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A B S T R A C T   

New codes have recently introduced seismic detailing for new structures. However, there are still older rein-
forced concrete (RC) structures without proper ductile detailing for earthquake resistance in seismic-prone areas. 
These structures are further impacted by the corrosion of their embedded reinforcing bars, which further reduces 
the strength and ductility under axial cyclic loading. This paper summarises the results of an experimental 
investigation performed on low-strength short RC columns, with different confinement configurations, subject to 
varying degrees of corrosion to investigate their structural responses to axial cyclic loading. The experiment was 
conducted on 30 short RC columns (square and circular) with three levels of confinement and steel reinforcement 
corrosion loss ranging from 0% to ~ 30% subjected to cyclic compressive loading. The test results show that 
corrosion and inadequate confinements have a significant negative impact on the structural responses of 
corroded columns.   

1. Introduction 

Reinforced concrete (RC) columns are commonly used to construct 
civil engineering structures. They are affected by factors such as dry and 
wet cycles, freeze–thaw cycles, ageing of the materials, and the corro-
sion of reinforcement steel [1,2]. Among all these factors, steel corrosion 
has been reported to be the most devastating, with chloride-induced 
corrosion the most severe, leading to catastrophic failure and collapse 
of structures [3]. Corrosion exerts pressure on the interface between the 
reinforcement and concrete, leading to cracks and spalling of the cover 
concrete, thereby undermining the RC member’s strength and ductility 
and reducing the structure’s life span and long-term performance [4–6]. 

The corrosion of reinforcement in RC members significantly de-
grades their structural performance. It leads to structures with reduced 
load-carrying capacity, ductility, cracking and spalling of the concrete 
cover resulting in the structures losing their serviceability and structural 
safety [7]. Furthermore, corrosion significantly reduces the confinement 
effectiveness of the transverse reinforcement and the buckling resistance 
of longitudinal reinforcement in RC columns, especially structures in 

severely corrosive environments and subjected to seismic loading [2]. 
Numerous old RC bridges in marine environments and cold regions 

(using de-icing salt) suffer from steel corrosion resulting in the durability 
degradation of such bridges [8,9]. Furthermore, the corrosion of steel in 
bridge columns/piers leads to a reduction in performance degradation, 
such as a reduction of the load-carrying capacity of the columns/piers 
due to mass loss and strength deterioration of steel reinforcements 
[10–13], softening and spalling of the cover concrete [14,15], strength 
deterioration of the core concrete [16,17], and bond strength reduction 
between the steel reinforcements and concrete [9,18]. In addition, these 
bridges are designed with the old structural building codes without 
proper confinement detailing and seismic resistance, making them 
vulnerable to collapse under seismic excitation. 

In recent years, the seismic response of corroded RC bridges in 
moderate-to-high seismic regions has been investigated [8,9,19,20]. The 
RC columns in the marine environment are severely affected by longi-
tudinal and transverse reinforcement corrosion, which significantly 
impacts the hysteretic behaviour, loading capacity, energy dissipation 
and displacement ductility [21,22]. Guo et al. [23] stated that the 
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seismic performance of bridge piers in marine environments and 
earthquake-prone regions showed noticeable damage with an increase 
in the corrosion level on RC bridge columns. Meda et al. [21] performed 
quasi-static tests on two rectangular RC columns. They found that 
corroded columns’ ultimate loading and displacement capacities 
decreased significantly, with a corrosion level of 20%. Ma et al. [24] 
experimentally investigated the seismic behaviour of 13 circular RC 
columns with corrosion damage under axial cyclic loading. The exper-
imental results demonstrated that increasing corrosion decreased the 
loading capacity, stiffness, ductility and energy dissipation capacity. 
However, it was also found that the corroded specimens had almost the 
same energy dissipation capacity at the same displacement excursions 
when the mass loss was less than 14%. 

In the literature, the effects of corrosion on the mechanical properties 
and deterioration of reinforcement have been well studied [25–28]. 
Also, the behaviour of RC beams with corroded reinforcement has also 
been well investigated, particularly their flexural and shear strength 
deteriorations owing to reinforcement corrosion [16,29–32]. 
Conversely, very little research has been done on the experimental 
investigation of the effects of any degradation on the performance of 
low-strength concrete RC columns subjected to seismic loading. How-
ever, several studies have been done on the impact of corrosion on the 
seismic capacity of RC columns that fail in flexure [21,33,34]. In 
contrast, others investigated the effectiveness of strengthening RC col-
umns after axial cyclic loading [5,35,36]. 

There have been several studies to investigate the mechanical 
response of RC columns in seismic region to loading [35,37–39]. Some 
of these studies are on pristine columns subject to the combine effect of 
axial and lateral cyclic load [37,40–42] while others are numerical work 
to predict the mechanical behaviour of corroded bars in RC columns 
[43–45]. These works were able to predict the responses of RC columns 
but due to the complexity involve in the actual occurenece and quan-
tification of corrosion in RC structures there are needs to actually 
conduct experimental tests to compare the mechanical response of RC 
columns in seismic region with the numerical data. 

The previous experimental investigations are mostly on normal and 
high-strength concrete, but there are many old and ageing bridges/ 
structures with low-strength columns/piers and improper confinement 
based on the old design in earthquake-prone regions. The effect of 
corrosion and inadequate confinement on such weak and old columns 
needs to be adequately investigated to understand their response to axial 
cyclic loading. In addition, there is a shortfall in research on the seismic 
performance of ageing RC short columns with low concrete strength 
subject to the combined effect of corrosion and varying confinement 
levels, particularly in investigations on their load-carrying and defor-
mation capacities. 

1.1. Research contribution and novelty 

Cyclic experimental testing constitutes an effective method to pro-
vide insight into the seismic performance of the structural component. 
However, although it is recognised that corrosion-induced damage on 
coastal bridge piers significantly affects the safety of the structures 
during the long-term service period [23], the damage mechanism and 
the mechanical behaviour low-strength concrete are still not well un-
derstood. This paper investigates the effect of corrosion and confine-
ment on the nonlinear cyclic behaviour of ageing low-strength RC 
columns. 

Corrosion of reinforcement significantly affects the nonlinear 
response of bridge piers/columns subject to seismic and axial loadings, 
where the buckling of vertical bars in plastic hinge regions is the gov-
erning parameter. It is well known that bending moment combined with 
axial compression force will induce considerable strain on the edge of a 
section, and large tensile strains followed by high compression will bring 
the reinforcing bars to buckle and the concrete to crush or spall [46]. 
Reinforcement buckling inside RC structures is a more complex phe-
nomenon than buckling of bare reinforcing bars. Recent studies have 
shown that multiple local parameters influence the buckling response of 
reinforcing bars inside RC structures compared to a plain reinforcing bar 
[47–49]. The buckling response of bars inside RC members primarily 

Table 1 
Experimental test matrix of the RC columns.  

Circular columns Square columns 

Specimen label Confinement level Targeted corrosion (%) Specimen label Confinement level Targeted corrosion (%) 

C5A0 5 0 S5A0 5 0 
C5A5 5 5 S5A5 5 5 
C5A10 5 10 S5A10 5 10 
C5A20 5 20 S5A20 5 20 
C5A30 5 30 S5A30 5 30 
C8A0 8 0 S8A0 8 0 
C8A5 8 5 S8A5 8 5 
C8A10 8 10 S8A10 8 10 
C8A20 8 20 S8A20 8 20 
C8A30 8 30 S8A30 8 30 
C13A0 13 0 S13A0 13 0 
C13A5 13 5 S13A5 13 5 
C13A10 13 10 S13A10 13 10 
C13A20 13 20 S13A20 13 20 
C13A30 13 30 S13A30 13 30  

Table 2 
Reinforcements details for the circular columns.  

Column type Longitudinal reinforcement Transverse reinforcement 

Diameter (mm) Number in column Reinforcement ratio (%) Diameter (mm) Spacing (mm) Volumetric ratio (%) 

High confined (L/D = 5) 10 5  5.1 6 50  2.28 
Medium confined (L/D = 8) 10 5  5.1 6 80  1.43 
Low confined (L/D = 13) 10 5  5.1 6 133.33  0.86 
High confined (L/D = 5) 10 4  3.21 6 50  1.18 
Medium confined (L/D = 8) 10 4  3.21 6 80  0.74 
Low confined (L/D = 13) 10 4  3.21 6 133.33  0.44  
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depends on the resistance offered by the cover concrete and transverse 
reinforcement to bars against buckling. 

While several studies have been dedicated to investigating the 

structural vulnerability of corrosion-damaged RC members, there is 
significant paucity in the literature on the influence of corrosion dam-
age, confinement levels and cross-sectional shape on the seismic 

Fig. 1. RC columns details; (a) Elevetion (b) Cross sections (b) High confined (L/D = 5) reinforcement cages (c) Medium confined (L/D = 8) reinforcement cages (d) 
Low confined (L/D = 13) reinforcement cages. 

Fig. 2. Mass concrete behaviour (a) stress–strain response (b) observed failure after test.  
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behaviour of ageing RC bridge columns/piers. Several numerical and 
analytical models have investigated the effects of corrosion and trans-
verse reinforcement confinements on seismic performance and failure 
modes of RC members with normal strength concrete [47,48,50,51]. 

However, they have not investigated ageing RC members with low- 
strength concrete. Therefore, there is a need for experimental investi-
gation of the nonlinear cyclic response of corroded low-strength RC 
columns with various confinement ratios under cyclic compressive 
loading. 

Axial cyclic behaviour of short columns is important in developing 
uniaxial constitutive models for corrosion damaged concrete (with 
various confinement), which can be used in modelling nonlinear seismic 
behaviour of corroded structures. Hence, the present study investigates, 
for the first time, the nonlinear behaviour of low-strength circular and 
square RC columns under simultaneous reinforcement corrosion, 
confinement configurations and cyclic compressive load. Five different 
degrees of reinforcement corrosion (i.e., 0%, 5%, 10%, 20% and 30%) 
with three confinement ratios based on the spacing of the transverse 
reinforcements are investigated under cyclic compressive load. The 
confinement ratios are assigned through the centre-to-centre spacing of 
the transverse reinforcement (L) and the diameter of the longitudinal 
reinforcement (D), known as the spacing-diameter, L/D ratio. Hence for 

Fig. 3. Tensile test of rebars (a) experimental setup (b) observed failure of 10 mm bars.  

Fig. 4. Stress–strain behaviour of reinforcement bars (a) longitudinal (b) transverse.  

Table 3 
Mechanical properties of the uncorroded transverse and longitudinal bars.  

Reinforcement type 10 mm 6 mm 

Yield Strength, f y (MPa)  551.68  531.82 
Ultimate strength, f u (MPa)  630.11  603.05 
Modulus of Elasticity, E (GPa)  196.73  185.23 
Yield Strain,εy = f y/E  0.00280  0.00287 
Ultimate strain,εu  0.06349  0.03356 
Strain ratio, (εu/εy) 22.67  11.69 
Strength ratio,fu/f y) 1.142  1.134 
Total elongation at maximum force, (%)  6.35  3.36 
Total elongation at failure, λf (%)  8.49  4.16 
Unit mass, m (kg/m)  0.624  0.224  
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the test, the three confinement ratios are: high (L/D = 5), medium (L/D 
= 8) and low (L/D = 13). The accelerated corrosion technique obtained 
different degrees of reinforcement corrosion. The failure modes of the 
RC columns, the load-deformation responses of RC columns and the 
inelastic buckling of the longitudinal reinforcements were analysed. 

2. Experimental campaign 

2.1. Specimen preparation and material characterisation 

Thirty circular and square RC columns were cast and reinforced with 
British standard B500B ribbed thread steel bars. The configurations for 
the experimental test samples are presented in Table 1. The square 
samples have a 125 × 125 × 600 mm dimension incorporating 4 No. 10 
mm diameter longitudinal bars, while the circular samples (125 mm 
diameter and 600 mm long) have 5 No. 10 mm longitudinal bars 
(Table 2). The RC columns are designed with three different confine-
ment; high (L/D = 5), medium (L/D = 8) and low (L/D = 13) in the 
middle 400 mm zone, while the top and bottom (100 mm) ends have 
closely spaced (25 mm) transverse bars (Fig. 1(a-e)). The higher the 

spacing-diameter ratio (L/D), the lesser the RC columns’ confinement 
effectiveness and load-carrying capacity. Furthermore, each column has 
different corrosion levels designated as 0%, 5%, 10%, 20% and 30% 
(Table 1). The 100 mm ends of the columns were wrapped with layers of 
epoxy-resin-soaked glass fibre-reinforced polymer (GFRP), using the wet 
layup technique to minimise the stress concentration at the ends of the 
columns and ensure that the failure occurs at the RC columns’ middle 
zone. 

The concrete mix was designed as low-strength concrete, repre-
senting ageing columns with an estimated mean compressive strength of 
20 MPa and a maximum aggregate size of 10 mm. All the columns were 
cast with a 10 mm nominal concrete cover. Concrete samples with the 
same configuration as the square and circular columns were collected 
during the casting to determine the actual compressive strength of the 
concrete. The compressive strength test was done at the Testing and 
Structures Research Laboratory (TSRL), University of Southampton 
using the servo-hydraulic 630 kN Instron Schenk machine. The concrete 
columns were tested using the axial cyclic loading protocol with 
displacement control at a constant loading rate of 0.1 mm/sec until 
failure. Fig. 2(a) shows the stress–strain response of the unreinforced 

Fig. 5. Accelerated corrosion procedure; (a) Schematic setup drawing, (b), (c) and (d) laboratory setup and corroded columns after completion of corrosion, and (e- 
h) corroded rebars after cleaning. 
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Fig. 6. Cyclic compressive loading protocol.  

Fig. 7. Experimental test setup (a) laboratory setup; (b) schematic of the LVDT connection; (c) Image of the LVDT connections to the RC samples and (d) RC sample 
with speckles for DIC processing. 
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concrete samples with the square samples (S1, S2 and S3) having an 
average compressive strength 13.8 MPa while the circular sample (C1) 
has 12.6 MPa. Furthermore, the mass concretes columns show similar 
failure patterns having diagonal cracks at the middle of the column 
(Fig. 2(b)). 

Tensile tests were conducted on samples of 10 mm, and 6 mm rebars 
using the servo-hydraulic (Instron 8032) test machine with 100kN ca-
pacity and ± 50 mm travel to determine the mechanical properties. 
Three reinforcement samples were selected for the tensile tests accord-
ing to BS EN 10080:2005[52]and BS 4449:2005 + A3:2016[53]. In 
addition, the rebars were subjected to different loading rates before and 
after the yielding as specified in BS EN ISO 6892–1:2019[54]. The 
corresponding strain resulting from the loading was measured with a 50 

mm dynamic extensometer (±5mm maximum stroke) attached to the 
rebar. Fig. 3(a) shows the experimental setup of the tensile test, while 
Fig. 3b shows the failed rebar after the test. 

The stress–strain response of the rebars is shown in Fig. 4, while the 
summary of the mechanical properties is shown in Table 3. The average 
yield, ultimate strengths, and strain values obtained conform to the 
values specified for B500B rebars [53]. Also, the variation in unit mass 
from the code specification for the rebars is 0.9% and 1.13% for the 6 
mm and 10 mm bars, respectively and are considered insignificant[55]. 

2.2. Accelerated corrosion simulation 

Reinforcement corrosion is commonly obtained by two methods, i.e. 
natural corrosion and electrochemical corrosion [56]. The natural 
corrosion of reinforcing bars in the laboratory will last too long 
(continuously for several years or longer), which is impractical for a 
laboratory with limited space [57]. Therefore, electrochemical corro-
sion with an appropriate and constantly direct current is applied for 
accelerating laboratory testing and has been proved to have a similar 
result as natural corrosion [56,58,59]. The constant external current 
method has been used by several researchers to successfully induce the 
accelerated corrosion of reinforcing bars in RC samples [4,24,55,60]. 

The corrosion of the RC columns was accelerated in the laboratory by 
submerging them in a 10% sodium chloride solution and passing direct 
current through it using the DC power supply. The positive node of the 
power supply is connected to the reinforcement cage, while the negative 
node is connected to the stainless steel sheet wrapped around the sub-
merged RC column (Fig. 5(a - d)). The DC power supply was adjusted to 

Table 4 
DIC processing parameters.  

Technique used 3D (Stereo) DIC 

Camera name Imager E-lite 5 M 
Focal length 28.4621 mm 
RMS of fit 0.303396 pixel 
Size of dewarped image 1961 × 2479 pixel 
Subset 53 
Step 17 
Correlation criterion ZNSSD 
Shape function Quadratic 
Interpolation function Bicubic splines 
Strain  
Smoothing method Polynomial - Bilinear 
Resolution 3.45 mm 
Calculation mode accurate  

Table 5 
Accelerated corrosion parameters for circular RC columns.  

Specimen 
No. 

Corrosion current density 
(mA/cm2) 

Corrosion duration 
(days) 

Estimated mass loss (Eq.  
(3) (%) 

Measured mass loss of longitudinal 
bars (Eq. (4) (%) 

Measured mass loss of transverse 
bars (Eq. (4) (%) 

C5A0 0 0 0 0 0 
C5A5 1.00 3.0 5 4.4 11.2 
C5A10 1.00 6.0 10 5.2 21.1 
C5A20 1.00 12.1 20 14.4 37.9 
C5A30 1.00 18.1 30 19.1 54.0 
C8A0 0 0 0 0 0 
C8A5 1.16 2.7 5 6.5 13.2 
C8A10 1.16 5.4 10 9.8 23.5 
C8A20 1.16 10.8 20 12.4 46.0 
C8A30 1.16 16.2 30 26.3 51.4 
C13A0 0 0 0 0 0 
C13A5 1.28 2.5 5 9.3 15.5 
C13A10 1.28 5.0 10 11.1 20.4 
C13A20 1.28 10.0 20 18.5 36.0 
C13A30 1.28 15.0 30 23.7 50.7  

Table 6 
Accelerated corrosion parameters for square RC columns.  

Specimen 
No. 

Corrosion current density 
(mA/cm2) 

Corrosion duration 
(days) 

Estimated mass loss (Eq.  
(3) (%) 

Measured mass loss of longitudinal 
bars (Eq. (4) (%) 

Measured mass loss of transverse 
bars (Eq. (4) (%) 

S5A0 0 0 0 0 0 
S5A5 0.99 2.9 5 4.3 13.0 
S5A10 0.99 5.8 10 5.7 17.0 
S5A20 0.99 11.7 20 12.1 36.4 
S5A30 0.99 17.5 30 15.9 49.2 
S8A0 0 0 0 0 0 
S8A5 1.17 2.6 5 5.7 17.0 
S8A10 1.17 5.1 10 8.8 18.0 
S8A20 1.17 10.2 20 12.5 34.0 
S8A30 1.17 15.3 30 14.2 39.1 
S13A5 0 0 0 0 0 
S13A5 1.33 2.3 5 5.9 11.3 
S13A10 1.33 4.6 10 10.2 21.1 
S13A20 1.33 9.3 20 16.8 28.7 
S13A30 1.33 13.9 30 24.4 48.5  
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supply a constant current of 2Amp for the corrosion of the rebars. The 
duration for the expected mass loss was estimated using Faraday’s 2nd 
law of electrolysis [55] as follows: 

ml =

(
M
Z

)(
Q
F

)

(1)  

where ml is the estimated mass loss (g), M is the molar mass of the iron 
(56 g/mol), Z is the ionic charge for iron (valence electron transferred 

per ion = 2), and F is the Faraday’s constant (96500C/mol). Q is the total 
electric charge passed through the element and is calculated from Eq. (2) 
as: 

Q =

∫T

0

Idt = IT (2)  

where I is the magnitude of the applied current (Ampere, A), T is the 

Fig. 8. Axial cyclic stress–strain response of circular columns; L/D = 5 (a-d), L/D = 8 (e-h) and L/D = 13 (i-l).  
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estimated time to achieve the desired corrosion (s). Combining equa-
tions (1) and (2) gives the estimated mass loss as: 

ml =
MIT
ZF

(3)  

Equation (3) gives an approximate estimate of the expected corrosion 
mass loss, primarily different from the actual corrosion mass loss ob-
tained after the corrosion process. Hence, the corroded bars are removed 
from the RC columns after testing and cleaning to determine the exact 
mass loss resulting from the corrosion of the sample. First, the rebars 
were cleaned by soaking them in vinegar and afterwards using a wire 
brush to remove the surface’s concrete and rust particles per ASTM G1- 
03 [61]. This brushing and cleaning procedure was also applied to the 
uncorroded specimen, and the effect of brushing is negligible on the 
mass loss of the base materials [55,62,63]. The actual mass loss due to 
corrosion is afterwards determined by weighing the rebars and is esti-
mated from Equation (3): 

γ =
m0 − m

m
× 100 (4)  

where m0, gives the mass per unit length of the uncorroded rebar, and m, 
is the mass per unit length of the rebar after cleaning. This equation 
provides an average corrosion loss (mass loss) along the length of the 
rebar. 

2.3. Axial cyclic loading protocol and instrumentation 

The RC columns were tested under axial compressive axial cyclic 
loading. The loading protocol was set to have 20 cycles with ten 
different mean strains, each strain peak repeating twice, as shown in 
Fig. 6. The mean strain was estimated from the displacement values of a 
similar experimental test done on corroded RC under monotonic 
loading. The load was applied using the displacement control condition 
using the servo-hydraulic Instron Schenck 630 kN testing machine 
within TSRL. The first five lower strain peaks were applied at 0.1 mm/ 
sec loading rate while the remaining strain peaks were at 0.15 mm/sec. 
The axial cyclic loading protocol was setup using the Instron Wave-
matrics software [64]. The RC columns were tested under axial cyclic 
compressive load using the displacement control with a lower loading 
rate for the first ten cycles while the remaining cycles were at a slightly 
higher rate. Also, the test was conducted under complete axial cyclic 
compression loading, with each loading cycle repeated twice without 
going into the tension loading zone. The servo-hydraulic machine used 
an internal Linear Variable Differential Transformer (LVDT) that mea-
sures the displacement of the actuator during loading. In contrast, a load 
cell measures the corresponding load resulting from the applied 
displacement. The setup of the experiment is presented in Fig. 7(a). 

The displacement at the middle 400 mm zone of the RC columns is 
measured with the LVDTs fixed to the edge of the Glass fibre-reinforced 

Fig. 9. Observed failure modes of circular columns with the different corrosion levels and confinement ratios; L/D = 5 (a - e), L/D = 8 (f - j) and L/D = 13 (k - o).  

H.O. Aminulai et al.                                                                                                                                                                                                                            



Engineering Structures 289 (2023) 116245

10

polymers (GFRP) strengthened ends and the stereo 3D Digital Image 
Correlation (DIC). The two LVDTs with 50 mm strokes were fixed such 
that they touch the angle irons fixed to the edge of the Glass fibre- 
reinforced polymers (GFRP) strengthened ends of the RC columns 
(Fig. 7(b) and 7(c)). This ensures that the LVDTs measure the axial de-
formations in the middle 400 mm section of the columns, which are 
recorded via a multichannel data acquisition unit (Strainsmart 8000). 

A digital image correlation (DIC) is a non-destructive non-contact 
full-field optical measurement technique capable of capturing digital 
images of the surface of an object to obtain the in-plane strains and out- 
of-plane deformations in its 2D and 3D configurations. The DIC was used 
simultaneously with the LVDTs to capture the crack propagation and 
deformations at the 400 mm middle section of the RC columns under 
compressive load. The video imaging is performed using LaVision’s 
Davis imaging software involving two cameras (Imager E-Lite 5 M) fitted 
with Nikon AF Nikkor 28 mm f/2.8D (28 mm focal length and 2.8 
maximum aperture) lenses (Fig. 7(a)). The cameras were calibrated to 
capture the RC column’s out-of-plane and vertical displacements during 
loading using the dots marked on the columns (Fig. 7(d)). The images 
recorded are further processed using LaVision’s Davis 10 software to see 
the strain distribution resulting from the applied loading. The parame-
ters used in the DIC image acquisition and processing are presented in 
Table 4. 

3. Experimental results and discussion 

3.1. Calculation of corrosion and mass loss ratio 

The actual mass losses resulting from the corrosion of the re-
inforcements are estimated using Eq. (4) and are illustrated in Tables 5 
and 6 for the circular and square columns, respectively. The results 
indicate that the stirrups rebars had more severe corrosion than the 
longitudinal bar under the same constant current and duration [38]. 

This mass loss results from the closeness of the transverse bars to the 
surface of the concrete, leading to a possibly higher concentration of 
chloride ions and an early start to the corrosion [65]. Furthermore, the 
diameter of the longitudinal rebar (10 mm) was greater than that of the 
stirrups (6 mm). In this regard, the mass loss ratio of transverse stirrups 
with smaller diameters was higher than that of the longitudinal rebar, 
according to Faraday’s second law of electrolysis [55]. 

General and uniform corrosion is obtained by applying low current at 
a shorter duration, as applying low current at a more prolonged duration 
results in localised corrosion. Furthermore, using a higher current at a 
shorter duration also results in localised and pitting corrosion [66]. In 
this work, a constant current of 2A was used to accelerate the corrosion 
of the RC columns. This results in corrosion current densities and esti-
mated mass losses in Tables 3 and 4, with the square columns having 
higher corrosion densities in the sparsely confined columns than the 
circular columns with similar configurations. Furthermore, the applied 
current density is close to the 1 mA/cm2 recommended by Nguyen and 
Lambert [66] for the laboratory simulation of corrosion of steel 
embedded in concrete. 

3.2. Axial cyclic testing of circular columns 

The stress–strain responses of the circular columns to the applied 
axial compressive load are presented in Fig. 8 (a-l). These stress–strain 
responses were plotted from the LVDTs data since it shows the defor-
mation of the 400 mm middle zone section rather than the readings from 
the machine load cell that captures the deformation of the whole column 
under loading. The cyclic responses of the corroded columns under 
loading were compared with the corresponding behaviour of the non- 
corroded columns in each confinement configuration. 

The RC column samples all have similar stress–strain responses 
under axial cyclic load. The deformation started with minor vertical 
cracks, which subsequently enlarged with further loading, leading to 

Fig. 10. Processed DIC images of circular column (a) stress–strain response showing location of processed images (b) at yield stress, (c) at ultimate stress and (d) 
between ultimate stress and collapse. 
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spalling of the concrete cover as the longitudinal bars buckled due to 
lateral expansion of the RC columns. The observed cyclic responses of 
the RC columns are similar at the elastic range until yield and afterwards 
becomes nonlinear beyond the peak stress due to the corrosion and 
confinements of the rebars. 

The hysteretic curve of the corroded columns within each confine-
ment’s configuration was compared with the non-corroded ones. It 
showed a gradual decrease in the strength, stiffness and ductility of the 

columns as the corrosion loss increased. The corrosion of longitudinal 
and transverse bars reduces the column’s ultimate strength and load- 
carrying capacity. Consequently, columns with very close mass loss in 
the highly confined (L/D = 5) columns have their maximum strengths 
relative to each other, especially at low corrosion between 5% and 10% 
(Fig. 8(a - d)). For example, the strength loss between the highly 
confined (uncorroded and corroded) columns was reduced by 13%, 
22%, 26%, and 37% for the 5%, 10%, 20% and 30% estimated mass loss, 

Fig. 11. Axial cyclic stress–strain response of square columns; L/D = 5 (a-d), L/D = 8 (e-h) and L/D = 13 (i-l).  
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respectively. This trend is also observed in the medium (L/D = 8) with a 
strength reduction range between 5% and 50% (Fig. 8(e - h)) and low 
confined (L/D = 13) columns having between 10% and 48% reduction 
(Fig. 8(i - l)). 

The applied cyclic compressive load results in the premature failure 
of some of the highly confined columns resulting from the GFRP failure 
at the top/bottom of the column (Fig. 9(a-d)). Furthermore, the applied 
load led to concrete cover spalling and hence buckling of the longitu-
dinal bars and, in some cases, fracture of the transverse bar (Fig. 9(e, h 
and j)) in some columns. The longitudinal bars buckled mostly at the 
expected middle 400 mm zone, with some columns having shear buck-
ling due to inadequate confinement (Fig. 9(k and o)), loss of confine-
ment resulting from pitting corrosion (Fig. 9(j)), and the transverse bars’ 
fracture (Fig. 9(h and i)). 

The DIC tracks the RC columns’ strain response and cracks damage to 
the applied compressive load. Fig. 10(a) shows the stress–strain response 
of one of the circular columns and the locations of the processed images 
(at yield stress, ultimate stress and beyond the ultimate stress). The 
processed images within the column’s middle zone section showed the 
column’s strain contour with the cracks, spalling of the cover concrete, 
and the buckling of the reinforcement captured. Fig. 10(b - d) are the 
Von Mises strain processed from the captured images during loading. 
These values correspond to the strain estimated from the LVDTs at yield 
stress, ultimate stress and beyond the ultimate stress. 

The DIC image process showed that it could not adequately capture 

the crack propagation on the circular columns during testing due to the 
curvature of the column especially at lower load (Fig. 10(b)). 

3.3. Axial cyclic testing of square columns 

Similar to the circular columns, the stress–strain relationship showed 
identical behaviour within the elastic region in all the columns until the 
yield stress, beyond which the confinement configurations and increase 
in the corrosion degree resulted in a subsequent decrease in the load- 
carrying capacities. The stress–strain responses of the columns to the 
applied axial compressive load are presented in Fig. 11 (a-l). The cyclic 
responses of the corroded columns were compared with the corre-
sponding behaviour of the non-corroded columns in each confinement 
configuration. The columns all have similar stress–strain responses 
under axial cyclic load. The deformation started with minor vertical 
cracks, which subsequently enlarged with further loading, leading to 
spalling of the concrete cover and, eventually, the buckling of the lon-
gitudinal bars. 

The hysteretic curve of the corroded columns within each confine-
ment’s configuration was compared with the non-corroded ones. It 
showed a gradual decrease in the strength, stiffness and ductility of the 
columns as the corrosion loss increased. The strength of the RC columns 
decreased due to the combined effects of buckling the longitudinal bars 
and crushing the concrete. The corrosion of both longitudinal and 
transverse bars reduces the column’s ultimate strength and load- 

Fig. 12. Observed failure modes of square columns with different corrosion levels and confinement ratios; L/D = 5 (a - e), L/D = 8 (f - j) and L/D = 13 (k - o).  

H.O. Aminulai et al.                                                                                                                                                                                                                            



Engineering Structures 289 (2023) 116245

13

carrying capacity. Consequently, columns with very close mass loss in all 
the confinement configurations have their maximum strengths relative 
to each other, especially at low corrosion between 5% and 10% (Fig. 11 
(a - l). The strength reduction from corrosion in the highly confined 
columns was 13%, 18%, 25%, and 31% for the 5%, 10%, 20% and 30% 
estimated mass loss, respectively. This trend is also observed in the 
mediumly confined columns (L/D = 8) with a strength reduction range 
between 7% and 23% (Fig. 11(e - h)) and low-confined columns (L/D =
13) having between 4% and 29% reduction (Fig. 11(i - l)). 

Similar to the circular columns, the applied axial cyclic load results 
in the concrete cover’s spalling (Fig. 12(b)), transverse bars fracture 
(Fig. 12(d and j)) and longitudinal bars buckling (Fig. 12(a, m, n and o)). 
Also, some of the non-corroded columns (0% corrosion) have failure of 
the strengthening GFRP at the top/bottom of the column (Fig. 12(c, f, g 
and i)), leading to stress concentration and premature failure of the ends 
of the columns. The failure of the GFRPs occurs due to the sharp edges of 
the square columns. 

Fig. 13(a) shows the stress–strain response of one of the low, 
confined square RC columns with an estimated 20% corrosion mass loss. 
Fig. 13(b - d) are the processed images from the DIC at different loca-
tions during the compression testing on the column. The processed DIC 
images within the middle zone section of the column show the images 
with and without the strain contour on the column with the crack 
propagation, spalling of the cover concrete, and the reinforcement’s 
buckling. Fig. 13(d) further shows the buckled longitudinal bars at the 
end of the test after removal and cleaning. 

3.4. Impact of corrosion on cumulative energy dissipation capacity 

Experimental studies on the cyclic behaviour of corroded beams and 
columns [8,24,67] showed that buckling and/or fracture of corroded 
bars significantly affects the global response and plastic rotation ca-
pacity and plastic hinging mechanisms of the corroded RC elements. 
Consequently, in the seismic assessment and evaluation of existing 
corroded structures, consideration needs to be given to the buckling of 

the rebars, even if the structure is designed initially to have sufficient 
confinement reinforcement. 

The plots of the normalised accumulated hysteretic energy versus the 
number of cycles are presented in Fig. 14. The cumulative energy 
dissipated of each test specimen at each loading cycle is normalised 
against their corresponding total cumulative energy dissipated at fail-
ure. Fig. 14(a-c) shows the Influence of corrosion on the accumulated 
energy dissipation of circular RC columns with different confinement 
configurations. In contrast, Fig. 14(d-f) shows the impact of corrosion on 
the accumulated energy dissipation of square RC columns. The plots 
showed similar behaviour for all the columns with very low energy 
dissipated at the smaller cycles and a steep increase in the dissipated 
energy after the 10th cycle. The steep increase in the dissipated energy is 
more significant at high corrosion and low confinement in both the 
circular and square columns though the circular coumns have better 
energy dissipated. It should be noted that extensive corrosion lead to a 
large reduction in the energy dissipated by a column as such the highly 
corroded columns are more likely to have brittle failure than the 
uncorrodd columns [39]. 

3.5. Impact of corrosion on buckling of vertical reinforcement 

Corrosion generally reduces the cross-sectional area of the bars 
available to sustain the applied load [68]. This reduction becomes more 
severe in bars with pitting corrosion, resulting in localised reduction in 
the cross-sectional areas of the bars, leading to rebar fracture and 
localised buckling [12]. The results of the tests on the corroded columns 
showed that the pitting effect is more significant, as it leads to the 
buckling mechanism and reduction in the load-carrying capacity of the 
column (Figs. 15 and 16). For instance, longitudinal bars in columns 
with L/D = 5 confinement (Figs. 15(a-c) and 16(a-c)) had less noticeable 
buckling failure, especially in the circular columns and at lower corro-
sion degrees than bars from the L/D = 8 and L/D = 13 configurations 
[55,68]. This buckling from the columns with L/D = 5 (Fig. 15(d)) re-
bars at higher corrosion levels results from the unsymmetrical cross- 

Fig. 13. Processed DIC images of square column (a) stress–strain response showing location of processed images (b) at yield stress, (c) at ultimate stress and (d) 
between ultimate stress and collapse with the buckling at the end of the test. 
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Fig. 14. Normalised dissipated energy of the RC columns; circular (a) L/D = 5, (b) L/D = 8 and (c) L/D = 13; square (d) L/D = 5, (e) L/D = 8 and (f) L/D = 13.  
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sections arising from the pitting corrosion causing imperfections in the 
bar and leading to additional bending moment and local stresses at the 
pitted sections [12,55]. Meanwhile, the buckling from the columns with 
L/D = 8 and L/D = 13 results from the combination of pitting corrosion 
and inadequate confinement provisions leading to premature yielding 
and squashing of the weakest section even at lower corrosion degrees 
[69]. Those columns with more uniformly distributed corrosion and a 
relatively small mass loss showed similar behaviour to those with 
uncorroded bars with a more visible buckling at higher compressive load 
[55]. 

3.6. Impact of corrosion on the strength and strain of confined RC column 

The strength loss resulting from the corrosion and confinement ratios 
of the RC columns is determined by normalising the ultimate strength of 
the corroded columns (σucorr), to the ultimate strength of the pristine 
columns (σupristine). The normalised ultimate strength loss of the different 
confined RC columns is plotted relative to the percentage of corrosion 
mass loss. Afterwards, linear trend lines are fitted to the test data to 
estimate the strength reduction due to corrosion and confinement ratios. 
The R-square goodness of fit values obtained from the trend lines ranges 
from 0.78 to 0.96 for the circular columns at different confinement ra-
tios (Fig. 17a), while the variation for the square columns is from 0.84 to 

0.95 (Fig. 17b). 
The ultimate strength of the confined corroded RC columns is 

reduced with an increase in the confinement degree and corrosion mass 
loss. For example, the well-confined circular columns with L/D = 5 
(Fig. 17(a)) have a strength reduction range of 13.1%, 22.5%, 25.8% and 
37.3% for the 4.4%, 5.2%, 14.4% and 19.1% corrosion mass loss, 
respectively. Also, the well-confined square columns with L/D = 5 
(Fig. 17(b)) have a strength reduction range of 13.1%, 18.3%, 24.8% 
and 31.4% for the 4.3%, 5.7%, 12.1% and 15.9% corrosion mass loss, 
respectively. A similar trend is also observed in the mediumly confined 
(L/D = 8) and sparsely confined (L/D = 13) columns. The strength 
reduction increases with increased corrosion mass losses in the circular 
and square columns. 

The axial strain variation of the confined RC columns to corrosion 
loss was also investigated by normalising the ultimate strain, i.e. strain 
at maximum stress, of the corroded columns (∊ucorr), to the ultimate 
strain, i.e. strain at maximum stress, of the pristine columns (∊upristine). 
Fig. 17(c) and (d) show the circular and square column plots. The plot of 
the circular columns (Fig. 17c) generally indicates a reduction in the 
ultimate strain with an increase in the corrosion and confinement levels, 
except in some columns in the medium and low confined ranges with 
ultimate strain greater than their corresponding pristine column. This 
results from the failure of the GFRP ends, reducing the uncorroded 

Fig. 15. Observed buckling failure of the longitudinal reinforcement in circular columns; L/D = 5 (a-d), L/D = 8 (e-h) and L/D = 13 (i-l).  
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columns’ capacity under load. 

4. Comparison of the response of circular and square columns 

Fig. 18 (a-o) shows the normalised stress–strain response of the cir-
cular and square columns with similar confinement configurations and 
corrosion mass losses. First, the axial stress resulting from the loading of 
the columns is normalised against the ultimate strength of each column 
and plotted against the corresponding axial strain values. The columns 
show similar responses and stiffness within the elastic region until the 
peak strength is reached. Afterwards, the corrosion and confinement 
result in a loss of stiffness and reduced ductility of the RC columns 
[70,71]. 

Generally, the highly confined columns (L/D = 5) at the lower 
corrosion mass loss have a higher ductility (especially the square col-
umns) than columns in the mediumly confined (L/D = 8) and lowly 
confined (L/D = 13) at the same corrosion levels. This behaviour is 
observed to be the same in the columns within the same configurations 
as the corrosion level increases. Furthermore, the columns’ ductility 
reduced with an increase in the confinement levels in all the columns 
[72–74]. 

The circular columns have a higher ultimate strain corresponding to 
the ultimate strength of the columns (Fig. 18(a-I, m-o)) than the square 
columns except in some of the lowly confined columns (Fig. 18(k and l)). 
This results from the uniform confinement of the circular columns which 
gives rise to a uniform stress distribution of the concrete along the cross- 
section [71,75–77]. In contrast, the square columns have their stress 

concentration at the edges which in some case led to the failure of the 
GFRP’s. 

5. Conclusion 

Thirty RC column specimens with five different reinforcement 
corrosion levels and three confinement configurations were tested under 
cyclic compressive load. Moreover, the relationship between the seismic 
behaviour, such as rebar corrosion loss ratio, ultimate strength, nor-
malised dissipated energy, and inelastic buckling of the rebar were 
investigated. The following conclusions can be drawn from this study. 

• The circular columns have a higher axial cyclic load-carrying ca-
pacities which gradually decrease with increased corrosion and 
confinement than the square columns. The well confined circular 
columns (L/D = 5) have 41.32 MPa, 35.93 MPa, 32.04 MPa, 30.66 
MPa and 25.92 MPa axial cyclic load carrying capacities for the 0%, 
5%, 10%, 20% and 30% corrosion losses respectively. Meanwhile, 
the square columns with the same confinement and corrosion losses 
have 29.91 MPa, 25.98 MPa, 24.44 MPa, 22.48 MPa and 20.50 MPa 
axial cyclic load carrying capacities. A similar trend was observed in 
the medium confined and low confined columns. This results from 
the effectiveness of the transverse ties in the circular column, which 
has more significant confinement effectiveness coefficients than the 
square columns.  

• The total energy dissipated by the RC columns reduced with 
increased levels of corrosion and confinement except in columns 

Fig. 16. Observed buckling failure of the longitudinal reinforcement in the square columns; L/D = 5 (a-d), L/D = 8 (e-h) and L/D = 13 (i-l).  
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with resuced acapacity due to failure of the GFRP ends. The energy 
disspated by the columns at the lower loading cycles are similar until 
after the 10th cycle when the circular columns have more energy 
disspated. This results from the ineffective confinement of the square 
columns in comparison to the circular columns within the same 
configuration.  

• Corrosion of transverse confining steel affects the strength and 
deformability of confined concrete. The effectiveness of confinement 
reinforcements in confining the core concrete reduces as the corro-
sion increases. The strength of the highly confined circular column 
between the uncorroded and 30% corroded was decreased by about 
37%, while the mediumly confined and lowly confined with the same 
corrosion mass loss were reduced by 50% and 48%, respectively.  

• Transverse reinforcement showed much higher vulnerability to 
chloride-induced deterioration than the respective longitudinal 
reinforcement in the RC columns. Consequently, the ultimate 
strength of the columns reduced as corrosion damage increased and 
confinement effectiveness diminished. Well-confined specimens 
showed a lesser loss in strength and deformability after corrosion 
than under-confined specimens.  

• With the strength and ductility losses experienced by old RC columns 
from the lack of adequate confinement and corrosion degradation, 
there is a need to improve their structural response with composite 

strengthening materials such as fibre-reinforced polymers and 
jacketing. 
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Fig. 18. Comparison of the normalised stress response of circular and square columns with varying corrosion and confinement levels; L/D = 5 (a-d), L/D = 8 (e-h) 
and L/D = 13(i-l).     
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