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Abstract: Electro-chemical Chloride Extraction (ECE) is 

considered one of the most effective technique used to extract 
chloride ions from reinforced concrete structures. Effectiveness of 
using ECE depends on some important factors such as anode type, 
current intensity, extraction duration, type of rebar and chemical 
properties of concrete. On the other hand, ECE may cause some 
detrimental effects on some mechanical properties of concrete and 
steel such as a reduction in bond and compressive strengths of 
concrete, and embrittlement (i.e. reduction in ductility) ductility of 
reinforcing steel. 

The major aim of this research work was to investigate the 
effectiveness of ECE using locally available un-galvanized steel 
mesh with conductive cement paste anode as a new type of anode 
on a reinforced concrete slab as a structural element. The slab 
behavior before and after ECE was studied by determining 
compressive strength, water absorption rate, concrete chloride 
content and steel corrosion potential. The slab behavior was 
studied taken into consideration the established steel arrangement 
with spacing 20 cm between re-bars. Another aim of this research 
work was to investigate the effect of initial chloride content on 
chloride extraction efficiency by applying optimum current 
intensity and duration (3 A/m2 and 6 weeks) on cylinders with 
pure chloride content 0.4% and 0.8% (by weight of cement). 
Effectiveness of ECE with small initial chloride content 0.4% and 
0.8% was compared with that of high initial chloride content 
(2.5%) in order to know if the initial chloride content is an 
important factor on ECE effectiveness or not.   
 

Keywords: ECE, un-galvanized steel anode, conductive cement 
paste, corrosion. 

I. INTRODUCTION 

Corrosion is one of the most serious problems which has a bad 
effect on reinforced concrete properties [1], [2]. Carbonation 
is considered one of the main important causes of corrosion 
which causes neutralization of all alkaline ingredients in 
cement due to a remarkable drop in PH value [3]. This drop 
will cause extensive widespread corrosion of reinforcing steel 
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[4] which causes a continuous degradation of reinforced 
concrete properties [5]–[7].Chlorides could be from several 
sources either internal sources or external sources. Internally; 
chlorides may be coming from using seawater as mixing water 
or by using chloride contaminated aggregates. Externally; 
they can diffuse in concrete from the outside environment as a 
result of sea salt spray and direct seawater wetting. There is a 
growing need to improve the durability of concrete structures 
[8]–[11] or to rehabilitate the damaged one [12]–[14]. So, 
many different methods are used to rehabilitate concrete with 
high percentage of chloride like electrochemical 
re-alkalization of concrete, electrochemical chloride removal 
[15]–[17], electrochemical injection of organic corrosion 
inhibitor [18]–[20]. There are many rehabilitation methods 
such as using corrosion inhibitors (e.g. calcium nitrate) [21], 
cathodic protection (CP) [22] and different repair methods 
(like repair patches to avoid bad effects of corrosion on steel 
rebar in reinforced concrete). Optimum current intensity and 
duration for ECE were determined on cylinders in previous 
work based on maximum chloride extraction efficiency and 
minimum bond strength loss. Applying them on slab and 
cylinders with small initial chloride content as application on 
ECE to determine the effectiveness of ECE. 

II.  EXPERIMENTAL WORK 

A. Material and test specimens 

The used materials were ordinary portland cement (CEM 
1) of chemical and physical properties given in Table-I; fine 
aggregates (natural sand of fineness modulus 2.498, specific 
weight 2.67, volumetric weight 1.54 t/cm3 and percentage of 
fine materials 2.4%) and crushed stone coarse aggregates (10 
mm NMS, volumetric weight 1.55 t/cm3, water absorption 
1.5% and 2.703 specific weight). For the first mixture, sodium 
chloride (NaCl) solution (of concentration 4% by weight of 
cement) was added to the mixture which is equivalent to 2.5% 
of pure chloride dissolved in mixing water (W/C = 0.6) for the 
slab. The second mixture differed in admixing 0.64% of NaCl 
by weight of cement which is equivalent to 0.4% of pure 
chloride and the third mixture was admixed with 1.64% of 
NaCl by weight of cement which is equivalent to 0.8% of pure 
chloride. The reinforced concrete samples for the second and 
third mixture were cylinders (200 mm height and 70 mm 
diameter) with a 10 mm diameter steel bar located at the 
center.  
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The used anode was conductive cement paste with 
un-galvanized steel mesh Fig. 1 cylinder of dimensions 210 
mm height and 90 mm diameter. The proportion of 
conductive cement paste was 20% of graphite and 0.65 of 
water by weight of cement. Cylinder specimens were cast in 

PVC molds. Slabs were cast in a wood form with dimension 
(60 cm×60 cm×8 cm). Table-II shows the values of mix 

Table-I: Shows the Physical & Chemical properties of cement

* loss on ignition                                            
                                              Table-II: Mix proportions for one cubic meter of concrete. 
 
 
 
 
 

 
Fig.  1: Un-galvanized steel mesh used 

 
proportions for one cubic meter of concrete. Concrete  

compressive strength was determined using 10 cm x10 cm 
x10 cm cubes after 7 and 28 days as stated by ECC 203/2017 
[23]. The average 28-days compressive strength of concrete 
was 25 MPa (the most commonly used value in Egypt). 

B. Methodology 

ECE process was conducted on 12 reinforced concrete 
cylindrical specimens with current intensity 3 A/m² and 
duration 6 weeks. The current was applied using a DC power 
supply between the rebar (working as a cathode) and an 
un-galvanized steel mesh with conductive cement paste 
(working as an anode) [24] as shown in Fig. 2 for cylinders. 
The connection of ECE for slab was as shown in Fig. 3 and the 
schematic diagram Fig. 4. Twelve cylinders were connected 
(6 cylinders were prepared for the pull-out test and another six 
prepared for chloride content test for two mixtures). Four 
cylinders were disconnected by DC power supply as a 
reference of control chloride content and bond strength for 
two mixtures 0.4% and 0.8%. Specimen prepared for pull-out 
test differed from specimen prepared for chloride content test 
in the length of steel rebar (40 cm for the pull out test and 25 
cm for chloride content test). The immerged rebar length of 
all specimens were 17.5 cm. Each sample was cut into three 
layers within a distance 10-20-30 mm from the rebar and then 
grinded to test them after that. Graphite powder was added to 
cement paste in order to overcome its low conductivity as 
recommended by Saraswathy [25]. A sodium hydroxide 
solution (0.004 g/L of  NaOH) electrolyte (PH=10) was used 
as recommended by Lin [26]. The electrolyte was replaced 
weekly to avoid saturation of solution by chloride ions 

extracted from concrete as recommended by Lin [26]. Two 
slabs were tested, the first one was control slab and the second 
one was connected by DC power supply. 
 
 

 
Fig.  2: Details of ECE circuit for cylinders 

 

 
Fig.  3: Details of ECE circuit for slab 

  
Fig.  4: Schematic diagram for slab ECE connection 

C. Drilling method 

 
 
 
 

Element SiO2 Al2O3 Fe2O3 Cao MgO SO3 Na2O K2O L.O.I* 

Cement 20.13 5.32 3.61 61.63 2.39 2.87 0.37 0.13 1.96 

Cement 
(kg/m3) 

Aggregate 
(kg/m3) 

Sand 
(kg/m3) 

Water 
(kg/m3) 

NaCl 
(kg/m3) 

Average fcu 
(Mpa) 

350 1093 545 210 10.5 25 
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Obtaining Powder from various locations in the concrete 
slab and various distance of cylinders using a bench drill with 
a diameter of 1.6 cm as shown in Fig. 5 [27]. Powder of 
concrete was used to determine chloride concentration. 
Locations of drilling from the slab were as shown in Fig. 6. A, 
B, and D located at the intersection of two rebar, C located 
over one rebar, and E located in the middle of two re-bars.  

The chosen locations were to investigate the effectiveness 
of chloride extraction at different locations from the steel 
rebar arrangement. 
 

 
 

Fig. 5: Drilling method from the slab 
 

 
Fig. 6: Locations of drilling from the slab 

 
III. EXPERIMENTAL PROCEDURE 

A. Chloride content test 

Chloride content (P) was determined before and after ECE 
as follows: 

A sample of 20 gm from oven-dried concrete (65oC for 2 
hours) was grinded and 10 gm (G) powder was taken from it 
and added to 100 gm distilled water (V1) and stir it for 
half-hour then filtrate it. After that, a 20 gm (V2) filtration was 
taken and 2 drops of phinopithline (PHPH) were added until 
pink color appeared, then drops of dilute sulfate acid were 
added till the pink color disappeared. Adding 10 drops of 
potassium chromate indicator then adding a drop by drop 
from silver nitrate of concentration 0.02 mole/L (C) and 
determining its volume (V3). Equation (1) is used to calculate 
the free chloride content according to Baoguo Ma [28]. 

Chloride content (P) was determined before and after ECE 
as follows: 

       
B. Half-Cell Potential measurement (HCP) 

 HCP test shows the change of reinforcing bar from a 
passive to an active state. It is suggested in ASTM C-876 that, 
the rebar has a corrosion possibility higher than 90% when the 
measured HCP is higher than -350 mV (CSE) and a potential 
higher than -500 mV (CSE) represents severe corrosion 

happened on the steel. The test was conducted on the slab 
before and after ECE according to (Method 1999) [29].  

C. Pull-out test 

The bond strength between reinforcing steel bars and 
concrete was determined by pull-out test. A tension machine 
of capacity 30 ton was used to conduct the pull-out test using a 
steel frame as shown in Fig. 7. 

 
 

Fig. 7: Pull-out test setup 

D.  Rate of water absorption test 

Two samples were prepared for the rate of water absorption 
test. The first concrete specimen was before ECE and the 
second one was after ECE. Two samples were extracted from 
the control slab and another sample from the slab after 
applying ECE for 6 weeks with current intensity 3 A/m2 by 
core machine. The sample was dried into an oven until 
constant weight. The mass before sealing (wd) was recorded 
and the diameter was calculated as the average of four 
measurements (100 mm). The side surface was sealed with a 
plastic sheet. The mass of the sealed specimen was measured 
to the nearest (0.01gm). The supporting devices were placed, 
the pan was filled with tap water and the water level is 1 to 3 
mm above the top of the supports. Start the timing device and 
immediately place the test surface of the specimen on the 
supports. The time and date of initial contact were recorded. 
The masses have been recorded at 60 sec, 5 min, 10 min, 20 
min, 30 min, 60 min and every hour up to 6 hours- once a day 
up to three days from the start time according to ASTM 
C1585-13 2013 [30].  

E. Core test 

The main aim of this test was to determine the effect of 
ECE on compressive strength after applying ECE for six 
weeks with current intensity 3 A/m2. Six specimens were 
extracted from the slab to conduct the test. Three specimens 
were extracted from the control slab before ECE and the other 
three specimens were extracted from the slab after applying 
ECE for 6 weeks with current intensity 3 A/m2. Core 
dimensions were 6.8 cm diameter and 7.5 cm height. The test 
was conducted according to ECC 203/2017 [31]. 

IV. RESULTS AND DISCUSSION 

A. Test results for slab 
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After determining optimum current intensity 3 A/m2 and 
optimum duration 6 weeks from applying ECE on cylinders. 
ECE treatment was applied to a reinforced concrete slab as a 
structural element to know the effectiveness of the ECE on the 
reinforced concrete element. The reinforced steel bar 
arrangement effect on chloride extraction was studied by 
drilling powder from different locations of the slab, corrosion 
potential of steel re-bars, water absorption rate of concrete 
and compressive strength of concrete before and after ECE 
were studied also. The results of the tests are shown in the 
following: 

 
1) Chloride test results 

The chloride content of the powder obtained from different 
locations of the slab before and after ECE was as shown in 
Fig. 8. The results show that the most effective location of 
extraction was above the intersection of two steel bars at the 
corner of the slab. The lowest effective location was between 
steel rebar confirming that the distance between steel rebar 
had an effect on the efficiency of chloride extraction from the 
slab. This was due to the weak magnetic field in the middle 
between steel rebar.  

 The efficiency of extraction at the location A, B, C, D, and 
E was up to 82.08 %, 74.35%, 74.56%, 71.25% and 31.17% 
respectively. The efficiency ratios showed that all locations 
except location E have almost the same efficiency due to their 
places near to the steel rebar as shown in Fig. 9. 
2) Core test results 

Results show that there was no significant loss of 
compressive strength of reinforced concrete before and after 
ECE with applying current intensity 3 A/m2 for six weeks. 
The compressive strength of the core was 195.11 kg/cm2. The 
difference was up to 8%. 
3) Rate of water absorption test results 

Results show that there was no significant change in the 
water absorption rate before and after ECE. The rate before 
ECE was 0.022 mm/sec0.5 and after ECE was 0.018 mm/sec0.5 
as shown in Fig. 10. The porosity of reinforced concrete did 
not change by applied ECE treatment. 

 
Fig. 8: Chloride content at different locations of slab 

before and after ECE 

 
Fig. 10: Water absorption rate with time 

4) Half-Cell Potential test results 
Half-Cell Potential (HCP) test on the slab before ECE 

showed that the potential of the steel was up to -525 mv. This 
value was higher than -500 mv which means that severe 
corrosion happened on the steel (more active state). HCP test 
on slab after six weeks of ECE with applying current intensity 
3 A/m2 showed that the potential of the steel was up to -300 
mv. This value was lower than -350 mv which means that the 
rebar has a possibility of corrosion less than 90% (more 
passive state). Results confirm the effectiveness of ECE 
treatment by using un-galvanized steel mesh with conductive 
cement paste anode. 

B. Test results for two mixtures with chloride content 
(0.4% and 0.8%) 

Optimum current intensity 3 A/m2 and optimum ECE 
duration 6 weeks were applied on reinforced concrete 
cylinders with 0.4% and 0.8% chloride content. ECE 
treatment was applied to these cylinders to investigate the 
ECE effectiveness of chloride extraction with small initial 
chloride content (0.4% and 0.8%), compare this with the 
effectiveness of chloride extraction of initial high chloride 
content (2.5%). Effectiveness of ECE with small chloride 
content (0.4% and 0.8%) were compared with that of high 
initial chloride content (2.5%) in order to know if the chloride 
content is an important factor on ECE effectiveness or not. 
The results of the chloride and pull-out tests which conducted 
on cylinders are shown in the following:  

1) Test results for mixture with chloride content (0.4%) 

Chloride test results showed that the effectiveness of 
extraction was up to 58% which differed from the efficiency 
of the chloride extraction when the initial chloride content 
was 2.5% by 17%. This confirms that the high initial value of 
chloride content increases the efficiency of its extraction in a 
small percentage compared with small initial content. 
Chloride content before and after extraction at different 
distances from steel rebar was as shown in Fig. 11. Each point 
on graph was average of  three specimens. Pull-out test 
showed that there was no significant loss in bond strength 
before and after ECE as shown in Fig. 12. 

Fig. 9: Chloride extraction efficiency at different location 
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Fig. 11: Chloride content at different distances from steel 

bar after six weeks 
 

2)   Test results for mixture with chloride content (0.8%) 
Chloride test results showed that the effectiveness of 

extraction was up to 62% which differed from the efficiency 
of the chloride extraction when the initial chloride content 
was 2.5% by 13%. It differed by about 4% from a mixture of 
chloride content (0.8%). This confirms that the high initial 
value of chloride content increases the efficiency of its 
extraction in a small percentage compared with small initial 
content. Chloride content before and after extraction at 
different distances from steel rebar were shown in Fig. 13. 
Pull-out test showed that there was no significant loss in bond 
strength before and after ECE as shown in Fig. 14. The 
efficiency of chloride extraction in mixture with (2.5%) pure 
chloride was as shown in Fig. 15. 

 
Fig.  13: Chloride content at different distances from steel 

bar after six weeks 

 
Fig. 14: Bond capacity before and after ECE 

 

 
Fig. 15: Chloride content at different distances from steel 

bar after six weeks for mixture 2.5% of pure chloride 
The results of chloride and pull-out test for all samples are 
shown in Appendix I and Appendix II. For each mixture there 
were three specimens and the graphs were drawn by the 
average of three specimens in each distance. 

V. CONCLUSION 

This study presents an experimental investigation carried out 
to evaluate the effectiveness of ECE by using locally available 
un-galvanized steel mesh anode with conductive cement paste 
on RC slab as a structural element. Based on the obtained test 
results, the following points can be easily concluded: 
1.  The obtained maximum efficiency of ECE process was at a 
location (on the RC slab) just above the steel rebar.  
2. Effectiveness of ECE at any location of the RC slab 
depends on the distance between this location and the nearest 
steel rebar. The closer to the steel rebar, the more efficient of 
the ECE process. 
3. There is no remarkable reduction in bond strength or 
compressive strength after applying ECE for 6 weeks duration 
and 3A/m2 current intensity. 
4. Efficiency of ECE increased by increasing the initial 
chloride content of concrete. The measured efficiencies of 
ECE for different initial chloride contents were: 75% for 
2.5% initial chloride content, 62% for 0.8% initial chloride 
content and 58% for 0.4% initial chloride content.  

 
 
 

 
 
 
 

Fig. 12: Bond capacity before and after ECE 
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APPENDIX 

Appendix I: Chloride content/Cement content % for all samples at 
different distances from steel rebar 

Sample  

distance from steel rebar 

10 mm  20 mm 30 mm 

%Cl/ Cement %Cl/Cement %Cl/Cement 

M1C0D0* 1.89 2.54 2.76 

M1S1C3D6** 0.53 0.85 0.78 

M1S2C3D6 0.52 0.71 0.64 

M1S3C3D6 0.49 0.73 0.63 

M2C0D0 0.4 0.44 0.43 

M2S1C3D6 0.2 0.26 0.26 

M2S2C3D6 0.22 0.31 0.3 

M2S3C3D6 0.24 0.33 0.29 

M3C0D0 0.78 0.8 0.75 

M3S1C3D6 0.22 0.38 0.45 

M3S2C3D6 0.38 0.4 0.42 

M3S3C3D6 0.29 0.42 0.45 

(M1: first mixture, M2: Second mixture, M3: Third mixture) 
Where S is the sample number, C is the current intensity of ECE, D is the 
duration of ECE treatment. 
* Control sample for first mixture. 
** Sample 1 with current intensity 3 A/m2 and duration of ECE treatment six 

weeks. 

Appendix II: Bond strength for all samples 

Sample 
Bond strength 

(ton) 

M2C0D0 3 

M2S1C3D6 2.8 

M2S2C3D6 2.9 

M2S3C3D6 2.8 

M3C0D0 3 

M3S1C3D6 2.5 

M3S2C3D6 2.6 

M3S3C3D6 2.6 
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