
!"#$%&' "( )"#*+,&-* .%/0,$-/*1 23%4'/-+ 35/*/"%6

　　
7"'8 9:

　
;"8 9

　
!#%,

　
9::<

　
=)); >::?—@ABC@ABC@ABC@ABC

8.$$2&((#01 (+2)+&E< 302 $)2),&+2#*)%%< &P*#+&A

%)+&2)% '#=2)+#01 03 ,)((


%0)A&A (+2#1E

D+&%4 E+&%41"#

　
D+# E+&%4I/%4

　
L/% D+"%4R/%

2E"'',4, "( G,J+&%/J&' &%5 Y"T,$ 3%4/%,,$/%4M )+&%4+&/ !/&"*"%4 .%/0,$-/*1M )+&%4+&/ 9:::?:M E+/%&6/ 9:::?:M E+/%&6/ 9:::?:M E+/%&6/ 9:::?:M E+/%&6

;=(+2)*+> \+/- Q&Q,$ 5/-J#--,- & -/IQ', T&1 *" -#QQ$,-- *+, Q&$&I,*$/J&''1 ,FJ/*,5 '&*,$&' 0/H$&*/"% "( & I&--


'"&5,5 -*$/%48 )#QQ"-/%4 *+&* *+, I&-- &* *+, '"T,$ ,%5 "( *+, -*$/%4 /- -#HN,J*,5 *" & 0,$*/J&' +&$I"%/J

,FJ/*&*/"% &%5 %,4',J*/%4 *+, +/4+,$ "$5,$ 0/H$&*/"% I"5,-M *+, ,R#&*/"% "( I"*/"% ("$ *+, I&--


'"&5,5 -*$/%4

J&% H, $,Q$,-,%*,5 H1 & G&*+/,#


- ,R#&*/"% T/*+ J#H/J %"%'/%,&$/*18 PJJ"$5/%4 *" *+, *+,"$1 "( *+, G&*+/,#


-

,R#&*/"%M /% *+, I&--


'"&5,5 -*$/%4 -1-*,IM T+,% *+, 0,$*/J&' 0/H$&*/"% ($,R#,%J1 "( *+, I&-- &QQ$"&J+,- *T/J,

*+, %&*#$&' ($,R#,%J1 "( *+, -*$/%4 '&*,$&' 0/H$&*/"%M "%J, *+, 0,$*/J&' 0/H$&*/"% &IQ'/*#5, "( *+, I&-- ,FJ,,5-

& J$/*/J&' 0&'#,M *+, Q&$&I,*$/J $,-"%&%J, T/'' "JJ#$ /% *+, -*$/%48 \" &0"/5 *+, Q&$&I,*$/J $,-"%&%J,M &

0/H$&*/"% &H-"$H,$M J"IQ"-,5 "( & *+/% H,&I &%5 *T" I&-- H'"JU- &**&J+,5 &* H"*+ -/5,- "( *+, H,&I

-1II,*$/J&''1M /- Q$"Q"-,5 *" /%-*&'' T/*+ *+, I&-- *" $,5#J, /*- 0,$*/J&' 0/H$&*/"%M &%5 #'*/I&*,'1 -#QQ$,-- *+,

'&*,$&' 0/H$&*/"% "( *+, -*$/%48 )#J+ & -#QQ$,--/"% -*$&*,41 /- (/%&''1 0&'/5&*,5 H1 ,FQ,$/I,%*-8Q,$/I,%*-8Q,$/I,%*-8Q,$/I,%*-8

?&< @02A(> I&--


'"&5,5 -*$/%4Z Q&$&I,*$/J $,-"%&%J,Z 0/H$&*/"% &H-"$H,$'"&5,5 -*$/%4Z Q&$&I,*$/J $,-"%&%J,Z 0/H$&*/"% &H-"$H,$'"&5,5 -*$/%4Z Q&$&I,*$/J $,-"%&%J,Z 0/H$&*/"% &H-"$H,$'"&5,5 -*$/%4Z Q&$&I,*$/J $,-"%&%J,Z 0/H$&*/"% &H-"$H,$

B&*&#'&A 9::?


:A


:<8:<8:<8:<8

D#0E2)$"#&(> D+&%4 E+&%41"# 2 >A@C—6M I&',M 4$&5#&*,Z D+#

[ E+&%4I/%4 2J"$$,-Q"%5/%4 &#*+"$6M I&', M Q$"(,--"$M S+#J+&%4I/%4^

-N*#8,5#8J%8

　　
P I&--


'"&5,5 -*$/%4 I"5,' J&% H, #-,5 *" -*#51

*+, 51%&I/J Q$"Q,$*/,- "( Q$&J*/J&' -1-*,I- -#J+ &- ,'


,0&*"$M J$&%,M J&H',


-*&1,5 H$/54, &%5 -" "%8 X#, *"

-"I, +"$/S"%*&' Q,$*#$H&*/"%-M *+, -*$/%4 I&1 0/H$&*,

'&*,$&''18 )#J+ '&*,$&' 0/H$&*/"% #-#&''1 5,J&1- 4$&5#


&''1 J&#-,5 H1 *+, ,F/-*,%J, "( 5&IQ/%48 W"T,0,$M

#%5,$ -"I, *#%/%4 J"%5/*/"%-M *+, &IQ'/*#5, "( *+,

-*$/%4 '&*,$&' 0/H$&*/"% I&1 /%J$,&-, 5#, *" *+, Q&$&


I,*$/J ,FJ/*&*/"% J&#-,5 H1 *+, J"#Q'/%4 H,*T,,% *+,

0,$*/J&' &%5 '&*,$&' 5/$,J*/"%-8 L&$4,


&IQ'/*#5, '&*,$&'

0/H$&*/"% "( *+, -*$/%4 %"* "%'1 -+"$*,%- -*$/%4 '/(,M H#*

&'-" &44$&0&*,- *+, 0,$*/J&' 0/H$&*/"% "( *+, I&--8

\+, Q&$&I,*$/J&''1 ,FJ/*,5 '&*,$&' 0/H$&*/"% "( &

-*$/%4


'/U, I"5,' +&- H,,% ,F*,%-/0,'1 -*#5/,58

G"*,

［
>

－
?

］
Q$,5/J*,5 *+, Q&$&I,*$/J -*&H/'/*1


/%-*&H/'/*1

$,4/"% H"#%5&$/,- ("$ *+, &F/&''1 I"0/%4 -*$/%4 -1-*,I

H1 &QQ'/J&*/"% "( W-# &%5 `"'"*/% G,*+"5-8 W#&%4M ,*

&'8

［
<

］
Q$,-,%*,5 *+, 51%&I/J -*&H/'/*1 "( *+, I"0/%4

-*$/%4 /% ?


X 0/H$&*/"% H1 #-/%4 *+, I"5&' &%&'1-/-

Q$"J,5#$, &%5 *+, I,*+"5 "( I#'*/Q', -J&',-8 a#%4M ,*

&'8

［
C

］
#-,5 W&I/'*"%/&% ("$I#'&*/"% &%5 &% &0,$&4/%4

I,*+"5 *" ,F&I/%, *+, -*&H/'/*1 H,+&0/"$ "( &% &F/&''1

I"0/%4 -*$/%4 /% *+, Q$,-,%J, "( Q&$&I,*$/J &%5

J"IH/%&*/"% $,-"%&%J,8 )#%M ,* &'8

［
O

］
5,0,'"Q,5 &

%"%'/%,&$ 51%&I/J I"5,' ("$ /%0,-*/4&*/%4 *+,

Q&$&I,*$/J&''1 ,FJ/*,5 0/H$&*/"% "( -*&1 J&H',- J&#-,5

H1 -#QQ"$* I"*/"% /% J&H',


-*&1,5 H$/54,-8 P'-" ("$ &

J&H',


-*&1,5 H$/54,M _,/M ,* &'8

［
@

］
/%0,-*/4&*,5 *+,

Q&$&I,*$/J 0/H$&*/"% "( "%, J&H',


-*&1 #-/%4 *+, (/%/*,

,',I,%* I,*+"58 D+&%4 &%5 D#

［
BM A

］
/%0,-*/4&*,5 *+,

51%&I/J $,-Q"%-, &%5 -*&H/'/*1 "( Q&$&I,*$/J&''1

,FJ/*,5 0/-J",'&-*/J H,'*-M T+/J+ J&% H, $,4&$5,5 &- &

I&--


'"&5,5 -*$/%4 I"5,' /% & +"$/S"%*&' 5/$,J*/"%8 =%

*+, ,',0&*"$ (/,'5M *+, '&*,$&' 0/H$&*/"% "( *+, +"/-*

$"Q, +&- &'-" H,,% -*#5/,5 H1 -"I, $,-,&$J+,$-

［
>:

－
>9

］
8

\,$#I/J+/M ,* &'8

［
>:

］
-/IQ'/(/,5 &% ,',0&*"$ -1-*,I *" &

Q+1-/J&' I"5,' J"IQ"-,5 "( & -*$/%4 T/*+ */I,


0&$1/%4 ',%4*+M ,FJ/*,5 -/%#-"/5&''1 H1 & +"$/S"%*&'

5/-Q'&J,I,%* &* /*- #QQ,$ ,%5 &%5 & I&--


-Q$/%4 -1-


*,I &**&J+,5 &* *+, '"T,$ ,%58 \+,1 Q&/5 &**,%*/"% *"

*+, /%('#,%J,- "( *+, &F/&' 0,'"J/*1 "( *+, -*$/%4 "% *+,

Q,&U &IQ'/*#5, "( *+, -*$/%4 '&*,$&' 0/H$&*/"% &* *+,

Q&--&4, *+$"#4+ $,-"%&%J,8 a#%4 &%5 L/%

［
>>

］
J"%-/5


,$,5 *+, '&*,$&' 0/H$&*/"% "( &% ,',0&*"$ -*$/%4 ,FJ/*,5

H1 *+, 0/H$&*/"% "( *+, $"*"$ $&5/#- 5#, *" *+, T/%5/%4

"( *+, -*$/%4 ,/*+,$ "% "$ "(( *+, $"*"$8 D+# &%5 \,Q


Q"

［
>9

］
5,0,'"Q,5 & %"0,' -J&',5 I"5,' *" -/I#'&*, *+,

'/%,&$ '&*,$&' 51%&I/J- "( & +"/-* J&H', T/*+ 0&$/&H',

',%4*+ /% & +/4+


$/-,M +/4+


-Q,,5 ,',0&*"$8-Q,,5 ,',0&*"$8-Q,,5 ,',0&*"$8-Q,,5 ,',0&*"$8

F

　
V"&02&+#*)% ;1)%<(#(

\+, -J+,I&*/J 5/&4$&I "( *+, J"%-/5,$,5 I&--


'"&5,5 -1-*,I /- -+"T% /% a/48 >M T+,$, *+, -*$/%4 /-

+#%4 0,$*/J&''1 &%5 *+, I&-- /- &**&J+,5 *" /* &* *+,

'"T,$ ,%5Z /% &55/*/"%M & +&$I"%/J ,FJ/*&*/"% /-

&QQ'/,5 *" *+, I&-- /% *+, 0,$*/J&' 5/$,J*/"%8

;,4',J*/%4 *+, +/4+,$ "$5,$ 0/H$&*/"% I"5,- "( *+,

-*$/%4M *+, ,R#&*/"%- "( I"*/"% ("$ *+, I&--


'"&5,5

-*$/%4 -1-*,I J&% H, ,-*&H'/-+,5 &- ("''"T-

［
O

］
e



Ｘ
··

１＋
ｃ
-

ρ
Ｘ·１＋

π２

ρＬ２
ｍｇ＋

ＥＡ０
Ｌ Ｘ２＋

π２Ｘ２１
４( )[ ]Ｌ

Ｘ１＝０

（１）

Ｘ
··

２＋
ｃ
I

ｍＸ
·

２＋
ＥＡ０
ｍＬ Ｘ２＋

π２Ｘ２１
４( )Ｌ ＝

Ｆ０
ｍJ"-ωｔ （２）

T+,$, Ｘ１/- *+, '&*,$&' 5/-Q'&J,I,%* &* *+, I/5Q"/%* "(

*+, -*$/%4Z Ｘ２/- *+, 0,$*/J&' 5/-Q'&J,I,%* "( *+, I&--Z

ｃ
-

/- *+, 5&IQ/%4 J",((/J/,%* ("$ Q,$ #%/* ',%4*+ "( *+,

-*$/%4Z ｃ
I

/- *+, 5&IQ/%4 J",((/J/,%* ("$ *+, I&--Z Ｅ，
Ａ０，Ｌ&%5 ρ&$, *+, f"#%4


- I"5#'#-M J$"-- -,J*/"%

&$,&M ',%4*+ &%5 '/%,&$ 5,%-/*1 "( *+, -*$/%4M $,-Q,J


*/0,'1Z ｍ /- *+, I&--Z Ｆ０&%5 ω&$, *+, ,FJ/*&*/"% &I


Q'/*#5, &%5 ($,R#,%J1M $,-Q,J*/0,'18

C#EIF

　
)J+,I&*/J 5/&4$&I "( *+, I&--


'"&5,5 -*$/%4 -1-*,I

`,J&#-, "( *+, %"%'/%,&$ *,$I- /% 3R-8 2> 6 &%5

296M *+, 51%&I/J H,+&0/"#$- "( *+, -*$/%4 &%5 *+, I&--

&$, J"#Q',5 -*$"%4'18 ;"T -#QQ"-, *+&* *+, &IQ'/*#5,

"( *+, -*$/%4 '&*,$&' 0/H$&*/"% /- -" -I&'' *+&* *+, %"%


'/%,&$ *,$I- /% 3R-8 2>6 &%5 296 J&% H, %,4',J*,5 2/%/


*/&''1M *+, '&*,$&' 0/H$&*/"% "( *+, -*$/%4 /- #-#&''1 0,$1

T,&UM *+,$,("$,M -#J+ &% &--#IQ*/"% /- $,&-"%&H',6M &-

& $,-#'*M *+, ("''"T/%4 *T" ,R#&*/"%- &$, "H*&/%,58

Ｘ
··

１＋
ｃ
-

ρ
Ｘ·１＋

π２

ρＬ２
ｍｇ＋

ＥＡ０
ＬＸ( )２ Ｘ１＝０ （３）

Ｘ
··

２＋
ｃｍ
ｍＸ
·

２＋
ＥＡ０
ｍＬＸ２＝

Ｆ０
ｍJ"-ωｔ （４）

=% *+/- J&-,M *+, -*,&51 -*&*, $,-Q"%-, "( *+, I&--

J&% H, $,Q$,-,%*,5 H1 & +&$I"%/J (#%J*/"%M /% T+/J+

*+, ($,R#,%J1 /- *+, -&I, &- *+&* "( *+, ,F*,$%&'

,FJ/*&*/"% &%5 *+, &IQ'/*#5, /- 5/$,J*'1 Q$"Q"$*/"%&' *"

*+, ,FJ/*&*/"% &IQ'/*#5,8 \+,$,("$,M 3R8 2? 6 /- &

G&*+/,#


- ,R#&*/"%8 PJJ"$5/%4 *" *+, *+,"$1 "(

G&*+/,#


- ,R#&*/"%

［
>?

］
M T+,% *+, ,FJ/*&*/"% ($,R#,%J1

ω/- ,R#&' *" &H"#* *T/J, *+, %&*#$&' ($,R#,%J1 "( *+,

-*$/%4 '&*,$&' 0/H$&*/"%M /( *+, ,FJ/*&*/"% &IQ'/*#5, /-

-I&'',$ *+&% & J,$*&/% J$/*/J&' 0&'#,M *+, '&*,$&'

0/H$&*/"% "( *+, -*$/%4 T/'' 5,J&1 T/*+ */I, H,J&#-, "(

5&IQ/%4Z /( *+, ,FJ/*&*/"% &IQ'/*#5, ,FJ,,5- *+,

J$/*/J&' 0&'#,M *+, '&*,$&' 0/H$&*/"% "( *+, -*$/%4 T/''

/%J$,&-, T/*+ */I, #%*/' /* $,&J+,- & $,'&*/0,'1 '&$4,

&IQ'/*#5,M &%5 *+,% *+, -*$/%4 T/'' U,,Q 0/H$&*/%4

'&*,$&''1 T/*+ J"%-*&%* &IQ'/*#5,8 \+, '&**,$ J&-,

I,&%- *+&* Q&$&I,*$/J $,-"%&%J, "JJ#$- /% *+, -*$/%4M

T+/J+ -+"#'5 H, &0"/5,5 /% Q$&J*/J,8

PJJ"$5/%4 *" *+, &H"0, &%&'1-/-M /% *+, I&--


'"&5,5 -*$/%4 -1-*,IM T+,*+,$ Q&$&I,*$/J $,-"%&%J,

"JJ#$- /% *+, -*$/%4 /- 4$,&*'1 5,Q,%5,%* "% *+, -*,&51

-*&*, $,-Q"%-, "( *+, I&--8 30,% /( *+, 0,$*/J&'

0/H$&*/"% ($,R#,%J1 "( *+, I&-- &QQ$"&J+,- &H"#*

*T/J, *+, %&*#$&' ($,R#,%J1 "( *+, -*$/%4 '&*,$&'

0/H$&*/"%M "%J, *+, 0,$*/J&' 0/H$&*/"% &IQ'/*#5, "( *+,

I&-- /- -#QQ$,--,5 H,'"T *+, J$/*/J&' 0&'#,M Q&$&I,*$/J

$,-"%&%J, /% *+, -*$/%4 -+"#'5 %"* "JJ#$ -#$,'18 ;,F*

/* T/'' H, &%&'1*/J&''1 5,I"%-*$&*,5 *+&* & 51%&I/J

0/H$&*/"% &H-"$H,$ /%-*&'',5 T/*+ *+, I&-- J&%

/IQ',I,%* -#J+ &% "HN,J*/0,8

\+, -J+,I&*/J 5/&4$&I "( *+, I&--


'"&5,5 -*$/%4

-1-*,I T/*+ &% 0/H$&*/"% &H-"$H,$ /- -+"T% /% a/48 9M

&%5 *+, ,R#&*/"%- "( I"*/"% ("$ *+, -1-*,I J&% H, -,*

#Q &-

C#EIG

　
G&--


'"&5,5 -*$/%4 -1-*,I T/*+ *+, 0/H$&*/"% &H-"$H,$

Ｘ
··

１＋
ｃ
-

ρ
Ｘ
·

１＋
π２

ρＬ２
·

ｍｇ＋ｍ
&

ｇ＋
ＥＡ０
ＬＸ２＋

ＥＡ０
Ｌ
π２Ｘ２１
４( )Ｌ Ｘ１＝０ （５）

Ｘ
··

２＋
ｃ
I

＋ｃ
&

ｍ Ｘ
·

２－
ｃ
&

ｍＸ
·

３＋
ｋ
-

＋ｋ
&

ｍ Ｘ２－

ｋ
&

ｍＸ３＝
Ｆ０
ｍJ"-ωｔ－

ｋ
-

ｍ
π２Ｘ１

２

４Ｌ
（６）

Ｘ
··

３＋
ｃ
&

ｍ
&

Ｘ
·

３－
ｃ
&

ｍ
&

Ｘ
·

２＋
ｋ
&

ｍ
&

Ｘ３－
ｋ
&

ｍ
&

Ｘ２＝０ （７）

T+,$, Ｘ３，ｍ
&

，ｋ
&

&%5 ｃ
&

5,%"*, *+, 5/-Q'&J,I,%*M I&--M

-*/((%,-- &%5 5&IQ/%4 ("$ *+, &H-"$H,$M $,-Q,J*/0,'1Z ｋ
-

$,Q$,-,%*- *+, -*/((%,-- "( *+, -*$/%4 &%5 ｋ
-

＝ＥＡ０／Ｌ8
;,4',J*/%4 *+, %"%'/%,&$ *,$I /% 3R8 2O 6M *+, -*,&51


-*&*, -"'#*/"%- *" 3R-82O6 &%5 2@6 J&% H, ,FQ$,--,5 &-

６６１
D+&%4 E+&%41"#M D+# E+&%4I/%4M &%5 L/% D+"%4R/%



Ｘ
9-

（ｔ）＝
（ｋ

&

－ｍ
&

ω２）２＋（ｃ
&

ω）槡
２Ｆ０J"-（ωｔ－φ２）

［ｍ
&

ｍω４＋ｋ
-

ｋ
&

－（ｋ
&

ｍ＋ｋ
&

ｍ
&

＋ｋ
-

ｍ
&

＋ｃ
I

ｃ
&

）ω２］２＋［ｃ
I

（ｋ
&

－ｍ
&

ω２）＋ｃ
&

（ｋ
-

－ｍω２）－ｃ
&

ｍ
&

ω２］槡
２
（８）

Ｘ３-（ｔ）＝
ｋ
&

２＋（ｃ
&

ω）槡
２Ｆ０J"-（ωｔ－φ３）

［ｍ
&

ｍω４＋ｋ
-

ｋ
&

－（ｋ
&

ｍ＋ｋ
&

ｍ
&

＋ｋ
-

ｍ
&

＋ｃ
-

ｃ
&

）ω２］２＋［ｃ
I

（ｋ
&

－ｍ
&

ω２）＋ｃ
&

（ｋ
-

－ｍω２）－ｃ
&

ｍ
&

ω２］槡
２
（９）

　　
PJJ"$5/%4 *" 3R8 2B6M T+,% ｋ

&

／ｍ槡 &

＝ω&%5 ｃ
&

＝
０，Ｘ２- ＝０8 =% "*+,$ T"$5-M /( *+, %&*#$&' ($,R#,%J1 ｆ

&

"( *+, 0/H$&*/"% &H-"$H,$ /- ,R#&' *" *+, ,FJ/*&*/"%

($,R#,%J1 ｆ&%5 *+, 5&IQ/%4 ("$ *+, 0/H$&*/"%

&H-"$H,$ /- ,R#&' *" S,$"M *+, 0,$*/J&' 0/H$&*/"% "( *+,

I&-- &* *+, '"T,$ ,%5 "( *+, -*$/%4 T/'' H, 4$,&*'1

-#QQ$,--,5M &%5 *+#- *+, '&*,$&' 0/H$&*/"% "( *+, I&--


'"&5,5 -*$/%4 /- &'-" -#QQ$,--,58 )/%J, Q&$&I,*$/J

$,-"%&%J, I"-* '/U,'1 "JJ#$- T+,% ｆ/- J'"-, *" ２ｆ
-

M /%

"$5,$ *" &0"/5 *+, Q&$&I,*$/J $,-"%&%J, /% *+, -*$/%4M

ｆ
&

"%'1 $,R#/$,- *" &QQ$"&J+ ２ｆ
-

8 V%J, *+, Q&$&I,*$/J

$,-"%&%J, Q+,%"I,%& &$, ,'/I/%&*,5M *+, *$&%-/,%*

'&*,$&' 0/H$&*/"% "( *+, -*$/%4 &'T&1- 5,J&1- 4$&5#&''1

H,J&#-, "( 5&IQ/%48 \+,$,("$,M *" /%-*&'' & 0/H$&*/"%

&H-"$H,$ T/*+ *+, I&-- /- & (,&-/H', T&1 *" -#QQ$,--

*+, '&*,$&' 0/H$&*/"% "( *+, I&--


'"&5,5 -*$/%48'"&5,5 -*$/%48'"&5,5 -*$/%48'"&5,5 -*$/%48

G

　
HP$&2#,&1+)% 8+.A<

=% *+/- -,J*/"%M *+, 5,-J$/Q*/"% &H"#* *+, 51%&I/J

H,+&0/"$ "( *+, I&--


'"&5,5 -*$/%4 &%5 *+, (,&-/H/'/*1

"( *+, &H-"$H,$ /% -#QQ$,--/%4 *+, -*$/%4 '&*,$&' 0/H$&


*/"% &$, *" H, 0&'/5&*,5 H1 -"I, ,FQ,$/I,%*-8 a/48 ?

-+"T- *+, -J+,I&*/J 5/&4$&I "( *+, ,FQ,$/I,%*&'

I&--


'"&5,5 -*$/%4 -1-*,IM T+/J+ I&/%'1 J"%-/-*- "(

*T" 0,$*/J&' -#-Q,%5/%4 -*$/%4- &%5 & ($&I, &**&J+,5 &*

*+, '"T,$ ,%58 \" ,%-#$, *+&* *+, ($&I, 0/H$&*,- /% &

　
C#EIJ

　
)J+,I&*/J 5/&4$&I "( *+, ,FQ,$/I,%*&' -1-*,I

T/*+"#* &H-"$H,$

0,$*/J&' 5/$,J*/"%M 4#/5, $&/'- &$, &$$&%4,5 "% H"*+

-/5,- "( *+, ($&I,8 =% &55/*/"%M *T" -+&U,$- &$,

/%-*&'',5 T/*+ *+, ($&I, *" -,$0, &- *+, 0,$*/J&'

,FJ/*&*/"%M &%5 & (#%J*/"% 4,%,$&*"$ -#QQ'/,- +&$I"%/J

-/4%&'-8 `,*T,,% *+, (#%J*/"% 4,%,$&*"$ &%5 *+,

-+&U,$M *+,$, /- & Q"T,$ &IQ'/(/,$8 \+, I"*/"% /I&4,-

"( *+, -*$/%4- &$, J&Q*#$,5 H1 *T" EEX J&I,$&-M &%5

*+, I"*/"% 5&*& /% *+, EEX J&I,$&- &$, *$&%-I/**,5

/%*" & J"IQ#*,$ -" *+&* *+, 51%&I/J H,+&0/"$- "( *+,

-*$/%4 J&% H, &%&'1S,5 0/& G&*'&H -"(*T&$,8 \&H8 >

-+"T- *+, H&-/J /%("$I&*/"% "( *+, I&/% 5,0/J,- /% *+,

,FQ,$/I,%*&' -1-*,I8,FQ,$/I,%*&' -1-*,I8,FQ,$/I,%*&' -1-*,I8,FQ,$/I,%*&' -1-*,I8

V)=IF

　
`&-/J /%("$I&*/"% &H"#* *+, 5,0/J,- /% *+,

,FQ,$/I,%*&' -1-*,I

=%-*$#I,%* %&I,

　　　　
\1Q,

)+&U, PY) GVX3L >>?

EEX J&I,$& )V;f kE


@C

PJJ,',$"I,*,$ =E )3;)VK) GVX3L ?><:


::9

a#%J*/"% 4,%,$&*"$ fVcV]P_P aE>>:

X&*& $,J"$5,$ W=Vc= G3GVKf W=EVKX3K BBCC

Y"T,$ &IQ'/(/,$

2("$ *+, (#%J*/"% 4,%,$&*"$6

\3EWKV; CC?:

Y"T,$ &IQ'/(/,$

2("$ *+, &JJ,',$"I,*,$6

X3=Ef GP >:>XE

　　
\+, H&-/J Q&$&I,*,$- "( *+, ,FQ,$/I,%*&' -1-*,I

&$, &- ("''"T-e ｍ＝9AO8 C U4 2+,$, ｍ /%J'#5,- *+,

I&-- "( *+, ($&I, &%5 *+, *T" -+&U,$-6MＬ＝><8< IMＥ
＝
>?9 ]Y&MＡ

:

＝
@98< II

9

Mρ＝:8OB U4

／
IMζ

I

＝
:8:<O

&%5 ｃ
-

＝
:8 >C Y&8 PJJ"$5/%4 *" *+,-, Q&$&I,*,$-M *+,

%&*#$&' ($,R#,%J/,- "( *+, -*$/%4 &%5 I&-- J&% H,

J&'J#'&*,5 H1 *+, ("''"T/%4 *T" ,FQ$,--/"%-M &- &

$,-#'*M ｆ
-

＝
989@ WSM ｆ

I

＝
@8C? WS8

ω
-

＝πＬ
ｍｇ
槡ρ

，ω
I

＝
ＥＡ０
槡ｍＬ

（１０）

G&U, *+, (#%J*/"% 4,%,$&*"$ 4,%,$&*, & +&$I"%/J

(#%J*/"% &%5 *#%, /*- ($,R#,%J1 *" &H"#* <8 C< WS8

_+,% *+, &IQ'/*#5, "( *+, +&$I"%/J (#%J*/"% /-

-I&'',$ *+&% & J$/*/J&' 0&'#,M *+, -*$/%4 0/H$&*,-

-'/4+*'1M -+"T% /% a/48 < 2 =% *+/- J&-,M *+, "#*Q#*

0"'*&4, ($"I *+, (#%J*/"% 4,%,$&*"$ /- :8 9 768 P(*,$

*+, &IQ'/*#5, "( *+, +&$I"%/J (#%J*/"% /- &5N#-*,5M /*

,FJ,,5- *+, J$/*/J&' 0&'#,M *+, '&*,$&' 0/H$&*/"% "( *+,

-*$/%4 *&U,- "% &% ,I&%&*/0, *,%5,%J1M &- -+"T% /%

a/48 C 2W,$,M *+, "#*Q#* 0"'*&4, ($"I *+, (#%J*/"%

4,%,$&*"$ /- :8 < 768 =% *+/- J&-,M *+, Q&$&I,*$/J

$,-"%&%J, "JJ#$- /% *+, -*$/%48 W"T,0,$M *+, &IQ'/*#5,

７６１
)#QQ$,--/"% -*$&*,41 ("$ Q&$&I,*$/J&''1 ,FJ/*,5 '&*,$&' 0/H$&*/"% "( I&--


'"&5,5 -*$/%4



"( *+, -*$/%4 '&*,$&' 0/H$&*/"% 5",- %"* /%J$,&-,

/%(/%/*,'1M &%5 *+, -*$/%4 ,0,%*#&''1 0/H$&*,- T/*+ &

$,'&*/0,'1 '&$4, J"%-*&%* &IQ'/*#5,M &- -+"T% /% a/48O8

C#EIK

　
)'/4+* '&*,$&' 0/H$&*/"% "( *+, -*$/%4

C#EIL

　
3I&%&*/0, '&*,$&' 0/H$&*/"% "( *+, -*$/%4

C#EIM

　
L&$4, J"%-*&%* &IQ'/*#5, '&*,$&' 0/H$&*/"% "( *+, -*$/%4

PJJ"$5/%4 *" -,J*/"% >M & 0/H$&*/"% &H-"$H,$

/%-*&'',5 T/*+ *+, ($&I, &* *+, '"T,$ ,%5- "( *+,

-*$/%4- J&% -#QQ$,-- *+, Q&$&I,*$/J $,-"%&%J, /% *+,

Q$,-,%* ,FQ,$/I,%* -1-*,I8 \+,"$,*/J&''1M & -Q$/%4


I&-- -1-*,I J&% Q'&1 & $"', "( 0/H$&*/"% &H-"$H,$8

W"T,0,$M *" &0"/5 *+, I&-- /% *+, &H-"$H,$ ($"I

-T&1/%4 /% *+, +"$/S"%*&' 5/$,J*/"%M /% *+/- ,FQ,$/I,%*M

& H,&I


I&-- -*$#J*#$, /- &5"Q*,5 2-,, a/48 @ 68 \+,

I&/% Q&$&I,*,$- "( *+, &H-"$H,$ &$, &- ("''"T-e ｍ
&

＝
>8C U4M ｂ

&

＝
@: IIM ｈ

&

＝
9 IIM Ｌ

&

＝
:8O< IM ρ

&

＝
@8BO

×
>:

?

U4

／
I

?

MＥ
&

＝
9:A ]Y&8 W,$,Mｂ

&

Mｈ
&

MＬ
&

Mρ
&

&%5 Ｅ
&

&$, *+, T/5*+M *+/JU%,--M ',%4*+M 5,%-/*1 &%5 *+,

f"#%4


- I"5#'#- "( *+, H,&IM $,-Q,J*/0,'18 `,("$,

/%-*&''/%4 *+, &H-"$H,$ T/*+ *+, ($&I,M *+, Q"-/*/"% "(

*+, I&-- +&- H,,% Q$"Q,$'1 &5N#-*,5 &'"%4 *+, H,&I

-" *+&* *+, %&*#$&' ($,R#,%J1 "( *+, &H-"$H,$ /- ,R#&'

*" *T/J, *+, %&*#$&' ($,R#,%J1 "( *+, -*$/%4 (/$-* "$5,$

'&*,$&' 0/H$&*/"%M /8,8M ｆ
&

＝
9ｆ

-

＝
<8 C< WS8

　
C#EIW

　
)J+,I&*/J 5/&4$&I "( *+, ,FQ,$/I,%*&' ($&I,

T/*+ *+, &H-"$H,$

　　
a/48B -+"T- *+, 5/-Q'&J,I,%* &* *+, I/5Q"/%* "(

*+, -*$/%4 H,("$, &%5 &(*,$ *+, &H-"$H,$ /- /%-*&'',5

T/*+/% *+, ($&I,8 \+, *T" J#$0,- /% a/48B &$, "H*&/%,5

#%5,$ *+, -&I, +&$I"%/J ,FJ/*&*/"%M /8,8M *+, ($,R#,%J1

"( *+, +&$I"%/J (#%J*/"% /- &H"#* <8 C< WS &%5 *+,

"#*Q#* 0"'*&4, ($"I *+, (#%J*/"% 4,%,$&*"$ /- :8< 78 =*

/- -,,% ($"I a/48B *+&* Q&$&I,*$/J $,-"%&%J, "JJ#$- /%

*+, J&-, "( %" &H-"$H,$ &%5 Q&$&I,*$/J $,-"%&%J, 5",-

%"* "JJ#$ T+,% *+, &H-"$H,$ /- /%-*&'',5 T/*+ *+,

($&I,8 =% (&J*M *+, Q"-/*/0, ,((,J* "( *+, &H-"$H,$ /%

-#QQ$,--/%4 *+, '&*,$&' 0/H$&*/"% "( *+, -*$/%4 +&- H,,%

0&'/5&*,5 H1 I&%1 ,FQ,$/I,%*-8 W"T,0,$M &'' *+, "*+,$

,FQ,$/I,%*&' $,-#'*- +&0, %,4',J*,5 *" -&0, -Q&J,8

　
C#EIO

　
L&*,$&' 0/H$&*/"% "( *+, -*$/%4 H,("$, &%5 &(*,$

*+, &H-"$H,$ /- /%-*&'',5*+, &H-"$H,$ /- /%-*&'',5*+, &H-"$H,$ /- /%-*&'',5*+, &H-"$H,$ /- /%-*&'',5

J

　
!01*%.(#01

=% *+, I&--


'"&5,5 -*$/%4 -1-*,IM 5#, *" *+,

８６１
D+&%4 E+&%41"#M D+# E+&%4I/%4M &%5 L/% D+"%4R/%



J"#Q'/%4 H,*T,,% *+, 0,$*/J&' 0/H$&*/"% "( *+, I&--

&%5 *+, '&*,$&' 0/H$&*/"% "( *+, -*$/%4M T+,% *+,

0,$*/J&' 0/H$&*/"% ($,R#,%J1 "( *+, I&-- &QQ$"&J+,-

&H"#* *T/J, *+, %&*#$&' ($,R#,%J1 "( *+, -*$/%4 '&*,$&'

0/H$&*/"%M "%J, *+, 0,$*/J&' 0/H$&*/"% &IQ'/*#5, "( *+,

I&-- ,FJ,,5- & J$/*/J&' 0&'#,M Q&$&I,*$/J $,-"%&%J,

T/'' "JJ#$ /% *+, -*$/%4M T+/J+ /%5#J,- *+, -*$/%4 *"

0/H$&*, T/*+ '&$4, &IQ'/*#5, /% *+, '&*,$&' 5/$,J*/"%8 \"

&0"/5 -#J+ +&$I(#' Q+,%"I,%&M /* /- Q$"Q"-,5 *+&* &

0/H$&*/"% &H-"$H,$ -+"#'5 H, /%-*&'',5 T/*+ *+, I&-- &*

*+, '"T,$ ,%5 "( *+, -*$/%4M &%5 *+, %&*#$&' ($,R#,%J1

"( *+, &H-"$H,$ -+"#'5 H, ,R#&' *" *T/J, *+, %&*#$&'

($,R#,%J1 "( *+, -*$/%4 '&*,$&' 0/H$&*/"%8 )#J+ &

-#QQ$,--/"% -*$&*,41 +&- H,,% 0&'/5&*,5 *+,"$,*/J&''1

&%5 ,FQ,$/I,%*&''18&%5 ,FQ,$/I,%*&''18&%5 ,FQ,$/I,%*&''18&%5 ,FQ,$/I,%*&''18

B&3&2&1*&(

［
>

］
G"*, E X !$8 Y&$&I,*$/J ,FJ/*&*/"% "( &% &F/&''1 I"0/%4

-*$/%4

［
!

］
8ＡＳＭＥＪｏｕｒｎａｌｏｆＡｐｐｌｉｅｄＭｅｃｈａｎｉｃｓ，>AOBM>AOBM>AOBM>AOBM JLe

>@> >@98

［
9

］
G"*, E X !$8 X1%&I/J -*&H/'/*1 "( &% &F/&''1 I"0/%4 H&%5

［
!

］
8ＪｏｕｒｎａｌｏｆＦｒａｎｋｌｉｎＩｎｓｔｉｔｕｔｅ，>AOBM>AOBM>AOBM>AOBM GOLe ?9A ?<O8

［
?

］
G"*, E X !$8 X1%&I/J -*&H/'/*1 "( &F/&''1 I"0/%4

I&*,$/&'-

［
!

］
8ＳｈｏｃｋａｎｄＶｉｂｒａｔｉｏｎＤｉｇｅｓｔ，>A@9M>A@9M>A@9M>A@9M Ke 9 >>8

［
<

］
W#&%4 ! )M a#%4 K aM L/% E W8 X1%&I/J -*&H/'/*1 "( &

I"0/%4 -*$/%4 #%5,$4"/%4 *+$,,


5/I,%-/"%&' 0/H$&*/"%

［
!

］
8ＩｎｔｅｒｎａｔｉｏｎａｌＪｏｕｒｎａｌｏｆＭｅｃｈａｎｉｃａｌＳｃｉｅｎｃｅ，>AACM>AACM>AACM>AACM JW

296e ><C >O:8

［
C

］
a#%4 K aM W#&%4 ! )M f,+ ! f8 ;"%'/%,&$ 51%&I/J

-*&H/'/*1 "( & I"0/%4 -*$/%4 H1 W&I/'*"%/&% ("$I#'&*/"%

［
!

］
8ＣｏｍｐｕｔｅｒａｎｄＳｔｒｕｃｔｕｒｅ，>AABM>AABM>AABM>AABM MM2C6e CA@ O>98

［
O

］
)#% ` ;M _&%4 D ]M c" ! GM ,* &'8 E&H', Q&$&I,*$/J

"-J/''&*/"% &%5 /*- J"%*$"' ("$ J&H',


-*&1,5 H$/54,-

［
P

］
8

=%e ＰｒｏｃｅｅｄｉｎｇｓｏｆＳＰＩＥ—ＴｈｅＩｎｔｅｒｎａｔｉｏｎａｌＳｏｃｉｅｔｙｆｏｒ
ＯｐｔｉｃａｌＥｎｇｉｎｅｅｒｉｎｇ［E］8 ;,TQ"$* `,&J+M EPM 9::>8 ?OO
?@O8

［
@

］
_,/ ! XM f&%4 f aM E+, W G8 P%&'1-/- "( *+, Q&$&I,*,$

0/H$&*/"%- "( *+, J&H', /% J&H',


-*&1,5 H$/54, H1 a3G

［
!

］
8ＥｎｇｉｎｅｅｒｉｎｇＭｅｃｈａｎｉｃｓ，9:::M9:::M9:::M9:::M FW2O6e >?: >?<8

［
B

］
D+&%4 LM D# ! _8 ;"%'/%,&$ 0/H$&*/"% "( Q&$&I,*$/J&''1

,FJ/*,5 I"0/%4 H,'*-M Q&$* Ⅰe 51%&I/J $,-Q"%-,

［
!

］
8

ＪｏｕｒｎａｌｏｆＡｐｐｌｉｅｄＭｅｃｈａｎｉｃｓ，>AAAM>AAAM>AAAM>AAAM MM296e ?AO <:98

［
A

］
D+&%4 LM D# ! _8 ;"%'/%,&$ 0/H$&*/"% "( Q&$&I,*$/J&''1

,FJ/*,5 0/-J",'&-*/J I"0/%4 H,'*-M Q&$* ==e -*&H/'/*1 &%&'1-/-

［
!

］
8ＪｏｕｒｎａｌｏｆＡｐｐｌｉｅｄＭｅｃｈａｎｉｃｓ，>AAAM>AAAM>AAAM>AAAM MM296e <:? <:A8

［
>:

］
\,$#I/J+/ fM V+*-#U& GM f"-+/S&T& GM ,* &'8

;"%-*&*/"%&$1 0/H$&*/"%- "( & -*$/%4 T/*+ */I,


0&$1/%4

',%4*+ &%5 & I&--


-Q$/%4 -1-*,I &**&J+,5 &* *+, '"T,$

,%5

［
!

］
8ＮｏｎｌｉｎｅａｒＤｙｎａｍｉｃｓ，>AA@M>AA@M>AA@M>AA@M FG2>6e ?A ?C8

［
>>

］
a#%4 K aM L/% ! W8 7/H$&*/"% &%&'1-/- &%5 -#QQ$,--/"%

J"%*$"' "( &% ,',0&*"$ -*$/%4 &J*#&*,5 H1 & YG

-1%J+$"%"#- -,$0" I"*"$

［
!

］
8 ＪｏｕｒｎａｌｏｆＳｏｕｎｄａｎｄ

Ｖｉｂｒａｔｉｏｎ，>AA@M>AA@M>AA@M>AA@M GNM2?6e ?AA <9?8

［
>9

］
D+# _ XM \,QQ" L !8 X,-/4% &%5 &%&'1-/- "( & -J&',5

I"5,' "( & +/4+


$/-,M +/4+


-Q,,5 ,',0&*"$

［
!

］
8Ｊｏｕｒｎａｌｏｆ

ＳｏｕｎｄａｎｄＶｉｂｒａｔｉｏｎ，9::?M9::?M9::?M9::?M GMK2?6e @:@ @?>8

［
>?

］
;&1(,+ P WM G""U X \8Ｎｏｎｌｉｎｅａｒｏｓｃｉｌｌａｔｉｏｎｓ［G］8 ;,T
f"$Ue _/',1


=%*,$-J/,%J, Y#H'/-+,$M >A@A8

载重绳索参数激励横向振动的减振策略
ÙÚÛ

　
ÜÝ(

　
Þßà

2Óû³/+,s¡C.òÌ$,ÍM Óû 9:::?:6

摘要
e íá;<=â�Î3ã¼�päåæçè.UéêZJ8 ë~ã¼ìíUî�ï»<®ð

ñéòäåmó0Î3ã¼K$è&UôõM Î3ã¼U^.Z$5\�<®é¡hZö`B÷

UG&*+/,# Z$}øá8 '¯G&*+/,# Z$U¡²ÑíM ¨Î3ã¼QRSM �¼íî�ðñè.U

>?PSã¼æçè.ù¡>? 9 ú%M <û¼íî�ðñè.Uü¨ý`þ®ÿ!pI%M ã¼

"ef�pkè8 Z;#$f=y%M ©�¨¼íî�Ó]&<®9è¬\'9¼íî�Uðñè

.M tóâ�ã¼Uæçè.8 566�;Ù9èZ[U¡ëB8

关键词
e Î3ã¼Z �pkèZ 9è¬

中图分类号
e V?99Z \G@9O8<

９６１
)#QQ$,--/"% -*$&*,41 ("$ Q&$&I,*$/J&''1 ,FJ/*,5 '&*,$&' 0/H$&*/"% "( I&--


'"&5,5 -*$/%4


