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1. Introduction  

Several negative drawbacks can occur as a result of corrosion 

in steel-reinforced concrete. One of these drawbacks is a 

decrease in the reinforcement area and ductility, which can lead 

to severe deterioration [1], [2]. Corrosion causes steel to expand 

and produce several byproducts, thereby increasing its volume 

to six times that of the original steel bar [3]. The internal tensile 

stress can increase due to corrosion-induced damage to the 

surrounding concrete. Consequently, the most common 

physical side effect is delamination of the cover and the 

development of cracks [4], [5].  

Steel bars in concrete typically do not require corrosion 

protection because the surrounding environment is generally 

highly alkaline. It can prevent corrosion of steel reinforcements 

by creating a passive layer of iron oxides at the concrete/steel 

contact [6]. Steel corrosion can begin when oxygen and water 

are present near the surface of the metal. The carbonation 

process of concrete, which lowers the alkalinity and eliminates 

chlorides from the vicinity of the steel surface, is a key 

component in preventing steel corrosion in concrete structures. 

Chloride ions enter concrete through cracks or pores, which 

starts the corrosion reaction [1].  

Therefore, the formation of carbonic acid (H2CO3) occurs as 

carbon dioxide (CO2) infiltrates the concrete pores from the 

atmosphere and subsequently dissolves in water. This process 

is known as concrete carbonation. Afterwards, the acid causes 

the concrete's alkalinity to drop, which in turn ends the passive 

layer on the steel bars and signals the start of corrosion [6]. The 

presence of chlorides, which, when dissolved in the water of 

pores, can transform into hydrochloric acid, could have a 

similar effect on lowering the alkalinity of concrete [7]. An 

electrochemical process in which chemical and electrical 

processes combine, the function of moving electrons from one 

location to another, causes steel to corrode in concrete [8]. 

Corrosion in concrete mimics the appearance of a galvanic cell 

because of the cathode and anode. As the anode dissolves, the 

iron surface of the steel bar releases ferrous ions. At other 

locations on the cathode, the released ions undergo a chemical 

reaction with water and oxygen, resulting in the formation of 

hydroxide ions (OH). Ferrous hydroxide can be formed when 

the anode's ferrous ions and the cathode's hydroxide react. After 

reacting with water, ferrous hydroxide becomes ferric 
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hydroxide (Fe(OH)3). Then it undergoes a further 

transformation into hydrated ferric oxide, a compound that 

contains both iron and water known as Fe2O3.H2O.  

As corrosion advances, the volume affected by corrosion will 

expand to six times its original size owing to the expansion 

caused by corrosion and the generation of various byproducts 

[3]. Therefore, corrosion remnants, such as fissures, present on 

concrete surfaces increase the rate of corrosion. This is because 

these residues can create an environment conducive to 

corrosion, thereby allowing corrosion to progress more rapidly. 

Corrosion can impact the performance and corrosion rate of one 

type of reinforcement. Corrosion in stirrups can cause 

longitudinal bars to buckle and reduce load-carrying capacity. 

The rust and corrosion products from both types of bars can 

combine, raising internal tensions in the concrete and resulting 

in more severe cracking and spalling. As a result, it is important 

to address any corrosion-related issues on concrete surfaces to 

avoid additional damage and ensure the longevity of the 

structure [9]. Researchers examined how corrosion of the 

reinforcing bars in reinforced concrete columns affected their 

ability to withstand earthquakes [10]. In 2012, thirteen circular 

reinforced concrete columns were subjected to accelerated wear 

tests by Ma et al.  [11] and were subsequently tested under a 

static axial load. The variables controlled during testing were 

wear level and axial load percentage. When the percentage loss 

in the deteriorated rebar is below 14%, the test results indicate 

that corroded samples dissipate nearly as much energy as 

control samples at the same displacement, irrespective of the 

level of corrosion. Conversely, higher axial loads and wear 

levels result in a less stable condition, severe hardness 

degradation, and reduced ductility. Li et al. [12] conducted an 

experimental study on the decline in mechanical performance 

of reinforced concrete (RC) columns with eroded reinforcement 

under constant loads. This study involved testing ten RC 

column samples and examining the impact of different levels of 

continuous load (0%, 30%, and 60% of the final designed 

loading capacity), reinforcement wear (0%, 5%, 10%, and 

20%), last bearing capacity, and axial-axial load. The distortion 

relationship was analyzed. The results showed that the coupling 

of adverse effects due to reinforcement of continuous wear and 

loading greatly exacerbates the mechanical deterioration of RC 

shafts and leads to failure. 

Additional studies examined the effectiveness of RC columns 

subjected to partial reinforcement corrosion, emphasizing the 

corrosion length and stress state parameters [13], [14]. Similar 

contributions can be found in the literature [15], [16]. The 

majority of the studies mentioned above only consider 

longitudinal reinforcement corrosion. This is not entirely in line 

with real-life situations; the corrosion occurs in both the 

longitudinal reinforcements and the lateral reinforcements. In 

fact, the thinner concrete cover on the lateral reinforcements 

often makes them corrode even more severely [17]. 

RC columns are deemed a crucial structural component in 

damaged concrete constructions. Concrete deterioration caused 

by the corrosion of steel reinforcement or lateral reinforcements 

leads to a decrease in column strength and the inability to 

support design loads.  Reinforcement corrosion in reinforced 

concrete columns can lead to a substantial decrease in capacity 

regardless of the impact of steel corrosion on structural 

durability. The previous study focused on corrosion on either 

longitudinal or confined reinforced. This work investigated the 

combined effect of corrosion in longitudinal and confined 

reinforcements on reinforced column capacity. 

 

2. Materials and Experimental Program 

A total of nine columns, with dimensions of (110 x 110 x 1160) 

mm, were tested using the electrochemical corrosion method to 

assess mass loss in the longitudinal and tie steel bars. These 

columns also feature corbels measuring 200 mm in length, 110 

mm in width, and 100 mm in height at their ends. These 

columns were divided into three groups, each comprising three 

columns: reference, 10% corrosion, and 20% corrosion. The 

columns were designed according to ACI 318M-19 code [18] 

and reinforced, in a longitudinal direction by (4ϕ 10 mm) 

deformed bars with (1120 mm) length, while the ties were (ϕ6 

mm @100mm). The reinforced steel bars were tested in 

accordance with ASTM E615 [19]. Fig. 1 illustrates lubricated 

plywood molds, and Fig. 2 shows Details of the column 

reinforcement. 

For all specimens' mix, the cement content was (450 kg/m3), the 

sand was (675 kg/m3), the gravel was (1125kg/m3), and 

the water/cement ratio was (0.42). Ordinary Portland cement 

(Type-I) with fineness and specific gravity of 450 m2/kg and 

3.15, respectively, was used to cast all control and column 

specimens. This cement satisfies the limitation of I.S. 

No.5/2019 [20]. 

Natural local sand was used as a fine aggregate, with a fineness 

modulus of 2.35; the specific gravity, SO3 content, and water 

absorption were 2.5, 0.15%, and 0.15%, respectively. It may be 

noted that the sand satisfies the limitation of I.S. No.45/1984 

[21]. Crushed stone with a maximum size of 10 mm was used 

in this work. The specific gravity, SO3%, and water absorption 

were 2.58, 0.08%, and 0.25%, respectively, and all were within 

the limits of I.S. No. 45/1984 [21].  

The compressive strength was determined by averaging the 

results of three (150x150x150 mm) cubes tested according to 

BS1881-116 [22], Fig. 3. 

Furthermore, the electrical tape was distorted at the junction of 

the ties and longitudinal bars. With the insulation removed from 

the electrical wire, which acts as an anode, any steel exposed to 

corrosion along its length is rolled by the stripped wire, which 

acts as an electron acceptor.  

Following the curing procedure, six columns measuring 110 x 

110 x 1160 mm were subjected to electrolytic corrosion to 

accelerate the deterioration of the longitudinal and tie bars. Two 

corrosion grades were used in this study: 10% and 20%. A 

direct current was applied to longitudinal steel bars and 

tie bars using a DC power supply to accelerate corrosion. The 

maximum current that a DC power source can supply is 35 

Amps. 
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Figure 1. Lubricated plywood molds and steel reinforcement. 

 

 

Figure 2. Details of the column reinforcement (dimensions-

mm). 

 

Figure 3. Control sample tests. 

 

The specimens were placed on a 100 mm thick wooden support 

and submerged in a water tank that measured (3800 x 2000 x 

800) mm. To prepare the specimens for electrochemical 

corrosion testing, they were submerged in water containing 5% 

sodium chloride for 24 hours, with the water level 

approximately 190 mm above the top of the column. The 

incorporated long, constrained reinforcements were connected 

to the positive end of the Direct Current power supply via an 

electrical cable, serving as the anode. External stainless-steel 

plates measuring 900 mm in length and 190 mm in height were 

affixed to the negative end of each specimen to serve as the 

cathode. The longitudinal reinforcement and stainless-steel 

plates were attached in the order shown in Fig. 4.  

All the longitudinal reinforcement and stirrup steel were 

interconnected using copper wires, which were subsequently 

connected to the anode side of the DC power supply. To hasten 

corrosion, the longitudinal and tie bars were subjected to a 

current density of 0.2 mA/cm2 using a direct current (DC) 

source. In contrast, the theoretical guidance for estimating the 

time required to induce corrosion damage was provided by 

Faraday's formula (1). 

𝑀 = 𝐴. 𝑇𝑖𝑚𝑒. 𝑆𝑒. 𝑤/(𝑛. 𝐹)                                                      (1) 

Where: 

M = Loss of mass (grams)  

A = The density of current (milliamperes per square centimeter)  

Time = The time it takes for corrosion to occur (seconds) 

Se = rusted steel surface area (centimeter2)  
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w = The mass of the atomic metal (56 grams for iron, Fe+2) [23].  

n = The quantity of iron electrons transmitted during the 

corrosion process, where n equals 2 for Fe+2.  

F = The value of Faraday's constant, as expressed as 96.500 

C/equivalent. 

 

 

Figure 4. Accelerated corrosion setup. 

 

After positioning the column in the testing machine, its vertical 

alignment was guaranteed. The gadgets were subsequently set 

up in a circle around the column. 

For the linear load simulation, the force was applied over a 

cylindrical roller. For axial loading of specimens, the force was 

applied via a supporting device, resulting in a supported 

column. Load cell readings were obtained at 5.0 kN intervals as 

the loading was increased until the columns failed. The surfaces 

of the tested column exhibited cracking. Observable fissures 

were created in the concrete, and the corresponding loading 

values were noted. At 0.25L and 0.75L from the column 

lengths, and in the center, a horizontal LVDT was used to 

measure the middle height lateral displacement with loads. To 

measure the axial deformation of the columns under load, a 

vertical LVDT was attached to the top base of the testing 

equipment and could be moved from one side to the other (Fig. 

5). 

To measure the mid-height strain in the longitudinal 

reinforcement steel under load, a strain gauge with dimensions 

not exceeding 10 mm × 5 mm was used. The strain gauge was 

affixed to one side of the reinforcing steel and carefully 

insulated to prevent corrosion. Because electron transmission 

and escape from the outer surface of the reinforcing steel pose 

a corrosion risk, the well-insulated section where the strain 

gauge was attached will remain free of corrosion, and the gauge 

will remain reliable throughout the duration of the tests.    

 

3. Results and Discussion 

Each bar was connected to a power source via an electrical wire 

and used as an electrical acceptor to accelerate the corrosion of 

the steel bars. Faraday's law was used to determine the duration 

of an accelerating process [24]-[29]. After the corrosion process 

and structural tests were finished, the steel bars were removed, 

and their mass loss was assessed. The weight was recorded, and 

the loss was computed to get the average corrosion level. 

 

 

Figure 5. Column specimen setup. 

 

If mass loss was between 10% and 20%, it was classified as 

medium; if it exceeded 20%, it was classified as high. 

Fig. 6 illustrates the results of mass reduction for all steel bars. 
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Figure 6.  Mass losses due to the corrosion process. 

 

Low stress levels reduce the bond strength of the chemical 

bonds formed between steel and hardened cement. Radial 

microcracks in concrete arise from the deterioration of 

chemical bonds. Fig. 7 depicts the relationship between the 

average mass reduction of steel bars and the average and 

maximum cracking widths caused by corrosion on the surface 

of the concrete cover. The data collected indicate that the 

average crack width in columns was 0.33 mm at 10% loss and 

0.54 mm at 20% loss. Maximum crack widths ranged from 0.37 

mm to 0.64 mm for mass loss of 10 % and 20 %, respectively. 

 

 

Figure 7.  Mass losses vs. average crack width. 

 

The longitudinal shortening-displacement versus load 

relationships of the tested RC columns are illustrated in Fig. 8.  

 

Figure 8.  Load-displacement relation for tested columns. 

 

Displacements were continuously monitored during the test to 

monitor the growing rate of displacement, which signaled the 

imminent collapse of the column samples. The decrease in the 

bond between concrete and reinforcement steel led to a 

noticeable reduction in the columns' ultimate load capacity.  

The decrease occurred when the steel reinforcement corroded, 

forming an iron oxide coating that reduced the columns' 

ultimate load capacity. A reduction in maximum load capacity 

was observed, ranging from 18.5% to 51% for 10% mass loss 

and from 25% to 65% for 20% mass loss. 

Concurrently, the mid-height strain of the longitudinal 

reinforcement steel was measured during the test, and it was 

found that the rate of strain increase rose by approximately 31% 

for a 10% loss in mass and 55% for a 20% loss in mass, as 

shown in Fig. 9.   

 

 

  Figure 9. Load – Strain Curve of steel. 

 

The results of each tested column were recorded to generate the 

curves for that particular group.  A data logger was employed 
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to record signals from the load cell, LVDT, and strain gauges 

simultaneously.  

 

4. Conclusions  

This paper presents experimental investigations to assess the 

effect of steel rebar corrosion on the behavior of concrete 

columns. The data collected shows that the average crack width 

identified in columns was 0.33 mm at a 10% loss and 0.54 mm 

at a 20% loss. The maximum observed cracking widths 

corresponded to mass losses of 10% and 20%, with values 

measured between 0.37 mm and 0.64 mm. Furthermore, the 

ultimate load capacity decreased by approximately 18.5%-51% 

for a 10% mass loss and by 25%-65% for a 20% mass loss. 

Additionally, the longitudinal shortening increased by 33% for 

a 10% mass loss and by 67% for a 20% mass loss. The strain in 

the steel bar at mid-span increased by approximately 31% for a 

mass loss of 10%, and by 55% for a mass loss of 20%. 
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