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3- Semi- Circular Bend 
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4- Aging 
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��4Fj��  g��� �� � �*� �.� M;�H I;a1  ���  @��`, �-;,�+.	�� �*�.�. ���� g��� . @7  @�
 �� �`>� :�1  ����PGA  ����, ��-k470.20g �i7�*? l�4�, � @�� 3�� �i7�*? l�4�, �

 ���;� .�*1, ��6K� I;a1  �� ���� �6H, ��4Fj�� �U+2 �+> � <�K �*, g��� �� � m-��� ����
PGA  ����, ��F�6�0.30g  � 0.50g� .	�� ���7 �� g�I;a1  ���  .�. ���� �6H, �-;,�+.

 ]�C �� �.) ���*K ]�C �� M;�� �. ����7 @78/2  .�X� (�6H, b7 �=�� ��,	�� �*�.  M;+L��
 ���� �.�C���  ��-;,�+. ����7 ��;E, l�4�,D��� �i7�*? �`>�  M;,� 3�� ���;� l�4�, �

@�� ����1� �-;,�+.  ����7 ]4^� n��� @7@��4� �*� �6H, � �.� M;�H 	�� �*� .  

�
��� ������:    ����6>� �-;,�+. I;a1  ��.=4> �6H,   �+7�*)�� ��;)�-  ���)��   ���)�7
��-;,�+. �a;>�� ����7@��4� ����7 �.  

����� 
��� 
���*  

�*-���. ��*+!, 3�4,5 67�, �
/01, �2��� ���� �/01,.  

 ::;����-2� 	��  
sobhan@mahallat.ac.ir 
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 �� ���� N;�5 ��6H, b`� �F*. N;�5 ��6H, @��4�

b7 �F*�*+a� �6H,  ��!, I;, �U�H;�F �	�� .

N;�5 @a�K �� ��6H, ���*K �-;,�+. ����7 g�� ��� 

 .	�� �.=4> ���H, �. o���d
 �� ����7���H, @��4 

.=4>�  p=4�E, @� /�4Y>�� ����7;a�21 � �  ����7

���2�� I-�3

2  q�	�� �.�. ]2  �3[. 

���7 .4,4��=� ���*���� ��4� ��a;>�� �- 

 @� @7 	�� �6H, ���*K :;��0� @� �F*,5�� /�4Y

���*K r��
 	��  q� �6H, b7 �-.6� �. ��6H,

�, *�. e�� �.=4> ���H, �. p=4�E, �a;>�� ����7 .

 q� (�7 �d^ @� ]�C �� 	\�� ��)�, *�. .���g `1 ;/�` 

�,�5��U�� ``1, l�4  �*� <�X��;M  @7 .�. ����

�+  N;7�   �+  *? �� @7 (�s�^) ��41, ����> ���

�7 ���X  ����1��. � @� :.6� �4`a? ���7 �+  �� *�

 �;a�  *? .�X� n��� �a;>�� ����7�, .4� ]4[.  �.

 I-�1>�� ����7 �;a�  ]4^� �_� �. �.=4> �6H, ���*K

 �.�. ���� @262�	�� �*�.  

  
 I-�1 - >�� ����7;a� @��4� �6H,  �.=4>]5[  

`1 ;/�` 2��;@ �� ���  ���>��-;,�+.  ���H,

��;� ��;
A� ���� M�>� � �+7�*�� �_�;.��*,�+;-� 

�;��- �� �����  Q����-;,�+. �;��� �6H,- ��;� 

.4� ]6[ �-;,�+. ���>� .�4,�. @;2�� �a;a1  /�E2�d, .

                                                 
2

1- Elephant foot buckling 
3

2- Diamond shape buckling 

 ��u � � ���*K �.4� NaY v�> �� ���;� ��;
A ���H,

 <�X�� NaY �4;��*�4> @� �6H, ��.�;F	�� �*�.  

������4

3  ���� �.�C���  �.�� �2*, ��\�`  3�� :

 NaY �6H, : �. ��;� �-;,�+. /��_� M;�H  ����

@��4��� ��  �`>� D��� 	1  �a;d��, � ����2 ��  @s���

 ���> �H� �. @� �� ��;� :;,�+.��*;� ���> �� ..4��

�����G5

4  ���> �����4�6

5  l�4  �����G ���> ..�7 �;�` 

 .�X� �6H, ���*K �� ��;� �� ��H� w+���� 	7�?

�, .4�  �. ��;� �U. �H� 	7�? �� ����4� ���> �

 .4K� @� �5 .��5 xd��, *5 .my�  �*, : @s��� ��

 ��+> � <�K /�4Y @� �.�E, �,�K �. �-;��-, Q���

�;.��*,�+;-� �;��� �6H,- ,�Z B� �. �� �� M�>�F�

����G .4,� ���4� .4, � ��,�Z ������ .�7 ]7  �8[. 

��� /�`;`1  gM;``1, l�4  �*� <�X�� � @7 .�. ����

z�dE�� �_�  I��^ �6H, �-;,�+. ���>� ��� ���*K ��W�

	�;� ��4� ��k ]9- 12[ �6H, ���*K ��W� z�dE�� .

 �Z�, �����G �H� D��� @7 .4� n��� 	�� M-�,

..�F M;,� �i7�*? D��� �� ��F�6� ]10[.  I-� �.2 

 �.�. ���� @262� �_� 	1  �6H, ���E �� ���.4, I-�

 	�� �*�]13[.  

���� ������ ���2 Q��� .=4> ���H, ���� � �.�C��

3�� �� ��� a1 ;I .*�� ���G� @� �, �B� � *����  ��

� �� �.�C���M , ��6��� ��4  6� ��@+ � �7 D4ad, 	^.� 

�����>�� |;d
�� \� �� ���H,;@ ���� ..�7  ���;�� �.

����� �� �� ���� ����� ���2 ���>�  �_� � ���H, ��

. �+7�*��,�+;-� z�dE�� ���*KW�� � � �6H,;��� �� 

��3 �6K��  .�*1,	�� �*� �.�C���. � �.;��� �M 

 �*���!, /�4Y @� �6H, �/�E2�d,�*, ����  � �*�

a1 ;I �� �> ��/�;G �*++7 �.�� B� ��;� z�Y �B�  �.�7

1d� r�4,� /��_� ��� .	�� �*� <�X��  

                                                 
4

3- Housner 
5

4- Impulsive 
6

5- Convective 
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(b2�)  (D)  

 I-�2 -  ���E �� ���.4, I-��6H, �@262� �_� 	1  ����4� .4, (D) � �����G .4, (b2�) ]13[

�+62}�7

6 ���� .����7� ���� a1 ;I 
A ���H,;�� 

�,Z � �. ..�7 @s���M 3���  b7 ~�� � b`� ����*K

 �� �6H,���2� ��� @��4� � 1,;l �,Z � @��;@a 

���2� ��� �,Z ���a�  �6H, ���*K @� Iu�, �

�*, ���� 	�� �*� ]14[ .���U����� /�uH�, 

.,�+;-�  � ���>����2 ��  <�X�� �� �� �*���!, ���H,

I;a1  ��� �6K�� ���� .�*1,�  .*�.�7�!�5 �. �� �B� 

����G .4, �!+  M�>�F� �;��� �6H,- �,�Z �,Z  ���.

<�K 3�� �� �� �6H, ���  � �.�6>� 67���, ����2� �� �

 l�4  �� �6H, ���*K � .�*1, ��6K� :;��475

���2�  @��4� ����*, ���� *�.�7 ]15[. �;,.���8

7  �

����-�� I;a1  ��� �6K�� .�*1,� ���� �����  ���>�

���2 �� �. �� �*����!, � �*���!, ���H, �B�  M�>�F

� �+7�*��;�� - +L�� � ����;M o�
 - *�.�. <�X�� ���� 

]16[.  

=��9

8 ����-�� ��  �.=4> ���H, �-;,�+. ����7

@��4��� �� �+;,�10

9  �� �*���!, � �J��H, 	��_ b`� ��

 �`>� @C2c, �. 	1 @262� �� .*�.�7 ����� �E^�� � @�

 �.4� �� ��,� I;2.I;a1  ���  �. �� l`> ��� 4;y,�7

 �.�C��� 	��U� D���	�� �*� . ���U����� M� z*�

� �`>� D��� �i7�*? �.��5 	�. @� ]4^� n��� @7 ����1

@��4��� @��4� �=�� �. :;��=� ����7 ���, ..�F4� � �.

 �	� ]6[. M;,�K �.10
11 �����-�� � . ����7,�+;-� 

.=4> ���H,�  �� �� �*���!,�� �.�C���  l��4G

                                                 
7

6- El-Zeiny 
8

7- Ozdemir 
9

8- Virella 
10

9- Aboveground steel tank 
11

10- Djermane 

5;M @,�� �� .*� 3�� �� `1 ;h .*�.�7  �� �!�5�`,@� 

���g .*�� l��4G �� �*,5 	�. @� ���2 �� 5;M @,�� �� 

.�. ����*�  @7l��4G ���2 �� ����  .�4, �� 47 ���H,

[ ;* 2� 	��� ���� � *+a� ���H,;�� .��. �0Y� @� ]17[.  

����-�� � ���*a;7���2 .�-a�� � ��  �

N;�5 ��W�  �.=4> ���H,@��4��� �� �B� �. �� ��  M�>�F

�;Fz�dE�� M;+L�� � ���. @;-  ��W�  ������ �6H, ��F

 @7 .�. ���� �!�5 /�`;`1  g��� .*�.�7�*, ���� 

@;-  ��W� z�dE��  n��� �6H, ��F�, .4�  �6H, @7

���*K �-;,�+. ����7 @� 	\��� N;�5 � �W� *��� 

]18[. ����-�� � �C��� N;�5 .�4, �.  ��W����2 �� 

 h;`1  Z�� �� �-�, �.=4> ���H,	�� �*� �+1+, .

 ���>� @� @K4  �� l`> ���H, �F*++-����� �� 

 M;;E  �4;��*�4>	�� �*� g��� . �*,5 	�. @� ����

����
 @7 .�.  �� �;� �-;��-, ��6K� �������
  ���

 q� �4;��*�4> �����, *�.  ���>� �� �7�? ����2 �� 

	�� ���H, ]19[.  

 ���>� ��������2 ��  � �� �.=4> ���H, �����7

�� �.�C���  � ���U��,�5 /�`;`1 I;a1  ���  �-;,�+.

��d
�;| ��,� ��*;L;�  	�� @+6��� � ���  �4+� <�=

 	������;� /�`;`1   <�X�� @+;,� M� �..4�. � �.M 

���2 Q��� �������� . ����7 �,�+;-�  :H,�6 

.=4> �@��4��� ��  ���;� ��;
A �+;,��_� 	1  

@�4�X, @C2c, �� ��  �`>� ���@262�  ���� �.�C��� a1 ;I 

.,�+;- @E2�d, ���6>� �	�� �*�.  

2- !�"� #
��"� $%�� &��� �'(� $
)  
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���� ��.����7� a��� �6H, �?��J �� �� ���4

���  �� ��4 �*, ����  �I;a1  ��� �6K�� .�*1,  @7

��,� � @+6��� �*+��� �� .�7 �.�C���. ����+�M �� �.�C��� 

3�� ��� �` \�  ��.�� �*� ����� D�+�K� W����  .	��

 @��WF /�`;`1  �.�*, ��� ��-,;-� �.�� ���� �*�  @�

 /�4Y�*, <�K > ��+ )12

11MSM (���� �H ;M  Q���

���2 �� >�E, �*���!, ���H,� 	�� �*�.  

 �@;2�� /�`;`1  �.������  M;�H  ���� Q���

�-;,�+. @��4��� �6H,��  �� d��,;a�  ���*K �� I-�

`>� D��� �_� 	1  NaY� ,�;M� �*,  �-;��-,

�.�� ���� �+> � <�K �*, /�4Y @� �*� ..�7 @s���  �.

��-, �*,;-������ �  �. .4, ���� �.�E, �+> � <�K

 @�>�F �B� �. ��;� ����4� .4, � �����G	�� �*�. 

 �6H, ���*K ��W� z�dE�� @7 .�. ���� �*E� /�`;`1 

 Q��� �. �!K4  I��^ �;_� ���2 �� Ii,  ..��. @�� 3��

�� 4!a,13

12 ��-, �*, � �.�� 3��;-� .����7�  /�4Y @�

��� �+> � <�K� a1 ;I ���2 �� 
A ���H,;�� �;��  @E�4 

.�..  ����4� .4, � �����G .4, ��� 4!a, �-;��-, �*, �.

 �_� � ��;�z�dE��  @�>�F �B� �. �6H, ���*K ��W� �*�

	��.  ��� 4!a, 3�� �.���Q  ����;��� �6H,-  ��;�

����G .4, �.�  � .4,���4�� �K @�� 7� ;N  3�� @�

`��, �4J @� �/�E��, ]4�X, �WK;�  Z�K �� ��

,� *�4� ]20[.  �*,�.�� ���� �+> � <�K �*� 3�� �. 

�� 4!a, � I-� �.3  �.�. ����	�� �*�. 

 
 I-�3 -  �*,�.�� ���� �+> � <�K �*� �6H, ����  ��;
A

 ��;� �� 4!a, 3�� �.]20[ 

                                                 
12

11- Mass Spring Model 
13

12- Malhotra 

 ������G .4, .4�� ��� 4!a, �*, �.Timp .4, .4�� � �

 �����4�Tcon) l���� �� N; �  @� �1) � (2 M;;E  (

�, :.4�  

)1(  
/

im p i

H
T C

h R E

ρ=
√

 

)2(  con cT C R=  

 �@7H  �(��,) ��;� ]�C ��R  �(��,) �6H, ]�E�h 

 �(��,) �6H, ���*K �.�E, 	
�4+- 	,�HGρ  �2�Uk

��, �� <�F4a;7) ��;� �,�K � (NE-,E  w�� ��*,

 �6H, x2�u,(��-���)  N��G .*��� �,Ci  �Cc  ��

 ��*K1 �, 	�. @� .*+5  

 ������G �_c, <�Kmi �����4� �_c, <�K � �mc @� �

 ���;� I7 <�K �� ��\�� /�4Yml ]�C �� M;+L�� � �

<�K �_c,  �����4� � �����G ���hi  �hc ��*K �. �1 

) @d��� �� �6H, I7 @�� 3�� .	�� �*� �.�.3 @\��1, (

�,  .4�]20[:  

)3(  ( ) ( )
( )

i w r im p

c con

Q m m m S A T

m S A T

= + +

+
 

 @7mw  ��6H, ���*K <�Kmr  ��6H, b`� <�K

SA(Timp)  Q��� b;J �� IY�? ������G �C;J D���

 ���;, �� :;��=�2  �;� � �.=4> ���H, ���� *Y�.

;, �� � �*;+  ���5  � ��+�� ���H, ���� *Y�.

SA(Tcon)  Q��� b;J �� IY�? �����4� �C;J D���

 ���;, �� :;��=�5/0 .	�� *Y�.  

 ��6H, b7 ~�� �� ��4Fj�� �U+2M′) @d��� �� �4 (

��1,�, @\  .4�]20[:  

)4(  ( ) ( )
( )

' i i w w r r im p

c c con

M m h m h m h S A T

m h S A T

= + +

+
 

hw  �hr ]�C �� N; �  @�  b`� � ���*K I`_ 67�, ���

]�C �� .*+��� �6H,  ���hi  �hc ��*K �� �1  	�. @�

�, .*+5  
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 ��*K1- .�`,� �;.�!+�� ���� ��.4,� ����G� ���4� ��  �� 4!a, �*, �.]20[  
hc/H  hi/H  mc/ml  mi/ml  Cc  Ci  H/R  
521/0  400/0  824/0  176/0  09/2  28/9  3/0  
543/0  400/0  700/0  300/0  74/1  74/7  5/0  
571/0  401/0  586/0  414/0  60/1  97/6  7/0  
616/0  419/0  452/0  548/0  52/1  36/6  0/1  
690/0  439/0  314/0  686/0  48/1  06/6  5/1  
751/0  448/0  237/0  763/0  48/1  21/6  0/2  

  

3 - #
� �&�� �'+�� �'(� ,-��� %�
�� - 

./��  

�*, ����  �I;a1  ���  �-;,�+. �d
�;|

�6H, ���;� -  �� Z�,�� �.�C��� �6K� ��6>� <���  .�*1,

ABAQUS  <�X��	�� �*� ]21[. �6K� �*, �.� 

��!k @��4� ���2� �� �.�*1, -  <�� �� �EaG��!k ����F

S4R  �����*, ����  �.�C��� �6H, b7 ~�� � ���*K

	�� �*�.  3�� �� � ��� @\ �, @��4� ���2� M�

���U��� ���7 ��;F @�>�14

13  .	�� �*� �.�C��� �5 ����

 @K�. @� � �2�`��� �.��5 @K�. @� �@��4� ���2� ��F ��

 �� ��;� ..��. �����. �.��5�� �.�C��� ���2� :;��47515

14 

	��  <�� �� ���FAC3D8R �*, ���� 	�� �*�.  M�

���U��� 3�� �� � ��� @\ �, :;��475 ���2�  ��;F

���7  .	�� �*� �.�C��� �5 ���� @�>� ���2� ��F ��

��475;: ���.� : .��5 @K�.�  ���> ]4� ��	�� .

� �+7�*��;M �;��  �� �6H, ��.�7 b�E  ^;* ���  �

 ��,�� <�� ��Tie constraint  M;�d�4 M�� � �\��K �

 ��;��� �6H, ���*K �@;\� ���� 	�� �*� .�*, �.  ���

 �d
�;| � x2�u, �d
�;| /��_� �.�*1, ��6K�

 @�>�F �B� �. �. �� ���*+�	�� �*� �;a�  �+  . �

��=� ��*, N; �  @� .=4> @�;�;250  ��-����U, �200 

;F�U ��-���v�> 	�� �*�.  �� �6H, �2�Uk �� D5

1000 ��, �� <�F4a;7 �� NE-,	�� �*� 	\�� v�> �� .

                                                 
14

13- Reduced integration 
15

14- Acoustic 

 ���;,2 �6H, ���;� 3�E �� ����� .4, ���� *Y�.- 

� ���;, ���;�� ���H, ���� <�K �� N��+�, �a �.=4>

�. �B�  @�>�F	�� �*� ]6  �15[ . �.I;a1  ��� 

�;|���� ��-;,�+. �d
 6� ���7@+  ��,� �/�\��1,� 

�;�� � ��;��� �6H, - �;�� �*, ���� 	�� �*�  �

���l ��,� � ���`  @1CY �. ����`  @� �4��,;��� 

�6H, - �;��  @�>�F �B� �.	�� �*�.  

3 -1- 0�1  �2��#
� �&�� %�
�� ��'+�  

	1Y ���� ��6K� �*, �X+�  �.�*1,.4�� 

�E;\J ���.4,  3�E ���6H, ���;� -  ��;� �� ����

 ���� �a;a1  l���� �� IY�? g��� �� ��.4, I;a1 .4�� 

�.*� g��� M;+L�� � 3�E �� ���.4, �E;\J  3��6F

����-�� � =�� l�4  �*�  @��`,	�� �*� ]6  �15[. 

 �6H, .�E��A  @� �*� @�>�F ��7 @� =�� h;`1  �. @7

 .	�� :.6� h;`1  M� �. �*� �?��J �6H, .�E�� �*,

 �6H, .�*1, ��6K�A  I-� �.4  �.�. ����	�� �*� .

 :; ������*;� ���> � .4
 ��� �_� 	1  �6H, �*���

 ��;�@�>�F ���^  ��6H, ���;� ��.4, I;a1  my�- 

 ��;� ��� �.�`, I? 3�� �� �.�C��� ��Lanczos  <�X��

	�� �*� . ���+��� �.�.�*1, ��6K� ��6>� <��  �� �.�C���

 ��.4, I;a1  3�� M����� Is��, ����  �� �*� @;Y4 

	�� ]21[ .  

����G .4, �.�� �� 	��^;M �;��  ���*K �� �����

, 3�E �� �6H,� ���4� .4, �. �,� *+7�� =�� �H�� 

�;�� 	�� 3�E �� ��? �.�� ..4 \J;E�  .4, 3�E ��
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����G� .=4> ���H,� ,�;+� �� =4�E,;M  �.) 	��

`1 ;/�` �=� ����-�� �  �� ���73/0 ��_;@ 	�� ]6  �

15[�� .(.4 \J;E� � .4, 3�E �����4� 
;a� .	�=��  

    
(b2�)  (D)  

 I-�4 - *E� @� �*,� �6K�� .�*1,  �6H,A�  ���� (b2�)�6H, � (D) ���;  

 I-� �.2�  ��� I-�;: ��.4,� ����G�  �

���4��  /�uH�, @� @K4  �� .	�� �.�. ���� �6H,

�*, ���� ��K��  .4, I-� ��*� @�>�F��7 @� .�*1,

����G� � ;;I-�� � ���*K;��� ��
 /�4Y @�� .	�� 

.��5 @K�. �4k� ��475 ���2�;:  	�� ���> ]4� ��

����+�M , I-� �..4 ���4���  	�� @� �6H, 67�, ��

� ���> ����*K;�� � xd� �.;�� �6>�� ,� *�� �. .

���g a1 ;I � ��.4,;��� � �6H,;��� ��.4,� ����G� 

���4� �� ���. @7� ��F�6�M �GN .4, 	7���,� 

��.4, ��4+� @� *+���� ����� �*� D�H��� �6H, .*��  

� .4, �E;\J .4�� �6H, �����G ����@��4��� �� 

 f����� �+;,� .��*�����API 650 �����  	���� ]22[:  

)5(  
32 10i i

u

D
T C H

Et

ρ=
×

 

 �5 �. @7Ti ��.4 aY� .4,� ����G� ��_);@ �(H  ]�C ��

�,Z  �(��,)tu  	,�HG	
�4+-  �6H, @��4� �.�E,

��� @7 (��,)�  �6H,A �2/10 �a;, ��,  @\��1, �*�

	�� �D �(��,) �6H, �d^ ρ 2�Uk� �;�� 7);<�F4a  ��

��, �(NE-,E ��=� ��*,@�;�;  �6H, x2�u,

F);��-����U�G � (N � ��*�*E Ci  	\�� @�H/D 

U���� .��. � ����  �6H,A �� ����� �9/6 	��f4��2� . �

�.4� \J;E� ��.4,� ���4� <�. � ����  ���H,@��4��� �� 

� @d��� /�4Y @� ��� �H ;M .� ]16[:  

)6(  2

tanh
n

n L
n

T
H

g
R R

π
λ λ

=
 
 
 

 

 �5 �. @7Tn .4��  .4, �E;\Jn �(6 ��) ����4� <�R 

 �(��,) �6H, ]�E�λn  	\i, @��n @\ �, I�� @2.�E, <�

 ����J1(λ)=0	�� �@�� .  @2.�E, <�. � ��� 	\i, ���

 �� ����� N; �  @� ��� @\ �, I��λ1=1.841  �λ2=5.311 

 �. .	�� ��*K2 ���.4, ������G �aY� .4, ���.4�� �

 �6H, ����4� <�. � ���A ��6K� I;a1  <�X�� �� @7 

 M;;E  .�*1,	�� �*�  �a;a1  l���� �� IY�? g��� ��

 ����-�� � =�� l�4  �*� 3��6F ���+�, �.�`, �]6[� 

@��`, 	�� �*�.  M;� z0�
� .4, ���.4�� �.�`,

 ���.4, ������G �aY� I;a1  �� IY�? ����4� <�. � ���

g��� � �a;a1  g��� �� ���.4,  � =�� l�4  �*� 3��6F

����-��  �� ���70/4  I��^ 	^. �U��;� @7 	�� *Y�.

 M� �. �*� @�>�F ��7 @� .�*1, ��6K� �*, g��� �4\^

.	�� �����  

3 -2-  ��'+� #
� �
�3 4� $&�
!� 0����� 5���6

%�
��  

���� ��.;��� ��� @�g a1  �. �4\^ I��^ 	^. ��;I 

����7� .,�+;-�� a1 ;I ���?;�	 �� ���  ���*��

�, *+�� �6K� �*,� .	�� �*� <�X�� �.�*1,  
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 ��*K2-  �6H, 3�E �� ���.4, �E;\J .4��A (@;��_)  
���E �� .4,  .�*1, ��6K� I;a1  )ABAQUS(  ����-�� � =��  �l��� �a;a1   

�����G  213/0  212/0  205/0  
����4� ���  09/6  -  14/6  
����4� <�.  37/3 -  37/3  

  

���� ����� �, ���*�� �_� *+�� �� ���  Q���

���2 �� @-\� ]4� @� ��6H, *+�� � � l�4�, �	��.6 

 .�E�� .	�� �*� @�>�F �B� �.���2� ��� � � �6H,;��  �.

��.�*�,�� 24J� � �;�4,��� �, �. *+��  l�4�, �	��.

� �6  �  @�;N 5/0×0/1 �2/0×5/0  �1/0×5/0  .	�� ��,

���� E ;;M  .�E�� ��6H, ���*K ����7 ]4^� I1,

���2� ��� 24J .�*�,� �. @��4��  .�*�,� �� ��-k47

�;�4,��� �4  �@�4�� ��4+� @� .	�� �*� @�>�F �B� �.Z 

� ;;-,��� ��E�� ��� �]�C �� �. �6H, ���*K �i7�*?� 

`>� @C2c, ���  @262�Friuli  ��PGA=0.30g  �

PGA=0.50g��� �� 	2�? ��� @-\� *+��  �	��.

� � l�4�,�6 I-� �. 5 ��� .	�� �*� �.�. ����� 

 �� @262�PGA=0.30g�  �;;��-,� ��E��  ���*K �i7�*?

��� ��6H,� 	2�? ��� @-\� *+�� � � l�4�, �	��.6 

 �  @�;N 0319/0 �0374/0  �0381/0  �*� @\��1, ��,

����+� .	��M � ;;��-,� ��E��  �6H, ���*K �i7�*?

���� @-\� 	2�? *+��  �l�4�,2/17 � *Y�.;���  ��

@-\� 	2�? *+�� 2�? �. 	�� �*,5 	�. @� 	��.�  @7

� ;;��-,� ��E�� � �6H, ���*K �i7�*?�e ���� 

	2�? @-\� *+�� �6 9/1 � *Y�.;���  	2�? ��

@-\� *+�� , l�4�,� ��� .*����  �� @262�PGA=0.50g �

� ;;��-,� ��E�� ��� ��6H, ���*K �i7�*?� 	2�? ��� 

@-\� *+�� � � l�4�, �	��.6  �  @�;N 0940/0 �

1673/0  �1510/0 ����+� .	�� �*� @\��1, ��,M 

� ;;��-,� ��E�� ��� �6H, ���*K �i7�*?�  	2�?

@-\� *+��  �l�4�,78 � *Y�.;��� @-\� 	2�? �� *+�� 

2�? �. 	�� �*,5 	�. @� 	��.� �  @7;;��-,� ��E�� 

�� �6H, ���*K �i7�*?e ���� @-\� 	2�? *+�� �6 

7/9 @-\� 	2�? �� ���7 *Y�. *+�� , l�4�,�  .*���

�6K� �*, m�� -\� 	2�? �� .�*1,@ *+��  l�4�,

�, *+�� 	�� �*�. ���2� .�E�� ��� � � �6H,;��  �.

��.�*�,�� 24J� � �;�4,���  �  @�;N 20/0  �50/0  ��,

.	�� �*� D�H��� I;a1  N; �  M*�  .�*1, ��6K� ���

.	�� �*� <�X�� N��+, 	^. � @+6� ��  

    
(b2�)  (D)  

 I-�5 - �4 Z � ;;��-,� ��E�� ��� �]�C �� �. �6H, ���*K �i7�*?� `>� @C2c, ���  @262�Friuli  (b2�) ��PGA=0.30g  (D) �

PGA=0.50g ��� �� 	2�? ��� @-\� *+�� � � l�4�, �	��.6  
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4- (� �"����/% �89:�; 5���6�'  

�h;`1  M� �. `1  @���,/�`;  l�4  �*� <�X��

�=� ���-�� �� �6H, �e��  (b`� ��*�) �d^ ��30 

 @��4� ]�C �� ���,12  �d^ @� ]�C �� 	\�� ���,40/0 �. 

�B�  @�>�F	�� �*� ]6  �15[ M;+k �� �.=4> ���H, .

 M���;� @7 �X�5 �� ..��. Z�+Y �. �E;�� .����7 ��.�E��

 N;�5���2 ��  �*���, �� p��\�� ���H, �.	�� �*� �90 

�� D5 ��;� �� �6H, I
�. �X? *Y�.	�� �*� ]6[ .

M;+L�� 	,�HG  ���H, @��4�v�> �� D��� �`>� 

,� �i7�*?M; �� ����� 0.35g  � �?��J /�,�62� f�����

���2 ��  .��*�����API 650 �?��J 	�� �*� ]22[. 

 e�� �6H, /�uH�, I-� �.6  �.�. ����	�� �*�.  

  
 I-�6- �6H, ���*K 	,�HG � .�E��  

 ���>����2 �� �6H, @��4� ����7 �  �� �.=4>

�� �.�C��� ���6>� �-;,�+. I;a1  3�� �16

15IDA �

����� 	�� �*� 3�� : ����6>� �-;,�+. I;a1  .

 I;a1 ��,���� ��G�`  M;�H  ���� @7 	�� �-

���2 ��17

16 ���� ��  /*� ba�H, ������  �.���2 ��18

17  �� �

�� �.�C���  �.�!� �+� @262� ���.�47� �� ��� : �*�

	�� ]23[ �. .���6>� �-;,�+. I;a1  �_� 	1  ���� �

/*� �� @262� ���.�47� ��� :  �*+�6>� ba�H, ���

���^ �@�>�F 2�? �� ���� ���>�@� �d
 	  �;;�  �d
�;|

 �.�7 �<�X���� .*� *��4
 36���> ��k.  h;`1  M� �.

I;a1 ���6>� �-;,�+. ���  :�1  �_� 	1  �6H,

 : @C2c, �� @262� �� ��� �.�C���  @� @7 @262� ���.�47�

                                                 
16

15- Incremental dynamic analysis (IDA) 
17

16- Seismic demand 
18

17- Seismic intensity 

 ����PGA �� ba�H, ���0.05g  � 0.50g �*� f�;`, �

 <�X��	�� �*�.  

� �.M a1  3�� �� @2�`,;I .,�+;: �6>��� 

)IDA��� (� >�� @\��1,;	 ����7�  D��� � �6H,

���1� �i7�*?� `>� @C2c,�  ����7 @� �X+, @7 @262�

, �6H, ���*K�  @���, .	�� �*� �.�C��� �.4� /�`;`1 

�. �a\^ ZK��, �18IM 19 @�  �. �*� @�>�F ��7IDA �PGA 

	�� ]6  �17[a1  .;I ���?;	 � .�4, �.5 @-+� PGA 

N��+, � M E,;�� ���� IM  � 	�� �*�� <�X�� 	��

,� ,� *��4 ;@+ �� ���� `1 ;/�` 5�*+ .*���  

4-1 - �<'<& ��=%	>�	  

���� ��� .����7g  �-;,�+. I;a1  �� IY�?

���6>����G ��  @7 	�� M�3�� ����  @�4�X,

Ca�H,� ��.�47� ��� ��� ..4� <�X�� @262�� ����� 

 .�-a�����2 �� ����7 ���>� �� .=4> �6H,�� 

I;a1  ��� |;d
�� .,�+;-�  ���� �.�C���  	C�

D��� 	��U� E^�� @262�I�F �� ��. �  <�X��	�� �*� .

D��� 	��U� �� �� @�4�X,D��� 	��U� ���  @��c,

PEER   D�H���	�� �*� ]24[.  D�H��� ���.�47�

 ��4��7�� @aY�> �. � w+� � �7���, o�
 ��� ��*�

 �� �;�20 � 	\_ ��,4a;7�* � .*���.�47� /�uH�, �

@262� ��*K �. ��.�C��� .�4, 3  �.�.�*� 	��.  

4-2 - �"����/% 4!��� 	����  

 ��� M;�H  ���� �*� <�X�� /�E2�d, Na|� �.

���� �-;,�+. �����7 �-���.4� ��;E, �� ���- ���20

19 

 	�� �*� �.�C���]6  �25[�-���.4� ��;E, �. .-  ����

/*� �_� 	1  ����  ��2���� �-;,�+. ��� �� ba�H, ���

�, I;a1   Q��� ..4� ���� ���,� N�?�� ���� ��-,�;;� 

/*� �, ��� ��� ba�H, ��� ..4�  @7 �uH�, ��� ��*`,

 �. ��4�1, �!K ��-;,�+. ��� :k47 ��6>� ���� @�

                                                 
19

18- Intensity measure 
20

19- Budiansky-Roth criterion 
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 ����7 ����1� ��� �*+7 .�X� ���� ��-,�;;�  Q���

�, D��? @� ���� �-;,�+. .*5  ��� /*� ��.4�� ��� ��

-,�;;�  Q��� N�?�� �-;,�+. ����� �i7�*? ��

�, �H�,  ����1� ��� �� ��F�6� ������ ���� @7 .4�

��� ��.4�� N;� ��-;,�+. ����7-  ��H� � ��-,�;;� 

�, ���7 �!K4  I��^ ��*`, @� .*��  

���2 ���>� ����� ���� ����� M� �.  M;�H  � ��

. �����7 ��� ��;E, �� ��.=4> ���H, �-;,�+

�-���.4�- ��� C��� ��-,�;;�  Q��� .	�� �*� �.�

/*� ���� ��6H, ���*K  @262� D��� ba�H, ���

 ���� @� @7 �uH�, D��� ��*`, .	�� �*� @\��1,

 �. ��4�1, �!K ��-;,�+. :�1  :k47 ��6>�

 ����1� D��� �*+7 .�X� �6H, ���*K ��-,�;;�  Q���

�, D��? @� �6H, �-;,�+. ����7 .*5  

5 -  @/�-!5���6 �'(� �"����/%  

5-1-  � �:+ #
� � %�
�� ��'+� #
� @/�-! ��/���

:�A  

���2 Q��� �H� M� �.  �_� 	1  �6H, ��

 �U+2 �i7�*? � @�� 3�� �i7�*? �;B� �ba�H, ���.�47�

I;a1  �� ���� ��4Fj��  ) .�*1, ��6K� �*,FEM �� (

) �+> � <�K �*, g���MSM .	�� �*� @��`, (

 �6H, ���. ��;� ��� @� �6H, @�� 3�� �i7�*?

 ��*K �. .	�� �*� f�;`,4  ��*K �5  g��� N; �  @�

���2 Q��� l�4�,  � @�� 3�� �i7�*? I,�� �6H, ��

 �� @262� ���.�47� @�4�X, ���� ��4Fj�� �U+2 �i7�*?

PGA  ��0.05g  � 0.50g .	�� �*� �.�.  

 ��*K3- @262� ���.�47� /�uH�,  
PGA (g) �F�6� ��U��� ��� @262� <�� .�47�  

198/0 61/6  Lake Hughes #4 1971 San Fernando EQ1 

357/0 50/6  Tolmezzo 1976  Friuli EQ2  

220/0 90/6  Brienza 1980 Irpinia EQ3 
115/0 19/6  Gilroy-Gavilan Coll. 1984 Morgan Hill EQ4 
182/0 76/6  Site 3 1985 Nahanni EQ5 
253/0 69/6  Big Tujunga, Ang. 1994 Northridge EQ6 
261/0 51/7  Gebze 1999 Kocaeli EQ7 

 ��*K4-  l�4�, 	\���+> � <�K �*, � .�*1, ��6K� �*, �. �6H, ���. Z�, ��� @� @�� 3�� �i7�*?  

Difference (%) Qmax/Wl PGA (g) 
FEM MSM 

24+  073/0  059/0  05/0  
17+ 138/0  118/0  10/0  
9+ 192/0  176/0  15/0  
2+ 239/0  235/0  20/0  
13- 307/0  353/0  30/0  
24- 355/0  470/0  40/0  
34- 390/0  588/0  50/0 

  

 ���>� v�> �� �+> � <�K �*, �-;,�+. I;a1 

 ���;� :;��=��6H,-  M����+� .	�� �*� <�X�� ��;�

) @262� �i7�*? D��� ��6>� ��PGA � @�� 3�� Q��� �(

 *��4
 ��6>� 	\�� ���� @� �� �6H, ��4Fj�� �U+2



30  ����� ����7 ���>�� .=4> �6H,� @��4��� �� ,�;+� ��WF��� �_� 	1 � ���2 ��  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

.	>� �, ���� g��� @262� ���� @� @7 *�.  �� ���PGA 

 ����, ��-k470.20g � @�� 3�� �i7�*? l�4�, �

, ��4Fj�� �U+2 �i7�*? l�4�, �� �*,5 	�. @� �6H

 �+> � <�K �*, g��� �� ���;� .�*1, ��6K� I;a1 

.	��  �.PGA=0.05g  �. �6H, ���*K �+  @7

 �.��. ���^ :;��=� �.�*1,�� 3�� �i7�*? l�4�,@  �

�4Fj�� �U+2 �i7�*? l�4�,�  �6H,���� a1  ��;I 

�6K��  .�*1, N; �  @�24  �32  *Y�.�;��� ��� ��g 

.	�� �+> � <�K �*,  

 ��*K5- �+> � <�K �*, � .�*1, ��6K� �*, ���� �6H, ]�E� �. Z�, ��� D��aY�? @� ��4Fj�� �U+2 �i7�*? 	\�� l�4�,  

Difference (%) M'max/(WlR) 
PGA (g) 

FEM MSM 

32+  017/0  042/0  05/0  

21+  035/0  083/0  10/0  

14+  052/0  125/0  15/0  

7+  070/0  166/0  20/0  

6-  104/0  249/0  30/0  

21-  139/0  332/0  40/0  

32-  174/0  415/0  50/0 

  

 ��6>� ��PGA  ��0.05g  � 0.20g  �+  @7

� �6H, @��4��, ��6> � 	�� M-�, � *�� �+  @

�;a�  �5 �-.6� � � � �*��� M;� z0�
g���  ���7

�, .*��  

@262� ���� @�  �� ���PGA  ����, ��F�6�0.30g  � 

0.50g �*� �;a�  �6H, �.=4> ���*K �� ��H� @7 

	�� �U+2 �i7�*? l�4�, � @�� 3�� �i7�*? l�4�, �

 �� ���7 .�*1, ��6K� I;a1  �� ���� �6H, ��4Fj��

 ��6>� �� .	�� �+> � <�K �*, g���PGA  ��0.30g  � 

0.50g  z0�
� g��� M;� ��6>��,  �. @7 ��4J @� *��

PGA=0.5g �� 3�� �i7�*? l�4�,@  �i7�*? l�4�, �

�4Fj�� �U+2�  �6H,���� a1  ��;I �6K��  .�*1, @�

 N; � 34  �32 �7 *Y�.�� ��� ��g  �+> � <�K �*,

.	��  

5-2- �'(� �-�>� �"����/% 4!���  

� ���>:;,�+.��*; ���� �1  ��: ���2 ��  @�

��0� � ���>��*;  ���� ���;� :;�  n�����-,�;;  @��4�

 �6H,�, .4�.  : l`> �_� 	1  �6H, @7 � �4Y �.

 �.�;U� ���^ @262� �`>� @C2c,�;;� I-� ���*K �i7�*? 

�6H,�. �  .�X� ��`>� :�1  �������, .4�.  Z�4 

�;;�  l�4�,I-�  ���� �]�C �� �. �6H, @��4� �i7�*?

:�1  ��  D��� ba�H, �.�`, ���� �@262� �`>� @C2c,

 I-� �. �M;,� �i7�*?7  �.�.	�� �*� .���g a1 I; 

.�-;,�+ �6>���  �����, *�. � @7M���;  ��*`,

�  l�4�,��-,�;;  �6H, @��4� �i7�*? @C2c, �_� 	1 

`>��  @262� ]�C �� �.8/2  ��,�=��  �6H, b7 <�. b.�)

 	,�HG �� @��4�8 �a;, ��, ( q�	�� �.�. .@� @K4  �� 

 I-�7 ���� @�� PGA ����, ��F�6� 0.30g� �6>�� 

��!F��� � �!K �. � ��-,�;;  @��4� .�X� �6H, �*�

	�� . I-� �.8 @+,�. � �6H, @��4� I-��;;�  �_� 	1 

 @262� 	��U� D���Northridge  ��PGA=0.50g �. �

 �.�. ���� ��-;,�+. I;a1  ��!���	�� �*�.  

I;a1  �� IY�? g��� ��  ����6>� �-;,�+. ���

 ���� �`>� @C2c, �_� 	1  �6H, �����7 	;>�� �+1+,

	��U� D��� .	�� �*,5 	�. @� ba�H, ��� 

�+1+, ��� �� �i7�*? @�� 3�� �i7�*? ��-,�;;�  N�?

 �(	�� �.�. q� ����7 @7 ����1� ��F �.) �6H, ���*K
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 I-� �.9 � �*� ����+1+, l�4�, .	�  ���IDA  �.

 I-�10 .	�� �*� �.�. ����  

 
 I-�7 - �4 Z �  l�4�,;;��-,� �6H, @��4� �i7�*?  �.

 ]�C ���� @262� �`>� @C2c, �_� 	1  PGAba�H, ���  

  
 I-�8 - �4 Z  D��� �_� 	1  �6H, @��4� I-��;;�  @+,�.

 @262� 	��U�Northridge  ��PGA=0.50g 

I-� M� �.  ��� ��*`,;��� �� 3��@  ��� @�

 ����;-� �;�� �  �;;I-��  �i7�*? 	,�HG @� ���*K

 �6H, @��4���,�� .	�� �*�  

�+1+, ��� ���6>� �-;,�+. I;a1   �

�+1+, �����7 	;>�� ���  I-� �.8 ���� ��, *�. 

��-,�;;�  �. @7  @;2�� N;� �:k47 ���+, �+1+, h\d

	�� �6H, :;��=� ��H� �� 3�� ��6� �.�`, �. .

 ���7 �+1+, N;� �@���, *�� +�. ���� M� @7�* 

� �� .	�� �6H, ���*K �d
�;| ���>� ��6>@262� D��� 

 ��F �. �6H, @��4� @;2�� �;a�  �� m� � �6H, �� .���

�1� @�� 3�� ��*`, : �� �4\� �� �����7 ����1� ����

@B?0, I��^ ���*�� @� ��H�  ���7 ���, *��.  

 �. @L��+k I-�10  �.�. ����	�� �*� ���� �

����1� @�� 3�� M;;E  ����7 � l�4�, �+1+,IDA  @�

�.�E, ��d
�. �+1+, : /�4Y  ����	�� �*� �� .

�� �.�C���  ��� �� �d
 �4;��F� I;a1 �.�. �� �

 l�4�, �+1+,IDAh\d+, � �+1+, M�   3�� �d
�.

 	�. @� �6H, ���*K �i7�*? ��-,�;;�  N�?�� @��

,5�* �3�� .	�  �*� @�>�F ��7 @� ���� ����� M� �.

�d
�.�+1+, ���� l�4�, IDA � � =�� l�4 

 M;,� �i7�*? D��� ����1� ���  M;�H  ���� ����-��

(PGA)  	1  �.=4> ���H, ����@262� �_�*� �>�E, � 

]6[. . ��*E� /�`;`1  6;� *\� � ����, l�4  � �!a2�

4����  � � ��4�21

20 M;,�K �. �22

21 ����-�� �  @�>�F ��7 @�

	�� �*� ]26 �27  �17[�+1+, �. . �d
�. IDA �

 : �� ��`��� @;?�� �*+�. ���� �l
 �. ZJ�`  @d`�

 ����1� @�� 3�� � � ��*���� 	2�? @� ��*�� 	2�?

 ����7	��.  I-� @� @K4  ��11 @�� 3�� ���;� �

�`>� @C2c, �_� 	1  �6H, �-;,�+. ����7 ����1� 

 @262� �� �����19/19  M 4;��U,�� 3�� 	\��)@  ��� @�

�;�� ����� �� 256/0 (	��.  

  
 I-�9 - �+1+, ��� >��;	 ����7� �6H,  �_� 	1  : 

ba�H, ��� 	��U� D��� ���� @262� �`>� @C2c,  

5-3- �'(� �"����/% 4!��� �!�:�3 B�-)  
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20- Buratti and Tavano 
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0

2

4

6

8

10

12

0 0.02 0.04 0.06 0.08 0.1 0.120.14

H
ei

gh
t (

m
)

Radial displacement (m)

PGA=0.05g

PGA=0.10g

PGA=0.15g

PGA=0.20g

PGA=0.30g

PGA=0.40g

PGA=0.50g

0

0.1

0.2

0.3

0.4

0.5

0 1 2 3 4 5 6 7

B
a

se
 s

h
e

ar
 to

 li
qu

id
 w

e
ig

h
t r

a
tio

Displacement to shelll tickness ratio

EQ1
EQ2
EQ3
EQ4
EQ5
EQ6
EQ7

����7 @;?��  

��-,�;;�  �!K 



32  ����� ����7 ���>�� .=4> �6H,� @��4��� �� ,�;+� ��WF��� �_� 	1 � ���2 ��  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

 l�4�,PGA  n��� @7 @262� ���.�47� ����1�

 ����7 � � �i7�*? ��-,�;;�  �. ���!F�� �!K .�X�

�, �.=4> �6H, @��4� �-;,�+.  �*� @\��1, �.4�

.	�� 

  
 I-�10 -  l�4�,�+1+, ��� IDA  

  
 I-�11 -  l�4�, �d
�. �+1+,IDA 

 I-� �.12 M���;� �`,��* ��K l�4�,@ �K� 

�i7�*?  �. �6H, ���*K����1� ��F @aY�> @� �8/2  ��,

.�`, N�?�� ��6H, b7 �=���  �i7�*? D��� ���+�,

,��M;  ���	�� �*�.  I-� @� @K4  ��12 � �H�,

 	�� ���E� ��-,�;;�  �. �!K � � ���!F�� ��6>� @7

 ���� @262� �`>� @C2c, :  :�1  �_� 	1  �6H, ���*K

PGA  �� � =��0.20g  q�	�� �.�..  

 M� ��� �� �4;��F� I;a1  <�X�� ���.�. �� �

N��+, � M +1+,� d
�.�  I-� �.12 ���  �*�

	��.  �d
�. ����>� �+1+, ]4� M� @s��� ����� ����

@��4� �-;,�+. ����7 � �� �-���.4� l�4  @\ �, M;2�

��� �  <�X��	�� �*� ]25[� m� . /�`;`1  �. �5 �

����-�� � =���E, 3�� ��.  @\��1, ���� �d
�. ����

 �*���!, �.=4> ���H, �-;,�+. ����7 ����1� D���

*� �.�C��� �M;,� D��� �`>� @C2c, �_� 	1  ]6[ �. .

 �M;�;� /�`;`1 �M +1+,� d
�.�� �,�; 

@\� 2.�E �23

22 ���1� @d`� �.� ,�� ����7� �*;�* �*� .

�� �d
�. �+1+, @;2�� N;� ��H� �� ��� ���� :;��=�

	�� �����1� D��� ��*`, �� M;,� �i7�*? D��� @L��+k .

PGAcr�  ���7 �d
�. �+1+, N;� �.4� ���;�

 .	>� *��4
 ��4�1, ��d
�. �+1+, @� @K4  �� D���

 � �PGA ���1�� 4��=� ����7 - ��0�:;  @��4�

6H, �� ����� @262� �`>� @C2c, �_� 	1  �0.263g .	�� 

  
 I-�12 - �*� ���� �d
�. �+1+, PGA  l�4�, N�?��

�_� 	1  �6H, ���*K �i7�*? ���E� ��-,�;;�  `>� @C2c, �

@262� 

4- �2�-! �:��  

 M� �. Q��� ��������2 �� ����7 �  �-;,�+.

 �.=4> ���H,@��4��� �� �+;,�  �`>� D��� �_� 	1 

 �� @262��� �.�C���  ���6>� �-;,�+. I;a1 (IDA) 

����� 	�� �*�.  g����*, ����  ���;� .�*1, ��6K�

�6H, -  /�;�.� �. .4K4, �.*� � �a;a1  g��� �� ��;�

 ..��. �-.6� h��d  �+>I;a1  ���  ���6>� �-;,�+.

D��� 	C� ���� �6H,  �� @262� �`>� 	��U�PGA  ��

0.05g  � 0.50g  <�X��	�� �*�. �, ���� g���  @7 *�.
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23- Pseudo equilibrium path 
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@� @262� ����  �� ���PGA  ����, ��-k470.20g �

 ��4Fj�� �U+2 �i7�*? l�4�, � @�� 3�� �i7�*? l�4�,

 �� ���;� .�*1, ��6K� I;a1  �� �*,5 	�. @� �6H,

@262� ���� @� .	�� �+> � <�K �*, g���  �� ���PGA 

 ����, ��F�6�0.30g  � 0.50g  ���*K �� ��H� @7

 �*� �;a�  �6H, �.=4> 3�� �i7�*? l�4�, �	��

 I;a1  �� ���� �6H, ��4Fj�� �U+2 �i7�*? l�4�, � @��

.	�� �+> � <�K �*, g��� �� ���7 .�*1, ��6K�  

����7 @7 .�. ���� �-;,�+. I;a1  g��� @��4� 

 ]�C �� �.8/2  �6H, b7 �=�� ��, q�	�� �.�..  ��

��-;,�+. ����7 ��;E, �.�C���  D������1��  ����7

4��=�- ��0�:;  @��4�6H, � @262� �`>� @C2c, �_� 	1 

 �� �����0.263g *� @\��1, . M;+L����;� @�� 3�� �

�-;,�+. ����7 ����1� �6H, 	1  �_� :  @C2c, �`>� 
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<��
 �� <� �.� <�;�> ��P  	��]34[.  

 b9W��WEnvision  �= <_�� C78�� ������ ��-� ��

 ��� �*2013  ���� ���-� <� � ������ ����.�  *�.Q79 

�`��� ��
���� hX�_- <� ��!: ����� �*  <�;�> ��P

<� f;9- <P 	�� �.�  \�9: � �1�,- i9g� e�P

�.� .�� ) U/�1( ]35[.  

XR� ���
��� �7��� <1 �.2� �Envision U-�� 

�7A� � ��9T9- <� <:9  ����:� ��;�� �*91!� ���N �

��9  �_�� 1@ V��2-7,� <� <:9  � 6��\� �<2 ��  �*

.2X�^.-� ������  <
�W��� ��=9� � ��`��� �* �� �

��
���� 	��.  f��g- U/�2� S9T9- C� e8�L �* �� 
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 U-��64 ,-7��  ���> �� �* <P 	��6 ,-7�� ���� 

��=9�� O_ 7l .	�� �.� �*�* n�.P�� �� 64 ��7,- 

���*� i9g� MX�_-� .2��� <P @7M� �� Y�.�� 
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 � ��; � �-�\8��� ��K 7^� Y��,�- ..2��� �*  �VL���� 

������ *�����* �� �* ��6 �� 64 ��7,-�  7� �`��� 

, 77C -�.2P <P <�90W �C �`��� <� @7h ��7,� �� 

l
�� ��� ����.� F��� -�.�* � ���� ��*7��� <� 

*�/X�� ��.���  �8�W <W �� .	�� �.� <:�9- ���  
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17- Quality of Life 
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18- Leadership 
20

19- Resource Allocation 
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20- Natural World 
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21- Climate and Resilience 
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(h8�)  (b)  

 U/�1 -  (h8�)*�.,  �`��� ��� f;9- <� �*	;� �9:\ � ���� ��� Envision <� /M 76 ��� � S9�  (b) � �����`��� ��� *�9- ������ 

�� Envision <� /M 76 S9� *�/X�� ]35[  

��6 XR� ���> j2� ��� R�
 S9T9- <��  �*

����.� - ������22P .]24[ .�* ���>  	7M7P  >.���� <� 

����� �7qa  �`��� �� V-�9: -7���\ � �qa�- U-�� 	-t� 

� ��;� �� *�; � ��;� UP <,-�: 	�� �.� <�
�*�� .

[;9-7	 �`��� ��� ����. �7.2-�� s�_ � 6 ��*�/ .:. 

�* -�7<2 �9B� ��:� � 9B U �`��� �� 	��.  

�0* �9� ��� [;9-7	 �cP�.Q�  7� ��� �`��� 

��-�� �� 7C -�*9� <P �* �.���� ��P <� ��/��� � 

U-�,  .���*�}�. �* 	�.- ���> �`���� <� ��Q	 �� �C 

^�-�.L� <�
�*�� -�*9�  � �1��� �qr- � <����/�� <� 

����� L�^�-�. ��j �* -�7<2 ����.� e1� U7�/  

�`��� �� *9� <P 	[7[Q �* ����. 	�� � �7qa  �1c-� �� 

��!: �7�9-�� *��*.  

l7O_  ���> V��2-� �XP �9@ <� N1 �- �� ��.[- � 

�2-a ,��2-	
���� <,�9  ���� <P 	�� �  ��7� *�9- ��

 � �*9�e:9- <-�*� Q7^� �!�= �-  ..�9�V��2- *�9-  <:9 

.2 ��1� �� *�9- � V��2- ;7\/ �)U-�� *�9- Y�O- �.� � 

*�9- L��� �.��-(� `���� � b= ;�O-� .�C V��2- *�.B- 

�*9� � ��.  ��.�� 9B� <� .���* <P ����� <� <:9  ��*�9- 

�*�M��� ���L >7.��.  

�`��� ��� ��
���� �� ��� B-7N 1@7,� Y��@� 

*9
 �� <X�: ���0�� ��� 9><�  ��� ���7� ��� 1@7,� 

~7�.��� �q� -�.���J>.  

  
 U/�2 - ���
�� b9W��W ������ ����.� Envision ]24[  

N7B- ���> �,71@� �� �* �A� C�;�> I�� ��� <P 

�� �@f �!�= �	
����� -�.2��9  �� ���7� ��� 1@7,� 

<� �7�9 	1c- � �� �\;�� U-�,  ���2.� <� ����2� 
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^��q� M2-	
���� ��,71@ N7B- �� �� � <� UL�.Q 

�.���� �!�= -�*��*��.  

������ �� Y.� ���> XL�7� � b�  �* ���= �* <��* 

�- 67/M *9�: ��� <� UL�.Q �.���� �.2y= ��� <P 

C/�- 	�� <� � �7XL� �77]  �\;�� ^��g
 �� 9P^.- � 

.2X�^.- �K2- .�9� � *n� �@�7��2 UR�Q �*9�� �� 

�</2 �`��� ��� ��
���� �* ����� ^��g
 �� 9P^.- 

n��[- .2��� � -�.2��9  �� ���N ]�-7� �* =�.2 �* 

�y9@�^.- ��>��� .�9�.  

�`��� *�/X�� ����.�� ������ �9A2- <�  ���

 �* ��7,- �� �* ��
����[;9- �g� j2�7	  �.7K2�

�-1�� <� <P *9� ����* ���.�� �� ����7qa  ��\7- 	

��7�-�  ..2��� � ��M�- ���i9g�  	7[;9- <g��� <�

��-7	 ,-7�� , 77C �- � .�9�P � �g�7M7	  *�/X��

,- �� �� <g��� �* �`���7�� - l_�- ���.22P �-� . <��

,-7���� ���*�  �g� j2� �� 	7[;9-�7.2��.  i9g� C�

.2 ��1� 	7[;9-:�� *91!� ;�<�23

22�[ �� � <�;�23
24� �� �25

24 �

�[�� �.22P26

25 �7Q� � �.22P27

26*91!� i9g� �� �9A2- . �<�;� 

��[ �� <�;� �\;� � �� �� - �*7��\ �� *�/X����.  	1��

,T� <�7	 ��j �[�� �g� n9!M- .	��  C���.� �.22P

�7?M2- ��q= <�90� �� ����.� �!� �* � 	��	  �g�

�7Q�  �.22P�� �* �*�/X�� <� .��� ���* �� �= <P ���7,- 

- �g���,- �* <P *9�7����� M2- ��q= �!2  <� �9PJ-� 

�7Q� <� f;9- </X� �<���.�� ���7� ��� ����:���  V��2-

1@7,� ���7�9P� � ���.* e7�= � 	�� �.�.  

����* ��7�-� e�P � �� �� 6g�9 i� �-�\8� �7\ 

�.� l_�- �* ��9�� <P .��	;� ���� �7	;��  i9g� <�

��� y ���.��  �-�.L� <W� ��. .�9� n�K�� . �� �n�K����

������ ����> �� �* �`��� *�/X�� S9�K-  ���7�-�

                                                 
23

22- Improved 
24

23- Enhanced 
25

24- Superior 
26

25- Conserving 
27

26- Restorative 

�< - 	�*�=. <P ���.�� <1 � ,  �� �`���77C -� .2P� 

 �.� l_�- <��* ��!W �� 	�� C/�- �`��� �= d�����

�-� UL�.Q ��7��   U-�� n�ya7. �) �.20 .R�*(� ��[� 

)30 .R�*(� t@ )40 .R�* (� 7 t�C )50 (.R�*  6

..2P 	;��* �\�:  

3 - '"�() �
��0 1��  

��P <27�7� � ��9T9- ^�7�*� ����� �� 3�  ���

	
���� ���.�� ������ ������ �* �.� n�K�� �* ��

�9�P <,�9  ���  ���7� b�_��� � <,�9  ��Q�* � <�;�

�� ������ ���.Envision  e��2- b9W��W ��92� <�

�-9� ���� <78�� 	
�2� � f7L* ����� <� ���� �* ����

<�
�*�� �= �C72?�� ..� n�>  C� Y�.�� <� ���7��* ���

�-9� �XP .��� � ����� f��g- ���� U/�3  i�� <� �

���
�� ��..� ��* 8�� �*7C n�> V�: Y.� �� �*�* ���=

��7,- 	�MP ����� � ��� Envision  <� ���7��* ����

���.�� ���� �*��7,- �.� <;�T� n�\8 C72?�� � 

.:.�  b9W��W <�	98�� � N��� <� <:9  ��  ���

��7,- 	�78 ����� <�7� <1Q�O- n�K�� �� �� ���
�� <�;�

	;�> ���L ����2���P ������ *�9-.  

 �*n�>  n�*	!: <� ��7,- *9:� ^���T �����  ��

�* ��9�P ��92� <� ���� �* ������ b9W��W ����  ��Q

 �<,�9 87	� ��7,- *9:9- U-�� <P ��  ..: ��7,- j2�

�� 	�� ����2���P �9� �� �*�!2�7� <-�2���� U-�� ��

@7h 87^�/28

27 l
�� �� <K7�� � 	;�> ���L ������ *�9- 

�1�� )28RI29 ..� U7XB  ( �*n�> �[- I�� �� �n9�<� 

) �1 ��- <�X� U7XB  672/  � �:��29
30AHP( ���� 

, 77C 98�� � ���	 ��� ��7,- *�M��� ��� .�  �* � 	�!�

 U7�/  � ����2���P �� <1Q�O- �� UR�Q <K7�� ����� ��

                                                 
28

27- Likert 
29

28- Relative Index 
30

29- Analytic Hierarchy Process 
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<-�2����  b9W��W �n�> �� �* ��Envision �-9� ����

��7,- U-�� �.� ��7�-� �� ��� .� C�.  ..: ���.  

  
 U/�3 - UQ��- � �7�9 ����� 

*� �C ����� �����2���P �� � lO_  d���

�� Up��- *�9- �* *9
 ���*��.� �	
��� �* ���� 6

��<-���� U-�� �`��� ��� <
�W UQ��-�\�Q��@ �� �

��!� �	
����*��� ��.!0� ��  <P �9g���� ..�.� b�_���

��� �*�� C7P��* N�9  <�;�> ^�9R31

30 ����� .� �

	�� �f��g- �A� S�1�� .���� �� ���- d���7 	������ 

 n�K��j2�  � 50 ��� <1Q�O-� ��7<K>7�� ;�P� 	�� �* .

8��7C � n�>C ��7,- <78�� 	�78 ����� � �����  ���

Envision� �� 3� n�K�� 30 <�7� <1Q�O- ���
�� �� <�;�

 *��;�lO_�- <P <89X> �97� <�  <� �.�.� b�_��� �;��

n�> �* � <�;� 	�* ��A� S�1�� ���  n9� � n�* �� \P�� 

QtR ����* ��7	 <��K  �  ����2���P�: <�� Pa 7. 

��-=� <�9�� ���.�� ��� <-�2���� ���  h7@ <� u9��-

�:�� <��[- � ^�/78� ��7-  ����30 �* lO_�- n�> 

                                                 
31

30- Dworkin 

�9  ���V .� ]10  �36[ . U/�4 <Rt
��  ^��t@� ��

XP7.� <� u9��- F��� OB  U-�� ��>.2�*7^t S9� �

��-��� � �`��� �* <��K  ��� ��
��� �- U-�� ��� .*9�

 *�., F��� ��>.2�* �� ��-��� ���  ����- �*Q��@ �

	
���� ��  ��\7- <�50 .R�* � �*9� ��OO_�-  ��

��*�!�� �8�*�  �� n�* <1 �� y�� �*C  *�., 

F��� <���* ��>.2�* <P .�� 40 .R�* �� 7,�:	  ��

/� 7U -�) ��OO_�- �cP� ..2�*23 .R�* (�*  �_�

������ �* �[-<� �� ��� �_� ��� �� lO_  	
��

���*<  � � .�20 .R�* �!�= .7 ��� �� ��0���*�  x�.- ��

 ���P*�� N1 �-  <,�9 ����. � �	
���*9� ��� �� �� ..

<[��� <� <:9   �<��K  <;�Q���[  �w�1 43 .R�* *��;� 

7��  ��15 �`��� �* <��K  ��� ��� ��
����  � <���*

�� 3� ��=  ���>�� ��OO_�- j2�  � 10  <��K  ���40 

.R�* �� UP 7,�:	 /�  ��7U *�*� .��. C72?��  U��L

.- �g� �� ��OO_�- �cP� <P 	�� �Ps�	  .���

*9�� ��..  

3 -1- 234 $��� ���5  

Z�1g�� � ����� �9A2- <� 87	� ��7,- <78�� ��� 

Envision ��� ��N 	98�� � �* �� ����  <;�T� ^���T �

<1Q�O- �@ �..: ��7,- �.� <�7� ���  �<�;����
��

.�*�* ���L ������ *�9- �� 	�78 ����2���P��� .�  n�K��

<1Q�O- �� <-�2������ * �� U/��-!  �_� �7<  ..�

�_� ���� U-�� ���72� 87	� ��7,- ��� Envision � 

�_�  n�* ���� C/�- ��7�-� C� y�� *�!2�7� U-��

 ..: ��7,- 	7��� <��[- �� <P �*�!2�7� ..: ��7,-

��7,- ��� �  C72?�� .	;�> ^�9R <@9��- ���> �* ��

��7�-� <� ���7��* ���� n�y ^�-�\8�  hX�_- i9g�

-9[;7	 ���� ��7,- .:. ,��2- �� ��� <P��� ��d��� 

 �!�= .�� n�K��*9� ..� �*�* ��9� �_� C� �*  
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 U/�4 - <Rt
 ^��t@� ,�:7	 �
�2�� ����2���P  

3 -2- ���6� ��4� 7��!8 �
�!+  �+� �� 9�:��: ��"

��! � ��!+  

 b9W��WEnvision  <�;� <,�9  �/�-= �9�P �*

	��. ,- <W�>�<�� � �21- �= �����7 6 *�K� ���� ��

�.� <�;�> �A� �* ���� �* ������ ���7�  ������ �-� �.��

 ����9�P �* ���.�� �*  � ��7� �� f��g- .�� <,�9  ��Q

<[g2- ^�-�\8�	98�� � �� ��.��� �!�= � ]13[ . 

 ����� <� ����� n�* n�> �* C����2�	�78  <78��

 ..: �����7,- � *9:9- U1L �� �����7,- U-�� ����7,-

 ���� *9:� ^���T <12: �� C7�7� n�> �* �.� <;�T�

<-�2���� ����� C� �* ..� <�
�*�� ������ �� d���

 �����* ����2���P �A� �  .� �*�* U/� ^�/78 h7@

��7,- *9:� ^���T ��  .*9� b9�/- 

U��L ��1��� � ���7� 	L* U78* <� <:9   h7@ � 

h7@ ��� <� 	1�� ^�/78  h7@ �� ����� C� �* ���1-

9  n9!M- <� 6 *.� �= �* <P .� �*�M��� ^�/78

 � N�9�- 	7��� �*�,- j2� *.� �*9:� ^���T C���P

 ���� b9W��W �* ��7,- ���Q *9:� n9!M- <� <�� *.�

�� ����	 ]37[ �� <-�2���� ���� �� ��27�@� �9A2- <� .

 �� 3� � .� �*�M��� ���!  ��0���* �* .7 ��� ^��A�

 .	;�> ���L .7�  *�9- �= ��1��� �n�y ^�QtR� �����

��� ����� 	!: ��M8= �n�> C� �* <-�2���� �

��1���P32

31 .� <1��B- �= ����.  e�T ����� C� �*

�M8= ��� �64  �@ <P <9>30 <-�2����  ����� *�9-

                                                 
32

31- Cronbach’s alpha 
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.	�� � <� <:9  ��</2 ��� �91L U��L �*�.B-� ���� 

21-� �T ��e �� �M8=. \� �� ��>�7/0 .��� � j��� � ��.[-

�Te �M8=<� � �_� ���� �.-= 	�*  hX�_- ���

 f��g- <-�2���� ��.:2�   l_�-�- *���  n��  <P

9>< ���* ��� ��>���� ���*� �9
� .2��� �  ����

�*�.B- �* <-�2����  �91L U��L.*��* ���L  

 ��.:2- �_� ���� ����� j��� ��1���P ��M8= d����� n�* n�> <-�2���� hX�_- ���  

�_� �M8=� ��1���P  �M8=� ��1���P d����� *��9- *��.����� �.�  *�.,  9>< ��  
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�+�� �� ]13[.   

����� ����� :� :;<  ��  :-4.� �+ G4�4� ���

�. ��04-0 <^J M^��. �+ ��EF��  �<-W�  :W 	/��+ ��< 
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2 -1- !�� 	"�� �%&�	 )�� '��(�  
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8- LS-Dyna    
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 M
�+ :� �,. ���
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�4� V0��44x � .,��� :���,� ��� ����� 	d  �+  _��H�
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��� �,�� �+ ��.� �+ ��EF�� �� ��� �,� :�/�8 �@�� 

Vd 4M ����. :��  � ,��� �,.�4st � ����. �+�  �,.

�+�E -��� � ,--0�4G ��8���  :����+ � �,.4?  :���,�

,-����. G4-��� . �?;� �,. �,-��  �� f�
 +�,d.

��8 	�� ���3� �� �+�F���  ��C3D8R  ���)��� 7�� :� �

���W  :�/�10
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9- Reduced Integration  
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 ���. L��� � ��V�� ���/ �f�
 �,� �,-� �. +�,d.  

 Y<!F. :V4�<� k3�o. ���V�� ?43��l �+���1� �� 
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12  L4d. ����
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10- Eulerian Volume Fraction 
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11- General Contact  
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12- Outflow Free  
14

13- Equation of State  
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15- Cap Model  



	����,
 � �^�,�B.  65  
  

 

����� 	
���� ��� ������ ���   ��� ����� �����1 ������  � ��!� �1401 

 ��,;1- ��.����  ��EF-. �+�. ���TNT ]10[  

��,B. ,9�� ��.���� 

1630 Kg/m3 ) �3�)eρ( 

6930 m/s ) ��EF�� z<. 	���v( 

373800 MPa A 

3747 MPa B 

35/0 -  	��sω 

15/4 -  	��sR1 

9/0 -  	��sR2 

3680 KJ/K  ����+ �J���eint 
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 ���W
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L�<�. �Vu� �- � f�
 ���/� ����� �+ �,-j�e ���
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 ��,;3- ��� f�
 =�o]�. `4Bd  G� �+ �+�F��� +�<. ]12[  

��,B. ,9�� ��.���� 

7/51 MPa  ) {�� ��,.E( 

45/0 - ) �<��<� X�Kν( 
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24 Degree ) f�0Du� :���β( 

3/0 - ) 5�>W 	?W�. �� z��
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02/0 - ) 5�>W :43�� �4V�  kD� 	4I1<.εv( 
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) ���W -( ) �- MPa( 
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	du 	d  �+,� �,. �E-� ���  �,� �+�F��� ��EF��

	�� ]10[ . 7�� �� �+�F��� �� �<WT. ����� �+CEL 

 f�
 �+ �</,. f��� ��,; �+h</ ��� �+�,. ���� 

� 	�� �,�: :�<8 �+�. ?W�. �� ��� ��� :Vu�/ :W �� 
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 ���:��������+/ M�� �8 �*++/  f`+, ��� ���� �� ���E

 ���2� ���+/ 8�A7��@��AB��.2�3

16  ����-��2,

���� S2�9 �� ��2-67< 	!< 4/ �/�A`a�  ����� �8 ��

@�1  ]7�R, [�6�� ���� 4�� �8 4B.B� ��� � S_� �

�,  *�8�8 4���� �� *�6�]18[. �=2* ���=�� ��,���  �

�� ����A�� ��� @ ,2�-�� /�A`a�� Y��W k+ 2� *<* 

,6!X, 4/ *�86�� ��/�  �����2� ��� �24�  ;6�1, ��^E

8�-�*  	��]19[.  ��� �82018 �+2�6, � �7���/4

17 

 �*+���!, ;�W @ ��� ����-�� 9 �8 ��:��,� ����

f201   *�86������� 4� �  S_� �� C� ;�W F� ���E�

�-��2,  sZ�0  Y1, �8 ���W�� *+���!,�� *+�
�8�� ]20[. 

�2^�5

18  5�� 4� �**< ��:��8 ����A�� �19MSD6  ��

                                                 
1

14- Sang-Hyun Lee 
2

15- Jacket platforms 
3

16- Piezoelectric 
4

17- Caprili and Mussini 
5

18- Naeem 

 4� 4����� �h��� e> � 	!<4��< ��<���� �  �� 	kE�1,

 �����2� ����� �8 �������B �� *�8�/ 4���� ]21[ . ��� �8

2020 6��� ��/� 20 7�  �� ���P  4^B�`, @ ����A��

 I2, Y- � ���� 3�1Xa ����� 4� �/�A`a� �-��2, ���

 ���!, n2� *�8�8 4���� �A�8 ��� ]22[.  ��� �82021 

��6Xr A�� � 8����6��� �*+���!, ;�W ��� �� ����8

21 

 �8*� 3�^B�`, �/�A`a� �-��2, 4� .!P,�8���-  �� ��

 *�8�/ 4����]23[.  

2- �$&��� 
)�+,�"�-./& 
�0  

@�
 D�A`a� ��7� 4^B�`,�  8��8 ��U6Z 4��N-

 4/��6W F� 4P2�� �8 M.gB �Z �8 � [��� 4k1B �8 �F2

:	�� ���W�� �� 4`���  

)1(  .F Nµ=  

 �9 �8 4/F  �N  � �/�A`a� �����2� e�^, S2 �  4�

 � �86� �86��μ �A`a� S�\�:8 3��T� 4� .	�� D�  ��

 YA� 4� 4<6 1 � ���2� 	1  ��< @ 4/ �,�:+�

 �T��<p ��2� ��.E� �� 8�2- ���W  D�A`a� ���2� *= ��

F�  	/�= 4� [��� ��!-�� 3�6a 4� ��<�, *+/ .

6� @ �� ��< 	/�=  F2��, 86<6, D�A`a� ���2� �

�:8 �6� �� t��  c6`��  �8 ��,�- �h��� *2B6  u���

 ��< j`��, 86��P�9 �� . 	�� �*� �*���, ���A, 4/

 �2� M.gB [��� 5�:+� �8 �*= �  D�A`a� S�\ 4/

B�= �� �A2 ���� S�\ U6�^, �	�� M.gB �>
 	μs  �

 ��T+< S�\μk  �E�^,�, *�6�	B�= �� �8 .�  ���2�

 �/�A`a�F  �8 41Xa D���, Y_E �8 t��, 3�6a 4�

 	/�= ]B�R, 	!<�, *��� �*� �/p �6,�E . ��6H  4�

S�B6/9

22  8� ���, 86� ]24[.  86� ����� *�� *+V��

9�E 4/ 4� �/�A`a� ���*+ �-8�� F� 4� 3�*�

�, Y�� �8 .*+����  �T�0  �6Z 4� �!+  S�B6/ ��6H 

                                                                       
6

19- Multi-slit damper 
7

20- Takeshi Sano  
8

21- Knee bracing frame 
9

22- Coulomb's theory 
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��y, ��6+� 4� �	�� �^W���  D�A`a� S�\μ  �� �8

 q��� 4� 4A7� 8��8 �:��� ��.gB �8�, 4� �!+  4� 4k1B

	�� 4����� .2� j`� �8 D���, Y_E �8 �\�=.  

  
 YA�1 - j`� �� 86�� ���2� �� �/�A`a� ���2� 4`��� ]24[  

��,�9 �, ���� �*� 5�P�� ���  S�\ *�8

.gB 	��� �t��  ���E 47�< �� �7,�6� 4� D�A`a� �M

4
�V 8�*^  ��,8 ���N-��� ��� 8��8 �:��� ��2r � �B� �

�) 4`��� �3>A�, F� 4�� 86<� �1 ��6H  F��!� (

�-��2, ���� 86<6, �/�A`a� ����, *���. 

2 -1- )��1 �2�3 45�6,&./& )&��"�-  

��2� �i2� 3U�_ �;�W �8 �/�A`a� ��8  ���

�� �*+���!,  ��.gB � �`
 ��.gB 3�6a 4� ./�,

 ��
�V�, *��� ;�W �8 �  �8 3U�_ � F� �� ��8�2- ���

 .2� ��
�V ��.gB 3�6a 4� �6�� 4� �2  ��_ �

�, �8�X���  8�*^  �8�/ ����E ����6  3U�_ � F� .*++/

YA2� �h��� e> � ���  ����
 ��*� � � �/ ����
 ��

����  8�P� ���� 5�U D�A`a� 3U�_ � F� �8 .*���8 �� ��

 �� �h��� e> �Zn2� ��/ �2� ���2� f�   ��� F2,

�, 86�4/ ��.gB �i2� ��_ � @ .  ���B� @ ��6+� 4�

e> � �*++/  ���W �8�X��� 8�6, ���� @ �8 �h���

�, 8�2-� YA2� *��  ���4��< ��< ���A  ��*� �*�6�

 .*��� �h��� e> � ����6  � ���*�� �	,��0, ���/

	�\� ����/ �8 4/ �!, ����6�/�E  3U�_ � �R�

  �i2� ��.gB*+ ��T� *���8 �2}�:��  

1-  M.gB 3�1Xa F2� ��_ � ���E F���8 4:� 	��}

(	R  � ��+E ���� �� �8�X���)�  

2-  F2� M.gB S�\ F���8 4:� 	��} 3�1Xa

 ;�R���) M.gBj21a (M.gB ���B��  

3- A� �� ;�+�<� 4� 4/ ���,� ��_ � ��.<� 8�  	�

9�, M.gB 4����  S��+, jB�_, ;�R���) *+��

n2� ���� (��  YA�)2(.  

  
 YA�2 - �:*A ��� �� 3�1Xa M.gB 5.2��A,  

2 -2- ����7� )��1 �2�3 8�6,& )� �19:; 
	��� )&�

�"�-./&  

�i2� 3U�_ � �8  j`� �8 �6V �/�A`a� ��8��2�

:	��8 �2��6
 �8��8 86<� M.gB  

)2(  F 2 NμbT=  

 ��9 �8 4/N n2� 8�*^   ���Tb  n2� @ �8 ���/ ���2�

 �μ �, D�A`a� S�\  .*��� 4� 4<6  ��) 4`���2 �(

�, n2� 8�*^  �22g  �� 4/ 	E��8 ��6   �^2�� �8�*1, ��

� M.gB �����2� ����2�
� �8 � .	��8 �2��6
  

3 - �$&��� �����  

3 -1- �$&��� 
&9=&  

 �-��2,�/�A`a� �8�!+�2��  .,�  	+B 41Xa �8 ��

 4/ 	�� �*� Y2A�  �8U6E 3�1Xa ����� 4� �� �8�X���

.,�  	+B f201  F� �8  � F2+i�� ��*+� 5�E � YA�

_1+, �96� 4T+< �/�A`a� �-��2, 8�E 4� � f201  ���

���� 4�  4�E�B8 4� �2Y ��A, b�6
 F���82A�  �� S��+,

�\ 47�<S  D�A`a�41/0 ���!� ��.E� u���  � ���

� U�� �h��� ;N<�-��2, 4� .!P, �*+���!, ;�W �8 � 

 	�� �*�]25[.  ��*+� YA� F2+i������� 4�  8�^��

 � �*� 4+2!� 	!< �8 �/�A`a� �-��2, ���� �8�!+�2�
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���2� F� ��8��� ��.E� ��^E�2r ���+/�  ����� @�/

.	�� �86��  

3 -2- 8 � >7/ 	 
� � 
��� �?(�  

3-2-1-  ������ �6@A� �����ABAQUS 

 5�P�� ������.<� �8*� M�� �� �*��� �8 f201  

5�� �� �8�X��� �� 8�*1,  ��.E�ABAQUS  �*8�- �8�X���

 4,�8� �8 � 	���*, ����� 4�  �-��2, 4� .!P, ���

� 4� �/�A`a� .	�� �*� 4�
�8�� .,�  	+B ���� ����

 ���� �*,��*+� .,�  	+B �� �/�A`a� �-��2,  �*��� �8

����� ,�� �   Y,�� ��_ � 4� �6��, 3�^`W2���� 

� � ��_ � 4^`W ���_ � �67��� ��6��2n ��� ��2F�  ��

�4 �*, 4��-�*< �6Z ���� �*, ���� .86��   ����2� 

8U6E��  � .,�  	+B 3�1Xa+i��2F n2�  �3U�_ � ���

 ���B� ��C3D8  ��A�� .	�� �*� �8�X���3 �  5  �*,

�*+�� 4� �6��, 3U�_ � ����� 4� �-��2, ��.<�  ���� ��

,� *�8A� �8 F2+i�� . Y4� �*+� �*,�  �8U6E �2 

m��6� �� ��� �8 ��� �9 ���  �E���2 �� ���� Y�����2� 

 .	�� �*� �8�8 ���� YA� ��2�6B8 � YA�4 - 3 �2. 

, �*� Y,�/ �*,2�-��   Y,��2� 8U6E�� n2� ���  ��_ �

 .,�  	+B 3�1Xa ��, �*���,  YA� F2+i�� .86�5 

���W �61� ���� �� �*+���!, ;�W Y
�8 �8 �-��2, ��2-

�, .*�8  

3-2-2 - 8 � )� B;�6� 4�6AC� 
���  

�*, ����  �,��  ����� �-��2, j21a ����

� jB�_,4 8�� ��/�*, �8 �*� �  4��-�*< 3�6a 4� �� ����

 �� ���2  Y,�� �8U6E sZ�0, 427/ ���� .86�� �E�^,

8U6E 4� �6��, 3�_R�, ST-37 n2� ���� �  ���

 8��*����� 	,��0, �� n2� �� 3U�_ �ASTM-A325 G5 

 ��*< �8 �*� 4���� �8�0, .	�� �*� �8�X���1 

�\ � 4�2�2��U� ��*, �8U6E 3�2a6_
 �� �6��6� S

�, ����  .*�8 �����E�^,  ���/ �+  ���E� 8U6E �8

5�� ��.E� �8�8 ��  �8�X��� ��/ 	�  4� �6��, ��� �*�

	��.  8��*����� fTZ �� 8U6E ��/ 8��*����� 	� 

ASTM E8/E8M-21 �,  3�6a 4� � 67< 4/ *���

9 4� Y,�/.	�� �*� ����� �   

  
 YA�3 -  4^`W)(]B�  s`0,T ���� �)(;  s`0,H �~���2  )(x  41Xa	���9 ����1  	��W �8 �8U6E 41Xa � � )(8  41Xa	���9 

���W6E 	��W �8  



/2��*+��8��5�k� ����2E � ��60^ � ���T� ��8��9  103  
 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

    
(]B�) �8U6E �2  �� ��� �8 m��6� ����8  (;)  �*,Y2E���  �� ���������2� ��2�6B  

    
(�) �*, ��*+� n2� ��� ��_ �  (3) �*,  ��.E� 5�� ��!�ABAQUS  @2AX  4�����B �� �	���9 	B6� �  

 YA�4 - Y2E��� � �2  ��*+� �*, 

  
 YA�5 - ����  4� .!P, �/�A`a� �-��2, ��Y
�8 �8 .,�  	+B  �� �*+���!, ;�W���9 ����  

 ��*<1- �E�_, 8U6E �A2��A, 3�_R�,  

Elasticity modulus 
(MPa) 

Yield stress 
(MPa) 

Ultimate stress 
(MPa) 

Density 
(kg/m3) 

Poisson ratio 

200 411 488 7850  3/0 

  

) 4`��� �� �8�X��� ��3(  ����� ��*< F2+i�� �

10-4 -2  ����
�� �7, 3���0, ��8 u1T, �8]26[ 

�2� ��.2, n2� �-*2+  �� ��) n2� �6Z t���9/3 

) n2� �`W � (���2����2  4P2�� �8 (���2����3/1  ��8

 �*��i2��, 86��2� F����+� .  �-*2+ n2�  �8�^, ��9  F 

9�� ��2� 8���, 88�-.  

)3(  T M /b v bkd=  

4`��� F� �8� Mv  ��8��� ��i2� �:+Bdb � n2� �`W k 

 � 	�� �*� x�8 ��V9 4��8 ��� 4/ 	�� �T�\Tb  .2�

�2� ���2� ��*0, �, �-*2+  .*���  

3-2-3- >7/ �0�DC����� �?(�  

4,�8� �8� �*, u1� �6V 8 ����5�� � �.<� ��.E�� 

 c�`, 8�*1,�, 88�-  jB�_, 3�_R�, 4� ��2� 	!< 4�

5�� �8  �20��, ��/ 	�  5�P�� 4� 5�*W� ���.E� f��`,

 YA�6 U6E ��� ��9 �8 .,�  	+B � 8 ���� ��:��,�
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����� 	
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.	�� �*8�- 8��*������� 3�.7E ��/ ����ASTM E8   �8�X���	�� �*8�-.  

  
 YA�6- 	�  �6,�9 ��:��8 �20��, ��/  

�*, 	1a �� ��+2�Z� �6k+, 4� �����  4�6�� @

a� �-��2,9 �8 4/ �/�A` ���� ��:��,� f��`, YA�7 

9 	1  �6��� �*+���!, ;�W ��� �� �� 4�E�- ���W ��,�

�*, 4
�V �+1+, �<��
 � �86�� ����  �� 47a�= ��

 ����A�� � ��6Xr ��86��]23[ .*8�- fT`+,  

3-2-4- ���1 � �$&��� F&�G0 �� ����&� 
 (�)�H� I�J 
��

��� )�  )&9�&ABAQUS  

42T� 5�� @�/ 4� �-��2, ����� 4� ;�W ����  ��.E�

ABAQUS  5�P��.	�� �*�  YA�8 ���*+� 3�_R�, 

 �8�X��� 8�6, sZ�0, ��*,  �� �6��� �*+���!, ;�W ����

5�� �8 �, ���� ��.E� .*�8  

  
YA� 7 - 9 �*, 	1  ���:��,�4
�V ���N-���  �-��2, ��

 �/�A`a�]23[  

4
�V �����86�� ��2, �T��+, ��2�� f2T`   �8 ��

 YA�9 �, �*���, 86� 4^B�`, 4� 4,�8� �8 F����+� .

 4�
�8�� @��,�����, 86�.  

    

(]B�)  (;)  

 YA�8-  (]B�)�*,  ��.E� 5�� �8 �/�A`a� �-��2, ����(;) � ���� �� *+���!, ;�W� 6����-��2, 4� .!P, �  �/�A`a�]23[  

3 -3- K� �(�H� 	 
 (� #� 
���  

�, Y271  5�P�� �8 ����� Y=��, �� �A  �*+�

4+2!� F2+i�� � �-��2, ]7�R, ��v�� S��+,  ���*�� ���

�, �*+�  �*,�, *���.  �*��� F����+����B� �� 8�6, �

 @ � �8�/ QR�, �� �*, �8 �8�X����, �*+�  42B��

�6a�, 3  8�6, ���N-��� 	1  �-��2, �*, C�� .8�N�
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Y271  �k� �22g  � �+  .2B��9 l��� � �*� @ ��A,

 x��R��� �*, ��� b�
 4`0��, 88�-.  

 YA�9 - 	1a ��86�� F2� S��+, f��`   �P+�ABAQUS 

 4B�0, �� ����A�� � ��6Xr]23[  

 �8*P, � �*� � .� �, ���*�� *^� Y=��, �8

� �*, Y271  	T} �9 l��� � �*� 5�P��, 88�- �8 .

���*�� � �+  Y271  l��� �� �8�X��� �� 	�!�  ��2-

�22g �E�- �k� �8 �� ��A, �+1+, �, ���*�� 3��22g  F

��:�� ��� ��, 88�-  YA�)10(.  

���B� 4+2,� �8 � �*+�4  ��� c6`� D�A`a� Y2B8

���B� �  	�� �*� 	W8 �:*A  [6� �� �*+�C3D8R 

 .*���� ����4  �+  Y271  �� S��+, l��� �8��9 	�8

Y1, �8 �*, �, �:*A 4� 3U�_ � 4/ ���  �*+��

�, .� �*+� 4�E�- �k� �8 ��0� ��� �� � �, 86� .

�, �*+� n2�  � �8U6E 3�1Xa ��8U6E �2  ���	���9 

 ���- 	�� ���B� �� �8�X��� �� �,6��C3D8  5�P��

v^� �8 .	�� �*8�-� ��0� �� �4  b�
 4�*+� Y2B8

��A,� ���B� F� �� �8�X���  �� �9 ��< 4� � �86T� �N�

 ���- �8 ���B�C3D10 .	�� �*� �8�X��� 

    
 (]B�) �,05/0���,   (;) �,01/0 ���,  

 YA�10 - �,  ��.E� 5�� �8 �7/ 3U�_ � ����� 4� �-��2, Y,�/ �*+�ABAQUS

 YA� �8 4/ �6`����11 �*���, �,  [6� 86�

���B� 4�6:� �9 8�^�� � �*+�  f��`  �  	�� �*� �2k+  ��

�, ���*�� �k� �� �T��+, ��2�� ���B� �8 ��  �2k� ���

 �*���8 t��  �:*A �� 4/ �8U6E 3�1Xa � 	���9

 �-��2, �*� ����� c6`� D�A`a� �}� �8 ��� 86� ���W��

�, Y�� .*���  

3 -4 - L-,	�3 � 
)&M$)�� 
�0F��N@�& �)�  

 �2�S��+, ���N-��� YA ��� ;�R��� �� 	�R� �

71 2Y  ����2A� r2�`
 ��� Y271  M�� �� ��2-6:B� �� �

M6� ��.E� 95�� �8 �/�A`a� �-��2, ���� ��  ��.E�

ABAQUS 4�E�N� 3�6a  	��]27[.  C��4��< ��< 

 YA� f��`, ��!� *= � �27�  *=12  �*8�- 4T��1,

� 9 �� C��� �) 4`��� t���4YA� (  �8�^, ��N�37/6 

9 S�=�� � �*� 4T��1, S��+, ���N-��� YA ��� �

.	�� �*8�- ����� � ;�R���  

)4(   u
max

y

µ ∆=
∆

 

~6E 4`��� �8 �Δu  �� �����4��< ��!� *= ��< �Δy  �����

 ��4��< ��<  � �27�  *=µmax YA�  ��N��, *���.  
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����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

 
 YA�11 - 6�� ��8�, �*+� 4+2!�  

  
 YA�12 - .,�  	+B �/�A`a� �-��2, ��.E� ��� ��86��  

YA ���  ���N-��� ���SAC  �� ���2�� �8

F29 4,�� 47�< �� �� AISC/ANSI358-10 ���  	���

YA ��� ��6+� 4� 4/ ��� 	�  �8 8��*����� ���N-���  ���

�, ���W �8�X��� 8�6, ]7�R, 8�2- ]28[.  YA ���

 ���N-���SAC �4 B82Y 6:B� 4����� ��N-���� �8��  �� 

 � ���-��2, 	�  �������� �� 8����/ �,6�� �.7E �

 �8 .8��8 ����2� F�YA ����  � ���N-��� 	��� �6V

YA2� 	E� ��� �4���9 ��2�� �*��� �8 �9 ���-��  �� � 

YA ��� ���  �-��2, �8 ���!� �h��� ;N< ��.2, �	�� ��

8�* �, 86� ���N-��� YA ��� .SAC  ����8 3�6a �8 4�

 u1� ����� F� �8 D>, � �*� t�20, ��A,�22g  �

�22g �-�� �� .	�� �86� ��A,  YA ��� �!, ��2�� ���

 ���N-���SAC 42T�  ��� �� 4B.B� 3��}� S��+, ����

�, ���-��2, � �8U6E 3U�_ � YA� .*��� 13  YA ���

��N-���� SAC 71  �8 �8�X��� 8�6,2Y ,2�-��  �� ����

,� .*�8  

  
 YA�13 - ���N-��� YA ��� ACS ]82[  

4- 
�@�&)�3 ��;�.�  

4-1 - 8 � �& �, O��7, 
�0��:@� ���:, 	 �0  

 �8 � �\�= f201  ����2g�, F�E�- �k� �8 ��

 4� �*2�� 	!<�6TW Y��W 8�^�� 4��8 @  � ���� 4+2!�

U �8�!+�2� �/�A`a� �-��2,�*, 4/ 	�� 5�  �� ���

 8�*^ n2� ��  	,�R\ �	���9  .*�6� �=��Z ]7�R,  
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 4� �� �6k+, F� �������9  ���� 3��X�,n2� ��  �

 ���� ]7�R, 	,�R\ �8	���9  .	�� �*8�- �8�X���

 ��*<2 4�6�� 3�_R�, �*, ���  	!< �*� ����

4+2!� �*, F22^  �, ���� ��  ��*< F2+i�� .*�83 

3�_R�, 4�6�� �*, ���  � 3�1Xa 8�*^  �� �*� ����

 � 3�1Xa 3��X�, ���9n2� ��  QR�, ���, *+/.  

 �61����*, ���N:,  ��*< �8 ��2    3�6)a F)� 4�

�, *���     F2) U e�)= 4)/B      4)�7/ 	)�R� e�)= 8�)��

Brake pad   .),�  	+B ��+^, 4� �),  *)���   �*)^� 8*)� �

� n2� 8�*^  �:��2�4  e�= � 4�E� ��/  56)�A   	)���9 [6)� 

	!< 4�  QR�, �� 	,�R\�, *+/  �:��2� ����� 8*� 4/

 41Xa 	,�R\	���9 �4  �*, F� �8 4�E� ��/�, *���  .  

 �*, ��y, ����B-6-A-2.5  	+B �-��2, ��+^, 4�

 �� .,� 6  	,�R\ 4� n2� � m��6� 8*�5/2 �72,  ��,

�, *���.  	,�R\ �� �8�X��� 	7�5/2  �5 �72,  ��, �8

���8	,�R\ F2+V �86� t  ���� ����� �8 ����, *��� 

 ���/ �� .,�  	+B 42!  4+.� �,� F� 4/�, *�8  �

Y271  4� 4<6  �� F2+i��  3�^B�`, �� �2� 4/ ���

 �A2��A, b�6
 b6_
 �8 4�E�N� 3�6a �8*�

	,�R\ .,�  	+B 3�1Xa  �� ���/ ���5/2 �72,  �� ��,

 ���� 5�A1�������/ ��8�6
�� 	,�R\ � �86�  ���

 �� ���2�5 �72, ��,   >�� .2���2} ���.�  86T!� �8

.E� � �/�A`a� q���8��*� �-��2, [6� F� ����/ ��.  

 ��*<2- 4�6�� 3�_R�, �*, ��� 4+2!� �*, F22^  	!< �*� ����  

�*, 5�� n2� 8�*^   	,�R\	���9 )mm(  

B-6-A-2.5 6 5/2  

B-10-A-2.5 10 5/2 

B-14-A-2.5 14 5/2 

B-6-A-5 6 5  

B-10-A-5 10 5  

B-14-A-5 14 5  

 ��*<3- 4�6�� 3�_R�, �*, ���  � 3�1Xa 3��X�, ���9 � 3�1Xa 8�*^  �� �*� ����n2� ��  
�.7E 3�1Xa 8�*^   n2� 8�*^   	���9 	,�R\ )mm(  4U 8�*^   ���	���9  �*, 5��  

2  10  5/2  3  B-10-A2.5-3  

2  10  5/2  4  B-10-A2.5-4  

1  10  5/2  2  B-10-A2.5-2  

  

4-2 - �$&��� 8 � L�!7, P��@� 

 YA�14 ���� �� �*, �8 �.�, �+  �<��
 �

�,  .*�8�<��
 u1� �8 �!, 8��6, �� �A  47a�= ���

�, �-��2, �8 �8�8 m� ���/  *���9 5�- �8 4/
 �

 ���N-����� �8 4/ �6`���� ��A15- � � ;  �*8

�, 86�  ./�� �+   �8	���9  	�� �86� F2�� � U�� ���

 YA� �8 �15- ]B�  �<��
 �� �8�6
 M�� ���� .2�

���/ �� �, ����  �8 ���/ s�6  4/ *�8	���9  ��

 .	�� �86� 	
�6+A ��2��  

  
 YA�14 - �, �+  �<��
 �8 Y271  �� 47a�= �.

5�� ��.E� BAQUSA 
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����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

 ./��  @ .2� �-��2, ���2, 42=�� �8 F2+i��

 �+ .	�� �8�8 m�  s`0, ��< Y1, �8 �.�, �+ 

 ���� YA� �815 -  3 ��� ����� Y1, 4A+� 	7� 4�

 �+  �,� �	�� �*� ����� ���� ��� �8�� �+  �	��

.8��8 ���W @2��U� 47=�, �8  �
9 4k1B �8 �6V

4��< ��<  4���8 	/�= �V 	!< �8 � �Xa 	�� 4�

 8�P� ���2� 	+B �V 	�� �8 �+  	��.	�� �*�  

    
 (]B�)���W6E 	+B �8 @2��U� ���/ �<��
  (;) ���W6E 	+B �8 �.�, �+  �<��
  

  

  
(�) ����1  	+B �8 �.�, �+   (3) YA� ���� ���B� �8 �.�, �+   

 YA�15 - �<��
 �-��2, �8 ���/ � �+  ���  

��,�� , 4/2/�A`a��-��� .,�  	+B  ��*� �6v=

;�W � ��!+  4�  �85�� ��.E� �.<�� 8�*1, 71 2Y 

,� 88�-0��, 3�6a 4� ��� �2� ��� ��< 4��  �����

8�-�* 0= �8 �2	0 ��� ���B� �� W�� 	/�= ��*�� 

��� s`0, �!+  � �*��,� ,2�� ��W6E 	+B �8� ���1  ��  �

+i��2F 8U6E 4�� �� � �86�� 	/�= �8�P  D�A`a�

�, *���. ����+�F ��>� ���/2@ 8�^, 4^`W �8 �T 

 YA��8�8 m� 	��. ,2�-�� /�A`a��*��� �8 �� B8 4�2Y 

��A,2.5 �/�=� ��� s`0,� ����� �8� m��6� �6Z ��� 

�6B2�� F2+i�� � ��_ � Y1, e��Z�  YA� f��`,15- 

3 �8�P  �+  ./�� �, *��� � 4/F � Y��W *���2� 

�2+� ��,� �	�� �86�� � 4/2�� � 4��< ��< �8�� ��� ��

�.<� �� C� �86�� � Y,�� ��_ �2n  � ��!, ���2r �B��2F 

^`0,�  ;��
 4/�, 86� 4^`W T YA��, *���.  

� 4� 4<6 ��1� S_� � 	
�� �6F ,2�-�� 

/�A`a�� � �� F�E�- �k� �8 �F 7/ 4/ 4�A�24 U�_ � 3

4�6�P, F� �8 � [6� ��2n ��!, � �� 7��W � �86�2	 

^ 6d  ����E s`0,�, ���*� ����+�F �.<�� 9�2S 8�* 

�=�� 4� 4B.B� �� C�� �< Y��W.:+� ��6
+86� * .

+i��2F ��,�� , 4/2�-�� 71  8�6, ;�W �82Y  ���W



/2��*+��8��5�k� ����2E � ��60^ � ���T� ��8��9  109  
 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

,� -28� B8 4�2Y 0��, �����2�   4� ���24���8� *+���!,� �

� *���8�P �+  , 4^`W �8 ��2�-�� �.<� �� 9�/ �� 

3��X�, 6
 � *�� 86�. �8 ��2� � 4��< ��< ��� �/� ���2� 

��2� �� ;�W ;N< �, *��� 4/ ���,� �B� 4��< ��< ;�W 

	1  �}� 4B.B� 8�� 86� � F� 4��< ��< �� *= @2��U� 

�-��2, *��� �6T� �8 F� 3�6a ����
 �8 �-��2, 9��r 

�, 86� �  4/ YTW �� F� 4��< ��< 5.2��A, ����E� 

@2��U� � ���E� �`
 *��6
 �86 � ;�W � �-��2, � 

4�6�P, Y,�/ 9��! �8 4B.B� ��� �/ � q�6�, 4��P  

����
 �� �8�� *+��6R� .	��8 

�, 4/ 4�6:���� �*, �2��8  @2�>/ ���

 ��2^, Y,�� 4�2�2��>��A�� 23
1��6, �S�7/24

2�  �-��8

�-���3

25 �.�, �6E �4

26 �, ���+*.  4A+� Y2B8 4�5�E 

�.�, �6E ��2^, ��*+�  3�6a 4� �*^� 4� ��vE �8

4��6���  �� YA��86�  ��6� �� �:8 ��2^, 4� ��, *�8� 

F����+� Y271  �8 ��2^, F� �� �8�X���  8�*1, ��.<� ���

4� 	T�� �*, ���  ��� 8����/��6+� 4� � 4���8 ����2 

�+  ���+/ ���� S��+, �����2^, �� �A  �� �8��� ���

�*,  �8�*1, ��.<� ���6,�, ���W �8�X��� 8�  .8�2- �8

 8�6,���B� ��� �+  	1  4/ ��� /� 2T� ��� � ��,��� 

, *���8 ���W� ^, �� �8�X��� �� ��6 2�� �, �6E �+ �. 

����� 9 4/ 8�/� 7�  4`0� 4� ��<2� ��2�*  	��� 

�2
�+  �k� 8�6, ���B� �8 . ��� 7a�� ���8 t����� 

��6,5

27  4T��1,�, 86� �-� .�F �+  ��� 7a��  �8 ��

`���4 B��+/� �, �6E�. �8 ���W2� �8  �6a�  ��*0, 4/

�, �6E �+ �. �4 7�  �+  ��*0, �� ��*,9 	�82�  �8�,

 ���/*��� +^� � m� 	�A��� *�8. B�� � �-�F  �+ 

7�  �+  ��2� � �8�,2��� �*���� �,6!X, �2�*  ���B�

4`0� 4� 7� 2� .	�� F����+� / ���� �y/�*= �+  ���+

 �*� �8�X��� �+  F� �<��
 �� �*, �8 �*� 8�P�

                                                 
1

23-Tresca Criterion 
2

24-Mohr Coulomb 
3

25-Drucker Prager 
4

26-Von Mises 
5

27-Mohr's circle 

���� .	�� ��6Z  �8 4/ YA�16  �y/�*= �	�� QR�,

n2� �8 �+   �2  ��< 4� ��� ��_ � Y1, �8 � ��_ � ���

I �8 �+  8�P� .	�� �*� 8�P� YA�n2� ��  Y2B8 4�

 �*� �2-�8 � �-��2, �/�A`a� 8�A7��n2� ��  m��6� �8

�2�6B ��, *��� �2  �8 �y/�*= �+  8�P� .I 4� .2� YA�

 �2  ��< � ��� ��_ � Y1, �8 �+  ./��  Y2B8�, *��� 

 �+  ��*0, .88�- ���+/ ��P, �y/�*= �+  �� ����� 4/

 �8 �*� 8�P� �y/�*=n2� ��  8�*= ��� 4� ��< ��_ � �

39/86  ��A����:,�, *���  ���W ��P, �+  �8�*1, �8 4/

.8��8  

  
 YA�61-  �8 �.�, �+  s�6 n2� ��  �*, �82.5-A-10-B 

5 - 8 � L�!7, P��@� ������ R!@A� 
�0  

�*, 4��0, �6k+, 4�  QR�, � �*� 4�
�� ���

�*, � �*, �8�/ M6� �+1+, 	�� 5�U 4+2!� ���6

28 

YA2� 	2E�o �y/�*= 4
�V �����86�� ��� ��7

29  �2�� 

8�- 4��0, �:*�� �� ��+1+, F� .8 �, ��  �� *+��6 

4`0� YA� ����N-��� 	2E�o �k�  @7!��, �h��� � ��N�

 YA� .*��2- ���W 4��0, 8�6, �*�17  4��0,

�+1+,  ���4
�V �� �*, �,��  ����� 8�6, ���  ��

 �����, *�8 .B8 4�2Y ��,2	 a�`/�A�  � 8�E 4� �_1+,

�8 .,�  	+B , �*���, �8U6E ��+/� 86� /� 4F 

a6_
2	  �p�  .,�  	+BS<6, 8�-�* �6  4/s  ���/

@2��U� �
�6+A�  YA� f��`,15- ]B� �� ��� 9 m� �

                                                 
6

28-Backbone 
7

29-Hysteresis 
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����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

+1+, 4,�8��8 � *�8� 4
�V �� �R� ���� ��V8 47a�=� 

� �8 	,��0, �F  4+,�84��< ��< .88�:� F2+i�� 

�=��Z j21a 	+B ��� �, @�/ .2� .,�  �  *+/ 

407= ��� �����86�� 4
�V 4� �� 	�8 �*,9 ����8 �7A� 

	
�6+A � �k+, �86� � C� ����� �� YA2� ��� �8���, 

.2� @V6/ F�  	E� � ����/ �8 M.gB ���2� �!�9 

�*���, 88�:� � �-��2, �*��6� ��A,�22g  ��.� ��� �� 

Y�1  *���. 

YA� 18 � j`�� ����86���  �8 47a�= M6�

�*, � 8�*^  �� �*� 4���� ���  3�1Xa 3��X�, ���9

	���9  � 8U6E �n2� ��  QR�, ���, *+/. 

  
 YA�17 - �+1+, 4��0,  ���4
�V �� �*, �,��  ����� 8�6, ���  

  
 YA�81 - �-��2, �� q�6  �*� @7!��, �h��� j`� 4��0,  

,2�-�� /�A`a�� g  �8 .,�  	+B22���A, ��� 

�0  @V6/�T ��U�2@ �86�� Y�� �+^� ���� 4B.B� ��� 

X
2] ,� *��6  h��� ;N<� 	�-�� ����� 4� �� N��� 

��s *��� 4���8. g  �822���A, ��� �!�*=� �2.  ;N<

��� 2� ��.E� �9 ���86�� �* ���� 4/ �+^, F*� �

4B.B� �� **� ��, *��6  � S�= � �*� Y�� 8��� ��6
 4

�22g ��A, �8��� ���� ��8 �� ����2� ��2�� �h��� ;N< 4�

*���. ����  YA� 4�6��19�  �8,2�-��  �*,B-10-A-2.5 

,2��. 21 �.E� *a�8� �2��  �84��< ��< ��� �!���� 

�8�P 	�� �*�. �/�A`a� �-��2, 	020= �8 �8 

g 22���A, ��� h��� ;N< �� ��.� � @V6/� ����  ��

 D�A`a� q�6  4B.B� 4����6 T��+, 8�A7���  4���8

 *��� 4/�F a6_
2	  S<6,�, 88�- �F  [6�,2�-�� 

4B.B� j`� �� �8 �� .*��� �8�X��� Y��W 

 
 YA�19 -  �+1+, �<��
M6� �*,B-10-A-2.5 . 
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 ��*< �8 4/ 4�6:����4  4k=>,�, 86�  S�\

� ���E� YA�  �*+���!, ;�W �8 	,��0, 4E�\� � ��N�

 �� �*+���!, ;�W �� ���2� �-��2, 4� .!P,���9  ����

�, ��*� @ ����8 40TZ @ ;�W �8 e>�
� F� 4/ �

 F� ����/ 3�0TZ 8�*^  ��.E� �� � �86� ���/ 4���8

 ����� ��!� ���2��, 88�- ��,���� 4�6�� ���� .

YA�  ���� �8 ��N� 4� 4�����4��< ��<  � ��!� *= ���

 �27� �, *��� 	+B �/�A`a� �-��2, �� �8�X��� F����+� �

�� �8 .,� [�X   Y2B8 4� � U�� ���4��< ��<  8�A7�� ���2�

 3�T}� 4� ��!� �� ��^E�2r ���+/ ���2� [6� F� S��+,

�,  j`� �R� �8 �!<6  Y��W e>�
� F2+i�� .*����

�8 ��86�� ��  YA�18  ��*< �8 4�� M�� ���2� �4 

 �*���,�, 86� ���� �����,���� 5��  4/  ����� 8�6, ��

�.E� 4� �P+, ��^E�2r ���+/ ���2� ����/ ��.2, �

 �8 .,�  	+B �/�A`a� �-��2,����
�� �� e��^�, �

.*� *+��6
 

 ��*<4- ���� �����,���� 4��0, �-��2, 4� .!P, ;�W � �-��2, ��*� ;�W 	B�= �8 ��  

���B S��\ ��  

e>�
� *a�8 (%)  ��*=��   ;�W4� .!P, �-��2,  �-��2, ��*� ;�W  ����,����  

6/11 KN  121 107 Vs  
 �� �o�+�, 4�� M��Y2A�   F2B��

@2��>� Y_X, 

1/9 m 011/0 01/0 ∆s  �� �o�+�, ��A,�22g  Vs 

7/2 KN/m 11000 10700 KE  M6� �+1+, 42B�� ��R� ��9 

8/13 KN 283 244 V0  ��./�, 4�� M�� 

1/17 m 175/0 145/0 ∆m �� �o�+�, ��A,�22g  V0 

8/13 KN/m 25/212 183 0.75V0  75 ��./�, 4�� M�� *a�8  

3/14 m 021/0 018/0 ∆1  �� �o�+�, ��A,�22g  0.75V0 

3/14 m 028/0 024/0 ∆y  �� �o�+�, ��A,�22g  Vy 

6/0 KN/m 35/7580 7625 K0  @2��U� ��R� 

8/28 m2 56/45 45/32 A2  �`
�8 ��86�� �� j`�  

2/22 m 09/0 07/0  ∆E  �o�+�, ��A,�22g  �� VE 

8/16 kN 19/1001 35/833 VE  
�2��� �� M��4  �8 ���� ���E� 5�:+�

��U�2@ 

-  - 33/2 28/2 Rs  �\S 	,��0, 4E�\� 

-  - 53/3 41/3 Rµ  �\S YA� �N�� 

-  - 27/8 78/7 R  ���E� S�\ 

-  - 25/6 04/6 µ  YA� ��N� 

  

YA� �8 20 - ]B� 4k=>, �, 86� �+  s�6  �6E 

 �8 �.�,�� 42=�*�� 3���
 4� �P+, 3U�_ �� �+  ��� 

B8 4� 47a�=2Y , �6v=2�-�� � ���/2�*  � 	�� �86��

 ;�W �8 �/�A`a� �-��2, S��+, 8�A7���*���, 

�, 86�.  YA� F2+i��02 -  ;�W �8 �+  s�6  ;

�, ���� �� ���� ���9 �� �*+���!, .*�8 �6`����  4/

 	�� �*� QR�, YA� �8 41Xa �8 �y/�*= �+ 

��!, � ��_ ��, �*8 *+�  3���
 8�P� S<6, 4/ 86�

 �8 � �=�6� F� �8P2�� �����/ �8 �>�
� 4� �P+, 4

��!,�, *+� .88�-   

 �8YA�  12-  ]B� �;  4��0, F2��+1+,  ���

4
�V �� ;�W M6� � ;�W  ��*� � �-��2, �� 	B�= �8

�-��2, �6`���� .	�� �*� �8�8 ����  ��A�� F� �8 4/

�, �*���,  �6v= �� 4^B�`, 8�6, ;�W 	2E�o �88�-



112  8*� 4^B�`,� ,2�-�� /�A`a�� 0E�� �� �*� 4�
��  ;�W �8 .,�  	+B � 8U6E�*+���!,  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

��.E� �-��2, 8�*= �27 �, ���� 86
 �� *a�8  4/ *�8

, �0� �,� F��;�W �8 �-��2, F� �}  �� �*+���!, ���

�, QR�, �� ���� ���9 .*+/  

    
 (]B�) ;�W �8 �+  s�6 .,�  	+B �/�A`a� �-��2, 4� .!P,   (;)s�6  �+  ���� ���9 �� �*+���!, ;�W �8  

 YA�02 -  6�*, �8 �+  s�  

    
(]B�)  (;)  

 YA�12 - �+1+, 4��0,  ���4
�V (]B�) �� ;�W M6� (;) � ;�W �-��2, ��*� � �-��2, �� 	B�= �8  

6 - �?�@� 
��$  

� F� �8  .,�  	+B �/�A`a� �-��2, ���B� ����

 	�� �8�/ �*2� 4^�6  4/�2� ���E� @ �8 ��*�� C���

8��8 ���E � ��/. F2+i�� 4� �8*� 4^B�`, �-��2,  �

9 4^B�`, �/�A`a� �-��2, �� qT �, jB�_, ���:��,�

 .	�� �*� 4�
�8�� .,�  	+B4� ����� 8�6, �*,  �8

5��  ��.E�ABAQUS @ �  8�6, .2� �*,�*,  �� ����

���6� ;�W ��� 4�E�- ���W *��.  f201  F� �� �� l���

�, Ya�= 88�- :  

1- �*,  ����� ���B-6-A-5 � B-10-A-5 � B-

14-A-5 �*, �� 4���, �+2�  ���B-6-A-2.5 � 

B-10-A-2.5 � B-14-A-2.5 �,  F� �� *+���

 4U 	,�R\ 4/ 3��X 	���9  ����� �8 4� �!�9 �8

	�� �8�/ �*2� ��.E��  �� �+^5/2  4� ���272,

5 	�� �*2�� ���272,.  	,�R\ ��.E� F�

�h��� ;N< 	2E�o ��.E� 4� �P+,  	�� �*�

 4<6  Y��W ��*+V �h��� ;N< ��.E� F� �,�

 ���� F� � 	�2��, *�8  ��.E� >�� 4/

 	,�R\	���9  � 86T!� �8 �8�� ��*+V �2}

	�� 4���*� �-��2, ���E�.  
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2- �, ���� ;�W Y271  �<��
  �*�� 4/ *�8

 .,�  	+B �/�A`a� �-��2, 42=�� �8 �+  ./�� 

	�� �86� �-��2, �6v= �  ./��  8�P� �� s��,

U�_ � 42=�� �8 �+  F� 4/ 	�� �*� ;�W 3

9 ��.2, �,�S2�  4B.B� F2= �8 �� ;�W �-*8

 ���/�, *�8. 

3- �*, F2� ����� �, ���� ]7�R, ���  �B*, *�8

 ����8 4/10 �, n2�  ��.2, F���2� ����8 *���

@7!��,  �����h���  ��2�� �h��� ;N< � �86�

 	T�� ����2��*, ��� 4�  ����� 8�6, ���

8��8. 

4- Y271  l��� �, ���� ��  �8�/ 4E�\� 4/ *�8

b�
 5.2��A, Y2B*� 3�1Xa 8�*^ �  � �8�� �2}

8��*� �h��� ;N< ��.E� �8. 

5-  3�1Xa 	,�R\ �8�.E� F2+i��	���9  .2�

 �8��*� �h��� ;N< ��.E� �8 �8�� �2}. 

6 - ;�W 4� �/�A`a� �-��2, �8�.E�  ��.E� 4� �P+,

 �*� ��*+���!, �8 ��2� ./��  5*� � �h��� ;N<

	�� �*� ���E �8 *+���!, ����/ s��, �  4/31 

 *a�8.!P, ;�W �8 �h��� ;N<  �-��2, 4�

	�� �8�/ �*2� ��.E�.  

7- ;N< ��� �� �8 3�/�= 	E� ���-��� YA� 

��V�� ��86�� 47a�= ���� �, *�8 4/ �-��2, �� 

��.E� 22g ��A,� 	2E�o ;N< ��� �� 

������*+V �*2� �, *��� � �8 	�-�� �8*P, 

;N< �h��� 4���8 � ���,� 4/ ��A,�22g  �� 8�� 

�, 86� �8*P, ��.E� ������*+V ;N< �h��� 

�*8 �, 86�. F2+i�� �8 �6Z �Y271  �-��2, 

S�R  �*�� 	�� � �*�� ./��  �+  � ;N< 

�h��� q�6  	���9 �� 5�P�� *�� 	��.  

8-  ��*<4  �����, *�8 ��,���� �,��  4/ ���

���B �� YA� S��\ �� ��� 	,��0, 4E�\� ��N� �

 .!P, ;�W 	B�= �8 �:�� ���E� S�\ � ��R�

86T!� �-��2, 4� ��2:��V �86�� �*2� .*��  

9- �-�� F���!, ��  4/ 	�� F� �-��2, F� ���

��R� �B� 8��8 ��/ ��T�� @2��U� ��R� 

4k=>, Y��W 	T�� 4� �9 @2��>� ��.� ��  �� � 

 �8 �!, 	., @ F� � 	�� @2��U� ��R�

�, ;6�1, �-��2,  �� �8 4/ 	�� F� �9 � 86�

4B.B� j`�  �h��� ;N< � �86� �8�X��� Y��W ��

���B �, 5�P�� �� �� .*�8  

10- �<��
  �8 ���/ s�6  ���	���9  ���� ��

�, ���/ s�6  4/ *�8  j`� �,��  �8	���9 

�86� ���A  	/�= �8 ��
�6+A �h��� ;N< �

	E� � s�6  Y2B*� � 	�� �8�8 m� ���-��

�, ��2� S��+,  	T�� �� ���!� ��2�� ���E� *��6 

*��� 4���8 ���-��2, ��� 4�.  
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7- Mesh 
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8- Complex Modulus 
10

9- Phase Angle 
11

10- Storage Modulus 
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11- Loss Modulus 
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12- Dynamic Modulus 
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14- Time-Temperature Superposition 
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15- Master Curve 
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16- Sigmoid 
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17-18 Relaxation Modulus 
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18- Schapery and Park 
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19- Prony Coefficients 
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20- Shear Modulus Ratio 
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2 -1- ,�-�.� ���� /01�  

 ����0� �Q� � 	��, /��2;.� �� �\0X^  +� �,

RU] �Q)= T�08� � R9 /�-�� 	
�� ���� ��,  �.�� ���

 /��2;.� .	�� �2� �,�3���75  �8�85  �OY �� 2S�,

RCC �@ P0(�  �� /��2;.� +����.� .2�,  �, ��

 �20)1 �X� �2� 	A� � ���  �(�)* +�� <�0S-i


 2���,]5[ (+�) 	��, /��2;.� �� �\0X^  +� �, .

 ���2�� �y1�2Y �� /��(� �?0:b13  �19 �)0@  ��� �� ��@
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,�� (/��@) /��,Q� �  �� ��

 z-iA@ ���gr/m3 66/2 /0)1 .	�� �2� �,�3���

 <�@�Q8�ASTM C33 /��2;.� ���� �7� �, ��  �2� /�=�D

 /��2;.� /� /��@ 	:�� �60 ,�D +00?  2S�,.2  P(�

1 /��, �.^.@   /��2;.� �2.� �@ ���� �� ��  �� /1 2�,

 ���.��� /� /4- PCA  	�� �2,�D ���]21[.  

 V0  ���0� \0X^  +� �, �2� �,�3��� ���0� �,

 �,-� /1�, �9 ��0�0� <�0S-i
  ��241  �,�, ����

.	�� �2�  �Q)= T�08� �/�=�D <�-S <�X0X^  /� /4-  ��

RU]  ��,�� +�� �, �,� P� � /���, ���!� ���
 ,�()

v�  ��� ��  T�08� +� �� ��(� /�P � �`-@� �@ {�  .2�,

 �)1 <�-S /�� � ��� C0� +� >� ��N� P(� +��!�

+�� �, ��� C0� �� B� RU] �Q)= T�08� ���Y ���  ��,

	�� �2� 6��QD]22 -24[ �Q)= T�08� /O0�� �, .

RU]  	��` �-b �� ��,35 �)0@  <��3�@ �_] /� � ��@

)38/0 �5/0 �7/0 �)0@ �9 �-i  /1 (��@  �, �� P(�2 

 .2�2,�D R�A��� \0X^  +� ���� 	�� �,�, ����

T�08� �(0��(@ <�iA�@ �,  ��242 .	�� �2,�D /���  



134  ����� �OY 2S�, � �_] �`�� 8�0T� Q)=� RU] � ��@� �� ��,� �� S-i
 �0<� ��(@0(� (�)* +��� ������  

 

����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

  
 P(�1 - /��, �.^.@ /��2;.� �2.� 	,�2^@ �� ��  ���PCA  

2 -2- ,��+ � 2�
3� 4 5 ����� �*. '  

 /� T�08� ��2� c-)A@ d�b C ����� +� �,

 c-)A@ d�b /� � ���.1 d�b ��-.� �� a0 �  /� �=�08�

 ����_]38/0 �5/0  �7/0 �)0@ ��@  ��OY ���2S�, �

25/0 �5/0  �75/0  2S�, d�b �,�X@ .2�2� /�
��

c-)A@  �� �, ���243  �4 P��] 2.��� �2���@ j�� .

c-)A@ ���ND  �-;8� �� ��SF-Dd-Vv  /�=�N� <�-S

 ��Q)= T�08� �� �(�)* +�� /� ��� �A� a0 �  /� /1 	��

 a�Y �� T�08� �_] /� j�, �A��)0@ ��@  j-� �A� �

��OY 2S�, /� ,��, ����� .  

  
 P(�2 - RU] �Q)= T�08� /�2.� ��,  

 ������� �(�)* +�� �,-� V@U�� ��2� /� /4-  ��

���2�� �-7.@ /�  ����1 ��0DRCCP �� �-@�9  �� ,�-@

 ,��2����� |��� �� .	=�D ���] �,�3���ASTM C1170 

]25[ ��@� ��� ��  /X)Y +�=�D P(� ��@� /� �2� dUS�

 ��0@ +�� ��0� �����7/22  T�} ���-, � �@�D-)01

�@ /�3D +�� ���Y .,-�  

 ,��2����� |�����ASTM C1176  ���� �,�@9

/�-��   �� � �2.���Q8 Q0@ ��� �� /> /� /> <�-i� ��

.	=�D <�-S �����  

 ��241- <�0S-i
 ���0� ��0�0�  

(%) ��0�0� <�:01�   

CaO  SiO2  Al 2O3  Fe2O3  MgO  Na2O  K2O  SO3  

36/63  11/21  42/4  96/3  51/1  38/0  51/0  61/2  

 W-�O@ �,60 /��-��� /�-��  �� �_] ��100 

�)0@ ��@  W�3 �� �200 �)0@ ��@  +� �� /1 2�2� /�
��

 ��0@30  � ����= 	@��X@ ���� /�-��30  �;, /�-��

 .2�,-� �D2� �0� �, ��1 	@��X@ ���� �-7.@ /�

 �,�, ���] �� +�� �� /> �� ���-�.@ ����0  	
��

 ��(���-)01 h.� �,�?@ ������ �,��= .2,�D �,��=
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 .,�1 �20� /@�,� ����� T��b� �, ��0� �2� ����� �  />

/�-�� j��  �� 	
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 .2� j�O�� P(�3 	�  ���� �2� j�O�� �.0Z  �� ��

�@ ���� .2�,  

 ��242- T�08� �(0��(@ <�iA�@  
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 ��Q=� 	0)��]
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 ���1 	@��X@
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)kg/m3(  

RU] �Q)= ��,  38/0  35  92   �� ���14  2480  7870  
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 �Q)=RU] ��,  7/0  35  50   �� ���14  2480  7870  
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D0.5-
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3 -1- �� ��* &�  

�� ��@� �� ��OY 2S�, � �_] �`� , �� P(� �4  /�

�2� �20�1 �-i   �2� �,�, ���� /1 �-_���� .	��

	�� �� ��@� �� ��OY 2S�, ��Q=� ��  �� � ��Q=�

���1 �@ �20� ��Q=� T�08� �_] 2.1. c-)A@ �,  �� ���

 �_]7/0 �)0@  �� ��OY 2S�, ��Q=� �� ���@25/0  /�

75/0  �,�X@ �2S�,�� ��@� ��  � 25  �20� ��Q=� 2S�,

�@ 2.1 )30 -24 /0��`(.  �_] ���� /���@ <�-S /�5/0  �

38/0 �)0@ ���@  �,�X@ ���OY 2S�, ��Q=� �� ��@�

�� ��  a0 �  /�44 )36-25  � (/0��`27 ) 2S�,38 -30 

(/0��` �@ �20� ��Q=� .2.1  �, /1 �-_���� P(�4  ����

 ��@� +� >�� 	�� �2� �,�,�� ��  ���Y c-)A@ �,

75/0  �_] �� � T�08� 2S�,38/0 �)0@  �2� 	:` ��@

 ��@� ��Q=� .	���� ��  � ��OY 2S�, ��Q=� /O0��

�@ T�08� �_] ���1 �;, �-� ��  �� ���� +� � 2���

 �, T�08� ,�2?  �X� P08, .,��, ���  +�� ���� ,�2^@

 �, T�08� /(:� ��0D P(� �+�� ����1 ���1 �)S�

 B� �@RCCP 	�� ]30[.  x_� �;, �-� ��

 �(�)* +�� �� ���0� T�08� ���Y �(�)* +�� z-iA@

�@ �,�� � 2��� �@ +�  ���0� ��@� T�S /� �O.@ 2��- 

 ,-� �(�)* +�� a��.@ �1��  /� �20�� ����]20[.  

  

 P(�4 - �� ��@� �� T�08� �_] � ��OY 2S�, �`� .��  

��@� �� /��X@ �, �� �� ) ���.1 c-)A@25  �(/0��`

d�b  ���SF-D0.7-V0.25 �SF-D0.7-V0.5  �SF-

D0.5-V0.25  �, ��00k  ��@��� ��  �7� /� .2.���2�

�@ ���� 2�� �� �� ���ND �0`�  �� �, ��  P0(� 

/(:� T�08� �� 	�� ��0� T�08� ,�2?  �� �)]�2Y /� .

 ��-�O@\0X^  +� �, �,�2^@ �� ��@�  �� ��24  � 38 

�� ��@�) 2� 	:` /0��` c-)A@ j��  �� �, ��  ��245 

	�� �2� �,�, ����(.  /� /4-  ��ACI 325� �� ��@�  ��

 ���� a��.@RCCP  +0�30  � 40 	�� /0��` ]5[ �, �, .

\0X^    �,�2^@ �, ��@� +� �;,47  � 65 /0��` ]3 ,

31[  �� �;, ������ �, �30  � 75  ,�!.�0� /0��`�2� 

	��]32[.  

3 -2- ��)> ?����  

 /� /4-  �� P(�5  �� T�08� 2S�, � �_] <��`� /1

 �	�� �2� �20�1 �-i  /� �9 �, ����= 	@��X@

�@ c-)A@ �T�08� 	��` ��2X@ �, /1 20�!= ��-   ���

 ����= 	@��X@ ���0� �_] �� T�08� ���Y.2���, �� >��  
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 ��245- �� ��@� h��� �D2� �0� �, ��1 	@��X@ �����= 	@��X@ ���. 

c-)A@ 21  
�� ��@�  ��  

)Sec(  

 ����= 	@��X@  

)MPa(  

�D2� �0��, ���1 	@��X@  

)MPa(  

Control 25  30/30  02/3  

SF-D0.7-V0.25 24  09/33  93/3  

SF-D0.7-V0.5 25  53/34  64/4  

SF-D0.7-V0.75 30  72/37  79/4  

SF-D0.5-V0.25 25  20/32  58/3  

SF-D0.5-V0.5 29  35/33  76/4  

SF-D0.5-V0.75 36  13/35  83/5  

SF-D0.38-V0.25 30  42/31  44/4  

SF-D0.38-V0.5 34  75/34  15/5  

SF-D0.38-V0.75 38  68/38  31/6  

  

h��� ����� /� /4-  ��  /1 	�� uA�@ 2S�,

 ����0� �D2..1 +00?  �9 �_] /� 	:�� T�08� ��OY

,��, ����= 	@��X@ �00k  �, .PCA  �-:] P��] �,�2^@

 ���� �� ������ �(�)* +�� ����= 	@��X@28  � 41 

	�� �,�1 �1s ��(����;@ /1  �, �� \0X^  +� h���

2.��� ��@��X@ ���� +0�� ) ��245(.  ���� /1 �-_.0��

	�� �2� �,�,  ��2� c-)A@ ����= 	@��X@ �� /��X@ �,

) T�08�3/30 �(��(����;@  �,�Q=�RU] �Q)= T�08� ��,  �`�

 ��Q=� a4-@ � /���, +�� ����= 	@��X@ �� ��:y@

 ��OY 2S�, ��) 	�� �2� ����= 	@��X@ �,�X@25/0 

 � 75/0 .(d2@ ����� �, ��
 �� � ����(]18[  Q0�

 /� �Q)= T�08� �,�Q=� �� ����= 	@��X@RCCP ��Q=� 

.	�� /���,  �� Q0� �8-�?@ +�� �, /���@ <�X0X^  �,

 	@��X@ (��OY 2S�, C � ) �Q)= T�08� �� �,�3���

 ����=20  � 26  	�� /���, ��Q=� 2S�,]33 ,34[ .

 �00k  �;, <�X0X^  �
�� /1 	�� �8�Y �, +�

 2�,�(� 6��QD ,-
 h��� �, �� ��-�^@]12 ,35 ,36[.  

 �Q)= T�08� �,�Q=� �� ����= 	@��X@ ��Q=�

�@ -  v�  ����,�2^@ � ��S�^@ �� ���� 2��  ���� ��

 ,,�D �,�3��� ����0� T�08� /Z�� .2��� ���0� ������

v� Q� �� � �`-@ ����-��� /� �O.@ �@ ��  ,,�D]18 ,

37[ .  

  

 P(�5 - .����= 	@��X@ �� T�08� �_] � ��OY 2S�, �`� 

3 -3- &��! "	��� &))� ?����  

 P(�6  	@��X@ �� T�08� �_] � ��OY 2S�, �`�

 �, �D2� �0��, ���1RCCP �@ ���� �� 2�, .
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)MPa(  
F600 

(MPa)  
F150 

(MPa)  
T600 

(N.m)  
T300 

(N.m)  
T150 

(N.m)  
T100 

(N.m)  
RT, 150 

(%)  

Control  68/4  -  -  -  -  -  -  -  

SF-D0.7-V0.25  33/3  53/1  51/1  63/3  24/6  49/11  30/16  10/52  

SF-D0.7-V0.5  99/3  04/2  03/2  89/3  40/7  49/14  66/20  95/52  

SF-D0.7-V0.75  65/4  ÷55/3  92/2  96/5  84/11  23/22  32/31  25/72  

SF-D0.5-V0.25  47/3  62/1  95/1  07/3  87/5  08/12  43/18  76/58  

SF-D0.5-V0.5  11/5  61/3  38/3  42/6  58/12  92/24  30/35  86/71  

SF-D0.5-V0.75  45/5  96/4  79/4  19/7  53/15  24/32  12/47  18/123  

SF-D0.38-
V0.25  

59/3  70/2  08/3  33/4  23/9  01/20  47/29  12/84  

SF-D0.38-V0.5  19/5  03/4  92/4  86/6  12/14  21/30  20/46  35/92  

SF-D0.38-
V0.75 

88/6  23/6  10/6  87/8  59/19  83/40  17/59  98/125 

  

    
(t8�)  (R)  

  
(�) 

 P(�8 - T��D �� T�08� �_] � ��OY 2S�, �`�  �����0� -T�08� �_] |��� �� ���
 ��(@ �00k .  
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 ��-M �2 �-� �2�>��� j5YP @�iC�/)1(  �-� K����

 ��5\� ���M g��
 ���� �\��M K8YC  ����D 7 .	��

�\��M B��� ��� �� �5��8�-8YD  ���G �2�>��� 2�5/

�D H� 	P�0 b�� ����2 ���P ���5/0  ]�� � ��/5/0 

 ��!��� �2 H8.q�� �25� ��/+ B��� 7 �� � �-� ��\8:�D

�Y8O��/ )R-Weir( ���-�� �����\��M B��� ��2 ��80 

)QW(  + ]�� .-� �2�>��� �� �2�>��� �� �YZ� j5YP �2 *

�/ ���.D j5YP ��!��� �2 Kq�2 7 ��2 H8.q�� -�

 ��5\���!��� �2 �YZ� j5YP )Q2( 7 l�5   B���

�vYv/ )T-Weir( ���-�� �-� ��\8:�D�/ ��80 .-�

 d9� �2 ���3��/�+ j5YP @�8�BM2 - (*) �/ �-���/

 .25� ]8A4  H� �2	�2h�� �2 �YZ� j5YP dD ��2 

)Q1(   KO��� �� �2�>��� ��)1(  �/ 	�-�:-+ 

)1(  1 2= +WQ Q Q  

  
  

(�:�)  (*)  

 d9�2 -  (�:�)�5G ����D� �/�+��3�� � �2 KI:�O/2�5/H A4 ]8  (*) � ���87 YZ� ����D� !X  �8@�B �+  

 ��-M1- �f�? ����� �2 �-� �2�>��� j5YP @�iC�/  

�8n�/  	/[�  -?��  ��-A/  

j5YP �5J  - M  17  

j5YP b��  b   M  0.5  

j5YP �Y
�2 c�I�  R1  M  2  

�YZ� ����D l�� �� c�I�  RC  M  2.25  

j5YP ����8� c�I�  R1  M  2.5  

����D ]��  -  M  0.5  

����D r8�  S  -  0.001  

	�2h�� �2 ��2  Q1  Lit/s    

�\��M B��� �� ��5\� ��2  QW  Lit/s    

K���  α  -  120  

2 -1- *+� ,"�-" �.�/��0��0 �)  

 d9� �23  �2 ��/� �� �3����+ ]�� KI�5 

*+ � <�4�/ ���� l����/ �-���/ �h� �2 .25�

�/ 	�-� 	��� K� �2�I  ]�� �<�4�/ ���� l���-

*+ l��� �2 �/� .-+ �2�I  ]�� K� �-8�� ��/� ��h�

K���+�/ 	�-� � -+ .) 58_ � 58Y/1999 -�2�D �D~ (

*+ l��� �2 �3����+ KD ��:�? �h� @��5�� KD 	��

�/ }�> � ���/� H� � -.��� 	D�? K����+ �2 KD -�P�

 ���M l�5�/ 	���)V(  K����+ ����4� 	��� �� ���D

@��~ 	D�? )Vc(  -���)V<Vc ( KD ��:�? ���� �

)V>Vc( �/ 	D�? K� c��� @��5�� -��� � -..D

�/ }�> � <�4�/ ���� l��� ]�� H���8� .-�P�

 �2 �3����+V=Vc �/ }�> �-�P� ]28[ .*+ l��� �2 -

 �\�A  	
�5.9 @��5�� �2 �If5/ �3����+ ]�� ��h�

�/ ��BP� �O
 @�5i� �<�4�/ ���� 	:�? �2 � -��

���2 @�5Z K� �3����+ ]�� � 2��2 ���5� ��/� �� ��

 -��� .2��2 �3��� ���� j�P 	D�? K� �+ �2�I  ��-A/

*+ 	:�? �2 �If5/ �3����+ .	�� K����� ��/� K� �h�

3��� �2�I  ��/�� Y��G K�8	 ���P� �M��  	/��A/ �

.2��2 ���� 2�5/ 	D�? ����� �2  �2 �3����+ �2�I  ]��

*+ l����/ � 2��2 ��D @��88n  ��/� 	�W0 �� �h�-

 �3����+ ��>? �2�I  ���� �� ��h5J ���/� @-/ -��5 

 2�83�]12[.  



�I��Z � ����� ����OY� ��-8��M  163  
  

 

����� 	
���� ��� ������ ���  ���� ��� ����� �1 ������  � ��!� �1401 

  
 d9�3 - Z5 8� /5!>/�  KI�5 3����+� ��� ��/� �2� 

���l  *+�h� �� l
)�- l
) �-�� ���� � (-��/(]30[.  

 	/�Cf �� @��5�� ]8A4  H� �215 ����� � ��/

 ���� 2�5/ @��~ ���8/ ���-�� H83��8/)d50( �6/0 �Y8/-

�/ ��/K��2 �.4./ ]��O/ � -��� d9� �2 �-� K���� �-.�

4 G ����D �D �2 ��/�+ �� �� d\G � -� �2�2 ���

K� @�5Z .	�� �-2�0 `�Z � H!� 	
�5.9  H� �2

 ����� �Y�P��� 7 l�5  ���� �D d8P���

 K� 72B� 	G2 �� ��8J�.n/���9:�1/0 �Y8/���-�� ��/-

 ��!��� �2 �3����+ K:�_ ]�� H8.q�� .-� ��80

H8��/ K� 72B� � �YZ� ����D �2 �\��M B��� 	�2 BD�

���-�� o59I/ ���M K8?��.-� ��80  

�/�+� �� ���M l��� �2 ]8A4  H� �

����4��	��� .	�� �-2�0 j�X�� �  ���� ����4�)(Uc 

��25�� �� �2�>��� �� K�5�X/ �� � �-Y8���/�+ �� �� ��

�/ H88I ) K:2�I/ ]\J � 25�2�/ H88I  (25� ]29[:  

)2(  1

50

5.75log 5.53C

C

V h

U d

 
=  

   

) K:2�I/ �22( h1  �2 �\��MB��� 	�2h�� �2 *+ ]��

�/ �YZ� j5YP�2�D HB3�M �� �-��� ��-A/ d50 ��-A/ � 

)(Uc *5�� ���8/ ���-�� H� ���� �-� K\��4/ K:2�I/ � 

)3 (�/ 	�-�-+:  

)3(  10.1556log(9217 )CV h=  

ri� �� 1�  ��8� 2�5/ @�B8!X  � ��B��� K8YD

j5YP �2 ��/�+�  	�2h�� �2 *+ �k�� �2�D H��� ��

)Q1 �BC/ 7 	�� K� (j��+ �-..D  	�-�/� 25�  �

 @�4>Z �� 2��� H8� �� ���M �3�>�+ K9.� ����

j��+ �-..D  j5YP ��-��� �2 ���M�2�>���  �-�  �2 .	��

�/ ��� ����D �2 H8�� ��2 �� *+ ��/�+ �� ��-��� 22�0

 �� ��5�� �8� � 22�3� ���� 2�5/ �-� K��� u��� KD

 K� 	�2h����8H 	�2 � l��� � -.9� �-8� ��A����X�j 

 �h� *+ 	:�? �2 ��/�+	�2 K�  l�5  *+ ]�� .-+

Kq�2�/ ���.D 2��2 ���G j5YP ��!��� �2 KD �� .-�  

  
 d9�4 - K��2 �.4./ @��5�� �-.��2�>���2�5/  �2 H����3��/�+ KI:�O/  

2 -2- �1(��2���� 31��� 456�
   d9�5  �78 ���@�iC�/ � �����M  B���

 �\��MYD8-�85�� k8  �A  �����/���� @��88n  �2�-4/ �



164  *+ �3����+ k8  �5��8�-8YD �\��M B��� `��J� �2 �h�A  K��� �2120  ��5G ����D 7 KM�2180 KM�2  

 

����� 	
���� ��� ������ ���  ���� ��� ����� �1 ������  � ��!� �1401 

���� �� ��/�+ �/�2. �d9� H� �2 .-P  �B��� c�> ��

Pd �B��� K�� c�> �� Wi ��2��� -8YD b�� Wo  b��

 ��M��
 -8YDL  B��� �5J	�� . � ��-.� @�iC�/

 ]8A4  H� �2 ��/�+ 2�5/ �����/���� @��88n  �2�-4/

 ��-M �22  .	�� �-� K���� ��-M �22 �Le J g�  �5

 ��5��8�-8YD B��� �a5/rc ��5G ����D c�I�  �hd  ]��

 �3����+ �2�I �/���.  .-  

  
(�:�)  

  

(*)  

 d9�5 -  (�:�) B��� 78 ��� (*) � �5��8�-8YD B���]8A4  H� �2 �-� �2�>���  

 ��-M2-  k8  �5��8�-8YD �\��M B��� ��-.� @�iC�/A  2�5/ �����/���� @��88n  �2�-4/ ���/�+  

  

2 -3 ���� 31��� �#� �� �1�� ��8�  

 NO� d8P��� `��4�� ���� �98/�.2 �YD K:2�I/

) ��_ l�5  	��a ����� b�P �� *+1959 � -� K���� (

����D ���� �-I� � <�9OZ� ��-� ��AP� ��Y8O��/ ���

 KO��� ]\J ��5�./4  -� �[Z�]12[:  

hd Le  Wi=Wo  L/rc  b/p  Vc  V  (h1-p)/h1  h1  Pd  L  Pi  
(cm) (cm) (cm)   (m/s) (m/s)  (cm) (cm) (cm) (cm) 

4.25-8.76 175  8.45  0.175  3.33  0.33-0.35  0.2-0.33  0.28-0.4  21-25 0  35  15  
3.61-6.99 175  8.45  0.175  2.77  0.34-0.35  0.21-0.33  0.29-0.38  25-29  3  35  15 
2.35-6.12 175  8.45  0.175  2.5  0.34-0.36  0.22-0.34  0.31-0.39  29-33  5  35  15  
3.42-6.49 125  6.05  0.125  5  0.32-0.34  0.2-0.32  0.37-0.54  16-22  0  25  10  
3.16-4.9 125  6.05  0.125  3.84  0.33-0.35  0.21-0.33  0.4-0.49  22-26  3  25  10  
1.54-4.62 125  6.05  0.125  3.33  0.34-0.35  0.21-0.33  0.42-0.49  26-29  5  25  10  
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)4(  
2 3 2

( )
dQ

Qydy dx
dx gb y Q

−
=

−
 

 K:2�I/ �24 �dy/dx n 88@�� �*�+ NO� ��� Q �2�  �2

� ����D �5J -?��b  b�� �YZ� ����D� g ����0 *���� 

y  �zOA/ �� �2 ���M ]��S  B��� c��� �� KYZ�P

  � �\��MdQ/dx  �5J -?�� �� �� ��5\� ��2 @��88n 

	�� �\��M B���  d9�)6( .  

  
 d9�6- �� ���M l��� �2 �Y8O��/ �\��M B��� ��� �� ���M 78 �������4�  

���� d9� �2 KD �5J6 �/ �-���/ NO� �25�

 B��� 	�2h�� ��!��� �2 *+ ��!��� 	�� K� �\��M

H8���/ ��BP� �YZ� ����D �2 	�2 K:2�I/ �� H� � -��

4  	A��O/ �YZ� ����D �2 ����4��� ���M l��� ����

2��2-.��/ ���AA4/ . ]25�24  �31[   *�+ NO� �D 	P� K�

 ����� �\��M ���M �8a�  d8:2 K� 	�2h�� ��!��� �2

-�2�D K� 	��� K� *+ NO� 1p� � H8�� ��!��� 	��

�/ ��BP� �\��MB��� 	�2 g�  l�� �2�-4/ �2 � -��

KL?[/ d��G @�5i� *+ NO� ��BP� {�� B��� ��

�/ ���D g�  �h�� ��!��� j5� 7 �2 *+ NO� .-��

 KD ��M �  	�� �D-�� @��88n  ����2 �\��M B���

 �� *+ NO� ���  ���P� H� .	�� �AP� @�5i� *+ NO�

 72B� �\��M ���M �� ���� K5��a ���M �a� K� KM5 

H8�� ��!���d��G �\��M B��� 	�2  � 	�� K8M5 

A��O/��AA4/ H8�� ���? H� �� .2��2 	  KAO./ 7

H8�� ��!��� �2 o59I/ ���M � �����-M 	�2���B 

\��M�� ���M ���� � H� .-�2�D �-���/ �� ����4�

 � �����-M KAO./ d4/ � ���-�� KD -�2�D �D~ ��AA4/

 	�2h�� 2��P 2-� K� o59I/ ���M���B \��M � �

.2��2 �3��� �\��M B��� �5J   � �����-M KAO./

 	�� K� ��BP� 2��P 2-� ��BP� �� o59I/ ���M

H8���/ 	D�? 	�2 -.D]12[ .  

2 -4 - �� �)��
"�2���  

 ]�� �2�I�� B8:��+ B��� �2 �3����+ �2�I 

 K:2�I/ ]�J �� o5G �2 ���M l���  ���� �\��M5 

�/ H88I :25�  

)5(  ( )11

1

, , ,
 − 

=  
 

d

c

h ph v b L

p v h p rc
 

 K:2�I/ �25 �/h1)h1-p( �� 	\�� ��� �� *+ ]�� -I�

 ��\��M B���b/p �� 	\��  �B��� g�  c�> �� -I�L/rc 

�� 	\�� � �B��� �5J -I�v/vc �� 	\�� 	��� -I�

�/ ���M.-���  
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3 - :1�� ����� # ;��  

���� �	�� �-� K�
�.� KD �5O���� ��83�+ ���

K��
2�� �2 o5G j�2 K�8� �2 �YD @�5i� ��5G ���

�/ �����M��/�+ �H����.� .-�5� ����� ���� ��

 k8  �5��8�-8YD �\��M B��� `��J� �3����+A  �2

 K���120 .-� j�X�� KM�2  

3 -1- 0 <�= ���(> �/1�
 4�? �' �
+ � �.�/��

�1�� @��6
 �)  

��/�+ �� �3����+ ]�� KI�5  H88I  ���� ��

���M @-� �2 ��/� ��/�+ �� .-� j�X�� �Y�C/ ���

 @-/ K�10 K:�_ @��88n  KD ���/� �  	���  �3����+

 ��25�� .-� j�X�� �-��� �>Z K� �\�A  d9�7  KI�5 

��+ ]�����B��� ���� �3��  k8  �5��8�-8YD �\��M

A  K��� �2120  ���M 	��� � ��/� �5J �2 �� KM�2

�� ��/���� � j5� ��/���� ��5.� K� -I�b/p  �2�A/ �25/2 �

33/3  �77/2  KD ��G�175/0 L/rc= �/ ���� �� �	��-

.-.�2 �����/ �-���/ KD �5J 25� �250 G28KA  ����

���BP� d��  	�� 2�� �3����+ ]�� �2 ..I�  ]��

3����+� �BP� 	��� K� ��/� 	�W0 �� �-��� �2� /� 

-����  .d BP+�-. 3����+ ]�� �2�  �� 1�200 G28KA 

�/ �-8� ���D-.D�!� �2 .�	 �M @-� K� K������ 

3����+ ]��� �h� *+ 3����+ �2�I  ]�� K�� )hd( �

 @�5Z K��\�A  2B� ��/� ��7 /� 25�.  @-� K_ ��

 ���8� B8� �2�I  ]�� K� �-8�� ��/� -��� ���8� ���M

�� 	\��  �2 .	�� B��� �5J -I�175/0L/rc=، �8�-

 	\�� �2 �3����+ ]�� H� 33/3 b/p=  	\�� �2 �

5/2 b/p=  �D 	�� �.I/ H� K� KD 2��2 �� ��-A/ H� 

�� 	\�� � ���M 	��� K� �3����+ ]�� �� -I� c�>

c�> �� �2 .2��2 �3��� B��� g�  -I� �� 	\�� � h�� ���

 ��BP� �\��MB��� 	�� K� ���M ��./5/ �B��� g� 

�5G u��� � K�P� B��� ��!��� �2 K5��a ���M �-� � 

�/ �YZ� ����D �2 �\��M ��BP� �+ KX8�� KD �22�0

�/ �3����+ ]��.-���  

    
(�:�)  (*)  

  
(�)  

 d9�7 -  KI�5 hd  �2 ��/� ��v/vc  ���� �Y�C/ ���(�:�) b/p=3.33 , L/rc=0.175� (*) b/p=2.77 , L/rc=0.175 (�) � 

b/p=2.5 , L/rc=0.175  
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��25�� ��� d9� 8  �9  �3����+ ]�� KI�5 

���B��� ����  k8  �5��8�-8YD �\��MA  K��� �2120 

 ��/���� ��5.� K� ���M 	��� � ��/� �5J �2 �� KM�2

�� ��/���� � j5� 	\�� -I�b/p  �2�A/ �25 �84/3  �

33/3  KD ��G�125/0L/rc= �/�/ ���� �� �-��� .-.�2

�����/ �-���/ KD �5J �� �-��� �2 �3����+ ]�� 25�

 	�W050 KA8G2 �/ �-8� ��BP� 	��� K�-.D �  1p�

�\�A  @�5i�  H8�150  � 200  K� �3��� KD KA8G2

2��2 ���M @-� �/ ����a ��-A/ K� �.I/ H-� H� .-��

�/.	�� �-8�� �2�I  K� �3����+ ]�� KD -���  �����

�2�2 2�2 ���� ��50  �3����+ �2�I  ]�� -Z�2���� 

�� ��/���� 	\�� -I�b/p  �2�A/ �25 �84/3  �33/3   K�

r8 �  5/12 �5/14  �10  	�-� �2�I  ��/� �� -Z�2

�/.-+  H8.q����25��  d9�8 �/ ����2 7 �2 -�

�� �5J ]�� H���8� �\��M B��� ���9 -I�

	\�� �2 �3����+ ��B��� g�  c�> �� -I� ���D  	�-�

�/.-+ H8.q�� �3����+ �2�I  ]�� 	\�� �2 �� -I�

175/0L/rc= �� K��A/ �2 125/0L/rc=  @-� �2

���M r8 �  K� @��>�/ ���12  � 35  �-Z�210  � 39 

 � -Z�218  � 26 	�� K�P� ��BP� -Z�2.  

  
(�:�)  (*)  

 d9�8 -  KI�5 hd  �2 ��/� ��v/vc  ���� �Y�C/ ���(A b/p=5 , L/rc=0.125  (B b/p=3.84 , L/rc=0.125    

@��>   ��25��7 -�:�  ��25�� ��9 �� 	\�� �2 -I�

�/ B��� �5J �����25�� �2 .-���7-�:�  �9  c�> ��

�/ 	��a ��/���� B��� .	�� @��>�/ B��� �5J � -���
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��+* ���+�� 1�7�7��;�  sr* �kg�P  1]FP� �- �+� ��7\

�* <�� Q��� �� ���!�  +���]5[. ��+*  �� � 1�7�7��;�

 e��� ��ASTM C469 1��D��� 1�D�� 6 ��� ��  ��

 1?��@* �� 1F��� e����� � 1�/�\ a�X�� -��+�����

�* :-D�  

)1(  �� = �� − ���� − 0.00005 

 �uD/ 1F��� �- 1A�� � ��  �v�,�* �,  d7 �  1�

�8Dg ���A �� 00005/0  ��!� �,  +f�- =!` �

�*   .+���  

�\+7Z7� e�����  ��7\DMY ���� � �+� ����� ���

��+* <77]  ��*�B a�X�� ��  � ��PP@* �1�7�7��;�

<7_B 1*�� �-�A �]� �� ��+* ��+P* 1A +��  �� 1�7�7��;�

1�  ��*���� .+,,A <77]  <�� ����/ 	*��P* �� �]��  N�Df

� 1� ����/ 	*��P* =*�D� 1A 	�� �+� w�:��� =78- <

1� �,�� 1�D�� ����/ 	*��P* �� ��W\�7I�   �7P��* N�Df

�* ���K �7I�  	@  c7� �� ��+*  +2 �  [DlD* <� � �+,�-

<7_B �e��� <� �� .	�� ^?F,* 	7]K�� �� �-�� 1*��  ���

ACI 318 �BS 8110 �CSA A23.3 �EC2  �TS 500 

+,��* �,7PP@* <7,Z�� �  � ��-��\HD_�2

1  �-�� h����

�+� <�� ���� �� ��  �8D�]* �-� ����/ 	*��P* �� ���

�-�- 1_��� +�� ]7-12[<7_B <7,Z�� . 1*��  +,��* ���ACI 

363 �CEB-FIP �NS 3473  �FHWA  �,7PP@* �

�* +,���3

2 ����0�� �  ���+7�4

3  ����0�� � ���� �� �F����

��+* 1?��@* <�� 1�7�7��;�  ;�� ����/ 	*��P* �� ���

�-�- -�!,�7� +�� ]2� 13-17[1fr
 .  �DAW* h���� �� ��

 ��+Y �-1 .	�� �+� �-��B  

 ��+Y1- h���� �-�!,�7� ���� 1?��@* ��+*  1�7�7��;�  
����/ 	*��P* �-�  <7_B ^P@*/1*��  �-�!,�7� 1F���  

�8D�]* <��  

ACI 318  4700 ∗ ����  

BS 8110 20 + 0.2���  

CSA A23.3  4500 ∗ ����  

EC2 

22000
∗ � ���10��.�

 

TS 500  3.25 ∗ ����+ 14 

Gardner  �Zhao 9���� ��� 

;�� 	*��P* <��  

ACI 363  3320 ∗ ����+ 6890 

CEB-FIP  
10000
∗ ���� + 8��� 

NS 3473  9500 ∗ ���� ��.�
 

FHWA 3837 ∗ ����  

Wee ����0�� � 10200 ∗ ���� ��� 

Rashid ����0�� � 8900 ∗ ���� ��.��
 

��� �-  ���-�0�� � h���� <7PP@* �7
� ���

��+* 1?��@* 1,7*� �- �� ��D,�*  �� <�� 1�7�7��;�

_��� ����/ 	*��P* �-� ��7\�o��-�-�- 1 .+�� �7*-5

4  ��

��+* <77]  1� ���/ ^F,* ��DS  �� �-�C���  1�7�7��;�

                                                 
2 Gardner and Zhao 
3 Wee 
4 Rashid 
5 Demir 
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<��  1]8�F* �- .+,�
�-�� ;�� 	*��P* � �8D�]* ���

1� <7��DK 1A 	�� �+-�\ �]� �DAW*  �  �+� �-�� ��A

� w�:��� �-�� <0�* +2+�D ]18[��3- 1]8�F* �- .� 

10?� �� �-�C��� �� �7� 1� ��D,9* �?9� ���  �,7�

��+*  �- .	�� 1�
�-�� 1�7�7��;� <� 1]8�F* �+* 1�

-�+]  �����*���� 1A �+� -�X�  -�+]  � ��!,� 1;

���D� 1� ��!,� 1; �- ��  �+� 1�/�\ �o��- �7>�* ��D,�

	�� ]19[N�]8�F* . �� � ��6  wDMF* -�0M�� �� ����

 -�0����*7< ��� ��-��7��? �7� �-  �,7�

��+*  -�0�� <� .-��- <�� 1�7�7��;�0� V�� �� ��� 

\-�7�� ��� �B �� 1A 	�� N��o� ��� 1P?g +,��  �

�7� �,7� �-�C��� *� +,,A ]20[ .\�*+, ����0�� � 

 67,0  �� �-�C���1*���� D��� ��H76 �7� �- ��  �,7�

��+*  1]8�F* �- .+�-�- ���K �-�C��� -�D* 1�7�7��;�

 ���� ��� �+* :	�� �+� -�!,�7� �+* 1� ��DAW*

<�� <�� ���� a�- �+* ��8D�]* ���  � ;�� 	*��P* �� ���

��*��P* �-� �- �� ���� aD� �+* ]21[ . �+�2�

����+�  �� �-�C����7��� ��/ x��,���� -?9�� ?F 7P �

�0M�� �� �A�2 i��� 1A +�-�- ���K ����� -�D* �� -

	��- �B d��,* ]22[.  

d7A�  �� �-�C��� ����� 1� 18�P* <� �- 10?� 

�?9� +,` 1M�Y �� � ���D38� 1,7!� ���� OM� ��� 

�Y�!* �7� ���� ��+* �,7�  	*��P* e��� �� 1�7�7��;�

 �� �]*�Y p7���- �� �-�C��� �� <�� 19:�* ����/

k�Y ���3��*�B i���  .	�� �+� 1�
�-�� ��+� ���B

+� ���� �-�� �F���� -�!,�7� 1]8�F* <� �Mf� t

 1��- �- �- �+� 1_��� h���� .	�� ��+,!* ���-����A

<�� ���� <�� � �8D�]* ���  �+� 1_��� ;�� 	*��P* �� ���

 ��-�!,�7� ���-�0�� -�0M�� �� ��,7�g� 	!Y .	��

1��P*  -DYD* h���� � �-�!,�7� h���� i��� <7� ��

 ��+Y)1� �� (1�D�� e��  1�/�\ a�X�� ���3��*�B ���

                                                 
6 Yan and Shi 

 h���� 1A +�� �-D�� Vr  1]8�o* <� �- ��\+,�D� .	��

.+,��� -DYD* h���� �� ���!� -�0M�� ����- �-�!,�7�  

2- ����� ��  !�" ���� #�$  

d7A�  �� �,�?* ���7� -�X� ���� 10?� �?9� 

+,` 1M�Y �� � ���D38� 1,7!� ���� OM� ����  1� ��7�

�* ���3��*�B p7���-  �- �- ���3��*�B i��� .+���

�7�P  �cX* �:� �+� �+,� 1�D�� :��� �:� �+��  �� ���

1�D�� :a�- �:� � �8D�]* <��  .;�� 	*��P* <�� �� ���

���3��*�B i��� �� �8D�]* <�� �� h? �* �:� �- 

 kY��*]23  �24[  JD��* �:� i��� .	�� �+� �-�C���

N�]8�F* �� ;�� 	*��P* <�� 1� �� ��0�� ���� YDM\D�7

6 

����0�� � � ����y87 	�� �+� -�X� ]16� 25  �26[ .

p7���- 1A 	�� �Am =��K  N�]8�F* �- �!���* ���

	�� 1�/�\ ���K �-�C��� -�D* c7� �3- ]20 -22[ .

 =*�� p7���-70  <�� �� h? �* ���3��*�B 1�D��

 � �8D�]*89 P* <�� �� h? �* 1�D���* ;�� 	*��  .+���

 �� �v�,�* p7���- �- �+� 1�/�\�o��- ����/ 	*��P*

 i���28  .	�� ���� ��* <77]  ���� ����0 ��7]* 1`�\�

 1�� +7_�  -�D* 1A �8D�]* <�� � ;�� 	*��P* <�� <7�

<7_B �* �*� -��+� -DY� +��� 1*��  <�� ��D ;�� 	*��P*  ��

 	*��P* ����- 1A 	���- �,�� ���7� �-�+@* �- ����/

 ��50 1A -D� 1YD  ����� .	�� ��0����3* ���� 8D 7+ 

,���  	*��P* ��;��� �7�� A ���,A 1�7C7	 K-7 ̂  � �

,Z��7< � 	K-7��� 	?�� � G8�9* w�:��� �- ���  �B

	����P* �� <�� .* 	;��� �P* �-1� 8D�]* <�� ��� �

�7��� ?�71 * ���/� <3�� G8�9*�  +,A� �7d 

,@,*� ��� �, –���A �- �B 	?�� 1� <�� �8D�]* 

�� -� 	?�� �  �B ���/� � 	�� ��� �, - 	*��P* 

7����� �P* �-1� <�� �� ��� 8D�]* 	*��P* ���F
 �� 

� 	���� �c/� +��� � ��+P*� s�  ��� D*7_< 2�� �-71 

                                                 
7 Gesoglu 
8 Shannag 
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����,� .	�� ���A ��P���<<�� �  ;�� 	*��P* a�3,� �-

�\73�:� -� � �7��� �X2 J��?�� �� ���A�  -D
 ��

* ����� .+�-  =0� �-1  p7���- a��\D�7�� ��-D��

.	�� �+� �-�- ���� ���3��*�B  

    
)�8D�]* <�� ����/ 	*��P* (O8�  )�8D�]* <�� 1�7�7��;� ��+* (w  

    
);�� 	*��P* <�� ����/ 	*��P* (z  );�� 	*��P* <�� 1�7�7��;� ��+* (N  

 =0�1 - ��+* � ����/ 	*��P* a��\D��7�   �8D�]* <�� ���� 1�7�7��;� � ;�� 	*��P* <��  

3 - �&'$ (')* �+, ���" �� )8PNN9(  

���7�  ��� +,��D� 6 ��c�� V��-�� N��rg� 

�* +,��� 1A �� ���7� ��� �0HD8D7� �7o� c>* ����� 

���� V��-�� N��rg� a�!8� 1�/�\ +�� ]27-31[ .<���!* 

	c* <� ���7� ��� ���
�� <D� �3���-�� � ��rg� 

�B �� �* +��� .<� ���7� =0��* �� -�+]  �-�� 

���8� ��� =9�* 1� �� �* +��� 1A 1� N�Df +@�* �- 

1,7*� =2 =_��* j:�* 1� ��A 1�/�\ �* +�D� .��7\-� 

�- ���7� ��� +,��D� 1� +,��* c>* ����� 1� 6�A 

��{* N�Df �* -�W� .6 ���7� +,��D� ���� 6 

-����A <7]* )+,��* ����,� 6 �D38� j:�* � � 

1P?g �+,� N��rg� (�- �Dg 1���� ���7\-� q�g �c� 

�* -D� .���7� +,��D� �� �- ��7�
� <���- N�?7A�  

�,7]* �� �-�- ��� �-��� � �Y��
 �* +��D  �- 	!Y 

x��:��� N�9:�* � h���� <7� �-�- �� V�D*B +,7?� .

p� �� �g 1���� �V�D*B 1Z��,` �-�- ��� �-��� 

                                                 
9 Polynomial Neural Network 

�++Y 1� ���7� +,��D� V�D*B �-�- �-D� �-�K 

+��D
 -D� �Y��
 ��� -�D* �o� �� �� 	K- �;�� 1_��� 

+�- .���7� ��� +,��D� 1� ��c7* �-�� �F
�7E �-D� 

� �* +,��D  �I� �+7Z7� =��P�* ����7>�* �-��� � 

�
�Y� �- 6 ���7� �� ��+� <���- ���- 178�� �- 

J�? �� �� 	]7?g <7,` � ��I� 1� 	�- +,�- .<� 

���7� ��� 6 V�� �M�� ���� =2 k��D  �� �-�P* 

��P7P2 1���\ � ���-�� �� �-�C��� �� ��{* �� 1_��� 

�* +,�- � <����,� �- ���7�� �� ���-����A ��+,!* 

-�D* �-�C��� ���K �/�\1 +�� ]32  �33[.  

10?� �?9� +,` 1M�Y �� �0 �� V�� ��� +*���A 

���� =_��* =2 �+* ���� � �D7��\� 	�� � e��� ��A 

�B ���0  6 ��� ��cY� ��7�� �-�� �	�� ���
��  �MA

�B 1; �� 	�� �*� ���
�� 1; �� 1A ��cY� �+���� 

1; ��� �B ��7�� �-�� �-D� � �� -�0�� ��7�� �-��  ��

�2��g �+� �B =78- 1� -�0�� <� .	�� 1A �- -�+]  

-�� ���� d7A�  �* +�D� � 1; �� N�Df 1� �8�D�* ���K 

�* �* +��7\ +,��D  ���+�� 1� �/�A �\+7Z7� -�X� .+,,A  

3 -1-  (1�� (��'�PNN  
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1F��� j:�*��  +,��* �]��  ����f  <7� 1A

 ��-�� +,��* �-��� �����*����X=(x1, x2, x3,…, xm)  �

 �Y��
 �-�P*y 	�� ���K�� �* ��  �� N�Df 1� ��D 

:-D�� ��7�  

)2(  
� = �!" �, " �, " �, … , " %&             (= 1,2,3, … , ) 

 ^7K- 1F���f �* ��  k��  h�D  ��D �̅  �D@� 1�

�-�- =A ���� 1� �F
 N�]��* [D�X* 1A -� <7�:   ���

�\ 1,7�A -DYD*:--  

)3(  
�+ = �̅!" �, " �, " �, … , " %&             (= 1,2,3, … , ) 

)4(  � = , !� − �+ &�- .� ) → min 
 �uD/ h���� �-�̅ �* +��D  1� N�Df �]��  �F
 � � 

�F
�7E �� ����7>�* �-��� +��� .����3� 1.A  <7.�

 � �-��� ����7>�*h�D  �Y��
 PNN �* ���K��  �-D�

�.� 1.F��� N�D.f 1.� �.F
 �.7E k��  6  ���)

Volterra( �* .+���  

)5(  

�+
= 3� + 4 3 " + 4 4 3 5" "5

%
5.�

%
 .�

%
 .�

+ 4 4 4 3 56" "5"6
%

6.�
%

5.�
%

 .�
 

 -�0��PNN ��  ��� 1cX  e���Volterra  1�

1M�Y+,` �� 1�� ��7>�* �- a�- 1Y�- ���  1A �+� ���W\

1�  18-�]* N�Df6 �* ��7� =��K .+���  

)6(  

7�" , "5� = 7 5 = 3� + 3�" + 3�"5+ 3�" "5 + 38" �+ 39"5� 

�*��  ��� 1; �-  k��  -�X� ���� <0�* N;�2

7�" , "5�  �� ����� 1A:;2 < = %!%=�&�  1�
�� 	��

�* .-D� k��  7�" , "5�  �D!X* d�l �� ����-

�* �B ����� �W8 �+���  1� 1A �7,A �7o,  ��Dg �� ��

1�D�� a��  ���� ��7>�* �- ����Y��
 � ���.K�� wD.MF* 

--�.\ .� <����,�� k��D  �� 67�" , "5�  1�D�� =A ����

k�Y �-�- O-� ��) �� �* 1��D� (�+� ���B  �\� .-D�

 =*�� �� 1�D�� =A 1A -D� |�/N  =P��* ��*�B

:���- <����,� �	��  

)7(  >3 = ? 

�- 1A :uD/ 18-�]*  

)8(  
a = A3�,3�,3�,3�,38,39B 

? = A��,��,��, … ,�-BC 

 ��2�� 1� k��  =0� � �-��� �����-�� �-�P* ��

:1A 	�� �+���* =��K  

)9(  

>
=

⎣⎢
⎢⎢
⎡1 "�G "�H "�G"�H "�G� "�H�
1 "�G "�H "�G"�H "�G� "�H�
⋮ ⋮ ⋮         ⋮       ⋮          ⋮1 "JG "JH "JG"JH "JG� "JH� ⎦⎥

⎥⎥
⎤
 

 d��l <77]  ����a = A3�,3�,3�,3�,38,39B 

�* �+��K �� ��D  <���A N�]��* .-D�� �-�C��� �F
  

)10(  � = , !� − 7 &�- .� ) → min 

A V�� 1��\+,` �D7��\� c78��B �� N�]��* <���

�* 1X7�� �� =0� 1� �� N;-�]* =2 :+�-  

)11(  3 = !>C>&=�>C? 

 p� �* 1Z��,`>C> �����  V�� �� +��?� �W�

�+��K +,* ����  �-�C��� uD/ 18-�]* =2 	!Y tD�D:7 

�* .-D�  

7>�* �- k��  �� ���� d��l <77]  �� p� <� ���

1� k��D  �* -�X� =*�A N�Df �B -�+]  � +�D�  �� ����� ��

%!%=�&� �* �* 1M2�* <� �- .+���  �+]� 1; 1� ��D 

 e��� �� ����� +]� 1; 1� �+� -��� �� =?K .-D� -���

 �- � w�:��� �+� -�X� k��D  �� �-�+]  j:�* ���7]*

 <� �- .+�D� d7A�  -+X* +]� 1; 1_��� ��7]* �� 1]8�F*

 1F��� �- �+�12 .	�� �+� �-�C��� w�:��� ����  
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)12(  N� = ON% P + !1 − O&N%QR 

 �uD/ 1F��� �-N% P  �N%QR  � 1,7�A �� ����� d7 �  1�

�* �+� -�X� ��7>�* �- h���� =A �F
 1,7�7�  .+,���

 ��*���� <7,Z��O f ���� �-�* �7>�* 6 �  �C .+���  

1�  10?� ���
�� ��+� ����� +��� �� 1�D�� 6 ��D,�

 =0� �- �-��� ��*���� ��!` �� �?9�2  �+� �-�- ����

 �� p� 1; �� �- 	�� j:�* 1A �DF���� .	��

 ��+P* ���7>�* �- k��D  =70� N�  �]��D  � �+� 1?��@*

 �� ����7� ��F
 ����- 1AN� �� 1� � �+� tW2 +,�
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10 Invasive Weed Optimization 
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OM� �]7?g ��� ��� +,��* +78D  ��W� +�� � [��,  ���� 

�P� �- 6 ��DMA =�� �* +,A. ���� ���D38� <� =2 



B �*������:/ �  177  
 

����� 	
���� ��� ������ ���   ������� ����� �1 ������  � ��!� �1401 

[�D�� =_��* 1,7!� ���� �- ��D2 ��� OM�:* aDM� � 

��+,!* -�D* �-�C��� ���K �* -�7\.  

<� ���D38� 6 -�+]  ���,�* �� OM� ��� ��� 
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OM� ��� =2��* �MA �� �- �o� 1�/�\ �* :-D�  

1- 6 	7]�Y =0��* �� �-�+]  �W� )��� =2 ��� 

178�� (�� -�+]  ��}�� ����� �� )�  ��}/ �-n -

�+]� 1� N�Df �/-�9  �:� �* +�D� -�X�) 
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OM� ��� �Y�!*  �-1� JD��* N�?��@*  d��l �- k��D 

 ��7>�* �-�C���	�� �+�. �-�P* �����*���� �Mf� 

 +�� 1�/�\ ���K �-�C��� -�D* 1]8�F* <� �- 1A ���D38�

 ��+Y �-2  ���� �-�!,�7� �-�P* .	�� �+� 1_���
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�* �+� a�X�� N�]8�F*  +���]35–37[ 	�� �Am =��K .

�+* 1A  -�- ���� i��� � +� ����� �+��� �- ��D,�* ���

1�� ��+P* 1A <73��7* N�]��* ) �F
RMSE ( �� +]�

 -�+2300  �B �� +]� � �+7�� -D
 ��+P* 1,7�A 1� ���0 

<� �� .+��* +��D
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��*����  -���  *��+P  

-�+]  	7]�Y 178��  )� 50  
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	�� 1�/�\ ���K .�rV�D*B ��F
 <� �� ��  � ��F
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�� 

1,7!� 10?� 	�+� �* +B .1� �Do,* 1� 	�- �-��B 
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11 Normal-Strength Concrete 
12 High-Strength Concrete 



B �*������:/ �  179  
 

����� 	
���� ��� ������ ���   ������� ����� �1 ������  � ��!� �1401 

6 - >�� A;&��* (
�;8 �A�7+B	� ��   

�+* -�0M�� 1��P* ����  �� �-�!,�7� ���

�+* �+* 	K- �-D�� 6` � -DYD* ���  <7�:  �- ��

��+* <�� 1�7�7��;� � �;�� � �8D�]* 	*��P* �� ��

 -�D* ���3��*�B i��� �� �+* �� �+*B 	�+� �-�P*

1�/�\ ���K 1��P* <�� ���� 1gD��* i��� � +��  �� ���

=0� �- d7 �  1� ;�� � �8D�]* 	*��P*  4  �+� 1_���

.	�� =0� �-  4�  �D@*X  ���3��*�B �-�P* �3��7�

1� ��+* ���� �+*B 	�-  �D@* � 1�7�7��;�Y  �3��7�

1� �v�,�* �-�P*  �� �+*B 	�-�* h���� .+,���  	8�2

�+� �* u�C � ���*� ����-D�� <� �- �B  �*��  1A +�/�

 h
 ��� �� J�P�45  	8�2 <� �- � +��7\ ���K 1Y�-

�* 6 �� ����� �3��?�� d�l  �� <�/�\ 1Mf�/ .+���

���� ����7� �+* ��F
 �+,�- �* �� .+���  <7� 1��P*

�+* 1� JD��* i��� ��� �-�!,�7� ��� <�� �NSC  �

HSC �* ���� -DYD* h���� ��� � �+* 1A +�-  ���

 <7_B) -DYD* h���� 1� 	?�� ���!� -�0M�� �-�!,�7�

+���- (<7PP@* � �� 1*��.  +f�- 1A 	�� �-�- ���� i���

1F��� �?�� ��F
  � �8D�]* <�� ���� �-�!,�7� ���

 �� ����� d7 �  1� ;�� 	*��P*02/9  � +f�-8/3 +f�- 

.	��  

  
)O8�(  

  
)w(  

 =0�4 - <�� ���� �-�!,�7� �+* i��� 1��P* )O8�( NSC  �)w( HSC �+* �� ���3��*�B �-�P* e��� �� -DYD* ���  

^7K- ����� ���� �+* i��� �   �-�!,�7� ���

 <�� ����NSC  �HSC +f�- � -�+]  �����-D�� �

1�D�� ���� �- ��  =0� �- �?�� ��F
 +f�- OM�:* ���

5 �* ���� i��� .	�� �+� �-�- ����  1F��� �- 1A +�-

 ���� �-�!,�7�NSC �� �7� �91 �-�- +f�-  ����- ��

 �� ���A �F
20 �-�* +f  �-�- 6 hP/ <7,Z�� .+,���

 �� ���7� ��F
 ����-25 �* +f�-  ��3- �D� �� .+���

 ���� �-�!,�7� 1F��� -�0M�� �����HSC  �-�- ����

1�D�� �*��  	��  �-D� +f�- 	�7� �� ���A �F
 ����- ��

1�D�� -�+]  �  ��- �  i,� �i,� �  �Cf ���� �- ��10  � 15 

 �15  � 20 7 �  1� �� ����� d63 �23 �2  �1 �*  .+���

1�D�� -�+]  �\+,A��� k�D  �����-D�� ���� �- ��  ���



180  �+* +Y ���+ ���� ] 77< ��+* ��;�7�71� \�o��- �� <��7�� > 77N�� ���/ 	*��P*�  

 

����� 	
���� ��� ������ ���   ������� ����� �1 ������  � ��!� �1401 

 h���� d��,* ��7�� -�0M�� �� ���� �F
 �+� j:�*.-��- �-�!,�7�  
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<73��7* N�]��* � �ld <73��7* +f�- ^MF*  �* �F


���� i��� .+,��� �+* d��,* -�0M�� �+,�-  ���
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<�� �-� �-  h���� ��8D�]* ���CSA A23.3  �TS 500 

1o/�@* i��� ����- 1����A �* �   �- -�0�� <� .+,���

<�� 1� ^M]�* ;�� 	*��P* ��� NS 3473 � FHWA 

.	��  

 ��+Y3- �-�P* j
�� ���  ���*BR �RMSE  �MAPE ���� 1�D��  ���NSC.  

 
�-�!,�7� �+* ACI 318 BS 8110 CSA A23.3 EC2 TS 500 Gardner-Zhao 

R  765/0  578/0  573/0  572/0  578/0  569/0  587/0  

RMSE  078/3  694/4  419/3  599/5  793/3  559/4  752/3  

MAPE  02/9  514/12  757/9  721/15  597/12  529/15  871/9  

 ��+Y4- �-�P* j
�� ���  ���*BR �RMSE  �MAPE ���� 1�D��  ���HSC.  

 
�-�!,�7� �+* ACI 363 CEB-FIP NS 3473  FHWA Wee ����0�� �  Rashid ����0�� � 

R  6/0  6/0  591/0  592/0  6/0  557/0  6/0  

RMSE  171/2  564/8  989/2  928/9  678/10  923/2  516/7  

MAPE  798/3  988/17  55/4  101/21  728/22  101/4  619/15  

  

7- �E	4� �;	�  

�-�- �� �-�C��� �� 1]8�F* <� �-  �� ���3��*�B ���

<�� ���  1_��� 1� ;�� � �8D�]* ����/ 	*��P* �� ���

 �� <�� 1�7�7��;� ��+* <77]  ���� ++Y �F����

d7A�  �� �-�C��� 10?� �?9� +,` M�Y1 �� � ���D38� 

1,7!� ���� OM� ���  h���� .	�� �+� 1�
�-�� �Y�!*

 ����/ 	*��P* ��,?* �� -DYD* h���� 1���* �-�!,�7�

�* <��  ��+* �� d�P  <��!� ��,7�g� ���� .+,���

1M�Y +,` d��l <�� 1��7��;� ���D38� e��� �� �� 
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]19[.  @A � �P=�g0 �-� �-H�X0 d�H  �.O�  ��� ��

b�c ��� ��� ���
  �	1�> M�V�� �4 ��.� � �>��<0 ��

92� �	0��F0 �./��A 90�H� � ��C� �� S��� ?� ���� 

 -�H0 	1�> ���c ������]21[ ]�F<FX  .M�V�� �.�  d�H 
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 ���
 b�c ; ��� �� �����2�� � �.�X06  @FOD

 �>��<0 @� N!V0TADAS 92��<<x  @A -�- ���� ���

���= ]�2�X  �� ���� |�N� ��N1� EBH0 �..� ��

� ���>��<0 ZH� ?� �- ���!>�� ��L�  �+/= ��N1� N<�

 �- ��HX0 ���<� � ���
�H��@� �V/0 � �.� ��  -�V�

 .� .��H
 �6�H� ?� �- �=���6� ]���
]22[. 

 �� �^�
 ZH� ��� ����2�� � �1 ���V� ]�F<FX 

0<���>��� TADAS  �� ZH� ?� @A -�- ���� ��-�/X��

 �L� ��N31 ����>��<09��c !BH �  �I��� �����= �� 

 ;3!��0 �� ���� @� �-���0� .//A  ����
 �� �C= �

���� ��  ��<>H3B0� ���./ ]23[.  ]�F<FX M�V�� �.� 

 ��� �� �����2�� � �Hk07l d�H G} <� 0����>��< 

3�  ��<TADAS  �-b�c��� �-fH1  d�H�0 � �� HA

	X  @=N=� ��H6 ���-N� � ��-; 9�>  @A -�- ����

���� ?� @�� J�� � 	K�- -�.6 ��20  � 26  .^�-

	�� @���- ���A ]24[.  

 �-�- ���� �<
� @�- �- �- ]�F<FX  n��� @A 	��

 ����>��<0 �� �-�K���TADAS �-�� ?<� �� �� ��7� �

uPi���� ��NB� �-�P�� W��g  M.� ./��0 ��� ..B ��

 ���<� ��<� �-HBH0 �/�� ��NB� ���F e�O  9X0 �- -��

@���- @� ��<� � @FOD �/�� ��NB� @� .�H<� ��s �  ���

x���� �.� 92� ��N1� ./��0 ���N0 ����- �-��  ���C�

 �����P0 �� �-�- W1� ����H  ��O��B 	0��F0 � ��L�

 ��� 9c�.6@1�i� �.�  � �3^� ���� @���<? �HD  ���<�

 -�23�� pgc ?���A �� �B��
 �-fH1 ���!0 b�c

���� �0 ����
�� ��..���  @=N=� �� ���� ]���
 NA�� 

 ?� ��� �� �� -.V0 ���C+�B � `HP  9��c � @3<��

 @=N=� �- E<�4 ]�H^ �- �H�A � �r<� ]f�s � @<OP 

 b�c ��NB� @<F� �.��0 �c�� ?</r�� �@� ]�H^  ;<��f�

���= ����!� J�� ?� ���N0 �+- ���0 ��.��� ]25  �

26[.  W<FX  ?� �-@� �H~/0  ��L� �	0��F0 ��N1�

 N<� � �O��B	
�H/2 �   p�H  �.��V��B� ��  Z�K �� �-

����!� J�� ; ����� ���= d�H  �� ����>��<03� <� 

�.�H�  �N31TADAS  -�!/�<�0� --�>.  W�D �� jk�

3X <9 ���  �2< ���� �- �g
�<l �2<0�/- �M�� ��N1� 

OpenSees  -�23�� ������ @����= �� b�c ���  �/��

@O �0./3� ��<0 �� �.� ����!� ����>TADAS  @�
�-��

0� -H�.  

2- '�( ���)*�+�,-.�  

�.0��� �3<3X  	!B ������ J�� ����!� ���=-

�� @� �@=�F0 ?� �- �-�!/�<�  b�c?�� @0�4 .P��-� 

12 �15 � 20 @FOD  �� ����� ]�FOD Z�K �� ��6/3  �� ��03 

�HD �� @���- �� ����� ���5  ��00� ./��� 92� .2  � �7�

b�c ��� ����-�H0�  ���� ��0� .�- .���� ��� 

@P=�g0-�H0� w��� �� ?<4@0�� ��.c ���� �� ��

6��D� �.� .��  � WOD9�P=��H��-  ����!����= �� 

����
�� ���  ����� @���) -HBH0360 (]27[  @� ��<�

���= ����!���  ..���- b�c ��O��B ����� M��F0 ���<� ZH�

 �d�H�0 �/�� ���
0 ��.6� 9X���� �� ���!  �!�  �

ZH� _�
) 	L� _�
 ZH� III  �- M�- ���� -��.�����

2800 ]28[( b�L��� 0� --�>�� . ?<4@0�� ��.c ���

-��.����� M�- ���� 90�� 2800  \XO0 MH� ���� �

 ���� ����
�� �30 ]���F0 �!�]29 [ � ���C>��� ����

�.0 �6��D�0 �-�K��� ��� -H� �.0 M�V������ M�� �--

 -�.X0 ��NB� ��N1�ETABS2000 ]30[  �6��D�0 -

 ..�-�>m=�s0 �-�K���-�H0 �- b�c�� 90�� ?�� �� 

	0��F0  ����1Mpa 21fc= � ��.0  @�<�<��f�Mpa 

9/22912Ec= � ���-�+3<0 �-fH1 ��  �<3�  �/ Mpa 

400fy= �0./��� .��� �-�0 � ��� �.�� �6��D  �  @�<E 

�����  ��kN/m 25/36  �kN/m 0/10 ���� ���C>��� 

�3FG b�c�� �- �~� @�1�> �0.�H� .M�B b�c 9<=.� ��� 

�-�0 �0��  ��NB� ������ � l<� ���� �� �����  ��

kN/Floor 575 �- �~� @�1�> 	�� �.� . ���� ���<�

 ���� @���.0 ��� 12 �15  �20  E< �  @� @FODkN 
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����� 	
���� ��� ������ ���   ����� ����� ���1 ������  � ��!� �1401 

7/728 �kN 1/831  �kN 7/976 0� ./��� .]�<{NB b�c �6��D��.B �- �� 1 @{���  	�� �.�.  

  
 92�2 - �.0 ��� @P=�g0-�H0�7� (u=�) : � (b)b�c ���  (�) � �.P��-b�c ��� .P��-�  @� N!V0TADAS 

 ��.B1-  �- �Y�� pD�F0 ]�sL�0�.0 ��� @P=�g0-�H0  

 <��� 
�H�� ��  

@FOD  
���<0  ��/A�  

 �/�� b�c12 @FOD  

(B400×600)mm  (C600×600)mm + (28ϕ22mm) (C600×600)mm+(28ϕ22mm) 1 

(B400×600)mm  (C550×550)mm+(24ϕ22mm) (C550×550)mm+(24ϕ22mm) 2 

(B400×600)mm  (C550×550)mm+(24ϕ22mm) (C550×550)mm+(24ϕ20mm) 3  � 4 

(B400×600)mm  (C550×550)mm+(24ϕ20mm) (C500×500)mm+(20ϕ20mm) 5 

(B400×500)mm  (C550×550)mm+(24ϕ20mm) (C500×500)mm+(20ϕ20mm) 6 

(B400×500)mm  (C500×500)mm+(20ϕ20mm) (C500×500)mm+(20ϕ20mm) 7 

(B400×500)mm  (C500×500)mm+(16ϕ20mm) (C450×450)mm+(12ϕ20mm) 8  � 9 

(B400×500)mm  (C450×450)mm+(12ϕ20mm) (C450×450)mm+(12ϕ20mm) 10 

(B400×500)mm  (C400×400)mm+(8ϕ20mm) (C400×400)mm+(8ϕ20mm) 11  � 12 

 �/�� b�c15 @FOD  

(B400×650)mm  (C650×650)mm+(24ϕ25mm)  (C650×650)mm+(24ϕ25mm)  1  

(B400×650)mm  (C650×650)mm+(24ϕ25mm)   (C600×600)mm+(28ϕ22mm)  2  

(B400×650)mm  (C600×600)mm+(28ϕ22mm)  (C600×600)mm+(28ϕ22mm)  3  

(B400×650)mm  (C600×600)mm+(28ϕ22mm)  (C550×550)mm+(24ϕ20mm)  4  � 5  

(B400×600)mm  (C600×600)mm+(28ϕ22mm)  (C550×550)mm+(24ϕ20mm)  6  

(B400×600)mm  (C550×550)mm+(24ϕ22mm)  (C550×550)mm+(24ϕ20mm)  7  

(B400×600)mm  (C550×550)mm+(24ϕ20mm)  (C500×500)mm+(16ϕ20mm)  8  � 9  

(B400×600)mm  (C500×500)mm+(20ϕ20mm)  (C500×500)mm+(16ϕ20mm)  10  

(B400×500)mm  (C500×500)mm+(20ϕ20mm)  (C500×500)mm+(16ϕ20mm)  11  

(B400×500)mm  (C500×500)mm+(16ϕ20mm)  (C450×450)mm+(12ϕ20mm)  12  

(B400×500)mm  (C450×450)mm+(12ϕ20mm)  (C450×450)mm+(12ϕ20mm)  13  � 14  

(B400×500)mm  (C400×400)mm+(8ϕ20mm)  (C400×400)mm+(8ϕ20mm)  15  
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 ��.B1- @0�-� 

 <���  
�H�� ��  

@FOD  
���<0  ���<0  

 �/�� b�c20 @FOD  

(B400×700)mm  (C700×700)mm+(24ϕ28mm)  (C700×700)mm+(24ϕ28mm)  1  � 2  

(B400×700)mm  (C700×700)mm+(24ϕ28mm)  (C650×650)mm+(24ϕ25mm)  3  

(B400×700)mm  (C650×650)mm+(24ϕ25mm)  (C650×650)mm+(24ϕ25mm)  4  

(B400×700)mm  (C650×650)mm+(24ϕ25mm)  (C600×600)mm+(28ϕ22mm)  5  

(B400×650)mm  (C650×650)mm+(24ϕ25mm)  (C600×600)mm+(28ϕ22mm)  6  � 7  

(B400×650)mm  (C600×600)mm+(28ϕ22mm)  (C550×550)mm+(24ϕ22mm)  8  � 9  

(B400×650)mm  (C600×600)mm+(28ϕ22mm)  (C550×550)mm+(24ϕ20mm)  10  

(B400×600)mm  (C600×600)mm+(28ϕ22mm)  (C500×500)mm+(16ϕ20mm)  11  

(B400×600)mm  (C550×550)mm+(24ϕ22mm)  (C500×500)mm+(20ϕ20mm)  12  

(B400×600)mm  (C550×550)mm+(24ϕ20mm)  (C500×500)mm+(20ϕ20mm)  13  

(B400×600)mm  (C550×550)mm+(24ϕ20mm)  (C500×500)mm+(16ϕ20mm)  14  

(B400×600)mm  (C500×500)mm+(20ϕ20mm)  (C450×450)mm+(12ϕ20mm)  15  

(B400×500)mm  (C500×500)mm+(20ϕ20mm)  (C450×450)mm+(12ϕ20mm)  16  

(B400×500)mm  (C500×500)mm+(16ϕ20mm)  (C400×400)mm+(8ϕ20mm)  17  

(B400×500)mm  (C450×450)mm+(12ϕ20mm)  (C400×400)mm+(8ϕ20mm)  18  

(B400×500)mm  (C400×400)mm+(8ϕ20mm)  (C400×400)mm+(8ϕ20mm)  19  � 20  

  

3 -  0#-12�* �2�34� ��3�� 5�6 �


�,�478�9  

h.����= ����!� ��� ���-�K���-�H0  @=�F0 ?� �-

�� WOD bH3g0 � �/O0 h.� �- 909�P=��H��-  ����!�

���= �� ����
�� ���  ����� @���) -HBH0360 (]27[ 

�0h.� �- ..��� �/�� -�23�� mg� �/O0 ����!� ���

 ���B)LS6) �g
 mg� @=N=� ���� @� (1 ( � h.� �-

 ����!� bH3g0 ?�i�/O0 ����!� h.� ?<0}  � mg�

 JN���1 @����4 -�23��)CP7(  �g
 mg� @=N=� ���� @�

)2 ?<0}  (0� --�>.  

                                                 
6- Live Safety 
7  - Collapse Prevention 

 �N31 �>��<0 ���<� �6��D ���� ����� ?� �-

 ��<3� TADAS  J�� �� w��� �� ;<��7� �6��D

 -�23��(PBPD)8  �-�K���0� -H�  J�� ��4 �- @A

 @=N=� �g
 mg� �- �6��D�~�-�H0 h7 � w��� �� �

 	�.� �-�P0 �I���0� 4. ]31[J�� �- . PBPD 

��V��B ���/A ���� -H
 �- ��� �	�<� ��<� �O��B ���

 �.��� ���� �� �6��D�.��V/> �.�  �6��D 96��0 .	��

 J�� �� ���>��<0PBPD  �� ]�Hs�0� .���]31[:  

1-  ����!� h.� @� @BH  ��b�L��� �.�  � �/O0)

) @�� J�� (bH3g0V @g��� �� (1  	�.�0� 4.: 

)1(  
2 24

 
2

aS
V W

α α γ − + +
 =
 
 

 

                                                 
8   - Performance Based Plastic Design 
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:�4 �- @A  
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@g��� ?� �-�  W ���= �G�0 ���b�c �� � ��Sa  b���

 @��� WOD @A �K<D360 ]27[  	�.�0� 4.  �- �

) �g
 mg� @=N=� ���� �/O0 ����!�1 ����!� �- � (

) �g
 mg� @=N=� ���� bH3g02@O��X0 ( 0� --�> �- .

 E�i @O��X0α �pθ  h.� ��V��B ;<��7� 	��c

 ]�Hs� � 	��p u yθ θ θ= − u�P 0� -H� �4 �- @A yθ 

 �uθ  h.� ��V��B � �<3�  ��V��B E< �  @�0� ./��� .

yθ  ����b�c ���  �>��<0 �� �.� ����!�TADAS  �����

 ��005/0  �H~/00� -H� ]31[ .uθ H  �� h.� @� @B

) @=N=� �g
 mg� @=N=� ���� �����!�1 �� ����� (0/02  �

) �g
 mg� @=N=� ����2 ����� (0/03 �0 b�L��� -H�

]32[ .T b�c �3^� -H�� �>��<0 �� �.� ����!� ���

TADAS � hi  @FOD Z�K ��i  @�� ���  �� M�0� .��� .

?</r�� Wj� hj� Wn  �hn  �  @�<E ���= �����  �� �

 @FODj M� @FOD Z�K �� �j ���= ��� �@�� ���  �� M� @FOD ��

) M��n(  .	�� @�� ���  �� M�� @FOD Z�K �� �βi  E�i

 Z�K �� �- ���� ���<� p�H 0� .��� . @A E�i ?�

���  �- @FOD �2< ���� J�� ]�Hs�i ) M�Vi J�� @� (

M�� ���  �- @FOD �2< ����n )Vn(  u�P 0� -H�� � �

 @g���2  ���L���0� --�>]31[:  

)2(  

0 .20 .7 5Tn

j j
j ii

i
n n n

W h
V
V W h

β

−

=

 
 
 
 
  
 

= =


 

 @O��X0 �-γ  �.<0�� �I��� t7^� E�i @A

0� -H� �sμ 92� E�i]�Hs� @A 	�� ���� ��C�

s u yµ θ θ= u�P 0� -H�  �Rμ E�i  @� �H��0 ���A

92� C���  E�i @� @A 	��sμ ) ���� �3^� -H�� �T (

 -�!/�<� �K3�L0 d���� �4 @O��X0 ���� � 	�� @�����

 � H�<= �-�!/�<� d���� �� @P=�g0 ?� �- .	�� �.�

 ����2��]32[ @O��X0 ���� Rμ   �-�K���0� -H�.  

2- ) ]�FOD �O��B ���<�Fi(  @�� �� �6��D ����

 @g��� WOD -�23��3  @O��X00� -H�. 

)3(  

0.20.75

1

1

( )    , 
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d���� ?� �- Fn  M�� @FOD �O��B ���<�0� .���.  

3-  J���-�H0<��  �>��<0 �6��D ����TADAS  �-

 @FODi )Vyi @g��� �� (4  ���L���0� -H�:  
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1
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 @g��� ?� �-Hi @FOD Z�K �� i  �M�hi  @FOD Z�K ��i �� M�

@�� ���   �Mpc D �H�� ��� ;<��7� �+/= 	�� ��� @FO

 M�� @FOD MN<��20 9<2�  �� ��<>H3B ���� @A@� ]�H^ 

 @g���5  	�� �.� -�!/�<�]32[.  

)5(  11.1  

4pc

V h
M

′×=  

 @g��� ?� �-h1  � ��� @FOD Z�K ��V ′  ; �- @�� J��

 -�.P  @� 9A @�� J�� �<�F  �� @A 	�� @���-@���- ��� 

��- �>��<0 ��TADAS �0 	�.�..4  

4-  	0�Li ���� ��-�F0 ��1 ��(t) @�� ��� �

(b)  Z�K �� �(h) ��� ���� ���TADAS �.��� �

 ��+��- �- ��� ; �<3�  	0��F0TADAS 

(Vy-TADAS) @g��� �� 6  ���L���0� --�> jk� .

 @g��� �� �-�K��� ��7 ��� -�.P  ����-�H0<�� 

 ����!� 	!B���= �� @FOD �- i M�(Ni)  @O��X0

0� --�>:  

)6(  
2

6
y

y T A DA S

bt
V

h

σ
− =  
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)7(  y i
i

y T A D A S

V
N

V −

=  

 ��4 �- @Ayσ  �- �1�s0 -fH1 �<3�  �/ ��� ��� 

TADAS 0� .���  -fH1 ���� �4 ��.F0 �ST37� Mpa 

240 0� .��� . �@P=�g0 ?� �- � @�� ��� �	0�Li

��� Z�K �� ���TADAS �-�K���-�H0  ����!� 	!B

���= �� b�c �/�� ���@O �0./3�  �  @�<E  �� �����20 

0<3� ��0 �250 0<3� ��0  �300 0<3� ��0  ..-�> b�L���

 ��.F0 �C=�>��<0 ��� �<3�  	0��F0  �����kN 33/13 

 	�.�0� 4. ��.B �- .2  �-�F0Vyi  -�.P  ?</r�� �

��� ��� TADAS �-�H0<��  ���� bH3g0 � �/O0 ����!�

���� ��� @P=�g0-�H0 �.��A� .	��  

��.B 2-  -�.P ����>��<0 ��� TADAS �-�H0<�� ����!� ���� b�c �/�� ���@P=�g0-�H0 -�23�� w��� �� ;<��7� �6��D �-  

bH3g0 ����!� �/O0 ����!�  
@FOD  

Ni  Vyi (kN)  Ni  Vyi (kN)  

 b�c12 @FOD  

18  94/239  6  98/79  1  

17  61/226  6  98/79  2  

17  61/226  5  65/66  3  �4  

16  28/213  5  65/66  5  

15  95/199  5  65/66  6  

14  62/186  4  32/53  7  

13  29/173  4  32/53  8  

11  63/146  4  32/53  9  

9  97/119  3  99/39  10  

7  31/93  2  66/26  11  

4  32/53  2  66/26  12  

 b�c15 @FOD  

26  58/346  8  64/106  1  �2  

25 25/333  8  64/106  3  �4  

24 92/319  8  64/106  5 

23 59/306  7  31/93  6 

22 26/293  7  31/93  7 

21 93/279  7  31/93  8 

20 6/266  6  98/79  9 

18 94/239  6  89/79  10 

16 28/213  5  65/66  11 

14 62/186  5  65/66  12 

12 96/159  4  32/53  13 

9 97/119  3  99/39  14 

6 98/79  2  66/26  15 
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 ��.B2- @0�-� 

bH3g0 ����!�  �/O0 ����!�  @FOD  
Ni  Vyi (kN)  Ni  Vyi (kN)  

 b�c20 @FOD 

40  2/533  13  29/173  1  �2  

40 2/533  12  96/159  3  �4  

39 87/519  12  96/159  5 

38 54/506  12  96/159  6 

37 21/493  12  96/159  7 

36 88/479  11  63/146  8 

35 55/466  11  63/146  9 

34 22/453  11  63/146  10 

33 89/439  10  3/133  11 

31 23/413  10  3/133  12 

29 57/386  9  97/119  13 

27 91/359  9  97/119  14 

25 25/333  8  64/106  15 

22 26/293  7  31/93  16 

19 27/253  6  98/79  17 

16 28/213  5  65/66  18 

12 96/159  4  32/53  19 

8 64/106  3  99/39  20 

  

�- J�� !����= ���� �-�.X0 �- ��-�!/�<� ��

 � ���A �����<� �����1 ���./���!0 ��.���� ����A

) �����A ��� ����� �- �� ����1Pb(  ../����- ��<@V �

 �����1 ���./���!0 ��.���� ����A �� ��<>H3B ����

 @g��� .��8 :.��� ���c��  

)8(  2 C os 1.25b y yP R Vα ≥  

 �@=-�P0 ?� �-α @���  �W1� mg� �� ��./���!0Vy  	0��F0

 �>��<0 �<3� TADAS  �Ry  -�H0 �<3�  �/  	O��

 m=�s0 �<3�  �/  9c�.6 @� ��~���0� .���  WOD @A

 @O��X0 ���� ����
�� �30 ]���F0 ��- \XO00� -H� 

]33[ ��C= .@�H+� ��./���!0�0 b�L��� �� ����- @A .�H�

�O��X0 9c�.6 ����A 	<1�z � )Pb(  ./���!0 ../���

 pgF0 �� ���L���2UNP220 b�c �0��  ���� �- ��

�0 H+��HB ]�FOD �0�� ..��� 

4- ;�� -, �2��OpenSees  #����2< ���
-  

 �����.0 ���� b�c�� �� 	<3��c��� �.0 ����

�-.� @0���� �- OpenSees ]34[  @�1�> ��!�0� -H�. �� 

��1 E3^ ���1� >��1�- ����� uF���� �- ]�FOD M�B 

���  ]�FOD @��HD ����0 ?<� ��>��� ��s � � �<  �H�� 

p�H  �0--�> .��X= ���� �-H�� �/A�.�� ��<0 ���<� 

��HX0 � ��
 ���0�� �/  @g��� u�P  � - �� ���A

 �H��-uniaxialMaterial  �-�K���0� -H��.0 . m=�s0 

?��-  � �HsX0 ?�� �� ���l<� �HsX0- �� ZH� 

Concrete01 � �.0 m=�s0 �-fH1 �� ZH� Steel02 

b�L��� �0--�>.  ���� @�1� ��2� ���=��.0 ���� ��Y�� 

��/�� �H�� � �<  ���=� nonlinearBeamColumn 

0� .��� � n/�  @gF����+��� ><��  �- ���=� �� �HD �-

@�1�> �~� �0-H� . ZH� �� �-fH1 m=�s0 �?</r��
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Elastic-Perfectly Plastic Material @��.0 �H~/0 -

��� ���1� ���� ��+��- 92� �y3y0 ���TADAS  �-

OpenSees �0 �-�K�����F� .-H� ���+�����<> ������ 

���=��� �/�O0 ��  �H��cquadrature Gauss-Lobatto 

�0.��� .M��  pD�F0  ZH� �� @�1� ��2�Fiber 0� ./��� .

���<0 u�P  ����  �-.0� ��� ���� ��  j� �0 ��

�3�� ���<0 �H��-) Rayleigh  @0���� �-OpenSees (

 �-�K���0� -H� . 

�.0 �>��<0 ���1� ����TADAS  pB�0 WOD

]35[ �0 M�V��-�C� �� �-�K��� �� �.��� @A E< �  ?.� .

 ��!��� ��1 �� � m=�s0 	0��F0 ��HR e70�A  ���� ��-�<>

��� ���  �� � �y3y0^h� �~� �<<x  �� �-�A92� ��� 

 @Pgc �O��B ;<��f� ��L� �����TADAS  @g��� ��

9  	�.�0� 4.:  
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3

36

N Ebt
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h
=  
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 � @�� ��� ���� 	0�Li �@�<�<��f� ��.0 ��y3y0

 �y3y0 ��� Z�K ��0� ./��� jk� .x <<� 92�  -��4 ��!���

�0 �� �4 �- �<3�  ?<=�� @A ���0� �- ��� .�-)yΔ�� �( 

 @g���10  @O��X00� --�>:  

)10(  
2
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y

h

E t

σ
∆ =  

) �<3�  	0��F0 �@0�-� �-Vy( 	0��F0 � ) ��!�Vu( 
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N bt
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σ
= ∆ =  

)12(  
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N bt
V
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σ
=  

 ��H1 ]��7D� ?���- ��<�
� �- ����� �/X/0-

 �>��<0 ���� J�� �- ��V��BTADAS  ; ]�Hs�

 �/X/0g
�-� 	L� ��% �� ����� ����A �>.�H�3 

�.� .^�-�4 ����0� -H� ]36[. @A�V�4�� .����- 

���= ����!� ���<� �6��D ��TADAS ��./���!0 �

�/  ����- �-fH1�0 ;<��f� .6 ��� �./������? �� 

�>�� �-�- ��s�
� 	!B �.0 @� �g
 ���

 �- ���./���!0M�� ��N1� OpenSees  ���<� ���=� ��

elasticBeamColumn  �-�K���.� . ?</r�� 	!B

��./���!0 �-fH1 ;<��f� ���1� �1�P0 � m=�s0 �.0

ZH� �� �-fH1uniaxialMaterial Elastic   b�L���

..-�>   

�@ �H~/0��0�4 ����� �.0 �� ���+��0�4  � ��� 

����2�� ]36[  �-�K���.� ����+��0�4 �.0 ?� �- .

 -�23�����= �� @���- ; �-fH1 b�c ;� @FOD�-  N!V0

 ����>��<0 @�TADAS ������ ..-�>  �2<0�/- ���

�-�K���-�H0  ���0�4 ?� �-@K=�0 �������� �� - bH/B

�� @=N=����/�9 1940  @� �.� w�<F0 b��� @/<�<� ��

g50/0-H� ��Og�� �n��� @��F0 .�=HOc 9��c  �� @� ��X=

 ��NA�0 ��20 �<<x b�c ��� ) @<=���F e�O mm 25 ( �

 ��NA�0 ��20 �<<x b�c ���  �� �.� ����!�TADAS 

)�F e�O mm 12 (���� -.-�  

5 - � '��> 5�6 ?�6 �+@ 5.+� �
��A�,-.�  

���� �HD  @Ae7Oc  ���� @P=�g0 ?� �- �.� ��<�

 ����!�b�c �� ���
 �?�� @0�4  �- ��N31 ����>��<0 ��

 @�1�> �~� �- bH3g0 � �/O0 ����!� h.�0� -H� .

 ����� @��� W��g0360 u<D .�� �/O0 ����!� �- �

) �g
 mg� @=N=� ���� b��� t�D1 ����!� �- � (

g0) �g
 mg� @=N=� ���� b��� t�D u<D .�� bH32 (

 b��� �-�A �L�0 ���� �i�6 ����� �- .--�> ?<<P 

 ��!� 	��G u<D 92� �� �-�K��� ./��1 �� �t�D ��/O0

 @�1�>0� -H� �g
 mg� @=N=� @� �H��0 b��� u<D .

)1 -��.����� �� �-�K��� �� (2800  ?<<P 0� -H� ���� .

                                                 
9  - El Centro 
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) �g
 mg� @=N=�2(  b��� u<D ��@{��� �.�  @��� �-

 �����360  �-�K���0� --�> �� �.04 	�.� n��� WOD .

 �O�P0 p��/0 �- @A ���!  �!� @=N=� �g
 9<3X @{��� �.� 

 	��]37[ �� HA b��/  ��0� �- �K<D b��� ��.F0 �2/0 

) @<��GSS ./3� b��/  ��0� �- �K<D b��� ��.F0 N<� � (

0/1 ) @<��GS1��� () �g
 mg� @=N=� �2E< �  @� (g65/1 

 �g75/0  �H~/00� -H� 92� �- .3  t�D 	��G u<D

 ���� b���@=N=� ��) �g
 mg� �1) � (2 �-�- ���� (

0� -H�.  

  
 92�3 -  ���� b��� t�D 	��G u<D@=N=� �� �g
 mg� �

)1) � (2(  

  

6 -  ���CD�+@��E �F�D���
  

 ��.B �-3  �3^� b��/  ��0� 	O��b�c ���  @<=��

)To ( @�b�c ���  �.� ����!�) (Tr .	�� �.-�> @{���

���� �HD  ���� ��.B @A0� .�- �b�c ����!� �/�� ���

 �� �.�TADAS =- @�<9  �O��B ����� ���<� �- �<<x 

 b��/  ��0� ����- (�O��B ��L� � 	0��F0 ��N1�)

�0 �/O0 	=�6 @� 	O�� ����A ..������? ��  ��V��B
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 -�23�� ������ �������= � ����� �� �.� ����!� �

 ����� @��� ��360  �-�K���0� -H� @��� ?� W��g0 .

 �(��4 JH� 9<3X ) �g
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ZH� �- �H+=� ���  @� �O��B���� ��  �����0� --�>.  �H+=�

 -H0 92� �� E��/�0 �O��B ��� p�H  �4 �- @A ��� ZH�

 @�1�> �~� �- J�P �� ���0� -H�  @A M�- ZH� �H+=� �

 �O��B ��� �4 �- � 	�� �O��B ��� 	
�H/2 p�H  90��

 @O��X0 @FOD �� ��� �� E��/�00� -H�.  

.B�� 3-  �3^� b��/  ��0� 	O��b�c ��� ) @<=��To/  ��0� @� ( �3^� b��b�c ��� ) �.� ����!�Tr(  
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To/Tr 
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20 @FOD  066/1  16/1  
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 JH� �/X/0) M�� M�B NA�0 �<<x  @� �.<�� �  (��4

 9c�.6 ���205/1  ���L��� h.� ��20 �<<x  �����

0� --�> �- . 92�4 /X/0� ���  �� �.04 	�.� 	<1�z

 �g
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 �>��<0 �� �.� ����!�TADAS  ����!� h.� �- ��

 � �.-�> @{��� bH3g0 ����!� � �/O0���� @��F0 
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b�c 20 @FOD 
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92��<<x  ���� ���l<� ��f�<; ��� |�N� �y3y0 ���

 ��+��-TADAS ��V��B �� ���� ���|�N� �   ?<6 �-

?<0����= @A �	�� ..� ���@� EBH0  ���<� bCB �4

 �>��<0 ZH� ?� d�H  �O��B=- @�<9  ��1 @� -���

�0 ��N1� ;<��7�/r�� ..�� -�.P  ��N1� �� ?<

�.0 ]�FOD�0 �� .�� ; ��H 9��c !BH �  ��N<0 �-

b�c �O��B 	0��F0 ��N1� �>��<0 �� �.� ����!� ���

TADAS .-�A �.���0 ��  

��.B 5- �.0 �O��B ��!� 	0��F0 9<3X  �� �.04 	�.� 	<1�z �/X/0 �� 9^�6 ����4 JH�  E�6��kN/mm  

 h.�

����!�  

 ��� �H+=�

O��B�  

 b�c12 @FOD   b�c15 @FOD   b�c20 @FOD  

�/O0  ����!� 
h7�
�  

(%) 
�/O0  ����!� 

h7�
�  

(%) 
�/O0  ����!� 

h7�
�  

(%) 

�/O0 
	
�H/2  5/1080  0/999  54/7 1689  1789  92/5 1735  2002  39/15 

��� -H0  32/647  9/573  34/11 1256  1355  88/7 1218  1433  65/17 

bH3g0  
	
�H/2  3/1148  1537  85/33 1675  1924  87/14 1650  2665  52/61 

��� -H0  54/677  876  29/29 1329  1802  59/35 1225  1965  41/60 
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7- �+@��E �F���7�, ���CD  

 �� �g
�<l �2<0�/- 9<3X  M�V�� ����7 

b��� 	��+� 0�<? ���=  �-�K���0� -H�  ]�sL�0 @A

�4 ��  ��.B �-6 @{��� �.�  .	��@=N=���� ��b�L� �.� 

���-� �>�� ���  9<Oc ���>�N�� �?< 5/4  � 8 ���� �

 �-�.X0 �HAC0 @XK^ �  9�> @XK^ �Hs  @3^�120  � 

60  ���0H3<A 	����H0 ����  9X0 ?<0� @� @BH  ��

 	
��b�c ��  (	L� ZH� _�
) �����175  � 375 ��0  ��

��G@<  � @/<�<� �-�.X0b��� 	��+� ���  ?<� ���L���

g2/0  � g2 0� ./���  � �C= @=N=� d��� @� ;-N�

���/A �.//A  ��+�
��b�L��� �.� .��.  

��.B 6-  ]�<NB0�<? ���= ��� �-�K��� �.� ���0� @rL��  �2<0�/- 9<3X  ����  

PGA (g) ) 9�> �� @3^�1Km(  ���  	OG ��+���  @=N=� M��  
 �����

@=N=�  

299/0 8/56  1987  Doweney-90079 
Birchdale/180  

Whittier Narrows  1  

332/0  7/23  1989  CDMG 58235 Saratoga-W 
Valley Coll.  

Loma Prieta 
WVC  

2  

496/0  43/40  1990  BHRC 99999 Abhar  Manjil, Iran  3  

293/0  23/24  1987  Matahina Dam 99999  
New Zealand A-

MAT  
4  

496/0  6/35  1981  Westmorland 5169 Fire 
Sta/90  

Westmorland  5  

357/0  1/26  1966  CDMG 1438 Temblor pre-
1969  

Park FieldTMB  6  

406/0  0/27  1987 Dayhook 9102  Tabas DAY  7  

  

b��� 	��+� ���  ����� @��� W��g0 ���L���360 

) @=N=� �g
 mg� �- ����1) � (2 t�D u<D w��� �� (

 ��!����1�P0� �.�  ./� �-5 w�<F0 �0� .�H� ?.� .

 @A �/P0b��� 	��+� ��  w�<F0 �HX� @�0� .�-�>  @A

 ����/  ��0� �-�.X0 �- 9^�6 ?<+��<0 u<D0.2T  � 

1.5T  �� ���A1.3  �g
 mg� �� ��>��� t�D u<D �����

) .��O� �~�.0T  ���� �3^� b��/  ��0� h�P0�~�-�H0 

 �� �-�K��� �� jk� .(	�� �2<0�/- 9<3X  ����

N=� ���-�HA� ��� ��.� w�<F0 @=�.0 ��  9<3X 

 M�V�� �g
�<l ���0� @rL�� 0� -H�.  �� 9^�6 n���

 ]�Hs� �g
�<l ���0� @rL��  �2<0�/- 9<3X 

 9^�K0 ����- ��N<0 � ]�FOD 	K�- �����-H��

 ;<��7�2� <9 �.�  @{��� �Y�� �-0� -H� M�f .�A� @� 

 @A 	��@�sK0 ;<��7� ����- @O��X0 �H~/09 ���

b�c �/�� ��Y�� �- �g
�<l���  ��/X�� ��N<0 �.���

���=� �� �O�1 pgF0 �� ��!���/X�� n��� �� �-�K��� �� ��-

 9^�6 ���0 ?<<P  �g
�<l �2<0�/- 9<3X  ��

0� --�>@g��� �� �-�K��� �� jk� .( )p u y pQ Q Lθ = − × 

 	�.� ;<��7� ����-0� 4. ��4 �- @A Qu /X�� ��

 � ��!� Qy��/X��  �<3� 0� .���  @g��� �� �-�K��� �� @A

@{��� �.�  �����2�� � �� @P=�g0 �-]38[  @O��X0

0� -H�?</r�� . Lp  	�� ;<��7� 9sK0 �i�1 �HD

 pB�0 �- @A]39[ 1�P0� �.�  .	��  

 �- 92�5  	�.� ]�FOD 	K�- 	O�� ?<+��<0

 �� �.047  ���� @=N=� -�HA�b�c �� ��� � @<=b�c ��� 

 ���� �/O0 � bH3g0 mg� �- �- �.� ����!��-�- �.� 

 tHg� ���� ��V0 �O�� ��V��B @/<�<� �?</r�� .	��

-�23�� LS � CP % ����� E< �  @�2 % �4  	��]40[ 

 �- @A92� ��  �����-�- �.�  .	��  
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 b�c12 @FOD  

  
 b�c15 @FOD  

  
 b�c20 @FOD 

 92�5 - �0 @��F0 ���� ]�FOD 	K�- 	O�� d�Hb�c ��� �u3�L0  	X  (u=�)@=N=� ���  �g
 mg�1  	X  (b) �@=N=� ���  mg�

 �g
2  

���� �HD  ���� n��� @A0� .�-b�c �- � �/�� ���

 Z�K �� ������ �- ]�FOD 	K�- p�H  �.�� ����!�

) @=N=� �g
 mg� �- �� ���� @� ����1) � (2 (e70�A 

	
�H/2�<l �0 ..��� �?</r�� �.�� ����!� 	=�6 �-

 @/<�<� ����- @A � �FOD �4 �]�FOD -�.P  ��N1� ��

�0 �<� �/<�� ]�FOD 	�� @� ./��� 	K�-..��� 

 �N31 �>��<0 �� �-�K���TADAS ���= ����!� ���� ��

b�c �� ������ �- ]�FOD 	K�- 	
�H/2�<l p�H  �

@� �� Z�K �� �HD�G�0� �<<x  �0 @� �� p�H  ?� � .�-

 ;-N� 	
�H/2 	=�60� ./A .@� ��H/� @�H�� b�c ���� �

20 �.�� ����!� @FOD� 	K�- ��NA�0  ���� @�

@=N=� ��� �g
 mg� )2(� 11/5 0 �����< 	K�- ��</

 .	�� .P� @2<=�6 �-��  ����!�b�c ?�  mg� �-

0bH3g]�FOD 	K�- ��</<0 @� ��NA�0 	O�� � @�  ����
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) �g
 mg� @=N=�2 ( @�74/1 0� .�� @��F0 �?</r�� .

 n���b�c ���  �� �.� ����!�b�c ���  �.�� ����!�

 ����0� .�-  �>��<0 �F� �]�FOD -�.P  ��N1� �� @A

TADAS Z�K �� �- 	K�- p�H  �-�A 	
�H/2 �- �

 �����
��@��B�� �  0� -H�. 9��c @�2� ��+- @BH 

�<+��[ ���A  �- ]�FOD 	K�- ��NA�0b�c ��� 

 �� �.� ����!� �>��<0TADAS  �� @��F0 �-b�c ��� 

?�� @0�4 �0 @<=�� ..���@� ��H/�  @�H�� b�c �-20 @FOD �

 ����!� \��� bH3g0���A %3/69  �- 	K�- ��NA�0

) �g
 mg� @=N=� ���� @�2 (0� -H� . �C= �>��<0

TADAS  -�23�� -HO!� \������= �� ���� ��  a	�� �.�

 @2�Hg����� ���  �.� ����!�@� �6���  -�23�� mg�

) ���B �/��LS) �g
 mg� @=N=� ���� @� �� (1 mg� � (

) JN���1 �� ��<>H3B -�23��CP @=N=� ���� @� �� (

) �g
 mg�2 ?<0}  (�-�A .��.  

@�92� ���1� -HO!� ����� �H~/0 ��Y�� ��C�

X� �H�� � �<  ��/��b�c ��� @FOD �� ���� b�L��� ��

0� .�H�  9sK0 ����- 	O�� �����X� ��Y�� ?� �- �

 ;<��7�2� <9 �.� ) ;<��f� .6 ����- @�/θyθ(  	X 

b��� 	��+�  ����� @=N=�1� 	=�6 �- �.�� ����!� ���

 9<3X  ��0� �HD �- �.� ����!� ��� @rL ��0��  ��

 @��F0 �+.20� .�H� .��� ?� �- n 92�6 @{���  �.�  

	�� .  

  

 b�c12 @FOD  

  

 b�c15 @FOD  

  

 b�c20 @FOD 

 92�6-  ����X� ��Y�� �- ����- ��N<0 @��F0u3�L0 ��� b�c �g
 mg� @=N=� 	X  (u=�) :1  �g
 mg� @=N=� 	X  (b) �2  
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����� 	
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 �.���00� -H�  	O�� ��N<0 @Ayθθ/  �0��  �-

�H�� ���� @=N=� ].0 �HD�b�c �� ���<  �� ���<� ��

0� .���  �� �0� ?� 9<=- @A0� ��H  @O �0./3� b�c �-H�-

 �/�� ���@P=�g0-�H0  @A 	���-@� EBH0 �0 �4 ��H 

 ���� ���1�9��c !BH  �F� �� ������ �  �H�� ���� ��

�<� ���� 9A ��.B .-H�� �/<�7  �- ���A ��N<0

 @/<�<� �-�F0yθθ/ � ��Y�� ���� �� ����Xb�c �� �

 �� @��F0 �- �.� ����!�b�c �� (�.�� ����!�) @<=�� �

 ����0� .�- �.���0 .0� -H�  �� �-�K��� ]�H^ �- @A

 ���<� �>��<0TADAS @/<�<� 	O�� �yθθ/  � �<  ����

b�c ����X� �H��@� �.� ����!� ���  ��N<09��c !BH  �

	=�6 @� 	O�� ���A �.�� ����!� ���0� .�� @A �

 ���A ?� ��.F0@� �HD % -�.6 �- ?<+��<070 0� .��� .

 @/<�<� 	O�� ��N<0 �� ]�FOD -�.P  ��N1� �� ?</r��

yθθ/ b�c ����X� �H�� � �<  � @<=�� ���b�c �� �

�0 @���A �.� ����!�.--�>  

 ��.B7-  ���A ��N<0yθθ/  ����X� ��Y�� �-b�c ���  �� @��F0 �- �.� ����!�b�c ��� @<=��  

]�FOD -�.P   ����!� h.�  @=N=� �g
 mg�  
 @/<�<� ���A .^�-yθθ/   

����X� �<   ����X� �H��  

12  
�/O0  ;  04/66  76/63  

bH3g0  �-  45/57  89/69  

15  
�/O0  ;  89/73  18/71  

bH3g0  �-  16/71  25/77  

20  
�/O0  ;  08/71  37/72  

bH3g0  �-  78/65  96/72  

  

8- ����� !���  

 @=�F0 ?� �-3X  M�V�� ��9< �g
�<l ���

 @0���� �� �-�K��� �� (�2<0�/- � �2< ����)OpenSees� 

 @�������  -�23�����= � �b�c �� �/�� �@O �0./3� 

 ��<3�  �N31 �>��<0 �� �.� ����!�TADAS  @�
�-��

 �� ��A ?� M�V�� ���� ..��.0 �� �.P��- �� �3  ��� 

 ���K ��12 �15  �20 @FOD  �?</r�� ..� �-�K���

 �� ����!�TADAS  ����!� � �/O0 ����!� mg� �- �-

 S��� � .� M�V�� bH3g0b�c ��  @=N=� �g
 mg� �- �-1 

 �2  @����4 � ���B �/�� -�23�� mg� �- ���� @� �

 ?� �- �.04 	�.� n��� @^7
 ..-�> ����� JN���1

 @P=�g0@� ]�H^  ��0� .���:  

1- � �>��<0 �-�A @1�i� �TADAS �@� �HD  ?<+��<0

 �O��B 	0��F0 � ��L�b�c �� �.� ����!� �

% E< �  @� �/O0 ����!� mg� �-24 % �11  �- �

% E< �  @� bH3g0 ����!� mg�49 % �39 

 ��N1�0� ./�� �- ��N1� ��N<0 @O��X0 �- .

 	0��F0 � ��L�b�c �� n��� ��.� ����!� �

 �� �.04 	�.� �g
�<l �2< ���� 9<3X 

@� ].�  .	�� @����� �O��B ���C>��� �H+=� @�

 ���C>��� �H+=� �� �.04 	�.� n��� @2�Hg�

 ��� -H0 ���C>��� �H+=� �� @��F0 �- 	
�H/2

@~1�X0 @����A  �0� ?� 9<=- .	��0� .��H   �<G} 

 S��� �- � f�� ���P �� ���-H0����
�� �� �

��� @A .��� ./3� \0� -H�  �� �.04 	�.� n���

 �-�.6 �  ���� ��� -H0 ���C>��� �H+=� w���

JH
 �<@��/  ..��� � ��L� �- ��N1� ��N<0

 �O��B 	0��F0b�c �� �<<x  �� �.� ����!� �

 @����� �O��B ���C>��� �H+=� @� ]�FOD -�.P 

 .	�� Z�K �� ��N1� �� �?</r������ ��  .��

9��c !BH ��N1� �- � b�c �O��B 	0��F0 ���

 �>��<0 �� �.� ����!�TADAS ..-�> 9^�6  
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2-  �-b�c �� p�H  (�.�� ����!�) @<=�� �/�� �

 ���� Z�K �� ������ �- 	K�-e70�A  	
�H/2�<l

 ���1� �>�� @A 	�� �/P0 ��.� ?� .	��

b�c ;<��7� @A �/�� ���P <<? �.//A  ���1�

�<� ����� �- �4 ;< ���<� �-��� @=N=� ����

 Z�K �� ������ �- 	
�H/2�<l ]�Hs� �	��

b�c p�H  �� �.� Z�K �� ��N1� �� @2�Hg� .	��

 ?���<� ����- @A �/<�� ]�FOD �����
��

92��<<x  ���1� �- ��N�� �F� �-H� ��

b�c ;<��7��0 �K� �� 	�� ��=�6 �- ?� �./A

-H�� ;3!��0 �- �+- ]�FOD �F� @A �I��� �

 ���� @� �-���@� E ��0 �0 ���A �� �-�K��� ..���

 �N31 �>��<0TADAS ���= ����!� ���� ��

b�c �� �- ]�FOD 	K�- 	
�H/2�<l p�H  �

@� �� Z�K �� ������ �HD�G�0�0 �<<x  � � .�-

 ;-N� 	
�H/2 	=�6 @� �� p�H  ?�0� ./A. 

 �>��<0 �?� �� ��7�TADAS @� �-�c  ���A

9��c �<� ��.F0 @� ]�FOD 	K�- ��NA�0 @BH 

 ��60 �0 .^�- Z�K �� ��N1� �� �?</r�� ..���

 �N31 �>��<0 �F� ����
��TADAS  �-

 	K�- 	
�H/2 p�H  � ]�FOD 	K�- ���A

 ����
�� Z�K �� ������ �-@��B�� �  0� -H�.  

3-  ���<� �� �-�K��� �>��<0TADAS  \���

0� -H� �� ;<��7� 9sK0 ����- 	O

2� <9 �.� ;<��f� .6 ����- @� )yθθ/(  ����

b�c ����X� �H�� � �< @� �.� ����!� ��� 

 ��N<09��c !BH ) �@� �HD  -�.6 �- ?<+��<0

%70	=�6 @� 	O�� ( ���A �.�� ����!� ���

��C= ..��  �N31 �>��<0TADAS  -HO!� \���

9��c92� ���1� @BH  ��Y�� �C�b�c �/�� ��

0� -H� ��� ���� �� bCB �� ���� �N31 �

?<0� �� ���� �-��� �F1� �����<� ��N<0 @� ���=

9��c !BH  ���1� ?���- �� � �e70�A  ;<��7�

@� �������� ���� �H<1 ; ��H/� 9�� ��

0� .//A  \��� �0� .�H�  b�c ���<� �- �Y��

 ����- ��N<0 ?���- �� �.� ����!� �/��

���= E<�4 ��.� � E��/0 ;<��7� @� �^�
 ��

 h.� -�23�� mg��~�-�H0 ../���  

4-  n���3X <9 �� �2<0�/- � �2< ���� �l<g
� �

 ����0� .�-  @A �>��<0TADAS  -HO!� \���

 -�23�����= � ����� �� 0� -H� @2�Hg� a

���� �� �.� ����!� �@� �6�� -�23�� mg� �

) ���B �/��LS� �� ( �g
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Investigation of Seismic Performance of  
High-rise Reinforced Concrete Frames Using 
TADAS Metallic Yielding Dampers 
 
Past seismic experience shows that many existing mid to high-rise 
reinforced concrete (RC) moment frame structures require seismic 
evaluation and possibly retrofitting. In this study, TADAS metallic 
yielding dampers were used for seismic retrofitting of reinforced 
concrete moment frames. For this purpose, three high-rise 
reinforced concrete frames of 12, 15 and 20 stories were designed 
using the old version of the Iranian seismic code and concrete 
regulations. Control of structures showed the need for seismic 
improvement in these structural models. Therefore, to satisfy the 
basic and enhanced performance objectives, metallic dampers 
were added to the structures and were designed using 
performance-based plastic design method. Validation was 
performed by selecting a valid experimental model and simulating 
the experiment with an accurate behavioral model of the TADAS 
damper in OpenSees software. Then, by performing nonlinear 
dynamic and static analyzes, the seismic behavior of the 
retrofitted structures was evaluated at two performance levels of 
life safety (LS) and collapse prevention (CP). The results show 
that TADAS metallic yielding dampers can increase the strength 
and lateral stiffness of RC frames by 30 to 60% with the least 
number of bracing bays. Also, in addition to uniformizing the 
distribution of maximum inter-story drift over the height, it 
reduces drift by more than 60%. Moreover, due to the 
improvement of structures, the ratio of plastic rotation angle 
(θ/θy) in the critical beam and column of the frames for different 
earthquake hazard levels is reduced by about 70%. 
 
Keywords: Reinforced Concrete Frame, Nonlinear Analysis, 
Performance Levels, Seismic Retrofitting, Metallic Yielding Damper.  
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New Models for Determining Concrete Elastic 
Modulus Considering Variation in Values of 
Compressive Strength 
 
Modulus of elasticity has played an essential role in the analysis 
and design of reinforced concrete structures and is a fundamental 
property required to calculate the lateral deformation of 
structures. This study proposes new models for predicting the 
elastic modulus of normal - and high-strength concrete using a 
hybrid polynomial neural network-invasive weed optimization 
algorithm (PNN-IWO). This paper attempts to estimate the elastic 
modulus concrete in terms of compressive strength in compliance 
with conventional building codes. To examine the validity of the 
proposed models, a comprehensive evaluation has been performed 
between the elastic modulus results predicted by PNN-IWO, 
experimental data, and those determined using buildings codes 
and various models. The assessment is performed in terms of 
coefficient of determination, root mean square error, and mean 
absolute error. It should be noted that the mean absolute error of 
the proposed model for normal- and high-strength concrete were 
calculated as 9.02%, 3.8%, respectively. The results demonstrate 
that the proposed models have a very strong potential to predict 
the elastic modulus of both normal- and high-strength concrete 
within the range of the considered compressive strength. 
 
Keywords: Concrete; Elastic modulus; Compressive strength; 
Polynomial neural network; Invasive weed optimization algorithm 
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Clear Water Scour around at a Piano Key Side 
Weir of the Type A at 120° Section of a 180° 
Curved Channel  
 
A side weir is a hydraulic control structure used in irrigation and 
drainage systems and combined sewer systems. The Piano Key 
Weir (PKW) is a new type of long crest weirs that have a 
relatively simple structure and high economic efficiency 
structures. Due to the advantages of this weirs, it is necessary to 
study and investigate the Scour around of these structures as a 
side-weir. The present study focuses on investigate the scouring 
around the piano key Side weirs of the Type A at a 30° Section of a 
180° Alluvial curved channel for clear water conditions. The 
results showed that at the end of the Side weir, longitudinal bar in 
the middle of the main channel and a scour hole close to the outer 
bank are formed because of the changes in shear stress field. The 
depth of clear-water scour increases by time and approaches the 
equilibrium state asymptotically depending on approach flow 
velocity. The equilibrium depth of scour depends on the 
dimensionless parameters of flow intensity, flow shallowness, weir 
crest height, side weir length and the maximum value of scour 
depth occurs at a depth when the approach flow intensity is equal 
to 1.0. Also, the scour equilibrium depth in the dimensionless ratio 
increased L/rc= 0.175 compared to L/rc= 0.125 in different flow 
velocity of 12 to 35%, 10 to 39% and 18 to 26%, respectively. 
 
Keywords:   Scour, Side Weir, Piano Key Side Weir, clear water, 
Curved Channel.    
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Laboratory Evaluation of Energy Dissipation in 
the Combined Structure of the Vertical Drop 
with Gabion 
 
Today, the use of stone materials, especially gabions, for easy 
access and abundance for the construction of rockfill dams, 
filtration, and stilling basin is increasing. In this study, first, the 
hydraulic flow by combining the gabion structure with a vertical 
drop and then the effect of porosity and length of the gabion 
structure on the energy dissipation values were investigated. For 
two modes of simple vertical drop and gabion, a total of 260 
experiments including two heights of 15 and 20 cm drop, three 
porosities of 40, 45, and 50 percent, and eight different gabion 
lengths with a flow range of 150 to 800 liters per minute were 
performed. The results showed that in all the studied models, with 
increasing the relative critical depth parameter of the flow, the 
energy dissipation decreases and the downstream relative depth 
increases. The integration of the gabion structure caused the 
energy dissipation and the downstream Froude number to 
increase and decrease, respectively. On average, in all models, 
the use of gabions increased 57% of the energy dissipation of the 
current compared to the simple vertical drop and reduced the 
range of the Froude number from 3.5-8.7 to 0.52-2.5. The flow 
regime passing through the vertical drop gabion physical models 
includes inflow, transient, and overflow, of which the Inflow 
regime plays a Major contribution in energy dissipation. For a 
constant relative length, increasing the porosity of the gabion 
structure increases the volume of water passing through the 
porous medium and the energy dissipation of the flow, in contrast 
for a constant porosity, increasing the relative length of the 
gabion structure has little effect on the energy dissipation. On 
average, in vertical drop gabion with 50% porosity compared to 
40% porosity, the downstream relative depth increased by 15%. 
 
Keywords:   Vertical drop, Gabion, Additional Structures, Energy 
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Assessing the Effects of Volume Fraction and 
Diameter of Hooked-End Steel Fiber on Vebe 
Time and Mechanical Properties of RCCP 
 
Using Roller Compacted Concrete Pavement (RCCP) is 
expanding all around the world and it shows the importance of 
accurate experimental assessment of this kind of concrete. In this 
research, in order to investigate the influence of volume fraction 
and diameter of hooked-end steel fiber on Vebe time, compressive 
strength, splitting tensile strength, flexural strength, and 
toughness of RCCP, ten mixtures were used. One control mixture 
and nine fibrous mixtures contain volume fraction of 0.25-0.75 
and diameter of 0.38-0.7 mm fiber were constructed. Results 
showed that increment of fiber volume fraction and decrease of 
fiber diameter led to increase of mechanical properties and Vebe 
time of RCCP. Due to experiments, the factor of volume fraction 
was more determinative than diameter. By adding hooked-end 
steel fiber, load-deflection curve and toughness demonstrate 
sensible improvement. Some of mixtures showed softening 
behavior and other showed hardening behavior. Mixtures which 
contain higher fiber volume fraction and lesser fiber diameter 
showed hardening behavior. Mixture with volume fraction of 0.75 
and diameter of 0.38 mm recorded the most appropriate 
mechanical strength and toughness, and the results of splitting 
tensile and flexural strength indicated increment more than about 
100%.  
 
Keywords:  Roller compacted concrete pavement, Steel fiber, 
Mechanical properties, Vebe time, Toughness. 
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Numerical Study of Surface Discontinuity 
Characteristics in the Performance of Flexible 
Cracked Pavement Due to Dynamic Load 
 
The presence of cracks on asphalt is one of the most significant and 
common causes of failure in asphalt pavements; Therefore, modeling 
and studying the factors affecting it, as well as examining the effect of 
sealing on asphalt improvement can be as effective as possible in 
managing financial resources and efficiency of asphalt pavement. The 
purpose of this study was to numerically investigate the characteristics 
of surface discontinuity in the performance of cracked asphalt 
pavement due to dynamic load. In this research, first asphalt samples 
with repaired discontinuity and samples with unrepaired discontinuity 
were modeled in ABAQUS software and then dynamic creep and 
fatigue tests were simulated in this software. Then, to validate the 
simulation, laboratory asphalt samples were made and tested for 
dynamic creep and fatigue, and the results were compared with the 
software simulation results. The results of this study show that the 
simulation of dynamic creep tests has given greater results than the 
experiments in reality, and the simulation results of simulated 
unrepaired samples are more different from the test results than the 
repaired samples, due to the complexity of the geometry. Examples. 
Also, in the simulation results of the fatigue test, it is observed. The 
advantage of modeling is that it is possible to study the number of 
different scenarios of factors affecting the pavement performance 
without making laboratory samples and conducting experiments; 
Because, with the help of fashion, approximate results can be achieved. 
In addition, the results show that crack sealing reduces the resistance 
of asphalt concrete to grooving and reduces fatigue performance. 
 
Keywords:   Dynamic loading, Flexible pavement, Cracked pavement, 
Numerical modeling, Surface discontinuity.  
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Numerical Study of Horizontal Friction 
Dampers Made of Steel and Brake Pads in 
Chevron frame under Cyclic Loads 
 
Observations of damage to buildings in recent earthquakes 
indicate that some of the damage was in the area of welded joints. 
Due to the weakness in the joints, the idea of using a horizontal 
friction damper using brake pads in bracing openings, especially 
the chevron frame in steel structures has been proposed Which 
can be easily replaced after an earthquake.. The purpose of this 
study is to introduce a new friction damper with low 
manufacturing and installation costs and high efficiency. This 
friction device consumes vibrational energy with the help of 
friction caused by slipping of brake pads on steel surfaces , In this 
research, the numerical study of the friction damper of the brake 
pad and also the laboratory study of the materials used in this 
damper have been done. For this purpose, first a validation based 
on a laboratory model has been performed in ABAQUS software. 
In the following, 9 models are numerically studied in ABAQUS 
software and at the end, the optimal model of selective damping 
on a braced frame with porch decoration is analyzed. The results 
show that very high stress concentration occurs in the damping 
area of the brake pad after the load is applied to the bracing 
frame and due to the presence of dampers in other elements, 
including beams and columns, less stress is created than in the 
case without dampers. Also, among the studied models, the 10 
screw model has the highest amount of energy absorption.  
 
Keywords: Damper, Friction Damper, Chevron Frame,Brake Pad, 
Cyclic Loading. 
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Effect of Steel Reinforcement Corrosion on 
Cyclic Behavior of Bridge Piers 
 
Bridges in transportation networks are susceptible to damage 
from the aggressive environment. Steel reinforcement corrosion is 
one of the main causes of deficient behavior in the reinforced 
concrete (RC) bridge. The corrosion of steel rebar negatively 
affects the serviceability and seismic performance of many RC 
bridges. Climate change accelerates steel reinforcement corrosion 
and more severe damage is expected to occur in a short period of 
time in the future. When these bridges are located in high seismic 
regions, they may experience severe earthquake events along their 
service life. Therefore, their seismic performance must be 
carefully evaluated. In this study, an efficient three-dimensional 
nonlinear finite element analysis based on the explicit dynamic 
method for sound and corroded bridge piers was established to 
study the effect of corrosion levels of 10, 20, and 30% on the 
cyclic behavior of bridge piers. The used model considers the loss 
of bond strength and damaged material properties of concrete and 
steel for compression and tension response under cyclic loading. 
The model is validated through a comparison with the results of 
the experimental test. The results revealed that the proposed 
method provides a good estimate of the load-carrying capacity of 
bridge piers. Furthermore, the used nonlinear finite element 
model will help identify the bridges with the highest priority for 
retrofitting by examining all existing bridges. 
 
Keywords:   Corrosion, Bridge Pier, Cyclic Loading, Ductility, Energy 
Dissipation. 

M. Ahmadi* 

Department of Civil 
Engineering, Ayatollah 
Boroujerdi University, 

Boroujerd. 

e-mail: 
masoud.ahmadi@abru.ac.ir 

M. Ebadi-Jamkhaneh 

Department of Civil 
Engineering, School of 
Engineering, Damghan 

University.  

e-mail: m.ebadi@du.ac.ir 

M. Komasi 

Department of Civil 
Engineering, Ayatollah 
Boroujerdi University, 

Boroujerd.  

e-mail: komasi@abru.ac.ir  

   



 



Civil Infrastructure Researches, Vol. 8, Issue.1, Spring and Summer 2022, pp. 61-76 

 

                                                 
* Corresponding author 
Received 06 November 2021, Revised 28 December 2021, Accepted 17 January 2022. 
DOI: 10.22091/cer.2022.7558.1323 

 
Effect of Explosive Load on the Depth Required 
for Geotechnical Identification 
 
The depths required for drilling in different types of soil vary 
according to the type of load applied. The possibility of dynamic 
loading from a blast during a military or terrorist attack or by 
exploding gas pipelines. along with other types of loading, is 
essential for the construction of safe structures. It is necessary to 
consider dynamic loading from a possible explosion when 
determining the depth of the boreholes. The present study 
numerically modeled sandy and clay soils under dry and saturated 
conditions that experience 50 to 300 kg of TNT explosive loading 
on the surface and at a depth of four meters from the soil surface. 
For this purpose, Abacus software, Eulerian-Lagrangian 
coupling, and three-dimensional nonlinear dynamic analysis 
using the finite element method have been used. Case studies were 
examined by initially determining the net vertical stress created in 
the soil under the blast load then, after obtaining the range of 
impact of the blast for each case, the percentage of increase in the 
borehole depth was calculated by considering the effect of the 
blast load. The values calculated for sandy soil was 5% to 92.5%, 
for clay soil was 7.5% to 185%, for saturated sandy soil was 2.5% 
to 179% and for saturated clay soil was 4.5% to 113%. 
 
Keywords: Blast, Vertical stress, Borehole depth, Coupled eulerian-
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Customizing a Sustainability Assessment 
Framework for Infrastructure Projects in Iran 
Based on Envision 
 
Civil infrastructures as the foundation of social, environmental, 
and economic development are facing many challenges, such as 
the optimal use of natural resources as a result of population 
growth and climate change. Therefore, previous standards and 
methods of development are not capable of meeting future needs 
and the sustainability of infrastructure projects has become a 
fundamental issue for developing countries like Iran. To address 
the need of enhancing the infrastructure's performance, this 
research aimed at introducing an appropriate tool for 
sustainability assessment by customizing an infrastructure 
sustainability rating system (Envision) according to Iran's 
conditions. Accordingly, the credits’ list was firstly investigated 
through in-depth interviews with experts. Then, the validity for 
each credit’s existence was assessed through the Likert spectrum. 
Finally, the weights were revised based on the context-specific 
circumstances using the paired comparison technique. Alongside 
the five newly added credits, the research’s findings regarding the 
main groups’ weights including the Quality of Life, Natural 
Environment, Resource Allocation, Climate and Resilience, and 
Leadership highlight the significance of paying more attention to 
the social aspect of sustainability. The results were structured in a 
framework consisting of five main groups, 14 subgroups, and 69 
credits with new points. The results of this research can be useful 
in not only the infrastructure’s performance improvement but also 
enhancing the decision-making process for infrastructure 
development. Accordingly, investigating the implementation of the 
proposed framework in Iran’s infrastructure projects, and its 
application by policymakers and planners is highly recommended 
for future studies. 
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A Study of the Buckling Behavior of 
Aboveground Cylindrical Steel Tank under 
Seismic Loading 
 
In this study, the seismic response and buckling of aboveground 
cylindrical steel liquid storage tanks subjected to horizontal 
components of earthquake ground motions is investigated using 
incremental dynamic analyses (IDA). A broad steel tank with 
diameter of 30 m and height to diameter (H/D) ratio of 0.40 was 
designed using API 650 standard. The incremental dynamic 
analyses of liquid storage tank were performed for seven real 
seismic ground motions, which were scaled for PGAs of 0.05g to 
0.50g. To verify the accuracy of the propose  finite element model 
of the tank-liquid system, natural periods of the tank-liquid system 
vibration modes computed from finite element analysis compared 
to those obtained by analytical solutions and other numerical 
study. Small difference between natural periods indicates the 
acceptance accuracy of the finite element model. The mean peak 
base shear and overturning moment of the steel tank are estimated 
using mass spring model and compared with those obtained by 
finite element model. The mean peak base shear and overturning 
moment from finite element model greater than those obtained by 
mass spring model for PGA less equal 0.20g and vice versa for 
PGA from 0.30g to 0.50g. The incremental dynamic analysis 
results show that buckling of tank shell occurred at a height of 2.8 
m above the tank base. Also mean critical horizontal peak ground 
acceleration (critical PGA) and mean critical dynamic base shear 
force, which induces buckling at the bottom of the cylindrical 
shell, are estimated. 
 
Keywords:   Steel Tank, Incremental Dynamic Buckling, Fluid-
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Buckling. 
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Evaluation of the Effect of Aging on the Long-
Term Performance of WMA Containing High 
Percentage of RAP Based on the Results of SCB 
Test at Intermediate Temperature 
 
With regards to the increase in stiffness for the asphalt mixture 
containing RAP, the improvement of rutting is predictable, but 
with increasing aging level and increasing stiffness in mixtures 
containing high percentages of RAP, problems such as cracking at 
low and intermediate temperatures is formed in the long-term. In 
this study, the long-term fracture performance of WMA mixtures 
containing high percentage of RAP at 250c was evaluated using a 
SCB test. To conduct the research, different amounts of RAP (0, 
50, 75, and 100%), a rejuvenator, Zycotherm as WMA additive 
and 85/100 asphalt binder were used. To apply different levels of 
aging, the samples were kept in the oven for 3, 5, 7 and 9 days at 
850 C. The results showed that with increasing the amount of RAP 
and the aging level of the samples, the Pcr and the KIC increased, 
but the U decreased. Also, in order to compare the long-term 
performance of asphalt mixtures containing different percentages 
of RAP, the area under the Jc - aging is determined and it was 
concluded that in the long-term, samples without RAP show 8, 34, 
and 52% more resistance to cracks than samples containing 50, 
75, and 100% RAP. 
 
Keywords:   WMA, RAP, Failure, Aging, SCB test. 
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