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` �Ú�ÿ��

	)�!KS�z1u�Å�Þ,X�=�º�o�ü�i-�EH4“�Û4“�•	å�Ã��"©4“�•	å
`�C"©4“�•	å�Þ,X�ÚG£,��N/m;�� ��

	)�!KS�z1u�Å�Þ�A-½,X�3��,����?U��+��=L��Ð7È,X,��N;�� 
` ���ø�þ��KÈ	¬G£,��N/m;���J�ª	¬

G£�ã��	à�Þ.

�iF¼J•�K4˜	Ü��?U+�J•���ÃJ•J¸�Ã0��n�<1�F¼�Ú4˜�ä,���W���i-�E<EÍ�{�
,X�GK����ü.���iF¼

J•�K4˜	Ü�ü�i-�4z�3�ÃG¡�o�Ã#B�o�ÃEH	å�o1��0*ü�ß,�����Ô�þ�L
_,X�Ý4È�U�ÅKÂNl.��
Î�b�i�i
$

�Û2Ï,���J�Í1u�Å�Þ�ê�o�ÃEH	å�o1�E¯> 1T�ê,��	Ã�|�Ð�Î�iF¼J•�K4˜	Ü,XM-�o�:	¬�6�{�
�•/ß�V�ß

(P¬�‹�ý��2006)
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�J��,�� ,�� 
` �Ú�ÿ� � BHA 	¬�6�Æ4“�ü�i�i 
$�Û2Ï,X�!/Ï�ÚG£,��m;�� ,�� 
` ��1u�Å�Þ�ê�o�ü�i

�i
$�Û2Ï,X�Ý�þ�ÚG£,��N/m;�� ,�� 
` ���Ý�þM24“�ûG£,���Í�b�ã	¬�6KÂNl	Ã�Ñ+9��LÊ;���J�ª	¬G£

�ã��	à�Þ.

�rL�,X"•!è�i�¹/ß#]	ž,X�E
¡�´2ô�á���î��,��Eî��LÔ?U�ü)„�Ý,X�i�ß1u�Å	¬�6�{�
�•/ß
Î

.��ÞE¯> �™?U,X�Â!7,���Ý�Ê?U4Ð	Ü�ý*ü�î�þ�{�
�•/ß�!6ÑE¯> "�?·.��

3���������Ë�A1×�'�~�(�D
D�~�(>‚�p

�i�ß1u�Å���Æ���Û1u�Å�ÞEH	å	_�oE’���¤�Ô��+ ���Ê,��1u�Å	¬�6+��Ô/¡�X
_0U	¬E¯�9	º�ê

�Ô/¡�X
_,X�á0��n�ûKÂNl.���i�ß1u�Å���Æ�î�éCKJ•E¯�•	å�
	¬�Ã�i�ß�=L�.¼�3�tG¡�Ã�i�ß1u�K


`�¾�<�����Ã�i�ß1u�Å�0�î�ÄL’*î7Ç�³JÕ!O�´1�AÌ�îKÂNl,���Í�]�<P¬���0�îEô�ä�Õ6•.���Ô�)�i�ß1u

�Å���ÆKÂNl-è0J,���Á/�1u�Å���Æ�â	â���Æ> ��,���š.BNX#�1u�Å���Æ��+ EQ9K,��	Ã���i�ß1u�Å�ì�ê

A’Au�â�]�<P¬���0�î�¤�o)ÚAŽ�q�B.

,Ì�Í�b û�•	_�����Æ5à?Ô,���i�ß1u�Å���Æ�Ù	ÿ�Z�i-�4z�3�ÃG¡�o�Ã�=�º�o1�AÌ�î�´2ô,X�E


¡,���J�o�:> ���È�t�á��.���
�B�i-��´�)�6(Š,X�Ú2O,���i�ß1u�Å���ÆKÂNl	Ã�Ú�ä	«
V,È�i-��Ã�p

,È�i- � (�Ù�À"��G�i-�) �¹	ž���Æ�i-�1��á	à�i-�4z�3,X1u�Å���ÆKÂNl.���i�ß1u�Å���ÆKÂNl,X-è

0J�•"©�Ù�À)ÚAŽ"©�Ã�D��"©
`�rP`"©,��)ÚAŽ"©�Ù	ÿ�U�Å�•/ß�Ã���Æ�‚�Ú�•/ß
`6ÑG£"©1 � (Gao��&

Huang��2015).

20 �ê4 ~ 50 �H�·,��Lubinski )[��-è0J�Z
V,È�i-���1u�Å�`4È�þ	å��� Æ (Lubinski��1950) 
`�Ý4È

=Ž�Ÿ���ÆKÂN l (Lubinski��&��Althouse��1962),��4§�p><�â,��Lc-�J•	 _ (EH	å	_�o) ,X�r�û,���i �ß1u�Å�q

 õ4£	Z,È4“(Š�Õ�Ã�`4È�þ	å���Æ(Š�Õ,È7Ç=Ž�Ÿ���Æ(Š�Õ,���J�|�Ð�Z=Ž�Ÿ���Æ(Š�Õ�ß=Ž�Ÿ	¬�6�â

EH	å	_�o,X�G2Ï.��'
5à,��Lubinski "u�Ý�Á/��i�ß1u�Å�V�)�¢�`4È�þ	å���ÆE›#õ��=Ž�Ÿ���Æ.��	â4Á,

Wu��(1992) -è0J�Û�Î,��Lc-�J•	_,X�r�û,��
V,È�i-���1u�Å�q õ4£	Z!7�ú���Æ
`=Ž�Ÿ���Æ(Š�Õ,���J�|

�Ð�Z�ø/¡���Æ�õ�Õ,X��+ EQ9K.

0è5Ù�ü�! �Ž�¹ �0,X
Î .� �Þ,��-è0J�Z
V,È�i -� ��1u�Å�� �Æ�õ�ÕE@�6,X�<E›/ ß (Huang��&��Gao

2016).��Lc-� �i �ß1u�Å�i0Ã�ÞEH	å	_�o,X�r�û,���i �ß1u�Å�q õ4£	Z�Z,È4“(Š�Õ�Ã�`4È�þ	å�� �Æ�Ã

�Ý4È�þ	å���Æ�ÃE²4Á�y?º���Æ
`=Ž�Ÿ���Æ�h�þ(Š� Õ (� * 2(a)),���Ú�ÿ�|�Ð�Z!£�þ���Æ(Š�ÕE@�6,X

��+ �5�Ê.���`4È�þ	å���Æ���Û1u�Å�ü
V,È�GM6�Y	¥*ó�`4È���Æ	¬� 6 (� * 2(a2)),���Ý4È�þ	å���Æ��

�Û1u�ÅEH4“���Ô�5�Ý4È0NKÈ�Æ4 “ (� * 2(a3),��(a4)),��E²4Á�y?º���Æ���Û1u�Å�â�i�•��KÈ&•�y?º�Ô

�ŸE@�6��E²4Á�y? º (� * 2(a5)),��=Ž�Ÿ���Æ���Û1u�Å�â�i�•,XE²4Á�y?ºKS�zE’���Ô�þ=ŽC ± (� * 2(a6)).


V,È�i-���1u�ÅG¡�o�•	å�â�i-�EH4“,Ì�f�G> ,��
V,È�b�i-�EH4“,X1u�ÅG¡�o�ÚG£��LÊ;���p,È
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�i-��Y1u�ÅG¡�o	à�Ê�Ù	ÿ�G> �b
`
V,È�b�i-�EH4“,X�ø�þ�ÚG£,���´5à�p,È�i-���1u�Å���Æ> ��

�á	à�b
V,È�i-�.���'1u�Å�ÞEH	å�o���•�o�ê5ÙEW�ã,X	_�o�Ê,��1u�Å	«��
V,È�b�i-�EH4“G¡�o�ÚG£

,X�0*ü5àDŽ�ü�i-��i0Ã,���è�±�Õ,È4“(Š�Õ;���'1u�ÅEH	å	_�o�r�û���¤�Ô��+ ���Ê,��1u�Å�Ô�Ÿ7�/•

�i-��i0Ã5à
�)„<›�6(Š�Õ,��	G	¥*ó!7�ú��� Æ (� * 2(b1));��Lc-�EH	å	_�oE¯�Ô!9�r�û,��1u�Å	¬�6�Æ4“

E@�6��=Ž�Ÿ4“,��	G	¥*ó=Ž�Ÿ��� Æ (?•� * 2(b2)).

Paslay��and��Bogy��(1964) Oj õ�ý*ü6ÑG£"©�|�Ð�Z�p,È�i-���1u�Å!7�ú���Æ,X��+ EQ9K,��	â4Á

�:5 Ù Chen��1���(1990)�ÃMiska��1���(1996) �3�k���Z,Ì	à,X4§�p.��+�!7�ú���ÆE›#õ��=Ž�Ÿ���Æ���Ô�þ

M2���á��,XE›/ß,��E¬"u�Ý�Ô�þ)ÚAŽ6Ñ�ó�`�H
��£EÄA¹E›/ß.��,Â�!,��?·�‡A¹KÂNl,X��?U�ñCÃ��:���Ô�)

1u�Å���Æ�x�Y�rP ` (Salies��1994,��Salies��et��al.��1994,��F•4v	"��2002),��?–�³1u�Å	¬�6(M&•�J#�G£,Ì�G�D

�B,���Ú�dE›#õE›/ß��1u�ÅEH	å�o�âEH	å	_4ý�!/Ï��KÈ,X�G2Ï,���¤�ÎE›#õE›/ß,X��A’�5�Ê,���Î0Ÿ�o

�:�õ
_�JE¯> "�?·.

Chen��1���(1990) �Ñ+9�Z!7�ú���ÆL
!‰,X	_4ý�!/Ï,���è��A’+�!7�ú���ÆE@�6��=Ž�Ÿ���Æ,XE›/ß

��,��EH	å	_4ý�!/Ï	¬�êEW�û,��5àEH	å	_�o�±�Õ�á	¬,���|�Ð�k��=Ž�Ÿ���Æ��+ EQ9K��!7�ú���Æ��+ 

EQ9K,X �á;��Wu��(1992) ��A’+��ñ�Ÿ!7�ú���ÆE@�6��=Ž�Ÿ���ÆE›/ß��,���i�ß1u�ÅEH	å	_�o�â	_4ý

�!/Ï��KÈ��4“�û�G2Ï,���k��4§�p�� �á;��Miska��1���(1996) ��A’�¢�ñ�Ÿ�´���Æ(Š�Õ��=Ž�Ÿ���Æ

,X�H�þE›/ß��,���i�ß1u�ÅEH	å	_�o�â	_4ý�!/Ï��KÈ��4“�û�G2Ï,���k��4§�p�� �á.��Cunha��(1995)

-è0JAx���tEQE¯�9=Ž�Ÿ���Æ
`	LEQEÔ�Î=Ž�Ÿ���Æ,X��+ EQ9K���á,Ì	à,X.

0è5Ù
Î�b�õ�³�rP`-è0J,���¤�Î�Z�Ô/¡�È�t�`�H,X1u�Å���Æ(Š�ÕE@�6E›/ß��A ’ (� * 3):��!7�ú��

�ÆE›/ß��EH	å	_�o�â	_4ý�!/Ï��KÈ��4“�û�G2Ï,��!7�ú���Æ4§�3��=Ž�Ÿ���Æ�Ô�ŸE›/ß��EH	å	_�o

�±�Õ�á	 ¬ (P¬�‹�ý��2006,��Gao��&Huang��2015),���JG›*ü6ÑG£"©�|�Ð�Z���Æ��+ EQ9K.��
Î�b�i�ß1u�Å��

�Æ�{�
�•/ß,���ý*ü1u�Å�â�i�•�y?º�ø�•�5�Ê,���3�|�Ð�Z1u�Å=Ž�Ÿ���Æ��+ EQ9 K (Gao��et��al.��1998),

�J4§�p�â6ÑG£"©M2���yE¥,��4z��!7�ú���Æ��+ EQ9K, X 1.38 �á,��+9�"� b Chen 1 � (1990) ,X4§�p,��P`

A•�ZAu1k�@�ã,X	Ü)Ú�û.

��

��

�*����

	� �Á,h3Ò�‹0Í���t��.f�;�*.��(a)���®, �Á,h�Y0Í���t��,��(b)��!`�Ÿ�Á,h�Y0Í���t� � (Huang��&��Gao
2016)
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�õ�³�rP`><� â (McCann��&��Suryanarayana��1994),���i-����Æ	Ã�r�û1u�Å���Æ��+ EQ9K,���¤P¬1u

�Å,X0��n�û.��He��
`��Kyllingstad��(1995) �Ú���Æ�i-���1u�Å���ÆKÂNl1������p,È�i-�KÂNl,���üAu1k

���Ú
V,È�b�i-�EH4“,X1u�ÅG¡�o�ÚG£�Ó�6�����Æ�i-���1u�Å�â�i�•,X�y?º�o.��	â4Á�Ô�o�:5Ù,���Ù

� À Wu��
`��Juvkam-Wold��(1995a)�ÃKyllingstad��(1995)�ÃQui��1���(1998)�ÃMitchell��(1999) 1�,��
�G›*ü

�á	à,X��A’�5�Ê
`"�?·�•"©,���|�Ð�ZEô�p�i-�
`L!�p�i-���1u�Å!7�ú���Æ
`=Ž�Ÿ���Æ,X��+ EQ

9K.��E­�o4§�p��?UEÖ*ü�b�™�Ý�i�p	¬�ê,X�i-�,��5à,ó�r�i-�,X�•�!�3��	¬�ê,X,���´!8LÔ?U-è0J�i

�p
`�•�!	à�Ê	¬�ê,X�i-���1u�Å���ÆKÂNl.��0è5Ù�
�B�i�p
`�•�!,X	¬�ê�Ú�ÿ�n���i�p�GM6
`�•

�!�GM6,���Ú1u�Å	¬�6KÂNl�Ú?·��E­�ø�þ�GM6�YE¯> -è0J,��'
	â�aE¯> 4˜	Ü,���Ô	â�k���Z�Ý4È���Æ

�i-���1u�Å���Æ��+ EQ9K,XE¥��Au1k�@� ã (Huang��&��Gao��2019).

�i�ß1u�Å���Æ-è0J��Eî�����n1u�Å��1��X,X4šKS��,���è�â�i�•E²4Á�y?º.���rL��Þ,���i-��Y,X

�H�þ1u�Å��+�AŒ�î!‰1u�Å	)� � (�ê	)�
1u�$) NN�cE²�y4˜�ä,X,��	)����KÈEîE›�y��E²�y,��1u�Å�y��

,X�X	å���ÌEî���û�b1u�Å���',X,È�X,���Ð7È�y��L�E¥,X1u�Å���'�â�i�•���á�y?º,X.���ù���9A†,

E²4Á�y?º,X��A’�5�Ê�á0ú	Ü�rL��™�‰.��Lubinski��(1977),��Paslay��
`��Cernocky��(1991) -è0J�Z���Æ�i

-����ú�y��1u�Å	«�•
`	«	_�Ê,X�h�oLš��KÂNl;��Mitchell��(2003,��2005) -è0J�Z�ü"��G�i-����ú�y

��1u�Å!7�ú�� �Æ�¹ 	ž�ü
V,È�i -� �� ,X=Ž�Ÿ�� �ÆKÂNl;��Gao��1� ��(2011)�ÃDaily��1� ��(2013)�ÃHajian-

maleki��
`��Daily��(2014) -è0J�Z"��G�i-����ú�y��1u�Å+��`4È	¬�6E@�6���Ý4È	¬�6,X��+ �5�Ê.��'


5à,��E­�o-è0J�¹�0	¾��6.&ú�b�¤�Ô�þ�ê�´�þ(M!^,X1u�Å���ÆKÂNl,���þ6Ñ�<M6�Á/��i�ß�ú�y��1u�Å

,X�á�����Æ�o�:> ��.

J\�ÍA¹KÂNl,��0è5Ù4Ð	ÜG›*ü�U�Å�•/ß�Ã���Æ�‚�Ú�•/ß
`6ÑG£"©�Ô�)-è0J,��Oj õ�Á/��Z�i�ß�ú

�y��1u�Å	¬�6(Š�Õ,XE@�6�G2Ï,���J4¬�
�Z,Ì� Ò (� * 4).���i�ß1u�Å���'�â�i�•,X�y?º(Š�Õ�Ù�À�´�y

��

��

�*����

�ÌD©Dó/7�YD 	=�Ç�:D 	=�y/'+°�s@ê�Ÿ2 ' (Gao��&��Huang��2015)
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?º�Ã&•�y?º�ÃE²4Á�y?º
`�`�<�y?º,��1u�Å,X���Æ�õ�Õ�Ù�À�´���Æ�Ã�þ	å���Æ�Ã!7�ú���Æ
`=Ž�Ÿ

���Æ.���Ú�y?º(Š�Õ�â���Æ(Š�ÕE¯> 4˜	Ü,���E� Ý 16 /¡1u�Å	¬�6(Š�Õ;��4Ð	Ü�y?º(Š�ÕE@�6�5�Ê
`���Æ

(Š�ÕE@�6�5�Ê,���E� Ý 20 /¡��+ �5�Ê.���Ú�ÿ"�?·9‹�k�Z	Ø�þ(Š�Õ�ß1u�Å	¬�6�Æ4“�Ã1u�Å��F¼��-½�Ã

1u�Å�â�i�•�y?º�o1�4§�p,���|�Ð�Z	Ø/¡��+ �5�Ê,XAu1k><E’� ã (Huang��&��Gao��2014a,��2014b,��2015;

Huang��et��al.��2017,��2018a).

�ü� * 4 ��,��I,��L,��S,��H �Ú�ÿ�·><�ñ�Ÿ(Š�Õ�Ã�þ	å���Æ�Ã!7�ú���Æ
`=Ž�Ÿ���Æ;��N,��P,��W,��F �Ú�ÿ

�·><�´�y?º�Ã&•�y?º�ÃE²4Á�y?º
`�`�<�y?º;��C �·><��+ �5�Ê.

�i�ß1u�Å0ÃF¼,XE•+ �5�Ê�3���E
¡1u�Å���Æ> ��,XG¡?U�´2ô.���óHH�$�m�o�:���U�Å0ÃF¼4z

�3,X�Ú2O�Û�š,��,Â�!1u�Å0ÃF¼E•+ �5�Ê��?U�Ù�ÀJÄ��4z�3
`�Î��4z�3.���ü0ÃF¼4z�3�ß,���i�ß1u�Å

���Æ	¬�6�Ù�ÀE›#õ!‰
`�`�<���Æ!‰,��E›#õ!‰	œ	Ã�¹�Ú���€0N!‰
`E²4Á�y?º!‰.���Ô�o�:5Ù-è0J�ZE›

#õ!‰�Þ1u�Å	¬�6?˜�_�¹	žE›#õ!‰KS�z1�KÂN l (Mitchell��1982,��Sorenson��&��Cheatham��1986,���ì�¸�{


`P¬�‹�ý��1999,��Gao��&��Miska��2009).��-è0J><�â,��E›#õ!‰,XKS�z�ã�b=Ž�Ÿ���Æ,X�Ô�þ=ŽC±.��0è5Ù-è0J

	¥)„,��JÄ��
`�Î��4z�3	¾���ø2O(M!^,XE•+ �™�6,���¤�Î�Z�Ô/¡�„,X�i�ß1u�ÅE•+ �5�Ê,X�Ú2O�Û�š

(Huang��et��al.��2015b,��2015c),���J-è0J�Z0ÃF¼4z�3�Í1u�Å=Ž�Ÿ	¬�6(Š�Õ0��n�û,X�E
¡?˜�_.���J�ª�i

�ß1u�Å���ÆKÂNl,���Ù�À�=�º�o�Ã1u�Å�Y�ê#†	_� o (M½�«�›��2011) 1��´2ô�Í1u�Å���Æ> ��,X�E
¡,

�3	ª�k�Z�Ô�o-è0JE¯�),��E­G �á�aC,EÄ.

�H�'5à?Ô,���G�b�i�ß1u�Å���Æ> ��,X-è0J�ûFÑ�2�bM-�o���Æ8×+H.��'
5à,���ü�ŸE@J•E¯E›/ß��

�i�ß1u�ÅEî���Ø�bE¤�|(Š�Õ,��!8�Ê�i�ß1u�Å���Æ�{�
�•/ß���Ù	ÿ1u�Å�!5B	¬�ê�Ã�Ã�û�o1�NM,���2

��

��

�*����

	��Á,h3Ò�‹0Í��+°�t���í�Ñ?�,$� * (Huang��&��Gao��et��al.��2018a)
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�b�| �o�: �� �ÆKÂNl.��,Â�!1u�Å�| �o�: �� �Æ-è0J�\�å,���™��L$�b�´�þ(M!^KÂN l (Dunayevsky��et��al.

1993,��Gao��&��Miska��2010a).���õ�³ �rP`4§�p><�â,���| �o�: �� �Æ��+ EQ9K�ã�bM-�o�: �� �Æ��+ EQ9K

(�ô�S#Ù1 � 2001),�������î�þ6Ñ�¢)ÚAŽ�Þ�Á/��J�o�:��)Ú.���´!8,���ß�Ô!9LÔ?U�t���Í�i�ß�ŸE@1u�Å

�|�o�:���ÆKÂNl,X�ï�„-è0J.��

4���������Ë�A1×�'�ŸLq�£.�Nº#•*<Að�DAôA×�Ý�l�ï#�

�i�ß1u�Å�=L�
`�A-½,���Ú�ÿ���Û�i�ß1u�Å�ü�i-��YEH	åE¤�|�Ê�{*ó,XEH	åL��o
`�ŸE@E¤�|

�Ê�{*ó,X�A-½�3��.���Í�b"��G�i�Ã�û�!/Ï�i1��á��4§�X�i5à?Ô,���ü1u�Å�Þ,X�=L��A-½�0*üKÂNl!¨

EW0U�Î,�����E
¡�¹/ß�0�î�]�<,XG¡?U�´2ô���Ô.��	à�Ê,���i�ß1u�Å�=L��A-½EQ9KAu1k���i-�E<F'A’

Au�ÃJ•�Å�ì�ê�Ã	5&•NX#��ÃL!.¼�£�A	žJ•��EÝ
_1�A’Au�{�
,X)ÚAŽ
Î.�.���´!8,���Ô�)�i�ß1u�Å�=

L��A-½NX#��â�{�
-è0J�K�Ý�rL��ã��.

20 �ê4 ~ 80 �H�·,��Johancsik��1���(1984) �Î0Ÿ�Z4£�L,X�i�ß1u�Å�=L��A-½�õ
 _ (	GEC4Ç�õ
_),��A¹

�õ
_�Ú�i�ß1u�Å1T�ê���´�k���î �z,X4Ç2ö.��Ho��(1988) ���� �áEC4Ç�õ
_���Ñ+91u�Å�î�z,X5�&•,

�Ú1u�Å?š���
�û4š��,���Î0Ÿ�Z�î���õ
_.���J�ª�:5Ù�ü!8
Î.��Þ�.�Z�ûG£,X�`�X�¹� 0 (Sheppard��et��al.

1987,��Maidla��&��Wojtanowicz��1987,��Lesage��et��al.��1988,��Brett��et��al.��1989,���"�$��
`�(�µ	ï��1993,��K¿J•

1 � 2011).��0è5Ù
Î�b�i�ß1u�Å,XM-�o�:	¬�6�{�
�•/ß,���|�Ð�Z�i�ß1u�Å�=L��A-½Au1k�õ
_,X�Ô8�

><E’�ã,���JJ\�Í�Ô4È�Ã�`4È
`�Ý4È�i-�4z�3�5�Ê�Ô�)�Z�i�ß1u�Å�H�'	«�o�Ú� d (P¬�‹�ý1 � 1994).

�ü�ÞEÄ�õ
_�Î0ŸE›/ß��,�����n�i�ß1u�Å�â�i�•E²4Á�y?º�è1u�Å	¬�6�Æ4“�â�i-�EH4“�Ô7È,��A¹��A’

�5�Ê�U�ûL!�"�Z"�?·�âAu1k,XL’�z,�����3�E
¡�Z�õ
_,X2’�z
`EÖ*ü8×�È.���_�V,���û�!/Ï�i�û�p�z

J•E¯E›/ß��1u�Å�•�ç	¥*ó���Æ,��1u�Å�y���Ð7È1u�Å���'�â�i�•E²4Á�y?º�5�Ê����1�,��E­�oKÂNlCY

�Î�Z4£�L1u�Å�=L��A-½�õ
_,XEÖ*ü8×�È.

Wu��(1995) �Ú1u�Å���Æ��+ EQ9K�¹	ž���Æ�éCK,XL��t�y?º�o�é�9��4£�L�õ
_��,���Î0Ÿ�Z5×<%

�� �Æ�� �h ,X �i �ß1u �Å �=L� �A -½NX#� �õ 
_ ;��McSpadden��
` ��Newman��(2002)�ÃMenand��1� ��(2006)�Ã

Mitchell��1���(2015) -è0J�Z�ú�y��1u�Å,X�=L��A-½KÂNl,���Ú1u�Å�y���¹	ž�y����KÈ,X��&•�0��1u

�Å�â�i�•,X%0�ü�y?º&•.���ÞEÄ-è0J��1u�Å�y�����h
`���Æ���h��,Ì�f(À0Ÿ,X,���þ5ú	ÜCK�9.���Ô�o

�:5Ù,È�yG›*ü�ÝL$��,X�•"©"�?·�i�ß1u�Å�=L��A-½��(�ì�¼�±��2003,��Aslaksen��et��al.��2006,��Tikhonov

et��al.��2014,��/1��	"1 � 2019),�����3�,�ü�D���õ�³Au1k��)[�"�Ã�
�/�û�Â1�KÂNl.

E¥�H�9,��0è5Ù�Ú�i�ß1u�Å��F¼�o�:�õ
_�â4£�L�H�'	«�o�õ
 _ (	G�=L��A-½�õ
_) 4§	ÜCK�9,���Î

0Ÿ�Z�i�ß1u�Å��F¼�í�H�'5ú	Ü�o�:�õ
 _ (� * 5).���ü��F¼�o�:�õ
_��-è0J�Z�i-��´�)�Ã1u�Å�y���Ã

1u�Å���Æ1��´2ô�Í��F¼1u�Å�o�:> ��,X�E
¡?˜�_,�����Ú5×<%�Z1u�Å�y�����h
`���Æ���h,X5ú	Ü

(Huang��et��al.��2018a,��Huang��&��Gao��2019),���a�Ú��F¼�õ
_,X4§�p�é�9���H�'	«�o�õ
_���Â!7,Ì�G	–

�D,���Î0Ÿ�Z,Ì�h,X5ú	Ü�o�:�õ
 _ (Huang��et��al.��2018c,��Huang��&��Gao��2020).��5ú	Ü�o�:�õ
_�¶5×<%�Z

	Ø/¡��F¼�´2ô,X�0*ü,���=�)�Z�õ
_,XEÖ*ü8×�È,��	à�Ê�±A•�ZAu1k,XP¬���û.���ý*üA¹�õ
_,���ä�s�Á/�

�Z	+#K�¤"•+��û�!/Ï�iJ•E¯E›/ß��?˜�_�ûL�	5,X�o�:��)Ú,���J�¤�Î�ZA’Au�{�
�•"©,��5à��?˜�õ
_

�´"©?·�‡E­�þKÂNl.
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J•�Å�ü�i-��YKS�ÊKÈ�ŸE@�0�î�Ê�á�•.¼�3�+1u�Y�•,���S�k�+1u�k�Y	_���z
`�k�ê�ø���z�Ý

��L!�",��*î7Ç�Ð7È�+1u.¼0S�_� � (�°�ó��2002).���+1u�{*ó�ùG¡.¼�3�Ê,���•�çAÅ	¥K��Ñ	5J•�Ã�i1&�`

�H�û����1��i�ß�J�û�_��,���ùG¡�E
¡�Z�i�ß�0�î�]�<
`�i,X�S*ü�Ó
Q.

�`	��ê4~�A�×	��H�·,���!8£6(
`5b�Ñ�:5ÙOj���Ô�)�Z�+1u.¼�3,X)ÚAŽ
`�rP`-è0J�¹�0,����	â

4Á-è0J�4�n�ZG¡?U
Î.�.��,Â�!-è0JAx��,���+1u.¼�3��)Ú��?U�Ú���¯/¡�6� ã (�-E²�´��2012):��2l-�.¼

�3�Ã�Û��.¼�3�Ã.¼2f.¼�3
`�o��.¼�3.��2l-�.¼�3���+1u�Y�•��F¼2l&Þ�Ð7È�$�m�3��,��.¼�%
�;X(�

(Š;���Û��.¼�3���i�ß1u�Å�y��.@Bü&•�Í�+1u�Y�•,X�‚�Û��,��.¼�%
�4š�5(Š;��.¼2f.¼�3��.¼2f�Í�+

1u�Y�•,X�‚�Û��,��.¼�%
�2]�ÿ(Š;���o��.¼�3��4šNk2f�Í�+1u�Y�•,X�'.¼,��.¼�%
�4š2]�ÿ(Š.���ü�rL�

J•�iE›/ß��,��E­�¯/¡.¼�3> ��	Ã6Ñ	à�Ê�,�ü,����Eî���¹.¼2f.¼�3����.

�E
¡�+1u.¼�3,X�´2ô�\�î,����?U�Ù�À�i-�(«7S�z�ÃJ•�Å�ŸE@Eó�z�ÃJ•�Å
`�+1u><M62k2­�z�Ã

J•�i#†�û6Ñ	ž�y?º�o�û�ã1�AÌ�î �´2ô.��Bradley��
`��Fontenot��(1975)�ÃWhite��
` ��Dawson��(1987) -è

0J><�â,���+1u.¼�3��?U+��bJ•�Å�ŸE@�Ð7È,X,��J•�ÅCK�ßJ•,X�E
¡	Ã�Ñ+9�áAu.��White��
` ��Dawson

(1987) �Ú�+1u.¼�3G£
`�=�º6Ñ6(2ÏCK�9,���Î0Ÿ�Z4“�û,X�+1u.¼�3��)[�õ
_.���üA¹�õ
_���+1u.¼�3

�'/Ã�â�=�º6Ñ�ä!7!¨,���â�+1u.@�z�ä	¡!¨.��Hall��1���(1994) 1T�ê�Z�+1u.¼�3��)[�õ
_,��Ax��.¼�32Ï

�D�Ã�y?º�o
`E¤�|CÃ/ß��Au1k�+1u.¼�3,X��?U	–�D,���J��.¼�32Ï�DLÔ?UEîE›�x�Y�rP`�ê5Ù)„
�

#�G£�D�B	¡$è�!6Ñ.B�n.��Schoenmakers��(1987) Ax���+1u.¼�3�6(Š��	)�Ü(-� 6 (� * 6(a)),��
Î�b4“�û

.¼�3��)[,X��A’,���Î0Ÿ�Z�+1u.¼�3M6/Ã
`.¼�3#Å�z,XNX#��@�ã.���Ñ�Y,���k��	"1 � (2004)�Ã/1��	"

1 � (2015),��E¬�Ý�J�ª�:5Ù�3�.�Z�Ô�o,Ì�G,X�Ý,ž�¹�0.

�+1u.¼�3�rP`><�â,��.¼�32Ï�D�á���Ô�þ���D,��5à��Lc-��+1u.¼�3#Å�z,X�r�t5à�£�ã,���Ô	âC_

�b0��n.��Hall��
`��Malloy��(2005) -è0J�Z�+1u.¼�3�'/Ã�â�=�º6Ñ,XM24“�û�G2Ï,���¤�Î�ZK¼�¯�y?º	_�o

,X�V�É.��J\�ÍA¹KÂNl,��0è5ÙAx��J•�Å�â�+1u,X�y?º	_�o���E
¡�+1u.¼�3E›/ß,X�GK��´2ô,���Î0Ÿ�Z

��

��

�*����

�Á�70Í���lF��í� �•5R	4�Ç�’�M�·.��(a)��� �•0Í��	¸�lF�0Í��+°�Ÿ2',��(b)���lF��í� �•5R	4�Ç�’�M�·
@Í0Ã�r� * (Huang��&��Gao��2020)

1� ��3���ó P¬�‹�ý �
��T˜�[	ï �������i�ß1u�Å�o�:�â�{�
�•"©8¹�F-è0JE¯�) 629



�K�ÝM24“�û,X�+1u.¼�3���h�õ
 _ (Gao��et��al.��2010,��Gao��&��Sun��2012,��Sun��et��al.��2012).���üA¹�õ
_��,

�+1u.¼�32Ï�DLc-�.¼�3#Å�z,X�r�t5à�£�ã,���<M6�£EÄ�Z�+1u.¼	Ü.¼�3
`0��n.¼�3�ø�þL
!‰,���èAu

1k4§�p�â�+1u.¼�3�rP`
�	Ü8C�Q.��J•�Å���Æ�ÃJ•�Å#u�|�Ã�+1u���Ú�z1��´2ô�3�â�+1u.¼�3E›/ß

�š�Û,Ì�G,��E¯5à�Î0Ÿ�Z5×<%E­�o�´2ô�0*ü�ß,X�+1u.¼�3NX#��õ
 _ (B�LË�±1 � 2018;��Tan��&��Gao��et��al.

2018a,��2018b,��2018).

)„
��î7–#��i�D�B��/�,���i�ß�+1u,X�rL�.¼�3�6(Š�Ý�Ê�á��	)�Ü(-,���ü�¤�o�i!‰,X�+1u�Þ�,

�ü�î�þ.¼�3	�
³,��CY�Î�Z��?˜�õ
_,XEÖ*ü8×�È.��0è5Ù�¤�Î�Z�+1u�á	Ü.¼�3�õ� ã (� * 6(b)),���Ù�À�Ü

(-��KÈ,XG¡	´�Ã�x	•
`�Ú/•.���á	à�+1u.¼�3�õ�ã�{*ó,X	s�´���á	à,X:��G¡	´,X	s�´��.¼�3�ê�X	¥

*ó�Z	¬�ê,���x	•,X	s�´��.¼�3�!5B�ã���z�#/Ï,���Ú/•,X	s�´����.¼�3�!5B�û�#/•.��
Î�b�+1u.¼�3

E›/ß,X�ÊKÈ/•�7�ê
`.¼�3�þM6,X0NKÈ/•�7�ê,���Î0Ÿ�Z�Ô/¡�á	Ü�õ�ã�ß�+1u.¼�3NX#��õ
_.

,Â�!�Æ�ÝAŒ�î�¹/ß�{�
�•"©�9L!�"�=L�.¼�3,�������J)ÚAŽ
Î.��¡�Ý�Y�b�`�X.����*ü,X�{�
�•

"©�Ù� À (Aston��et��al.��1998,��Schamp��et��al.��2006):���i-�E<F'�ì�êA’Au
`�rJ•�i-�E<EÍ2’.B�{�
�Ã�¤

P¬J•�i#†#z$¥�û�ÃJ•�K4˜	Ü�ì�ê�Ã�]>™L�.¼�£�A�¹�K1��~�‘.���ì�ê�i-�E<F'	–�D,���¤P¬�rJ•�i-�

E<EÍ,X��$¥�z,��	Ã�Ý��L!�"J•�Å�â�i�•,X�y?º�o
`�=L�;���ý*ü"•
ÎJ•�i#†�Ó�6"�
ÎJ•�i#†,���S*ü

#z$¥���ÃL�.¼���Ã#z$¥)´1�#Ï�t��,��	ÃL!�"�i�ß�=L�2Ï�D
`.¼�32Ï�D;���ü
V,È�i!‰
`�ã�i�p�i!‰

G›*üP¬4“G¡J•�K�¹�¤P¬�Ý���ß�9G¡�o,���ü�û�p�z�i!‰G›*ü�"4“G¡1u�Å�ê5Ù$Ö#B1u�Å�9L!�"�=L�;

L� .¼�£ �A�¹ �K ��?U�óHH�+1u�J !7 �< �] �� �• "©�9E¯> �] �� �!5B�ì �êA’A u (Juvkam-Wold��&��Wu

1992),���J	s)Ú��EîE›FS�!1u�Å���'�â�i�•,X�y?º�9L!�"�=L�
`.¼�3.

0è5Ù
Î�b�i�ß1u�Å��F¼�í�H�'5ú	Ü�o�:�õ
_,���Î0Ÿ�Z�i�ß�£L��¹�K�]���!5B
`�þ�D,X�ì�êA’

Au�õ
 _ (Sun��&��Gao��2012,��Huang��et��al.��2018c),���õ
_��5×<%�Z�£�å�=�ºL��o�ÃL!�"L�	5N¢L=1��îG¡

,Â�Û.��Au1k4§�p><�â,���'�i-�(Š�‰!¨EW�Q�Ê,���ÎA‚G›*ü�i�ß�£L��¹�K�¹L!�"�=L�;���'�i-�(Š�‰!¨EW

�Â�Ê,���á�ÎA‚G›*ü�i�ß�£L��¹�K�¹L��{*ó�Ö��,X���„L��o,��E­�â)„
��rCÉAxAš,Ì
�	Ü.

��

��

�*����

�9	8+°�ƒ0Í.��‹�M�;.��(a)���•�4'….��‹�M�;,��(b)���5.ù�9	4.��‹�M�;
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,Â�!,X1u�Å�=L��A-½�õ
_�����n�i-���)Ú�Ç#Ù"Õ,X,���´�}�%�^�,�ü.��'
5à,���n	åJ•�i���}�%

�^,X�,�ü��L’�¹FS�!,X,���ø�J�ü�û�!/Ï�i�ÃKS"��G!‰"��GJ•�i���}�%�^KÂNl�È�t0U�Î.���i-���1u

�Å�â�}�%�^�,�ü�á��,X,Ì�f�0*ü,��1u�ÅE¤�|�î�E
¡�}�%E¤/Ï,���}�%E¤/Ï�3�î�E
¡1u�Å	«�o,���ø5Ù

��,Ì�f5ú	Ü,X.��)„�Ý,X�=L��A-½�õ
_�þ6Ñ5×<%1u�Å�â�}�%,X,Ì�f�0*ü,���Ð7ÈL’�¹�Á/��}�%L�	5�{

*ó,X�á���o�:��)Ú.���´!8,���ß�Ô!9LÔ?U�Ú1u�Å�â�}�%,ß�0�Ô�þ�H�',���Ô�)�ø5Ù,Ì�f�0*ü,X�o�:��

)Ú
`N¢L=(M�U-è0J.���ü�+1u.¼�3�•M6,��,Â�!�+1u�=�-���z�õ
_��?U5×<%�Z	)�Ü(-.¼�3�6(Š,��	â4Á

�h�Ô�)�á��.¼�3�6(Š�ß�+1u�=�-���z-è0J.��

5���������Ë�A1×�'�¿�ž�’�P�·L†Nº#•*<Að�DAôA×�Ý�l�ï#�

Lc-�J•�i
V#Å
`"��G�!/Ï,X�á�•�r�t,��J•�`�i�â"•!è�i�¹/ß�0�îN¢L=�á�•�r�û,���i�ß1u�Å�]

�<�0�î�UL$KÂNl�²��0U�Î.���i�ß1u�Å�]�<�0�î�UL$,�����Û	«
�M6
`�i�ß	Ø/¡���v?–�´2ô4z�3�ß1u

�Å	Ã�¹�]�<�0�î,X�Ô�û�i#Å.���Ô�)�i�ß1u�Å�]�<�0�î�UL$)ÚAŽ-è0J,���Á/�L$�
�0�î�UL$,X��?U�´

2ô	ž�J�E
¡?˜�_,��	Ã���¹/ß�0�îN¢L=�Ú�d�Ã�ì�êA’Au	ž�]�<�{�
�¤�oG¡?U/¥�:�q�B.

� * 7(a) �� �< )×J• �i �0 �î �UL$ ,X4³Au �D �B ,���û �! /Ï �i ,X �ê+ 4~ �) �� ?ULš �� �ü8Å � Ñ Wytch

Farm�Ã�˜� Ñ Sakhalin �¹	ž5b�Ñ�|?S
¹$R1�
�	�,���û�!/Ï�i,X"��G�!/Ï�ÆCYE › 12��km.���Ñ�Y�û�!/Ï

�iA„�)��?U�ü	+#K�ðF¼,��"��G�!/ÏCYE › 8��km,���â�ê+ A„�)�¡�Ý�Ô�n,X�ÂC ± (P¬�‹�ý1 � 2019).���Í�b

!£�Ô	·�û�!/Ï�i�ê+ 4~�),X�ïEôFÑ���'�ÊJ•�i�T���5�Ê
`�v?–4z�3�5�Ê�ß�n	åJ•�i�Ê����6Ñ�ó

E’��,X�i#Å�UL$��,��	G�n	åJ•�i�Ê���UL$.���Í�b�Ï�)�Ô	·�i5à?Ô,���ü(M�n,X��?–
`�v?–4z�3�5�Ê

�ß�J�0�î�i#ÅFÑ�,-��Ô�þ�UL$��,���3/Ä����J•�i�Ê���UL$.���ø/¡�G�bJ•�i�Ê���UL$,X�n��<Q'
�Ý

���Â�Ö,�������J�Y#‰���Ô7È,X.

2009 �H,��0è5ÙOj õ�¢)ÚAŽ�Þ2Ï4³�¤�Î�Z�ŸE@J•�i�Ê���UL$,X�V� É (Gao��et��al.��2009),���Ù�À�Ý�þ

�$�V�É:��>Ì-��Ê���UL$�Ã���„�Ê���UL$
`"��o�Ê���UL$,���éNZ�Z�Ñ�Y�êJ•�i�Ê���UL$,X�:��-è

0J.��>Ì-��Ê���UL$���Û>Ì-�!‰�á	¥*ó�i-���0���6ÑJ•E’,X�Ô�û�i#Å,��"��o�Ê���UL$���Û6Ñ�ó�±A•

!7��,XJ•�i#��'�~)ƒ
`#Ù"Õ�5�Ê�ß�rJ•�i-�,X�Ô�ûKS�z,�����„�Ê���UL$���ÛJ•�i2Ï4³�ü���„�û

6Ñ�Þ	Ã�¹�]�<J•E’,X�Ô�û�i#Å.��(Á���Þ,���i�ß1u�Å�]�<�0�î�UL$	G�����„�Ê���UL$;���S���Þ,���i�ß

1u�Å�]�<�0�î�UL$���Û���„�Ã>Ì-�
`"��o�Ê���UL$,X4Ð	Ü.����8V�¢�S��?¦�z�Ÿ4¡�i�ß1u�Å�]�<

�0�î�UL$,X8¹�F-è0JE¯�).

�Ñ�ê�:5Ù��?UEîE›�Î0Ÿ1T	) �õ 
_�ê5Ù�
 �BJ• �i4£P`E¯> �¹ /ß�0�î �UL$-è0J.��Meertens��
`

Kloss��(1994) J\�Í8Å� Ñ TA-05 �û�!/Ï�i,���¢�iD•4§�XA’Au1�?¦�z�Ô�)�ZJ•�iN¢L=�â�0�î�UL$�Ú�d;

Wu��
`��Juvkam-Wold��(1995b) �Ô�)�Z
V,È
`"��G�i-���1u�Å���Æ�o�:> ��-è0J,��Ax��
V,È�i-���

1u�ÅEH	å	_�o�,�ü�ÞL$��,��"��G�i-���1u�Å=Ž�Ÿ���Æ!‰�Ô�ûKS�z�� ,���J�� ���=L�2Ï�D,���´

�´ õ;�� ���i-�,X?š	��X,��m;�� ��1u�Å�k���î�z,��N��m2;�� ��1u�Å,X4“G¡,��N/m;���J�Û�Î=Ž�Ÿ���Æ��

L$�
"•1u�ß�9�UL$,XOj?U�´2ô.��Gao��
`��Miska��(2010b) -è0J�Z"��G�i-���1u�Å=Ž�Ÿ���Æ�o�:> ��,

�k ��1u�Å=Ž�Ÿ�� �Æ!‰�Ô�ûKS�z�� ,��� â Wu��
` ��Juvkam-Wold ,X4§�p�Ý�� �Â�Ö;��Rocha��1�

(2003a,��2003b) �Û�Î,���û�!/ÏJ•�i��
���.�>–	_�o�â)ƒ0N	_5ë,X�á	à!9	¬�ê���0�î�UL$�,�ü,XG¡
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?U	s�´.���Ñ�Y,��">�«�â
`FÁ�'� $ (2008) �Î0Ÿ�Z"��o�Ê���UL$,XNX#��õ
_,��K¿J•1 � (2010) �Î0Ÿ�Z��

�„�Ê���UL$,XNX#��õ
_,���J�ª�:5Ù�¢
����ÃJ•�i>™�Û
`"��o	–�D1�?¦�z�Ô�)�Z�0�î�UL$,X-è0J

(Alfsen��et��al.��1995,��Rodman��&��Swietlik��1997,��Mason��&��Judzis��1998,��Meader��et��al.��2000,��Martins��et��al.

2004,���ì4È�Ã��2008,���¤�Z�k
`)_"þ8Å��2008,���Ï�[�à1 � 2014).

E¥�o�H,��0è5Ù
Î�b���„�Ã>Ì-�
`"��o�Ê���UL$,X�n��,��4Ð	Ü5×<%
�M6
`�i�ß	Ø/¡�¹�‰
`4z�3

�5�Ê,X�E
¡,���Î0Ÿ�Z�Ý2O�Ê���UL$,XNX#��õ
 _ (�"J?1 � 2016;��T˜�[	ï��2016;��Li��et��al.��2016a,��2016b,

2016c,��2017a,��2017b,��2019a,��2019b;��Chen��&��Gao��2018;���"J?��2018;��Huang��et��al.��2018b;��Li��et��al.��2020);

�Á/��Z�ŸE@J•�i�Ê���UL$,X�H�'�Ú�×?˜�_,���â�<)×J•�i�0�î�UL$4³Au4§�p
Î��
�	Ü;���Á/��Z�E
¡

J• �i �Ê �� �UL$ ,X �� �{ �´2ô ,���6 �ä �Z 
Î �bJ• �i �Ê �� �UL$ ,X �¹ /ßA’Au �• " © (�"J? 
`P¬ �‹ �ý ��2017,

Huang��et��al.��2018c,��Li��&��Gao��2019,��Li��et��al.��2019c,��T˜�[ 	ï1 � 2020);��
Î �b�ÞEÄ-è0J�ä�p,���X�Î�ZJ•

�i �Ê �� �UL$ ,X )ÚAŽ �' 2 Ï (P¬ �‹ �ý ��2018,��P¬ �‹ �ý1 � 2019),�� �� �Í �� ?˜ J• �i )ÚAŽ �' 2Ï ,XG¡?U 	¥ �)

(� * 8).���ÞEÄ-è0J�ä�p�ü#K"ß�û�!/Ï�i�ÃL�
�NI�}!èKS"��G�i1��á��"•!è�i�¹/ß��9‹�k�Z8C�Q�h

*ü�r��.

� * 7(a) 
`� * 7(b) ,X�Í!¨4§�p><� â (P¬�‹�ý1 � 2019),��)ÚAŽNX#�Au1k�Ê���UL$�â�rJ•4³Au�Ê

���UL$�K�Ý,Ì��?˜�_:��"��G�Ê���UL$Lc-�J•�i
V#Å
�)„�Î�³E™Eó�r�û�í0��n�í4“�ûL!�"�´,X�Ý!‰�ã

?˜�_,���Ú�ÿ�Í�h#��i�Ã��#Å�i
`#Å�i�êCY#Å�i�Ý/¡�™�6.

(1) �Í�b#��i5à?Ô,���û�p�z�i-�J•E¯E›/ß��J•�Å�•�ç�{*ó���Æ,��J•�Å���Æ�Ð7È,XP¬�=L��âJ•

�Å�Ý���ß�9G¡�o�ã,X-¯,Ò��4z�3�n	åJ•�i�0�î�UL$,XG¡?U	s�´���Ô.��#��i,X
V#Å	¬�ê�ã,��KS>Ì-�

!‰
���	_�o�]�<0k	·
Î���á	¬�â)ƒ0N	_5ë	¬�ê�û,X-¯,Ò�3��L$�
�i-��Ê��,XG¡?U	s�´.�����Z�¤

P¬�n	åJ•�i�0�î�UL$,���ÎA‚G›	ª�ŸE@�Ð	åJ•�i�Ã�ì�ê�i-�E<F'0��p?¦�ÃL!�"�=L�2Ï�D�Ã�ìEÝJ•

�i#†�fG£1��T���~�‘.
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(2) �Í�b#Å�i5à?Ô,���i-�
V#Å�û�Ð7È1u�ÅG¡�o�0*ü��:+,��1u�ÅG¡�o�ÃL�	51��´2ô�Ð7È,XP¬�¤

�•EQ9K�â
�M6J•��Nq�n�¤	�6Ñ�o��KÈ,X-¯,Ò��4z�3J•�i�0�î�UL$,XG¡?U	s�´���Ô.��#Å�iJ•�iE›

/ß��Eî���îJ•F��î�+
���,��
���	_�o2Ï4³�á��,���á��
���,X0X�]�<J•�i	_�o0k	·�â)ƒ0N	_�o"¶�|

�û,X-¯,Ò�3��L$�
�i-��Ê��,XG¡?U	s�´.�����Z�¤P¬�0�î�UL$,���ÎA‚�¤	�J•���û6Ñ�Ã�ì�êJ•�K4˜	Ü�Ã

G›*ü�{	_J•�i1��T���~�‘.

(3) �Í�b��#Å�i5à?Ô,��"��G�Ê���UL$�ü�û�p�z�i-�0��p?¦�� �ÊE’���Ô�û��,���J�� ��

�=L�2Ï�D.��,Â�!,���ï�ê+ A„�),X�û�!/Ï�i�ûFÑ����#Å�i.����#Å�i,X"��G�!/Ï!¨EW�û,��J•�Å�ŸE@�{*ó

,XP¬�A-½�â
�M6J•��Nq�n�A-½��KÈ,X-¯,Ò��4z�3�n	åJ•�i�0�î�UL$,XG¡?U	s�´���Ô.���û�p�z!‰

J•E¯E›/ß���}�%L�	51�KÂNl0U�Î,���i-�#Ù"Õ��LÔ,XP¬�fG£�âJ•�i"ÉNq�n�s)[��KÈ,X-¯,Ò�3��L$

�
�i-��Ê��,XG¡?U�´2ô.�����Z�¤P¬�0�î�UL$,���ÎA‚�ì�ê�i-�E<F'�Ã�¤P¬J•���û6Ñ�Ã�ì�êJ•�i	–�D�Ã

G›*üE²4Á�~)ƒ2Ï4³1��T���~�‘.

��?˜,XJ•�iA’Au�•"©,���û7È�Ý';�i-�E<F'A’Au�Ã�iD•4§�XA’Au�ÃJ•�K4˜	ÜA’Au�ÃJ•�i	–�D

A’Au�¹	ž�J�ª	–�DA’Au,XNN�c�q õE¯> .����?˜�•"©�,�ü�ø�•M6,X5�&•:��A’Au,Â�Û���þ���Ú5×<%J•

�i�]�<�0�î�UL$,X�E
¡;���H�'A’Au1T�ê���î�þ�$A’Au,X��6(4˜	Ü,��A’Au���pL’�¹E’���H�'�Ô�ì.

0è5Ù�¹�¤P¬�i-��Ê���UL$��,Â�Û,���Î0Ÿ�ZJ•�i�ì�êA’Au�•"©,����?U�Ù�À
Î�b�i-��Ê��KS�z4z�3,X

J•�i#†�š�z
`�fG£0k	·A’Au�•"©�Ã�i �ß1u�Å�Ú!‰�ì�êA’Au�•"©1 � (�"J?
`P¬�‹�ý��2017,��Huang

et��al.��2018c,��Li��&��Gao��2019,��Li��et��al.��2019c,��T˜�[	ï1 � 2020).���ÔE¥,��0è5Ù
Î�bJ•�i�Ê���UL$)ÚAŽ,���Î

0Ÿ�ZJ•�i�0�îN¢L=�nG£A˜���•"©,��A¹�•"©	ÃAu1k�Ô	·�i!£�þ�i-����Ì�ß!£/¡�0�î�¹�‰,X�]�<2Ï

� D (� * 9),��Aš�ÿ�Î�Ô	EL=�0�î�¹�‰�¹	ž��?UL$�
�´2ô,���aE¯> J\�Í�û,X�ì�êA’Au,��'
	â�á�•G¡�á�Þ

EÄE›/ß.��A¹�•"©J\�Í�0�î�]�<,X�Ô-Á�SE¯> 	–�D�ì�ê,���$A’Au,XNN�c�
�B�'�!�Ô	EL=,X�0�î�¹�‰
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`�E
¡�´2ô�|�ÕA×�H,���S�k�H	·�i,X�0�î�]�<2Ï�D�á�•�¤	�,���k���È�t�ì�ê,X�¹/ßA’Au4§�p,��	Ã

�Ý�����á��?˜�¹/ßA’Au��,X�Ô�o�áC‡.

�üJ•E¯E›/ß��,��J•�i	–�D�á�•	¬�ê,��1u�Å�0�îN¢L=�3Lc���|�Õ	¬�ê.��,Â�!,����?UG›*ü�D�B"©E¯

> �0�îN¢L=,X�r�ÊNX# � (�ª�â'©��2007a,��2007b),���J��?U�ñCÃ��:���r�Ê#�G£
`�Ø)Ú�D�B,���ý*ü�D�B�ê

�l�Ã���<�:�41�1k"©E¯> �Ú�d,��E¯5à�r)„J•�i(Š�Õ,¥#�
`�Ö���™�‰Až�•.��A¹�•"©,X��?U5�&•��:

LÔ?U�ûG£,X)„
��D�BE¯> A•4—,���´"©�r)„J•�i�ûE¯���0�î,XN¢L=NX#�.��+��bJ•�iE›/ß��#�G£�D�B

/¡2O�å�ÃBüG£EW�Â,���ø�J�Í�b�„J•�i	�
+5à?Ô,��J•�i�D�B�áC‡,���Ð7È�D�B"©,XNX#�2’�zL’�¹E’��

?U"�.���õ
_"©,��	G
Î�bJ•�i�Ê���UL$,XN¢L=A˜��"©,��	Ã�Ý�����á�D�B"©,X�áC‡,����LÔ?U�ý*ü�r#��D

�B�Í�õ
_���GK�	–�DE¯> �|�Õ�Â!7.���´!8,���ß�Ô!9LÔ?U�Ú�D�B"©
`�õ
_"©,Ì�f4§	Ü,��	ªKS>9-Á,���6

�ä�Ô�+�È�t�š.B
`0��n,XJ•�iN¢L=�|�ÕA˜���•"©.��

6���������ËG�Jñ�­4ú
>,º�Ñ�œ(¯�]�<�Æ�DAôA×�Ý�l�ï#�

�BEî,X�iF¼J•�K4˜	 Ü (BHA) ��?U+�J• � � (drill��bit)�ÃJ•J ¸ (drill��collar)�Ã0� �n� < (stabilizer)

1�4§�X	)��4˜�ä,��	Ã�¹,ß�0���Ô�þ�îC¼E²4Á,X4‰�þ���Æ�U�Å,���üJ•�KG¡�o�Ã�i-�4z�3�ÃJ•��.�.b

�}-Ç	žJ•�i#��'	_�o1��0*ü�ß,��BHA �î�{*ó�á��,X�o�:> ��.���iF¼J•�K4˜	Ü�o�:(M�û�Ù�ÀM-�o

�:(M�û
`�|�o�:(M�û�øF¼�Ú,��M-�o�:-è0JJ•��,X�{	å�o
`�#E@?¦�¹	ž1u�Å	«�o�Ã	¬�6(Š�Õ1�,����

?U*ü�b�Û�Ð�i-�E<EÍNX#�
`�{�
;���|�o�:-è0 J BHA 4‰	å���|�Ã�þ	å���|�Ã�AE@���|�Ã#u�|�¹	ž

5ú	Ü���|1�(M�û,��,Â�!��?U*ü�bJ•� Å (J•�K) �����Ú�d�â�{�
�Ã+†�‡�Ó
QNX#�1�,���3#]	ž�i-�E<EÍ

�{�
KÂNl.

�iF¼J•�K4˜	ÜM-�o�:-è0J	¥�)7Ç�ž4z� Ý 70 �H,���J)ÚAŽ�'2Ï�Æ!¨EW�ä's,���è�ü�¹/ß��9‹�k�S

"¯�h*ü.��1953 �H,��Lubinski��
`��Woods��(1953,��1955) Oj õ�¤�Î�Z�Þ�Û&•,X�V�É
`�³Js��L��p�´)ÚAŽ,���Þ

�Û&•�¹�Þ,XJ•�KDŽ�i-�,X�iE•,���Þ�Û&•�ßF¼,XJ•�K���iF¼J•�K4˜	Ü,���Î0Ÿ�Z�iF¼J•�K4˜	Ü,X�`4È

��

��

�*����

�9	8�Á,h�f�$	¸�ˆ�F���á�7+°�µ�”2'�œ
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�o �: �õ 
_ �J �ñ !95×<%�Z
� �� 	Ø	å �Ö�û,X�E
¡ ,���� �i -�E<EÍ �{ �
 �4 �n �Z �Ô�þ)ÚAŽ
Î .� .��Walker

(1973) 
Î�b�Ô�ã�“6Ñ	s)ÚE¯> �Z�iF¼J•�K4˜	Ü�o�:(M�û�Ú�d,���J�¤�Î�ZJ•����?¦,X�V�É,��	G��J•

�� �ØJ• �K	¬�6�Æ4“,X�Û4“�â�i -�EH4“,X�
?¦ ,��)„ �ü �î>•*ü�bA˜�Ë�Ð	å�¹ �K,XEô�p)[ .��Bradley

(1975) �ý*ü�ÝL$�Â�Ú�•"©�Ô�)�Z�iF¼J•�K4˜	Ü�o�:(M�û�Ú�d,��Ax��J•E¯�•	å�âJ•�����„	Ü�o�•

	å�Ô7È.��Ho��(1986) �|�Ð�Z�iF¼J•�K4˜	Ü�û�ô�z�{�
�•/ß,���JG›*ü�ÝL$�Â�Ú"©E¯> "�?·.��Lc	â,���ª

(Ho��1987) �¤�Î �Ô/¡J•�� �â
� �� ,Ì �f �0*ü-¶G£�õ
_,���Î0Ÿ�Z�n	åJ•E¯�•	å,XNX#��•/ß.��William-

son��
` ��Lubinski��(1987)�ÃBirades��
` ��Gazaniol��(1989) G›*ü�ÝL$���•"©,��Au1k�Z�iF¼J•�K4˜	Ü,XEô

�p)[
`�A�•�!)[,���Ú�d� Z BHA ���y���Í�i-�E<EÍ�{�
6Ñ�o,X�E
¡?˜�_.

�Ñ�Y,��,Q�Š/�
`8£��6 å (1990) �ý*ü4‰�þ���Æ�U"©�Ô�)�Z�iF¼J•�K4˜	Ü�o�:(M�û�Ú�d�â�i-�

E<EÍNX#�,���ü�Ú�d���¹0��n�<�ÃBHA �â�i�•�y?º&•���GK�8V&•,���¸�GK�8V&•�Ø,X�Y��-½���þ-¹

G£,���Î0Ÿ�Z4‰�þ���Æ�•/ß4˜�JE¯> "�?·;����	â,��A¹�•"©�=�)�h*ü���ú���y��,X�iF¼J•�K4˜	Ü
`��

�ê�ÇJ•�K4˜	Ü.���ì�¼�±1 � (1997,��2002) �ý*üKÈLm��"©�Ô�)�Z�iF¼J•�K4˜	Ü�o�:(M�û�Ú�d1�.���J�ª

�:5Ù�È4©�iF¼4˜	Ü�o�:(M�û
` �i -�E<EÍ�{ �
KÂNl,���Ô�) �Z�ûG£�¹/ß�h*ü�¹ � 0 (�£�C#K1 � 1994,

Min��et��al.��2006,��
ä"¶1 � 2008,���Í	å�Ä1 � 2013).

�!�ó,��0è5Ù�¢�i�ß1u�Å,X	¬�6�{�
�•/ß�Î	¥�|�Ð�Z�iF¼J•�K4˜	Ü,X	¬�6�{�
�•/ß,���ý*ü�t��

�-G£"©-è0J�Z�iF¼J•�K4˜	Ü�ã�ô�z
` �û�ô�z	¬�6KÂN l (�ì �à�÷1 � 1988;��P¬�‹ �ý
` �d/• �î ��1992,

1995);���n���ZJ•��	Ø	å�Ö�û�Û�D
`
���	Ø	å�Ö�û�Û�D,���Î0Ÿ�ZJ•���â!7�x	Ø	å�Ö�û
���,Ì�f�0

*ü �õ 
_ ,�� �¤ �Î �Z �Ý �� J• �o ,X �„ �V �É 
` !7 �x 	Ø 	å �Ö �ûJ• �i )ÚA Ž (P¬ �‹ �ý 
` �ì �à �÷ ��1989,��1990a,

1990b;��P¬�‹�ý1 � 1989;��P¬�‹�ý��1993,��1994),���Î0Ÿ�Z�Ô�þ�i-�E<EÍNX#��â�{�
)ÚAŽ�'2 Ï (P¬�‹�ý1�

1994;��P¬�‹�ý��1995a,��1996).

�ü�iF¼J•�K4˜	Ü�o�:(M�û�Ú�d��,��0��n�<	Ã6Ñ�î�â�i�•�y?º,���3	Ã6Ñ�á�y? º (� * 10),���V�)�¿

Eó
`0��n
�Au1k0��n�<�â�i�•,X�y?º(Š�Õ�¹	ž�ü�i-���,X�!5B,���Ô,È���þL’Nl.��E¥�o�H,��0è5Ù
Î

�b0��n�<�ØE²4Á�5�Ê,���Â!7�Z�i�•�Í0��n�<���e	¡�o�û�ã�â�•	å,XAu1k�•"©,���6�ä�Z�Ô/¡0��n�<

�ü�i-��Y0NKÈ�!5B,XAu1k�•"©,���J�Í�Þ�Û&•�!5B,X.B�n�•"©E¯> �Z�Â!7,���¤P¬�Z�õ
_,XAu1k��)[


`2’� z (FÁ�k/X1 � 2014,��2019).���ÔE¥,��0è5Ù�Ú�iF¼J•�K4˜	Ü�o�:(M�û�Ú�d�•"©�=�)�h*ü�b�|M4�ã

�ŸE@�Ð	åJ•�K4˜	Ü,X�o�:�Ú�d-è0J,���¤�Î�Z�Ô�+
Î�bLÊ�{	åJ•Eó�š�í,X�ŸE@�Ð	å�¹�KEô�p)[NX

#��•"©,���J9‹)„
�A©P`P`A•.

�iF¼J•�K4˜	Ü�|�o�:-è0J�3!¨EW�½,��AŒ�î�:5Ù�.�Z�ûG£-è0J.��Millheim��
`��Apostal��(1981) �ý

*ü�ÝL$��"©�Ú�d�Z�iF¼J•�K4˜	Ü,X�|�o�:(M�û�¹	ž�Í�n	åJ•E¯E<EÍ,X�E
¡.��-è0J4§�p><�â,���iF¼

J•�K4˜	Ü�Ù�À�¯/¡E¤�|(Š�Õ:���"E@Eó0��n�Õ,����E@EóM20��Õ,��P¬E@EóM20��Õ
`P¬E@Eó0��n�Õ,��E@Eó�Ã

J•�K�â�i-�KÈLm1��´2ô�â�n	åJ•E¯E<EÍ�š�Û,Ì�G.��Jansen��(1991,��1992) �h*üE@�$�|�o�:)ÚAŽ�ÍJ•

J¸#u�|KÂNl�Ô�)-è0J,��4§�p><�â:��J•J¸,XE¤�|�õ�ã�Ù�À!7	å#u�|�Ã	¡	å#u�|�Ã
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Some��research��advances��in��downhole��tubular��mechanics
and��control��methods

GAO��Deli*����HUANG��Wenjun

MOE��Key��Laboratory��of��Petroleum��Engineering,��China��University��of��Petroleum,��Beijing��102249,��China

Abstract��Research��on��down-hole��tubular��mechanics��has��been��more��than��70��years��so��far.��Many��break-

through��research��results��have��been��obtained,��and��they��have��been��successfully��applied��in��drilling��&��com-

pletion��engineering.��However,��due��to��the��complexity��of��wellbore��constraints��and��operating��conditions,��it

has��not��been��able��to��fully��and��accurately��reveal��the��complicated��mechanical��behaviors��of��tubular��strings

in�� long��and��narrow��wellbores.��These��facts��also��make��the��current��design��and��control��methods��difficult��to

solve��many��complex��engineering��problems.��First,��this��article��reviews��the��overall��development��context��of

down-hole��tubular��mechanics��and��introduces��the��static��deformation��control��equations��of��down-hole��tubu-

lar��strings.��Next,��research��progress,��the��latest��results��and��the��existing��problems��of��several��important��tu-

bular��mechanical��problems��are��introduced,��including��down-hole��tubular��buckling,��down-hole��tubular��fric-

tion��and��wear,��safe��operation��limit��of��down-hole��tubular��strings,��mechanics��of��bottom��hole��assembly��and

the��corresponding��design��&��control��methods.��Last,��a��summary��and��outlook��on��down-hole��tubular��mech-

anics��are��made.�� It�� is��expected�� to��provide��some��meaningful��enlightenment�� for�� the��development��of��down-

hole�� tubular��mechanics��and��control��methods��and��the�� improvement��of��drilling��&��completion��engineering

technology.

Keywords��well��engineering��for��oil��&��gas,��drilling��and��completion,��downhole��tubular��string,��downhole

tubular��mechanics,��downhole��control��engineering
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