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%&�' ���	�& ��� �	 (�)�*��+ ����,���- .�	 % �
 ������- ���/ ��01 �/�&2��� �/ *�/ ! 
3�4 %/ ��5 ��
�	6" .�"
��7 &8��-
�� �	 9� 

�� ! :8�1 *�/ �	 ��� ���
 ����	�+ ��2/ ��8���; ���� %/ <-� .84�= ���>�	 ������- ���/ �
 ��?/ ���� 
�@ .�/ %5�+ /% *�	 �A�B�� 

���?>�� C	!� DE�F� *�/ %��1 <8, �	 G���	 H8&I+��- �27�8J %/ ��K�� �/����	 ���4� ���>�	 ���1 L�!�B 
�	
 .�
 *�	 ���	� %���� 360 %8O�+ 

������� % �	�/ �
 �K� *�4�" ��01 �"
��7 DE�F� *�/ �%��1 P/	!� ����-R��I�	 
��� �
�S��	 �
 T��U+ HO�S� 98��V, %/ 9� �9 
�  ./�0 

.I+ �	��  :��B �-�"1 WVO	 
�@ .�/ %5�+ %/ ���?/	! ���	�4 C	!� ������- ���/ .I+ LV�' ���8�8@ %/ ���� ! *8�X�- 5!
� G�  

.8U2Y��- T&�)� �
 C������ *�	 �����, %/ �K� ����� % Z�I> �
��� ��01 �"
��7 ���+ �/ 9� :��B ./�0 �4� �
�[� ! ���/ ,<-!\��- 

����8/ �
 *�	 ]�^7 G���	 
�@ .�
 *�	 ���	� �
 %>�F� �B�' ���4� ���>�	 9� (�Y ���7 *�/ %��1 �
 ��  �8S� 50 %>�� .I+ %&�' ���	�& 

�/ ��5! �5��7 �����- 
��� %U>�2� �	�Y .4�" .*��/ ��K�� �
 	��/	 �����	 ��	�& �/ %5�+ %/ ����Y 9��4 C������ ! `a� �	b8� �1:8 �
 


��&8��- ! *�/ %/ 9� G�� �	b4	 :&�� %[��I� �@ .%/ ��K�� <�	b4	 .Y
 C������� �	 9� (�;���; �+3���'	 ���[� �/ %8[@���� .��� 

�>�� �	�/ �K��
 *�4�" G�  .8U2Y�- �
�S��	 �@ .�
 G�" ��U/ ��I�� ��- ����-R��I�	 DE�F� �/ �
�S��	 �	 c���� C������ C	!� )��	�	� �@ 

! �/ P/	!� %8O�+ ��@ �
 %���� 360 %?��F� �@ .�
 ����, ���4� ���>�	 (�Y ���7 ��6� %/ 9� H8&I+ �27�8J ��8+���	 )e�, �!1( �
 !
 

.>�' �
�S��	 �	 c���� ����-R��I�	 .��/ ���1 �	 <-!\, �B�' ! %���� 360 
��� %U>�2� �	�Y .4�".  

 ��	
���
�����:�� %&�' ����	�& .����>��� H8&I+ e�, ��!1 P/	!� ����- �R��I�	��-�"1 :��B %���� 360.  
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�"
��7 �@�� �	 ��	�& �	 L� �B�� g�� �
 ����/ ���4� 

���>�	 ������- ���/ 
�5�� �
 hE��� �&'�� ���
 .�	 .��� � 

*�	 �
�� ���8�8@ ����	�+ / %L��O h&U� �
 	�- ! �� F�?���8 

 ��&  %&��– ��-!\,  

i��� �	��  ������ 

����@ �G!
 ! .?8/ ��!
5C�� �1140  
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P��+ (1 ���
 �/ ���� �0	 ����� .%&�' ���	�& k �/ ��	
� 

:8�1 �
 *�/ ! 
3�4 ��@ ! �
 .���� ���� %/ �
�/�� ���+�� 

������- ��6� �� 
�@[1-3].  

�
 ���>�� �87	 L�U>�2� �U8�! �
 ���' ����/ ��01 

(�&2��� LV�' ���@ �28I� �/ 
��&�  g�?8���- �����	 

.I+ ��-��/ ��/���	
�/ ! ��-��/ ����"�� ����� �%>b>� ���S�	 

! ��8J L��O %�4��6, .�	 .c���� *�	 L�F8FI+ ���� ���-
 

% ��01 �S�� *�	 LV�' �/ ������- *�/ l&?� g 	 �	 
��7�" 


��&8��- ! :8�1 *�/ �
 �6" ���� bm�' .8�-	 �
�/ ! ��/� %/ 

�	��  9� ����4 g�� �
 ����/ 
��&�  ���>�	 ���1 %/ �\�! 

�
 hE��� ���>b87 
��� %5�+ DY	! 
�@ .b>	b��" ! �	����- �/ 

G���	 L�U>�2� �-�������1 ./�0 ��
��� % g�� *��+ �0	 

�"
��7 �
 ������- *�/ �l&?� <-� l2� D2F� �-
��&8� 

 .�	[4] .g&?�>	 �
 ��-!\, ���� 
	
 % ����, �"
��7 

:5�� <-� H�@ ���6, �-
��&8� ! .?�@ 
�+ �n  

�����	 ��
�@[5] .C	��! ! �	����- C	!� *�/ �/ �0	 �����	 

o�+ 	� �/ �0	 �"
��7 %U>�2� �
��� �[6] .	!�"��/ ! �	����- 

���� ��
	
 % ���1�4 �"
��7 �/ .�!�F� ���8, *�/ ! 4
3� 

�80�+ �	6" �	 .[7] .%/ H8>
 �"
��?" *�	 �kI[� �!�� H�� 

<-!\,��- G���	 ��@ �
 %�8�� �"
��7 ������- ���/ �@�� 

�	 LV�' ���8�8@ �28I� �
 ���@�� �B�' ������" .

��"���	�7 �	�/ %U>�2� ���8/ �����	�+ D5	�� [8-19] 	� b8� 

%K'V� ������.  �*8�X�-����@��	 L�F8FI+  %�8�� �


���� �"
��7 G���	 ��	��	 �	���-!\, P��+ l&?� *�/ ��-

 ��@�� ���@	 ���1 �	 �7�/ %/ %�	
	 �
 %
�@. �"
��7 ! ��01 

�1 �/ ��/��/ 
��&�  ! ���>�	 ������- *�/ %��1 ����@ P��+ 

�4 ! �����Y �F/ %U>�2� 
��� 4�" �	�Y .[20-21].  
	\� ���O

 %/ 	� �"
��7 p�U� �
 %��1 *�/ ��n 	 .��F+ ��	����- !

 ��
	
 �	�Y ����/ 
��� ����[8- q�8>	 9�[22]. %U>�2� �	

 �	����- ! ��!�84 P��+<8, ]�^7 �
 �8S� ��  ��8/

����/ ��-�*  G���	 �"
��7 p�U� �
 l&?�.4�" [23]. 

%Y�! �	 �
�S��	 �80�+ ��-GFRP ���� 
��&�  �/���� �	 ��-

 �/����	 
��� ���-�4 ! ��, g�� P��+ ��@ �
��7 l&?� *�/

�@ DY	! [24].  ���� %/ %�?/	! C�� 9� �	����- ! ����[	

@ WVO	 ���	�/ ���>	 ���7 .84�= �/����	 l&?� *�/ ��-

 ��
��� �4�U� �"
��7 .I+[25] .    


�5! �/ L�U>�2� G���	 ��@ ! c���� ���@��	 .��/ ���1 

�
 *�	 �%�8�� %���� 360 �	�/ �
 �K� *�4�" ��01 C	!� �@�� �	 

LV�' ���8�8@ 
����8, ���� % P/	!� ����-���I�	 
��� 

�
�S��	 �
 H8&I+��- �8J �27 ���+ P��+ 9� :��B ./�0 /% 

G�� :��B �-�"1 WVO	  
�@[26] .�	 �����1 % �
 e!� 

��6� r8- 9� �	 H�	�  ����� ��  ���� ! G�  .8U2Y��- 

T&�)� %/ ��E g8F�?� �
 �K� %�4�" ��� �
�@ L�!�B 

�	 

% ��	�� %8O�+ 
�����6� %U>�2� ! ����/ ����8/ Y�	� 
�8" .

q�- �	 G���	 *�	 <-!\, ����/ ��	�� e!� %���� 360 �
 

Z�I> �
��� ��01 �"
��7 ���	�& �/ 
��&�  ���>�	 (�Y 

���7 *�/ %��1 .�	 .*��/ ��K�� �
 %>�F� �B�' 
��&�  

���>�	 9� (�Y ���7 ���/ �
 ��?/ ��  50 %>�� ! �/ %5�+ 

%/ %&�' ���	�& ! :8�1��- �@�� �	 �1 
��� %U>�2� �	�Y 

.4�" .�	�/ <�	b4	 .Y
 �c���� L�[��I� �
 :>�Y 9� �e! 

�+3���'	 L��O .4��6, %/ *�	 ��U� % ��-���	��, )�T&� 

�	 H8[Y L�^)�� ����- ! ��8���� *�/ ! 
3�4 ! )��L�^ 

s�/�� %/ �����	 ��	�& L��^/ ��-�8t�� �4
�^+ �
 ��K %�4�" 

���@.   �>�� .��� ����1 e!� ���	� *�	 �
�	�/  ���� %8[@

 .�@ %�4�" ���/ ��6� ��-���	��, �+3���'	.��� 98��+ �>��

 %�7��@ �	 �����@*��+ e!� ����1 ���� C�� %�8�� �
 �-

.�	 [27]. b8� %>�F� *�	 �
 �/ ���/���� �	 98��+ ! ��6� �/ 


���	 �O �	b- %���� ��4
�^+ �����	 ��	�& �
 ������- (�Y 

�/ %��, ����Y 9��4 C������ �@ ! :8�1��- �@�� �	 
��7�" 

g 	 �	 <-� l2� D2F� ��-
��&8� <-� H�@ ���6, 
3�4 

�4�^� ! <-� .�!�F� *�/ �	�/ ������- ���/ %[��I� �@ .

c���� HO�' �	 C������ C	!� �
 �	�)��	 ��-�	
��� <�+-

<�� l>�^� ! *8�X�- ��-�	
��� ����-R��I�	 DE�F� �
 

�8S���  50 %>�� ���� 
��� �
�S��	 �	�Y .4�" ! �	 *�	 ����c 

�
 T��U+ HO�S� 98��V, ! H8&I+ �27�8J ���� ��	�
�S �@.  

 �
 *�	 <-!\, ��I����- ���>-R��I�	 DE�F� �����- �
 

���/��- ����� 10 %>�� %[��I� ! �/ %8O�+ %���� 360 �
 *�	 

]�^7 %?��F� �@ .�
 %&'�� �U/ (�Y ���7 ��6� �
 G�� 
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�	b4	 SAP2000 C������ ! �/ C�� 	 9� ��/ �[��5 :����� /� 


�� C!	 .I+ H8&I+ �27�8J ��8+���	 )e�, �!1 (�	�Y ".4�  .

�
 *�	 <)/ b8� c���� HO�' �	 *�	 H8&I+ �/ i��	 ��c�� �
�  

HO�' �	 C�� ���� C	!� �/ c���� ���[� �/ %8O�+��- �%��� 

360 %?��F� ! �+	
����8, �
 *�	 %�8�� %m	�	 �@.  
 

2- ������� ���� ���� �� ��� �� �!�"�  

�
 *�	 <)/ C������ C	!� �@�� �	 �����	 ��	�& �
 �n  

���/ ��2/ %OV7 �!�� ��
�@ .�
 %>�F� ��B�' �"
��7 

��-
��&8� <-� H�@���6, ���1 ! C	!� *�/ %/ �	��  

:8�1��- �@�� �	 ����, ��6� �
 �K� %�4�" ���@ .����;� 

%[��I� *�	 �-���	��, �/ i��	 �	b8� �����	 ��	�& �
 n � *�/ 

l&?� �
 %�	
	 l���+ ��
�@.  

  

2-1- �#!$"% ��� �� �!�"�  

�	b8� �����	 ��	�& �
 9� �n  *�/ l&?� 	� ���	�+ /� i��	 

����Y 9��4  h/�2� �/ %>
�U� H8?�	�S�
 ��� l���+ ���
[28-29]: 

�∇�� = ����    )1(  

�
 %2/	� v�4 � :��B P���� �����	 � � = �(
, �) .K&J 

�
�� ���8�8@ �
 %2F� 
 ! ���� � � ∇�= ∇. ∇ !∇C   

���
	�" �(
, �)���@�/ .%>
�U� )1 (	� ���	�+ �	�/ �����	 

��	�& �
 P8I���- 2 ! 3 ��U/ b8� g8�U+ 
	
 .�/ *�	 �C�' 8+�� 

! �	����- ���� ��
	
 % H�@ 9� ��U/ ����Y 9��4 �	�/ 

C������ �����	 ��	�& �
 ��n 	 *�/ %��1 �	 .Y
 �[���� 

�	
��7�/ .�	[30] .�/ C	����	��8" �	 H�@ 9� ��U/ %>
�U� 

)1(� �	�F� .K&J ��' ��	�& �
 h�  � )<@�, *�/( �
 ���� 

� % k �/ A!�@ �"
��7 ��
�@ h/�2� �/ %2/	� ��� �-	�7 


�/ [31]: 

�(
 = �, �) = �� + ���,∆� − �� �. �1 − erf � ∆�� !"#$$,% .�&    )2 (  

�
 *�	 �%2/	� erf D/�+ ��27 �i�" �(
 = �, �) .K&J ��	�& 

�
 h�  � )<@�, *�/( �
 ���� �� �� .K&J %8>!	 ��	�& �
 

�8�7 ����8� ∆
 h�  %8'�� �C�F��	 ��,∆� �	�F� ��	�& �
 h�  

∆
 .�	 .�'((,� b8� :��B �����	 ��-�= ��	�& .�	 % /% 

L��O %2/	� ��� T��U+ ��
�@: 

�'((,� (�) = �)�*(�+,� )'    )3 (  

�
 *�	 %2/	� �)�* :��B �����	 D��� ���	�& ��- ����� C
�U� 

28 �!� �� / %�+��[  0767/0 C�� ! . :��B �"
��)>�� 

���@�/ .W�@ ��&�� ��-���	��, ���/ %�4� �
 P/	!� �4v 	� 

���	�+ �
 D5�� [31] .4�� .  
  

2-2- �	&�'( ��&")��  

g�� �	 ��� *��+��01 ���� �
 �"
��7 �S�� <-� ����/ ��-

 �-
��&8� D2F� l2�.�	�"
��7 p�4 �/ .  �2Y �.7	����

�� %[��I� ��� %2/	� i��	 �/ ���� �	 %KI> �- �
 
��&8� 
�@

[32-33]:  

Φ(t) = Φ� − 223(�) = [1 − 5(�)]Φ�                  )4(  

�
  %2/	� *�	 23(�) ��"
��7 z�S� D/�+Φ�  ! g>�� 
��&8� �2Y

5(�)  �"
��7 z�S� {7�@.�	 �
 ! �U/ �!�/ {7�@ *�	 .

���/ ]1,0[ �� %[��I� ��� P/	!� �	 ! 
�	
 �	�Y
�@: 

5(�) = �78(�)9:                   )5(  

23(�) = ; <�=>>��? @�                  )6(  

�A = (� ∆�)+
B"C �erf  D E�F,∆G �%H?I�F,∆G �: J& �

                  )7(  

  �P/	!� *�	 �
�A �"
��7 A!�@ ����� <�=>> �"
��7 |��� 

��>A� %����1 ��	�I/ .K&J  ! ��	�&�� ≅  �)�* .�	 �/ .

�� ��@ G���	 L�U>�2� i��	���� �	�/ �	�+ �
 ���/ ��-

 |�� *8/ �27 %2/	� 9� �28I� ���@ LV�' p�U�

 �"
��7<�=>> ���/ �
]200,0[ LMNO'>  ��	�& .K&J !�  ���/ �


]3%,0[ 
��� p�4 [30,34] .  
  

2-3- +��� ,�� �"!-. ��&")��    

 :5�� �-
��&8� D2F� l2� <-� �/ �!V  �"
��7 ���1�4

H�@ <-� ���1 ���6,�� b8� .?�@ C���'	 A�B�� *�	 .
�@

*�/ ���� �
 
�+.@	
 �-	�7 C�[�
 %/ 	� %��1 [35-36].  <-�

H�@ D2F� l2� :8�1 �	b8� %/ %5�+ �/ �-
��&8� ���6,

�� %[��I� ��� %2/	� �/ h/�2� �-
��&8� 
�@[37-38]: 

PQR(�) = SPQR�                                      0 ≤   5Q ≤   0.016               0.1521. 5Q �.BX-YPQR�         0.016  ≤   5Q ≤  1 
 )8 (  
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 %2/	� *�	 �
 PQR(�) ! ���� �	 %KI> �- �
 
3�4 ����� <��

PQR�  ! g>�� .>�' �
 
3�4 ����� <��5Q  l2� :8�1 �	b8�

 �-
��&8� D2F�.�	 �	�F� �.7	���� �"
��7 p�4 �/ .5Q  �/

 �"
��7 z�S� {7�@ i��	5(�) �� ��8/ ��� W�@ %/:
�@  

5Q = 5(�)(2 − 5(�))    )9 (  

 %2/	� *�	 �
5Q  % .�	 �U/ �!�/ D/�+ 9� ���/ �
]1,0[  �	�Y


�	
.   
  

2-4- +��� ����% 0���� 1 2  

 ���1�4��8�	�8?	 �-
��&8� ������  C�E �
�� ���/ ��- ��	�+

 �����	 :5��o�+ �
 *�/ <@�, ��@ %�3 %�3 ! �>�E ��-

���� A�� *�	 ��n 	 �-
�@  %/ 	� *�/ ����4 .�!�F� <-� %


�	
 C�[�
. �
 C�� 1986 �8! ! �	����- �	�/ %[��I� �	b8� 

<-� .�!�F� *�/ l&?� �@�� �	 �"
��7 ��-
��&8� ��>�E 

	� ��� C�� %m	�	 ��
��� [35]: 

Z�(�) = [1 − 5�(�)]Z��                  )10(  

5�(�) = 1 − DD[\]^_(�) ^%:` a                  )11(  

 v�4 P/	!� �
Z�� �g>�� *�/ ����4 .�!�F� 5�  :8�1 {7�@

 �*�/b :��B % .�	 ��/�0  
��&8� �2Y �/ P[+��.�	 . *�	


��&8� �	�/ :��BP���� �2Y �/ �	�51 ��-  D5�� �	[35]  �/	�/

�/ 1/0 �� .��/��1 .P�� *����8/  <�� *�/ ����4!Pc(�) 

% .�	 ���� �	 %KI> �- �
 �B�  <��  ��� %2/	� P��+

�� %[��I�
�@:  

Pc(�) = de#Hf .gh?                   )12(  

%2/	� *�	 �
 iAp�  l2� D2F�  �g>��jh'>Q   
	�U+

! �-
��&8� kP����  
��&8� �- �	�/ o�+ �"�@��/ �	b8��	. .

C���� ��-o�+ ! �"
��7 �	b8� ]�^7 �
 �
�U �"
��7

<@�, C�� *�	 �	 ��� ..�	 ��@ 
����8, *�/ % �/��+ ��-

 ��� W�@ %/ ��@ %m	�	 �	����- ! C	��! P��+ .�	[6]:  

k = bg(5Q − 5Q�)lQ�                  )13(  

 �87	 %2/	� �
bg �/ �/	�/ ��	�F� mm D 0575/0 �5Q  :8�1 D/�+

 %2/	� �	9  �lQ� ! 
��&8� 9� %8>!	 D2F� l2� 5Q�  :8�1 �	�F�

G�3  �"
��7 o�+ A!�@ �	�/ 
3�4 �
.�	 �	�/ ���	��, *�	 .

 .7	���� �"
��7%2/	� �	 ��� %[��I� ��
�@ :  

5Q� = 1 − ]1 − D9: n7.53 + 9.32 �9: r × 10 Ya�
  )14(  

 v�4 %2/	� �
Φ�  ! g>�� 
��&8� �2Y�  .��)B<@�, *�/ .�	.  

 

3- 3�"4 �� ��&'5� ��5�-6�#7�� 89�� ���� 

� %�! ��!� ��$ ���� �$  

 G���	 �
 g�� H'	�� �	 ���H8&I+ ���� �27�8J T��U+� �-

 R�n 	 �
 98��V, HO�S�.�	 DE�F� �
 98��V, HO�S� .

 P/	!� P��+ ����  ���7����-�� T��U+ R��I�	���@ �
 .

%>�F� ��I�� *88U+ �	�/ �B�'���� ��-- DE�F� �
 R��I�	

C	!�<�� ���"��� �	 �l&?� *�/ %�4��!�8� C
�U+ L3
�U� ��- 

<�+ P/	!� ! D2F� �
 ���> !- �@ �
�S��	 l>�^� <��[39] .

 HI� 9� �R��I�	 {)�� �	�F� �- �	�	 %/ ��K�� *��/ �	�/

I� ���� �
� i�' D2F� �
 �~�7.
�@ <�� ��
�F� `a�-� 

�� %[��I� D2F� �
 �27 L	�88t+ p�4 �/ 
3�4 ! *�/ �

�@ .

<�+ ��
�F� �U/ G�" �
 D2F� �	 %2F� �- �
 �- P/	!� 9� %/

<�+-�� *88U+ <�� �!�8� *8/ C
�U+ %>
�U� `a� .
�@

�/ ! ���� �/ 
�	! ���I� ����41+ ���<��Y ��- ! 
3�4 gm

�� %�@�� *�/ ��I� HI� �C
�U+ ��	�Y�/ G�  L��O �
 .
�@

��/ �~�7� �� 	�8, %�	
	 ��F�1 %�!�, *�	 .�/�� �88t+ s�@ �+ ��

 A��Y	 D2F� ���I� ��-!�8� C
�U+
�@ ..���� �
  ���> �	�F�

 HI� i��	 �/ ��@ %�4�" �K� �
 R��I�	 �/ �=���� D2F� �&7	


�~�7 ��I� ����� �� %[��I� *�4�" �K� �
 �/ ���	�4 *�	 .
�@

�� �	��+ D2F� �
 R��I�	 T&�)� ��
�F�
�@ �	
��� �+ ����-

 ���	�4 �
 % .�	 �z %/ G�3 .
�@ g8��+ H�� ��2/ R��I�	

�	
��� *88U+���� ��--�� p�4 R��I�	 *8/ �@bt> r8- % 
�@

	 {)�� %8'�� 9� ! 
�	�� 
�5! *�/ ! 
��&8� D2F� l2� �

7 p�U� �
 .7	���� ��2/ �	�Y ���	�& %&�' �	 �@�� �"
��

.
�	
  

�	
��� ����- �	 HO�' R��I�	H8&I+ D2F� �
�S��	 �	 <8, �

�27�8J H8&I+ �
 �K� 
��� ���� ��/� �27�@ ���� �	��/ �+ 


 98��V, HO�S� T��U+ �
R�n 	 s�F� �	 ��8& �1� �@ ���> H�

���I�	 ! ����� ��"
��7 o�+ 
�S��	 D2F� ���)8?" ! g8&?+� 

���> ��I�� %>�F� *�	 �
 .
���- R��I�	����)H�@ h/�2� �-1( 

���	 �27 %� C�� 9� �/C1 .�@ ����  
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 �:D1. �27 ���� ��I����- ���>-R��I�	  

  
Fig. 1. Linearization of the moment-curvature curves 

  

 <)/ %� H��@ C�� *�	%8'�� 98��3	 H[Y �	  ��"
��7 o�+

e��?" %8'�� ! g8&?+ �	 H[Y �+ o�+ %8'�� g8&?+ 
3�4 �+ 

�� ����� ���)8?" C�� *�	 �
 .�@�/ M�>  !u�>    ! ���>

�8K� ���I�	  �D2F� �"
��7 o�+vN  !uN  %2F� ���I�	 ! ���>

 �D2F� g8&?+vR  !uR �� ����� ���I�	 ! ���>@�/.��  ��K�� %/

���	���> ��I�� ���� C1-��/ R��I�	�  �
 	��/	�	�F� ��-���> 

 ����� ! g8&?+ ��"
��7 o�+ �
 .
�@ {)�� H[Y %&'�� �	

 % �27 ! �U� ��-��!�V[Y ��8U� ��@ �
	
 l8B�+ {8)�+ 

���> o�+ �"
��7  M�> � ��8�� *��+�!
 ��+ ��� *�/ /% 

<�� o�+ �"
��7 �*�/ ��8U� {8)�+ ���> g8&?+ vN� 

��8�� <�� *��+�!
 ��-��+���1 ��� %/ <�� &?+g8 


3�4 ��8U�! {8)�+ ���> ����� vR� ��8�� *��+�!
 ��+ 

����4 *�/ %/ <�� ����� *�/ ��! ��8�� <�� +�!
*�� 


��&8� ��� %/ <�� ����� 
3�4 .�	.  *88U+ �	 `,� ��
�F

 ���> %���6� ����/  �F4	 ��I� �!� ���1 �/ �=���� ���I�	 HI�

{)�� �	
��� .
�@ HI� ���I�	 o�+�"
��7 ��	
��� �!� 

�/ �=���� �	�F� ���I�	 % .�	 �"
��7 o�+  �U� ��-��!� �	

 *88U+ �27 !��
�@.  HI�2F� �F4	 �U/ �/ �/	�/ g8&?+ ���I�	 %

��I���/ i��� P7 DE�F+ ���>-R��I�	 �	 �U/ 2F�%  o�+

.�	 g8&?+ ���> �/ �=���� �F4	 P7 ! �"
��7 .����;�  *88U+

) H�@ �
 �	�F� *�	1..�	 ��@ �
	
 ���� ( HI� ����� ���I�	 

b8� %2F� �/ �=���� �	 
3�4 l>�^� �1 �
 % 
�/ �-	�7�� / %/ *�

.��@�/ ��8�� 
�7 ����� <��   

/ % �	 b8� �-�8+ ������	 �'	�� �
 98��V, HO�S� T��U+ ��K��

                                                                                                                                                                                                          
1. Saenz’s law 

���> %2/	�-�@ �
�S��	 H�� 98��V,���3	 R��I�	، / %�&�@ 

 �/ �/	�/ �27 .�?Y :8@ %0.3EIy ��.�@�/  

�
 %�	
	 *�	 <)/ %/ �4�U� P/	!� <�+-<�� ���/ �%�4 

�
 H8&I+ DE�F� *�/ l&?� C	!� %�4�� %�7	
�, ��
�@. H�@ 

)2 (��-�	
��� s�/�� %/ ���4� l>�^� *�/ ! 
3�4 	� ���� �� 

�-
.  

) H�@ h/�2� *�/ �4�U� ��K��/2- ����4 .�?Y �
 (T>	

�	 b���� ����Y1  98��V,���3	 C�� 9� �	 ��� .�?Y �
 !

�@ �
�S��	 H��[34]:  

 

σ�(�) = { \%|% |%+
D[(\% �) |%  Z�(�)           0 ≥ P > P�R0                                 P ≤ P�R )15(  

σ∗ = ��P��            b� = �∗
�%(�)             �� = ^(�)^%:  )16(  

σ�(�) = � ��P           0 ≤ P < �%I�:          Z��                       P ≥ �%I�:
 )17(  

D �:2. P/	!� <�+-<�� l>�^� :T>	 (*�/  ( (
3�4 [34] 

  
Fig. 2. Stress-strain relationships of materials: (a) Concrete  
(b) Steel [34] 

 v�4 P/	!� �
Z�(�) �*�/ ����4 .�!�F�Z��  ��� .�!�F�

�*�/�� �%8>!	 C!��P��  �
 <��*����8/ ����4P�R  ����� <��

! ���4 �
P��   <� �
 ����� <��.�	.  

/ %) H�@ h/�2� �-
��&8� 
3�4 �4�U� ��K��2- C�� 9� �	 ((

 �
�S��	 ��� ! ����4 .�?Y �
 H�� 98��V,���3	@ �

[34]:  

σQ(�) = ���P                                                |P| < �PQN�ZQN                                           |P| > |PQR(�)|  )18(  

 v�4 P/	!� �
ZQN � 
3�4 g8&?+ <�+�� � %8>!	 C!��PQN  <��

! g8&?+PQR(�)�� 
3�4 ����� <��.�@�/  
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4- ������� �:;�5 <�  

 %>�F� *�	 �
 ����- L�^)�� �
 .8U2Y G�  
�5! H8>
 %/

 �	 ���	�& �����	 ����, �/ P[+�� ��-���	��, ! l>�^� ��8���� !

(�;���; 9� %8[@ e!� �/ ���[� �+3���'	 .��� ���� �>��

��-���	��, .�@ �
�S��	 �4
�^+ C�� �
 �
�S��	 
���C	!� ���� 

C!�5 �/ h/�2� )1 D���+ A�� C!�5 *�	 .���@ %�4�" �K� �
 (

 ��@ %�4�" �K� �
 ��8U� q	�I�	 ! *8���8� �	�F� ��+3���'	

 ��-���	��, �	�/��	�& �����	 %/ s�/�� ���/ �n  �
 � �/ 	

i��	  ����@ �34 %���� ١fib ! �"\�!��-  %/ s�/�� ����1

- L�^)��i��	 �/ 	� l>�^� ��8���� ! ���� ���	 <-!\, G

�� ���� �	����- ! ������8/ P��+ ��@ �-
[31, 34]. G�3 %/ 

�z .�	 % � ����@ 34 %���� fib %/ �'	�E `�!����  

������- *�/ l&?� �/ b��+ �\�! �/ ��01 (�&2��� C	!� /� ���1 

��
�	
�, .��� �	 q	�-	 *�	 %���� ������@ ! �4�U� C���-� 

T&�)� P[+�� �/ G	!
 ! C	!� ������- *�/ l&?� ! %m	�	 

��-
���!� �'	�E ���[� �/ 
��&�  .�	. �"\�! �	 ��� ��-

���� �
 C	!� ����, %/ ����1 e��� ��6� %���� g�� *�/ ��-

 l&?�.�	.  
  

  G<@�1. D���+ *8���8� ��+3���'	 ! q	�I�	 ��8U� L�^)�� ����- ! 

��8���� l>�^� ! ��-���	��, P[+�� �/ ����, �����	 ��	�& ]43, 13[ 

*�S�� �8J ��
�F� �/ �- D���+ �	 ���?Y #  ]  3�/ �	�,  *8��, �	�[ 

Standard 

deviation 
Mean  Distribution 

Random 

Variable  

5 35 Lognormal Z�     [MPa] 
30 430 Lognormal ZQN   [MPa] 
2.2 22 Normal* �    [mm] 
8 40 Normal* �     [mm] 

3.16 × 10 D� 15.8 × 10 D� Normal* 
�)�* [m�/s] 

0.12 0.3 Beta [0;1]# . [−] 
0.9 3 Normal* 

��,∆� 

[wt.%/cem] 

0.15 0.6 
Beta 

[0.2;2]# 
��>A�  

[wt.%/cem] 

*Truncated distributions with non-negative outcomes 
# [Lower bound; Upper bound] 
Table 1. Probabilistic distribution, mean and standard deviation 
of geometric and mechanical properties of materials and 
parameters related to chloride diffusion [31, 34] 
 

 

                                                                                                                                                                                                          
1. Fédération internationale du béton (International Federation for 
Structural Concrete) 

�
 %>�F� ��B�' 
	�U+ %�����- �	�/ G���	 %8[@���� .��� �>�� 

�/ i��	 H8&I+ .8��?' ��-���	��, T&�)� .[?� /% 
	�U+ 

%���� �4
�^+ (�)��	 �@ .�	�/ *�	 ��K�� c���� s�/�� /% 

H8&I+ C	!� D2F� �/ i��	 
	�U+ �S&�)� �	 �
	
��- �4
�^+ 

%[��I� �@ .�/ i��	 ����/ �c���� {)�� �@ % �/ 
� �K� 

*�4�" 
	�U+ 100000 %���� ��4
�^+ ��!� 
�!1�/ �-���	��, 

	���- ��%���� 
	�U+ <�	b4	 �/ ���
 L��[  %/ .
�@ �-<8/  �	

 ��6� 
�  *8�- %/ 
�@ ��� ��-��� c���� �
 ���?I� �88t+

 
�  H8>
100000  ��@ �8>�+ �4
�^+ ��- �
	
 
	�U+ �	�/�
 

.�@ %�4�" ���/ �>�� .��� e!� %���� �8>�+ �	 `,��- 

 ! *8���8� ��
�F� ���6� ��-���	��, �	 9��- �	�/ �4
�^+

{7�@ ��8U� �	 q	�I�	�@ %�4�� C	!� D2F� :8�1 ��- �H�

 ����4 .�!�F� ! 
3�4 ����� <�� ��-
��&8� �2Y �88t+ �	b8�

���/ �
 *�/ ����� ��-10  %[��I� %>���@.   

 

5- �>?�9� �&�'� :@�A ��5( 1 2 BC�  

q�- �	 *�	 %>�F�� ����/ 
��&�  ���>�	 9� (�Y ���7 �/* 

%��1 .I+  �0	����, �"
��7 �@�� �	 ��	�& �
 C�E ��  S��8 

���� �/ �
�S��	 �	 ����+��- 
�5�� ! %?��F� �/ %8O�+-�� 

%���� 360 .?- .*��/ ��K�� 	��/	 ����, C	!� �
 (�Y ��6� 

�/ i��	 e!� �z ��@ �
 <)/��- *8�8, C������ �@ .	� 

*�	 c���� �
 *88U+ P/	!� ���>-R��I�	 DE�F� :8�1 ��
� 

���/��	
�/ �@ ! �
 G�" �U/� `, �	 T��U+ HO�S� ��V,98 

! G���	 H8&I+ e�,��!1 ���4� ���>�	 (�Y 
��� ����/ 	�Y� 

.4�" .�
 %�	
	 	��/	 %/ �4�U� L�^)�� %>�?� ! `a� /% 

l���+ c���� %�7	
�, ��
�@.   

  

5-1- D�E4�� ��� �&�F  


��&8� ! ����- L�^)�� 
��� l&?� *�/ ���7 (�Y ��	6"

) H�@ �/ h/�2� %U>�2�3 (.�	 . 
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 �:D3. ����- L�^)�� (�Y ���/ 
��� %U>�2� 

  
Fig. 3. Geometric properties of the reinforced concrete moment 
frame 

�"
��7 ���	�& :&J	 �
 hE��� �&'�� ���
 |� ���-
 .�
 

*8�; �FE��� ��5! �5��7 ����7�� ! %/ �\�! ������- 

L�F[E ��8��, C���'	 i��+ ����8/ �/ ./�E� ���	
. *�	�/��/ 

%;�"	 ��-������ � ���� �	 �/	�7 ! �"
��7 	� �	�/ 9� 

(�Y �����7�� *�/ %��1 �� �	�+ �
 �K� �.4�" %/ �K� ����� 

% ������- *8��, *��+ %F[E 9��
 (�Y *�/ %��1 
�5�� 
� 

hE��� �&'�� ����
 *����8/ C���'	 C	!� �@�� �	 %&�' 

���	�& 	� %�@	
 �@�/ .%/ *8�- H8>
 �
 %>�F� �B�' ������� 

�"
��7 ������- *8��,*��+ %F[E (�Y 
��� %U>�2� ! ���/� 

�	�Y ��
�8" .*8�X�- �	 �K� .>�'��- T&�)� �"
��7 ��5! 

������� �/ %5�+ %/ %���	 (�Y 
��� %U>�2� ��U/!
 �
�/ ! 

�"
��7 !
 %5! H/�F� *����8/ TUB 	� �
 .�!�F� ���7 

���� 
���	 �� ��� *�	 ������ �"
��7 �	�/ ������- *8��, 

*��+ %F[E p�4 ��
�@.   

 %>�?� *�	 �
! �
�� ��/ A���� 20 ��/ �	 �O�
  �- �
 ����

 C
�U� %F[E50b�/m �@ %�4�" �K��
. ����  *�/ L�^)��

H��@ �4�^� ]�^)� ��! *�/ 25b�/mY  � ����4 .�!�F�

Z� = 35 v�.  ��� .�!�F� �Z�� = 0.25Z�� Y`  C!�� !

%8>!	�� = 9500Z�D Y`   .�	 �
 <�� *8�X�- .%�8�8/ 

���4P�� = 0.22%  ���4 �
 ����� <�� !P�R = 0.35%  !

 <� �
 P��R = 2 �%I�:..�	  .�!�F� �	�	
 b8� �-
��&8� 
3�4

 g8&?+ZQN = 430 v�.  %�8?8��3	 C!�� ��� = 206 ��.  !

����� <��PQR = 6% ���@�/[40]C�� �
 . ���	�4 ����

 b8� ��	�& �����	�� = 0 !  ∆
 = 0  .���@ %�4�" �K� �


 .��)B<@�,  *�/4 �����%[> �	 ��	�& z�S� %8'�� h�  ! ���

) H�@ �
 ��@ �
	
 ���� ��-3 �/ �/	�/ (14 ����� ��2/ ���

.�@ %�4�" �K� �
 .7	����  

  

5-2- G!� � ,H�< �� ������� ����  

C������ C	!� �
 ������- *8��,%F[E *��+ (�Y �/ ���[� %8[@ 

���� ����1 %/ 9� �?���� �
 G�� �	b4	 MATLAB G���	 

�@ .H�@ )4 (c���� .��/ ���1 �	 *�	 C������ 	� ���� ��

�-
 .�	b8�  ��2Y :8�1l2� D2F� ! H�@���6, �/ �-
��&8� 

) P/	!� i��	2  �+9 (! .�!�F� ����4 *�/ �����-  �/ i��	

) P/	!�10  �+14*88U+ ( �@�-���	��, *�	 % �����1 �	 . %/ 

L��O �8t����- �4
�^+ .��/ ���1��	� `, H�@ )4 (��
�F� 

*8���8� ! q	�I�	 ��8U� ��-���	��, ��6� 	� �
 ��!
 �����50 

%>�� �/ HO	�4 ����� 10 %>�� ���� ���-
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Fig. 4. Deterioration modeling results in reinforced concrete column section in 50 Years 
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Fig. 5. Moment-Curvature Diagrams of Ground Floor 
Reinforced Concrete Column Cross Section in 50 Years 
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[year] 

19.63 0.1001 0.0051 0 

19.43 0.0991 0.0051 10 

18.39 0.0901 0.0049 20 

13.08 0.0641 0.0049 30 

9.19 0.0441 0.0048 40 

8.94 0.0420 0.0047 50 

Table 3. Results of moment-Curvature Analysis of Ground 
Floor Reinforced Concrete Column Cross Section in 50 Years 
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Fig. 6. Comparison of the results of moment-curvature analysis of the cross-section with those corrected by multiplication the 75% in 
deformation 
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Fig. 7. Comparison of the results of moment-curvature analysis of the cross-section with those corrected by multiplication the 75% in 
moment. 
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Fig. 8. The Results of push-cover analysis of the frame 
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Fig. 9. Comparison of the results of push-over analysis of the 
frame with the recommendations of Code No. 360 
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Abstract:  
Chloride attack is one of the most destructive phenomena that has an adverse effect on concrete and steel 
materials in reinforced concrete structures. Corrosion of rebars and damage of concrete can significantly 
reduce the seismic capacity of these structures over time. Accordingly, it is necessary to model the 
deterioration of reinforced concrete sections before performing nonlinear analysis to evaluate their seismic 
behavior. In this regard, Instruction for Seismic Rehabilitation of Existing Buildings (code No. 360) 
recommends that in order to consider the corrosion effects of reinforced concrete sections, the moment-
curvature relationships used in the definition of plastic joints are corrected by a fixed number called the 
knowledge factor. Due to the fact that the deterioration process of concrete structures under chemical attacks 
is time-dependent and also there are various uncertainties in modeling this phenomenon, it seems that 
considering the effects of corrosion with only one constant factor, is not enough and in this regard, more 
research needs to be done. In this regard, in the present paper, the seismic behavior of a reinforced concrete 
flexural frame with a lifetime of 50 years under chloride attack on the external aspects of the columns was 
studied. For this purpose, in the first step, chloride diffusion is modeled according to Fick's law and then the 
measure of damage in rebars and concrete was calculated using MATLAB software. In order to increase the 
modeling accuracy, a probabilistic framework based on Monte Carlo simulation was used to consider the 
uncertainties. In the next step, Moment-curvature curves of the sections were extracted using the results of 
deterioration modeling and were compared with those recommended by code No. 360. After that, the seismic 
behavior of the flexural frame was studied using static nonlinear analysis (Pushover) based on the moment-
curvature results obtained from the present study and the recommendations of Code No. 360. A summary of 
the results obtained in this study can be expressed as follows: Corrosion due to chemical attacks can change 
the behavior of reinforced concrete members over time from deformation-control to force-control. For this 
reason, the type of failure mechanism of these structures changes from ductile to brittle. In correcting the 
moment-curvature diagrams of reinforced concrete flexural frame columns using the knowledge factor of Code 
No. 360, it is necessary to pay attention to the actual behavior of the member subject to corrosion. Using the 
method used in this research, it is possible to predict the actual behavior of concrete sections under the chloride 
attacks during the lifetime of the structure based on the modeling results of cross-sectional deterioration. For 
the studied moment frame, it was concluded that in the first half of the structure life, the use of a knowledge 
factor 0.75 to modify the curvature, is appropriate to correct the behavior of column sections subject to 
corrosion. But in the second half of the life of the structure, it is better to correct the moment-curvature 
relationship by applying the knowledge factor to the moment. In this study, the diameter of the rebars, ductility 
of steel, and the compressive strength of concrete were considered as indicators of damage due to chloride 
attacks. Based on statistical calculations, it was concluded that the determination of the reduction in diameter 
of rebars over time has a higher uncertainty than the other two parameters. Therefore, further research is needed 
to provide a suitable solution to more accurately estimate this parameter. 
 
Keywords: Chloride attack, Monte Carlo, Pushover analysis, Moment-curvature relations, Code No. 360, 
knowledge factor. 
 


