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ABSTRACT 
Keyword reinforced concrete, carbon dioxide, the effect of chloride ions 

Corrosion of steel in reinforced concrete building is now recognized as the most 

important durability problem in Taiwan because of its location in subtropical areas and 

being surrounded by the sea.  The major causes of corrosion initiation of reinforcing 

steel are the ingress of chloride ions and carbon dioxide to the steel surface. Chloride 

ion causes local destruction of the passive film leading to localized corrosion. On the 

other hand, carbon dioxide reacts with the hydrated cement matrix and leads to a pH 

decrease and subsequent loss of steel passivity and to corrosion initiation. As a results, 

the reinforced concrete building lost its durability and damaged due to reducing its 

loading capacity. The purpose of this study is to investigate the effect of chloride ions 

and carbon dioxide on the corrosion of steel in reinforced concrete by measurement of 

corrosion. Test results can be used as a reference to prevent the corrosion of reinforced 

concrete and reduce government spending on reinforced concrete structures corrosion 

prevention.
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(pseudomorphic layer)

 

C/S C-S-H C4AH13 C2ASH8

(Ca(OH)2)

(Ca(OH)2)

C2ASH8  

(ettringite)

(monosulfate hydrate) Al(OH)3  

OH-

SiO4
4- AlO4

5-

Ca2+ Ca(H2O)2+ Ca(H2O)(OH)+

 

 

(1)  
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(2)  

 

(3)  

 
(4)  

 

C-S-H

 

 

(C3S) (C2S) (C3A)

(C4AF)

 

(1) ( )(sulfate activation) 

(2) ( )(lime activation) 

(C3S) (C2S)

Si-O Al-O

Si Al

Ca Al

Ca Al pH

12  
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CH C-S-H

 

 

 

 

 

CH C-S-H

CH C-S-H

 

 

 

1.  

( 30 )

( 15 )

 

2.  

[56] 
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1.  

CH

C-S-H

 

2.  

28

 

(C-S-H)

91  

3.  

 

4.  

C-S-H

28

56
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91
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3.1  

3.1  

  
pH  7 9 11 13 

 0% 1% 2.5% 5% 

2.

 

2.12 pH

pH 13

pH 8.5~12.5 8.5

NaOH pH 9.11.13 pH

7.5 (NaCl)

0% 1% 2.5% 5% [Cl-]/[OH-]  

3.  

2 10cm

3 7 14 28 ASTIM G1-03 A1.1 C.3.1

 

ASTM G1-03  

Corrsion Rate=(K×W)/(A×T×D) 
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K= ( 3.2) 

T= (hour) 

A= (cm2) 

W= (g) 

D= (g/cm3) 

3.2 ASTM G1-03 K  

Corrosion Rate Units Desired Constant (K) in Corrsion Rate 
Equation 

mils per year(mpy) 3.45×106 
inches per year(ipy) 3.45×103 
inches per month(ipm) 2.87×102 
millimeters per year(mm/y) 8.76×104 
micrometres per year(um/y) 8.76×107 
picometres per second(pm/s) 2.78×106 
grams per square meter per hour(g/m2) 1.00×104×D 
milligrams per square decimeter per day(mdd) 2.40×106×D 

  

CO2

 

I

3.3  
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3.3  

 (wt%) 

(SiO2) 21.04 

(Al2O3) 5.46 

(Fe2O3) 2.98 

(CaO) 63.56 

(MgO) 2.52 

(SO3) - 

C3A 8% - 

(SO3)% C3A 8% 2.01 

(L.O.I)% 1.38 

% 0.1 

 0.78 

(Na2O) 0.32 

(K2O) 0.7 

(Free CaO)% 0.76 

(C3S)% 49.08 

(C2S)% 23.3 

(C3A)% 9.43 

(C4AF)% 9.07 

F ( 2.39)

S6000 ( 2.89) 3.4

3.5  
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3.4  

 (wt%) 

(SiO2) 56.66 

(Al2O3) 23.97 

(Fe2O3) 7.56 

(CaO) 1.94 

(MgO) 1.34 

(SO3) 0.57 

 

3.5  

 (wt%) 

(SiO2) 34.58 

(Al2O3) 13.69 

(Fe2O3) 0.44 

(CaO) 40.67 

(MgO) 7.05 

(SO3) 0.56 

 

 

F.M=7.27 2.61

3.6  

3.6  

 (g) (%) (%)

#1 0 0 0 

#3/4 25 0.8 0.8 

#1/2 510 17.0 17.8 

#3/8 380 12.7 30.5 

#4 1755 58.5 89.0 

#8 0 0 89.0 
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F.M=3.1 2.61 3.7  

3.7  

 (g) (%) (%)

#4 0 0 0 

#8 123.5 24.7 24.7 

#16 110.4 22.1 46.8 

#30 91.1 18.2 65.0 

#50 87.9 17.6 82.6 

#100 54.4 10.9 93.5 

 

 

0.45 0.65 0.45  

 

28 0% 50% 100%

 

 

0% 3.5%  5%  
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3.8  

0% 10% 15% 30% 40% 

0% 10% 20% 30% 50% 

0.45 0.65 

0% 50% 100% 

0% 3.5%  5% 

3.9 (kg/m3) 

      NaCl 

0.45 

531 0 0 1460 239 0.00 
531 0 0 1460 239 26.55 
212 53 266 1460 239 0.00 
212 53 266 1460 239 26.55 
266 212 53 1460 239 0.00 
266 212 53 1460 239 26.55 
212 212 106 1460 239 0.00 
212 212 106 1460 239 26.55 

0.65 

478 0 0 1316 311 0.00 
478 0 0 1316 311 16.74 
407 0 72 1316 311 0.00 
407 0 72 1316 311 16.74 
335 0 144 1316 311 0.00 
335 0 144 1316 311 16.74 
191 48 239 1316 311 0.00 
191 48 239 1316 311 16.74 
407 72 0 1316 311 0.00 
407 72 0 1316 311 16.74 
335 144 0 1316 311 0.00 
335 144 0 1316 311 16.74 



73

239 191 48 1316 311 0.00 
239 191 48 1316 311 16.74 
191 191 96 1316 311 0.00 
191 191 96 1316 311 16.74 

3.10 (kg/m3) 

      NaCl 

0.45 

243 540 0 0 604 850 0 
243 540 0 0 604 850 27 
243 216 54 270 604 815 0 
243 216 54 270 604 815 27 
243 216 216 108 604 784 0 
243 216 216 108 604 784 27 
243 270 216 54 604 789 0 
243 270 216 54 604 789 27 
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4.  
5 10cm 10 20cm

#3 2cm  

5.  

 

ASTM C39

5 10cm 10 20cm

1.4~3.4 kgf/cm2

 

ASTM C496

3.2mm (plywood)

(supplementary bearing bar) 7~14kgf/cm2

 

20cm 100cm 2cm 20kgf/cm2

1~15

15atm CO2 100% 90%R.H.~95%R.H.

CO2

CO2 100% 16

16 3.1
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3.1  

28

(15 atm)

RILEM CPC-18 70% 1%

pH 9.2

RILEM 

CPC-18

pH pH

11

(

)  

(Half-Cell Potential) / (Cu/CuSO4) ASTM 

C876

20mV

 

/ (Cu/CuSO4)

999mV
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ASTM C876 3.2

 

3.2 (Cu/CuSO4) 

 

 

28

3.3  

3.3  
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CNS

0

99k cm 1 cm

3.4  

3.4

28
CORROMAP

3.5  

3.5 CORROMAP  

3.6 3.5%

8
(0.1mA/cm2)
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1
1 7 3.7  

3.6  

3.7  
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pH

 

 

 pH  

4.1 pH pH

(OH-)

pH  

pH 13 pH

pH 7 9 11

pH pH

pH NaCl 0% 2.5% pH

NaCl

pH  
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4.1 pH  

  

10 3

5

pH NaCl pH NaCl

4.1 4.2
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4.1 ( :g) 

3 7 14 28

pH=13 0%NaCl 0.0010  0.0012  0.0025  0.0032  

pH=11 0%NaCl 0.0140  0.0167  0.0417  0.0832  

pH=9 0%NaCl 0.0193  0.0232  0.0470  0.0938  

pH=7 0%NaCl 0.0273  0.0324  0.0687  0.1310  

pH=13 1%NaCl 0.0060  0.0070  0.0075  0.0088  

pH=11 1%NaCl 0.0206  0.0218  0.0459  0.1144  

pH=9 1%NaCl 0.0243  0.0267  0.0613  0.1216  

pH=7 1%NaCl 0.0285  0.0372  0.0750  0.1462  

pH=13 2.5%NaCl 0.0072  0.0081  0.0084  0.0105  

pH=11 2.5%NaCl 0.0250  0.0280  0.0612  0.1221  

pH=9 2.5%NaCl 0.0303  0.0333  0.0725  0.1410  

pH=7 2.5%NaCl 0.0341  0.0392  0.0809  0.1550  

pH=13 5%NaCl 0.0065  0.0071  0.0082  0.0101  

pH=11 5%NaCl 0.0241  0.0278  0.0574  0.0839  

pH=9 5%NaCl 0.0283  0.0320  0.0643  0.1262  

pH=7 5%NaCl 0.0335  0.0384  0.0782  0.1371  

0.0272  0.0342  0.0370  0.0433  
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4.2 ( :mmpy) 

3 7 14 28

pH=13 0%NaCl 0.0095 0.0049 0.0051  0.0032  

pH=11 0%NaCl 0.1326 0.0676 0.0846  0.0844  

pH=9 0%NaCl 0.1832 0.0941 0.0955  0.0952  

pH=7 0%NaCl 0.2580 0.1313 0.1394  0.1329  

pH=13 1%NaCl 0.0573 0.0284 0.0152  0.0089  

pH=11 1%NaCl 0.1946 0.0883 0.0932  0.1160  

pH=9 1%NaCl 0.2305 0.1083 0.1244  0.1234  

pH=7 1%NaCl 0.2698 0.1509 0.1522  0.1483  

pH=13 2.5%NaCl 0.0682 0.0329 0.0170  0.0107  

pH=11 2.5%NaCl 0.2362 0.1136 0.1242  0.1239  

pH=9 2.5%NaCl 0.2869 0.1351 0.1471  0.1430  

pH=7 2.5%NaCl 0.3229 0.1591 0.1641  0.1572  

pH=13 5%NaCl 0.0611 0.0288 0.0183  0.0123  

pH=11 5%NaCl 0.2287 0.1128 0.1165  0.0851  

pH=9 5%NaCl 0.2675 0.1298 0.1306  0.1280  

pH=7 5%NaCl 0.3167 0.1558 0.1587  0.1390  

0.2575 0.1386 0.0752  0.0440  
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pH  

4.2 4.5 NaCl pH

pH 13

pH 7 9 11

pH

 

 

4.2 pH ( NaCl) 
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4.3 pH (1%NaCl) 

 

 

 

4.4 pH (2.5%NaCl) 
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4.5 pH (5%NaCl) 
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pH  

4.6 4.9 NaCl pH

pH pH 13 3

7

14 28

 

 

4.6 pH ( NaCl) 
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4.7 pH (1%NaCl) 

 

4.8 pH (2.5%NaCl) 
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4.9 pH (5%NaCl) 

 

 

4.10 4.13 pH NaCl

4.10 pH 13 NaCl 1% 5%

pH 11 9 7 NaCl 0% 2.5%

5% 2.5%NaCl
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4.10 NaCl (pH 13) 

 

 

4.11 NaCl (pH 11) 
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4.12 NaCl (pH 9) 

 

 

4.13 NaCl (pH 7) 

 

4.14 4.17 pH NaCl

4.14 pH 13 NaCl

1% 5%

pH 7 9 11  NaCl 0% 2.5%
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5%NaCl 2.5%

 

 

4.14 NaCl (pH 13) 

 

 

4.15 NaCl (pH 11) 
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4.16 NaCl (pH 9) 

 

 

4.17 NaCl (pH 7) 

 pH Cl  

pH 1 NaCl pH NaCl

4.3 NaCl
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4.3 pH NaCl  

NaCl  

 3 (g) (mmpy) 3 (g) (mmpy)

pH=13 1%NaCl 0.0050 0.0473 0.0060 0.0573

pH=11 1%NaCl 0.0203 0.1922 0.0206 0.1946

pH=9 1%NaCl 0.0237 0.2244 0.0243 0.2305

pH=7 1%NaCl 0.0269 0.2547 0.0285 0.2698

pH=13 5%NaCl 0.0062 0.0587 0.0065 0.0611

pH=11 5%NaCl 0.0236 0.2234 0.0241 0.2287

pH=9 5%NaCl 0.0283 0.2679 0.0283 0.2675

pH=7 5%NaCl 0.0336 0.3181 0.0335 0.3167

 

 

pH NaCl

pH 13 NaCl 0% 1%

NaCl 1% 5%

pH 11 9
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7 NaCl

NaCL 5%

(

) (FeCl2 FeCl3 FeCl5)

5% 2.5%

 

 

 

4.3.6 3

pH 3

pH 7 NaCl 2.5%  

 

  

(

)

 

 

  

NaCl

4.4  
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4.4 (MPa) 

 NaCl cement FA Slag 7  14  28  

0.45 

0% 100% 0% 0% 33.65 43.75  48.50 

5% 100% 0% 0% 33.70 43.06  48.21 

0% 40% 10% 50% 29.77 36.66  43.94 

5% 40% 10% 50% 29.21 36.28  43.73 

0% 50% 40% 10% 25.01 31.89  35.48 

5% 50% 40% 10% 24.28 30.21  34.98 

0% 40% 40% 20% 27.24 31.73  40.43 

5% 40% 40% 20% 27.15 31.43  40.14 

0.65 

0% 100% 0% 0% 26.39 32.02  36.42 

3.5% 100% 0% 0% 25.79 32.26  36.37 

0% 85% 0% 15% 21.17 30.54  38.67 

3.5% 85% 0% 15% 21.30 29.75  38.44 

0% 70% 0% 30% 21.56 30.26  39.34 

3.5% 70% 0% 30% 20.76 29.59  39.08 

0% 40% 10% 50% 22.22 28.95  32.10 

3.5% 40% 10% 50% 23.21 28.64  31.56 

0% 85% 15% 0% 19.99 24.74  28.46 

3.5% 85% 15% 0% 19.04 23.89  27.92 

0% 70% 30% 0% 16.26 22.35  25.30 

3.5% 70% 30% 0% 15.42 21.58  24.86 

0% 50% 40% 10% 14.83 20.73  27.00 

3.5% 50% 40% 10% 14.90 20.41  26.22 

0% 40% 40% 20% 17.55 23.46  28.33 
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4.4 (MPa) 

 NaCl cement FA Slag 7  14  28  

0.65 3.5% 40% 40% 20% 17.29 23.32  27.80 

 

 

4.18

0.45 0.65 NaCl

0.45 28 48.5MPa 0.65

36.42 MPa  

 

 

4.18  

 

 

4.19 4.20 0.45 0.65

60% (5:1)

(2:4) 3 28

28 28
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0.45 40%

(5:1) (4:2) 28 35.48 40.43MPa

0.65  

4.21 4.22 0.65

15% 30%

15% 30% (28

)

30%  

 

 
4.19 ( 0.45) 
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4.20 ( 0.65) 

 

 

 

4.21 ( 0.65) 
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4.22 ( 0.65) 

  

0.45 NaCl

4.5  

  

4.5 (MPa) 

 NaCl cement FA Slag 7  14  28  

0.45 

0% 100% 0% 0% 30.86 40.11  45.47 

5% 100% 0% 0% 29.28 39.17  45.44 

0% 40% 10% 50% 29.12 36.86  41.04 

5% 40% 10% 50% 28.66 35.95  40.04 

0% 40% 40% 20% 28.15 35.35  40.58 

5% 40% 40% 20% 27.88 34.85  39.40 

0% 50% 40% 10% 25.91 33.40  37.55 

5% 50% 40% 10% 24.99 33.32  36.88 

 



100

 

 4.23 NaCl

 

 

 

4.23 ( 0.45) 
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4.23

(5:1) (2:4) 3 28

28

28 0.45

40% (5:1) (4:2) 28 36.88

37.55MPa

 

 

  

28

 

 

4.6

0.45 0.65 NaCl

CH

CH

 

CH

28 28  
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4.6  

 NaCl cement FA Slag (mm) 

0.45 

0% 100% 0% 0% 0.00 

5% 100% 0% 0% 0.00 

0% 40% 10% 50% 0.63 

5% 40% 10% 50% 0.73 

0% 50% 40% 10% 1.63 

5% 50% 40% 10% 1.68 

0% 40% 40% 20% 1.90 

5% 40% 40% 20% 1.98 

0.65 

0% 100% 0% 0% 0.00 

3.5% 100% 0% 0% 0.00 

0% 85% 0% 15% 0.35 

3.5% 85% 0% 15% 0.34 

0% 70% 0% 30% 0.78 

3.5% 70% 0% 30% 0.71 

0% 40% 10% 50% 1.82 

3.5% 40% 10% 50% 1.90 

0% 85% 15% 0% 0.67 

3.5% 85% 15% 0% 0.66 

0% 70% 30% 0% 0.87 

3.5% 70% 30% 0% 0.88 

0% 50% 40% 10% 2.01 

3.5% 50% 40% 10% 2.03 

0% 40% 40% 20% 2.76 
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4.6  

 NaCl cement FA Slag (mm) 

0.65 3.5% 40% 40% 20% 2.79 

 

 

4.7 0.45

NaCl

CH CH

 

 

4.7  

cement FA Slag (mm) 

0.45 

100% 0% 0% 0.00 

100% 0% 0% 0.00 

40% 10% 50% 1.23 

40% 10% 50% 1.18 

40% 40% 20% 1.86 

40% 40% 20% 1.83 

50% 40% 10% 1.77 

50% 40% 10% 1.67 

 

 

4.8

0.45 0.65 NaCl
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NaCl

 

 

4.8 (mm) (mv) 

NaCl cement FA Slag (mm)

0.45 

0% 100% 0% 0% -180 -185 0.00 

5% 100% 0% 0% -450 -451 0.00 

0% 40% 10% 50% -197 -330 0.63 

5% 40% 10% 50% -500 -510 0.73 

0% 50% 40% 10% -252 -413 1.63 

5% 50% 40% 10% -528 -536 1.68 

0% 40% 40% 20% -232 -368 1.90 

5% 40% 40% 20% -518 -523 1.98 

0.65 

0% 100% 0% 0% -203 -209 0.00 

3.5% 100% 0% 0% -461 -477 0.00 

0% 85% 0% 15% -202 -220 0.35 

3.5% 85% 0% 15% -377 -441 0.34 

0% 70% 0% 30% -330 -384 0.78 

3.5% 70% 0% 30% -366 -408 0.71 

0% 40% 10% 50% -211 -274 1.82 
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4.8 (mm) (mv) 

 NaCl cement FA Slag (mm)

0.65 

3.5% 40% 10% 50% -366 -382 1.90 

0% 85% 15% 0% -264 -294 0.67 

3.5% 85% 15% 0% -420 -463 0.66 

0% 70% 30% 0% -359 -430 0.87 

3.5% 70% 30% 0% -407 -514 0.88 

0% 50% 40% 10% -261 -422 2.01 

3.5% 50% 40% 10% -532 -547 2.03 

0% 40% 40% 20% -246 -407 2.76 

3.5% 40% 40% 20% -528 -547 2.79 

 

 

4.9 0.45

NaCl NaCl
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4.9 (mm) (mv) 

 NaCl cement FA Slag 
(mV) (mV) (mm)

0.45 

0% 100% 0% 0% -482 -364 0.00 

5% 100% 0% 0% -504 -598 0.00 

0% 40% 10% 50% -473 -594 1.23 

5% 40% 10% 50% -550 -625 1.18 

0% 50% 40% 10% -506 -641 1.86 

5% 50% 40% 10% -539 -636 1.83 

0% 40% 40% 20% -493 -637 1.77 

5% 40% 40% 20% -527 -547 1.67 

 

4.10 0.45

28

 

4.10  

 NaCl cement FA Slag (K ) (K ) 28 (MPa)

0.45 

0% 100% 0% 0% 42.1 42.2 45.47 

5% 100% 0% 0% 41.9 42.2 45.44 

0% 40% 10% 50% 38.3 39.5 41.04 

5% 40% 10% 50% 38.0 38.7 40.04 

0% 40% 40% 20% 37.8 38.7 40.58 

5% 40% 40% 20% 36.9 37.2 39.40 

0% 50% 40% 10% 35.8 36.4 37.55 

5% 50% 40% 10% 35.2 36.1 36.88 
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4.11

  

 

4.11 (mv) 

 

    

M4C10F0S0L0 
 -199 -268 -301 -300 -343 -377 -411 -421
 -212 -286 -273 -302 -379 -400 -423 -453

M4C10F0S0L5 
 -436 -497 -526 -567 -624 -687 -722 -798
 -473 -490 -559 -603 -680 -787 -805 -861

M4C4F1S5L0 
 -221 -325 -353 -398 -404 -423 -457 -478
 -322 -378 -417 -448 -472 -489 -511 -523

M4C4F1S5L5 
 -450 -558 -577 -582 -565 -570 -615 -661
 -460 -518 -554 -621 -727 -702 -739 -761

M4C5F4D1L0 
 -258 -357 -381 -497 -518 -516 -529 -574
 -413 -422 -483 -514 -519 -556 -597 -633

M4C5F4D1L5 
 -527 -552 -564 -598 -518 -661 -712 -740
 -542 -548 -614 -684 -752 -775 -813 -842

M4C4F4S2L0 
 -229 -467 -497 -490 -497 -516 -598 -613
 -360 -448 -460 -521 -557 -654 -631 -704

M4C4F4S2L5 
 -498 -517 -510 -556 -558 -504 -513 -541
 -540 -532 -523 -582 -584 -610 -613 -623

M6C10F0S0L0 
 -250 -374 -380 -429 -643 -722 -877 -888
 -313 -464 -516 -745 -786 -874 -971 -961

M6C10F0S0L3 
 -425 -498 -554 -523 -549 -603 -651 -701
 -448 -532 -520 -501 -532 -641 -703 -736

M6C85F0S15L0 
 -213 -348 -372 -442 -467 -485 -532 -552
 -264 -368 -369 -380 -532 -515 -557 -587
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4.11 (mv) 

 

    

M6C85F0S15L3 
 -325 -524 -504 -553 -560 -617 -652 -657
 -365 -548 -679 -728 -801 -849 -873 -899

M6C7F0S3L0 
 -336 -368 -452 -465 -471 -557 -591 -613
 -389 -445 -492 -477 -529 -599 -613 -645

M6C7F0S3L3 
 -399 -436 -472 -475 -551 -687 -702 -722
 -429 -480 -545 -673 -675 -713 -765 -832

M6C4F1S5L0 
 -214 -238 -308 -321 -472 -498 -511 -574
 -325 -346 -383 -532 -559 -602 -651 -712

M6C4F1S5L3 
 -392 -436 -463 -494 -531 -545 -568 -602
 -373 -385 -455 -527 -547 -576 -594 -648

M6C85F15S0L0 
 -284 -329 -373 -416 -454 -513 -538 -601
 -379 -481 -494 -531 -558 -672 -731 -744

M6C85F15S0L3 
 -484 -484 -502 -537 -555 -593 -569 -587
 -491 -511 -543 -612 -645 -664 -780 -756

M6C7F3S0L0 
 -367 -415 -486 -513 -520 -499 -546 -561
 -447 -492 -505 -589 -607 -622 -657 -689

M6C7F3S0L3 
 -480 -497 -506 -503 -530 -563 -582 -573
 -511 -662 -675 -670 -713 -871 -1145 -921

M6C5F4S1L0 
 -284 -360 -371 -398 -404 -423 -470 -522
 -434 -443 -445 -480 -470 -483 -496 -576

M6C5F4S1L3 
 -496 -515 -568 -588 -592 -602 -635 -661
 -510 -512 -604 -622 -651 -678 -725 -731

M6C4F4S2L0 
 -273 -345 -408 -425 -432 -481 -521 -564
 -411 -449 -490 -537 -580 -642 -672 -702

M6C4F4S2L3 
 -495 -507 -521 -476 -610 -622 -643 -613
 -552 -581 -606 -638 -647 -704 -772 -803
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pH 13 pH 11

pH NaCl 0-2.5%

5% 2.5%

7

NaCl pH  

 
NaCl  

28

NaCl
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112
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 102 10 14 ( ) 2 30  
  
  

 

( ) (
) ( ) (

) ( ) (
) ( )

( )
( ) 
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115



116



117

   

1 

 

0.6

90~95%

 

2  
5 10 cm



118

7.5 cm

 

3  
 

4  
 

5 
ASTM C876-91

ASTM C 
876-09  

 

6 
pH

  

7 
 

pH 9~10
pH 10~11

2~3

pH 9
pH
 

8 

13
5 2~5

6
 

5 10 cm
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