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Corrosion of reinforcing steel bar is one of the major reasons for the deterioration of reinforced 

concrete structures. Chloride permeation from deicing salts, seawater or other environmental causes is 

the primary  reason for the corrosion. Electrochemical Chloride Extraction (ECE) is a simple and low-

cost technique whereby chlorides could be removed from contaminated concrete. However, side effect 

of the ECE process was commonly observed on the ordinary Portland cement. In this study, we used 

the ordinary Portland cement as a control group and investigated the ECE efficiency and side effect of 

the blended cement with different composition. Micro vickers hardness tester and mercury intrusion 

porosimetry were used for characterizing the microstructural properties of the mortar samples. A 

higher chloride removal efficiency was observed on the ordinary Portland cement made mortar 

compared with that of the blend cement made mortar. The microhardness difference before and after 

ECE process of the mortar sample made by blend cement is much higher than that of the mortar 

sample made by the ordinary Portland cement. 
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1. INTRODUCTION 

Deterioration of reinforced concrete structure by steel rebar corrosion is one of the major 

problems in the field of civil engineering [1-3]. Chloride ion intrusion is the major cause lead to such 

corrosion according to a spate of report [4-6]. For the traditional repair method, the rust of the steel 

rebar has to be cleaned by physical or chemical ways and then coated with protective material such as 

epoxy. Finally, the less permeable concrete was chosen for construction. It can be seen that this 

method has an obvious drawback of very heavy pressing processes [7, 8]. The surface coating of the 

steel rebar is also lower the cohesion between the rebar and concrete [9, 10]. Therefore, the 
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development of an alternative method for corrosion concrete structure repair is important in the civil 

engineering field.  

Electrochemical Chloride Extraction (ECE) (also known as desalination process or 

electrochemical chloride removal treatment) is an alternative technique applied for the extract from the 

chlorides away from the steel [11-18]. Commonly, about 50 % to 90 % of chloride can be extracted 

from the concrete and consequently form a high level of passivation film on the steel rebar surface 

when the chlorides have not penetrated too much beyond the first layer of reinforcing steel. A 

temporary anode was installed and the steel rebar was used as the cathode. The applied current density 

is varied from 1 A/m
2
 to 10 A/m

2
. ECE treatment can be applied in various reinforced concrete 

structures including highway structures, overpass and mechanical parking system [19, 20]. The ECE 

process commonly takes one to two months. Some study reported the ECE process for bridge decks 

required a longer extract period due to the isolated steel and prestressing. The anode could be removed 

after completion and no further monitoring is required. Some reports indicated the side effects were 

observed after the ECE process. For example, Orellan and co-workers reported an ECE study which 

showed the new cementitious phases involving high concentrations of Na, Al and K were formed 

around the steel [21]. The alkali-aggregate could result in a concrete expansion, which subsequently 

provides a pathway for chloride further intrusion and then cause the crack of the concrete. Page and 

co-workers demonstrated the crack could form even at low alkali ions concentrations after the ECE 

process [22-24]. The possible reason of the cracking is due to the presence of alkali silica gel, which 

leads the partial expansion. Because the hydrogen could penetrate into the steel during the ECE 

process by the hydrogen production of the cathode, the hydrogen embrittlement is another side effect 

of the ECE treatment [25]. For hardness analysis, several reports claimed the decreasing of the 

concrete hardness around the steel rebar after the ECE process [26], while Bertolini and co-authors 

showed no difference of the hardness before and after ECE process [27].  Most of this work was 

conducted by the reinforced concrete prepared by the ordinary Portland cement. In this work, we 

compared the ECE efficiency and side effects of reinforced concrete prepared by the ordinary Portland 

cement and blended cement. The physical properties of the concrete around the steel rebar were 

characterized in detail.  

 

 

 

2. EXPERIMENTS 

2.1 Mortar preparation 

Ordinary Portland cement 42.5, pulverised fuel ash and ground blast furnace slag were 

employed for constructing sample mortars. The mortar samples were constructed in size of 40 × 50 × 

100 mm. The steel rebar with diameter of 8 mm with 130 mm in length were embedded in into the 

concrete. One pure ordinary Portland cement made mortar (denoted as OPC-1) and four blend mortars 

were prepared for analysis. The composition of four blend mortars were 80% ordinary Portland cement 

+ 20% pulverised fuel ash (denoted as OPC-2), 60% ordinary Portland cement + 40% pulverised fuel 

ash (denoted as OPC-3),  80% ordinary Portland cement + 20% ground blast furnace slag (denoted as 
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OPC-4) and 60% ordinary Portland cement + 40% ground blast furnace slag (denoted as OPC-5), 

respectively. The chloride corrosion was achieved by adding 3 % of NaCl into the mortar during the 

mixing procedure. After casting and demould, the mortars were placed into a standard curing chamber 

for 1 month before testing.  

 

2.2 Electrochemical chloride extraction process 

The ECE process was carried out in plastic reservoirs with a titanium mesh wrapped external 

anode. A maximum current density of 6 A/cm
2
 and the maximum possible extraction voltage of 32 V 

were used for ECE process. The mixture of the 0.1 M NaOH and H3BO4 was used as the electrolyte. 

The whole ECE process was carried out for 28 days. 

 

2.4 Chemical content determination 

The chemical content determination was performed the end of the ECE treatment. The pore 

fluid was extracted and then analyzed by atomic absorption spectroscopy. OH
―

, Na
+
 , K

+
 , SO4

2―
 and 

Cl
―

 contents were then analyzed. Spectrophotometric methods (Halo RB-10, Dynamica Pty Ltd,) were 

employed to determine chloride and sulfate concentrations [28]. Concentrations of sodium and 

potassium ions were determined by flame photometry (Elico-CL378). Hydroxyl ion concentrations 

were determined by titration with standard nitric acid [29]. The total chloride concentration was 

analyzed by dissolving the powder in hot nitric acid. Standard nitric acid titration was used for 

hydroxyl ion concentration determination. 

 

2.5 Microhardness analysis 

Micro vickers hardness tester (HM-200 Series Mitutoyo) was used for microhardness analysis. 

The sample was prepared by the cutting the middle of the mortar at left to the cathode. 9 μm alumina, 

ethanediol and 1 μm diamond paste were consequently used for sample polishing. Different distances 

from steel rebar were used for microhardness measurement. Ten readings were conducted and 

averaged for each sample.  

 

2.6 Pore size distribution analysis 

Pore size distribution was measured by the mercury intrusion porosimetry using abound 30mg 

fragmental pieces. The sample was soaked into propanol for 3 days for removing water. Then, the 

samples were dried using N2 gas and placed in a desiccator for mercury intrusion porosimetry analysis. 

The total intruded volume of mercury represents the porosity of the sample. 
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3. RESULTS AND DISCUSSION 

The hydroxyl ions of the all samples were analysed and the results were presented in the Figure 

1. Figure 1 shows the hydroxyl ions profiles of all samples at different distances from the steel rebar. It 

can be seen that the hydroxyl ions mainly concentrated around to the steel and decreasing along with 

the distance increasing. Values of 782, 658, 642, 555 and 570 mM were observed for OPC-1, OPC-2, 

OPC-3, OPC-4 and OPC-5 around the steel rebar, respectively. The higher hydroxyl ions concentration 

result in a higher pH condition. The highest pH value was observed at OPC-1, while the ordinary 

Portland cement and ground blast furnace slag (OPC-4 and OPC-5) made mortar showed the lowest 

pH condition. In all cases, the high pH value could result alkali–silica reaction. This reaction could 

result in the expansion and the formation of calcium silicate hydrate. The cracking in concrete could be 

caused by the alkali–silica reaction However, according to the Tritthart et al. [14] report, the alkali–

silica reaction after ECE process considers as harmless under normal condition.  

 

 
 

Figure 1. Hydroxyl ionic concentration of OPC-1, OPC-2, OPC-3, OPC-4 and OPC-5 at different 

distances from the rebar. 

 

Figure 2A shows the free chloride contents of the mortar samples. It can be seen that the 

chloride extraction efficiency of OPC-1 showed a higher value compared with that of the cement + 

pulverised fuel ash made concrete and the cement + slag made concrete. Therefore, the involving of 

the pulverised fuel ash and slag could result the limitation of the chloride diffusion due to the pore 

surface interactions, which result in the low ECE performance [30]. Moreover, the slag involved 

concrete showed a higher chloride extraction efficiency compared with that of the pulverised fuel ash 

involved concrete. Figure 2B shows the total chloride profiles of OPC-1, OPC-2, OPC-3, OPC-4 and 

OPC-5. A similar result was observed on the total chloride profiles, which prove the above 
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speculation. Moreover, a linear relationship between the free and total chloride was obtained in the 

cases of ement + pulverised fuel ash made concrete and the cement + slag made concrete, suggesting 

the blend cement owing a higher chloride binding capacity than that of the pure Portland cement [31]. 

The presence of enough C3A (3 CaO • Al2O3) is essential for achieving a well overall binding capacity. 

C3A is the most important substance for the formation of Friedel’s salt during the casting. Previous 

study showed the presence of the either pulverised fuel ash and slag could lower the C3A content and 

affect the binding capacity of the formed concrete, consequently lower the chemical binding ability 

towards chloride ions [32]. On the other hand, the presence of the either pulverised fuel ash and slag 

could lead to the formation of calcium–silicate–hydrates. The presence of high concentration of 

calcium–silicate–hydrates could accelerate the chloride adsorption process [33, 34]. 

 

 
 

Figure 2. (A) Free chloride content and (B) total chloride content of OPC-1, OPC-2, OPC-3, OPC-4 

and OPC-5 at different distances from the rebar. 

 

 
 

Figure 3. Total (A) sodium and (B) potassium content of OPC-1, OPC-2, OPC-3, OPC-4 and OPC-5 

at different distances from the rebar. 
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The evidence of the limitation of the ions diffusion in cement + pulverised fuel ash made 

concrete and the cement + slag made concrete was also confirmed by the sodium and potassium 

concentrations profiles. Figure 3A and 3B show the total sodium content and total potassium content 

of all samples after ECE process. As shown in the figure, the migration of the Na
+
 and K

+
 at cement + 

pulverised fuel ash made concrete and the cement + slag made concrete were clearly lower than the 

value in the ordinary Portland cement made concrete. During this ECE process, the cations such as Na
+
 

and K
+
 migrate to the steel rebar, while the Cl

−
 ions were taken out of the concrete structure [35]. The 

lower cations concentration further proved the limitation of the ions diffusion in the blend cement 

made concrete. Moreover, the higher ratio of either pulverised fuel ash and slag could decrease the 

ions diffusion performance. Therefore, the Na
+
 and K

+ 
concentration of OPC-3 and OPC-5 were lower 

than that of the OPC-2 and OPC-4, respectively. On the other hand, the sulfate ionic concentration 

increased after pH value increasing, especially the area near the steel cathode. 

Micro vickers hardness tester was used for microhardness analysis. Figure 4A and 4B show the 

microhardness profiles of OPC-1, OPC-2, OPC-3, OPC-4 and OPC-5 before and after ECE process at 

different distances from the rebar, respectively. A lower microhardness was observed on the area of 

close to the steel rebar compared with other areas in OPC-1, while the blend cement made concrete 

showed no such trend. Moreover, a significant microhardness decreasing was observed after the ECE 

treatment, while the microhardness showed no clear change tendency in blend cement made concrete 

after the ECE process. However, the average microhardness of all samples after the ECE process 

showed declines compared with their original values. Therefore, overall, the microhardness of the 

concrete could be affected by the ECE process. The result shows a good agreement with the previous 

report [36]. In both pulverised fuel ash and slag involved mortar samples, the average microhardness 

showed a decreasing when the content of the Portland cement decreasing. However, the addition 

pulverised fuel ash could enhance the greater density and impermeable microstructure [37], while the 

addition of slag could exhibit inherent protective qualities against chloride attacks [38].  

 

 
 

Figure 4. Microhardness profiles of OPC-1, OPC-2, OPC-3, OPC-4 and OPC-5 (A) before and (B) 

after ECE process at different distances from the rebar. 
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The porosity of all samples was determined by the mercury intrusion porosimetry method. 

Figure 5A and 5B shows the cumulative pore size distribution of the OPC-1, OPC-2, OPC-3, OPC-4 

and OPC-5 before and after ECE process, respectively. It can be seen that the OPC-1 showed a clear 

higher porosity after ECE process compared with that of the value obtained before the ECE process. 

The total porosity of the OPC-1 was obtained to be 0.1255 cm
3
/g, which showed a increasing of 16 % 

porosity compared with the value obtained before the ECE treatment (0.1082 cm
3
/g). On the other 

hand, the blend cement made concrete showed a reverse behaviour. After the ECE treatment, the 

porosity of both blend cement made concrete exhibited slight declines. Moreover, the lower Portland 

cement ratio showed less porosity, suggesting both pulverised fuel ash and slag could result a generally 

tighter microstructure after the ECE treatment.  

 

 
 

Figure 5. Cumulative pore size distribution of OPC-1, OPC-2, OPC-3, OPC-4 and OPC-5 (A) before 

and (B) after ECE process. 

 

 

 

4. CONCLUSIONS 

In conclusion, our carried the ECE process efficiency and side effect comparison study of the 

concrete made by Portland cement, Portland cement + pulverised fuel ash and Portland cement + 

ground blast furnace slag. The comparison results suggest that the extraction efficiency of Portland 

cement made concrete showed a higher value compared with that of the blend cement made concrete. 

A higher hydroxyl ionic concentration and pH value was obtained at the area near steel rebar. A higher 

sodium and potassium content was obtained with Portland cement made concrete compared with that 

of the blend cement made concrete. The microhardness characterization was indicated the addition of 

pulverised fuel ash and ground blast furnace slag could significant lower the microhardness of the 

concrete. The pore size distribution characterization suggests that the Portland cement made concrete 

showed a clear higher porosity after ECE process, while both blend cement made concrete showed 

decreasing of the porosity. 
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