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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-
Structure Interaction, Dynamic Buckling, Elephant Foot Buckling, Shell 
Buckling. 
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 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
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.	>� �, ���� 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�-)  

                                                 
21

20- Buratti and Tavano 
22

21- Djermane 

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 *�.

                                                 
22

23- Pseudo equilibrium path 
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