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� 28 ��& &� �C�� (D!5 .&����� ��2 � 9-
 K���2 

����� K@-� :��.&�� ��2��� .XY� 9�/ ��&�5 �@e�
 

&�	O �&") ���@� �5 +nZ�@'"H +n.�@� �n�"�n(.�3 

:��.&�� ��2 �&"� �(AG�f� ��D5� �"��� ��� _�5�
� 

Q	I �&����D��ASTM D4318-95a    � &� (���� �"��� 

`)��
 �3�������� Q	I �&����D�� ASTM D698 8�^�� 

9C�  ..��5 M@@A
 .�3�D��&�1 .&�DC& *�+.�3 ��& 

9@	L
 ��2 �5 &�	O �&") ����@� &� (7�� �$�� c����� 

9���>� .&��C P
.&"-� Q	I �&����D�� ASTM D2166 

Z&"' 9C��d1 .&� M�� c����� (�"���3 ,����5 95"I& 

(�@�5 �5 �f; 50 �7@��D� � N�E
&� 100 �7@��D� (@�
 ��2 

� .&�d &�5 �5 9��� 5/0 �7@��D� �5 (>@;� 8�^�� 9C�  .&� 

(7�� �8�� �"��� =�5 `@>D!� Q	I �&����D��ASTM 

D3080-11 �5 .�& (�"��.�3 5� ��A5� 10 ×10 �D����D� 

u5�� Z&"H5 $�D�) c��) Z&"' (DC�  9�� ..&"f5() 

��D5� (�"���3 �5 95"I& (�@�5 (@�
 ��2 � X1 �� 8�^�� 

Z�@7�� N�	2� � �`@6-
 .&�d &�5 9-
 �e� c�
.�3 `R�; 

100� 200 � 300 "7@) $�6��1 � �5 9��� 05/0 �7@��D� 

�5 (>@;� c����� 8� �̂� 9C�  .&� (7�� �8"� .��5 ��&�5 

�@e�
 &�	O �&") ���@� �5 .�& 9!�� `@6-
 � �'&� 8&"
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*�+.�3 ��& 9@	L
 ��2 �&"� �(AG�f� c����� `@6-
 

Q	I �&����D�� ASTM D2435 Z&"' 9C��d1 .M��5 

�&"J�� ��D5� (�"��.�3 *�+ ��& .�� Z�&p &�	O �&") 

���@� &� lG�; c����� (DW�& ��2 � XY� :��.&�� �5 

.�& ���3 (5��� �f���2 () &� s�5 (5 �� �&�2� 8�^�� 

�����  9�� .(����5 �3�������� Z&"' (DC�  �5 .�& 

(�"��.�3 �&"� (AG�f� Q5�f� $��/ )3 (:5�; ��3��� 

9�� .8�s �)d5 9�� 9�/ �5���&� 9-' a��D� 25 �'&� 

�� N"�^� c������3 �&�5�� &��6
 ��2 9��.  

  

3 - �Z��� � [D�  

3 -1 - Z���� BH�X 	; \���	] ��-X ^���&]  

a��D� :'� �� �@e�
 &�	O �&") ���@� &� .�3�'&� 

���� ?7DW� �5 Z�@'"H+ .�@�+ (�"��.�3 *�+.�3 

��& �&"� (AG�f� X1 �� 8�^�� :��.&�� &� :62 )3 

?G� � o (���� ���� ��2 9�� .�5 
n(/" (5 �n�3&��"� 

����"
 9C��&� �& 9G� �7) ����C� &�	O �&") ���@� 

(5 ����3 :��.&�� l	� c3�) g+�2 .�@�+ ��2 

9�� .&� :62 )3 - ?G� (��3��� ���"2 �����() () (5 

9@�"D�5 30 �'&� &�	O CKD ����C� ����"2 X1 �� 

:��.&�� 7� 14 � 28 ���& g+�2 .�@�+ (5 l@
�
 (5 

&��>� 49 %� 56 %� 65 %9	!� (5 9G� �~�' ���� 

(D��) ��2 � Q	I :62 )3- o (�����() (5 ���3 

���@� (5��� &�	O CKD �5 MG"R�) V"7W� ������  X1 �� 

:��.&�� 7� 14 � 28 ���& g+�2 .�@�+ 9	!� (5 

G�n9 gG�+ (5 
�
nl@ 36 %� 39  %� 45 %3�)nc 

���5�� .M���5��5 �5 (/"
 (5 �� N"� *�+ ,& �&"� 

(AG�f� &� Q@>-
 �B� ����"
 ��@5 ��) &�	O �&") 

���@� &� 9@�"D�5 �A5 �� 8�^�� :��.&�� .�&�� �@e�
 

.&�d  c@5.�
 �5 c3�) Z�@'"H+ .�@�+ &� 

(!��>� �5 MG"R�) �&�� .  

  

 

M�-L 3. ������  ��	]�� T��H ����N �� �� ������� ���� �R7�S� �� V�8D& �W�X  

_���   `�� �����  a��&�� )�*  CKD (%) 
\���	] �� `�b�; �����  

��� _�5�
�  `)��
  P
 .&"-�  =�5 `@>D!�  `@6-
  

1  B-0 ,& 9@�"D�5  0  *  *  *  *  *  

2  B-10  ,& 9@�"D�5  10  *  *  *  *  *  

3  B-20  ,& 9@�"D�5  20  *  *  *  *  *  

4  B-25  ,& 9@�"D�5  25  *  *  *  *  *  

5  B-30  ,& 9@�"D�5  30  *  *  *  *  *  

6  K-0 ,& MG"R�)  0  *  *  *  *  *  

7  K-10  ,& MG"R�)  10  *  *  *  *  *  

8  K-20  ,& MG"R�)  20  *  *  *  *  *  

9  K-25  ,& MG"R�)  25  *  *  *  *  *  

10  K-30  ,& MG"R�)  30  *  *  *  *  *  

 
 

    

B%� 3. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] �� �� d*�� ���* :_7;- �.������ e- �7�'��.  
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3 -2 - Z���� BH�X ;	 \���	] f�;�&  

&� 9G� �7) ����"
 9C��&� �5 c���C� ���@� &�	O 

CKD &� *�+.�3 ���& &��>� ��� i"HW� P�+ 

�L)�� )γdmax (P� ���& �& (5 �2& �& ���� ���3� .

(�"����3 () &� :62 )4- ?G� (���� ���� ��2 �9�� &� 

*�+ 9@�"D�5 �5 g+�2 .�@�+ �s�5 �����() �5 30 %

&�	O CKD V"7W� ����"2 ��� i"HW� P�+ 

�L)�� *�+ 9@	L
 ��2 X1 :��.&��.�3 7� 14 � 

28 ���& l@
�D5 (5 ���@� 6/7 %� 33/8  %� 7/8   %

c���C� ���5�� � M�� ���& &� MG"R�) Q	I .�3&��"�� 

:62 )4 - o ((5 l@
�
 �5��5 �5 5/4 %� 85/5  %� 2/7  %

9�� .M���5��5 (5��� 9G� :	; �����3 �����  &�	O 

CKD &� *�+ ��& �5 9@'�+ .�@�+ _&�5�
 

�
&�d �@e�
 9�� .  

`3M@�t Q	I :62 )5 - ?G� o� (�@e�
 &�	O CKD �5 

���@� 95"I& (�@�5 *�+.�3 ��& 9@	L
 ��2 :5�; 

��3��� 9�� .a��D� 9��5 ���� ���� ���� ����C� &�	O 

�&") ���@� &� (�"��.�3 �&"� (AG�f� l	� )c3� 

&��>� 95"I& (�@�5 ��2 9�� ..&"f5() �5 ����C� 30  %

���� CKD (5 *�+.�3 9@�"D�5 � MG"R�) �5 28��& :�� 

�.&�� &��>� 95"I& (�@�5 (5 l@
�
 (5 &��>� 16  %� 

9/12  %9	!� (5 (�"��.�3 9@	L
 ���� c3�) (DC�� 

9�� .a��D� 9��5 ���� "!�3 �5 c3��1.�3 Z&"' 

(DC�  �7	; �7@� � ���� )2000 (� "^����� (6�)�� 

)2019 (9�� .(t� � a��D� �7) 9��5 ���� &� �&"� 

Z��e� CKD �5 � ���.�3 `)��
 (�"��.�3 ��& �&"� 

(AG�f� &� M�� Q@>-
 �5 (z�� () K�"
 }�@� � M@/ 

)2015 (�5 .�& ,& ��@� =&��  ��2 �5 (/"
 (5 N"� 

���) ,& 9@7�� ���) X6��5 ��2�5�.  

 

  
  

B%� 4. ��c�& ��+, ����  ���� �  ��	 B�0��] ��  	� g�Qh� i@* ��/�;-X _7;- �.������ e- �7�'�� 

 

    
B%� 5 . ��c�& ��+, ����  ���� � T-�  ��	 B�0 ��] �� .��j� ���E� �)�* _7;- �.������ e- �7�'��.  

  

3 -3- Z���� BH�X 	; \���	] i&��D�  

&"f���3 () &� :62 )6 - ?G� (���� ���� ���2 &� 9G� 

9@	L
 ����� 9���>� .&��C &� (J-G ��DW@!  *�+ 

MG"R�) &� (!��>� �5 (�"�� ��& 9@�"D�5 .�&�� &��>� 

c@5.�
 9�� .`3�M@�t &� *�+ 9@�"D�5 �5 c���C� 

�'&� &�	O CKD� �����"
 .�5&�5 &� (�"��.�3 9@	L
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��2 c���C� (DC�� 9�� .(t� � ���� :��.&�� l	� 

c���C� c@5�
 �����"
 .�5&�5 9	!� (5 9G� 9@	L
 

���� �����  9�� .���@� c���C� 9���>� .&��C P
 

.&"-� &� (�"��.�3 9@	L
 ��2 9@�"D�5 8���3 ����C� 

30  %���� &�	O CKD &� Z�� :��.&�� 7� 14 � 28 

���& (5 l@
�
 1� 6/1 � 3 �5��5 ��2 9�� .M�� ���& Q	I 

.�3&��"�� :62 )6- o (&� *�+ MG"R�) �@� ��3��� 

�����  .�����() 30  %���� &�	O CKD (5 *�+ MG"R�) 

(C�B� ��2 &� Z�� :��.&�� 7� 14 � 28 ���& 9���>� 

(5 l@
�
 78/0� 07/1 � 1/2 �5��5 c���C� (DC�� 9�� .

a��D� 9��5 ���� �������3� �� 9�� &�	O CKD �5 

.�& *�+ �59@�"D �5 g+�2 .�@�+ s�5 c@5�
 

&�d �@e�
 ���2�5 () (5��� �5 Z��3��� 8�^�� (DC�� 

K�"
 "^����� � (6�)�� )2019 (9��.  

Q	I .�3&��"�� :62 )7 - ?G� � o (��3��� ���"2 

&�	O CKD �5 ���@� c��) .&"-� &� (J-G ��DW@!  

�@e�
 �&�� .(6�&"f5 ���& Z��@@v
 Z��ED� �5 ����>� 

9���>� .&��C P
.&"-� &� (J-G ��DW@!  9�� .&� 

�3 �� N"� *�+ ��& �&"� (AG�f� &� Z�� :��.&�� 

14 � 28 ���& �5 c���C� �'&� &�	O CKD �
 10 %� 

���@� c��) .&"-� &� (J-G ��DW@!  c3�) (DC�� � 

XY� �5 ��@�& ���@� &�	O (5 20 %� c��) .&"-� 

���^� c���C� ���5�� .&� �����D �5 ��@�& &�	O CKD (5 

30 %� c��) .&"-� &� -Gn(J  n��DW@! 3�)nc 

���5�� .(D	G� &� Z�� :��.&�� 7 ���& (�"��.�3 9@	L
 

��2 �5 c���C� &��>� &�	O �&") ���@� c��) .&"-� &� 

(J-G ��DW@!  c3�) ���5�� .M���5��5 �5 (/"
 (5 a��D� 

����"
 ��@5 ��) &� *�+ 9@�"D�5 �5 g+�2 .�@�+ 

s�5 .�� 30  %&�	O �&") ���@� 4��5 �"/"5 ���� 

M��D�) ���@� :62.��d1 ���"2.  

 

    

  B%� 6. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] �� .���8� ��@� i&��D� �� �kD7 ��?�h�!N _7; - �.������ e- �7�'��.  
  

    
B%� 7. ��c�& ��+, ����  ���� � -�T  ��	 B�0��] �� \��� ��D� �� �kD7 ��?�h�!N _7;- �.������ e- �7�'��.  

 

9�/ ��&�5 � �5���&� �e� &�	O �&") ���@� �5 ���@� 

:62.��d1 (�"��.�3 *�+ ,& �5 g+�2 .�@�+ 

�Z��ED� �5 ���ED�� �� ��-�� c�
 - c��) 9��5 ���� 

�� �"��� P
�.&"-� $��� �@@v
 :62 9��6� �"��(�3 

)E50( M@@A
 ����  � &� :62 )8- ?G� � o (c���� 

���� ��2 9�� .�5 (/"
 (5 �3&��"�� ��3��� ���"2 &� 

�3 �� N"� *�+ ���& &� Z�� :��.&�� 7 � 28 ���& �5 

c���C� �'&� ���� &�	O CKD &��>� $��� 9��6� � 
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:62.��d1 c���C� ���5�� .�G� &� Z�� :��.&�� 14 

����& Q	I &��"�� :62 )7 - ?G� (��3��� ����  &� 

*�+ 9@�"D�5 �5 c���C� &�	O �&") ���@� �
 20  %

:62.��d1 �c���C� XY� &� &��>� 25  %CKD $��� 

9��6� c3�) � &� ��D�� �5 30  %&�	O �&") ���@� 

:62.��d1 c���C� (DC�� 9�� .&� *�+ �MG"R�) &"f���3 

() &� :62 )7- o (��3��� ���"2 
� 25  %&�	O CKD 

$��� 9��6� c���C� � XY� &� 30  %���� &�	O ���) 

���@� c3�) (DC�� 9�� .�5 (!��>� .�3&��"�� :62.�3 

)7- ?G� o� (� )8 - ?G� � o (���� ���"2 ���& 

Z��@@v
 �� �D��&�1 $��� �@@v
 :62 9��6� � c��) 

.&"-� &� (J-G ��DW@!  X6��5 `3 ����2�5 () 

���� �� '9- a��D� �&��  .  

    
B%� 8 .��c�& ��+, ����  ���� � T-�  ��	 B�0��] �� M�-� .��%� )E50(� _7;- �.������ e- �7�'��.  

 

3 -4 - Z���� BH�X 	; \���	] 4�� f�8�!�  

Z��@@v
 ���@� (���� *�6f'� �7+�� (�"��.�3 9@	L
 

��2 &� :62 )9- ?G� � o (���� ���� ��2 9�� .�5 

/"
( (5 �3&��"�� ��3��� ���"2 &� 9G� 9@	L
 ����� 

(���� *�6f'� �7+��)φ( MG"R�) .�&�� &��>� c@5.�
 

&� (!��>� �5 9@�"D�5 ��"5 � g+�2 .�@�+ � Z�� 

���� :��.&�� � �'&� ���� &�	O �&") ���@� �5 (���� 

*�6f'� �7+�� &�d �@e�
 9�� .&� Z�� :��.&�� 7 

���& �5 c���C� @���� CKD (5 20 %� &� *�+ MG"R�) 

&��>�φ �
 6/14  %c3�) (DC�� � &� *�+ 9@�"D�5 (���� 

*�6f'� �7+�� �5 ��@�& &�	O �&") ���@� �
 10  %

��D5� �)��� c���C� � XY� �5 @�&n�� &��>� CKD (5 

20  %�
 3/13  %(D��) ��2 9�� .&� Z�� :��.&�� 

14 ���& a��D� (AG�f� ���� ����3� &� *�+ 9@�"D�5 

�����() 10  %&�	O ����C� ���"2 �)��� &� φ c���C� 

N";"5 (D�"@1 � &� (���� �5 ��@�& CKD (5 20%� &� φ 

c3�) ��3��� ��2 �G� �5 c���C� &�	O �&") ���@� �
 

30  %(���� *�6f'� �7+�� �
 20  %	!�9 (5 9G� 

9@	L
 ���� c���C� (DC�� 9�� .&� *�+ �MG"R�) �5 

c���C� &�	O CKD �
 10  %�)��� c3�) &� (���� 

*�6f'� ��E
� ���DC� �G� �5 ��@�& CKD �
 30  %&��>� 

φ �
 2/4  %c���C� ���5�� .X1 �� :��.&�� (�"��.�3 

*�+ ��& &� Z�� 28 ���& a��D� 9��5 ���� ���� 

����3� �5 c���C� �'&� &�	O �&") ���@� &� *�+.�3 

9@�"D�5 � "R�)MG �
 30 %� ���@� (���� *�6f'� �7+�� 

&� ���3 (5 l@
�
 �
 33  %� 2/19  %c���C� ���5�� .�5 

(/"
 (5 a��D� 9��5 ���� ��3��� ���"2 &�	O �&") 

���@� &� *�+ 9@�"D�5 �5 g+�2 .�@�+ s�5 .�&�� 

.&�d �@e�
 c@5.�
 &� (!��>� �5 MG"R�) 9��.  

Q5�f� �5 :62 )10 - ?G� � o (�@e�
 &�	O ���) ���@� �& 

�5 .�& ���@� � ��	!t *�+.�3 ��& �5 g+�2.�3 

.�@�+ Z��ED� �&"� (AG�f� �& ����"
 ��3��� �"�� .&� 

9G� 9@	L
 ����� *�+ 9@�"D�5 .�&�� &��>� 

� ��	!t ��s�5 &� (!��>� �5 *�+ MG"R�) 9�� .(5��� 

�5 (���� *�6f'� ��7+�� g+�2 �.�@�+ Z�� ���� 

:��.&�� � �'&� &�	O �&") ���@� �5 .�& ���@� 

� ��	!t (�"��.�3 �&"� (AG�f� &�d �@e�
 9�� .&� 

:62 )10- ?G� (���� ���� ��2 &� 9G� �7) �5 c���C� 

�'&� &"{ &�	O CKD ���@� � ��	!t c3�) (DC�� 

9�� .(t� � Z�� :��.&�� �����"
 l	� c���C� &� 

���@� � ��	!t �"2 .�5 ��@�& ���@� &�	O �&") ���@� 

�
 30 �'&� &� *�+ �9@�"D�5 &� Z��.�3 :��.&�� 

7� 14 � 28 ���& ���@� � ��	!t (5 l@
�
 3/33 %� 

30  %� 27  %(D��) ��2 9�� .M�� ���& �������3� �� 

91  



��������	 ���� �� ������� ����� ����14����� � 28  ��!�	 � "���# �99  

 

 

9�� () &�DC& *�+ ��
 � ����62 9�� .&� :62 )10-

o (��3��� ��2 �����3() &� *�+ MG"R�) �5 10  %&�	O 

CKD V"7W� ����"2 c���C� �	!� &� ���@� 

� ��	!t �"/"5 ����� .�n���@ C�nc��� &� �nZ� 

����.�3 :��.&�� 7� 14 � 28 ���& (5 l@
�
 50 %� 

25  %� 5/87  %9�� .&� (���� �5 c���C� &��>� &�	O �&") 

���@� �
 30 ��'&� P� � ��3�) &� � ��	!t ��^�� 

��2 �G� &� Z��.�3 :��.&�� 14 � 28 ���& 9	!� 

(5 9G� 9@	L
 ���� .�&�� &��>� c@5.�
 ����2�5 .

M�� &��>� (5 l@
�
 25  %� 50  %c���C� 9	!� (5 9G� 

9@	L
 ���� 9�� .a��D� ���� ����3� () ����C� &�	O 

CKD (5 *�+.�3 ��& �5 Z�@'"H+ .�@�+ ?7DW� 

�@e�
 �
��ED� �& �����"
 (R�&� �����  .  

 

    
  B%� 9. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] �� ���;	 )�%SH; ��<*;� _7;- �.������ e - �7�'��.  

  

    
  B%� 10. ��c�& ��+, ����  ���� �  ��	 B�0��] �� ��N-�+!: _7;- �.������ e- �7�'��.  

 

�@e�
 &�	O �&") ���@� �5 .�& 9���>� �2�5 &� (J-G 

��DW@!  (�"�� *�+.�3 9@�"D�5 � MG"R�) 9-
 

c�
.�3 `R�; 100� 200 � 300 "7@) $�6��1 (5 l@
�
 

&� :62.�3 )11 - �?G� o � � (� )12 - �?G� o � � (

���� ���� ��2 9�� .�5 (/"
 (5 �3&��"�� ����"
 9C��&� 

&� 9G� 9@	L
 ����� 9���>� �2�5 &� (J-G 

��DW@!  (�"��.�3 *�+ MG"R�) &� ����
 c�
.�3 

`R�; .�&�� ���@� .�
s�5 9	!� (5 *�+ 9@�"D�5 9�� .

�����3() (5 *�+ 9@�"D�5 &�	O ����C� ��2 ��3��� 

����  &� Z�� :��.&�� 7 ���& �5 ��@�& ���@� &�	O 

���) ���@� �
 20 %� 9���>� �2�5 (5 &"I M@���@� (5 

���@� 3/16  %c3�) ���5��. �G� �5 c���C� &"{ 

CKD ��3��� ���"2 �����"
 .�5&�5 c���C� ���5�� �G� 

�� 9G� 9@	L
 ���� �D�) 9�� .&� ���� :��.&�� 14 

����& ����C� CKD �
 &��>� 20  %�@e�
 ��"!-� &� 

c���C� 9���>� �2�5 8��
 c�
.�3 `R�; (R�&� ����3� .

&� �(���� �����() &��>� On&�	 �&") �n���@ (5 30  %

����& 9���>� �2�5 &� (J-G ��DW@!  &"f5 

M@���@� 55/3  %s�5 ����& .&� (�"��.�3 �5n9@�"D 

:��.&�� ��2 &� 28 ��& ��3��� ����"2 �5 c���C� 

�'&� &�	O �&") ����@� 9���>� �2�5 c���C� ���5�� .

.&"f5() �5 ��@�& CKD (5 30 %� 9���>� �2�5 &� 

����
 
c�.�3 `R�; (5 &"I M@���@� 4/9  %9	!� (5 

9G� 9@	L
 ���� c���C� ���5�� .  
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  B%� 11. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] �� .���8� ���� �� �kD7 �?�h�!N )�* .������.  

  

    

  
  B%� 12. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] �� .���8� ���� �� �kD7 �?�h�!N )�* �7�'��.  
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`3M@�t InQ	 3&��"��n.� :62 )12- �?G� o � � (

����"
 �@e�
 &�	O �&") ���@� �& �5 .�& 9���>� �2�5 

&� (J-G ��DW@!  *�+ ��& MG"R�) ��3��� �"�� .�5 

(/"
 (5 8�� ����3 ����"
 C��&�n�9 &� �nZ� ���� 

:��.&�� 7 ����& ��"�� �5 c���C� &"{ &�	O CKD �
 

20  %&� �*�+ &"f5 M@���@� 45/8  %c3�) &� 9���>� 

�2�5 ����� ��>
� ���DC� 9�� .�XY� �5 ����C� CKD �
 

30  %9���>� �2�5 &� (J-G ��DW@!  (5 &"I 

M@���@� 6/4  %c���C� ���5�� .&� (�"��.�3 :��.&�� 

��2 &� Z�� ���� 14 ����& �
 25  %&"{ &�	O CKD 

&� (�"���3 �@e�
 ��"!-� &� 9���>� �2�5 &� (J-G 

��DW@!  �"/"5 ����&�� .�G� �5 ��@�& &��>� &�	O 

CKD �
 30 %� 9���>� ����� &� (J-G ��DW@!  &"f5 

M@���@� 79/6  %c���C� ���5�� .&� Z�� :��.&�� 28 

����& ��3��� ����"2 �5 c���C� &��>� &�	O �&") ���@� 

&� *�+ �,& �n���>n9 �@� P� ���& ��n(5� �& In� 

������� .�����() ���@� CKD (5 30  %�����& 

9���>� �2�5 &� (J-G ��DW@!  &"f5 M@���@� (5 

8/18  %c���C� ���5�� .�5 /"
n( (5 �na��D �nZ�AG�f 

����"
 9C��&� &�	O �&") ���@� �5 .�& *�+ ��& 

MG"R�) �@e�
 c@5.�
 &� (!��>� �5 �+* 9@�"D�5 �&�� .  

  

3 -5 - Z���� BH�X 	; \���	] f�%D&  

9!�� ��@6-
 � 8&"
 &� *�+.�3 ��& �2�� �� od/ 

o� � 95"I& �� (�"��.�3 .&�DC& &� *�+.�3 (G�!�&�� 

9�� .&� M�� (AG�f� �5 8�^�� c����� �`@6-
 �@e�
 &�	O 

�&") ���@� �5 ���@� 9!�� � 8&"
 *�+.�3 ��& 

��&�5 ��� �� 9�� .�@e�
 &�	O CKD �5 ���@� 8&"
 ���� 

(�"��.�3 *�+.�3 ��& �&"� (AG�f� Q	I .�3&��"�� 

:62 )13 - ?G� � o (���� ���� ��2 9�� .�5 (/"
 (5 

�3&��"�� ����"
 9C��&� &� 9G� 9@	L
 ����� ���@� 

8&"
 *�+ 9@�"D�5 .�&�� &��>� c@5.�
 9	!� (5 *�+ 

MG"R�) 9�� .&� :62 )13- ?G� (���� ���"2 �5 ����C� 

&�	O �&") ���@� � c���C� &"{ �� &� *�+ ,& 

�9@�"D�5 ���@� 8&"
 �� �5 l@2 .��
 c3�) ���5�� .

(t� � Z�� ���� :��.&�� �5 &��>� c3�) 8&"
 �@e�
 

&�d  9�� .&"f5() &� Z��.�3 :��.&�� 7� 14 � 28 

���& �5 &"{ 30  %�&�	O &��>� c3�) 8&"
 (5 l@
�
 

40 %� 55  %� 75  %9�� .Q5�f� :62 )13- o (&� 

*�+ MG"R�) ��3��� ����"2 (C�B� ��"�� &�	O �&") 

���@� l	� c3�) ���@� 8&"
 �5 l@2 `����
 9	!� 

(5 *�+ 9@�"D�5 ��2 9�� .`3M@�t Z�� :��.&�� 

(�"���3 �5 c3�) :@!��D1 ��&"
 *�+ MG"R�) &�d �@e�
 

��"5 9�� ..&"f5() &��>� c3�) &� �e� Z�� ����.�3 

:��.&�� 7� 14 � 28 ���& (5 l@
�
 28 %� 26  %� 44 

 %9�� .�5 (!��>� a��D� 9��5 ���� ����"
 9C��&� &�	O 

�&") ���@� �5 c3�) 8&"
 *�+ 9@�"D�5 �5 g+�2 

.�@�+ s�5 .&�d �@e�
 ��"!-� �&�� .  

&� �(���� �@e�
 &�	O �&") @���� �5 ���@� g+�2 

� ���C (�"�� *�+.�3 ��& 9@	L
 ��2 �5���&� 

�����  () &� .�3&��"�� :62 )14- ?G� o� (a��D� :5�; 

��3��� 9�� .�5 (/"
 (5 �3&��"�� ����"
 �9C��&� *�+ 

,& 9@�"D�5 .�&�� g+�2 � ���C ��s�5 &� (!��>� 

�5 *�+ ,& MG"R�) 9�� .&� :62 )14- ?G� (��n�� 

����"2 &� ����
 Z��.�3 :��.&�� (�"���3 �5 ����C� 

&�	O CKD �
 20 %� g+�2 � ���C (5 ���&� (D��) 

���"2 .�G� �5 c���C� &�	O �&") ���@� �
 30  %&��>� 

g+�2 � ���C �5 l@2 ��
 c3�) (DC�� � ���@� 

c3�) &� Z��.�3 :��.&�� 7� 14 � 28 ��& (5 l@
�
 

�5��5 28 %� 24 % � 58  %9�� .(5��� M@�3 ���& &� 

*�+ ,& MG"R�) �@� ��3��� ����"2 ���@� c3�) 

g+�2 � ���C ,����5 Z�� :��.&�� 7� 14 � 28 

��& (5 l@
�
 21 %� 28  %� 42  %9�� .�5 (!��>� a��D� 

����"
 9C��&� �@e�
 &�	O �&") ���@� &� Z��.�3 

:��.&�� 7 � 28 ��& &� *�+ ��& @�"D�59 �@e�
 &�d  

��"5 � &� Z�� :��.&�� 14 ���& &� *�+ ��& MG"R�) 

�
�e"� 9��.  

&� (7�� �.�A5 �@e�
 &�	O �&") ���@� �5 .�& 

.�3�D��&�1 l��B `)��
.��d1 )av (� l��B �@@v
 `^ 

)mv ((�"��.�3 *�+.�3 ��& �&"� (AG�f� ��&�5 

�����  () a��D� �� (5 l@
�
 &� :62.�3 )15- ?G� 

o� (� )16 - ?G� � o (���� ���� ��2 9�� .&� :62 

)15- ?G� (:5�; ��3��� �9�� &� *�+ 9@�"D�5 &� Z�� 

:��.&��.�3 7 � 14 ��& 2nl@ )nc3� Bnnl�� 

`)��
.��d1 �5 c���C� &�	O CKD Z&"H5 `��� ��"5 �G� 

&� (�"�����3 () (5 Z�� 28 ��& :��.&�� ��2���� 

� ��3�) �5 @2l ��
 Z&"' (DC�  9�� ..&"f5() 

���@� c3�) ��E
� ���DC� �5��5 4/19  %9�� .Q	I 
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.�3&��"�� (R�&� ��2 &� :62 )15- o (�5 ����C� 10  %

&�	O �&") ���@� (5 *�+ �MG"R�) P� c3�) ��� &� 

l��B av &� ����
 �nZ�.�3 �n:�.&�� �n3��n�� 

�����  .&� �(���� �5 c���C� &�	O CKD �
 30 %� l��B 

av &� 
n���n� �n(�"�3n.� �n�&" �n(AG�f �5 �nZ� 

:��.&��.�3 14 � 28 ���& �5 @2nl `��� ��)n(D 

���"2 .&� (�"�� *�+ ��& �5 Z�� :��.&�� 7 ���& 

c3�) l��B `)��
.��d1 Z&"H5 ��� ��E
� ���DC� () 

���@� �� �	��>
  19  %9��.  

 

  
  

    B%� 13. c�&�� ��+, ����  ���� � T-�  ��	 B�0��] ��  ;"�� `��& ��;	] _7;- .������ � e- �7�'��.  
  

  
  

    B%� 14.  ��c�& ��+, ����  ���� � T-�  ��	 B�0��] ��  ;"�� d*�� ��N��@� _7;- �.������ e- �7�'��.  

  

    
    B%� 15. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] ��  ;"�� l��W f�;�&���5# _7;-�.������ e- �7�'��.  

  

&�	O �&") ���@� �����"
 �5 ���@� l��B �@@v
 `^ 

)mv( &�d �@e�
 �2�5 .()&"f���3 &� .�3&��"�� :62 

)16 - ?G� (���� ���"2 l��B �@@v
 `^ &� (�"���3 

&� ����
 Z�� ���� :��.&�� �5 c���C� &�	O �&") 

���@� �
 30 % &� *�+ 9@�"D�5 c3�) ���5�� .&��>� 

c3�) &� ����.�3 :��.&�� 7� 14 � 28 ��& (5 l@
�
 

8 %� 14  %� 19  %9�� .(D	G� ���& c3�) &� (�"��.�3 

��& �5 Z�� :��.&�� 28 ���& �5 l@2 ��
 � &� Z�� 

����.�3 :��.&�� 7 � 14 ���& �5 l@2 `��� N";"5 

�����"@1 .&� :62 )16- o (��3��� ����"2 &� *�+ 

MG"R�) �@� .���& (5��� �5 *�+ ,& 9@�"D�5 N";"5 

(D�"@1 �9�� �5 M�� Z��E
 () &� (�"��.�3 �5 Z�� ���� 
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:��.&�� 7 ���& l@2 �@@v
 l��B mv `��� ��"5 �G� 

&� Z�� ����.�3 :��.&�� 14 � 28 ���& l@2 

Z��@@v
 ��
 9�� .&��>� c3�) &� ����.�3 :��.&�� 

7� 14 � 28 ��& (5 l@
�
 6/16 %� 25  %� 33  %9�� .

�5 (!��>� a��D� ����"
 ��@5 �"�� &�	O �&") ���@� �5 

.�& *�+ MG"R�) .�&�� .&�d �@e�
 c@5.�
 9	!� (5 

*�+ 9@�"D�5 9��.  

a��D� 9��5 ���� �� Q@>-
 �B� �& ����"
 �5 ,��� 

N"� ���).�3 *�+ ��& � ��@@v
Z ��^�� ��2 &� 

&�D+�� (���.��5 (5 97� V"7W� ��"�� &�	O �&") 

���@� �5 Z�&p *�+ ,& � �D^@D� Z��@@v
 9	!� 

:W7W
 :;�� )emin (�5 (/"
 (5 .�3&��"�� :62 )17 - 

?G� o� (��@5 �"�� .(�"����3 () ��3��� ����"2 

����C� &�	O �&") ���@� (5 �3 �� N"� *�+ ,& �&"� 

(AG�f� �54� c3�) .�{C �G�+ M@5 Z�&p ��2 9�� .

M�� ���& �5 &� �J� MDC�  8�^�� c�)�� (D��� M@5 Z�&p 

&�	O CKD ����C� ��2 �5 Z�&p ,& � :@6�
 &�D+�� 

���/ (���.��5 Z&"' (DC�  9�� .(D	G� Z�� ���� 

:��.&�� &� 8�^�� c�)�� &�d �@e�
 ��"5 9�� .����C� 

30 �'&� &�	O )n�&" @�n��� (5 +n*� 9@�"D�5 &� 

Z��.�3 :��.&�� 7� 14 � 28 ���& l@
�D5 l	� 

c3�) 9	!� :W7W
 :;�� (5 ���@� 7/13 %� 17  %� 

7/15  %��2 9�� .M�� ���& &� *�+ MG"R�) (5 l@
�
 

�5��5 �5 8/10 %� 5/13  %� 2/16  %9�� .M���5��5 ����"
 

9C��&� &�	O �&") ���@� �5 .�& *�+ 9@�"D�5 �5 

g+�2 .�@�+ s�5 .&�d �@e�
 c@5.�
 �&�� .M�� 

K���2 ��@5 ����) �� �9�� N"� ���) ,& �����"
 �5 

.�& c�)�� ���@�@2 Z&"' (DC�  M@5 &�	O �&") 

���@� � Z�&p *�+ ,& &�d �@e�
 �2�5 .(D	G� (^@D� �� 

:@6�
 Z�&p 92&��
 � &� (^@D� �@@v
 &�D+�� � 9C�5 

*�+ (�����& ��& X1 �� 8��
� c�)�� (D��� � 

��s��"1 9�� () l	� c3�) .�{C �G�+ M@5 Z�&p 

�����  � &�D+�� 9!� *�+ ,& �& :��	
 (5 &�D+�� 

92&� (��� �5 P� ��"WD��.��5 � &�D+�� �D76�� ."; 

� `6-D!� ��"�� 9��.  

   

    
B%�16. ��c�& ��+, ����  ���� � T-�  ��	 B�0��] ��  ;"�� ��Wl ���m& �fbX _7;- �.������ e- �7�'��.  

  

  
  

B%� 17 .��c�& ��+, ����  ���� � T-�  ��	 B�0��] ��  ;"�� .+!� Bh<h& BJ;-X )�*�� ��� ���� �R7�S� :_7;- �.������  e- �7�'��.  
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M�� ���& 4��5 .&�d �@e�
 c@5�
 &� ���@� 9���>� 

�2�5 &� (J-G ��DW@!  ��2 9�� () Q	I $��/ 

)4 (����"
 ��3��� �n�"� .�5 /"
n( (5 ����� �n�"/" 

����"
 9C��&� &�	O �&") @�n��� &� �nZ� 7 ���& 

:��.&�� :@G�5 8�� :@�6
 c�)�� ���@�@2 (D��� 

�@e�
 �E�� �5 .�& 9���>� �2�5 &� (J-G ��DW@!  

�3 �� N"� (�"�� ��& ���� ���� 9�� .X1 �� Z�� 

:��.&�� 14 ���& ��3��� ���"2 �
 .��� .�"	�5 

�	!� &� *�+.�3 ��& 9	!� (5 9G� 7 ���& N";"5 

(D�"@1 9�� �G� &� (!��>� �5 9G� 9@	L
 ���� .�&�� 

���@� .�D�) 9�� .&� ���D�� X1 �� 28 ��& :��.&�� 

(�"��.�3 9@	L
 ��2 ��3��� �����  &� 9G� �7) 

&�	O �&") ���@� X1 �� 8��
� c�)�� ���@�@2 (D��� 

�5 *�+.�3 ��& 4��5 �"	�5 9���>� �2�5 &� (J-G 

��DW@!  9	!� (5 9G� 9@	L
 ���� ��2 9�� .(D	G� 

�@e�
 &�	O �&") ���@� &� c���C� 9���>� �2�5 *�+ 

��& ~�'� ��2 9@�@G"R�) c@5�
 �� 9@�"D�5 9��.  

 

M�-L 4 . ;"�� ��c�& ��+, ����  ���� �� .���8� ���� �� �kD7 �?�h�!N ������� )�* ��� ���� �R7�S� �� �!��8� �� .7�X 

.�+/& �-@�.  

σ =300 kPa σ =200 kPa σ =100 kPa c�
 

MG"R�) 9@�"D�5 MG"R�) 9@�"D�5 MG"R�) 9@�"D�5 �'&� &�	O �&") 

���@� 

7 ���&  

17/0 %  45/8 %-  16/1 %-  3/12 %  2/2 %-  14 %  10 

9/15 %-  12 %-  2/16 %-  27/9 %-  9/16 %-  4 %-  20 

07/7 %-  7/0 %-  6/8 %-  06/2 %  5/13 %-  6/6 %  25 

65/2 %-  11/2 %  46/5 %-  1/4 %  1/10 %-  6/7 %  30 

14 ���&  

88/0 %  52/3 %-  81/0 %-  03/1 %-  3/3 %-  85/2 %  10 

88/0 %-  81/2 %-  48/3 %-  51/0 %-  77/6 %-  95/0 %  20 

3/5 %  4/1 %-  32/2 %  1/0 %-  08/5 %-  95/0 %  25 

19/6 %  63/5 %  48/3 %  18/6 %  77/6 %-  57/8 %  30 

28 ���&  

42/4 %  2/11 %  16/1 %  3/12 %  23/4 %-  1/16 %  10 

07/7 %  18 %  48/3 %  5/18 %  08/5 %-  18 %  20 

96/7 %  7/19 %  48/3 %  5/19 %  77/6 %-  18 %  25 

9/15 %  20 %  4/10 %  5/19 %  69/1 %-  1/17 %  30 
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Abstract 

Clayey soil can cause problems such as swelling and significant settlements during the geotechnical 

projects. In this regard, improving and reinforcing methods of weak soils can be classified into 

mechanical, chemical, and physical procedures. Nowadays, the use of available and waste materials 

is considered to prevent environmental pollution for soil stabilization. One of these materials is 

cement kiln dust, which is a by-product of Portland cement. In the present study, the possibility of 

stabilizing two types of bentonite and kaolin clayey soils is evaluated using cement kiln dust (CKD). 

For this purpose, cement kiln dust was mixed with clayey soils at 10, 20, 25, and 30% and then 

processed for 7, 14, and 28 days. To investigate the geotechnical behavior of stabilized soil, 

laboratory tests such as Atterberg limits, compaction, uniaxial compressive strength, direct shear test, 

and consolidation were carried out. The results show that the optimal amount of CKD is 30% during 

the processing time of 28 days, which are the most effective on bentonite. The results of bentonite 

stabilization show a 65%, 58%, and 75% of reduction in the plasticity index, compression index, and 

swelling potential, respectively. On the other hand, maximum dry unit weight, uniaxial compressive 

strength, and shear strength increased by 8.7%, 3 times, and 9.4%, respectively, compared to the 

unstabilized state.  
 

Keywords: Clay, cement kiln dust, shear strength, swelling, consolidation   
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