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ABSTRACT: The new codes have recently introduced seismic detailing for new structures, 
but there are still older reinforced concrete structures without proper ductile detailing for earth-
quake resistance. These structures are further impacted by the corrosion of their embedded 
rebars which further reduces the strength and ductility under loading. This paper presents sum-
mary of the results of an experimental investigation performed on short RC columns, with dif-
ferent confinement configurations subject to varying degrees of corrosion, to investigate the 
structural responses to cyclic loading. The experiment was conducted on 20 short RC columns 
(square and circular) with two levels of confinements and steel reinforcement corrosion loss ran-
ging from 0% to to ~30% subjected to cyclic compressive load. The test results show that corro-
sion and rebar confinements significantly impact 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 mater-
ials, and the corrosion of reinforcement steel (Chen et al., 2022, Luo et al., 2020). Among all 
these factors, steel corrosion has been the most devastating, with chloride-induced corrosion the 
most severe, leading to catastrophic failure and collapse of structures (Ma et al., 2022). The cor-
rosion of reinforcements in RC members significantly degrades their structural performance 
leading to structures with reduced load-carrying capacity, ductility and structural safety (Biswas 
et al., 2020). Furthermore, corrosion significantly reduces the confinement effectiveness of trans-
verse bars and the buckling resistance of longitudinal bars in RC columns, especially structures 
in severely corrosive environments and subjected to seismic loading (Luo et al., 2020).

Numerous old RC and steel bridges in the marine environment and cold regions 
(using deicing salt) are suffering from steel corrosion resulting in the durability degradation of 
RC bridges (Akiyama et al., 2011, Ou et al., 2013, Kashani et al., 2019, Ni Choine et al., 2016). 
In addition, these bridges are designed with the old codes without proper confinement detailing 
and seismic resistance, making them vulnerable to collapse under seismic excitation.

While several studies have been dedicated to investigating the structural vulnerability of cor-
rosion-damaged RC members, there is paucity in the literature on the influence of corrosion 
damage, confinement levels and cross-sectional shape on the seismic behaviour of ageing RC 
bridge columns/piers. Several numerical and analytical models have been used to investigate the 
effect of corrosion and transverse reinforcement confinements on RC members’ seismic response 
and failure (Kashani et al., 2016a, Kashani et al., 2016b, Kashani et al., 2018, Su et al., 2015). 
However, these works have mostly not been validated with experimental tests. Therefore, there 
is a need for experimental investigation of the seismic response of corroded RC columns to cor-
rosion damage and inadequate confinements under cyclic compressive loading.

Cyclic experiments are a major method to provide insight into the seismic performance of 
the structural component. However, although it is recognised that the corrosion-induced 
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damage on coastal bridge piers significantly affects the safety of the structures during the 
long-term service period, the damage mechanism and the mechanical behaviour are still 
seldom understood. This paper investigates the effect of corrosion and confinement on the 
cyclic performance of ageing low-strength concrete RC columns.

2 EXPERIMENTAL CAMPAIGN

2.1  Specimen preparation and material characterisation

Twenty RC columns (ten squares and ten circulars) with five targeted corrosion mass losses 
(0%, 5%, 10%, 20% and 30%) and two confinement ratios, high (L/D=5) and low (L/D=13), 
were used and labelled as shown in Table 1. All the columns have the same length (600mm), 
with the square columns having 125 × 125mm cross-section incorporating 4 Φ10mm longitu-
dinal bars, while the circular columns are 125mm diameter with 5 Φ10mm longitudinal bars. 
The columns are confined with Φ6mm stirrups in the middle 400mm zone, while the 100mm 
ends have the stirrups at 25mm spacings. Furthermore, the 100mm ends were strengthened 
with epoxy-coated GFRP to prevent localised damage at the top and bottom ends of the col-
umns and ensure that the failure occurs at the 400mm middle zone.

The concrete was designed as low-strength concrete representing ageing columns with an 
expected mean compressive strength of 20MPa. Concrete samples with the same configuration 
as the square and circular columns were collected during the casting to determine the actual 
strength of the concrete. The test was done with the servo-hydraulic 630kN Instron Schenk 
machine at the Testing and Structures Research Laboratory (TSRL), University of Southamp-
ton. The average compressive strengths of the concrete are 13.8MPa and 12.6Mpa for the 
square and circular columns, respectively.

2.2  Accelerated corrosion procedure

The electrochemical method was applied to the corrosion process to hasten corrosion process 
in the laboratory. This method has been shown to have similar results as natural corrosion 
(Hou et al., 2019, Mak et al., 2019, Yuan et al., 2007).

The rebars were joined together and connected to the anode, while the stainless steel sheet 
was linked with the cathode of the direct current (DC) power supply. The power supply was 
adjusted to supply a constant current of 2Amp for the corrosion of the rebars in the columns 
submerged in 10% sodium chloride solution (Figure 1(a-b)). Faraday’s 2nd law of electrolysis 
(Equation 1) was used to estimate the expected corrosion mass loss by calculating the duration 
to achieve such mass loss (Kashani et al., 2013a). The actual mass loss, γ, is estimated at the 

Table 1. Experimental test matrix.

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
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
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end of testing by weighing the rebars after removing and cleaning the rust (Figure 1(c-d)) and 
concrete from the surface (Equation 2). Equation 2 gives an average corrosion loss (mass loss) 
along the length of the rebar.

where ml = estimated mass loss (g), M = molar mass of the iron (56g/mol), Z = ionic charge 
for iron (Z=2), F = Faraday’s constant (96500 C/mol), I = applied current (Ampere, A), T = 
estimated time to achieve the desired corrosion (s), m0, = mass per unit length of the uncor-
roded rebar, and m = mass per unit length after cleaning.

2.3  Cyclic loading protocol and instrumentation

The RC columns were tested under axial compressive cyclic loading. The loading protocol 
was set to have 20 cycles with ten different mean strains, each strain peak repeating twice, as 
shown in Figure 2. The mean strain was estimated from the displacement values of a similar 
experimental test done on corroded RC under monotonic loading. The first five lower strain 
peaks were applied at 0.1mm/sec loading rate while the remaining peaks were at 0.15mm/sec. 
The cyclic loading protocol was set up using the Instron Wavematrics software.

3 EXPERIMENTAL SETUP

The RC columns were tested under axial cyclic compressive load using displacement control with 
a lower loading rate for the first ten cycles. After that, the remaining cycles were at a slightly 
higher rate. Also, the test is conducted under complete axial cyclic compression loading, with 
each loading cycle repeated twice without going into the tension zone. The setup of the experi-
ment is shown in Figure 3(a). The displacement at the middle 400mm zone of the RC columns is 

Figure 1.  Accelerated corrosion procedure; (a) Schematic setup drawing, (b) laboratory setup (c) cor-
roded columns after completion of corrosion and (d) corroded rebars after cleaning.

Figure 2.  Cyclic compressive loading protocol.
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measured with the Linear Variable Differential Transformers (LVDTs) fixed to the edge of the 
Glass fibre-reinforced polymers (GFRP) strengthened ends (Figures 3(b) and 3(c)). This ensures 
that the LVDTs measure the axial deformations in the differently confined 400mm section of the 
columns, which are recorded via a data acquisition unit (Strainsmart 8000).

4 EXPERIMENTAL RESULTS

4.1  Calculation of corrosion and mass loss ratio

The actual mass losses resulting from the accelerated corrosion process estimated from Equa-
tion 2 are presented in Figure 4. The results showed that the transverse bars had more severe 
corrosion than the longitudinal bars under the same constant current and duration (Li et al., 
2022) in all the columns.

This mass loss results from the closeness of the transverse bars to the surface of the con-
crete, leading to a higher concentration of chloride ions and an early start of corrosion (Gu 
et al., 2020). Furthermore, the diameter of the longitudinal rebar (10mm) was greater than 
that of the stirrups (6mm). In this regard, the mass loss ratio of transverse stirrups with smal-
ler diameters was higher than that of the longitudinal rebar, according to Faraday’s second 
law of electrolysis (Kashani, 2017).

4.2  Axial cyclic testing of the RC columns

The stress-strain responses of the RC columns to the applied axial cyclic compressive load are 
presented in Figure 5(a-h). 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 cor-
rosion and confinements of the rebars. The hysteretic curve of the corroded columns within each 

Figure 3.  Experimental test setup (a) laboratory setup; (b) schematic of the LVDT connection; (c) 
Image of the LVDT connections to the RC samples.

Figure 4.  Accelerated corrosion mass loss for the RC columns (a) circular and (b) square.
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confinement’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 increased. Conse-
quently, columns with very close mass loss have their maximum strengths relative to each other, 
especially at low corrosion between 5% and 10% (Figure 5(a, c, e and g)). For example, the 
strength loss between the highly confined circular columns (Figure 5(a-b)) was reduced by 13%, 
22%, 26%, and 37% for the 5%, 10%, 20% and 30% estimated mass loss, respectively. This trend 
is also observed in the lowly confined (L/D=13) columns having between 10% to 48% reduction 
(Figure 5(c-d)).

4.3  Impact of corrosion on energy dissipation capacity

The plots of the normalised accumulated hysteretic energy dissipated by the RC columns 
against the number of cycles are presented in Figure 6(a-d). The graphs showed similar behav-
iour for all the columns, with very low energy dissipated at the smaller loading cycles (low 
strain loading rates) and a steep increase in the energy dissipated after the 10th cycle. The 
steep increase in the dissipated energy is more significant at high corrosion and low confine-
ment in both the circular and square columns.

Figure 5.  Axial cyclic stress-strain response of the RC columns; circular (L/D = 5 (a-b) and L/D = 13 
(c-d)) and square (L/D = 5 (e-f) and L/D = 13 (g-h)).
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4.4  Impact of corrosion on buckling of vertical reinforcement

The corrosion and confinement of rebars affect the buckling behaviour of the longitudinal bars. 
This buckling is more pronounced in bars with pitting corrosion, resulting in a localised reduc-
tion of the cross-section area along the corroded bar (Kashani et al., 2013a). As a result, the 
bars in the highly confined circular columns had less buckling at low corrosion (Figure 7(a-b)). 
Conversely, the buckling of the rebars in the highly confined columns is more pronounced at 
high corrosion (Figure 7(d)), where the effect of pitting corrosion is prevalent (Kashani et al., 
2013b, Kashani, 2017). Furthermore, the buckling of the rebars in the lowly confined columns is 
more severe even at low corrosion levels from the combination of corrosion and inadequate con-
finement of the column (Figure 7(d-f)). Similar behaviour is observed in the buckling response 
of the square columns (high confined Figure 7(g-i) and low confined (Figure 7(j-l)).

Figure 6.  Normalised dissipated energy of the RC columns; circular ((a) L/D = 5, (b) L/D = 13)); 
square ((c) L/D = 5, and (d) L/D = 13)).

Figure 7.  Observed buckling failure of the longitudinal reinforcement in the RC columns. Circular; L/D = 
5 (a-c), and L/D = 13 (d-f), square; L/D = 5 (g-i), and L/D = 13 (d-f).

3345



5 CONCLUSIONS

Twenty RC column specimens with five different reinforcement corrosion levels and two con-
finement configurations were tested under axial cyclic compressive load. Moreover, the rela-
tionship between the seismic behaviour, such as rebar corrosion loss ratio, ultimate strength, 
normalised dissipated energy, and inelastic buckling of rebar, was investigated. The following 
conclusions can be drawn from this study.

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

Corrosion of transverse confining steel affects the strength and deformability of confined con-
crete. The effectiveness of confinement reinforcements in confining the core concrete reduces as 
the corrosion increases. Higher corrosion levels and low confinement lead to more severe degrad-
ation of the seismic behaviour of RC columns. The highly corroded columns, where the corrosion 
loss ratio is 20–30%, have reduced seismic response: poor hysteretic response, stiffness degrad-
ation, steep descending branch in the envelope curve, and energy dissipation reduction. It can be 
concluded that the design of new confined concrete elements should consider the possible/antici-
pated loss due to corrosion during the structure’s life to enable a safe ductile response, which is 
crucial in earthquake-prone regions.
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