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ABSTRACT 

One of the primary causes of concrete deterioration is chloride-induced corrosion, which represents a threat to 

sustainability. The damaged regions are typically removed in traditional repair methods to restore corroded 

structures. Another technique involving electrochemical chloride extraction (ECE) has a growing popularity with 

regard to its effectiveness as a non-destructive treatment. This research aimed to investigate various ECE variables 

including electrolyte solutions, concrete cover, reinforcement ratio, and charging intervals to optimize ECE. 

Chloride extraction was investigated in the mid-span and at the two edges of the tested beams.  This study was 

based on the experimental results of 12 reinforced concrete beams. The extraction process was performed for 

beams cast with self-compacting concrete (SCC). Self-compacting concrete has low pores, which may affect the 

extraction process. The experimental results show that the ECE efficiency ranged from 44% to 73% based on the 

examined variables.  

Keywords: electrochemical chloride extraction (ECE); self-compacting concrete; electrolyte; concrete cover. 

 
1. Introduction 

Nowadays, it is thought that the Electrochemical 

Chloride Extraction (ECE) process is a suitable 

technology for increasing the durability of 

reinforced concrete structures. This technique 

enables a control on the process of corrosion in 

reinforced concrete (RC) elements due to chloride 

ions, as they move outward from around the 

reinforcement to the structure's surface. RC 

elements are treated by running a direct current (DC) 

between an anode in an electrolyte on the outside 

while the reinforcements act as the cathode, and 

chloride ions are removed. Since the 1970s [1-3], 

this approach has been refined and a thorough and 

rigorous series of studies have proved the 

effectiveness of ECE [4-6]. The publication of an 

invention entitled "Norcure" by Vennesland and 

Opsahl, where the anode system was constructed on 

a Ti-RuO2 mesh, was a critical step in the 

development of this application [7]. Moreover, 

studies were carried out to improve specific 

application circumstances in order to accelerate 

operations and save money, mainly in the anode 

system. For this goal, versatile materials, especially 

cement-based conductive materials, were 

considered. Concrete, mortars, and pastes are 

cement-based materials with low electrical 

conductivity can be considerably increased by 

incorporating conductive elements such as carbon 

fibers or graphite powder. This technique has 

recently been utilized to impart unique physical and 

chemical characteristics to cement-based materials 

[8-14]. To assess the treatment's efficiency and the 

possibility of new phases forming in both concrete 

and steel-concrete interfaces, electrochemical 

chloride elimination was performed on concrete 

specimens. 40-45% was decreasing in the chloride 

level however; alkali ions accumulated surrounding 

the steel. Moreover, for the specimens held at 

accelerated conditions; alkali-silica gel was formed. 

Due to the increased hydroxyl ion content caused by 

electrochemical treatment, there is no reactive 

aggregate was happened [15]. Therefore, the success 

of ECE applications depends on the selection of an 

appropriate anode system [16, 17]. Different anode 

systems, which are currently accessible for ECE 

treatment, were demonstrated in numerous 

investigations. These anode systems include thermal 

sprayed zinc [18,19], titanium anodes [20], titanium 

mesh anodes [21,22], conductive paint [13], and 

coated overlay anodes [23,24]. Due to its low cost, 

resistance to corrosion, good electrical conductivity, 

and fine plasticity, stainless steel mesh has proven a 

useful anode material in ECE systems [25, 26]. 

Additionally, earlier studies showed that higher-

intensity electrochemical treatment can cause 

concrete cracks and steel bar hydrogen 

embrittlement, which results in structural instability 

[25-27]. Different electrolyte solutions affect the 

characteristics of concrete after ECE and influence 

the rate of migration of the chloride ions [28]. In 

particular, for corrosion-resistant steels, optimal 
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ECE treatment parameters are crucial for 

effectiveness and structural safety. J. Bennet and T. 

J. Schue cover the fundamental knowledge required 

to carry out the chloride removal procedure on field 

constructions [29]. The most common American 

guideline indicates the usage of a borate-buffered 

electrolyte to avoid alkali silica reaction during the 

process, while the European Standard does not 

specify any solution, just mention that it should be 

alkaline, and the Norcure [30 - 32] patent suggests 

fresh water. Due to the lack of standard 

recommendations outlining the most efficient ECE 

administration, two distinct electrolytes, tap water 

and calcium hydroxide were considered. To 

simulate an actual on-site application, tap water is 

common utilized as an electrolyte in ECE. This 

approach requires constant humidity, which may be 

produced in a variety of ways: fully merged anode, 

drip irrigation system and daily dampening. When 

the anode and the concrete specimen are combined 

in the electrolyte, the result is known as a fully 

merged anode, [33]. When a pump and multiple 

pipes with throwers are connected around the 

specimen perimeter to provide regular watering 

around the clock, this is referred to as a drip 

irrigation system. This technique is utilized in both 

standard anode systems such as titanium mesh 

anodes and stainless steel anodes and conductive 

cement paste anode systems [34, 35]. Another 

technology can be employed if the specimen is wet 

once a day using a hosepipe titled with daily 

dampening. This technique was employed with a 

conductive cement paste anode in order to test the 

paste's ability to retain moisture without the usage of 

absorbent layers [36, 37]. A schematic illustration of 

the mechanics and chemical processes at work in 

ECE is shown in Figure (1).  

 
Figure 1- The Fundamental Chemical and Electrochemical Mechanisms Involved in the Processes [28]. 

After 90 days of treatment, Fajardo et al. [38, 39] 

reported a chloride extraction effectiveness of 75% 

and 30% for specimens with a 20 mm and 50 mm 

concrete cover, respectively. Orellan [40] employed 

comparable experimental techniques and evaluated 

several electrolytes in terms of chloride extraction 

effectiveness from most to least effective, 

specifically tap water (60%), sodium-based 

electrolytes (54%), and calcium and lithium-based 

electrolytes (40%). According to the previous 

review, ECE has a significant influence on salt 

extraction from reinforced concrete. This research 

investigated the extraction process efficiency of self-

compacting concrete due to its dense and low 

porosity, which may have an influence on the 

extractions processes compared to conventional 

concrete. 

2.  Research Significance 

This paper's primary goal is to investigate the effects 

of several electrolyte solutions, including calcium 

hydroxide and water, electrical connection position, 

and charging times on the ECE. The effectiveness of 

chlorine removal from remote locations relative to 

the electrical connection position and the impact of 

concrete cover and reinforcement ratio are 

considered. Also, the extraction process efficiency 

of self- compacting concrete due to its dense and low 

porosity is evaluated. 

3. Materials and Testing Parameters 

3.1.  Materials and concrete mix 

Well-graded siliceous sand was used as a fine 

aggregate with a specific gravity of 2.60, absorption 

of 0.78%, and a fineness modulus of 2.61. A coarse 

aggregate of crushed dolomite with maximum 

nominal sizes of 10 mm was used, with a specific 

gravity of 2.64 and absorption of 0.76%. Locally 

produced Portland cement (CEMI: 42.5 N) 

conforming to the requirements of Egyptian 

Standard Specifications (E.S. 4756-1/2013) [41] 

was used. Imported class (F) fly ash meeting the 

requirements of ASTM C618 [42] with a specific 

gravity of 2.1 was used. A high-range water reducer 

(HRWR) with a trading name; Addicrete BVF was 

used as a superplasticizer meeting the requirements 

of ASTM C494 (types A and F) [43]. The admixture 

is a brown liquid having a density of 1.18 kg/L at 

room temperature. The amount of HRWR ranged 

from (2.0 to 3%) of the cement weight used. High 

tensile deformed steel bars and normal mild steel 

bars comply with the requirements of E.S.S. 

262/2015 [44]. Steel bars of 10 mm diameter were 

utilized as tension steel, with yield strength, tensile 

strength, and elongation percent of 480 N/mm2, 595 
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N/mm2, and 12%, respectively.  In addition to mild 

steel bars of 8 mm diameter with yield strength, 

tensile strength, and elongation percentage were 

292.7 N/mm2, 407.27 N/mm2, and 24%, 

respectively. 

3.2. Mix design 

The laboratory concrete specimens were 

manufactured as self-compacting concrete (SCC). 

Mix design's primary goal was to ascertain material 

quantities of SCC. SCC can be largely affected by 

the characteristics of materials and the mix 

proportion [45]. Four mixes were made with mixing 

ratios shown in Table (1), all based on the same 

control mixture, for achieving the best possible 

concrete mix workability and appropriate 

compressive strength. Some laboratory tests were 

carried out according to the technical specifications 

of SCC [46] to evaluate the fresh properties of self-

compacting concrete mixes as shown in Table (2). 

According to the results in Table (2), M3 achieved 

the requirements of SCC due to the homogeny, flow 

diameter and the time of flowing, as well as the 

compressive strength of the mix after 28 days, which 

is 40 MPa. Sodium chloride was added to the mixing 

water (1%, 2%) by weight of cement to promote the 

corrosion onset from the beginning before applying 

the repair treatment. 

 

Table 1- Mix Proportion of SCC (kg / m3) 

Admixture  Water Fly ash Dolomite Sand Cement Mix NO. 

6 

150 40 

823 1004 

400 

M1 

8 820 1001 M2 

10 818 998 M3 

12 816 995 M4 

 
Table 2- Properties of Trail Self-Compacting Concrete Mixes and Recommended Limits for Different Properties 

of SCC 

Requirements of self-compacting 

concrete [46] 
V-funnel (sec) T50cm (sec) 

Slump Flow 

Diameter (mm) 

Mix 

No. 

Slump Flow Diameter 

= (600: 800) mm 
31 - 450 M1 

11 5 620 M2 

T50cm = (2: 5) sec. 9 3 710 M3 

V-Funnel = (6: 12) sec. 6 2 830 M4 

 

3.3. Testing parameters 

The experimental program consists of four groups 

(G1 – G4), each group has three reinforced concrete 

beams as shown in Table (3). The primary purpose 

is to measure the proportion of chloride salts present 

before and after ECE, while also investigating the 

influence of all factors on removal findings. Figure 

(2) illustrates the reinforcing details. Figure (3) 

demonstrates the reinforced beams before and after 

casting. The electric source was connected to the 

beam in the middle to attempt to transport the 

eclectically current to both ends of the beam.  

 

(b) Cross Section (a) Elevation of Beam 

Figure 2- General Model of Tested Beams, (All Dimensions in mm). 
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(a): Steel Arrangement before Casting (b): Casted Beams 

Figure 3-  Image of Casted Beams. 

Table 3- Testing Parameters of Casted Beams. 

Group No. Beam No. 
Tension Steel 

(As ) 

Concrete 

Cover  (mm) 
Electrolyte Chloride Content 

G1 

B1 

2  Φ  10 

20  

Water 

 
1% 

B2 30 

B3 40 

G2 

B4 

2  Φ  10 

20 

Calcium Hydroxide B5 30 

B6 40 

G3 

B7 2  Φ  10 

20 Water 

2% 

B8 3  Φ  10 

B9 4  Φ  10 

G4 

B10 2  Φ  10 

20 Calcium Hydroxide B11 3  Φ  10 

B12 4  Φ  10 

4. Test Setup 

The following are the sequential stages for testing 

beam preparation: for casting beams, a rectangular 

mold constructed of contras wood with dimensions 

100 mm x 150 mm x1000 mm was prepared. 

Following the installation of reinforcing steel in 

wooden forms with electrical connections, a 

concrete mix was cast to fill the forms, resulting in 

the used beams. Finally, the beams were covered in 

wet burlap for four weeks. The specimens were kept 

for six months after curing to allow sodium chloride 

salts to react with concrete components. As 

indicated in Table (4), the initial chloride 

concentration was calculated as an average from 

casted cubes prior to the start of the ECE procedure. 

 

Table 4- Average Concentration of Chloride Salts before Extraction. 

Group No. Chloride Concentration (% of Cement Weight) 

G 1 & G 2 0.973 

G3 & G4 2.034 

 
Figure 4- Schematic Diagram for ECE. 

 

The initial stage of ECE involved immersing the 

reinforced concrete beams in a container filled with 

the electrolyte, water, or calcium hydroxide, and 

then connecting the external anode to the electrolyte. 

Finally, as indicated in Figure (4), connect the 

electric supply to the anode and the primary steel to 
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the cathode. After four weeks, samples were 

collected from the two ends of each beam. The 

second stage takes four weeks as well. As Climent 

Miguelngel et al., 2016 [34] and Carmona Calero et 

al., 2015 [35] describe a drip irrigation system offer 

regular watering throughout the clock.  

5. Experimental Results  

The result of the four test groups (G1: G4) are 

compared to study the influence of variables on the 

ECE responses of the tested beams. Figure (5) 

illustrates the sequential processes taken to calculate 

chloride concentration.

Figure 5- Steps of Determining Chloride Concentration. 

 

To determine the effectiveness of the EEC 

experiments in reducing the chloride content of the 

tested beams. Figure (5-a) shows samples obtained 

from the concrete surface with the entire depth of 

beams exposed to EEC. Figure (5-b) shows how 

each sample was split into equal pieces 5 cm deep. 

To assess chloride content, materials were ground 

and dissolved in water, as shown in Figure (5-c and 

5-d). The chloride content (P) in the specimens was 

calculated according to Baoguo Ma, 2018 [47]. The 

following steps were carried out.   

1. 20 g of concrete’s sample was dried for 2 hours at 

65oC. 

2. 10 gm (G) powder is extracted from it and mixed 

with 100 gm distilled water (V1) for half an hour 

before filtering it. 

3. A 20 gram (V2) filter is prepared, then 2 drops of 

phenolphthalein are added until a pink hue appears, 

followed by drops of dilute sulphate acid until the 

pink color disappears. Adding 10 drops of potassium 

chromate indicator, then a drop at a time from silver 

nitrate with a concentration of 0.02 mole/L (C) and 

calculating its volume (V3). 

4. Equation (1) is used to calculate the free chloride 

content according to Baoguo Ma [47].  

𝑝 =  
𝐶 ∗ 𝑉3 ∗ 0 ∙ 03545

𝐺 ∗  
𝑉2
𝑉1

∗ 100  %                      (1) 

 The samples were collected at various stages of the 

treatment procedure. The first group of samples was 

collected after 4 weeks, while the second group was 

collected at the completion of the extraction 

procedure after 8 weeks. The specimens were 

collected from various locations along beam spans. 

The first collection of samples was gathered from 

the beam's two edges at 4 weeks of age. The second 

batch of samples was collected at 8 weeks of age 

from the beam's two edges and the beam's mid-span. 

5.1.  Chloride extraction results 

Treated reinforced concrete beams were prepared in 

the same environment; for all specimens, the initial 

concentration is comparable before treatment, 

indicating a significant danger of corrosion. As 

expected, there is a higher chloride concentration at 

the upper face of the samples. The therapy was 

successful in removing chloride ions in all cases but 

to varying degrees. Taking into account the total 

chlorides in each position, the concentration at 

shallow depths, the upper 5 cm of the beam 

thickness, was not as significantly reduced as 

expected, which could be attributed to the chlorides 

carried to the surface of the concrete during 

treatment taking longer to dissolve into the 

electrolytic solution. Because of the difference in the 

ionic medium between the concrete surface and the 

electrolyte, chloride ions may occasionally be 

present on the closer surface. Furthermore, because 

the chloride measurements were performed on dry 

concrete, the greater chloride concentration towards 

the surface might be attributed to the concentration 

of chloride ions owing to migration. 

5.1.1. Effect of concrete cover 

Figure (6) shows the total chloride content at the end 

of the extraction process after 8 weeks of extraction, 

for G1 (using water as electrolyte), and G2 (using 

Calcium Hydroxide as electrolyte), at three positions 

along the beam span at the two edges and the mid-

span of the beams. The total chloride content of B1 

was lowered to 0.46% on average, 0.475% for B2, 

and 0.545% for B3, as shown in Figure (6-a). 

Depending on the cover depth, the average removal 

effectiveness for B1 was 52.7%, 51.2% for B2, and 

44% for B3. According to Figure (6-b), the total 

chloride content of B4, B5, and B6 was lowered to 

0.345%, 0.36%, and 0.375%, respectively. 

Depending on the cover depth, the average 

percentage of removal effectiveness for B4 was 

64.5%, 63% for B5, and 61.5% for B6. The 

concentration of salts is reduced in the intermediate 

    

(a): Samples  (b): Divided Sample (c): Grinded Sample (d): Diluted Sample 
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span of either G1 or G2 beams. As the electrical 

connections were in the midpoint of the beams, this 

suggests that the extraction process was more 

efficient in the electrical conduction zones than in 

the distant parts. It can be shown that the extraction 

efficiency improves as the concrete cover decreases, 

as demonstrated in [38, 40]. 

Figure 6- Chloride Concentration after 8 Weeks of Extraction (Constant Tension Reinforcement As = 2 Ø 10). 

5.1.2. Effect of reinforcement ratio 

Figure (7) illustrates the total chloride concentration 

of G3 (using water as an electrolyte) and G4 (using 

Calcium Hydroxide as electrolyte) after 8 weeks of 

extraction. Figure (7-a) shows that the total chloride 

concentration was decreased to 0.756%, 0.738%, 

and 0.619% on average for beams B7, B8, and B9. 

Depending on the reinforcement ratio, the average 

percentage of removal efficiency for B7 was 62.8%, 

63.7% for B8, and 69.6% for B9. According to 

Figure (7-b), the total chloride content of B10, B11, 

and B12 was lowered to 0.677%, 0.633%, and 

0.55%, respectively. Depending on the 

reinforcement ratio, the average percentage of 

removal efficiency for B10 was 66.7%, 68.9% for 

B11, and 72.96% for B12. Increasing the 

reinforcement ratio in the concrete segment 

improves chloride extraction efficiency. The electric 

current is better spread and the area exposed to 

extraction from the concrete section grows as the 

reinforcement ratio increases. As demonstrated in 

[48], the extraction efficiency rises with increasing 

reinforcement ratio and uniform distribution in 

concrete section. 

 
 

(a): G3: Using Water as Electrolyte. (b): G4: using Calcium Hydroxide as Electrolyte. 

Figure 7- Chloride Concentration after 8 Weeks of Extraction (Constant Concrete Cover = 20 mm). 

5.1.3. Effect of electrolyte type 

Figure 8 (a), (b), and (c) illustrate the total chloride 

content of G1 beams versus G2 beams, with each 

beam corresponding to its corresponding one in all 

parameters except the electrolyte type. B4, treated in 

Calcium Hydroxide electrolyte, had 22.7% higher 

removal efficiency than B1, treated in water-

electrolyte. B5, treated in Calcium Hydroxide 

electrolyte, had 23.05% higher removal efficiency 

than B2, treated in water-electrolyte. B6, treated in 

Calcium Hydroxide electrolyte, had 39.77% higher 

removal efficiency than B3, treated in water-

electrolyte. 

Figure 9 (a), (b), and (c) illustrate the total chloride 

content of G3 beams versus G4 beams, with each 

beam compared to its corresponding one, which 

agreed in all parameters except the electrolyte type. 

The percentage of elimination efficiency for B10 in 
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Calcium Hydroxide electrolyte was 6.21% higher 

than for B7 in water-electrolyte. The percentage of 

removal efficiency for B11 in Calcium Hydroxide 

electrolyte was 8.16% higher than for B8 in water-

electrolyte. The percentage of elimination efficiency 

for B12 in Calcium Hydroxide electrolyte was 

4.61% higher than for B9 in water-electrolyte. 

Under the same conditions, the impact of calcium 

hydroxide as an electrolyte is preferred to that of 

water. However, the findings converge as the 

chloride concentration increases, as the average 

extraction when the chloride content was equivalent 

to 1% was 28.51%, while it was 6.33% with a 

chloride content of 2%. 

  
(a) (b) 

 
(c) 

Figure 8- Chloride Concentration after 8 Weeks of Extraction (Chloride Content 1% weight of cement). 

  
(a)  (b) 

 
(c) 

Figure 9- Chloride Concentration after 8 Weeks of Extraction (Chloride Content 2% weight of cement). 
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5.1.4. Effect of time 

Figure (10) depicts the total chloride concentration 

after 4 and 8 weeks of extraction for all G1 and G2 

beams. The total chloride concentration was lower 

after 8 weeks than it was after 4 weeks, as seen in 

the figure. In general, the average extraction 

efficiency for G1 was 31.45% after 4 weeks and 

49.30% after 8 weeks. After 4 weeks, the average 

extraction efficiency for G2 was 43.71%, whereas it 

was 63% after 8 weeks. 

 

Figure (11) depicts the total chloride concentration  

after 4 and 8 weeks of extraction for all G3 and G4 

beams. After 4 weeks, the average extraction 

efficiency for G3 was 38.32%, whereas it was 

65.37% after 8 weeks. After 4 weeks, the average 

extraction efficiency for G4 was 45.26%, whereas it 

was 69.52% after 8 weeks. The effectiveness of 

removing chloride salts rises with time, as 

demonstrated by the data. On average, extraction 

efficiency after 8 weeks exceeds that after 4 weeks 

by 55.7%. 

  
(a) G1: Using Water as Electrolyte. (b): G2: Using Calcium Hydroxide as Electrolyte. 

Figure 10- Chloride Concentration after 4 and 8 Weeks of Extraction (Initial Chloride Concentration 1% Weight 

of Cement). 

Figure 11- Chloride Concentration after 4 and 8 Weeks of Extraction (Initial Chloride Concentration 2% Weight 

of Cement). 

6. Conclusions 

In this study, sodium chloride-infused mixing water 

was subjected to ECE on reinforced concrete beams 

(1, 2% Cl- as a weight of cement) to stimulate 

corrosion from the start. After casting the beams for 

6 months, the extraction procedure lasted 8 weeks. 

The chloride content of the tested beams was 

measured, and the change in chloride content was 

evaluated after the treatment. The following 

conclusions were drawn based on the obtained 

experimental results.  

1. Calcium hydroxide electrolyte performs 

slightly better than water electrolyte. Using 

water-electrolyte, the total chloride elimination 

efficacy ranged between 44 and 52.7% 

depending on the concrete cover beneath 

tension steel, whereas Ca(OH)2 elimination 

effectiveness varied between 61.5 and 64.5% 

based on the same variable. 

2. Increasing the area of tension steel leads to 

higher extraction under the same cover depth 

and electrolyte type circumstances. Using 

water-electrolyte, the elimination efficacy of 

total chlorides ranged from 62.8 to 69.6% based 

on the area of tension steel, whereas Ca(OH)2 

removal ranged from 66.7 to 72.96% depending 

on the area of tension steel. 

3. Increasing the time, the concrete beams are 

exposed to the extraction process increases the 

extraction process's efficiency. On average, 

extraction efficiency after 8 weeks exceeds that 

after 4 weeks by 55.7%.  
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