial 
load and cyclic lateral loading. A dataset comprising 157 
experimental rectangular corroded RC column specimens 
was utilized to assess and compare the reliability and per-
formance of these models based on performance indi-
ces (R, a20-index, NS, RMSE, MAPE, MAE, and CoV). 

The following conclusions were drawn:
• Among all the design guidelines evaluated, the EM-3 

model (GB 50010-2010 [39] design guideline) demon-
strated the best performance, with notable values of 
R (0.7730), a20-index (0.3057), NS (0.6266), MAE 
(49.38 kN), RMSE (67.83 kN), MAPE (67.02%), and 
CoV (0.5346).

• In terms of analytical models, the EM-7 model [44] 
exhibited superior overall performance, with sig-
nificant values of R, NS, a20-index, RMSE, MAE, 
MAPE, and CoV being 0.8528, 0.7044, 0.3503, 
59.41 kN, 42.94 kN, 53.81%, and 0.5531, respectively.

• Compared to the best design guideline (EM-3 model), 
the best analytical model (EM-7 model) displayed R, 
NS, and a20-index values that were 10.31%, 12.42%, 
and 14.59% higher, respectively.

• The EM-7 model also showed lower MAE, RMSE, 
and MAPE values by 13.04%, 12.41%, and 19.71%, 
respectively, compared to the EM-3 model.

• Overall, among all considered analytical models and 
design guidelines, the EM-7 model exhibited the 
best performance, followed by EM-3, EM-4, EM-6, 
EM-1, EM-5, and EM-2 models in descending order 
of effectiveness.

• The EM-7 model showed a slightly (2.58%) lower 
R-value and higher (8.66%) CoV value than the 
EM-4 model.

• The EM-2 model showed the highest percentage of 
dataset (96.2%) with a negative error value, indicat-
ing overestimated predicted results.

This study concluded that, among all the evaluated 
design guidelines and analytical models in predicting the 
residual shear capacity of corroded RC columns, the EM-3 
(GB 50010–2010 [39] design guideline) model and EM-7 
model [44] exhibited the best performances, respectively. 
The superior performance of the EM-3 and EM-7 models 
highlights the potential for practical application in struc-
tural assessment and retrofitting strategies. Furthermore, 
this study provides valuable insights for researchers and 
structural engineers in selecting the most effective model 
for predicting the RSC of CRC columns.

6.1 Limitations
The study predominantly considered only rectangular 
CRC columns, neglecting the different column geometries 
(circular) in the dataset. Additionally, the limited number 
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