
 

                                      

                                                      

                                   

              

 

1 

 ,(��&���! #  ��� �
%��- ��	+.	�/  &�01 2�#�(� ���0�- # �00� �  �
�

�345���
� 6	�7 ��  ���7458 

�� ����� 	�
�����1������ 
���� �2 

1-  ����� 	�
�� 
��� ���������� ���� �������	� ��� ���� 
 �!"�#��  $��% $�&��'!() �����*! �&�� �$��+,�� �$-$�&. 

2- ����� 	�
�� 
��� ��0121� ���� ���� �������	� ��� ���� 
 �!"�#�� $��% $�&��'!() �����* &�� �$��+,� !� �$�-$�&. 

 

 

  	3"�!&431� 56) �����
�6-��  7*��:  amirbahador.mk@gmail.com 

���� 

��� ���	
��� �� ������ �	�� �� ����� �� ������� � � ���� ��� !�
"�� #$%� &!' (�� )$ �* (+�, )-�$ .��/� ,� !0��"

.!��2� !�
"�� ���	� !	3�" )#	4$ �� ��� )���5��$,6 7�89� �/� :;* ���� ��+*�� )�������F �� &����� 8 <�3��*��$ ��� �� 

($8�=$��� <���5> )55* 8 )5�� ��� ���	
��� �� ���� <�3��*��$ ���$ �?3�#$ ���@ (>�A .B0� ,� C�D� 7��$,6<�	38� ��� �� 

��E�$ )���� �	/�" &����� 8 ���� ��+*�� �� ($8�=$��� )2	0�2$ ��� <���	
��, ( +0 �� ���$ ��� ���10 <20  830 !I�� 

!0!' ������� 8 �0��0�� ����� 8 J����86 !0!' .,� �0��0�� ��$,6 ($8�=$ <���5> 75* �	KL	=�+$ 8 7�� �� �#=0��>�A �� 

!'.  ,� &��-��� ��� ��50 M���0 :;* ���� ��+*��F <&����� 8 ($8�=$ 7���>� N ����	
��� ��� )5�� 8 )55* <���5> ���  ��

����  �3��*��$)$.��' 

 

 :���� �
�����
� � !�
� ��	
��� �"#�$
�
 � �����%�$& " �.�	
() *�+
,� � 

 

1. 6�:(� 

 

�"$�9 �:� &;�� $���� 0* 
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56-� #�3� <-� X&> �� 
���&) $�9"� �
��� 
"1�� <"9W�) $���� 0* 2"� � ���� .[11] 5�� <*&� 
"6��=� 	���% ���4�� $�2" T� �� 
:�� 10 ��

.5�� �
� ]&G $��% &��&� �� �
���&) $�9"� =�&* E��� <-2�-�% \- ! 2+� 	��9"� T�� \- $���� 0* �'&9"�)�[I &"B� =�'Y�� �� .���� ��&Z 	G"�

  =�'&9"�) ������B �� =
-
% =�'�
�-�* $���� 0* �=�6��&S 046%&* $�
"9"� Davidovits 7��� =��" 1970 0'� &B�!� �� ��* <"1!� =�&* &9"�)�[I

  �<"�_9' [12] 
'� R'�� �
���&) $�9"� �* 06-�� �� 
:�� 64-44 �� <*&� 
"6��=� ���4�� 
���� 	 =&9"�)�[I =�' $�9"� �� ���^4�� .
� 	S&> 	�
>

  =�' <4* �$�&9� 	�
�� �� ��"� ��� 	�
�� d��B &e� 0G�� �� .[13] ���� 56-� 7"� &* 	4+b &"a�� 0� ���	 ��%� #�>-�` �� 0�"�* ���^4�� E+�

 H�* 	-���� �[16-14] 	3"��3 =�' 5!�� $��� 	 ���� 0�9% �� 0� 
���� 	1�9> =�' <4* 0* 5+6� =&4�* 	-�"9"� ! 	3"��3 #�":�;B =&9"�)�[I

 ! 23] <"-�) i2B! [22 ! 21] �' 
"�� ! �' \9� 0�9  &*�&* �� 5!�� ! h� =&-f) g�^� �[20-18] H�* =�' #��&  ! =��� R�� &*�&* �� 5!�� �[17]

.�&� ����� [24

\- �* (Al O٢ )٣  ��"�1� ! (SiO )٢  �3"�"� �� 	�j 	��3"�"���"�1� J+� $�"��2-&9"�)�[I R���! �� 0� 
�46' 	1�&"j 	��3"�"���"�1� ��� �'&9"�)�[I

m��* 0� 5�� Al ! Si =�'Y�&�" <"* 	-�"�Z 7-�&� �� 	-�"9"� J-&� R���! $�"��2-&9"�)�[I .[26 ! 25] 
���	 T:�  �
��� Y�>S 	-�"�Z Y��� 

0� �&� �����") �'&9"�)�[I 	-�"9"� 	-����� =�&* �� poly(sialate) ��� Davidovits .[27-29] ���	 Si-O-Al =&9"�) =
>* 0� �&"W�� T"3�� 

�(PS) 5"1�"� 	�) 	�:� &��� 0� ���� ���4�� =! .5�� silicon-oxo-aluminate �&"W�� =�&* =��;4B� #��+� 2"� sialate ! =&9"�) 
���") poly

<-� \"��9� &-�;� 1 T3� �� .[33-30] 
�'�	 T"3�� �� �'&9"�)�[I $�94B�� ���� �(PSDS) ��3"� =� #�3"�"� 	�) ! (PSS) ��3"� 5"1�"� 	�)

.5�� �
� ���� $��� �'&���

 

 

 
 -�.1- 01
�. �2�31  ���4�� 5�PS �PSS + PSDS 

 

 

Y�>S Y����
��� "�Z�	-  $���� 0*-3	 �:� R,* !� ��	 �)�[I"&9�' 9� R��	 2W� ��-0 3�� !"T &� ��4B��-1�46	 Si  !Al �-�^ 	
��  &* H�9> !

��+= 
�-h -� ��4)"h �Z #�2�S �� 0�"�	- 46' Y�  n�,4�� �
�	 �� .���-o-&�< Y�>S Y����
��� "�Z�	- �)�[I �� ���^4�� ���"&9-��2"�$� �&�"+	 

' Y�����"6�!�
"
 
�-h )NaOH (-� ��4)"h )KOH� Y��� �* ("�"#�3 
�-h -� ��4)"h ] 5��34�1� J+� .["���"��3�	 ��� �* 0�=�' �-&�=  
���

�)�[I J+�"&9-��2"�$� raw material �source material �* !-�
�  04B���	��� �� $���� 0*"<  �
���Si  !Al &49�-< � �� �� R��"$�9=�' 

�)�[I"&9= �1� J+� .����"���"�"��3	 	
���� +M">	 1�[� 
���"5 -� 4>�: �<1�[��	  ! <1�[���4 
���-� �` ���-��>	 -� 	+��% Y�;�1  0� 
��*

Y�9>-&�< ���S ��	i� -� ��* &46��B=2 ���*&� ! =��
K <'� ����3 ] 5��39-35��4� �J+� p�� .[= 1�31� ��4B�� �J+� &:���	 &� 0%�� !-1�46"< 

                                                      
1 By product 

2 Fly ash 

3 )GGBS( Granulated Blast Furnace Slag 
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�Z ��� �J+�"�	-  5+6� �J+� �� ��%�Si/Al j ! J+� ��"�& &4���) ��=�' a��"&��fK <4* 5!�� ��=�' �)�[I"&9= .5��  	3-� J*�� ����"�1 	��3"�"�

 =�� �� <1�[�� $�&� 0�"6�� �� <1�[���4 .5�� <1�[���4600 – 800 	4��� 0%��	 5�� 0* ��&K .
-� 	�:� J+� $���� 0* <1�[���4 �� 01�� <-� ��

 .
� ���^4�� 	��3"�"���"�1�	 �
"�� ���*&� ��;4B� 0* 0� =��
K <'� ���� ���*&���� 	+��% Y�;� ���� 5"'� T"1� 0* 0� 5�� <'� n!g �

T"6��4) &) �� 	3- =��4B��5�� 	��3"�"���"�1� J*�� <-&� ]39  !40.[ =��* &46��B +��% Y�;�	 ��� q�61�jg ��K!&"� 1� 0* 0� 5��"T '�"5 

��4B��=  ?���	 
����-3	 &4�* ��-< 1!� J*��"0 �)�[I"&9-��2"$� ��*
 ]39[� �� =��* &46��B . ��� !C ����)= ���-& �-�� h"6�� 
"6��4 ! (F 

!� )= ���-&  h�h"6�� 
"6��( 04��	 =
�* ��� =��* &46��B �� 01�� <-� �� .���F  ���*&� !� $���� 0*�	��3"�"���"�1� J* <1�[���4 <-2�-�% �

 .
� ���^4�� =&9"�)�[I <4* 5B�� =�&* 

"�"���"�1� J*�� E"�&� 0�"� ��	 04B��&) ���� 0* ��;4B� 0* 0��� �� 0� 5�� �
� ��W�� 	�
�� #��"��� 	��3 .���Zhang ��39' !] $�41 �� [

 �� ��'&9"�)�[I 	���&  5!�� 0>1�G d�;B �� 	�'!()0W"4� ! ���^4�� =��* &46��B ! <1�[���4 E"�&�	�-2�-�% 
��&� =&"K =��* &46��B  $�2" 0*

50 S� E+� �
:��	 =���S 5!�� R-�2.���  Fernández-Jiménez! ] $���39'42[ .
�4S&K 	�*�� o-�4� 0G*�� <-� �� 	�'!() �� 2"� 

Rajamma ] $���39' !43 [ �� =��* &46��B $�&� <-2�-�% 5+b #�&a� 2"�40  .
��&� �
'�� �� <1�[���4 =�% 0* 
:��Bernal ] $���39' !44 2"� [

� �� 	�'!() ��0W"4� �<1�[���4 ! ���*&� E"�&� �� ���^4�� �� �� ���^4�� 0� 
��&� =&"K40 �[���4 =�% 0* ���*&� 
:�� 0e � T*�Z R-�2S� E+� �<1

	 =&9"�)�[I <4* =���S 5!�� .���Yip ] $�&�-� !45[ *&� E"�&� 
��&� =&"K 0W"4� $�����"��� $�-&% �� 2"� &-�) ���40 !���4 ! (
:��<1 E+� �

	 =&9"�)�[I $�9"� ��4B��!&3" ��+�* <"�_9' ! <4* ��!� ! =���S 5!�� R-�2S�.��� 

 ��5!�� &* <1�[���4 �* ���*&� ! =��* &46��B E"�&� R�� 
� i�� 	'���-��� R'!() <-� <4* 	��� ! 	�9B �=���S =�'I�� =&9"�)�[ �

46��B ��4��� <"9' �� .�&"K ��&Z 0>1�G5+6� �� ���*&� ! =��* & =�'10 �20  !30 0��9� ! 
� <1�[���4 <-2�-�% �
:�� ! 04B�� =&9"�)�[I <4* =�'

T9�0G�� 0� R9B ! h"�46&"j 	��� �=���S 5!�� $��� rs� .
�
� =�!� =�7  !28 0��9� �� ��!� �
� 5�� 0* o-�4� $�-�) �� .
� 04S&K �'

i��2K ! T"��� ! =�!��&K .
�
� 

 

2. ��4� 

 

�� 0� 
� 0"�� $��^:� ?�&M� $��> �� 	S&; <1�[���4 .��* <1�[���4 R'!() <-� �� 	�:� 	��3"�"���"�1� J+� 2"1�XRF  Y!
% �� $�1  0[���

 2"1��� 0� ��* $��^:� <'� n!g 5�&� Y�;� 2"� 	S&; ���*&� .5�� �
�XRF  Y!
% �� $�2 ��B <"�_9' .5�� �
� 0[���6 ��� p�� �� =��* &4

F   Y�;� ! 2"1��� .��* 
�'XRF  Y!
% �� 2"� ��� <-�3  T3� �� 2"� J*�� <-� &-�;� .5�� �
� 0[���2  �
� 0[����.5� 

 

 

 ����1 -  �	
��XRF �
������� 

L.O.I MnO Na٢O K٢O ZrO٢ Fe٢O٣ TiO٢ CaO Al٢O٣ SiO٢ 
1.41 0.11 2.32 4.05 0.10 4.89 1.41 1.23 30.21 54.45 

 

 ����2-  �	
��XRF ������ 

Cl MnO O٢Na K٢O MgO ٣O٢Fe CaO ٣O٢Al ٢SiO 

0.002 1.58 0.6 0.68 9.8 0.6 37 11.2 34.4 

 

 ����3-  �	
��XRF ���� ������  � �F 

۵O٢P MnO O٢Na ٢TiO K٢O MgO ٣O٢Fe CaO ٣O٢Al ٢SiO 

                                                      
4 CaO 
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0.05 0.05 0.26 0.92 1.09 0.77 3.90 1.13 21.1 70.7 

 

 
                                                                       �	
���          ��
� � !�
�  67�F                                    �                               "#�$
�
  

 -�.2 – 5#
,� "2� 	� ��
8 �� �	�� 91
���
:��#; <�
:� �2+
31 

 

 

'"6�!�
"
 
�-h )NaOH d��B �* (98 � $�&GZ 5�&� �� 
:��"9	 &B-��
= � Y��� ! 
�"�"#�3 
�-h �-J  5+6� �*٢SiO  0*O٢Na  &*�&*

 �*2 ^� 5�&� ��"r �"�"#�3 &B $��^:�-��
= 1��� .
�"2 �"9"�	- �-<  Y!
% �� ��� !�4 .5�� �
� ���� $��� <� ! 0�� 	S&; �� $��> ?�&M� 

��-&�� 0"�� 
� .<� 	S&; �� p�� <� 0463� ��* 0� r) �� �0"�� 7��� \1� ���
��4�� ASTM 0���=
�* 
� .�� <-� �R'!() �� <� �� 2 ���
�� 10 ! 7 

	�"=&4 ���^4�� 
� .R-��� $�! d�;, ! nf% n� t*�G �* ���
��4�� ASTM C١٢٧ ]46�� [ <� �	S&; 04S&K 
� .<-� R-��� �� 0�� 2"� 

t*�G �* ���
��4�� ASTM C١٢٨ ]47�[ 0* T9� 
� 0� o-�4� $� �� Y!
% 5 0[��� �
� 5�� .<"�_9' E-&` 	&� 0�� t*�G �*  ���
��4��ASTM 

C١٣۶ ]48[  �0113/3� $�2" �� �
� �� \1� ���9� 200� 72/0 
:�� ! i��� 0��=� 2"� &* ����  ���
��4��ASTM D٢۴١٩ ]49�[ 73 ���
��=&"K 


�. S&; n�	 �"n�2 �� 01�1	 .��* $�&�� &�� $�!�	�) p�� �� 2"� ���^4�� ��� �
��� d�;, $�! �* 	��"6��*&�1/1  ��*  �E>3 &4 	4��� &* �&K

.��* �
� =��
-&B <4* 	;;,� \"��� �� 0� 

 

 

 ����4 – "#�� �	�����	$ � "#�� %�&	'	� ��'(� )#�*	+ �	
�� 

 

 ����5 –  -.� � / /0�1�2�34� 5�67��$ 

Water absorption (%) SSD Specific gravity (gr/cm٣) Material 

1.3 2.62 Coarse aggregates 

3.2 2.59 Fine aggregates 

 

solution ٣OSi٢Na NaOH 

Unit Result Chemical analysis Unit Result Chemical analysis 
 

% 

% 

% 

 
30.00 
14.50 
55.50 

 

٢SiO 
O٢Na 

Water 
 

 

Appearance 

% 
% 

ppm 
ppm 
ppm 

98 
1 

200 
6 

15.7 

NaOH 
٣CO٢Na 

NaCl 
Fe 

٢SiO 
 

Appearance Clear liquid White flake 



 

                                      

                                                      

                                   

              

 

5 

3. ���.0	���< =#& 

 

R-��� ��W�� �� r)	�+Z #��"��� o-�4� �� ���^4�� ! 0"1!� =�' ]50[�[���4 0-�) &* =&9"�)�[I <4* u�4B� ]&M �6��B ! ���*&� ! 
� n�,4�� <1 &4

5+6� �� =��* =�'10 �20  !30 ]&M .
� <1�[���4 <-2�-�% 
:�� Y!
% �� u�4B� =�'6 � �
� 0[���.5� 

 

 

 ����6 – 9�: ; ��2 ��$��*	'<��= ��� 

��"� 0S�`� n� 
 $�!�

�
��� 
0�� <� 

 #�3"�"�

h-
� 

 
"6�!�
"'

h-
� 
���*&� 

 &46��B

=��* 
1�[���4< ]&M ��� 

٣Kg/m 30 14 840 840 210 140 0 0 350 M 

٣Kg/m 30 14 840 840 210 140 0 35 315 MF١٠ 

٣Kg/m 30 14 840 840 210 140 0 70 280 MF٢٠ 

٣Kg/m 30 14 840 840 210 140 0 105 245 MF٣٠ 

٣Kg/m 30 14 840 840 210 140 35 0 315 MS١٠ 

٣Kg/m 30 14 840 840 210 140 70 0 280 MS٢٠ 

٣Kg/m 30 14 840 840 210 140 105 0 245 MS٣٠ 

 

 

:u�4B� ]&M <-� �� 

• 0* h-
� #�3"�"� Y��� 	��! 5+6� �* &*�&* h-
� 
"6�!�
"' 5/1 .5�� 

•  h-
� 
"6�!�
"' Y��� 5e�j14 .5�� �H�   

• "$�2  �
��� $�!�4 ��! 
:��	 <1�[���4 5��. 

• 5+6�  &*�&* 0�� 0* <�1 .5�� 

• �5+6  <�7  0*10 "�	=&4  &*�&*1 .5�� 

• 5+6� �
�-�*  0��
��� 0*2/0 .5�� 

•  <4* T� $�! 0* 0��
��� 5+6�80 5�� 
:��. 

 

0��9� 5B�� =�&*Y�>S Y��� �
4*� �' 5e�j �* h-
� 
"6�!�
"' Y��� �
4*� ��e� <"9' 0* .
� ���� 	-�"�Z �
���14 ��� �* �H� h-
� #�3"�"� Y

$�!� ! ]&M �* t*�G �
��� �
� 5�� 0* Y��� 0* .
� u��, �u�4B� =�'24 R-��� �!� �� .��� �&� �� 
� ���� $�� 5��� \�B ��� �
4*� �

 �0�� �<� :T��=��* &46��B ! ���*&� �<1�[���4 ]&M �* t*�G #
 0* ! 04,-� <4* 	*��&) &63" �� u�4B� =�'3 * 0�"Z� J-��� ��e� 0 0* 5B���3-

Y�>S Y��� rs� .
�
� r3" �\�B #��: #
 0* <4* u��, ! 
� 0S�`� &63" 0* 0S�`� n� ! 	-�"�Z �
���2 * .
� r3" 0�"Z� ��9�� �� 
>

0��9� �r3"E1�Z <4* 	�9B ! 	��� �=���S =�'0��9� .
�
� =
�* #
 0* �'10 0��9� rs� .
�
� h��&4 ��&+-! 2" =!� 0"��a #
 0* �'24  �� 5���

 =�� �� ! $!�80 	4��� 0%��T9� ��&KT9� $�-�) �� r) .
�
� =�!�0��9� �=�!�0��9� �� .
�4S&K ��&Z 7"� =�� �� ! �
� v��B $!� �� �' $��� �'

 	�9B ! 	��� �=���S 5!��7  !28 0��9� ��>*� 5�� &�g 0* ��H .
� 04S&K ��!� =���S =�'10×10×10B � 	�950×10×10 	4��� <"�_9' .��* &4

0��9� ��>*� =�
��"� 2"� 	��� =�'10×20 	4���.��* &4 



 

                                      

                                                      

                                   

              

 

6 

$����'= ���S 5!�� $��� :T�� �
� ��W��= ���� &*BS١٨٨١: Part١١۶  ]51[ j R�� $���"&�46"h �&*)-�"<���� &* (ASTM  

C۴٩۶  ]52�[ �9B 5!�� $���	  ���� &*ASTM C٢٩٣ ]53[.��* � 

 

4. >	�
� ?)� # 

 

0��9� =���S 5!�� $��� o-�4�%  &"a�� 	��&* ! �' T3� �� ���*&� ! =��* &46��B 	�-2�-�3  .5�� �
� 0[���0� ��G��9'  T3�2 	 $��� 
'�

 =���S 5!��7  !28  0��9� ��!�M )100  (<1�[���4 
:��8/23  !6/25  $�&� <-2�-�% .��* Y�3��)��10 &46��B 
:�� ) =��*MF١٠ E+� �(

 �+-&��  R-�2S�23  $�2" 0* =��* &46��B 	�-2�-�% 
:�� &4�"* R-�2S� �*  <"�_9' .
� =���S 5!�� =
:��20  !30 �) 
:�MF٢٠  !MF٣٠ (

0��9� =���S 5!���- R-�2S� &4�"* 2"�  �' 5+6� �� 0� =��M 0* 5S30 =���S 5!�� �
:�� 7  !28 ��!� � 0��9MF٣٠ -&�� �* �+41  R-�2S� 
:��

 0* 5+6�M 0* �1/33  !36 .
"�� Y�3��)��  =���S 5!��7  !28  0��9� ��!�MS١٠  T�� 0�10  ! ���*&� 
:��90 
:��  E"�&� 0* ���* <1�[���4

3/28  !9/30 ���
�� Y�3��)�� �+-&��) 
� =&"K21 � 0* 5+6� R-�2S� 
:�100 .(<1�[���4 
:�� �* 	�-2�-�% &4�"*  $�2" 0* ���*&�20 ) 
:��MS٢٠ �(

 =���S 5!�� ! 5S�- R-�2S� 2"� =���S 5!�� ��+�* 
�!�7  !28  �+-&�� �* 0��9� <-� ��!�31 * 5+6� R-�2S� 
:�� ]&M 0M �5/30  !5/33  Y�3��)��

���
���2" 0* ���*&� &4�"* 	�-2�-�% �* �� .
� =&"K $30 ) 
:��MS٣٠	�
�� 0��9� =���S 5!�� �=��* &46��B ?�B &* �(  0* 5+6�MS٢٠  R'��

) 5S�-4  .(
:�� 

 

 

 
 -�.3 – �	
() *�+
,� >��?; @2
 4 

 

 

0��9� 	�9B ! 	��� 5!�� $��� o-�4�T3� �� 2"� �' =�'4  !5  .5�� �
� 0[��� T3� o-�4� 0� ��M $�9'4  $���	 	��� 5!�� 
'�7  !28 

 0��9� ��!�M E"�&� 0* �44/1  !72/1  	�-2�-�% .
� =&"K ���
�� Y�3��)��10 �20  !30 4 =�% 0* =��* &46��B 
:�� �+-&�� R-�2S� E+� <1�[���2 �4 

 !5  ]&M 0* 5+6� 	��� 5!�� =
:��M  	��� 5!�� <-&4�"* 0� =��M 0* .
�7  !28  ]&M �� ��!�MF٣٠  $�2" 0*55/1 ! 8/1  Y�3��)��

 	�-2�-�% .
� �
'��10  !20  �+-&�� R-�2S� E+� <1�[���4 =�% 0* ���*&� 
:��1  !3 M 0* 5+6� 	��� 5!�� =
:�� ]&M  	�-2�-�% �* �� .
�

 $�2" 0* ���*&� &4�"*30 
�� 2"� 	��� 5!�� �=���S 5!�� �* 0*�� �<1�[���4 =�% 0* 
:�� 0* 5+6� 	�MS٢٠ '��) 5S�- R1  .(
:�� 
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 -�.4 – 9((� *�+
,� >��?; @2
 4 

 

 

 ��0G*��  T3� o-�4� 0* 0%�� �* .��* 	��� 5!�� 0*�� o-�4� 2"� 	�9B 5!��5 	�9B 5!�� �7  !28 9�  ��!� 0��M )100  �(<1�[���4 
:��

 E"�&� 0*62/2  !02/3  $�2" 0* =��* &46��B 	�-2�-�% .��* Y�3��)��10 �20  !30 �2S� E+� <1�[���4 =�% 0* 
:�� R-7 �10  !12  5!�� =
:��

0��9� 	�9B ]&M 0* 5+6� �'N  $�2" 0* ���*&� 	�-2�-�% <"�_9' ! 
�10 �20  !30 ��4 =�% 0* 
:�� R-�2S� E+� <1�[�6 �11  !8  5!�� =
:��

0��9� 	�9B ]&M 0* 5+6� �'N  	�9B 5!�� <-&4�"* .
�7  !28  ]&M 0* u�*& ��!�MS٣٠  $�2" 0*9/2  !38/3 3��)�� .��* Y� 

 

 

 
 -�.5 – 9(�� *�+
,� >��?; @2
 4 

 

 

	 �
� 5�
* o-�4� =
�* J9% d�;B ���<1�[���4 =�% 0* =��* &46��B 	�-2�-�% 5^K $���  	�9B ! 	��� �=���S 5!�� R-�2S� E+�

0��9� 0��9� 0* 5+6� �'100 	 p�`� <-� .
� <1�[���4 
:�� .
��* 7+�& 	^�4, T-H� 0* 
����1!�"<  &4���)"$�2  $��* ?���-� &� 0%��-1�46"< 

�1� J+�"���"�"��3	 � .5��-< ��� ���� E�j� �� &4���)-�
  04S&K	��� 1!	 -3	 �1� J+� h� u!&� ��"���"�"��3	 ���� J*�� .5��= &� 0%��-1�46"< 

1� 0* �H�*"T f) R���! �
�-&= &� ��4B�� <4��� !-1�46	 �Z= 9� he� !	
����� &a� ��� 0*= �&S ��-
� )�[I�"&9-��2"$� � 
��� 5�&�-�&  <463�
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0* =��* &46��B .[39] ���	 ��W�� &�5,� ! &49� $�2" 0* �J*�� <-� �� AlO -
۴ ! SiO۴ =�'&��� 0* $
� T-
+� =�&* Al O٣ ٢ ! SiO٢ =�'��4B�� 


�!�  R-�2S�  E+�  �?���  &49�  ���  \-  =�%  0*  ?���  ���  \-  $�&�  <-2�-�%  0W"4�  ��  5��  <1�[���4  5+6�  &�?���  =��4B��  x��1

=�'5!�� &* ��fK&"a�� ! h� =�'&4���) �� &�-� 	3- �&�-� =�� �� .[40 ! 39] ���	 =&9"�)�[I <4* 	3"��3 =�'5!�� R-�2S� ! $�"��2-&9"�)�[I 

=&9"�)�[I <4* =���S 5!�� &* &4���) <-&�&a� �� Si/Al 5+6� =�
>4 $�&��'!() .5�� 	��3"�"���"�1� J+� Si/Al 5+6� =&9"�)�[I <4* 	3"��3

.[55 ! 54 �40 �34] ���	 =���S 5!�� <-&4�"* 0* 	*�"4�� 0* &W� 0� 
����&� i��2K 3/5 �� 3/3 <"* �� 5+6� <-� 0�"�* $�&��'!() <-� .
����	 

=�%  0*  =��*  &46��B  E"�&�  �*  JZ�!  ��  .5�� 3/35 =��*  &46��B  ��  5+6�  <-�  .��* 1/8 �*  &*�&*  R'!()  <-�  ��  	S&;  <1�[���4  �� Si/Al 5+6�

5!�� 0W"4� �� .���	 &� \-�2� (3/5 �� 3/3) 0�"�* 
  0* ! 04S�- R-�2S� 2"� Si/Al 5+6� �$�9"� �
���� ��� $
� &�?��� &* �!�� �<1�[���4

.
*�-	 R-�2S� 2"� 	�9B ! 	��� �=���S =�'5!�� ��+�* ! R-�2S� $�2" �	�-2�-�% 5+6� R-�2S� �* <"�_9' ! 04S�- R-�2S� 	�9B ! 	��� �=���S

  .
� =&"K���
�� 
:�� 30 R'!() <-� �� =��* &46��B 	�-2�-�% 0�"�* $�2" 

2"� 01�6 <-� .
� <1�[���4 0-�) &* =&9"�)�[I <4* 	3"��3 =�'5!�� R-�2S� E+� 2"� <1�[���4 =�% 0* ���*&� $�&� <-2�-�% �&�-� =�� ��

&�-� T-H� �� .5�� <1�[���4 0* 5+6� ���*&� &�&-f)R���! ! &�?��� ��4B�� �=��*&46��B �* 0*�� T-H� �� 	3- .
��* 04��� 	^�4, T-H� 
����	 

<4* 	3"��3 =�'5!�� R-�2S� m��* 
����	 =��* &46��B �* 0*�� ! 5�� 3 &*�&* ���*&� Si/Al 5+6� 0y&K� .
��* #!�^4 =��* &46��B �* 
����	

&�-� ��fK&"a�� &4���) .5�� �
� =��* &46��B �* ���*&� 	�-2�-�% �� 0�:�  o-�4� �� ?�4B� m��* 0� ���� ��%! 2"� =&�-� h� =�'&4���) 	1! ��� 

=���S 5!�� &* =�0e � T*�Z R�� [39] � 	�+Z =�'R'!() ! 01�� <-� o-�4� 0* 0%�� �* &4����) <-� .5�� 	��3"�"���"�1� J+� CaO =��4� $�2" 

�(-! 0* 	��3"�"���"�1� J+� =�'	K(-! 0� 
��&� =&"K0W"4� �'&9"�)�[I ��� �� 	�'!() �� [54] $���39' ! van Jaarsveld .���� =&9"�)�[I <4* 

5+6� ! 	-�"�Z Y��� =�'&4���) ���� �� �� 	��3�"���"�1� J+� CaO $�2" 2"� [56] $���39' ! Xu .
��	 <"">� �� &9"�)�[I d��B �CaO $�2" 

&' 03�-� 0* 0%�� �* <1�[���4 ! =��* &46��B �� ���^4�� 51�  �� .
����	 &9"�)�[I =�'5!�� ! #�":�;B &* ��fK&"a�� ! h� =�'��4��S �� �Si/Al 

d�;B �� �� .56"� =
"�� =&9"�)�[I <4* 	3"��3 =�'5!�� �� CaO R�� �f1 �(
:�� 1/23 ! 1/13) 
�46' CaO h� ��"6* 
:�� =���� ��� !� 

&-��� <4��� T"1� 0* �
:�� 20 �� ���*&� �� ���^4�� .
��* ��fK&"a�� ! h� 
����	 R�� <-� (
:�� 37) ���*&� �� CaO =H�* 
:�� 0* 0%�� �* ���*&� 

R-�2S� 0* &W� [40 ! 39] $�- <-� �* �&"W�� T"3�� ! Ca٢+ $�- $�"��2-&9"�)�[I =�&* CaO T"6��4) <"�_9' ! Ca/Si 5+6� <4S� H�* ! CaO ��-�

20 0* 5+6� <4* 	3"��3 =�'5!�� 
:�� 30 0* 20 �� ���*&� 	�-2�-�% 5+6� &4�"* R-�2S� �* �&�-� =�� �� �� .
� =&9"�)�[I <4* =���S 5!�� 

<-� o-�4� ! 
� 04^K 0� ��M $�9' .[39] 5�� J+� �� ��%� Al O٣ ٢ $�2" 	��3�"���"�1� J*�� h� =�'&4���) �� &�-� 	3- .5S�- R'�� ����*&� 
:�� 

J*��  ��  &�-�  =��  ��  ��  .
*�-	  R-�2S�  =&9"�)�[I  <4*  =���S  5!��  	��3"�"���"�1�  J+�  ��  (Ca/Si) CaO $�2"  R-�2S�  �*  ���  $���  01�� 

��%! #��: �� 	��3"�"���"�1� J*�� <-� �� .5�� ����B&* 	-H�* ��"6* 5"9'� �� J+� �� ��%� Al O٣ ٢ $�2" �CaO =H�* $�2" �* 	��3"�"���"�1�

! &9"�)�[I 03+� ���� �� #��"�1� h"6�� #�+"�&� T"3�� m��* ! ���� R���! Ca �* ��� <-� .���	 
"1�� 2"� Al٣+ �� =��-� $�2" �Al٢O٣ ��-� &-��� 

=���� <1�[���4 ����	 �
'�� 1 Y!
% �� 0� ��G��9' .[40 ! 39] ���	 &9"�)�[I =���S 5!�� R'�� E+� p�`� <-� 0� ���	 C-H-S YI


��* (
:�� 30) ���
��  ��  R"*  ���*&�  $�2"  &K�  ���*&�  !  <1�[���4  E"�&�  ��  ���^4��  ����'  0W"4�  ��  (
:�� 30/21)  5�� Al O٣ ٢ ��-�  &-��� 

	��� �=���S =�'5!�� ��+�* �� =��fK&"a�� <-&4�"* =�&* ���*&� 	�-2�-�% 0�"�* $�2" 0W"4� �� .
*�-	 R'�� =&9"�)�[I <4* 	3"��3 =�'5!��

.
� RW�� 
:�� 20 �R'!() <-� �� 	�9B !

 ��A6@�
� .5

 

 

 R�� 0>1�G 0* $��� 
  �� 
� 	>� 	'���-��� R'!() <-� ���% ��� =��* &46��B 	�-2�-F <'� ���� ���*&� !�<1�[���4 =�% 0* =��
K  &*

5!�� 0-�) &* =&9"�)�[I <4* 	�9B ! 	�� �=���S =�'<1�[���4 R-��� ��W�� �� r) �4��� <-� �� ��� 04B��&) =�'� ! 0M�*&"��� ! 0-2W���� T ��'

0W"4� $���� 0* &-� ����[��� 01�� <-� =&"K	 0:��� 
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•  ��� =��* &46��B 	�-2�-�%F  E+� �=&9"�)�[I <4* E"�&� �� <1�[���4 =�% 0*5!�� R-�2S� 	�9B ! 	��� �=���S =�' <4*

 �R'!() <-� �� =��* &46��B 	�-2�-�% 0�"�* $�2" .
�30  �+-&�� R-�2S� E%� 0� 
� RW�� 
:��40 �5  !12  5!�� =
:��

 	�9B ! 	��� �=���S) 
'�� 0��9� 0* 5+6� =&9"�)�[I <4*100 .
� (<1�[���4 
:�� 

• 5!�� R-�2S� E+� �=&9"�)�[I <4* E"�&� �� <1�[���4 =�% 0* ���*&� 	�-2�-�%.
� <4* 	�9B ! 	��� �=���S =�' 0�"�* $�2" 

 �R'!() <-� �� =��* &46��B 	�-2�-�%20  �+-&�� R-�2S� E%� 0� 
� RW�� 
:��31 �3 ! 10 S 5!�� =
:�� ! 	��� �=���

) 
'�� 0��9� 0* 5+6� =&9"�)�[I <4* 	�9B100 .
� (<1�[���4 
:�� 

•  ��� =��* &46��B 	��3"�"���"�1� J+� !� &' 	�-2�-�% 0y&K�F 5!�� ��+�* E+� ���*&� !  <4* 	�9B ! 	��� �=���S =�'

 ��� =��* &46��B 	�-2�-�% �� 
� =&9"�)�[IF �	 =&4�* o-�4� 0* 	*�"4�� 0* &W .��� 
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