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[ 2012]
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1-5

1-1 50 [ 2015] 

 H25 3 H35 3 H45 3

40 1) 2m 70 18% 43% 67% 

1 2) 20% 34% 50% 

( ) 1 3) 25% 43% 64% 

45 km 4) 2% 9% 24% 

5 5)( 4.5m ) 8% 32% 58% 

20 50 

50 

1) 30 
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3) 1,000 50

50 
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1-5 
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(%) 
Al2O3
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( ) 

50 60 25 30
( ) 

(Cl- )
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(Cl- )
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C-S-H (Cl- ) 

( 10 20% )
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(
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( ) 

BET

cm2/g
13.3  BET

(g/cm3) 
2.36 

JIS R 5201

SiO2

(%) 

71.2 

JIS R 5202
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Na2O 0.2 

K2O 0.3 

 4.9 

28 1)
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1) 20±2 65±5 20±1 90%
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C-S-H

C3A CaCl2 10H2O (2-1) (2-2)

C3A CaSO4 12H2O SO4
2- C3A CaCO3 11H2O

CO3
2- Cl-

Al2O3

Al2O3

2.2. 2.7.

C3A CaSO4 12H2O C3A CaCl2 10H2O  (2-1)

   Cl

C3A CaCO3 11H2O C3A CaCl2 10H2O (2-2)

 Cl

Cl

Cl

ClCl Cl

Cl

Cl

ClCl

Cl

Cl

Cl Cl



16 

2.2.
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1
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Ca(OH)2 OH-

C-S-H

Na+ K+

[ 2004]

[ 2012]

B

2.2.2.

(1)

[ 2015]

SiO2 Al2O3

Ca(OH)2 CaO Al2O3 MgO

C-S-H C-A-H

CaO 38 45% SiO2 30 36% Al2O3 12 16% MgO

3 9% 1.7 2.1 (2-3) [ 1972]

[ 2007]

CaO Al2O3 MgO SiO2 (2-3) 

2.86 2.94g/cm3 2.90g/cm3

4000cm2/g 10µm [ 1996]

30 70% JIS R 5211
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3.1.  

[Juenger et al., 2015; Hossain et al., 2016]

[ 2015]

4 12% 20 40kg/m3

3.2.  

OPC

B BB CG SiO2

Al2O3 BET 13 14 cm2/g

SF FA

3-1

3-2
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3-1 

(g/cm3) 

BET 

(cm2/g) (cm2/g) 

SiO2

(%) 

Al2O3

(%) 

Na2O 

(%) 

K2O 

(%) 

OPC 3.16 - 3240 20.46 5.67 0.17 0.40 

B BB 3.04 - 3720 25.45 9.55 0.19 0.35 

CG 2.36 133000 - 71.15 23.31 0.27 0.27 

SF 2.24 169000 - 94.03 0.26 0.33 0.43 

II FA 2.19 - 2880 63.20 23.08 0.38 1.07 

3-2  

 2.57g/cm3  1.66%  2.97 

 2.68g/cm3  2.52%  2.71 

2005

 2.70g/cm3  0.65%  6.77 

AE

3.3.  

3-3 W/B

0.30 0.40 0.50

4 12% 20 40kg/m3

SF Farahani et al.[2015]

10% FA

B 18%

S1 S2

4 6

8±2.5cm 2.0%
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2.0%

AE 4.5±1.5%

3-3  

1) W/B 

(%) 

 (kg/m3) 

(B×%)

B ( ) 

OPC (0.30) 

0.30 

0 

168

560 0 253 395 

1050 

0.60 

OPC-CG 4% (0.30) 4 540 20 251 392 0.65 

OPC-CG 7% (0.30) 7 520 40 248 389 0.70 

OPC (0.40) 

0.40 

0 420 0 298 466 0.55 

OPC-CG 5% (0.40) 5 400 20 296 463 0.60 

OPC-CG 10% (0.40) 10 380 40 294 459 0.65 

OPC (0.50) 

0.50 

0 336 0 326 506 0.40 

OPC-CG 6% (0.50) 6 316 20 324 502 0.50 

OPC-CG 12% (0.50) 12 296 40 321 499 0.55 

BB (0.40) 

0.40 

0 420 0 293 458 0.55 

BB-CG 5% (0.40) 5 400 20 291 455 0.60 

BB-CG 10% (0.40) 10 380 40 289 452 0.65 

OPC-SF 10% (0.40) 10 380 40 293 458 0.70 

OPC-FA 18% (0.40) 18 344 76 289 452 0.65 

1)  (W/B) 

3.4.  

2 55L

30

120

3.5.  

20 4 10 /h

60 3 10 /h 20
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1 20±2 60±5%

3.6.  

3.6.1.

JIS A 1101

JIS A 1128

3.6.2.  

JIS A 1108

1 14 28 3

3.6.3.  
JSCE-G571-2013

[ 2013]

3-1 28

50mm

0.5mol/L NaCl 0.3mol/L NaOH

15V

3-2 mol/L s-1

JCl mol/cm2 s-1 3-1

JCl 3-1

3-2 3-3
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t
C

A
V

J II
Cl =                                                             (3-1) 

Jcl :  (mol/cm2 s-1) 

VII  :  (cm3) 

A :  (cm2) 

 :  (mol/L s) 

100×=
)EE(FC|Z|

RTLJ
D

cClCl

Cl
e -

                                             (3-2) 

De :  (cm2/s) 

R  :  (8.31 J/mol K-1) 

T  :  (K) 

ZCl :  (Cl= -1) 

F   :  (96500 C/mol) 

CCl :  (mol/l) 

c :  (V) 

L   :  (mm) 

3-1 

Direct current
15V

Filled 0.3 mol/L NaOH Filled 0.5mol/L NaCl 
Cl-

Anode 

Cl-

Cl-

Specimen 

Steel Titanium 

Cathode 
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3-2 

3-3 

3.6.4.  

JSCE-G572-2013

[ 2013] 28

25mm

1 10% NaCl 91

3 10mm

JIS A 1154

10g (1+6) 70mL 30

5

Charging time
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(3-3) Fick 2

2 6 4cm× 4cm× 1cm

EPMA EPMA

JXA-8530F 15kV 70µm 50ms

3-4 10%NaCl

tD
xelfCCitxC
ap

a 2
1.01),( 0                                              (3-3) 

x :  (m) 

t :  (s) 

C(x,t) : x t

 (kg/m3) 

Ca0 :  (kg/m3) 

Ci :  (kg/m3) 

Dap :  (m2/s) 

3-4 10%NaCl

3.6.5.  

JIS A 1129-2 2

10×10×40cm

25cm 1
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3.6.6.  

JIS A 1148 A

10×10×40cm 14

3.6.7.  

10×10×40cm 14

JIS A 1153

20±2 60±5% 5±0.2 JIS A 1152

3.6.8.  

JIS

10×10×40cm 14

10%
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3.7.

3.7.1.

3-5

1 OPC 10%

10% B

B OPC [Bagheri et al. 2013 Madani et al. 2014]

28 [Wongkeo et al.

2014 1990]

28

3-6 W/B

3-1

Al2O3 SiO2

[ 2007]

3-5  

20

30

40

50

60

70

OPC OPC
-CG 10%

OPC
-SF 10%

BB OPC
-FA 18%

1
14
28

W/B=0.40
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3-6  

3.7.2.

3-7 OPC 10% 10%

B B

Ahmed et al.[2008] Farahani et al.[2015]

10%

3-1 Al2O3 SiO2

SiO2 C-S-H

Al2O3 C-A-H C-A-S-H

C-S-H C-A-H C-A-S-H

30

40

50

60

70

80

0 2 4 6 8 10 12 14
(%)

OPC (W/B=0.30)
OPC (W/B=0.40)
OPC (W/B=0.50)
BB (W/B=0.40)

28
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3-8

W/B

BB OPC

OPC BB 10%

28

3-9
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3-7 

3-8  

0.0

0.5

1.0

1.5

2.0

2.5

OPC OPC
-CG10%

OPC
-SF10%

BB OPC
-FA 18%

W/B=0.40

0.0

0.5

1.0

1.5

2.0

2.5

0 2 4 6 8 10 12 14
(%)

OPC (W/B=0.30)
OPC (W/B=0.40)
OPC (W/B=0.50)
BB (W/B=0.40)



48 

3-9 

3.7.3.

10% NaCl 91 3

3-10

3-11 3-10 15mm

3-11

[ 2013 Mangat et al. 1994]
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3-10 

3-11 
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0.8

0 5 10 15 20 25 30
(mm)

OPC (91 )

OPC-CG 5% (91 )

OPC-CG 10% (91 )

OPC (3 )

OPC-CG 10% (3 )

W/B=0.40
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0.9
0.6
0.4
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b) OPC-CG 10% (W/B=0.40)
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3.7.4.

182 3-13 3-14

10% 200 10-6

3-13 [

1986] [ 2006]

3-13  

3-14 
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3.7.5.

3-15

3-16

BB

3-15 [

1985] [ 2012]
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3-15  

3-16 
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3.7.6.

182 3-17 3-4

3-17 10% 182

1 2mm 3-4

5% 10%

pH

C-S-H

pH

[ 1988]

3-17 [

1996] [ 2001]

3-17  

3-4 

OPC 0.396 
OPC-CG 5% 0.380 
OPC-CG 10% 0.462 
BB 0.558 
BB-CG 5% 0.548 
BB-CG 10% 0.639 

0

2

4

6
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10

12

14

0 50 100 150 200

( )

OPC
OPC-CG 5%
OPC-CG 10%
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BB-CG 10%
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W/B=0.40
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3.7.7.

10% 365

3-18

3-19 3-20 10%

14 150

250 10-6 0.7 1.5%

3-20 OPC

OPC
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3-18  10% Na2SO4

3-19 
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OPC 

OPC-CG 10% 

BB 

BB-CG 10% 

3-20 10%Na2SO4  (W/B=0.40)
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3.8.  3

OPC BB

(1)

B

BB

OPC

OPC

(2) 1

(3)

10% 200 10-6

(4)

(5) 10%

1 2mm 5%

10%

(6) 10% 365

OPC

(7) BET 13 14 cm2/g SiO2

Al2O3

5
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No.22 pp.35-40 1986
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pp.61-76 2007

Vol.35 No.1
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4

4.1.

3 [ 2015]

[ 2017]

4.2.  

OPC

B BB CG

SiO2 Al2O3 BET 13 14 cm2/g

SF

4-1

4-2

4-1 

(g/cm3) 

BET 

(cm2/g) (cm2/g) 

SiO2

(%) 

Al2O3

(%) 

Na2O 

(%) 

K2O 

(%) 

OPC 3.16 - 3240 20.46 5.67 0.17 0.40 

B BB 3.04 - 3720 25.45 9.55 0.19 0.35 

CG 2.36 133000 - 71.15 23.31 0.27 0.27 

SF 2.24 169000 - 94.03 0.26 0.33 0.43 



62 

4-2  

 2.57g/cm3  1.66%  2.97 

 2.68g/cm3  2.52%  2.71 

2005

 2.70g/cm3  0.65%  6.77 

AE

AE

4.3.  

4-3 W/B

0.45 0.55 CG

5 13% 20 40kg/m3 SF

 Farahani et al.[2015]

13%

S1 S2

1 1 AE AE

8±2.5 cm 4.5±1.5 %
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4-3  

1) W/B 

(%) 

 (kg/m3) 
AE 

(B×%)

B ( ) 

OPC (0.45) 

0.45 

0 

168

373 0 360 372 

1050 

0.50 

OPC-CG 5% (0.45) 5 353 20 357 370 0.65 

OPC-CG 11% (0.45) 11 333 40 354 367 0.80 

OPC (0.55) 

0.55 

0 305 0 388 404 0.40 

OPC-CG 7% (0.55) 7 285 20 385 401 0.55 

OPC-CG 13% (0.55) 13 265 40 383 398 0.65 

BB (0.55) 0 305 0 383 399 0.45 

BB-CG 7% (0.55) 7 285 20 380 397 0.60 

BB-CG 13% (0.55) 13 265 40 378 394 0.70 

OPC-SF 13% (0.55) 13 265 40 380 394 1.00 

1)  (W/B) 

4.4.  

2 55 L

30

120

4.5.  

1 20±2 65±5%

20±2

4.6.  

4.6.1.

JIS A 1101

JIS A 1128
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4.6.2.

JIS A 1108

7 14 28

4.6.3.  
JSCE-G571-2013

[ 2013]

4-1 28

50mm

0.5mol/L NaCl 0.3mol/L NaOH

15V

4-2 mol/L s-1

JCl mol/cm2 s-1 4-1

JCl 4-1

4-2 4-3

t
C

A
V

J II
Cl =                                                             (4-1) 

Jcl :  (mol/cm2 s-1) 

VII  :  (cm3) 

A :  (cm2) 

 :  (mol/L s) 
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100×=
)EE(FC|Z|

RTLJ
D

cClCl

Cl
e -

                                             (4-2) 

De :  (cm2/s) 

R  :  (8.31 J/mol K-1) 

T  :  (K) 

ZCl :  (Cl= -1) 

F   :  (96500 C/mol) 

CCl :  (mol/l) 

c :  (V) 

L   :  (mm) 

4-1 

Direct current
15V

Filled 0.3 mol/L NaOH Filled 0.5mol/L NaCl 
Cl-

Anode 

Cl-

Cl-

Specimen 

Steel Titanium 

Cathode 
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4-2 

4-3 

4.6.4.  
JSCE-G572-2013

[ 2013] 28

25mm

1 10% NaCl 91

10mm

JIS A 1154

10g (1+6) 70mL 30

5

(4-3) Fick 2

Charging time
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4-4 10%NaCl

tD
xelfCCitxC
ap

a 2
1.01),( 0                                              (4-3) 

x :  (m) 

t :  (s) 

C(x,t) : x t

 (kg/m3) 

Ca0 :  (kg/m3) 

Ci :  (kg/m3) 

Dap :  (m2/s) 

4-4 10%NaCl

4.6.5.  

JIS A 1129-2 2

10×10×40cm

25cm 7

4.6.6.  

JIS A 1148 A

10×10×40cm 28
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4.6.7.  

10×10×40cm 28

56 20±2 60±5%

JIS A 1153

20±2 60±5% 5±0.2 JIS A 

1152
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4.7.  

4.7.1.  

AE 4-3

AE

4-5 60

AE

4-5  

4.7.2.  

4-6 7

OPC 13%

13% B BB [Bagheri et al.

2013; Madani et al. 2014]

28

BB

[Wongkeo et al., 2014; 1990]

W/B 28

4-7 W/B

0

2

4

6

8

10

12

0 30 60
( )

OPC
OPC-CG 7%
OPC-CG 13%
BB
BB-CG 7%
BB-CG 13%

W/B=0.55
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4-1 13 cm2/g

BET Al2O3 SiO2

[ 2007]

4-6  

4-7  

20
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70

OPC OPC
-CG 13%

OPC
-SF 13%

BB

7
14
28

W/B=0.55

20
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70
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(%)

OPC (W/B=0.45)
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4.7.3.  

4-8 OPC 13% 13%

B

Ahmed et al. [2008] Farahani et al. [2015]

10 15%

4-1 Al2O3 SiO2

SiO2 C-S-H

Al2O3 C-A-H C-A-S-H

C-S-H C-A-H C-A-S-H

W/B

4-9 [ 2017]

W/B

BB OPC

OPC BB

13%

BB [Juenger et al., 2015]

OPC 7% BB
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28 4-10

[Amoudi et al.

2009]

4-8 

4-9 
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4-10 

4.7.4.

10% NaCl 91

4-11 4-12

4-11 15mm

4-12

4-11 4-12 
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4.7.5.

182 4-13 4-14

13% 100 10-6

4-13 [

1986]

4-13  

4-14 
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4.7.6.  

4-15

4-16 OPC

4-15 [

1985]
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4.7.7.  

182 4-17 4-4

4-17 182

2 3 mm 4-4

pH

C-S-H

pH

[

1988]

4-17 [

1988]

4-17  

4-4 

OPC 0.541 
OPC-CG 7% 0.633 
OPC-CG 13% 0.827 
BB 0.674 
BB-CG 7% 0.714 
BB-CG 13% 0.858 
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4.8. 4

OPC BB

(1)

BB

BB OPC

OPC

(2) 7

BB

(3)

13% 100 10-6

(4)

(5) 13%

2 3mm

(6) BET 13 14 cm2/g SiO2

Al2O3

5
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5

5.1.  

3 4

[ 2017]

(1)

(2)

[ 2007] (1)

(2)

[Li et al. 2015 2011]

X

5.2.  

5.2.1.  

OPC CG

SiO2 Al2O3 BET 13 cm2/g

5-1

5-2
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5-1 

(g/cm3) 

BET 

(cm2/g) (cm2/g) 

SiO2

(%) 

Al2O3

(%) 

CaO 

(%) 

Na2O 

(%) 

K2O 

(%) 

OPC 3.16 - 3240 20.46 5.67 64.60 0.17 0.40 

CG 2.36 133000 - 71.15 23.31 0.42 0.27 0.27 

5-2  

 2.57g/cm3  1.66%  2.97 

 2.68g/cm3  2.52%  2.71 

2005

 2.70g/cm3  0.65%  6.77 

AE

5.2.2.  

5-3 W/B

0.30 0.40 0.50

4 12% 20 40kg/m3

S1 S2

4 6

8±2.5cm 2.0%
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5-3  

1) W/B 

(%) 

 (kg/m3) 

(B×%)

B ( ) 

OPC (0.30) 

0.30 

0 

168

560 0 253 395 

1050 

0.60 

OPC-CG 4% (0.30) 4 540 20 251 392 0.65 

OPC-CG 7% (0.30) 7 520 40 248 389 0.70 

OPC (0.40) 

0.40 

0 420 0 298 466 0.55 

OPC-CG 5% (0.40) 5 400 20 296 463 0.60 

OPC-CG 10% (0.40) 10 380 40 294 459 0.65 

OPC (0.50) 

0.50 

0 336 0 326 506 0.40 

OPC-CG 6% (0.50) 6 316 20 324 502 0.50 

OPC-CG 12% (0.50) 12 296 40 321 499 0.55 

1)  (W/B) 

5.2.3.  

2 55L

30

120

5.2.4.  

20 4 10 /h 60

3 10 /h 1

20±2 60±5%

5.2.5.  

56 2.5 5.0 mm

D-dry

Micrometrics Autopore IV 9500 0.006~412MPa
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5.3.  

C3A Al2O3 3CaO Al2O3

CaCl2 10H2O [Lia et al. 2015

2011] C-S-H

[ 2002 2012] C-S-H

5.3.1.  

W/B=0.50 4×4×16cm

1

20±2 60±5% 28 2.5

5.0mm 3% NaCl [ 2014] 28

91 X XRD

Ca(OH)2

5-4

5-4  

 W/B 
(%) 

OPC 

0.50 

0 

OPC-CG 6% 6 

OPC-CG 12% 12 

5.3.2.  X  (XRD) 

D-dry 90 %

-Al2O3 10 %

X  RINT 2500V X

30kV 100mA 0.02° 2s 2 5

50 5-5 3% NaCl
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28 [2011] Schepper et al.[2014]

MDI JADE 6

5-5  

  C3A 3CaSO4 32H2O Et 9.1 

  C3A CaSO4 12H2O Ms 9.9 

 C3A 0.5CaSO4 0.5CaCl2 10H2O KS 10.6 

  C3A CaCl2 12H2O FS 11.2 

  C3A CaCO3 11H2O Mc 11.6 

Ca(OH)2 CH 18.0 

-Al2O3 -Al2O3 43.3 

5.3.3.  

XRD

-Al2O3

JIS A 1154

10g (1+6) 70mL 30

5

JIS A 1154

B

50

10g 50 50mL 30
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5.3.4.  TG-DTA

Ca(OH)2

XRD -Al2O3

TG-DTA  TG 8120 1000 10

/ N2 650

[ 2015 2007] Ca(OH)2 DTA 450

TG
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5.4.  

5.4.1.  

5-1 W/B

W/B

[Armed 

et al. 2008]

[Madani et al. 2014 1999 2010

2015 Mehta et al. 2006]

[

2004] [2010]

1

(5-1)

S
Le 4

=
2

(5-1)

Le  (cm/cm3) S  (cm2/cm3)  (cm3/cm3)

(5-1) 5-2

5-3
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5-1  

5-2  5-3  

0.00

0.02

0.04

0.06

0.08

0.10

OPC
(0.30)

OPC-CG
4% (0.30)

OPC-CG
7% (0.30)

OPC
(0.40)

OPC-CG
5% (0.40)

OPC-CG
10% (0.40)

OPC
(0.50)

OPC-CG
6% (0.50)

OPC-CG
12% (0.50)

m 0.01 m 0.1 m 1 m m <

0

10

20

30

40

OPC
OPC-CG 5%
OPC-CG 10%

W/B=0.40

0.1

1.0

10.0

0 10 20 30 40
Le (108 cm/cm3)

W/B=0.40
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5.4.2.  

3% NaCl

3% NaCl

5-4 28 91

28 91

5-5

5-6 Ca(OH)2

20%

Ca(OH)2

Ca(OH)2

3% NaCl 28 28

91 Ca(OH)2 28

28 5-4

28 91

3% NaCl 28 XRD

5-7 2 9 19 XRD

5-8

Al2O3

XRD

C-A-H C-A-S-H

28

[ 2013 2011 Glass et al.

1997] 5-6 28
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5% 6 7%

1%

1% 2 3%

C-A-H

C-A-S-H

5-1 Al2O3 SiO2

C-A-H C-A-S-H

OPC CG Al2O3 5-9

Al2O3 Al2O3

[2007]

5-4  

0.0

0.2

0.4

0.6

0.8
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