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Removal in Reinforced Concrete.  Master of Engineering (Civil Engineering),
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         This research presents the method of rehabilitation of reinforced concrete structure

deteriorated from chloride attack. The electrochemical chloride removal is used to remove

chloride ion from the reinforced concrete structure. The objective of this research is to find the

appropriate parameters for this method; that is, type of electrolyte solution, electrical potential

and charging duration. As a result, there is a good tendency for using the electrochemical

chloride removal method to remove chloride ion from the reinforced concrete structure. For 28

days charging duration, this method can remove chloride ion up to 76% by using Ca(OH)2

solution as electrolyte with 15 Volts DC electrical potential.

               In addition, the decrease chloride content in areas far from the installed electrolyte area

is conducted. It is found that, Efficiency of extraction chloride in concrete decreases as the

distance from the installed solution electrode increase. This is consistent with the equation of

Nernst plannck which describes the movement of chloride ions mobility through the concrete by

electric current.
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Influence of Electric Current on Electrochemical Chloride Removal

in Reinforced Concrete
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2.  (Chemical Deterioration) (carbonation)

(Acid Attack) (Sulfate Attack)

(Alkali-Aggregate Reaction)

(Chloride Attack)

3. (Mechanical Deterioration) (Abrasion)
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(Spalling)

(Bentur et al., 1997)
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 4  5 
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10 Chloride Migration Test

: Prince and Gagne (2000)

Fajardo et al. (2004) Electrochemical Chloride Extraction (ECE)

from Steel-Reinforced Concrete Specimens Contaminated by “Artificial” Sea-Water
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: Fajardo el at. (2004)
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 3

Block no.

Corrosion Potential

mV (vs Copper Sulphate Electrode)

Pre-ECR Post-ECR

1 -341 / -180 -255 / -148

2 -376 / -288 -293 / -247

3 -293 / -103 -205 / -48

4 -290 / -86 -205 / -50

: Ihekwaba et al. (1996)

 Virginia Transportation Research

Council

34th Street Bridge Over I-365 2000

Gerodo G. Clemena Donald R. Jackson

Electrochemical Chloride Extraction  13

I-365  28 

41 80
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 13

: Gerodo and Donald, 2000

 13 

I-365

I-365

 2002 Stephen R. Sharp et al.

 4-5
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 4

Location Date

Area of
Chloride

Removed (%)
Treatment

(m2)

Hwy #192 Bridge Substructure, Council Bluffs, Iowa 2000 1209 N/A

Highway 11 Bridge Abutments, North Bay, Ontario 2000 646 N/A

Eastern Avenue Bridge #576 Abutments, Washington DC 2000 220 N/A

3rd St. Viaduct, Bridge Substructure, Minot, North Dakota 1999 100 N/A

St. Adolphe Bridge Deck, St. Adolphe, Manitoba 1999 14704 N/A

S02 of 38061 Substructure, Jackson County, Michigan 1999 109 N/A

I-480 Bridge Substructure, Omaha, Nebraska 1999 1400 N/A

Burlington Skyway Substructure, Burlington, Ontario 1999 1533 N/A

Hwy #192 Bridge Substructure, Council Bluffs, Iowa 1998 463 N/A

I-480 Bridge Substructure, Omaha, Nebraska 1998 1525 74 (at0-25 mm.)

63 (at 50-75 mm.)

St. Adolphe Bridge Deck, St. Adolphe, Manitoba 1998 1115 N/A

Pembina Highway Overpass Structure, Winnipeg, Manitoba 1998 220 N/A

Industrial Spur Bridge Substructure, Peoria, Illinois 1998 462 N/A

Starbuck Bridge Deck, Winnipeg, Manitoba 1997 270 N/A

I-395 & Dunwoody Substructure, Minneapolis, Minnesota 1997 225 N/A

Carousel Center Parking Deck, Syracuse, New York 1997 100 N/A

Islington Ave. Bridge Interceptor Chambers, Toronto, Ontario 1997 180 N/A

Burlington Skyway Substructure, Burlington, Ontario 1997 268 N/A

Tulls Highway Overpass Deck, Seaford, Delaware 1997 1550 N/A

Hwy #6 & #11 Overpass Piers, Regina, Saskatchewan 1995 180 Up to 80

5th Street & I-64 Substructure, Charlottesville, Virginia 1995 488 26-60 (at 6-19 mm.)

15-33 (at 25-38 mm.)

Hwy #1 & #6 Overpass Piers, Regina, Saskatchewan 1995 370 N/A

Hwy #2 Overpass Piers, Morinville, Alberta 1995 55 62-96

34th Street & I-395 Bridge Deck, Arlington, Virginia 1995 733 76-82 (at 6-19 mm.)

32-72 (at 19-32 mm.)
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 4  ( )

Location Date

Area of
Chloride

Removed (%)
Treatment

(m2)

Hwy #11 & #16 Overpass Piers, Saskatoon, Saskatchewan 1994 150 62-88

Pier Columns, SHRP, USA 1992 49 N/A

Abutment Area, SHRP, USA 1992 17 N/A

Deck Area, SHRP, USA 1991 136 60 (25 mm from bar)

Portage Avenue & Rt. 90 Retaining Wall, Winnipeg, Manitoba 1991 N/A 20-76

Burlington Skyway Pier, Burlington, Ontario 1989 31 27 (East face)

59-60 (West Face)

57 (South Face)

U.S. Route No.33 Bridge Deck. (ODOT No. UNI-33.1138-R)

Marysville, Ohio

1975 18 31 in 12 hr

(at 0-25 mm.)

51 in 24 hr

(at 0-25 mm.)

N/A = Not Available

: Stephen et al. (2002)

 5

ECE

Date
Location Test Date

Half Cell, mV

(vs. Cu/CuSO4)

1989 Burlington Skyway Pier, Burlington, Ontario

Untreated

0% > -200

96% between -200 and -350

4% < -350

Treated

96% > -200

4% between -200 and -350

0% < -350
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 5 )

ECE

Date
Location Test Date

Half Cell, mV

(vs. Cu/CuSO4)

1991 Portage Avenue & Rt. 90 Underpass Untreated 84% < -350

Retaining Wall, Winnipeg, Manitoba Treated 100% > -280

1995 Hwy #6 & #11 Overpass Piers, Regina,

Untreated

49% > -200

Saskatchewan 27% between -200 and -350

24% < -350

Treated

99% > -200

1% between -200 and -350

0% < -350

1997 Starbuck Bridge Deck, Traffic Bearing

Untreated

6% > -200

System, Winnipeg, Manitoba 75% between -200 and -350

19% < -350

Treated

96% > -200

4% between -200 and -350

0% < -350

: Stephen et al. (2002)



27

1.  140-150 

2.  (Vibrator)

3.  (Slump test)

4. 10 × 20

5. 15 x 30

6. 30 x 30 x 10

7. 75 x 75 x 75

8. 120 × 150

9. 0.01

10.  (Half-cell potential test)

11.

12.

13.  ( )
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14.  ( )

15.

16.

17. (Metrohm 781 pH/Ion Meter)

18. ,

1.

1.1

- 1

-  (Crushed limestone)  3/8

-  4 (SSD)

-  6 . 9 .

1.2

320 ./ .2

ACI 0.45 8 .

6-7
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6 (w/c = 0.45)

 ( ./ . .)

1 444

992

719

200

22

7

Diameter

(mm.)

Cross section area

(mm.2)

Yielding strength

(kg./cm.2)

Ultimate strength

(kg./cm.2)

RB6 28.3 2400 3900

RB9 63.6 2400 3900

2.

2.1  30 x 30 x 10 .

 30 x 30 x 10 .  9 

 6 

 SR24  6 .

 (NaCl) 5 

 (Slump test)

 (NaCl)

5 
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(C.

Arya et al., 1996) 28

1, 2,3 4 .

 24

2.2 70 x 70 x 7.5 .

70 x 70 x 7.5 . 3

 SR24 9 .

15 3 .

30 x 30 x 10 .

 15 

1,2 3 . 

24

 (Titration)

(Free Chloride)

3.

3

 (Ca(OH)2),

 (NaOH), , (KOH)

8
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8

, Ca(OH)2

Saturated

, (NaOH) 0.1 molar

,, (KOH) 0.1 molar

4.

(Half-Cell Potential)

ASTM-C876

 (Corrosion Analyzing Instrument) 

 14 

 15 

 14
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5.

 30 x 30 x 10 . 70 x 70 x 7.5 .

 15

 15

30 x 30 x 10 70 x 70 x 7.5 .
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6. (Chloride Migration Test)

4 3

28

Chloride Migration Test Nernst plannck 5 (Modified

Fick”s second law) JSCE –G571-2003 

24

15  16

Chloride Analyzer

RTl
EEFCzDJ cclcl

eCl
)(

             (5)

JCl = Flux of Chloride Ions in Steady State (mol/(cm2 year)

De = Effective Diffusion Coefficient (cm2/year)

R = Gas Constant (8.31 J/(mol K))

zCl = Charge of Chloride ion (=1)

F = Faraday Constant (96,500 C/mol)

CCl= Chloride Ion Concentration (mol/l)

E- EC = Potential Gradient (V)

l = Length (mm.)

T = Time

Chloride Migration Test (Flux, JCl)

 (Diffusion Coefficient, De)
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 16

 (Chloride Migration Test)

7.

7.1 Argentometic Mohr

Method

7.1.1  ( 4-5 75 1

) 250

7.1.2 pH Ag+

AgOH  pH CrO4
2- Cr2O7

2-  pH

1



35

7.1.2.1 pH 7

7.1.2.2 pH 7

pH 7.1.2.1

7.1.3 AgNO3 50

7.1.4  1

7.1.5 AgNO3

AgCl

End Point AgNO3

7.1.6 Blank AgNO3 AgCl

Ag2CrO4

  AgNO3 Blank

 17 ,

 (pH) Blank



36

 18

7.1.7  6 

sampleml
CBACllmg 35400)(/

(6)

 A = AgNO3

B = AgNO3 Blank

C = AgNO3

7.2 Chloride Analyzer

(Metrohm 781 pH/Ion Meter)

7.2.1  ( 4-5 75

1 ) 250
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7.2.2  10

(NaNO3)  10 

7.2.3 Chloride ISE

(NaCl)  0.1  10 

Chloride Analyzer (Metrohm 781 pH/Ion Meter)

7.2.4  7, 14,

21  28 

 19

 (Titration)
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 20 Chloride ISE (NaCl)

0.1 / Chloride Analyzer

 (Metrohm 781 pH/Ion Meter)
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(Strong Base

Electrolyte) (Ca(OH)2

Electrolyte),  (NaOH Electrolyte)

(KOH Electrolyte)  5, 10, 15

 3 

3

 21-23

21

5, 10, 15
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22

5, 10, 15

23

5, 10, 15
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9

 15, 10, 5

 ( )

.
15 10 5

1 0.459 0.196 0.295 0.329

2 0.487 0.169 0.265 0.323

(NaOH) 3 0.486 0.281 0.296 0.379

4 0.496 0.385 0.392 0.439

10

 15, 10, 5

 ( )

.
15 10 5

1 0.444 0.145 0.138 0.302

2 0.458 0.109 0.216 0.302

(KOH) 3 0.488 0.163 0.223 0.319

4 0.472 0.311 0.305 0.397
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 11

 15, 10, 5

 ( )

.
15 10 5

Ca(OH)2 1 0.437 0.142 0.146 0.318

2 0.476 0.103 0.135 0.316

3 0.469 0.143 0.204 0.428

4 0.499 0.294 0.346 0.451

24  3 

 15 
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 21-23  9-11 

(Ca(OH)2)

 ( ) 

15

10 5

(NaOH)

(KOH)  21, 22

(Ca(OH)2) P.F. McGrath and R.D. Hooton (1996)

C. Arya et al. (1996)

Nernst plannck (Modified Fick”s

second law)

 24  3 

(Ca(OH)2)

76 28 15

( 0.4-

0.6 )

(Ca(OH)2)  15 
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 1 .

( . .)

( )
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( .)

( )
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( . .)

( )

15 39-42

30 12-21

45 3-12
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 12-14 

 (Chloride Migration Test)

(Chloride Migration Test)

(Diffusion Coefficient) (Flux)

 15-17
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 15 (Chloride Migration Test)

 1 (MT-01)

day Volts (V) /

1 13.56 782 0.0134

2 13.56 1103 0.0189

3 12.36 3983 0.0681

4 12.26 5360 0.0916

5 12.23 6330 0.1082

7 12.21 11200 0.1915

Flux of chloride ion in steady state, JCl : 0.149 ( )/

Effective diffusion coefficient, De : 3.065 .2

 16 (Chloride Migration Test )

 2 (MT-02)

day Volts (V) /

1 13.56 665 0.0114

2 13.56 1090 0.0186

3 12.36 3970 0.0679

4 12.26 5470 0.0935

5 12.23 6430 0.1099

7 12.21 10900 0.1863

Flux of chloride ion in steady state, JCl : 0.145 ( )/

Effective diffusion coefficient, De : 3.021 .2
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 17 (Chloride Migration Test )

3 (MT-03)

day Volts (V) /

1 13.56 832 0.0142

2 13.56 1110 0.0190

3 12.36 4440 0.0759

4 12.26 5140 0.0879

5 12.23 5900 0.1009

7 12.21 11700 0.2000

Flux of chloride ion in steady state, JCl : 0.152 ( )/

Effective diffusion coefficient, De : 3.084 .2

31  (NaOH)

Chloride Migration Test
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 31 

Chloride Migration Test

(Diffusion Coefficient)

(Flux)

Nernst

plannck Hassanein et al. (2002)

80 40 .

(Flux) (Diffusion Coefficient)

Chloride Migration Test

 32
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(Diffusion Coefficient)

(Flux) Chloride Migration Test

 33-34
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33-34

(Flux) (Diffusion Coefficient)

Chloride Migration Test

 Chloride Migration Test

35

 35  28 

 3 . 
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35 

Chloride Migration Test

Nernst

plannck

 30 . 

 15 

Orellan et al. (2003) 
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2.

 15 

Nernst plannck

3.

(Flux) (Diffusion coefficient) Nernst

plannck
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1  30 x 30 x10 

Sample Name
Depth Voltage Percent of Chloride by weight of  concrete

(cm.) (Volts) Before ECR After ECR

C-05 1

5

0.4880 0.318

2 0.4765 0.316

3 0.5032 0.428

4 0.5025 0.451

C-10 1

10

0.4366 0.146

2 0.4755 0.135

3 0.4685 0.204

4 0.4992 0.346

C-15 1

15

0.4228 0.142

2 0.4209 0.103

3 0.4391 0.143

4 0.4955 0.294
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2  30 x 30 x10 

Sample Name
Depth Voltage Percent of Chloride by weight of  concrete

(cm.) (Volts) Before ECR After ECR

N-05 1

5

0.4680 0.329

2 0.4868 0.323

3 0.4722 0.379

4 0.4955 0.439

N-10 1

10

0.4234 0.330

2 0.4785 0.328

3 0.4882 0.284

4 0.5025 0.376

N-15 1

15

0.4594 0.196

2 0.5045 0.169

3 0.4857 0.281

4 0.4853 0.385
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3  30 x 30 x10 

Sample Name
Depth Voltage Percent of Chloride by weight of  concrete

(cm.) (Volts) Before ECR After ECR

K-05 1

5

0.5015 0.302

2 0.4318 0.302

3 0.4353 0.319

4 0.4535 0.397

K-10 1

10

0.4438 0.216

2 0.5039 0.138

3 0.4883 0.223

4 0.4722 0.305

K-15 1

15

0.3895 0.145

2 0.4576 0.109

3 0.5084 0.163

4 0.5425 0.311
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 75 x 75 x7.5 .
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1 75 x 75 x7.5

 1 .

Coordinate Chloride Content (% by weight of cement)

X-Axis Y-Axis Before ECR After ECR

0 0 0.48 0.14

150 0 0.53 0.13

300 0 0.59 0.27

450 0 0.60 0.35

600 0 0.60 0.31

0 150 0.55 0.12

150 150 0.59 0.21

300 150 0.62 0.34

450 150 0.67 0.37

600 150 0.65 0.38

0 300 0.66 0.34

150 300 0.64 0.36

300 300 0.62 0.34

450 300 0.65 0.39

600 300 0.55 0.34

0 450 0.49 0.25

150 450 0.50 0.29

300 450 0.43 0.30

450 450 0.45 0.27

600 450 0.61 0.39

0 600 0.61 0.42

150 600 0.43 0.33

300 600 0.44 0.34

450 600 0.55 0.38

600 600 0.58 0.42
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2 75 x 75 x7.5

2 .

Coordinate Chloride Content (% by weight of cement)

X-Axis Y-Axis Before ECR After ECR

0 0 0.63 0.20

150 0 0.68 0.18

300 0 0.77 0.34

450 0 0.80 0.35

600 0 0.77 0.45

0 150 0.62 0.20

150 150 0.71 0.21

300 150 0.85 0.40

450 150 0.70 0.40

600 150 0.70 0.45

0 300 0.79 0.34

150 300 0.77 0.36

300 300 0.76 0.46

450 300 0.63 0.44

600 300 0.69 0.52

0 450 0.85 0.48

150 450 0.74 0.43

300 450 0.61 0.45

450 450 0.75 0.51

600 450 0.71 0.54

0 600 0.79 0.58

150 600 0.72 0.51

300 600 0.66 0.46

450 600 0.62 0.53

600 600 0.72 0.51
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3 75 x 75 x7.5

3 .

Coordinate Chloride Content (% by weight of cement)

X-Axis Y-Axis Before ECR After ECR

0 0 0.72 0.25

150 0 0.76 0.23

300 0 0.72 0.40

450 0 0.74 0.47

600 0 0.72 0.49

0 150 0.81 0.24

150 150 0.74 0.24

300 150 0.80 0.47

450 150 0.72 0.51

600 150 0.78 0.43

0 300 0.73 0.40

150 300 0.71 0.42

300 300 0.68 0.40

450 300 0.73 0.47

600 300 0.83 0.64

0 450 0.76 0.51

150 450 0.85 0.56

300 450 0.75 0.58

450 450 0.81 0.55

600 450 0.83 0.62

0 600 0.71 0.57

150 600 0.73 0.61

300 600 0.75 0.66

450 600 0.80 0.68

600 600 0.72 0.68
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1  75 x 75 x 7.5

.

Coordinate Half-Cell Potential (-mV)

X-Axis Y-Axis Before ECR After ECR

0 0 409 221.00

150 0 390 220.00

300 0 490 299.00

450 0 393 284.00

600 0 431 302.00

0 150 433 233.00

150 150 377 235.00

300 150 393 308.00

450 150 388 313.00

600 150 415 338.00

0 300 408 354.00

150 300 401 332.00

300 300 391 316.00

450 300 404 321.00

600 300 435 328.00

0 450 400 377.00

150 450 453 361.00

300 450 407 345.00

450 450 372 371.00

600 450 412 389.00

0 600 401 361.00

150 600 407 362.00

300 600 421 378.00

450 600 427 358.00

600 600 421 368.00
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1

2



78

1

Sample Ultimate

Compressive

Strength (fc’)

Ultimate

Compressive

Strain ( c)

Modulus of

Elasticity

(Ec)

Poisson's Ratio

( )

No. ksc. mm./mm. ksc.

1 450.85 0.00224 318334 0.1083

2 466.80 0.00273 307786 0.1701

3 445.34 0.00260 208929 0.0381

Average 454.33 0.00252 278349 0.079
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Virginia Transportation Research

Council

I-365 (34th Street Bridge Over I-365 2000

Gerodo G. Clemena Donald R. Jackson Electrochemical

Chloride Extraction (ECE) I-365

(Composite Structure) (Deck)  (Pear)

1 I-365 (34th Street Bridge Over I-365)

: Gerodo and Donald (2000)

1 I-365

2

2 6
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2

I-365

: Gerodo and Donald (2000)
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3

I-365

: Gerodo and Donald Jackson (2000)
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4

I-365

: Gerodo and Donald Jackson (2000)

5

I-365

: Gerodo and Donald Jackson (2000)
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6

I-365

: Gerodo and Donald Jackson (2000)

3- 6 

I-365

(Cellulose)

40

 8 

I-365

 80  40 

I-365 1 – 2
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1 Mean Chloride Concentration at Various in Deck Areas Before and After

Treatment (kg./m.3)

Concrete

Component

At 6 to 19 mm. At 19 to 32 mm.

Before After Change (%) Before After Change (%)

Deck 4N 5.20 1.04 -80.0 2.68 0.59 -78.0

Deck 4N 5.92 1.06 -82.1 3.78 0.69 -81.7

Deck 4N 5.03 1.07 -78.7 3.05 0.71 -76.7

Deck 4N 4.97 1.20 -75.8 2.34 0.65 -72.2

Average -79.2 Average -77.2

SD 2.6 SD 3.9

: Gerodo and Donald Jackson (2000)

2 Mean Chloride Concentration at Various in Pears Before and After

Treatment (kg./m.3)

Concrete

Component

At 6 to 19 mm. At 19 to 32 mm.

Before After Change (%) Before After Change (%)

Pier 1 1.35 0.88 -34.6 0.85 0.74 -12.6

Pier 2 1.97 0.79 -59.7 1.10 0.52 -52.9

Pier 3 1.47 1.07 -27.2 1.12 0.73 -34.8

Average -40.5 Average -33.4

SD 17.0 SD 20.2

: Gerodo and Jackson (2000)
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(Chloride Migration Test)
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5 70 x 70 x 7.5 .

6 28

7
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8

9  24 . 
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11

12
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(Chloride Migration Test)
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94

Jenson (1999) 

(W/C Ratio)

Nernst plannck

O. Mejlhede Jenson

1

1

(w/c ratio) Diffusion Coefficient (x10-12 m2/s)

0.2 0.8

0.3 3.8

0.4 11

0.5 22

0.6 30

0.7 36

: Jenson (1999)
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1
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1 

(Exponential)

1

P Decrease = 108.06e-0.006x (%) ( 1)

P Decrease  =  (%)

x =  ( .)

 200 . 

2 1 

(Exponential)
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1 

 200 .

 40  200  100 

1

1

( .)

0 100.00

100 60.50

200 33.88

300 18.97

400 10.62

500 5.95

600 3.33

700 1.86

800 1.04

900 0.58

1000 0.33

1 
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