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An Investigation on Irregular Steel Moment-
Frame Structure Under Different Column 
Removal Scenarios 
 
This research examines the effect of plan irregularities on the 
progressive collapse of steel structures. Firstly, the three 
structures, regular and irregular are designed. Secondly, the 
effect of the two plan irregularities on the progressive collapse of 
moment resisting frame assessed. The collapse patterns of the 
buildings are analyzed and compared under seven loading 
scenarios using non-linear dynamic and pushdown analyses. In 
the non-linear dynamic analyses, node displacements above the 
removed columns and the additional force on the columns 
adjacent to them are discussed. Furthermore, the strength and 
capacity of the columns are compared to determine their 
susceptibility to collapse. In the non-linear static analyses, the 
pushdown curve and yield load factor of the structures are 
obtained after column removal. The results indicate that an 
irregular structure collapses in most of the column removal 
scenarios. Moreover, when comparing regular and irregular 
structures, the demand force to capacity ratio (D/C) of the 
columns in the irregular structures is on average between 1.5 and 
2 times that of the regular ones. 
 
Keywords: Progressive Collapse, Irregularity, Steel Building, Non-
linear Dynamic Analysis, Pushdown  Analysis. 
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F��!�� �� <!L < �A.� � �A.��� ���� �-!���  .	�� �*�

�L 7- 8< ���!K [��� H�E�- -:E�!.� � �Z�� <!��� 

? � \e� 8+B�!� < 8< .	�� �:�� o;k K>� �-!��� 

-��2 �!��� ���� �� ��.� �=� �-:�  �:�� o;kA1 

[C:� �- �:��)!	 7- 8< (�i� 8�:0!K K+� !0��  �

? �- ��I?�!� �� 8< 	B�� ��:�� �< *��[��� ��.���:  ��

��i� 	���e�!6 �Z� �� ���Y�  8J�0� .	�� ��-�:
�<

	���e� ��i�!6 ���� �� �- ��.�:�  ���� �� �Z��

� 3� ��A.� ���� 	�� 8< �A.���� �!�* �� �*.Y  ���

1?!!��+�� � �< �q�.��L � 3� ��*.J 8Qe�� �  ���Y

��� *<�  ���Y �Z�� *��� ��*.J �� � 3��� 

��� ��:? ��<�  �D	3� . o;k �- 6�� �� !� L���Y

 �Z< �- �*� ����� \d�Z� ���:��.� L!< �- �:��

 �d
�- �:�� o;k 8< �:<�� �KBCS1P4FD  �� 8Y 	��

95/0  8<98/0�!� .	�� �*!���� �.!< �< 8Y -:�

.*��< 6 �j�< 8< ���� ��:? �O�G?�� ���!< �� 3�  

 ��*E3-  E!H� ���s .>.�� ��<- 1?!!��+�� n�C �� 	>? ��.���:� �:�� o;k \d�Z�  

6!��j� ��Z�  

)kN/mm(  

6!��i� 	���e�  

)kN( 

6!��i� ��+��!!1?  

)mm(  

��!F�� ��Z� ��  

)kN/mm( 
�:��  8eB9  

55/43 25/3293 57/82 87/0 A1-I 

8eB9 �- 

59/204 45/12587 34/75 28/7 A1-R 

82/50 00/3747 14/85 78/2 D1-I 

67/187 53/14519 17/97 70/28 D1-R 

20/61 05/4036 15/101 30/3 F4-I 

92/353 70/17389 77/59 57/19 F4-R 

30/77 10/5967 17/87 67/3 A1-I 

8eB9 8� 

06/283 24/16871 68/84 40/6  A1-R 

24/147 70/6972 70/55 12/4 D1-I 

64/392 00/26400 15/72 00/17 D1-R 

02/70 11/6036 56/99 81/5 F4-I 

55/568 37/21396 37/36 11/22 F4-R 

86/156 63/12032 00/90 38/10 A4-I 

8eB9 s.� 

88/947 65/47775 28/57 01/25 A4-R 

00/245 64/15891 95/92 08/10 D4-I 

67/612 75/40932 88/92 27/37 D4-R 

41/274 50/13641 22/61 95/11 F4-I 

40/591 34/36054 17/60 97/32 F4-R 

88/162 16/10835 50/73 46/5 A7-I 

72/668 65/37802 00/61 26/19 A7-R 

  

f����<  E!H� .>.� �� �*� r��Z���� ��� 

3�q!	 ��.� 8� 	>? 8eB9 8� ���� �R�C:�  o;k

� �Z�� ��:��� -:� ��.� a��? �- 8Y���:  ����

���Y �A.���L ��i� 	���e�!6 �Z� ��  8dk�� �-

F��!�� �� .t�� .-��- �A.� ���� 8< 	B��!L < �-!L 

��.���:�  �< ��:�� o;k \d�Z�o;k  �8�:0 �:��

���Y ����L �Z�� ��i� 	���e� �!6  ���� -:
 �� ��

�� *�-.  

� �-L 8�:�� �� !��  ���� �< 8<��� ���  �< �8eB9 �-

1?!!� �Z� ��A.� 	�� 8< �A.��� �i� ���  8dk�� �-
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? �- �*�D -:E:<!��� �� -:�.  

5-2- �34�5 	1��(�6# 7�89"#  
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��/0�� ��< �<��<� ���< �� *��* <��
� �!��*����  �-�G���
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���� �� �- �<��< �<��
 �!�*���� �� ��.� ��� �*��<:� 

��8<�  �<�!=h? -��.!+� ��� 8Y �:�� o;k�  -�:
�< ��

� ��FG�� � �	��!	�� �< .L � ���kL ��.�: �� *��:? 

�!=h? d�?!�  8< 	B�� ��?:Y ��B�� ���� �- �:�� a�*/�� �

� �� .*�*< �� ���� V���L ��� ��/0�� �-�- 	�- ��� 

��.� ��:.� 8< �:��:� k��9� dM�� D �-!L 8��� �� 

����-�G �� -:�.t�� .!�L ��<� <!��� � ��k��9L 

���>< �:�� o;k �<��< �- �� ���� 8Y O:p:��  *.��:�<

��� �*..Y a��e�!	 ��<�.< .-��-�L ���:?�  	>? ����

��/0�� o;k� �< �:�� d>? S�� �� �-�G���!K -��.!+� 

@!Q
�� .+? �<!6 *[< 8� -�*>� ���7�� ���< K<�C� 

� �- 8Y 	��L <�Z ���< 8<� *[< 8� ���3��  8�

� 8�
�-�� 8eB9 s.� � 8� ��- ����
��� -:�.  

5-2-1 - =4����6�" ��+) >?� 53� *	 ."�  

�- ����-:�� �|Y�� 1?!!��+��  K+� �-6  �*����

�� -:� ���� 8Y ���  �- �:�� o;k �>� 8< �A.���

��=!8 1? K�>? 8< �-�C ���G�!!K+�� ����  o;k ��

1? ��J- � �-:B� �:��!!K+�� �-��  8< �F.� 8Y �*�

���3S  [C:� .	�� �*� ����
��!	 � �:�� o;k!  

1? �-!!K+�� �/��  ��0�!=h?��;0  .	��  

    

  
 K+�6- 1?!!��+�� n�C �- �:�� o;k K>� �- ��0 �R�C �� �< ��.���:� �:�� o;k \d�Z�  

dY �:9 8<�� �:�� o;k ���  8�:0A1 �D1  �

A7 ���3 N��<S  1? �- ���� K�>? a*� �!!K+�� 

���� �:�� o;k �� �� ���< ���� ��� .	�� �*� �A.��� 
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��.� �- �:�� o;k:� A7 	���:? �A.� ���� �/.? �

��/0�� o;k �� l�� 1? �<��< �- �:��!!K+�� ��/0��� 

��= �- .*.Y 	���e�!8 1? ��G�!!��+��  ��0 K>� �-

�:��� �e? �� �*� o;k 8Y�B 1 �!d!���  8<73 �!d!��� 

��!�* ?�:M �- .	��� 8Y .J �A.��� ���� �-!L -�:�� 

��= �- �A.��� ���� .	�� �*�� �*����!8  �� KBC ��G�

1? ��:�� o;k!!��+���  �< �<��<2/22 �!d!���  �- .	��-

��.�:� A4 � 3� �< �:�� o;k �=� �- �A.� ����� 

52 1? *M�-!!��+�� .t�� .	�� �����!L  �A.��� ����

��:?	� � 3� �<��< �-� 1?!!��+��  o;k K>� ��0 �-

 �� �:��53 �!d!���  8<88 �!d!���  �� 3�)66 

 (�*M�-��/0�� 	�+� �<��< �- � *��<� .*.Y 	���e�  

5-2-2- +)CD ��*�	�E ."�  

���� ��� ����
���  �-��D�< 	/E �- j:�[�6 

k��9 ��
 -�+d�� }Q�� �� *�:� �0� .���7� ��� 

���� �� ���3 8����D }Q� ��S   N��< *..Y ���F?

���3S  d�? �!� � ����� *�:�� �- .L e>?!�P  f����<

[�!�� ;��S� ���� -�+d�� �� ���7� a��? ��� ���� ��  �-

d>? �� a�0 ��!K ���.Y � .*�L [�!����  ���.Y K���

1?!!��+�� � ���.Y �!�� �� -:� D �- 8Y!L 8��� 

ASCE41-06 ��?}  �����- ���.Y 	/E �- .	�� �*�

[�!�� � ��-:�� �� �-�G��� �<!�� - 1?!!��+�� )�  (����-

�[?\ �� -:�) ����- .θ1? 	B�� H�:M 8< (!!��+��� 

���� :`� 8Y �� � K�>��� -:� <8 �[? ���7� �D �:9\ 

�� -:�d�? ����- .!� 1? 	B�� H�:M 8<!!K+�� d�?!� 

< :`� �:9 8<!�� �� -:�� �- .L -�e� �8[7�Q��  ����-

 -��*����� �< P<�Q� ��I?�GSA (2013)  .	�� �*� ��Z?�

? yQe� �< P<�Q� �*�<�!� ?�B��>��� ��i� ����-!6  �

[�!�� ;�S� @!Q
�� ��<� �� Hj�I?���  d3� [?!!L 

*�	�� �. dM� ������� �/.?� 8Q<�� �-

0.0284 0.0004d−? P�� �!� ��*��< � _�k�< 8Y�. 

�`�� 8Y 	�� �Y� 8< a�j .	��� ?!� n�C a��? �- �� 8< 

��:.� ��`�� dM�� � n:�>�� *�:�*< .L ?�?!_  ��*e�

��i� ����-!6 ��< ��F�� ?!����  �< �<��< n�C0242/0 

-����  ��*E �- .	��4� -�e�� ��i� ����-!6 ��<� 

Cn� ��.� 	G� 	>? 8eB9 �-:�  �:�� o;k \d�Z�

�*�D  8< -�*�� .	����*E �-  ��C ���< �!�2�� �L  _dQ�

��i� ����- 8Y 	��!6  �:B� ��F� ��*e� �� .	�� �-�Y  

 ��*E4- ��i� ����-!6 ? ��I?� K>� �-!� n�C �- �*� o;k �:�� 8< �� �< ��.���:� \d�Z� �:�� o;k  

8eB9 s.� 8eB9 8�  8eB9 �- 
 -�*[?

8eB9 

 8eB9

�F.� 

 8eB9

a��/J  
a:� 8eB9 a�- 8eB9 ��� 8eB9 a:� 8eB9 a�- 8eB9 ��� 8eB9 a�- 8eB9 ��� 8eB9 �:�� 

02607/0 02711/0 02793/0 02806/0 02861/0 030269/0 033659/0 036987/0 025369/0  0269852/0 A7-I 

02264/0 02311/0 02377/0 02349/0 02365/0 023156/0 023756/0 023965/0 021654/0 022365/0 A7-R 

02716/0 02733/0 02746/0 02853/0 02863/0 031268/0 032456/0 033656/0 026598/0 030265/0 A4-I 

02316/0 02371/0  02382/0  02386/0 02401/0 022658/0 023005/0 023659/0 022659/0 023651/0 A4-R 

02893/0 03001/0 03047/0 03123/0 03144/0 026598/0 027954/0 028659/0 024568/0 028659/0 A1-I 

02164/0 02211/0 02376/0 02387/0 02392/0 023569/0 024024/0 024169/0 022561/0 023654/0 A1-R 

02893/0 03001/0 03047/0 03123/0 03144/0 026556/0 028562/0 029654/0 024598/0 026895/0 B1-I 

02167/0 02223/0 02376/0 02387/0 02392/0 022568/0 023654/0 023698/0 022121/0 022569/0 B1-R 

02761/0 02823/0 02853/0 02902/0 02921/0 033266/0 03659/0 036985/0 026895/0 028965/0 D1-I 

02261/0 02275/0 02315/0 02359/0 02361/0 023569/0 02420/0 024256/0 023156/0 023856/0 D1-R 

037036/0 037126/0 037562/0 038125/0 03896/0 026541/0 028653/0 029651/0 031025/0 032659/0 D4-I 

02216/0 022590/0 02341/0 02357/0 02366/0 021568/0 022568/0 023659/0 022365/0 023568/0 D4-R 

028678/0 031569/0 032003/0 032156/0 03266/0 030258/0 031654/0 032569/0 031562/0 030265/0 F4-I 

022367/0 023156/0 023984/0 02409/0 024136/0 024136/0 023265/0 024035/0 023865/0 023659/0 F4-R 
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 87 .�<� �!��� �� .*��< n�C �- ���  a��? �- �A.�

<) Hj�k8  �- a�- � ��� 8eB9 �- �- 8eB9 s.� n�C  E

��.�:�  �:�� o;kF4� (!��� ����*�  xGk �� -:


.	�� �-�Y  

5-2-3- !"F �: �;��4 <
���< )D/C (�":� ��+) ��% 

.�I >?� ��+) *��'�  

�C�� � 8Y!��� �:>�� ���3�  \I� �� ���Y

�!��� ���3� 3�q!	  ���.Y H�:M 8< �:�� �*��<

1?!!K+�� � 8�3�0 �A� �-� -:�@ �- .!� ��H�:I.  :`�

� ���.Y ��:.� 8<!�� �� *��<< �.Y�*�� .!L ��
 �2.7� 

� �!��� �:>��   g<��� �< P<�Q�)1(  �?)3( �� *��<.  �-

�L � ��3 �g<���� -:� 3�q 8< �p�e? 	B�� �0� 8Y!	 

<!���  ��6 d�? �:�� �*��<!� �� -:�.  g<��� L� �-

 ����������DCR ����  ����  �2��!< _!?�? 8< 	B��

3�q 8< �p�e?!	 8���Y � �:�� ��:>� ���!� ��� L!

�� �:�� ����3 	���e�  ���������� L!.t�� .*.��<

�� ���� ��	�  ���	�  �2.7 �*.�- ���� _!?�? 8<

�:>� �:k ���
 x �:>� �:k ���
 �2.7 �y 	���e� �

 �:>� �:k ��A��� -�:� ���
x  -�:� ���
 	���e� �

�:>� �:k ��A��� y ������� .*��< ����� 
�  �
�   !�

 _�p �-�e�m  ����:>� �:kx � y �- �� ���� ��..* 

8Y 	�� �Y� K<�C � ��3� -:�  8< �p�e? 	B�� �0�

3�q!	 <!���  ��6 d�? �:�� �*��<!� �� -:�.  

)1(  0.2 : 1.0
2

yUF UF x

CL CL x CEx y CEy

MP P M
DCR

P P m M m M
< = + + ≤  

)2(  
8

0.2 0.5 : 1.0
9

yUF UF x

CL CL x CEx y CEy

MP P M
DCR

P P m M m M
≤ ≤ = + + ≤

 
 
 

 

)3(  0.5 : 1.0UFyUF UF UFx

CL CL x CLx y CLy

MP P M
DCR

P P m M m M
> = + + ≤  

  

��� f����<s  ��*E �- r�*.�5  �- �:�� o;k �<

�:>� y9�e? K>� �- 8�:0 �- A  �:>� �- �<1  �7  �-

 	B�� �8eB9 �- �A.��� ����D/C <!���  ��6 �� -:� .

�L �- 7�k� ��.Y �:�� o;k H�:M �- 8Y 	��� � 

�!��� `[< �-�  	B�� -��:�D/C ��<� ��.Y �:���  �-

���� ���  8< �A.���6 - �6 �� .--�0  

 ��*E5-  	B�� � ��0 ��+��!!1?D/C n�C ���<B9 8� � �- ����:�� o;k \d�Z� ���:��.� 	>? 8e  

�:��  

�A.� 8eB9 �- �A.��� 8eB9 �- �A.��� 8eB9 8�  �A.� 8eB9 8�  

D/C 
��0 ��+��!!1? 

)mm( 
D/C 

��0 ��+��!!1? 

)mm(  
D/C 

��0 ��+��!!1? 

)mm(  
D/C 

��0 ��+��!!1? 

)mm(  

A1 01/1 78  55/1 Fail 51/1 Fail 99/0 75 
B1 66/0 27 12/1 Fail 07/1 95 62/0 1/24 
D1 72/0 30 32/1 Fail 29/1 Fail 68/0 26 
A4 67/0 1/27 09/1 97 04/1 93 61/0 2/24 
D4 66/0 27 07/1 5/95 03/1 92 57/0 24 
F4 67/0 28 15/1 Fail 09/1 5/96 63/0 25 
A7 01/1 78 52/1 Fail 45/1  Fail 99/0 75 
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