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'3 Qw=Ht u=tDN=U 3 pt=W '|QU pmWx@ =yu=tDN=U R= |}xO=U pOt 'Q[=L VywSB QO
Q@ Owta w pUo |R=wt C=mQL R= pY=L |Owta w |ki= |=yxir-wt CLD 'xk@] 3 w 2

QwmPt |=ypOt |=Q@ "CU= xDiQo Q=Qk |UQQ@ OQwt hrDNt |=yR=i hqDN= w =oQR@ =@ pUo
C=k@] VQ@ |wQ}v xv}W}@ V}=Ri= ?@U Ov=wD|t x@ Q[ |wQ}v �hr= %OvyO|t u=Wv G}=Dv
R= QDQ}osWJ 'OvQwN|t x@ Q[ hQ] l} R= xm '|Q=vm |=yu=tDN=U QO V}=Ri= u}= w OwW
u}@ x}rw= |xrY=i V}=Ri= =@ �? "CU= 'OQwN|t x@ Q[ hQ]wO R= xm '|v=}t u=tDN=U

?w=vD |xQwO w x}rw= |xrY=i x@ xDU@ w O@=}|tv Vy=m x@ Q[ ,=twRr '=yu=tDN=U
w AJ |=yu=tDN=U u}@ Ov=wD|t x@ Q[ |wQ}v xv}W}@ 'Kr=Yt Q=DiQ R}v w =yu=tDN=U

Owta Tr=B CLD w |]N Cr=L QO �G "OyO MQ |v=}t w CU=Q |=yu=tDN=U =} w |v=}t
w 58 '10 Q@=Q@ ?}DQDx@ Q=_Dv= p@=k |x@ Q[ |wQ}v xv}W}@ '7 w 6 '5 |=oQR@ =@ pUo Q@

50 w 30 '10 Q@=Q@ ?}DQDx@ x@ Q[ R= |Q}owrH CyH sRq |xrY=i xv}tm w uDw}v=ot 100
Q@=Q@ ?}DQDx@ Q=_Dv= p@=k |x@ Q[ |wQ}v xv}W}@ '|]NQ}e Cr=L QO �O "CU= QDt|Dv=U

'10 Q@=Q@ ?}DQDx@ x@ Q[ R= |Q}owrH CyH sRq |xrY=i xv}tm w uDw}v=ot 45 w 40 '10
"CU= QDt|Dv=U 30 w 20
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'xOvwQV}B |Q}oCyH 'pUo l}ORv QO u}tR CmQL 'x@ Q[ %|O}rm u=oS=w
"|QU pmWx@ =yu=tDN=U '|@=DQB CmQL

xtOkt "1
|=yu=tDN=U QO |@Uv |}=Hx@=H V}=Ri= ?@U xQ=wty x@ Q[ '|v=}t |=yu=tDN=U
u=tDN=U x@ |}=yDv= u=tDN=U ?w=vD |xQwO C@Uv xm |DQwY QO "OwW|t |}=yDv=
Vy=m ?@U CQwYu}= Q}e QO w V}=Ri= ?@U x@ Q[ 'OW=@ 1 R= QDnQR@ |v=}t

[1]"OwW|t |v=}t |=yu=tDN=U QO |@Uv |}=Hx@=H
xOW xO=O u=Wv w x�=Q= x@ Q[ MU=B h}] R}v 2006 p=U QO |}xar=]t QO
|Q}PBpmW w 'sQH '|}=Q}t 'Ot=U@ 'Qw=Ht |=yxR=U u}@ x}rw= |xrY=i xm CU=
xv}W}@ QO |}xOta Q=F; Ovv=wD|t u}tR |OwQw C=mQL R=i hqDN= R}v w =yxR=U
u=tDN=U 2 u}@ x@ Q[ C=QF= '2008 p=U QO u}vJty [2]"OvW=@ xDW=O x@ Q[ |wQ}v
|]NQ}e Q=DiQ uDiQoQ_vQO w Cw=iDt |m}t=v}O X=wN =@ `=iDQ= sy w Qw=Ht
2 u}@ OQwNQ@ xm CU= xOW xO=O u=Wv G}=Dv w xDiQo Q=Qk |UQQ@ OQwt Kr=Yt
u}= w OQ=O QDQ}PBh=]av= w QDl@U u=tDN=U Q=DiQ QO |yHwD p@=k QF= 'u=tDN=U
u; QO nQR@ w |t�=O pmWQ}}eD O=H}= w MU=B QO O}OWD Ea=@ CU= umtt Qt=
|=yu=tDN=U Q=DiQ 'Qo}O |wU R= [3]"Ov=UQ@ s}rUD |x]kv x@ =Q Kr=Yt w OwW
xv}W}@ u}vJty "CU=yu=tDN=U u}@ OQwNQ@ R= Q}F-=D|@ ,=@} QkD QDCNU w QDu}ovU

C=}YwYN QOCw=iDCra x@ 'OvQ=O Q=Qk syl}ORv xm|}=yu=tDN=U 'xrRrR s=ovy QO
nvy=ty w x@=Wt V=aDQ= w OvyO|t u=Wv OwN R= |Dw=iDt |=yMU=B '|m}t=v}O
p}@k u}= |=Q@ x@ Q[ QF= QO s=Oyv= w OQwNQ@ p=tDL= xH}Dv QO w CW=O Ovy=wNv
<=RH= =} w |i=m =v |xrY=i =@ Q=wHty |=yu=tDN=U OQwNQ@ "OQ=O OwHw =yu=tDN=U
u=wD|t xrtH R= xm 'CU= xOW xOy=Wt xRQru}tR ẁkw s=ovy =yQ=@ w =yQ=@ 'pB
=twr '�1985� |D}Uwm} Rmt '�1971� wOv=vQi u=U '�1964� =mUq; |=yxrRrR x@
x@ CU= umtt xO}OB u}= "OQm xQ=W= �1995� x@ wm w '�1999� uD; '�1989� =D} QB
|=yxR=U OQwt QO 'Qo}O |wU R= "OwW QHvt =yxR=U |rm ?} QND =} |OH ?}U;
w Gwt Q=WDv= QF= p}rO x@ ?re= xR=U |v=kwi |=yCtUk u}@ x@ Q[ |xO}OB 'p} w]

"OwW|t O=H}= xR=U |=yx=ox}mD x@ Cw=iDt |}xRQr C=m} QLD p=ta=
xO=O u=Wv 'Qw=Ht |=yu=tDN=U |QU Q@ x@ Q[ QF= |UQQ@ QO '1988 p=U QO
?w=vD |xQwO x@ |}=yDv= |=yu=tDN=U ?w=vD |xQwO C@Uv x@ xHwD =@ xm CU= xOW

pw�Ut xOvU} wv �
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"Qw=Ht u=tDN=U 3 |m}t=v}O pOt "1 pmW

|}xLiY Q=DiQ |xOvyOu=Wv `k=w QO '1 pmW QO xOWxDiQo Q=mx@ pOt "OvDUy
CyH "CU= ?rY hm pO=at ?rY Q}Dw CU= |Oa@ xU |WQ@ |=yu=tDN=U
AJ CtU |xk@] 3 u=tDN=U |=yQDt=Q=B 'xOWxDiQo Q=m x@ |=yQDt=Q=B uO=OR}tD
�R� T}Ov= |=Q=O CU=Q CtU |xk@] 3 u=tDN=U |=yQDt=Q=B '�L� T}Ov= |=Q=O
|=yQDt=Q=B "OvDUy �C� T}Ov= |=Q=O |v=}t |xk@] 2 u=tDN=U |=yQDt=Q=B w
?}DQDx@ %k�iL ; k�iC ; k�iR %Ov=xOW h} QaD CQwY u}= x@ xOWxDiQo Q_v QO
w |v=}t 'CU=Q |=yu=tDN=U s)=i |xk@] |=yuwDU |v=QwO |=yQvi |x}rw= |DNU

&AJ
s)=i |xk@] |=yuwDU |v=QwO |}=Q}t ?} Q[ ?}DQDx@ %C�iL ; C�iC ; C�iR

&AJ w |v=}t 'CU=Q |=yu=tDN=U
&AJ w |v=}t 'CU=Q |=yu=tDN=U s)=i |xk@] sQH ?}DQDx@ %miL ;miC ;miR

&=yu=tDN=U pw] %LL = LC = LR = L

&=yu=tDN=U u}@ x}rw= |xrY=i %d
&C=k@] `=iDQ= %h

&s)=i Q}D |tQH |UQv}= u=tt %Ii = 1
12miL2

&Qw=Ht |=yu=tDN=U u}@ x@ Q[ |wQ}v %FI
&s)=i |xk@] R= uwDU u}t)=j |@Uv u=QwO %�ij

|=B QO u}tR CmQL |v=QwO w |Owta '|ki= |}=Hx@=H ?}DQDx@ %�gi ; vgi ; ugi
&uwDU u}t)=i

hm pkF RmQt |v=QwO w |Owta '|ki= jr]t |}=Hx@=H ?}DQDx@ %�Gi ; VGi ; UGi
"s)=i

C=mQL CLD AJ CtU |xk@] 3 u=tDN=U CmQL CqO=at "1"2
=yx}=B uwoty=v

|=ywQ}v CLD AJ CtU |xk@] 3 u=tDN=U |xDi=} pmWQ}}eD pOt '2 pmW
"OyO|t u=Wv =Q =yx}=B uwoty=v C=mQL w FI x@ Q[

2 pmW x@ xHwD =@ s)=i Q}D |=yDv= wO |Owta w |ki= jr]t |=y|}=Hx@=H

hrDNt |=yQDt=Q=B QO |�RH C=Q}}eD x@ QDQ}PBh=]av= w QDl@U u=tDN=U |}=Hx@=H
s}rUD Ctw=kt w '|}xR=U |DNU 'xk@] sQH '=yu=tDN=U u}@ xrY=i %Ovv=t |}xR=U
QDu}ovU u=tDN=U MU=B QO =yQDt=Q=B u}= Q}F-=D 'Qo}O |wU R= "CU= T=UL Q=}U@
|xrY=i CyH x@ pUo l}ORv |=yxRQru}tR u}vJty "CU= TwULt=v QDCNU w
x@ u; Ci=} QO pLt w CU= Gwt O}rwD `@vt u=ty xm 'pUo CUmW pLt u}@ sm
|xQwO =@ CaQU Tr=B p=L u}a QO w CU= |ve Q=}U@ q=@ |Ot=U@ |=wDLt ^=Lr
|=Q@ OwHwt |=yxt=vu}}; OvJ Qy [4]"OwW|t xOy=Wt =yv; OQwmQ QO R}v q=@ ?w=vD
|xQwO =@ CaQU Tr=B um}r 'OvyO|t x�=Q= |}=yQ=my=Q OQwmQ |q=@ Ot=U@ CtUk
x@ Q[ |wQ}v h}] u}vJty "CU= KQ]t ?QNt pt=a l} u=wvax@ q=@ ?w=vD
uDiQoQ_vQO ut[ w xDiQo Q=Qk |UQQ@ OQwt l}ORv w QwO |=yxRwL |=yxrRrR CLD
xm CU= xOW xO=O u=Wv xR=U |}=Q}t OYQO w sQH uwJty |irDNt |=yQDt=Q=B
|xrY=i V}=Ri= 'Qw=Ht |=yxR=U C=}YwYN w xrRrR OQwmQ |=yxYNWt x@ xDU@
QF= R}v |Qo}O |xar=]t QO [5]"OwW x@ Q[ |wQ}v V}=Ri= ?@U Ov=wD|t =yv; u}@
pUo l}ORv |=yxrRrR CLD |}xRQr Qo =OH uwO@ w =@ |vD@ |=yu=tDN=U QO x@ Q[
=@ u; |xU}=kt x@ |O=yvW}B |x@ Q[ pOt |x�=Q= ut[ w xDiQo Q=Qk xar=]t OQwt

[6]"CU= xOW xDN=OQB Qo}O |=ypOt
'VrUo =} |oDN}Uo sR}v=mt R= QF-=Dt xRQru}tR 'pUo l}ORv |xOwOLt QO
R= |W=v u}tR Q=oOv=t |=y|}=Hx@=H w pLt x@ C@Uv |oDN}Uo Q=WDv= CyH
pmW |Ur=B C=mQL xm Ov=xO=O u=Wv =yVywSB [7]"CU= pUo |m}vwDmD VRer
|Q}osWJ QF= 'CaQU Tr=B ?w=vD |xQwO w xvt=O ,=YwYN w pUo l}ORv QO u}tR
2 w 1 Qw=Ht |=yu=tDN=U R= |}xO=U pOt u}vJty [7]"OQ=O =yxR=U OQmrta QO
|R=wt w pUo Q@ Owta C=mQL R= pY=L |Owta w |ki= |=yxir-wt CLD xk@]
xO=O u=Wv w xDiQo Q=Qk |UQQ@ OQwt hrDNt |=yR=i hqDN= w =oQR@ =@ pUo
|wQ}v xv}W}@ '|Q}tN |=ypmW Q}}eD w Kr=Yt |]NQ}e Q=DiQ xm CU= xOW
|Q}osWJ pmW x@ =Q x@ Q[ R= |Q}owrH CyH sRq |xrY=i xv}tm w x@ Q[
=yx}=B |OwQw C=mQL R=i hqDN= R}v w OyO|t Vy=m |]N Cr=L x@ C@Uv
sRq |xrY=i xv}tm w x@ Q[ |wQ}v xv}W}@ |Q@=Q@ 2 =D 1 5 V}=Ri= ?@U Ov=wD|t
u}tR CmQL |ki= |xir-wt |}=tvnQR@ u}= QO xm 'OwW x@ Q[ R= |Q}owrH CyH
|v=OvJ Vkv 'u}tR CmQL |v=QwO w s�=k |=yxir-wt w Ovm|t |R=@ =Q xOta Vkv

[8]"OvQ=Ov
CQwYx@ xm xk@] 3 w 2 '3 |=yu=tDN=U R= xO=U |rOt 'Q[=L VywSB QO
|=yu=tDN=U Q=DiQ |UQQ@ hOy w xOW xDiQo Q_v QO 'Ov=xDiQo Q=Qk sy Qw=Ht |QU
|xrY=i xv}tm w Q=_Dv= p@=k |x@ Q[ |wQ}v xv}W}@ R= |OQw;Q@ R}v w |}=yDv= w |v=}t
hqDN= w =oQR@ =@ pUo l}ORv |=yTr=B CLD =yv; OQwNQ@ R= |Q}owrH CyH sRq

"CU= hrDNt |=yR=i

|m}t=v}O pOt "2
'OyO|t u=Wv =Q Qw=Ht |xk@] 3 w 2 '3 |=yu=tDN=U |m}t=v}O pOt '1 pmW
x@ 'Ovm|t |R=Ux}@W =Q OQwNQ@ Ov}=Qi xm |]NQ}e l}DUq=wmU} w u=tr= \UwD xm

"Ov=xOW pYDt Qo}Om}
sQH uwO@ |=yuwDU \UwD xm 'CU= ?rY Q}D R= pmWDt u=tDN=U Qy C=k@]
|]NQ}e |v=QwO |=yQvi =@ =yuwDU "CU= xOW xDW=O xov |QwLt C}@rY =@ w
'|v=QwO |=yQvi "Ov=pYDt u}tR =} C=k@] Qo}O x@ |]N |v=QwO |=yQo =Q}t w
u=tDN=U |}=Q}t |xOvyOu=Wv |v=QwO |=yQo =Q}t w =yuwDU |WtN |DNU Qou=}@
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"AJ CtU |xk@] 3 u=tDN=U pw= |xk@] O=R; s=Qo =}O "3 pmW

�G1 = sin�1
�
vg1 � vg2 + h1 cos�11 � h1 cos�12

L

�
i = 2; ::; n

UGi = UGi�1 + hi
2
�
sin(�Gi�1 + �i1) + sin(�Gi�1 + �i2)

�
i = 2; ::; n

VGi = VGi�1 � hi
2
�2� cos(�Gi�1 + �i1)� cos(�Gi�1 + �i2)

�
i = 2; ::; n

�Gi = sin�1
�

sin �Gi�1 + hi
L
�
cos(�Gi�1 + �i1)

� cos(�Gi�1 + �i2)
��

i = 2; ::; n (3)

CtU |xk@] 3 u=tDN=U R= pw= |xk@] |=yuwDU w Q}D O=R; s=Qo =}O '3 pmW
pO=aD CqO=at u=wD|t '3 pmW x@ xHwD =@ "OyO|t u=Wv pmWQ}}eD R= Oa@ =Q AJ

%CWwv 4 \@=wQ xawtHt CQwYx@ =Q pw= |xk@]X
FX = 0) �m1L �UG1 � F23 � F24 + F13 + F14 � FI1 = 0X
FY = 0) �m1L �VG1 � F21 � F22 + F11 + F12 �W1 = 0X
MG =0)M 021 +M 022 +M11 +M12 � I1L��G1

+ L
2 cos �G1(F11 � F21 + F22 � F12)

+ L
2 sin �G1(F13 � F23 + F24 � F14 + FI1) = 0X

M01 =0) �M11 �M 011 + F11h1 sin�11L

� F13h1 cos�11L = 0X
M02 =0) �M12 �M 012 + F12h1 sin�12L

� F14h1 cos�12L = 0 (4)

j@=]t w OvDUy |rN=O |WtN |=yQovr M11;M12;M 011;M 012 '=yu; QO xm

"AJ CtU |xk@] 3 u=tDN=U |xDi=} pmWQ}}eD pOt "2 pmW

%OvwW|t u}}aD 1 \@=wQ xawtHt CQwYx@
uTi1 = UGi + L

2 (1� cos �Gi) i = 1; 2; ::; n
uTi2 = UGi � L

2 (1� cos �Gi) i = 1; 2; ::; n
vTi1 = VGi + L

2 sin �Gi) i = 1; 2; ::; n
vTi2 = VGi � L

2 sin �Gi i = 1; 2; ::; n (1)

2 \@=wQ xawtHt CQwYx@ =yuwDU |q=@ |Owta w |ki= jr]t |=y|}=Hx@=H
%OvwW|t u}}aD

uTi1 = uT(i�1)1 + hi sin(�Gi�1 + �i1) i = 1; 2; ::; n
vTi1 = vT(i�1)1 � hi �1� cos

�
�Gi�1 + �i1

��
i = 1; 2; ::; n

uTi2 = uT(i�1)2 + hi sin(�Gi�1 + �i2) i = 1; 2; ::; n
vTi2 = vT(i�1)2 � hi �1� cos

�
�Gi�1 + �i2

��
i = 1; 2; ::; n

(2)

%CW=O s}y=wN =Q 3 \@=wQ |xawtHt '2 w 1 \@=wQ ?}mQD =@
UG1 = 1

2 (ug1 + ug2 + h1 sin�11 + h1 sin�12) i = 2; ::; n
VG1 = 1

2 [(vg1 + vg2 � h1(1� cos�11)� h1(1� cos�12)]

i = 2; ::; n
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w=Ht
u=tD

N=U
3|

x@Q[
MU

=Bw sQH `} RwD j@=]t R}v C=k@] QO |}=Q}t `} RwD u}vJty [9]"�CU= C=k@] O=OaD
"CU= xOW xDiQo Q_v QO |DNU

mj =
�

1 0� 0 4 j � 1
N � 1

�
m1 j = 1; 2; :::; N

k�j =
�

1 0� 0 4 j � 1
N � 1

�
k�1 j = 1; 2; :::; N

C�j =
�

1 0� 0 4 j � 1
N � 1

�
C�1 j = 1; 2; :::; N (9)

CQwYx@ xYNWt |xrO=at pL w |}=Q}t w |DNU 'sQH |=yT} QD=t p}mWD =@
|xQwO x@ xHwD =@ =Q |v=QwO |}=Q}t w |DNU Q}O=kt u=wD|t '10 \@=wQ xawtHt

%OQw; CUOx@ pw= Owt |}=Q}t w ?w=vD���K � !2M
��� =0)

�4k�1
h21

+
4k�2
h22
� !2m1

�
�4k�2

h22
+

4k�3
h23
� !2m2

��4k�3
h23
� !2m3

�
�
�4k�3

h23

�2
�
�4k�1

h21
+

4k�2
h22
� !2m1

�
�
�4k�2

h22

�2
�
�4k�3

h23
� !2m3

�
= 0

T1 = 0 3 sec
Eg:(10)�����! 4k�1

m1h21
= 1798 31

�1 = 0 05) C�1
m1h21

= 2 14 (10)

sDU}U pm Q@ sm =L CqO=at "2"2
2 |=yu=tDN=U pO=aD CqO=at uOQw;CUOx@ |=Q@ x@=Wt |OvwQ uDiQoQ_vQO =@
C=k@] QO x@ Q[ |=ywQ}v uDiQoQ_vQO =@ w CU=Q CtU |xk@] 3 w |v=}t |xk@]
CQwYx@ u=wD|t =Q sDU}U pm Q@ sm =L |]NQ}e CqO=at x=oDUO 'OQwNQ@ CLD
pL p@=k sQ=yJ |x@DQt |=Dwo nv=Q VwQ x@ xm 'OQw; CUOx@ 11 \@=wQ xawtHt

%CU=8>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>:

z11L ��11L + z12L ��21L + z13L ��31L + z14L = 0
z21L ��11L + z22L ��21L + z23L ��31L + z24L = 0
z31L ��11L + z32L ��21L + z33L ��31L + z34L = 0
z11C ��11C + z12C ��21C + z13C = 0
z21C ��11C + z22C ��21C + z23C = 0
z11R ��11R + z12R ��21R + z13R ��31R + z14R = 0
z21R ��11R + z22R ��21R + z23R ��31R + z24R = 0
z31R ��11R + z32R ��21R + z33R ��31R + z34R = 0

(11)

x@ Q[ |wQ}v |R=Ux}@W "3"2
xO=iDU= [10]'|]NQ}el}DUq=wmU} w pOt R= (FI) x@ Q[ |wQ}v |R=Ux}@WCyH
(mR) CU=Q w (mL) AJ |=ysQH u}@ OQwNQ@ |wQ}v u; QO xm 'CU= xOW

"|v=QwO |=yQvi |=Q@ |]NwO |DNU pOt "4 pmW

%OvwW|t u}}aD 5 \@=wQ |xawtHt
M11
m1Lh21

=
K�1L
m1Lh21

F (�11L��G1L)+
C�1L
m1Lh21

( _�11L� _�G1L)=m11

M12
m1Lh21

=
K�1L
m1Lh21

F (�12L��G1L)+
C�1L
m1Lh21

( _�12L� _�G1L)=m12

M 011
m1Lh21

=
K�1L
m1Lh21

F (�11L � �g1) +
C�1L
m1Lh21

( _�11L � _�g1) = m011

M 012
m1h21

=
K�1L
m1Lh21

F (�12L � �g2) +
C�1L
m1Lh21

( _�12L � _�g2) = m012

(5)

"CU= 4 pmW j@=]t |]NwO `@=D F (�) '=y u; QO xm
6 |x]@=Q CQwYx@ '4 |x]@=Q R= pY=L pw= |xk@] pkDUt CmQL |xrO=at

%Ow@ Oy=wN

� FI1
m1LL

� �UG1L
L
� C�1L( �VG1L + g)

L
� B�1LI1L��G1L

m1LL2

+
H�1Lm2L( �VG2L + g)

m1LL
� G�1LI2L��G2L

m1LL2

� I3L��G3LK
�1L

m1LL
+
N�1Lm3L( �VG3L + g)

m1LL
+ I�1L = 0 (6)

%OwW|t xDWwv 7 |x]@=Q CQwYx@ =yuwDU |@Uv |=yu=QwO ?UL Q@ 6 |xrO=at
d1 ��11L + d2 ��12L + d3 ��21L + d4 ��22L + d5 = 0 (7)

x@ xHwD =@ R}v w swU w swO C=k@] pO=aD CqO=at uDiQoQ_vQO =@ ?}DQD u}ty x@
AJ CtU |xk@] 3 u=tDN=U CmQL |]NQ}e CqO=at x=oDUO '=yQ}D C}@rY
R= |]NQ}e |a@=wD ZijL '=yu; QO xm 'O};|t CUOx@ 8 \@=wQ xawtHt CQwYx@

"OvDUy u}tR |OwQw C=mQL w (FI) x@ Q[ |=ywQ}v ' _�ijL '�ijL8>>>><>>>>:
Z11L ��11L + Z12L ��21L + Z13L ��31L + Z14L = 0
Z21L ��11l + Z22L ��21L + Z23l ��31l + Z24L = 0
Z31L ��11L + Z32L ��21L + Z33L ��31L + Z34L = 0

(8)

'CU= xOW xDiQo Q_v QO 9 \@=wQ xawtHt CQwYx@ C=k@] QO |DNU w sQH `} RwD
N � Ow@ Oy=wN 0 1N Q@=Q@ ,=@} QkD u=tDN=U |rY= ?w=vD |xQwO CQwY u; QO xm
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xQ=t
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�2

|xQ
wO'

�13
96

Q=y@
�h

}QW
u=Qt

a|
UOv

yt

|=Q@ 'dF (t) 'pUo Q@ Owta CmQL w 'dN (t) 'pUo O=ODt= QO CmQL "5 pmW
[18]"M = 6 |=oQR@

[18]"pUo Q@ Owta |}=Hx@=H |=y|oS}w "1 pwOH
_dF;max dF;max AF �F

M
(cm/s) (cm) (cm/s) (1/s)

151 61 7 06 151 61 7 90 5
546 97 45 32 546 97 4 44 6

(860 34) (126 6) (860 34) (2 50) 7

[18]"pUo O=ODt= QO |}=Hx@=H |=y|oS}w "2 pwOH
_dN;max dN;max AN �N

M
(cm/s) (cm) (cm) (s)

12 17 14 6 29 2 1 2 5
68 19 122 75 245 5 1 8 6

(214 7) (644 0) (1288 0) (3 0) 7

Q}O=kt =Pr 'OvDUyM = 5; 6 |=y=oQR@ x@ OwOLt xOWC@F |=yOQwmQ xm |}=Hv; R=
pN=O QO 2 w 1 |=ypwOH QO M = 7 <=R= x@ �N w AN u}vJty w �F w AF

[18]"CU= xOt; CUOx@ uw}UQoQ j} Q] R= =yv; Q}O=kt w xOW xO=O u=Wv RDv=QB
VRer C=Oy=Wt T=U=Q@ |OOaDt uw}UQoQ |=yp}rLD QO dN w dF |=yxvt=O
?re= pUo VRer "CU= xDiQo Q=Qk xar=]t OQwt |oOvy=m \@=wQ R= xO=iDU= w pUo
OwW|t h} QaD �u = 2dN CQwYx@ w '(�u) pUo |}=Hx@=H \UwDt T=U=Q@
'CU= xOW XNWt p = 0 5 =@ xm nvQRtQk |x}L=v '6 pmW QO "�5 pmW�

%OwW|t h} QaD 12 \@=wQ xawtHt CQwYx@
FI(t) = 0 for �(t) � 0
FI(t) = ���3 2(t) + �c(t) _�(t) for �(t) � 0 and _�(t) � 0
FI(t) = ���3 2(t) for �(t) � 0 and _�(t) � 0
�(t) = uL(t)� uR(t)� d
�� = 2 75� 109

�� = 0 35 (e = 0 65) (12)

|xrY=i R}v d w CU=mR wmL |=ysQH |}=Hx@=H ?}DQDx@ uR w uL 'u; QO xm
�c(t) "OQ=O Kr=Yt |DNU x@ |oDU@ w x@ Q[ |DNU Qou=}@ �� "CU=yv; u}@ x}rw=

%OwW|t h} QaD 13 |x]@=Q CQwYx@ x_Lr Qy QO w CU= pOt |}=Q}t Qou=}@
�c(t) = 2��

r
��
p
�(t) mLmR

mL +mR
(13)

pw] QO |SQv= hqD= u=R}t R= |a@=D xm 'CU= OQwNQ@ |}=Q}t C@Uv �� 'u; QO xm
|]NQ}e l}DUq=wmU} w pOt QO e w �� u}@ |@} QkD |x]@=Q l} "CU= (e) OQwNQ@

[10]%CU= xOW x�=Q= 14 |x]@=Q pmW x@
�� = 9p5

2
1� e2

e(e(9� � 16) + 16)
(14)

[10]%CU= xOW xDiQo Q_vQO 15 \@=wQ CQwYx@ x@ Q[ |=yQDt=Q=B Q}O=kt
�� = 2 75� 109 N=m3 2

�� = 0 35 (e = 0 65) (15)

pUo l}ORv QO u}tR CmQL "3
CN=wvm} Q}e `} RwD 'VRer s_vt=v `} RwD Cra x@ pUo l}ORv QO u}tR CmQL
xO}J}B Ov}=Qi w pUo K]U Q@ VvD CN=wvm} Q}e `} RwD 'pUo h=Q]= QO C}@rY
CmQL C=}�RH |v}@V}B u=mt= =Pr w CU= xO}J}B Q=}U@ 'VrUo |]NQ}e w
pUo CmQL w xOW xO=iDU= xO=U |WwQ R= 'Q=DWwv u}= QO [12w11]"OQ=Ov OwHw pUo
|=yOQwmQ w C=Oy=Wt T=U=Q@ =yv; u=tR COt w xvt=O \UwDt xm |}=yTr=B =@
u=Wv =Q u; C=mQL w pUo '5 pmW [14w13]"CU= xOW pOt 'Ov=xOW xQ@}r=m 'xOWC@F
CtU x@ w pUo O=ODt= QO |}=Hx@=H |H} QOD V}=Ri= Qou=}@ dN CmQL "OyO|t
Owta O=ODt= QO Tr=B Qou=}@ dF xm |r=L QO 'CU= |t�=O |m}D=DU= |}=Hx@=H
C=ar=]t |NQ@ QO u=wD|t =Q =yTr=B xvwou}= ?=NDv= |xR}ov= [15]"CU= pUo Q@
16 |x]@=Q R= xO=iDU= =@ R}v pUo Q@ Owta CmQL "OQm xOy=Wt [17w16]"'u}W}B

[18]%OwW|t h} QaD
dF (t) = AF te��F t (16)

xO=O u=Wv 1 pwOH QO xrRrR hrDNt |=y=oQR@ <=R= x@ �F w AF Q}O=kt 'u; QO xm
[18]%CU= xOW xO=iDU= 17 |x]@=Q R= R}v pUo O=ODt= QO CmQL |=Q@ "Ov=xOW

dN (t) = AN
2
�
1� e� t

�N

�
(17)

"Ov=xOW x�=Q= 2 pwOH QO xrRrR hrDNt |=y=oQR@ <=R= x@ �N w AN Q}O=kt 'u; QO xm
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w=Ht
u=tD

N=U
3|

x@Q[
MU

=B

xOWC@F |=yOQwmQ R= xO=iDU= =@ pUo K]U QOVvDCi= u=R}t |Q}oxR=Ov= "8 pmW
%xDUw}B \w]N� _dF R= pY=L VvD Ci= u=R}t =@ u; |xU}=kt w u; |m}ORv QO
[20]"Q[=L Q=DWwv QO xOWxDiQo Q=mx@ �2 pwOH %u}Jx]kv \w]N� _dN w �1 pwOH
OyO|t u=Wv =Q Q=DWwv u}= QO xDiQQ=mx@ 2dN;max |xvt=O 'u}J\N |vLvt

"OQ=O G}=Dv Qo}O =@ |@ wN j@=]D xm '�2 pwOH j@=]t�
CaQU 'Q[=L Q=DWwv QO xDiQQ=mx@ dN w dF `@=wD syt |m} R}i C}Y=N
QO QF-wt VvD Q@=Q@ � 'u; QO xm ' _dF � ��=� O=O u=Wv u=wD|t "CU=yv; |x}rw=
h=Q]= |x}L=v C}@rY � w 'VrUo |x}L=v QO |WQ@ Gwt CaQU � 'pUo K]U
_dN = 0 5C0��=� 't = 0 u=tR QO xm O=O u=Wv u=wD|t _dN |=Q@ "CU= pUo

[23w13]"CU= 7 w 6 '5 |xrRrR |=y=oQR@ |=Q@ 1 52 w 0 65 '1 '0 Q@=Q@ C0 Q}O=kt w
5 OwOL xm 'CU= 170 cm/s Q@=Q@ uwvm =D xOWxOy=Wt CaQU Q=Okt u} QDnQR@
xOW C@F �1994� =}vQi}r=m G} QFQwv |xrRrR |] w pUo R= QDq=@ |QDtwr}m 10 =D
'OQ=Ov OwHw pUo K]U |wQ Q@ CaQU |Q}oxR=Ov= xvwoI}y xm |}=Hv; R= [23]"CU=
VvD ?UL Q@ s}kDUtQ}e pmW x@ \ki u=wD|t =Q _dN w _dF CaQU xv}W}@ =Pr
xOWxDiQo Q=mx@ |=yVwQ w C=}[Qi x@ |oDU@ VvD |Q}oxR=Ov= CkO "OQm |@=} RQ=
'� ?UL Q@ jwi CqO=at pL =@ u}=Q@=v@ "OQ=O xOWC@F |=yOQwmQ Q}UiD CyH
QO u}Jx]kv \w]N� pUo O=ODt= QOCmQL |=Q@ � � 2� _dN=(�C0) R= u=wD|t
�8 pmW QO xDUw}B \w]N� pUo Q@ Owta CmQL |=Q@ � � � _dF =� w �8 pmW
u}= '8 pmW "OQm xO=iDU= VvD |wQ Q@ xOWs=Hv= C=ar=]t Qo}O =@ xU}=kt CyH

"OyO|t u=Wv � w � pwtat Q}O=kt <=R= x@ =Q xU}=kt

l}ORv C=mQL CLD Qw=Ht u=tDN=U 3 |}xRQr MU=B "4
pUo

xR=U |=yx}=B x@ u=tRty |}xRQr G=wt= OwW|t ZQi ?re= xrRrR |UOvyt QO
CU= |vat u}O@ u}= "OwW|t |WwBsWJ l =N QO G=wt= Q=WDv= QF= R= w OvUQ|t
Q=}U@ |Hwt pw] =} w Ovvm|t OQwNQ@ xR=U x@ s�=k Qw]x@ =} |}xRQr G=wt= xm
p}=t Qw]x@ CU= umtt |}xRQr G=wt= |rmQw]x@ =t= "OvQ=O xR=U O=a@= R= QDnQR@
QO "OvW=@ xDW=O xR=U O=a@= =@ T=}k p@=k |Hwt pw] w Ovvm OQwNQ@ xR=U x@
"OwW ^=Lr |m}t=v}O |=yp}rLD QO =yx}=B uwoty=v C=m} QLD QF= O}=@ \}=QW u}=
|irDNt pt=wa x@ xOQDUo =} OQivt |=y|B Q@ `k=w |=yuwDU |@Uv CmQL C}y=t
h=Q]= l =N |=y|oS} w 'p=YD= |=yp=O w Q}D |DNU 'uw}U=Ovwi ẁv %xrtH R=

\UwD (dF;max) u}tR |xOWu}}aD |}=Hx@=H xv}W}@ C=Q}}eD |xvt=O "6 pmW
[20]"xOWC@F |=yOQwmQ uw}UQoQ R}r=v;

pUo O=ODt= QO u}tR CmQL |}=Hx@=H |xvt=O xv}W}@ u}@ |xU}=kt "7 pmW
|=yOQwmQ |xvt=O R= xO=iDU= =@ w G4RM uw}UQoQ |=ypOt \UwD xOWx@U=Lt
|xvt=O =@ �p = 0 9 w p = 0 1 <=R= x@ nvQ |QDUm =N |x}L=v� xOWC@F
[20]"�u}J\N |vLvt� Q[=L Q=DWwv QO xOWxDiQo Q=m x@ �2 pwOH� 2dN;max

xrRrR RmQt QO w xrRrR |=oQR@ ?UL Q@ =Q (dmax) u}tR |}=Hx@=H xv}W}@ \UwDt
|}xQNY |=yl =N =D (s = 0) |@ wUQ ẁv R= =yl =N s=tD |=Q@ (R = 0)

=@ =Q u}tR |}=Hx@=H xv}W}@ 'nvQ |QDUm =N |x}L=v "OyO|t u=Wv (s = 2)

xv}W}@ 'QwmPt pmW QO [20w19]"OyO|t u=Wv (p = 0 9) �90 ẁkw p=tDL=
u}J\N |vLvt CQwYx@ 'CU= xOW x�=Q= 1 pwOH QO xm '(dF;max) 'dF |xvt=O
G}=Dv =@ dF;max |xvt=O 'OwW|t xOy=Wt xm Qw]u=ty "CU= xOW xO=O u=Wv

"OQ=O |@ wN j@=]D pUo R= QwO QO xOWC@F C=aq]= uw}UQoQ R= pY=L
|=oQR@ ?UL Q@ '(�u = 2dN ) pUo |}=Hx@=H |xvt=O \UwDt '7 pmW
R= pY=L G}=Dv 'QwmPt pmW QO xDiQQ=mx@ hrDNt s�qa "OyO|t u=Wv =Q xrRrR

[22w21'19]"OyO|t u=Wv =Q u=QoWywSB Qo}O C=ar=]t
�u = 2dN |xvt=O xv}W}@ 'nvQ|QDUm =N|x}L=v 2u}@|xOwOLt xm|r=LQO
[23w13]"OyO|t u=Wv �G4RM� uw}UQoQ pOt T=U=Q@ w �80 O=tDa= C}r@=k =@ =Q
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yt

?w=vD |=yxQwO =@ Qw=Ht |=yu=tDN=U |@Uv |}=Hx@=H |v=tR |xJN} Q=D "9 pmW
|=oQR@ =@ pUoQ@ Owta Tr=B CLD TL = 0 3; TC = 0 2; TR = 0 3

"M = 7

?w=vD |=yxQwO =@ Qw=Ht u=tDN=U 3 C=k@] VQ@ |v=tR |xJN} Q=D "10 pmW
|=oQR@ =@ pUoQ@ Owta Tr=B CLD TL = 0 3; TC = 0 2; TR = 0 3

"M = 7

xOW ZQi Q=DWwv u}= QO "OQ=O |oDU@ |}xRQr G=wt= CyH w ẁv 'uw}U=Ovwi
|Owta w |ki= |=yxir-wt CLD w pUo |m}ORv QO Qw=Ht |=yu=tDN=U xm CU=
x@ Q[ |wQ}v xv}W}@ QO =yx}=B C=m} QLD R=i hqDN= QF= w xDW=O Q=Qk u}tR CmQL
Q@ =yuwDU "CU= xDiQo Q=Qk |UQQ@ OQwt OQwNQ@ R= |Q}owrH CyH xrY=i xv}tm w
"CU= xOW Q_vhQY xR=U w l =N VvmQOv= R= w xDW=O Q=Qk OQivt |=y|B |wQ
|va} Gwt Q=WDv= QwLt Q@ j@]vt 'X QwLt |va} 'Qw=Ht |=yxR=U |rw] QwLt
|=B QO |Dw=iDt |}=Hx@=H 'xRQru}tR C=m} QLD w CU= xRQru}tR `@vt R= r QwLt
|x}=B� AJ CtU R= xRQru}tR G=wt= Q=WDv= '1 pmW QO "Ovm|t O=H}= =yuwDU
|=yxvt=O '=yuwDU |=B QO C=m} QLD w xOW ZQi �4 |x}=B� CU=Q CtU x@ �1
u}@ �|v=tR Q}N-=D� R=i hqDN= OwW|t u=WvQ]=N "OvQ=O R=i hqDN= =@ |rw 'x@=Wt
"OQ=O |oDU@ (Cx) |Qw@a Gwt |ki= R=i CaQU w =yv; |xrY=i x@ '=yx}=B CmQL
u}tR |Owta w |ki= u=tRty C=mQL CLD =yuwDU |=B QO sDU}U '1 pmW j@=]t
=Q 18 \@=wQ xawtHt xm |Qw]x@ 'CU= xDiQo Q=Qk (ugi ; vgi ; i = 1; 2; 3; 4)

%CW=O s}y=wN
ug2(t) = ug1(t� �=3)

ug3(t) = ug1(t� 2�=3)

ug4(t) = ug1(t� �)

vg2(t) = vg1(t� �=3)

vg3(t) = vg1(t� 2�=3)

vg4(t) = vg1(t� �)

�g1(t) = �g2(t) = �g3(t) = �g4(t) = 0
� = LL + Lc + LR

Cx
(18)

Q=DWwv QO|R=UxO=UCyH x@ "CU=|v=tR Q}N-=D u=ty =} R=ihqDN= u=R}t � 'u; QO xm
"[vgi(t) = ugi(t)]CU= xOW ZQi|ki=CmQL =@ Q@=Q@ u}tR s�=kCmQL 'Q[=L
?}DQD x@ (ugi(t)) u}tR |ki= CmQL pUo |R=wt w pUo Q@ Owta |=yxir-wt
=yu=tDN=U R= s=Om Qy pw] "OvwW|t h} QaD 17 w 16 CqO=at R= xO=iDU= =@
hqDN= hrDNt |=yR=i CaQU <=R= x@ w xOw@ QDt LL = LC = LR = 20
"(� = 0 0;  03;  05;  07;  1 sec) CU= xOW xDiQo Q_v QO |Dw=iDt |=yR=i
Q@=Q@ xk@] 3 |=yu=tDN=U pw= Owt ?w=vD |xQwO w xOw@ QDt 3 5 Q@=Q@ C=k@] `=iDQ=
0 4 w 0 2 Q@=Q@ Q}_v x@ Q}_v xk@]2u=tDN=Upw= Owt?w=vD |xQwO w x}v=F 0 6 w 0 3
h} QaD 9 |x]@=Q\UwD C=k@] QO|}=Q}t w|DNU 'sQH `} RwD "CU= xOW ZQi x}v=F
m1L = m1C = m1R = 360 ton Q@=Q@ =yu=tDN=U pw= |xk@] sQH w xOW
QO w xOW ZQi �5 '=yu=tDN=U pw= Owt |}=Q}t OYQO "CU= xOW xDiQo Q_v QO
|Q}tN � u=UWm CQwYx@ C=k@] |v=QwO |=yQvi Q=DiQ R}v |]NQ}e |=yp}rLD
CLD Qw=Ht |=yu=tDN=U "CU= xOW xDiQo Q_vQO �y = 0 01 s}rUD OL =@
Q=Qk uRw |wQ}v w OQwNQ@ R= |W=v |x@ Q[ |wQ}v 'pUo l}ORv C=mQL u=tRty QF=
xOW xDiQo Q_v QO R}v nQR@ |=ypmWQ}}eD QF= w Kr=Yt |]NQ}e Q=DiQ w xDiQo

"CU=
|WQ@ |wQ}v w |@Uv |}=Hx@=H |v=tR |xJN} Q=D ?}DQDx@ '10 w 9 |=ypmW
w |]N |=yCr=L |=Q@ M = 7 |=oQR@ =@ pUo Q@ Owta Tr=B CLD =Q C=k@]
xv}W}@ V}=Ri= ?@U Ov=wD|t x@ Q[ |wQ}v =yu; j@=]t xm 'OvyO|t u=Wv |]NQ}e
u}= w OwW C=k@] |WQ@ |wQ}v xv}W}@ R}v w Q=oOv=t pmWQ}}eD w |@Uv |}=Hx@=H
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=B&OyO|t MQ |v=}t w AJ |=yu=tDN=U u}@ xQ=wty x@ Q[ |wQ}v xv}W}@ 'CU=
x@ xDU@ 'x@ Q[ |wQ}v xv}W}@ 'CU= |]NQ}e Kr=Yt Q=DiQ |Dkw xm |r=L QO
|v=}t w AJ |=yu=tDN=U u}@ Ov=wD|t =yu=tDN=U ?w=vD |xQwO w x}rw= |xrY=i
xv}W}@ C=Q}}eD |ovwoJ '13 pmW QO "OyO MQ |v=}t w CU=Q |=yu=tDN=U =} w
w |]N |=yCr=L QO Qw=Ht u=tDN=U 3 u}@ x}rw= |xrY=i ?UL Q@ x@ Q[ |wQ}v
w Kr=Yt |]NQ}e Q=DiQ 'OwW|t xOy=Wt xm Qw]u=ty "Ov=xOW xU}=kt |]NQ}e
|Q}owrH CyH sRq |xrY=i xv}tm w x@ Q[ |wQ}v 'xv}W}@ |Q}tN |=ypmWQ}}eD
ZQi =@ ,qFt "OvyO|t Vy=m |]N Cr=L x@ C@Uv |Q}osWJ pmWx@ =Q x@ Q[ R=
CLD w |]N Cr=L QO w TL = 0 3; TC = 0 2; TR = 0 3 ?w=vD |xQwO
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