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/���� 2; ��)� =.!!: R p7� a��-�!�q p�f;�� )H(  �

��/7 �.�; 97�� )T( � �� i)� .	��: n8;!{� 

���+!	 G-�� ��?a  �)� �� <O�+ e�f;N�-!�7. 

R p7� =. 	,��!�q �� � p�f;��/7 /��� 97��  �/ .	��

����C aEo�� �)-M��  �)�N�-!�7.  p�f;�� �. 97� �.

)+�� ��? @m� � �)� ��0�a =. e�f;  �/ �)�5 	�/

7�� p�f;���2K�� 9� � U�?� /7�.  

���. �7L-� =.� ���+!	 ��?a e�f;�  �)�.�

�?a ��. e�f;�  	3�+H=H1 1�7O =. ��  =,��8�

��) 	�� �)�/7 /��� 97�� :(	�� �)� z�B 	.�g  

1- �?a ��0� �. e�f;� ��. �)�� ) �. 97�H=1m 

� T=T1��? �/�C U�? � (a =. e�f;  	�/

 ��)n� �/ �)�5H1  

2- ���0� /��� 97� �. �)�� )H=H1 � T=T1 � (

n��� 9�l���!� ��?a e�f;  

3- �n�=� ���t .= E8; � �)�5 	�/!< �M�5  

->��!: ���. �7L-� =.� ���+!	 =. 	,�� 

��/7 /��� 97�� �� � 	.�g 97� p�f;�� �. �)�/7��� 

� qE�l� .	�� �)� ��0��?a e�f;� �� �g� � 9��l���/7 

/��� 97�� ��? �.a E8; e�f;!< .	�� �)�   

2- !���� ��"#� ��$� ���%  

�)-. |�)+� <8� 1�s�l� �.r  ″03/34 ′12 

◦57 �3��� ″99/45 ′7 ◦26 �K�� �)-. :� .	��  �/

=EO�B /�)+ 37 C!���7E� �7C �)-. ����   /�)+ � r��,�

45 C!���7E� � �)-. U7-0!�N ./��/ ���K  

_����. <J  �/ �)� �/�/ ���� 97�<(� 1 �	M0 

�. �)-. �/ a3�o 97�r  U�o � U�o 	�� ��-  U7-0

.�o� 	��=n4-� :� �/ :!->�� .� . ij�
�!: T�7�� 

�;`�.: �� T�7�� � ��)�!: �;:  /�)+ ��� 02  ���

	�� ]8[. +��R �j�� ��. �)�� ���/ �7C^� �)-.� N 

��!� ����/�  �7R =.2800 ���� N ���.� EO��  =.

 �7R786 ���� N ���.� ��B� R =.�7 319  �7R � ���
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C���!d- �S; <.�K!: 97� /�)��� �/ :(�  /�)+ ��1000 

	�� ��� )<(� 1(. � =>?7+ <C 	+���:  �/ �)-.

 /�)+7  /�)+ =C 	�� ���(�5  {�� �5 ���(�3  �/ ���

) //�; ���;MLLW; �� (S�!: �� )-C.  

  
<(� 1 - 2K7�!	 B��c0!�� 97� �j� � �. �)-. :(�r   

3- '��% �� (�)*'� ��$� +��� $,"��   -�.)�

�/0$� 12��  

A�� �� e�f; �))� ����. ���.  �� B� N��21 

�� �/�f��� ). .//�J: A�� :� �/ �7L-�  A�� =. �3)� �� B�

N�-!�7. �)� q�2; �))� ����. =. =C 	��  � ��

<!E8; ��� �� 	�/ :� �� ��)� :� ./��/���  1`/�2�

�� <+ �/)� 1�7O =. �� N�-!�7. �)2.�/  .)-C

`/�2�1 �� �4
�!o N�-!�7.  � )-��.a�+�. 

�� ��!. @��C�B � ���. x����� .)�/�J:   e�f; 1`/�2� =C

 =C (�J)-C���)_����. �� q�2; @��C�B  �/ �)�/�J

)�7� =�B�J �L� �/ ���0 1`/�2� �/ �h�K ���B �g� )�. �

 ��)� <O�+ 1`/�2� =. =07; �. ./7� ~�83 ���B P�7;

 �)�N�-!�7. �)� ���. ����  U5 �� =C �07� ���J

�C U5 =. {!�� �� 	C�+ {�� �� a��-� �)-C .)��.  

 �C �+�7�) <+�� 1��g� �; 	�� �/�K �)� :�

�� 1�7O =. �� ��)-. �+�7� � ({�� �� �. ����� 9�7�� 

�))� �+�7� :� �/ .)-C <!E8; �)� ���-�  ��7y ���

�C  �� �L-��� 9�7�� �,�� _�(2�� � ���(�� �e�f; ��n��

�� �� ��)� :� =C )�/ �/�)8� �/ )��7; ��  e���� �.

���/ � �!c��� �))� :� �)!>!� =�)-�  ����. �� ��

/�!J �L� �/ �)� =�
�� �)� ���. � �/�C ]4[.   

�/�f��� �. �� �)� :� �� ���� ��7;  �7y ��

97� �� <lEl; ����/ =C �� :(� =G!�� �/ � )��.�  9�7��

��� @(2-� <��C �7R =. �5 =. �/�7
�.  �)�7�

�)� ���� /7���� . �/�)8� �/ :!-y  Q�R =n4-� �� ���

�n; ��/ 9�7�� �k��� =C (�E+�� �74
 �7y ��)x�,  =.

�� U^0 <��C �7R �� �)�7� �7;� =. �� �)� =�7J  ��

�)� �/  !� �))� :� =C /�C q�2; ./7� ~�83 ����  

�)� N�-!�7. �� ��  N!��-/ =23�4� ���. ��7;

�))� � 9�7��  � ��)-. �+�7� �/ �M�5 �� <O�+ ���

 ���-� ��!J7EM� 	!2?� :�B�J �L� �/ � �E+�� {R�-�

 �� !� =C �4��� �/�Rj; . <
�/ �/ 9�7�� �� ���� �/�-

 �/�f��� �	�� 	!���  h�+ ��)-. 1�!E�� �/ �5 �g� �
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 /�G� �I�f�5 ./7���)� =>?7+ <
�/ �/  �� �( ��

�M� �;:  	!2K7� :!!2; ���. )�. =C 	�� ����7�C�B

 .	B�J �L� �/ �5 �����0 �+��R ���� �/ �)-. =-!M.

 T�7; =C ��)-. =>?7+ ���/ =. ��/ 9�7�� �7f�

97� B�8� :(��� 	L � <��� =C 	�� �)-5�B /7

�))� ��� �C �7y �(2�� � e�f; ����(�� ��n��_  9�7��

�� /7� ]4[.   

3 -1- 34��� 1� +��  

 N�-!�7. �)� �/ ]�� �� �/�f��� �. 1`/�2�

�� <+ ����!c�� �. � /�)8� <?�f;  N �/ =C )�/�J

�� q�2; �L-� �E!4��� =(,�  <+ )��� .)�/�J

 1`/�2�_����.  �� �/�f��� �. � Ny7C A�J N!-(;

	M0 �-�? ���7I3� ��/5

4 ��  .)��. :� <+ �/ ���7I3�

=�7J =. ����� A�J �� �� �� <�� �!� ��). =C )-C  =�7J

 	M0 �/ �I��7!� � A7�-�7� 1`/�2� ����(;x  �. =.���

 	M0y  N �� �/�f��� �)��� :!-y =G!�� .)�7� <+

=. =-!M. ���!� �� 1`/�2� <+ �7L-� )��..  1`/�2�

N�-!�7. .= ) 1`/�2� 1�7O1) �; (3( �� ��!. )�7� 

]4[:  

)1( 3/�2�= �I��7!�:  0=
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4- 5Alternating Direction Implicit (ADI) algorithm  

T.��� :� �/� S  �-,� �4� =. 	,�� U5 �4� ���;

�. ���� a�+p  	M0 �/ ���X a�+�. m3/s/m �q 

 	M0 �/ ���Y a�+�. m3/s/m �h  U5 {�� a�+�.

���� n <lEl; a�?6

5 �α  T!8� �/ 	���n� a�?

���0 �/ <lEl��  � A��5 ���β  T!8� �/ 	���n� a�?

���0 �/ <lEl�� �� =�f�5 ��� )-��..  

 �EC 1`/�2� N�-!�7.�� <+ ��3�+ ���.  //�J

97� �7R =. U5 {�� 	,�� =C�  �� ���C22/0  :� .)��.

�/ �3�+ �	� -��/ �. 9�7�� �7f� =C �/��7� �/=  =. ��;7C

>?7+= �� ����. �)-.  � =��I� :!�S; ��!2� :� �//�J

�B� =2�7; 1`/�2� �� =EW�� :� PB� ���.=  N�-!�7.

� �/�f��� �/)� <+ ���.� //�J � �/ =C: 	3�+� �.) 

Deep Water Term A�� �/ �� ./7�� ��2B �� B�  

�/�/ U�l��� � �)� �+��R ���.  =. �/��� ���

� <��� �)�!B��J��)�  97� 1�sl�� ��L� /�7� �j� �

 1�sl�� ��/���=` <lEl;  �=` �G-f�� ��n��� ��� �

� �k���  ��!oA�� ���-��� �/ �/��7� �  �� B� =C �)� =!O7;

A�� �� �/�f��� �/ ����.  B��� )� �5 �� =C /�!J ���K �L�

� =E�0�  /7�� ����� �� /��7� =. ��7;]9-11[:  

 (q3�)���(� A�J ��C�)+7

6 �)�� _����.  �7R <K�)+

�� :!!2; �)� �/ �)� �)���� 97� //�J�  =.

�78�  �/ <K�)+ ����. 97� �7R :� =C8 

=(,� =!,� �;�,��8� .//�J ����  

 (U)A�J ��C�)+  ����. �)� ����� ���_����. 

�78� =. /7� =,��8� 	���7C /)� �� !�  :� =C

 �� /)�1 .)��-� ���G;  

 (�)EO�B <K�)+= ���/ �; �k��� /��� ���= �)-.� 

U7E4�  /�)+ �/ =C 	�� �;5  �3�6  �7R �.��.

./7� =�B�J �L� �/ 97�  

3 -2- (���  ���% 564 ����� ���78�% 9��  

                                                      
6

5- Porosity 
7

6- Grid Spacing  
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)� �/ �/��� ��7-� =. =C �;��jR� ���7� /

�� ���K �/�f��� )-;��,� )��!J �� <O�+ 1��jR� :��

 �(���!�
�) ���. r�(4O� a�? ����. �B��J��)!�

 9�7�� U^0 �(<lEl; q�2;) ���� �� �,�� _�(2��

 q�2;)=` ���� T��� �(�G-f�� � 1��jR� ����� �/ .

�� =��/� /��7� �� N��)� ��!.  ���; N!(f; =.

�� .)�/�J  

3-2-1- �*:% �!������	�  

 �)�.� �/ �; 	�� ��!� ����. �B��J��)!� :!!2; ���.

	��/�.  @m� � /�^� 1�7O a��-� 	K/ �. ���)!� ���

 =n4-� �B��J��)!� 	!2?� �)� 	,g 1��jR� =. =07; �.

=�n� =. =07; �. �)�.� �/ :��.�-. .//�J :!!2;  �/707� ���

A�� �/ 1��jR� =!EC  .)�)� /��� �� B� �/�f��� �. @m� ��

���/ ]�� �.� .�/�/ ��!   	!2?� ��/��� ���

. =n4-� <C �B��J��)!�= .)�5 	�/  

=�n�  �/�/ )!37; 	M0 �/�f��� /�7�  <�B � ��

=23�4� :� �/ a��-� �B��J��)!��  =�n� �� <(���

B��c0 ������ �B��J��)!�!�� �!�����  i��R� �E��

�.r  _�!n� �.1:5000 .7
 	!f!C ����/ =C �	��� 

�� ���(�� � 97� ��n��� 1�23�4� ���.  )��.]12[�/ . 

<(� 2  <O�+ =G!���)� �/�/ ���� �7E� /�2.� .	��  ��

� �/: �)� ���� �� 2×2 .	�� ���  

  
<(� 2 -  <�B{�� �G-� �?�+ =23�4� �/ �)� �/�f���  

3-2-2 - ���) <�$�� =>?7@ 47� �A�)'�(  

 ��7-� =. (U��0 =` �) �G-f�� =` �� �/�f���

� =. 97� U^0 �/ �/)� �g�� � 5��C ]�� N�� 

97� �7. ���!N�- �� ���K �/�f��� /�7� ./�!J =` :�  ��

�� �/�f��� �)� ����!. ������ =!EC �7R �/  �; )�7�

�k��� =!EC ���� �� �)� @(2-� 9�7�� ���  <
�/ ���

--C U^0 �� �)�)��j� =. .�  =C �R�n� ��� �/

��� 	!���  h�+ �M�5 �/ �+��R 9�7�� 1�sl�� )��.� 

97� 	�� )-���) :(� �� (�� ;=` �� ��7  �G-f�� ���

./7�� �/�f���  

�/  ��� ��7-� =. �G-f�� =` N �� �=23�4� :�

�� �/�f��� U��0 xj��C �EC �7R =. ./7��  U�l��� ]��

=` 	��l?  97� �7R � /7�� �� �2.�; �G-f�� ���

�7R �G-f�� =` 	��l? .	�� Q�R� 2;!!:  	�� �)�

J�. �/ �� =23�4� 97� �7R =C!/� T�7; �k��� U^0 .

G-f�� =`� � A�G��� J!/�` .= ��� G-f���  =�
��

�/ �)� <(� 3 .	�� �)� �/�/ ����  

  
<(� 3 - =` �)� �/ �)� �/�f��� �G-f�� ���  

3-2-3-  �74 @7���) (6' 6� �C:� DE���1F
F*�(  

� ���.:  /�7
�. �g� �/ =C 9�7�� �,�� _�(2�� =C

=�). �. �M�5 97� �� ))� :(�  /7� ~�83 �)� �/ �)5

 p7K� ����+� =C �nR�-� /�J�/�J �ElEl�� =` )�.

�))� :!-y �� ��  �)� ��2B �7L-� =. .//�J q�2; �/��

 <K�)+ �9�7�� _�(2�� �. �5 �g� ����� � =` :� /�(E��

��l?	  <lEl; =`)�. 	�/ �.��.  �7R A��My N �C

-. .)��. Q�R 97���J /�)2; <K�)+ :��.�  	M0 A�` ���

 �.��. �)� �/ =` :� q�2;5 �J�� �  �)� �/ =C )��.

/�J ~�83 .)_����. =!O7; �)� =h��� ���� �?a �: 

`= ��  �.��.85/0  �)� =�B�J �L� �/	�� ]4  �9[. ��.� 
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2;!!: �!��  �.��C =. =07; �. �<lEl;� �. �)-.r  

�?a 97� _�(2�� 2; :(�!!: �� //�J .<(� 4 �?a 

���� _�(2��  �� ��_����. �.��C p7�� � ���� �M�5� )�/.  

  
<(� 4 -  ���� _�(2�� a�? :!!2;_����. ��.��C ]4[  

�? �� �/�f��� �.a . _�(2��= ��. �)�5 	�/� 

=E(�� <���) �)-. qE�l� {R�-� 97� � �� :(� � �(��!��  

� <lEl;: 2; {R�-�!!: =�7�� .)/�J  =` <�B �� ��

 =�B�J ���K �/�f��� /�7� 1�23�4� :� �/ =C <lEl��

 �	���/ <(� 5 .	�� �)� �/�/ ���� ���. �7L-� =.� 

���+!	 �?a =4n� �e�f; ��  =. �)-. =>?7+ <
�/ �/

i)� =4n� ��7-�� �)� U�l��� �/ � <(� 5  �)���� <.�K

	��.  

  
<(� 5 - =` �)� �/ �)� �/�f��� <lEl�� ���  

3-2-4- �6�� H7��I  

 <!E8; 	M0 �)� =. Q�R 9�7�� /���

 T��� N�C =. e�f; 1�23�4� A�G�� � N!��-/��)!�

 1�7O ������  �7R �/ 	�� :(�� 9�7�� ./�^�

.)�/�J q�2; �)� <
�/ �/ � ��. ������  

 �. 9�7�� ���� ��7-� =.) 97� �k��� ��. ������ �/

 1�7O =. (b
�� 	M0 NN ���  ������; �� �����

84��  ��� �. /7�� ���0 @CjB � (���� ���;)

�� q�2; (���� @CjB) 7; ]�� �� �/�f��� �. .//�J3!) 

E
�/ 9�7���87 �:  	8; 9�7�� =C /��/ /70� ��(��N 

���=  ����� �. bl��� E
�/�  	C�+ =>?7+ 	�� =.

 .)--C  

 �)� =. ��.�; 97� )!37; �//��7�  )�. �� �����

://�J :!!2; �.��C T�7;  

-  �EO� q!R =� <��� =C �/��� q!R p7�

JONSWAP� Pierson_Moskowits � 
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7- Internal Wave Generation 
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 ./7�� 9��l���<(� 6 =�7�� ��  ���� �� �)� ��0� �)� ��

�� )�/.  

  
<(� 6- =>?7+ <
�/ 97� p�f;�� 	,��  

4- '��%� �	OP� �87�$ ���� <$�� �0 �%7Q 

�/0$� 12�� -�)�  

���. �7L-� =.� �� �g�/7 /��� 97�� �? �.a 

�� =>?7+ <
�/ e�f;/7 /��� 97��  ��4  �;10 ��g!= 

 ��)0 {,R1 c;!!� � �/ .	�� �)� �/�/: 	3�+�  p�f;��

�� 97��/�  �.��. � 	.�g1/1 ��. � =�B�J �L� �/ ���� 

�� 9�7�� 1`�+ A��; ��7-� =. �)� �C� 1�sl�� �. �L-�

�.�; 97�� ��0� �� @� .	�� �)� =h��� �)� =.� �)�  ��

)9 ��� =. �)�� 9 ��/7  �/ �/�/ ���� =4n� �/ (qE�l�

<(� 5� ��?a  �/ � 9��l��� e�f;��)0 1 � �)� =h��

�? �� �7L-� 	�� �C� =. A�` .	��a  	,�� e�f;

�.�; 97� p�f;�� =. <8� �/ 97� p�f;��� .	��  

 �/<(� 7 �c;!!1�� �?a  e�f;a�+�. 

��/7 ��� /��� 97� qE�l�� ��;!� .	�� �)�  

  

��)0 1- /7�� ���� =. e�f; a�? 1��!!c; ���  qE�l� )!37; �/�/��� 97�  �/��� 97� p�f;��)1/1 (���  
Incoming Wave Period, Tp (s) Hmo/Hmo_in 

0/4 114/0 

2/4 125/0 

5/4 136/0 

0/5 144/0 

5/5 154/0 

0/6 172/0 

0/7 197/0 

0/8 208/0 

10 267/0 

  

  
<(� 7 -  97� /7�� =. 	,�� e�f; a�? 1��!!c; ��/7��

�/���  

� B� �. �	�� bl�� =C =�7I����� ��/7� 

��?a � B� e�f;� �� )-.��? ��)n� =. =07; �. .a R2 

4
 =4.��� ,��-�� .!: �/�/ .	�� ���K�. ��   

c; ��/7��!!1�� �?a  e�f;_����.  )O�/

c;!!1�� ��/7 /��� 97��  �/Error! Reference 

source not found.8 ��;!� )��  .	�� =. =07; �.

4
 =4.��� � ��)� �/�/ ]���.!��  � B�� �? �/a 

�n; e�f;�, 97/0 ��B�� ��/7 /��� 97�� .	��  

��.� ���.� /��� 97� p�f;�� �g�� ��? �.a  �e�f;

�� 97� p�f;���/�  ��75/0  �; ���3/2 c; ���!!�  �/�/
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<(� 8 - a�? 	,�� 1��!!c; ��/7��  e�f;a�+�.  	,��

�/��� 97� /7��  

5 - '��%� ���� <$� R)��� �	OP�� �0 �%7Q 

�/0$� 12�� -�)� 

��. �)� @m�� ) 1`�+ A��;8 ��� =. �)�� 8 

�? � ��0� (qE�l� 97� p�f;���a  �)� 9��l��� e�f;

 ��)0 .	��2 /�n�� ��?a ��� =. �� e�f;� p�f;�� ��� 

/��� 97� qE�l�� � ����� )�/.  

 �/<(� 9 c;!!1�� �?a  e�f;a�+�.  p�f;��

/��� 97�� ��;!�  	�� bl�� =C �74���� .	�� �)�

� B� �.� /��� 97� p�f;��� ��� =.)� ��/7 (	.�g� �?a 

� ���C e�f;� ).�.  

��)0 2- c;p�f;�� ���� =. e�f; a�? 1��!! � qE�l� ���/��� 97�  	.�g /7��)5/5 (=!��g 
Hmo_in Hmo/Hmo_in 

75/0 165/0 

00/1 148/0 

10/1 144/0 

40/1 131/0 

60/1 124/0 

80/1 115/0 

00/2 120/0 

30/2 109/0 

  

  
<(� 9 -  a�? 1��!!c; ��/7�� 97� p�f;�� =. 	,�� e�f;

�/���  

�)� �/ ��� ��)� ��!. ��� =. 97� p�f;��� ��/7 

) 	.�g 97�5/5 ��g!=c; (!!� <�� �/ .)� �/�/� c; �.!!� 

�� �97� p�f;��/7 L�!� � �5!  c;!!� � �/ ./�C )��7
: 

c; �. 	��K!!� /��� 97� p�f;���� ��/7 L�!� � �5!  

c;!!� �)� A��; @m� � �)� �/�/ ��� ��)� /� x�/)G� 

� ��0�� /7�.  

��.� 2;!!: ��/7  �� �97� p�f;�� �� �. a��-��

I��,�� ]��� ��7;� @!f�C T�7; �)� =h��� .!: 

) b
�� 97� p�f;��Hs) 97� q!R =EK /7�� � (Tp( 

�)� �/�f��� ��	 ]13[. ��.� �: �/�/ �� �7L-� ��� 

�� 1�23�4��  =4n� ��J ��� ����� <+�7�P1318 

	�� �)� �/�f���. c;!!1��  97� p�f;��a�+�. ��/7 

_����.  ]��@!f�C  �/<(�  .	�� �)� �/�/ ����   



�-!2� � ����C�; ��)!+  21  
  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������ �  !�� �1399 

  
<(� 10 - :!. =4.�� 9�7�� p�f;�� � /7��  

��.�-.: . =4.��!: �� � p�f;��/7  =. 9�7���7O 1

) ����� =4.��4( . <.�K!�� 	��:  

)4(  0.26385.1654p sT H=  

_����. . =4.��= 	�/  ���� =. ��)�58  97� p�f;��

 �L-��� 97� @m� � �)� :!!2; �M�5 �!L� /7�� �qE�l�

 �� @� .	�� �)� ����� �)� =. � =�
�� 	3�+ �� �!L�

�)� ���0�  �)� 9��l��� 	3�+ ���. e�f; a�? ��

 97� /7�� � p�f;�� ����� =. e�f; a��? t��� .	��

�/ �/�����)0 3 .	�� �)� =h���  

c; ��/7��!!1�� �?a  e�f;a�+�.  97� p�f;��

���/� �/ <(�  ��;!� .	�� �)�  

��)0 3- p�f;�� ���� =. e�f; a�? 1��!!c;  qE�l� ����/��� 97�  	.�g /7��)5/5 (=!��g 

Hmo 0.26385.1654p moT H= Hmo/Hmo_in 

75/0 8/4 163/0 

0/1 2/5 154/0 

1/1 3/5 148/0 

4/1 6/5 145/0 

6/1 8/5 142/0 

8/1 0/6 143/0 

0/2 2/6 139/0 

3/2 4/6 106/0 

  

�� U�l��� �. �	�� /7M�� =C �74����/7  97�

/���� _����. �? �97� p�f;��a  �. ��->�� e�f;

� B�� � ���C 97� p�f;��� ).�� 3�� �!��   �5 ���C

�n� �/=� �3�+ �.� �� =C/7 /��� 9�7���  z�B 	.�g

.	�� ���C �/7�  

6- '��%� M R$� �	OP�	@ ���� <$��  �%

�07Q �/0$� 12�� -�)�  

� �/: ���. �7L-� =. 	��K� R p7� �g�!q 

/���� ��? �.a R =� �e�f;!q JONSWAP �PM  �

TMA ���. /�7�� � ���K� J!/�.  

  
<(� 11 -  e�f;  a�? 	,�� 1��!!c; ��/7��a�+�.  	,��

	.�g /7�� � �!c�� /7�� ���. �/��� 97� p�f;�� 

�/ 37;!) /��� �L-��� 97�� R p7� ��)� =.!q 

/���� �.) 2;!!: /7� � �/ =C: /��� 97� 	��K�  �.
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p�f;�� ��� �� � qE�l�/7 5/5 ��g!= _����.  p7� =�

R!q 37; �)� �C�!) 	�� �)� ����� �)� =. �.  

 (q3�)������� ��� /���� R �/!q JONSWAP: 

- ) 97� =sl�� p�f;��Hmo( � ��/7 R =EK!q )Tp ( 

- ���������� bl�� R <(� �)--C!q � =C)-;��, :��

07/0=aσ� 09/0=bσ � 3/3=γ  

- /��� 97� p7�� Directional .	�� 

 (U)������� ��� /���� R �/!q PM: 

- ) 97� =sl�� p�f;��Hmo( � ��/7 �!I��!: )T02 ( 

- /��� 97� p7�� Directional .	�� 

 (�)������� ��� /���� R �/!q TMA: 

- ) 97� =sl�� p�f;��Hmo( � ��/7 R =EK!q )Tp ( 

- ���������� bl��  �)--CR <(�!q  :��)-;��,� =C

07/0=aσ� 09/0=bσ � 3/3=γ 

- /��� 97� p7�� Directional .	��  

��� =.� 4 /��� �L-��� 97� qE�l� 97� p�f;��� 

_����. R =� ��!q  =�
�� �)��)� �  x��7�G�) ��12 

��� =. �)�� 4  � 97� p�f;��3 R p7�!q ��0� (�)/�J 

��? .	��a  ��)0 �/ e�f;4  ���. �/�/ ���� �)� ��

.	�� �)�  

��)0 4-  q!R ���� =. e�f; a�? 1��!!c;  qE�l� ��� )!37; �/�/��� 97�  

Hmo_in (m) JONSWAP PM TMA 

00/1 148/0 192/0 135/0 

40/1 131/0 176/0 119/0 

80/1 114/0 164/0 109/0 

00/2 120/0 151/0 109/0 

  

c; ��/7��!!1�� �?a  e�f;a�+�. R p7�!q  �/

p�f;�� ��� /��� 97� qE�l�� �/  <(�12 ��;!�  �)�

.	�� 
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/��� 97� q!Rp�f;�� ���� =. �  97� qE�l� ����/���  

 A��; �/ �	�� �)� �/�/ ���� =C �74����

p�f;�� ��� /��� 97��� /�n�� �?a R <O�+ e�f;!q 

PM .= =L+j� <.�K �7R �� .!��� R �/ ��!q /�I  .	��

->��!: /�n�� �?a R �� <O�+ e�f;!q 

JONSWAP C)��� .!��� R ��!q TMA .	��  
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�)-M� ���)�� ]��!: ���. �/ ������  ����5
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��. x��� 3 =C 	�� bl���  1�M0 A��;���( �!	� .
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��. ./7� ��0� �5� =B�O 70� ��; � 	K� �/P  )���

���.� �)-M� �=>?7+ ����5!: ��. �� �)� ������  ��
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�?a ��)n� e�f;� �? U�? �. �	�� 	.�ga  e�f;
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��h ��*@�i k  �ν Q�Q F5!i  �5 �5��510  �3/0  �~��/

� B����5 � 	�� �*� F�-�MA /�@���  F?5��)3( 

F5 G�DH  F?5��)4( D���5�� �� /D�:  

)4(  �	� = 9$*(./�)� 

 �+Q ��*@� F5 ����`5 �+Q ��*@� �*!�� s�- �5

) /CD- �!<�Q�� �/�*`� A� �/ ��zC i�h ��*@� �(

:�5 	�� �5��5  

)5(  
0� = 3.02$* ��3  

F�D�� B����5 �*� f�V�� G�J9�?� A!+n�� ���

	�� �/�/ ���� ���0����3� ���0+�  ��zC i�h FI

 �<!?��� >?@� �/CFT ��*@� �� ���I 2.26
s y

E F 

                                                
7- Bradford 

�� ���K �/��-�!z >Y�@� F��/ �/ >?@� �*��5 /�!M

]37[ F��� A!3 .AISC 360-16  �<!?��� >Y�@� ���5

 �/��-CFT  �/CD- ��*4 �+Q ���,� �*^ 	9�^ �/

) /CD- �!<�Q �+Q �5��5 �� ����- F!^�� �/F5 G�DH 

 �5 �5��5 �9D��5 G�!h�- B����5 �� A�5 �+Q � (	
�D+.

 ��*@�0.85�	�  � �/��-�!z >Y�@� �/ .	�� F�-�M �~� �/

9/ F5 �zC!) �JhD� ��� ����I E� (�<I � �/ �*� /�V

 �*^ 	9�^ �/ A�5 ����- �+Q �D:� �DY �/ � >?@�

�,��5 � ��*@� F5 ���0.7�	�  .//�M /�*`�  

3 B����5!A  F���AISC 360-16/�@� ��h � i

z ��/��- >Y�@� ���5 ��zC!Q�Q F5 �zC � �/��-�! i

�5 �5��5 2.26
s yp

E F=λ� 3.0
s yr

E F=λ  �

5.0
s ymax

E F=λ 9/ .	��! �/�*`� ����� E

�������3 G��lY� �/D]� /D4D� �� �/ �-�I ���0� A

 �/�*`�MD<4 �!� A�5 G��X� �� �� �/CD- ��*4 �5 � 

�5 ��� �D�� �/! ���� ����- 	���@� .	�� �zC ��

?��� >Y�@�! �<CFT )#67 ��/��- >Y�@� ���5 (

z!Q�Q F5 �zC � �/��-�! ;5��� �� i)6(  �Q)8(  F]��`�

�� :/D�  

)6(  
#67 = #�#� = ��8* + 0.85�	� 8	 

  

)7(  
#67 = #� − #� − #�(�� − ��)� (� − ��)�
#� = ��8* + 0.7�	� 8	

 

  

)8(  
#67 = �	�8* + 0.7�	� 8	
�	� = 9$*(0/�)�  

 FI8	  �8*  � �>?@� �/ �/CD- � �+�5 F!^�� 	^���

��  ��	�  ����- 	���@� � �/CD- ��*4 �!<�Q 	���@�

28  F��� A!3 .	�� �+�5 ��*����� F�D�� ����AISC 

360-16  F9/�J� F5 F4DQ �5)7�!z >Y�@� ���5 ( F5 �/��-

 �?
 F?5�� 8 �� �/�L��� ��4F5 G�DH  F����I F~-�`�

 �/�L��� �zC � �/��- >Y�@� A!5 �/ F4�/ ��,� 8 ��
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 ���5 .	�� �/�I F?5�� F��� A!3 ��DY �X� A�-�M �~��/

)9(  �^lH� ���� ����- 	���@� F]��`� ���5 ��)#6 (

:	�� �/�/ /�,+�!�  

)9(  
#6 = #67[0.658;<= ;>! ] �� #67 #A! ≤ 2.25 
#6 = 0.877 #A �� #67 #A! > 2.25  

 �ZD- F?5�� �/ FI#A  �D�� ����`5 ����- ���!�

 �� FI 	�� 8!��C� ���
 ����I �*^ 	9�^ B����5

 F?5��)10( 5F �� 	�/ :*3  

)10(  

#A = �� $CADD() )�$CADD = $*C* + EF$	C	
EF = (0.6 + 28*8* + 8	) ≤ 0.9

 

 FI)  � �D:� �XD� �DYC*  �C	 � ���� >?@� ���+

 � �+�5 � �/CD-$CADD �]<H!.	�� >?@� �XD� 	  

2 -3- 0�$1 ��2 Eurocode4  

A!3 F��� Eurocode4  �<!?��� >Y�@� ���5

CFT  F?5��)11(  ��B����5  � A�5 �����@� ��� FL9D�

:	�� �/D�� Fe��� /CD-  

)11(  GH* = 8*�� + 8	��	 

 F?5�� A� �/8	  �8*  � �/CD- >?@� 	^��� i!Q�Q F5

 �*��� A�5�� *��5.  

 �����I � �DY G��X� A�-�M �~��/ ���5 F��� A!3

) ���� ����- 	���@� �^lH� F?5��GH	 �� (B����5 

 ;5���) �]�� ��zC12  �13 ����I i�h � (χ 

:	�� �/�/ /�,+�!�  

)12(  �̅ = JGH* G	�⁄  
  

)13(  G	� = ��($C)ADD A�  

  

)14(  GH	 = LGH* 

 �FI A � �D�� �XD� �DY ($C)ADD  �XD� ���
 ��=�

 �L 5 �� ;5��� �� FI 	�� ����I i�hF �� 	�/ :*+3  

)15(  ($C)ADD = $*C* + 0.6$	C	 

  

)16(  L = 1
M + JM� + �̅� ≤ 1 

  

)17(  M = 0.5 ∗ [1 + 0.21O�̅ − 0.2P + �̅�] 
4- 	�6'�$�7 ��2
) 8��� )��� 2�*  

�D09���g ��!8�  ;�DQ*�CD�8  F�/ �/60 �! �/l

���/ �<��.Q ��DOQ B����5 �� E^��� .*� ��*5� A A

�D09� ��F5 G�DH �:	�� �  

1( � :���� /�VJ�4 8! /�*JQ �� �-/�bQ 	n ./�- 

2( ��� �M*��3�5 >5�Q �5�f(x)  /�- �� ���5x  �/

J�4!.	 

3( J�4!*4 	� :* /�VJ�4 8!*4 	 ���.Q �5 *

f�M� ���J�4 FI ����� �Q �!*4 	 E��I *

./D� 

 (_9�) /�- �/ v�=��� :v�=���F5 ��D+� *9�� �� A

J�4!���) �,�3 �M*��3�5 F5 F4DQ �5 	!5 ��! ���

5 ���� ��+J� F5!.(/D5 *��D
 v�=��� ���5 ��� 

 (v)I�Q!I�Q �5 :E5�@�� i! D:� E5�@�� i

*4� �*�� /�VQ�DH�/ �/D�� I�Q FI! i

� E5�@��K/ ��I *���- /D�� /�V!*9�� �� �@ A

./D5 *��D
 

 (w)*4 *���- ��,4 E��� �5 :�,4 �5 *

 �/ ��,4 ���5 �*� F�-�M�~� �/ ����^� 8

JKD�!� �,4 ��-/�bQ CD�J� 	! *��D
 �*

./�I 

 (G)U�*4 *���- �/�/ ���K :T�� �/ *! ��

J�4!*4 	.* 

4( �4 0J�4 �� :�+!*4 	� * �*� /�VF5 ��D+� 

J�4!9�� 	!*4 f�M ���5 F�D09� * �/�L��� ��

��.*+I 

                                                
8 Holland 
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5( ���3��� �M� :��� ;�D09� �� ��Q}A!�  �*�

�D09� �*��5�� ���� ��U���,5 � /� M A �/ F+

J�4 �3!	 �F5 ��D+� ,5 v�D4!�� �-�J� F+ /D�. 

6(  f�M F5 	�M��5 :F@<^2.  

D� F����5��g ��! �/ �. ���1985  ����I ;�DQ

�� �5�D09� F��g ��! ��� �/ � ��*5� 81992 �D5! ��DI F<

 FJ�DQ� .	-�� �5 T�� Az ���/�,� /�V! �5 �?
�

���*���� E^ �� Ee��� _<�=� ��.�� � �� ��]L9� .*+I

� ���5 �/�L��� /�D�� /�V� ��/�,� A!JQ ���5  !! A

�!]?Q ����!x U��+z � �Q �D+�� ��� �5 .	�� �Q A

J�4 /��-� ���^!� 	 � E@��� ��/�� fD�g *K�- �*� /�V

/ �� .*+��� *�3��I� �0�M�� ���� T�� A FI 	�� A

�!J�4 F5 ��!J�4 Fy�� � /��/ �� 5 	!5 	! *��5 ���

���I� �!T�� �<I �D?5 ./D5 *��D
 �QC�5   F����5 ���

D���g ��!9/ F5 �.!� E�5 F.+ �5 *	
�/ VQ ��� ��I F

�5 �*++I!� F5 F4DQ �5 � *+��� *+I ��J�4 ����/ F.+! 	

�� �/�!�� �/��3 	�*5 �*+���   � ����/ ��0�� F+

C�5.	�� �  

�D09�5 ���!) ��g �9GEP/ F
�� ( �� ��0

�D09���g ��! ;�DQ FI 	�� 8���-10  ��� �/2001 

*� �-�J� ]38[�D09� .5 ��!�D09� *+��� ���g �� ��

��g!����5 � 8D� F��g ��! ��.�D09� 8��g ��! 	�� �.

 FIF5 ��D+� J�4!�� �/�L��� /��-� �� 	 �5 �,�3 FI �*+I

��g �D+Q �-�J� � �M*��3�5 F5 F4DQ! �� �/�L��� �5 �. 8

��g �DQ���� *+y �!� ����� G��LQ .	�� �.! ��

Fb=�� ]Y ���!� �J�D09� F� A� �/ ./��/ /D4� �

�D09���g ��! 8Fb=�� ��F5 G�DH F���/��� ��� �5 A

D� F����5 �/ .(f��D���I) *+��� 	5�X �DY��g ��! �.

Fb=�� ��F5 G�DH z ���/�,�!���*�� �5 �?
� ��.�� � ��

�� _<�=� VQ 	
�/) *+��5�D09� �/ � (F FJ�DQ ��

 �� Fb=�� ��gF5 ��D+� /��� ��� F�� 	5�X �DY �5 A

                                                
9- Gene expression programming 
10- Ferreira 

 FI *+��� (f��D���I) ���F5 ��D+� z ���/�,�! �?
�

5 _<�=� ��.�� � �� ���*�� �5!� .*�� �*� ���D09� A ��

�� ��D� �� �<]K T�� �/ _Jh m�@�.*�/ �D09� �/ ��

GEP �QD�g�QD+- � �Q�Q F5 fD��D���I �! ����/ i 8

�D09� F5���) �?
 ���
����g ��! � (8 ���
�� 8

r�� ���*�� � �DY �5 ��
�/! ��D09� F5���) F����5 ��

D���g ��! ����/ �g �� .	�� (�. � �� �=5 8 8

M���K ��.�� F9�]�/ �=5 �/ FI 	�� F9�]�/ �=5! ��

� >5�DQ!+n�� .	�! F9�]�/ �=5 �DY AB����5  �\I�*^

���DM�3 /�*JQ F]��`� �� �DY � �/�L��� /�D� >5�DQ ���

��� �� *J5 ./D�f�D���I /�V*����5 ��� E�� �/ �,�3 �M

�� ���K ����5 /�D�� �/ ./�!Mf�D���I T�� A ��

F5 G�DH 5!�� �g )ET11( 5! .*�D� �� �� 8ET F5��� 

8 OQ���!A �/ �D<� ]Y!�J JQ!!A ��*+I FI QD+-! �

y �g 8! .	����- � �/�D09� A ��8 ��5� �/�� � 

*�3��I F5  f������I12 ���5 5!�� �g �� � � /�VET�� ��*5� 

�/�I .	��  

 *��DK5!��  F5 �gET � E^��� G�DH F5 �

�� *��5:  

1- ��z3 F?@� A� �5 �d�+�� �g 8 F� 8ET 

.	�� 

2- ��M /�*JQ���DM�3 /�*JQ F5 �*J5 ;
 �/ �� ���

./��/ �0��5 �<]K ;
 �/ /D4D� �b+� �� 

3- Q�Q F5 ;
�� �/!��M 	��� F5 �y �� i ��

Q�Q F5���! *���/ �g �/ FI �].*�D� �� �� 

4- 3�- FI ����� �Q ;
 F5 ;
 G�DH F5 *+ 8

 �� F��/� *��5 ��+!��Q ���^ �,+Q ;
 .*5� 

5 - *3�6:$��81 ;��� ;�6$�<  

 �	-�M ���K q`5 /�D� f�/ �=5 �/ FI �D?����

 � ���-� ����5 ���5 �/*J�� ���0����3 G�J9�?�

                                                
11- Expression tree 
12- Karva 
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�D�� ��D`� 	���@� ���CFT  F�-�M f�V�� C�5 	���@�

 �J5�� >Y�@� �5 ;]Q�� G�J9�?� o��� �=5 A� �/ .	��

 ���5 G��lY� A� �D�V� �/ .	�� �*� ���3 >�487 

	�� ���0����3 F�D�� ]24�26–33�39[ .FHl
 �� ��

F�D�� G��lY� � �/ � ��*42  .	�� �*� �/��3 �It E5�K

�*� ���3 >�4 ��� F�D�� FI 	�� FI *�� ���UM��5 �/

�,�3  ���������� .	�� �*� ����� /CD- � A�5 F5 ��5 /�D�

����5 :E��� 1) �D�� �DY (L� i�^ �5 (! ����!<2 (

 *J5>?@� ) �/CD-B� i�^ �5 (! ����!<3 	��=h (

) �/CD- ��*4�� i�^ �5 (! ����!<4(  F5 *J5 	]��

) 	��=h0 �!�( 5( <�Q 	���@�!�/CD- ��*4 � )�� �5 (

 ���.����0� i�^6) A�5 ����- 	���@� (�	� i�^ �5 (

 � ���.����0�7 �D�� ��D`� 	���@� (CFT )P (

I i�^�5!�D<! AQD�� *��5.  �� �*� ���3 >�4 ��� �/�/

�� ��DQ  ��� F�D�� (_9� :/D�� �*+5 �!�@Q F��/ F� �/

 �5 ��� F�D�� (v ��9D�J� A�5 � C�5 	���@� /CD- �5

 /CD- �5 ��� F�D�� (w � C�5 	���@� A�5 � �9D�J� /CD-

 .C�5 	���@� A�5 �  

 �/�/ ��0�� 	�� �*���� E5�K ��*4 �� FI �D?����

 ��*+� G�b=�� �� �J!�� _!Y �*� ���3 >�4 �

 �/ �D�� �DY .	�� F�-�M�5 �/ �� a9�b� G�!HDb


 �/�*`�300  �Q1200  *J5 F5 �DY 	]�� ����!<!�

 �/�*`� �/ �D�� ��.yDI3  �Q1/6 �/ >?@� /�J5� �

 ��*`�3/100  �Q319 �/ >?@� ��4 � ��5 	��=h �

 �/�*`�4  �Q5/12 �/ ��*4 >?@� �/ ��zC 	]�� �

 �/�*`�10  �Q6/50���- 	���@� � �/�*`� �/ A�5 �20 

 �Q1/164  �/�*`� �/ /CD- �!<�Q 	���@� � ��.����0�

259  �Q835  *J5 F5 �DY 	]�� .	�� �!r�� ��.����0�

 ��*`� �/ �� �D�� ��.yDI3  �Q1/6  FI 	�� �!r��

 �~� �/ FJ9�?� A� �/ ��QDI ��� �D�� *�/ �� ����

 .*�� �*� F�-�M /�.�� F5���A!3 F��� AISC 360-16 �

f�� F5 �]�h �� �/�/ �Q*!L� �*+5 F��/ ���5 �	7ADD 

F5  F?5�� G�DH)18(  .	�� �*� _�JQ  

)18(  �	7ADD = 0 �⁄
J$* ��⁄  

  

 ��*42- ���3 G�b=��� �� F�D��� �*� ���3 >�4 ���0����3  

�D�I�- ����3  
�DY  

)mm(  

>?@� *J5 

�/CD-  

)mm(  

 >?@� 	��=h

�/CD-  

)mm(  

 �+Q

*4 �!<�Q��  

)MPa(  

 ����- 	���@�

A�5  

)MPa(  

 ��D`� 	���@�

�D��  

)kN(  

F+��/  900  7/218  5/8  576  1/144  10817  

A!0��!�  315/530  949/170  279/6  852/614  235/77  4769  

���`�� /��*�����  202/181  310/53  393/2  86/155  982/38  86/2561  

i�h G��!!rQ  342/0  312/0  380/0  253/0  505/0  537/0  

��!+!�  300  3/100  4  259  20  1490  

25%  432  5/132  18/4  25/505  65/40  2808  

50%  480  160  95/5  618  5/78  4026  

75% 600  65/199  6/6  756  1/91  6546  

�� I��  1200  319  5/12  835  1/164  12307  

  

 A� F5 	]�� ���0����3 ��� F�D�� >�DQ ��/D��

 E.� �/ i�h3  A�-�M ���K A!]� FI �*� �/�/ ����

 E5�K .*��5 �� �/��-�!z � �/��- �/�*`� �/ �� �/�/

 F4DQ /�D� �zC �/�*`� FJ9�?� A� �/ FI 	�� F4DQ

.	�� F�-�0� ���K  
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 E.�3 - >�DQ F�D�� ��� ���0����3 �/  �5��5�	7ADD.  

6 - �	� � (����� ���>?:�< @)�	  

 ��� �5 F�-�M f�V�� �/*� � ���0����3 G�J9�?�

�D�� � ��QDI ��CFT  ���� C�5 	���@� /CD- � A�5 �5

 /�D� F��/ F� �/ ��DQ �� �� ��D`� ���-� FI 	�� �/�/

 :�� *+Q��]� FI /�/ ���K ����5) /CD- �5 ��� F�D�� (_9�

) �9D�J� A�5 � C�5 	���@�HS-CC �() �5 ��� F�D�� (v

) �9D�J� /CD- � C�5 	���@� A�5CS-HC � () F�D�� (w

 � /CD- �5 ���) C�5 	���@� A�5HS-HC FJ9�?� .(Lai  �

Varma  	���@� F+!�!5 F~`9 �/ FI 	�� �/�/ ����

 ��QDI �D�� ����- ��D`�CFT  A�5 � /CD- ���-�

 	]�� F5 F��5��0 �⁄ ��*@� �<�Q 	���@�!) ��� (�  ��*@�

) A�5 ����- 	���@��	� (/��/ ]40[ .  
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�.!��g ����DQ����  
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Constants per Gene  10  

Data Type  Floating-Point  

Lower Bound  10-  

Upper Bound  10  



60  	!-�d �5 a9�b� 	���@� �X� �D`� ��� �D�� ��/CD- A�5 �5 �*� ��  

 

����� 	
���� ���  ���������   ����� ���� ���2 ������ �  !�� �1399 

  
 E.�5 - JQ F?5�� �5 �d�+�� 	
�/!!A  �D�� 	���@�CFT 	���@��� a9�b� �5  

 �?
 G�J5�� A!0��!� �U4 �/�@� F5 mD5�� ��/D��

f�M �/ �D!��M� �  	9�^ A��,5 ���5 _<�=� ��� /�V�

 �/ �*� E.�6  �� FI �D?���� .	�� �*� �/�/ ����

f�M �	�� j=�� E.�  �!� �D`� F5 T�D�3 ���

F�-� FI *��E5�K ��*@� ��!M/� ��*�5� �/ �?
 �/�@� 

,4DQ�  f�M �/ ��*@� A� FI 	��300  ��*@� A���I F5

 G�DH F5 ��*@� A!�� �/ �]�@Q � �*!�� /D
 A.��

 E��.Q f�M �� *J5 A!+n�� .	�� �*��� �K�5 	5�X620 

) /D
 ��*@� F+!�!5 F5 �0��]�� i�h ��*@�9737/0 (

 .	�� �*!��  

  
 E.�6- � F����5 �*� /�.<�� ��/D�� � 5!�� �g  

7- ���>?:�< @)�	 �
B��& *)�$8	�  

��5�  �*� �/�/ FJ�DQ T�� 	K/ � /�.<�� �5����

3 GC/�J� �!A  F���AISC 360  �Eurocode 4��� �o 

��� �5 �,�3o F�D�� ��� ���3��0�� �@� /�D�F�  ���K

� .	�� F�-�MA �@�F�  E.� �/7  .	�� �*� �/�/ ����

��,5 �/A �5 m�@� 	9�^��� �� �5� ?
� ��� �5F 45 

M ���K F4�/!*��� �� A�-�M F<H�- .!����  �*+�/ ����

�?
� �*� � ��� *��5�@� .F� 5!A ���o �*� F5 mD5�� 

�� � �/�,+�!�� � ���� /D4D� ;5���� *�/  �*� FI

�!/�,+�� 9D]K E5�K /�.<��� ./��/  

 FV+� �� �/�,+�!� F?5�� 	`H ����5 ���5

A!0��!� *H�/ �?
 	`H .	�� �*� �/�L��� �]�� 

���� �*+�/ �� !� 8/ � �/D5 o��� F5 ��*@� �JK�� 

	��. A!0��!� �/�@� *H�/  �/�/ FJ�DQ F?5�� �]�� �?


 ��� F��� A!3 GC/�J� � �*�AISC 360  �

Eurocode 4  �5 �5��5 i!Q�Q F5 �� �/�/ EI ���5115/9 �

464/15  �605/17 .*��5 ��  ���� �*�3 	�*5 �/�@�

 ;5��� �� �/�,+�!� F?5�� �]�� ��?
 FI 	�� �/�/

 �� �/�,+�!� F?5�� 	K/ �5���� ���5 .	�� ���I /D4D�

 .	�� �*� �/�L��� �*���!K�5 �/�@� ��!J� ���`�� FV+�

�/ �>K�� Fy�� o��� F5 	�/ �*�3 F<H�- ����I �5 

�0*. F���/ �*+��5 	K/ �3 ���!� ���!5 	�� .F5 

G��]� ��0/ 	K/ �� �� ��DQ �J5�Q �� ���`�� ��!J� �/�/ �� 

F5 v��^ /��3 .Fy�� ���`�� ��!J� �/�/ �� ���I �*��5 

���!� x!K/ �Q  .	��  



�D�D� � �*�^�  61  
  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������ �  !�� �1399 

    

(_9� F��@� �/�,+�!� F?5�� o��� �5 F�D�� ��� ���0����3  F��@� (v F9/�J� A!3  F���AISC 360 o��� �5 F�D�� ��� ���0����3  

  
F��@� (w A!3 F9/�J� F��� Eurocode 4 o��� �5 F�D�� ��� ���0����3  

 E.�7 - F��@� �/�,+�!� F?5�� � GC/�J� A!3 ��� F��� AISC 360 � Eurocode 4 o��� �5 F�D�� ��� ���0����3  

 �/�@� ��!J� ���`�� �5��5 �/ � �*���!K�5 �/�@�

 E.� �/ /D4D� ;5��� � �/�,+�!� F?5�� ���5 �*���!K�5

8 ���`�� �/�@� .	�� �*� �/�/ ���� ��!J�  �/�@�

F��� A!3 ;5��� � �/�,+�!� �D��- �*���!K�5�� �AISC 

360  �Eurocode 4  �5 �5��5 i!Q�Q F5655/401 �

32/1142  �367/1014 *��5 �� AQD!�D<!I .���0+� FI 

	K/ � 	`H �/ ��+I �� ���K �5���� /�D� �*��!M 

o��� /�.<�� ���*�� �� !� � ��!M �./ � F5 ��*@� �JK�� 

/D5 *��D
 /�+��� E5�K .A� �-*� 	�� FI �� F<!�� 

���*�� ��!M ��]�/ �� *+I. �� ���� �*�3 	�*5 o���-

./��/ �]��+� /�.<�� �/�,+�!� F?5�� FI *�/  �D� ��

 ;5��� �� �*�3 	�*5 �/�@� FI 	�� F4DQ E5�K �0/

 �� A.�� *^ �Q � �/�I 	��� �� m�!�^� i��4 ����5

 	!<5�K �DhD� A� .*��5 ��.yDI ���0����3 �/�@�

5��� ��+!�Y�E.� ��@!K/ ����5 ./�I *��D
 ���!5 �� ;-

 ���7  �8  �� �!5 FI *�/ �� ����85  �/�@� *H�/

 �/�@� �� ���I �/�,+�!� F?5�� �� �*�3 	�*5

A!3 ;5��� �/ /�.�� A� � *��5 �� ���0����3  �� F���

.*��5 �� ���I iQ��� F5  

 �/�/ FJ�DQ T�� /�.<�� �Q x!K/ ����5 ���5

/ �� ��*�i�h ����3 j
�� � ��?
 � �0��]�� 

�U4 A!0��!� G�J5��  >4��� ;�DQ �*� �-�J� ��!J� �

]42  �43[  A� F5 mD5�� GC/�J� .	�� �*� �/�L���

 ;5��� �/ ����3 ��� j
��)21(  �Q)29( .	�� �*�3  

)21(   

X� = [∑ OGZ,�	[H�R − G\�	[H�RPOGZ,�7]AR − G\�7]ARP]6Z^_ �
∑ OGZ,�	[H�R − G\�	[H�RP�6Z^_ ∑ OGZ,�7]AR − G\�7]ARP�6Z^_

 



62  	!-�d �5 a9�b� 	���@� �X� �D`� ��� �D�� ��/CD- A�5 �5 �*� ��  

 

����� 	
���� ���  ���������   ����� ���� ���2 ������ �  !�� �1399 

)22(  X`�$ = 2∑ OGZ,�	[H�R − GZ,�7]ARP�6Z^_ �  

    
�/�,+�!� F?5�� (_9�  A!3 (v  F���AISC 360  

  
A!3 (w F��� Eurocode 4  

E.� 8 - �*���!K�5 �/�@� �/�,+�!� F?5�� � GC/�J� A!3 ��� F��� AISC 360 � Eurocode 4  

)23(  ) = ∑ GZ,�	[H�RGZ,�7]AR6Z^_∑ GZ,�7]AR�6Z^_  

  

)24(  )a = ∑ GZ,�	[H�RGZ,�7]AR6Z^_∑ GZ,�	[H�R�6Z^_  

)25(  X7� = 1 − ∑ OGZ,�7]AR − GZ�7P�6Z^_∑ (GZ,�7]AR − G\�7]AR)�6Z^_  

  

)26(  X7a � = 1 − ∑ OGZ,�	[H�R − GbZ�7P�6Z^_∑ (GZ,�	[H�R − G\�	[H�R)�6Z^_  

  

)27(  GZ�7 = )GZ,�7]AR 
  

)28(  GbZ�7 = )aGZ,�	[H�R 
  

)29(  c�� = X�(1 − d|X� − X7�|) 

 FIGZ,�	[H�R!-�d ��*@� � �/ �*� T�� M ��D`� 	

���0����3 G\�	[H�R� ��! �/�@� F�� A!0�GZ,�	[H�R �

GZ,�7]ARd ��*@� � �F?5�� �� �*�3 	�*5 ��D`� 	!-�

G\�7]AR� ��! �/�@� F�� A!0�GZ,�7]AR �n  F�D�� /�*JQ

 ���)  �)a  � I�� �� ��D]� �D!��M� mD?
 i!�X7�  �

X7a � �h i!Q�Q F5i  F+!,5 �D!��M� mD?
 �0��]��

�!� � �JK�� �/�@�  � ��+!5c��  �*� klH� j
��X� 

.	��  

  ��*11@� ��11��5 	119�^ A�11�,5 �/R=1  ��*11@� �

RMSE  F����3 A� F5 �*!�� E�� �/ FI *�D� �LH �5��5

�� 	=� ��!�5 ��G�J9�?� .*��5�     �1M� 	1�� �/�/ ��1��

 ��*@�R   �� �1�M� 58/0      A�1��I �/ �1?
 ��*1@� � *1��5

    ��*1@� A!15 �9D1]K E5�K �0��]�� �/�!M ���K /D
 ��*@�

 	11�� ���11K�5 �*11� �/� i11�@Q � �11JK�� ]44[ . �/�11@�

j
�11�   ���11�3 ��11�R  �RMSE �/�/ B�11���5  ��11�

 ��*4 �/ ���0����34  / �D1� �� .	�� �*� �/��3  �10

>4��� ;�DQ �*� �-�J� j
�� �/   	1�� �*1� F!HDQ �

 ���5 *!e�Q /�D� �/�@� FIk  �k’   ���15 �/85/0   �1Q15/1 



�D�D� � �*�^�  63  
  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������ �  !�� �1399 

�� *��5 ]42  �43[ ���5 �*�3 	�*5 ��*@� A!+n�� .c� 

 �� �11�M� 5 ��11��55/0  ��11���!J� �11���5 o�11�� .*11��5

 ��*4 �/ /�.<�� �<!�.Q4     �1���5 � 	1�� �*1� �/��3

  	1!-�d �*1� �/�/ FJ�DQ �*� FI 	�� �/�/ ���� o��� 

��D`� ����- �D��  �1J5�� ���CFT     �15 �*1� F�
�1�

     �1� �]1��+� 	1K/ �15 �� C�15 	���@� /CD- � A�5   *1+��DQ

.*++I F]��`�  

 ��*44- J�!�����  ;5��� � �*� �/�/ FJ�DQ �*� /�.<��A!3 F��� ��  

��!J�  T�U� m�� AISC 360 Eurocode 4 �/�,+�!� �*�  

R R>0.8 914/0  942/0  98/0  

RMSE A.�� ��*@� A���I  93/1135  468/1030  131/410  

k 0.85<k<1.15 954/0  921/0  996/0  

k' 0.85<k'<1.15 004/1  054/1  997/0  

rm rm>0.5 711/0  791/0  921/0  

�<I /�.<�� i��+�  i��+�  i��+�  

  

8- (����� D3�� E$
F  

 	���@� �	���@� � ��5 i��h T�� F5 �^��Y �/

 ���� 	���@� v�:<H�^ �� �^��YX6  i�h �/

 	���@� ���IM  �/ .//�M �� F]��`�A!3 F��� AISC 

360-16 �D�� ���5 	���@� ���I i�h ��*@� ���

 �5 �5��5 ;<�=�75/0  A� �/ .	�� �*� F�-�M �~� �/

 �=5B����5  	���@� ���I i�h ��/�,+�!� F?5��

 .	�� �*/�M F]��`�  !� �3B����5 G�J9�?��  i�h

 F?5�� �� 	���@� ���I)30( �� F]��`� E5�K *��5 

]45[:  

)30(  M = X�X6 fghijk 

	���@� �:�� FI ��D�� �5 R ���� �/�/ �� /D� 

�D?5 �*�� F��5�� F5 	���@� �/�D� E.� ��*+� �  /�J5�

�/ .*��5 �� �:�� ��^��Y A� G�b=�� F5 �Q�DH 

�/ �J?K �~� F�-�M /D� �� �/ �Q�DH FI �/ 	!JK�� 

f*� 	!J?K��� �/ ���*����!M �:�� /D4� /��/ . A��5�+5

	���@� 8 �!r�� �-/�bQ �5 f*� 	!J?K F5 F��5�� ���

 	]�� �ZD- F?5�� �/ .*��5 �� �3
lml< F5 G�DH  A!0��!�

 F?5�� �� FI �/D5 ���� F5 �JK�� 	���@� 	]��)31 (

://�M �� F]��`�   

)31(  
X�X6 = # ∗ ` ∗ � 

�ZD- F?5�� �/ FI P �M  �F  F5 FI *+��� ����������

 	
�� � /�D� �E!<`Q F5 mD5�� 	!J?K f*� �0��!5 i!Q�Q

�� E!<`Q i�h .*+��5B����5  �/�@� 	]�� A!0��!�

i�h .	�� ��!M ���*�� E5�K �Q�]��`� F5 �JK�� /�D� 

F5 G�DH 	]�� 	���@� �JK��  �~� �/ ���� 	���@� F5

�� F�-�M 	
�� i�h � /D�F5 G�DH  u�D
 	]��

 >?@� B��� �8!��C� >?@� B��� ����+� ����)

�� ��!5 ���� F5 �JK�� >?@� (8!��l�.//�M  

 i��hn  �β  F?5�� �/)30( i�@Q ��� 	5�X �

 �*� ���5 .*+��5 �� ��+!�Y� 	!<5�K j
�� � �?


�� �*� Fe��� �����@� �5 �� G��!!rQ i�h ��*@� ��DQ

 8 F4�/ i�@Q �� �/�L���F5 G�DH :	-�M �~� �/ ��  

)32(  'l = J('o)� + ('p)� + (';)� 

 �ZD- F?5�� �/ FIV �� G��!!rQ i�h �0��!5 .*��5

 �/ FI �Q�J9�?� �/ �/CD- ��:�� ���5 ����3 ����������

F�/ 	�� �*/�M /�,+�!� ��*� f�V�� F��UM ���]12 �

46  �47[ f�V�� G��!!rQ F5 F4DQ �5 FI 	�� �It E5�K .



64  	!-�d �5 a9�b� 	���@� �X� �D`� ��� �D�� ��/CD- A�5 �5 �*� ��  

 

����� 	
���� ���  ���������   ����� ���� ���2 ������ �  !�� �1399 

 *!9DQ ���/��*����� A!+n�� � >Y�@� F!,Q �/ �*�

�� ����5 �� ��DQ /D�� �/�L��� �Q**4 ���]48[.  

FJ9�?� A� �/� ��5B��  i�h ��/�,+�!� F?5��

 �5 �5��5  !9��308/1  �5 �5��5 �3 G��!!rQ i�h �07/0  �/

 ����3 /�*`� /�*JQ F5 F4DQ �5 .	�� �*� F�-�M �~�

 C�5 	���@� �5 �/CD- �����*4 F+!�� �/ �*� f�V�� ���

 /�D� 	!JK f*� i�h �C�5 	���@� �*��� A�5 �

F5 G�DH 5 �5��5 F����I F~-�`� �1/1  �3 G��!!rQ i�h �

://�M �� F]��`� �� F?5�� ��  

)33(  'o = J('	)� + ('*)� 

 �/�@�'	 � '* B����5 �*� f�V�� G�J9�@��  �5��5 i!Q�Q F5

 �518/0  �07/0 *�� �*� F�-�M �~� �/ ]49[.  

 ����D�I �\I� �/ 	
�� �gD9D+.Q *�� F5 F4DQ �5

��*@� 	!J?K f*� i�h 	
��  ��D�� �~� �/ 8 �5��5

�� F�-�M /D�]47[ .B����5 �*� f�V�� FJ9�?��  �/�@�β 

 �'p  �5 �5��5 i!Q�Q F53  �05/0 �� G�]��`� �/ *+��DQ

*��!M ���K �~�*� ]45[ i�h .n   !�B����5 ASCE 7-

10 ]50[  �5 �5��57/0 .*��5 ��  

+�!� F?5�� 	���@� ���I i�h�/�,� B����5 

 �5 �5��5 �=5 A� �/ �*� ��!5 ;5���762/0  �*� F]��`�

 ;�DQ �*� F!HDQ ��*@� F5 8/ � FIA!3 F��� AISC 

360-16 A� �� ./��/  ;�DQ �*� F!HDQ ��*@� ��AISC 

360 �� *��DQF5 G�DH F~-�`�	!-�d ���5 F����I ��D`� 

����- �D�� �J5�� ���CFT  �� �*� F�
�� a9�b�

./�!M ���K �/�L��� /�D� C�5 	���@�  

9- �
�� H�72  

FJ9�?� A� �/�  ;5�Dh ����5 F5 �*�5�A!3 F��� ���

�D�� �^��Y F+!�� �/ /D4D� A�5 �5 �*��� ;<�=� ���

 ;5��� FI */�M j=�� � �*� F�
�/��A!3 F��� ��

	/�*`� /D4D� � �+�5 a9�b� 	���@� ���5 ���

 �/CD-F�-�M �~� �/ �:�� A� �/ �/�L��� /�D� �� .*��

A� F?5�� �FJ9�?� A� �/ ��	���@� ���5 �/�� �� ��D`� 

����-  �J5�� ��� �D��CFT  a9�b� �� �*� F�
��

 �� �/�L��� �5 C�5 	���@�F<^�� F� T�� 8 Fe��� ��

	/�*`� �0/ FI */�M ./��*� �� a9�b� �����@� ���

FJ�DQ z �*�!�?
� ���5 G��X� ��!M�~��/ 	���@� 

a9�b� �5 	���@� ��D`� ����- �D�� �J5�� ���CFT 

�� ��+]� �5��0 �/�/  �� �/�L��� � �*� ���3 >�4

�D09��� F����5 ���� 5!��  �/ .	�� F�-�M f�V�� ��g

��� /�.!F?5�� ��/�,+����I �5 ��� A!n! � �M*

 ;5��� F5 	]�� i��+� /�.<��AISC 360  �

Eurocode 4  Fe��� ����- 	���@� �\I�*^ F]��`� ���5

� �/�@� .	�� �*�!0��!A *H�/ �]�� �?
  FJ�DQ F?5��

3 GC/�J� � �*� �/�/!F��� A  ���AISC 360  �

Eurocode 4  �5 �5��5 i!Q�Q F5115/9 �464/15  �

605/17 ���`�� �/�@� A!+n�� .*��5 �� J�!��  �/�@�

 �*���!K�53 ;5��� � �/�,+�!� �D��-!F��� A  ���AISC 

360  �Eurocode 4  �5 �5��5 i!Q�Q F5655/401 �

32/1142  �367/1014  .	�� �*�3 	�*5 AQD!�D<!I

 �/�.<�� �/�,+�!� �*� FI 	�� �/�/ ���� o���

� �*� /�.<�� ����5 ��-�Y �� ./��/ i��+�! �/�,+�

B����5 ���I ��� j
��) �R �k �k'� � rm��Q � (! A

��� �/�I�,�3 ; ./��/ �3 �D]K E5�K 	K/ �� ���� �

��� B����5� o�� �FJ9�?� A�� �*� Fe��� /�. *��DQ

F5 ��D+� � �/ *����I ��� 5�!�D�� �^��Y � �J5�� ���

CFT  �/�L��� /�D� C�5 	���@� a9�b� �� �*� F�
��

 ./�!M ���K  

  !� 	���@� ���I i�h �FJ9�?� A� ��,��� �/

B����5  a9�b� G��X� ��!M�~��/ ���5 �/�,+�!� F?5��

 FI 	�� �/�/ ���� o��� .	�� �*/�M Fe��� C�5 	���@�

 ;�DQ �/�,+�!� i�hAISC 360 �� *��DQF5 G�DH 

F~-�`�F����I ���K �/�L��� /�D� �:�� A� �^��Y �/ ��

 ./�!M  

2��	�I* 



�D�D� � �*�^�  65  
  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������ �  !�� �1399 

 ��D+� �5 ������ k�Y �� F�-�M�5 x!@`Q A�

» /CD- ��D`� 	���@� ���I �5 A�5 �]��4 ���Q� �!X�Q

�+�5 ���D���I ��� �D�� �/-�/CD-« ��I *��5 �5 F

2� 	3 ��0���/ �9�� 	��^  *I �5 � (��) �/�4��5

 ��!0��210428 -15664  .	�� F�-�U� f�V��  

JK�
�   

[1] Denavit, M. D., & Hajjar, J. F. (2014). Characterization of behavior of steel-concrete composite members 
and frames with applications for design. Newmark Structural Engineering Laboratory. University of Illinois at 
Urbana-Champaign. 
[2] Perea, T., Leon, R. T., Hajjar, J. F., & Denavit, M. D. (2013). “Full-scale tests of slender concrete-filled 
tubes: axial behavior”, Journal of Structural Engineering, 139(7), 1249-1262. 
[3] Thai, S., Thai, H.-T., Uy, B., & Ngo, T. (2019). “Concrete-filled steel tubular columns: Test database, design 
and calibration”, Journal of Constructional Steel Research, 157, 161–181. 
[4] AISC 360-16 “Specification for structural steel buildings”, American Institute of Steel Construction, 
Chicago, IL. 
[5] Eurocode 4. (2004). “Eurocode 4: Design of composite steel and concrete structures”, European Committee 
for Standardization. 
[6] NZS 2327. (2016). “Composite structures - Composite steel-concrete construction in buildings”. Standards 
Australia/Standards New Zealand. 
[7] Lin, C. Y. (1998). “Axial capacity of concrete infilled cold-formed steel columns.” 9th International 
Specialty Conference on Cold-Formed Steel Structures. University of Missouri-Rolla. 
[8] Fujimoto, T., Nishiyama, I., & Mukai, A. (1995). “Test results of eccentrically loaded short columns–square 
CFT columns”, Proceedings of the second joint technical coordinating committee meeting on composite and 
hybrid structures. 
[9] Schneider, S. P. (1998) “Axially Loaded Concrete-Filled Steel Tubes”, Journal of Structural Engineering, 
124(10), 1125–1138. 
[10] Kang, C.H., Oh, Y.-S., & Moon, T. S. (2001). “Strength of Axially Loaded Concrete-Filled Tubular Stub 
Column”, Journal of Korean Society of Steel Construction, 13(3), 279–287. 
[11] Han, L.H., Zhao, X.L., & Tao, Z. (2001). “Tests and mechanics model for concrete-filled SHS stub 
columns, columns and beam-columns”, Steel and Composite Structures, 1(1), 51–74. 
[12] Ghannam, S., Jawad, Y.A., & Hunaiti, Y. (2004). “Failure of lightweight aggregate concrete-filled steel 
tubular columns”, Steel and Composite Structures, 4(1), 1–8. 
[13] Tao, Z., Han, L.H., & Wang, Z.B. (2005). “Experimental behaviour of stiffened concrete-filled thin-walled 
hollow steel structural (HSS) stub columns”, Journal of Constructional Steel Research, 61(7), 962–983. 
[14] Yu, Z., Ding, F., & Cai, C. S. (2007). “Experimental behavior of circular concrete-filled steel tube stub 
columns”, Journal of Constructional Steel Research, 63(2), 165–174. 
[15] Tokgoz, S., Dundar, C. (2010) “Experimental study on steel tubular columns in-filled with plain and steel 
fiber reinforced concrete”, Thin-Walled Structures, 48(6), 414–422. 
[16] Lu, Y., Li, N., Li, S., & Liang, H. (2015). “Behavior of steel fiber reinforced concrete-filled steel tube 
columns under axial compression”, Construction and Building Materials, 95, 74–85. 
[17] Naghipour, M., Yousofizinsaz, G., & Shariati, M. (2020). “Experimental study on axial compressive 
behavior of welded built-up CFT stub columns made by cold-formed sections with different welding lines”, 
Steel and Composite Structures, 34(3), 347–359. 
[18] Nishiyama, I. (2002). “Summary of research on concrete-filled structural steel tube column system carried 
out under the US-Japan cooperative research program on composite and hybrid structures”, Building Research 
Inst. 
[19] Gourley, B.C., Tort, C., Denavit, M.D., Schiller, P.H., & Hajjar, J.F. (2008). “A synopsis of studies of the 
monotonic and cyclic behavior of concrete-filled steel tube members, connections, and frames”, Newmark 
Structural Engineering Laboratory. University of Illinois. 
[20] Hajjar, J.F., Gourley, B.C., Tort,C., Denavit, M.D., Schiller, P.H., Mundis, N.L. (2013). “Steel-concrete 
composite structural systems”, Department of Civil and Environmental Engineering, Northeastern Univiversity, 
Boston. 
[21] Lai, Z., Varma, A.H. (2015). “Noncompact and slender circular CFT members: Experimental database, 
analysis, and design”, Journal of Constructional Steel Research, 106, 220–233. 
[22] Gunawardena, Y.K. R., Aslani, F., Uy, B., Kang, W.H., Hicks, S. (2019). “Review of strength behaviour of 
circular concrete filled steel tubes under monotonic pure bending”, Journal of Constructional Steel Research, 
158, 460–74. 



66  	!-�d �5 a9�b� 	���@� �X� �D`� ��� �D�� ��/CD- A�5 �5 �*� ��  

 

����� 	
���� ���  ���������   ����� ���� ���2 ������ �  !�� �1399 

[23] Alatshan, F., Osman, S. A., Hamid, R., Mashiri, F. (2020). “Stiffened concrete-filled steel tubes: A 
systematic review”, Thin-Walled Structures, 148, 106590. 
[24] Cederwall, K., Engstrom, B., & Grauers, M. (1990). “High-strength concrete used in composite columns”, 
Special Publication, 121, 195–214. 
[25] Varma, A.H., Ricles, J.M., Sause, R., Lu, L.W. (2004). “Seismic Behavior and Design of High-Strength 
Square Concrete-Filled Steel Tube Beam Columns”, Journal of Structural Engineering, 130(2), 169–179. 
[26] Uy, B. (2001). “Strength of short concrete filled high strength steel box columns”, Journal of 
Constructional Steel Research, 57(2), 113–134. 
[27] Liu, D., Gho, W.-M., & Yuan, J. (2003). “Ultimate capacity of high-strength rectangular concrete-filled 
steel hollow section stub columns”, Journal of Constructional Steel Research, 59(12), 1499–1515. 
[28] Mursi, M., Uy, B. (2004). “Strength of slender concrete filled high strength steel box columns”, Journal of 
Constructional Steel Research, 60(12), 1825–1848. 
[29] Sakino, K., Nakahara, H., Morino, S., Nishiyama, I. (2004). “Behavior of Centrally Loaded Concrete-Filled 
Steel-Tube Short Columns”, Journal of Structural Engineering, 130(2), 180–188. 
[30] Liu, D. (2005). “Tests on high-strength rectangular concrete-filled steel hollow section stub columns”, 
Journal of Constructional Steel Research, 61(7), 902–911. 
[31] Lue, D. M., Liu, J.-L., & Yen, T. (2007). “Experimental study on rectangular CFT columns with high-
strength concrete”, Journal of Constructional Steel Research, 63(1), 37–44. 
[32] Aslani, F., Uy, B., Tao, Z., & Mashiri, F. (2015). “Behaviour and design of composite columns 
incorporating compact high-strength steel plates”, Journal of Constructional Steel Research, 107, 94–110. 
[33] Xiong, M.-X., Xiong, D.-X., & Liew, J. Y. R. (2017). “Axial performance of short concrete filled steel 
tubes with high-and ultra-high-strength materials”, Engineering Structures, 136, 494–510. 
[34] Lee, H.J., Park, H.G., & Choi, I.R. (2019). “Compression loading test for concrete-filled tubular columns 
with high-strength steel slender section”, Journal of Constructional Steel Research, 159, 507–520. 
[35] Hu, H.S., Wang, H.Z., Guo, Z.X., Shahrooz, B. (2020). “Axial compressive behavior of square spiral-
confined high-strength concrete-filled steel-tube columns”, Journal of Structural Engineering, 146(7), 4020136. 
[36] Bradford, M.A., Wright, H.D., & Uy, B. (1998). “Local buckling of the steel skin in lightweight composites 
induced by creep and shrinkage”, Advances in Structural Engineering, 2(1), 25–34. 
[37] Leon, R.T., Kim, D.K., & Hajjar, J.F. (2007). “Limit state response of composite columns and beam-
columns part 1: Formulation of design provisions for the 2005 AISC specification”, Engineering Journal, 44(4), 
341–358. 
[38] Ferreira, C. (2002). “Gene expression programming in problem solving”, Soft computing and industry. 
Springer, 635–653. 
[39] Varma, A.H., Ricles, J. M., & Sause, R. “Seismic behavior, analysis, and design of high strength square 
concrete filled steel tube (CFT) columns”, Lehigh University. 
[40] Lai, Z., and Varma, A.H. (2018). “High-strength rectangular CFT members: Database, modeling, and 
design of short columns”, Journal of Structural Engineering, 144(5), 4018036. 
[41] Tort, C., Hajjar, J.F. “Reliability-based performance-based design of rectangular concrete-filled steel tube 
(RCFT) members and frames”, Department of Civil and Environmental Engineering, Northeastern Univiversity, 
Boston. 
[42] Golbraikh, A., Tropsha, A. (2002). “Beware of q2!”, Journal of molecular graphics and modelling, 20(4), 
269–276. 
[43] Roy, P.P., Roy, K. (2008), “On some aspects of variable selection for partial least squares regression 
models”, Molecular Informatics, 27(3), 302–313. 
[44] Smith, G. N. (1986). “Probability and statistics in civil engineering”, Collins London. 
[45] Ravindra, M. K., and Galambos, T.V. “Load and resistance factor design for steel”, Journal of the 
Structural Division, 104(9), 1337–1353. 
[46] Galambos, T.V., Ellingwood, B., MacGregor, J.G., Cornell, C.A. (1982). “Probability based load criteria: 
Assessment of current design practice”, Journal of the Structural Division, 108(5), 959–977. 
[47] Ellingwood, B. (1980). “Development of a probability based load criterion for American National Standard 
A58: Building code requirements for minimum design loads in buildings and other structures”, US Department 
of Commerce, National Bureau of Standards. 
[48] Bartlett, F.M., Dexter, R.J., Graeser, M.D., Jelinek, J.J.; Schmidt, B.J.; Galambos, T.V. (2003). “Updating 
standard shape material properties database for design and reliability”, Engineering Journal-American Institute 
of Steel Construction Inc, 40(1), 2–14. 
[49] Sener, K. C., Varma, A. H. (2014). “Steel-plate composite walls: Experimental database and design for out-
of-plane shear,” Journal of Constructional Steel Research, 100, 197–210. 
[50] ASCE7. (2010). “Minimum design loads for buildings and other structures”, American Society of Civil 
Engineers. 
 



�����     ���	
���� ������ ��� � ������ ����� �2 ������� �  !�� 1399 )67 -78(  

����� 	
���� ��� ������ ���   ����� ���� ���2 ������� �  !�� 1399 

  

  

���� ��� 	
���*  

 ��+���, ������ �-.���, ���!���,

���� �����/ ���0�!� ��123.  

:6!����.7� 	��  
ghanizadeh@sirjantech.ac.ir 

��	���� ����  

, ���,��888�� �888�� �-.888��� ���

����/ ���0�!� ��123 ��+���, �

.����  

 :6!����.7� 	��  
bakhtiari@sirjantech.ac.ir 

 

 

 

 

  

  

1
  

1 - �����  

�9 �,!��� �:��� ��  �:��� ;<� =�
 ������� ���

=�
 � 0 >?@�� ��� �-2A� .	�� ��,!B � CDE� -22/ 

>?@�� =�
 �� ��.�� -F �E  G�H3 �, � �,�/ I�2�0� ��,

                                                
 * H��-2� �H@��  

 	K��, :L��E15/01/1400 ��+���9 �17/02/1400 C�Q� �17/02/1400. 

 (���!R, >��2� DOI): 10.22091/cer.2021.6858.1241 

�+, ;<� ��.��� ��9 ���  � � -2��� I�S��� ,H
 �:���

T��2� =�
 �9 �� T��2��� =�
  �, .-2��� B +�0 �E

>�, ��� �
!�  >9 >0HE �9 ����A� � 	123 >1�HE �9

 � � ���� � ��.� �, 	,�-<�>2� �!��  U�-F� >9

	
���� �� �9 ;V� � ;�F ���� �����9�  � IHW����

>?@�� �� ��,!B X��F� Y�--� �� ,H� �9 X� =�
 .

��!�
 G�!3HZ
  [�9.� =�
 \�H�� �� ��� >?@��  ��,

���F 	9H]� >9 	^�� >/ 	��!	 [�9� >���,  �, �

�� _�H�� G-� >9 �-� IH]�� G�H3  	�, �� �9 � ,H�

��� ���� ��	
��	 ����	 ���� ����� ������ ��  

����� ������ ���  !
" #��� #����� �� #$% &��� & 
'	�����  

  
�9 X� =�
 ��!�
 G�!3HZ
  [�9.� =�
 \�H�� �� ��� � `�V� �a/� �, >/ 	����� 	K� 

�� ,H�� .B >9 =�
  ��H2�6 >?@�� =�
 >�
�2� ��, �� �,�b��� 	A0 � �-� �B  �, =�


�	
��� ���  ;V� � ;�F>9 ��!� ���A9�  �c G�ZS�� dD3� �	��� e-� .B V<E!f  �9����

ZS��G� ^aE X� =�
 �����V�!	 �123 G�1�g �9 �-�� ^aE �9 ��D� >/ 	��!	  >9 �=�


7,!; �g �� �,�b���G�1 �123� ���,� � �h!<� 	�� ��� �!  �� -��9� �, .B V<E!f  ��

��,�9���/�
 �B�c I�i ��H/ ���9� , ��HE�!	 >9 ^aE ��H2�!	 �-22/ �,�b��� X� =�
   �-�

^aE .	��!	 � �9�,�b�� ,�9���/�
 �B�c I�i ��H/ ���9�� ��� , ��HE�!	 -3�, �9 ��� 10 �20 

 �30 ��� -3�,� 6�
 =�
  -� _�R��� >�H�� >2!A9 	9H]� -3�, �, �� -�-� �/���� �, .

V<E!f �F���c �� �g� ��� ���K 	���V� � �/��E� ) �-��,�-<�UCS�V� 	A0 (>� 

���������� ����V��  =�
	!^aE �� -19 � ;^j �,�b���  ��� .-�k  >/ -�,�, ���� �-�c 	�, >9

^aE ��H2� >9 ���9��!	 ,�9���/�
 >9 	^�� �-22/� , ��HE�!	 �9 ,�.?��!�� ��^��2��  >���,

^aE >�H�� .	��!	 � �9 �-10 �� �9 ���9�� -3�,!�-  	���V� >916/2 �� >9 	^�� ��+����+�� 

>�H�� ��� ^aE!	 �A9 ,�.?�� �-��� A9 >�H�� � 	��,!>2 � .	��B aE >�H�� >9 	^�� >�H��!^	 

 X� =�
 �-��92/3 � K� �9��9� >�H�� .	�� >���, 	���V� ��� ^aE!	  �9 �-�30  -3�,

,�9���/�
�  �30 , -3�,�HE�!	 �!  �� �9!�- 	���V� >9 ��� 9/0  �03/1 7�+����+�� 

^aE >�H�� >9 	^�� T!E�E >9 -2����HE!	 -��� 49  �88 � K� -3�,�  	���V� ���� ,H
 ��

 .-2�,  

���� �	� �!:   aE6E ����K 	���V� �X� =�
 	!^ �H<���    ��H8/ ���9�8� ����/ 	���V�

,�9���/�
 �B�c I�i�� ,�HE�!	.  

�#����� $!�%�  

���,    �-8��� �8��2���/ >�
H�c

��� �-.���, ��123 ��+���, ���

����/ ���0�!����� �.  

 :6!����.7� 	��  
kouroshking9696@gmail.com 



68  ��� ���9 �����V� G�ZS�� �[�9 ��!�
 G�!3HZ
 �9 ^aE!	 �-�  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������� �  !�� 1399 

� �RF ���/ � l�^V�� ��m, 	9H]� �,�,� ,,�n� .B 

��9 �� =�
 ����K�� �,�b��� ��� �-2A��  T��2���

�� ,��� ]1[ .����.��� ��� �!,�A2� �-� ��9�  ,H^A9

1g�!	 � �:��� ;<� =�
� ��HE 2 +�0 >9�  =�


F��] �T��2� =�
 �9 IHW����� �,H7�� ��� ��!f  � �

� �� �,�b���!�H ��� ���A9�  ,�/ ����� =�
]2 � 3[ .

^aE!	 .� � ��B �!�H ��� ���A9�  >9 >/ 	�� =�


� K� �Ho2�� K�p!	 �9��9�  ���j �,�b��� ,�H� =�


�� ^aE .,�!n!	 �-22/ ��� �� =�
 �H�1�;� �!��� 

� 6�c�� -2��9 3HZ
 �=�
 >9 �-� >K�g� �9 >/!G� 

��.�!.� K �! .� 	�, 	A0 �� =�
 9��  �	���V� >9

�S�� ���HE �� � K� �=�
 l�^V�� �9 >?9�V�� �� -2�, 

]4[^aE .!	 � �� �,�b��� �9 =�
!���  ,�� >2 � _ ?���

�� 	�� q!<� �n,H7c T^� � 	��  �,H���Hh9  >/

 -!7HE6 � BE!��� m! �  ,�-F �,6 , BE� �/�!- 

� H0 ,��� B9�/� -2/ ]5[� 6�c .!  � -2����!���  �,

� ��-V� �2/�� ����,�� ,� �/�!B9�/- ,���  H0

�� -2/ ]6� ,H0� .[B ^aE GD.��!	 �-22/ ���  �H�1�

 =�
 �Hs���!���  >9 	^�� �� ��VV<� �6�c �B�K� 

�0 +B ��� W�E T��2�!T  	�� �,�/]5[.  

�,� �E �E�b�21 )20139 (^aE >!	  X� =�


_�HE ���� -F �9 �Q�� 46  I�i ��H/ ��9�� �� �,�b��� �9

�c .-2�
�,�� B�c  G��b�� -3�, ��Am ��3 �6 �9  �12  ��

^aE 	A0!	  -�,�/ I�S��� =�
�, � �A�	  �� �,�b��� �9

���k ���c� ��� �9��9 	^�� �,��c _�HE� 7�/!��b!�  �

K 	���V����� �H<� 6E� � >9B ��!>R ��!-�-  >/

3HZ
 ���9��!G� ����V�� � K� ��� � �!��   >9 �� _�HE

�!��  A0HE ;9�j� �� ���/  -�,]7[����� � ,����� .3

2 

)2014( ,�9���/�
 � >��� ��� ��9 	!^aE � ����A9 �

� =�
 `D�
� �� t� �A�c .-�,H�� �,�b��� ��� ���9X 

,�9 ���/�
 � >��� �9� �9��9 	^�� >/ -�,�, ����� 

                                                
2

1- Yadu and Tripathi 
3

2- Prasad and Sharma 

7�/!��b!� � K�� � �!��  A0HE ;9�j �� !� >9 =�
 _�HE� 

�� ���/ -9� ]8[.  ��� �, ��VV<�2016�  �Ho2� >9

=�
 ����A9 _�HE ��� /�E �� �Q�!^� �� �� � ���9

,�9���/�
�  ,�, ���� f!V<E B� k��� .-�,H�� �,�b���

 �9 >/�,� K� /�E!T �B �,� K� �,� ���� -F�  u
�� �

�
!�� ���K 	���V� � ���/ �vw� G�H3 >9� �!  

� K�� �� -9� ]9[. ���+����� B!2s� ,�9���/�
 ���� 

����
�� >7�S� � 6�c�  ���9 	!^aE � ����A9 �Ho2� >9

��� ��� .-�,H�� �,�b���k >9  >/ ,�, ���� �-�c 	�,

 ��� � ,��c _�HExHZS�  	���V� � ���/ 6�


���K� �H<� 6E� �9��9 	^�� �� 7�/!��b!�  �,� K� �9

���/�
 ,�9�� ����
�� >7�S� � 6�c� � K�� �� -9� 

]10[. �-2��� ����,H� ��43 )2017(  ^aE >9!	  =�


_�HE X� Q�� ,�b��� �9,�9 ���/�
 �� ��  �9 y2� ,�n �

-3�, ��� 5 �10 �15 �20  �25  �A�c .-2�
�,���, 

V<E!G�V � >9 ,H
B ��!>R ��!-�- � K� �9 >/�  -3�,

���/�
 ,�9� �
 u
�� y2� ,�n �!��  ,��c _�HE �

���K 	���V� � ���/� >�H�� � K� ��� �� -9� �, .

�A�	� � >9 ���cB ��!>R ��!-�- �, >/ �,� K�� ���/�
 

,�9� � y2� ,�n �� -2��HE �0 ��H2� >9 +�2  T��2�

��9� ��� ^aE!	 �-22/ -�H� �,�b��� �� ]11[-A� .�  �

����.�� )2018( � ��!���  � 	!^aE ���9 ���9�� �

_�HE X� =�
 ����A9 Q�� ���F  �,�b��� [�9 G�b7H�

��� .-�,H��k �!�!B � ,�.?�� >/ ,H9 �,�, ����!���  �,

��HE G�ZS�� ,H^A9�  T��2� [�9 G�b7H� �9 X� =�


�!	� � �� �B !VV<� B� ��B ��9�  =�
 \H� B� ����A9

� >9 � -�,H�� �,�b��� ���9�� � ���!� T!/�E ��B ��!>R 

��!-�- ��HE G�ZS�� ���9�� �,� K� >/�  � X� =�


�
 u
��!�� �� ���/ �� -�, ]12[ .H � ��5

4 

)2019( ���� -F �9 X� =�
�  �� �,�b��� �9 �� [�9

/�E!^� ��H/ ���9�� ��  B�c ��-n�65  ��H/ ���9�� �

                                                
4

3- Indiramma and Sudharani 
5

4- Xu and Yi 
6

5- ground granulated blast furnace slag 



�2W �����!� ���!�S9 � �,��  69  
  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������� �  !�� 1399 

>jD� ��76 �c .-�,H�� 	!^aE /�E ��!G�^ E��b��� � ��B  �,

 	^�� �9 ��20  �30 ��� -3�,�  � >K�g� 6�
 =�
 >9

���� �, ��� 14 �28 �56  �112 ;�� ����  .-�,H�� ���c

�� �,�� �!  >�H�� B� � ��� >�H�� �9 ��� ^aE!	  �9 �-�20 

 �30 � -3�,!��� �V�>� ��� �� �,�b��� �9 .-�,H��k  >9

���c �� �-�c 	�,� ���K 	���V�� 6E �H<���  >�H��

^aE!	 B�c ��H/ ���9�� 	^�� �9 �-� ��-n�  ��H/ >9

� >jD�� 1:9 �30 ��� -3�,�  ��H2� >9 6�
 =�


� >2!A9 T!/�E2s�� .-� I�S��!B �B �V� �, >�H��>� 

>�H�� �9 ��� ^aE!	 � �9 �-�!��� �!  T��2� ,�.?�� �E� 

	��, ]13[ .��� �, ��VV<� 2019� ���/�
 �� ,�9�� 

/�E � 6�c!^� � ��B ^aE ���9 �,!	  �9 X� =�


�
!�� ) [�9CH��� .-�,H�� �,�b��� (k  �� �-�c 	�, >9

���c� ��  >/ ,�, ��������-F�� �
-F!��� �u
� 

�
!�� ���K 	���V� � ���/ ,��c _�HE u
�� �� 

>�H�� � K� ��� �� -9� ]14[�� ._�A�8

7 ����.�� ��  >9

^aE!	  �9 X� =�
��!�
 G�!3HZ
  �� �,�b��� �9 [�9

f!V<E B� �, .-2�
�,�� B�c I�i ��H/ ���9���  �9 ���9��

��-3�,� 10  �E50  6�
 =�
 �9 -3�,�0 +B  .-�

���k  =�
 >9 ���9�� �,� K� >/ ,�, ���� f!V<E B�

���� -F ���/ z��9� � K� �� ���K 	���V��  =�


�H�� >9 	^��{ ^aE!	 �� �-�� ,H� ]15[� .!�2  �

����.�� )2019( ^aE >9!	  �9 X� =�
 G�!3HZ


��!�
  [�99 e-� �9> ��H2� >9 ��!n��/ ������ ���9� 

�c .-2�
�,�� /�E �9 �� =�
 ��!^�  � ���9�� ��

,�9���/�
� )20 ,�9���/�
 -3�,� ��H2� >9  � �2^�

 �,H�� >K�g� ���9���9 ��-3�,� ���� 0 �10 �20  �30 

=�
 >9-�,H�� 	!^aE (��� .k 	�, >9  >/ ,�, ���� �-�c

^aE >�H��!	  �9 �-�20 ���/�
 -3�, ,�9�  �, ���9�� �

;�� ��b� ��� ��c� � K�� FD� ;9�j>o ��  	^�� �,

�9��9� 7�/!��b!� A9 >�H�� � 	�� �,�, ���� ,H
 ��!>2 

                                                
7

6- Ladle furnace basic slag 
8

7- Preetham 

� �, .	��B -� �-���� >�H�� �
 u
�� >/!�� 

 �� � >���, ���/59/24  >957/4  ���/>�K� 	�� 

]16[ .���+����� �� �9�  G[HZ<� �� ,-R� �,�b���

��K� � �Ho2� B� ���9 � -2�
�,�� >17�h� >9� � ���9�

>9 ^aE ��H2�!	 �-22/ ��9� 	!^aE [ X� =�
� ��, 

�c .-�,�/ �,�b��� ;�� ���� �� ��c�  ��0 �7 �28  �56 

��, � ���� ;�� ��c� � ��!  ��,� � .-2�K�n �o� �, |�E

 ��-V� �9 ���9��0 �12  �24 ��� -3�,�  >9 6�
 =�


^aE ,�H� =�
!	  >/ ,�, ���� f!V<E B� .-� >K�g�

K�g�� �,�/ >B �,� K� \H�� � K� �9 ��D�� 200 

-3�,�  G[HZ<� �� �,�b��� ��n-, �� =�
 	���V�

^��0� � �o� �� �� H� �,�Z�j� �o� �� ��	� <�!h� 

>!0HE �Q� 	�� ]17[���m .9

8 ����.�� � )2021(  ����

�
 	!^aE >/ -�,�,=  �9 X� =�
 ��H�) ���/ 6?9

��!�
 G�!3HZ
 �� �9 ([�9,�9���/�
 �� �,�b��  ��D�

>
�m �9��9 �, _��, �=�
 ����K 	���V� ,H^A9 �9 ��� 

�� ,H^A9 �� �-� �E � 6�
  -3�, f!V<E B� �, .-�,

 �9 �9��9 �,�9 ���/�
 >2!A930 -,�n B!!1E -3�, ]18[.  

e-� f!V<E B� _�R�� ���  �����K 	���V� �9����

!^aE X� =�
 	�.� ���/ � y�� ��-� >� �9 �-� 	

 �,�9 ���/�
 �B�c I�i ��H/ ���9�� ;��� ��,� K� \H�

 ��� �9 ��,� K� >� B� ,�.?�� >��V� � 	!�HE�, �

>��Qn G�V!V<E �, .	�� X� =�
 �����V� ����������� 

 	!^aE X� =�
 ����K 	���V� B!!1E �9 �?3� -!/}E

��,� K� �9 �-�  ���/�
 � B�c I�i ��H/ ���9�� ���

�9 ��-� xHZ
 �, ���-2m G�17�h� � 	�� �,H9 �,

 �, B� �9 �-� 	!^aE X� =�
 	�.� ���/ � y��

 f!V<E B� �, B� �9 ��D� .	�� �-�� _�R�� ��,� K� \H�

 ���9  !� 	!�HE�, ��,� K� ��	!^aE  X� =�
 �9

[�9 ��!�
 G�!3HZ
  �, >/ 	�� �-� �,�b���

j >0HE ,�H� ���/ >��Qn G�V!V<E.	�� >�K�n ���  

                                                
9

8- Chethan 



70  ��� ���9 �����V� G�ZS�� �[�9 ��!�
 G�!3HZ
 �9 ^aE!	 �-�  

 

����� 	
���� ��� ������ ���   ����� ���� ���2 ������� �  !�� 1399 

2- $!� ! ��%� 	'  

2 -1- (	)  

� �,B V<E!f  �9 X� =�
 �� G�3HZ
�
!�� 

 0 >/ [�9� =�
 ��� >?@��  .	�� �-� �,�b��� �	�� ��,

�B =�
 ��+2� ��� � ���j 	9H]� l�1� �, >/� n!-�� 

� K� � �-� `��^�� ��m, 	9H]� IQ0 �9�  �RF

�� -2�,� �9 ��� �� .B � K�� �RF  ,H
 	���V� =�


� >9 ��!��  +��m!�� � 	�, ��� -�,2s�� .!B ����� 

 	9H]� � �-� 6�
 =�
 >/ �� ,H
� 	�, ��� -�, 

=�E ��m, n,�H
� �� ,H� � >/B =�E  n,�H
� ��  z��9

K�p ���/!	 �9��9� � =�
� ,H�� .B  �� =�


9!��9� ��� � �A� e��]�!��0�  ����/ ����� �, ~j��

AE!> ,�n-;.� �, . 1� HZE�  =�
 >9 `H9�� ;.� �, �

2 >��, ��,H��  !� 	�� �-� �,�, ���� =�
 �-29 �, .

 ��-01�  �-� �,�, X� =�
 �.!2.EH�: G�ZS��

 ��-0 .	��2  ����c �� ;3�F ��Z2� ;!?<E k���
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 �!�?/ -!�/�)CaO(  39/8  72/30  4/0  3/2  
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;.� 6- �H<� 6E ����K 	���V� ��+��,�  

2 -7- <�� �%7= ! �	�� >1)	� $!� �!+�  

��9� >�H�� 	
�� ��� =�
 �-�9� 6�
 �,� K� �� 

 �o� ,�H� ���-3�, �9)10 �20  �30  >9 	^�� -3�,

 G-� >9 ���9 (=�
 6�
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2��K � ,H� �S� 	
�H2. G�H3 >9 =�
 -

 .,H� _�R�� B+�� G�H3 >9 >�H�� ;/ �, �H!��E��-!�

t��  >9�� !� A9 	9H]�!>2  >9`H?S� -� >K�g� Ic  �

 	9H]� �E -� �,� �� `H?S�	
�H2. �H] >9  �7�Z� �,

 �� t� .,H� �S�	
�H2. �� � `H?S� �-�!�- 

]�	9H >�H�� �=�
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>�H�� xHZS� ���  .,H� �/��E ����c �� ;3�F ���

>�H�� 	
�� �� -19 9 � ��!���  >?3�KD9 �T7�j �� �,��c
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-�-� �,�, ���j T��2� �H?�� �� �E ��� ;�� ���� ��c �

)7 �28  �90 (��� ���-A+� q��� B� 	<E  �, .-�-�

���� ;�� ���� ��c�� H��>� ��  �� -19 >?3�KD9���
  �-�

�Hb?� ;
�, �� � ��-9 ��>.2 �9H]��  ,�H� -2�, 	�, ��

���c� �K�n ���j-2 ��� �k �c >9 `H9�� .-� 	^v ��  >9

 >�H�� �,�-<� ,�-1E  0>�H�� ��� ����.E �, �9  6 �9 ��

 f!V<E B� �, �-� _�R�� ����9 � -�-� >�
�� ���.E

 xHZ
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e�3 ;9�j � �/ ��!�9 ��H<� 6E ����K 	���V�  �o�

B!2s�� .	�� ;�� ���,  >�K�n �o� �, |�E� ���, ���c

.-� 

3 - ?#	�= @7� !  

3 -1- �� A����B2 ��! �C���D ! ���E� 1�%F� �G

(	) 89) H%I��  

-3�, ���9 �/��E ����c >9 `H9�� k���  ���

�� 6 �� �?�S� ��,� K� ;.� �, 6�
 =�
 � ��  7 

.	�� �-� �,�, ����  ;.� �, >/ >�H+����7 -�7� 

�� >oFD� A9 	9H]� =�
 >9 ���9�� �,� K� �9 �,H�!>2 
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� =�
 6�
 xHZS� ���!   ��675/ 1  �9 _�n

����!���T1.�  >9651/1  �E656/1  �9 _�n

����!���T1.� � K�� >�K� � >/ 	��B ���k ��� �9k 

V<E �� ;3�F!f ����.�� � �^?�  �9 >/���  �9 X� =�


�
!�� ,��, 	V9�h� ,H9 >�K�n _�R�� [�9 ]20[ �,� K� .

���/�
 ,�9�  ;.�)7-I� K� z��9 (�  �� 	9H]�5/22 

 >9 -3�,8/22  �E5/23 ��� >9 -3�,� -3�,  �?�S� ���

�,� K��  �E >/ 	�� �-�!!G�� �,��  .	�� >���-�

2s��!B � =�
 6�
 xHZS� ��� �a/�-F!   �,

 �,�-<�605/1  �E632/1 ���� �9 _�n!���T1.�  �,

�E ����9 >/ �,H9 ���H�!!G�� >9 	^�� ^aE =�
!	 

+��m �-��!� B!VV<� .	�� �,H^� ��+,  B!2m  !�
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);.� 7-� �� �� =�
 	9H]� �(5/22 >9 24  �E26  -3�,
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�9�� �,�, ���� 	!�HE�, � �,�9 ���/�
 �B�c I�i ��

��� �, >/ >�H+���� .	�� �-�k ,�- �� ,H� �E!!G�� 

 ��-�y�� -���� �E �9 >9���!!G�� ���K 	���V�� .,��, 

V��� >h9���!  ,�H� �, y�� ��-� � ����K 	���V� B!9

=�
 ���  !� B!VV<� ��� q�HE �-� 	!^aE  C�� n

 	�� �-�]24  �25[. 	V!VF �,� � K� �9�  -3�,

 �� ���9��5 >9 10 -3�,� � K� y�� ��-�� >�K�  	��

�9 � � K��  �� ���9�� -3�,10  >920  �30 -3�,  ��-�
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 y�� ���/>�K� ^aE �, .	��!	 �� >9!?{ ,�9���/�
� 

, ��HE�!	 �!  � K� �9� �,� K� -3�,� ���K 	���V��  �

 ��-�y�� �!>��H F �,� K� ��� �� ��9-.  

    
(�7�)  (I)  

  
(�)  

 ;.�8 -  �9 �-� 	!^aE =�
 ����K 	���V� (�7�)���9�� (I) ��,�9 ���/�
 	!�HE�, (�) �  

    
(�7�)  (I)  

  
(�)  

 ;.�9 - ) y�� ��-�E50 �9 �-� 	!^aE =�
 ( (�7�)B�c I�i ��H/ ���9��	!�HE�, (�) � �,�9 ���/�
 (I) �  

9 �,!B ^aE!	 �-22/ ���  B� �, �-� �,�b���

 ��H/ ���9��) f!V<E,�9���/�
 �B�c I�i�  �

,�HE�!	���9�� �(� 9!���B � K��  >9 	^�� �� ��-�

��� ^aE!	 �-22/ ^aE >�H�� .	�� >���, ��!	  �9 �-�10 
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;�� �, ���9�� -3�, ��c�90 A9 >�H�� >/ ����!>2 	��� 

^aE >�H�� >9 	^�� >����HE!	  �-��88/11 � K� �9��9� 

A9 >�H�� .	�� >���, ��-�!>2 
���/� ,�9�  >�H�� >/

^aE!	  �9 �-�30 ,�9���/�
 -3�,�  ��� �, 	��90 

;�� ��c� >�H�� >9 	^�� ^aE!	  	�� >����HE �-��

� K�� 7�-��  �9 �9��922/3 , �, .-��9 >���,�HE�!	 �!  

^aE >�H��!	  �9 �-�30 , -3�,�HE�!	 A9 >�H�� >/!>2 

 ��� �, 	��90 ;�� ��c� � K� >/ 	���HE7�-� �� 

 �9 �9��901/5 .-2/ 	^v  

3 -4 - 1/LM �N7O 5=��  

;.� �,  10� ���k ���E 	�.� ���/ >9 `H9��� 

>�H�� ��� ^aE!	 >�H�� .	�� �-� �,�, ���� �-� ��� 

^aE!	  >9 	^�� B�c I�i ��H/ ���9�� �� �,�b��� �9 �-�

>�H�� ��� ^aE!	 , �9 �-��HE�!	 ,�9���/�
 ��  ���/

�� 	�.� >o<7!B �E� �,�/ 	^v � >/ -��B  \HgH�

9!�� �n 	S� n-�� 9!��� ^aE >9 	^�� ���9��!	 

�-22/ ��� ,�+ e�h1�� ���/ �  �-� 	!^aE =�
 ��Q�

^aE >�H�� .	��!	  �9 �-�10 �� ���9�� -3�,!B �EB 

�!��  9 � ���/!���B S�n-� 	� �� >9 	^�� ��� 

>�H�� ��� ^aE!	 2s�� .,��, �-�!B ���E� >�H�� ��� 

^aE!	 �H�� >9 	^�� �-�> ^aE!	  >o<7 ���/ �-��

���/ 	�.�� ��� .-���,k  �9 	�.� ���/ >9 `H9��

���k ���K 	���V� >9 `H9���  ��-� �y��  t.� >h9��

>�Hn >9 �-���, �� � K� �9 >/� ����K 	���V�  ��-� �

y�� � ��o���� �,�� >�H�� 	S� ��  >o<7 ���/ � �-� �E

>�H�� 	�.�  ���/ ��-9���� .k  >9	�, � �, �-�cB 

�� �S9!B -ZE �� ���f � ���� � �,�/� -2�, ���E� 

>�H�� ��� ^aE!	 ^aE >�H�� >9 	^�� �-�!	  >9 �-��

�!��  A0HE ;9�j�  �� 	�.� >o<7 ���/ �, ���/

/ >9�RE�,� ^aE >�H�� �, .-��!	  �9 �-�10  ���9�� -3�,

� >9 	�.� >o<7 ���/!��  97/2 .	�� >���, ���/  

    
(�7�)  (I)  

  
(�)  

 ;.�10 - >�H�� 	�.� >o<7 ���/  �9 �-� 	!^aE ��� (�7�)B�c I�i ��H/ ���9��	!�HE�, (�) � �,�9 ���/�
 (I) �  

4- �P��= ����  

���c X��� �9� ��� ��_�R ~�0 �-� �-29 ?<E �!; 

���k � d�� >9� �� -��9:  

1- ���c� XRF ���, �K�Z� ���9�� >/ ,�, ����� 

,�V�� [�9� �/�!- �?/!�� � -!�/�!?!t  �

�H7c -!�/�!�!2 � z��9 >/ 	��� ,H�  >9 ���9��
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6 ��9 T��2� ���9� �2/�� _�R�� ��� 

�[��H�� -^E; � ,H�B ���c� ��9� ��/�
� 

,�9� , ��HE�!	 � >/ ,�, ����B ���, �,�� �,� 

[�9 -3�,� � -!�/�!?!t  -!�/� ��� �-2���

�?/!� �H7c �!�!2 ���/� .-���,  

2- ���/�
 �,�/ >K�g� ,�9� v}E 	���H�� =�
 >9!� 

�,�� �� �9� A9 	9H]�!>2  xHZS� ��� �

 �,� K� >/ �7�F �, �-��9 >���, =�
 6�


I�i ��H/ ���9�� �E ,H0� �9 =�
 >9 B�c!!G�� 

A9 	9H]� �/!>2  �� =�
 6�
 xHZS� ���

� >9!��  A0HE ;9�j� � K��  �� � ,�,615/1  >9

 ,�-F655/1 -����, �,�/ >K�g� .�HE�!	  >9

-3�, �, =�
 ���  G��b��10 �20  �30 

�!>��H � K� �9� �,� K� -3�,� A9 	9H]�!>2  ��

5/22  >926 HZS� ��� � -3�,� 6�
 x!   ��

615/1  >9549/1  ���/	K�.  

3- >�H�� ��� ^aE!	 �-� � K� -2����HE ���9�� �9� 

^��2� 	���V�� ^aE >�H�� .-2��9 >���,!	 �-� 

 �910 ;�� ���� >� �, ���9�� -3�, ��c� 7 �28 

 �90 �E[�9 	���HE ����B 	���V�  T�/ �� ��

>9 � -2/ A9 >�H�� ��H2�!>2  	���V� �916/2 

.,H� I�S��� ��.����+�  >9 	^�� >�H�� B�

 �-�� 	!^aE >�H��392  	���V� �� K� -3�,

.	��, >�H�� ��� ^aE!	  �9 �-�30  -3�,

,�9 ���/�
�  �30  -3�,,�HE�!	 �!   ��H2� >9

>�H�� >9 T!E�E >9 ��,� K� �, B� >2!A9 ��� 

����K 	���V�  �9 �9��99/0  �03/1  ��+����+�

�-!�� >�H�� >9 	^�� T!E�E >9 _�-/�� >/ -

 �-�� 	!^aE63  �88  	���V� �� K� -3�,

.-�,�, ����  

4- V��� 	^�� y�� ��-�!� ���K 	���V� �9� 

6E �H<�� ���� � ,��, ���K 	���V� >/ �H]� 

6E �H<�� � K� �9� �,� K� -3�,�  ���� �

;�� ��c� � K��  >�K�  ��-� �	��y�� �!   �9

� K�� �,� K� -3�,� � K��  >�K�  .	��

>�H�� ��� ^aE!	  �9 �-�10  ���9�� -3�,30 

�,-3 ���/�
 9,��  �30 , -3�,�HE�!	 �!   >9

>�H�� ��H2� ��� A9!>2 �E[�9B ��-� ��� y�� 

-�,�, x�Z�
� ,H
 >9 ��  >9 	^�� � >�H��

 T!E�E >9 �-�� 	!^aE88/11 �22/3  �01/5 

-� �� K� �9��9-�,�/ >9�RE �� ��.  

5- ���/�
 ���9�� �-� >K�g� �9 >/ -� >�FD� 

,�9� , ��HE�!	 � K� �9 ��� ���  	���V�

� 	�.� >o<7 ���/!  +��m ���/!�� 

� � 	�� >���,B �21� >9� 	S�  � �-� �E

^aE!	 >�H�� �-� E >�H�� .	�� ��a^!	  �9 �-�

A9 ���9��!>2 �EB �� >9 	^�� >/ 	�� >�H�� >�H

^aE!	  �-��97/2 �9��9  �,�, 	���V� ���/

	��^aE >�H�� .!	  �9 �-�30 , -3�,�HE�!	 

 �967/2 ^aE >�H�� �!	  �9 �-�30 ,�9���/�
� 

�!   �993/1  	�.� >o<7 �, ���/ ���/ �9��9

�0 �,��+ ��� -19� � ���j� n!-��.  
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 ��4 =9 |3�`� M�!<5`
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H g�6�� �=�@�����=��. � j5`8� ��� �RH RFL ��� -

=�5�� � 	
�� E�� � �/+� |3�`� �*+9 =�
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 Y-� �. .	�� �*�1 � =3�T� g�6�� *��� g��G�.5X@ �

����H .	�� �*� =a��� ��  

2 -1- �*�+,�� *�-� ./�0�  

 Y���� .�� }�� =9 �.�O��� .�5� 	!35a� � 	!�5�+9

=��. ����. � �.59 *!O� =9+9��  � �* .*+��9  Y-� �.2 
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 ��*L1 	�� �*� =a��� .dN�
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 �/+� |3�`� � �*+]�u .�5� =9 RH 	]�� � =�
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 Y-�1 - ����H g��G�.5X@  

 
                                                	!�5�+9 =�5�� (W3�)            )	!35a� =�5�� (R  

Y-� 2 - 	!35a� � 	!�5�+9 =�5��  

 ��*L1- ��[��5� .�5� � ���!� M�`8��  

 �3�/u)g/cm3(  
���!�  	!�5�+9  	!35a�  

2/3  8/1  5/1 

 ��!�!� M�]!4�7(%)  

SiO2  11/21  8/69  28/69  

Al 2O3 42/4  88/11  43/10  

Fe2O3  96/3  73/1  49/0  

CaO  36/63  96/0  56/3  

MgO  51/1  42/1  5/0  

Na2O  32/0  5/0  73/0  

K2O  51/0  47/0  27/1  

TiO2  - 1/0  166/0 

P2O5  - -  004/0 

SO3  - -  005/0 

LOI  02/2 -  97/12 

*!�� �. �5XJ��� �*��� �h�9  32/0 -  -  

.��H 2�H  23/1 -  -  

C3S 0/53  -  -  

C2S  8/20 -  -  

C3A  0/5  -  -  
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�� ����H g�6�� � �� WX�8� ��� r9�U�

 .��*�����ASTM =��. .	�� �*� g�6�� 9 |3�`� �*+
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 s����9 (=���) =��. � �/+� |3�`� RH RFL �

ASTM-C128  	��. �/+� |3�`� j5`8� ��� �

 s����9 (:�) =��.ASTM-C127 �	�� �*� g�6� 

]25 -27[.����H i��� �� ��� g�6 ��*L �. �*�2 � 

=��. ��.5��  Y-� �. =��� �*+94 	�� �*� �.�. ����.  

  
  

=�5�� (W3�)�*� =�
�� ���   �� t� =�5�� (R)24 �*� ���
 Z3�h �� 	���  

  
=�@�G ���h ����@ 	���T� ����H 	J7 =�5�� (�)  

 Y-�3 - =�5�� ��� �*� =�
��  

 ��*L2-  M�`8��=��. � �/+� |3�`�  

M�`8��  =���  :�  

) RH RFL٪(  5/2%  1%  

) j5`8� ���kg/m3(  1950  2100  
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=�5�� =��5��� ���  .��*����� s����9 ��ASTMC496-

71 	�� �*� g�6�� ]28[ � ����@ 	���T� ����H .
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=�5�� �� *;9 �*� =�
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 Z3�h �� 	���

 ���. �. RH =mS5^ �. 	�7 g�6�� ���� �723  =L�.

����� 	�� =�@�G ���h .��G=�5�� RH RFL ����H . ��

 s����9ASTM-C642  g�6�� ���9 .	�� �*� g�6��

=�5�� RH RFL ����H��
 RH �� =�5�� ��� �H |U� � �

 �H 2�
 |U� �9 q�]�� ��� � �*� 2�
 I!J� �.

���*��) =��8��G �. tv� ��*� ��!Goven � �.�. ���h (

 	�FG �� *;924  ��.*6� �H 2�
 ��� 	���

���*�� .	�� �*� ��!G ����9 ���9 ����4  �d5X8�

 ~�N�� ����H .��*����� s����9ASTM-C143  g�6��

	�� �*� ]29[�!� :!+m�� . �/�8!�G ��*� �+!9

=�5�� .��*����� �. �*� =a��� =U9�� r9�U� ��ACI318-

14  .	�� �*�H 	�. =9  

2 -3- 6-�7� 8�9  

=�5�� d5X8� b�c � ���� E�� �� �.�O��� �9 ��

 .��*����� s����9ACI211  ��*L �. =4 �*� g�6��3 

.	�� �*� =a���  M�;3�U� �. 	!�5�+9 �� �.�O��� *<�.

 �� ���4 �:!�!� WX�8�10  .�*^) *<�.3  �3�6  (*<�.

��  *��9]15  �20[.  � .�-X�� ����9 	,L =9

 ���*<�. �9 	!35a� � 	!�5�+9 ���^ :�9 M�!<5`


 	!�5�+9 �+ /�L *<�. ����!9 	!35a� � ���9 �.5 

 �3� *<�.20 *<�.� *� =�@�G �V� �. .	�� � ����

=�5�� 	
��  :!9 ��5  �76  =T!h.��*��9  �� @� �9 =4

�� ���!9 	
�� ���� 	!�5�+9 *<�. .5� . 

��*L 3- ��,� dN�
� b�c 

d5X8� b�c g�� 
�X<� �*+�. Y!-�7 .�5�  ��[��5� �.��   =9 RH 	]��

�*+]�u .�5�  

 �.�O��� *<�.

(%) 	!�5�+9 ��  

*<�.  �.�O���

(%) 	!35a� ��  
���!�  RH  =���  	!35a�  	!�5�+9  

CM  250 5/187  5/1862  -  -  75/0  -  -  

ZBC-1  5/237  5/187  5/1862  �O<  5/12  75/0  5  �O<  

ZBC-2 225 5/187  5/1862  �O< 25 75/0  10  �O<  

ZBC-3 5/212 5/187  5/1862  �O< 5/37 75/0  15  �O<  

ZBC-4 200 5/187  5/1862  �O< 50 75/0  20  �O<  

ZBC-5 5/237 5/187  5/1862  5/12 �O< 75/0  �O<  5  
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ZBC-12 200  5/187  5/1862  25  25  75/0  10  10  
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3- Adaptive neuro fuzzy inference system 
5

4- Neural network   
6

5- Random forest algorithm  
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8- Gray wolf optimizer algorithm  
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9- Election algorithm  
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10- Discharge coefficient 
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 �5 �cJ �@ �@��@  ��� \�5 	��_Z A9,� A@ AB/55 

�0!� �	�� �+� A�?�1 �F� �7 ���  l��� ��� �@ ��+H� E�

 .7��+� ��!Uu5�� X9� �7 E!,a4- ��  ���� e���

.	�� �+� �7�7 ���� �7+� �+� �7 �+� �����  

�+� ��+,� ]�^_��+� � ���6����3 ��� �7

��+B �7 �7�c��� 7�/� ���1  �2 .	�� �+� Ar���  

A@�/F,� ���/6:� 2/0D� ����> ���GWO  �

EA�[� � � ���@ ����D
 A@ 	�7 �7��3 E��-@ ��+H� 

���@ �� �������  E� A> +� .�R����+B �7 ��������� 3 
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(m:�)  (2)  

  
(�)  

 X9�4 -  (m:�)�7+� �+� �7 ��W ��+,� �7�+`� (2) � ��� �f0f� ���H,� �T��W �+� �7 .�� �� ?� Gambit  (�) � ���� e���

 �+� �7 �+� �����  

 ��+B1- �+� ��+,� ]�^_�� ���6����3 ���  

 A���(AB�7)   ��� d�c5��(���) @ ��@3 �(���)  �@7(A!��U �@ Y[9����) 

30  10/0  2/0-03/0  0125/0-0020/0  

60  10/0  2/0-03/0  0120/0-0021/0  

90  10/0  2/0-03/0  0121/0-0015/0  

120  10/0  2/0-03/0  0124/0-0021/0  

150  10/0  2/0-03/0  0113/0-0012/0  

180  10/0  2/0-03/0  0109/0-0022/0  

 ��+B2- �+� ��+,� ]�^_�� �7+� ���  

 A���(AB�7)   ��� d�c5��(���)  ��@@3 �(���)  �@7(A!��U �@ Y[9����) 

30  10/0  2/0-03/0  0120/0-0015/0  

60  10/0  2/0-03/0  0152/0-0017/0  

90  10/0  2/0-03/0  0117/0-0013/0  

120  10/0  2/0-03/0  0116/0-0017/0  

150  10/0  2/0-03/0  0108/0-0010/0  

180  10/0  2/0-03/0  0102/0-0016/0  

  

 �>x A@ .�G ���+B E� �7 \�+,� 7�+�� 	��

�@�+� 2�_��� �@�R5 l��� o��� � A> ]�/J E+@ .+�

���/6:� �@ �� ��B� 	![�B ���+�� m0�_� �7�H� o���

�!@ ����> A> �7�/� �� �7 � �+� �+�7�> Y�> ���

A@  .	�� �+� A�?�1 �F� �7 ������� �3 Y��,� ��+H� ��/,�  
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 ��� ����� E� ��6,> �� �f0f� ���H,� �@7 �@  � ��

 .	?�1 ���s ����@ 7�/� �m0�_� op� A��� �� �7

�7�7 ����5 ��+�@� 7/B/� ��� )120 n@�D� �(�7�7 AD@�� 

)19(  +�+� ����7��+�����]23[ . �?�[� �� v�

������� A,!-@ �7�H� E�?� � �7��� ������
�� �UV� ���

���/6:�A@ � (A,!-@ ���
��) �� ��>�3 ��!1� �7 ���+ � ��
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17- Determination Coefficient  

�� E!,a P�/�3 �� v� �+���� \��_��� �+� @� o���

70 +J�7 �7�7�� )84 (�7�7� �� �+� ��� �+� A�
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A@ �:���>  g��5/0 A!4� � �T��W ���  .+7�1 ����

A4:  ��� A@ �F� 7�/�  !5 @7 �����  7�/� m0�_� ���

	?�1 ���s A[:�D�  X9�)5( .  

  

 X9�5 - �S� �+� ��� A�
��  �+�  

.�� 7�90�� �� ��,!�W� �/^T �� +[@  � �� ?�

P�� A@ ���  �+� A�?�1 ��>.�� �7 r/0? �� ?�,	� @ �T��W A

�+� ���H,�  ��� ���  �f0f�.+� A�
�7�� �v=�  l���

�7�7 �@ �7+� �+� �� XJ�T 7�/� ���6����3 ���

 X9�) 	?�1 ���s A��H�6 .( �X9� E� A@ AB/5 �@ Y�Z

 �> �@3 �����@ �7 �@7)H/P<0.35(�  �7/[J +���

 � A���7v=� ��+H� �3 �4�H5 A@ ; +T  	@�U)47/0 (

�� .+��  

�+� ��!� ��A!4� ��� �� �7�c��� �@ �+� ����

.�� 	,r/0? �� ?� A��� �@  ��� �op� 60 � AB�7  �/W1 

��� ��/,� A@  ��� A,!-@  X9�) +� 2�_���7 .(G7 X

�� ��  ��� E� 2�_��� ��/5,� A�/6��7 ��!@	:  

A�� �7 A9,� A@ AB/5 �@ (m:� �+�7�/� ���  �����@

A@ 23 ���B P �  ��� ��� �� 7��3 ]�/J

��/B� �s�w��� ���B � +@��� �7��+� 7 E!,a

,� A@ AB/5 �@ ���H,� ��� ��� A9 �f0f� � B

�� 2/�`� 7��3 �� � ��� ��� �/�+ �7 �

 AR!��@ �7�H� A@ �F�A  Y��Z ���@ �+�3 	�7
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 ��@7�+� E!@ �7 E� �7 ����@ 7�/� ���

`5 op� A��� �@  ��� n!H60  �/W �AB�71 

 � ���L/W=2 )L  �  ��� �/WW  d�c5��

( ��� A@ .+7�1 2�_��� A,!-@  ��� ��/,�  

A!0> �7 (2 ����@ ��� �@ A�?� .�R�� ���

��6,> ��� ��� ���H,� �� �f0f�A��� �@ ���

���@ E�?� I+� �m0�_� op� ]��!!w5 �� ��

A@ �@7 Y�Z��� �H/P �7 A> 7/@ m0�_� ���

 .+,> �W �� ��@�U +��� �@7 Y�Z ���@ �3  

  

 X9�6- ��6,>  ��� �@7 Y�Z ]��!!w5 A��H�A@ �f0f� ���H,� ���7�H� ���� 
�

�
  ���@ m0�_�30° � θ � 90°   

  

 X9�7 -  ��� A,!-@ �@ ���3 �����  ��� ���@ ���B �7 

 ����>  

v� �� 2�_��� A,!-@ E�5  ��� � 7��3�@ A@ �

A,!-@  �� �7�c��� �@ �� ��� d/� E� �7 �@7 Y�Z ����

���/6:� ���GWO � EA  .+� A�
�7��  

 X9� �78 ���7/�� ]��!!w5 Y�Z �@7 

 �+� 7��3�@ � ���6����3 �� �7�c��� �@���/6:� ���

GWO � EA  .	�� �+� A��H�@ � A@ AB/5 E�X9� 

z_�� ��7/� A> Y�Z �@7  ��� ��6,>�� ��H,� �

�f0f� �@ ���/6:� �� �7�c���  ���GWO � EA 	s7 �@ 

�G�@ 7��3�@ �+� � �@/
 �6��4�� � ~�4D�� �@ �7�7��� 

���6����3 .7��7 �� ���/6:� �l��� A@ AB/5 �@ E!,a

GWO  ���/6:� �@ A��H� �7EA �7 7��3�@ Y�Z �@7 

 ��� ��6,>�� ���H,�  �f0f�7�90�� � ����> �4��,� 

�� 7/
 ���� ��+�7. �@ A��H� l��� @A7	� �+�3 e�/5 

��7t� .+H� � ��c[B E��+�� A> Y��Z �7�+`� ���B 

�� ���@ ��� ��� �1� 6� AH���x�� �@��@ )7/0 -4/0 �(

�/��>��>  �@��@)55/0-25/0( /������� � ) �@ �@��@55/0 -

15/0A@ ( 	�7 +�7��3�� z_�� � A> 7/� XJ�T l���

 ���/6:� ��GWO  �@��@ �+� 7��3�@ �@7 Y�Z �7�H� �@)

) �@7/0-35/0	�� ��7�/
�@ �@/0D� ����> �� �( ]24-

26[.  

 �7�H� A,!�> � E!6��!� ��![� I��`�� �I+� b@�5

����� �7 ��+� 2�/B �@ �����B� 7�+[5 � �+� ����10 

���/6:� ���@ A����@ ���B� ��@���  � �7�c��� 7�/�

 E!,q��Y�Z ���B �@7 ���,�� �@ �3 A@��/,� 

���B A,!-@ �@7 Y�Z  ��+B �74.	�� �+� Ar��� � 

���� l��� �7 �� �� �7�c��� �@ A> 	�� �3 �+,�7

 ���/6:�GWO � EA  A0L�� ���@ Y��,� �@�/B

A@  ���/6:� �� XJ�T l��� �:� �	�� �+�3 	�7GWO 

 �@ A,!�>I+� b@�5 5-10×26/6 A@ ���6�� .+� X!:7

2/0D� ����/6:� .�6,-@�� � b��A@ �@ � 	�� �5 ��!1��>
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 ���/6:�GWO �@ A��H� �7 I+� b@�5 ��+H� �f>�+T �

 ���/6:�EA �18/3 �� ���> +J�7.+@�  ��� E� X!:7

A���1 ���@ �/W A> 	�� �3 �7 �!�^5 �!w�� �+� ����

 ���/6:�GWO  ��+� 2�/B �@ �����B� 7�+[5  !� �

 ����5 �7 2�/B �/^T)10 �!@ (A����@ ���B�  ��

 ���/6:�EA ��.+��@  

  

 X9�8 - A��H� Y�Z �@7 ���6����3 � 7��3�@ �+�  �� �7�c��� �@���/6:� ���GWO  �EA 

 ��+B4-  ���@ I+� b@�5 Xs�+T � E!6��!� �7�H�10 ���/6:� �� �7�c��� �@ A����@ ���B� ��@ ���GWO  �EA  

���/6:�  
I+� b@�5 �7�H�  

����� ��![� I��`�� �+� ����  ��+� ���B� 7�+[5  A,!-@ �@7 Y�Z  
Xs�+T  E!6��!�  

GWO 
5-10×26/6 5-10×30/6  0006/0  10  44/0  

EA 
5-10×31/6 5-10×50/6  018/0  8  5/0  

  

�����9�� � ��+!T   !��@7 Y�Z ���B 

��� ��� �1� 6� AH���x�� �@ �� �7�c��� �� ���/6:� 

+,��/�  +�45 �R�+5)SA(� A,!-@ 2�/B ��+H� � ����

 �@ �@��@ �� A0L�� A,!-@3-10×3/1 A@  �7 A> +���3 	�7

 ���/6:� A,!-@ l��� �@ A��H�GWO �19  ���> +J�7

 ���/6:� �� XJ�T l��� �7/@ A,!-@ �6��!@ A> 	�� A���7

GWO  l��� �@ A��H� �7 ���/6:�SA A,!-@ �7 ����

��6,> ��� ��� �7 ���B �@7 Y�Z �7�H� ��	�� 

]27[ ��+B �7 .5 7��3�@ 	s7 �@���� ��+� 7��3�@ �7 ��

��6,>  ��� ���B �@7 Y�Z Ar��� �f0f� ���H,� ��

 .	�� �+�  

 ��+B5- �+� 7��3�@ 	s7 �@���� ���B �@7 Y�Z 7��3�@ �7 ��  

NRMSE R2
  �������  

Fluent EA GWO Fluent EA GWO �+� /���/6:�  

082/0  074/0  052/0  88/0  91/0  96/0  Cd 

  

������ �+���� A> A�/1 �� XJ�T l��� 7/�

 ���/6:� ���B�GWO A@ l��� �@ A��H� �7 �+�3 	�7

 ���/6:� ��EA .�� � �� ?�FLUENT  Y�Z 7��3�@ �7

��6,>  ��� ���B �@7 ��+H� Y�> �@ �f0f� ���H,� ��

 �@ �@��@ E!!45 Y�Z96/0 � ��� E� A> �7/@ A,!-@ ��!�@

 ���/6:� �G�@ �3��> �6��!@GWO  �+� �7 �@ A��H� �7

�� �67 .+��@  

���/6:� 	s7 �@���� ���@���7�c��� 7�/� �  �7

n!H`5 E�� ���/6:� ���6�� � ��Q����95 �� �7�c��� ��

 �+� .	�� X9� �79A@ I+� b@�5 ]��!!w5 �/`� � ����
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02316/0 02371/0  02382/0  02386/0 02401/0 022658/0 023005/0 023659/0 022659/0 023651/0 A4-R 

02893/0 03001/0 03047/0 03123/0 03144/0 026598/0 027954/0 028659/0 024568/0 028659/0 A1-I 

02164/0 02211/0 02376/0 02387/0 02392/0 023569/0 024024/0 024169/0 022561/0 023654/0 A1-R 

02893/0 03001/0 03047/0 03123/0 03144/0 026556/0 028562/0 029654/0 024598/0 026895/0 B1-I 

02167/0 02223/0 02376/0 02387/0 02392/0 022568/0 023654/0 023698/0 022121/0 022569/0 B1-R 

02761/0 02823/0 02853/0 02902/0 02921/0 033266/0 03659/0 036985/0 026895/0 028965/0 D1-I 

02261/0 02275/0 02315/0 02359/0 02361/0 023569/0 02420/0 024256/0 023156/0 023856/0 D1-R 

037036/0 037126/0 037562/0 038125/0 03896/0 026541/0 028653/0 029651/0 031025/0 032659/0 D4-I 

02216/0 022590/0 02341/0 02357/0 02366/0 021568/0 022568/0 023659/0 022365/0 023568/0 D4-R 

028678/0 031569/0 032003/0 032156/0 03266/0 030258/0 031654/0 032569/0 031562/0 030265/0 F4-I 

022367/0 023156/0 023984/0 02409/0 024136/0 024136/0 023265/0 024035/0 023865/0 023659/0 F4-R 
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 ��*E5-  	B�� � ��0 ��+��!!1?D/C n�C ���<B9 8� � �- ����:�� o;k \d�Z� ���:��.� 	>? 8e  

�:��  

�A.� 8eB9 �- �A.��� 8eB9 �- �A.��� 8eB9 8�  �A.� 8eB9 8�  
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��0 ��+��!!1? 

)mm( 
D/C 

��0 ��+��!!1? 

)mm(  
D/C 

��0 ��+��!!1? 

)mm(  
D/C 

��0 ��+��!!1? 

)mm(  

A1 01/1 78  55/1 Fail 51/1 Fail 99/0 75 
B1 66/0 27 12/1 Fail 07/1 95 62/0 1/24 
D1 72/0 30 32/1 Fail 29/1 Fail 68/0 26 
A4 67/0 1/27 09/1 97 04/1 93 61/0 2/24 
D4 66/0 27 07/1 5/95 03/1 92 57/0 24 
F4 67/0 28 15/1 Fail 09/1 5/96 63/0 25 
A7 01/1 78 52/1 Fail 45/1  Fail 99/0 75 
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o!U2 A= 2�2 ���� �2�� �?!��1� G��� .	�� A�J� ���= /.�2 T�p D���!5) D�<

 �5 �;�3e � ��=��< d?� 	��� �QYRY< Ab5�� (�b
 D���= � �3��E��UCS  �Es  T!<�< A5

AR�4 /,e � �b
 ������3;�� �2 A4�2 �� ./��5�5 D!!6< T�p �2�>� q�����b
 �� !� � 

 D!�Y< 	04 �2�� �?!��1� N�� A5 �/� A]��� W5���UCS  �Es  ��2�?
�5 �B�5 	U2 ��

��  D���!5 QYRY< � ��=��< d?� 	��� D!,^�� ./,��5�!ij<  �5 ��UCS  �Es  �5���� ./���2

 �� ���!5 D!!6< T�p ����2 W5��� D� �� �
�5 A= 2�2 ���� ��>>@� ��� �5�P< W5���50 

/.�2 �� ./,��5 �����2?�� ����5,3��� ���m�� U�5� �/���2�>� r?b� �2 ��� �!� 5!,� 

�/��  D!!6< T�p � ��b
N��A= 2�2 ���� �� ��!s��/,e �?!��1�  �2�� �?!��1� A5 	E��

B�5 	U2 ���  D!�Y< 	04 UCS � EsC,� A��� ��	�� ��2�?
�5.  

:����� �����    �C,� A��� �!ij< �	5?F�  /-,e � �2�� �?!��1�   ��3�-�E�� T�-p ���!s��

�:!,:<?]t [�!.?\
.  

!"���#$ !���  

�/,0� ���1�  �/-6���2 �  ��3-�

/,4�!5 ��6,.� /,4�!5� ����.  

 :9!����:;� 	��  
azadmehr@birjandut.ac.ir 
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 ��/41-  �REU D!>>@� W5��� �� �
�59!<���� [�!.?\
 D!�Y< 	04  

C,� _?�  �/,�?�   ��/l�� ����!s��   Ab5����/� A]��  

A��� C,���  Mishra and Basu [10] UCS (MPa) �   ρ (g/cm3) UCS=287.7ρ −615.9  

A��� C,���  Mishra and Basu [10] UCS (MPa) � Vp (m/s) UCS=0.05Vp−126.4  

C,� A�����  Armaghani et al. [11] UCS (MPa) � Vp (km/s) UCS=17.783VP
1.099  

C,� A�����   ��R��
 � �/E�]12[ UCS (MPa) � Vp (m/s) UCS=0.041Vp–15.40 

A��� C,���   ��R��
 � �/E�]12[ Es (GPa) � Vp (m/s) Es=0.005Vp+0.621 

C,� A�����  Bejarbaneh et al. [13] Es (GPa) � Vp (km/s) Es=11.237Vp−6.894 

C,���� C,� A��� AR�4 �� uR�Y�  Moradian and Behnia [14] Es (GPa) � Vp (m/s) Es=2.06Vp2.78 

C,�C,� A��� AR�4 �� uR�Y� ���  Kılıç and Teyman [15] UCS (MPa) � Vp (km/s) UCS=2.304Vp2.4315 

C,���� �5?��  Erguler and Ulusay [16]  UCSsat. (MPa)� n (%) ( 1.121)
. 204.8* nsatUCS −= 

C,���� �:�c Vasarhelyi [17] UCSsat. (MPa) �UCSdry.   . 0.659sat dryUCS UCS= 

C,���� �:�c  Vasarhelyi [17] Essat. (GPa) �Esdry   . 0 .657s sa t s d ryE E− −= 

D<����<  Török and Vásárhelyi [18]  UCSsat. (MPa)�UCSdry.   . 0.879 0.818sat dryUCS UCS= + 

A��� C,� Vasarhelyi [19] UCSsat. (MPa) � UCSdry  . 0 .7 5 9s a t d r yU C S U C S= 

`?< ����X�<c Vasarhelyi [19] UCSsat. (MPa) � UCSdry  . 0 .7 2 9s a t d r yU C S U C S= 

`?< ����X�<c Vasarhelyi [19] Essat. (GPa) �Esdry   . 0 .8 0 7s s a t s d r yE E− −= 

����  
Azimian and Ajalloeian 

[20]  Es (GPa)� Vp (m/s) Es=0.008Vp−5.619 

D<����< Jamshidi et al. [5]  UCS (MPa)� Vp (m/s) UCS=101.1Ln(Vp)−802.8 

C,� ��� A<�,5�=  Yasar and Erdogan  [21]  Es (GPa)� Vp (km/s)  Es=10.67Vp−18.71 

C,� _�?����  Khandelwal [22] UCS (MPa) � Vp (m/s) 34.83−UCS=0.033Vp 

 �D<����<	�!� � 9�c  Altindag [23] Es (GPa) � Vp (km/s)  Es=0.919Vp^1.9122 

C,���� �:�c  Azimian [2]  UCS (MPa)� Vp (m/s) UCS=0.025Vp−8.619 

C,� A���  Edet [24]  UCS(MPa)� n (%)  UCS=-5.10n+110.79 

C,�D�wc � �5?�� ���  Selçuk and Nar [6] UCS (MPa) � Vp (km/s) UCS=22.18Vp−30.32 

���?R3,=   ����:�� � ��/!l]25[  Es(GPa)� n (%) Es=-12.22ln (n)+27.649 

���?R3,=   ����:�� � ��/!l]25[  Es(GPa)� ρ (g/cm3) Es=5E-06exp5.7943ρ  

	!<�/����  2�EU� ����:�� � ]3[   Es(GPa)� ρ (g/cm3) Es=159.97ρ −385.55 

D<����<  Kurtulus et al. [26]  Es (GPa)� Vp (m/s) Es=0.0015Vp−2.516 

ρ: �;�3e� n: QYRY<� UCS: ��?@� 9< �=��< 	���>�� UCSsat: _�E�� 	;�l �2 ��?@� 9< �=��< 	���>�� UCSdry:  ��?@� 9< �=��< 	���>�

9�
 	;�l �2� Es: A�!�!��B� ��/�� Essat :��/� 	;�l �2 A�!�!!��B� _�E��� Esdry :!��B� ��/�9�
 	;�l �2 A�!�� Vp:  d?� 	���

��=��<  

  

/R!J��5 � �?=��1
2  ���= A= /�2�= ��!5UCS  /���

 �< ������� D� � 2��2 _�E�� A4�2 �� J� �5 ���2 �,6�

6/71 2�2 ���� ���= /.�2 ]27[. /E�� ����:�� � 

5!�� � J� �5 A= /�2�=�  	���>� _�E�� A4�2 �=��< 9<

�?@�� ��B� ��/� �!�!A� C,� A����� A5 !<�<T 61 

 � /.�258 � ���= /.�2!�/ ��/,= ]28[.  	���>�

                                                 
2

1- Shakoor and Barefield 

���J� 9�c C,���� ��� �2 QYRY��W  � 9�


R����� W�?< _�E���32 ���5 ����:�� ��  xY�� � /�

E�� A= /�_�  �� A�?�� �/��!ij< �5!�� �2��  ���= �2

2��2 	���>� ]29[. �R!����c� � y�<4

3  A= /�2�= ��!5

QYRY<� � �5 �,!�� �3��E��>���D<����< 	2��2 ��  ���

                                                 
3

2- Vasanelli 
4

3- Török and Vásárhelyi 
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 Ab5�� ���� {��E���?U 5!D �5 �;�3e UCS  � d?� 	���

��=��< ��5� ���W _�E�� � 9�
 2��2 2?4� �/���� 

]18[. �?=���= � ���?;�5

4 ��!5 /�2�= A= �1�� �����>� 

� Q:��!!s<��O� C,� �5 �� J� A4�2 _�E�� ���= 

��/5�� �2 �;�l A= 	��� d?� ��=��< �/��� ����= � 

��� J� 	E�� A5 A4�2 _�E�� ���� ��/�2 ]30[. 

�?=���= ���� 2�2 A= Ab5�� D!5 	���>� ����J 9< 

��?@� �5 2/� �:e 	!��� A��5�� A5 A4�2 _�E�� 

C,� �:5 ��/��5 ]31[ . [�!.?\
 	!��� Q!;2 A5

) 9!<����UCS  �Es �(A�2 /,e �2 A��O1  W5���

 �:!<���� A�!�!��B� ��/� 2��c�5 ���5 �2/6�� �5�P<

� 9< �=��< 	���>�  ���?@��� �2�X��� �5  d?� 	���

����J� QYRY<	5?F� � fc fO4 ��;�3e � �2 C,�  ���

 �5?��	�� �/� A]��� uR�Y� ]26 �32  �33[. �!ij< 

 uR�Y� D!>>@� W�?< |;�\� [�!.?\
 �5 	5?F�

 �/� ����5 	��]34 � 35[. 	5?F�  V��5�!!s<  �2

�1���: !J ��� C,� �:!��:� � [��i� � �/�  �5�Y�

 2�P� ����/,= ���� ���/���� V��5 A=���  ��/,0�

��2?� ]17  �36[. �1�� 	!���lA!:< �����>� ���-

��1 	E�� /� ����fc |b� [����?� A5  ���/���� T4?�

A!:< ��1�� /� ��� A5 .2?� ��?,���}�� /� fc |b� 

 4�1 ��<6

5 � D!e �?�= �2 �}=�/l40  Q.�?J �2 ���

��� ���2003  �<2010  .	��2 ���?��2 fc +�P< �5 

A!:< �/���1�� ���U �<��!!s< 	@< /� ���/��!1. ��U� 

 |b� fc Ae��2� �� J� /� �/5�,< �i~�  C,�

	R� A5 � A�J� ���= �,=�� ��!�!� � �: !J ���

	���>� �fc � C,� D!5 �� ���= C,�5�/ ]37[.   

���= � �:!��:� ��: !J k�?
 A��� ���,�

C,�	J�1 ���U A6;�b� 2�?� uR�Y� D!>>@� W�?< �� 

 	��]10 �12-14 �19 �24  �38[.  �� �: C,� A���

�����J C,� D�<	�� �5?�� ���  2�/l A=25  /.�2�� 

                                                 
5

4- Karakul and Ulusay 
6

5- Three Gorges 

C,� �� �5?�� ���<:�! Q�� /,�2]39[. C,� D� ��

 �5D!�� ���5  �(D!�� ���� � N s; AR�4 ��) ���,�

������� 	!;�6J ��������/6� ��� = [�!R�� � ���

�!1�2 ��04 ����� �2 	X� d��Y��� ��/,��5 ]40 � 

41[. C,� A�����  _?,< Q!;2 A5 C,� T!=�< �2


 �� ���,���!�5 �:!��:� � �: !J [�!.?\  ��!s��

/,��� ��2�?
�5 ]42  �43[. _?� � ��/>� �QYRY< �� !� 

�/,�2 Q!:�< [��w 	J�5 � T!=�<  !� � ���!��  	���>�

C,� D�	@< �� �� �!ij< �U�� ��A5 ./,�2 ��?F  A��� A=

C,�QYRY< � ���!5 �1/� ���!� �5 ��� ���=� 

/���2 ��<B�5 	���>� ]44[.  A5Q!;2 D!���  �� ���1c

����>� [�!.?\
� Q:��!!s< � ��O� �ch�3,� A5 �0 

���� ��/l� D� ��/,0� ���J� �,!5 �!� A5 ������ ���

C,�/��?
 9�= �� 2�= ]45[. C��e7

6 �� �����:  �5

 ����>@<![�> ���  ���3������2�� !5 �5�P< Ab5��D 

 ��?@� 9< ��=��< 	���>�A��� C,�!.?\
 � ��[� 

!J :]��� �0�c �A /�2?�� ]46[�����:�� � ��/!l .  Ab5��

C,� A��� ��/,0� k�?
 � �J��1���� �1�� D!5  ���

9!����t /,e W5��� � ����5 �� ��/�� ���5 ��!s��

�1�� �� �:!��:� � �: !J k�?
 2��c�5  �J��1���� ���

/�2�= A]��� ]47[. C���8

7 ����:�� � A5  � A P< Q!R@<

 d?� 	��� �2 �i~� Q��?� �5�P< ��=��<A��� �2  C,�

/,�
�2�� ]48[ .�; � C��9

8� 5 ��E<��!D ��:� k�?
!:� 

A��� �2 QYRY< � C,��� ����5 �� �2�= /�� ]49[ .

N�� [�>!>@< G���10

9 ���:�� �� C,� A��� ��� �5  ���

 ��Z� �2 �!;��!� [�!.?\
 � QYRY< /.�2 A= 2�2 ����

�1�� �5 �B�5 �3��E�� �J��1����  ���� �:!��:� ���

��/,�2 ]50[ .��>>@� C,� A��� [�!.?\
 ���

 	04 B�5 	U2 �5 �b5��� � ����5 �� ���4�gc /����

 A]��� A�!�!��B� ��/� � ��?@� 9< 	���>� D!�Y<

                                                 
7

6- Chang 
8

7- Wang 
9

8- Weng and Li 
10

9- Naresh 
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/�2�= ]51[����:�� � ��/!l .  [�!.?\
 �:!,:<?]t

C,� A��� y�P< ������ �2 +U�� �U A>b,� ���

/�2�= ����5 �� (D!,��J �����0�) ]52[.   

���3�����  ��/� � ��?@� 9< ����J 	���>�

!��B��!A� C,�Q:�� ��� ��2 	!;�6J �2 �� ������ ���

!�� !5,/�2�= � ]53[. �J��c � �2�EU  A= /�2�= ��!5

�1�� D!5 Ab5�� d?� �?E� 	��� � C,� �: !J ���

 ��=��<5 2��2 2?4� �E��,� �3��E�� A A= ��?F

�1�� C,� A��� �: !J ���  �� ����c 2�?� ���

�� �c d?� 	��� ��� �� ��?<2�= AE��@� �0 ]54[.   

`/� A;�>� D� �R.��  9< ��=��< 	���>� D!�Y<

 � ��?@� A�!�!��B� ��/� �?��c �� �2�X��� �5 � �2��

�;?F d?� 	��� f�Y��!g� QYRY< �;�3e �  9�= �5

�/��� ��?!��1� ���./��5  D� h�P�� ���5��=�  [�6;�b�

 ��J��1�����?��c ��� �QYRY< ���=��< d?� 	���

��?@� 9< ����J 	���>� � �;�3e �5 A�?�� ��� ���

) 9�
43 ) _�E�� � (A�?��18  (A�?��C,� A������ 

 �� �/� A!0< ���?;B /����  �2/����2 �0� f�g ���� 

.	�� �/2�1 h�P�� �?;B /���� � ����/���� 

D!�� ���� ���,� 2 ���E;� � �5 DD�E��=  .	�� D!�!�

 D���E;� ����< �2 /���� ���P�5�wc �� =�� ���� � 

q�1��  .2��2 �?�,
������ ��� � �26  ���� ����?R!=

 �2�4 ��,= �2 � /����2 �0� �5�g���� ���U 2��2.  A���

C,� /���� ����?;B ���� �� ���!�5 C,� ��  ���

�� �5 �2 �� ���0< ����� ���� ��/,0�.2�!1  

2- ' �   ���� �(  

2 -1- )��
* �� +�, +���-�� ����  

 A5 �A6;�b� D� h�P�� �?a,�14 y?R5  �� �3,�

/����2 �0� f�g ����  � Q>�,� ��3����c A5 � /� A!0<

����c h�P�� ���5 ./�/2�1 �2��c ���3����c ��� Q:�

1 y?R5 �� ����\<���� �2 �0�c 2�5��= � �� �� �R@� ���

�� ���� ./�2 �� ��!1?R4 ���5�!ij<  �������� A�?1��

�?��c G��� ��� �5y?R5 ��� +�4 ���  /�5 �/� ���c

/,��5 �12��?� ��ic � y�< ����2 A�?1�� /U�J ]55 -57[.  

    
)y?R5 �� ���� (u;���@. �2 ��  )C,� A��� 2�5��= (f���� �2 ���R@� ���  

 Q:�1 - y?R5 �� ����\< 2�5��= � ���c�R@� ��� ���� �2 ��  

 A�?��A��?��� ���� s� ��3��2 �� �2�X��� �5 ��  �!1

 Q:�)2 - A�?�� �� �2 f�� � N�5 ���5 � A!0< (u;� �� ��

��� N�5 ��3��2D!��� � ��  �2�X��� ��3����c f��

�2��c � A!0< �2 ./2�1 A�?�� ���� D� ��!� 2�?� ���

o!>@<� N�� ��D!5 D�P�� �2�0,�!� ��� 9!��:� �RR�;�

	�� �/� �2�X��� C,� ]58[. A�?�� �bUA��?��� ��� ��

 �/� A!0<54  ���!R!� 2�/l �0�c �bU A5 �?F 	E�� �2 

��./��5  

2 -2- ' � +�, +���-�� ��(  

����c ��� �5 �:!��,2 � �:!��:� ��: !J ���

43  � 9�
 W��� �2 A�?��18  _�E�� W��� �2 A�?��
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./� h�P�� ��=��< d?� 	��� ����c )Vp o5�b� (

2��/����� ASTM D2845  h�P��/� ]59[ . d�?�� 	���

 	���>� A5 �3��5 � C,�A5 �R=�?F�  C,� 	!X!=

2��2 . A5 A4?< �5 ����J d�?�� 	��� �� �O1 ����

�� AE��@� A�?�� �?F �2 �/��!1 A5 �/,���J22�1. 

C,� �2 d?� �?E� 	��� A5 D!,^�� A��2 ���/��  !� ��

�� ���= C,� 	J�5 �/�  � �5 � 2��2 �3��5 ./5�

V��5 �;�3e �� J� {�</�� �� 	��� �� J�  �5 � 2?�

�� ���= ������ 	��� QYRY< �� J�/5� ]43[ .QEU  ��

A�?�� A< � �� ����c h�P�� �R>!. m�1 �� �2�X��� �5 ��

����c D� �2 �2�X��� 2�?� m��=�J ./� ��0.5 MHz 

�� ./��5 Q:�2 - f� ���/�� ��3��2  �� d?� 	��� ��!1

�� ����  ./�2  

    
)u;� (�!1 � s� ��3��2 )f ( ���/�� ��3��2d?� 	��� ��!1  

  
) (�A�?�� ���l �?<�:!�2	04 �� ��� _�E���  

 Q:�2 - � s� ��� �5 ���3����c [�!R����  

	���>� ����c �5 ��?@� 9< �=��< q���

N�� ,�!� ���D!5 D�P�� �2�0,� 9!��:� �RR�;� C
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1 6/2 68/2 16/46 85/38 69/25 27/18 27/4 82/5 01/1 

2 63/2 72/2 27/47 36/46 91/26 18/21 33/4 39/4 1 

3 7/2 78/2 72 34/65 22 05/17 29/4 81/5 7/0 

4 62/2 74/2 25/53 66/43 97/24 43/18 66/4 19/5 1 

5 55/2 66/2 7/42 26/40 5/15 63/11 07/4 23/5 47/2 

6 51/2 66/2 36/40 69/40 12 32/9 94/3 45/4 1 

7 66/2 75/2 14/54 48/46 48/30 06/22 71/4 5/85 8/0 

8 6/2 71/2 97/42 29/37 89/23 72/16 09/4 09/4 01/1 

9 61/2 68/2 33/41 25/37 19 95/14 4/0  87/4 2 

10 48/2 61/2 3/29 32/26 1/10 68/7 33/3 09/4 10 

11 5/2 61/2 69/21 78/17 9 75/6 9/2 48/3 15 

12 52/2 61/2 68/32 65/29 12/8 1/6 51/3 56/4 15 

13 58/2 64/2 65/29 12/25 02/9 77/6 35/3 68/4 14 

14 58/2 72/2 42/37 98/34 8/13 31/11 78/3 1/5 9 

15 47/2 57/2 33/29 87/27 13/5 85/3 67/3 98/4 17 

16 74/2 84/2 118 98/97 30 1/23 74/5 85/6 06/0 

17 78/2 78/2 120 4/98 24 05/17 95/5 14/7 22/0 

18 5/2 45/2 60 56/89 14 14/11 81/4 71/5 66/3 
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24 69/2 - 3/105 - 21 - 44/4 - 22/1 

25 43/2 - 5/41 - 9/10 - 83/3 - 9 

26 54/2 - 74 - 2/12 - 92/3 - 6 

27 35/2 - 1/34 - 3/13 - 69/3 - 28/8 

28 61/2 - 8/63 - 1/17 - 6/4 - 6 

29 5/2 - 5/56 - 7/12 - 23/4 - 8 

30 53/2 - 2/58 - 7/16 - 29/4 - 7 

31 41/2 - 5/53 - 3/15 - 17/4 - 8 
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34 44/2 - 9/40 - 2/12 - 66/3 - 8 

35 35/2 - 6/33 - 9/7 - 6/3 - 38/8 

36 59/2 - 48 - 10 - 75/3 - 7 

37 63/2 - 5/74 - 8/12 - 85/3 - 6 

38 6/2 - 8/70 - 10 - 22/4 - 7 

39 65/2 - 9/75 - 4/13 - 35/4 - 03/4 
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 	���>� �5 ����!52��2 ]12[ . D!>>@� D!,^��

�2/6�� QYRY< A= /�2�= N�� 1�  	04 �E��,� �������

C,� 	���>� D!�Y<�� �5?�� ���/��5 ]4  �15[ �2 .

 Q:� �2 2?4?� W5���  !� ����� D�6 �� 	04 /,��?<

 D!�Y<UCS � Es  ����5 ./�?� �2�X������3����� 

�  !� uR�Y���=��< d?� 	��� �b
 Ab5�� �3���  �

 Ab5��QYRY< �����3;  �5 ��?@� 9< ����J 	���>� �5

	�� �2?5 B�5 	U2 ]6 �15  �44[�J�F �� .�  G���

����:�� � �2�EU W�?<  !� �U�,��  A��� ��� �5

C,�  Ab5�� �5 �,E� ��?�� �0� ���4�gc /���� ���

 9< �=��< 	���>� �5 �;�3e � d?� 	��� �����3;

��>� �5 QYRY< �b
 Ab5�� � ��?@� N�� 1 ����J 	�

C,� A��� �5?�� W!@� �  �t �2 [��X< .	�� �/� ��

��/��5 [��X�� G��� D� 	04 �R!;2 /��?< ]51[.  W5���

 Q:� �2 �/� A]���6�  D!!6< T�p �����!6� q����5

)R2�( �b
 [�65�� D!3��!� �O4 )18

17RMSE(  /.�2 �

�b
 oRb� D!3��!� )19

18MAPE(  W5���) /� �5����1  �

2.(  

)1(  2

1

1
( )

N

i

RMSE y y
N =

′= −  

)2(  1

( )

*100

n

i

y y

y
MA PE

n
=

′−

=


  

W5��� D� �2 �y ��/>� UCS � Es 6U��� �	�� y′  ��/>�

UCS � Es �!� 5!,�  �� �2�X��� �5 �/�W5��� 	��  �n 

 2�/6<	�� �2�2 Q=e �� . �� !� �/>RMSE  �MAPE 

/��5 ���!5 �3��E�� T�p � ���=�  �/� A]��� Ab5��

 ����2	�� ��<B�5 	U2�� �/���� . � QYRY< A= 2?�

 D���!5 ��=��< d?� 	����!ij<  ��/� �5 T!<�< A5 ��

 ��/4) /���2 ��?@� 9< ����J 	���>� � A�!�!��B�

3.(  

                                                 
18

17- Root Mean Square Erorr 
19

18- Mean Absolute Percentage Error 

3 -4 - ��A�1 3����
* �B CB� � /��-0 �	����  

 W5��� A��� �:!��:� � �: !J k�?
 D!5 �2/6��

C,� W�?< QYRY< � �;�3e ���=��< d�?�� 	��� �5 ��

 ���5 �0�c G��� A:,� ��� �	�� �/� A]��� uR�Y� D!>>@�

.	�!� xY�� �	�� �E�6� �/>e ���� ���/���� 

 ��/4 �2 W5��� D� �� �2�/6<1  D!�� A5 .	�� �/�c

 ��E��� ������ D� �2 Q!;2 2?4?� �5�P< W5��� G���

�2�2 q����5  � QYRY< � �;�3e ���=��< d?� 	��� ���

 �:!��:� [�!.?\
43  W��� �2 C,� A��� A�?��

 A= �b5��� � 	J�1 ���U �P,��� � �5���� 2�?� 9�


 W�?�� �2�>� ./2�1 �J�6� �/���2 �� 	U2 D���!5

UCS 2 W5��� D� �� �
�5 q����5 �/� �2� D!�Y< �

 Q:�7 �� �/���� A^��,e .	�� �/� A]��� h��< �2 2?�

 ����:�� � �/!��4 Ab5��  4 A5 �/� ����5 W5���]5[� 

 A]��� �/� ��!1 ���/�� ��/>� �� ���!5 ��2�>� W5��� A!>5

�� ./,,=�D ��� �5 A6;�b� 15  �� D<����< C,� _?�

� uR�Y� �2�6���� �c 	���>� �}=�/l A= ��7/65 

�	�� �2?5 ��:����3�  �/� h�P��	��.  

 Q:� A5 A4?< �57 � ��� �5 ��R��
 � �/E� o!>@<

C,� A��� h�P�� �U �0� f�g �2 �B�5  ��U /���� ���

 D!3��!� .	�� �/�UCS  o!>@< D� �227/84 

 �}=�/l �5 ��:����3�131 QU�/l � 4/19  ��:����3�

�� N�� �	���>� ��/>� �C,� _?� ./��5����c h�P�� ���

f?�� Ap?l W��� A�?�� �J��1���� � ���O1 �?5�� ���

 �5�P< W5��� �2?5 2�5��= Q5�U �/,,= D!!6< A6;�b� �� A5

C,� 	���>� D!�Y< 	04 D!�!� oF�,� ��� �2 ��

��./��5  

 Q:�8  Ab5��UCS ���/�� ��!1  �/� AE��@� �

�� ���� �� uR�Y� D!>>@� W5��� q����5./�2 

o!U2  W5��� q����5 �2�>� D� D!5 �3��E�� D�<

�� �b
 Ab5�� A5 �?5�� �?=O�./��5  
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��/4 3 - �/� A]��� W5��� 	U2 �� !�  

MAPE  RMSE R2  Ab5��  

7/2  26/18  54/0  UCS= -13.98ln(n) + 75.314  )3( 

7/1  10/29  77/0  Es= -4.708ln(n) + 22.216  )4( 

2/0  2/15  69/0  UCS= 32.072(Vp) – 76.896  )5( 

3/2  5/10  6/0  Es= 8.4068(Vp) – 19.04  )6( 

4/2  04/14  68/0  UCS= 736.65(ρ )2 – 3616.9(ρ ) + 4477.9 )7( 

8/2  23/16  5/0  Es= 103(ρ )2 – 486.23(ρ ) + 584.08 )8( 

  
 Q:�7 - 2�>��  W�?��UCS �Y<!D  �/� �2�q����5 
�5� W5��� ��  

Q:� 8 �� ����?��5 � ���!� Ab5�� A= /�220

19 �

���42B�21

20 �����:�� � �/!��4 � ����:�� � �2 ���

 �� �!5 D!!6< T�p50 �2?5 /.�2  	04 2�5��= Q5�U �

C,� A��� �:!��:� [�!.?\
 D!�Y< �?;B /���� ���

�� /,��5 ]1 �5  �10[.  Ab5�� 	U2?��5 � ���!�  A5 	E��

�� ���!5 �32 W5���� D� ./��5� �3���� �5�P< W5�

B�5 �3��E���  D!5Vp  � UCS��./��5  

W5��� D� �� �2�X��� 2�?� �2 	�� |!p?< A5 h�B 

uR�Y� D!>>@� W�?< �/� A]��� �?1��?1 W5��� A= A5 

 �C,� _?� �2�/@� 9 ���5 Ab5�� ��) �2�>� 2�/@�

 [�!.?\
 �(	�� �/� A]��� �2�>� �� �\Y��

A�?�� ��?:���:!� ���� W���  ����c h�P�� �3�?3e

2��2 �3��5  D!>>@� W5��� �P,��� A= A�?3���� �

 uR�Y��� ����5 A>b,� 9 ���5 Ab5�� �� �/�2 A

                                                 
20

19- Mishra and Basu 
21

20- Aladejare 

.2��2 2�5��= k?\
 A5 [�?. �2 �D��5�,5  ��!1��=

�� 9�� W5��� D�� /�5 A5 	��2 A4?< [�:� D�. 

 ��/4 �2 A= �?b����1 �� /����2?�� D!�!� D!>>@� 

 AE��@� ���5 �5�P< W5��� �2�/6<Es �2�= A]��� D� ./��

 D� q����5 ��������5�P< W5����  �3��E�� � AE��@�

�c �5 ��Es ���/�� p�l ����� �2 �/� ��!1�  ./� ����5

 W�?�� �2�>�Es  �/� �2� D!�Y<q����5  �� �
�5

 Q:� �2 �5�P< W5���9 .	�� �/� A]���  �/���� A^��,e

�� �2�>� �/� ����5 W5��� �}=� 2?�Es  ��/>� �� ���!5

���/�� �� A]��� �/� ��!1 W��� ��t?;?�!; _?� �!ij< ./,,=

 /,���) ����c h�P�� 	��� �2 �!!s< V��5 (���O1��5

�� �/� ��!1 ���/�� [�!.?\
 	��� �� J� �5 .2?�

���O1��5� +�� A�?�� �� �< �� ��<B�5 	���>� � /,:�

�� ���� 2?
 ./�2 ��� W�?< �/� 2�0,�!� ���O1��5

ISRM  D!55/0  �<1 5 ��:����3��� A!��i �/��5 ]58[.  
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(u;�)  W5��� q����5]10[  (f)  W5��� q����5]2  �12[  

    
(�)  W5��� q����5]6  �24[  ([)  W5��� q����5]1  �22[  

  
�)(  W5��� q����5]5  �15[  

 Q:�8 - ���5�� 5�P< W5����  ����J 	���>� D!�Y< 	04 �5�2�2��� ���c��3��  

  
 Q:�9 - 2�>��  W�?��Es �Y<!D �5 �/� �2�
�5 q���� W5��� �� D!�!� �5�P<  
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5 A ��}� ��?,� ���O1��5 ���7/0  �5 ��:����3�

 A��5�� ��� D� f�Y��� ./� �2�X��� o!>@< D� �2 A!��i

>� A5�A�?�� 	�� �� �� A�?�� ���5 � /��5  /,��� 	�� ���

 B?�6� Q!� C,�5/0 � �2 A!��i �5 ��:����3�a A�J�1 �

��A6;�b� �� D��5�,5 .2?�;?�!; A5 A��5�� ��?A�?�� �t ��

�����O1��5 ��� ��/>� /��?< ��  D!55/0  �<1  ��:����3�

 �5 A= �<�6;�b� �5�P< W5��� �5���� ./,= f�Y��� A!��i �5

A�?�� ���A�?�� A5 	E�� ��<B�5 	���>� �5 ��� ���

 [�!.?\
 �2�>� �	�� �/� h�P�� �p�l o!>@<

���/�� �2�>� A5 	E�� ����!5 9!<����  �/� ��!1

�� A]��� �p�l o!>@< A5 A4?< Q!;2 D!�� A5 ./,=

�� ����p Ab5�� �� 2�5��= �2�/@� ���5 Ab5�� �� ./��5

 �4��
 � �2��� ����!s�� �� �\Y�� �2�/@� 9

.	�� �/� A]���  

 Q:�10 �� ���� �/� �5���� W5��� �}=� A= /�2

 �� �!5 D!!6< T�p ����250 �� /.�2 ./,��5q����5 

 D!�Y< �D!!6< T�pEs q����5  � ��/!l Ab5��

 ����:��]25[  �q����5  �QYRY< 	U2 D���!5 ����2

�� W5��� ��� A5 	E��./��5  

    
(u;�) �5 W5��� q���]14  �21[  (f) �5 W5��� q���]12  �13[  

    
(�) �5 W5��� q���]12  �20[  ([) �5 W5��� q���]3  �25[  

   
(�) W5��� q����5 ]23  �26[  (d) �5 Ab5�� q���]25[  

 Q:�10 -  A�!�!��B� ��/� D!�Y< 	04 �5�P< W5��� �5�����5�2�2 q������3����c ���   
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3 -5-  E ��   ���
� :* F��!* >� ��� ���=*

�-�	�-�G�  

 D!�Y<A�?�� 9!<���� [�!.?\
 9�
 ���

C,� A��� N�� A5 A��1/,e �b
 �?!��1� q����5 

 QYRY< ��;�3e �� �2 ��=��< d?� 	���, 2�?� A>b

 �?��c � T��p ��/4 A5 A4?< �5 � A6;�b�T  o5�b�

 W5���)9(  �)10( �� �2�X��� ����!s�� [�\Y�� ./��5

 ��/4 �2 W5��� D� �2 �/�2 .	�� �/�c  

)9(  62.914 0.242 23.855 202.879pUCS n Vρ= − + −  

)10(  8.386 0.671 4.044 18.238s pE n Vρ= − + −  

 ��/4 �2 ��5 oRb� �/U ��/>�4  �3�����!ij< 

���� A��5�� �!s�� 2��c�5 �2 ��������� �� h�/= � /��5

 �5 Q>��� �!s�� �c �i� /��5 ���!5 ��/>� D� Ae��

�� ���!5 A��5�� �!s�� ��/4 ./��54 �� ���� A= /�2

 D!�Y<UCS q����5  ��05 ��=��< d?� 	��� � �;�3e

 �� QYRY<��./��5  T�p D� A5 A4?< �5 D!,^��

 ��/4 �2 ��5 T�p)4�� �/���� ( �;�3e A= 2?�

 QYRY< � d?� 	��� A5 	E���!ij<  ��/� �5 ����=

A�!�!��B�  .2��2�,6� |b�  �2 ���2 �?��cT  A4?�

�� �2?5�5 ���������� �� 9c �/� A;2�6� �2 �/� 2��

�� ���� �� �?!��1���32 ���!5 A5 ./�2  D!!6< ���5

,�����c �a� �� A�?�� �3��E�� T�p �c A: `��
� 

�,6� ���2 �5 2��2 �X. � �!
 �� �?��c T �2�X��� 

�� .2?�  

 ��/44- �c 	!��� � T��p�/� A;2�6� �2 ����  

�/� �/�� 2��/����� T��p �/� 2��/����� T��p 
T-test p-value 

B Std. Error Beta 

9 

Constant 88/202-  93/62  - 22/3-  003/0  

n 242/0-  63/0  046/0-  39/3-  70/0  

Vp 855/23  69/4  62/0  09/5  �X. 

ρ 914/62  33/25  28/0  48/2  02/0  

10 

Constant - 24/18  67/17  - 03/1-  31/0  

n - 67/0  18/0  - 46/0  - 81/3  �X. 

Vp 04/4  32/1  37/0  07/3  004/0  

ρ 39/8  11/7  13/0  18/1  25/0  

11 

Constant 58/216-  37/51  - - 22/4  �X. 

Vp 72/24  07/4  64/0  08/6  �X. 

ρ 25/66  55/23  30/0  81/2  01/0  

12 

Constant 4/1  93/5  - 24/0  81/0  

Vp 61/4  23/1  42/0  75/3  001/0  

n - 74/0  17/0  - 51/0  - 46/4  �X. 

  

 �2 Q>��� �!s�� �� �?Sl �E�� 	!��� ����c D�

�� ���� �� �/�q��� D� �5 ./�2� ) QYRY<p-

value=0.702 �/� �� /�5 (9  �� D!,^�� .2?� `Ol

 �/�10 ) �;�3e  !�p-value=0.246) 	5�i ��/>� � (p-

value=0.308 �/� �� � (12 ) 	5�i ��/>�  !�p-

value=0.814 ./�?� `Ol /�5 ( A5 A4?< �5 � D��5�,5

�!ij<  �/� A;2�6� �5 QYRY< �] 49 �,6 ������� D� �

 �//4 �/� � /� `Ol �?!��1� A;2�6� �� QYRY<
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 ����� �/�)11 � �� J� h�� �� �2�X��� �5 (q����5  �;�3e

=��< d?� 	��� � 9< �=��< 	���>� D!�Y< 	04 ��

 �/� A;2�6� ��  !� �;�3e ./� A]��� ��?@�10  � `Ol

 �/�) �//4 �/�12 A�!�!��B� ��/� D!�Y< 	04 (

./� A]���  

)11(  66.251 24.723 216.582pUCS Vρ= + −  

)12(  0.742 4.61s pE n V= − +  

 ��/45 �� ���� D!!6< T�p �2�>� A= /�2

�/� � B�5 ���� �= 2��c�5 ��b
./��5  �0� [��X<

!6< T�p � D!!6< T�pD!  A= 	�� D� �/� Q/6<

�� ��J D!!6< T�p  �/���� Q>��� �!s�� �� A= /,=

 D!!E< �� A��5�� �!s�� �2 2?4?� [��!!s< ��/� �2 �/�

�� ./,=  T�p W�?< �/� �2�2 ���� /.�2 D��5�,5

 ��J �5 D!!6<�!ij<  �!s�� �5 Q>��� ����!s�� A��

�� A��5��./��5  �/� �2�2 ���� /.�2 A= �<�?. �2

 �� Q.�l W>J �/� Q/6< D!!6< T�p W�?<�!ij< 

 A�� A� � 	�� A��5�� �5 �/� Q>��� ����!s�� �6U��

.Q>��� ����!s��  �2?5 T��,� A= 	�� D� �32 [��X<

�5 ��l D!!6< T�p W�?< �/� ���5 ���!s��  2?4�

 Q5�U B�5 ��/>�<Y�!�� A= �<�?. �2 	�!� x A5 ��?<

2�= 2����� �/� Q/6< D!!6< T�p �/� 2��c�5 ��/>� .

�5�,5 D��� !� �D!!6< T�p �/� Q/6< ��/>� 
2R  �5 ��

 � �?!��1� W
 A5 �/� AJ�p� Q>��� ����!s�� A5 A4?<

/E� �� ��� A5 A4?< �5� r�.� � Q/6< �//4 ���

�� ./,= D!5 [��X< Ae�� 
2R � 

2R  ���= �/� Q/6<

/��5 �� ���� �/� A5 A= Q>��� ����!s�� A= /�2

�/� AJ�p��/� f�Y��� ����2 A5 /�� /��.  

 ��/45- �/� �5���� �����!6���  

Models R 
R 

Square 
Adjusted R 

Square 
MAPE  RMSE 

Std. Error of 
the Estimate 

Durbin-
Watson 

 )9(UCS=f (ρ , n, Vp) 861/0 741/0 721/0 2/1 23/14 14/13 66/1 

)10( Es= f (ρ , n, Vp) 861/0 741/0 721/0 02/1 25/13 69/3 51/1 

)11( UCS =f (ρ , Vp) 86/0 74/0 727/0 22/1 56/13 13/0 695/1 

)12( Es =f (n, Vp) 856/0 732/0 719/0 06/1 36/13 71/3 56/1 

  

�5 2��/����� ��b
c2��22

21  [�/U �� !� �/,�2 ����

�!��� �?!��1� A;2�6� �,!5x
�� D� ./��5 �

�!!s<���/�� ��O� �!� ��� W
 `��F� �2 �� �/� �,!5

�� ���� �?!��1��� ./�2x
�� D� Ae� /��5 ���=� 
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21- Std. Error of the Estimate 
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22- Durbin- Watson 
24

23- Analysis of variance 
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�/� ��� 2��2 2?4� ��?!��1��  |b� ��/>� A= ����,6� �c ���2�0  ��05/0 	��.  

 ��/46- �/� m�����  !;��c G�����  

Model Sum of Squares df Mean Square F Sig. 

9 

Regression 83/19263 3 28/6421 19/37 �X. 

Residual 48/6734 39 68/172 - - 

Total  31/25998 42 - - - 

10 

Regression 99/1521 3 33/507 26/37 �X. 

Residual 07/531 39 62/13 - - 

Total 06/2053 42 - - - 

11 

Regression 17/19238 2 09/9619 92/56 �X. 

Residual 14/6760 40 00/169 - - 

Total 31/25998 42 - - - 

12 

Regression 06/1503 2 53/751 66/54 �X. 

Residual 99/549 40 75/13 - - 

Total 06/2053 42 - - - 
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Proposing Regression Models to Estimate 
Uniaxial Compressive Strength and Elastic 
Modulus of the Sandstones Based on Physical 
Properties and Compressional Wave Velocity 
 
Many engineering structures have been built on the sandstones. 
The main purpose of this study is to estimate the uniaxial 
compressive strength (UCS) and modulus of elasticity (Es) of 
sandstones using regression models. For this purpose, 
petrographic studies, compressional wave velocity (Vp), porosity, 
density and uniaxial compressive strength tests were performed on 
dry and saturated samples of sandstones prepared from Mosha 
village in the northwest of Damavand city. The studied sandstones 
were classified as feldspathic litharenite and litharenite. Due to 
the effect of moisture on the physical and mechanical properties of 
these sandstones, the density and Vp of the samples in the 
saturated state compared to the dry state have increased by 4 and 
20%, respectively. In contrast, UCS and Es have increased by 
18% and 25%, respectively. The results of simple regression 
showed that the most accurate relationship (the highest 
correlation coefficient and the lowest error) of porosity, Vp and 
density with UCS and Es are logarithmic, linear and quadratic 
polynomials, respectively. Based on the determination coefficient 
(R2=0.5-0.77) and the errors (RMSE=10.29-18.26; MAPE=1.70-
2.80), the relationships presented by simple regression method for 
estimating UCS and Es showed high accuracy. The Vp and 
porosity also have the greatest impact on UCS and Es. Evaluation 
of empirical relationships of other researchers showed that some 
of these relationships have a determination coefficient of more 
than 50%. Examination of residual variance homogeneity graphs 
at the predicted value levels, determination coefficient and error 
of the methods showed that multivariate regression (R2=0.73-
0.74, RMSE=13.36-13.56, MAPE=1.06-1.22, Durbin-Watson= 
1.56-1.70) has a high accuracy for estimating UCS and Es as 
compared to the simple regression 
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An Investigation on Irregular Steel Moment-
Frame Structure Under Different Column 
Removal Scenarios 
 
This research examines the effect of plan irregularities on the 
progressive collapse of steel structures. Firstly, the three 
structures, regular and irregular are designed. Secondly, the 
effect of the two plan irregularities on the progressive collapse of 
moment resisting frame assessed. The collapse patterns of the 
buildings are analyzed and compared under seven loading 
scenarios using non-linear dynamic and pushdown analyses. In 
the non-linear dynamic analyses, node displacements above the 
removed columns and the additional force on the columns 
adjacent to them are discussed. Furthermore, the strength and 
capacity of the columns are compared to determine their 
susceptibility to collapse. In the non-linear static analyses, the 
pushdown curve and yield load factor of the structures are 
obtained after column removal. The results indicate that an 
irregular structure collapses in most of the column removal 
scenarios. Moreover, when comparing regular and irregular 
structures, the demand force to capacity ratio (D/C) of the 
columns in the irregular structures is on average between 1.5 and 
2 times that of the regular ones. 
 
Keywords: Progressive Collapse, Irregularity, Steel Building, Non-
linear Dynamic Analysis, Pushdown  Analysis. 
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Predicting the Behavior of Concrete Dams Using 
Artificial Neural Networks (Case study of Dez 
Dam) 
 
Large dams store a significant amount of water behind them. 
Therefore, their safety and stability control have a special place. 
Changes in temperature and hydrostatic pressure are the most 
important factors that affect the dam structure; And will cause 
shifts in the crown of the dam upstream and downstream. 
Therefore, the data obtained from the monitoring center should be 
evaluated regularly in order to analyze the behavior of the dam. 
Due to this issue, in this study, using artificial neural networks, a 
model is presented to predict the horizontal displacement of the 
Dez dam crown due to changes in pressure and temperature. 
According to the results, it is observed that the neural network has 
a good performance in predicting real values. The average error 
of the modeled network is about 4%. This indicates that the 
network is well trained. Using the generated network, the radial 
displacement changes against the reservoir water level for 
different temperatures are obtained, and plotted. Using diagrams, 
it is possible to predict the behavior of Dez dam for different 
temperatures and changes in reservoir water level, which can be 
very useful in monitoring and maintaining this dam. 
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Investigation of Discharge Coefficient of 
Triangular Duckbill Labyrinth Weirs Using 
Fluent Software and Gray Wolf and Elections 
Algorithms 
 
Labyrinth weirs are important hydraulic structures for water level 
regulation and flow control in canals, rivers, and reservoirs. Due 
to the uneven distribution of hydraulic head on the weir crest, the 
discharge coefficient changes along the labyrinth weirs are 
noticeable. For optimal use of this type of weir, it is necessary to 
estimate the discharge coefficient. In this regard, in this study, 
using a data set including 120 experimental data collected by 
Kumar et al. (2011) and numerical (simulated by FLUENT 
software using k-ε RNG turbulence model) to optimally estimate 
the discharge coefficient of triangular-duckbill labyrinth weir 
embedded in a rectangular channel 0.28 m wide, 12 m long and 
0.41 m high was addressed using modern gray wolf meta-heuristic 
(GWO) and election (EA) algorithms. To investigate the effect of 
discharge coefficient, angles of 30, 60, 90, 120, 150 and 180 
degrees with weir height of 10 cm were selected and the flow 
conditions in all cases were considered as subcritical, turbulent 
and falling flow. The objective function is the sum of the squares 
of the difference between the computational flow and the 
observations defined as the minimum. Comparison of the results 
of GWO and EA algorithms and FLUENT software with values of 
R2=0.96 and NRMSE=0.052 in comparison with the observed 
values, shows a good agreement between the observed and 
computational values. 
 
Keywords:   Flow Control, Optimization, Meta-Heuristic Algorithms, 
Turbulence Model.  
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Investigating the Factors Affecting Groundwater 
Level Decline in Kouhdasht Aquifer, Lorestan 
Province 
 
Quantitative management of groundwater resources is very 
important, especially in arid and semi-arid regions. Like other 
plains of Iran, Kouhdasht plain has been also facing a 
groundwater decline in recent years. This study is aimed to 
investigate the factors affecting groundwater decline in 
Kouhdasht aquifer. For this purpose, precipitation data from the 
Kouhdasht synoptic station, groundwater level data in observation 
wells and groundwater abstraction data in the study area have 
been applied. The representative hydrograph for a period of 29 
years (1989-2018) showed that the aquifer water level decreased 
by 22.50 meters (average 77 cm per year) during this period. 
Groundwater decline maps also indicated that the groundwater 
level in the north and south of the plain has been decreased more 
than in the middle. According to the results, overexploitation from 
authorized and unauthorized abstraction wells, occurrence of 
drought (according to the calculated groundwater drought index), 
reduction of surface water resources and recharge from rainfall 
are the most important effective factors in the groundwater 
drawdown in Kouhdasht aquifer. 
 
Keywords:   Kouhdasht Aquifer, Groundwater Drawdown, 
Groundwater Drought Index, Representative Hydrograph. 
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Investigation Experimental of the Concrete 
Properties Containing Bentonite and Zeolite as 
Natural Pozzolan  
 
Using pozzolanic materials in concrete manufacturing is intended 
as an optimal solution to lower the rate of greenhouse gas 
emission, and diminish energy resources and cement 
consumption. This research is aimed at evaluating Semnan zeolite 
and bentonite as partial replacement of cement in concrete. 
Twelve bentonite and zeolite mixes and control mix were 
examined. The main variable is the proportion of bentonite and 
zeolite (5, 10, 15 and 20%) by weight of cement in replacement 
mode while the amount of cementitious material, water to 
cementitious material ratio, fine aggregate content were kept 
constant. To study properties of hardened concrete, compressive 
strength and splitting tensile strength tests were performed. 
According to the results of compressive strength test, using 
bentonite and zeolite results in 5% increase in compressive 
strength as compared with the control mix (without bentonite and 
zeolite). By replacing 20% of zeolite with the weight of cement, 
the compressive strength is reduced by 9%. In most samples, 
Bentonite and zeolite as partial replacement of cement, it is 
possible to obtain the compressive strength acceptable. According 
to the results in mixtures containing zeolite and bentonite, if the 
amount of zeolite and bentonite are more than 10% by weight of 
cement, the tensile strength is reduced by 23% compared to 
control mix. 
 
Keywords:   Pozzolanic Materials, Bentonite, Zeolite, Compressive, 
Strength, Tensile Strength 
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Strength Characteristics of High Plasticity  
Clay Sub-grade Soil Stabilized with Ground 
Granulated Blast Furnas Slag, Fly-Ash and 
Diatomite 
 
High plasticity clay soil is one of the soils that can be found in 
most regions of Iran. This soil is known as a problematic soil and 
as subgrade soil for transportation infrastructures, its 
characteristics must be improved. The purpose of this study is to 
evaluate the strength characteristics of high plasticity clay soil 
stabilized with industrial waste, which in addition to soil 
stabilization, also has environmental benefits. In this research, 
steel furnace slag, fly ash and diatomite have been used as 
stabilizer agents. Stabilization was performed using with 10, 20 
and 30% of stabilizer agents by dry weight of soil and samples 
were compacted at optimum moisture content. In the present 
study, compaction as well as unconfined compressive strength 
(UCS) were conducted to compare the strength parameters of soil 
before and after stabilization. The results showed that the steel 
furnace slag had a much better performance as a stabilizer than 
fly ash and diatomite. Samples stabilized with 10% of steel 
furnace slag with a UCS of 2.16 MPa has a better performance in 
comparison with other stabilized samples and is the optimum 
sample. This sample shows a 3.92 times increase in UCS 
compared to the untreated clay soil. Treated samples with 30% of 
fly ash and 30% of diatomite with UCS of 0.9 and 1.03 MPa, show 
49% and 88% increase in UCS compared to untreated samples, 
respectively. 
 
Keywords:   Clay Soil Stabilization, Unconfined Compressive Strength, 
Tensile Strength, Ground Granulate Blast Furnace Slag, Fly-Ash, 
Diatomite. 
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Effect of High-Strength Materials on Axial 
Capacity of CFT Columns 
 
The review of existing codes and standards revealed that the 
design provisions for CFT members with high strength materials 
are still limited. This paper addresses this gap and suggests 
simple design equations for high strength square CFT columns 
using a three-step approach. The first step consists of collecting 
the experimental database of high-strength square composite 
column tests from the literature and assessing the possibility of 
developing the design equations for high-strength CFT columns. 
The second step consists of developing a nonlinear model for 
calculating the capacity of high-strength CFT columns using a 
large number of experimental data by applying gene expression 
programming. The third step consists of assessing the 
performance of the proposed relation using the common and 
modified coefficient of determination (R and rm), root-mean-
square error (RMSE), mean absolute percentage error (MAPE), 
and gradients of regression lines (k and k’). An analysis is also 
carried out to propose a strength reduction factor (ϕ) for the 
proposed design equation. The results demonstrated that the 
proposed model has acceptable efficiency in the range of the 
experimental database parameters, and the suggested relation can 
be utilized for the pre-design of high-strength CFT columns. 
 
Keywords:   Axial strength; concrete filled steel tube, high-strength 
concrete, high-strength steel, gene expression programming  
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Performance Investigation of Modified Bitumen 
with Ethylene-Vinyl Acetate Polymer and 
Rubber Powder by Performing Classical and 
Superpave Tests  
 
In this study, ethylene vinyl acetate (EVA) polymer and rubber 
powder were used as 85/100 bitumen modifiers. First, classical 
bitumen tests including penetration grade and softening point 
were performed on the samples and improvement of bitumen base 
properties was observed. Then, in order to evaluate the 
performance of modified bitumen at high temperature and 
compare it with the behavior of base bitumen, the Superpave 
protocol was followed. In this way, dynamic shear rheometer 
(DSR) test was performed and G*/sinδ index was examined on 
bitumen samples before and after aging. In addition, the bending 
beam rheometer (BBR) test was performed to evaluate the low 
temperature behavior of the modified bitumen according to the 
SHRP standard based on the creep stiffness and creep rate 
indices. The results showed that the combination of used additives 
improves the performance properties of bitumen at high 
temperature and also at low temperature compared to base 
bitumen. Based on the BBR test, 3% EVA polymer and 4% rubber 
powder, with a 12% reduction in creep stiffness in this 
composition, were selected the optimal values for the mixture.  
 
Keywords:   Modified bitumen, Ethylene vinyl acetate, Rubber powder, 
Performance behavior, Super-pave. 
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Laboratory Study of Reinforce Slop Behavior in 
Unsaturated Conditions 
 
Construction of road foundations or embankments on soft soil 
bed, due to bearing capacity, usually causes bed rupture with high 
subsidence. Soil reinforcement using geocell has been proposed 
by various researchers as a suitable solution. In the present study, 
experiments have been performed to investigate the behavior of 
armed slopes by changing the geocell position as well as the 
change in the percentage of soil moisture. A total of seven 
laboratory samples were designed and built, and the test program 
was designed according to two variables. These two variables are 
reinforcement (geocell) and moisture content. For moisture 
content, the values of 10%, 15%, and 20% were considered, and 
the geocell was examined in both the middle, and end modes of 
the work. The results show the positive performance of Geocell in 
increasing shear strength, load-bearing and flexural strength, and 
finally reducing displacement and increasing gable stability. The 
positive effect of geocell presence can be expressed according to 
the triple action mechanism of geocell in the reinforced soil mass. 
The results show that with increasing soil suction with the 
location of the geocell layer is constant, the displacement changes 
are reduced by about thirty percent, but by changing the location 
of the geocell layer (u/h=1 to u/h=0.5) in constant moisture, the 
amount decreases. Settlement and displacement is about fifteen 
percent. 
 
Keywords:    Unsaturated soil, slop, geocell, physical model.  
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Investigation of the Effect of Wave Height, 
Period and Spectrum on the Layout of 
Breakwaters (Case Study: Brizak Port) 
 
Breakwaters are among the most expensive structures in port 
infrastructure and therefore the optimal design of their layout to 
form a port basin is very important. Nowadays, in most 
engineering activities, the BW (Boussinesq Wave) module of the 
Mike21 software package is used to study and analyze the 
tranquillity of the port basin or to achieve the wave diffraction 
pattern inside the port basin. This study aims to investigate the 
sensitivity of the diffraction coefficients obtained from the BW 
model to the height, period, and type of spectrum of the incident 
wave. For this purpose, Brizak port has been selected for the case 
study and in several numerical models, the height, period and type 
of input wave spectrum in a specified range have been changed. In 
each of the models, the diffraction coefficients in a specific 
location are extracted and the trend of its changes is investigated. 
According to the results, increasing the wave period increases the 
diffraction coefficients in the basin while increasing the wave 
height reduces the diffraction coefficient. 
 
Keywords:   Breakwater, Basin Calmness, Boussinesq Wave, 
Diffraction Coefficient, Port Infrastructure 
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Assessment of Groutability and Cement Take in 
Khersan II Dam Site 
 
Cement grouting is a common method for sealing and 
consolidating dam foundations. Since grouting is a cost and time- 
consuming process, understanding the amount of cement 
consumption is essential to estimate the cost of any dam 
construction. The geological setting is one of the main factors 
affecting the amount of cement take. In this paper, an attempt has 
been made to investigate the relation between the amount of 
cement take and the values of Rock Quality Designation (RQD), 
permeability, joint spacing, and joint aperture, measured in pilot 
holes drilled at the Khersan II Dam site (west Iran). The amount 
of cement take shows a direct relation with the values of 
permeability and joint aperture but presents a reverse relation 
with the values of RQD and joint spacing. Among the mentioned 
parameters, the Lugeon value has the highest correlation with 
cement consumption, however, poor correlation indicates the 
influence of other factors. To reduce the influence of other factors, 
the values of cement take were normalized to the injection 
pressure and then its correlation with the mentioned parameters 
was investigated again. Results show a significant improvement, 
especially between the normalized cement take and Lugeon 
values, resulted in at least the coefficient of determination of 0.7. 
After validation, the presented equation could be used to estimate 
the value of cement consumption at similar dam sites. 
 
Keywords:   Grouting, Cement Take, Lugeon Number, Joint Aperture, 
Khersan II Dam. 
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