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xvwtv l} hrDNt <=RH= u}@ T=tD Kw]U ẁv 'Interaction pwS=t R= xO=iDU= =@
QF= "OwW|t h} QaD |Oqwi Kw]U u}@ u}vJty w Oqwi w uD@ u}@ T=tD K]U Ovv=t
TwULt Q=}U@ |}xR=U OQmrta QO |vD@ |xDUy w |Oqwi |xQ=OH u}@ |oOv@UJ
VywSB QO "CU= xOw@ 0 2 R= QDnQR@ |OOa |O=yvW}B ?} Q[ Q=Okt w CU}v
u}vJty "CU= xOW xDiQo Q_v QO 0 4 |vD@ |xDUy w xQ=OH |oOv@UJ R}v 'Q[=L
R= x=ox}mD ?rY C=LiY =@ |Oqwi =} |vD@ VN@ u}@ T=tD K]U h} QaD |=Q@
=Q hrDNt K]U wO QO `k=w \=kv |}=Hx@=H xm CU= xOW xO=iDU= Tie |xv} Ro
R}v 'Load pwS=t R= xO=iDU= =@ "Ovm|t xDU@=w Qo}Om} x@ K]U wO T=tD pLt QO
|q=@ x=ox}mD w |rYit 'uwDU |v}}=B x=ox}mD "CU= xOW u}}aD |y=ox}mD \}=QW

"CU= xOw@ |mDre uwDU

uD@ |R=UpOt "2"3
� VvD |WWm Q=DiQ w uD@ VvQm � VvD |Q=Wi Q=DiQ ?}DQD x@ '3 w 2 |=ypmW
|R=UpOt |=Q@ "OyO|t u=Wv =Q Q[=LVywSB |=yxvwtv QO xOWxO=iDU= uD@VvQm
1 pwOH QO u; R=}vOQwt |=yQDt=Q=B w xO=iDU=?}U; |Q}tNCr=L VwQ R= uD@ Q=DiQ

"CU= xOW x�=Q=

Oqwi |R=UpOt "3"3
xO=iDU= Oqwi VvQm � VvD Q=Owtv R= |Oqwi |=yOQor}t w Oqwi |R=UpOt |=Q@

"�4 pmW� CU= xOW

|Q=PoQ=@ |wor= "4"3
|xt=vu}}; R= uwDU x@ Q}D |WtN p=YD= |=Q@ |O=yvW}B |DWoQ@ w CiQ |Q=PoQ=@
|]NQ}ep}rLDT=U=Q@ QwmPt|}xNQJ|Q=PoQ=@ "CU= xOWT=@Dk= [19]'ATC40
x@ |}xRQr |=yxO=O R= |i}] CLD |WtN ?=k =@ |}=yxR=U |v=tR |xJN} Q=D w
VywSB QO xOWxO=iDU= |=yxvwtv QO |Q=PoQ=@ |xvwtv '5 pmW QO "CU= xOt;CUO
lryDUt |SQv= w pmWQ}}eD |xv}W}@ 'QwmPt |=yp}rLD QO "OwW|t xOy=Wt Q[=L
Q=}at w |O=yvW}B |Q=PoQ=@ |wor= u} wOD |=v@t 'uwDU x@ Q}D |=yp=YD= QO xOW
|}xNQJ |Q=PoQ=@ |wor= '2 pwOH QO u}vJty "CU= xDiQo Q=Qk =yp=YD= VQ}PB

"CU= xOW x�=Q= |Q=PoQ=@ hrDNt pL=Qt |=Q@ Ci} QO |x} w=R |xOvvmpQDvm

|OOa |=yxvwtv |iQat "4
Q}D p=YD= |xvwtv 100 pt=W '|}xrwr uwDU x@ Q}D p=YD= OOa 174 pt=W =yxvwtv
xm OvDUy |r=NwD uwDU x@ Q}D p=YD= |xvwtv 74 w uD@ =@ xOWQB |Oqwi uwDU x@

%OvDUy OQ=wt u}= pt=W
&uD@ =@ xOWQB |Oqwi uwDU x@ Q}D p=YD= "1

&QPou=}t jQw =@ uD@ =@ xOWQB |Oqwi uwDU x@ Q}D p=YD= "2
&QPou=}t jQw x=Qty x@ |r=N |Oqwi uwDU x@ Q}D p=YD= "3

135



"""u
wDU

x@Q}
Dp=

YD=
jQw

Ct
=N[

C@U
vQ}F

=D"Twm =@; Q=Ri=sQv QO ?}U; |Q}tN Cr=L VwQ x@ uD@ |R=UpOt |=Q@ sRq |=y?} Q[ "1 pwOH
(Ec) |v=UWm pwOt = 35 (Gpa) (�) uwU=wB ?} Q[ = 0 2

(	) |tHL \=U@v= |x} w=R = 36 31(0) (") u=} QH C} RmQt R= GwQN = 0 1
�bo
�co

= 1 16 k = 0 6667
xD} RwmU} w ?} Q[ = 0 003

�MPa� |Q=Wi VvD u=UWmQ}e VvQm dc

14 79 0 0
16 58 0 000039 0 011639592
17 75 0 00005 0 014751338
18 88 0 000062 0 018202272
23 07 0 00012 0 035446376
24 95 0 000157 0 046169736

35 0 000817 0 0239346956
30 16 0 001481 0 431140734
18 13 0 002387 0 689199887
14 97 0 002594 0 747430983
7 95 0 003031 0 869912353

(Mpa) |WWm VvD u=UWmQ}e VvQm dt

3 54964787 0 0
2 484753509 0 00005 0 11
1 064894361 0 0002 0 38

0 02 0 001 0 95

w |v=kwi |WWm w |Q=Wi |=yjQw =@ uD@ =@ xOWQB |Oqwi uwDU x@ Q}D p=YD= "4
&|v=DLD

&|v=DLD w |v=kwi |WWm w |Q=Wi |=yjQw =@ |r=N |Oqwi uwDU x@ Q}D p=YD= "5
|Q=Wi |=yjQw w QPou=}t jQw x=Qty x@ uD@ =@ xOWQB |Oqwi uwDU x@ Q}D p=YD= "6

&|v=DLD w |v=kwi |WWm w
w |Q=Wi |=yjQw w QPou=}t jQw x=Qty x@ |r=N wD |Oqwi uwDU x@ Q}D p=YD= "7

"|v=DLD w |v=kwi |WWm
p=@ |=yCt=N[ =@ QDt|r}t 800 w 700 '450 jta x@ |=yQ}D pt=W =yxvwtv
OvOw@ QDt|r}t 7 6 u=H Ct=N[ w QDt|r}t 25 p=@ ZQa w QDt|r}t 20 w 10
w 6 |=yCt=N[ =@ 'QDt|r}t 800 w 400 |HQ=N Q]k x@ |}=yuwDU u}vJty w
|=yjQw pt=W QwmPt |=yxvwtv QO xDiQ Q=m x@ p=YD= |=yjQw "OvDW=O QDt|r}t 12
|=yjQw ZQa xm OvOw@ |v=DLD w |v=kwi |=yjQw w �|oDUw}B jQw� QPou=}t
'Q[=L VywSB QO "Ow@ QDt|r}t 400 |UQQ@OQwt |=yxvwtv pm QO |v=DLD w |v=kwi
|=yxvwtv pt=W '1 xwQo "OvDUy |rm xwQo 24 w `t=H |xvwtv 7 pt=W =yxvwtv
=@ xOWQB |Oqwi uwDU '7 |xvwtv %wor= j@] xQ=tW ?}DQD x@ xm CU= 13 =D 7
uwDU '9 |xvwtv &QPou=}t jQw x=Qty x@ uD@ =@ xOWQB |Oqwi uwDU '8 |xvwtv &uD@
x=Qty x@ uD@ =@ xOWQB |Oqwi uwDU '10 |xvwtv &QPou=}t jQw =@ |r=N |Oqwi
w |v=DLD |=yjQw =@ |r=N |Oqwi uwDU '11 |xvwtv &|v=kwi w |v=DLD |=yjQw

"Ci} QO |x}w=R |xOvvmpQDvm |}xNQJ |Q=PoQ=@ |wor= "2 pwOH
xk@]u=}t Ci} QO |x}w=R xNQJ Qy O=OaD |Q=PoQ=@ pL=Qt

(�j) �u=}O=Q OYQO� (nj) (J)

0 375 3 1
0 5 3 2
0 75 3 3

1 2 4
1 5 2 5
2 2 6
3 2 7
4 2 8
5 2 9
6 2 10
7 2 11
8 2 12
10 2 13
11 2 14
13 2 15

136



4/
2|

xQ=t
W'

34
�2

|xQ
wO'

�13
97

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt

"NSF5 |xvwtv Ci} QO � u=tt Qw;VwB Q=Owtv "7 pmW

"Oqwi QO RU}t � uwi VvD "8 pmW

"Oqwi QO |Q}tN VvQm "9 pmW

"|Oqwi Q=OH pN=O uD@ pO=at |Q}tN VvQm "10 pmW

w |v=DLD w |v=kwi |=yjQw x=Qty x@ uD@ =@ xOWQB |Oqwi uwDU '12 |xvwtv &|v=kwi
|v=DLD w |v=kwi |=yjQw x=Qty x@ |r=N |Oqwi uwDU '13 |xvwtv w QPou=}t jQw
|}xQ}=O pmW x@ QPou=}t jQw w |v=DLD w |v=kwi |=yjQw "CU= QPou=}t jQw w
p=@ Ct=N[ =@ =yu; Ct=N[ w OQm|t Q}}eD Q}D p=@ Q}}eD =@ =yu; Ct=N[ w OvOw@
xU u=tr= l} xm C3D8 u=tr= R= |Oqwi p=YD= |Ov@xm@W CyH "Ow@ u=Um} Q}D
QO =yxm@W |xR=Ov= 'G}=Dv CkO V}=Ri= Qw_vt x@ w xO=iDU= 'CU= |}xQo 8 w |Oa)@
"CU= xOW xDiQo Q_v QO QDlJwm \=kv Q}=U x@ C@Uv p=YD= |xtWJ |xOwOLt

"Ow@ QDt|Dv=U 2 QO QDt|Dv=U 2 p=YD= |xtWJ |xOwOLt QO =yxm@W O=a@=

|y=oW}=tR; |=yxvwtv =@ Q=Ri=sQv |HvUQ=@Da= "5
?=NDv= [20]'2002 p=U QO xOWs=Hv=|y=oW}=tR; |xar=]tl} 'Q[=LVywSB QO
|Oqwi |}xrwr uwDU p=YD= l} xm Ow@ NSF5 |xvwtv '|@=NDv= |xvwtv "CU= xOW
|xvwtv 'xO=iDU=OQwt Q=Ri=sQv |HvUQ=@Da= Qw_vt x@ "CU= |Oqwi Q}D x@ uD@ =@ xOWQB
R}v w uD@ =@ xOWQB |Oqwi ?=k R= |v=}t p=YD= l} xm 3 x@ 2 T=}kt =@ NSF5
\Uw w u}}=B w q=@ C=k@] QO uwDU `=iDQ= hYv R= xOW?=NDv= p=YD= |x}L=v
|@v=H Q=@ CLD |WtN Qovr s=Qo =}O uOW Zwa |x]kv =@ Q_=vDt xm 'Q}D |xv=yO
uD@ w |Oqwi Q}D '|r=N wD |wQ}=O |Oqwi uwDU pt=W xm CU= xOW ?=NDv= 'CU=
u}vJty "OvDUy |rYit 'uwDU QU wO |=yx=ox}mD "CU= |Oqwi |xQ=OH pN=O
|@v=H Q=yt |x}L=v wO QO Q}D 'p=YD= |xLiY R= GQ=N CmQL R= |Q}owrH |=Q@
x@ "CU= xOw@ QDt|r}t 2057 'uwDU Tm ; R= |}xNQJ Q=@ |xrY=i "CU= xOW
Q=Ri=sQv QO QwmPt |y=oW}=tR; |xvwtv 'xar=]tOQwt |=yxvwtv |HvUCLY Qw_vt

"CU= xOW |R=UpOt Twm =@;

=yp=YD= OwOLt <=RH= pOt |]NQ}e p}rLD R= pY=L G}=Dv "1"5
x}rw= |HvUCLY CyH

QO Ci} QO � u=tt w u=mtQ}}eD � Q=@ |=y|vLvt ?}DQD x@ '7 w 6 |=ypmW QO
|xvwtv R}r=v; R= TB "Ov=xOW xU}=kt w |UQQ@ |OOa w |y=oW}=tR; |=yxvwtv
VvD `} RwD pt=W xm R=}vOQwt G}=Dv |UQQ@ x@ 'Twm =@; Q=Ri=sQv QO xOW|R=UpOt
|Q}tN VvQm w 9 pmW QO pO=at |Q}tN VvQm `} RwD '8 pmW QO RU}t � uwi

"CU= xOW xDN=OQB 10 pmW QO
xOW|HvUCLY |OOa w |y=oW}=tR; |=ypOt |UQQ@ R= pY=L G}=Dv
�7 9 OwOL QO |OOa w |y=oW}=tR; pOt u}@ hqDN= OYQO xm OyO|t u=Wv
p=YD= 'xDiQoCQwY OwOLt u=tr= |R=UpOt QO "CU= |R}J=v hqDN= xm CU=

"NSF5 pOt u=mtQ}}eD � |@v=H Q=@ Q=Owtv "6 pmW

137



"""u
wDU

x@Q}
Dp=

YD=
jQw

Ct
=N[

C@U
vQ}F

=D

"u=mtQ}}eD � Q=@ |}xNQJ Q=Owtv "12 pmW

"28 w 7 |=yxvwtv Qw;VwB Q=Owtv "13 pmW

"28 |xvwtv QO RU}t � uwi VvD "14 pmW

"28 |xvwtv Oqwi QO pO=at |Q}tN VvQm "15 pmW

'|y=oW}=tR; pOt %CU=Q CtU [20]%NSF5 pOt QO Q}D p=@ Vv=tm "11 pmW
"|OOa pOt %AJ CtU

uDiQo Q_vQO uwO@ w xDUw}B ,qt=m CQwYx@ uD@ w |Oqwi |=yQwD=tQ; |=yu=tr= u}@
"CU= xOw@ =yu; u}@ VRer xvwoQy

xOw@ p=mU=B=ot 358 'Oqwi Q}D p=@ QO |oOW|Q=H VvD '8 pmW x@ xHwD =@
"CU= xO=O MQ p=YD= |xtWJ QO VvD u} QDW}@ xm CU= XNWt Kw[w x@ w
QO xm xvwou=ty 'CU= 0 2 Q=Okt 'ST52 Oqwi |Q}tN VvQm xmv}= x@ xHwD =@
|Oqwi Q}D QO 'p=YD= pO=at |Q}tN VvQm |xv}W}@ 'CU= xOW XNWt 9 pmW
C}akwt 'CU= 0 0035 Q=Okt uD@ |Q}tN VvQm xmv}= x@ xHwD =@ "CU= xO=O MQ
G}=Dv j@=]D Q@ xwqa "CU= XNWt |@ wN x@ 10 pmW QO uD@ |Q}tN VvQm
|}xNQJ |Q=PoQ=@ CLD p=YD= Q=DiQ |xwLv '|OOa |R=UpOt =@ |y=oW}=tR;
"OQ=O |O=} R C}ty= R}v |y=oW}=tR; G}=Dv =@ u; j=@]v= w |OOa |R=UpOt QO
11 pmW QO |OOa |R=UpOt w |y=oW}=tR; |xvwtv QO Q}D |=yp=@ Vv=tm |xwLv

"Ov=xDW=O |y@=Wt ,=@} QkD Q=DiQ 'xvwtv wO xm CU= XNWt w OwW|t xOy=Wt

QF= QO uD@ =@ xOWQB |Oqwi uwDU xvwtv wO |UQQ@ "6
Ct=N[ Q}}eD

Oqwi u}@ VvmQOv= Cra x@ CFT |=yuwDU QO uD@ w Oqwi VvQm � VvD Q=DiQ
O=a@= xm CFT |xvwtv wO |UQQ@ x@ p=L "CU= |QwLtOvJ =} xQ}eDtOvJ uD@ w
|}xNQJ Q=Owtv '12 pmW "CU= xOW xDN=OQB 'OvQ=O p=@ Ct=N[ QO RH x@ u=Um}
"OyO|t u=Wv =Q 28 w 7 |=yxvwtv Qw;VwB Q=Owtv '13 pmW w |}=Hx@=H � wQ}v
�31 Q=Okt x@ xOW?PH |SQv= 'Q}D p=@ Ct=N[ V}=Ri= =@ '12 pmW x@ xHwD =@

"CU= xDi=} V}=Ri=
u=Wv xvwtv wO QO =Q p=YD= |Q@ Q=@ C}iQ_ V}=Ri= xm 13 pmW x@ xHwD =@
|QDW}@ |Q@ Q=@C}iQ_ 'Q}D p=@ QDW}@Ct=N[ =@ xvwtv xm OwW|tXNWt 'OyO|t
QO xOt; OwHw x@ |=yVvQm w =yVvD |UQQ@ CyH "OQ=O QDtm Ct=N[ x@ C@Uv
uwi VvD '14 pmW "CU= xOW xDN=OQB QwmPt |xvwtv wO |xU}=kt x@ uD@ w Oqwi

"OyO|t u=Wv 28 |xvwtv QO =Q RU}t �
'28 |xvwtv QO Q}D p=@Ct=N[ Q}}eD QF= QO p=YD= |xtWJ '14 pmW x@ xHwD =@
|=yxrRrR QO p=YD= Q=DiQ w p=YD= QO |SQv= lqyDU= OvwQ QO |O=} R Q=}U@ Q}F-=D
p=YD= |=QH= CQwY QO |DL 'OW=@ h}a[ p=YD= |xtWJ Qo = "CU= xDW=O O}OW
|x}L=v R= CUmW OwW|t Ea=@ xm Q}D R= QDW}@ p=YD= Ctw=kt =@ ?rY ,qt=m
Ea=@ xH}Dv QO w O=} R pmWQ}}eD uOt; OwHwx@ Ea=@ ẁ[wt u}= 'OW=@v p=YD=
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