
  

34 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

         

 
1

   
1

   
1

  
2

 

1 
          

2 
        

:                        .      

                                   .     

                       .               

                            .                    

                                   .        

                         .                    

                                .            

                       

      -            .  

 :       

1-   

            .                       

                .        

                                 

 .                              CO2 

                                

     .                        

                       .                  

                                    

    .                         

                                   . 

               /              

                        (CH)              

                  .              

            .  

                28               

  .                         

               .                 

                  .                   

                  

     .                  

                     

  

a
rs

o
u

ri
@

g
m

a
il
.c

o
m

 

      

    

    -   

     

 .  

  

  

  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             1 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

35 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

                               .                  

                  .  

                   .                          

                                .              

        .                             )     

      (....                                       

              CO2  .  

2-   

  (MK)                        600    900               

    .                            .      

                                            .

            )CH (        (C-S-H)                  

   C4AH13 C3AH6  C2ASH8     ]1.[  

             ]2:[  

                -                               

 

     :  

                                           

                 

2 -1 -    

    9/99          16                  3        ]2 .[  

            1                  2      .       

       1    .  

 1 -      ]2[   2 -      ]2[  

     

52/51  SiO2 

18/40  Al2O3 

23/1  Fe2O3 

0/2  CaO 

12/0  MgO 

53/0  K2O 

08/0  Na2O 

27/2  Ti2O  
  

    

   )( 0/1  

   5/2  

  cm
2
/g 12  

   
  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             2 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

36 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

  
 1-          (OPC)         )SF(   

   (BFS)    )FA](3[  

2 -2 -     

                                           

 .                                       

              .  

                                               

           .                       

                                              

 .             600    900                  

                        .    )Al2O3.2SiO2   AS2 (  

                  )                           

                           (      AS2     

                    .        C-S-H              

                         .          

AS2/CH     ]4.[  

C3S/C2S(clinker) Calcium Silicate Hydrates(C-S-H)+ Ca(OH)2 

Ca(OH)2+ MK(AS2)  C-S-H Puzz. + Crystalline products (C2ASH8, C4AH13, C3AH6)  

                                        

             .                            

       .                                   

 .                    CH                          

   .                 Chapelle                  

         .  

  2   CH           .     CH        

           .  

                   CH      .   Kostuch      )2000(]5[   

     20          MK    CH   28    .     ]6[   

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             3 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

37 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

  MK          CH                             

                .  

Cabrera   Rojas) 2001 (                60                      

   .                   .                   

         Jander            .  

  

 2-       CH   ]7[  

                                                    

         .                     DTA TG       XRD    

 .      ]7:[  

1-                                            

      . 

2-                          .               120    

     .                                   

        .  

3-         2    9                C2ASH8    C6AH13       9         60 

                 .            )C3ASH8 (      30 

    9         .                                 

           . 

Poon     )2001 (         /     )SF (        )FA (

   .                 3                       

            ]8 .[  

           : 1-                      5       

  10  20         .                                

    CH              . 2-                  

MK      SF      .3-          MK          Al2O3                   

 )C2ASH8(      C4AH13     .  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             4 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

38 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

 3 -       / ]8[  

  %   
  

3 7 28 90 

5%MK  56/20  52/29  44/39  28/56  

10%MK 34/15  98/26  28/36  96/50  

15%MK  38/9  64/18  82/30  29/41  

5%SF 86/15  64/24  53/38  85/54  

10%SF 32/10  25/21  38/35  06/52  

20%FA 98/3  29/7  54/17  59/28  

2-3-     

Frias    )2000 (                       /          

                       .                  

              100                   .        

                          .              

      3        .      2                         

   ]9.[  

  
 3 -           

        / ]9[  

2 -4 -     

Said Kenai   )2011 (              

                 .      X                850 

      3        4        .                     .

               :1 (              2 (         2    20    û30 

       .  

  SEM                        )   5 .(               

      a5     .   b5       ]10 .[  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             5 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

39 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

  

  

  
 4-  XRD a ( b ( ]10[   5-  SEM a ( b ( ]10[  

Shrarzmum     )2003 (                    /           

         .   /     DTA/TGA                 

     .       ]11:[  

1-             450                      . 

  450    570                                 570    

700        . 

2-                  . 

3-               50  100   

4-              )7  28    90 (                        

   . 

2-5-        

  6                                .       

          )6h- (         ) 6i-] (12.[  

  
 6-   TEM g (  h(120    i (   °C700]12[  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             6 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

40 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

3 -     

                         .                  

: *           *              *      *       

          

       ASTM   4    ]13[.  

 4-        ASTM  

      

  ASTM C 39 MPa140-70  28  90  

  ASTM C 78 MPa4-2  1  3  

  ASTM C 944 mm 1 -0   

  ASTM C 1202 2000-500 Coulombs 

  AASHTO T 259/260  %  07/0   6  

  ASTM C 642 2  5  

4 -       

                                                    

       .                                         

      .  

Brooks   Johari) 2001 (              0  5  10  15           .   

    28/0  .        5   .  

 5-          ]14[  

    mm   h   h 

0 100  5  7/7  

5 30  42/6  82/8  

10 20  98/6  42/9  

15  5  45/6  31/9  

              MK             MK   

  ]14.[  

5-         

5-1-     

                             .           

                       .                   

 . 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             7 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

41 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

Khatib    Wild)1996 (                   -          .  

  0  5  10    15        / 55/0     .         3     365       

 .                  .             20       6 

   .            20         MK      ]15 .[          

        MK       .  8                    MK           

   .  MK          .  

 6-       20          ]15[  

    20   

  MK 0MK 5  MK 10  MK 15  

3  2/22  3/28  0/31  9/39  

7  5/26  1/32  0/41  4/50  

28  3/30  0/43  9/53  7/55  

90  7/33  5/43  7/48  9/54  

365  3/37  7/44  9/49  6/57  

  
 7-               ]15[  

Poon      )2006 (            -               

              7    .                     

                      .      MK               

                                            

    .                                    

            ]16[. 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             8 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

42 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

 7-       ]16[  

   )(  
  

3   7   28   90   

 0380/0  0371/0  0362/0  0348/0  

MK 5 0357/0  0279/0  0257/0  0243/0  

MK 10 0287/0  0251/0  0197/0  0186/0  

MK 20 0204/0  0143/0  0122/0  0114/0  

SF 5  0366/0  0370/0  0367/0  0349/0  

SF 10 0353/0  0341/0  0325/0  0306/0  

FA 20 0368/0  0356/0  0347/0  0339/0  

5-2-       

Clay     )2004 (                      .            

    MK     .                         9            .  

                          MK                  .

  14    28                           .              

      .        28   5    10                          

      )15  20  (       ]17.[  

  

 8-              ]17[  

5-3-     

               .                   

   .Brooks     )2001 (           0 5  10  15               .

          28/0   .    28       MK      8       .          

       ]18.[  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                             9 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

43 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

 8-       ]18[  

      MPa

  0/87  

5    5/91  

10    0/104  

15    5/103  

                  ]18 :[  

1-       .  

2-         24    .  

3-           7  14         .  

5-4-      

Qian  Li )2001 (         0  5  10  15                     

 .          m
2
/kg12000        23/2     .        

mm20×100×300               .                    28 

   .     9  ]19.[  

 9-        ]19[  

     MPa 

  MK 0 MK 5 MK 10MK 15

28  35/3  28  35/3  28  

                                    .     

       7% 16 % 28 %       3 % 19 % 27 %     5 

10 15      .  

Qian   Li                       .          mm100×100×300 

  4       .   10  .    ]19 :[  

   5          . 

   10    15            28        32    38           .  

             10  15     . 

 10-         ]19[  

    MPa 

  MK 0  MK 5  MK 10 MK 15 

28  65/4 74/4 16/6 40/6 

80  70/5 81/5 46/6 06/7 

5-5-    

                                     .       

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                            10 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

44 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

                                                      

           .                           

    )ITZ (    .              ITZ             

        ITZ   .  

Asbidge      )2002 (                                  

  )    (            .             g 25       .

         /ITZ       10  12       .    10                     

    ITZ     )  (          ]20 .[ ITZ    

22                4/0  . 11               10 

                ITZ          .   12       

    ITZ              .  

  
 9-      /   

)  ] (20[  

 10-       /   

)   /( ]20[  

  
 11-       /  ]20[  

6-       

                                              

  .                     .  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                            11 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

45 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

6-1-   –    

                                                     

                                       –          .

Ramlochan      )2000 (              -                

 .        0    20                   .          2 

    .     ]21:[  

1-     10    15                         

-            . 

2-                     04/0      2               10     15 

  . 

                 -                      

      pH              CH       CH/SiO2                     

     .  

6-2-         

Poon     )2006 (                           

3/0    5/0     .             /    3/0    5/0                  

MK    5  10    20              5    10                        

   .                ASTMC1202     .         

90         11    .    ]22:[  

 11-       ]22[  

   Coulombs 
w/b 

  

% 3 7  28 90 

 2461 2151 1035 931 

5MK 1327 1244 862 646 

10MK 417 347 199 135 

20MK 406 395 240 124 

5SF  1060 945 665 426 

30/0 

10SF 567 445 360 336 

 5312 4054 2971 2789 

5MK 4215 3765 2079 1065 

10MK 1580 1247 918 752 

20MK 751 740 640 580 

50/0 

5SF 3156 2047 1641 1235 

 10SF 3140 1877 1223 1053 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                            12 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

46 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

1-          )Total Charge (              

 .       /3/0      10      MK               

5/0       20           .  10  MK           

  10       .  

2-       /            MK                      

         .    13                  .             

                                          

          .  

  

 12-        

6-3-         

                                              .  

                                       

                                  .            

                               )ettringite (    

  .                            .  

              .  

Al-Akhras) 2006 (                           .          

         .                               5    

          18       .                        

      14  15    .        MK           

                MK       .   10  15             

/                     .    5    MK              

       .                              .     

        MK                             .  

           MK                                 

            .                              MK 

             .    C-S-H                             

C-S-H                                       .

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                            13 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

47 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

           MK                                  

             ]23 .[  

  
 13-         

 ) / 5./0] (23[  

 14-         

 ) / 6/0] (23[  

7 -    

-                                                 

. 

-                       600    900                  

    .                                  

    .  

-                                            

                                                

 . 

-                         1/0                      

 . 

-                 -     . 

  

[1] Rafat Siddique, Juvas Klaus,” Inßuence of metakaolin on the properties of mortar and concrete: A review”, 
Applied Clay Science 2009, 43, 392–400.  

[2] Rafat sedigh, “Waste Materials and By-Products in Concrete” , 2008, pp 41-92. 
[3] Ellis M. Gartner,Donald E. Macphee, “A physico-chemical basis for novel cementitious binders”, Cement 

and Concrete Research, 2011, 41 736–749. 
[4] B. Sabir, S. Wild, J Bai, “Metakaolin and calcined clays as pozzolans for concrete: a review”, Cemenet and 

concrete Composites 23, 2001, 441-454. 
[5] Kostuch, J.A., Walters, G, V., Jones, T. R.: High performance concrete incorporating metakaolin- a review, 

pp. 1799–1811. Concrete 2000. 
[6] Oriol, M., Pera, J.: Pozzolanic activity of metakaolin under microwave treatment. Cem.Concr. Res. 25(2), 

265–270 (1995). 
[7] Rojas MF, Cabrera J, “ The effect of temperature on the hydration rate and stability of  the hydration 

phases of metakaolin–lime–water systems”, Cement and Concrete Research 32, 2002, 133-138. 
[8] Poon CS, Lam L, Kou SC, Wong YL, Wong R, “Rate of pozzolanic reaction of metakaolin in high-

performance cement pastes”, Cement and Concrete Research 31, 2001, 1301–1306. 
[9] Frõas M, Sanchez de Rojas MI, Cabrera J , “The effect that the pozzolanic reaction of  metakaolin has on 

the heat evolution in metakaolin-cement mortars”, Cement and Concrete Research 30, 2000, 209–216. 

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

                            14 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html


 

48 

 
 

 
 

 
 

 
 

 
 

3838
   

 
3939   

   
 

  
9393   

 
  

[10] Said Kenai ,Mohamed Said-Mansour, Mohamed Ghric, Rachid Bennaceur, , El-Hadj Kadri, “Inßuence of 
calcined kaolin on mortar properties”,  Construction and Building Materials 25, 2011, 2275–228. 

[11] Shvarzman A, Kovler K, Grader GS, Shter GE, “ The effect of dehydroxylation/ amorphization degree on 
pozzolanic activity of kaolinite”, Cement and Concrete Research 33, 2003, 405–416. 

[12] C. Vizcayno, R. Castello, E. Rodriguez,  C.E. Guerrero , R.M. de Gutiérrez , “Pozzolan obtained by 
mechanochemical and thermal treatments of kaolin”, Applied Clay Science 49 2010, 405–413. 

[13] Florence Sanchez, Konstantin Sobolev, “Nanotechnology in concrete – A review”, Construction and 
Building Materials 24, 2010, 2060–2071.  

[14] Brooks JJ, Johari MMA , “Effect of metakaolin on creep and shrinkage of concrete”, Cement & Concrete 
Composites 23, 2001,  495–502. 

[15] Khatib JM, Wild S, “Pore size distribution of metakaolin paste”  Cement and Concrete Research 26, 1996, 
1545–1553. 

[16] Poon CS, Kou SC, Lam L, “Compressive strength, chloride diffusivity and pore structure of high 
performance metakaolin and silica fume concrete”, Construction and Building Materials 20, 2006,  619-
623. 

[17] Clay RM, Khatib JM, “Absorption characteristics of metakaolin concrete”, Cement and Concrete Research. 
34, 2004, 19–29. 

[18] Brooks JJ, Johari M, “Effect of metakaolin on creep and shrinkage of concrete”, Cement and Concrete 
Composites 23, 2001, 495–502. 

[19] Qian X, Li Z , “The relationships between stress and strain for high-performance concrete with metakaolin”, 
Cement and Concrete Research 31, 2001, 1607–1611. 

[20] Asbridgeo AH, Page CL, Page MM “Effects of metakaolin, water/binder ratio and interfacial transition 
zones on the micro hardness of cement mortars” , Cement and Concrete Research 32, 2002, 1335-1369. 

[21] Ramlochan T, Thomas M, Gruber KA ,”The effect of metakaolin on alkali-silica reaction in concrete”, 
Cement and Concrete Research 30, 339–344. 

[22] Poon CS, Kou SC, Lam L, “Compressive  strength, chloride diffusivity and pore structure of  high 
performance metakaolin and silica fume concrete”, Construction and Building Materials 20, 2006, 858-865. 

[23] Al-Akhras NM, “Durability of  metakaolin to sulfate attack”, Cement and Concrete Research 39, 2006, 
1727-1734. 

  

  

  
  

 [
 D

O
R

: 2
0.

10
01

.1
.1

73
53

35
1.

13
93

.1
0.

2.
5.

9 
] 

 [
 D

ow
nl

oa
de

d 
fr

om
 ji

ce
rs

.ir
 o

n 
20

25
-0

5-
17

 ]
 

Powered by TCPDF (www.tcpdf.org)

                            15 / 15

https://dor.isc.ac/dor/20.1001.1.17353351.1393.10.2.5.9
https://jicers.ir/article-1-401-fa.html
http://www.tcpdf.org

