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7- Recycled Coarse Aggregates 

��� ��)+���<� IU�.� ��)+��, ��7�S � �-,�X  	�� .

 �b8�-=���-�� 	��, ���� :��,  �,>7 ���1 �>k.� :7 ��

���X �, Ea�**
� {�*^  :�>��  �*�0�***��7 � �D!?^ ���

 :7 :\>@ �76!< :��� ACI 211.1-91 (R2002) �7 �

	��, �7 :7�+� ���.� ��U@ :��,  �k��, �D!?^ ���

:�0�X  �,�, P���� � �-�  �-�  	�� ]36[ . 

  

  
 I1�4 - :�>�� -� >�, ����  ��U��� � ��-d 6�7 I1� �?D1�
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��8 :7: w.� 61�  

:��� ��, � �l!UW@ 6� �, �,����� ,�>� ��0���7: 

 IZ�= �.?� ��-d �.�7 j2�[� �,�8,�
 � 6��1� ��

w.� ��)��, v�>@ �� 61� -��7 �b8�-= �7 :8 ����-�� 

:��, ����  ���2 �F!� ��� X) ����� 52� �� �-��Q8 l?^ �

6!< :��� ASTM C125-16 :7 (:��
��8 w.�  61�

]�
 �/� 9��^� �, id��)  -!2>@ �� `� � P���� (,�7< :7

��� ��)+���< IW�� �-,�X ��7�S � IU�.� ��)+��, 

  	��]33[ � �� V��� 9Q= �>k.� :7 `C� .

�[2�
�� :fB>= �, �� 7 	d, �7 ,��-����� ��>.[� ��� Y�

	�� ,�>� 5+
 	/\ � :�0�X ���d >��  >�, �-�

�-,�X  .	��  �-�6!< �����7) :��� 6� ���� �  :���

ASTM C136/C136M-14 (07/2 :��� P��� �  �< ��

87 �� -Z�,  ,��-����� l?^) -��7ASTM D2419-

14 (]36[.  
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	��  �>��:��� 	0���7 :fB>= �, �-�  ���

�X ]�R�� ,��-����� ��>.[� .-,�,  I1�3�  �.W.�

:��, �����)2  � 6� �-.7:���  ��0���7�,�����,�>�  �,

�-� �,�, ��+� ����<   	��]32[.  
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 ���,�)F!� ����@,�>� �,�����  �, ,�7��8 	/\

A>� �� ���X �, �� ����!@ AII �  ����� �710  �14 

��  .-.��7 ��-\4�  ���,�)F!� �1!��1� V�[G+�

[� �0���  ��+��� -�, 6� :8 	�� �8� :7 ]�Y .

V�[G+� �+8 ����< ��  v�>@ ,�)F!� �!U���

 -.7 �7 l?n.� �����>!�> �+8 ��)��,20-2 -1-2  ��

6!< :��� ACI 318-14  ,��-����� �ASTM A370 - 

17a :7 	�,  �-�< -��.  

��-\ 4-  ���,�)F!� �1!��1� V�[G+��,�����  �-�  
�>@���< A>�  �>@���< �nd )mm(  �!F�@ �.@ )fy( )Kg/mm2(  	�1� ���8 )%(  �.@ �b8�-= )fu( )Kg/mm2(  

A II 
10  97803/36  4613/23 20327/56 

14 32573/29 3919/29 01528/52 

  

:7 m��� 2� �7 l?n.� �-�< 	�, �, ,>\>� V��� 

 ���-.720-2-2 -4  �20-2 -2-5  ��6!< :��� ACI 

318-14  ,��-����� �ASTM A615/A615M-16 

��  I1� �, :�>�� ��>.� :7 .-.��75�.W.� �  �.@- 

���8 ���� ,�)F!� �!U��� �+8 ����< �� IZ�=� 

10 ���� :�>�� �,)� 3I1� �, 6!.f�� � ( 6 ��)��, �

>W� � ,�)F!� �!U��� �+8� ��8 �)�G!�X � �

�� �-��+� ,�)F!� >�.,  
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 �� ��>[@ .	0�X ���d �,����� ,�>� l!UW@ 6� �, �@�>8
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 �nd �7 ;ad �� �, A>� �� �,Y>08/0  �>^ �50 
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 �k� �, ���1 :7 :\>@ �7 � ��0���7 � �D!?^ ���X �, ��

 ���+0 	���U� 6�0�X:[G+� � 	/\ �.?� � :��U

-��+�� :�>�� V��!!z@ �� �b8�-= ����-��  ����
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 �!@�@ :7 � ���1 ��0���7 � �D!?^ �,�-= �7��710 

�F!�  ������� 52� ��� �-���)� 3/8"( 	��, ���7 :��, �� �

 �2 �F!�  ������� 52� �� �-��QX)� #8( :��, � ���7  ��

�-� :�0�X �k��,  .	��  

    
)(g2�  (;)  

 I1�7 - 9�!2� (g2�) �� ��>[@  9�!2� (;) � �@�>8  �,Y>0

�,����� ,�>�  

 ��-\5- 9�!2� V�[G+� �,����� ,�>� ���  

9�!2� A>�   �>^)mm(   �nd)mm(   �2�)c)ton/m3(   :�!�!��Y� ��-�)GPa(   �++8 	���U�)MPa(  
�,Y>0 50  8/0  85/7  200  1100  
�@�>8 54  -  94/0 5/3  475  
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�7� :8 ,>7:��, � �- �� 	��, � :��,  V-� :7 ��30 �7 :!��o 

E>FG� ��   `C� ��-�5 ]>�  :7 Ea�
� ;< ����

:0�B� E>FG�   V-� :7 � �-�30  :��,� Ea�
� :!��o

�-,�X  ���� �, .	��� !U7 � ���!�: :0�B� �!8�@ :7 ;< 

  V-� :7 � �-�2 �-� �,�, :��,� Ea�
� :U!d,  .	��  

, Ea�
� P��:�>�� ,�>� � 	>U@ ���  �7 �-�

�,>7 V�>Z 6� :7 � F0 9�!2�  :��, � �-�7� :8 	�� ��  �

	��, :��,  V-� :7 ��30 �7 :!��o E>FG� ��   `C� ��-�

5 :0�B� E>FG� :7 Ea�
� ;< ���� ]>�   :7 � �-�

 V-�30 �-,�X :��,� Ea�
� :!��o  :��,� �, .	��� 

!U7 � ���!�: �!8�@ :7 ;< :0�B�   V-� :7 � �-�1 

:�0� :��,� Ea�
� :U!d,  ���� �, .	���  :7 �,Y>0 9�!2�

�,� 0� �.�7 Ea�
�   V-� :7 Ea�
� � �-�2  :��,� :U!d,

:�>�� ,�>� �, Ea�
� P�� .	0� 	>U@ ���  9�!2� �7 �-�

:��, � �-�7� :8 ,>7 V�>Z 6� :7 ��>.[� ��  �

	��, :��,  V-� :7 ��30 �7 :!��o E>FG� ��   `C� ��-�

5 :0�B� E>FG� :7 Ea�
� ;< ���� ]>�   :7 � �-�

 V-�30 :��,� �, .-,�X :��,� Ea�
� :!��o�  � ���!�

5 :0�B� �!8�@ :7 ��>.[� 9�!2� ]>�   Ea�
� � �-�

 V-� :71 ���� �, .	0� :��,� :U!d,�  9�!2� � ;< :!U7

:0�B� �!8�@ :7 ��>.[�  � �-�  V-� :72  Ea�
� :U!d,

.-� �,�, :��,�  

 9�!2� :8 	�� �8� :7 ]�Y:7 ���< 6-.c �^ � �

 �� �@ -�-� :0�B� E>FG� :7 :F=��-��-  �-� :2>FX8 

 .-< I�� :7 ��!X>F\ 9�!2� ��-\ �,6�  Ea�
� {�^

�,�����  :�>�� �, �-�  ��0���7 � �D!?^ ����< ���

�7 ��.?�6!< :��� ACI 211.1-91 (R2002) 5 ���7 �

�D1���� �-� �,�, ��+� ��.�7 Ea�
�   	��]35[.  

 �,�U� :8 	�� j!B>@ :7 ]�Y�� \�  Ea�
�

w.�) :��, ��,� 0� � (;< � ���!� �  	/\ (9�!2�) ��

:�>�� �, ,�7��8 ��  :7 � :�>�� �R= ��.?��7 �(���!@)

� ���8 V�>Z��� 5 �, �,����� ,�>� �,�U� �D1� �

:?��W�  7 �!@�@ :7 � �-� 	d, �7 ���!R, �������@ �10 

 �01/0 �-,�X 6�>@ ]�X  .-��  

                                                 
8- Balling  
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 ��-\6- :�>�� Ea�
� {�^ 7 ��0���7 � �D!?^ ����7 �D1���� 5 ��� ��.?�6!< :��� ]36[  

:�>�� ]��  
 :7 ;< 	?��

 ���!�)W/C(  

���!� 

)Kg(  
;< 

)Kg(  

6�  � �D!?^
��0���7  

)Kg(  

?^ :��� � �D!
��0���7  

)Kg(  

 �R= �7 9�!2�5/0 -Z�,  
�@�>8  

)Kg(  
,Y>0  

)Kg( 

RC 55/0  365  75/200  830  25/889  -  -  

RRC 55/0  365  75/200  830  25/889  -  -  

SFRRC 55/0  365  75/200  830  25/889  -  39  

KFRRC 55/0  365  75/200  830  25/889  55/4 -  

HFRRC 55/0  365  75/200  830  25/889  
125/0% +�@�>8375/0% ,Y>0  

365/1  3/27  

  

6 - ����� B?�" �0 

6�7 	/\ :�>�� � �  � F0 �2�d �� ���,�����  �-� 

 6S�� �7 	�� ]�Y �>k.� 6-7 .	��  �� ��2�d ���8

��-\ :7 6�7 �X-.?�c�  �2�d��!X>F\  �����, � �,>��

:�>�7 v�>@ ,>\� V�>Z �, �� �2�d ,�8 ,�-�� ���8 .

 T>[G� �f!d �� ��,�)F!� P�7 ���7�,�����  �-�   	��

�
 �, � !� �,�8�nd � �>^ �,�U� ��,�)F  (�
) ;ad

6!< l?^  :���ACI 318-14 �k� �, � :?��W�  :�0�X

�
 ��)��, v�>@ � �-� �-� �
 �68 -��.  �� :1.� 6�B

�!� �-,�X �,����� �� :7 ���>@���< 6��7 ���7 �>��� 

  I1� �, .	��8>W� �� 1?� 6��7: �,��< � �>@���<  ����

 � F0 �2�d�-��+� �� .,>�  

    

    
 I1�8 - >W��  � �>@���< :1?� 6��7�,��< ����2�d �,� 6S�� � � � F0 ���  

7- D���8* 
����E  

 -.���� ���)+���< ���-!c �� ���!@ ����< ���7

 I1�9 �-� �,�����   .	������ �>^ � :8 �-��+

�� ��/c ���QX��7 �� ,,�X :nU� �����< ]�R�� ���7 �  ��

�� �,����� .,>�  IW�X���d!� :� �z@!!���1� m.�   �

�< 6!7 IZ�>0  ��:~���  �-�   I=��� .	���,��< ��� �

�FZ g8 �>!��-�>0  !�  �!@�@ :7�� �-��+� ,>� . 
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��QX��7:7 �  5\ v�>@ :8 �,>7 �1!@���� V�>Z

 5!2��-!�:�0�X V�>Z  7�\ �� !� .	��:  :�>�� ��\

 v�>@ ���QX��7 	W@z@!!���1� m.� ��  :�>�� �� �, :8

 ���d�,�,  �-� -���� 	?o � ���.8 �  	�� �8� :7 ]�Y .,>�

 :7 5!2��-!� 5\ :8m.���7  5\ ��7 � �-� I[��

 ��)��, :7 �< v�>@�,�, V�?o �� �����  �� �-��>
 �  .,>�

��[@� IW� �,  ���QX��7 �!@ :7 m.���7 � m.���7 :7 5\

  >� � �n
 �,�8 �8 	/\ (�!X >�) �0�!2� ��>� ��

�,�, �-,�X �,�����  F0 :7  F0 ��[@� �, ��  	��.  ���7

���8 �[� �7 ��,�)F!� ���8 ����7 m.�  �� �, ���

 ���QX��7 IW����� �>^ �!� :8  �-,�X :~��� �@

���8  ���+0 ,�)F!� ��� ����,�)F!�  :7 �++8

 ��)��,�,�, V�?o �� �����  �-�  �-� �!F�@ ���� ��< �� 

 ��,�)F!� �!U��� �+8 ����< m��� :7 :\>@ �7 ��

�� .,>�� ���G��� ��>@  

  
I1� 9 -  ���-!c:nU� ��/c ��
 ����< :�>�� �� ��  

8- G(9 � H��7� 

8-1- ���I� B����� 

 ���7:7 	�,  ���+0 	���U� �,��<:[G+�   ��

 -.7 �7 l7�n� �(�!@) :�>��26 -12-1 -1  ��6!< :��� ACI 

318-14 �>��<) :�>�� :� ��::��>��� (  �nd �7 ��15  �

 A��@��30 �����  ����,�����  �-�   .	�� 

:�!�!��Y� ��-�   (	�1�) �)�G!�X ��-� �

) v7��� �� �,����� �7 6�71) � (2�� :?��W� (  -�,�X

]28[:  

)1( 
'4700c cE f= 

)2( 
'0.62λr cf f= 

 V��a^����G���  �-�  ���>��<  ���+0 	���U�

28 ���� :�>�� 	���U� ��� :��>��� �R.�  ]� 2� l?^) ��

 -.719-2 -1-3  ��6!< :��� ACI 318-14(  ]� 2� 	��� �

 -.726-12-1 -1 - )b6!< �� ( ���: ACI 318-14  �,)

 ,�>� ,��-����� �7 ��?n��ASTM C1077-17 ,�>� �, �(

 :�!�!��Y� ��-� ����� :7 ��0���7 ���X � �D!?^ ���X

 ��!D� � :�>�� �� :7 E>7�� �)�G!�X ��-� � P�Q�

6!< v7�>B l?^) 6�7 :���  ACI 318-14 ��-\ �, �(7 

�-,�X :~���  .	��  

6�7 5�\  61�]��@  @��>@�!5 200  �7 l?n.� �.@

� ���,��-����ASTM C39/C39M-17b  �ASTM 

E4-16�7 ���+0 	���U� ����< ]�R�� 	/\ �  ���

:�>�� :��>��� ��� �� �-��+� �� X ,,�]38  �39[.  m���

:�>�� ���+0 	���U�  � ��0���7 :��-).� ���= 6�7 ���

 ��-\ �, i\�� :�>�� 6!.f�� � �-�?!� � � R� 9�!2�

7  .	�� �-� :~���  

� �, I110� :�>�� ���+0 	���U� ��,>��  ���

:�>�� ���7 � R� � �-�?!� �0�!2�  :��-).� �7 ���

��,>�� 6� �, 6!.f�� .	�� �-� �,�, ��+� ��0���7� 

:�>�� ���+0 	���U� ���8 � �� 0� ��-U�  �0�!2� ���

 �7) i\�� :�>�� � 9�!2� ��-7 ��0���7 :�>�� :7 	?��

�-7 � �D!?^ :��-).�.	�� �-� :��U� (9�!2� � 

��>n���� �� :k=a� I1� 6� �, :8  �� �,����� ,,�X

 ���+0 	���U� �� 0� h��7 �-�?!� � � R� 9�!2�

:�>�� .	�� �-� 9�!2� ��-7 ��0���7 :�>�� :7 	?�� �� 

:�>�� ���+0 	���U� �� 0� ��-U�  �!@�@ :7 �0�!2� ���

22 �17  �5 �7 :�>�� :7 	?�� -Z�, 9�!2� ��-7 ��0��

 9�!2� ��@�>8 � �,Y>0 �-�?!� 9�!2� :�>�� :7 E>7��

 �� A>B>� 6� I!2, .	�� �-� 	?o �@�>8 9�!2� � �,Y>0

��  v?@�� �,����� ,�>� 9�!2� �1!��1� V�[G+� :7 ��>@

:�>�� :�� 6!.f�� .	���,  9�!2� ��-7 � �7 ��0���7 ���
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 a�E GE �� ��c ���- k`^ Y�� �� �+����� �E ?�@�� ��� ��GE 	�+ �� .2. 

    
(n8�)  (;)  

  
(m)  

 F7�6-  (n8�)��.� ��� ���* e�f� G�@�J (;) ��.� Go��p7 G7,� � �D���� e�f� �E�  (m) ���>� � G�T� F��7- �.�  

      
(n8�)  (;)  (m)  

 F7�7 -  (n8�)��>� �.� ����@p�� (;) � +�._-A!E��+ m) � ���h- 	��+�E �+ ������ ����-�� ��@^� �.� (  

 �E ?@� 	8�/ �+ ;2 q`� k]�f- �Y�� A� �+

 A� �� �7 .	�� k]�f- G`f� �+ ����+ ;2 AD�� q`�

k]�f-  ;2��T ���3+ � ;2 !
 	8�/ �+ ���� .��E .

GBc�T  6 ;2 AD�� q`� � ;2 !
 k]�f- G`f� �+ A!E

 F!74- �� ?@��� .�+�@{=� A.E .� G����E  �� T� L�� �+ ��

MATLAB�  �;2 q`� ����� ��� �� GD �.� G!>-

6 GE 6 �� ?�@�� 6- +@�� � s��-�� � �+�D 6!7�- 6- 

 Gd��� �� ?�@���� .�+E ���+@�� � s��-�� ��� �� .G  	�+

 ?@� s��-�� ��Cv� ?@� s��-�� �G=!4!E s��-�� ��.�2

 �A!3��!� +@�� ��Cv� ?@� +@�� �G=!4!E +@�� �A!3��!�

 Fc�/ :��D�T � ?@� �@]�� ++�*F7� . 8 n!] �

 	��+�E n!] � m�@���[ ��4� ;2 q`� �� �.��� .�+ .  

  
 F7�8 - ;2 q`� �� �.� 	��+�E n!] � m�@���[ n!]  
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9����E �c ���- k`^ Y�� �� Fc�/ t��� GE �� �

�f!^+ ?�@�� 6!7�- �a�E  �.� G���@
 +@�� � ?@� s��-��

� Gd��� ���� .�+  ��3��+ �� �.� �+�+ �+�f� �E t��� �

?@� ���  .	�!� g,`=����/ A� �E  � s��-�� G� A!E ��

 �M�@�� ?@� +@���Cv�  	8�/ �G=!4!E ��Cv�  � s��-�� GE

6+ � ��3��+ +@�� 	�� �-.  n!] �+ �� s@y@� A�

m�@���[  ��3��+ GE �.� �+�+?@� ���  �.� +�J� n!] �

 6!7�- G����E t��� �� � 	�� �.��4� FE�^ ;2 q`� ��

 �?�@��.v�  s@y@� A��	� s��-�� �+ ���� ��@=� GE .

?@� 12 ���!�����  ��3��+ GE �.� n�_-?@� ��� �

	8�/ �+ ?@� s��-��  �M�@�� ����Cv�  GE �G=!4!E �

b!-�- 3/5 �38/11  �59/15 ���!����  .	�� �.� Fc�/

 L��- t�������2 �� bB`� A� G�T� L�J�� �- ��O .!

�� .=D.  

 b�f- �E A��E�=E�� ��@-  �.� �+�+ +@�� � s��-��

 ��3��+ GE?@� ���  +@�� � s��-�� ���� ���Cv�  �{� �+

 �� ���D  !� ;2 q`� �� �.� +�J� ?�@�� +�._- .	T�*

 ?@� s��-�� �+ ���� ��@=� GE �	�� ��{��� +�@� +�._-12 

���!���� +@�� �1  +�D��D ���� P.� � G!��C5400  G!��C

�{��� �(	��� �!� � 6) +�J� �5400 6- �� ?@� +��� 

�-�@c �+  �a�E GE �� ��c ���- k`^ Y�� Fc�/ t��� GD

5173  Gd��� �� ?@��� .�+�� A� .O i��-� F!8+ A.E G8

�� ?@� �+ GD .�T�  G7�2 ��.E ;2 q`� � � ��!�E ���

 Ff�=� �._E ?@� GE .=D k`^ �� ��c ���-�� +@� 1�� � 

 ?�@�� Y���� �+ ?@� �2 IQ/�� ++�* g,] .

����2 �� ��N8 �� +.� �+ A� P���- �G�T� L�J�� ��!CO- 

 �E ?�@�� +�._-F7��!!j- ?@� A7�  � �+@E l���� FE�^

 �+ s@y@� A�����2 �� .	�� �.+�* ���=D  
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 ����Ga �@��2  F7� �+ .	��9	��+�E �  �� ���

F7��!!j-  �GE�[ ��[  �@��2 q8�h� ���� ��>� F!T��� �

 �.��4� nB�r� P�>[ ���� +@� F7� �+ .10 !� �  �.�

��@^�  �� �.� G�
��?@� A7�  � �+��?@� A7� GE  �����

k��� �E ��@r8+ Y�E 6  ���� k]�f� ���� � ���� �� �8@]

�@DQ� Y�E �+�  ����2 �� ._E � F,^ �.� �+�+ ��4�

	��GE .  �� ���h- +�� +�._- F!8+F7� L��- ?�+  ���

�E M,-�� ����2 �� I�c .	�� �.� �{�  

    
n8�)(  (;)  

 F7�9 -  �� ������ (n8�) � 6���� � (;) k`f�?@� A7� ����2 L�J�� �� ._E � F,^ k��� ��.E  



��T� ���B�� �@� �E�
���.>�J� � ��c�� �  43  
  

 

����� 	
���� ��� ����� ����   ������� ����� �2 �� ������ �  !�1400 

�G��+� �+ � � +@�� �s��-�� ��������� ?�@�� +�._-

)��T@] P.�( GE ��@=� �>� G= * A�-  ����Cv� �E 

����T �� !� .c� � ���� ���.�� ���f��� 	8�/ �+ �

 GE Fh�� k���?@� A7� .	�� G�T�* ���^ ����E +�@� 

 ���E.��� ����E ����.�� ���� k`f�  ?�@�� +�._- �E

 �+�@
�E A!E1000  �-6000  +�@�	T�* ���^ ����2.  

  
 F7�10 - ���2 �� :� br�=� Y�E k`f� (?) ����2 �� F,^ br�=� Y�E k`f� (;) br�=� Y�E � ����-�� ��@^� �.� (n8�)�  

� �EG,��N G`E�� �� b!�2 +.� )2(�  �.��4�

�� ++�*  GDG=!4!E  �� �!E) F!T��� �!!j-50  (.c�+ �

 ����� GE b!�2 �+ � ��T@] F��� P.�����  +�@
�E

1000 G!8�� ?@�  ���� .�+  ����T �Ga  �- �@��2

3000 ?@� (��T@] M����)� G���+ �4� T� .����  �� :�

�2� .���  ���� ����T ._E�� 3000  ?@�GE �@] 

 ���D ��@�N��� .E��  ��>��� �- ��4��D .��� A�

) ��T@]6000 ?@� � G�T� G��+� (�� ��@-  +@�� �.��4�

k^�� �+ GD  9@�N��� �  !o�� ��!�E 9��� A� �E .	��

����T G7=� GE G[@- �E�  � b!�2 F!T��� �!!j-

?@� A7�  +�@
�E �+3000  GE ����� k`f� GE ?@� �!E

 ��90  ./ .c�+ ��>��� .���  +�@
�E ����3000  ?@�

�� GE ��@=�  �+�_- ���� P.��� ��@- 	T�* �{� �+  �+ �

�.� �� G�T� L�J�� �7 !T � +�._-3000 E ?@�G  P�@c

 G�T�* �{� �+ 	E�C�� +@� � �@��2 q8�h� Y � �� :� .

 s@^�F7��!!j- G!8�� k`f� )1000 (?@��  ���@+ b!�

�+ !fE �E G>[�@�G  �1� �?�@���� ++�* � F!T��� �!!j- .

 b[@� t�.- GE q8�h� Y ��� +@�  � 9��- q`�

 +@� +�J� ?�@�� �|��� ;Q[ .��� �+ ���4!E ����T

 9�7_�� b�y ���D � ?�@�� �|��� ;Q[ .�� ���E GD

 ������ ++�*.   
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 �+(G!��C 6) 	E�C +@�� � .� ����E  ?�@��9 �12  �15 
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?@� �E�r��� ���� G� �� GD �+@E +.�  A!E�+�f� A� �

;�r��� G=!4!E �2 � ����� ��@- s��-�� ���E ��!�_- .
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e�f� +�._- �+@E �D GE G[@- �E�  G8+�_� A��T�c 

 G!8�� A!�r- 6�� .��E  ���� ��@-  �BD 	8�/ �+�2 GE 

+@�� +�=��� . �+�.�� A� ��=,��EGE ?@� s��-�� .�� ���� 

�,��  ��36/0  GE48/0  �� �48/0  GE6/0 GE b!�2 +.� �

 b!-�-12/39  �44/44 .c�+  �� T��� .E� s��-�� �+ .

 ?@�15 ���!����?@� ��� �� ?@� � ��� �  A7�

.+�* G{/1�. A� �� ���  ?@� s��-�� ��12 ���!���� �+ �

�.� ��..� �+����� �7 !T �  

  
 F7�11 -  ��+@��G`E�� ?@� s��-�� �E b!�2 +.�  

  !� ?�@�� +@�� ����EGE ��@=�  ���������Cv�  �E

� ���.�?@� A7� .v�  GD 	�� ��� A� s��-�� 6 �+

?@� +@�� �� T� �E �?@� 	E�C�  ����T ��.f� !� 

 �� T��� .E� . �+��.[ 4 � �,�� ?@� +@�� +�.��

 b!�2 +.� � (+@�� ��D�./ �E +@��)�� �.��4� +@� .

 ��4� +�.�� A��� .�+ GD GE ?@� +@�� .�� ����  �,��

 ��6/0  GE8/0  �� �8/0  GE1�  b!�2 +.�94/22 � 26/28 

 �� T� .c�+�� .E�.  G{/1� +�.�� A� �E�� +@�  GD

 �� T� �� b!�2 +.� �+@�� �� T��� .�+  �� T� �8�

 ?@� +@�� �+ .+��+ ���4!E �C� �?@� s��-��9/0 C �G!��

��_E � �+@E +�� ?@� � !-  �� F,^ GD .+�* G{/1�

 ?@� �.!�� GE?@� A7��� i��-� ?@� 	�7� �  � .�T�

 ?@� +@�� ���E5/1  P.� �+ �4E�- ?�@�� +�._- �G!��C

 ���D A!_� ������ .E�A� �� . ���  ?@� +@�� ��2/1 

���!���� �+ ��.� ��..+�* �+����� �7 !T �  

3 -3-  �A���	 � �����0�	 �,6�4 7���& �  

 	@f- �.� ����E GE �g!fN- G��+� �+ �.�

GE GB!��  � i�j��� k���?@� �!*  GD �.� G�
�+�� ���=�

����2 ��GE GB/�� A� � F� \�� L��  n�_- � ���Q*

:	�� �.�  

��.[ 4- b!�2 +.� � �,�� ?@� +@��  

1 8/0 6/0  Tmax/T 

7131/0 5560/0 4284/0 S  

(n8�) RB: ?@� k��� ��.E A7�  

 (;)RBS: ?@� �� k��� �E �.� 	@f- A7� GE Fh

����  

 (m)RBF: ?@�  �E �.� 	@f- A7�?@� �!*  �+

GBc�T 50 ���!����  

 (P)RBSF: ?@�  GE Fh�� k��� �E �.� 	@f- A7�

 � ����?@� �!*  �+GBc�T 50 ���!����  

 ��.[5 � +@�� �s��-�� �k]�f� �+ b!�2 +.� �

E ?�@�� +�._-G  �+ �.�2 	�+����2 �� �� G�T� L�J�� �

 ��4��� �+.���.[ A� �+ . Hwm n�_- ?@� s��-�� �

 GE �.�?@� ���� Hs ?@� s��-�� ��Cv�  �� �.� 	��+�E

 �;2 q`� Twm GE �.� n�_- ?@� +@�� �?@� ��� �Ts �

 ?@� +@���Cv�  �;2 q`� �� �.� 	��+�EN ?�@�� +�._- �

 � ��{��� +�@�Npr ;2 q`� �� �.� 	��+�E ?�@�� +�._- �

.	��  

 F7�12� � �+ ���� ��>� F!T��6��  k]�f� ��

E �� �y��G  ����2 ���E �J7 �@]RBSF ��4� �

�� .�+G� F7��!!j- ����+�E�@h- t��� .  �� �._E

�E ��=,�F7��!!j-  k`f� �E � �+�+ Gd��� x
�� e�f�

) �+�D Y � 	/��� ��@h- �� �+ �+�Ae ( GJ!�� �+ �

E b!�2 +.�G  	�+�� .2.  F7�13� ��� F!T

F7��!!j-  G�T�?@� A7� 	8�/ L��- �+  �� ����2 ���

 ��4��� .�+.  ��.[ +�.�� ��=,� �E5 �+ b!�2 +.� �

?@� A7��E �E��E �T+�h- ?�@�� 	N- � 116/1 GE  	�+

 �@`���� .	�� �.�2 �.��4� ��.[ �+ GD�� �++�* 
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 e@E�� �.� 	��+�E k]�f� A!E �+ b!�2 +.� A��4!E k`f� GE20 ������!� ���@+ �� ��� .��E.  

 ��.[5-  ?�@�� +�._- � +@�� �s��-�� �k]�f� �+ b!�2 +.�GE 	�+  �+ �.�2����2 ��L�J�� � G�T�  

S N  T(s) H(cm) 

 
Smin (final) Smax S80 S70 S60 S50 S40 S30 S20 S10 Npr N0 Ts Twm Hs Hwm  

538/0 

116/1 959/0 017/1 014/1 048/1 099/1 075/1 116/1 033/1 2783 3000 95/0 1 52/11 12  RB 

701/0 516/0 660/0 698/0 699/0 701/0 572/0 574/0 626/0 2953 3000 96/0 1 29/11  12 RBS 

735/0 503/0 735/0 576/0 601/0 628/0 667/0 629/0 549/0 2709 3000 94/0 1 29/11 12 RBF 

538/0 480/0 433/0 538/0 472/0 485/0 443/0 486/0 502/0 2787 3000 97/0 1 59/11 12 RBSF 

  

E s@y@� A�G  +�@
�E �+ ?@� ���T� �*.!u!� �]�


 GE?@� A7�  �+@EGD }=� GE +�@
�E �+ ?@�  	��+ ���

Ga  b[@� �� �-�D�/  !� �y�� 	>[ �+ ��@��2

�� ++�*GE . E ��1�G  �G!/�� A� �+ ���[ Y�4��� F!8+

	D�/ ��{=��� ���  �+Ga  F7� �@��2�� +�!* �

A��E�=E �T�c  �+ k`f� 6 ;�r��� �E?@� A7�  ���E

� ���.�� ����E�� ��@-  	��+ �N!Nc � g!^+ P���^

 �{� �+ ���4!E k]�f� +�._- ����E ���>E �E���� ���E �

.+@� G�T�* 	!BE�^ �E G!7- �E G� ��@^� �.� ��� E � �._
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3  �>� ����9 G9��- 

��=.  � *4�
�.�� ��+��!!ID r����9 �9���� *4��L �.
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�� .1� ]3[<� . ���5
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 c��� V��� �. ��H �!!ID � Z�3D�� �/5� c��4D ���.

 �?
�� .1� ]4[.  

����6-���� ���!� ��D1H c��4D ���. �9 ���  �9 �

�*� ��� ���!� ��?
�. ����L�  �>� ����. ���

t4!^4!�6

5 ���!� �  ���� � t4!^4!� �>� GH ���

G9 	���M� �� �1Q �*� e�]= �7�l �. ����   �� 	��

�*�  �>� ����9 G9 hm� .*�.�H ������- ��=.  	!L�T �9

���� Z ���L G�
�.�� ��  �� L� �9 GH *4�L��. ���- 

��=. ���� Z ���L 	!L�T ��� ���H u1v� G9 *9� ]5[. 

��6. a!M]D �. S!4^�� ����
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 �� ��-!9 ��*K50 �>� %��- ��=.   S!9 �� �� �*� GO��]�

�� .�9 ]6[. �/����7

6 ����+�� � ���� ���9  � �4�9 ���

d�5 G����l �. ��.F1L  �>� �� �z���- ��=.  �L�3� ��
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d�5 G����l �*�.�.  �>� �� �z���- ��=. ��  �� ��.�M� ���9
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 GN1D .�1� ���H ��F1Q \��. E*�G�L�C ���K  	�� �9 .

����+�� � �/���� ��J S� *�.�M��� S� �9  �>� GH��- 

��=. ���� �. 	��6� 	]D �.F1L ���  \��. E*� �9 ���

��F1Q  �� ���� ��-!9 gD��� G9 g!�l gN1� �9��
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6  a-�  F��0a-�  �7�E+ �!J  F��+ 2 ,V�0 �0� ?��  

  

�@ ��������� 9��� B�[L3��  ������� 	��=���

����� �p? ,V�0 �gA[L� ��� �������� 8�
� 

	8���E7

6�p? ,V�0 �� 8�
� 2-� `8�[��87  ,V�0 �

�p?� 8�
� J �: �,���!�98 ,�0A:.  U�_ �Z�0 Z�/ �0

���E� 0�2� �-M� �: P��� `D� S�� �� �0����� �:� 

I�H U�_!l  I���10

9 ,� Fq����  B�[L3� � � ��TY

,0�/ @!!CH  !� �.�E �����=�.  S�� @� �� P��� `D�

�0�0  ���� ,��AH �!� ���:  �����=� � ��TY ���?� �-!:

,-I �0�����.  ����� ��,W2 ���E U�_�  �� �AIG�

                                                 
6- Air Void  
7- Voids in the mineral aggregate (VMA) 
8- Voids Filled with Asphalt (VFA) 
9- Central Composite Design (CCD) 

 ��3��� ,�0.  

2 -3- �89 )���: ;'�< /='  

S�� F�A�T� P��� `D� ��  ��S�� ��� ���E�  �

�n�!B� 0�:��I� i����:  	
���,� ��� :�TH�  .	��

 �0 },�`D� S�� .: �P���!F- �0A�� x��) P���!� 

W��
�x�� ,-] �� FI 	�� (!� x��) 9=���!���� 

0���� ( �!XjH�� �!/���E �� .0�  ��6 ��� �A��E  ��

73H!9 F�?� � xH!!� x�� �0!���� 0����  ���:CH!!@ 

x��!�  P���F: �� ��I 0��. F-!.: ���� �0  `D� S��

 P���F:  � ���I �Ab-�F- �� .	�� � �0@ S��� 

��2���  	�� F:FD=� .:!F- � B�AV� /!0�.  �� },�

�_U ���E� ����-��  �0A��;>H �!9 HjX!� x��!���� 
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 �: �Xr� ���W��
�  �: �� 0�,CH���E ���I� 
�: .	��� 

 9Y���@� x�� z�L��� 9��� S��!���� w!� �� F��:��

�_< ���E� l��-� �0�,>� �0�I �L3� � �.�E �

S���: F;�W,-] c:�H 6 �:�TH B��1_� <�_ �� �� �

���:�� 	�0 � �,� :�� 0�=� F:� .:!F- ��:� x�� ��!� 

	�� ]15[.  ��,W �03�  � ����: 0�A� ����������

.	�� �,� �0�0 ��3� �.�E ^;�L� UAD�  

 ��,W2- P��� `D� S�� F: ����E U�_  

`8�[� vA�  ,V�0��0� ?� �!J ,V�0 F�A�� `8�[� vA� ��0� ?� ,V�0 �!J ,V�0 F�A�� 

6�E ��V 5/4 12 	!���/ ��V 5/4 1 

6�E ��V 5/5 13 	!���/ ��V 5/5 2 

6�E ��V 5/6 14 	!���/ ��V 5/6 3 

6�E 2 5/4 15 	!���/ 2 5/4 4 

6�E 2 5/5 16 	!���/ 2 5/5 5 

6�E 2 5/5 17 	!���/ 2 5/5 6 

6�E 2 5/5 18 	!���/ 2 5/5 7 

6�E 2 5/6 19 	!���/ 2 5/6 8 

6�E 4 5/4 20 	!���/ 4 5/4 9 

6�E 4 5/5 21 	!���/ 4 5/5 10 

6�E 4 5/6 22 	!���/ 4 5/6 11 

 ��,W3- �,� �0 �.�E UAD� � �0��� ���������� P��� `D� S�� F:  ����  

�������  `D�  

(,V�0) �!J  5/4  5/5  5/6  

�;� ��0� ?� (,V�0) @;!H�  V��  2  4  

�2-� `8�[� vA�  	!���/  6�E  

  

2 -4 - 34��5� �+� �� ��� �?,�  

����E ��� F: ��I � �0 F�?�@ =>H!<  ���/ �0 �0

����E ��� �TY� ����=� �� ��������� �,�:� .,�0A:� 

�TY� F�A�� �� gA[L� ��� 9���� �p? ,V�0� 8�
� 

�p? ,V�0 �	8���E� 8�
� 2-� `8�[�� �p? ,V�0 �� 

8�
� J �: �,���!� ���,�� ��!/ ,�,�@,: .  �� �Ab-�

 ���0��,�����AASHTO T275 �AASHTO T269  �

AASHTO T209 ,� �0�����. ��������� ht�� 

����=��  	��=��� 9��� ������  ������i����: 

AASHTO T245 :F .,�,�E 	�0 

3 - @4�?A B8� �  

3 -1-  !'�-�C���?� )�� �� !?#�D'� E*�F� ��?,�  

<!=>H @� },�� F-!.:  	8���E K1�
� U�_ ����

	�� P��� `D� S�� F:�  �8� �	�L� Z�/ �0F�A�� ��� 

���E��23� F: ��,V�0 �: ���,�� S��� J!� 5/4 �5 �

5/5 �6  �5/6 ���E 0�A��  F�?�/���J�  	��=��� ��,=�� 

����� �p? ,V�0 �gA[L� ��� �������� 8�
�  �	8���E

�p? ,V�0� 8�
� 2-� `8�[�� �p? ,V�0 �� 8�
� 

J �: �,���!� 97� <:�D� ��� 3  �4 ��:� ���/ `8�[�!�� 

7�E �� ,�,0�/ @!!CH.  

xH!!B��  	��=���F�A�� ��� �8���E� :F ���� 

��,V�0�  ^;�L��;�  97� �0 ��!���/ `8�[� ���: @;!H�
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3  ��3��� ,�0 FI  ?���8���E KA;L� F: �0�� @� �0� 

�� ?� ���:  	��=��� ������F�A�� �� �� 0A�.  � �!�HA�

 @� �ApY �0 ������ 	��=��� �� ?�  !� ����7��

,�0�I S�� / �� ��0� ?� ]16[. :!��3@ �!��  	��=��� 

 �0 ������F�A�� ��� ��.] ,V�0 ��0� ?� F: KA:�� �

 ��,=�1075 I!Z�/A;  �,��3��� 0A�.  

�: ���:�0 ������ ����� ��0A�� �  97�3  �,��3�

�� 00�/ � ?� �: FI� J ,V�0!� ����� ������� � ?�� 

F�?�  FD=� �F-!3!: �� � �,��3��� 00�/: .!��3@ ����� 

�8���E KA;L� F: KA:��� �0� ?� ��,:� 	��� 8�Y�0� FI� 

���I@ ����� ���0 F�A�� F: KA:��� ��.] �0� ?� ,V�0� 

� .	��@  ��3��� ,�0 �@ �0� ?�� ����� F�A�� ��  ��

���I �� ,�0 .i,=�  ���?� 0AM.: ����7�� � 0���

 �/,���!�KA;L� �� `8�[� �� �,� F�
�� ��8���E �

�;� �ApY �0 �� ��!���/  �����0 �0 \�: �8�2] �: @;!H�

��3� \�: .,�0�I �,�!w B�AV F: FT!�� @� �!=���

�� ,��AH H �� <!=>H �L: @� FT!��j,-I ,! ]17[. 

 97� �0 gA[L� ��� ��0A��3  ��3��� ,�0  ��,=� FI

@��3!: �0� ?� �0 gA[L� ���� ��.]  �:��: ,V�0

 ��,=�2365 lC7���� �: Z�/A;!I  ,V�0 �0�C� FI 	��

J!� 7/5 .	��  

    
������ ����� (^8�)  ������ 	��=��� (z)  

    
	8���E �8�
 ��p? ,V�0 (�)  gA[L� ��� (B)  

    
 (�)VMA  (d)VFA 

 97�3 - F�A�� ���: �!J ,V�0 F: 	M�� �W��
 ����!x�� e��� a-� ���Y ��� ^;�L� ��0� ?� ���,V�0 �: ��!���/ F��0  
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���I@ � gA[L� ���!  ��:� F�A�� ���  ��,:

�� ?��  �,��3��� 00�/. ����: �:  ��0A���p? ,V�0� 

8�
� 	8���E  97� �03  �,��3��� 00�/ � ?� FI� 

�0� ?� ��,=�� �p? ,V�0� 8�
� : ��!��3 � ?�� 

�� ,�0 . ��?�_ �����: �:�  ��0A��VFA  �097� 3 

 �,��3��� 00�/ � ?� �: FI�  ��,=���0� ?��  �������

VFA F: � �A_!F��A ��I� �� ,:� . @���I @!-o��

����� ��,=��� VMA J �0!� 9/5 ��� F: ,V�0� �0� ?�� 

��.]  9V�Y ,V�0�� 0A�.  

J ��,=� �/�!� .:!�F- ,V�0 �0�C�� J ��!� �:,�  FI

 �:��: 	8���E �8�
 ��p? �,V�0 �E �04 ,��: ,V�0 �0 �

�@ J ,V�0 �	8�Y!� .:!F- ��:� F�A�� ��� F�
��  �: �,�

a-� ���/ F��0!�� �0� ?� �: ��  ��V � �0 ���.] �,V�0

��,=��  �:��:1/6 �6  �1/5  ,V�0 �!J.0A: ,��A
  z�L���

��,=� ��,V�0 @!-]  	��=���������� �����  �������

�p? ,V�0� 8�
� 2-� `8�[�� �p? ,V�0 �� 8�
� 

J �: �,���!�  ��T� F-��0 �0 ��@!  ���J ������ F���

�� ,�0 �,��3� FI �AD���� .�� 0A� ��0� ?� �ApY� 

 �� ?� �� F-!.: �!J ��,=��� ,�0.  

���: �� h��  ���?�KA;L� ��� �8���E�  �:

a-� F��0 ���/ ���!��� �@ ��: ���?�� a-� F��0  ���

7�E� �!  ���:,� ���� .e F: 	�0  ��: �,�E� F�A�� ��� 

��Y� �0  ���.] �0� ?� ,V�0� �0� ?� ��,: ��  97� �0

4 �0�0 ��3�  ���: �: .	�� �,�� 97� 4� ��:� =���	�� 

������  �,��3��� 0A�  ������ 	��=��� ��0� ?� @� FI

F�A��  �� ?� �� ��8���E ����� ,�0FT!�� @� .�  ��/���

 	��=��� ����: �0 ����7�� � ,!�Y <!=>H FT!�� �:

	�� ��0� ?� @� �ApY �0 �7�E `8�[� ������ ]18[.  ��

�?�_�  ��,=�F-!3!: ��  �0F�A�� ��� ��Y� �0  ,V�0

�0� ?��  �,��3��� 0A� .@��3!: ��,=� �	��=���� 

b�!� 1090 I!Z�/A; J ,V�0 �0!� 8/5 �0� ?� �0 �� �0 

 ������ 	��=��� .	�� ,V�0F�A�� ��� ���0� ��.] 

�0� ?� ,V�0� 
!;� 0 �6 F�A�� �0 .	�� ,V�0  �0

 97� �0 ������ ����� ��0A��4� ?� �: ��  ,V�0

���0� ?� �����  ���������I �� ,:� . FT!�� �: F�?� @�

9!�-!� <!=>H ��/E � A;/��11

10  �7�E `8�[� ���:

0��0 ���AL�� ]19[ .KA;L� ��� ���0� ��.]  ,V�0

�0� ?�� ���0� ���I@ �����  �KA;L� ��� �0� ?� ��,:� 

���0� :!��3@ �����  �0 .	�� ��� B��!!xH ��0A��

 97� �0 gA[L�4� �!��  J!� ��: Z�\� @��3!:  ���

��� F: gA[L�� �0� ?�� ��.] ,V�0� C�� �08/5  ,V�0

 �,��3� .	���� 00�/ � ?� �: FI�  ,V�0��0� ?�� 

�!��  ���p? ,V�0� 8�
�  9
�0F�A�� �� �� ?� �� ,:� .

 @!-o�� ��0� ?� ���:� ?� �:� J ,V�0!� �!��  VFA 

� ?�� �� ,:� �  ��,=�VMA ��� F:� �0� ?�� ��.] 

J � ,V�0!� 8/5  �0�C� ,V�03/14 .	�� ,V�0  

 �: �{�-�� �!J ,V�0 �� !�4  �� ��8�
 ��p? ,V�0

 97�4� F��,2-� ���:  F: .	�� d��L��� 9:�J �7�E ���

 ���Y ��8���E KA;L� ���: F-!.: �!J ,V�0 ���k� ��A-�

2 �;� ,V�0 :��: \�: �8�2] �: @!;!H� �3/6  .	�� ,V�0

��,=� �,V�0 @� z�L���  ��������� ��� ���: �� ���T�

@!E �: <:�D� H ������ F���j�� @!� .,-I  

3 -2- '�-�! ;'�< /=' )�� �� G#�D'� E*�F� ��?,�  

,W��� 4  �5 �,� ��� �!0�.-3�  `D� S�� F: ��

 ��3� P����� ,�0���� .  �,��3� FI �A_�� 0A�  �,�

D
� FW�0  ��: �0� ;I!F F: ��������� ����  W�  �0 ������

�!� :!-� ����=� ���?�� �TY �� KA;L� ��� �8���E� 

�!0�.-3 �� 00�/. � �,�!0�.-3� ��:� �����  ������

D
� ;>H .	��!9 ���h�� � �0@  ��3� ���,W�� ,�0 

J ��,=�!�� �0� ?� ��,=�� a-� vA� � F��0 x�� ��!���� 

-C�� � �0 ��0!� :!-� �����?�� �TY� ����=� �� ��:� 

KA;L� ��� �8���E� .,-���   

                                                 
11

10- Hınısloglu and Agar 
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������ ����� (^8�)   (z)������ 	��=���  

    
	8���E �8�
 ��p? ,V�0 (�)  gA[L� ��� (B)  

    
 (�)VMA  (d)VFA 

 97�4 - F�A�� ���: �!J ,V�0 F: 	M�� �W��
 ����!x�� e��� a-� ���Y ���  F��0�7�E ^;�L� ��0� ?� ���,V�0 �:  

 ��,=�p-value���  �� ���I05/0 -C��  �0A: ��0

 ��3� �� ����������� ,�0 .���/  �,��3��� 0A�  ��AH FI

J ��,=� �0!� �0� ?� ��,=� �� ���������� -C��  �0 ��0

�!� :!-� �����?�� ����=�� �TY �� �!,-���  FI��]p-

value : �.�E!��3  ��05/0 .	�� �@ � ����������  ,-��AH

 �0,-E�? �,� ���� � B\0�C� ��n��  .,�A� }GY

F: ��A-�  ��k�� p-value ��:� �0� ?� ��,=� Z�0 ��AH�  �0

�!� :!-�  0,� ������ 	��=��� ��,=�3553/0  � �0A:

x��!� -C�� F: ��0 �� z��Y� E,?�_ �� .��  �-I�,��

x��!�� ��!  ���������� -C�� ��0� �!,-��.  ��,W �04 �

 ��,=�AB: �-I�,�� �!@ x��!� J ��,=�!�  ��,=� �

�0� ?�� 	��� .@  @���0 �: �������p-value  �:��:

8952/0 -C� �������� � �0 ��0!� :!-�  	��=��� ���?�

 ��������� ,��:�� .!@ ��: ZA.���  �-I�,��BC  �0

� ������ 	��=���!   �,��3��� 0A�-] .!@ ;>H!9 ��� 

� ��� ��: ��AH� ��� .0�0 Z�T�� ��������� F: ��A-�  ��k�� 

x�� F� ��!� �,=�� J!�� �0� ?� ��,=�� a-� vA� �  �F��0

x��!���� -C��  ��0 �0�!� :!-� ���� ���?��  ������

 �,-������ �@ x��!��� F: D
 B�AV� ���� ���?�� 

� �� ������!� :!-� �� ���,-.  

 97�5� J �X�!� �0� ?� �� ��������� �: ��� ����=�� 

�TY � �KA;L� ��� �8���E� ��Y� a-� F��0 ��� 
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���/!��  ��3��� ,�0 . 97�6   !� �7�E `8�[� F: KA:��	��.  

 ��,W4- 9!;>H (������ ����� � 	��=���) �����=� ���������� ���: h�����  

�A�I�? �� vA�T�:B�C �0��E FW�0 B�C:�� @!2��!� F-value P-value 

 ������ 	��=����!w FD:��) �D
FW�0  �0(  

A 33/9185 1 33/9185  59/4 0517/0 

B 00/10092 1 00/10092 04/5 0428/0 

C 64/18155 1 64/18155 07/9 0100/0 

A2  005e+118/1  1 005e+118/1 86/55 0001/0< 

B2 21/1839 1 21/1839 92/0 3553/0 

AB 13/36 1 13/36 018/0 8952/0 

AC 00/24300 1 00/24300 14/12 0040/0 

BC 33/120 1 33/120 060/0 8101/0 

(�D
 FD:��) ������ �����  

A 41/3 1 41/3 54/125 0001/0< 

B 75/0 1  75/0 59/27 0001/0<  

C 20/0 1 20/0 37/7 0142/0 

A ��!J ��,=� :B � ��0� ?� ��,=� :C�2-� `8�[� vA� :  

 ��,W5- ;>H!9  �	8���E �8�
 ��p? ,V�0 �gA[L� ���) ��TY ���������� ���: h�����VFA  �VMA(  

�A�I�? B�C:�� vA�T� 0��E FW�0� �!2��!@ B�C:�� F-value P-value 

�!w FD:��) gA[L� ��� �D
FW�0 �0(  
A 08/1704  1 08/1704  80/214 0001/0<  

B 33/616 1 33/616 69/77 0001/0<  

C 55/132 1 55/132 71/16 0013/0  

A2 59/3769 1 59/3769 15/475 0001/0<  

B2 14/1 1 14/1 14/0 7111/0 
AB 50/4 1 50/4 57/0 4648/0 
AC 08/80 1 08/80 09/10 0073/0 
BC 33/5 1 33/5 67/0 4270/0 

 �D
�!w FD:��) 	8���E �8�
 ��p? ,V�0FW�0  �0( 
A 60/6  1 60/6  23/362 0001/0<  

B 40/0 1 40/0 13/22 0004/0 
C 16/0 1 16/0 00/9 0102/0 
A2 13/0 1 13/0 05/7 0198/0 
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	�� �2� 0t��� ]24  �25[.  

2 -2- /��0� � 1	2�  

                                                 
13

12- Choudhary 
14

13- Silva 
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 (F8�)���!� �� ����� <� M�^�� ���; :�!��� 

 w>� 2VG:��II  0����.� 0��
��A 	�� �2� �*�����

0A  ��2c �*2 �� �2��/� *>�.  

��2c 1- d,�
� m�b 

~>? ���� �2VVA 

(%)  

�*=>? @�!8� 

(%)  

K- 

)kg/m3(  

<� 

)kg/m3(  

0��� 

)kg/m3(  

���!� 

)kg/m3(  
<�; �*�  M��0�>��-  

5/0  ��J  160  805  1099  400  40  NC40S0  

7/0  3/0  160  805  1099  400  40  NC40S0.3  

9/0  6/0  160  805  1099  400  40  NC40S0.6  

1  9/0  160  805  1099  400  40  NC40S0.9  

6/0  ��J  200  762  1040  500  50  NC50S0  

8/0  3/0  200  762  1040  500  50  NC50S0.3  

1  6/0  200  762  1040  500  50  NC50S0.6  

1/1  9/0  200  762  1040  500  50  NC50S0.9  

7/0  ��J  24  724  988  600  60  NC60S0  

9/0  3/0  240  724  988  600  60  NC60S0.3  

1/1  6/0  240  724  988  600  60  NC60S0.6  

2/1  9/0  240  724  988  600  60  NC60S0.9  

8/2  ��J  160  805  1099  400  40  SCC40S0  

9/2  3/0  160  805  1099  400  40  SCC40S0.3  

3  6/0  160  805  1099  400  40  SCC40S0.6  

3/3  9/0  160  805  1099  400  40  SCC40S0.9  

9/2  ��J  200  762  1040  500  50  SCC50S0  

3  3/0  200  762  1040  500  50  SCC50S0.3  

1/3  6/0  200  762  1040  500  50  SCC50S0.6  

4/3  9/0  200  762  1040  500  50  SCC50S0.9  

3  ��J  240  724  988  600  60  SCC60S0  

1/3  3/0  240  724  988  600  60  SCC60S0.3  

2/3  6/0  240  724  988  600  60  SCC60S0.6  

5/3  9/0  240  724  988  600  60  SCC60S0.9  

��2c 2- � *�>�!�!�� 7/:!D � �2V�*!���  

SiO2  Al 2O3  Fe2O3  CaO  MgO  SO3 Na2O  K2O  LOI  TiO2 
95/20  98/4  09/4  21/63  37/1  27/2  48/0  78/0  65/1  ��J  

  

 (K).V� R8�a�� :0�>��- ��*�;� .V� R8�a� ��� 

N: �� _�!0 ���- �* �2T� ����./  *��2����� o9b

ASTM-D75 ]� M�^��	?� D7� �* .1 

0��* .	�� �2� �*��- �.V� R8�a� �2V;  

 (�)8�!@� *=>?� :c �� �?�a� @�!8� 0; *=>? _V

K,L ��N��� �; �*�� D7�  ��*�; PQE� 0��>��� �� 

��  D7�) 2��;2 �� �8�7�� <!Vv �� �*����� .(

���!; 	���E� �� ?� �* �*=>? @�!8�  �S2!/A
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:s *�>� �*=>? @�!8� I�aH/� .*��* �*�� �!C

 ��2c �* �*�����3 .	�� �2� 0t��� 

 
 D7�1 - VfV�� 0��* 2V;� ?�a� 0��� � <��  

  
 D7�2 - �?�a� �*=>? @�!8�  

 (I)���� ~>? �2VVA :���� ~>? ���^: M��  *�>� �2VVA

 ��*��������� ~>? ����� �2VVA }	�,��7 

�� 2��; 0A  ��2c �* �- I�aH/�4 �2� 0t��� 

.	��  

��2c 3- 8� I�aH/�!@� *=>?� ?�a�� 

�>b )mm(  �QL )mm(  	9�� �>b 0; �QL @�!8�  �8�.v )kg/m3(  

36  80/0  45  7850  

 ��2c4- ���� ~>? I�aH/� �?�a� �2VVA 

�>af� w>�  ZP 

�7 !? 	8�3  P��  

x��  �>NL ��  

) k>aH� ���gr/cm3(  10/1  

�GA �>  *��2�  

  

2 -3- 4�� � �52�5 6,�7 �"�(  

0�>�� 	
�� � R8�a� d,�
� ���; 8� <�; ��� �?�!

<!- ��  0���ACI 544.4-18 0�>�� .2� �*����� ��� 

���./���- <�; 2T; �� `8�L ��!S 0; I2� 24 	��� 

���* `8�L ���L 2V�?�S .2T; �� <� I2� `8�L �� ��; �2� � 

���* 0Or>3 ���2N.� 2�2� .0; �>jV� ���2N.� 

0�>�� ��� �V�; *�>� ����; ���* K- �� 0Or>3  ��� 

�7!��,� ��*���� �2� 	�� . <!VO�����* K- 0Or>3 

�* �>b 24 	��� 2±20 0c�* �* �j� 0�?�S 2�.   

3 - 7"$8� ��'(�& �9� :�; <�=5	  4���> �

?��+5  

����- 0G�c ��  ���./���- �H; �* 0A ���

 �j� *�>� �r�3 0T8�Q�	�� �����- ���  <�; 0; d>;��

*>
 �^V� 	Nc ���: F!L ����-) <�; ��A��:V 

09Tc �D7� L  � ��,�� �D7�T50����- � (  ���

 ����/? 	���E� ����-) �2� 	H� <�; 0; d>;��

(�//A 	���E� ����-�� 2��;.  

3 -1- @�*7	A ��'(�& B�� V �CDE A4�; L 4�;  �

T50  

 ��,�� ��2E� �; o;�Q�ACI 211.1-91 �; `�3

�!G!��� ��;� 12 0�>��- 8>�T� <�;�  ��2c �*5  �

D7� ���3 � 4 	�� �2� 0t��� ]24[.  
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 ��2c5-  ���; ��,�� ����- u���0�>��-  �8>�T� <�; ���  

 ��,��)mm(  m�b M�� m�b �����  

98  NC40S0 1 

88 NC40S0.3 2 

85 NC40S0.6 3 

81 NC40S0.9 4 

87 NC50S0 5 

79 NC50S0.3 6 

72 NC50S0.6 7 

68 NC50S0.9 8 

75  NC60S0 9 

71  NC60S0.3 10 

69  NC60S0.6 11 

63  NC60S0.9 12 

 
 D7�3 - ���u ���-� ��; ��,��� 0�>��- ��� 8>�T� <�;� 

    

(F8�)  (K)  

 D7�4 - )F8�( ���-� ��,�� d��H� � )K( ���-� �c�� ��,��  

�*� ����: �* �!8� �� �*����� ����; *�>� ��� @

�*=>?� ; p	�� �*�* ���A �� <�; ��,��0 ��>b  �* 0A

0�>��-  �*� �; �V�; ���40  �*� ?� ���7����.�3/0 �6/0  �

9/0  0; `!:�: 0; �� <�; ��,�� ��*=>? @�!8� 2J�*

 ��2E�10 �13  �17  �* <!VO�� .	�� �*�* ���A 2J�*

0�>��-  �*� �; �V�; ���50  �*� ?� ���7����.�3/0 �6/0  �

9/0  0; `!:�: 0; �� <�; ��,�� ��*=>? @�!8� 2J�*

 ��2E�9 �17  �22 �.* �>� �� .	�� �*�* ���A 2J�*� 
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 �*0�>��-  �*� �; �V�; ���60  �*� ?� ���7����.�3/0 �

6/0  �9/0  ��*=>? @�!8� 2J�* ���A `9� <�; ��,��

 ��2E� 0; `!:�: 0;5 �8  �16 	�� �2�.   

 �* ��2c6 �������- u *>
 <�; ��� ���: �A����

 �; o;�Q� .	�� �2� 0t���EFNARC  ��^� �*�2f�

<�; ��,�� ���c  ���*>
�A��: ��;��A ���;  ���

<�;  �*�2f� �* ���2�� � �550  �:850  ���!G!�	�� .

 D7� �*5- �F8�  ���; ��,�� ���c �*�E�0�>��-  ���

 <�;*>
�A��: ���� .	�� �2� 0t��� b 0j3,� 0A �>

��  ����: **�S0�>��-  �*�2f� �* ����; *�>� �V�; ���

 ��^�EFNARC �� 2V��; ]20[ . 

 D7� 0; 0c>: �;5- F8�  ��2c �6 ��  ��!; ��>:

0�>��- ��,�� ���c 0A *>�� *>
 �V�; ��� �A����

 I���: ���!� ��2E� �� ?� �; �*=>? @�!8� ���3

0�>��- �; ���2Vv � 2L�? ���.2���2� @�!8 

��2c 6- T�!�����  <�; ���VA*>
�A��: ���: ]18[ 

m�b �����  m�b M��  �*=>? @�!8� (%)  

����- ���: <�; ���  

 ��,�� ���c

)mm( 

 �QL 0; �2!�� ����50 

 ���!����T50 )s( 

 �� 0!GH: ����

 F!LV D7� )s( 
H2/H1 

550  �:850 2  �:5 6  �:12 8/0  �:1 

13  SCC40S0 ��J  799 40/2 4/6 96/0 

14  SCC40S0.3 30/0  772 65/2 5/6 93/0 

15  SCC40S0.6 60/0  725 76/2 1/7 90/0 

16  SCC40S0.9 90/0  718 86/2 5/7 89/0 

17  SCC50S0 ��J  703 53/3 8/7 86/0 

18  SCC50S0.3 30/0  661 55/3 4/8 85/0 

19  SCC50S0.6 60/0  701 76/3 21/9 84/0 

20  SCC50S0.9 90/0  689 37/4 74/9 82/0 

21  SCC60S0 ��J  671 23/4 46/10 81/0 

22  SCC60S0.3 30/0  668 25/4 54/10 8/0 

23  SCC60S0.6 60/0  663 35/4  23/11 79/0  

24  SCC60S0.9 90/0  659 54/4  82/11 78/0  

  

D7� �* 5- K u��� ����-  �QL 0; �2!�� ����

50 ) �������T50���; ( 0�>��- ��� <�; *>
�A��:  ���3

�2� 0t��� �*=>? @�!8� 2L�? � ���� .	��  0A �>b

�� 0j3,� S �* �*=>? @�!8� �� �*����� **� ����:

0�>��- �V�; ����  ����T50  .	�� �*�* �� ?� ��

;0 ��>b  �* 0A0�>��-  �*� �; ���40 �50  �60 

 �� ?� <��/!; ��7����.�T50  0; 	9��0�>��-  2���

 �;��; `!:�: 0;19 �24  �7  .	�� �2� 2J�*  

D7� �* 5- � u��� ����- F!L V D7� ���; 

0�>��- ��� �V�; *>
  ����- <� .	�� �2� 0t��� �A����

 �; .	�� <�; ��!�
 	c 8 � �S2VVA�� 	!G;�L @�T�

 D7� 0; 0c>:7 0�>��- ����:  �* ����; *�>� ���

 ��^� �*�2f�EFNARC  .2���* ���L �.* �>� ��

 F!L �� <�; 0!GH: ���� �*=>? @�!8� �*� ?�V  �� D7�

 ����; *�>� �*� 0� �� �* 07�>Q; .	�� �*�* �� ?�

 F!L �� 0!GH: ���� �� ?� <��/!; V  0�>��- �* D7�

 ���3 ���9/0 �� <��;�V; .	�� �2� *�^� 2J�*  ��>:
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* �*=>? @�!8� �>�3 0A 	?� 	�* 0^!�� <� 0; �<�; �

 �� ?� �� F!L �� <�; ���
 ���� I2��� 2�*  <2; �

 ���A �� <�; ��!�
 	c 8 	!J�
 `!:�:�� 2�*. 

D7� �* 5- �I u���  09Tc ����-L D7�  ���+; 

0�>��- ��� �V�; *>
  ����- <� .	�� �2� 0t��� �A����

��     � ���+: <�+; ��+�c 	!G;�L ����; 	Nc ���!T� 2��>:

*�2��� �22�      �+; .2+��; <�+; �* �+�*�.G!� �>�3 �� ����

 D7� 0; 0c>:8  ����:0�>��-    0+9Vc �� �+���; *�>� ���

 ) *�2+��� 	9��H2/H1   ��+^� �*�2+f� �* (EFNARC 

 ��/� DJ�3 u��� <!VO�� .2���* ���L�� 2�*  �*� ?� 0A

 ��2E� �*=>? @�!8�H2/H1  .	�� �*�* �� ?� ��  

    
 (F8�)�� ���c ����- ��,   (K) ����-T50   

    
 (�)���-� L!F VD7�  ����- (I)  09TcL  

 D7�5 - ����- u��� �A��:*>
 <�; ���; FG�H� ���  

3 -2- ��'(�&  "�FG 6������   

 D7�6�� ��/� �� ���/? 	���E� ����- � .2�* 

D7� �*  7 - �F8�  ���/? 	���E�28  ����0�>��-  ���

�; �8>�T� �V�;��.� `�3 .	�� �2� 0t��� ��7��

�� 0j3,� 0A �>Q���� 	8�3 ����: �* **�S  �*� ?� ��

 .	�� �*�* �� ?� �� <�; ���/? 	���E� �*=>? @�!8�

;0 ��>b  �* 0A0�>��-  �*� �; �8>�T� �V�; ���C40 �

C50  �C60  �*� ?�3/0  	���E� �*=>? @�!8� 2J�*

 ��2E� 0; `!:�: 0; �� ���/?3 �5  �7 2J�*  �*�* �� ?�

 �* <!VO�� .	��0�>��-  �*� �; �8>�T� �V�; ���C40 �

C50  �C60  �*� ?�6/0  	���E� �*=>? @�!8� 2J�*

 ��2E� 0; `!:�: 0; �� ���/?7 �9  �16  �� ?� 2J�*

.	�� �*�* �.* �>� ��� �* 0�>��- ��� �V�; �8>�T� �; 

�*� C40� C50 � C60 �*� ?� 9/0 2J�* @�!8� *=>?� 

�� ?� `9� 	���E� ���/? 0; `!:�: 0; ��2E� 16� 11 

� 13 2J�* 	�� �2� �*�E� 0; 0c>: �; � <��;�V; .

0; �� 0j3,� �2�- 	�*  �*=>? @�!8� �*� ?� 0A **�S

 0;0�>��-  <�; �*� � @�!8� ��2E� 0; 0��; ��8>�T� <�; ���

��  ���/? 	���E� 2��>:0�>��-  �� �� �V�; ���3  �:16 

 �* .2�* �� ?� 2J�*0�>��-  ���3 �8>�T� �V�; ���

3/0  �6/0  2�� �<�; �*� �� ?� �; ��*=>? @�!8� 2J�*

0; ���>�� <�; ���/? 	���E�  �*>TJ I�>J	�� �* ��� p
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0�>��-  ���3 �V�; ���9/0  �� ?� �; �*=>? @�!8� 2J�*

 � �/� ?� I�>J 0; �2�;� �* ���/? 	���E� 2�� <�; �*�

 �/��A I�>J 0; �- �� _�	�� .  

D7� �*  7- K  ���/? 	���E�28  ����0�>��-  ���

*>
 �V�; �* �A����12      �2+� 0+��E� �.2+7 �+; 	8�3

�� 0j3,� 0A �>Q���� .	��  �* **�S0�>��-    �+V�; ��+�

*>
    � 0�+��* 	+9h� �+C� �*=>? @�!8� �*� ?�  !� �A����

 �� ?� �� <�; ���/? 	���E��� 2�* +; .0  ��>+b    �* 0+A

0�>��-  �V�; ���*>
�A��:  �*� �;C40   �*� +?�3/0 �6/0 

 �9/0  0; `!:�: 0; �� ���/? 	���E� �*=>? @�!8� 2J�*

 ��2E�5 �8  �13     �* <!+VO�� .	+�� �*�* �� +?� 2J�*

0�>��-  �V�; ���*>
�A��:  �*� �;C50   �*� +?�3/0 �6/0 

 �9/0 �*=>? @�!8� 2J�*� �/? 	���E� 0; `!:�: 0; �� ��

 ��2E�7 �19  �6  �+.* �>� �� .	�� �*�* �� ?� 2J�*� 

 �*0�>��-  �V�; ��� *>+
�A��:   �*� �+;C60   �*� +?�3/0 �

6/0  �9/0 �*=>? @�!8� 2J�* �� +?� `c>� �   	+���E�

 ��2E� 0; `!:�: 0; ���/?6 �11  �7   2+J�*  	+�� �2+� .

  <�+; �*� �� ?� �; <!VO�� *>+
�A��:  ��C50   0+;C60 

�� ���A ���/? 	���E� 2�� .2;�  

    
 D7�6- ���/? 	���E� ����-  

    
(F8�)  (K)  

 D7�7 - �E�0� 	���E� ��/?� 0�>��- ��� V�;� �*=>? @�!8� 2L�? � �A��:*>
 (K) � �8>�T� (F8�)  

D7� �*  8�  ���/? 	���E�0�>��-  �V�; ���

*>
 � �8>�T��*� ���; �A���� �V�; ��� C40 �C50  �

C60 ���� .	�� �2� �*�* ��/�  0j3,� 0A �>b

�� �*� ����: �* **�S  ���/? 	���E� �����; *�>� ���

0�>��-  �V�; ���*>
�A��:  �; �q�V�� �*�E� ��0�>��-  ���

�2� ��/!; �8>�T� �V�; ; p	��0 ��>b  0; 0��; 0A

 ���/? 	���E� �?�a� <�; �*� � �*=>? @�!8� ��2E�

�-0�>�  �V�; ���*>
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<.!/@ ���� @ �H�� �e� �� < T�?B) <b@��7(  ��!@

�� +?�:  

)7(  
min ( )

, 1,2,...,i i

imize f x

subject to g b i m


 ≤ =

 

 �D �+ <=x w��!� 8B� � Z[���� <5E�� wF �@ � 	��!!� 
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 �e� �+ �8[} ��@.	�� �-� <�>�0  
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_����@  G@�?HFEMA356 ��?��  ��
 �+ ��

����+  	5�: �+ �� �1) <b@��9( ��-.��@d  

)9(  
0.15

0.15 0.50

CL

CL

P

P

P

P

 ≤


 ≤ ≤


 

G@��� I� �+� P �!��� �?X�� �X� �?���-� <]�  �@

�� �+����� 8XF!Z ��� z!�b
�  ���>� I�>�0 �e� �+ �@

z!�b
� ����  � 	��PCL �� <���=!I ��*> 	���[�� 

 �?��^@�b� � <b@�� )10(  <]��X��� ++�0:  

)10(  1.7CL CL aQ P AF= =  

 �D �+ <=Fa  � ���*> ��3� �.F �@��@A  cb� �@ �@��@

�� �e� +�?� �?�� Jb[� ��@- ]23[.  

V�3�� �b
�!z Z!8XF <1.� Z!5+ <@ ��-�@� �+ 

<�>�2� 	���  ��?X� ���!�P  �� >���@ Z!8XF �� ZB�:

 	5�: �+ ��!� �� <b@�� 6 -�@ I��@�.@ �+��-� +?Y�

�!� ��?.� �?=S�  ���������� � ++�0 a�A��� ��>

�-� �?�� R�S� �����!m� � ����  ��_����@  <b@��

��X� �@�A�����@ Z!8XF V�3�� �� �� .++�0 <]  ��� >�

 ��?X� ���!�P  ���A��� �� >� ��@ Z!8XF �� ZB�:

�� ++�0 �mK�� ��-[� � 
CLP P  <]��X��� ++�0 <|��.l .

��-[� I�  I!@15/0  �5/0 �-� ���������� �-��@  � ����

�?�� ���@ �-� <�>�S� R�S� �����!m� ]K +�?� �� �?

T�?B I� �!z �+ .	���  	5�: -�@15/0( )CLP P ≤  ��

�-� ���������� �+-3� � +?�� a�A���  �����!m� � ����

V�� <@ � <]��X� 	5�: I� �@ ^@�b� �� �?�� R�S�  �� >�

y?> T�!8�� V�3�� �@ JK�� �+ .++�0 �>�m��  ZC��

�� M\B� 6!��\� .+?�  

� ^![XF I� �+	5�: �-�@ 50/0( )CLP P≤ ≤ 15/0 

�!� ��?.� <@ �?�� ���@ ��>  �	�� �-+�0 a�A��� ���

 ^@�b� �x� G@�?H ^@�b�FEMA356 � +?Y?� G���

 <b@�� �+)11(  	�� �-+�0 ���.=]23[:  

)11(  

2170

420

2

w ye

f

f ye

h

t F

and

b

t F

 ≤




 ≤



 

 ���.= �@G@��� �?�� <!8= ���@  �� i���<@ 	�+ 

DH�� �2��!@ �-� ��> �@ <3!�� �+ � �+?@ G��� ��

( ) /CLP P =0 50 �-� ����������  �����!m� � ����



�5�]K� � �-���B�� ���-��  115  
  

 

����� 	
���� ��� ������ ���   ����� ����� ���2 ������ �  !�� �1400 

 +?Y?� R�S� ^@�b� `!F�F <@) <b@��12) � (13(  W�X5

d	�� �-�  

)12(  

10 1 1.7 1.5

15 1 1.7 2.25

10 1 1.7 1.5

y y
CL

y y
CL

y y
CL

P
a

P

P
b

P

P
CP

P

θ θ

θ θ

θ θ

  
= − =  

 
   = − =  

 
   = − = 
  

 

)13(  

0.25

7 1 1.7 1.05

10 1 1.7 1.5

y

y y
CL

y y
CL

IO

P
LS

P

P
CP

P

θ

θ θ

θ θ


 =
   = − =  

 
   = − = 
  

 

<1.� <@ <Y?F �@ ( ) /CLP P =0 50  �+ ��-+�0 ��>

�F�?B ��> G��� <= 50/0( )CLP P≤ ≤ 15/0   !�
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 G@�?HFEMA-356 	�� �-� a�A��� ]23[.  

 ��-Y3- +�[�� � �+ �+�� ��@ � �-�� ��@!��� F q[�!<l� �?8@   

��@��=   �+�� ��@)kg/m2(  �-�� ��@)kg/m2( 

��?1�� T�[]; q=  355  200  

V�@ <[]; q=  355  150  

��?+  250  -  

I15�@  165  300  

<8�  745  350  

  

 ���@ <��+� �+<.!/@ ����  i.� �+h?> �*�
 a�K

 <[]; �����?25� ����> �����=  T��k V�:+��)PSO( �

 ��+��@ T��k ���!�)CSS( ��2l�?� ��?8= �)ACO(  �

 6!��j)GA (�+����� �v?@�� ���-= .	�� �-  �+

V��  �� >�`8�� �+�!� L-� J@�F � �-� ��Y� � ����  <=

V�� ���?
��> -= Z���  �� >�SAP2000  I!�AF 	/Y

�� �D 	���[� �e� �� ���� Z!8XF � ���  �-��@

<.!/@ ���� ���?25� ��/l �� ���@ .	�� �-�   ?{� +�-mF

 �@��@ <!5��50  �@��@ ���1F +�-mF <.!*!@ �100  �e� �+

� �-� <�>�0.	� <����@ qK?F v��  ���@�!��+  �� �1 <@

<. 0  ���Zk �� -��@:  

 (q5�) �@��@ ���1F +�-mF ZK�-:50 )+ T��]� <@�2  �+

�?25� ����  ���1F +�-mF ��51 /@ a�?Y -m@ <@!<. 

	�� �-� ?3��Y(.  

 (a)�-!�� ���?25� ���1F ��-[� <.!*!@ <@  

 (�) �+ �!!wF V-� �; a�?Y I��/@5 1F�
D ���  

 �� ZB�: i������?25� �� ��+����� +�?� ���@ �

 <.!/@ a�?Y ���Y� ���� W�X5 �� <��[�<@ 	�+  �-�D

 i.� �+h?> �*�
 a�K ���@ ���1F +�-mF ���� ���@

 ��-Y �+ <[];4 <9��� �-�  �i��� I� .-�� a�?Y I��/@

 ���@30  ���?25� �� ���Y� ��@�� -.��@.  

<@ <Y?F �@ ���� �-��*� �i�  +�@��= �@ <= +?�

���?25� �� �+ 6!��j � ��2l�?� ��?8= �T��k V�:+�� �

 ���� L�B I�H ��+��@ T��k ���!� ���?25� Z@�[�

`��.� <.!/@ ��� ���*!@  ��F<@ 	�+  <@ .	�� �-�D

 +�18�� ��/@ <��[� �?e.����?25� �� �-.D�> 

<.!/@ ����  Z1� �+ �/�D8  �-� <9��� �-��*� .	��

��  ��/l �� ���@ �@��@ <!5�� ��{�� +�-mF +?Y� �@ <= +?�

���?25�  ���?25� �CSS  a�?Y <@ ���= ���1F +�-mF �+

 <@ ���?25� I� ��2+ T��]� <@ .	�� <�>� 	�+ <.!/@

 <@ �@�!��+ ���@ �L-� J@�F ���= ���?
��> +�-mF Z!5+

+?�� L�B �� ����= ���� �<.!/@ a�?Y.	�� �  

 �+ �0�-.D�> <.!/@ �� ���� �� 6���?25� �� �

 ��� ��-[� �����1F �� �
�@ �+ <= +?� �-��*� ����=��>

 a�?Y <= +?@ -��?
 �.m� I-@ I� �	�� 	@�} <.!/@

 --Y_����@ d	�� �-*� <�>�S� Zk Z!5+ �+ �� �1  

1 ���� ��� �� ��*!@ ���1F I� �+ ���� ��� I��/@ (

F �+.	�� �+?@ �8]K ���1 

2	!mK?� �+ (  <1.� �@ --Y ���1F �+ +?Y?� ���

 +?!K �� �1 ZK�-: ��� �+?@ ���= ���� ���

<5E�� <.!/@ ����  +�?� �+h?> �*�
 a�K

 <.��+ � � ���� �+?@ V��[� v�� -.��� <m5�b�

 	��� Z[��� ����!w�� ���@ ��3� T��!!wF

.	�� �-*�  

	]�� �� <�?�� 6 F�.  �+ �-� <.!/@ ���� ���

 Z1�9 .	�� �-� <9���  

5 - F��  C��?8 � /��  

5-1- 	!.�O H F�� BE�� ��
;E�  
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 T�CA*� -�@ �b
�!z �1!F���� Z!8XF �+���� �� Y� ���@ 6!��\� ZB���  .+?� q�mF ��  

 ��-Y4- �[�<� ���?25� ��� >+�CF�  �+<.!/@ ���� *�
 a�K� +h?>� <[]; i.�  

PSO  GA  CSS  ACO  ��?{� ���0� ����  

HE280B HE280B HE260B HE260B  ���01 

HE320B HE320B HE300B HE300B  ���02 

HE340B HE340B HE320B HE340B ���03 

HE240B HE260B HE240B HE240B ���04 

HE260B HE280B HE260B HE260B ���05 

HE300B HE320B HE300B HE300B  ���06 

HE200B HE200B HE200B HE200B  ���07 

HE220B HE220B HE220B HE220B ���08 

HE240B HE240B HE240B HE240B  ���09 

IPE200 IPE200 IPE200 IPE200 ���010 

IPE180 IPE180 IPE180 IPE180  ���011 

IPE160 IPE160 IPE160 IPE160  ���012 

40489 49173 29986 37671 ����  ��Y�)Sec(  

43 52 32 39 ���1F +�-mF  

4  4  4  4  <���+ +�-mF  

489/51 982/52 121/50 551/50  ���)ton(  

  

  
 Z1�8 - -.D�> <.!/@ ���� ���?25� ��� ��>����=  

 �8[} ��@ � ��+�!0 ���!F ��/��� �+ <1.� <@ <Y?F �@

	�!� +�� �-�� � �+�� ��@ �� ���� ���!F <@ �+���.  I��@�.@

� �+ <@ 6!��\� ZB��� �-� �+�+ ��C�
� ���!F ��/��

�?�� �+.	��  ?{� ��/��� �+ <@ 6!��\� ZB��� ���

.	�� �-� �+�+ 	]��  

�?�� �+  �+ <@ 6!��\� ZB��� ��C�
� ��

	�� 	!mK�� �@ ^]b.� <*!�� �]�[F ?{� ��/����  �5�

 �� ��2+ v�[� �+ 6!��\� ZC�� 	�� I1�� ���!F �+

.+?� Z!1*F ?{� �?; 

  

  
1� Z9 - :��;� /@ <[]; i.� ����!<. �?25� �� �+����� �@�� 

CSS  

 �+ 6!��\� ZB��� <1.� <@ <Y?F �@���� �� �

+ �]�[F T�?B <@ �+h?> Jb[� ^�� ���-�� <@ �5?; �

 R���0�� V�� �+ � -.@�  �� >�SAP2000  ZB���

�� q�mF  =���� T�?B <@ 6!��\�  <@ �I��@�.@ .+?�
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 �]�[F T�?B ZB�?> �+ 6!��\� ZB��� Z!1*F ZX�

 �]��0.05L  �0.95L .	�� �-� <�>�0 �e��+  

5-2- :8��K L *�PQR��N 	
1 S��T  .
I�UV W;�

�.�%� 
;E�/�  

 �+FEMA-356 � M?b� �� �m@�F ����/@

	�� <5 5� �b
 M?b� � �+�18�� ]23[ I� �+ .

 ���������� �����@ <m5�b� +�?� �  �+�18�� cb�

 �.��R ���> <����D �F ���Y  .	�� �-+�0 �@����

 �>�m� 6 �b
 cb� ���@ P��� q!; �.X.� �I��@�.@

�+ 6 �b
 cb� .	�� �-� I!D <��� FEMA-356 

�+�m�BSE-1  +��-����� �+ �2800 ���� ��?.� <@ <5 5� 

 M�;(DBE) 	�� �-� <�>�0 �e� �+ ]23[.  <@ <Y?F �@

��!0���K ZX� � ��
 g?� ���� ��<m5�b� +�?� �q!; � 

^@�b� M�; Z1� 10 ��@� ���� ��� a��.F �+�-X� �+ 

00/0 �F90/5 <9��� <!��} .	�� �-� 

  
 Z1�10 - M�; q!; Z1� `�H  

5-3- �'%&�	 �	X���1 C��?8  

 _����@FEMA-356  �e� �+ ���@ ��@ `!=�F �+

 �-�� � �+�� �8[} �����@ T��}� I�>�0) <b@�� ^@�b�14 (

���+��� 	�� �-�:  

)14(  
( )
( )

1.1

0 .9

G D L S

G D

Q Q Q Q

Q Q

= + +

=
 

 �<b@�� I� �+QD  �+�� ��@��� �} QL �-�� ��@ � �+?@  I�

 �@��@ ��@25�-�� ��@ %   <�>�0 �e� �+ <�>�!� ���= �:��;

�� +?� ]23[. 	XF b��� ���� �-�� ��@   �-� �����

�-�� ��@ �� -�]�   �mK�����} ���� �@ -��@ ���=. QS  ��@

 	�� L�@ � �-� �>�m� ��@ `!=�F �+QS  �e� �+ L�@ ��@

.	�� �-*� <�>�0  `!=�F +��?� ��=� �+ <1.� <@ <Y?F �@

 ��@QG=1.1(QD+QL) ��@ `!=�F �@ <��[� �+ 

QG=0.9QD ����X@ 	5�: �� +�3� �� ��F -���.  I��@�.@

 I� �+^![XF G[>  T��}� I�>�0 �e� �+ ���@ `!=�F I�

 <�>�0 �e� �+ �8[} �����@ �� ����	�� �-�. 

5-4 - �?8�C 8�$�	�I� H�;E
�  

wF!!��1�� ��@ L-�� + �@ �����0��>� ���  `8B

�@- z ���>� I�>�0 �e� �+ �@!b
��  ����++�0 <]��X�. 

 ��?.� <@6 �[F R��]� �� ��?F wF ��-[�!!��1�� 

 <b@�� �� �� L-�)15( <]��X� +?�� ]20[:  

)15(  
2

0 1 2 3 24
e

t a

T
C C C C S gδ

π
=  

 �<b@�� I� �+��-[� ������� C0 �H �@��@`  +?� 	=��*�

<b[� ���F �+ ���  	�� ���.=. _����@ FEMA-356  �@

�-� <@ <Y?F <m5�b� +�?� ���  <=6 +h?> �����  i.�

+ ��-@ <[];��? ��@� �� -��@ `�H I� I��@�.@ � �@��@

 �@4/1  a�A���	�� �-� ]23[.  `�HC1 ���@  �����

��1��!!wF ^@�b� ���3F���!z ���  <b@��)16( <@ 	�+ 

�� -Dd  

)16(  ( )
1

0

1

1 ,

1
1

1,

e s

e s

e

T T

C T T

R T

T
C Max

R

> →
= < →

  − 
+   

   =  
 
 
 

 

 ��-[� -�@ �-�@� ������� I� I!!mF ���@Te  �A*�

+?�.  ���@ <1.� <@ <Y?F �@<@ 	�+  ��-[� �+��DTe  -�@

R?�  !5��D 6 �-�@� ���@�.@ +?� V�3�� �� I �-�@� ��-[�Te 

@ < �]�[F T�?B <]��X��� ++�0. <@ +��?� ��=� �+  

 ��-[� �]�[F T�?BK i  �@��@Ke  �	�� ���� ���@ I��@�.@

 <@ <Y?F �@ ����@ +�?� <b@��)17 ( <]��X��� ++�0:  



�5�]K� � �-���B�� ���-��  119  
  

 

����� 	
���� ��� ������ ���   ����� ����� ���2 ������ �  !�� �1400 

)17(  
@ m od 1 2.82 Sec

2.82 Sec

i
e i

e

e i

K
T T

K

Period e

T T

=

= →
= =

 

 ��-:� ZX� I!������ �� �+ g?� <m5�b� +�?� �

�@�.@ �	��I� ^]; ) <b@��18:(  

)18(  12 .8 2 S ec 0 .5 1e sT T C= > = → =  

 `�HC2 ���� ��{�� 	���[� � ��A� ���= T��}� �� 

�D ���3F���!z ���>� Z!5+ <@ ��  ����1��!!wF �@  �� �?e.�

��  .-������� ����?.� <@ <m5�b� +�?� �  �*�
 a�K

 G�?����  �-.��@ _����@ I��@�.@FEMA-356  �+

 ���0���� ��+��+ ���K �+ g?� � ]23[ . �@�������� ��� 

 +�?�<m5�b�  �-+�0 -��?
 V�3�� �+�18�� T�?B <@

 ��-[� I��@�.@C2 �@ 	�� �@��@ ) <b@��19:(  

)19(  ( )

3
4

3

4
2

0 .08

2

0 .08 5 3 .048 1

0 .617
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F ram e T ype
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  =  
  =  
= ×  =
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 `�HC3 T��}� ����� ���@P-Δ   �b
�!z ���>� �@

��1��!!wF �@ �c5�C� �� ��  _����@ <= -��@FEMA-

356  ���@ ������� I� ��-[����� ������+ �  �� ��A�

 6 �@��@ 	]�� �!8�F �� 	��^@�b� � ) <b@��20 (

<@ 	�+ �� -D ]23[: 

)20(  ( )
3

2

3

1
1

e

a R
C

T

−
= +  

 ��> ����@ +�?� �-� �+ <= 	�� �-+�0 ����

 ��-[� I��@�.@ �	�� 	]�� �!8�F �� �� ��A� ����+C3 

+ 6 �@��@ �e� � .	�� �-� <�>�0) <b@�� ^@�b�21 (

 ��-[�Sa �b
 cb� �+  6 P��� q!; _����@

+��-����� 2800  �]�[F T�?B <@ Z1� �+8  Z@�K

	�� ���A���:  

)21(  

( )
2

3

0.35

82 0.5

0.5
1 1.5 0.78

2.82

0.35 0.78 0.27

e s

a

A

T T

B

S AB
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 = + =  
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 L-� ��1��!!wF ��������� <!8= <]��X� �� ��

�@ 	���@��@ ) <b@��22:(  

)22(  

2

2

2.82
1.4 1 1 1 0.27 981

4
74.7

e
t

t

δ
π

δ

= × × × × × ×
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 �+ L-� ��1��!!wF �+�[� ����@ G@�?H ^@�b�

 ��-[�5/1  <@ �-!�� �� �� ���� ���>� �F +?� a�H

 L-� ��1��!!wF �+�[�) <b@�� ^@�b�23 (�!�  �.!@

:-+�0  

)23(  1.5 1.5 74.7 112t cmδ = × =  

6 - .
I�UV �1�!/�	  

 �� ��<.!/@ ����  G�?F <m5�b� +�?� �-�

���?25� ��� � �+ �+����� +�?�I  � �����<@ 	�+ 

D/@ ��� �+���<.! <��+� �+ ��� �?e.� <@�@� +�18��� 

�@ ^]b.� FEMA-356 �@- z �-��!b
� � ����+�3 

��� � +?�i ++�0 ���A��� <;?@�� ]23[.  

6 -1 -  .
1��� Y!�$��%&�	!#$ �%���  ��&4�%�(ACO)   

 ^@�b�ATC-40 R?� �.X.� ���� 	!>�~ !; � q

Z1� �+ 	
�?.1 �]��Y ��@ J�?F �?25� �@ ���� ��H�[F 

11- q5�   <9���	�� �-� ]24[.  �+ �-� Z!1*F ZB���

 Z1� �+ 	
�?.1 �]��Y ��@ J�?F �?25� �@ ����11- a 

 ��-Y �5 �� �-��*� Z@�K .-��@   

 ��-Y <@ <Y?F �@5 �� ��?F ��!<3  ���� <= 	>�0

+�?� ?25� �}� 	XF <m5�b�� @]��Y ��� wF �F!!��1�� 

]��Y� 324/64 ����!?2A��� ���� +�18�� cb�� 
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8@�K!	 @ �+������ � <�K�� -��@ wF �+ �!!���1�  ��� 

]��Y�  �F��> ���-[� I� ��+�18�� cb�� �.�� ��Y�  ��

� ?2@�?Y� -��@.  

���@ �@� ���i �@ �� ZB�:���S0�  +�?� �-�

� �+ <m5�b�I ?25� �}� 	XF �A@� ]��Y ��@�  `��.��

8XF �@!Z F����!1� b
� Z1� �+  12  ��-Y �6 <9��� 

	�� �-�. wF �+!!���1� ��� ]��Y�  �� �F��>295/68 

����!� ���� ����?2A��� �!r 6 +�18�� M?b� ��� 

��� -��@ ���> �R  �� y��F� -�>�.  

    

  
(q5�)  (a)  

 Z1�11 -  (q5�).X.�� R?� ��� �.X.�� >�~!	 ; �!q �H�[F� ����  (a) �1*F ZB���!Z ���� �+ �-�  V�0 �+22V� ?25� �}� 	XF� 

]��Y ��@� 	
�?.1 ��� �@  �?25��� �?8=� ��2l�?� )ACO(  

 ��-Y5- ZB��� 1*F!Z ?25� �@ ���� �+ �-�� ]��Y ��@� 	
�?.1  

V�0  @�Y< ��Y 
(cm)  

<�� R�@  
(ton) 

�� A  �FB  ��B �F IO �� IO �F LS  ��LS �F CP  ��CP �F C  ��C  �FD �� D �F E 

  ACO  
14  247/56  992/136  641  9  ��B  ��B ��B ��B ��B 
15  490/60  582/145  641  9  ��B ��B ��B ��B ��B 
16  073/61  764/146  629  21  ��B ��B ��B ��B ��B 
17  324/64  975/149  625  25  ��B ��B ��B ��B ��B 
18  568/68  148/152  625  16  9  ��B ��B ��B ��B 
19  811/72  320/154  625  4  21  ��B ��B ��B ��B 
20  054/77  432/156  625  ��B 25  ��B ��B ��B ��B 
21  297/81  664/158  625  ��B 25  ��B ��B ��B ��B 
22  800/84  489/160  625  ��B 25  ��B ��B ��B ��B 

  CSS 
13  500/58  651/133  641  9  ��B ��B ��B ��B ��B 
14  376/61  247/139  629  21  ��B ��B ��B ��B ��B 
15  669/64  366/142  625  25  ��B ��B ��B ��B ��B 
16  169/69  499/144  625  16  9  ��B ��B ��B ��B 
17  668/73  631/146  625  ��B 25  ��B ��B ��B ��B 
18  168/78  764/148  625  ��B 25  ��B ��B ��B ��B 
19  668/82  897/150  625  ��B 25  ��B ��B ��B ��B 
20  169/87  030/153  625  ��B 25  ��B ��B ��B ��B 
21  000/90  372/154  625  ��B 25  ��B ��B ��B ��B 
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 ��-Y5- <��+� 
  GA 

13  928/54  890/152  641  9  ��B ��B ��B ��B ��B 
14  425/57  979/158  629  21  ��B ��B ��B ��B ��B 
15  716/60  953/162  625  25  ��B ��B ��B ��B ��B 
16  958/64  359/166  625  11  14  ��B ��B ��B ��B 
17  202/69  765/169  625  ��B 25  ��B ��B ��B ��B 
18  449/73  131/173  625  ��B 25  ��B ��B ��B ��B 
19  687/77  056/176  625  ��B 25  ��B ��B ��B ��B 
20  930/81  922/178  625  ��B 25  ��B ��B ��B ��B 
21  860/84  903/180  625  ��B 25  ��B ��B ��B ��B 

  PSO 
15  564/57  598/153  641  9  ��B ��B ��B ��B ��B 
16  231/60  719/159  629  21  ��B ��B ��B ��B ��B 
17  117/63  059/163  625  25  ��B ��B ��B ��B ��B 
18  052/67  312/165  625  16  9  ��B ��B ��B ��B 
19  986/70  566/167  625 4  21  ��B ��B ��B ��B 
20  921/74  819/169  625 ��B 25  ��B ��B ��B ��B 
21  690/78  978/171  625 ��B 25  ��B ��B ��B ��B 

    

  
(q5�)  (a)  

 Z1�12 -  (q5�).X.�� R?� .X.� ����� >�~!	 ; �!q �H�[F�  ���� (a) �1*F ZB���!Z  ���� �+ �-� V�0 �+20 V�?25� _����@� 

]��Y ��@� 8XF �@ `��.��!Z F����!1� b
� �@ �?25��� �?8=�  ��2l�?�(ACO)  

 ��-Y6- 1*F ZB���!Z ?25� �@ ���� �+ �-�� 8XF �@ `��.�� ��@!Z F����!1� b
�  

V�0  @�Y< ��Y 
(cm)  

<�� R�@  
(ton) 

 ��A  �FB  ��B  �FIO  ��IO  �FLS  ��LS  �FCP  ��CP  �FC  ��C  �FD  ��D  �FE 

  ACO  
11  425/46  203/100  647  3  ��B ��B ��B ��B ��B 
12  969/50  354/110  635  15  ��B ��B ��B ��B ��B 
13  950/56  186/119  630  3  17  ��B ��B ��B ��B 
14  053/64  503/126  625  5  20  ��B ��B ��B ��B 
15  295/68  212/130  625  1  18  6  ��B ��B ��B 
16  006/75  520/135  622  3  12  7  3  1  2  
17  280/79  994/137  619  6  10  5  2  2  6  
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 ��-Y6- <��+�  
18  012/84  297/140  619  6  7  5  ��B 3  10  

19  012/84  298/140  619  6  7  5  ��B ��B 13  
20  850/84  624/140  619  6  7  5  ��B ��B 13  

  CSS 
11  557/48  712/97  645  5  ��B  ��B ��B ��B ��B 
12  183/53  504/107  632  15  3  ��B ��B ��B ��B 
13  899/57  488/113  630  5  15  ��B ��B ��B ��B 
14  706/64  754/119  625  5  20  ��B ��B ��B ��B 
15  206/69  121/123  625  ��B 22  3  ��B ��B ��B 
16  706/73  393/126  625  ��B 15  9  1  ��B ��B 
17  711/80  051/131  619  6  10  5  2  1  7  

18  314/87  372/134  617  8  7  3  2  1  12  

19  90  103/135  617  8  5  5  �B� ��B 15  

  GA 
11  277/45  336/111  645  5  ��B ��B ��B ��B ��B 
12  702/49  915/122  632  15  3  ��B ��B ��B ��B 
13  130/54  190/130  630  5  15  ��B ��B ��B ��B 
14  961/60  595/138  625  5  20  ��B ��B ��B ��B 
15  204/65  861/142  625  1  21  3  ��B ��B ��B 
16  337/71  035/149  620  5  15  7  2  ��B  1  

17  813/75  704/152  617  8  10  5  2  1  7  
18  463/76  060/153  617  8  10  5  ��B 2  8  

19  463/76  060/153  617  8  10  5  ��B ��B  10  

20  706/80  503/155  617  8  10  ��B  3  2  10  
21  192/82  698/156  613  12  8  2  ��B ��B 15  

22  86/84  904/157  612  13  5  5  ��B ��B 15  

  PSO 
13  779/47  693/111  645  5  ��B  ��B ��B ��B ��B 
14  038/52  327/122  633  14  3  ��B ��B ��B ��B 
15  510/56  408/129  630  5  15  ��B ��B ��B ��B 
16  320/63  118/137  625  5  20  ��B ��B ��B ��B 
17  254/67  474/140  625  1  21  3  ��B  ��B ��B 
18  189/71  209/144  625  0  15  7  3  ��B ��B 
19  442/76  201/148  622  3  10  7  5  ��B 3  

20  690/78  749/149  619  6  10  5  0  ��B 10  

  

6 -2 -  .
1��� Y!�$��%&�	!#$ ��#$0  �	.��1 *	�+(CSS)    

_����@ R�� ATC-40 R?� �.X.�  �.X.� ����

	!>�~  �]��Y ��@ J�?F �?25� �@ ���� ��H�[F q!; �

 	
�?.1 �+Z1�  13 - q5� � <9��	�� �-� ]24[ .  

^@�b�  Z1�13 - a  ��-Y �5 ����@ +�?� ����� 

?25� �}� 	XF� ]��Y ��@� �	
�?.1 ?2@�?Y�  cb�

+�18��� �.�� ��Y� ��  .-��@  	XF <m5�b� +�?� ����

?25� �}�� ]��Y ��@� wF �F!!��1�� ]��Y �669/64 

����!��� ?2A���� +�18�� cb�� 8@�K!	 @ �+������ 

� <�K�� ��@- wF �+ �!!���1�  ��� ]��Y� � �� �F��>I 

+�18�� cb� ���-[�� �.�� ��Y� � ?2@�?Y ��� -��@.  
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 Z1� �+14- q5� ���i ���@�� +�18���  ����

/@!<. :��;� �?25� �@ �-��� �!���  ��+��@ T��k

(CSS).X.� �� R?� �>�~ � ��!	 ?25� �}� 	XF ����� 

]��Y ��@� 8XF �@ `��.��!Z ����F!1� b
 �-� <9��� �

.	��  Z1� �+14 - a  ��-Y �6  �@���� �?e.� <@

 �@ `��.�� �]��Y ��@ �?25� �}� 	XF ���� �+�18��

 �+ 6!��\� ZB��� Z!1*F i��� �b
 �1!F���� Z!8XF

.	�� �-� <9��� ����  

    

  
(q5�)  (a) 

 Z1�13 -  (q5�).X.�� R?� ��� �.X.�� >�~!	 ; �!q �H�[F�  ���� (a) �1*F ZB���!Z  ���� �+ �-� V�0 �+21V� ?25� �}� 	XF� 

]��Y ��@� 	
�?.1 ���� �@ �?25��� �!��� ��+��@ T��k (CSS)  

    

  
(q5�)  (a)  

 Z1�14 -  (q5�).X.�� R?� .X.� ����� >�~!	 ; �!q �H�[F� ���� (a) � 1*F ZB���!Z  ���� �+ �-� V�0 �+19 V�_����@ ?25�� 

]��Y ��@� 8XF �@ `��.��!Z F����!1� b
� �?25� �@�� �!��� ��+��@ T��k (CSS)  

 ��-Y �� v�].��� �@6 �� <3!��  	XF ���� <= +?�

 �+ �b
 �1!F���� Z!8XF �@ `��.�� ���Y ��@ �?25� �}�

��1��!!wF  �� �F��> �]��Y ���706/64  �?2@�?Y ���!����

��� �+�18�� M?b� �� 6 r!� .-��@  

6 -3 - � .
1��� Y!�$�%&�	!#$ $���6 (GA)  

 Z1� �+15- q5� .X.�� R?� �.X.� � ��� 

>�~!	 ; �!q �H�[F� ?25� �}� 	XF ����� ]��Y ��@� 

	
�?.1 <9���  .	�� �-� i��� Z1�15- a  ��-Y �5� 

?25� �}� 	XF ����� ]��Y ��@� 	
�?.1 +�18�� cb�� 

�.�� ��Y� � ?2@�?Y ��� -��@. � +�?� ���� 	XF <m5�b

?25� �}�� ]��Y ��@� wF �F!!��1�� ]��Y �716/60 
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����� 	
���� ��� ������ ���   ����� ����� ���2 ������ �  !�� �1400 

����!��� ?2A���� +�18�� cb�� 8@�K!	 @ �+������ 

� <�K�� -��@ wF �+ �!!���1�  ��� ]��Y� � �� �F��>I 

+�18�� cb� ���-[�� �.�� ��Y� � ?2@�?Y ��� -��@.  

.X.�� R?� �>�~ � ��!	 ?25� �}� 	XF �����  ��@

]��Y� �8XF �@ `��.�!Z F����!1� b
� Z1� �+  16- 

q5� ��@� �?25��� GA �-� <9��� .	��  Z1� �+16- a 

 ��-Y �6�  �}� 	XF ���� �+ �-� Z!1*F ZB��� <=

 <9��� �b
 �1!F���� Z!8XF �@ `��.�� �]��Y ��@ �?25�

.	�� �-� ��1��!!wF �+ <= 	�� I� �2��!@ i���  ���

 �� �F��> �]��Y961/60 r!� �?2A��� ���� ���!����  6

.	�!� �+�18�� M?b� ��  

  
  

  
(q5�)  (a)  

 Z1�15 -  (q5�).X.�� R?� ��� �.X.�� >�~!	 ; �!q �H�[F�  ���� (a) �1*F ZB���!Z  ���� �+ �-� V�0 �+21 V�?25� �}� 	XF� 

]��Y ��@� 	
�?.1 ��� �@ �?25��� ��j!6 (GA)  

    

  
(q5�)  (a)  

 Z1�16- (q5�) .X.�� R?� .X.� ����� >�~!	 ; �!q �H�[F�  ���� (a) �1*F ZB���!Z  ���� �+ �-� V�0 �+22 V�_����@ ?25�� 

]��Y ��@� 8XF �@ `��.��!Z F����!1� b
� �?25� �@�� ��j!6 (GA)  

6 -4 -   .
1��� Y!�$��%&�	!#$  *	�+ ,�-./	(PSO)   

��@� �?25��� PSO .X.�� R?� �.X.� � ��� 

>�~!	 ; �!q �H�[F� ?25� �}� 	XF ����� ]��Y ��@� 

	
�?.1 Z1� �+ ����  17- q5� <9��� .	�� �-�  

 Z1� �+17- a  ��-Y �5  �-� Z!1*F ZB���

 �@ .	�� �-� <9��� 	
�?.1 �]��Y ��@ �?25� �@ ���� �+

 ��-Y ����@5 �� <3!��  �?25� �}� 	XF ���� <= +?�

� cb� 	
�?.1 �]��Y ��@ �� ���Y �.�� �+�18�

�� ?2@�?Y .-��@ ?25� �}� 	XF <m5�b� +�?� �����  ��@
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]��Y� wF �F!!��1�� ]��Y �117/63 ����!��� ?2A���� 

+�18�� cb�� 8@�K!	 @ �+������ � <�K�� -��@  �+ �

wF!!���1�  ��� ]��Y� � �� �F��>I +�18�� cb� ���-[�� 

�.�� ��Y� � ?2@�?Y ��� -��@.  

���i ���@�� +�18��� /@ ����!<. :��;�  �@ �-�

�?25��� PSO.X.� �� R?� �>�~ � ��!	  �}� 	XF ����

?25�� ]��Y ��@� 8XF �@ `��.��!Z F����!1� b
�  �+

Z1� 18 - q5� .	�� �-� <9���  	XF �-� Z!1*F ZB���

 �+ �b
 �1!F���� Z!8XF �@ `��.�� �]��Y ��@ �?25� �}�

 Z1�18 - a  ��-Y �6 .	�� �-� <9���  �+ ����

��1��!!wF  �� �F��> �]��Y ���320/63  ���!����

r!� �?2A��� ��� �+�18�� M?b� �� 6 .-��@  

    

  
(q5�)  (a)  

 Z1�17 -  (q5�).X.�� R?� ��� �.X.�� >�~!	 ; �!q �H�[F� ����  (a) �1*F ZB���!Z ���� �+ �-�  V�0 �+21V� ?25� �}� 	XF� 

]��Y ��@� 1	
�?. ����  �@�?25��� T��k V�:+�� (PSO)  

    

  
(q5�)  (a)  

 Z1�18 -  (q5�).X.�� R?� ��� �.X.�� >�~!	 ; �!q �H�[F�  ���� (a) �1*F ZB���!Z ���� �+ �-�  V�0 �+20 V�_����@ ?25�� 

]��Y ��@� 8XF �@ `��.��!Z F����!1� b
�  �@�?25��� T��k V�:+�� (PSO)  

7- �$� �[	�	!Y  

R?� �.X.� � �]��Y ��@ J�?F �?25� �@ ���� ��

	
�?.1 6!��\� ZB��� g�?�� Z!1*F �  ���@

���?25� �� �+����� +�?� �I� ���@  Z1� �+ <m5�b�19 

 �?25� �@� ]��Y ��@`��.�� � 8XF �@Z! F���� �1!b
 �+ �

 Z1�20 <9��� 	�� �-�.  i��� ^@�b�<@ 	�+ ��-�D  ����

�@ �-� <.!/@  I� �+ �+����� +�?� ���?25� ��/l ��

 �����?25� �}� 	XF� ��@ ]��Y� �	
�?.1 ?2@�?Y� 
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����� 	
���� ��� ������ ���   ����� ����� ���2 ������ �  !�� �1400 

+�18�� cb� ���.� ��Y�  q8�A� ��{������ �� �

.	�� �+?@ <m5�b� +�?�  

 ��-Y �+7�  �?25� �@ ���� �+ �-� Z!1*F ZB���

 �� ���@ �b
 �1!F���� Z!8XF �@ `��.�� �]��Y ��@

 ���?25� ��/l.	�� �-� <9��� <m5�b� +�?� _����@  i���

 �@ `��.�� ���Y ��@ �?25� �}� 	XF ���� ���-Y I�

 ���?25� ���@ �b
 �1!F���� Z!8XFACO �CSS �GA 

 �PSO  `!F�F <@��1��!!wF �+  �� �F��> �]��Y ���

006/75 �706/73 �337/71  �189/71  ���!����

r!� �?2@�?Y ��� �+�18�� M?b� �� 6  ���� � -.��@

 ���
 ���Y �.�� �+�18�� cb� �+�-X� �� �-� <.!/@

+�-X� +��� � �-�� .	�� �-� R ���>  

    

  
(q5�) (a)  

 Z1�19 -  (q5�).X.�� R?� ��D  ���� (a) �1*F ZB���Z!  ���� �+ �-�?25� �@� �?FJ ]��Y ��@� 	
�?.1  

  
 Z1�20 - .X.�� ?25� �@ ��D R?�� ]��Y ��@� �`��.� 8XF �@Z! F���� �1!b
�  

 ��-Y7- �-� �+�18�� �@���� <��[� <.!/@ ���    

+�18�� M?b� ACO  CSS  GA  PSO  

IO 3  ��B  5  ��B  

LS  12  15  15  15  

CP 7  9  7  7  

ZB��� g?�3� 22  24  27  22  

wF!!���1� �@ �~�.�� �+ 6!��\� ZB��� I!5�� Z!1*F  cb�

 �� �F��> +�18��CP (���!����) 
006/75  706/73  337/71  189/71  

  

 �+�18�� �@���� ��/@ ��+ ���@a�K �� <.!/@ �

 G�?F �-� �:��;���?25� �� I� �+ <m5�b� +�?� �

 ����� ��-Y ��5  �6 	�� �-� �+�������-Y I� �+ . �

 �-� Z!1*F ZB��� +�-mF 6!1�F <@ M?b� �� 6�� �+
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 �+�18�� ���@�!!wF L-� ��1� 	5�: �+ �+?25� �@�  ��@

]��Y� 	
�?.1  �8XF �@ `��.��!Z F����!1� b
 ��+ 

 �-�<.!/@ ����  G�?F �-����?25� ��� CSS �ACO �

PSO  �GA <9��� .	�� �-� ��-Y I� i��� ^@�b� �� �

 �@<.!/@ ����  ^�; �� ����GA  � I��*!@CSS 

+�-mF I���=  +�18�� cb� �+ 6!��\� ZB��� Z!1*F

 �+������@  <�K�(IO) .	�� �-� +�3�  �+ �I��@�.@

�F�?B  �+ ���� +�18�� <=IO  -��@ �+�� 	!��� ����+

 ��!� � +?@ -��?A� �@?8b� ��� 6!��\� ZB��� Z!1*F

 �� �D <.!/@ �:��; �+ 	�����?25� ���  ��1�� �@

 Z!1*F���=+�-mF I  �@ .++�0 �+����� 6!��\� ZB���

 +�18�� cb� �!!wF� ��� ���Y �.�� <@(IO)  L�-�� �

 ZB��� +�-mF Z!1*F �+�18�� cb� I� �+ ��e��� +�?�

@ -�@ 6!��\�< <�?0 T���
 <= -��@ ��  �� Y� ���

����  �I��@�.@ .-��@ ���Y T��8F ��-@ � +�-X� ��

�� 6!��\� ZB��� ���= Z!1*F  �]�� �?; <@ -��?F

 �:��; ���@ `��.� a�A��� 6 �2��!@ �+ .-��@ <.!/@

 R ���> <����D +�18�� cb�(CP)  �� �+����� L-�

Z!1*F �� Y� 	!>�~ ��=�-:  g?K� <����D �F ���� �-.�+

�� �@��
  ���?25� �<3!�� �+ .-��@CSS  �]�� �?; <@

�� -��?F  �+ `��.� R�� 6<.!/@ ����  �:��;

���� �� .++�0 M�b� <m5�b� +�?� �  

8- �91 7UG  

 I� �+ �����mF ��+ fX]� ^@�b�!!I 

�!�-.@�1  �:��; �*�
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0842/0 6290/0  1339/0  +-� :�5 	
�0�� -�� +;7�� �4 -��� PMO   3  

0740/0  6290/0  1176/0  ���C�� -���� 	<�
. �� PMO 1, �.!![ -���� 4  

0630/0  6290/0  1002/0  .;8� -� � I��M�,��� �0�� ������ �. 5  

0543/0  6290/0  0863/0  ���C�� -���� ��FQ�� ��� S`4� �
� ��!I��� 6  

0474/0  6290/0  0753/0  I��7� ��� :�5��� -��	 �*��� 7  

0330/0  6290/0  0525/0  +-� �O�!��0 ��� �;mU ��X 	PY� 8  

0278/0  6290/0  0442/0  :�5��� -� �.;4��� �*��� 9  

0260/0  6290/0  0413/0  �!� 4!0� 94�0� ~h�� 10  

0231/0  6290/0  0367/0  \Z,� -� ��:.�	  � ��;0� /4 �*���/0 :�6�� ��4�� � 11  

��-8 5- ;<��	-04� ��./ �<�K ��� ����� 94�0��  

��� ��7�  ��� ���Q��  ���  �<�K  2.�  

0140/0  1270/0  1133/0  :�5��� I��7� �.;4 ��� mm`,� 1  

0140/0  1270/0  1103/0  +-� C�� ^��;� .;8�!� � k�, 	78!W �� �. ��05��5!/0 �!�.� ���� PMO 2  

0140/0 1270/0  1101/0  .;8� U��!/ ��Q.�:� 4 �.![ �p��� ������ 3  

0138/0 1270/0  1086/0  +-� ��.�:� .;8�� ������ /4 4  

0133/0  1270/0  1051/0  :�5��� I��7� �.;4 ��� W�5 ��5� 5  

0131/0  1270/0  1035/0  [��� �1, �.;P�2 �\� �� 6  

0103/0  1270/0  0811/0  �.�1�� ��4 �6�\, � /6�� �.;P�� I��7� ��� Z5!-� 7  

0098/0  1270/0  0769/0  ��P��� �� �.;4!�  E�;�V � /1�;,� �V .;P� 8  

0092/0  1270/0  0726/0  +-� ��74 -0�� Z5!/ 9:�0� �� ��05��5 PMO 9  

0090/0  1270/0  0707/0  +-� :�5 I�O�P,��� �!�� �p��� �*��� ���Q 10  

0061/0  1270/0  0479/0  �M,� � �4 {�]!��� ������ ������ ^
�. 11  

 ��-86-  ����4���Q��� f��  

I.R I.I AVERAGE λmax λmax A*W /��. �-04  

0489/0  0284/0  0567/3  

0567/3  7467/0  �<�K ��� ������� 

0567/3  9228/1  �<�K ��� -���� 

0567/3  3872/0  �<�K ��� ����� 94�0�� 

  

5 - �3�+�  4�� ���
  �4 �0�	 � /4[  /5 ���o �*������� ��  �:;�

���4�� �� ..�Q �� �4 ��R� /5!�- 1� /4!����� � ��!� 
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�1,2 \:;� �-�!	 �_� �. �4 �� �*��� �;mN� ��*��� �V 

[�:�Q  � �����/0 5 �!�!	 � ��!� �1,2 ;N, �-�^ 

���- -4 �7� ����� �. /5 	���  x;6;� �\N,�;5F� �

�� �4	� ���,� <�1:!	 ��� ��*��  /
�K �;O �.��� 

���. /4 �*���� /����4 � � g� ...�Q �\N� �!/� 0K![ 

C0����� 1h�;� �.� �*��� .�-1, /5 z�O � �� ��� ��8�� 

������� �.� -� ��:. �-7� �4 �	���	 � �*���� -��4. 

������ �� ���!�4 �. �6�U ��U �.  �4 ��;N� �*��� ���

�*��� .�-1, �� :� z�O � ��  /4 -U��  5�� o /4 ��!� ���

� �;_0�!�.� ���� .��;�� _�!�  	�-� ���.��-�����

9�8 ��*��� /�
;�V ��. � I�-0��� ���V ��� ��8�� �

��	;< -04 94�0� {�] ��4 �0P�� ���!	 �*���  � ��

z�O �� � /�� I-U� .�H� ���.�M ��-� ��  /K��LM

�� �;�Z� ��!�4 �.�!� ��O �� �7� [� /5 -��4  ����

�� 	�-� ��:.� .��;� /4 �4�!��. ��V b;Z4 -��� �O � �*

�;: �SK 	�7� �. � �5F<� ��,����� � {�-�� ���-��  ���

�� ������� � �\N�� .���. -4[ ��4 �;_0�� �!�.� ���� 

� �;5F� ��:.!�� �<�K /5 	�� ���. /4 ��� ���0�� 

 ��-�/��. -04�� ;<��	 -04� ZN, �!^ -�.�Q.   

�. ������ ��� �;N� �*��� �*��� �4 ��� ��
���� 

 ���8�� �.���Q 	
�� �. �0]9 �Z�`�� _�!�  � 	��

��Q�  e�P<�k�. �*���  � ����H� ��� �H,!9 � T��H,!�� 

	5�� ��Q-005 �p�� ��  �*����� -��;�V .[��4�04 �

���!	 �*���� ��,^ 1p, /4!2 7�,!�  �;K �.��. ���.

-�  5��,���  �;mN� � ���� �4 �*���� ;N, �	�-
^ 

<�1: /� �!	 ��� 7�,!� �0C0, .	�� ���.� �����  �*���

�01� /4� �� /5 	�� �V�� �� ��*����� ��V.�Q�  ���.

7�, .	��!�  ��*��� cd� �. ���.��;0� /4  ��P,��

����8�� �!�� i� ��1�� ��H� �� � �*���� ����5 ��� 

,��RO�� �]c � f� �*��� .�0�� -0��� I������ -�. .

7�, +-� I�;] �. ��*��� ���,�� �. /���P�� ���.!� 

 �4 �V �aj��*��� ��� .�C  ������ �Z]�� ^M� /4 �

k!^4�h� ��44�� � 	�. ��� .����4�04 .�[ �o� .;4��� 

�� �. ����.��  ��*���o -8 ^MS�� ��4� ������ ��� 

 .	�� �;N� �*���  

� �.[  �. ���������� +�H�� �-� �. W<�h /<�\� 

�6�U�<�K � ��� �!�.� ���� -� ��:.�	  �. �*���

	5�� �*��� � �� ��� �0]9 ���4 ����� /4 ��Q � 	��� 

.�;�� �-07� 	5�� �. /5�  I�;] 	�� /1�;, �

���0� �/�:�Q� ;<�� �	 -04� .�Q�- -���4 .� �[ 

���0� 	78 ��� /ZU�� �. �;_0�� �<�K  ���

m�/PU� ��� � ��Q�P
 �4[  �H0� /5 	:�Q I�;] ��;U

���0� /4� 36 .�Q �<�K- �<�K /��. /� /4 � ��� 

�������� -���� ����� 94�0� �� �\,!� .�Q-�-�7� .e�� 

� �+�. /ZU�� �.[ �<�K �;, �� �.����� �4 ��9  /��0S���

�!�� ZN, � ��mm`��!^ P,��� /Z�Z��  �/�:�Q I�;]

;<��	 -04� � �. /5 -�-�[ ��� �����X �7��  /Z]�U

;<�� � ����� W�U�4	 ��� .;8;� �;] /4 � /��.� �. I

�Z,!\�  ��H,!1� �4�d� ��-8 7 P,!![ �-� -�� .  

 ��-87  - 	;<�� �<�K �Z5 �-04 ��� �!�.� ���� ��:. -��	 �*���  

��� ��7�  �<�K  	;<��  

1002/0  -� I�Pa +-����  1  

0961/0  +-� ��U	 -���� � �� -���!�.� ���� PMO  2 

0842/0 :�5 	
�0� +-�� -��  +;7�� �4 -���PMO  3 

0740/0  ���C�� -����  	<�
. ��PMO 1, �.!![ -����  4  

0630/0  -� � I��M�, .;8���� �0�� �. ������  5 

0543/0 ���C�� -���� �� ��FQ��� S`4� �� �
�!I���  6 

0474/0  I��7� ��� :�5��� -��	 �*���  7  

0330/0  �O� +-�!��0 �� �;mU ���X 	PY�  8 
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 ��-87- /��.� 

0300/0 �;��h I��� <� .;8� +-�� � �.!�.� ���� PMO  9 

0278/0  :�5��� -� �.;4��� �*���  10  

0262/0  ������ 	���\� .;8��  11 

0260/0 �!� 4!0� ~h�� 94�0�  12 

0231/0  \Z,� -� ��:.�	 �*��� /4 ��;0�  �/0 :�6�� � ��4��  13  

0228/0  � .;8� +-�	
��� ��� +�l  14 

0189/0 J0��: +-� ���� ��4 ������ �.� �!�.� ���� PMO  15 

0187/0  �1, +-�2 �8 {�����C �g� �2 PMO  16  

0184/0  ��;�  5��� .;8�� �m, 	78!� Q!��  17 

0180/0 �-, +-�[ � bR4� ^�1<��;��.  18 

0154/0  � .;8�o� ��� � �. /�
�0���!�.� ���� PMO  19 

0149/0 �
� .;P�5!I��� PMO  20 

0144/0  :�5��� I��7� �.;4 ��� mm`,�  21  

0143/0  :�5 94�0� � I��RO� +-�� ����. �.  22 

0140/0 C�� ^��;� .;8� +-�!� � k�, 	78!W �� �. ��05��5!/0 �!�.� ���� PMO  23 

0140/0  U�� .;8�!/ ��Q.�:� �. 4![ �p��� ������  24  

0138/0  ��.�:� .;8� +-�� ������ /4  25 

0133/0 :�5��� I��7� �.;4 ��� W�5 ��5�  26 

0133/0  -�� .;8� +-��;<*� ������ �. ~`S�  27  

0131/0   +-�I��7� ������ I��K �. ~m`�� I�����  28 

0131/0 �1, �.;P� [���2 �\� ��  29 

0130/0  �*��� .;8� ��� �*��� x;� ��N< /4 I�����  30 

0103/0 �.;P� �.�1�� ��4 �6�\, � /6��� I��7� ��� Z5!-�  31 

0098/0  �� �.;4 ��P���!� /1�;, � E�;�V � .;P� �V  32  

0092/0  ��74 +-� -0�� Z5!/  9:�0� �� ��05��5PMO  33 

0090/0 :�5 I�O�P,�� +-�� �!�� �p��� ���Q �*���  34 

0069/0  :�5 /8.;4 +-�� � 	78!�.� ���� PMO  35  

0061/0   {�] �M,�� �4!��� ������ ^
�. ������  36 

  

�4  ��-8 /4 /8;,7 ��� �X ;<�� �	 ���  �/Z]�U

� �-��S�� .;�  /5+-� I�Pa -����� +-� ��U	 

-���� � 	
�0� :�5� � W��0� �V ��� ���C�� �� �� 

	<�
. ��� ��8�� � ��FQ��� �
�!I��� � .;8� -���� 

�4 I��M�, �0��� 
�4� �� .��;� Z]�� � �<�K C���4!  �. 

�!�.� ���� ��:. -��	 �*��� �. 	5�� �� � �*��� ��� 

��8�� �0]9 	�� � ��Q �� -0��4. �. �[  �������0� �4	 

� /4[ �/5 �<�K /4 /8;, ��� �7� a3, � �,!��FQ�  /4

-���� � o�5� -05 �[ �<�K  ��5 � /�
�� 9�,�� �� ��

��4 ��� �!�.� ���� -� ��:.�	 7�, �*���!^ -����. 

[��4�04  [�:�Q �_� �. �4�<�K ��� �!�.� ����  ��:.

-��	 �*��� �-8 �. ��-0�� 7� �!.�70SI� ��8�� 

i^ �. �[  ��;U�!   z�d��� -�.�Q:  

1- ;������� �8�� �5�U!��  -71, F
� � ������

-��	 �S� WZ8 � -���!��P� ��  	78 �.

�!�.� ���� PMO.  
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2- 1P,!	  ��o  /5 W��0� �-��� +�Q ��� ���8� 

�� �� ���.�M� P��0�� ��4� �.�!� ����  � ��:.

�*��� 	�-�  ����� /y���-. 

3-  /4 v�
 /8;,�������4 ��� �.�;�!�� �ZPh  �

U![ ��8�. 

4- J0��: ���� F� 	78 ������ ����Q �.E� 

�,!!� 16� �� ��FQ �!	 Z1:.� 

5- � /8;,�� i /4��1�0 � �.�H ��!/0  � 	5��S�

��M��� �V �� )��.�M , ��5!��  �.����� �

�Y5�-U� ��S� � ���4��5 ���� /����4 ��  �

I��-
 (��5 ���S� �;8� /4 /8;, �.� 

6 - �.�H  I�O�P,�� � �����
��/MP� ��  �4 �.���Q

 �4 ��78�;�PMO ����Q �. ��� �������. 

7- �4  �. � ��o ���4 .;8;�	  � ������ ���
��

1,!![  �Z1, cd�� �V /4 �Z1, +-�. 

8- P,!![ � �.;�� {��� �!��  /4 [�
�.�� I���6 �

��.�5��5� -� ��:.�	  cd� �. �*���

������.�  

9- ��8�� �-,H� P,��� /Z�Z� �� /����4 ��� 

Z��!,�.�  

10- ���4�� �C���4 � ��8� -��� �4 I��_� �� <���U�� 

 ��� /S\�W�U �4 ���� I�y�p�h��.  

11- /����4 /4 [�
�.�� ���  �. /5	;<�� ��� 

^4�h E��� � -���. ���h ������ 78;,� ��4 ���  �V

 ������ /4�� -���V.. 

12-  TF8� /4 � E���� Q��5!�� /:�U .��:� ��  �.

-��	  �*���� /4�� �. ~m`�� .��:� ��;U 

PMO. 

13- /4 � TF8 Q��5!�� ���S���  �;
��: /4 ��P


����!� Z
�. ���Q ��05 �.� �������. 

14- �.�H ;h ������ � ���
��� ��4 W��0� �� 

-� ��:.�	 � /5 �*���[  � ��-�h� �� �� ��:.

�
�!�� ��� ��.�;
�4 +�l-. 

15- 1,!![  ����� �	���6 ��� ��8��  +�_� �W��0�

 � E�.���4���� ��� Z��� ������ �.� 

16 - /4 /8;,  ���-�� Q!��  .�MZ�� � E���PMO  �

xRO� ����� �V �_0�. 

17- � �����!	�� ��� ;S,\� C�� �!� �  	78 �.

{�-�� �\N,.  

18-  /4 /8;,�4���� ��� ���. �� �!�;��� ��8�� 

/����4 ��� Z��!,��.  

19- �� Q�4� E�;�V ��  ����. ��� mm`,� ��� 

-���� ��.�5��5 �4 ��78�;� �� PMO  /4

� I�;]� ���� � �U� � �� ^Ph!�.� ����  ��:.

�*��� 	�-�. 
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 ��*J1-  	!C�f Y!!N9/:�J ��J ���: ����*JiR�Z� a�+KL� j��e  
DD (cm)  Sa(g)  DD  z�C  A(g)  B  βeff  Teff (sec)  T (sec)  Re (cm)  

=0.03μ  

36  185/0  35  35/0  238/1  1/0  78/2  03/3  230  

42  162/0  42  35/0  291/1  117/0  23/3  57/3  320  

48  132/0  48  35/0  322/1  127/0  62/3  04/4  410  

56  121/0  54  35/0  424/1  162/0  32/4  5  620  

=0.06μ  

22  157/0  22  35/0  61/1  245/0  38/2  03/3  230  

25  14/0  25  35/0  665/1  273/0  7/2  57/3  320  

28  129/0  28  35/0  70/1  296/0  96/3  04/4  410  

35  116/0  35  35/0  711/1  3/0  5/3  5  620  

=0.10μ  

16  169/0  16  35/0  711/1  3/0  95/1  03/3  230  

19  155/0  19  35/0  711/1  3/0  2/2  57/3  320  

20  150/0  20  35/0  711/1  3/0  32/2  04/4  410  

24  138/0  24  35/0  711/1  3/0  65/2  5  620  

=0.15μ  

16  199/0  15  35/0  711/1  3/0  55/1  03/3  230  

19  186/0  18  35/0  711/1  3/0  70/1  57/3  320  

20  132/0  19  35/0  711/1  3/0  90/1  04/4  410  

24  121/0  25  35/0  711/1  3/0  2  5  620  
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�� V�I�� ���� �� �N:�9 P�AL /: Y!�� 6��� ..A�

��	��;2:� Y� �. �.����� .�A� ���/0�O�  �� �.����� �:

 	��PEER ��AX �9 /RL�C) >. � �� ���3  3��10 

(���AR!3 �*� 6�Z���*�� ]14[ ��;�
�� ���: Y!2]�� .

 a�
 �:�. `A� 	���) ���: wA�m/s760-400(  ���: �

|�d /0 0� )8DBE10(  ��?� : �.�*5� �:)3/6-5�l� �. ( 

/�C�? �*�.*�� 	�� 	��;2:��� ��AX /0 0� >. �

_0��  � /�A?	�� 	��;2:��� �AX /0 0�� >. �

                                                 
10

8- Design Base Earthquake 

_0���!^ /�A?�*� 6�Z���/0 0� Y� P�tZ-� .*�� �. ��

 ��*J2 �*�7 ��.	  

6 -1 - ?C�2F8�+C ����� � J�7+���*  

 Y� �. �/0�O� z�C�*.�?  �K
 �: /OK2� �. ����

���0 .�� �R!
 �� ���� �.2:�*� �  	b�� Y��:�2: .	��

 �:��: |�d ��2b� 6���35/0 �*� /�C�? �l� �. .	�� 

�*� z�C Y!2]��  .�A� ��;�
�� a�
 	�� �l� c:�K�

 .��*����� �:2800 a�
 ��� �. `A�*��: ]15[ . G��

6��� 1�!O� 	��;� Y!7 �: c:�K� ��  /���ASCE7 

��  .*��:/]Z��9 �+!��2. M!R59 V�I�� ���:� �����

�� �� >	��  /: �*� 6�Z��� 	��;2:���1g  1�!O�

�� i!d �*� 1�!O� 	��;2:��� ���: _k� *�A�

�� ��� Y!;��!�.A� M+�) 3: 1�!O� j�e .(/�A;  ��
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���� ��� ������ ���   ����� ����� ���2 ������ �  !�� �1400 

�� 6�Z��� ���: �. /3 .A�2/0  �95/1  .A�� �:��:�gh� 

���0 �����*J ���!����  �9u�: ML�X Y!;��!� i!d

��80 �� i!d *L�..��*��� ���S  �. ML�X j�e ..�!;:

	��;2:��� �� >�� 1�!O� j�e�� 6�e �� /: � .A�

 �+!��2. M!R59 V�I�� ���: ��8� 1�!O� j�e ��A2�

�� ���S �.����� .�A�..�!?  

 ��*J2- /0 0� P�tZ-���� �*� 6�Z���.  

 i.�

	��;2:���  
/0 0� V��  ���  ��;���  

 3�� �9 /RL�C 

)km(  

 	������: wA� 

)m/sec(  

/0 0� ��?� : 

)M(  

��AX>. � _0��/�A?  

1  Morgan 
Hill  

1984  Gilroy Array  85/9  663  19/6  

2  San 
Salvador  

1986  Geotech Investig Center  14/2  489  8/5  

3  San 
Salvador  

1986  National Geografical Inst  7/3  455  8/5  

4  Chi-Chi, 
Taiwan  

1999  CHI 074  02/6  553  2/6  

5  Parkfield  2004  Slack Canyon  6/1  648  6  

6  Parkfield  2004  Parkfield Cholame  3/3  410  6  

7  L'Aquila, 
Italy  

2009  L'Aquila Parking  3/5  710  3/6  

��AX_0���!^ >. �/�A? 

1  Coalinga 1983 Sulphur Baths 75/9 617 77/5 

2  Whittier 1987 
Pasadena - CIT 

Athenaeum  
18/4 415 99/5 

3  Chi-Chi 1999 TCU084 55/8 655 90/5 

4  Chi-Chi 1999 TCU084 8/9 671 20/6 

5  Parkfield 2004 
Parkfield - JACK 

CANYON 
46/9 576 6 

6  Parkfield 2004 Parkfield - UPSAR 11 41/9 466 6 

7  L'Aquila 
Italy 

2009 L'Aquila - Parking 07/5 717 6/5 

    
(i0�)  (6)  

 M+�3 -  �� ML�X Y!;��!� i!d7 ��AX 	��;2:���_0�� (i0�) >. � _0���!^ (6) � /�A? /�A?  
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����� 	
���� ��� ������ ���  � ����� ����� ��2 ������ �  !�� �1400 

�� �� >7 1�!O� 	��;2:����*�  ����� /:

�� C� V�� �. ��8� 1�!O� j�eOpenSees   ����*J /:

�� �����.*�A�  �/�A�� ��A2� /: `�N� ���:�gh�m  3/2  �

 a�+KL� j�e03/0�  /��O�1�!O� i!d �: �*�

80|�d /0 0� .��*����� i!d%  ���: �.2/0  �95/1  �:��:

 .A���gh� ���0 �����*J ���!� M+� c:�K� ���4- i0� 

	��;� 6��� ���: /0 0� /: ~A:�� ���  >. � ��AX ���

_0�� M+� c:�K� � /�A?4- 6 	��;� 6��� ���: ���

/0 0� /: ~A:��^ >. � ��AX ���_0���!  /�A?��*��: .

 ��*J3  �.A�� 1�!O� � ���� ����� j��e  !� �� ���:

/0 0� _0�� >. � ��AX ��� _0���!^ � /�A?  /�A? ��-�

�� �..*  

    
(i0�)  (6)  

 M+�4 - 1�!O� Y!;��!� i!d �*�/0 0� >. � ��AX ��� (i0�)_0��/�A? _0���!^ (6) � /�A?  �: ����*J ���: `�N��gh� 3/2  ��� �

 a�+KL� j�e03/0  

��*J 3-  `�N� �: ����*J ���: ��8� 1�!O� j�e Y!!N9�gh� m3/2 Re =  � a�+KL� j�e03/0= µ  

	��;2:��� i.�   j�e���� ����� i!d  .�A3� 1�!O� j�e   j�e 1�!O���8�  

��AX /0 0�>. � _0��/�A?  

1  59/1  46/2  9/3  

2  59/1  42/1  26/2  

3  59/1  47/2  95/3  

4  59/1  10/3  44/5  

5  59/1  75/4  60/7  

6  59/1  74/1  78/2  

7  59/1 97/2  76/4  

��AX /0 0�>. � _0���!^/�A? 

1  37/2 06/8 15/19 

2  37/2 82/5 82/13  

3  37/2 74/11 86/27 

4  37/2 20/7 10/17 

5  37/2 82/6 20/16 

6  37/2 20/4 27/10 

7  37/2 98/10 47/28 
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6-2- 0H(�I ���� �E7�,�� G� #�  

 �� C� V�� �.OpenSees  ����*J M+� c:�K�5  /:

��L �Ad �: ���0� > ��A2� P�AL /:  ��?�. �: �*N:�.

 /3�+ �*� *!O� �� �*� �	��..A�  

  
 M+�5 -  �� C� V�� �. �*� �*� ����*JOpenSees  

 �� _k�	��;2:��� �� ����� ����*J /: � .A�

/:�J ��JL�X �� �� M�K
�!^ ����� /]Z��9 M!R59 

�� 	bg..A�  	59 ����*J ���: M!R59 V�I�� �� _�

 �� >��	��;2:��� �� �.�O� Y!;��!� �/:�J ��J	bg -

 ���: �*�	�� 	��;2:��� _0�� � /�A?	�� 

_0���!^ 	��;2:����� /b��5� /�A?..A�  

 a�+KL� j�e ���: *2��C Y�03/0 �06/0 �1/0 

 �15/0 �  `�N�3/2 �2/3 �1/4  �2/6 �� V�I�� /3 .A�

 �7 \���/0 0� ���:_0�� ��� /�A? ��*J4 �  ���:

/0 0� _0���!^ ���*J /�A? ��5 ��*��:.   ��8��� �A��

 ���*J Y��� 	b/:�J ��J �[3�*X /3 *�. �� ��-� ��

 �!�O9 ML�X/:�J ��J M!R59 �� ML�X Y!;��!� �[3�*X

 /]Z��9 �l� �. 	��;� 6��� 	�� ���: �K
�!^ �����

 /: ��*� /�C�?/:�J ��J G�� �� ML�X �[3�*X

�.�� ���� Y!7 �*� *J �. .AJA� /��� ��1 �� *��:.  

 ��*J4-  Y!;��!�/:�J ��J ����*J ���:/�A? _0�� >. � ��AX ��� /0 0� 	59  

Re (cm)  D1 (cm) D2 (cm) D3 (cm) D4 (cm) D5 (cm) D6 (cm) D7 (cm) 

/:�J ��J

Y!;��!� 

)cm(  

 	b��

/:�J ��J

�[3�*X  

=0.03μ  
230  2/7  4/50  4/114  2/87  4/82  16  2/63  4/60  7/1  

320  6/9  2/51  2/147  8/140  116  6/21  68  2/79  89/1  

410  2/11  56  168  6/173  8/128  8/24  6/73  8/90  88/1  

620  2/15  4/66  2/163  4/158  2/147  2/31  4/82  8/94  69/1  

=0.06μ  
230  2/7  8/32  4/86  6/57  8/48  6/9  4/46  3/41  87/1  

320  8  2/39  2/107  4/98  4/74  8/12  56  6/56  23/2  

410  8  6/45  6/121  2/119  6/85  2/15  6/61  3/65  32/2  

620  8  4/58  8/128  4/114  2/103  6/21  72  9/72  05/2  

=0.10μ  
230  8/4  4/26  4/54  8/32  4/26  8/4  6/33  8/25  62/1  

320  8  32  8/64  2/27  6/33  8  44  3/31  67/1  

410  8/8  4/34  8/68  8/56  2/39  8/8  4/46  6/37  87/1  

620  2/11  8/44  4/82  64  4/54  4/10  56  2/46  92/1  

=0.15μ  
230  4/2  2/19  6/29  4/18  8/16  6/5  2/15  3/15  29/1  

320  4/2  2/23  36  6/21  6/17  4/6  4/18  9/17  34/1  

410  2/3  4/26  6/41  4/26  4/22  4/6  6/25  7/21  41/1  

620  4  8/28  8/44  2/35  2/27  4/6  32  5/25  54/1  
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 ��*J5-  Y!;��!�/:�J ��J ����*J ���: >. � ��AX ��� /0 0� 	59�!^/�A? _0��  

Re (cm)  D1 (cm) D2 (cm) D3 (cm) D4 (cm) D5 (cm) D6 (cm) D7 (cm) 

/:�J ��J

Y!;��!� 

)cm(  

 	b��

/:�J�J �

�[3�*X  

=0.03μ  
230  4/18  6/57  4/62  112  8/16  8  4/70  37/49  38/1  

320  28  4/54  8/60  148  8/20  6/9  6/77  03/57  36/1  

410  4/30  6/57  2/71  192  8/24  14  18/20  54/67  4/1  

620  6/33  4/70  2/91  2/287  2/31  4/18  4/94  49/89  6/1  

=0.06μ  
230  8/19  44  2/47  108  6/13  2/7  52  6/41  88/1  

320  8/24  2/43  8/52  120  4/14  8/8  56  71/45  80/1  

410  28  6/45  56  4/186  16  8/8  60  26/57  03/2  

620  2/35  8/60  2/63  8/248  8/20  4/10  8/68  56/72  04/2  

=0.10μ  
230  8/8  4/18  6/21  64  2/7  2/3  4/26  37/21  33/1  

320  2/11  20  8/32  4/82  6/9  6/5  2/27  97/26  44/1  

410  6/13  4/26  36  100  4/10  4/6  6/29  76/31  58/1  

620  4/18  8/32  6/45  152  16  4/6  36  89/43  82/1  

=0.15μ  
230  8/4  2/15  2/23  4/54  6/9  2/3  4/14  82/17  11/1  

320  4/6  2/19  6/25  4/62  6/9  4  16  45/20  09/1  

410  8/8  2/23  2/31  80  4/10  8/4  2/19  37/25  26/1  

620  2/11  8/24  8/36  4/102  4/10  6/5  2/23  60/30  27/1  

  

7-  �L����?�L� 8���(9���$ ���  

:�J ��*O� /��O� �Z: Y� �./ ��J �[3�*X

G�� �� ML�X�.�� ���Y!7 �*� ���� �: /���:�J/ ��J

/]Z��9 �+!��2. M!R59 �� ML�X /0 0� 	59 ����� ���

_0��/�A? _0���!^ �/�A? �� /p���/K:�� ..A� Y!: �� 	b

:�J/ ��J �[3�*X�  `�N��gh� /0 0� ���:_0�� ���/�A? 

� _0���!^/�A?  ���: iR�Z� a�+KL� j��e j!9�9 /:

 M+� c:�K�6 ��.*��:  

    
(i0�)  (6)  

 M+�6-  /K:��/:�J 	b���[3�*X ��J  `�N� ��gh�  a�+KL� j�e �.03/0� 06/0� 1/0  �15/0 /0 0� 	59��� (i0�) _0��/�A?  �

 (6)�!^_0��/�A?  
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 M+� /: /JA9 �:6- i0�  `�N� �� C� �:�gh�  �9

1/4  ��� 	b��:�J/ ��J�[3�*X /0 0� ���:  ��AX ���

_0�� >. �  /�A?�� �� C�.*:�  j��e ���: _k�

� ���3 a�+KL�  �����6  ���: � /�C� ���3 *L�.

 a�+KL� j�e10  �15 �� �� C� ��2]�� *L�.�*: .

 M+� /: /JA9 �:6- 6  `�N� �� C� �:�gh�  �93  ���: ���

 a�+KL� j�e03/0 �06/0 � 15/0  	b��:�J/ ��J

�[3�*X /0 0� ���: ��AX ��� _0���!^ >. �  /�A? ���3

�� �`�N� �� C� �: _k� .*:� 	b��:�J/ ��J�[3�*X 

�� �� C� a�+KL� j�e ���: .*:�10  *L�. �:

 �� C�`�N��  	b��:�J/ ��J�[3�*X �� �� C�.*:� 

G�� �� ML�X \��� /��O� �:�.�� ��� �*� ����

Y!7 /]Z��9 �+!��2. M!R59 �� ML�X U��� � /��� �����

 >	b��  a�+KL� j�e �. ����*J �� ���: ��8�

Y!;��!� P�AL /: 	:�g  �� ��!? 	b�� ���:�J/ ��J

�[3�*X ���:  `�N�h��g/�C�? �l� �. ���  �*� ML�X 

*�.  Y�	b�� /0 0� ���:_0�� ��� /�A? �_0���!^ /�A?

 ��*J �: c:�K�6 *��: ��.  Y�	b�� �� ��-� /3 *�.

�.�� 4:���Y!7 �*� ���� 	!C�f Y!!N9 ���: /���

/0 0� �. �3�+KL� �;��7 ����*J �[3�*X ��� ��AX

 >. �_0��/�A? _0���!^ �/�A? � ��*O� /: 	b�

/:�J /]Z��9 �+!��2. M!R59 �� ML�X ��J �����

�� ����3 �.�O�*2�..  

8- NO�- (P� ',(8 2���  

 �Z: Y� �. 	b��:�J/ ��J�[3�*X  	59 ��8�

/0 0�_0�� ����!^ � /�A?_0�� `�N� �. /�A?�gh� 

�*� /��O� �iR�Z� .	��  �: c:�K� /��O� Y� M+�7 

��.*��:   

���� ��*J �. /3 �Ad6 �� �*��-� �: .A�

 �9 a�+KL� j�e �� C�6  *L�. 	b��:�J/ ��J

��8� �[3�*X  ���:/0 0� _0�� ��� /�A? �� �� C� � *:�

 �� ��-!: a�+KL� j�e �� C� �:6  *L�. 	b��

:�J/  ��J �[3�*X�� ���3 ��8�*:� Y!2]�� . /JA9 �:

..�? �� �*��-� ��*J /:  �9 a�+KL� j�e �� C� �:

6  *L�. 	b��:�J/ ��J �[3�*X ��8�/0 0� ���:  ���

_0���!^   !� /�A? �� C��� j�e �� C� �: � *:�

 �� ��-!: a�+KL�6  *L�. 	b��:�J/ ��J �[3�*X

�� ���3 ��8�.*:� /0 0� �g� ��-!: ����: ���:  ���

���� ���C� �: >. � ��AX �� ��� �A9 /: � sJ���]16 �

17[ ..A�� /NJ���  

���� /3 �Ad M+� ��7 �� �*��-� �.A� 	b��

:�J/ ��J �[3�*X/0 0� ���: ��8���AX ��� >. �

_0��`�N� � a�+KL� j��e ����9 �. /�A? ����gh� �

 �� ��-!: 	b��:�J/ ��J �[3�*X/0 0� 	59 ��8� ���

_0���!^�� /�A?*��:.  

 ��*J6-  Y!!N9 	b��/:�J ��J�[3�*X  ���: ��8�iR�Z� ��� /0 0�  

µ   Y!;��!� ��� 	b��/:�J ��J�[3�*X  

_0�� /�A?  

03/0  79/1  

06/0  12/2  

10/0  77/1  

15/0  39/1  

_0���!^ /�A? 

03/0 44/1 

06/0 94/1 

10/0 54/1 

15/0 18/1 
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(i0�) 03/0 =μ  (6) 06/0 =μ  

    
 (�)1/0 =μ   (P)15/0 =μ  

M+� 7 -  /��O� 	b��/:�J ��J��8� �[3�*X /0 0� 	59_0�� ���_0���!^ � /�A?j��e �. /�A? iR�Z� a�+KL� 

 M+� �.8�  	b��:�J/ ��J �[3�*X 	59 ��8�

/0 0�_0�� ���_0�� �!^ � /�A? a�+KL� j��e �. /�A?

.	�� �*� /��O� iR�Z� ������ �*��-� /3 �Ad .A�

 	b��:�J/ ��J �[3�*X ��8����: /0 0��� ���AX 

 >. �_0�� /�A? �a�+KL� j��e ����9 �. �� ��-!:

 	b��:�J/ ��J �[3�*X ��8����: /0 0���� ��AX 

>. � _0���!^�� /�A?.*��: 

 
 M+�8 -  /��O�	b�� :�J/  �[3�*X ��J 	59 ��8�

/0 0� _0�� ��� _0���!^ � /�A? a�+KL� j��e �. /�A? 
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 e������ ����2F, �t�� �� �����F ?� <0 � �

 .,�0�8 ?�L9 �� ���/!F ��!�F �-!��10�� D!1q �0

 e���U�E!-9 ��3 ?� 	�� EF  �8�
 �� ��WA ��A� �

 	8�4�� ,18 �� 7� t�� �`�F �0C�� �19 � E�7�

	�� ]6[.  �0 ��@@L�E=�@� �� �60  �0����� �F ��b�� �� 7� 

LS DYNA  �C_1� EF  ?!>L9 � E U9�!\o9 ��WA ��F  �F

D�5 ��� [
 ��� �F `�F 	���  ���`�F�,� 	C@9 �  �F

D�5 ��� [
 �� �0����� ���`�F  ��C1� EF �,� 	C@9 �!k

0�8 �0����� ���18.,� p��� ��@@L� D� �����  ��/�

�� ,�0  �� !� E8?-��!!a9 ��`�F D�5 [
 ���F� 

 �,� 	C@924 ,^�0 �� ���8 D�5 [
 ��`�F� k �!

 D� �F ��x� .	�� �,� 	C@9 �!�� �0 �19 	!fu�

 �,� 	C@9 	�`�F70% ��`�F �!�� �� ���8�  �!k

	�� �,� 	C@9 ]7[.  �� �0����� �F D!�� ����2F

�C�� �@9�� ���F KCHL� <!1-9 < �61� ���� 

j�
 ��	�� b�� � .E��0 0�C� g!8�9 ?��� <!1-9 D�  ��

b�� j�
 �0  �F 	�C|��8 j�
 �0��5 	�0 EF ���F

�3�� 	�� b�� j�
 �� ��2F ��� . 	!7�i e�!>�� D�

�� 0CH2F �� ��F��F /� �,/YF�� ���8 �� 	�  �,�0

�� �� t��9 �� �/8  �� j�
 ���3 ���� ?!����� � ,18

�� ���8 �0, . �61� �C�� �� �0����� E��>7 �� 7�

9 � z=�G� ���F 	���@�o j�
 E>!�� EF �H��Z ,!A D!�

.	�� c��J�  �0E=�@� �� ��3,1�C�  Ef=�W� < p���

E��@� S�� ��� �F ��  n>�Y� ����,� ����  ���=�

                                                 
4

3- fly ash gravel piles 
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 ���F 0�,L��,� ���� 	C@9 D!�� �C�� �F �,�  ���

 	
�� �0 �0����� ���F <!��1�Crs �8�� �F �61�

E��� ��  �8�
 t�� .,�0�0  ���F�C�� �� �61� �

 ���F b�� D!�� �0 �,� gG� <!��1�Crs �,� �CGL�

 �� �0����� � �8�
 	
���3,��CGL�  <!��1�Crs

 �!F K5 ��/7 ���8 l��F ��F �� ���� T7�1� ,4 ��

 �0 � �,� D!�� �0 �0C�� ��� �19 D!1q�� �  �8�


 ���8 l��F EU!��	�/�  [H9���� 0C� ]8[. ��@@L� 

�����3` t�� <!1-9 m����F ,,Z �0,� �,� <- 

 ?��� �61� �C�� < ���7� ?!>L9 ���F ?!�����0

?-��!!a9 �5 �H��Z b�� m� j�
 �0 �0�0 Ef�C9 ,��. 

 ��/� p��� E8 0�0 	H�� �� 7� 8��9  l��F �19

 �0Cf^ �1L1� g!� < �F �3,�5�F I�� �� 7�

�� 0C�.  	!7�i��F��F  �C�� �,� 	!Hh9 b�� D!��

}1�  	!Hh9 ,��� < �F ���� 	�T3 �F �� 7� �H��Z

�� ,F� �� 7� �F �W
 �1L1� e�C^ EF 	!7�i D� ��� �

 ���8 �C�� E>^�7�� ,F�.  �F D!1q�� 	!7�i D�

tW@� ���8  ���8 � !v�� �� !� EF �C���� ,F� ]9[. 

���6/����  �0E=�@� �� �60  j�
 ��� �F �� < ���7�

	C@9 �C�� �� ����3 [�C9 �,�  �_� �� �� �61� ���

0� [��� �0 	�/� ���8r ���CE8 �C�� ���3  ���

 �F �61��9 �,� �� �0�����?u� 0�,L� d�9 EF  �� ���

���8 �0�f�  8�� 	�� E�7� .,�0�0 ���A Ef=�W� 0�C� �� 

0� [��� �0r EU!�� ����- 	4��� 	H�� �F � ���C

 E�7�3�� 0C�  0�,f9 �� 7� E8�C�� �� �,� �F �61� �

 �1!F �!� �F �2ZC9 ?F�A �CJ EF �,fF E� �0,� ����

	�/� �,� 	C@9 j�
 �7�u� �����F �9 120 

��-���C>!8 �!\o9 0��T3 ��� ]10[. �0����� �F ��@@L�  ��

 S����H!8�9 � U� ���= �F 0�,L� ?u��9 S��   �C6=�

�,� ���� E!H� ���F �0,�  �61� �C�� < ����

 b�� m� j�
 �0 0��1� �Fb�� �� 7� UDEC  0�21/!�

.,�0�0  �3,�5�F E8 0�0 ��/� �0,� ���� E!H� p���

 ?!=0 EF }1� �C�������Z jC>F B��9� I�J �� �� 

V��H��) (��T�  � �0CF ���F?-��!!a9  �0���3 �3,�5�F

 �0 ���/!F ��� ���4 0�U� l��F � }1� �C�� ?
�0

 �2F �����!� � �8�-W^� m��9 �� !� EF VCF�� ���8

jC>F D!F E��C!� �� 0C� ]11[.  �60 �/���� �0

�0����� �F ��@@L� ��< >L9!? 0,�� ,fF E�� �8�
  

���5/� �� �F� �C�� ��� �CGL��,� ���-9Crs? 

)GECs(�@� �0 �E� >L9 �F!? �����@9 � �CL��  �0

,fF� ,fF �0)� ���8 � (�� EL�^ ^C9 ��!n ,�0�8 .

���p 0,�� ,fF E� �,� E8 0�0 ��/��  EF �,� ~�Y9�

FC
� ��/�  �,1�0?-��!!a9 ��� ���,�� 3!��  � �,�

T�1� ��/7 ?��-9� �� ���0 �CJ �0� �8�
 	
��   �

 �� M� �8�
 	
�� 	�� ]12[.  �60 �@!@L9 �0

������6/�  E��� j�
 �0 �@��� �61� �C�� ��� �F

 ��>!� �9�f=�W��,�0�0 b�U�� F �F �0,� ��� ����

 �� �0�����Plaxis3D  � �C�� gG� �\� ����F ���F

 KC>W� �CJ � 	�/� �F ��F zW��C�� ��  ���������� �F

�E@W1� �1 6�Z 	H���!_� ��!a��  E>^�7 � 0�,f9

�C�� ��  � ,0�3 b�U�� D!�� �H��Z ��/7 g�u �

 E8 ,� �Y/��!\o9 �� 7�  j�
 �H��Z��/7 g�u

)K(  �0 	�/���  ��/!F �1 6�Z �8 ��� 	H�� ���F

	�� EZC9 ?F�A  �KC>W� �CJ (E1!2F) �C�� �� �61� �

 �� E8 0��0 �6��F �,� 0��� ��/7 EF2/1 �9 2 �WA �F��F 

�� ���F ?�� �0  	!7�i��F��F � < ��2��  z>�� �!k

	�� ���C� �0 ]13[.  ��3,1�C� ����F <

Ef=�W� ���F <!9����!� �C�� ���7�  �,!�C� �61� ���

b�� j�
 �0 ,�3Crs �F �,� ���  �8�
 ���T3��F 	L9 

 ,�0�0 b�U���  E-1� E>�Z�� ,1�7� 	�0 p��� D� EF

 K5 ��/7 � 	�/� ���8 EF �61� �C�� �����CGL�

���4  �0�� <�8 ���� ,18� ��^�L� �CJ 

(�����CGL�) �CJ � 0��0 0�->�� �0 ����� �/@�  !� 

L� �3,��CGLosc 8/0  ��2F 0�->�� ���F �� E1!2F �CJ

 Er����� ,�0 ]14[. �60 �� ����F �0 ��@@L� �!\o9 

61� z=�G� BC� � �3,��CGL� �CJ 	!7�i �F E��,
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���F �0 �� �0 �61� �C�� < ��F��F  � </
 E���

����F 0�C� m� j�
 ,� � ���6/���5� �0,� ���� 

 ���A.,�0�0 �C�� E8 	�� �,� �,��/�  �,4 �9 E8 ���

�C�� �� ,�� �,� �CGL� ,1��� �9�F �CGL� �x��8 ��� � 

 �0�8 �CGL� �0�C� ��-vC8 ���,�� ���F�C�� �� �61� �

	7�/!� (����2F) 0��0 	��0 0�C� EF 	H�� ���/!F 

]15[.   

 �CL� D�D!�� 0�->�� ����F �����  ���

 �F �,� ����2F�C�� �� ��WA �CH� 	L9 �61� �

.	�� 	����� ��C_1� D!�� EF  K�Y��� �F4  	���80 �

90 �100  �110 ��� E!��\ �F  �����WA ���F �0 E8

�,1��� 	�����  E8 ����� �1f ����LF 	��� �,�F�

 �,� 	�/� D��/!F l��FEF 	�0 .,�5 M|� �C�� �� �

 �C�� ���������� �0 �!!a9 �F � �,� ���T6�Z �61�

�	F�\ �U4 �0 B��9�� � �WA �!_� �61�  � ,�3Crs ��Y�

s �CJ5 �0�G�A� � E1!2F �� !� ,�3Cr� �2EF 	�0 ,�!F.  

2- "�
 ���# ����  

2 -1- $�% �	&��' � "�
 �#�()  

 �C_1� EF ��� �!� ����� �0�,� ����  �� �0,�

b�� �� 7� Plaxis 2020 3D  j�
 ?!7��� .,� �0�����

 ���F �0����� 0�C��,� �����  b�� m� j�


Bothkennar  	�� E8 �0	��A FC1Z�  �0 ������

0 �-� 0��0 ���A ,1>9�-�� �0 �C�6���3 ]16[.  BC� D�

�C�L� �F m� j�
� =5� F!D 3 �9 5 ,^�0  ���
��E�7� 

 �	��� Dj�
  ��C1� EF< � m� j�
!�>� 

E@HJ ,1F� 7��� .	�� �,�!? �D  E��C� ?��� j�
5/1 

 ���� ?��� E8 	�� �0��C�E/ 3!���� =5 0�C� �� 

�� .,��F I�� �� 5/1 �9 5/2  ���<  b�� EF m� BC�

Upper carse clay �� ,��F � ��  I�� �9 �55/14  ���

 b�� �F m�Lower carse Clay .	�� E�7�3 ���A  K5 ���9

����!1�  I�� �0< ���� �� zW� ��!D �� ,��F .

 ?-�1 7���!? `E ,1F�  j�
�,� ����  �0 �,�

b�� �� 7� Plaxis  ��/� ���� ,�0.  

  
 ?-�1 - 7���!? j�
 �,� ���� �,� �0 b�� �� 7�  

 	��Yu EF 	�`�F �� E`15 ���!���� g��1�� �

 �C_1� EF j�
 zW� ��� �F �	�`�F E` ��� �F

 E` ��� E��0 ~C�� �� ��!3C>Z � �,1F E��0 �� 	i��4

 �F 	�`�F E` .	�� E�7�3 ���A ���F j�
 EF 	�`�F

 �F �F��F ����Yu30 ���!���� �CH� ���F <  �0 D�5 [


�� m����9 D�5 [
 �� �0 .	�� �,� E�7�3 �_� �� �

) �,!19 �!� �1�F BC�70B �F �F��F �u�� �F (240�  E>^�7

40  � 	�`�F EH= ��60 ���!����  �6,- ��  8�� E>^�7)

( 8�� �9  .,�� �,� �,!v �� ��18 �0 

 D�5 ��� [
 �02 B��9�� EF ,1F�� n0� 30 �0 �

 �� E>^�75/143  ���!����(�� �� �� ?� E>^�7)  ��

�� E>^�7 �F �6,- m����9 ��� �F m����9  8�� �� ���

 D�5 [
 �� �0 .,�� �,� �,!v �!�� 0�,��� �02  n0�

) BC� �� ?�60UIC �!�� �CJ �0 �� m����9 ��� �F (

.,�� E�7�3 ���A �� EF E!=�� j�
 �� ���0�F j�
 D!1q
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 K�� �� j�
 zW� �� �0��C� E��C� D���0�F �C_1�

 z=�G� �F �5 �1 6�Z � 	�`�F �0����� 0�C�  �8�


 I�� � 	�`�F�� E` �F ��� �� �� !� EF ���,��

.,0�3 b�U�� �0��C� E��C� ?-� 2  �� �H��Z ����

 ��/� �� �,� 0�U� j�
 ��� �,1F E` � �,� E�,1�

�� ,�0.  

2 -2-  �*+,"�
 ���#  

 �0 ���� �,� ��� ���� [��� ���8 	2Z�0 

 �� !� EF 	�`�F c�J5/14 ���  EF �9 	7� S���335 

��� ��� ,��F. �,� ���� �CJ EF D3�� �0 �� ��WA 

7/48  ��� ?-� IF�W�3 .	�� �,� ?!-/9  

 
 ?-�2 - ���� ��18� �� �,� EF ����� E` ��� �	�`�F �	�`�F� � z=�G� �8�
 � �,�  

  
 ?-�3 - L� E>^�7�C��� �,� �0 ��WA ���� ]17[  

 ����F 	2Z�!\o9 	8�4 	2Z �0 ��WA  ���

EF ��WA ?� 0�,��� �0 �!�� �CJ n=�Y� 100 ��� 

	7� S���3�!9 �F ?� .��EF �  �CJ100 ���  �CJ �0

 �CL�X  �F �F ?-� ?!W��� tW@� zW� e�!^CG


�-!��-�  ) 0��,����� ?� �F EF�/�60UIC E�7�3 �_� �0 (

,1F�� .	�� �,�E>!�� EF  !� �� �� ���� ���=�  ��2� EW@�

EW@� EF5

4 �CJ EF 30 ��� �,� �,� �� .,�� �� <

m����9  ?-� ?!W��� tW@� zW� �F ����!9 [�C9 ��

 �CJ EF240 ���!����  m����9 �-!��-� e�GY/� �F

) BC� �� �,!19 �!� E-9 < �1�F70B ���� �,� (

�,� m����9 .,��   8�� EF  8�� E>^�7 EF ��60 ���!����  ��

 ?� �� �0 �6,- �� �6,-�,� �0�0 ���A  ��F .,��

  !� ��WA ��CL�185 tF����� �F D9C!�C>!8  �F �0�f�

5/92 ��-���C>!8  �,� E�7�3 �_� �0 y�v �� ��� �F

                                                 
5

4- Node to node anchor 

.	��  �0 ?-�4 �,1� �� ���� �0�0 ���� �s��� �>8 E

.	�� �,�  

2 -3- ��*
 .�	/*0%  

 0�C� j�
 ?!7��� �,� ����� ��/!� E8 �CJ ����

 ���F �0������,� ���� ���	  b�� m� j�


Bothkennar  E8 �0	��A FC1Z� 0 � �0 ������-� 

���A ,1>9�-�� �0 �C�6���3 0��0	�� � ]16[.  

 � 	�`�F�� � 	�`�F E`�C�� ���61� �  �F

��C� �,�- ?!=0 EF ��� 	�� �,� ���� �,� g�=C8

 �0 <vC8 �0C�� ��� �19E` �� �� �0����� ���AC7 �

�,� �!k p��� Er��� EF �U1� �,�C� 	Y� j�
 �fA��

�� 0C� ]18[. ��,Z 1  �	�`�F E` �-!��-� e�GY/�

 ��,Z � 	�`�F ��2  �-!��-� e�GY/��C�� �� �

�61�  ���� ���� ,�0.  
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 ?-�4 - ���� >8 E�,1� ���  �,���F ����� EF  

��,Z 1- ��-� e�GY/�!-� ��E ��F� E` ��� �� EF �,� �,� j�
!E> ��C�-g�=C8 ]18[  

�����  j�
 E`  Υsat 
(kN/m3)  

Υunsat 
(kN/m3)  ν  ϕ´  

c´ 
(kN/m2)  

Ψ  
E´ 

(kN/m2)  

` 	��YuE 

)cm(  

1  	�`�F  21  19  35/0  35  30  5  30000  30  

2  	�`�F��  23  22  35/0  23  10  ��^  2500  100  

3  � �8�
 z=�G�  20  19  35/0  28  10  ��^  35000  1500  

��,Z 2- ������� ���F �0��� ����C�� �� �61� ���C� ����7� �,� �F-g�=C8 ]13[  
���������  0���  ,4��  ��,@�  

XCGY� ���  γ  kN/m3  19  

<!��`� ��,�  E'  kN/m2  70000  

 �C��C� g�u�\]�  Ѵ'  -  3/0  

 �3,1H�v�\]� C'  kPa  1  

 �>
�0 j�-W^� E����\]�  'φ degree  45  

��9� E���B  ´Ψ degree 15  

�0C�� ��T� ~C��  Kz  m/day  8/1  

�@7� ��T� ~C��  Kx=Ky  m/day  8/1  

  

 �� m����9 � D�5 ��� ?� �4��J ���F ���=�

���� �� )Beam .	�� �,� �0����� <!��`� 	!^�
 �F (

m����9 � ?� �-!��-� e�GY/�  ��,Z �0 ��3  ?F�A

�,��/� .	�� 

 ?� e�!^CG
 �F EF�/� ?� �-!��-� e�GY/�

)60UIC �!� �1�F m����9 �F EF�/� �� m����9 � ( �,!19

)70B�� �,� ���� �,� (.	  

��,Z 3- m����9 � ?� �-!��-� e�GY/� ]18[  

���������  ,4��  ?�  m����9  

) tW@� zW�A(  m2 
7/7  × 10-3 13/5  × 10-2 

) XCGY� ���γ(  kN/m3 
78  25  

) }�� ��,�E(  kN/m3  200 × 106 36 × 106 

) b�0 �CL� �C4 ���1� ����I3(  m4 
055/3  × 10-5 0253/0  

) bC� �CL� �C4 ���1� ����I2(  m4  13/5  × 10-6 45/2  × 10-4 

  



�0  � 0�� ��0�� �i�8  163  
  

 

����� 	
���� ��� ������ ���   ����� ����� ���2 ������ �  !�� �1400 

�,� 	2Z ,1F�� ���� �� �����=� �-�� )Anchors (

 <!��x�C��`� 	!^�
 �F�0����� 	�� �,�. ��,Z 4 

 ���� �� ,1F�� �-!��-� e�GY/��� ,�0.  

 ����F �C_1� EF�!\o9 �C�� ��� �61�  ��� �F

 ���WA �-!��10 ��F �\� 	L9 0C
 �W!L� ��� j�


 �,� �� �0����� �F ����F 0�C� 	�� j�
 ?!7���

�,�C� 	Y� ����7� )HS (�,� ���� .	�� �,�  ��,Z

5  j�
 ���������� e�GY/��,� ����  ��/� �� �,�

�� ,�0.  

��,Z 4- ,1F�� �-!��-� e�GY/� ]18[ 

 �//8 ���!� �h8�,4|Fmax,ten| KN 312  

 ���/7 ���!� �h8�,4|Fmax,com| KN 1716  

) ��CL� ��Y�EA(  2 × 106
 KN 

 

��,Z 5-  ����7� ���������� e�GY/�E` �� �,�C� 	Y� ���F j�
 �]16[  

������� j�
  
�0��C� E��C� E` 

)Crust(  

�`�F m�  

)Upper Carese Clay(  

�1!�� m�  

)Lower Carse Clay(  

I�� (���)  0 – 5/1  5/2-5/1  5/14-5/2  

XCGY� ��� Υ)kN/m3(  18  5/16  5/16  

��!-L9 �!� 	H�� )OCR(  1  1  5/1  

 �3,1H�v �\]�C´)Kpa(  3  1  1  

�>
�0 j�-W^� E��� ϕ´(EZ�0)  34  34  34  

 B��9� E���Ψ(EZ�0)  ��^  ��^  ��^  

x
 	H��� E!=�� e0 1  2/1  2  

���
���
; �	
(��) 1068  506  231  

���
���
; �	
(��) 5382  3036  1164  

m(HSM)  1  1  1  

��0C�� ��T�~C��kz)m/day(  9/6  × 10-5 9/6  × 10-5 9/6  × 10-5 

��@7� ��T�~C��kx=kz)m/day(  0/1  × 10-4 0/1  × 10-4 0/1  × 10 -4 

 

2 -4 - �2�3#�+
 ��)��& 

) E!=�� ��7  Z EF �� �!� �����Initial Phase (

[��� n�f9 �C_1� EF E8 K0  ?��� �	�� �,� n�f9

9  �� ��� EF ��7�� ,��F� �����7 �  � ����4 ?��� b�0

 	�`�F K�� �� ���F � �8�
�� ,��F  D� �0 E8

 z=�G� �F � �8�
 � �,� E���0�F �0��C� E��C� 	��A

 b�U�� 	�� E�!��� 0C�. ��2v � bC� �����7 �0 M|� b

 gG� � ����4 g!9�9 EF�C�� �� �F ����� �61� �

�U1� ��7 �0 .0�!3 �� e�C^ ,�3Crs  	�`�F�� E`

 ��f7 � E�Y� 	�`�F E` �/� ��7 �0 � �,� E�Y�

�� 0C� D�5 [
 EF VCF�� ��� ���=�  !� ���� ��7 �0 .

 ��f7 ��,1F�� � m����9 � ?� ?����� ,�C� EF b�` .

BC� E8 	���8~ ����7 ?!>L9 BC� �� �6�� ���� �9 ��� �

 ?!>L9 ?!>L9 < ?��� ��/� ��7 .,1��F �� <!��x�

 e,� EF �!-L9365  ����� ,��F  ��F ��2� ��7 �0 �
5 �0 �

 ���� �0 � �,� ��f7 �-!��10 ��7 < �0 ��WAs3/1  ��

 �CH� �,� ����� ,18 ��,Z .6  EF �9�H��L� �����7

 ������5 BC� ��/� �� �2�� ,�0.  

3 -  4��5,"�
 ���#  

3 -1- 6�7 8��#  

�����F 0�C� ��� 	��� ������ D� �080  �90 

 �100  �m/s 110 �0�f� E8 0CF 288  �324  �360  �

Km/h  .,�0CF  
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��,Z 6- �9�H��L� �����7  

�����  ��7 b��  ?!>L9 BC�  ����  

��^  Initial Phase K0 procedure -  

1  Excavation (����4)  Plastic -  

2  Fill (� �8�
)  Plastic  -  

3  Excavaton of stone column (�61� �C�� ����4)  Plastic  -  

4  Installation of stone column (�61� �C�� gG�)  Plastic  -  

5  Sub-Ballast (	�`�F��)  Plastic  -  

6  Ballast (	�`�F)  Plastic  -  

7  Rail (���T3 ?�)  Plastic  -  

8  Consoliadation (�!-L9)  Consoliadation  365 ���  

9  Train Load (��WA �CH�)  Dynamic  3/1 E!��\  

  

��J 	��� D�7� �C_1� EF�  �,�F���2v �,� ���� 

 D!�� ����2F ��,F�F .	7�3 b�U�� �61� �C��  ���F

	�/� �0�@� ����F ?8  EW@� �0 ���@���� 	�/� �

.,0�3 K�Y���  p��� ?!>L9EF 	�0  �� �,�5

�,� ����  ��/� E�7�3 e�C^ ����� ,�0  �� 7� �F

 �� ��WA 	���80  EF90 �� �90  EF100  �� �100  EF

110  E!��\ �F ���	�/� �� !�  g!9�9 EF8/6 �4/7 � 4 

 ,^�0.	�� E�7� ���8 ?-� p��� 5  ��/��� ,�0  E8

	��� �F ��WA �CH� 	L9 �,�5 0CZ� EF 	�/� D��/!F 

80 �F ���  E!��\� 0CF  ��,@� EF29  ���!>!�.	�� �D��F�1F 

	��� 80  E!��\ �F ��� K�Y��� ����LF 	��� ��C1� EF

 �0 � �,��,� ����  	2Z 	��� D� �� �,fF ���

�,� ���� .,� ,��C
 �0����� ��WA �CH�  

  
 ?-�4 - ���p �� 	�/�� ��� �,� 	H\�  ��WA �CH� ��

�� 	��� �F 	������ n>�Y�  

3 -2- �	9:2  ��;<��*5# �)�=(# �  

 �� M�EF 	�0  �!a�� �����LF 	��� �0��5�!\o9 

 K�Y��� EW@� 	�/� �� !� �F �61� �C�� B��9�� � �WA

 �,��� ,��F EF .D�  ��C_1��C�� �� �61� � �F 	H��

) �WA EF �CJL/D �F �F��F (23/5  �39/7  �03/11  �

5/17 	7�3 ���A �0����� 0�C�  �WA E8�C�� ��  g!9�9 EF

9/0 �8/0 �7/0  �6/0  ����� ,��F . �0D�  �������2v 

�,� ����  �� �0����� �\� ����F ���F�C�� �� �61� �

 �� �8�
 ���F ����2F ���FE` �� b�U�� D�5 [
 �

 D� �0 E8 ,0�3�,� ����  �0CF 	F�\ �61� �C�� �U4

 �WA 	F�\ �U4 �0 ��C�� �� �C�� B��9�� � �� 7� �

 ���8 �61��� ,F�.  	�/� �� !� ����FEF 	�0  �,�5

 ,�7� �� ���9� ����� 	�/� �� !� D��/!F E8 0�0 ��/�

�WA �F �61� �C�� �F j�
 E8 9/0 B��9�� � 7/4 � ��

)23/5L/D= ( 	�/� �� !� � �,� ����2F6  ���!>!�

0CF ?-�) 6.(  p���EF 	�0 �� �,�5 �,� ����  ��/� ��

�� ,�0  �F ��C�� z=�G� 	F�\ �U4 �0 E8���8  	H��

) �WA EF �CJL/D �� (5/17  EF03/11 �03/11  EF39/7 

 �39/7  EF23/5  	�/� �0�@� ?8 g!9�9 EF33 �25  �

20 ,^�0 �	�� E�7� �� 7� �� �0�@� ����F D!1q

 �� �,� d��Y��� ���@���� 	�/��,� ����  ��/��� ,�0 

 	F�\ �U4 �0 E8) �WA EF �CJ 	H�� ���8L/D �� (
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5/17  EF03/11  ���8 l��F7/85 ,^�0  ���@�� 	�/�

�� 0C�.  M|�) �WA EF �CJ 	H�� ���8 �FL/D �� (

03/11  EF39/7  �39/7  EF23/5  ���@���� 	�/� ��,@�

 g!9�9 EF266  �118 ,^�0 .	�� E�7� �� 7� 

�� EW@� �0 ��!� ���@���� 	�/� �� !� E��@� �D!1q

�,� D� �0  �� !� D��/!F E8 0�0 ��/� �,� �8~ ���

�F �61� �C�� ���� EF VCF�� ���@���� 	�/�  	H��

 �F �F��F �WA EF �CJ23/5  ���@���� 	�/� �� !� � 	��

�5 024/0  ���!>!�0CF  ?-� �0 E87 ����  �,� �0�0

.	��  

 
 ?-�5 - �!��  	�/� ?8 ����  �F ��WA �CH� ��m/s80  

  
 ?-�6- �!��  ��� ���@���� 	�/�� 	��� �F ��WA �CH� �� 

m/s80   

3 -3- �	9:2 ����*�� �5>#  

 ��Y� �\� ����F ���F �61� �C�� ��0 ,�3Crs

 �,�F� ��5 c��J� j�
 � �C�� 	�/� �� !� �F

����LF  E8 ��WA � �CJ) �61� �C�� �WA � �CJ D�9

 �F �61� �C�� ���� E8 (�,� 	�/� D��/!F l��F

 �F �F��F �WA EF �CJ 	H��23/5  �,� ��C1� EF 	��

 K�Y��� tZ��,� �0 �0����� 0�C� ,�3Crs ��Y� .

�,� ���� ��>HA �� 3000  ��� �F D9C!�C>!8 EF �0CFD� 

�,� �C_1� ����  �����60  ,�3Crs �F ��CL� ��Y� �F

1000�2000�4000 �5000 � 6000  ��� �F D9C!�C>!8

.,0�3 b�U�� �0CF �F�Y��� EW@� ���F �,� d��Y��� p��� 

?-� �0 8  ��/��� ,�0  ��0 ,�3Crs ��Y� ���8 E8

 �� �61� �C��3000  EF2000  �1000 g!9�9 EF �

�/� �� !� 	5/6  �7  ���!>!� �1f� EF E8 0�,!� ��/� ��

.0CF 	�/� �� 7�  ,�3Crs ��Y� �� 7� ��60 �C� ��

 ��3000  .0�0 ��/� �� 	�/� ���8 �9`�F EF p��� �!��9

EF 	�0  ��/� �,�5�� ,�0 � 7� �F E8 ,�3Crs ��Y� �

 ��1000  EF2000 �2000  EF3000 �3000  EF4000 �

4000  EF5000  �5000 EF 6000  ��� �F D9C!�C>!8

 g!9�9 EF ?8 	�/� �� !�14/7 �7/7 �3/8 �1/9  �10 %

	�� E�7� ���8.   

  
 ?-�7 - a9!!e�� 	�/� ?8 �Y� �F��F �0� �3Crs, ��F� 

61� �C���  �F23/5L/D=  	��� �F ��WA �CH� �m/s80  

��?-� �D!1q 9  ��/��� ,�0  E8 	�/� �� !�

 ,�3Crs ��Y� ���8 �F �F�Y��� EW@� �0 ��!� ���@����

 ��3000  EF2000  �1000  g!9�9 EF104/0  �142/0 

 ���!>!� 0CF��/� E8 E8  	�/� �� !� �� 7� �,1�0

 � !v�� ��,@� EF ���@������ ,��F. � 7� �F ��Y� �

 �� ,�3Crs1000  EF2000 �2000  EF3000 �3000  EF

4000 �4000  EF5000  �5000  EF6000  �F D9C!�C>!8

	�/� �� !� ���  g!9�9 EF ���@����8/26 �77 �7/16 �

15 � 11/14 %.	�� E�7� ���8  
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 ?-�8 - a9!!e�� �Y� �F��F �0 ���@���� 	�/�� �3Crs, 

��F� 61� �C���  �F23/5L/D=  	��� �F ��WA �CH� �

m/s80  

3 -4 - �	9:2 ����*�� "*7 (���@A*0+
 "*7)  

 ����F ���F�!\o9  �CJ ���� � ,�3Crs �CJ

 �60 � 	�/� �� !� �F �61� �C�� �3,��CGL�

�Z��
  �,�F� ����Z��
 �� ?HA ���� ,1���  ����,� ���� 

����LF �>HA  	�/� D��/!F ����0 E8 	=�4 D�9

�� ,��F �� K�Y��� ��  �F �61� �C�� ����� D� �0 ��!18

 	H��23/5L/D= ��Y� �F ,�3Crs � 1000  D9C!�C>!8

��� �F ��WA 	��� � 80  E!��\ �F ��� ���������� ��C1� EF

 �0����,� ����  �,fF ��� ,�3Crs �CJ .,�,� K�Y���

 �F �F��F �!a�� ��C1� EFtF� �61� �C�� �CJ ) m18/1 �(

�61� �C�� �CJ nG� ) m3/2� (  b��2v E� �CJ

�61� �C�� ) m53/3 .,� E�7�3 �_� �0 ( p��� ����F

�,� ���� � E�7�3 b�U�� ��� �� !� ���8 E8 0�0 ��/

�CGL� �CJ �61� �C�� �3,� ��7/4  EF53/3 �35/2 � 

18/1  ��� l��F�� 0C�  �CH� �� ���� 	�/� E8 �� ��WA

7  EF g!9�9 EF ���!>!�8 �9  �5/9  �,F� �� 7� ���!>!�

�� EF ��5 �CJ �� D���8 � ,�3Crs �CJ �!!a9 �F D!1q

�CJ ���F g!9�9 ��� 53/3 �35/2 � 18/1  ��� �0�@�

 ���@���� 	�/�204/0� 205/0� 223/0 ���!>!�  EF

 ��/� E8 ,�5 	�0�� ,�0 �CGL� �CJ ���8 �F ��3,�

	�/� �� !�  ?8 �� 7� �F�Y��� V�@� ���@���� 	�/� �

�� ,F�  ?-� �0 E8 �CW����11 	�� 	�� ?F�A.  �!��9

 p���EF 	�0  ��/� �,�5�� ,�0  �CJ �� 7� �F E8

 �� �61� �C�� ��0 ,�3Crs18/1  EF35/2 �� �35/2  EF

53/3  �� �53/3 EF 7/4 ���� 	�/� �� !� ?8  g!9�9 EF

3/5 �11/11  �5/12�� .	�� E�7� ���8 % �D!1q

 p��� �!��9EF 	�0 �,�5  ��/� ���@���� 	�/� E1!�� �0

�� ,�0  �� �61� �C�� ��0 ,�3Crs �CJ �� 7� �F E8

18/1  EF35/2 �� �35/2  EF53/3  �� �53/3  EF7/4 ��� 

 g!9�9 EF ���@���� 	�/� �� !�1/8 �5/0  �4/30 %

.	�� E�7� ���8  

 
 ?-�9 - a9!!e�� �3Crs �CJ �F��F �0 	�/�, ��F�  �C��

61��  �F��F� 61� �C���F � �3Crs �, 23/5L/D= �Y� EF� 

KN/m1000  	��� �F ��WA �CH� 	L9m/s80 

 
 ?-�10 - a9!!e�� �3Crs �CJ �F��F �0 ���@���� 	�/�, 

��F �61� �C�� ���F� 61� �C���F � 23/5L/D=  ,�3Crs �

 ��Y� EFKN/m1000 	��� �F ��WA �CH� 	L9 m/s 80  

4- 4��5,  

�C7 ����� �0�  p����,� ����  ����2F �0,�

 �� �0����� �F b�� j�
�C�� �� �61� � ��F �CH� 	L9

 �� �0����� �F 	����� ��WA �-!��10b�� �� 7� Plaxis 

2020 3D �	�� �,� ��!F  	��� ?��� ����F 0��C�

��WA )4 �(0�C�  �C�� 0�fF��61� )4 �(0�C�  ��Y�
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�61� �C�� ��0 ,�3Crs )6  �����CGL� �CJ � (0�C�

) ,�3Crs �F �61� �C��4 .0CF (	=�4  p���EF 	�0  �,�5

9��H�:�� ,1  

1-  ���8 E8 0�0 ��/� I!@L9 �� ?^�4 p���

 	�/� ?8 �C�� ��F��F 	!7�i �� 7� �

 �WA � 0��0 �61� �C�� B��9�� EF E��F �61�

 	L9 E@W1� �F �61� �C���!\o9  �61� �C��

�!\o9 .0��0  

2-  ��/� p����� ,�0  	�/� �� !� D��/!F E8

 ?8	����� ��WA �CH� �� ����  EF VCF��

D!��  E8 ��WA 	��� D�9 m/s80  	��

�� .,��F 

3-  ��/� p����� ,�0 E8  �F �61� �C�� 	H��

 �F �F��F �WA EF �CJ23/5L/D=  ��WA �CH� 	L9

 	��� �Fm/s80 	�/� �� !� D��/!F ?8  �

.	����0 �� ���@���� 	�/� 

4- ���F p���  �WA EF �CJ 	H�� �F �61� �C��

 �F �F��F23/5L/D=  	��� �F ��WA �CH� 	L9

m/s80  ��/��� ,�0  ,�3Crs ��Y� ���8 E8

	�/� �� 7� l��F ?8  � ���@���� 	�/� �

 �8~ �0�@� ���8 l��F ,�3Crs ��Y� �� 7�

 �,��� 0C�. 

5-  p���EF 	�0 ��/� �,�5  �!!a9 E8 	�� �5 �,1�0

 ,�3Crs E>!�� EF �61� �C�� ��^�L� �CJ �0

 	�/� �� 7� EF �U1� ��^�L� �CJ ���8 �

 ?8 ���@���� 	�/� ��� 0C�.  
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8- mean squared error 
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9- root mean squared error 
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��<1 P���T  

(
W
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 	T���

�B��
 ��<1 
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1  55/42471  8/5  39/166  21/2  6/487  45/1  47/563  

2  97/18571  8/5  36/81  21/2  32/506  45/1  57/300  

3  34/36538  8/5  79/99  21/2  26/622  45/1  45/276  

4  78/36919  8/5  43/92  29/2  79/378  55/1  48/403  

5  98/31087  8/5  93/154  21/2  83/474  01/1  50/690  

6  26/38165  8/5  48/110  21/2  97/792  78/1  77/413  

7  39/35823  8/5  21/150  29/2  4/439  79/1  05/452  

8  36/41065  8/5  77/129  26/1  01/528  10/2  05/534  

9  27/38727  8/5  58/99  98/1  84/745  65/1  54/356  

10  55/60063  8/5  30/98  61/1  25/616  59/2  54/656  

11  65/46103  8/5  64/128  29/2  29/590  10/2  16/470  

12  83/24001  8/5  21/63  29/2  34/463  93/1  37/299  

13  42/87189  8/5  43/174  61/1  41/646  33/2  89/925  

14  71/45449  8/5  1/148  29/2  82/690  10/2  11/586  

15  22/33494  8/5  12/161  29/2  76/612  93/1  58/460  

16  53/28756  8/5  15/136  61/1  04/507  93/1  9/513  

17  87/37971  8/5  95/94  21/2  38/548  78/1  77/528  

18  42/35235  8/5  32/189  24/2  88/597  65/1  09/642  

19  73/47645  8/5  07/123  21/2  22/534  78/1  77/528  

20  19/49818  8/5  25/130  29/2  02/639  10/2  13/549  

21  9/41696  8/5  83/128  29/2  48/684  37/2  91/593  

22  75/51716  8/5  62/124  29/2  12/534  10/2  46/488  
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Prediction of the Amount of Energy  
Consumed in Existing Educational Buildings 
Using Artificial Neural Networks and Its Effects 
on Reducing Carbon Dioxide (Case Study of 
Mashhad Schools) 
 
One of the major uses of energy is in residential, commercial, 
educational and other buildings. One of the effective ways to 
reduce energy consumption in these buildings is before 
construction. But many buildings are already under construction 
and a solution must be found to reduce energy consumption in 
these buildings. One of the important solutions is to predict the 
amount of energy in these buildings. In this case, the energy 
consumption can be evaluated before and after some changes in 
the building. This article addresses the issue of energy prediction 
in existing school buildings. For this purpose, a number of 
important physical characteristics of the building and its energy 
consumption based on consumption bills have been collected in 
the field. Then an artificial neural network is used for modeling. 
Using the results of the model, the energy of buildings in schools 
can be predicted. Finally, the effects of reducing carbon dioxide 
with respect to energy savings are discussed. 
 
Keywords:   Energy Prediction, Artificial Neural Network, School 
Building, Carbon Dioxide. 
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Numerical Modeling of Improvement of Soft Soil 
with Stone Columns under High-Speed Train 
Crossing 
 
Rail transport has unique advantages over other modes of 
transport, such as less environmental vulnerability, less pollution 
and more safety than other modes of transport. Due to the lack of 
lands with adequate load-bearing capacity, parts of the railway 
route are built on soft soils. These types of soil have the possibility 
of creating instability and subsidence of railway lines in this type 
of soil is one of the main concerns of engineers. These factors lead 
to an increase in differential settlements, reduce the speed of the 
train, and finally cause financial and human losses. High-speed 
trains are recently used in developed countries to reduce travel 
time, which can significantly increase the dynamic responses of 
components on railroad tracks, especially when the train is 
traveling at a critical speed. One of the ground improvement 
methods that have been widely used to improve soft sediments and 
loose fine-grained soils is the stone column method.The main 
purpose of this study is to investigate and control the amount of 
settlement and stability of soft clay bed and embankment of the 
railway under high-speed train crossing as two important factors 
in the operation and use of the railway complex. In this study, the 
performance of stone columns in the bed of high-speed trains to 
reduce soil settlements and prevent the occurrence of differential 
settlement in different conditions is investigated. The results 
showed that by increasing the length of the stone column and 
decreasing its diameter, differential settlement due to the passage 
of high-speed trains decreases. Also, increasing the stiffness of the 
encasing geogrid reduces the settlement. In addition, as the train 
speed rises, the settlement drops and the Excess pore water 
pressure due to the train passing increases. 
 
Keywords:   High Speed Train, Stone Column, Numerical Modeling, 
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Evaluation of ASCE7 Simplified Procedure For 
Estimating Maximum Seismic Displacement of 
Structures with Friction Pendulum Isolators 
under Near-Field Earthquakes 
 
Seismic base isolation is a practical solution to reduce the seismic 
demand on civil infrastructures. In this paper, the maximum 
displacements of friction pendulum isolators resulting from 
simplified method prescribed by ASCE7-16 are compared with the 
results from nonlinear response history dynamic analyses for 
near-field pulse-like and non-pulse-like earthquakes. The 
maximum displacements of the friction pendulum isolators with 
four different coefficients of friction and four effective radii have 
been determined using simplified methods prescribed by ASCE7-
16. Nonlinear response history dynamic analyses are then 
performed for the 16 aforementioned cases using OpenSees under 
seven near-field pulse-like earthquake records and seven near-
field non-pulse-like earthquake. Adjustment factors are finally 
developed for the simplified method of ASCE7-16 to update the 
predictions. The results show that the values predicted by the code 
are less than the values obtained from nonlinear time history 
analysis. In addition, the adjustment factors obtained for pulse-
like near-field motions are larger than adjustment factors for non-
pulse-like near-field motions. 
 
Keywords:   Seismic Isolation, ASCE7-16, Friction Pendulum Isolator, 
Simplified Method, Nearfield Ground Motion, Pulse-like Earthquake. 
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Challenges of Implementing a Project 
Management Office (PMO) in the Companies 
and Projects of Oil and Gas Industries  
(Case Study: Oil Engineering and Development 
Company) 
 
Today, the need to apply project management knowledge as a key 
factor in success in project-based organizations is obvious. In 
order to increase the effectiveness of project management, 
increase the level of maturity of project management, and 
ultimately increase the success rate of the organization, it is 
necessary to establish a unit with centralization and project 
coordination function, which plays a role in the project 
management office (PMO). Adopting this approach is one of the 
effective measures in centralizing and integrating the 
organization's project management processes. With this in mind, 
organizations today have realized the need and importance of 
implementing project management offices to overcome problems 
and increase project management effectiveness. In this regard, in 
the present research, the challenges of implementing a project 
management office in the companies and projects of the oil and 
gas industries, with a case study conducted in the Oil Engineering 
and Development Company, have been identified and prioritized. 
For this purpose, in the first stage, to identify the challenges, 
interviews were conducted with experts in this field, which led to 
the identification of 36 challenges and were divided into three 
categories: organizational, managerial, and human resources 
challenges. Finally, in the second stage, these challenges were 
prioritized using the distribution of questionnaires among experts 
and the analytic hierarchy process (AHP). Managers with 
traditional thinking are some of the main and challenging issues 
in implementing project management offices in companies and 
executive projects of oil and gas industries. 
 
Keywords:   Project Management Office (PMO), Challenges of 
Implementing, Oil and Gas Industries, Analytic Hierarchy Process 
(AHP). 
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Seismic Evaluation of Optimal Performance-
Based Design of Steel Moment Frames with 
Metaheuristic Algorithms 
 
Optimal use of materials in constructing structures is one of the 
main goals of any design. Construction of structural systems is 
costly for their builders, so structures and buildings that are 
economically justifiable, appropriate, and meet the requirements 
of the criteria are more welcomed. In contrast, maintaining the 
structural performance in earthquakes is vital to ensuring safety 
and reducing damage during earthquakes. As a result of 
optimizing frames sections, the stiffness and strength of 
components are reduced, and these frames' performance against 
earthquakes is in question. In this research, the performance level 
of optimized steel moment frames with metaheuristic algorithms 
has been evaluated. For this purpose, the seismic performance of 
five-story steel moment frames with different geometric 
characteristics has been optimized and seismically evaluated 
using Particle Swarm Optimization (PSO), Charged System 
Search (CSS) Ant Colony Algorithm (ACO) and Genetic 
Algorithm (GA). Study results show that the optimized frame 
based on the Charged System Search algorithm has lighter 
sections and lower weight, while the seismic behavior responses 
of the structures are obtained faster. Furthermore, in terms of 
performance levels, the total number of collapse plastic joints in 
the Particle Swarm Optimization (PSO) was higher than other 
methods. Therefore, this algorithm can also be proposed as a 
suitable proposal method for the optimal design of similar frames. 
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Design Charts for Estimating Response of R.C. 
Frame Building Adjacent to Deep Excavation 
Supported by Soil-Nailing Method 
 
Excavation-induced displacements may cause damage to 
buildings and urban facilities. The displacement of walls is 
inevitable in soil nailing method to mobilize the tensile force in 
steel elements. FEM-based numerical analyses in MIDAS GTS NX 
were used to evaluate the response of a concrete building adjacent 
to deep excavation. The effect of various parameters of the 
concrete frame building, including the number of stories, distance 
to excavation, and the excavation stabilized by soil nailing at 
different depths was investigated in the building adjacent to the 
excavation. The design charts represent the foundation settlement, 
building rotation, excess axial stress in the concrete columns, and 
the excavation-induced shear strain in masonry infill walls. 
According to the results, the presence of a building can cause 
significant changes in the deformation profile of the ground 
surface. Results showed the adjacent buildings that are located at 
the excavation edge and a distance equal to the excavation depth 
experience the maximum displacement. The excess axial stress in 
the concrete columns of the building adjacent to the excavation 
was negligible. Furthermore, with increasing foundation depth, 
settlement and rotation of the building decreases. This study 
showed that the axial stress of the building column adjacent to the 
excavation due to excavation is less than 5% of the compressive 
strength of concrete. Most displacement in buildings adjacent to 
the pit occurs when the building is on the edge of the excavation. 
At a distance of 4 times the depth of the excavation from the edge, 
the settlement is insignificant. 
 
Keywords:   R.C. Frame Building, Deep Excavation, Soil-Nailing, 
Deformation, Midas. 
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Determining the Percentage of Optimal Steel 
Fibers in Terms of Mechanical Properties in 
Ordinary Concrete and Self-Compaction with 
Steel Fibers 
 
Reinforced concrete with steel fibers has been widely used in 
concrete and reinforced concrete structures to improve the 
properties of concrete. The reason for this widespread use is the 
myriad technical and economic advantages of using steel fibers in 
concrete bodies. Reinforced concrete with steel fibers includes a 
concrete body composed of cement, stone materials, water as well 
as a percentage of short steel fibers that are mixed in a completely 
randomly and in different directions in the mixture that the 
presence of steel fibers characterizes the concrete compared to 
pure Improves. Determining the optimal percentage of fibers is 
one of the important factors in terms of economics and efficiency 
of concrete. In this study, to determine the percentage of optimal 
fibers in different strength classes, 24 mixing designs were 
prepared and a mechanical laboratory and fresh concrete were 
performed. The flexural strength of samples containing 0.9% of 
steel fibers for categories C40, C50 and C60 was 1.91, 3.86 and 
5.14 times higher than the control sample, respectively. Among 
the self-compacting concrete specimens reinforced with steel 
fibers, the most optimal mixing design belongs to the specimen in 
which 0.9% of steel fibers are used; So that the corresponding 
compressive strength is equal to 71.19 MPa. Among the typical 
concrete samples reinforced with steel fibers, the most optimal 
mixing design belongs to the sample in which 0.9% of steel fibers 
are used; The corresponding compressive strength is 63.7 MPa. 
 
Keywords:   Steel Fibers, Mechanical Properties, Self-Compacting 
Concrete, Compressive Strength, Optimum Percentage. 
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The Effect of  High Density Polyethylene 
Additives on the Mix Design Parameters of 
Asphalt Mixtures 
 
In previous studies, the effect of different types of polyethylene on 
the performance of asphalt mixtures has been investigated. In this 
research, the mixing design of asphalt mixtures containing high 
density polyethylene has been analyzed and modeled based on the 
conventional and the response surface methods for limestone and 
granite aggregates. For this purpose, the volumetric and strength 
behavior of laboratory-made samples have been measured and 
statistically analyzed. In the optimization process, the optimal 
amount of binder and polyethylene has been extracted according 
to the criteria of the asphalt pavement regulations for Iranian 
roads and with the desirability approach. Experimental results 
show that the optimal conditions for limestone aggregate are 
6.1% binder and 4% polyethylene with a desirability of 0.909. 
However, these values for granite aggregate are 5.9% binder, 4% 
polyethylene with a desirability of 0.962. The polyethylene 
additive increases the Marshall Strength and specific weight of 
the samples for both materials. The higher percentage of additive 
has the greater effect on these parameters. Analysis of variance 
shows that polyethylene percentage has a significant effect on 
Marshall Flow. By increasing the amount of additive from zero to 
four percent, the flow value decreases. 
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P-Delta Effect on Residual Displacement and 
Collapse Capacity of SDOF Systems during 
Long and Short Duration Earthquakes 
 
In structural analysis, P-Delta effect refers to the changes in 
internal forces due to P-Delta moment which can be found by 
multiplying gravity load (P) by the lateral displacement of 
structure for earthquake lateral load (Delta). The influence of P-
Delta in elastic response of structures is ignorable, but P-Delta 
effect should be given more attention when the structure responds 
in inelastic range. On the other hand, the influence of ground 
motion duration is magnified when P-Delta effect is considered in 
the structural analysis. In this paper, to consider the simultaneous 
effect of ground motion duration and P-Delta effect, an algorithm 
is implemented in MATLAB which employs OPENSEES for linear 
and nonlinear dynamic analysis of elasto-plastic systems 
subjected to long- and short-duration records. The analysis 
results indicate that the frequency of structural collapse for long-
duration ground motions is about twice of short-duration ground 
motions. The frequency of collapse also increases when ductility 
and stability index increase, but decreases when the period of 
structure increases. Furthermore, the increase of ground motion 
duration has no influence on the residual displacement of 
structures, but nonlinear behavior of structures and gravity load 
effect increase the residual displacements. 
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Enhancing Stability and Reduce Damage in 
Rubble-Mound Reshaping Breakwaters by 
Using Obstacles in Front of the Structure 
 
Strengthening breakwaters can reduce the damages that lead to 
hydraulic instability. Aiming to enhance the stability of reshaping 
breakwaters, this experimental study presents a method for 
controlling and reducing structural damages against waves by 
attaching a submerged obstacle to the structure toe and installing 
a floating wave barrier at a certain distance. In the tests, the 
breakwater was exposed to a total of 3000 random waves based 
on the JONSWAP spectrum. By generating an integrated 3D 
digital model of the structure using close-range photogrammetry, 
the displacement of armour units was recorded, and the damage 
parameter was calculated. Moreover, a comparison of the results 
between reinforced and simple breakwater indicated that the 
damage parameter was reduced by 37.19 and 34.14 percent by, 
respectively, attaching the submerged obstacle and installing the 
floating wave barrier, which confirms the good performance of 
the proposed models. Breakwater reinforcement with the 
submerged obstacle and the floating wave barrier simultaneously 
reduced the damage parameter by 51.79 percent, which was the 
highest efficiency among the different models. Also, the results 
show that with increasing the stability number, the damage 
parameter also increases, and the interaction between the wave 
steepness and the damage parameter indicates that the damage 
parameter decreases with increasing the wave sharpness values. 
 
Keywords:   Random Waves, Damage Parameter, Stability, Rubble-
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Nonlinear Dynamic Behavior of Three-
Dimensional Moment Steel Frames and Dual 
System under Vehicle Impact 
 
In this study, the potential of progressive collapse of a four-story 
steel structure due to the collision of an 8-ton truck with the 
ground floor columns was investigated. For this purpose, a 4-
story steel structure (with intermediate steel moment frame system 
and special concentric steel bracing in the x-direction and 
intermediate steel moment frame system in the y-direction) was 
modeled and designed in ETABS software. ABAQUS finite 
element software was used to simulate the structure under 
collision scenarios. In this research, 6 scenarios of truck collision 
with adjacent columns of the structure have been considered by 
performing nonlinear dynamic analyzes.  The vehicle speed is 
assumed to be 20 meters per second. The results showed that 
corner columns are more vulnerable to impact than perimeter 
columns. The presence of braces reduces the collapse and 
deformation in the desired scenario. The horizontal displacement 
in the impacted column in the direction of the moment frame was 
about 3 times that of in the direction of the dual system. this shows 
the positive effect of bracing system in reducing the structural 
responses to impact. 
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Experimental Study to Improve the Flexural 
Behavior of Recycled Reinforced Concrete 
Beams Using Separate and Hybrid Fibers of 
Steel and Kortta 
 
Given that in the last one or two decades, research on fiber 
concrete has developed well and is currently considered as one of 
the important research axes in concrete technology. Also the use 
of concrete with recycled aggregates for which research is 
increasing. Due to the use of recycled aggregates, some of their 
mechanical properties are weaker than concrete with natural 
aggregates, and therefore the use of fibers in concrete 
construction has strengthened some mechanical properties of 
concrete and the weaknesses of concrete in these mechanical 
properties have been eliminated to a large extent. In the present 
study, different fibers in terms of material and materials have 
been used separately and in combination in concrete with 
recycled aggregates and the flexural behavior parameters of these 
beams made with them have been investigated and compared. For 
this purpose, two types of steel fibers and Kortta were used 
separately and in combination in making beams with real 
dimensions (three beam samples). Also, to compare the results, 
two samples of beams without fibers with natural and artificial 
aggregates were made and the results of fiber beams with 
recycled aggregates were compared with them. Four-point 
flexural strength test was performed on the samples. Fracture 
mode and flexural behavior parameters of beams with recycled 
aggregates were investigated. The results showed that the 
addition of composite fibers has a much better effect on improving 
the flexural behavior of reinforced concrete beams than individual 
fibers and eliminates the weakness of using recycled aggregates in 
the flexural behavior of beams. 
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