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1 .���<�  

I� ��
� S��OB ����    � b��c7� C,c/ �+ �5 �8�"7� ����

(����
 ����! �� �^ (d��  V� �� 6��+�� 9���� �� ��5 c� ��T

9cc�� ��+�,ccB�� .I�cc  �cc_�87�+ +��,cc
 6��cc#� �+ � �cc���

 e�K ��
��� S��OB ��� M,3� �� 6��D,�& �c��A� � 93� 6

    �c
��� � �0c5 �c&,! Z�c� 9�� ����  ��#�   �8,cK� 6Ac��

S�#B 6� ���4& ��& � �8
      �"c��+ Cc4�+ �c� �� 6��=c �

9�� .(d��  �+9���� �� �&,! � �"?� )�f� 6�  c��^ +��  �+

�L�,! � +g"3�  �� I�c� SL8O
 ��� Z	�� S���2 �,�5 6

�
 �_�^ I�  ++�cD.   �� �c_�   ��+c�
 �+ (+�+ h� S��/c@


! �5 ��+ ����� i�"@
R  � �"c��+ ����
 +�_��� �+ ���A#� ��G

S�#B +	�� H�� +��,
 �B�� �+ 6�    (�c� ���`�c� ��#�

9��' �
 ����
 QO� 9#����0 ��� . ic��L! j4/��   ,"�"c#��

��
�        k
c� ��c
� 9c#����0 (�c��  '(�c-"
 STc�� ����

� �� 9#�� � <A����0�
 �5 9�� ��
� QO� ���  �   �c��,!

  �c�& ��+�c� 6���+    5�c�� �c.0� ��c&�  �c��(Poland et al., 

1972). Cl
 �� �_�      ��+c�
 9c#����0 �� (�c� �"B�c� 6�

�0,5� ����
 ����5�����V# (Ekofisk)  �+ d��� �,�5 9�� .

 C� �+ V#�0,_�� ,_� ��� �+ ��+ �"#�1984   �� I�c�5/3 

 k43 987 �� ,_� ����+�D �� � '+�5 9#����0 �"
1 +����


9��+ �  �+ ���A� _��
^ �T+ .(Sulak, 1991) ��� 9#����0

�+ ����
 ��   C�2000 �� 7/6    ��c�� �c"
(Hermansen et 

al., 2000) . 9L���0 Z&   ���c�
 �c�� �+ (�c� +	�� 9#��� 

 cc� �cc����50 (+,cc! )cc	7 � ncc��
�"
,��5(���cc� �`�cc� 6  6

��&  (�� &+��7 �+ 150     (�c�+�D <��AcD ocL_
 �"
,��5

9�� (Marte et al., 1994) .    c���?�85 �"�
,c8�+ ���c�
 )5��!

(p 9#_� H�� �?7 6�    �^ +��cL! �c5 '�c�+�D (��   �+ c�

�� +��,
 �B��20 �8�30 p +��L! k5 �� �K�+( (�� �?7 6� 

����
 �+ �
 ��� (Settari, 2002) (���    �c"?� ���c�
 �� 6��+��

q�� F�T �+ �,"`������(Long Beach)    +c	�� H�� ���?�85

#����0 +��7 �+ �"8/8   �c�+�D �"
(Kosloff et al., 1980). 

     �� I�c� 9c#����0 �c�� �cG� �+ (�� +	�� S��#B �cg_� 

 �c� �T+ �,���
^  9c�� (�c�+�D +�� (Zeitoun and Wakshal, 

2013)   �       ���c�
 +��,c
 �� 6��c#� �+ �c_��� �c� �c&,!   6c�

       �c�� 9c#����0 �c���+ ���c3 ��7c� j/c�
 �+ ����5�����

�
 ��+�
     j/c�
 �c�� �"c0� r^ ��� � k�� +	�� H�� ���,!

++�D .9#����0  (�� +	��C� �+1980 �+ ����
 6�  c"?�� 

cc��,k7 �3�cc� �ccp��+ ,4�cc5��
 )Maracaibo( �+ �,cc�5 

 st�A�� H���"0� r^ ��� I��  ��2
�� 450  ��  ��c
�  6c� 

�7���� �  �p��+  9c�� (�c�+�D (Atefi Monfared, 2009) .

(����� 6��+�� 6�D ����
 �`�����D )Groningen(  �+  �,c�5

�	�
 ����  ��+	��  5/24 �"�� �"
 ��09#�� ��
� QO� �+ 

 Ccc� �+2003 (Schoustra, 2004 ) �cc�+�D .�ccp�D� ���cc.
 

9#����0  �c�� �+ (�� <��AD   ���c�
     �cf� �c� P�c�� ��c#�

�
 ��� '
� �_��� �� �&,! �  j/c�
  �L�c��  �+  �,c�5 �c��� 

���     �"c��+ ���c3 c��+ QO� �� �! �  uc�,!  ��c�  9cf0-
 

�
 ��+�D '��� ��09#�� Vp,5 �
 ���,! ��  �cL&0  6�  v�Ac�

�	�
 +,� (Nagel, 2001).  

  ���w�� )5��!�A@
 � 9#����0 QO� ����
 �
  ���,!

 H��k�_�! � �L�,! �`"#_� ��� �+ <,  ++�D F�� �5 

9�+ �� �� �	�
 x"��� <,  �D������`� 9���3 �"0�  � F��

+	�� ���#
�� 6��� 9�� �D � 9?�  ++�D(Gurevich and 

Chilingarian, 1995).  

I�  6��� Z�3 ��8��  ������0 QO� 9#������
 V�  +��^��

��A�
 �A@
 )5��! �^ 9�� .��  ��A�
 '��5�,/ �A@
 )5��!

�� �L�! �A@
 �+ (�� +	�� ��0 90�)5��! ' F�� 6��=  

�A@
  � 9
@2 �A@
)y��@"�� +�,
 ��� M?!�� (9�� .

 9#����0 ���L! 6��� 6�L� ZD ����
 V�C�
  �G� �� 6��

)5��!  QO� �+ �A@
����
 9�� .<�� �,�5 !  �?�"@
 6�

C�
 9�& �^ �� �5 9�� (�� �t��� ����
 9#����0 6�� 

�
 ���& u�,! (�� �t��� I��5 A5��
 ����-! C�
 �� ��,! 

Geertsma (1973)  +,�� (��� . C�
 ��� �� (+?"�� � ��p ��

�
  '+��^ 9�+ �� ����
 9#����0 �� �8,43 k�3 ���@! ��,!

��4� ����,! C�
 ��� �8�  �_��_
,td u���� k
5 6��

��T � �A@
 (���� 6� +���� �� �^ 6 .��� �� C� �+ ��  6�

<�� ��B� C�
 9�& �?�"@
 6+�� 6�  9#����0 6��
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9�� (�� �t��� ����5����� ��+�
(Fredrich et al., 2000; 

Sroka and Hejmanowski, 2006)  .<�� �� (+?"�� 6�

 � �A@
 �� j�3+ � k
5 S�s/� �� ���"�+ ��
��� 6+��

�
 �4�
� ��#� � (+,� �^ (�������� . z.� �� �&,! �

C�
 <�� S,3 � iL2 ����-! 6��) ���  93+ 6���+

(+� ��#� �8� ( �C�
 <�� 6+�� 6��) �+ � T� 93+ �

T� �D��w�  k�.
(' Fokker and Orlic (2006)  <��

C�
 ��+,�� �t��� �� ����-! ���� 6�� . 9���3 <�� ���

C�
  i�"@
 �_��_
,td S�K,gB � ��T��p u�-
 6��

 ��(+� ��#� �`�+ e�/ �� � (+,� ���+ 6+�� <�� �� �!

�
 ���.  

       �c	�"� �+ � ��,c�& N�c  6�cD ���c�
 9c���� �� �&,! �

 I�cc  S���c2     Scc���� �c� ��=ccD��GR! +��cB� �cc�,D�� �c���

(��� C�
 � ����� �� �8.
 ��� �+ '����
 ��� �� 6��+��   6�c�

 (��+ �cc�  �+ ���cc�
 �cc�� �8cc�"7� 9cc#����0  9cc��+�� 6

9�� (�� �"B�+�  . N�  �A@
 )5��! ��A�
 ��"�� "��� ��� �+

��T �_��_
,td S�K,gB N�� �� ��,�&  ��� ��A@
 6�

 ���� � ����-! <�� �+ �� (+?"�� � WX� � (�� ���L! ����


C�
 ����
 ��� 9#����0 ����-! 9�� (��+�D 6��.  

  

2 .(��� ��=>� ���� 	
��� ����, �����  

����
  N�c  6�D    ��cK0 �+ ��,c�&105    r,c�& 6�"
,c��5

  ��c�0��{& 9�L3,
 �+ ��,�#� ���� ���|52   c!5/52   �c&�+

  � �3��5/26  !27  +��+ ���c3 N�0 }��B �+ �8�� �&�+ .

 +��7 �+ �"7#
 6���+ ����
 ���9700    9c�� nc��
�"
,��5

 +��7 �53700 r^ �+ �^ n��
�"
,��5 6�,��& 6�   �
sc��

9�� (�� n3�� �����.    k_c� �+ ���c�
 ��� ���0��{& 9�L3,


1 9�� (�� (+�+ ���. ��
� (D��+ ��     �+ ���c�
 �c�� �c���

���      �c� �c� �c`�5 � �T�+ ���c� �+ � (�� n3�� N�D�� 6

��
� -    �c� �c� V"�+ ���� � �A@
 N��!  ��c#  Nc��! 

 �� ����
 ��� F�� <, �
 +��. 

 
 
 

 3 .��?��� 	-@� 4&
�  �   

V! )5��! 6�,U! �,-
 '(    �4c�-
 �+ (�c� �c"0��=  6�,cU! 6

��4�
 �A@
 )5��! .  �+ uc.0 �A@
 )5��! 6�,U! ��� N����

+�+ h� �^ M?!�� I�5 �G�(      C,c/ �+ �Ac@
 �4�c& +cL�� �

  �c�
 �c���,B �3� 9�G �^ )5��! .(Geertsma, 1973)   ��Ac�


�^ M?!�� I�5 �!�4� �� � � �A@
 )5��!h) ∆(    9c�� �����

�: 

 )1(                                          pHCmh ∆=∆ α  

  �cO��� ��� �+H   �c�8�� Mc?!��   '�Ac@
 6Cm    )5��c! o��c2

V! (�,-
 '�A@
 F�� 6 p∆  �A@
 ��0 I�5 �α   o��c2

S,�� (Biot)  �A@
 F���
 ���.  
  

  

A#, 1. ��,�& N�  ����
 ���0��{& 9�L3,
  
   

)5��! o��2��� (�,-
 V! 6��=  (���5  �c7�� )5��! ��A�
 6

     xT,c�L
 � 9c�� �c�0 9c0� �7�� 6��� �� �A@
 F�� M?!��

 o#7��
kg

cm2 �
 ��� ++�D .)5��! o��2  ��
�,� �� 6��= 

   � kc@�@! '�D�c� ����� �&�+ 'F�� M,� �,w�� �?�"@


�0+ j��   9c�� �"c#��� F�� �D��.   )5��c! o��c2   6��=c 

�
 �� �A@
   �c� c� � 6�"
,�+� I�
�^ �� )�."#
 �,/ �� ��,!
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 C��c
 �� (+?"�� � )�."#
��| S�,K    F�c� �"�c#"�T� 6c�

 �A@
)0 �    �c��{! +c	�� Z�c� � �A@
 V�"�T���  �"0� ~�

  V�"c�s  k_c� (    �cO��� �� (+?"c�� c�2(Fjær et al., 2008) 

+,�� �4�-
 :  

)2(                                     
( )( )

ν
νν

−
−+=

1

2111

E
Cm  

�O��� ��� �+ E F�� C��
  � �A@
 F��ν   �,c��,  o��2

�
 �A@
 F����� .  

�
 �� �A@
 F�� S,�� o��2   �cO��� �� (+?"c�� c� ��,! 63 

)Detournay and Cheng, 1993( +,�� �4�-
:  

)3(                                                    

s

fr

K

K
a −=1  

 �O��� ��� �+Kfr    r,p�cp C��c
 c� r,p�p V8� C��
 

)Frame modulus ( �Ks  V8� C��
 �c��+  �c
& 6c� )solid 

grains (�
���.  

N�  �A@
 W��0,"�8 6���+ ��,�&  6�������0 � M,�"
 

�
  �+ �8� ��� M,�	
6  ����
 ��� �+ �B� W��0,"�8

�
 ����� k�3���. 'S,�� o��2 )5��! o��2  6��= 

V! ��� )5��! ��A�
 � (�,-
6  W��0,"�8) Z�� S�,K �+

V�"�s  k_� ���{! +��B� ((��+ ��  �+  �+ 9��+�� 6

 C��&1 9�� (��+�D �t���. �O��� �� (�s� 62' Geertsma  

(1973)  )5��! o��2 ���@! 9�& �� �����+,��  6��= 

V! (�,-
  �^ W�& � j�� '�A@
 F�� k@�@! ���4
 ��

+,�� �t��� .)5��! o��2 ���+,�� ��� �� (+?"�� � 6��= 

V! (�,-
N�  �A@
 6  +��7 �+ ��,�&1- bar4-10×9/0 

 �8�3/0 �
���. 
  

 ����1. )5��! o��2 )5��! ��A�
 � (�,-
 V! 6��= 

W��0,"�8�A@
 �B� 6�  
W��0,"�8  α Cm (bar-1)  �h (m)  

 �,"#���D)9��+ ���+( 89/0 0000107/0 043/0 

�,"�+
 83/0 0000024/0 0.087 

�,"#_  )���+A��( 82/0 0000031/0 04/0 

(+,! �,"#���D 6� 85/0 000013/0 201/0 

 �,"#_ )9��+ ���+(  93/0 0000074/0 101/0 

 �,"#���D)���+A��( 87/0 0000038/0 026/0 

 �� �&,! � C��&1 �A@
 k5 )5��! ��A�
  (��+ ��  �+

x4��.! 9��+��  � �����5/0 �
 �"
���.   

9�& �#�.
' o��2 )5��! 6��=  V! (�,-
6 �A@
 

�`�����D +��7 �+ 1-bar 5 -10×45/0  !75/0 � 9
@2 

u�,"
 ��� �A@
 170 �"
 9�� (�� <��AD .��0 ��8��6 

�A@
 �`�����D MPa 7/34  (+,��5 �+ �+ 9��+�� �G�  C�

2005 �� MPa 5/12 ����. '������� ��A�
 )5��!  ����A@
 

��� 17  �28 �"�� �"
 9�� .����� 9#����0  �+ (�� 94G

 ��� QO� C� �+ ����
2005 +��7 �+ 25 �"�� �"
  <��AD

9�� (��+�D )Ketelaar, 2009(.  

  

4 .��������  ��� �
 "B�6.�
 �� 	
��� ������ ����  

cc� 6��cc� � �"cc#��+ '9cc#����0 �� �cc�5 +��^�cc� �+��^ 9cc�+

    k_c� �c��{! <�"c#D �`�,`p   )5��c! �� kcK7  �+ �Ac@


����� (���� �/7� u�-
 �  (�c��5�^ 6   �c
 6���c2 �c�� .

 6��� �2�� A�8�^ V� �� ����� 6��� <s! ��8��C�
   6�c�

�cc��@! �� �cc�� 9cc#����0 ucc�,! 9cc?� � �ccD ��cc@
 6 

McCann and Wilts (1951)  9cc0�D S�,ccK.  �cc�� e�cc�

C�
 SL8O
   +,c� �,c"`������ ���c�
 9#����0 6�� .  �c��

   (�c�D C�c
 � Ic�5 A5��
 C�
 �+ �� kK7 }�"� �..-
 6

� 6+,�) k_�2 �
 ��� �� I�5 A5��
 C�
 �c�+ (  +�,c
 ��

��+�+ ���3 ����� .   �cOB V�"c�T� �"0� N�� �� C�
 �+ ��

  +,c� (�c�+�D �t��� . �c#�.
      c� C�c
 �c�� �� kcK7 }�c"� 6

     �c5 9Bc� �@c�
 ����c�
 S����
    Ic�5 Ac5��
 C�c


��� (���+6      ���c�
 �c"0� �c���� xc.�3+ 6��,g! '9c��  �+

�87(��D C�
 �_       (��c�� �c� �� �8,c43 kc�3 }�c"� 6+,c�� 6

+���� .     6��c� �8,c43 kc�3 Q�c2,! ��"#��,"� �..-
 ��� �_�8

   � �c��5 �ct��� �L�4/ �"0� �� I�5 A5��
 C�
 9�4� ��&,!

� S4cc�-
"cc��+   Icc�5 Acc5��
 C�cc
 �� (+?"cc�� cc� �� �

��  ��+�5 6��=D.  Geertsma (1973)   �ct��� Ic�5 A5��
 C�


u�,! (�� McCann and Wilts (1951)   ���c3 ������ +�,
 ��

 �
^�5 ��#� C�
 V� � +�+   6��c� �� I��c5 A5��
 C�
 Z� ��

C�
  �t��� �A@
 )5��! �� kK7 9#����0 6��+,�� .(��� 6
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 �4c�-
 C�
 ��� ��K�     Vc� )5��c! �� kcK7 9c#����0 6

(�5  �4c�-
 WX� � 'Vp,5 6     c� ���c�
 9c#����0 kc5 6

! �+�5 n�&R(�5 ��� �� 6+�� +��L! ��G�
 ���� .  �c��  C�c


9�� 6+��,
 �� +��-
   � �Ac@
 V�"�T� S�K,gB ��� �5

��� �"���� +,&� �!�?! �^ e��/�.  

  

 A#,2. I�5 A5��
 C�
 �� V�!�� 6��,g!  

 )Geertsma, 1973(  

 C�
 j4/ �� A5��
I��5 &�� ��L� ��&u(r) ��K0 �+ 6r 

(�5 V� A5�
 ��6  ML� � (�� ���@!R0    ��c	�& �c5u0  �+

� 9�� ����� (+�+ h� �^ QO�:  

)4(                 2

2
0

0)(
r

R
uru =   

(�5 V� QO� �+ (+�+ h� ��	�&6    )c	7 �c� (�� ���@!V 

�	�"� �+ ��0 I�5 +�+ h� 6p�  �^ �+� 9�� �����:  

)5(                                             2
0

0
4 R

pCmV
u

π
α∆−=   

 �O��� �+�5 ��A`�& �5 �O��� �+ 4'  �cO��� 6  S�,cg�   �c��

�
 kK7++�D:  

)6(                                     2

1

4
)(

r
pV

Cm
ru ∆−= α

π
  

 �� (+?"�� � �O��� ����
 ��,!  Vc� e��/� �+ ��	�& ����


(�5 +��c-
� u�-
 V� �+ (�� ���@! 6  �c`�� �   ��c�L! ��

+,��.   

�"�#�"�T� 6��"
��  � �O�-
 �+ 6�`�� � �#_� )  u�c-


��T V�(' ��!   I�c! ���c�� �?K �� 6��
 u���� ) �c��5 (

+,��6 )i3σ(  �+ ��
� QO� )Z=0( �
  '��� c8��  �cO��� 6 6 

��� (+��^�� �� z�� ��� ��5.Geertsma (1973)   6��
 u����

 ��� +�,
(�� �� (+?"�� � �� k7 �"�#�"�T�,
�! 6��O��� �+ 6

6 +,�� C���  � ����O���  S�,K �� ���O��� 7  k
5+,��:  
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2)(6

3
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2
)43(3

1

1
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4

  

�O��� 6��"
��  � �����   �+ �,c0 6  k_c�3    (�c�+�D �ct���

9cc�� . �ccO��� ucc#� �� kccK7 �ccO��� �cc�� C�� S�cc4�  66 

�
 �!�,K �+ '�����.� �5   9c�& �3c-8� S��4� 'S��4� 6

!R �+ �?K 6+,�� I�! ��
��
� QO� �
 ���� )Fjær et al., 

2008(.  

  

 A#,3.  C�
A5��
 6��"
��  � I��5 �+ (�� (+?"�� 

�O���  67 (Fjær et al., 2008)   

  

4-1 .C�
k_� V#�+ ����
 V� 9#����0 6��  

��& ������6+,�� ��&  �+ �_�
  ���c�
 6A5�
 �,-
 +��"
�

+�+ ���,B h� .    9c���� �� ��c	�& �c�� ���.
 ���L! �������

9�� ��+�,B�� �KB .    �c
 ��c	�& �c�� ��c�L! 6���  ��,c!


E�?8 ��	�& 6+,�� 6      6��c5 �c�8� Vc� )5��c! �� �c��

 �A@
 �� k_��O��� �� (+?"�� � �� 67    6�� WXc� � ��c�L!

C��`"�� �A@
  6��D+�5 .��,�	
 S4�-
 ��� �+ �� 6�A5��
 

 j�� �+ I��5D �
 ~�0� 6��� � +,� �  }�c"� �+��^ 9�+

 �A@
 M?!�� �+ ����(H) �
 r�2++�D .    �c�� ��c�� �c	�"�

 S�,K �� S4�-
�O��� 9 �
���:  
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�
 �� ����
 A5�
 �+ QO� 9#����0  �+�+ ���c3 � ��,!Z=0 '

 �O��� �+8  �4�-
+,��:  

 )9(      










+
−−∆=

22
1)1(2

RD

D
phCu fmZ να  

  6A5�
 �,-
 �� y�B �/.� 9#����0 V� ���c�
   Vc#�+

�
 �� k_� �� (+?"�� � ��,!�O��� 10  ���L!,��+:   

  

 )10(                     ),()1(2)0,( ηρν Ahruz −∆−=   

  

�O��� ��� �+  ρ= r/R �η=D/R  �c
 � �c�� A    nc��,! C��c`"��

 k#��(Bessel functions) � 9�� ����� � (+,�:  

)11 (
                  

∫
∞

−=
0

01  ) () ( daeraJRaJRA Da
  

 �O��� ��� �+J0  �J1 � n�!�k# �
 V� � �?K �4!�
 ��  ��c�� 

)Geertsma, 1973(.   

 ���.
 C��`"��A �
 �� C��& �� ��,!2  94#� �+ N�� ��ρ  �

η +,�� ���L! .  

 
 ����2.  o��2 ��+.
A 94#� 6���  i�"@
 6�ρ �η  

(Geertsma, 1973)  
       η  
ρ       

0 25/0  5/0  75/0  1 

0 1 7575/0  5528/0  4/0  2929/0  

25/0  1 7469/0  5390/0  3884/0  2849/0  

5/0  1 7079/0  4937/0  5332/0  2606/0  

75/0  1 6062/0  4068/0  2951/0  2233/0  

1 5/0  3625/0  2815/0  2228/0  1787/0  

25/1  0 1409/0  1659/0  1542/0  135/0  

5/1  0 063/0  095/0  1026/0  0985/0  

75/1  0 034/0  0574/0  0686/0  0712/0  

2 0 0207/0  037/0  0471/0  0519/0  

5.2 0 0095/0  0179/0  0245/0  0289/0  

3 0 0052/0  01/0  0142/0  0174/0  

       

5.  ��� ���� ���� �����  

C�cc
�cc
 �� �cc���-! �cc��� 6�cc��cc��& �� �cc_� ��,cc! ���cc!

<�� C�
 6�  9#����0 6��  ����5���c�� ��+�
 9c#��+ .

<�� �� 94#� <�� ��� ��K� 9�A
 �!T� 93+ ����-! 6�

 ecOL�� ���w�� �    (�c�w�  u���c� c� �^ 6��=c   � �Ac@
 6

�
 (������� . <�� ��� �+C�
 �_
�u�-
 6�� ��p 6�

 S�K,gB � ��T �_��_
,td  ��+ +,c&� S�c?"
 xs
5+ . ��

 (+c� ��#� <�� ��� �`�+ 6,�     9c3� e�cK �c�
��� � �c!

��#�  <�� �c� 94#� 6�"�5  6+�c� 6c�  (�c�w�   �c
 �c�� 

Fokker and Orlic, 2006)(.  �� I���cc  �cc�� �+Z�cc�  ��Acc0�

AEsubs (�� �7��/   Nc�� �� �c��� <��  �c���-! Fokker 

and Orlic (2006)  cc�C�cc
 6�� 6�cc�  ���cc�
 9cc#����0

N�   ��,�&9�� (��+�D (+?"��.  

�cc��� <�� �+ �cc���-!' <�� ��  kcc7 9cc�& �cc���-! 6cc�

�
 (+?"�� �"�#�"�T� ST+L
++�D .�8+L
 �+ 6�,U! ��K� 6

�"�#�"�T��
 C+L! �8+L
 � P,� �,�3 '�OB 6��� . �,�3

 S�,K �� V�"�T���  u�-
 �+ P,� �O���12 �
 �t���++�D:   
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G δαε
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εσ 
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2
2  

   

�O��� ��� �+ij σ �?8,
 'I�! 6� ijε     'I��c5 6c� �c?8,
p∆ 

 '��0 S����{!G  '�c��� C��
 ν  '�,c��,  o��c2α    o��c2

 � S,��ijδ �
 �_���5 6"8+���.  

�8+L
 �  S�,K �� C+L! 6�O��� 13 �
��� :  

 )13(      0=∂ ijjσ   

u���� 12�13    P�"c�
 kcg0 � 6��
 u���� �"0�D �f� �+ �

��T �
 k
5 � ��,� .   �"�c#�"�T� 6c��"
��  c� �O�-
 �+  6

 S�?"
)   �� k_c�"
 �cO�-
 ���
 �c�T     S�cK,gB c� 6c�

S�?"
(I�! ����� �?K �� k
� 6��
 u���� '  ���5 6�

)i3σ (��& � I�5 �"0� �
�+� � '��
� QO� �+  ��&)ui ( �+

��T P�"�
 kg0 �
 � �`�+ S�4� �� '���:  
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C,
�0 9�& ��5�8D I�! n��,! �� <�� ��� �+    kc7 � 6�c��

9�� (�� (+?"�� ST+L
 .    ��5�8cD ��+�c� �� (+?"c�� �(F) 

&��� 9�� ����� I�! � ��&:  

 )15(                         kkiii FFu ∂∂−∇−= 2]1[2 ν  

 )16 (        

)}(2]1[)2{(2 iFjjFikFkjiijGij ∂+∂∇−+∂∂∂−∇= ννδσ

  

 <�� ���
 A�� <�� ��� �+(1973)  Geertsma��  )5��! A5��


)I��5 ( (+?"�� (�� )5��"
 �A@
 �+�+ ��� 6����
++�D:  
  

 )17   (      )( log0ncompressio of dzRkEFcentere ++=  
  

 �O��� ��� �+k   �,c-
 9�& �+ �7�� ��+��z  �R    c! ��cK0

I��5 A5�
 )222 )( dzyxR +++= ( �c
 �c��.  6��c� 

(�5�� 6  )	7dV ��0 I�5 �5∆P   '9c�� (+�+ h� �^ �+

E0 � 9�� �����:  
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pdV
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 �� (+?"�� ���� ��u�� )16 '17  �18( �
 c& ��,! �c�  � ��c&

   6c�0 Vc� �+ n3�� ')5��! A5�
 V� e��/� (�� +	�� I�!

+,�� �4�-
 �� �`�� +��-
� 6�L� �� . u�-
 V� �+ �8�

 �_��cc_
 S�ccK,gB cc� �cc�T ���cc�p �� k_cc�"
 +��cc-
�

 S�?"
u���� ���    c
� QOc� �+ 6��c
 u���� ����! �� � ��

��T P�"�
 kg0��� (+��^�� �� ��5 c�� .   6��c� <�� �c�� �+

���^+�( +,���    k
c� �c5 �_�5 I��5 A5��
 �� 6��
 u����

      9c�& �+ �c4O3 �+ )5��c! Ac5��
 � ��c�� 9?& ')5��! A5��


�,-
Z  �
�
 (+?"�� '���++�D:  

)19(                                   
R

dz
kBF forcedouble

+=   

)20(           )( logncompressio of dzRkEFcentere ++= 

)21(                                             
R

kHFdipole

1=
  

  

9cc�G 6cc�B 'E  �H �cc�� (�cc��+ Acc5��
 9cc
�.
 6�cc_�5 

��"#�.  

       P�"c�
 kcg0 �� �!�c?"
 kcK�,0 �+ Ac5��
 �c�� �� 6+��L!

�cc�T  �,cc-
 C,cc/ �+ cc�z �cc
 �cc"0�D �ccf� �+��,cc� . ���cc�


�"#�    6Tc� �+ 'P�"c�
 kg0 ���  �+ �"0�D ���3 �_�5 6�

�"#� ����
 � P�"�
 QO� �^ ���  �+ P�"�
 kg0 6T� 6

�
 C���++�D .      +c	�� oc&,
 �0c2� ��+c�
 �c�@� C���

�`"�,� �  �c
 ��c	�& � I�! �+ �02� 6�     �c�� �c5 +,c�

����
! 9-! �R�"#� 9
�.
 ��G 6� �_�5 � (+,c�   �����c��

�
����� �� ��,!9
�.
 )�f�! 6�"#� 6� (�c��5+	�� 6� 6

90� 9�+ �f� +�,
 6��
 u���� �� ��+�
 ��� .  k_c� �+4 

    Ac5�
 Vc� e��c/� �+ I��5 � I�! ����
 <�"#D �`�,`p

�"#� V� � )5��!9�� (�� (+�+ ��� �_�5 6.  

  

A#,4.  � I�! ����
 <�"#D �`�,`p��T �+ I��5 � 6�

S�?"
 9
�.
 .(a  A5�
 V� e��/� �+ I��5 � I�! ����


 ')5��!(b �"#� V� e��/� �+ I��5 � I�! ����
�_�5 6 

)Fokker and Orlic, 2006(  
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�"#� 9
�.
 ���L! 6���     6���+ �^ }�c"� �c5 C�c
 ��c8�� '�

      �c
 +c	�� 9c�� �c�� +�,c
 6��c
 u���� �� e��-�� ++�cD .

9
�.
�"#� 9
�.
 � �@�
 )5��! A5�
 6�  �c_�5 6�

9�� �@�
� .     Vc� �� (+?"c�� '9c�� �cOB C�
 ��� �,p

 �"c#� 9
�.
 +��^�� �+ �� }�"� ���"�� N,_L
 <��  6c�

+��+ �_�5 .C�
 ��� �+  9�& SL��
 ���"�5 <�� �� 6��

���@! �"#� 9
�.
   (+?"c�� �c_�5 6c�  �c
 �c�+�D . <��

       (`"c�+ kc7 6��c� �c5 9c�� 6�c
^ ���� SL��
 ���"�5

�^ ST+L
 +��L! �5 �!T+L
     C,c�	
 +��cL! �� I�c�   I�c�

�
 �5 �� '9�� +�� .     6��c� �c��� nc3�� �+ ScL��
 ���"�5

<���� (Fit) (+�+ 9�� � .   ���c"�� 'ScL��
 ���"�5 <�� �+

� C�
<���  ��,�	
 �� (�� (+�+ �� 6�     �+ �c5 9c�� �8�c
 '�

(��
 n��
 M,�	
 �^ ��� ����5 � .   es"cB� '(�c�
 �� �,f�


(���
 (+�+ ���        9c�+ �c� C�c
 �� �c5 9c�� 6���.
 � (��

�
  ��^(Wolberg, 2005).  

  

6 .��� 	
��� ������ ���� ���� �����  

6-1. ����-! <��  

 (+?"�� 9�& ����-! <��N�  ����
     ���c�
 �+ �c� ��,c�&

  k_c� V#�+ ��@
 �1 �2        c� �c���� oc�!�! �c� ��Lc� c�

62/46  �45/26  ��+�D )�#.! �"
,��5) k_�5.(   

       ��+c�
 �c�� �� Vc� �c� Ac5�
 �+ (+�+ h� 6+,c�� ��	�&

  �cO��� �� (+?"c�� � k_� V#�+ 68    �+ �^ }�c"� � �4c�-


 k_�6 9�� (�� �t���.  

  

  

 A#,5. N�  �A@
  �A@
 �+ �� (�� )�#.! ��,�&  

k_� V#�+  

 

  

 A#,6 .���
 �,-
 +��"
� �+ 6+,�� ��	�&  �� (+?"�� �

 <��Geertsma  

  

 A#,7.  uB +��"
� �+ 9#����0 Z& h����A-A'  <�� �� (+?"�� �Geertsma  
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 A#,8.  uB +��"
� �+ 9#����0 Z& h����B-B'  <�� �� (+?"�� �Geertsma

 
 ���w�� uB �+ +��"
� �+ 9#����0 Z& h����A-A ' �B-B' 

) k_�6 (�O��� �� (+?"�� �6 10  � �4�-
� �+ _c�C 7  �8 

(��+�D �t��� 9��.  

  

6-2 .���� <������-!  

C�
 �c��� 6��    N�c  ���c�
 9c#����0 �c���-!    c� ��,c�&

  Z�c� �� (+?"c��   ��Ac0�AEsubs   90��=c  S�,cK . k_cc� �+9 

  �Ac@
 )5��! �_4�)  (+�+ �� �c_� �c5    ��Ac0� Z�c� 6+��� 6c�

AEsubs �
���( ' k_� �+ �10 C�
 9#����0 Z&   6�c�

 � (�� ��� ��A0� Z���t��� 9�� (��.  �+ 9#����0 Z& h����

 uB +��"
� A-A'Z�� ��� � (�� 6�� C�
  k_� �+ ��A0�11 

9�� (�� (+�+ ���.  

 

  

  

 A#,9. �A@
 )5��! �_4�  

  

  

  

 
 A#,10. C�
 9#����0 Z&(��+ ��  �+ (�� 6�� 6

9��+�� Z�� �� (+?"�� � ��A0�AEsubs   
  

  

 A#,11.  uB +��"
� �+ 9#����0 Z& h����A-A '  C�


Z�� �� (+?"�� � (�� ��A0�AEsubs   
 

5-3 .�#�.
 � �����C�
 <�� �+ �� kK7 }�"� 66��  

I�  9#����0 ������  (��+ �c�  �+ (�c� ����  �� 9c��+�� 6

 N�c  ����
       �c��� <�� � �c���-! <�� Nc�� �c� ��,c�&

    c� �c���� oc�!�! �� ����-!6/0  �66/0   �c
 �c"
 �c�� .  }�c"�

 �� kK7 �+ ���<�� 6���+ T� ��#� j�O!��
 ����� . ���

 

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0
-100 -80 -60 -40 -20 0 20 40 60 80 100

S
u

b
si

d
en

ce
 (m

)

Distance from center of disk 1 (Km) 



56  /���� ��	
-                                                   ����� �����
 ���� ��
� ��	�� �����             �"#
� � A��  1392 ��& '�� (��� ')3 �4              

________________________________________________________________________________________________ 
 

�
 �� j�O!  � �Ac@
 ��`�� � ��#_� �� ��� ��,!�  9Lc�

����� k_� � ����
 +�� (+�6 9#��+ ����
 . ��#� 9L��

N,3 +	�� (�&� ����
 +��      Cc."�� � (���c� �+ I�c! �cD+�
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