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Experimental Evaluation of Performance Criteria for Reinforced 
Concrete Beams under Cyclic Loading 
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Abstract: To assess the performance criteria of the reinforced-concrete, five-storey residential buildings common in Iran, an  
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experimental study in the structural laboratory of the University of Tehran has been conducted. The test program includes cyclic 
and monotonic load tests of six beams that represent three-to-five storey buildings with rigid frame structures. Using definitions 
given in FEMA-356 and ATC-40, stages of immediate occupancy, life safety, and collapse prevention have been identified on the 
drift- force curves of all specimens. Based on the test results, values of the plastic rotation, ductility, strain in concrete cover and 
in longitudinal bar, crack width, damage index, and length of plastic region at different levels have been determined. It was found 
that the recommended values of plastic rotation and ductility for reinforced concrete beams by FEMA-356 are conservative. The 
length of plastic hinge region in the stage of immediate occupancy is about half the plastic hinge length in the stage of life safety 
and it increases by 20% from life safety to collapse prevention. 

Keywords: Cyclic reversal loading, ductility, pcrformance levels, performance criteria 
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y = 0.0026x + 0.0028
R2 = 0.8935

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0 1 2 3 4 5

 % -����� 
�) *�!��

7
 �

SBC-1
STC-2
SBC-3
NBC-4
NTC-6

3.61.2

��
��

� 
�!�

��
��

���

	�


�
	

7�8LT1]� ;� ������! �� b � 5 �?` �� H.�3 a�? � 

������� 

y = 0.0055x + 0.0048
R2 = 0.8666

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0 1 2 3 4 5 6
 %  -����� 
�) *�!��

7
 �

SBC-1
STC-2
SBC-3
NBC-4
NTC-6

1.2 3.6

0.011

��
��

� 
�!�

��
��

���

	�


�
	

7�8LV1�� �M?� ����?!���� �� H.�3 a�? � ����6� 

������� ]� ;� ������! 

�	
	 �� ��� �K �2bY9�(� cYN	�� 
  HG� �]"[&K�YD �Y�K�[�

 
	 .�K �N�< �K 	
 RG� ����B R��; 
  t'�2 R	53� cN	�� ^�	 

�YYK	�K / GYY: /;�)YY�G� 5YY3' 6 t��YY�;7 u��YY�'$$�/$4
	5YYF 

H �2 G'	 .g� 	
 GL ^�	 �g='�N &��N �K�N R	53� �K �N�< �K R	�<

 gO��	 �K ���F o 	��� g'�N .t'�Yh rY���� 
	G�� ^33S< z	�K

 >8� �45�
6�� ���L
  g[D �3�)��(z G: �K	�K $�
/$	


GW  g� R�1'.zGYL �Y��L 
  �&��YM /�YW
�<��
7 
  t'�2

 >�YY� ;	 �gYY'7 z
	 �YYK H�YY�K)��(�YYK	�K z
	GYY���/�
 GYYy

�K g� ��  �GW  
	GY�� �YK &=��O� ��=['	 �h)�GYy
  (�Yf	
	

 cYN	�� 
  HG�]
6�$[ 
	  .YK �� �Y�� �Y=M �;	 HGY�7 �Y� 

>�� )��(YO��	 GL z	�K 
	G�� ^�	 ��YK	�K g'�YN g$
�/$�YK 

��	 HG�7 �� .

N1P19���% d%�8DL 

/ GYY:�YY2)YYD >3)YY'��B R H;�YY��K  
	6 C
� ;	 &YY8� �YYW

��G�  ��5�; &�GO�� 
  &9y	 /�W ��	 . �Y��:	 >YK�Q &K��;
	

 H;�� ����< 6 &L	�M 
  / ��;  �K
�2 >3)'��B ^�	 GYW	�D �YW

��	  .; ^�	 
  H �P��	  
�� /��lD�� ;	 &8� ED�Y� �YO3�

C
�)D ��	 .�fG�	 >8� 
  ED�� ^�	 
	GY�� 6  ^3K �$6

�����' &� �� K��'�F �3YW 
�Y~�'	 �PYy ED�Y� 
  �Y2 /	

 IY� ED�Y� 
  6 � 
	GY'  �YN6 �YN�< >YK�Q C
�)D �'�F

 �Y�	  GW	�D  �N6 H;�� &\�(3)F >3)'��B ./�YW;	�< ���Y�

YY�76 �&'�YYN &YYO��	 � &YY'7 /
	 �YYK H�YY�K �YY3~' / �YY89�: �'��

 ���F GOW	�D 
	�Q }� 6 �Py H 6GU� 
  45�
6�� .ED��

 K C
�)D ��6�Y3' R�Yv�W &��YW���	
�B �YK &YO�=� ���S� 
�M

  �YK GYW	�D /J�Y'	 A����	 R	53�6 �>8� �33?< ./��lYD��

 ��U� r��< / GS�� C
�)D R� �Yh ��	 HG� b��S< b9�(�

 �Y'	 6 >8Y� �Y33?< {�Y�	 �YK �Y2 ���'7 ^����6�S� �9�N ;	 /J

 b��S<�@Y'	 6 A
�YB C
�)D ED�� ���	 HG)���� (�YK

��; i�� ��	 :

DIpa=Umax/Umon+β(EH/(fyUmon) (
)

R7 
  �2

Umax = /
	`F
�K �U< �m: 
  >8� �33?< ���52�� 

Umon = ���[8� /
	`F
�K 
  >8� �33?< �3��� ���52�� 

EH=6 /
	`F
�K ��M 
  HG� I9��)� /J�'	 

β=���	
�B�K�T 

�'��' �W �K  
	6 C
�)D R	53� �����F ]�0'	 /��1���;7 
 

 �YK bY9�(� /��98� �33?< 
 	 
6 Y� �YK C
�)YD ��Y� 6 HG

 ;	 H �P��	�� �S�)
(/GYL 
	G�� 6  ^3K$6�{�Y3�� Y�HG

��	 .���	
�B �
�~O� ^�	 /	�Kβ�Y33?< bY9�(� /�YW �'��' 
  

&8�53� C
�)D �< ��	 HG� H 	  HGW�1� �Y� H�=3��Y2 HGY� .

>8�)��(	
 C
�)D ED�� ���	
�B z	�K HG�7 ��  �K u���' 



��� ������	
��
��� ���
����� ���� �-

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5 6 7 8
% �'(
�) *�!��

8�
�9

(:
(��

SBC-1
STC-2
SBC-3
NBC-4
NTC-6

�
"!�

�
#
���

��
�

��
��

� 
�!�

/
���


	
�

"!�
�
#

���
���

FE
M

A
35

6

/
���


	
��

��
� 

�!�
FE

M
A

35
6

/
���


	
��

��
���


	�

�

	
FE

M
A

35
6

5.
4

2.
7

2.
1

��
��

���

	�


�
	

3.
6

1.
2

0.
9

0.27

0.61

0.87

7�8LU1������� ]� ;� ������! �� 9���% d%�8 

�'��' 
  ;	 �YK �t��Y�;7 �YU< /�W &=)Y' /��98Y� �Y33?< z	

YYf	
	 �bYY9�(� �YY�	 H �YYh �.HGYY� �YYf	
	 �� �YY�� ^3YY3S< 
 

>8�
 )��(�K�T���	
�B r���� 
	G��β�K	�K��/$YK��Y� 

 	
	 �� �Y�� �YK &K�YD �Y�K�[� �Y2 ��	 HG�7 Yf rY��< HGY� �

��U������ 
	  R]��6�
.[

>8� ;	)��(E(1� &��Y� 
 C
�)YD ED�Y� �Y2

 �YK 45Y�
6�� �'��Y�76 �&'�N &O��	 �&'7 /
	 �K H��K /�W;	�<

 �K	�K �j3<�<
�/$�"�/$6 ���/$��	 .Y��U� gD�K�
	GY�� R

C
�)D ED�� ^3K�/$�<
�/$^3��YB C
�)YD R	�O: �K 	
 

^3YK C
�)YD ED�Y� 6 ��2 &F 
�D A�< �Kn/$�Y< �/$	


�2� /��`B�' �3��< �'���7 &� O2GO]��6�
.[���1Y���;7 ^�	 
 

 H��K ;	�< 
  C
�)D ED�� 
	G�� &'7 /
	 �K
�/$�Y�  �K

��	 HG�7 �'��' �K  
	6 C
�)D R	53� �K �2�O� ��Y=['	 �W &=Y�

 
	  .GOK 
  �v'7 �K	�K �H6�: �Kn%�	
	 Yf�Y�G)>8Y� �Y33?<

/��`YYB �3��YY< ED�YY� R	�YYO: �YYK 
�FGYY'�� &=)YY'(ED�YY� �

C
�)YD�/$�YY< ��/$/��`YYB�' �3��YY< GYYL V6�Y� R	�YYO: �YYK 

K���  &��Y�K�[� 5Y3' &Y8�53� C
�)D C	GW�1� �K �2 G�7

 
	  .
 �S��[� ^�	 '�N &O��	 ;	�< 
  C
�)D ED�� �YK	�K &

"�/$G�7 ��  �K��	 H.C
�)D ED�� ;	 
	G�� ^�	 �\'�3K

 R �K >81� /��`B �3��< 
  �Y�	 �Y2 �Y�	 &���YL ^3Y=� 6

6 H �YK G�GY� ��=)Y' �mY:	 
  RGY� ^Y2 H�Y9Q 6 &FG� �D

��	 H �h ��P' 53' ^�K ��)W �K C
�)D .

N1R–5�
�. K?� ^� �_`DD 

K �3�W	 I3���B �3L�' ��M &�	5Y� �
�Y��
 /;�)Y�G� 
 

 �m:	 &[D�3� 
  /�Y�939U< H;�Y� 5Y2���� �GY� �YK &YO�=� /	

  
	  I3���B >lP�.rK	6
 C�Y�3�U< u���' {��	 �K / GS�� 

&W�\1���;7 /	�K�K	I3���B �3L�' ��M  
6 �mY:	 /�Y��'	 
  

 ��O13B��Y�	 HG ]��%�"[R�Y3� ^Y�	 
  �Y� �S� )�(��Y=['	 

�1���;7 u���' �K /��13K 
	�YQ /��1Y3K �YN�<  
�Y� 6 ���	  C

��	 ����F]��[.

Lp = 0.08L + 0.022 fy db > 0.044 fy db (mm , MPa) )�(

R7 
  �2

L=b[: �[�' �< �\O� ���52�� >U� ;	 �m: ��M 

fy=�'��' &��M 
�<��
7 RG� /
�N tO< 

db=�'��' &��M 
�<��
7 �[Q 



��� ������	
��
��� ���
����� ���� �w

K
"FI1� �_` 7:f� K?� ([�. ��"6� 5� ^5M����)I(

�'��' 

;	�< 
STC-2 SBC-3 NBC-4 NTC-6 �'��' r���� �W

&'7 /
	 �K H��K "
/$��/$n�/$�
/$nn/$

&'�N &O��	 �/$�/$�/�"�/$��/$

45�
6�� �'���7 $/��/���/���/$$"/�

;	�YY� �S� )�(�z	�YYK }3�YY��B sYY3L�' ��YYM�YY'��' /�YYW 

NBC – 4 , SBC – 3 , SBC - 1 �YK	�K 
$��Y��393� )� �YS�

H$�/�(�6
 �'��' ���� �W� �S� �+� ���393� )� �S�H
�/�(

&� ��  �KGY�7.^Y�	 �Y� �S� ��YM z	�YK 	
 
	GY�� }Y� �Y�O< 

>YL	�� 
  	
 I3���B �3L�' C	�33?< 6 �GOh g� �f	
	 }3���B

b9�(�g�' �~'
  z
	`F
�K  �3F.

/	�YYK�YYK 	��YYM  
6I3�YY��B �YY3L�' bYY9�(� >YYL	�� 
  

K z�OU'	 �� ��� ;	 t���;7�>���33?< r��< HG�7 ��  0O� ���

LVDT)(�'��' ^3��M 
  53'6 �W�� �S�)n(��	 HG� H �P��	 .

/�OU'	H;	G'	 �Y3L�' 
  rY���� z�YOU'	 R	�YO: �YK HGY� /�3F

 6 �HG� ��� }3���B �� ����\O� �K �=)' �P<
	VrY�6 ^Y�	

�' �3L ��	 HG� �=��U� .�YK�N 
	G�� ^33S< z	�K g='�YN &��YN

�3� �g[DδP�RG� /
�N R�8� �33?< )�m: RG� /
�N ^3�6	

;	�W
	 ��' /6
 (;	>8Y� �Y33?< >2 
 gYOUO� �Y33?< Y 
�YK

 R�8� ��	 HG� �2 .� �� ��� ��� 6 RG� /
�N /�OU'	 r���

 z�OU'	��'�&�� �S� 
 )n(��M 6 ����F
	�Q �I3�Y��B �Y3L�' 

LP�^33S< ��	 HG� �F ]��[.s� �S� )n(��	 ��; i�� �K :

δp = ( Φu - Φy) Lp (L – Lp/2 ) )n(


  HG�7 ��  �K u���'�6GN)�(��	 HG� �f	
	 .

�6GYN �� ��� ;	)�(&Y� E(1Y� sY3L�' ��YM �Y2  �Y�

 H��K ���L 
  }3���B  6GYL 
  �r���� 
�M �K �g'7 /
	 �K

 �L bl' ��	 g'�N gO��	 zGL �� .���L ^�	 
  H;�� �gOS�

 �
5K ��=)' z��9�� �33?< 
�a  ��	 �HG� g[D �3� ;��  
	6 53'

 ��	 HG1' .�Y��L ^Y�	 
  �m: g[D �3� 
���
 �j3<�< ^�GK

 cYQ	6 �N�<  
�� g�)��K z;�)�G� �'�F�W
  6 H �K �N�< >K�Q

 �� .B �Y3L�' ��YM g'�N gO��	 / �89�: ;	�< 
  �YK I3�Y��

 r���� 
�M�
%45Y�
6�� �'��Y�7 / �89�: ;	�< 
  6 ����2

 r���� 
�M �K"%;	 HGY� �=��U� �� ��� ;	 ��13K �Y� �S�)�(

��	 .}3���B >lP� g'�N gO��	 zGL ���L
  �j3<�< ^�GK

 �YY<�$%���YYh �YY3L�' ^YY�	 
  RGYY� gYY[D�3�6 �YY���F >8YY�

 ��	 ����� 4��)F .Y�7 &��Y�' zGYL ���L
  �45Y�
6�� �'��

 ��O< �3L�' ��M
$%���	 HG� ���p	g��L
  �YK �YN�< �K �h 

u���'��	
	 GOK 
  HG� n%
g='�YN &��N �K�N 6 R	
6  R	53� �

R	53� �K I3���B�$%��	 HG� �
5K .�YK �OK ;	 H �P�Y�	 ^Y�	

�� �S�)�(
 >39U< ;	 �Y�F
5K z��9�Y� �Y33?< �YK �&Y[D�3� 

���L z	�K �3SQ	6 gY� g'�YN gO��	 zGL GY��0'	 .;	�Y< 
  6


6�� �'���7 9�Y��33?< �K �45� gY� z���a�Yh z�� GY��0'	 .
 

&��L ^33S< 
	G�� bl' ��	 ];k &'7 /
	 �K H��K ;	�< 
  �2

;	 HG��� �S�)�(
 >39U<  
	6  �� .

g1Q"�� @�F 
 5'_% 

/	�K W;	�< 
  Z9)� ^�K z�W�3< &L	�M /�W
�3S� ^33S< z�

z
	`YF
�K t��Y�;7 �YU< �3< �'��' t� �/ �89�: b9�(�

 ��	 HG� cQ	6 ���M }� 6 g�1F�K 6 ��
 .�Y'��' o�YS� �YW

 X�YQ �YK ��Y�=M uOYB �< �� /��'���D��
  H �P��	  
�� z�W�3<

 �r���� /��`B >8� 6 g1�D��	 .��  �K ��� u���' gD�K

��	 ��; i�� �K HG�7:

•GYYL �I3�YY��B R	
6   
�YY� 
 YYf	
	  6 rYY��< HGYY� �

FEMA356 �45YY�
6�� �'��YY�7 / �YY89�: /�YYW;	�<
  

�&Y'7 /
	 �K H��K6 �&'�N &O��	 �jY3<�< �YK 
$�"� 6 ��$

�a�h Gy
  ��	 &1���;7 r���� �� ��� ;	 �� .�3y�< 6

��=)' 
�h`� cN�� �'	
�2 �~��U���	 .



��� ������	
��
��� ���
����� ���� ��

•&YY'7 /
	 �YYK H�YY�K ;	�YY< 
  &��YYM 
�<�YY�
7 
  t'�YY2

)$��/$(YY=['	 ��rYY��< HGYY� �YY�	
	 
	GYY�� �YYK &K�YYD �

FEMA356 
	  )$�/$.(

•^�K RG� ����B V6�� 
  t'�2$$�/�K��	 HG�7 �� 

 ��U� /���
	5F �K �2��\�  R)$$�/$(&=Y��O� &\OW��W

 
	 .

•�&'�YN &YO��	 / �89�: ;	�< 
  C
�)D ED��"�/$�

��	 G�G� ��=)' C
�)D �\'�3K .�Y�5�; 
  �W�3< �v'�Oa6

SQ	6 cQ	6 ;	�< ^�	 
  &G'�� �Y2 �Y�	  
�~�'	 R	�< &� �

 �� / �l�Q	 �3� �3�S<.

•�33?< z ��9�: b9�(� z�W;	�< 
  I3���B >lP� ��M

g� GO2 . 6GYL 
  &'7 /
	 �K H��K ;	�< 
  ��M ^�	�$%

&'�N &O��	 ;	�< 
  R7 ��M �Y�	 ��YM o��YD	 5Y3' 6

�� �'��Y�7 6 &'�YN &YO��	 /�W;	�< 
  >lP� 
  45Y�
6

  6GL
$%��	.

{��	�K �3�U< ^�	 u���' ^3\'�3� �K �3< �'��' t� t���;7

 ���D�� 
  �6	G�� C�l(1� R	�Y�< 
  �Y�=M uOYB �< �� /��'

�K ��	 HG�7 ��  .&Y93�8< C�S��[� ]�0'	 �u���' �3�S< /	�K

 �YY�	 /
6�YYp ��'���D�YY� V	�YY'	 ���YY� �YYK .���YYL ^3YY: 
 

�W���	
�B 	 �HG� �f	
	 /�3Q  /;�)�G� R�8� cYQ	6 &K�Y�;
	 6 �Y�

 ̂ Y�	 /��`B C
�)D R	53� ;	 	
 /�< �'�O3K 
 ��'���D�Y� �Y'�F

 &� �W	�� ��5�; �K	�K GO2 .&Y9U� r�	�� ;	 &=��O� ;	G'	 �1a 6

�3y�< �K ��=<
	 
  	
 �Yf	
	 &Y99��	 ^3YK cN	�� 
   �N�� /�W

&� GW .

5��. ,2�
 

1. set up 
2. actuator 
3. reversal cyclic loading 
4. LVDT 
5. quasistatic 
6. displacement control 
7. low rate 
8. strength deterioration 

9. stiffness degradition 
10. energy dissipation 
11. failure mode 
12. backbone curve 
13. design criteria 
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15. Immediat occupancy 
16. life safety 

17. collapse prevention 
18. operational 
19. fiber element 
20. pushover  
21. damage Index 
22. plastic hinge length 
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