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ABSTRACT 
 

The Klong Sadao Dam, the largest dam in Songkhla province, Southern 
Thailand, is located next to Thai-Malaysian border with water storage capacity of 56.74 million 
cubic meters. Downstream areas include Sadao, Klong Hoi Kong, Bang Klum and hat Yai 
districts with total popular of 530,692. Dam is a large engineering facility with low chance of 
failure but it would cause high is damage if failure takes places. Earthquake is natural disaster that 
could trigger dam collapse. Even though the Klong Sadao Dam is located in area of low risk 
earthquakes, the local people and authorities have raised concern about the stability of the Klong 
Sadao Dam subjected to an earthquake, especially after Sumatra earthquakes in 2004. The 
objective of this study was to evaluate static and seismic stability of the Klong Sadao Dam 
subjected to the ground acceleration data from major and local ground motions. 

 
Analytical results showed that the static factor of safety of the dam ranged from 

2.255 to 2.673 and from 1.637 to 1.683 for the upstream and downstream slopes respectively. The 
dynamic response of the Klong Sadao Dam showed that the horizontal displacement and 
acceleration of the dam increased with its height and a maximum horizontal displacement and 
acceleration was 0.064 meter and 3.31g respectively. The maximum permanent deformation 
calculated by NewmarkZs deformation analysis was 0.643 meter for upstream slope. Analytical 
results obtained from simplified method proposed by Seed and Idriss (1971) showed that 
liquefaction would occur at filter zones of downstream slope when the ground motions of 
earthquakes were more than 0.4g. Liquefaction  at  filter  zones,  therefore  is the most significant 
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seismic stability problem of the Klong Sadao Dam. However the occurrence of ground motions 
greater than 0.4g for the dam is unlikely because its location is more than 300 km away from the 
nearest active fault.       
 

Keywords :  Klong Sadao Dam, Dynamic response, Peak ground acceleration, Permanent          
deformation, Liquefaction  
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���	���	��� 

 
������	
���
�������������	
���
����ก
�ก�����������-���
� !������"����!� 4 ����

"�$�	� �%��
�%���ก���$ �%��&��
��� '��"$�����
� "���'�ก�%��&��
����(����)*�
$���ก�+!�����
(,
��- 10 ก)/
���, ���������,�(�!� 1.1 ������	
���
����(1�/	,�ก�,(,
�&������ก2���%�
(,
ก����$� ��$������"
�ก ��$������(3������������(1��������)�4� �����ก2���%� �

��	�,(,
ก��
���� 5 �(1���$�"�6�����
7����%�	
���
��� 6��������
7����%�	
������
�&�����)*�
$����ก�+!����� 
,
"$���

�)'���!� 6° 28; �"��� 46� 6° 40; �"��� �

,
"$���
��')'���!� 100° 25; �
$����ก 46� 
100° 37; �
$����ก 
7����%�	
���
����!?����!�����"��(,
��- 89.9 ��,��ก)/
���, ������	
��
�
����!	$������!�'7�
6ก�!��7�����ก�� 34.5 ���, ������	
���
����!"����!�"
�ก��ก�,�(1��"
����%�
�)� ��ก)'ก�,(,
(��"��ก�?����!��%��&��
��� �%��&�"���"A� ,$�46���*��
��������
�/��
����,4'�����%��)��"�ก�,(,
(�"���"A�-���
��������7� 38.4 
���
�ก��*กB���,���(C �

 ���
����,4���ก�ก�ก2���%���D��E��?����,,����7�ก&����
7����%�	
������
�&� 6��,$�46���*��
�	,
"���"A���$� /������,4ก�ก�ก2���%�����7���� 56 
���
�ก��*กB���, 

 
/�����$�(�
�$������4��$���(1�/	,��,������$)*$ก,,������"A��!�'��������(,
�&�

/	,��,����!��!/�ก���ก)�ก�,?)���)��%� ���'
ก���"��ก)�	$����!�"����� (�7�G)*�ก�)H, 2550) ������� 
$)*$ก,'6�������ก����"�����������,4��������������(
��&���������&�$
(ก�) �7�ก&�� �


�K���)��"$ /���+?�
�K���)��"$4���(1�&��G,,����)�!����K
ก,
�����������/���,�  6����
(L''7����!�K���)��"$�ก)��6������	,��� /����ก'
�ก)���?����!��,)�$-�"���7�,�)���!� (,
��*
�)�/��!� !� �

 (,
��*?��� "
��	,����K���)��"$�!��ก)��6������,4,��,�������(,
��*��� 
/���+?�
�K���)��"$	,���,7��,��!��7� �����$���!� 27 G��$�	� 2547 /���K���)��"$	,����!��!'7�
*���Bก
�������!�����"���7�,�)���!� �,)�$-�ก�
�7���,� (,
��*�)�/��!� !� �!����	$��,7��,�
(,
��- 9.0 ,)ก���,B '6��!ก�,(,
ก�*���กM"����

��*��AA��)��ก�,��ก���/	,��,������
$)*$ก,,��"�����,4��������K���)��"$��� 
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	%�4�����������ก$)��ก�, ��	Bก�,(ก	,����$�����4)�� �

 ��$�����!����������,�����������
�������!���	
���ก��$�� ������	
���
��� 6���,)���������������(C ?.*. 2540 '
���	��!��4!�,&�?����
",����� �����4�กก,
�%�������'�ก�,��K���)��"$ �����!�4��������	
���
����ก)�ก�,?)���) ��ก'
����!
�"
����%��)����ก)'ก�,(,
(� �

�"
��ก�ก�ก2���%��?����,,���ก�,�ก)��7�ก&���
�$ (,)��-��%���
�������!��ก)�ก�,?)���)���'
ก���"��ก)�	$����!�"����������!$)��

�,�?�B�)����(,
�����!�����������%�
/���+?�
������)���7��7��,)�$- �%��&��
��� �������'7��7��"������ก�,$)'����	,����!��?���*6กN� 
$)�	,�
"B �

�,$'���?D�)ก,,������$������	
���
��� �������&�$
(ก�) (�4)��*���,B) �


�&�$
�ก)��,�ก,
�%�'�ก�K���)��"$ (?
*���,B) /�������(�!�	$������,4��ก�,��������,�
������'�ก�K���)��"$�����4!�,&�?���������	
���
��� 

 

 
 

������ 1.1 ������	
���
��� 
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1.2 ����������������	��� �! 

 
1.2.1  �?����ก2�,$�,$������
�ก!��$ก��	7-�����)���������	
���
��� �

�����


	7-
�กN-
�K���)��"$������4)���

�K���)��"$�!��%�	�A���$/
ก 
1.2.2  �?���*6กN� (,
��)� �

$)�	,�
"B��4!�,&�?�����$������	
���
��� �����������

�4)��*���,B�

?
*���,B 
1.2.3  �?���*6กN�?D�)ก,,�ก�,�(
!���,�(4�$,���
����������� �

?D�)ก,,�ก�,

������������$����������,�ก,
�%��K���)��"$  
 

1.3 ���#������	��� �! 

 
 1.3.1 ก�,$)'����	,����!�*6กN��+?�
��$������	
���
����������� ���,$���	�,(,
ก��
����5 �

������'%�
�����	-)�*���,B 2 �)�) ��ก�,$)�	,�
"B 
 1.3.2 ก�,$)'����	,����!�������	%��6�46� Initial stress �

 Cyclic stress ������'�กK
���ก�,
�(
!����(
�,
����ก2�ก�ก��%�����$������    
 
1.4 ���%!&������	'�(	 �)'*���  

 
1.4.1  ����,4��ก46�	$������	�(
��&�����������	
���
����������&�$
(ก�) �

'�ก

�,�ก,
�%��K���)��"$���  
1.4.2  ����,4��ก46�?D�)ก,,������$������	
���
�����������,���,�ก,
�%�'�ก�"�7ก�,-B

�K���)��"$���� 5 ��� 
1.4.3  ����,4(,
��)�	$����!����!�������	
���
���'
�ก)�ก�,?)���)'�ก�K���)��"$���  
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����� 2  

��	
���
����������ก���	���� 
 
2.1 �����
���	���ก���	ก���� ��� 
 
 �������	
����
ก������
���������������ก�����
���� ����������ก���ก��ก�ก����� !	"�
ก��
�#�ก$�%�&'()
* �+ก�!��,--"� ��&�����
������.!	�!ก��,	��&%��&��/���/%ก&����
���� �� 
���������������/��0
ก&���!����/�+��
ก���ก��ก�ก�0
�#�,� *���,	%�
�/�123
���%���� '�กก&��4�)�
��)�
��

�'�������%� �ก���&5 ก.!'/������ก���,&���������	�!5%��6����
����
��)�
 
 

2.1.1 !�������� ��� 
 
������
������.!.����ก+�'������
&���#ก������
 ���� ��������� ��������� ������4��ก�/+ 

������4��ก�/+����� ����������,'� 
 
2.1.2 �"�#�!�$����� ��� 
 
	�!5%��6��
�������/����4��4�� �����ก�ก�ก������5�%�ก������.�ก��&
7�0����� �ก� !	 ��%����

�����ก���ก8+�ก��' �#	5$4���5$4����&
����4 ����� ��ก.�ก�/�������%�
4
����������	"�
ก��
������&'9��� ����7�0�/�����,� � �ก�/ก��
��)�
 5�%������.!��������/��! �4&�'���&��
�����������
,� *���,���9��!+�'	��'�:�/���'�!�' ��	2..#���������'/�����/�� �ก�/ก������)�
4��ก��* �+
ก�!��,--"� 5�%� �

��,--"���&���)�
��	�!��;,�%'�.�กก��	23�,-.�ก������ ��ก.�ก�/�
��������
���
����	
��(���/����
��/�%&� !ก�.ก��'������ก��+��
 < ���� ก�� ��
���� ���� ก��+ก
	 �  �%��
,�ก�+�'������'/* ก�!��+�����
�&� ��' ,���ก� ก��	=�ก�����
�������������
'/�/&�+������
��
���� ���� 	 ��> '�� ,'���'��(&��%,	+�'ก�!�����������&�
,��,������&
7�0�%�%���?#6 
������%�
4
	=�ก�����
����������ก��������
��
����,'���'��(�4 �����/�*���,�� 	2�����
ก������

�������/�'/%�
�&'()
�����/����������� !	@�,'��/��%0�����&:����������� .!(0ก������&'������,'���'��(
���
��,�� 
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2.1.3 �� ������&'(
�)*��"���+��� 
 
��	2..#���	�!��;,�%'/�������/����4��+��
�%0���.�
�&��+��
 < ���&	�!��;.���&�'�ก ��


���
��+���
�/� 2.1 
 
,("(���� 2.1 �������/����4����	�!��;,�% 
 

! ���� ��� !�������� ��� 
�"��(,"ก�ก�ก-�  

(
�(� 
�.�.) 
���,�0� 

1.   ������$0'��  
2.   �������.����!%� 
3.   ������;�/�4�����6 
4.   ����������ก�+�F 
5.   �������#� ��+�6 
6.   ������&���� 
ก�:6 
7.   �����������?� 
8.   ������.#J�$�:6 
9.   �������ก�
ก�!.�� 
10. ������ก��& ' 
11. ������ ��+!4�
 
12. ��������
 �
 
13. ���������	�!$� 
14. ������	@���ก� ���?�F 
15. ������4 �
�!��� 

������4��ก�/+ 
������������ 
���������(' 

��������� 
���������(' 
���������(' 

������4��ก�/+ 
���������(' 

��������� 
������4��ก�/+ 

��������� 
���������(' 
���������(' 

��������� 
��������� 

13,462 
- 

17,745 
9,510 
2,342 
8,860 
1,966 
164 
710 
106 
314 

1,454 
5,639 
785 
56 

..+�ก 
..��%��� 

..ก��.��#�/ 
..�#+���+(6 
..����ก�� 

..ก��.��#�/ 
..�#� ���?��/ 

..��%$0'� 
..�����#�/ 
.. ��	�
 

..�4�����/'� 
..%! � 

..�#��8O�6?��/ 
.. ��#�/ P ..��!�#�/ 

..�
� � 
 

 
2.2 �����
�� ���

��&���( 
 
 ��%
��ก����
'��� !���'��54�
ก�����
�ก������4 �
�!��� ��
�����ก� 	�!����/� 
16 .�
�&���
� � ,���?���%�ก/�%&ก��������4 �
�!���,&� ��
+��,	�/� 
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2.2.1 �"�	�,����#
"�ก("�1(��ก-��0'(

��&���( 
 
 4 �
�!��� �%0��������/� ����$��!��� .�
�&���
� � �	
� #�'����������
4 �
�0�+!�$� >)�

�	
��� �
��������/������ก�.ก��	�!	���/%
���
��/%&��
����$����������	2..#��� �+������
.�กก��
����'�)����
	�!��ก� ก���.����+��5+��
�����;�8Qก�. � !��
4'ก���#+���ก��' ก�����
��/�%&
ก��4��� !���� < ������4&�'+��
ก���������	�!	�����'�)���%��
'�ก  �'���&���/� 3 '/��4' 2530 
4:!��Q'�+�/,��'/'+�� !'���'�%���ก�'� 	�!����������ก��&��.��
���8���/�	�)ก8� �������
ก��;)ก8�4&�'��'�!�'� !��ก�����% !��/%�����&�;&ก��'��
54�
ก��������4 �
�!��� 
� !��&���/� 14 ก��%�%� 2531 ก�'� 	�!���,�� 
��'�������&��.��
 ���8���/�	�)ก8� �/'4��
>� +��
 ����.���/%�6 .��ก�� � !���8�� ��		�� ����! .��ก�� �����&'ก���������ก��;)ก8�4&�'��'�!�'
� !��ก�����% !��/%���
54�
ก��R 5�%����
��ก0�.�ก?��4�����>/%� !�
���'��.�ก��Q�� 
,�%  ก��ก������
����.��/%����% � !,����
'�������
54�
ก��� 	�!����
� � +��
�+�&���/� 11 
?��&�4' 2541 5�%��	2..#����	
��/�+��
�/����ก�����&%��
����� !����#
��ก8��/� 4 (4 �
�!���) ��


����
����� !����#
��ก8��/� 1 54�
ก��� 	�!����
� � 
  

2.2.2 	�,23�"�&�
$���#
"�ก("�1(��ก-��0'(

��&���( 
 

 1)  ���������'�+�'	��'�:��������ก�4 �
�0�+!�$� >)�
�	
��� �
��������/������ก�.ก��	�!	�
��/%
���
��/%&��	2..#��� 5�%%)�� �ก�ก:U6&��.!+��
.����������������ก�.ก��	�!	������/%
��+��
ก���%�%+�&��
+�&�'��
�������� !�
� � ก������'�)����
	�!��ก� ก���.����+��5+��
����
�;�8Qก�.� !��
4' ก���#+���ก��'ก�����
��/�%& ก��4������ < ,��.�()
	V�	"��'�% �.;. 2556 
 2)  �������&%�������#�ก$�%������$��!��� � !����$�������� 
 3)  �������&% �' $�&!�	
���8��
����4 �
�0�+!�$� � !* �ก��������4�' 
 4)  ������	
��� �
���!���?6��+&6���� ���������8O��#	5$4 � !'/ก��	�!'
����'�+�'.�ก
ก���ก8+�ก��' 
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 2.2.3 ���,�0����#
"�ก("�1(��ก-��0'(

��&���( 
 

�����/�;)ก8��	
���&���)�
��
 #�'����4 �
�!���>)�
�%0��� #�'����4 �
�0�+!�$���
��;
+!&����ก�9/%
�+� �!�&��
 !+�.0��/� 6° 28W ����� ()
 6° 40W ����� � !�!�&��
 �
.�.0��/� 100° 25W 
+!&����ก ()
 100° 37W +!&����ก  #�'����4 �
�!���'/�����/����
�'�	�!'�: 89.9 +���
ก�5 �'+� 
+�&������4 �
�!���+��
�%0���4 �
�!����ก �ก����%���,�%-'�� �>/%����+�'0��/� 4 ������&%40 
+��� �����ก�+�& ����$��!��� .�
�&���
� � ���
.�ก����$��!���,	��
��;+!&��+ก�9/%
�+�
	�!'�: 10 ก�5 �'+� ��
���
���0	�/� 2.1  

 
 
 

 

 

 

 

 

                                                                                                                                        

 

                                            �"���+�(�
�4�� 

 
 

"����� 2.1 $��(��%��
��ก�;���
�/�+��
54�
ก�����
�ก������4 �
�!��� 
 

2.2.4 
�ก�6����#
"�ก("�1(��ก-��0'(

��&���( 
 
54�
ก�����
�ก������4 �
�!���	�!ก����&% +�&������� �ก +�&������	=����
������ ���


�ก������ � !��4��	�!ก��+��
 < >)�
+�&������'/ �ก8:!�	
����������(' '/4&�'�0
��
+�&�������/�.#�
 )ก�#� 34.50 �'+� ���������'/4&�'ก&��
 8.00 �'+� %�& 672.50 �'+� � !���
�ก��������'��(.#����
,�� 56.00  ��� 0ก��;ก6�'+� ��ก.�ก�/�%�
'/��% !��/%����� < ��
+�&������� !���
�ก������ >)�
���

,&���+���
�/� 2.2  
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,("(���� 2.2  ������
+�&������� !4&�'.#��
���
�ก��������������4 �
�!��� (ก�'� 	�!���,    
                    2532) 
 

�����
 �"��(6 

1. +�&������ 
- �!������������ 
- �!��������0
�#� 
- �!��������ก��ก�ก 
- �!�������+����#� 
- 4&�'�0
��
+�&������.#� )ก�#� 
- 4&�'ก&��
��
��������� 
- 4&�'%�&��
��������� 
- &���#('+�&������ 

2. ���
�ก������ 
- �����/�������� 
- 4&�'.#��
���
�ก������ 
- 4&�' )ก�9 /�% 

 
+72.500 �'+� (��ก.) 
+70.280 �'+� (��ก.) 
+68.000 �'+� (��ก.) 
+52.000 �'+� (��ก.) 

34.50 �'+� 
8.00 �'+� 

672.50 �'+� 
1.341  ��� 0ก��;ก6�'+� 

 
89.90 +���
ก�5 �'+� 

56.00  ��� 0ก��;ก6�'+� 
15.00 �'+� 

 
2.2.5 !����
�
36&���,����	�&�32��� ���

��&���( 
 
������4 �
�!����	
����������('���� Zoned Dam >)�
'/������
&���#('���������


��ก�	
� 3 5>� ��
�/� (ก�'� 	�!���, 2532) 
 
1) �ก������� (Impervious Earth Zone) 
 
������
���	�!ก����&%+!ก�����% (Silt) ����������/%& (Clay) ��'��(.����ก����

��
���5�%����!����ก$�� (Unified soil classification system) ,���	
� MH ���� CL '/4����ก��
�� & (Liquid limit) �!�&��
 48% - 61% '/4������/4&�'�	
�� ��+�ก (Plasticity index) �!�&��
 21 
P 29 '/4��4&�'����������
�0
�#� (Maximum dry density) �!�&��
 1.408 P 1.640 +��+�� 0ก��;ก6
�'+� � !'/4��4&�'�����/���'�!�' (Optimum moisture content) �!�&��
 22.20% - 29.30% 
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2) &���#ก��
 (Filter Material) 
 
������
���	�!ก����&%���% (Sand) '/4��4&�'(�&
.�����! (Specific gravity) ����ก�� 

2.65 '/4��4&�'����������
�0
�#� (Maximum dry density) ����ก�� 1.887 +��+�� 0ก��;ก6�'+� '/4��
4&�'���������'���?6 (Relative density) ����ก�� 70% � !'/4����'	�!���?�Fก��>)'*�����
���� 
(Coefficient of permeability) ����ก�� 5×10-3 �>�+��'+�+��&����/ 

 
3) &���#('������ (Random Material) 
 
������
���	�!ก����&%+!ก�����%.�กก��*#ก���� (Weathered sandstone) ��������� 

(Shale) � !���54 � (Mudstone) ��'��(.����ก������
���5�%����!����ก$�� (Unified soil 
classification system) ,���	
� SM '/4��4&�'(�&
.�����! (Specific gravity) �!�&��
 2.70 P 2.82 '/
4��4&�'����������
�0
�#� (Maximum dry density) �!�&��
 1.848 P 1.962 +��+�� 0ก��;ก6�'+� 
� !'/4��4&�'�����/���'�!�' (Optimum moisture content) �!�&��
 12.60% - 13.50%         

 
5�%��% !��/%���
����� !4#:�'��+�&���#('������4 �
�!�����'��(���
����%0���

�0	�����
����+��������,����
�0	�/� 2.2 � !+���
�/� 2.3 +�' ����� 



Impervious Earth Zone Random Material Filter Material 

0 10 20 30 40 50 60 70 80 90 180 190 130 170 150 160 120 110 100 140 200 210 

40 

50 

60 

70 

80 

Distance (m) 

El
ev

at
ion

 (m
 M

SL
) 

������ 2.2 !"#$%&'()*+(,-)"./)*01+'$ 2 34'56-/7ก04' (ก: 0+120 < 0+150) 

EL +72.00 MAX.W.L. 

EL +68.00 R.W.L. 

EL +52.00 MIN.W.L. 

2.8 

2.5 

2.4 

2.4 

1 
1 

1 

1 

10 
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,("(���� 2.3 ����� !4#:�'��+���
&���#('������4 �
�!��� (ก�'� 	�!���, 2532) 
 

Parameter 
Impervious 

Earth Zone  

Filter 

Material  

Random 

Material 

Specific Gravity 2.73 2.72 2.78 
Moist Density (t/m3) 1.84 1.95 2.09 
Saturated Density (t/m3) 1.92 2.11 2.19 
Cohesion (t/m2)                       UU 
                                                CU 

4.6 
1.2 

 
0 

 
2.2 

Internal Friction Angle, φ      UU 
(degree)                                   CU               

13 
25 

 
30** 

 
29 

Coefficient of Permeability (cm/s) 5×10-6 5×10-3 5×10-5 
 

�'�%��+# :  UU =     Unconsolidated Undrained Test  
  CU =     Consolidated Undrained Test 
  ** =     Tentative Value 

 
2.2.6 
�ก�6��(�O"6�	���(�"��	6�� ���

��&���( 

 
 ก�'� 	�!��� (2532) ,����#	 �ก8:!��
?�:/&��%�����&:������4 �
�!���&�� ����&:
��
������;+!&����ก��
�����/�;)ก8�	�!ก����&%%#4���+!ก�� (Mesozoic sedimentary rock) �#�
����!��� (Triassic Sadao Formation) � !�#�������&/ (Triassic Na Thawi Formation) 5�%������
������
��&�����	�!ก����&%������% (Sandstone) �/����+� ��
 >)�
'/��#$�4�+ก+��
ก�� �+���&�
������#$�4.!'/����ก �
 ,'�%)�+��ก�� � !��
��&�'/+!ก�����% (Silt) ������ก	!	��%0���
������������� ��������#�������&/ (Triassic Na Thawi Formation) 	�!ก����&%������% 
(Sandstone) � !��������� (Shale) '/ �ก8:!�/������' '/��#$�4����ก �
 &�
+�&�%0��+�����&:
�����/���
���
�ก������� !+�&������	=����
������ ��&������ �&:Q����ก��������&�����
	�!ก����&%+!ก�����% (Silt) � !+!ก�����%	�������/%& (Silty clay) � !'/�#�����!���
(Triassic Sadao Formation) &�
+�&�%0����� ��
 ��
���
���0	�/� 2.3 >)�
���4 ��
ก���*��/�
?�:/&��%�.�
�&���
� ���
ก�'����%�ก�?�:/ (2550) �/�ก ��&&������&:�����/�;)ก8�	�!ก����&%
+!ก��+!��ก ������ ก�&� ���% +!ก�����% ;� �� 
 � !�;8��� ��
���
���0	�/� 2.4   
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2.3 �����ก("�ก���P1�����Q	 
 

�*�����,�&�	
�$�%����+���
?��'��+� �/��ก��.�กก�������!�������
�*���	 ��ก5 ก 
(Earth crust) ��������
'�.�กก��	 �	 ��%� �

�� �����	 �	 ��%4&�'�4�/%��/��!�',&�$�%��
5 ก��ก'��%��
9��� �� �����	����'�# ��
�	 ��ก5 ก���4
�/� ����+#��
ก���ก���*�����,�&����
.�����
,�� 2 ���� �����/���)�
�	
��*�����,�&.�ก?��'��+� �����/���
�ก��.�กก��ก�!�����

'�#8%6 ,���ก� ก���� �
�!����	�'�:0 ก��ก�ก�ก��������������� !��
�!������
ก�������'��
��� 
�	
�+�� 
 
 2.3.1 &(�Q,3ก("�ก���P1�����Q	 

 
1) �*�����,�&.�ก?��'��+�  �	
�?�:/����+�$�%������)�
��&�'�ก�	
�	��ก�ก��:6��


?��'��+��/��ก��.�กก�������!�������
������� ��������
'�.�กก��	 �	 ��%� �

��������!��%
4&�'�4�/%��/��!�',&�$�%��5 ก��ก'��%��
9��� �������	����'�# ��
�	 ��ก5 ก���4
�/� 5�%
	ก+��ก��.�กก���4 ����,�&��
��%� ���� $�%�������	 ��ก5 ก�/��%0�������ก�#���
54�
����

��
5 ก '/ก���4 �����/������	 /�%��	 
�%��
��� < �%0���'� ��
���
���0	�/� 2.5 �*�����,�&.!
�ก���)���'���4&�'�4������	
�* .�กก���	 /�%��	 
'/'�ก�ก��,	 $�&!�/��ก���)�����%������&:
�����+��
�*���	 ��ก5 ก �/��/����
�����	 ��ก5 ก��ก�	
�?�:/$�4 (Lithosphere) ��/%ก
�*�����,�&�/��ก���)������&:�����+��
�*���	 ��ก5 ก�/�&�� �*�����,�&�!�&��
�*�� (Interplate 
Earthquake) >)�
�ก��,�����%� !�#���
ก&�� �*�����,�&$�%���*�� (Intraplate Earthquake) 

 

 
                            (a)                                   (b)                                      (c) 

 

"����� 2.5  �ก8:!ก���4 �����/���
�	 ��ก5 ก�0	���+��
< �/��������ก���*�����,�& (a) Normal  
       faulting, (b) Reverse faulting, (c) Left lateral strike-slip faulting (Kramer, 1996) 
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2) �*�����,�&.�กก��ก�!�����
'�#8%6 '/���
��
+�
� !��
���' ���� ก���!���� ก�����
��'��
 ����
���
�ก�����������������ก ���%� ���� ก�����
����
�4����
.�ก�ก  ก��.��.� �	
�+�� 
 

�*�����,�&�	
�	��ก�ก��:6?��'��+��/��ก��.�กก���4 �����/���
�*���	 ��ก5 ก (��&
�!�&��
��%+��?�:/$�4) �������ก��ก���4 ����+�&��
���������������� ���� �4 �����/� �����+ก��ก 
� !�ก��ก��5��(��%� �

��;�ก%6*�������������/��%0�+��ก�� � �

��;�ก%6�/��%0����0	4 ���,�&
�!����� .#�;0�%6ก �
ก���ก���*�����,�& (Focus) '�ก�ก��+�'��%� ���� �%0����!���4&�' )ก+��
<
��
*�&5 ก �����/��4%&��,�� )ก�#��%0��������'����  ��&�.#��/��%0����!����0
ก&�� :. +������
*�&5 ก 
��/%ก&�� ".#������;0�%6ก �
�*�����,�&" (Epicenter) ก�������!����������*�����,�&�/�.!(0ก
����)ก��&%�4����
'���/���/%ก&�� ,>�65'ก��- (Seismograph) 

 
2.3.2 ��(��
�
	(�"3��"�����P1�����Q	 
 
1)  ������
�*�����,�& (Magnitude) �	
�	��'�:�/�'/4&�'��'���?6ก��� �

���/�����5 ก 

	 �	 ��%��ก'����0	��
ก�������!����� 4���&:,��.�กก��+�&.&��4��4&�'�0
��
4 ���
�*�����,�&�/�+�&.&��,����&%�4����
'��+�&.&���*�����,�& 5�%�	
�4��	��'�:�/���
�/����� : 
����&:;0�%6ก �
�*�����,�& '/���&%�	
� � ��ก�+��6 � 

 
2)  4&�'�#���
�*�����,�& (Intensity) ���
()
4&�'�#���
��
��+#ก��:6�*�����,�&�/�

�ก���)�� &��,��.�ก	��ก�ก��:6�/��ก���)�� �:!�ก�� � !� �
�ก���*�����,�& ���� 4&�'�0��)ก��
*0�4� 
 �ก8:!�/�&�+(# ������4����/%��%�����$��$0'�	�!��;�/��	 /�%��	 
 �	
�+�� 

 
ก���ก���*�����,�&���+� !4���
.!���	�!'�: 10 &����/ ������.��� 3-4 ���/ ก�,�� 

�*�����,�&�+� !4���
�/��ก���)��'/4&�'�#���
�+ก+��
ก��.)
'/'�+���ก��&�� � !�/���%'���ก��4�� 
'�+����ก�+��6 �	
�'�+���ก��&��ก�������!������'����ก���*�����,�& 5�%,��ก�����'�+��&��
������
��
�����!�����,&� ��
���
��+���
�/� 2.4 
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,("(���� 2.4 ������
��
�����!����������
.�ก�*�����,�&+�''�+����ก�+��6 (�#�����6, 2550) 
 

������,�	�
����

�&�����
" ���	�� 

("�ก�,�"$) 

P
����"�&���&��� �� 

1 '�#8%6,'��0��)ก 
2 �0��)ก,���9��!4��/��%0����
< 

3 
4��/��%0�������������+�&��4��.!�0��)ก()
��
�����!����� &�+(#���
��
�/���&�
,&�.!�ก&�
,ก& �ก����
�����!�����4 ��%ก���(����#ก����� �ก� ��*��� 

4 
�(%�+6�/�.���%0�.!����,�& 	�!+0����+��
���� �ก����
�����!�����4 ��%ก��
�(����#ก��������� ��*��� 

5 
4��/��%0���ก����� !��ก��4��.!�0��)ก,�� 4��/�� ��.!�0��)ก+�&+��� ��
�� &
��$���!.!ก�!9�ก� !�ก��ก'� 	�!+0.!�	=�	=�,	'� 

6 
�#ก4�.!�0��)ก����
�����!����� �ก��4&�'+���+�!��ก+ก�. ,'���'��(�/�.!
�������'���4
,�� �!��
� �ก< +�'5��(6� !5�
��/%�.!������
,����
 

7 
%�ก�/�.!��
+�&�%0�,�� �4����
	�!���+ก�+�
�����+ก��/%��% �!��
��������
.!����,ก&��
,�� 4��/�ก�� �
��� �(%�+6.!��
4���&
'� �%,�� ����ก 

8 
+)ก� !���
ก������
��
���
��
� �% ก��
,'�.!��ก��ก.�ก+�� ���*�����.!'/
��%�+ก�%ก������� 

9 
�ก��ก��5ก �� � �'���5�%���&,	 ������� !���
�ก��������.��/%��% ��������/�
12
�+�����+ก �ก���*������+ก�%ก����.� 

10 
+)ก��&�����.!��
� �% '/ก��� ����,� ��
�*����������*�����( �' ����
ก�!9�ก��ก.�ก�'�����  ��?�� � !�!� ��� 

11 ��
�(,-.!���
�,	'� 
12 �#ก�%��
.!(0ก��� �%��
����;%��%%�� ���,'�'/�!,��� ���%0� 
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2.3.3 

 ���P1�����Q	 
  

4 ����*�����,�& (Seismic Waves) �	
�� �

���0	�����)�
�/��ก��.�กก���+ก����ก��
�4 �����/��%��
9��� ����
�������&:��%� ���� (Faults) ����.�กก���!���� (Explosions) 4 ���
�� ���/�������
,	%�
��&�+��
< ��
5 ก5�%�����'��(����)ก,&�,����&%�4����
+�&.�*�����,�& 
(Seismograph) 4 ����*�����,�&���
��ก�	
� 2 ���� ,���ก� 

 
1)  4 ���� �ก (Body Wave ) �	
�4 ����/�������
�%0�$�%�+�5 ก ,���ก� 4 ��� P ��#$�4��
���

�4 �����/�,	+�'��&��
 � !4 ��� S ��#$�4����4 �����/�,	+�'��&�!��� ��;������+� � !
+!&����ก+!&��+ก 4&�'%�&��&
4 ���� �ก�%0��!�&��
 0.01-50 &����/ 

 
2)  4 ���*�&���� (Surface Wave) ,���ก�4 ���� �- (Love wave) ��#$�4����4 �����/�����&

�!�����'���ก���4 �����/���

0� ���% � !4 �����%6� �6 (Rayleigh wave) ��#$�4��
����4 �����/�
��'���4 ��� P �+��:!��/%&ก��'/ก���4 ����+�&���%���ก �� 4&�'%�&��&
4 ���*�&����	�!'�: 10-
350 &����/ (�0	�/� 2.6) (Kramer, 1996) 

 
 
 

 

 

 

 

 

 

"����� 2.6  �ก8:!��
4 ����*�����,�&����+��
 < (a) Primary waves, (b) Secondary Waves,  
                    (c) Rayleight waves, (d) Love waves (Kramer, 1996) 
 

 

 

 

(a) 

(b) 

(c) 

(d) 
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2.3.4 ก(","	R	��

 ���P1�����Q	 
  

�*�����,�&�	
�	��ก�ก��:6?��'��+�>)�
��'��(��
��
�����!����� ����'/* ก�!��,	
,��,ก  ,'��9��!����&:	�!��;�/��ก������������
4���
��ก'/�������� 4 ����*�����,�&��'��(
��
*���,	,����*�&5 ก� �%���ก�5 �'+���� �%	�!��; ��
����ก��+�&.&���*�����,�&.)
������

�!���4������% �(��/+�&.&���*�����,�&���!����+� !	�!��; � !�4������%���!���5 ก �����
ก��&��4��!�6+������
 ����� !�& ��ก����
��+#ก��:6�*�����,�&,���%��
�&����& 
 

Seismograph �	
��4����
'���/��������)ก4&�'���&��
��#$�4���.�ก�*�����,�&�������
+������
;0�%6ก �
 �& �ก���ก�� � !������
�*�����,�& � �กก�����
�� Seismograph .!���
�����:��
�*�����,�&,��.�ก�4����
�����
�����!����� (Seismometer) >)�
.!��������/�+�&..��
4 ����*�����,�&� !����)ก 
��ก�!��8����)ก (Seismogram) ���
�'��&'��/%ก&�� �4����
'��
+�&.&���*�����,�& (Seismograph) � !���'0 �/�����)ก,��.!'/ �ก8:!�	
�ก��-�*�����,�&��

���
���0	�/� 2.7 (�#�����6, 2550) 

 
  ��ก.�ก�/�4 ����*�����,�&�/�+�&.&��,����'��(.����ก+�'�(���/�+�&.&��,���	
� 2 

���� 4�� �����/�+�&.&��,����������� (Rock site) � !�����/�+�&.&��,����������� (Soil site) 
Kramer (1996) �����
����,���ก��.����ก5�%��'��(��.��:�.�ก��+����&��!�&��
4��4&�'���&
�0
�#�ก��4��4&�'4&�'���
�0
�#� (vmax/amax) ��
4 ����*�����,�& ��
���
��+���
�/� 2.5 

 

      
                                    (a)                                                                             (b) 

 

"����� 2.7 ก��+�&.&��4 ����*�����,�& (a) �4����
+�&.&���*�����,�&������ ��ก (b)  �ก8:! 
                 4 ����*�����,�&�/�����)ก,�� (http://www.vchakarn.com/vcafe/26373) 
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,("(���� 2.5 �
����,���ก��.����ก4 ����*�����,�&+�'�(���/�+�&.&�� (Kramer, 1996) 
 

Site Condition vmax/amax 
Rock 
Stiff soils (<200 ft) 
Deep stiff soils (>200 ft) 

 55 cm/sec/g = 0.056 sec 
110 cm/sec/g = 0.112 sec 
135 cm/sec/g = 0.138 sec 

 

2.3.5 �Q,3ก("6$�P1�����Q	*��"���+��� 
  

	�!��;,�%�	
�	�!��;��)�
��$0'�$�4����/%+!&����ก�9/%
�+� >)�
,���4%	�!��ก��
��+#ก��:6�*�����,�&'�+��
�+�����/+.�()
	2..#��� �'�&��.!�	
��/�%�'���ก��&��	�!��;,�%,'����
;0�%6ก �
��
ก���ก���*�����,�&��
$0'�$�4�(��/� �+�� �กQ����
	�!&�+�;��+�6� !� �กQ��
��
�4����
����)ก�*�����,�& (Seismograph) ����	
�� �กQ����������Q�� ����������&��,���4%'/
�*�����,�&��������� !����� �ก�ก���)��� �%4���
� �&��	�!��;,�% ��&%��+#�/��������ก��
4&�'.���	
���ก��;)ก8����'0 ?�:/&��%��ก/�%&ก���*�����,�&�)�� >)�
�	
��/������.� !����� �%���%
'�ก5�%�9��!	�!��;,�%��	2..#��� ��
����ก��;)ก8������
��&��
�*�����,�&.)
ก������ก��4&�'
ก�!.��
�ก/�%&ก��ก��ก������� !+�!���ก()
$�%.�ก�*�����,�&��
	�!��; � !$0'�$�4����/%
+!&����ก�9/%
�+�����	
�	�!5%��6+��ก��&�
�*�54�
����
&�;&ก��'�������� � !ก�����
	�!5%��6�/����ก��&�
*�
�'��
 � !�$���&� ��',�������4+ 
 

�#'� /� !4:! (2549) ,��������'0 ��+#ก��:6�ก���*�����,�&+��
�+�	V �.;.2526 ()
 
�.;.2546 '�����*��/� Seismicity 5�%'/�����*�����,�&+��
�+� 4.1 ()
 9.0 ��ก�+��6 ��&��5�%��&�
����+������
;0�%6ก �
�*�����,�&.!�%0�+�'��&��%+���*���&/	 (Tectonic plate) �!�&��
 
Indian-Australian Plate � ! Eurasian Plate 5�%�9��!����&:�!� �����'�������%�)��'���	�!��;
�'�� ��
��;+!&��+ก��
	�!��;,�% ��
�0	�/� 2.8 

 

U.S. Geological Survey, USGS (2008) ,������)ก���'0 ��+#ก��:6�*�����,�&�/�'/����
+��
�+� 5 ��ก�+��6�)��,	��	�!��;,�%� !����&:�ก ��4/%
 +��
�+�	V 4.;.1973 ()
�����ก#'$����?6 
4.;.2008 (�0	�/� 2.9) 5�%�*��/����
+������
;0�%6ก �
�ก���*�����,�& (Epicenter) � !4&�' )ก
��
.#�ก�������*�����,�& (Hypocenter) '/ �ก8:!���4 ��
ก���*��/� Seismicity �/�����5�%
�#'� /� !4:! (2549) 
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"����� 2.8 �*��/� Seismicity 	V �.;. 2526 ()
 �.;. 2546 (�#'� / � !4:!, 2549) 
 

 
 

"����� 2.9 +������
;0�%6ก �
�*�����,�&+��
�+�	V 4.;. 1973 ()
�����ก#'$����?6 4.;. 2008 ����&: 
              	�!��;,�%� !�ก ��4/%
 (U.S. Geological Survey, 2008) 
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2.3.6 �"��	6�&����V���P1�����Q	*��"���+��� 
 
ก�'����%�ก�?�:/ (2548) ,��.������*��/���/�%
$�%�*�����,�&��
	�!��;,�% (�0	�/� 

2.10) 5�%���
�%ก�����/���/�%
$�%�*�����,�&��ก�	
� 4 ��++�'4&�'�#���
 >)�
�����/�&�.�%�%0�����+
�����/� 1 '/4&�'�#���
�!��� III-IV +�''�+���'��64�  / ������*0��/���;�%�%0�����4���0
�0��)ก&��'/
�*�����,�& ('/4&�'��/�%
���%�+���.'/4&�'��/%��%���
) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

"����� 2.10 �*��/���/�%
$�%�*�����,�&��
	�!��;,�% (ก�'����%�ก�?�:/, 2548) 
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2.3.7 "���
 �����X
��*��"���+��� 
 
��%� ����'/� �
4����%� �����/��4%'/ก���4 ����+�&����/+$�%���!%!�& �,'��ก��	�!'�: 

10,000 	V ก�'����%�ก�?�:/ (2549) ,��.������*��/���%� ����'/� �
��	�!��;,�% 5�%'/���
�'� 
15 ��%� ���� >)�
��&�������������&:$�4+!&��+ก� !$�4�����+������
	�!��; (�0	�/� 
2.11) ��$�4�+�'/ 2 ��%� ���� 4����%� �����!��
� !��%� ����4 �
'!�#�%  
 

 
 

"����� 2.11 �*��/�+������
��%� ����'/� �
��	�!��;,�% (ก�'����%�ก�?�:/, 2549) 
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 2.3.8 �����
��(��P1�����Q	�"��	6�� ���

��&���( 
  

1) ��+#ก��:6�*�����,�&�/��ก���)������/+ 
International Seismological Center, U.K. � !ก�'� 	�!��� (2532) ,������)ก��+#ก��:6

�*�����,�&�/�'/;0�%6ก �
ก���ก���*�����,�&����;'/ 500 ก�5 �'+��)��,	.�ก+�&������4 �
�!��� 
>)�
�ก���)������&
�!�&��
 1.5 P 11.5 �
;������ � ! 95.5 P 105.5 �
;�+!&����ก +��
�+�	V 4.;. 
1912 ()
 4.;. 1983 ��&��'/�*�����,�&�ก���)��'/�����0
�#� 7.2 ��ก�+��6 '/.#�ก�������%0����
.�ก+�&
������4 �
�!���,	��
��;+!&��+ก�9/%
�+�	�!'�: 450 ก�5 �'+� 5�%��+#ก��:6�*�����,�&�/�
����)ก,����&�����'/.#�ก����������&:�ก�!�#'�+�� 	�!��;���5��/�>/% ��
���
���0	�/� 2.12    

 

    
 

"����� 2.12 ��+#ก��:6�*�����,�&�/�����)ก,������&:������4 �
�!���+��
�+� 4.;. 1912 ()
 4.;. 1983    
                (ก�'� 	�!���, 2532) 

���������	��
���
�� 

�������������
 

&�)
�ก�6$ 

�����+	�!��; 

��%� ���� 

�'��
� &
 

�/�+��
������4 �
�!��� 

.#�ก�������*�����,�& 

�/�'/����'�กก&�� 5.0 
��ก�+��6 
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 2) ��%� ����'/� �
 
 ���;� (2549) ,��;)ก8�ก��+�&.�����%� ����'/� �
��	�!��;,�% ��#	,��&��������&:
$�4�+���
	�!��;,�%'/ก #�'��%� ����'/� �
�/�&�
+�&�%0�����&+!&����ก�9/%
����� P +!&��+ก
�9/%
�+��%0� 2 ก #�' 4�� ก #�'��%� �����!��
 '/��&���*�������$��'��
 ����$�ก!�	��6 ����$��#�
������ .�
�&���!��
 � !� %����,	���!� �����'����
����+!&��+ก��
����$�4#�!�#�/ .�
�&��
��

� '/4&�'%�&	�!'�: 98 ก�5 �'+� � !ก #�'��%� ����4 �
'!�#�% '/��&���*�������$�����+�
�#� ����$���' .�
�&���#��8O�6?��/ ����$����	#� ����$��'��
 .�
�&����

� � !� % 
,	���!� 
�����'�� �!�&��
����$��'��
 .�
�&��$0�ก�+ ก������$��ก�!%�& .�
�&����

� '/4&�'%�&	�!'�: 148 
ก�5 �'+� ��ก.�ก�/�������&:��
������;+!&��+ก��
�����/�;)ก8�%�
'/��%� �����#'�+��>)�
�	
�
��%� ����'/� �
�/�&�
+�&����&������+�����&:�'0��ก�!��54���6 � !�'0��ก�!�#'�+�� 	�!��;
���5��/�>/% ��
���
���0	�/� 2.13 
 

 
 

"����� 2.13 ��%� ����+��
< ����&:�����/�;)ก8� (Fenton et al, 2003) 
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3) 4����+�����
�0
�#���
������� (Peak ground acceleration) 
Ornthammarath et al. (2010) ,��&��4��!�64&�'���.!�	
���
4����+�����
�0
�#���
�������

��	�!��;,�%���!%!�& ��/ก 50 	V���
���� ��&��������&:�����/�;)ก8�'/4&�'���.!�	
���
4��
��+�����
�0
�#���
�������	�!'�: 0.02g P 0.04g ���:!�/�4&�'���.!�	
���
4����+�����
�0
�#�
��
��������/�'/4��'�ก�/��#� ��&���%0���
+������
	�!��;,�%����&:.�
�&����/%
��'� � !
.�
�&����/%
��% '/4��	�!'�: 0.25g P 0.30g ��
���
���0	�/� 2.14 
 

 
 

"����� 2.14 Thailand hazard map for PGA corresponding to a probability in 50 years  
                             (Ornthammarath et al, 2010) 
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2.4  �� ����
��P1�����Q	 
 

2.4.1 P
ก"���R(กก("�ก���P1�����Q	�����,1��� ��� 
  

�������	
�54�
����
��
&�;&ก��'���������/�.���%0���	�!�$�54�
����
�/�'/5�ก���ก��
ก������+�+����+�.!ก������ก��4&�'��/%��%�0
 ��
����&�;&ก�.)
+��
��ก��������������'��(���
��
,���%��
	 ��$�%���
���$�&!	ก+� �#�ก$�% � !�*�����,�& 5�%.�ก�(�+��/�*���'�����/+��&��
�*�����,�&ก������ก��4&�'��/%��%+���������/�,'��#���
()
�����/�.!����������������+� (�#�?�;�ก��F, 
2550) ,����#	�7+�ก��'��
�!���������/���.���,	�0�ก������+���
������,�� 8 �7+�ก��' 5�%'/
��% !��/%���
+��,	�/� 

 
1) ก���4 ����+�&��
��%� ��������&���
�ก �+�&������ >)�
.!ก������ก��ก��%#�+�&��


�*�������
* ����!�����
��������� � 
+���ก&���!������������
�ก������ ก�:/�/��	
�ก�:/�/��ก��,��%�ก 
 

2) ก���4 ����+�&��
��%� �����+�Q�������� +�&�%��
��ก�:/�/�,���ก������� Shi-Kong ��
	�!��;,+��&����4���
�/��ก���*�����,�&�������� ���� 7.6 ��ก�+��6 ��	V �.;. 2542 (Chi Chi 
Earthquake) �������ก��ก���4 ����+�&����&���
*���ก �
������5�%'/4&�'�+ก+��
��
ก���4 ����+�&
()
 6 �'+� ��
���
���0	�/� 2.15 �%��
,�ก�+�'������,'�,���ก��ก������+��	
����
�	=��+��%��
�� 
�����������+#ก������+��/� �	
�ก�:/�/�	"�
ก��,��+��
�+���������&.� !��ก���5�%��ก?�:/.!
���ก��;)ก8���%� �����+�Q��������&���	
���%� ����'/� �
����,'�� !&�;&ก�.!���ก����ก���
�
46	�!ก���������/���'�!�'��ก��+������ก���4 ����+�& ���� ก��� ��ก������������('���������
4��ก�/+�������/���/�%
���'�กก&��	ก+��������
���ก���4 ����+�&�/���.�ก���)��,�� 
 

 
 

"����� 2.15 4&�'��/%��%��
������ Shi-Kong 	�!��;,+��&�� (Olsen, 1999) 
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3) ก���ก��4 ��������
�ก������ (Seiches) �����
.�ก��
�����!����� 4 �������.!&��
����
ก�!��ก� ! �����������ก������ก��4&�'��/%��%+��+�&������ ��
������ก�:/��
������ Hebgen �/�
	�!��;����Q��'��ก� ��	V �.;. 2502 5�%�ก���*�����,�&���� 7.8 ��ก�+��6 �������ก��4 ������� ��
���������� �%�! �ก ��
���
���0	�/� 2.16 5�%�'���.���+#ก��:6��&��������'/4&�'��/%��%�ก���)��
�+�,'�����+� 
 

 
 

"����� 2.16 4 ��������
�ก�����������
'�.�ก�*�����,�& (Seiches) �/������� Hebgen 	�!��; 
                          ����Q��'��ก� (�#�?�;�ก��F, 2550) 
 

4) ก���ก�����( �'������
�ก������.�ก�*�����,�&�������ก������ �����'������������
�/�
�����
.�ก	��'�:����/�,�  
'�����/����������
����' < ก�� ��+#ก��:6�ก ��4/%
�/��4%�ก���)����
��/+4�� ��+#ก��:6��
������ Vaiont ��	�!��;��+� / ()
�'�����+#,'�,���ก��.�ก�*�����,�&�+��ก��
.�ก1�+ก���ก� !�$��54�
����
��
?�:/&��%��/����������&% �%��
,�ก�+�'�*�����,�&��.�	
�
+�&ก�!+#���/��/�/�.!ก������ก����+#ก��:6�ก ��4/%
�����/�,�� 
 

5)  ก������+���
��4����
4������ ������,'���'��(�!��%����,�� ��+#ก��:6��
ก ��&.!'/*  
'�ก����&
�/�'/����� �ก��������������&
7�01�������&
�#�ก$�% �*�����,�&��.�������!��ก��
��
4������ก��ก��+�����,'���'��(�	=�,�� 5�%�9��!�%��
%��
4&�'�ก����
��
��4���!��%����
 ��9#ก�9�� 
 

6) ก���0���/%ก�� �
��
���+�&����������Q����ก�����
.�กก���ก�� Liquefaction5�% 
Liquefaction �	
�	��ก�ก��:6�/�������%����ก�&��/����'+�&��&%�����ก��ก���0���/%ก�� �
 �����
.�ก
��
�����!�������
�*�����,�&  
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7) ก��%#�+�&� !�4 �����������
�����
'�.�ก��
�����!�����ก������ก����%�+ก��
��&����ก����������� ��
���
���0	�/� 2.17  �ก8:!4&�'��/%��%������/��	
�4&�'��/%��%�/���
,�����%�/��#� ��������&�����.!�ก����%�%ก����%#�+�&�'����ก���*�����,�&'�กก&���/�.!����+� 

����/����� ก��,( +�&��
 �������������
ก ��& ��ก.�กก������ก����%�+ก����&����ก���ก�
������� �&����
ก�:/��.�ก����%�+ก����&�&�
,�� 
 

8) ก��,� >)'��
����*���+�&������+�'��%�+ก+�'�&�
 �'����ก����%�+ก.�กก��
�����!�������
�/�,��ก ��&'����
+�� ����.!��'��(,� >)'*�����%�+ก��������
��������%�%��%
�+ก����ก���>�!�'�����$�%��+�&������� !ก������ก��ก�����&����+����/��#� (�#�?�;�ก��F� !��5���, 
2550) ,��.�� �
�$��ก��,� >)'*���+�&�������'����ก����%�+ก+�'�&�
.�กก���4 ����+�&��
��%
� ������
���
���0	�/� 2.18 
 

 
 

"����� 2.17 ��
�����!�������
�*�����,�&ก������ก����%�+ก����ก���ก������� (�#�?�;�ก��F,2550) 
 

 
 

"����� 2.18 ก��&��4��!�6ก��,� >)'�'����ก��ก�����&*�����%�+ก+�'�&�
 (�#�?�;�ก��F, 2550) 
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2.4.2 
�ก�6�ก("X���,������ ������2�����ก��R(ก�"�ก"��'(�P1�����Q	 
 
Siyahi and Arslan (2008) ก ��&&��ก������+���
�����������..!ก������ก��4&�'��/%��%�ก�

�;�8Qก�.�/����4��� !4&�'�0���/%�ก��/&�+ ��)�
������+#� �ก�/�����������������ก��ก������+�ก�4��
�*�����,�& 4&�'	 ��$�%��
������������:!�ก���*�����,�&.!(0ก4&�4#'5�%ก��+�����

��
� ;��+�6 ����&
� �%	V�/�*���'�'/�*�����,�&� �%���
�/�����
4&�'��/%��%���ก�����������
� !���������(' ���!�&��
�ก���*�����,�&'/	2..�%�/����4���/���
* ก�!��+��	�!���?�$��� !
��(/%�$����
�������%0� 3 	�!ก�� 4�� 
 

ก)   �ก8:!��
ก�%$����
����+�������� ( ������������������������� !���%����) 
�)  &�?/ก��ก������
� !�������� 
4)  ������
���('� !&���#Q����ก 
 

	2..�%�/���.�������������ก��ก������+������
.�กก���ก���*�����,�& ,���ก� 
1)  ก���4 �����/���
��%� �����/��%0��+�Q����ก��
�������������������ก����%�+ก���& 
2)  �ก��ก������+���
 ���������������'#�  
3)  �ก��ก���0���/%�!%!������������
.�กก����#�+�&��
������ 
4)  �ก��5��
�+�Q�������������
.�ก'/����,� >)'*��� ���+������� 
5)  �ก��ก������+���
��
���� ������������,� ���'��������� 
 
5�%���&,	� �&	�!�$���
4&�'��/%��%�/��ก���)��ก�������������'��(���
,���	
� ก������+�

���ก��� ����,(  ก������+��/�ก������ก�� Liquefaction �ก����%�+ก���&+�'%�&� !+�'�&�
��
���
������ � !�ก���05��
�+�Q�������� 

 
1)  ก������+����ก��� ����,(  (Sliding Failure) 
 
ก������+����ก��� ����,( �	
�ก������+�	�!�$�� �ก��
4&�'��/%��%�/��ก���)��ก��������

���$�%�+��$�&!ก���ก���*�����,�& ��
�0	�/� 2.19 4&�''���4
��
 ������������/��	
����������
'�ก.!	�!�'���ก/�%&ก��4&�'+��������
�9�����
���� !�78O/��
 Mohr-Coulomb >)�
'�ก.!
���'����ก�� �ก8:!ก������+�����/� �'���4&�'�4���9����0
�#��ก���)�������
.�ก�*�����,�&'/4��
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'�กก&��ก�� �
�9�����
���.!������'/5�ก���/�.!�ก��ก��4��ก (Yielding) � !�ก��ก������+����
� ����,( �)��,�� 

 

 
 

"����� 2.19 ก������+����� ����,( ��
���������(' (Siyahi and Arslan, 2008) 
  

2)  ก������+��/�ก������ก��	��ก�ก��:6 Liquefaction 
  

�'����ก���*�����,�&>)�
.!��������#$�4��
��������%��
�&����& ก������ก����
�������
��&��ก���)�����&4��& � !�	
�* ก�!�����ก�� �
��
��� � 
 ��/%กก�!�&�ก���/�&�� Liquefaction 
��
�0	�/� 2.20 	��ก�ก��:6 Liquefaction �	
��7+�ก��'ก���0���/%ก�� �
�����
�9�����
������%
� &' � !ก�&�	����%� &'�/��%0����$�&!���'+�& ����&:�/��%0����$�&!���'+�&��
���������('ก�
4��  ������������������ >)�
��..!ก������ก��	��ก�ก��:6 Liquefaction ,�� ��ก&��'/��
�����!�����
�ก���)���ก���/�.��ก�� ก������+���� Liquefaction '�ก'/4&�'��'���?6ก��4&�'�4�/%���
���>)�

��'��(��/%��	
��'ก��,����
�'ก���/� 2.1 

 

εv =  ε1+ε2+ε3    (2.1) 
   

�'���  ε1 ε2 � ! ε3  =   4&�'�4�/%�� �ก (Principal Strains) �� 3 '�+� 
 

 
 

"����� 2.20 ก������+��/��ก��	��ก�ก��:6 Liquefaction (Siyahi and Arslan, 2008) 
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�/ก&�?/ก����)�
�/������ก��	�!�'��ก���ก�� Liquefaction 4��ก������ก:U64&�'�4�/%� (��
4&�'�4�/%��9���������/� �	
�* '�.�กก���ก���*�����,�&'/4��,'��ก���ก:U64&�'�4�/%� 

	��ก�ก��:6 Liquefaction .!,'��ก���)�� 4&�'�4�/%��9����0
�#� (γmax) �/��������ก���*�����,�&
��'��(	�!'�:,��.�ก�'ก���/� 2.2  
 

2
max

max

2.1

sv

ha
=γ     (2.2) 

   
�'��� maxa  = 4&�'���
�*�����,�&�0
�#� 

   h       = 4&�'�0
��
��������� 
   Vs    = 4&�'���&4 ����9�����
��� 
 

3)  ก������+�ก������ก����%�+ก+�'%�& (Longitudinal Cracks) 
  

��%�+ก���&+�'��&%�&'�ก.!�ก���)������������� ��
���
���0	�/� 2.21 4&�'ก&��
��

��%�+ก.!�)���%0�ก�����&%��
�)
�/�*�&��
��������� ก��� ����,( ��
 �������..!ก������ก��ก��
����+������
ก ��&,�� ����+#��
ก���ก����%�+ก+�'%�&�/ก�%��
��)�
ก�4���ก��ก����#�+�&�/�
�ก�ก �
������  ����Q����ก��
������ >)�
ก�:/�/���..!�ก���)��,��'�ก�'���Q����ก'/4&�','�
�'�����'� ��
4���
��%�+ก+�'%�&�/��ก���)����..!>����%0� ,'����
��������%��
����.� ���� ��%
�+ก+�'%�&�/��ก���)��ก�������� Hachi ���'��
��ก�+! 	�!��;�/�	#@� ,��4�����'���'/ก���#������
>��'�>'4&�'��/%��%�/��ก��.�ก�*�����,�&��ก�+! ��
����.)
+��
+�&.������ !��/%�����!
��
4���
��.'�
,'�������%�+ก�/��ก���)�� 
 
 
 

 
 
 

"����� 2.21  �ก8:!� !����&:�/��ก����%�+ก+�'��&%�& (Siyahi and Arslan, 2008) 
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4)  ก������+��/�ก������ก����%�+ก+�'�&�
 (Transverse Cracks) 
 
     ��%�+ก+�'�&�
���
�	
� 4 	�!�$� ��
�/�   

 
ก)  ��%�+ก�/��ก��.�กก�������!���������;��
�/�����ก���ก������� 
�)  ��%�+ก�/��ก���ก �ก��	 �%���
��
��
������ ����! �ก8:!4&�'�+ก+��
��
 

��
�����!������/��ก���)�� 
4)  ��%�+ก�/��ก��.�ก4&�'�+ก+��
$�%�������� �'������ก��>��'�>'��4��

	�!ก��+��
 < 

)  ��%�+ก�/��ก��.�กก����#�+�&�/�,'�����ก����
Q����ก������ 

 
5�%	ก+���%�+ก+�'�&�
'�ก.!�ก��.�กก����#�+�&,'�����ก����
Q����ก������ ��
���


���0	�/� 2.22 >)�
5�%���&,	'�ก.!����%�+ก+�'�&�
���%ก&����%�+ก+�'%�&  
 

 
 

"����� 2.22 ��%�+ก+�'�&�
�/��ก��.�กก����#�+�&,'�����ก����
��������� (Siyahi and Arslan, 2008) 
 

5)  ก������+��/�ก������ก���05��
�+����('� !Q����ก������  
  

ก���ก���05��
�+����('� !Q����ก������ �	
�ก�!�&�ก��ก��ก�����/��������ก��ก��
���&,� $�%�+������� >)�
(���	
�ก������+��%��
��)�
 5�%�/�����.!>)'*�����������������
���(' ����
Q����ก >)�
��
�������.!ก�!.�%,	�#ก��;��
����������!��
�����/�+���ก��,� *������
� �ก < 
�!�&��
�'����� ����
ก ��ก�������/�>)'*���.!����
��
ก��ก����>)�
'�ก.!�)
��#$�4��
��� ���+�
������,	ก��������&% (����
+���ก��ก��ก����'/4�����%ก&����
�)
��
���� ก�.!��������#$�4�����%,	 
�ก���05��
�)�� >)�
��
+������.!�)���%0�ก����
%)����/�%&� !�������ก��
��#$�4�'����� 
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2.5 �����ก("��ก����� ����X ��"��"��ก("�ก���P1�����Q	 

  
4����
�*�����,�&�/���'�!�'.!���'������ก����ก��������� International Commission 

of Large Dams, ICOLD (1983) ,����!���������4�� Maximum Credible Earthquake (MCE) 4��
�����*�����,�&�0
�#��/�4��&��.!�ก���)��+�������� 5�%��.��:����'0 �*�����,�&��
��%� ����'/
� �
��� < ����&:�/�+��
������ ��'��(��,����&%&�?/ก�����4�� (Deterministic Analysis) �%��
,�ก�
+�'���ก�������
 ICOLD $�%�+��*�����,�& MCE ก����ก���������.!+��
��
���,'�����ก��
ก�:/��
+��,	�/� 

 
1) &���#+�&������� !Q����ก�ก�� Liquefaction 
2) �ก��ก����#�+�& � ����+�&��
 ������������ !Q����ก 
3) �ก��ก���0���/%�!%!�*���������� 
4) �ก��ก���+ก���&��
+�&������.�����,� ���&5�%4&�4#','�,�� 
5) ��4���!��%����� !�#	ก�:6 ��/%��%�#���
.��	
����+��%+�������� 
 
2.5.1 ก("	��
"(�Q$�&2��"V(X���
(�!���� ���*�&V(	�&2�,�+(&,"$ 
 
ก��&��4��!�6��(/%�$����
 �����  (Slope  Stability)  �	
�ก��;)ก8�	2�������Q����


&���#���   ����� (Slope) ��..!���
�	
� �����?��'��+�  (Natural  Slopes)  ����  �����.�กก��
ก�!�����
'�#8%6  (Man-made Slope) ���� ก���#� �����(������4 �
  ��� ��?��'��+�
��&�'�ก.!'/4&�'�'�# ��+�&'����
�%0�� �&  �+���
4���
.!'/�������ก$�%��ก�����$��$�%���/�
�	 /�%��	 
,	�/���.�ก��.�กก����ก&����+��
<���� ��.�ก��.�ก7�0ก� �/��	 /�%��	 
������ 
 ��?��'��+��ก����
� �%  �+�	2����/������%����
&�;&ก��'4��   ������/��ก��.�ก'�#8%6 ����
 ���/��ก��.�ก�#����, ก�����  Retaining   Wall   ก��('���(�� � ! R R  
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 �ก8:!��
 �����  (Slope) ��.���
,��4���& < .�ก �ก8:!ก����
� �% 4�� 
 
a) Infinite Slope  ��� �����+�������
,'�.��ก�� (�'ก���/� 2.3)   

 

0.1
D

L
<

    (2.3) 
 

b) Finite Slope    ��� �����.��ก�� (�'ก���/� 2.4)               
 

0.15
D

L
>

    (2.4)
 

 
5�%�/�  D = 4&�' )ก�/���� ����.��
� �%,�� 

  L = 4&�'%�&��
ก����
� �%+�'��& �� (�0	�/� 2.23) 
 

L

D

Stif
f so
il la
yer

Infinite Slope
Failed by “
Translation”  

Slop
e fai
lure

Toe 
failu
re

Base
 failu

re

L

D

Finite Slope Failed
by “Rotation”  

 

"����� 2.23 Infinite and Finite Slopes 
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�78O/��ก��&��4��!�6��(/%�$��4&�' �����'/� �%�78O/�)���%0�ก���''#+�Q���/���� � !
���ก�������ก��&��4��!�6+��
 < >)�
�&'()
�'�# ��
��
 �'�# ��
5'�'�+6 � !ก��� ��ก���
��
��
	��ก���%��!�&��
 slice ��
��% !��/%���+���
�/� 2.6 � ! 2.7 
 
,("(���� 2.6 Static Equilibrium methods (Kranh, 2004) 
 

Method Moment Equilibrium Force Equilibrium 

Ordinary or Fellenius 
BishopWs Simplified 
JanbuWs Simplified 
Spencer 
Morgenstern-Price 
Corps of Engineers-1 
Janbu Generalized 

Yes 
Yes 
No 
Yes 
Yes 
No 

Yes (by slice) 

No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 

 
,("(���� 2.7 Interslice Force Characteristics and Relationship (Kranh, 2004) 
 

Method Interslice Normal Interslice Shear 

Ordinary or Fellenius 
BishopWs Simplified 
JanbuWs Simplified 
Spencer 
Morgenstern-Price 
Corps of Engineers-1 
Janbu Generalized 

No 
Yes 
No 
Yes 
Yes 
Yes 
Yes 

No 
No 
No 
Yes 
Yes 
Yes 
Yes 
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2.5.2 ก("	��
"(�Q$�&2��"V(X
(�!���� �����	�	�O� Bishop_s Simplified Method 

 
ก��&� �4��!�6��(/%�$����
 ��������������$�&!�(�+%;��+�6��&%&�?/  BishopWs 

Simplified Method �	
�&�?/�/���%'���'�ก�/��#� 5�%���� �กก�����
����/��%0��������!���ก���4 ����
+�&��ก�	
���&�< 5�%��.��:���
ก�!����������
��
�+� !��&�'& ����/�(0ก���
��&% ��
���
��
�0	�/� 2.24 � !4����+����&�4&�'	 ��$�%��'��(4���&:,��5�%����'ก���/� 2.5 (Das, 1994)  
 

 
 

"����� 2.24 BishopWs simplified method (Das, 1994) 
 

( )

∑

∑
=

=

=

=

∆++

= pn

n
nn

pn

n n
nn

W

m
Wcb

FS

1

1 )(

sin

1
tantan

α

φφ
α   (2.5) 

 
 �'��� nW  = �������ก'& ��� 

  T = ��
�9����������!������
��&��&����
��
��� 

  c = ��
�����'������
�'����� 

  bn = 4&�'ก&��
��&��&����
��
��� 

  )(nmα  = ��,��.�ก4&�'��'���?6��
�0	�/� 2.25 
 

 

 



37 
 

 
 

"����� 2.25 ก��-��
4�� )(nmα ��������'ก����
 Bishop (Das, 1994)  
 

2.5.3 ก("	��
"(�Q$�&2��"V(X
(�!���� ������2�กก"��'(R(ก�"��P1�����Q	#��	�O�     

         Pseudostatic 
 
&�?/&��4��!�6����/��	
�&�?/�/����ก���%��
����� �%�������ก����ก��� ����������������

+�������*�����,�& � !%�
4
���,���/�%0���	2..#��� ก��&��4��!�6�������ก����'���ก��&��4��!�6
4&�''���4
��
 �����	ก+� ��/%
�+�����'��
����&��� (ng.W) �/��ก��.�ก4&�'���
��
�*�����,�&
����,	���'ก����
���
���0	�/� 2.26 ก��ก�����4&�'���
����&���.!	�!�'��.�ก4&�'���

�0
�#���
������� (Peak Ground Acceleration, PGA) �/��	
�,	,���������/����� < �+������
.�ก��

ก�!���.�ก�*�����,�&�	
���
�/�,'�4
�/� (Transient Loading) .)
+��
���ก�� ����4�� PGA  
 1/3 
���� 1/2 ������
4�� PGA (Marcuson and Franklin, 1983) ก�� ����4�� PGA ��
ก ��&��'��(
���,	��������ก��&��4��!�6��ก��� �����������,��+�
+�'�7+�ก��'.��
�!�&��
ก���ก��
�*�����,�& 
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 "����� 2.26 �78O/ก��&��4��!�64&�''���4
��
 �������&%&�?/ Pseudo Static (Seed, 1979) 
 

��+����&�4&�'	 ��$�%��ก��&��4��!�64&�''���4
��
 �������������&%&�?/ Pseudo 
Static ��'��(���
,�� ��
�/� 
 

FWnEW

Rs
SF

g+
=

1
..     (2.6) 

 

�'��� W  =   �������ก 
   R   =   ��;'/��
&
ก������+� 
   s   =   ก�� �
��
�9�����
���+�'��&ก������+� 
   E   =   �!%!��
����&���.�ก.#�;0�%6ก �
'& ()
.#� O 
   F   =   �!%!��
����&���
.�ก.#�;0�%6ก �
'& ()
.#� O 
   ng =   ��'	�!���?�F�*�����,�& (Seismic Coefficient) 
   l   =   4&�'%�&��
 Slip Surface 

 
4����'	�!���?�F�*�����,�&�	
�+�&40:�/����4���&:��
����&�����'���ก����
�/��ก��.�ก

�*�����,�& >)�
.!�)���%0�ก��4&�'�#���
��
�*�����,�& ���� ��+�����
�0
�#���
������� (Peak 
Ground Acceleration, PGA), ��&
�& ���
ก�������!����� � !4&�'(/���
4 ����*�����,�& >)�

+�&�%��
4�� Seismic Coefficient �/��4%�����ก��	�!�'��* �������&��4��!�6��(/%�$����
 �����
�'���'/��
�*�����,�&'�ก�!�����'��(���
,����
+���
�/� 2.8 
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,("(���� 2.8 4�� Seismic Coefficient � ! Factor of Safety �/������ก��&��4��!�6��(/%�$����
������ 
 

Seismic Coefficient Remarks 

0.10 
0.15 

0.15 P 0.25 
0.05 P 0.15 

0.15 
1/3 P 1/2 PGA 

1/2 PGA 

Major earthquake, FS > 1.0 (Corps of Engineers, 1982) 
Great earthquake, FS > 1.0 (Corps of Engineers, 1982) 
Japan, FS > 1.0 
State of California 
Seed (1979), with FS > 1.15 and a 20% strength reduction 
Marcuson and Franklin (1983), FS > 1.0 
Hyness P Griffin and Franklin (1984), FS > 1.0 and a 20% 
strength reduction 

    
2.6 �����ก("	��
"(�Q$X�,�ก""�ก(",��&����(�X
+(&,"$ 

 
ก��&��4��!�6�7+�ก��'ก��+�����
��
� ;��+�6.�ก��
ก�!����*�����,�&'/� �กก�� 

� !+�&�	�+��
< �/��ก/�%&���
 ��
�/� 
 
2.6.1 	�O� Equivalent Linear Approach 
 
 &�?/ Equivalent linear approach �	
�&�?/�/�����������ก��&��4��!�6ก��+�����
��


� ;��+�6��
54�
����
��������� 2 '�+� >)�
� �กก��&��4��!�6'/�''#+�Q�����������'/ �ก8:!�	
�
��� Plain strain ��
���
���0	�/� 2.27(a) � !.!�������+������
����&:�	
�+�&�����
������ >)�

5�%��&�����.!�������+������&:�/��0
�/��#�'������ก��&��4��!�6 ��
���
���0	�/� 2.27(b) ก��
&��4��!�6.!'/ �ก8:!4 ��%4 )
ก��&�?/&��4��!�6��� 1 '�+�'�ก 5�%������.!(0ก.�� �
5�%���&�?/,-
,�+6�� ��'�+6 '/��
ก�!����*�����,�&�/��%0����0	��#ก�' Fourier Series � !&��4��!�6�'ก��ก��
�4 �����/����+� !4&�'(/� ��
�'ก���/� 2.7 (�ก�/%
,ก�, 2551) 
 



40 
 

 
 

"����� 2.27 +�&�%��
����+���������/�&��4��!�6��&%&�?/ Equivalent linear approach (a) ����+���/��	
�    
                    +�&�����
������ (b) ���.�� �
����+����������&%&�?/,-,�+6�� ��'�+6 (Kramer, 1996) 
    

[ ]{ } [ ]{ } [ ]{ } [ ][ ] ( )tuMuKuDuM b&&&&& 1* =++     (2.7) 
 
  �'��� [ ]M  = Mass matrix 

   [ ]*K  = Complex stiffness matrix 

   [ ]D  = Damping matrix 

   { }u  = Displacement vector 
   bu&&  = ��+�����
��
��
ก�!����*�����,�& 

 

2.6.2 
(�O""�!(,����,�	�� ��� (Natural Period of Dam) 
  

4��?��'��+�'/4&�'���4��'�ก��ก��&��4��!�6��
����� ;��+�6 �����
.�ก(��4��4������ 
(Predominant Period) ��
���'0 ��+�����
��
��������/������ก��&��4��!�6,	+�
ก��4��4��
?��'��+���
+�&������.!�������ก��	��ก�ก��:6�������
 (Resonance) 4��'/ก���%�%������
4 ���
�*�����,�&�%��
'�ก������4����+�����
��
&���#+�&������'/4��'�ก�)�� 5�%ก��&��4��!�6��4��
?��'��+�'/&�?/+��
< ��
�/� 
 

1) &�?/��
 Gazetas and Dakoulus 
Gazetas and Dakoulas (1991) ,������4&�'��'���?6��
ก����4��4��?��'��+���
+�&

������,&���
�'ก���/� 2.8 
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sV

H
T

61.2
=      (2.8) 

�'���  H  = Maximum height of the dam or embankment (m) 
  sV  = Average shear wave velocity (m/s) 

 
2) &�?/* ก��+�����
��
� ;��+�6 

 �ก�/%
,ก� (2551) ,������&�?/ก��&��4��!�6��4��4��?��'��+���
+�&������ 5�%���
���.�� �
,-,�+6�� ��'�+6 �/������ก��&��4��!�6ก��+�����
��
� ;��+�6��
+�&������ >)�

� �กก��&��4��!�6.!����
���'0 ��+�����
��
��������%��

��%�)��'�ก�!����/�����&:Q�������� 5�%
.!���ก���	 /�%�4�� Predominant period ��
���'0 ��+�����
������� � �&��.��:��7+�ก��'ก��
+�����
��
� ;��+�6��
+�&������ ���� 4��ก���4 ����+�&����&���������&���#�)������ก�������
(Impervious earth zone) �/��!���4&�'�0
+��
< ��
+�&������  

 

2.6.3 #���
�&�"��f ��&��&3� (Maximum Shear Modulus, Gmax) 
 
Hardin and Black (1968) ,������4&�'��'���?6��
4�� Maximum Shear Modulus ��
���

���% .�ก* ก������������
	����+�ก��� !.�กก��&�������' ��
4&�'��'���?6��
�/� 
 

�������������%�/�'/�0	���
�'�����ก '� !'/��+����&����
&��
���%ก&����������ก�� 0.8  
 

( ) ( ) )(
1
17.2

6931
2/1'

2

max kPa
e

e
G oσ

+
−

=   (2.9) 

 
�������������%�/�'/�0	���
�'������	
��� /�%' 
 

( ) ( ) )(
1

973.2
3230

2/1'
2

max kPa
e

e
G oσ

+
−

=   (2.10) 

 

�'��� )(
3

'
3

'
2

'
1'

0 kPa
σσσ

σ
++

=  
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Hardin and Drnevich (1972) ;)ก8�	2..�%�/�'/* +�� Shear modulus ��
������/%&5�%
��&��+�&�	��/���
* +��4#:�'��+���
� ;��+�64��������
4&�'�4�/%��9��� (Shear strain 
amplitude) 4��4&�'�4��	�!���?�*  (Effective confining stress) � !��+����&����
&��
 (Void 
ratio) � !.�ก4��4&�'�4������/+ (Stress history) ��&% 5�%'/4&�'��'���?6��
�'ก���/� 2.11 

 

( ) ( ) ( ) )(
1

973.2
3230

2/1'
2

max kPaOCR
e

e
G o

k σ
+

−
=  (2.11) 

 
�'���   OCR  =    Overconsolidation ratio 

    k        =    Constant depending on PI 
      =    0 for PI = 0% 
     =    0.5 for PI = 100% 
   
 Seed et al. (1986) ,������4&�'��'���?6�!�&��
4��5'�0 ����
�9����0
�#� (Maximum Shear 
Modulus, Gmax) ก��ก�������ก������������ก��
��� (Standard Penetration Resistance, SPT-N) 
��
���
���'ก���/� 2.12 
 

    ( ) 4.0'
0

34.0
60max 100035 σNG ×≈    (2.12) 

    

   �'��� Gmax  =    Maximum shear modulus (lb/ft2) 
    60N  =    Normalized standard penetration resistance (blows/ft) 
    '

0σ  =    Effective confining pressure (lb/ft2) 

     =    ( )φ
σ

sin23
3

−V  

    '
Vσ  =    Effective vertical stress (lb/ft2) 

    φ  =    Internal friction angle (degree)  
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2.6.4 
1(#���
�&�f �� (Shear Modulus, G) ���*!�*����R'(
���(�
6�,+(&,"$ 2 ��,� 
 
4��5'�0 ����
�9����	
�+�&�	��/����4����ก��&��4��!�6��
� ;��+�6 5�%	ก+�� �&4��

5'�0 ����
�9�����
&���#('������.!'/4������'�)��+�'4&�' )ก��
+�&������+�'�78O/ Stiffness as a 
Function of Depth >)�
'/4&�'��'���?6��
�'ก���/� 2.13 (Krahn, 2004)  
 

( )nmGKG 'σ=    (2.13) 
 
  �'���  G = Shear Modulus (kPa)  

KG = Modulus Number 
'
mσ  = Mean Effective Stress (kPa) 

n = A Power Exponent 
 

2.6.5 
	(��"-	

 ���f �� (Shear Wave Velocity, Vs) 
  

 Andrus and Stokoe (2000) ,������4&�'��'���?6��
4��4&�'���&4 ����9��� (Shear wave 
velocity, Vs) �/��������������������('��'��(	�!'�:,��.�ก�'ก���/� 2.14 

 

( ) 231.0
602.93 NVs ×=     (2.14) 

 

�'��� 60N  = Normalized standard penetration resistance (blows/ft) 
 

 ��ก.�ก�/�%�
��'��(��4��4&�'���&4 ����9���.�ก4��5'�0 ���9����0
�#� 5�%���
4&�'��'���?6.�ก�78O/ Elastic Continuum Mechanics ���
,����
�'ก���/� 2.15 
 

2
max sVG ρ=      (2.15) 

 

  �'��� maxG  = Maximum shear modulus (kPa) 
   ρ  = Mass density of soil (kg/m3) 
   sV  = Shear wave velocity (m/s) 
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2.6.6 Shear Modulus Reduction and Damping Ratio Curve 
 

��ก��&��4��!�6���.�� �
&���#��� Equivalent linear approach (Kramer, 1996) ���
4&�'��'���?6�!�&��
5'�0 ���9���� !4&�'�4�/%��9��� >)�
���
�� �ก8:!ก��-4&�'��'���?6
�!�&��
��+����&�5'�0 ����
�9���� !4&�'�4�/%��9��� 5�%�/�4��5'�0 ����
�9���.!'/4�� � 

+�'������
4&�'�4�/%��9����/�����'�)�� 4��5'�0 ����
�9��������������'�� !��/%�� !����'��
�%����'��(���
,����
�0	�/� 2.28 � !�0	�/� 2.29 +�' ����� ��&�4����+����&� Damping .!���

�� �ก8:!ก��-4&�'��'���?6�!�&��
��+����&� Damping � !4&�'�4�/%�����ก�� �+�4��
��+����&� Damping .!'/4������'�)��+�'������
4&�'�4�/%��/�����'�)�� 4����+����&� Damping
�����������'�� !��/%�� !����'���%����'��(���
,����
�0	�/� 2.30 � !�0	�/� 2.31 +�' ����� 

 

 
 

"����� 2.28 Modulus reduction curve �����������'�� !��/%��/�'/4�� PI +��
ก�� (Vucetic and Dobry, 
                  1991) 

 

 
 

"����� 2.29 Variation of G/Gmax with shear strain for sand (Das, 1993) 

Range of G/Gmax G/
G ma

x 
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"����� 2.30 Damping Ratio Curve �����������'�� !��/%��/�'/4�� PI +��
ก�� (Vucetic and Dobry, 
                     1991) 
 

 
 

"����� 2.31 Damping ratio for sand (Das, 1993) 
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Ishibashi and Zhang (1993) ก ��&&��5�%���&,	� �& 4�� Modulus Reduction � ! Damping 
Ratio .!�)���%0�ก��4����
���	�!���?�*  (Effective Confining Pressure) � !4������/4&�'�	
�
� ��+�ก��
��� (Plasticity Index, PI) >)�
��'��(��/%��	
��'ก��,����
�'ก���/� 2.16 � ! 2.17 
+�' ����� 

 

( )( ) ( ) 0,'

max

,
mPIm

mPIK
G

G −
=

γ
σγ   (2.16) 

 

 
�'��� G/Gmax = Modulus reduction 

   '
mσ  = Effective confining pressure (kPa) 

   PI = Plasticity index 
   γ  = Cyclic shear strain (%) 
 

             ( ) ( )






























 +
+=

492.0
000102.0

lntanh15.0,
γ

γ
PIn

PIK   

  

                          ( ) ( )3.1

4.0

0 0145.0exp
000556.0

lntanh1272.0, PImPIm −































−=−

γ
γ  

 

0  for  PI = 0 
                3.37*10-6 PI1.404 for  0 < PI ≤ 15 

          7.0*10-7 PI1.976 for 15 < PI ≤ 70 
2.7*10-5 PI1.115 for PI > 70 

 

( )











+−







−+
= 1547.1586.0

2
0145.0exp1

333.0
max

2

max

3.1

G

G

G

GPI
ξ

 

(2.17) 

 
  �'��� ξ  = Damping ratio (%) 

 

 

 

 

n(PI)   = 
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2.6.7 ก("��
����"��2(	"���
(�!���� ���#��	�O� Newmark_s Deformation Analysis 
  

Newmark (1965) ����&�?/&��4��!�6ก���4 ����+�&(�&���
 ����������� 5�%ก ��&&��(��'/
��
�/�'�ก�!���ก��'& ���'�กก&����
+��� .!������'/��+����&�4&�'	 ��$�% (FS) +���ก&�� 1 >)�
.!
�������ก��ก���4 ����+�&��
'& �����
ก ��& ��'��(�	�/%���/%�,��ก��ก���4 �����/���� Slide 
Block ���!�����/%
 ��
���
���0	�/� 2.32 �'�����.��:� Slide Block >)�
�%0����$�&!�'�# ��
�!�����/%
  .!��&��4��4&�'	 ��$�% (FS) ��
 Slide Block .!�	
���+����&��!�&��
��
+��� 
(Resisting Force, Rs) ก����
ก�!��� (Driving Force, Ds) 5�%�''#+�&����
+���ก���4 �����/���
 
Slide Block ,'�'/��
��/%�����ก���)�� ��'��(��/%��	
��'ก��,����
�'ก���/� 2.18  
 

 
                               (a)                                                                                  (b) 

 

"����� 2.32 ก���4 �����/���� Slide block ���!�����/%
 (a) Potential Landslide (b) Block  
                               resting on inclined (Kramer, 1996) 
 

β
φ

β
φβ

tan

tan

sin

tancos
===

W

W

Ds

Rs
FS    (2.18) 

 
  �'��� Rs = ��
+��� (Resisting Force) 
   Ds = ��
ก�!��� (Driving Force) 
   W = �������ก��
'& ��� 

   φ = '#'��/%�����!�&��
'& ���ก���!�����/%
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��ก.�ก�/� Newmark %�
ก ��&�/ก&��ก���4 ����+�&��
'& ���.!�%#��'��� Inertia forces 
�4 ����+�&ก �� ��
�����!%!ก���4 ����+�&4��* �&'��
4����+�����
��
��������/�ก�!���ก�� ������/�
'�กก&��4�� Yield acceleration �+����
�/�4�� Yield acceleration �)���%0�ก��4#:�'��+�4&�'���
��
��

&���# >)�
4&�'���
��
��
&���#��..!�	 /�%��	 
,	�:!�/�'/��
'�ก�!��� ��
* ���4�� Yield 
Acceleration '/4�� � 
 � !������ �����'/ก���4 �����/�'�ก�)�� ��
���
���0	�/� 2.33 

 

 
 

"����� 2.33 ก����4��ก���4 ����+�&��
 Newmark ก�:/ Ky '/4�� � 
 (Seed, 1979) 
 
 2.6.8 ก("�ก���"(กoก("6$ Liquefaction 
 

	��ก�ก��:6 Liquefaction 4�� ก���	 /�%��	 
�(��!��
&���#.���&กก�&��������% �/�
�%0����$�&!���'+�& .�ก�$����
���
 (Solid state) ก �%�	
��$����
�� & (Liquefied state) >)�

ก�!�&�ก����
ก ��&.!�ก���)��ก�+���'��������
ก ��&(0ก��
ก�!���.�ก�*�����,�& ��������
�9���
�!�&��
�'���������'�)�� � !��ก��
ก�!���.�ก�*�����,�&'/4&�'�#���
'�ก�� �'�����.!�ก��ก��
�%��+�&� !��#�+�&���/��#���
���
���0	�/� 2.34 * �/�+�''�4�� �ก����
���������&��ก�� (Excess 
pore water pressure) ����'�0
�)�� � !4��4&�'�4��	�!���?�*  (Effective stress) �!�&��
�'�����
 � 
 �������ก��ก���0���/%ก�� �
�����
�9�����
��������
.�ก* ��
ก������'�)����
��
�������
��&��ก�� ���:!�/����ก�.!�ก��ก���4 ����+�&�����������
ก ��&,'���'��(����������ก,��  
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a) b)  

 
"����� 2.34 ก���ก��	��ก�ก��:6 Liquefaction a) ก����ก���*�����,�& b) � �
�ก���*�����,�& 

 
Seed et al. (1983) �!�#&�� �ก8:!����/�'/5�ก���ก�� Liquefaction ,���ก� ������% ���%�	"
 

� !ก�&�	����% �/�'/��&� !��/%� (����� �กก&�� 0.005 mm) '�กก&�����% ! 20 (��&���	
�����/�
,'�'/5�ก���ก�� Liquefaction ���:!�/� Wang (1979) ก������������/�'/��&� !��/%� (P200) �ก��
���% ! 15 � !'/4�� LL '�กก&�����% ! 35 (��&�������
ก ��&,'�'/5�ก���ก�� Liquefaction ��
���

���0	�/� 2.35 ������/%&ก�� ก��ก�������
ก ��&'/����Q���ก/�%&���
ก��ก�� � 
��
ก�� �
�����

�9�����
�/�,��ก ��&'� 5�%�'���4&�'�4��	�!���?�* �!�&��
�'����� � 
 �+���ก�����
ก ��&'/��&�
 !��/%���
������/%&�%0��ก��4���/�ก����� 4&�'���/%&��
������� Cohesion .!��&%+������ก��
��/%ก�� �
,���/ ��ก.�ก������ก�:/�/�'/����'�� !��/%��%0�'�ก5�ก���/����.!'/���
&��
�������ก��
%#�+�&.!���% ������ Liquefaction ,'���'��(�ก��,�� 
 

 
 

"����� 2.35 �����+��
ก��ก�!.�%����4 !��
&���#�/�'/5�ก���ก�� Liquefaction (Tsuchada,  
                      1970) 
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Seed and Idriss (1971) ,������&�?/ก��	�!�'��ก���ก�� Liquefaction 5�%&�?/ Simplified 
Method >)�
�	
�&�?/�/����ก���%��
ก&��
�&�
��ก��&��4��!�6 Liquefaction 5�%ก��&��4��!�6.!���4�� 
Cyclic Shear Stress ( cycτ ) � !4�� Liquefaction Resistance ( Lcyc,τ ) '�4���&:��4��4&�'	 ��$�% 
(Factor of Safety, FS) >)�
ก��4���&:4�� Cyclic Shear Stress ( cycτ ) � !4�� Liquefaction 
Resistance ( Lcyc,τ ) ��'��(4���&:,����
�'ก���/� 2.19 � !�'ก���/� 2.20 +�' ����� 
 

dvocyc r
g

a
σττ 







== max

max 65.065.0    (2.19) 

 
( )( )( ) '

5.7
'

, voMvoLLcyc KMSFCSRCSR σστ σ===   (2.20) 
 

�'��� cycτ   = Cyclic shear stress 
amax  = 4����+�����
�0
�#��/�*�&���+�'��&��� 
g  = 4&�'���
�����
.�ก��
5��'(�&
��
5 ก 

voσ  and '
voσ  = 4&�'�4���&' � !4&�'�4��	�!���?�* +�' 

��&���
  
rd  = Stress reduction factor (�0	�/� 2.36) 

Lcyc,τ   = Liquefaction resistance 

LCSR   = Cyclic shear stress required to cause  
Liquefaction 

   MSF   = 4��	����ก������
.�ก������
�*�����,�& 

   σK   = 4��	����ก���/%�ก�����?�� ��
 Effective  
overburden pressure 

  
�������ก����4�� CSRL ��'��(	�!'�:,�� 5�%���4&�'��'���?6�!�&��
4�� SPT, (N1)60 

ก��4�� CSRMw = 7.5 >)�
����9��!�*�����,�&�/�'/���� Mw= 7.5 ��ก�+��6 �������� ��
���
���0	�/� 2.37 

� ! ���ก��	�����/%����?�� ��
 Effective Overburden Pressure 5�%���4�� Kσ (Estimated 
average curve for sand) ��
���
���0	�/� 2.38 ��ก.�ก�/�(��������
�*�����,�& (Earthquake 
Magnitude, Mw) �/���.��:�'/4��'�กก&���������%ก&�� 7.5 ���	����ก�4�� Magnitude Scaling Factor 
(MSF) .�ก+���
�/� 2.9  
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"����� 2.36 Stress reduction factor 
 

 
 

"����� 2.37 4&�'��'���?6�!�&��
 Cyclic Stress Ratio � ! (N1)60 ������� Silty Sands ��
 
                         �*�����,�&���� M=7.5 (Kramer, 1996) 
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"����� 2.38 ก��-ก��	����ก�4�� Kσ �����
.�ก���?�� ��
 Effective Overburden Pressure  
                         (Kramer, 1996) 
 

,("(���� 2.9 4��	����ก������
.�ก������
�*�����,�& (��ก�+��6) �������4�� CSRL (Kramer, 1996) 
 

Magnitude, M MSF 

5.25 
6.00 
6.75 
7.50 
8.50 

1.50 
1.32 
1.13 
1.00 
0.89 
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4����+����&�4&�'	 ��$�% (Factor of Safety, FS) ��
ก��&��4��!�6ก���ก��	��ก�ก��:6 
Liquefaction ��'��(4���&:,��.�ก��+����&���
 Liquefaction Resistance ( Lcyc,τ ) +�� Cyclic 
Shear Stress ( cycτ ) ��
�'ก���/� 2.21 >)�
(��4����+����&�4&�'	 ��$�% (Factor of Safety, FS) '/4��
���%ก&�� 1.0 ���
&������&:�/���.��:�'/5�ก����/�%
�0
+��ก���ก�� Liquefaction  
 

cyc

LcycFS
τ

τ ,=     (2.21) 

 
  �'��� FS = Factor of safety 

Lcyc,τ  = Liquefaction resistance 

cycτ  = Cyclic shear stress 
 

2.7 �(�	�R������ก���	���� 
  

ก��&��4��!�6* ก�!��.�ก��
ก�!����*�����,�&�/��ก���)��ก��54�
����
������ ,��'/*0����
4&�'���.� !;)ก8������/�ก��'�ก �����
.�ก��	2..#���'/�*�����,�&�ก���)�����%4���
'�ก� !'/
������
4&�'�#���
'�ก��&%����ก�� 5�%'/
��&�.�%�/��4%'/ก��;)ก8�����/+���
��� !+��
	�!��; 
��
�/� 

 
�ก�/%
,ก� (2551) ,�����ก��;)ก8�ก��&��4��!�64&�'	 ��$�%��
���������� !���('+��

��
ก�!�*�����,�&5�%&�?/ก��+�����
��
� ;��+�6 :ก�:/;)ก8�������;�/�4�����6 5�%
���ก��;)ก8������	�!�'�� &��4��!�64&�''���4
4&�'	 ��$�%��
������5�%&�?/+�����
.�ก��

� ;��+�6 >)�
���5	��ก�' SLOPE/W &��4��!�6��(/%�$��4&�' ����� ��4�� Yield Acceleration 
� !ก���	 /�%��0	(�&���
 ������������'���'/��
ก�!������� ;��+�6 ���5	��ก�' QUAKE/W 
&��4��!�64&�'�4���(�+ � !ก��+�����
��
������+����
ก�!�����
� ;��+�6���0	���.�� �

��
4:�+;��+�6,-,�+6�/ /�'�+6 2 '�+� � !5	��ก�' SeismicSignal &��4��!�6���
46	�!ก����

���'0 ��+�����
��
�������.�ก4 ����*�����,�& �������* ก��&��4��!�6��&�� �7+�ก��'ก��
+�����
��
� ;��+�6��
������+����
ก�!����*�����,�& '/4���+ก+��
ก�����+� !����&:������ 
5�%��+�����
����&�����
&���#+�&������'/��&5��'����'�)��+�'�!���4&�'�0
������5�%'/4��'�ก
�/��#��/��!���4&�'�0
 +180 '.��ก. �������4��ก����#�+�&(�&���
���������.�ก��
�*�����,�&>)�
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�	
�4&�'��/%��%�/���,�����&,	�'���������(0ก��
ก�!���.�ก�*�����,�& .�ก
��&�.�%��&��4��
��
ก ��&'/	2..�%� �ก�)���%0�ก�� (1) �0	���
��
+�&������ (2) 4#:�'��+���
&���#('������ (3) �!����ก��
ก�ก������������� ! (4) �
46	�!ก����
4 ����*�����,�&5�%��&���'����!����ก��ก�ก���� � 
.!���
���ก����#�+�&(�&���
��������� � 
 ��ก.�ก����* ก��&��4��!�6��
ก ��&%�
��&��4��ก����#�+�&
(�&���
����������/�&��4��!�65�%&�?/ NewmarkWs Deformation (1965) '/4�����4 ��
ก��4���/�,��.�ก
���'0 �(�+�5�%&�?/ Swaisgood (1998) �������ก����#�+�&(�&��0
�#���
����������/�&��4��!�6��

������;�/�4�����6�������������ก�:/�!����ก��ก�ก����	ก+�'/4��'�ก�/��#�����ก�� 6.82 �'+�����'/4��
ก����#�+�&(�&��0
�#���
��������� 3.40 �'+� .�ก�*�����,�&�/�'/4�� PGA ก�!����/�Q�������� 
1.17g >)�
ก����#�+�&��
ก ��&'/4�����%ก&���!%! Freeboard ��
������4�� 5 �'+� �+��%��
,�ก�+�'
��������.�ก��4&�'��/%��%.�กก����#�+�&��
���������� !��.�������4����
'��&���7+�ก��'�������/�
+��+��
,&�����&:���������,�����4&�'��/%��%,�� 

 
Singh et al. (2005) ,�����ก��&��4��!�6* ก�!���/��ก���)��ก��������+��
 < ��	�!��;�����/% 

�����
.�ก�*�����,�&���� 7.6 ��ก�+��6 �/��ก���)�����'��
$#� (Bhuj) �'���&���/� 26 'ก��4' 2544 
��+#ก��:6�*�����,�&�/��ก���)���/�,������
4&�'��/%��%+��������������&:�ก ��4/%
ก��.#�ก������
�*�����,�&�����
.�ก Liquefaction ก��;)ก8�&�.�%�/�'/���������
�'� 6 �������	
�ก�:/;)ก8� ,���ก�
������ Chang, ������ Shivlakha, ������ Fatehgadh, ������ Kaswati, ������ Suvi � !������ Tapar >)�
��
ก��&��4��!�6,�����5	��ก�' XSTABL Version 5.2 � !�78O/ Modified Bishop >)�
���,	�����
ก��&��4��!�6��(/%�$����
 �������� Pseudo Static .�กก�:/;)ก8����
 6 ������ '/ 4 �������/�+��
�%0�
$�%����;'/ 50 ก�5 �'+�.�ก.#�ก�������*�����,�& ,���ก������� Chang, Shivlakha, Savi � ! Tapar 
>)�
���
 4 �������/�'/4����+�����
��
��������%0�����&
 0.28g - 0.52g 5�%�9��!������ Chang ,����#�+�&
 
�%��
'�ก>)�
+�
ก�����'ก�������� Shivlakha, Suvi � !������ Tapar �/�,�����* ก�!���%��

�#���
�9��!����&:�/��%0����������  

 
Chakraborty et al. (2009) ,�����ก��+�&.����7+�ก��'��
��������� Tailing Dam 

$�%�+��
����,���
ก�!���.�ก�*�����,�&���� 7.7 ��ก�+��6 ก��&��4��!�6�/��ก/�%&ก���*�����,�& 
(Seismic Analysis) (0ก�����ก��;)ก8���(/%�$����
 ��������� Tailing Dam * ก��;)ก8��'������
5	��ก�' FLAC3D &��4��!�6��&��$�%�+���
ก�!����*�����,�&�������������ก��ก���4 �����/��0
�#� 
66.7 �>�+��'+� ����
+�
ก�����'�78O/��
 Makdisi and Seed �!�#&��4��ก���4 ����+�&�0
�#��/�
%�'���,��4�� 57 �>�+��'+� ก��&��4��!�65�%��� FLAC3D  +��
���4����+�����
��
�������ก��4&�'
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�0
��
�������/��!����0
�#� � �
.�ก���ก��&��4��!�6��(/%�$����
 �����$�%�+���
ก�!���
�*�����,�&��&��'/4����+����&�4&�'	 ��$�%����ก�� 0.89 �+��
����,�$�%�+��$�&!�(�+4��
��+����&�4&�'	 ��$�%���%�/��#��/�%�'���,��4�� 1.22 .�กก��;)ก8�&��4��!�6��#	,��&��������,'�
	 ��$�%$�%�+���
ก�!���.�ก�*�����,�&���� 7.7 ��ก�+��6�/��ก���)�� 
 
 Gui and Chiu (2009) ,�����ก��;)ก8�ก��+�����
��
� ;��+�6��
������ Renyitan ��
	�!��;,+��&�� >)�
	�!��;,+��&���	
���)�
��	�!��;�/��ก���*�����,�&�%0����%4���
 � !��	V 
4.;. 1999 ,���ก���*�����,�& Chi Chi '/���� 7.3 ��ก�+��6 �)���'���&���/� 21 ก��%�%� 1999 >)�
,��
����
4&�'�0���/%�ก��/&�+� !����%6�����
��&,+��&���	
��%��
'�ก � !%�
�������ก����%�+ก���&
��+�&������ Shigang �	
��%��
'�ก�ก��ก&��.!���,�� ��
* ��������� Shigang �0���/%4&�'��'��(
��ก���ก��ก�ก�����%��
�'�0�:6 ��
����.)
+��
���4&�'���4��ก��4&�'	 ��$�%��
������ก��������/��%0�
���ก�! 
��&�.�%�/�,�����ก��;)ก8�	�!�'���7+�ก��'��
������ Renyitan 5�%���4����+�����
�/�
����)ก,��.�ก��+#ก��:6�*�����,�& Chi Chi ก��&��4��!�6��
� ;��+�6,��(0ก���'����&��4��!�6
��&%5	��ก�' FLAC3D *  ��?6�/�,��.!���
���0	��
ก���4 �����/� ��
���������&��ก�� � !��+��
���
��
������ 5�%��&���/�����&:Q��������123
>��%>)�
�	
�����&���# Transition zone '/��
�������
��&��ก��'�กก&������&:����< >)�
��..!ก������ก��	��ก�ก��:6 Liquefaction ����ก������ก��ก��
����+���
������,�� �����
.�ก��&��/��	
��ก�����������,'���'��(>)'*���,��.)
,'�'/5�ก���ก��
	��ก�ก��:6 Liquefaction 
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����� 3 

��	�
��
����������� 
 

 ก�����	
�
��

��	��
	����������������������  ��������������	����
��
 
ก� ��!ก"� 	����
#�����	��
��ก�$�%&�����'$�'(
��
��������	����
��ก�)��	
*
+��
&
��ก 
�'(�
�(	����,-%	�%�,+�!�����&����&�.����	
�
��
 +!��$)�ก�����	
�
ก��&�+'���ก	
*
 4 �'(
��
,-0)1 

��ก�$�%&� ก���&$�&��%��2����	ก���&�%�� ก���!ก"�3
��ก�����,4%,
ก��&�	#���-� ก��&�	#���-�
�������������� ���ก��&�	#���-������������ �'�����,
�2
��� 3.1 
 
3.1 ก�������������
�������� �!� 
 
 �&��&$���&�	#���-��%��2���(
8�
�)��1 9�%�ก) �%��2��'�&9
����'&	����
 �%��2��%�

.� �&���� �%��2��%�
�:)
��
9-& ���#; ��$'�����&'��;��	����
 3���%��2�-�'ก9�%+�ก�����

ก����ก�$$	����
#�����	�� (ก��4�
����
, 2532) 3���������	�����)��1 �'�
�( 
 

3.1.1 �� �!�����"#� �$��
�%� � 
 
 ��+�� ��2
�)������'��)&
����'&	����
	����	���ก-
%��'����	-�������,4%,
ก��&�	#���-� 
@!���2
�'�����&�����	����
#�����	�����'ก" ������ก�)��ก'
 �'�
'(
,
ก��&�	#���-�+!�	���ก-
%�
�'�����&��,
4)&� ก�. 0+120 �!� 0+150 	
����+�ก	
*
4)&����8�
��ก��2)�!ก����;� (�2
��� 2.2) �����
�'����)&
#&���2��)�#&���!ก������4'
	����
�%�
	-
��
(��	
*
 1:2.5 ��� 1:2.8 �%�
�%��
(��	
*
 
1:2.4 ����'����)&
#&���2��)�#&��ก&%�����8�
	����
   +;��!ก�;�
����  0.2:1 @!���'����)&

�'�ก�)�&������&�	#���-�,
�'ก" � Plane Strain Condition 9�%3��9�)+��	
*
�%��&�	#���-�,

�'ก" � 3 ���� 	
����+�กก��&�	#���-�,
�'ก" � 3 ���� +��%�����'����)&
#&���2��)�#&��ก&%��4)&�
-
%��'��!ก�;���2),
4)&� 1:1.0 �!� 1:1.2 (Lefebvre and Duncan, 1971, Hunter and Fell, 2003)  

 

3.1.2 �� �!�
���	�'������    
 
 �&$�&�����!ก"��%��2��%�
.� �&���� 	4)
 4;�-�
�)��1 ,
$��	& ��(
����!ก"� �&��!�
�:
���.� �&����+'�-&'������ 3��,4%�%��2�+�กก����'���ก�.� � (2550) �'��������,
�2
 2.4   
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�!#��� 3.1 �:
�2��ก�����	
�
��
&�+'� 
 
  

�&$�&��%��2��:)
��
9-&
$��	& ��(
����!ก"�  

�&$�&��%��2����
.� �&��������'&	����
 

�&$�&���
&�+'� 

���	ก���&�%�� 

	���ก	-�;ก�� ��:)
��
9-& 

���+�,4%,
ก��&�	#���-� 

&�	#���-�#)�  Shear Wave 
Velocity ��� Maximum 

Shear Modulus ����'&	����
 

��;
#; ��$'������'&	����

�����
&�+'����	ก���&�%�� 

&�	#���-�#�$.���4��� 
����'&	����
  

&�	#���-��d��ก���ก����$�
��
���������������'&	����
 

&�	#���-�ก��	
����
�2

��&�������4'
	����
 

�!ก"�3
��ก�� SLOPE/W 

&�	#���-�	�������� 

�������������� 
������4'
	����
 

&�	#���-� Liquefaction 

�!ก"�3
��ก�� QUAKE/W 

��;
:�ก��&�+'� ���	���
�����
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3.1.3 �� �!�
����()�
��"�� 
 

 �!ก"� �&$�&� ���&�	#���-��%��2��%�
�:)
��
9-& 	4)
 #)��'���	�)������(
��
 $��	& 
	������'��:)
��
9-&,

��	��9�� 	-�;ก�� ��:)
��
9-&���	#�	ก���!(
,
����,
$��	& ��(
���
�!ก"�-���,ก�%	#��� ���	-�;ก�� ��:)
��
9-&������#'0+�ก�'�&3�ก 3��,4%�%��2�+�ก�-�)��)�� 1 
	4)
 National Strong Motion Program (NSMP), Center for Engineering Strong Motion Data 
(CESMD) ���ก����'���ก�.� � �%��2�#���
�:)
��
9-&���,4%,
ก��&�	#���-����'(���(
 11 
	-�;ก�� � @!��	
*
	-�;ก�� ��:)
��
9-&������#'0���	ก���!(
+���+�ก�'�&3�ก 10 	-�;ก�� � �����ก 1 
	-�;ก�� � +�ก	-�;ก�� �+�����������#�%��ก'$����'(����	����
#�����	�� 3��,4%#)�ก��
�'$��
�%��2��'���	�)������(
��
���#���
�:)
��
9-& Sumatra, Indonesia (2007) ,-%��#)� 0.03g @!��	
*

#)�������#�%��ก'$#)��'���	�)������(
��
,
$��	& ��(
����!ก"�	����
#�����	�� (Ornthammarath, 
2010) 3��#���
�:)
��
9-&���,4%,
ก��&�	#���-�	
*
#���
���&'�9�%+�ก4'(
-�
 (Rock site) ���4'(
��
 
(Soil site) ���-�'$#���
�:)
��
9-&���&'�9�%$
4'(
��

'(
9�%
����&�	#���-�	����	
���$	���$:�ก��
&�	#���-�	�)�
'(
 3���������	��������'ก" ����#���
�'�����,
�������� 3.1 ����2
��� 3.2 
�������'$  
 

$������� 3.1 �%��2�#���
�:)
��
9-&���,4%,
ก��&�	#���-� 
 

No. Earthquakes 

Magnitude, 

Mw  

(Richter) 

Peak Ground  

Acceleration, 

PGA (g) 

Predominant  

Period, Tp 

(sec) 

Site 

Condition** 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 

Calexico, Mexico (2010)* 
Maule, Chile (2010)* 
Christchurch, NZ (2011) 
Haiti Region, Haiti (2010)* 
Hawaii, USA (2010) 
Kobe, Japan (1995)* 
Loma Preita, USA (1989) 
Nisqually, USA (2001)* 
San Fernando, USA (1971) 
Sumatra, Indonesia (2007)* 
Simulated Sadao * 

7.0 
8.8 
6.3 
7.0 
6.7 
6.9 
7.0 
6.8 
6.6 
8.4 
8.4 

0.19 
0.64 
0.53 
0.42 
0.72 
0.68 
0.23 
0.35 
1.07 
0.06 
0.03 

0.44 
0.20 
0.24 
0.84 
0.28 
0.30 
0.16 
2.46 
0.20 
0.10 
0.10 

Deep stiff soils 
Deep stiff soils 

Rock 
Deep stiff soils 

Stiff soils 
Deep stiff soils 

Rock 
Deep stiff soils 

Rock 
Deep stiff soils 
Deep stiff soils 

-���	-�;: * #���
�:)
��
9-&���,4%,
ก��	
���$	���$	�)�
'(
 
               ** ��+�� ���� Kramer (1996) ����������� 2.5 
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�!#
��� 

3.2
 �

'ก"
 �

��
�#

���

�:

)
�
�
9

-&
���,

4%,

ก

��
&�	#

��
�-

� 
 

1).
 

2).
 3).

 4).
 

5).
 

6).
 

7).
 

8).
 

9).
 

10
). 

11
). 
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3.1.4 �� �!��L'M���$�� ���M
LN�
�%� ��� �M�

� 
 
 #; ��$'�������������������&'��;��	����
#�����	���&$�&�9�%+�ก�����
ก��
��ก�$$	����
#�����	�� (ก��4�
����
, 2532) @!�������	�����)��1 9�%ก�)�&����%&,
-'&�%� 
2.2.5  
  

3.1.5 �� �!���ก�����������
ก������ � 
  
 �&$�&��%��2���
&�+'����	ก���&�%��+�ก:2%���,-%#&���
,+������ก���!ก"�,
����,
�%�

�(
�'(�,
����)��
��	�� 	4)
 ก���!ก"�ก��&�	#���-�#&��
����'����	����
��
���-�
���)����
ก���:)
��
9-&3��&�.�ก����$�
������������� ก� ��!ก"�	����
���
#��
��� (	ก����9ก�, 
2551) :�ก���$���	ก���!(
+�ก����:)
��
9-&ก'$	����
�)�� 1 ,

��	����
	��� (Singh et al., 
2005) ���ก����$�
����������������	����
 Renyitan ,

��	��9�%-&'
 (Gui, 2009) 	
*

�%
 
 
3.2 ������� �����'�$P�M$��� �
�%� ��� �M�

� 
 
 ,
ก���!ก"�#�'(�
�( 	����,-%���#�%��ก'$&'��;
����#����ก���!ก"�+!��%����ก��,4%
�$$+��������# ����������,4%,
ก��&�	#���-��%&�3
��ก��#����&	���� @!���'(
��
�)��1 ,

ก��,4%�$$+��������# ���������������	�����'�
�( 
 
 3.2.1 ก��
�% กQR�S#��ก��� �T��
$ �� 
 
 3
��ก��#����&	�������
������%���$$+�����-
%��'�����'&	����
#�����	��,

ก���!ก"�#�'(�
�( 9�%	���ก,4%3
��ก�� GeoStudio 2004 @!���'x
�3��$��"'� GEOySLOPE 
International Ltd. +�ก
��	���#
��� @!��3
��ก��
�(
��ก�$�%&�3
��ก���)��1 ��ก-���
3
��ก�� 3��3
��ก�����,4%,
ก��&�	#���-�	
*
-�'ก9�%�ก) SLOPE/W ��� QUAKE/W @!����
#&��	-������)�ก��
����,4%,
ก��&�	#���-�	������������'&	����
�'(������������������
�������� 
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3.2.2 ก��M����������� � 
 
  	
����+�ก,
ก���!ก"�#�'(�
�(9�%�$)�ก��&�	#���-���ก	
*
 2 �)&
-�'ก1 #�� ก��&�	#���-�
�������������� ���ก��&�	#���-������������ �'�
'(
 �'&�
� -���	����
9���$	���)��1 ���,4%
,
ก��&�	#���-�,
��)���)&
+���ก�)��ก'
 @!�������	�����)��1 ���ก����%���$$+�����9�%��;

9&%�'��������� 3.2    
 
3.3 ก����
������
MN���U�T� ���
R��
�%� �Q�MU���MN�$�P�M$�� 
 
 ก��
��	��
	���������������������� ���	����
#�����	��,
��
&�+'�
�(9�%,4%-
%��'�
����'&	����
#�����	�������8�
��ก��2)�!ก����;�#�� 34.50 	��� ,
4)&� ก�. 0+120 �!� ก�. 0+150 
@!�����ก����%��-
%��'��'�ก�)�&�!(
��,
�2
����$$+��������# ��������,
 2 ���� 3������$	��
���4'(
&'��;�)��1 �'��2
��� 3.3 3��,4%3
��ก�� SLOPE/W @!��ก��&�	#���-�+��$)�	
*
ก� ��)��1 
#�� ก� �#��:����
(����2)������'$�����;� (+52.00 	��� ��ก.) ก� �#��:����
(����2)������'$
ก�� (+
68.00 	��� ��ก.) ก� �#��:����
(����2)������'$�2��;� (+72.00 	��� ��ก.) ���ก� �#��:����ก��
�����'$
(����)���&�	�z& (Rapid Drawdown) @!��ก� ������'$	กz$ก'ก
(����)���&�	�z&9�%�$)�ก��
&�	#���-�	
*
 2 �)&
 #����+�� � Upstream filter ���9�)��+�� � Upstream filter ����%�
	-
��
(��
3��ก��&�	#���-�,
�;กก� �9�%,4%�d"{� Limit Equilibrium �%&�&�.���� Bishop}s Simplified 
Method 
 

 
 

�!#��� 3.3 �$$+��������# ��������,
 2 ���� ���,4%,
ก��&�	#���-�	���������������������� 

          Impervious Earth                Random Material                Filter Material 
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$������� 3.2 �����	�������	����
#�����	�� ���,4%,
ก����%���$$+����� 
 

���ก�����ก����
 �)����ก����
Q�������� � 

1) �'ก" ��'�&9
����$$+������'&	����
 
- #&��ก&%��$��	& 8�
	����
 
- #&��ก&%������'
	����
 
- #&���2�����'&	����
   +;��!ก�;� 
- �'����)&
#&�����4'
�%�
	-
��
(�� 
- �'����)&
#&�����4'
�%�
�%��
(�� 
- ���'$8�
	����
 
- ���'$�'
	����
 
- ���'$
(��	กz$ก'ก�����;� 
- ���'$
(��	กz$ก'ก
ก�� 
- ���'$
(��	กz$ก'ก�2��;� 

2) ก��&�	#���-��������������� 
- �d"{����,4%,
ก��&�	#���-� 
- #; ��$'�����&'��;��	����
 
- �2
�$$����$$+�����4'(
&'��;�)��1 

3) ก��&�	#���-������������ 
- +��
&
 Node 
- +��
&
 Element 
- �2
�$$��� Element 
- #)� Poisson}s Ratio 
- #)� Damping Ratio 
- 	����
9���$	��$��	& 8�
	����
 
- �2
�$$����$$+�����4'(
&'��;�)��1 

4) ��
�$ก����$'�����,4%&�	#���-� 
- �2
�$$���,4% 
- ��$	���%�
	-
��
(�� 
- ��$	���%�
�%��
(�� 

 
201.00 	��� 

8.00 	��� 
38.50 	��� 

1:2.8 ��� 1:2.5 
1:2.4 

+38.00 	��� (��ก.) 
+72.50 	��� (��ก.) 
+52.00 	��� (��ก.) 
+68.00 	��� (��ก.) 
+72.00 	��� (��ก.) 

 
Bishop}s Simplified Method 

����������� 2.3  
Mohr-Coulomb 

 
2,380 Nodes 

4,545 Elements 
Unstructured 

0.334 
0.1 

9�)��ก��	#����
����'(��
&��������
&��$ 
Equivalent Linear 

 
Auto Locate 

��ก'� (-118,38) �!� (4,72.5) 
��ก'� (83,38) �!� (-4,72.5) 
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3.4 ก����
�������L'M���$����T�P�M$��� �$��
�%� � 
 
 ก��&�	#���-�#; ��$'�����������������'&	����
#�����	�� 	�����%
+�กก��&�	#���-�-�
#)�#�$.���4�������'&	����
 #)�3��2�'����	���
�2��;� #)�3��2�'�	���
���,4%,
�$$+��������
# �������� 2 ���� #)�#&��	�z&#���
	���
 ��� Shear Modulus Reduction and Damping Ratio @!����
�'(
��
��������	�����)��1 �'�
�( 
 
 3.4.1 ก����
�������)����	���R�$�� �$��
�%� �  

 
 ก��&�	#���-�-�#)�#�$.���4��� (Predominant period) ����'&	����
#�����	��9�%���ก��
&�	#���-� 2 &�.�9�%�ก) &�.���� Gazetas and Dakoulus (1991) (��ก����� 2.8) ���&�.�:�ก����$�
��
����������� 	����	
���$	���$:�ก��&�	#���-����9�% @!��,
��
&�+'�
�(+�,4%&�.�:�ก����$�
�����
��������	
*
&�.�-�'ก���,4%,
ก��&�	#���-� 3��,4%�$$+��������# ��������,
 2 ���� 3��&�.�9�
9
������	�
�� @!��+���#; ��$'�����&'��;��	����
 ����'

(�� ���#&��	#%
�)��1 ,
�'&	����
��)��
	���&ก'
 3��-�'กก��&�	#���-�+����ก����%���%��2��'���	�)���(
��
��)���)���!(
��@!��+���2),

�'ก" ����#���
9@
� (Sine wave) �'�����,
�2
��� 3.4 3��+����ก��	
����
#)�#�$	&�����#���

�'�ก�)�&,-%��2),
4)&����	
*
9
9�%���#)�#�$.���4��� ������ก��	
���$	���$ก'$#)��'���	�)���(
��
 
(PGA) �)��1 	����	
���$	���$:�ก��&�	#���-����9�% #���
9@
�+��2ก,4%ก�����$��	& 8�
	����
3��
,4%3
��ก�� QUAKE/W 3��+���+�� �:�ก����$�
�������������,
�2
�������ก��
	#����
�'&,
�
&��$ (Horizontal displacement) ����'&	����
�)����ก����������%���!(
��	����-�#)�
#�$.���4��� (Predominant Period, Tp) ����'&	����
������,-%	ก��ก������#)��'���	�)���(
��
���
ก��	#����
���,
$��	& �)��1 ����'&	����
 
 
 3.4.2 ก����
�������)�S�
!��M���
V% �M!�ML
  
 

ก��&�	#���-�#)�3��2�'����	���
�2��;� (Maximum shear modulus) ���&'��;��	����

#�����	��9�%,4%#&���'��'
.���-&)��#)�3��2�'����	���
�2��;�ก'$ก������$ก���'$
(��-
'ก
�����
 (Standard penetration resistance, SPT-N) @!��	�
�3�� Seed et al. (1986) ��,4%,
ก��
&�	#���-� 3��	����+�กก��
���� #)� SPT-N @!��
���� 9�%+�ก#&���'��'
.���-&)�� SPT-N ���
�;�	������
���,
�����
 (Internal friction angle) �'�����,
�2
��� 3.5 +�ก
'(

��#)� SPT-N ���
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���� 9�%9

�'$�ก%	
*
#)� Normalized standard penetration resistance, 60N  -�'�+�ก
'(
+!�
��
#)� Normalized standard penetration resistance, 60N  ���9�%9
#��
& -�#)�#)�3��2�'����	���

�2��;� (Maximum Shear Modulus, Gmax) 3��,4%��ก����� 2.14  
   

 
 

�!#��� 3.4 �2
�$$#���
���,4%,
ก��&�	#���-�#�$.���4�������'&	����
 
 

 

 

 

�!#��� 3.5 #&���'��'
.���-&)�� Standard Penetration Test, N ��� Bearing Capacity Factor (Peck  
                Hansen & Thornburn, 1953) 

 

-1.0

-0.5

0.0

0.5

1.0

0.0 1.0 2.0 3.0 4.0 5.0
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 (g

)
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3.4.3 �)�S�
!��M
V% ����QR�Q�������� �����'�$P�M$�� 2 ��$� 
 

ก��&�	#���-�-�#)�3��2�'�	���
 (Shear modulus) ���,4%,
�$$+��������# �������� 2 ���� 
9�%,4%�d"{� Stiffness as a Function of Depth @!��,
ก��&�	#���-�9�%
��#)�3��2�'����	���
�2��;� 
(Maximum shear modulus, Gmax) ���&�	#���-�9�%+�ก�d"{���� Seed (1986) @!��	
*
#)�	����������)
��&'��;��	����
����
#)�,
��ก����� 2.15 3�����;��,-%#)� n = 1 	����-�#)� Modulus number, KG 
�����)��&'��;��	����
 +�ก
'(

��#)� Modulus number, KG ���9�%��#��
& �%�
ก�'$	����-�#)�
3��2�'�	���
 (Shear Modulus, G) ���#&���!ก�)��1 �'(���)�'
	����
+
�!�8�
	����
 

 
3.4.4 �)�����
�W���%��
V% � 

 
 ก��&�	#���-�#)�#&��	�z&#���
	���
 (Shear wave velocity, Vs) ���&'��;��	����
#���
��	�� +����ก��&�	#���-�3��,4%#&���'��'
.�+�ก�d"{� Elastic Continuum Mechanics (��ก����� 
2.17) 3�����'�#)�3��2�'����	���
�2��;� (Maximum Shear Modulus, Gmax) ���&�	#���-�9�%,
-'&�%� 
3.3.2 
 
 3.4.5 Shear Modulus Reduction and Damping Ratio Curve 
 
 ก��&�	#���-�-� Shear Modulus Reduction and Damping Ratio Curve ,
��
&�+'�
�( ���
ก��&�	#���-�3�����'�#&���'��'
.���-&)��#)�����'

�����.�:� (Effective confining pressure) 
ก'$#)�#&��	
*
������ก�����
 (Plasticity index, PI) @!��	�
�3�� Ishibashi and Zhang (1993) 
(��ก����� 2.18 ��� 2.19) 
 
3.5 ก����
������TZ$�ก���ก��$ �M� ����T�P�M$�� 
 
 ก��&�	#���-��d��ก���ก����$�
�����������������'&	����
#�����	�� ���ก��
&�	#���-�3��ก����%���$$+��������# ��������,
 2 ���� 3��&�.�9�9
������	�
�� (FEM) 3��,4%
3
��ก�� QUAKE/W 	����-��d��ก���ก����$�
�����	����
�)����ก������:)
��
9-& 3��,4%
#)��'���	�)������(
��
���&�	#���-�9�%+�ก	-�;ก�� ��:)
��
9-&������#'0+�ก�'�&3�ก 10 	-�;ก�� � 
�����ก 1 	-�;ก�� �+�กก��
�'$��#)��'���	�)���(
��
���	-�;ก�� ��:)
��
9-& Sumatra, 
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Indonesia (2007) ,-%��#)�	�)�ก'$ 0.03g @!��	
*
#)����,ก�%	#���ก'$�'���	�)������(
��
,
$��	& 	����

#�����	�� (Ornthammarath, 2010) 3��	���ก&)� Simulated Sadao (�������� 3.1) @!��ก��&�	#���-�
+���+�� �:�ก����$�
������'&	����
�)����ก������:)
��
9-&$��	& ����
,+ 3��	����
$��	& �'
	����
������4'
	����
�����3�ก��	ก��ก����$'����ก����;� 3����ก� ����,4%,
ก��&�	#���-�
�&� 3 ก� � #�� ก� ��:)
��
9-&�2
�$$�)��1 ��ก�����$��	& 8�
	����
 ก� ����'$	กz$ก'ก
(����2)
������'$�)��1 ���ก� ������'$	กz$ก'ก
(����)���&�	�z& @!��,
ก��&�	#���-�9�%�$)�-
%��'�����'&
	����
��ก	
*
 4,545 ����	�
�� �'�����,
�2
��� 3.6 ���ก��-
�	����
9���$	������$$+��������
# �������� 2 ���� ,-%$��	& 8�
	����
9�)������	#����
���9�%�'(��
&��������
&��$�'�����,
�2

��� 3.7 
 

 
�!#��� 3.6 �$$+��������# ��������,
 2 ���� 3��&�.�9�9
������	�
�����	����
#�����	�� 

 

 
�!#��� 3.7 ก��ก��-
�	����
9���$����$$+�����$��	& 8�
	����
#�����	�� 
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3.6 ก����
������ก��
#������!#N���� ���
R��
�%� � 
 
 ก��&�	#���-�ก��	
����
�2
��&�������4'
	����
#�����	��9�%
��:�ก��&�	#���-�ก��
��$�
������������� ����'&	����
+�ก3
��ก�� Quake/w ��,4%,
ก��&�	#���-� 3��3
��ก�� 
Slope/w ����d"{���� Newmark}s Deformation Analysis (1965) @!��ก� ��)��1 ���,4%,
ก��
&�	#���-�+�	-���
ก'$ก��&�	#���-�ก����$�
�����������������'&	����
 3��+�ก��-
�
��
�$ก����$'�� (Slip surface) ������4'
	����
���+�,4%,
ก��&�	#���-�	
*
 4 �
& �'(�����%�

	-
��	����
 �%�
�%��	����
 ���ก� ������'$	กz$ก'ก
(����)���&�	�z& (Rapid drawdown) �'�����,

�2
��� 3.8, 3.9 ��� 3.10 �������'$ @!��+���+�� �#'�	���ก��
�$ก����$'���'�ก�)�&+�ก:�ก��
&�	#���-�#&���'�
#�������4'
	����
�������������� �%&�&�.� Bishop}s Simplified Method 3��
��+�� �	������
�$ก����$'�����&�กd������;� (Critical slip surfaces) 	
����+�ก��3�ก��	ก��ก����$'��
9�%��ก����;� 
 

 
 

�!#��� 3.8 ��
�$ก����$'�����ก��-
����,4%,
ก��&�	#���-�����%�
	-
��	����
 
 
 

 
 

�!#��� 3.9 ��
�$ก����$'�����ก��-
����,4%,
ก��&�	#���-�����%�
�%��	����
 
 

3 

1 

2 4 

1 

2 

3 

4 

+72.00 	��� ��ก. 

+72.00 	��� ��ก. 
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�!#��� 3.10 ��
�$ก����$'�����ก��-
����,4%,
ก��&�	#���-�ก� ������'$	กz$ก'ก
(����)���&�	�z& 
 
3.7 ก����
������ก��
ก�
#��ก`ก��'� Liquefaction 
 
 ก��&�	#���-�ก��	ก�� Liquefaction ����'&	����
#�����	�� 9�%���ก��&�	#���-�,
4'(
&'��; 
Filter material ����%�
�%��	����
	�)�
'(
 	
����+�ก4'(
&'��; Filter material ����%�
	-
��	����
��2)
$��	& :�&-
%�������4'
	����
 ���	����	ก�� Liquefaction ,
$��	& �'�ก�)�&กz+�9�)�)�:�ก���$
�)�#&���'�
#�����'&	����
 � ����4'(
&'��; Filter material ���$��	& 8�
��ก	����
����%�
	-
��
	����
กz+�9�)�)�:�ก���$�)��'&	����
	4)
ก'
 	
����+�ก$��	& 8�
��ก���	����
#�����	����
�'ก" �	
*
4'(
-�
��z� �'�
'(
,
4'(
&'��; Filter Material ����%�
�%��	����
 +!���3�ก�����,-%�'&
	����
	ก��ก����$'����กก&)�$��	& ���
1 
�ก+�ก
�(4'(
&'��; Filter Material ����'&	����
#�����	��
��#)��;�	������
���,
 (Internal friction angle, φ) 	�)�ก'$ 30° @!��	
*
#)����,4%,
ก����ก�$$
ก)���%�����	
*
��������-�&� ��+���,-%	ก�� Liquefaction 9�%�)�� �'�
'(
,
ก��&�	#���-�+!�9�%
,4%#)��;�	������
���,
���9�%+�ก�%�ก��-
�ก��ก)���%�� (Specification) �)&�,
ก��&�	#���-��%&� 
3���%�ก��-
�ก��ก)���%��ก��-
�,-%4'(
&'��; Filter material 	
*
����������)&
#���� (SW) ��#)�
#&��-
��
)
�-%� (Dry density) 	�)�ก'$ 1.770 �'
�)��2ก$��ก�	��� ���#)�#&��-
��
)
�'��'�.� 
(Relative density) 
����  70% 	����
����
�'$	���$3��,4%#&���'��'
.���-&)��#)��;�	������

���,
 (Internal friction angle, φ) ก'$#)�#&��-
��
)
�-%� (Dry density) @!��	�
�3�� U.S. 
Navy, 1971 (�'�����,
�2
��� 3.11) +�9�%�;�	������
���,
	�)�ก'$ 36° ���
�'$	���$	
*
#)� 
(N1)60 9�%
����  30 #�'(��)��;� 

 
,
ก���!ก"�#�'(�
�(���ก��&�	#���-� Liquefaction 3��,4%&�.����	�
�3�� Seed and Idriss 

(1971) @!���$)�ก��&�	#���-�	
*
 2 &�.� #��#��
& #)����	���
�2��;� (Maximum shear stress) ���
#)�#&��	#%

�����.�:�����
&���� (Effective vertical stress) 9�%+�ก��ก����� 2.21 y 2.23 @!��
��+�� ����#&���!ก+�ก$��	& �'
	����
+
�!�$��	& 8�
	����
 �����ก&�.� #��,4%#)����	���


3 

1 

2 

4 +52.00 	��� ��ก. 
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�2��;� (Maximum shear stress) ���#)�#&��	#%

�����.�:�����
&���� (Effective vertical stress) 
���9�%+�ก:�ก����$�
�������������+�ก3
��ก�� QUAKE/W 3����+�� �   	&�����	ก�����
	���
�2��;� 3��ก��&�	#���-��'(� 2 &�.� �����������'(
��
9�%�'�����,
�2
��� 3.12 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�!#��� 3.11 Correlations between the effective friction angle in triaxial compression and the dry  
                    density, relative density, and soil classification. (U.S. Navy, 1971) 
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(a) 
 

�!#��� 3.12 �:
�2�������'(
��
ก��&�	#���-�ก��	ก�� Liquefaction ����'&	����
#�����	�� (a) &�.� 
                 ���,4%��ก�� Empirical (b) &�.����,4%:�ก����$�
�������������+�ก�$$+����� 
 

#��
&  σvo 

���� #)� rd 

(�2
��� 2.36) 

amax ���#���

�:)
��
9-& 

#��
&  τcyc 

(��ก�� 2.19) 


���� #)� SPT 
(�2
��� 3.5) 

#��
&  (N1)60 

 

-�#)� CSRL  
(�2
��� 2.37) 
 

#��
& 

σ}vo 

MSF 
(����� 2.8) 

Kσ 
(�2
��� 2.38) 

#��
&  τcycL  
(��ก�� 2.20) 

Factor of safety 
(��ก�� 2.21) 

	ก�� Liquefaction 9�)	ก�� Liquefaction 

FS > 1 FS < 1 
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(b) 

 

�!#��� 3.12 �:
�2�������'(
��
ก��&�	#���-�ก��	ก�� Liquefaction ����'&	����
#�����	�� (a) &�.� 
                 ���,4%��ก�� Empirical (b) &�.����,4%:�ก����$�
�������������+�ก�$$+����� (�)�) 

#��
&  τcyc 

(τcyc = 0.65 τmax) 
(��ก�� 2.19) 


���� #)� SPT 
(�2
��� 3.5) 

#��
&  (N1)60 

-�#)� CSRL 

(�2
��� 2.37) 
 

Effective vertical 

pressure, σ}vo 
(Quake/w Software) 

MSF 
(����� 2.8) 

Kσ 
(�2
��� 2.38) 

#��
&  τcycL  
(��ก�� 2.19) 

Factor of safety 
(��ก�� 2.21) 

	ก�� Liquefaction 9�)	ก�� Liquefaction 

FS > 1 FS < 1 

Maximum shear stress, τmax 

(Quake/w Software) 
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 4 

 

 

   4   

 

   

Liquefaction   

 

4.1  

 

  

 Limit equilibrium  Bishop s simplified method 

 2     

 (

, 2532)  

 

4.1.1   

 

   

2.255  2.673   (  

4.1 c)  (  4.1 a) 

 1.637  1.673 

   (  4.2 a 

 b)  (  4.2 c)  
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(a) 

 
(b) 

 
(c) 

 

 4.1    (FS)  (a) 

 FS = 2.673 (b)  FS = 2.513 

(c)  FS = 2.255  

 

 

2.673

2.513

2.255

+72.00  .

+68.00  .

+52.00  .
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(a) 

 
(b) 

 
(c) 

 

 4.2    (FS)  (a) 

 FS = 1.637 (b)  FS = 1.637 

(c)  FS = 1.683  

 

4.1.2  

  

 

 (Rapid drawdown)  +68.00 ( .)  

+52.00 ( .)   (Before rapid drawdown) 

 2.580 (  4.3a)  (After rapid drawdown) 

1.637

1.637

1.683

+52.00  .

+68.00  .

+72.00  .
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  Upstream filter 

 1.925 (  4.3b)  Upstream filter 

  1.212  4.3c  

 

 
(a) 

 
(b) 

 
(c) 

 

 4.3    (FS) 

 (a)  FS = 2.513 (b) 

 Upstream filter  FS = 1.925  (c)  

Upstream filter  FS = 1.212 

 

2.513

1.925

1.212

+68.00  .

+52.00  .

+52.00  .
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  Bishop s simplified method 

   

 4.1 

 

 4.1         

 

 

 
 (FS)

*

 

 

2.513 2.385

1.637 1.610

 

2.255 3.000

1.683 1.745

 

2.673 2.636

1.637 1.840

 

 

2.513 -

 

 

 Upstream filter 1.925
1.231 

 Upstream filter 1.212

*  ( , 2532) 

 

4.2  

 

 

  

   Shear Modulus Reduction  Damping Ration 
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4.2.1  

 

   

  

 1)  Gazetas and Dakoulus (1991)  

 

    

Impervious zone, Random material  Filter material  0.493, 0.491 

 0.452     

  0.478   

  0.05  1.22  (Singh et 

al., 2007)  

 0.62-0.90  ( , 2551) 

 

 2)  

 

  Sine wave   

PGA  (0.1g - 1.0g)     

 

 0.2-0.4   4.4 

 (Predominant Period)  PGA = 0.03g  PGA 

  . (  -1   -10) 

 0.2-0.4  

 (Predominant Period) 

   0.3   4.5  PGA 

    0.3 

  PGA 0.25g 

 0.1   PGA = 1.0g  4.6   
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 4.4    

                 PGA = 0.03g 
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 4.6  PGA   

                               0.3  

 

 3   

   

 Gazetas and Dakoulus (1991)  

  0.478  

 

 

  

 

 

   

 0.2 - 0.4   0.3  

 

 0.1 - 0.4   (Resonance)   
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 4.2.2   

 

  (Maximum shear modulus, Gmax) 

 (Shear wave velocity, Vs)  

 (Standard penetration resistance, 

SPT-N)  Elastic continuum mechanics  

   

Filter Material  

 80,365.72  89,200.38  

193.14  205.61   4.2 

 .   

 

 4.2  

 

Material 
Maximum Shear 

Modulus, Gmax (kPa) 

Mass Density 

(kg/m3) 

 Shear Wave 

Velocity (m/s) 

Impervious zone        80,365.72 1,920 204.59 

Random Material      81,962.67 2,190 193.14 

Filter Material           89,200.38 2,110 205.61 

 

4.2.3  2  

 

  (Shear Modulus, G)  2 

  Stiffness as a Function of Depth 

  

  

Exponent, n  1  Impervious zone  

 4.7  
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 4.7  

 

4.2.4  Shear Modulus Reduction  Damping Ratio  

 

 Shear modulus reduction  Damping ratio 

 (Effective Confining Pressure)  

(Plasticity Index, PI)  Ishibashi and Zhang (1993) 

 (G/Gmax)  Damping 

  4.8  4.9  

   

 
 

 4.8 Shear Modulus Reduction Curve  
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 4.9 Damping Ratio Curve  

 

4.3  

 

 (Horizontal displacement)  (Horizontal 

acceleration)  (Maximum shear stress) 

 10   1  

 Sumatra, Indonesia (2007)  0.03g 

 Simulated Sadao  

  

   

  

 

 Hawaii, USA (2010) 

 (  4.10)  

 +67.00 

( .)   0.064   
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 Hawaii, USA (2010)   

4.11  

 +67.00 ( .) 

  32.5 / 2 (3.31g)  

4.6  (0.72g) 

 4.9 ( , 2551 

 

 

 
 

 4.10   (Relative displacement)  

  Hawaii, USA (2010)    

 ( : ) 

 

 
 

 4.11   (Relative acceleration)   

 Hawaii, USA (2010) 

 ( : / 2) 

 

    

 

  -0.06  
-0.06  

-0.055    -0.045  

  -0.03  
-0.03  

-0.02  -0.015  

-0.01  
-0.005  

0
 

0
 2  2  

4  4  

6    8  10  
  10    12  14  16  
16  

18  

22  
24  

28  

+72.00  .

+72.00  .
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  (Maximum Shear Stress)  

 Hawaii, USA (2010)  

  

 50  800   Filter Material 

 850 

  4.12  

 

 

 
 

 4.12   (Relative maximum shear stress)  

 Hawaii, USA (2010)  

 ( : ) 

 

 4.3.1   

 

 10   1   Simulated Sadao 

  

 

  

  4.13 

 

 Kobe, Japan (1995)  

 4.3 

 

 

50  

  100  

200  

200  

200  
300  

350  

350  
400  

400  
450  

450  

500  

50
0

 

550  600  800  

+72.00  .
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 4.3    

                    

 

 

 
 

 

 

63.00  ( .) 
Upstream 

Berm 
  

PGA 

(g) 

PGA 

(g) 

PGA 

(g) 

PGA 

(g) 

PGA 

(g)  

Calexico, Mexico 

Offshore, Chile 

Christchurch, NZ 

Haiti Region, Haiti 

Hawaii, USA 

Kobe, Japan 

Loma Preita, USA 

Nissqually, USA 

San Fernando, USA 

Sumatra, Indonesia 

Simulated Sadao 

0.19 

0.64 

0.53 

0.42 

0.72 

0.68 

0.23 

0.35 

1.07 

0.06 

0.03 

0.73 

2.67 

1.57 

0.73 

3.31 

2.53 

0.91 

0.49 

2.34 

0.21 

0.13 

3.84 

4.17 
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0.68 

2.87 

1.29 

0.78 
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0.83 

0.56 

2.57 

0.23 

0.08 

3.58 

4.48 

2.43 

1.85 

4.53 

3.62 

3.61 

1.60 

2.40 

3.83 

2.67 

0.38 

1.38 

0.99 

0.34 

1.76 

1.33 

0.59 

0.36 

1.31 

0.12 

0.08 

2.00 

2.16 

1.87 

0.81 

2.44 

1.96 

2.57 

1.03 

1.22 

2.00 

2.67 

0.57 

2.50 

1.80 

0.49 

2.29 

2.07 

0.56 

0.41 

2.13 

0.16 

0.15 

3.00 

3.90 

3.40 

1.17 

3.18 

3.04 

2.43 

1.17 

1.99 

2.67 

5.00 
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 4.3  

    (Amplication 

Factor)  1.00  5.00   

 

  Hawaii, USA 

  

 4.60   4.53  

   

Hawaii, USA   

 

 

  4.14 

 

   

 +45.00 ( .)  

 +70.00 ( .) 

 Hawaii, USA (2010)  0.064   

 

  

 

  Hawaii, USA 

(2010)  Kobe, Japan (1995)   

 

  

4.15   

  

  Normalize   4.16 

 Kobe, Japan (1995)  
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 4.14   

                   

 

 
 

 4.15   
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Hawaii PGA=0.72g Tp= 0.28
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 4.16 Normalized   
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4.4  

 

   Newmark s 

deformation analysis   

  

  

 

 

 

 

 4.4.1   

 

  10   

Simulated Sadao  

   2 

(  3.8)  0.643   

Hawaii, 2010   2 (  

3.9)   0.212  

 Kobe, 1995  4.4   4.5  

 Haiti, 2010 (PGA=0.4g) 

 10   Simulated Sadao  

 . (  -1  -2) 
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 4.4  

 

Earthquakes 
Permanent Deformation (m)

Slip No. 1 Slip No. 2 Slip No. 3 Slip No. 4

Calexico, Mexico (Mw=7.0, PGA=0.19g)

Offshore Bio, Chile (Mw=8.8, PGA=0.64g) 

Christchurch, NZ (Mw=6.3, PGA=0.53g) 

Haiti (Mw=7.0, PGA=0.42g) 

Hawaii, USA (Mw=6.7, PGA=0.72g) 

Kobe, Japan (Mw=6.9, PGA=0.68g) 

Loma Preita, USA (Mw=7.0, PGA=0.23g) 

Nissqually, USA (Mw=6., PGA=0.35g) 

San Fernando, USA (Mw=6.6, PGA=1.07g) 

Sumatra, Indonesia (Mw=8.4, PGA=0.06g) 

Simulated Sadao (PGA=0.03g) 

0.001

0.326 

0.033 

0.060 

0.285 

0.436 

0.009 

0.000 

0.220 

0.000 

0.000 

0.001

0.627 

0.046 

0.010 

0.643 

0.337 

0.007 

0.000 

0.232 

0.000 

0.000 

0.000

0.051 

0.005 

0.006 

0.036 

0.086 

0.000 

0.000 

0.057 

0.000 

0.000 

0.000

0.235 

0.026 

0.048 

0.198 

0.361 

0.007 

0.000 

0.184 

0.000 

0.000 

 

 4.5  

 

Earthquakes 
Permanent Deformation (m)

Slip No. 1 Slip No. 2 Slip No. 3 Slip No. 4

Calexico, Mexico (Mw=7.0, PGA=0.19g)

Offshore Bio, Chile (Mw=8.8, PGA=0.64g) 

Christchurch, NZ (Mw=6.3, PGA=0.53g) 

Haiti (Mw=7.0, PGA=0.42g) 

Hawaii, USA (Mw=6.7, PGA=0.72g) 

Kobe, Japan (Mw=6.9, PGA=0.68g) 

Loma Preita, USA (Mw=7.0, PGA=0.23g) 

Nissqually, USA (Mw=6., PGA=0.35g) 

San Fernando, USA (Mw=6.6, PGA=1.07g) 

Sumatra, Indonesia (Mw=8.4, PGA=0.06g) 

Simulated Sadao (PGA=0.03g) 

0.000

0.057 

0.017 

0.017 

0.080 

0.212 

0.000 

0.000 

0.132 

0.000 

0.000 

0.000

0.018 

0.000 

0.001 

0.031 

0.096 

0.000 

0.000 

0.081 

0.000 

0.000 

0.000

0.021 

0.007 

0.003 

0.029 

0.106 

0.000 

0.000 

0.092 

0.000 

0.000 

0.000

0.052 

0.017 

0.007 

0.099 

0.183 

0.000 

0.000 

0.125 

0.000 

0.000 
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4.4.2  

 

  

 +68.00 ( .)  

+52.00 ( .)   

 2 (  3.10)  0.998  

 Hawaii, 2010  4.6 

 10   . (  -1) 

 

 4.6   

   Hawaii, 2010 (PGA=0.72g) 

  Haiti, 2010 (PGA=0.4) 

 

Slip Surface No. 

Permanent Deformation (m) 

 

+68.00 ( .) 

 

+52.00 ( .) 

Hawaii, 2010 Haiti, 2010 Hawaii, 2010 Haiti, 2010 

1 

2 

3 

4 

0.285 

0.643 

0.036 

0.198 

0.060 

0.010 

0.006 

0.048 

0.386 

0.998 

0.058 

0.270 

0.082 

0.016 

0.010 

0.066 

 

 4.4.3  

  

 

  (+52.00  .) 

 (+72.00  .)  Hawaii, (2010)  

Yield Acceleration (ky)  

 2  Yield Acceleration  0.62g  
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 2   Yield 

Acceleration   4.26  Yield 

Acceleration    . 

(  -1  -2) 

 

 
 

 4.26  Yield Acceleration, ky  

                    Hawaii, (2010) 

 

4.5  Liquefaction 
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 Liquefaction  San 

Fernando, USA (1971)  .  

 

 2   1)  (Maximum 

shear stress)  (Effective vertical stress)  

Empirical (  2.21  2.23)  2)  (Maximum shear stress) 

 (Effective vertical stress) 

 QUAKE/W  Liquefaction  

 5  4.27 

 

 
 

 4.27   Filter material   

                          Liquefaction 

 

4.5.1  Liquefaction  Empirical 

 

 Liquefaction 

 10   Simulated sadao 

 (PGA)  amax  0.4g  Liquefaction  

 (PGA)  amax  0.4g  

Liquefaction   4.7 (  .)

 Liquefaction  San Fernando, 

Zone 1 5-13 
Zone 2 14-27 
Zone 3 22-34 
Zone 4 10-21 
Zone 5 1-10 
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1971  (PGA)  

(  4.8)   1.0 

 Liquefaction  0.57  0.95    

 

 4.7  Liquefaction  Empirical  
 

 
 Liquefaction  Liquefaction

Zone  FS Zone  FS

1. Calexico (PGA = 0.19g)

2. Chile (PGA = 0.64g) 

3. Christchurch (PGA = 0.53g) 

4. Haiti (PGA = 0.42g) 

5. Hawaii (PGA = 0.72g) 

6. Kobe (PGA = 0.68g) 

7. Loma Preita (PGA = 0.23g) 

8. Nisqually (PGA = 0.35g) 

9. San Fernando (PGA = 1.07g) 

10. Sumatra (PGA = 0.06g) 

11. Simulated Sadao (PGA = 0.03g) 

1,2,3,4,5 

1 ( ) 

 

1,2,3,4,5 

1,2,3,4,5 

 

 

1,2,3,4,5 

 

 

0.589  0.958 

0.995 

 

0.673  0.956 

0.688  0.977 

 

 

0.463  0.951 

 

 

1,2,3,4,5

 

1,2,3,4,5 

1,2,3,4,5 

5 ( ) 

5 ( ) 

1,2,3,4,5 

1,2,3,4,5 

 

1,2,3,4,5 

1,2,3,4,5 

2.425 4.984

 

1.002  2.045 

1.097  2.255 

1.093  1.383 

1.118  1.414 

2.003  4.117 

1.357  4.790 

 

6.364  13.082 

12.728  26.164 

 

4.5.2  Liquefaction  

 

  Liquefaction 

 Empirical  

 QUAKE/W    

 (Stress)  (Strain) 

   Filter Material  

 San Fernando, USA (1971) 

  

 Empirical   

Liquefaction  San Fernando, 1971   (  -12)   
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 4.8  Liquefaction  Empirical        

                  San Fernando, USA (1971)  6.6   PGA = 1.07g 
 

Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 14.31 1.168 0.584 2.140 13.61 0.951
2 0.987 41.40 21.78 28.41 1.168 0.584 1.679 21.36 0.752
3 0.979 62.10 32.67 42.30 1.168 0.584 1.457 27.80 0.657
4 0.973 82.80 43.56 56.01 1.168 0.584 1.318 33.52 0.598
5 0.965 103.50 54.45 69.50 1.168 0.584 1.219 38.75 0.558
6 0.958 124.20 65.34 82.73 1.168 0.584 1.143 43.62 0.527
7 0.949 144.90 76.23 95.59 1.168 0.584 1.083 48.22 0.504
8 0.937 165.60 87.12 107.94 1.168 0.584 1.034 52.59 0.487
9 0.923 186.30 98.01 119.59 1.168 0.584 0.992 56.78 0.475

10 0.905 207.00 108.90 130.28 1.168 0.584 0.956 60.80 0.467
11 0.883 227.70 119.79 139.80 1.168 0.584 0.925 64.69 0.463
12 0.857 248.40 130.68 147.97 1.168 0.584 0.897 68.45 0.463
13 0.827 269.10 141.57 154.71 1.168 0.584 0.872 72.11 0.466
14 0.794 289.80 152.46 160.09 1.168 0.584 0.850 75.67 0.473
15 0.761 310.50 163.35 164.29 1.168 0.584 0.830 79.14 0.482
16 0.728 331.20 174.24 167.61 1.168 0.584 0.811 82.53 0.492
17 0.696 351.90 185.13 170.36 1.168 0.584 0.794 85.85 0.504
18 0.667 372.60 196.02 172.86 1.168 0.584 0.778 89.10 0.515
19 0.641 393.30 206.91 175.34 1.168 0.584 0.764 92.28 0.526
20 0.618 414.00 217.80 177.95 1.168 0.584 0.750 95.41 0.536
21 0.598 434.70 228.69 180.80 1.168 0.584 0.737 98.49 0.545
22 0.581 455.40 239.58 183.92 1.168 0.584 0.726 101.51 0.552
23 0.566 476.10 250.47 187.32 1.168 0.584 0.714 104.49 0.558
24 0.553 496.80 261.36 190.98 1.168 0.584 0.704 107.42 0.562
25 0.541 517.50 272.25 194.87 1.168 0.584 0.694 110.31 0.566
26 0.532 538.20 283.14 198.96 1.168 0.584 0.684 113.15 0.569
27 0.523 558.90 294.03 203.20 1.168 0.584 0.675 115.96 0.571
28 0.515 579.60 304.92 207.57 1.168 0.584 0.667 118.74 0.572
29 0.508 600.30 315.81 212.04 1.168 0.584 0.659 121.48 0.573
30 0.501 621.00 326.70 216.58 1.168 0.584 0.651 124.18 0.573
31 0.496 641.70 337.59 221.17 1.168 0.584 0.643 126.86 0.574
32 0.490 662.40 348.48 225.78 1.168 0.584 0.636 129.50 0.574
33 0.485 683.10 359.37 230.41 1.168 0.584 0.630 132.12 0.573
34 0.480 703.80 370.26 235.05 1.168 0.584 0.623 134.71 0.573
35 0.476 724.50 381.15 239.67 1.168 0.584 0.617 137.27 0.573
36 0.471 745.20 392.04 244.28 1.168 0.584 0.611 139.81 0.572
37 0.467 765.90 402.93 248.86 1.168 0.584 0.605 142.32 0.572
38 0.463 786.60 413.82 253.41 1.168 0.584 0.599 144.81 0.571
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 τcyc  (Maximum shear stress) 

 (Effective vertical stress)  

 San Fernando, USA (1971)  1.47  255.29 

  τcycL  Magnitude scaling factor (MSF) 

 Effective Overburden Pressure, Kσ  15.43  183.16 

    Filter Material  

  

 τcyc  τcycL  San Fernando, USA 

(1971)  Liquefaction 

 τcycL  τcyc  Filter Material 

 1.0 

 1.0   4.28 

  10   Simulated Sadao (

 4.9)  (PGA)  amax  0.4g 

 Liquefaction  

 (PGA)  amax  0.4g  Liquefaction  

 Empirical 

 Liquefaction  2   

 Empirical        
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 4.9  Liquefaction   

                    
 

 
 Liquefaction  Liquefaction

Zone  FS Zone  FS

1. Calexico (PGA = 0.19g)

2. Chile (PGA = 0.64g) 

3. Christchurch (PGA = 0.53g) 

4. Haiti (PGA = 0.42g) 

5. Hawaii (PGA = 0.72g) 

6. Kobe (PGA = 0.68g) 

7. Loma Preita (PGA = 0.23g) 

8. Nisqually (PGA = 0.35g) 

9. San Fernando (PGA = 1.07g) 

10. Sumatra (PGA = 0.06g) 

11. Simulated Sadao (PGA = 0.03g) 

1,2,3,4,5 

1,2,3,4 

2 ( ) 

1,2,3,4,5 

1,2,4,5 

1 

 

1,2,3,4,5 

 

 

0.505  0.901 

0.630  0.983 

0.904  0.960 

0.360  0.942 

0.425  0.998 

0.625  0.970 

 

0.387  0.924 

 

 

1,2,3,4,5

5 ( ) 

3 ( ),5 

1,2,3,4,5 

5 ( ) 

3, 5 ( ) 

2,3,4,5 

1,2,3,4,5 

5 ( ) 

1,2,3,4,5 

1,2,34,5 

1.324 3.696

1.039  13.084 

1.002  8.655 

1.000  6.341 

1.117  8.510 

1.000  2.526 

1.017  4.554 

1.299  4.450 

1.112  11.887 

1.290  3.397 

1.501  3.429 

 

 

                                                        Filter Material 

F.S.  1.0 

F.S.  1.0 

 

 

 

 

 
 

 4.28  Liquefaction  

                San Fernando, 1971  6.6    
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4.6    

 

  Liquefaction  2   Liquefaction 

 Filter Material 

   San Fernando, USA 

(1971)  

 0.02g  0.04g (Ornthammarath et al, 2010 )  

Simulated Sadao  Liquefaction  2  

  

  430   300  

  

 
 

 (Peak Ground Acceleration, PGA) 

 

 (Attenuation Model)  Etava and Villaverde (1973)  

 (Peak Ground Acceleration, PGA) 

  20  ( , 2551) 

 4.29  

 (Peak Ground Acceleration, PGA) 

 1.07g 

 

 

(Peak Ground Acceleration, PGA)   4.10 

 PGA  0.03g 

 Ornthammarath et al (2010)  PGA  0.05g  Seismic 

Coefficient  Pseudostatic  PGA  0.4g  

PGA   PGA  0.68g 

 PGA  Kobe, Japan (1995) 
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  PGA  1.07g 

 

 

 
 4.29  (Attenuation Model)  Etava  

                   and Villaverde (1973) ( , 2551) 
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 4.10      

                     ( , 2551) 

 

( ) 

 ( ) 

PGA 0.03g PGA 0.05g PGA 0.4g PGA 0.68g PGA 1.07g

6.0 150 80 2

6.5 180 110 10

7.0 250 145 23 9

7.5 300 185 36 19 6

8.0  300 235 53 32 18

8.5  300 300 73 48 30

9.0  300  300 89 68 44

 

 

 0.4g  6.0  

 2  

 

 

 300  

    

 320    

 0.005g ( , 2532) 
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 5 
  

 

5.1  
 

  

  

 

1.   10   1  

 Sumatra, Indonesia (2007)  

0.03g  (PGA)   Simulated Sadao 

 11   (PGA)  0.03g  1.07g 

 Simulated Sadao  San Fernando, USA (1971) 

   Predominant Period 

  0.1  0.45  

 Haiti  Nisqually  Predominant Period   0.84 

 2.46   

 

2.    

Limit Equilibrium  Simplified Bishop s Method  

 2.255  2.673  

 

 1.637  1.673   

  

 1.925  Upstream filter 

 1.212  Upstream filter  

(Drawdown)  (+68.00  .)  (+52.00 

 .) 
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3.  

  Gazetas and Dakoulus (1991) 

 0.478    

 2  

 0.2  0.4  

  0.3   

 

4.   

 Standard penetration resistance (SPT-N)  

Filter material   89,200.38   

Impervious zone   80,365.72  

 Random material  81,962.67  

 

5.   

 Elastic Continuum Mechanics  3  

 Random Material  193.14   

Filter Material  205.61   

Impervious zone  204.59  

 

6.   

  

 +45.00  .  

 +70.00  . 

 0.064   Hawaii, USA (2010) 

  

 32.5 m/s2  Hawaii, USA 

(2010)  

 

7.   
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 1.00  4.00   

 Hawaii, USA (2010)  4.60  

 Hawaii, USA (2010)  Predominant Period  0.28  

 

   Kobe, 

Japan (1995)  3.72  

  Predominant Period  0.30  

 

 

8.   

   

  

  (+68.00  .) 

   

 

 

9.    (Critical 

slip surface)   

Limit equilibrium  4    

  

 

 

 

10.  Newmark s Deformation 

Analysis  0.643  

 Hawaii, USA (2010) 

 0.212   Kobe, 

Japan (1995)  0.4g 
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  Yield Acceleration (ky)  

 

 

11.  Liquefaction  Filter Material 

 Seed and Idriss (1971)  Empirical  

  

Liquefaction   

 (PGA)  0.4g  Liquefaction  

 

12.  (Attenuation Model) 

 Esteva and Villaverde (1973) 

 0.4g  6.0  

 2.0  

 0.4g 

 

 

13.  

  

  Filter Material 

 Liquefaction  

 

 300  

 Ornthammarath (2010) 

 0.02g  0.04g   
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5.2  
 

 1.    

  

 Empirical  

 

 2.   
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 (Maximum shear modulus) 

 2.14  Seed et al (1986)  (Shear wave velocity) 

 2.17  Elastic Continuum Mechanics 

   

 

1)  (Impervious Earth Material) 

 

   

   (Internal friction angle, φ)  13° 

 (Cohesion, c)  4.6 t/m2  (Saturated 

density, γsat)  18.83 kN/m3    

 

1.1)  

 

( ) 4.0'
0

34.0
60max 100035 σNG ×≈    (lb/ft2) 

 

 SPT-N  
5.1

N
Suc == , 9.66.45.1 =×=∴N  blows/ft  SPT-

N   N60  6.9 

  

    ( )φσσ sin23
3

'
0 −= V     (lb/ft2) 

 

( )m
m

kN

m

kN
hV 25.19806.983.18

33 

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

 −== γσQ  
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kN
V ==∴σ  

 

( )
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( )( )( ) ( ) 4.034.0
max 89.083,39.6000,135=∴G  

 
22

max 72.365,80023.482,678,1 mkNftlbG ==∴  

 

 1.2)  
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N
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×
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ρ
 

 

  kPaG 72.365,80max =∴  smVs 59.204=  

 

2)  (Filter Material) 

 

   

   (Internal friction angle, φ)  30° 

 (Saturated density, γsat)  20.70 kN/m3    

 

2.1)  

 

( ) 4.0'
0

34.0
60max 100035 σNG ×≈    (lb/ft2) 
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3)  (Random Material) 

 

   

(Weathered sandstone)     

 (Internal friction angle, φ)  29°  (Saturated 

density, γsat)  21.47 kN/m3    
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3.1)  

 

( ) 4.0'
0

34.0
60max 100035 σNG ×≈    (lb/ft2) 
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 -1   

 

Earthquakes 
Slip 

no. 

NoWT MnWT RWT MxWT

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Calexico 1 0.0000 0.244 0.0000 0.224 0.0010 0.149 0.0000 0.136

Mw = 7.0 2 0.0074 0.560 0.0000 0.567 0.0012 0.318 0.0010 0.235

PGA = 0.19g 3 0.0000 0.244 0.0000 0.195 0.0000 0.114 0.0000 0.102

Tp = 0.44 4 0.0000 0.233 0.0000 0.215 0.0004 0.145 0.0000 0.128

Chile 1 0.0983 0.264 0.2153 0.231 0.3255 0.148 0.2225 0.137

Mw = 8.8 2 0.2997 0.575 0.2688 0.620 0.6258 0.317 0.3031 0.235

PGA = 0.64g 3 0.0387 0.268 0.1801 0.194 0.0505 0.136 0.0451 0.122

Tp = 0.20 4 0.0727 0.257 0.1893 0.220 0.2345 0.145 0.1726 0.131

Christchurch 1 0.0172 0.264 0.0309 0.231 0.0332 0.148 0.0255 0.138

Mw = 6.3 2 0.0185 0.575 0.0111 0.620 0.0464 0.318 0.0329 0.235

PGA = 0.53g 3 0.0027 0.268 0.0206 0.195 0.0049 0.136 0.0045 0.122

Tp = 0.24 4 0.0126 0.258 0.0274 0.220 0.0260 0.145 0.0204 0.132

Haiti 1 0.0151 0.264 0.0328 0.023 0.0600 0.148 0.0508 0.137

Mw = 7.0 2 0.0035 0.575 0.0023 0.621 0.0101 0.318 0.0090 0.235

PGA = 0.42g 3 0.0023 0.268 0.0130 0.194 0.0061 0.136 0.0053 0.123

Tp = 0.84 4 0.0103 0.257 0.0313 0.220 0.0481 0.145 0.0414 0.131

Hawaii 1 0.0959 0.264 0.0166 0.231 0.2851 0.148 0.1622 0.137

Mw = 6.7 2 0.1695 0.575 0.1237 0.620 0.6427 0.317 0.2121 0.235

PGA = 0.72g 3 0.0339 0.268 0.1276 0.195 0.0355 0.136 0.0327 0.123

Tp = 0.28 4 0.0682 0.257 0.1485 0.220 0.1981 0.145 0.1251 0.131

Kobe 1 0.2060 0.264 0.3134 0.231 0.4360 0.148 0.3620 0.137

Mw = 6.9 2 0.1714 0.575 0.1551 0.620 0.3366 0.317 0.2181 0.236

PGA = 0.60.g 3 0.0701 0.268 0.1575 0.194 0.0861 0.136 0.0756 0.123

Tp = 0.30 4 0.1559 0.257 0.2869 0.220 0.3613 0.145 0.3030 0.131

Loma Preita 1 0.0000 0.264 0.0008 0.231 0.0090 0.149 0.0063 0.139

Mw = 7.0 2 0.0000 0.550 0.0000 0.611 0.0073 0.327 0.0061 0.245

PGA = 0.23g 3 0.0000 0.267 0.0006 0.195 0.0001 0.136 0.0000 0.123

Tp = 0.16 4 0.0000 0.258 0.0006 0.221 0.0068 0.145 0.0046 0.132
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 -1 ( )   

 

Earthquakes 
Slip 

no. 

NoWT MnWT RWT MxWT

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Nisqually 1 0.0000 0.240 0.0000 0.219 0.0000 0.146 0.0000 0.135

Mw = 6.8 2 0.0000 0.463 0.0000 0.471 0.0000 0.282 0.0000 0.201

PGA = 0.35g 3 0.0000 0.237 0.0000 0.185 0.0000 0.118 0.0000 0.100

Tp = 2.46 4 0.0000 0.231 0.0000 0.210 0.0000 0.142 0.0000 0.129

San Fernando 1 0.1430 0.264 0.1898 0.231 0.2198 0.149 0.1889 0.138

Mw = 6.6 2 0.2081 0.575 0.1531 0.621 0.2322 0.318 0.1510 0.235

PGA = 1.07g 3 0.0834 0.269 0.1280 0.195 0.0568 0.136 0.0528 0.122

Tp = 0.20 4 0.1202 0.257 0.1781 0.220 0.1840 0.145 0.1568 0.132

Sumatra 1 0.0000 0.150 0.0000 0.143 0.0000 0.077 0.0000 0.064

Mw = 8.4 2 0.0000 0.292 0.0000 0.312 0.0000 0.174 0.0000 0.112

PGA = 0.06g 3 0.0000 0.154 0.0000 0.123 0.0000 0.051 0.0000 0.044

Tp = 0.10 4 0.0000 0.144 0.0000 0.134 0.0000 0.070 0.0000 0.060

Simulated Sadao 1 0.0000 0.141 0.0000 0.134 0.0000 0.067 0.0000 0.062

Mw = 8.4 2 0.0000 0.256 0.0000 0.282 0.0000 0.130 0.0000 0.095

PGA = 0.03g 3 0.0000 0.140 0.0000 0.109 0.0000 0.045 0.0000 0.040

Tp = 0.10 4 0.0000 0.134 0.0000 0.127 0.0000 0.062 0.0000 0.057
 

: NoWT = No water table 

  MnWT = Minimum water table 

  RWT = Regular water table 

  MxWT = Maximum water table 

  Dfmn = Deformation 

  Slip No.  3.8 
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Earthquakes 
Slip 

no. 

NoWT MnWT RWT MxWT

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Calexico 1 0.0003 0.254 0.0000 0.272 0.0000 0.264 0.0000 0.263

Mw = 7.0 2 0.0000 0.310 0.0000 0.324 0.0000 0.309 0.0000 0.314

PGA = 0.19g 3 0.0000 0.288 0.0000 0.305 0.0000 0.292 0.0000 0.294

Tp = 0.44 4 0.0032 0.298 0.0000 0.311 0.0000 0.306 0.0000 0.310

Chile 1 0.0993 0.254 0.0798 0.270 0.0569 0.270 0.0443 0.270

Mw = 8.8 2 0.0317 0.312 0.0293 0.328 0.0183 0.342 0.0128 0.341

PGA = 0.64g 3 0.0276 0.291 0.0218 0.309 0.0205 0.313 0.0168 0.312

Tp = 0.20 4 0.1269 0.297 0.1143 0.311 0.0518 0.323 0.0344 0.326

Christchurch 1 0.0133 0.254 0.0079 0.270 0.0171 0.272 0.0146 0.271

Mw = 6.3 2 0.0041 0.312 0.0026 0.332 0.0000 0.339 0.0000 0.339

PGA = 0.53g 3 0.0039 0.291 0.0037 0.310 0.0071 0.313 0.0065 0.312

Tp = 0.24 4 0.0111 0.298 0.0078 0.311 0.0172 0.324 0.0000 0.326

Haiti 1 0.0142 0.255 0.0118 0.271 0.0166 0.270 0.0180 0.270

Mw = 7.0 2 0.0049 0.313 0.0052 0.329 0.0011 0.342 0.0015 0.343

PGA = 0.42g 3 0.0053 0.292 0.0050 0.310 0.0033 0.315 0.0037 0.316

Tp = 0.84 4 0.0096 0.297 0.0109 0.312 0.0073 0.325 0.0076 0.330

Hawaii 1 0.0887 0.254 0.0617 0.270 0.0799 0.270 0.0572 0.270

Mw = 6.7 2 0.0428 0.312 0.0275 0.328 0.0314 0.342 0.0233 0.341

PGA = 0.72g 3 0.0416 0.291 0.0290 0.309 0.0291 0.313 0.0267 0.312

Tp = 0.28 4 0.1000 0.297 0.0768 0.311 0.0987 0.323 0.0569 0.326

Kobe 1 0.2007 0.254 0.1671 0.270 0.2121 0.270 0.1964 0.270

Mw = 6.9 2 0.1042 0.312 0.0906 0.328 0.0959 0.342 0.0859 0.341

PGA = 0.60.g 3 0.1088 0.291 0.0890 0.309 0.1063 0.313 0.1005 0.312

Tp = 0.30 4 0.1775 0.297 0.1665 0.312 0.1825 0.323 0.1512 0.326

Loma Preita 1 0.0000 0.251 0.0000 0.265 0.0000 0.261 0.0000 0.268

Mw = 7.0 2 0.0000 0.298 0.0000 0.307 0.0000 0.311 0.0000 0.325

PGA = 0.23g 3 0.0000 0.283 0.0000 0.293 0.0000 0.294 0.0000 0.301

Tp = 0.16 4 0.0000 0.289 0.0000 0.303 0.0000 0.299 0.0000 0.319
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 -2 ( )   

 

Earthquakes 
Slip 

no. 

NoWT MnWT RWT MxWT

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Dfmn 

(m) 

Yield 

Acc. (g) 

Nisqually 1 0.0000 0.247 0.0000 0.252 0.0000 0.263 0.0009 0.273

Mw = 6.8 2 0.0000 0.288 0.0000 0.294 0.0000 0.313 0.0001 0.348

PGA = 0.35g 3 0.0000 0.273 0.0000 0.284 0.0000 0.290 0.0001 0.314

Tp = 2.46 4 0.0000 0.285 0.0000 0.287 0.0000 0.309 0.0001 0.334

San Fernando 1 0.1297 0.254 0.1214 0.270 0.1322 0.273 0.1323 0.270

Mw = 6.6 2 0.0840 0.312 0.0789 0.332 0.0808 0.342 0.0770 0.341

PGA = 1.07g 3 0.1022 0.291 0.0938 0.310 0.0915 0.313 0.0882 0.313

Tp = 0.20 4 0.1219 0.297 0.1138 0.311 0.1250 0.324 0.1158 0.326

Sumatra 1 0.0000 0.202 0.0000 0.208 0.0000 0.208 0.0000 0.205

Mw = 8.4 2 0.0000 0.228 0.0000 0.232 0.0000 0.239 0.0000 0.234

PGA = 0.06g 3 0.0000 0.215 0.0000 0.222 0.0000 0.226 0.0000 0.224

Tp = 0.10 4 0.0000 0.227 0.0000 0.231 0.0000 0.235 0.0000 0.230

Simulated Sadao 1 0.0000 0.179 0.0000 0.187 0.0000 0.184 0.0000 0.182

Mw = 8.4 2 0.0000 0.200 0.0000 0.207 0.0000 0.208 0.0000 0.207

PGA = 0.03g 3 0.0000 0.189 0.0000 0.199 0.0000 0.199 0.0000 0.197

Tp = 0.10 4 0.0000 0.200 0.0000 0.208 0.0000 0.203 0.0000 0.203
 

: NoWT = No water table 

  MnWT = Minimum water table 

  RWT = Regular water table 

  MxWT = Maximum water table 

  Dfmn = Deformation 

  Slip No.  3.9 
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 -1     

                        

 

Earthquakes Slip no. 

 +68.00

( .) 

 

+52.00 ( .) 

Dfmn (m) Yield Acc. (g) Dfmn (m) Yield Acc. (g)

Calexico 1 0.0000 0.244 0.0015 0.202

Mw = 7.0 2 0.0074 0.560 0.0018 0.494

PGA = 0.19g 3 0.0000 0.244 0.0000 0.189

Tp = 0.44 4 0.0000 0.233 0.0005 0.199

Chile 1 0.0983 0.264 0.4413 0.202

Mw = 8.8 2 0.2997 0.575 0.9737 0.493

PGA = 0.64g 3 0.0387 0.268 0.0832 0.224

Tp = 0.20 4 0.0727 0.257 0.3202 0.198

Christchurch 1 0.0172 0.264 0.0450 0.202

Mw = 6.3 2 0.0185 0.575 0.0721 0.494

PGA = 0.53g 3 0.0027 0.268 0.0080 0.224

Tp = 0.24 4 0.0126 0.258 0.0355 0.198

Haiti 1 0.0151 0.264 0.0817 0.202

Mw = 7.0 2 0.0035 0.575 0.0157 0.495

PGA = 0.42g 3 0.0023 0.268 0.0101 0.224

Tp = 0.84 4 0.0103 0.257 0.0660 0.199

Hawaii 1 0.0959 0.264 0.3858 0.202

Mw = 6.7 2 0.1695 0.575 0.9982 0.493

PGA = 0.72g 3 0.0339 0.268 0.0582 0.224

Tp = 0.28 4 0.0682 0.257 0.2697 0.198

Kobe 1 0.2060 0.264 0.5955 0.202

Mw = 6.9 2 0.1714 0.575 0.5306 0.493

PGA = 0.60.g 3 0.0701 0.268 0.1421 0.224

Tp = 0.30 4 0.1559 0.257 0.4967 0.199
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 -1 ( )    

                             

 

Earthquakes Slip no. 

 +68.00

( .) 

 

+52.00 ( .) 

Dfmn (m) Yield Acc. (g) Dfmn (m) Yield Acc. (g)

Loma Preita 1 0.0000 0.264 0.0123 0.203

Mw = 7.0 2 0.0000 0.550 0.0114 0.509

PGA = 0.23g 3 0.0000 0.267 0.0001 0.224

Tp = 0.16 4 0.0000 0.258 0.0093 0.198

Nisqually 1 0.0000 0.240 0.0000 0.199

Mw = 6.8 2 0.0000 0.463 0.0000 0.439

PGA = 0.35g 3 0.0000 0.237 0.0000 0.194

Tp = 2.46 4 0.0000 0.231 0.0000 0.194

San Fernando 1 0.1430 0.264 0.2989 0.203

Mw = 6.6 2 0.2081 0.575 0.3617 0.494

PGA = 1.07g 3 0.0834 0.269 0.0934 0.224

Tp = 0.20 4 0.1202 0.257 0.2519 0.198

Sumatra 1 0.0000 0.150 0.0000 0.105

Mw = 8.4 2 0.0000 0.292 0.0000 0.271

PGA = 0.06g 3 0.0000 0.154 0.0000 0.081

Tp = 0.10 4 0.0000 0.144 0.0000 0.096

Simulated Sadao 1 0.0000 0.067 0.0000 0.091

Mw = 8.4 2 0.0000 0.130 0.0000 0.203

PGA = 0.03g 3 0.0000 0.045 0.0000 0.075

Tp = 0.10 4 0.0000 0.062 0.0000 0.085
 

: Dfmn = Deformation 
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 -1  Liquefaction  Empirical      

                   Calexico, Mexico (2010)  7.0   PGA = 0.19g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 2.54 1.087 0.544 2.140 12.67 4.984
2 0.987 41.40 21.78 5.04 1.087 0.544 1.679 19.88 3.941
3 0.979 62.10 32.67 7.51 1.087 0.544 1.457 25.87 3.444
4 0.973 82.80 43.56 9.95 1.087 0.544 1.318 31.19 3.137
5 0.965 103.50 54.45 12.34 1.087 0.544 1.219 36.06 2.922
6 0.958 124.20 65.34 14.69 1.087 0.544 1.143 40.60 2.764
7 0.949 144.90 76.23 16.97 1.087 0.544 1.083 44.88 2.644
8 0.937 165.60 87.12 19.17 1.087 0.544 1.034 48.95 2.554
9 0.923 186.30 98.01 21.23 1.087 0.544 0.992 52.84 2.488

10 0.905 207.00 108.90 23.13 1.087 0.544 0.956 56.59 2.446
11 0.883 227.70 119.79 24.83 1.087 0.544 0.925 60.20 2.425
12 0.857 248.40 130.68 26.28 1.087 0.544 0.897 63.71 2.425
13 0.827 269.10 141.57 27.47 1.087 0.544 0.872 67.11 2.443
14 0.794 289.80 152.46 28.43 1.087 0.544 0.850 70.42 2.477
15 0.761 310.50 163.35 29.17 1.087 0.544 0.830 73.65 2.525
16 0.728 331.20 174.24 29.76 1.087 0.544 0.811 76.81 2.581
17 0.696 351.90 185.13 30.25 1.087 0.544 0.794 79.89 2.641
18 0.667 372.60 196.02 30.70 1.087 0.544 0.778 82.92 2.701
19 0.641 393.30 206.91 31.13 1.087 0.544 0.764 85.88 2.758
20 0.618 414.00 217.80 31.60 1.087 0.544 0.750 88.80 2.810
21 0.598 434.70 228.69 32.10 1.087 0.544 0.737 91.66 2.855
22 0.581 455.40 239.58 32.66 1.087 0.544 0.726 94.47 2.893
23 0.566 476.10 250.47 33.26 1.087 0.544 0.714 97.24 2.923
24 0.553 496.80 261.36 33.91 1.087 0.544 0.704 99.97 2.948
25 0.541 517.50 272.25 34.60 1.087 0.544 0.694 102.66 2.967
26 0.532 538.20 283.14 35.33 1.087 0.544 0.684 105.31 2.981
27 0.523 558.90 294.03 36.08 1.087 0.544 0.675 107.92 2.991
28 0.515 579.60 304.92 36.86 1.087 0.544 0.667 110.50 2.998
29 0.508 600.30 315.81 37.65 1.087 0.544 0.659 113.05 3.003
30 0.501 621.00 326.70 38.46 1.087 0.544 0.651 115.57 3.005
31 0.496 641.70 337.59 39.27 1.087 0.544 0.643 118.06 3.006
32 0.490 662.40 348.48 40.09 1.087 0.544 0.636 120.52 3.006
33 0.485 683.10 359.37 40.91 1.087 0.544 0.630 122.96 3.005
34 0.480 703.80 370.26 41.74 1.087 0.544 0.623 125.37 3.004
35 0.476 724.50 381.15 42.56 1.087 0.544 0.617 127.75 3.002
36 0.471 745.20 392.04 43.38 1.087 0.544 0.611 130.11 3.000
37 0.467 765.90 402.93 44.19 1.087 0.544 0.605 132.45 2.997
38 0.463 786.60 413.82 45.00 1.087 0.544 0.599 134.77 2.995
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 -2  Liquefaction  Empirical        

                   Christchurch, New Zealand (2011)  6.3   PGA = 0.53g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 7.09 1.244 0.622 2.140 14.50 2.045
2 0.987 41.40 21.78 14.07 1.244 0.622 1.679 22.75 1.617
3 0.979 62.10 32.67 20.95 1.244 0.622 1.457 29.61 1.413
4 0.973 82.80 43.56 27.74 1.244 0.622 1.318 35.70 1.287
5 0.965 103.50 54.45 34.42 1.244 0.622 1.219 41.27 1.199
6 0.958 124.20 65.34 40.98 1.244 0.622 1.143 46.46 1.134
7 0.949 144.90 76.23 47.35 1.244 0.622 1.083 51.36 1.085
8 0.937 165.60 87.12 53.47 1.244 0.622 1.034 56.02 1.048
9 0.923 186.30 98.01 59.23 1.244 0.622 0.992 60.47 1.021

10 0.905 207.00 108.90 64.53 1.244 0.622 0.956 64.76 1.004
11 0.883 227.70 119.79 69.25 1.244 0.622 0.925 68.90 0.995
12 0.857 248.40 130.68 73.30 1.244 0.622 0.897 72.91 0.995
13 0.827 269.10 141.57 76.63 1.244 0.622 0.872 76.80 1.002
14 0.794 289.80 152.46 79.30 1.244 0.622 0.850 80.59 1.016
15 0.761 310.50 163.35 81.38 1.244 0.622 0.830 84.29 1.036
16 0.728 331.20 174.24 83.02 1.244 0.622 0.811 87.90 1.059
17 0.696 351.90 185.13 84.39 1.244 0.622 0.794 91.43 1.084
18 0.667 372.60 196.02 85.62 1.244 0.622 0.778 94.89 1.108
19 0.641 393.30 206.91 86.85 1.244 0.622 0.764 98.29 1.132
20 0.618 414.00 217.80 88.14 1.244 0.622 0.750 101.62 1.153
21 0.598 434.70 228.69 89.55 1.244 0.622 0.737 104.90 1.171
22 0.581 455.40 239.58 91.10 1.244 0.622 0.726 108.12 1.187
23 0.566 476.10 250.47 92.78 1.244 0.622 0.714 111.28 1.199
24 0.553 496.80 261.36 94.60 1.244 0.622 0.704 114.41 1.209
25 0.541 517.50 272.25 96.52 1.244 0.622 0.694 117.48 1.217
26 0.532 538.20 283.14 98.55 1.244 0.622 0.684 120.52 1.223
27 0.523 558.90 294.03 100.65 1.244 0.622 0.675 123.51 1.227
28 0.515 579.60 304.92 102.82 1.244 0.622 0.667 126.46 1.230
29 0.508 600.30 315.81 105.03 1.244 0.622 0.659 129.38 1.232
30 0.501 621.00 326.70 107.28 1.244 0.622 0.651 132.26 1.233
31 0.496 641.70 337.59 109.55 1.244 0.622 0.643 135.11 1.233
32 0.490 662.40 348.48 111.84 1.244 0.622 0.636 137.93 1.233
33 0.485 683.10 359.37 114.13 1.244 0.622 0.630 140.72 1.233
34 0.480 703.80 370.26 116.43 1.244 0.622 0.623 143.47 1.232
35 0.476 724.50 381.15 118.72 1.244 0.622 0.617 146.20 1.232
36 0.471 745.20 392.04 121.00 1.244 0.622 0.611 148.91 1.231
37 0.467 765.90 402.93 123.27 1.244 0.622 0.605 151.58 1.230
38 0.463 786.60 413.82 125.52 1.244 0.622 0.599 154.23 1.229
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 -3  Liquefaction  Empirical        

                   Offshore Bio, Chile (2010)  8.8   PGA = 0.64g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 8.56 0.890 0.445 2.140 10.37 1.211
2 0.987 41.40 21.78 16.99 0.890 0.445 1.679 16.28 0.958
3 0.979 62.10 32.67 25.30 0.890 0.445 1.457 21.18 0.837
4 0.973 82.80 43.56 33.50 0.890 0.445 1.318 25.54 0.762
5 0.965 103.50 54.45 41.57 0.890 0.445 1.219 29.53 0.710
6 0.958 124.20 65.34 49.48 0.890 0.445 1.143 33.24 0.672
7 0.949 144.90 76.23 57.18 0.890 0.445 1.083 36.74 0.643
8 0.937 165.60 87.12 64.57 0.890 0.445 1.034 40.08 0.621
9 0.923 186.30 98.01 71.53 0.890 0.445 0.992 43.27 0.605

10 0.905 207.00 108.90 77.93 0.890 0.445 0.956 46.33 0.595
11 0.883 227.70 119.79 83.62 0.890 0.445 0.925 49.29 0.589
12 0.857 248.40 130.68 88.51 0.890 0.445 0.897 52.16 0.589
13 0.827 269.10 141.57 92.54 0.890 0.445 0.872 54.95 0.594
14 0.794 289.80 152.46 95.75 0.890 0.445 0.850 57.66 0.602
15 0.761 310.50 163.35 98.27 0.890 0.445 0.830 60.30 0.614
16 0.728 331.20 174.24 100.25 0.890 0.445 0.811 62.89 0.627
17 0.696 351.90 185.13 101.90 0.890 0.445 0.794 65.41 0.642
18 0.667 372.60 196.02 103.39 0.890 0.445 0.778 67.89 0.657
19 0.641 393.30 206.91 104.87 0.890 0.445 0.764 70.32 0.671
20 0.618 414.00 217.80 106.44 0.890 0.445 0.750 72.70 0.683
21 0.598 434.70 228.69 108.14 0.890 0.445 0.737 75.05 0.694
22 0.581 455.40 239.58 110.01 0.890 0.445 0.726 77.35 0.703
23 0.566 476.10 250.47 112.04 0.890 0.445 0.714 79.62 0.711
24 0.553 496.80 261.36 114.23 0.890 0.445 0.704 81.85 0.717
25 0.541 517.50 272.25 116.56 0.890 0.445 0.694 84.05 0.721
26 0.532 538.20 283.14 119.00 0.890 0.445 0.684 86.22 0.725
27 0.523 558.90 294.03 121.54 0.890 0.445 0.675 88.36 0.727
28 0.515 579.60 304.92 124.16 0.890 0.445 0.667 90.48 0.729
29 0.508 600.30 315.81 126.83 0.890 0.445 0.659 92.56 0.730
30 0.501 621.00 326.70 129.54 0.890 0.445 0.651 94.63 0.730
31 0.496 641.70 337.59 132.29 0.890 0.445 0.643 96.66 0.731
32 0.490 662.40 348.48 135.05 0.890 0.445 0.636 98.68 0.731
33 0.485 683.10 359.37 137.82 0.890 0.445 0.630 100.67 0.730
34 0.480 703.80 370.26 140.59 0.890 0.445 0.623 102.65 0.730
35 0.476 724.50 381.15 143.35 0.890 0.445 0.617 104.60 0.730
36 0.471 745.20 392.04 146.11 0.890 0.445 0.611 106.53 0.729
37 0.467 765.90 402.93 148.85 0.890 0.445 0.605 108.45 0.729
38 0.463 786.60 413.82 151.57 0.890 0.445 0.599 110.34 0.728
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 -4  Liquefaction  Empirical        

                   Haiti Region, Haiti (2010)  7.0   PGA = 0.42g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 5.62 1.087 0.544 2.140 12.67 2.255
2 0.987 41.40 21.78 11.15 1.087 0.544 1.679 19.88 1.783
3 0.979 62.10 32.67 16.61 1.087 0.544 1.457 25.87 1.558
4 0.973 82.80 43.56 21.98 1.087 0.544 1.318 31.19 1.419
5 0.965 103.50 54.45 27.28 1.087 0.544 1.219 36.06 1.322
6 0.958 124.20 65.34 32.47 1.087 0.544 1.143 40.60 1.250
7 0.949 144.90 76.23 37.52 1.087 0.544 1.083 44.88 1.196
8 0.937 165.60 87.12 42.37 1.087 0.544 1.034 48.95 1.155
9 0.923 186.30 98.01 46.94 1.087 0.544 0.992 52.84 1.126

10 0.905 207.00 108.90 51.14 1.087 0.544 0.956 56.59 1.107
11 0.883 227.70 119.79 54.88 1.087 0.544 0.925 60.20 1.097
12 0.857 248.40 130.68 58.08 1.087 0.544 0.897 63.71 1.097
13 0.827 269.10 141.57 60.73 1.087 0.544 0.872 67.11 1.105
14 0.794 289.80 152.46 62.84 1.087 0.544 0.850 70.42 1.121
15 0.761 310.50 163.35 64.49 1.087 0.544 0.830 73.65 1.142
16 0.728 331.20 174.24 65.79 1.087 0.544 0.811 76.81 1.167
17 0.696 351.90 185.13 66.87 1.087 0.544 0.794 79.89 1.195
18 0.667 372.60 196.02 67.85 1.087 0.544 0.778 82.92 1.222
19 0.641 393.30 206.91 68.82 1.087 0.544 0.764 85.88 1.248
20 0.618 414.00 217.80 69.85 1.087 0.544 0.750 88.80 1.271
21 0.598 434.70 228.69 70.97 1.087 0.544 0.737 91.66 1.292
22 0.581 455.40 239.58 72.19 1.087 0.544 0.726 94.47 1.309
23 0.566 476.10 250.47 73.53 1.087 0.544 0.714 97.24 1.323
24 0.553 496.80 261.36 74.96 1.087 0.544 0.704 99.97 1.334
25 0.541 517.50 272.25 76.49 1.087 0.544 0.694 102.66 1.342
26 0.532 538.20 283.14 78.10 1.087 0.544 0.684 105.31 1.348
27 0.523 558.90 294.03 79.76 1.087 0.544 0.675 107.92 1.353
28 0.515 579.60 304.92 81.48 1.087 0.544 0.667 110.50 1.356
29 0.508 600.30 315.81 83.23 1.087 0.544 0.659 113.05 1.358
30 0.501 621.00 326.70 85.01 1.087 0.544 0.651 115.57 1.359
31 0.496 641.70 337.59 86.81 1.087 0.544 0.643 118.06 1.360
32 0.490 662.40 348.48 88.63 1.087 0.544 0.636 120.52 1.360
33 0.485 683.10 359.37 90.44 1.087 0.544 0.630 122.96 1.360
34 0.480 703.80 370.26 92.26 1.087 0.544 0.623 125.37 1.359
35 0.476 724.50 381.15 94.08 1.087 0.544 0.617 127.75 1.358
36 0.471 745.20 392.04 95.88 1.087 0.544 0.611 130.11 1.357
37 0.467 765.90 402.93 97.68 1.087 0.544 0.605 132.45 1.356
38 0.463 786.60 413.82 99.47 1.087 0.544 0.599 134.77 1.355
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 -5  Liquefaction  Empirical        

                   Hawaii, USA (2010)  6.7   PGA = 0.72g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 9.63 1.143 0.572 2.140 13.32 1.383
2 0.987 41.40 21.78 19.12 1.143 0.572 1.679 20.90 1.093
3 0.979 62.10 32.67 28.47 1.143 0.572 1.457 27.21 0.956
4 0.973 82.80 43.56 37.69 1.143 0.572 1.318 32.80 0.870
5 0.965 103.50 54.45 46.77 1.143 0.572 1.219 37.92 0.811
6 0.958 124.20 65.34 55.67 1.143 0.572 1.143 42.69 0.767
7 0.949 144.90 76.23 64.32 1.143 0.572 1.083 47.19 0.734
8 0.937 165.60 87.12 72.64 1.143 0.572 1.034 51.47 0.709
9 0.923 186.30 98.01 80.47 1.143 0.572 0.992 55.56 0.691

10 0.905 207.00 108.90 87.67 1.143 0.572 0.956 59.50 0.679
11 0.883 227.70 119.79 94.07 1.143 0.572 0.925 63.31 0.673
12 0.857 248.40 130.68 99.57 1.143 0.572 0.897 66.99 0.673
13 0.827 269.10 141.57 104.11 1.143 0.572 0.872 70.57 0.678
14 0.794 289.80 152.46 107.72 1.143 0.572 0.850 74.05 0.687
15 0.761 310.50 163.35 110.55 1.143 0.572 0.830 77.45 0.701
16 0.728 331.20 174.24 112.78 1.143 0.572 0.811 80.76 0.716
17 0.696 351.90 185.13 114.64 1.143 0.572 0.794 84.01 0.733
18 0.667 372.60 196.02 116.32 1.143 0.572 0.778 87.19 0.750
19 0.641 393.30 206.91 117.98 1.143 0.572 0.764 90.31 0.765
20 0.618 414.00 217.80 119.74 1.143 0.572 0.750 93.37 0.780
21 0.598 434.70 228.69 121.66 1.143 0.572 0.737 96.38 0.792
22 0.581 455.40 239.58 123.76 1.143 0.572 0.726 99.34 0.803
23 0.566 476.10 250.47 126.05 1.143 0.572 0.714 102.25 0.811
24 0.553 496.80 261.36 128.51 1.143 0.572 0.704 105.12 0.818
25 0.541 517.50 272.25 131.13 1.143 0.572 0.694 107.94 0.823
26 0.532 538.20 283.14 133.88 1.143 0.572 0.684 110.73 0.827
27 0.523 558.90 294.03 136.73 1.143 0.572 0.675 113.48 0.830
28 0.515 579.60 304.92 139.68 1.143 0.572 0.667 116.20 0.832
29 0.508 600.30 315.81 142.68 1.143 0.572 0.659 118.88 0.833
30 0.501 621.00 326.70 145.74 1.143 0.572 0.651 121.53 0.834
31 0.496 641.70 337.59 148.82 1.143 0.572 0.643 124.14 0.834
32 0.490 662.40 348.48 151.93 1.143 0.572 0.636 126.73 0.834
33 0.485 683.10 359.37 155.05 1.143 0.572 0.630 129.29 0.834
34 0.480 703.80 370.26 158.16 1.143 0.572 0.623 131.83 0.833
35 0.476 724.50 381.15 161.27 1.143 0.572 0.617 134.33 0.833
36 0.471 745.20 392.04 164.37 1.143 0.572 0.611 136.82 0.832
37 0.467 765.90 402.93 167.46 1.143 0.572 0.605 139.27 0.832
38 0.463 786.60 413.82 170.52 1.143 0.572 0.599 141.71 0.831
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 -6  Liquefaction  Empirical        

                   Kobe, Japan (1995)  6.9   PGA = 0.68g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 9.10 1.104 0.552 2.140 12.87 1.414
2 0.987 41.40 21.78 18.05 1.104 0.552 1.679 20.19 1.118
3 0.979 62.10 32.67 26.88 1.104 0.552 1.457 26.28 0.977
4 0.973 82.80 43.56 35.59 1.104 0.552 1.318 31.68 0.890
5 0.965 103.50 54.45 44.17 1.104 0.552 1.219 36.63 0.829
6 0.958 124.20 65.34 52.57 1.104 0.552 1.143 41.23 0.784
7 0.949 144.90 76.23 60.75 1.104 0.552 1.083 45.58 0.750
8 0.937 165.60 87.12 68.60 1.104 0.552 1.034 49.71 0.725
9 0.923 186.30 98.01 76.00 1.104 0.552 0.992 53.67 0.706

10 0.905 207.00 108.90 82.80 1.104 0.552 0.956 57.47 0.694
11 0.883 227.70 119.79 88.85 1.104 0.552 0.925 61.15 0.688
12 0.857 248.40 130.68 94.04 1.104 0.552 0.897 64.70 0.688
13 0.827 269.10 141.57 98.32 1.104 0.552 0.872 68.16 0.693
14 0.794 289.80 152.46 101.74 1.104 0.552 0.850 71.52 0.703
15 0.761 310.50 163.35 104.41 1.104 0.552 0.830 74.80 0.716
16 0.728 331.20 174.24 106.52 1.104 0.552 0.811 78.01 0.732
17 0.696 351.90 185.13 108.27 1.104 0.552 0.794 81.14 0.749
18 0.667 372.60 196.02 109.86 1.104 0.552 0.778 84.21 0.767
19 0.641 393.30 206.91 111.43 1.104 0.552 0.764 87.23 0.783
20 0.618 414.00 217.80 113.09 1.104 0.552 0.750 90.18 0.797
21 0.598 434.70 228.69 114.90 1.104 0.552 0.737 93.09 0.810
22 0.581 455.40 239.58 116.88 1.104 0.552 0.726 95.95 0.821
23 0.566 476.10 250.47 119.04 1.104 0.552 0.714 98.76 0.830
24 0.553 496.80 261.36 121.37 1.104 0.552 0.704 101.53 0.837
25 0.541 517.50 272.25 123.84 1.104 0.552 0.694 104.26 0.842
26 0.532 538.20 283.14 126.44 1.104 0.552 0.684 106.95 0.846
27 0.523 558.90 294.03 129.14 1.104 0.552 0.675 109.61 0.849
28 0.515 579.60 304.92 131.92 1.104 0.552 0.667 112.23 0.851
29 0.508 600.30 315.81 134.75 1.104 0.552 0.659 114.82 0.852
30 0.501 621.00 326.70 137.64 1.104 0.552 0.651 117.38 0.853
31 0.496 641.70 337.59 140.55 1.104 0.552 0.643 119.91 0.853
32 0.490 662.40 348.48 143.49 1.104 0.552 0.636 122.41 0.853
33 0.485 683.10 359.37 146.43 1.104 0.552 0.630 124.88 0.853
34 0.480 703.80 370.26 149.38 1.104 0.552 0.623 127.33 0.852
35 0.476 724.50 381.15 152.31 1.104 0.552 0.617 129.75 0.852
36 0.471 745.20 392.04 155.24 1.104 0.552 0.611 132.15 0.851
37 0.467 765.90 402.93 158.15 1.104 0.552 0.605 134.52 0.851
38 0.463 786.60 413.82 161.05 1.104 0.552 0.599 136.87 0.850

 



143 
 

 

 -7  Liquefaction  Empirical        

                   Loma Preita, USA (1989)  7.0   PGA = 0.23g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 3.08 1.087 0.544 2.140 12.67 4.117
2 0.987 41.40 21.78 6.11 1.087 0.544 1.679 19.88 3.255
3 0.979 62.10 32.67 9.09 1.087 0.544 1.457 25.87 2.845
4 0.973 82.80 43.56 12.04 1.087 0.544 1.318 31.19 2.591
5 0.965 103.50 54.45 14.94 1.087 0.544 1.219 36.06 2.414
6 0.958 124.20 65.34 17.78 1.087 0.544 1.143 40.60 2.283
7 0.949 144.90 76.23 20.55 1.087 0.544 1.083 44.88 2.184
8 0.937 165.60 87.12 23.20 1.087 0.544 1.034 48.95 2.110
9 0.923 186.30 98.01 25.71 1.087 0.544 0.992 52.84 2.056

10 0.905 207.00 108.90 28.00 1.087 0.544 0.956 56.59 2.021
11 0.883 227.70 119.79 30.05 1.087 0.544 0.925 60.20 2.003
12 0.857 248.40 130.68 31.81 1.087 0.544 0.897 63.71 2.003
13 0.827 269.10 141.57 33.26 1.087 0.544 0.872 67.11 2.018
14 0.794 289.80 152.46 34.41 1.087 0.544 0.850 70.42 2.046
15 0.761 310.50 163.35 35.31 1.087 0.544 0.830 73.65 2.086
16 0.728 331.20 174.24 36.03 1.087 0.544 0.811 76.81 2.132
17 0.696 351.90 185.13 36.62 1.087 0.544 0.794 79.89 2.182
18 0.667 372.60 196.02 37.16 1.087 0.544 0.778 82.92 2.232
19 0.641 393.30 206.91 37.69 1.087 0.544 0.764 85.88 2.279
20 0.618 414.00 217.80 38.25 1.087 0.544 0.750 88.80 2.321
21 0.598 434.70 228.69 38.86 1.087 0.544 0.737 91.66 2.358
22 0.581 455.40 239.58 39.53 1.087 0.544 0.726 94.47 2.390
23 0.566 476.10 250.47 40.26 1.087 0.544 0.714 97.24 2.415
24 0.553 496.80 261.36 41.05 1.087 0.544 0.704 99.97 2.435
25 0.541 517.50 272.25 41.89 1.087 0.544 0.694 102.66 2.451
26 0.532 538.20 283.14 42.77 1.087 0.544 0.684 105.31 2.462
27 0.523 558.90 294.03 43.68 1.087 0.544 0.675 107.92 2.471
28 0.515 579.60 304.92 44.62 1.087 0.544 0.667 110.50 2.477
29 0.508 600.30 315.81 45.58 1.087 0.544 0.659 113.05 2.480
30 0.501 621.00 326.70 46.55 1.087 0.544 0.651 115.57 2.483
31 0.496 641.70 337.59 47.54 1.087 0.544 0.643 118.06 2.483
32 0.490 662.40 348.48 48.53 1.087 0.544 0.636 120.52 2.483
33 0.485 683.10 359.37 49.53 1.087 0.544 0.630 122.96 2.483
34 0.480 703.80 370.26 50.52 1.087 0.544 0.623 125.37 2.481
35 0.476 724.50 381.15 51.52 1.087 0.544 0.617 127.75 2.480
36 0.471 745.20 392.04 52.51 1.087 0.544 0.611 130.11 2.478
37 0.467 765.90 402.93 53.49 1.087 0.544 0.605 132.45 2.476
38 0.463 786.60 413.82 54.47 1.087 0.544 0.599 134.77 2.474
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 -8  Liquefaction  Empirical        

                   Nissqually, USA (2001)  6.8   PGA = 0.35g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 4.68 1.121 0.561 2.140 13.06 2.790
2 0.987 41.40 21.78 9.29 1.121 0.561 1.679 20.50 2.206
3 0.979 62.10 32.67 13.84 1.121 0.561 1.457 26.68 1.928
4 0.973 82.80 43.56 18.32 1.121 0.561 1.318 32.17 1.756
5 0.965 103.50 54.45 22.73 1.121 0.561 1.219 37.19 1.636
6 0.958 124.20 65.34 27.06 1.121 0.561 1.143 41.87 1.547
7 0.949 144.90 76.23 31.27 1.121 0.561 1.083 46.28 1.480
8 0.937 165.60 87.12 35.31 1.121 0.561 1.034 50.48 1.430
9 0.923 186.30 98.01 39.12 1.121 0.561 0.992 54.49 1.393

10 0.905 207.00 108.90 42.62 1.121 0.561 0.956 58.36 1.369
11 0.883 227.70 119.79 45.73 1.121 0.561 0.925 62.09 1.358
12 0.857 248.40 130.68 48.40 1.121 0.561 0.897 65.70 1.357
13 0.827 269.10 141.57 50.61 1.121 0.561 0.872 69.21 1.368
14 0.794 289.80 152.46 52.36 1.121 0.561 0.850 72.62 1.387
15 0.761 310.50 163.35 53.74 1.121 0.561 0.830 75.96 1.413
16 0.728 331.20 174.24 54.82 1.121 0.561 0.811 79.21 1.445
17 0.696 351.90 185.13 55.73 1.121 0.561 0.794 82.39 1.479
18 0.667 372.60 196.02 56.54 1.121 0.561 0.778 85.51 1.512
19 0.641 393.30 206.91 57.35 1.121 0.561 0.764 88.57 1.544
20 0.618 414.00 217.80 58.21 1.121 0.561 0.750 91.57 1.573
21 0.598 434.70 228.69 59.14 1.121 0.561 0.737 94.52 1.598
22 0.581 455.40 239.58 60.16 1.121 0.561 0.726 97.43 1.619
23 0.566 476.10 250.47 61.27 1.121 0.561 0.714 100.28 1.637
24 0.553 496.80 261.36 62.47 1.121 0.561 0.704 103.09 1.650
25 0.541 517.50 272.25 63.74 1.121 0.561 0.694 105.87 1.661
26 0.532 538.20 283.14 65.08 1.121 0.561 0.684 108.60 1.669
27 0.523 558.90 294.03 66.47 1.121 0.561 0.675 111.30 1.674
28 0.515 579.60 304.92 67.90 1.121 0.561 0.667 113.96 1.678
29 0.508 600.30 315.81 69.36 1.121 0.561 0.659 116.59 1.681
30 0.501 621.00 326.70 70.84 1.121 0.561 0.651 119.19 1.682
31 0.496 641.70 337.59 72.34 1.121 0.561 0.643 121.75 1.683
32 0.490 662.40 348.48 73.85 1.121 0.561 0.636 124.29 1.683
33 0.485 683.10 359.37 75.37 1.121 0.561 0.630 126.80 1.682
34 0.480 703.80 370.26 76.88 1.121 0.561 0.623 129.29 1.682
35 0.476 724.50 381.15 78.40 1.121 0.561 0.617 131.75 1.681
36 0.471 745.20 392.04 79.90 1.121 0.561 0.611 134.18 1.679
37 0.467 765.90 402.93 81.40 1.121 0.561 0.605 136.59 1.678
38 0.463 786.60 413.82 82.89 1.121 0.561 0.599 138.98 1.677

 



145 
 

 

 -9  Liquefaction  Empirical        

                   San Fernando, USA (1971)  6.6   PGA = 1.07g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 14.31 1.168 0.584 2.140 13.61 0.951
2 0.987 41.40 21.78 28.41 1.168 0.584 1.679 21.36 0.752
3 0.979 62.10 32.67 42.30 1.168 0.584 1.457 27.80 0.657
4 0.973 82.80 43.56 56.01 1.168 0.584 1.318 33.52 0.598
5 0.965 103.50 54.45 69.50 1.168 0.584 1.219 38.75 0.558
6 0.958 124.20 65.34 82.73 1.168 0.584 1.143 43.62 0.527
7 0.949 144.90 76.23 95.59 1.168 0.584 1.083 48.22 0.504
8 0.937 165.60 87.12 107.94 1.168 0.584 1.034 52.59 0.487
9 0.923 186.30 98.01 119.59 1.168 0.584 0.992 56.78 0.475

10 0.905 207.00 108.90 130.28 1.168 0.584 0.956 60.80 0.467
11 0.883 227.70 119.79 139.80 1.168 0.584 0.925 64.69 0.463
12 0.857 248.40 130.68 147.97 1.168 0.584 0.897 68.45 0.463
13 0.827 269.10 141.57 154.71 1.168 0.584 0.872 72.11 0.466
14 0.794 289.80 152.46 160.09 1.168 0.584 0.850 75.67 0.473
15 0.761 310.50 163.35 164.29 1.168 0.584 0.830 79.14 0.482
16 0.728 331.20 174.24 167.61 1.168 0.584 0.811 82.53 0.492
17 0.696 351.90 185.13 170.36 1.168 0.584 0.794 85.85 0.504
18 0.667 372.60 196.02 172.86 1.168 0.584 0.778 89.10 0.515
19 0.641 393.30 206.91 175.34 1.168 0.584 0.764 92.28 0.526
20 0.618 414.00 217.80 177.95 1.168 0.584 0.750 95.41 0.536
21 0.598 434.70 228.69 180.80 1.168 0.584 0.737 98.49 0.545
22 0.581 455.40 239.58 183.92 1.168 0.584 0.726 101.51 0.552
23 0.566 476.10 250.47 187.32 1.168 0.584 0.714 104.49 0.558
24 0.553 496.80 261.36 190.98 1.168 0.584 0.704 107.42 0.562
25 0.541 517.50 272.25 194.87 1.168 0.584 0.694 110.31 0.566
26 0.532 538.20 283.14 198.96 1.168 0.584 0.684 113.15 0.569
27 0.523 558.90 294.03 203.20 1.168 0.584 0.675 115.96 0.571
28 0.515 579.60 304.92 207.57 1.168 0.584 0.667 118.74 0.572
29 0.508 600.30 315.81 212.04 1.168 0.584 0.659 121.48 0.573
30 0.501 621.00 326.70 216.58 1.168 0.584 0.651 124.18 0.573
31 0.496 641.70 337.59 221.17 1.168 0.584 0.643 126.86 0.574
32 0.490 662.40 348.48 225.78 1.168 0.584 0.636 129.50 0.574
33 0.485 683.10 359.37 230.41 1.168 0.584 0.630 132.12 0.573
34 0.480 703.80 370.26 235.05 1.168 0.584 0.623 134.71 0.573
35 0.476 724.50 381.15 239.67 1.168 0.584 0.617 137.27 0.573
36 0.471 745.20 392.04 244.28 1.168 0.584 0.611 139.81 0.572
37 0.467 765.90 402.93 248.86 1.168 0.584 0.605 142.32 0.572
38 0.463 786.60 413.82 253.41 1.168 0.584 0.599 144.81 0.571
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 -10  Liquefaction  Empirical        

                     Sumatra, Indonesia (2007)  8.4   PGA = 0.06g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 0.80 0.901 0.451 2.140 10.50 13.082
2 0.987 41.40 21.78 1.59 0.901 0.451 1.679 16.48 10.343
3 0.979 62.10 32.67 2.37 0.901 0.451 1.457 21.45 9.041
4 0.973 82.80 43.56 3.14 0.901 0.451 1.318 25.86 8.233
5 0.965 103.50 54.45 3.90 0.901 0.451 1.219 29.89 7.670
6 0.958 124.20 65.34 4.64 0.901 0.451 1.143 33.65 7.254
7 0.949 144.90 76.23 5.36 0.901 0.451 1.083 37.20 6.940
8 0.937 165.60 87.12 6.05 0.901 0.451 1.034 40.57 6.703
9 0.923 186.30 98.01 6.71 0.901 0.451 0.992 43.80 6.532

10 0.905 207.00 108.90 7.31 0.901 0.451 0.956 46.90 6.420
11 0.883 227.70 119.79 7.84 0.901 0.451 0.925 49.90 6.366
12 0.857 248.40 130.68 8.30 0.901 0.451 0.897 52.81 6.364
13 0.827 269.10 141.57 8.68 0.901 0.451 0.872 55.63 6.412
14 0.794 289.80 152.46 8.98 0.901 0.451 0.850 58.37 6.502
15 0.761 310.50 163.35 9.21 0.901 0.451 0.830 61.05 6.627
16 0.728 331.20 174.24 9.40 0.901 0.451 0.811 63.66 6.774
17 0.696 351.90 185.13 9.55 0.901 0.451 0.794 66.22 6.932
18 0.667 372.60 196.02 9.69 0.901 0.451 0.778 68.73 7.090
19 0.641 393.30 206.91 9.83 0.901 0.451 0.764 71.19 7.240
20 0.618 414.00 217.80 9.98 0.901 0.451 0.750 73.60 7.376
21 0.598 434.70 228.69 10.14 0.901 0.451 0.737 75.97 7.494
22 0.581 455.40 239.58 10.31 0.901 0.451 0.726 78.31 7.593
23 0.566 476.10 250.47 10.50 0.901 0.451 0.714 80.60 7.673
24 0.553 496.80 261.36 10.71 0.901 0.451 0.704 82.86 7.737
25 0.541 517.50 272.25 10.93 0.901 0.451 0.694 85.09 7.787
26 0.532 538.20 283.14 11.16 0.901 0.451 0.684 87.29 7.824
27 0.523 558.90 294.03 11.39 0.901 0.451 0.675 89.45 7.851
28 0.515 579.60 304.92 11.64 0.901 0.451 0.667 91.59 7.869
29 0.508 600.30 315.81 11.89 0.901 0.451 0.659 93.71 7.881
30 0.501 621.00 326.70 12.14 0.901 0.451 0.651 95.80 7.888
31 0.496 641.70 337.59 12.40 0.901 0.451 0.643 97.86 7.891
32 0.490 662.40 348.48 12.66 0.901 0.451 0.636 99.90 7.891
33 0.485 683.10 359.37 12.92 0.901 0.451 0.630 101.92 7.888
34 0.480 703.80 370.26 13.18 0.901 0.451 0.623 103.92 7.884
35 0.476 724.50 381.15 13.44 0.901 0.451 0.617 105.89 7.879
36 0.471 745.20 392.04 13.70 0.901 0.451 0.611 107.85 7.873
37 0.467 765.90 402.93 13.95 0.901 0.451 0.605 109.79 7.867
38 0.463 786.60 413.82 14.21 0.901 0.451 0.599 111.71 7.861
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 -11  Liquefaction  Empirical        

                     Simulated Sadao  8.4   PGA = 0.03g 

 
Z rd σσσσVO σσσσ VO ττττ cyc MSF CSRL Kσσσσ ττττ cyc,L FS 

(m) (kN/m2) (kN/m2)
1 0.994 20.70 10.89 0.40 0.901 0.451 2.140 10.50 26.164
2 0.987 41.40 21.78 0.80 0.901 0.451 1.679 16.48 20.686
3 0.979 62.10 32.67 1.19 0.901 0.451 1.457 21.45 18.081
4 0.973 82.80 43.56 1.57 0.901 0.451 1.318 25.86 16.466
5 0.965 103.50 54.45 1.95 0.901 0.451 1.219 29.89 15.340
6 0.958 124.20 65.34 2.32 0.901 0.451 1.143 33.65 14.509
7 0.949 144.90 76.23 2.68 0.901 0.451 1.083 37.20 13.879
8 0.937 165.60 87.12 3.03 0.901 0.451 1.034 40.57 13.406
9 0.923 186.30 98.01 3.35 0.901 0.451 0.992 43.80 13.064

10 0.905 207.00 108.90 3.65 0.901 0.451 0.956 46.90 12.841
11 0.883 227.70 119.79 3.92 0.901 0.451 0.925 49.90 12.731
12 0.857 248.40 130.68 4.15 0.901 0.451 0.897 52.81 12.728
13 0.827 269.10 141.57 4.34 0.901 0.451 0.872 55.63 12.824
14 0.794 289.80 152.46 4.49 0.901 0.451 0.850 58.37 13.005
15 0.761 310.50 163.35 4.61 0.901 0.451 0.830 61.05 13.254
16 0.728 331.20 174.24 4.70 0.901 0.451 0.811 63.66 13.548
17 0.696 351.90 185.13 4.78 0.901 0.451 0.794 66.22 13.864
18 0.667 372.60 196.02 4.85 0.901 0.451 0.778 68.73 14.181
19 0.641 393.30 206.91 4.92 0.901 0.451 0.764 71.19 14.481
20 0.618 414.00 217.80 4.99 0.901 0.451 0.750 73.60 14.752
21 0.598 434.70 228.69 5.07 0.901 0.451 0.737 75.97 14.988
22 0.581 455.40 239.58 5.16 0.901 0.451 0.726 78.31 15.186
23 0.566 476.10 250.47 5.25 0.901 0.451 0.714 80.60 15.347
24 0.553 496.80 261.36 5.35 0.901 0.451 0.704 82.86 15.475
25 0.541 517.50 272.25 5.46 0.901 0.451 0.694 85.09 15.574
26 0.532 538.20 283.14 5.58 0.901 0.451 0.684 87.29 15.648
27 0.523 558.90 294.03 5.70 0.901 0.451 0.675 89.45 15.701
28 0.515 579.60 304.92 5.82 0.901 0.451 0.667 91.59 15.738
29 0.508 600.30 315.81 5.95 0.901 0.451 0.659 93.71 15.762
30 0.501 621.00 326.70 6.07 0.901 0.451 0.651 95.80 15.776
31 0.496 641.70 337.59 6.20 0.901 0.451 0.643 97.86 15.781
32 0.490 662.40 348.48 6.33 0.901 0.451 0.636 99.90 15.781
33 0.485 683.10 359.37 6.46 0.901 0.451 0.630 101.92 15.776
34 0.480 703.80 370.26 6.59 0.901 0.451 0.623 103.92 15.768
35 0.476 724.50 381.15 6.72 0.901 0.451 0.617 105.89 15.758
36 0.471 745.20 392.04 6.85 0.901 0.451 0.611 107.85 15.747
37 0.467 765.90 402.93 6.98 0.901 0.451 0.605 109.79 15.735
38 0.463 786.60 413.82 7.10 0.901 0.451 0.599 111.71 15.722
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 -12  Liquefaction    

                      San Fernando, USA (1971)  6.6   PGA = 1.07g 

 

Element Max. Efft. Vertical 

rd 

ττττcyc  Magnitude 

CSRL 

ττττcyc,L  
FS No. Shear Stress Overburden Stress (=0.65ττττmax) Scaling  Kσσσσ

(kN/m2) σσσσ'VO  (kN/m2) (kN/m2) Factor (kN/m2) 

2927 103.00 90.80 0.966 64.69 1.168 0.152 1.019 54.029 0.835
2962 123.00 99.60 0.959 76.70 1.168 0.152 0.986 57.377 0.748
2961 150.00 130.00 0.953 92.95 1.168 0.152 0.899 68.223 0.734
3001 164.00 138.00 0.951 101.33 1.168 0.152 0.880 70.923 0.700
3008 195.00 151.00 0.936 118.63 1.168 0.152 0.853 75.197 0.634
3029 237.00 169.00 0.918 141.41 1.168 0.152 0.820 80.908 0.572
3031 302.00 206.00 0.873 171.32 1.168 0.152 0.765 92.020 0.537
3059 363.00 250.00 0.817 192.80 1.168 0.152 0.715 104.359 0.541
3083 395.00 253.00 0.781 200.50 1.168 0.152 0.712 105.171 0.525
3132 441.00 272.00 0.728 208.57 1.168 0.152 0.694 110.240 0.529
3138 491.00 310.00 0.667 212.89 1.168 0.152 0.663 120.020 0.564
3141 528.00 329.00 0.616 211.37 1.168 0.152 0.649 124.751 0.590
3146 552.00 344.00 0.591 211.97 1.168 0.152 0.639 128.419 0.606
3184 549.00 317.00 0.566 201.87 1.168 0.152 0.658 121.774 0.603
3190 572.00 356.00 0.539 200.53 1.168 0.152 0.632 131.314 0.655
3233 589.00 375.00 0.526 201.43 1.168 0.152 0.620 135.828 0.674
3243 572.00 384.00 0.513 190.64 1.168 0.152 0.615 137.938 0.724
3255 543.00 415.00 0.501 176.99 1.168 0.152 0.599 145.077 0.820
3310 457.00 342.00 0.490 145.42 1.168 0.152 0.641 127.934 0.880
3321 211.00 337.00 0.480 65.86 1.168 0.152 0.644 126.715 1.924
3390 470.00 446.00 0.497 151.74 1.168 0.152 0.584 152.032 1.002
3348 531.00 389.00 0.505 174.38 1.168 0.152 0.612 139.102 0.798
3427 434.00 143.00 0.500 141.12 1.168 0.152 0.869 72.583 0.514
3428 602.00 594.00 0.507 198.21 1.168 0.152 0.528 183.159 0.924
3469 615.00 448.00 0.519 207.36 1.168 0.152 0.583 152.475 0.735
3546 756.00 504.00 0.520 255.29 1.168 0.152 0.559 164.607 0.645
3583 648.00 341.00 0.528 222.35 1.168 0.152 0.641 127.690 0.574
3611 619.00 352.00 0.531 213.48 1.168 0.152 0.634 130.353 0.611
3626 613.00 311.00 0.532 211.78 1.168 0.152 0.662 120.271 0.568
3698 544.00 235.00 0.542 191.82 1.168 0.152 0.730 100.245 0.523
3764 507.00 206.00 0.558 183.79 1.168 0.152 0.765 92.020 0.501
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 -12 ( )  Liquefaction              

 San Fernando, USA (1971)  6.6   PGA = 1.07g 

 

Element Max. Efft. Vertical 

rd 

ττττcyc  Magnitude 

CSRL 

ττττcyc,L  
FS No. Shear Stress Overburden Stress (=0.65ττττmax) Scaling  Kσσσσ

(kN/m2) σσσσ'VO  (kN/m2) (kN/m2) Factor (kN/m2) 

3842 466.00 161.00 0.573 173.54 1.168 0.152 0.834 78.398 0.452
3868 457.00 148.00 0.573 170.18 1.168 0.152 0.859 74.223 0.436
3907 426.00 135.00 0.594 164.57 1.168 0.152 0.887 69.917 0.425
3928 420.00 124.00 0.594 162.25 1.168 0.152 0.914 66.159 0.408
3967 390.00 111.00 0.627 158.90 1.168 0.152 0.950 61.564 0.387
4013 359.00 107.00 0.648 151.32 1.168 0.152 0.962 60.113 0.397
4058 343.00 106.00 0.651 145.15 1.168 0.152 0.965 59.747 0.412
4118 309.00 109.00 0.681 136.82 1.168 0.152 0.956 60.841 0.445
4141 287.00 106.00 0.731 136.34 1.168 0.152 0.965 59.747 0.438
4171 276.00 109.00 0.718 128.80 1.168 0.152 0.956 60.841 0.472
4186 258.00 109.00 0.747 125.34 1.168 0.152 0.956 60.841 0.485
4227 237.00 110.00 0.757 116.68 1.168 0.152 0.953 61.203 0.525
4259 218.00 110.00 0.794 112.55 1.168 0.152 0.953 61.203 0.544
4286 190.00 112.00 0.842 103.98 1.168 0.152 0.947 61.924 0.596
4315 167.00 113.00 0.865 93.88 1.168 0.152 0.944 62.283 0.663
4338 152.00 113.00 0.873 86.23 1.168 0.152 0.944 62.283 0.722
4369 127.00 107.00 0.905 74.70 1.168 0.152 0.962 60.113 0.805
4388 117.00 114.00 0.905 68.82 1.168 0.152 0.941 62.641 0.910
4398 113.00 109.00 0.901 66.17 1.168 0.152 0.956 60.841 0.920
4431 88.30 104.00 0.925 53.06 1.168 0.152 0.972 59.012 1.112
4454 69.20 99.70 0.944 42.48 1.168 0.152 0.986 57.414 1.352
4468 58.50 87.80 0.951 36.14 1.168 0.152 1.031 52.861 1.463
4481 49.00 84.90 0.960 30.58 1.168 0.152 1.043 51.720 1.691
4519 25.40 62.20 0.970 16.01 1.168 0.152 1.163 42.250 2.639
4526 23.10 64.50 0.974 14.62 1.168 0.152 1.148 43.259 2.958
4532 4.97 39.20 0.989 3.19 1.168 0.152 1.367 31.297 9.797
4535 3.47 25.70 0.994 2.24 1.168 0.152 1.585 23.786 10.606
4541 3.70 24.80 0.995 2.39 1.168 0.152 1.605 23.241 9.712
4542 2.69 20.60 0.991 1.73 1.168 0.152 1.712 20.601 11.887
4543 4.68 13.90 0.990 3.01 1.168 0.152 1.965 15.952 5.295
4544 2.28 13.20 0.993 1.47 1.168 0.152 2.001 15.426 10.485
4539 9.18 36.20 0.982 5.86 1.168 0.152 1.406 29.719 5.074
4529 20.60 59.90 0.972 13.01 1.168 0.152 1.179 41.228 3.168
4534 12.30 44.70 0.980 7.84 1.168 0.152 1.306 34.085 4.350
4537 10.20 48.80 0.985 6.53 1.168 0.152 1.266 36.086 5.525
4540 14.10 20.20 0.991 9.08 1.168 0.152 1.724 20.340 2.239
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 Liquefaction  Simplified method  
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 Liquefaction  Empirical  San 

Fernando, 1971  (Mw)  6.6  

 (PGA)  amax  1.07g  Stress reduction factor, rd (  

-1)  (Total Overburden Pressure, σVO) 

 (Effective Overburden Pressure, σ VO)   

 A (  -2)  Filter Material  

 A  29.00  (z = 95.14 ft) 

 Liquefaction  

 

1)  τcyc  

 

dvocyc r
g

a στ 







= max65.0  

 

1.1)  rd  -1 

 

 
 

 -1 Stress reduction factor 

 

95.14

0.508
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 -2  A  Liquefaction  Empirical  

 

 -1  rd  0.508  

 

1.2)  voσ  '
voσ  

 

( ) ( ) 23 3.600297.20 mkNmmkNhvo =×== γσ  

 

( ) ( ) ( ) 233' 81.3152981.97.20 mkNmmkNmkNhwvo =×−=−= γγσ  

 

( ) ( )( )508.03.600
07.1

65.0 







=

g

g
cycτ  

 
204.212 mkNcyc =∴τ  

 

 Blow Count, (N1)60  (φ = 36°) 

 3.11  SPT  Filter material 

 Standard Penetration Test, N (  3.5)  Blow Count, (N1)60 

 30 /   CSR7.5  -3  Filter 

Material  Percent Fines  9%  CSR7.5 

 0.5  6.6  

 7.5   Magnitude Scaling Factor (MSF)  1.168 

(  -1)  Effective Overburden Pressure, Kσ  

Filter Material  Dr = 70%  Kσ  0.66  -4    

 

A

29 m
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 -3  CSR7.5  (N1)60 

 

 

 -1  ( )  CSRL (Kramer, 1996) 

 

Magnitude, M MSF 

5.25 

6 

6.75 

7.5 

8.5 

1.50 

1.32 

1.13 

1.00 

0.89 

 

0.5
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 -4  Kσ  

 

2)  τcycL  
 

'
, voLLcyc CSR στ =  

  

2.1)  CSRL  
 

( )( )( )σKMSFCSRCSRL 5.7=  
 

( )( )( ) 385.066.0168.15.0 ==LCSR  
 

( )( ) 2
, 73.12181.315385.0 mkNLcyc ==∴τ  

 

3)   
 

574.0
04.212

73.121, ===
cyc

LcycFS
τ
τ

 
 

  Liquefaction  

 Empirical  (Effective 

vertical stress)  (Maximum shear stress)  

τcyc  τcyc = 0.65τmax   

 Empirical      

0.66
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Abstract: Klong Sadao Dam, the largest dam in 
Songkhla,  Southern Thailand, is located next to Thai-
Malaysian border with water storage capacity of 56.74 
million cubicmeter. Downstream areas include Sadao, 
Klong Hoi Kong, Bang klam and Hat Yai Districts with 
total population of 530,692. A major earthquake of 9.0 
Richter that caused tsunami on 27th of December 2004, 
have raised concern about stability of Klong Sadao Dam 
to local people and authorities. The objective of this 
study was to evaluate the dynamic responses of Klong 
Sadao Dam subjected to an earthquake. Simulated 
maximum horizontal ground acceleretion of 0.65g was 
used and dam responses were calculated. Simulation 
results showed that horizontal acceleration of the dam 
increased with its height. Maximum horizontal dam 
displacement of 0.1054 meter was founded at the crest of 
the dam.  
Key Words: Klong Sadao Dam / Dynamic Response / 
Earthquake /Peak Ground Acceleration 

1. INTRODUCTION 

     Klong Sadao dam was built in 1989 to meet future 
demand of water supply of Hat Yai and Songkhla areas. 
Klong Sadao dam project involved construction of 
storage dam across Sadao river, one of the major 
tributary of U-Tapao river which was the present raw 
water source. The function of the dam is to augment dry 
season flows in U-Tapao river to meet the raw water 
demand of the Hat Yai-Songkhla Waterworks [1]. The 
dam site is located next to the Thai-Malaysian border at 
Ban Huai Khu, approximately 10 km in the southeastern 
direction of the Sadao District, Songkhla Province. The 
catchment area is 89.9 square kilometers and water 
storage capacity is 56.74 million cubic meters. The main 
dam is zoned earthfill having height of 38.50 meters 
(from bottom of cutoff trench). The crest and foundation 
elevations of the dam are 72.50 m MSL., and 34.00 m 
MSL, respectively [1].       

Generally a dam is a large facility with low chance of 
failure but high damage is expected if failure occurs. 
Klong Sadao dam is located in earthquake watching area 
according to Thai Building Code (1997) [2] thus, 
residents of downstream areas including Sadao, Klong 

Hoi Kong, Bang Klam and Hat Yai districts are 
concerned about stability of Klong Sadao dam 
particularly after a major earthquake of 9.0 Richter that 
caused tsunami on 27th of December 2004. The objective 
of this preliminary study was to evaluate dynamic 
response of Klong Sadao dam subjected to a simulated 
earthquake having the magnitude of 8.8 Richter and peak 
ground acceleration of 0.65g. Dynamic properties such 
as natural period, shear wave velocity and maximum 
shear modulus of the dam were determined. Horizontal 
displacement and acceleration of the dam were 
calculated.  

2. SEISMICITY AND EARTHQUAKE 

The seismicity of Klong Sadao dam was determined 
based on the seismic data recorded by the International 
Seismological Center, U.K. and Thai Meteorological 
Department, covered all of the earthquakes with 
epicenters located within 500 kilometers from Klong 
Sadao dam [1] as shown in Figure 1. The major active 
faults in the area are Ranong and Klong Ma Rui faults 
which showing, so far, low seismic activity.  However, 
for the major earthquakes, their epicenters were located 
in Sumatra, Indonesia with maximum magnitude of 9.0 
Richter.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Seismicity map in study area adopted from [1]. 
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3. KLONG SADAO DAM IMFORMATION 

     The Klong Sadao dam is an earthfill dam consist of 
main dam, saddle dam, reservoir and spillway. Three 
materials were used in the construction of the dam as 
shown in Figure 2. The impervious earth was made by 
clay. The random material consisted of weathered 
sandstone, shale and mudstone. The filter material was 
made of sand [1]. The shear strength parameters of dam 
materials are tabulated in Table 1.  

 
 

 
 
 
 
 
 
 
Fig. 2. Cross Section of Klong Sadao Dam. 

  
Table 1. Properties of dam materials [1]. 
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4. FINITE ELEMENT MODELLING 

The dam was modeled by two dimensional (2-D) 
finite element method (QUAKE/W) consisted of 2,380 
nodes and 4,545 elements. The bottom of the dam was 
modeled as fixed boundary in both vertical and 
horizontal directions as shown in Figure 3. For full 
reservoir condition, the max mean effective stress of the 
dam was 427 kPa, as shown in Figure 4. 
 

 

 
 
 
 
 
 
 
 
 

 
Fig. 3. Finite element mesh of Klong Sadao Dam. 
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Fig. 4. The mean effective stress of the dam (kPa) in full 

            reservoir condition. 
 
5. DYNAMIC ANALYSIS 

5.1 Determine Dynamic Properties 

Maximum Shear Modulus and Shear Wave Velocity 
The measured maximum shear modulus (Gmax) data 

were not available for Klong Sadao dam, thus they were 
calculated based on their available data such as cohesion, 
internal friction angle and standard penetration 
resistance. The maximum shear modulus values of the 
dam materials were calculated using an equation 
proposed by Seed et al. [3] (Eq. 1). When maximum 
shear modulus obtained, it is possible to calculate the 
shear wave velocity using the relationship of elastic 
continuum mechanics as shown in Eq. (2). The 
calculated maximum shear modulus and shear wave 
velocity of Klong Sadao dam are tabulated in Table 2.  

           ( ) ( ) 4.0

0
34.0

60max 100035 σNG ×≈          (1) 

2
max sVG ρ=     (2) 

where Gmax is maximum shear modulus, lb/ft2 in Eq. (1) 
and kPa in Eq. (2), N60 is N-value measured in SPT test 
delivering 60% of the theoretical free-fall energy to the 

drill rod, 0σ is effective confining pressure (lb/ft2), sV  

is shear wave velocity (m/s) and ρ  is density of material 

(kg/m3). 

Table 2. Calculated maximum shear modulus and shear                        
              wave velocity of Klong Sadao dam  materials. 

Materials 
Maximum Shear 
Modulus, Gmax 

(kPa) 

Shear Wave 
Velocity, Vs 

(m/s) 
Impervious Zone 
Random Material 
Filter Material 

80,343.33 
81,669.89 
89,175.51 

204.56 
193.11 
205.58 

 

Modulus Reduction (G/Gmax) and Damping Ratio 
Curves 

As suggested by Ishibashi and Zhang (1993)[4], the 
relationships between the modulus reduction factors and 
damping ratio and cyclic shear strain were calculated 
using effective confining pressure and plasticity index 
based on Eq. (3) and (4), respectively, and shown in 
Figure 5. The effective confining pressure and plasticity 
index [1] of Klong Sadao dam used in the calculation are 
shown in Table 3.  

 

( )( ) ( ) 0,'

max

,
mPIm

mPIK
G

G −
=

γ
σγ   (3) 
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where G/Gmax is modulus reduction, '
mσ  is effective 

confining pressure (kPa), PI is plasticity index, ξ  is 

damping ratio (%),γ is cyclic shear strain and, 
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0   for  PI = 0 

( )PIn      3.37×10-6 PI1.404 for  0 < PI ≤ 15 

7.0×10-7 PI1.976 for 15 < PI ≤ 70 
2.7×10-5 PI1.115 for PI > 70 

  
Table 3. The calculated effective confining pressure and    
              plasticity  index of Klong Sadao Dam [1].  

Materials 
Effective Confining 

Pressure, '
mσ (kPa) 

Plasticity 
Index, PI 

 
Impervious Zone 
Random Material 
Filter Material 

86.86 
112.27 
104.85 

25 
0 
0 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The modulus reduction and damping ratio curves       
           used in the analysis. 

Natural Period 

The natural period of dam is significant in dynamic 
analysis because the resonance will occur if the natural 
period of dam coincides with the period of ground 
motion excitation. The natural period of Klong Sadao 
dam was determine using equation proposed by           
Gazetas and Dakoulas (1991) [5] as shown in Eq. 5.  

The calculated natural periods of the dam are tabulated in 
Table 4. Results show that the natural periods of the dam 
ranged from 0.4 - 0.5 second.  

s
D V

H
T

61.2
=    (5) 

where TD is natural period of dam (sec), H is maximum 
height of the dam or embankment (m) and Vs is shear 
wave velocity (m/s). 

Table 4. Calculated natural period of Klong Sadao dam    
             materials. 

Materials 
Natural Period of the dam, TD 

(sec) 
Impervious Zone 
Random Material 
Filter Material 

0.493 
0.491 
0.452 

 

5.2 Dynamic Response 

The maximum peak ground acceleration of Klong 
Sadao dam as shown in Thailand hazard map for PGA 
corresponding to a probability of exceedance of 10% in 
50 years [6] was 0.02 - 0.04g. However, to be able to 
determine the seismic resistant of the dam, ground 
motion data having the magnitude of 8.8 Richter and 
0.65g of peak ground acceleration (PGA) as shown in 
Figure 6 was used. This ground motion was recorded 
from accelerogram at Colegio San Pedro by USGS [7].  

 
 

 

 

 

 

 

 

 

 

Fig. 6. The ground motion used in dynamic analysis. 

 
The dynamic response of Klong Sadao Dam was 

achieved via 2D-finite element method (QUAKE/W). An 
earthquake with peak ground acceleration (PGA) of 
0.65g was used to induce the dynamic behaviors of the 
dam. The deformed finite element mesh (Figure 7), 
showed the horizontal displacement of the dam. It was 
found that the maximum horizontal displacement of 
0.1054 meters occurred at the crest of the dam. The 
calculated horizontal acceleration of the dam 
significantly increases with dam height and it’s was 
scaled up to 1.16g also at the crest of the dam as shown 
in Figure 8. Furthermore, the maximum shear stress and 
maximum shear strain of the dam, founded at base of the 
dam near the impervious core zone, were 238 kPa and 
0.49% respectively, as shown in Figure 9 and Figure 10.   
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Fig. 7. Deformed finite element mesh showing horizontal           
           displacement. 
 

 
Fig. 8 Horizontal acceleration and displacement results 
          in the impervious earth zone. 
 

 

Fig. 9 The maximum shear stress (kPa) of the dam in full        
           reservoir condition. 
 

 

Fig. 10 The maximum shear strain of the dam in full   
            reservoir condition. 
 

6. CONCLUSION 

A preliminary study of the dynamic response of 
Klong Sadao dam was achieved via a 2-D finite element 
analysis using a peak ground acceleration of 0.65g as 
simulated ground motion. Dynamic properties of the 
Klong Sadao dam were calculated based on available 
dam properties. The calculated maximum shear modulus 
and shear wave velocity ranged from 80,343 – 89,176 
kPa and 193 – 206 m/s, respectively. In addition, the 
calculated natural period of the dam ranged from 0.4 – 
0.5 second.     

Simulation results showed that the displacement and 
acceleration of the impervious core zone increased with 
increasing dam height. At the crest of the dam, the                                              
maximum horizontal displacement was 0.1054 meters 
that equaled to horizontal deformation to dam height 
ratio of 0.27% and the maximum horizontal acceleration 
was 1.16g.  

The maximum shear stress and maximum shear strain 
of the dam were decreased with increasing dam 
elevation. Furthermore, the maximum shear stress and 
maximum shear strain of the dam, founded at base of the 
dam near the impervious core zone, were 238 kPa and 
0.49%, respectively.        

Results of this preliminary study showed that, 
eventhough the dam was excited by the simulated 
earthquake having ground motion of 0.65g which was 
much hihger than local ground motion, it's responses 
found in this study showed no significant dam hazard. 
The Klong Sadao dam was safe from the simulated 
earthquake. However, in order to have better 
understanding of dynamic response of the Klong Sadao 
dam, more analysis should be made. Determination of 
permanent deformation and liquifaction of the dam is 
being conducted by the authors to ensure the stability of 
the dam.  
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