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C=QP CUmW |xO}OB uDiQo Q_vQO =@ Ovr@
�Q=}O=DU=� �QwB QDN= |ra

�|QDmO |wHWv=O� |Qq=U |[DQt
|UwOQi x=oWv=O 'u=Qta |UOvyt |xOmWv=O

w |rmW Q}}eD C=YNWt Ov=wD|t C=QP |oOWOQN |xO}OB '|}xR} QovU Kr=Yt QO
`=iDQ= =@ |}xR} QovU |=yOU QO "OyO Q=Qk Q}F-=D CLD COW x@ =Q Kr=Yt u}= |Dtw=kt
pOt l} =Pr w ODi= j=iD= Ov=wD|t QwmPt |xO}OB R= |W=v |oQR@ |=ypmW Q}}eD 'O=} R

O=} R |tHL |=yVvQm |R=UpOt C}r@=k O}=@ |}xR} QovU Kr=Yt |=Q@ ?U=vt |OOa
T=}kt nQR@ |=yV}=tR; 'xvwtv u=wvax@ "OW=@ xDW=O =Q C=QP CUmW |xO}OB R= |W=v
u}= |q=@ C=QP |oOWOQN p}Uv=DB 'u=t}rU OHUt OU |}xR} QovU Kr=Yt |QwLtxU

|Q=DiQ pOt l} KqY= w <=kDQ= =@ 'Q[=L Q=DWwv QO "OyO|t u=Wv =Q Kr=Yt
QO xOW G}U@ |=yQDt=Q=B |x}=B Q@ xOW xDN=vW xOvwWsQv/xOvwWCNU |Q}tNu=UWm
OU |}xR} QovU Kr=Yt T=}kt nQR@ |QwLtxU |=yV}=tR; =OD@= 'FLAC |xt=vQ@
"Ov=xOt; CUOx@ Kr=Yt |=yQDt=Q=B w xOW |R=UpOt |@U=vt CkO =@ u=t}rUOHUt
|=yQDt=Q=B |=v@t Q@ CN=U u=QwO QO OU |Oa@xU OwOLt p[=iD |OOa pOt TBU

|xOW |Q}oxR=Ov= w xOW x@U=Lt Q}O=kt ?U=vt j@=]D "CU= xOW xDN=U xOW pY=L
|R=Ux}@W QO |Q=DiQ pOt u}= ?U=vt CkO R= C}=mL '|WvD w |rmW Q}}eD |=yC}tm

"OQ=O |}xR} QovU Kr=Yt |}xQP CUmW |xO}OB

akhtarpour@um.ac.ir
m.salari04@gmail.com

 xOvwWCNU |Q=DiQ pOt '|}xR} QovU Kr=Yt 'C=QP CUmW %|O}rm u=oS=w
"T=}kt nQR@ |QwLtxU V}=tR; 'xOvwWsQv

xtOkt "1
s=Hv=|y=oW}=tR; C=ar=]t "CU= C=QPCUmW =}|oOWOQN |xO}OB '|}xR} QovU
C=}YwYN QDW}@ QO C=QP CUmW xHwD p@=k Q}F-=D R= C}=mL 'u}W}B |xOW
Q=Wi `} RwD [26�24w12'10'5]'|Q}PBpmW Q}}eD '|WQ@ Ctw=kt %Q}_v =yu; |m}vmDw�S
|=yVqD uwvm =D "OQ=O """ w [27w9]'|Q}PBPwiv '�xOWv |WmyR\}=QW QO� |Pivt ?;
swyit ltm =@ |Q=DiQ |=ypOt QO xO}OB u}= Q=F; uOQm Qw_vt |=Q@ |WRQ= =@
"CU= xDiQ}PB CQwY [30w29]'|v=QL@ Cr=L ?wJQ=J QO =} w [28]'|oOQwNCUO

xOW G}U@ `=UD= `@=D l} O=yvW}B =@ CU= xOW |aU Q[=L VywSB QO
s}rUD K]U =@� xOvwWsQv/xOvwWCNU |Q}tN u=UWm pOt l} p}Uv=DB `@=D |=Q@
x@ pOt u}= [31]'FLAC OwOLt p[=kD |xt=vQ@ QO xOW xOv=Hvo �?trwm-Qywt
Q}}eD Q=DiQ QO =Q C=QP �VQ@CLD� |oOWOQN |xO}OB Q=F; Ov=wD@ =D O@=} <=kDQ= |}xvwo
|}xR} QovU OU l} |xvO@ QO xOW xOQ@ Q=mx@ |}xR} QovU Kr=Yt |Dtw=kt w |rmW
|]NQ}e Q=DiQ QDy@ |R=Ux}@W CyH 'u}= Q@ xwqa "Ovm |R=Ux}@W |@ wNx@ Ovr@
'|DNU |x@v=Hxty VvD =@ s=oty C=Q}}eD '|}xR} QovU Kr=Yt |xOvwWCNU w
xOW xOv=Hvo QwmPt pOt QO |a@=wD CQwYx@ `=UD= |x} w=R w l =m]Y= |x} w=R

"CU=
=@ |}xR} QovU OU l} 'CU= `k=w u=Q}= |kQW ?wvH QO xm u=t}rU OHUt OU

uO=at QO Q=Hiv= R= pY=L xDUmW |xv=O CWQO C=QP pt=W |}xR} QovU Kr=Yt
=yxv=NOwQ QDU@ QO OwHwt |xWwo OQo ,=@} QkD =} w xOW OQo C=QP =} w x[Qk
'|}xR} QovU |=yOU |xvO@ QO Kr=Yt u}= R= xO=iDU= 'uwvm =D xDWPo R= "OvDUy
Q}}eD w |Dtw=kt |=yQDt=Q=B u}}aD "CU= xOw@ pw=ODt Q=}U@ """ w =yx=Q |R=U|B
T=}kt nQR@ |QwLtxU V}=tR; =@ '|WQ@ \}=QW QO |}xR} QovU Kr=Yt |rmW
|=ypOt [13�1]"CU= =yxR=U xvwou}= |HvUQ=DiQ w |L=Q] QO swUQt C=t=Ok= R=
pOt %Q}_vCU= xOW O=yvW}B|}xv=OKr=Yt Q=DiQ |R=Ux}@WCyH |OOaDt |Q=DiQ
|Q}tNu=UWm pOt [17�15]'xOvwWCNU |Q}tNu=UWm pOt [14]'|]NQ}e u=UWm
QDW}@ |}xR} QovU Kr=Yt Q=DiQ 'xDWPo QO [18]"VvQm |oOvwWsQv =@ Kr=Yt |=Q@
uwvm =D =t= [20w19]'CU= xOW |R=UpOt |]NQ}e =} |]N u=UWm |=ypOt T=U=Q@
|x} Q_v |=v@t Q@ xOW QmP Kr=Yt QDj}kO |R=UpOt |=Q@ |}xOta |=yCiQW}B

[23�21]"CU= xOW s=Hv= |Q}tN
Kr=Yt XwYNx@ w |}xv=O Kr=Yt Q=DiQ QO QF-wt |=yxO}OB u} QDsyt R= |m}

pw�Ut xOvU} wv �
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|x@v=Hxty VvD CLD V}=tR; R= Oa@ w p@k =yxvwtv |Ov@xv=O |vLvt "1 pmW
"p=oU=B=ot 1 2

lWN |=yxvwtv |wQ xOW |WmyR |QwLtxU |=yV}=tR; |=y|vLvt "2 pmW
"q=@ sm =QD =@ `=@W= w

xvwtv l} |=Q@ 'p=WQ=t CUmW XN=W "OwW|t |@=} RQ= [1]'p=WQ=t CUmW
50 =D 0 075� lr= xDUO l} =@ xvwtv Kr=Yt uOQm lr= j} Q] R= V}=tR; QO
lr= Qy |wQ xOv=t}k=@ C=QP OYQO "OwW|t x@U=Lt V}=tR; R= Oa@ w p@k �QDt|r}t
OYQO 'C=QP CUmW Cra x@ V}=tR; R= Oa@ "OwW|t |Q}oxR=Ov= C}akwt wO Qy QO
|wQ xOv=t}k=@ C=QP OYQO w Vy=m nQR@ |xR=Ov= =@ |=ylr= |wQ xOv=t}k=@ C=QP
OYQO =@ Q@=Q@ =yVy=m ẁtHt OYQO "O@=}|t V}=Ri= lJwm |xR=Ov= =@ |=ylr=
p=WQ=t CUmW XN=W Q=Okt '�V}=Ri= =}� Vy=m ẁtHt "CU= =yV}=Ri= ẁtHt
QO |DL Ov=wD|t C=QP CUmW xm OyO|t u=Wv 1 pwOH QO QN; uwDU "CU=
[39w37]"CU= u}W}B C=ar=]t =@ j}@]D QOC}ak=w u}= "ODi= j=iD= sm|@v=H |=yQ=Wi

2000 p=U Q@t=wv QO xm CU= QDt 178 `=iDQ= =@ Ovr@ Q=}U@ |UQ |RmQt |xDUy
l} "CU= xOW p}tmD u; |Q}o@; u}rw= '2002 u�wS =D w xO}UQ u=}=B x@ u; CN=U
OU |xDUwB |}xR} QovU Kr=Yt |wQ T=}kt nQR@ |QwLtxU |=yV}=tR; |QU
Kr=Yt |}xQP CUmW |q=@ p}Uv=DB =yV}=tR; u}= [32]"CU= xOW s=Hv= QwmPt
Kr=Yt R= pmWDt 'OU |xvO@ s_a= sHL xmv}= x@ xHwD =@ "OvyO|t u=Wv =Q QwmPt
Q=DiQ QO |yHwD p@=k Q}F-=D |}xQP CUmW |xO}OB OwQ|t Q=_Dv= 'CU= |}xR} QovU
|R=Ux}@W |=Q@ Q[=L Q=DWwv QO 'CU= xOW QmP xm Qw]u=ty "OW=@ xDW=O OU
xOvwWsQv/xOvwWCNU |Q}tNu=UWm |Q=DiQ pOtl} R= |}xR} QovU Kr=Yt Q=DiQ
'CU= xDi=} xaUwD ?trwm-Qywt |Q=DiQ pOt T=U=Q@ pOt u}= "CU= xOW xO=iDU=
w `=UD= |x} w=R '|oOv@UJ 'l =m]Y= |x} w=R 's}rUD u}rw= R= TB xm |}xvwox@
"Ov@=} V}=Ri= =} Vy=m Ovv=wD|t |Q}tN |WQ@ VvQm C=Q}}eD =@ |WWm Ctw=kt

|=Q@ |}x]@=Q 'VQ@ CLD |m}vmDw�S Kr=Yt sHL Q}}eD Q=DiQ |R=Ux}@W |=Q@
u=Wv Q[=L VywSB [33]"CU=xOW O=yvW}B w=Q \UwD xOW G}U@ `=UD= |x} w=R
=@ Kr=Yt sHL Q}}eD |R=Ux}@W QO =Q |@U=vt CkO QwmPt |x]@=Q xm OyO|t
C=Q}}eD |=Q@ |}x]@=Q Q[=L Q=DWwv QO =Pr "OQ=Ov C=QP CUmW xHwD p@=k p}Uv=DB
QO |@U=vt |}=Q=m |O=yvW}B |x]@=Q "CU= xOW O=yvW}B xOW G}U@ `=UD= |x} w=R
|}xQP CUmW |q=@ p}Uv=DB =@ Kr=Yt |=Q@ VQ@ \}=QW QO sHL Q}}eD |R=Ux}@W
|=yV}=tR; |=yxO=O |wQ Q@ |DWoQ@ R}r=v; s=Hv= =@ w OQ=O QDt=Q=B wO x]@=Q u}= "OQ=O
=@ xDi=} KqY= |Q=DiQ pOt |}=Q=m 'VywSB |=yDv= QO "OvwW|t u}}aD |QwLtxU
u=t}rU OHUt OU |}xR} QovU |=yxDUwB Q=DiQ OwOLt p[=iD |Oa@xU |R=UpOt
QO QwmPt xDi=} KqY= |Q=DiQ pOt ?U=vt CkO O} -wt G}=Dv "CU= xOW |@=} RQ=
"CU= OU u}= |=yxDUwB Kr=Yt |}xQP CUmW R= |W=v |=ypmW Q}}eD OQw;Q@

T=}kt nQR@ |QwLtxU |=yV}=tR; "2
xDUmW Kr=Yt pt=W |QwLtxU |=yV}=tR; |=Q@ xOW ?=NDv=|}xR} QovU Kr=Yt
Kr=Yt u}= "CU= xOw@ u=t}rU OHUt OUnvU uOat QO |W}=tR; Q=Hiv= R= pY=L
VwQ x@ |Ov@xv=O KqY= R= TB "CU= sw=kt |my; u=t}U =@ =Qtwrovm TvH R=
80 `=iDQ= w Q]k =@ |}=yxvwtv |wQ Q@ |QwLtxU |=yV}=tR; |R=wt |Ov@ xv=O
'Kr=Yt |Ov@xv=O |vLvt "CU= xDiQo CQwY u=tr; xywQUr=m x=oWv=O QO QDt|Dv=U
Q=}U@ %Cr=L 3 QO =yV}=tR; "CU= xOW x�=Q= 1 pmW QO V}=tR; R= Oa@ w p@k
|x}rm "CU= xDiQo CQwY `=@W=\UwDt sm =QD w `=@W= sm =QDt Q=}U@ 'lWN sm =QDt
xOW|WmyR \}=QW QO TBU w CU= xOW s}mLD |@v=H Q=Wi CLD =OD@= =yxvwtv

"CU= xDiQo Q=Qk |i=QLv= Q=@ CLD �12 |QwLt VvQm =D

=yV}=tR; G}=Dv "1"2
VvQm Q@=Q@ QO |tHL VvQm w |i=QLv= VvD |=y|vLvt '3 w 2 |=ypmW QO
?} Q[ '(�) lWN |r=oJ '1 pwOH QO u}vJty "CU= xOW x�=Q= |QwLt
|xv}W}@ '(dmax) xv=O |xv}W}@ Q]k '(dmin) xv=O |xv}tm Q]k '(Cu) |DN=wvm}
'("V )qmax xv}W}@ |WQ@ VvD QO |tHL xv}W}@ '|WQ@ VvD QO |tHL VvQm
|rN=O l =m]Y= |x} w=R '( qmax

�3 ) |@v=H VvD x@ xv}W}@ |i=QLv= VvD C@Uv
xOW xO=O u=Wv (Bg) p=WQ=t CUmW ?} Q[ w ('p) xv}W}@ |WQ@ VvD QO
|NQ@ \UwD uwvm =D C=QP CUmW p}Uv=DB u}tND |=Q@ |OOaDt |=yVwQ "CU=
XN=W R= xO=iDU= =@ C=QP CUmW,qwtat =t= [38�34w1]'CU= xOW x�=Q= u=QoWywSB
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UOv

yt "|}xR} QovU Kr=Yt |wQ Q@ xOW |WmyR |xDi=}s}mLD |QwLtxU |=yV}=tR; G}=Dv w C=YNWt "1 pwOH
Bg

'p
( qmax
�3 )

("V )qmax �3 dmax dmin
Cu �( gr

cm3 ) C=YNWt
(deg) ��� (MPa) (mm) (mm)

54 5 47 9 5 77 �3 46 0 6 160 2 7 2 2 q=@ sm =QD =@ w lWN56 43 5 4 41 �5 49 1 2
65 42 4 4 13 �6 44 1 8

32 50 8 6 98 �2 0 3 160 2 7 5 2 q=@ sm =QD =@ w `=@W=49 5 47 1 5 5 �4 43 0 6
55 5 42 5 4 16 �6 4 1 2

23 47 7 5 67 �2 2 0 3 150 2 8 95 1 8 \UwDt sm =QD =@ w `=@W=25 43 7 4 47 �5 1 0 6
29 40 1 3 62 �6 67 1 2

=OD@= QO xm |}=yxvwtv u}@ |xU}=kt '1 pwOH QN; uwDU u}vJty w 3 pmW x@
l} QO xm OyO|t u=Wv lWN \}=QW QO xOW V}=tR; |xvwtv =@ Ov=xOW `=@W=
XN=W QO |yHwD p@=k Q}F-=D 'x}rw= |oOW `=@W= 'Q@=Q@ sm =QD w u}at |@v=H Q=Wi
p@=k u=R}t x@ =Q xv}W}@ |tHL VvQm xm |r=L QO &CU= xDW=Ov p=WQ=t CUmW
x}rw= |oOW`=@W= xm CU= C}ak=w u}= R= |W=v xO}OB u}= "CU= xO=O V}=Ri= |yHwD
|}xR} QovU Kr=Yt =Pr "OwW Qo}Om} |wQ Q@ C=QP QDCL=Q VRer Ea=@ Ov=wD|t
=D OvwW ?w]Qt ,qt=m O=} R sHL =@ ?; CH =@ =QH= u=tR QO O}=@ OU |=yxDUwB QO
QO 'OwW |Q}owrH |Q}o@; u}rw= u=tR QO CUOq=@ |xDUwB QO O=} R |=yCUWv R=
Kr=Yt |=Q@ =Pr "CU= xOWv |yHwD =QH= QO ?r]t u}= x@ OUQ|t Q_v x@ xm |r=L
1 pwOH QN; uwDU x@ xHwD =@ xm u=t}rU OHUt OU Q}_v |}=yxR=U |}xR} QovU
xHwD p@=k u; p=WQ=t CUmW XN=W [41w40]'u}W}B C=ar=]t |NQ@ u}vJty w
CUmW R= |W=v xHwD p@=k |[=@kv= Q=DiQ Ov=wD@ xm ?U=vt |Q=DiQ pOt l} 'CU=
u; |rmW Q}}eD Q=DiQ |v}@V}B QO |O}rm Vkv Ov=wD|t 'Ovm |R=Ux}@W =Q C=QP

"Ovm =i}= OU

u; C=LqY= w |Q=DiQ pOt C=YNWt "3
|WQ@ Ctw=kt OW=@ QO=k O}=@ |}xR} QovU Kr=Yt |=Q@ ?U=vt |Q=DiQ pOt l}
x@v=Hxty VvD x@ xDU@=w |DNU Q}}eD '|oOvwWsQv/|oOvwWCNU Q=DiQ 'xv}W}@
|Q=DiQ pOt l} KqY= =@ Q[=L VywSB QO "OQ}o@ Q_v QO =Q C=QP CUmW w
xO=iDU= =@ w FLAC OwOLt p[=iD |xt=vQ@ QO OwHwt |xOvwWsQv/xOvwWCNU
CU= xOW |aU [31]'QwmPt |xt=vQ@ QO xOW xOv=Hvo FISH |U} wvxt=vQ@ C}r@=k R=
|DNU uDiQo Q_vQO %pt=W xOWs=Hv= C=LqY= "OwW Qw_vt xOW QmP |=y|oS} w
xOW K} QWD xt=O= QO xm CU= xOw@ |a=UD= w |oOvwWCNU Q=DiQ 'VvD x@ xDU@=w

"CU=

u=UWm pwOt |WvD |oDU@=w "1"3
xOy=Wt x@v=Hxty VvD x@ |DNU |oDU@=w '|m}vmDw�S Kr=Yt |xty QO ,=@} QkD
|oDU@=w u}= h} QaD |=Q@ [14]'�1970� lv=J w umv=O |O=yvW}B |x]@=Q "OwW|t

=@ `=@W= |=yxvwtv |wQ xOW |WmyR |QwLtxU |=yV}=tR; |=y|vLvt "3 pmW
"\UwDt w q=@ sm =QD

'x@v=Hxty Q=Wi V}=Ri= =@ ,=twta Cw=iDt |x}rw= \}=QW =@ Cr=L xU Qy |=Q@
l =m]Y= |x} w=R w V}=Ri= xv}W}@ |tHL VvQm w p=WQ=t CUmW XN=W
QO "CU= xDi=} Vy=m C=QP CUmW p}rOx@ '('p) |WQ@ VvD |xv}W}@ QO xv}W}@
V}=Ri= Ea=@ lWN |r=oJ V}=Ri= 'u}at |@v=H Q=Wi l} QO `=@W= |=yxvwtv
|Q=PoQ=@ u}L QO |tHL VvQm |xv}W}@ Q=Okt =t= OwW|t C=QP CUmW XN=W
CQwQ[ |xOvyOu=Wv ?r]t u}= �"OwW xHwD 3 pmW x@� O@=}|t Vy=m |i=QLv=
xHwD =@ "CU= Ovr@ |}xR} QovU OU l} |=Q@ =QH= u=tR QO |}xR} QovU Kr=Yt sm =QD
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@Wxi=[= wm O}OH QDt=Q=Bl}h} QaD =@ 6|x]@=Q x@|D=LqY= R}v '2012p=U QO
[42]"CU= xOW p=ta= 7 |x]@=Q CQwYx@ ('0) x}rw= l =m]Y= |x} w=R l} uOQm

sin'm =

8><>:sin'0 + 2
q
"mp �"2�m

f
"p+"f

(sin'p � sin'0) for "p � "f
sin'p for "p > "f

(7)

Q=_Dv= "CU= Kr=Yt QO u=UWm Q=DiQ |xOwOLt |xOvvm pQDvm '0 'x]@=Q u}= QO
'0 w m |=yQDt=Q=B "O@=} Vy=m x@v=Hxty VvD V}=Ri= =@ QwmPt QDt=Q=B OwQ|t
QDnQR@ Q}O=kt |=Q@ "OvwW u}}aD |QwLtxU |=yV}=tR; G}=Dv R= xO=iDU= =@ Ovv=wD|t
|QDtm Q=Okt x@ xOW G}U@ l =m]Y= |x} w=R 'Ep|Q}tN|WQ@VvQmV}=Ri= =@m
|oOvwWCNU Q=DiQ wO Qy 'OwW ?=NDv= 1 R= QDtm m QDt=Q=B |Dkw "O@=}|t V}=Ri=
'u=UWm Q=DiQ |xOwOLt QO "OvDUy h} QaD p@=k x]@=Q l} =@ \ki '|oOvwWsQv w
Q[=L VywSB |R=UpOt QO "Ow@ Oy=wN '0 u=ty xOW G}U@ l =m]Y= |x} w=R
[42]'xO=R|ra w =DUwQu}yt |xOW KqY= |xOW G}U@ l =m]Y= |x} w=R `@=D R=

"CU= xOW xO=iDU=

|a=UD= Q=DiQ "4"3
|m}vmDw�S Kr=Yt QO xOW G}U@ `=UD= |x} w=R |x@U=Lt |=Q@ [33]'�1963� w=Q

%CU= xOQm x�=Q= 9 w 8 \@=wQ KQW x@ |]@=wQ

sin m = sin'm � sin'cv
1� sin'm sin'cv

(8)

sin'cv = sin'p � sin p
1� sin'p sin p

(9)

"OvDUy xv}W}@ `=UD= w xOW G}U@ `=UD= |=yx} w=R?}DQD x@ p w m '\@=wQ u}= QO
sHL l =m]Y= |x} w=R =} w |v=QL@ pNrNDCr=L QO l =m]Y= |x} w=R 'cv QDt=Q=B
xOW C=@F= Q[=L VywSB |xt=O= QO xmu=vJ u; |oDU@ty u}= "CU= Kr=Yt C@=F
|q=@ p}Uv=DB =@ |}xR} QovU Kr=Yt |tHL Q=DiQ |R=Ux}@W QO |i=m CkO 'CU=
Ov=xOQm O=yvW}B 10 |x]@=Q KQW x@ =Q |D=LqY= u=ir-wt =Pr "OQ=Ov C=QP CUmW
xOW xi=[= ( 0) x}rw= `=UD= |x} w=R w P ?} Q[ 'O}OH QDt=Q=B wO x]@=Q u}= QO

%CU=

sin m =

8>>>><>>>>:
sin m P:� <  0

sin(P:�)  0 � P:� �  P
sin p P:� >  P

(10)

%O};|t CUOx@ 11 |x]@=Q R= � 'QDt=Q=B
� = sin�1( sin'm � sin'cv

1� sin'm sin'cv
) (11)

|k}kL OOa l} P w �900 �  0 '� ' p � +900 '11 w 10 \@=wQ QO
"CU= C@Ft

|=yV}=tR; T=U=Q@ Ovv=wD|t '( 0) x}rw= `=UD= |x} w=R u}vJty w P QDt=Q=B
VvQm =@ xOW G}U@ `=UD= |x} w=R C=Q}}eD '4 pmW QO "OvwW u}}aD |QwLtxU
pmW j@=]t "CU= xOW x�=Q= 10 |x]@=Q T=U=Q@ P Cw=iDt Q}O=kt |=Q@ |Q}tN
�80 w �62 5 '�25� '( 0) |x}rw= Q=Okt l} R= xOW G}U@ `=UD= |x} w=R 'QwmPt

|=Q@ [42w41'29'20]'C=ar=]t |NQ@ QO u; Q=@Da= xm &�1 |xrO=at� CU= xOW xO=iDU=
C=@F= x@ |}=QLY w |y=oW}=tR; Cw=iDt \}=QW CLD =ynvU w =yl =N `=wv=

%CU= xO}UQ
E = KPa( �3

Pa
)n (1)

u=wD n w QiUtD= Q=Wi Pa 'u=UWm pwOt QDt=Q=B K 'nv=} pwOt E 'xrO=at u}= QO
|x}rw= ?}W x@ xHwD =@ uwU=wB ?} Q[ "OvDUy x@v=Hxty VvD x@ pwOt |oDU@=w
hr=2 |=ypmW x@ xHwD =@ "CU= xOW x@U=Lt |QwLt VvQm-|tHL VvQm Q=Owtv
Q=Okt u}= "CU= �0 1 =@ Q@=Q@� C@=F V}=tR; OQwt |}xR} QovU Kr=Yt |=Q@ 'hr=3 w

"OwW|t |rw@k p@=k G}=Dv x@ QHvt 'u=UWm Q=DiQ |xOwOLt QO

p}Uv=DB `@=wD w s}rUD Kw]U "2"3
?trwm-Qywt |=yQDt=Q=B Q}}eD R= xO=iDU= =@ QwmPt |Q=DiQ pOt QO|oOvwWCNU Q=DiQ
pOt u}= QO s}rUD K]U "CU= xOW h} QaD |Q}tN |WQ@ VvQm R= |a@=D CQwYx@

%CU= xOW h} QaD 3 w 2 \@=wQ T=U=Q@

fs = �1 � �3
1� sin'm
1 + sin'm

+ 2cm
s

1� sin'm
1 + sin'm

(2)

f t = �tm � �3 (3)

|=yVvD �1 w �3 '|WWm w |WQ@ s}rUD `@=wD ?}DQD x@ f t w fs '\@=wQ u}= QO
|x} w=R ?}DQD x@ �tm w cm ' 'm u}vJty "OvDUy QDlJwm w QDnQR@ |rY=
QO xOW G}U@ |WWm Ctw=kt w xOW G}U@ `=UD= |x} w=R 'xOW G}U@ l =m]Y=
xDU@=w ẁv R= VWm QO w xDU@=w Q}e ẁv R= VQ@ QO u=} QH uwv=k "OvDUy pOt

%Ov=xOW h} QaD pOt QO 5 w 4 \@=wQ CQwYx@ |Q}tN p}Uv=DB `@=wD "CU=

QS = �1 � �3
1� sin m
1 + sin m

(4)

Qt = ��3 (5)

"CU= xOW G}U@ `=UD= |x} w=R  m 'u; QO xm
=@ |oOvwWsQv Q=DiQ sy w |oOvwWCNU Q=DiQ sy ZwQit p}Uv=DB `@=wD QO
Kr=Yt QO "Ow@ Oy=wN |R=UpOt p@=k xOW G}U@ `=UD= |x} w=R QO Q}}eD x@ xHwD
swyit |x}=B Q@ Kr=Yt |a=UD= Q=DiQ w |m =m]Y= |oOvwWCNU '|}xR} QovU
"CU= xOW K} QWD xt=O= QO Ov}=Qi u}= "CU= xOW h} QaD xOW G}U@ |=yQDt=Q=B

|m =m]Y= |oOvwWCNU "3"3
|m}vmDw�S Kr=Yt |=Q@ |m =m]Y= |oOvwWCNU |=Q@ 6 |x]@=Q '1984 p=U QO
VvQm x@ '('m) xOW G}U@ l =m]Y= |x} w=R x]@=Q u}= QO [43]"CU= xOW O=yvW}B
V}=Ri= G} QODx@ '('p) xv}W}@ Q=Okt x@ uO}UQ =D wCU= xDU@=w ("p) |Q}tN |WQ@

"O@=}|t

sin'm =

8><>:2
p
"p�"f
"p+"f

sin'p for "p � "f
sin'p for "p > "f

(6)

"CU= ('p) xv}W}@ l =m]Y= |x} w=R QO |Q}tN VvQm "f 'x]@=Q u}= QO
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xQ=t
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33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

|=yxvwtv |=Q@ xOW |R=UpOt w xOW s=Hv= |QwLtxU |=yV}=tR; G}=Dv "5 pmW
"q=@ sm =QD =@ w lWN

|=yxvwtv |=Q@ xOW |R=UpOt w xOWs=Hv= |QwLtxU |=yV}=tR; G}=Dv "6 pmW
"q=@ sm =QD =@ w `=@W=

"P ?} Q[ C=Q}}eD =@ xOW G}U@ `=UD= w l =m]Y= |=yx}w=R C=Q}}eD "4 pmW

( p) |xv}W}@ Q=Okt =D �5 w 2 5 '1 %=@ pO=at P Q}O=kt |=Q@ ?}DQD x@ xHQO
"CU= |vLvt u}= |=vLv= u=R}t |xOvvm pQDvm 'P QDt=Q=B "CU= xDi=} V}=Ri=

OHUt OU |}xR} QovU Kr=Yt |=Q@ p}Uv=DB `@=D =@ |Q=DiQ pOt |}=Q=m 'xt=O= QO
CUmW R= |W=v |tHL |=yVvQm 'xOW KQ]t pOt QO "CU= xOW |UQQ@ u=t}rU
4 pmW "CU= xOW |R=UpOt xOW G}U@ `=UD= |x} w=R QO Q}}eD swyit =@ C=QP
"OwW|t xOW G}U@ `=UD= |x} w=R Vy=m ?@U P QDt=Q=B V}=Ri= xm OyO|t u=Wv
"CW=O Ovy=wN |QDq=@ P ?} Q[ 'QDW}@ C=QPCUmW p}Uv=DB =@ |=yxvwtv u}=Q@=v@

"CU= x}rw= `=UD= |x} w=R |xOvvmpQDvm ' 0 QDt=Q=B

|OOa |R=Ux}@W "4
xDiQo CQwY FLAC Q=Ri=sQv R= xO=iDU= =@ |QwLtxU V}=tR; |OOa |R=UpOt
|U} wvxt=vQ@ C}r@=k R= xO=iDU= =@ p@k VN@ QO xOW |iQat `@=wD |x}rm "CU=
lD l} |wQ Q@ |R=UpOt "CU= xOW p=ta= |Q=DiQ pOt x@ �FISH� Q=Ri=sQv
xOW s=Hv= ?U=vt |RQt \}=QW uDiQo Q_vQO =@ |QwLt uQ=kD \}=QW QO u=tr=
x@U=Lt =Q |Q}tN |WQ@ |=yVvQm 'p}rLD R= s=o Qy QO xOW xDWwv |xt=vQ@ "CU=
T=U=Q@ "Ovm|t |v=UQ RwQx@ =Q pOt |=yQDt=Q=B |x}rm 'xOW h} QaD `@=wD T=U=Q@ w
|}=yv |=yQDt=Q=B w xOW |R=UpOt |QwLtxU |=yV}=tR; |x}rm 'xOW QmP VwQ
|oOv@UJ ?}DQD x@ xm � w C RH x@ =yQDt=Q=B x}rm "Ov=xOt; CUOx@ 2 pwOH KQW x@

"Ov=xOW |iQat 3 VN@ QO 'OvDUy u=UWm uwU=wB ?} Q[ w

|R=Ux}@W G}=Dv "1"4
=yV}=tR; R= pY=L |QwLtVvQm Q@=Q@ QO|tHLVvQm w|i=QLv=VvD |=y|vLvt
=yQ=Owtv "Ov=xOW x�=Q= 7 |r= 5 |=ypmW QO x}rw= Cw=iDt \}=QW |=Q@ |OOa pOt w
`@=D |x}=B Q@ |OOa pOt G}=Dv p}Uv=DB `@=D 'pw= Cr=L %Ov=xOW x�=Q= Cr=L 2 QO
`@=D T=U=Q@ 'swO Cr=L w &CU= �10 |x]@=Q� Q[=L VywSB u=ir-wt |O=yvW}B
7|r= 5|=ypmW x@ xHwD =@ "CU= xOW|iQat pOt x@ [33]'�8|x]@=Q� w=Q |O=yvW}B
'C=QP CUmW R= |W=v |tHL |q=@ |=yVvQm OwHw Crax@ xm Ci=} QO u=wD|t
|tHL Q=DiQ |R=UpOt QO|i=mCkO 'w=Q |O=yvW}B p}Uv=DB `@=D T=U=Q@ |R=UpOt
?@U Q[=L VywSB u=ir-wt |O=yvW}B `@=D xm |r=L QO 'OQ=Ov |}xR} QovU Kr=Yt
|=yVvQm |xRwL QO xS} w x@ xOW KqY= |Q=DiQ pOt |R=Ux}@W |}=Q=m V}=Ri=
|=yQDt=Q=B RH x@ pOt |=yQDt=Q=B |x}rm xm CU= QmP x@ sRq "CU= xOW |tHL

"�2 pwOH� Ov=xOW xDiQo Q_v QO x@=Wt p}rLD Cr=L wO QO  p w P
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}xR}

QovU
OU

l}
Q=DiQ

|O
Oa

|R=
Ux}

@W"R} QnvU Kr=Yt |=yxvwtv |xOW KqY= |Q=DiQ pOt |=yQDt=Q=B "2 pwOH
sm =QD'`=@W= 'lWN QDt=Q=B]UwDt q=@ q=@ sm =QD

1 8 2 2 �( gr
cm3 )

0 27 0 74 �0 12 n

468 556 3672 K

0 1 0 1 0 1 �

15 25 65 c( kNm2 )

6 6 6 "4���
1 1 1 m

0 37 ( �3
Pa

)� 0 375 7 7 ( �3
Pa

) + 0 25 5 P

�80 �80 �80  0

52 6� 11 3 log ( �3
Pa

) 55� 11 1 log ( �3
P0 ) 51 3� 7 log ( �3

Pa
) 'p8><>:2 5 �3

Pa
� 3

0 0 �3
Pa

> 6

8><>:5 5 �3
Pa
� 3

0 0 �3
Pa

> 6

8><>:1 5 �3
Pa
� 6

0 0 �3
Pa

> 6
 p

22� 6 6 log ( �3
Pa

) 41 9� 30 log ( �3
Pa

) 33 6� 16 6 log ( �3
Pa

) '0

xOw@ lWN |=yxvwtv R= QDtm `=@W= |=yxvwtv |=Q@ u=UWm pwOt |rm Qw]x@
,qwtat "CU= QDxHwD p@=k QDW}@ sm =QD =@ |=yxvwtv |=Q@ pwOt Vy=m u}= "CU=
QO Q=DiQ u}= "O@=}|t V}=Ri= x@v=Hxty VvD V}=Ri= =@ u=UWm pwOt 'Kr=Yt QO
OyO|t u=Wv 2 pwOH xm |r=L QO 'CU= C} -wQ p@=k |@ wNx@ `=@W= |=yxvwtv
CU= xDi=} Vy=m u=UWm pwOt 'x@v=Hxty VvD V}=Ri= =@ lWN |=yxvwtv |=Q@
QO C=QP CUmW xm OW=@ u; R= |W=v Ov=wD|t C}ak=w u}= "�CU= |ivt n u=wD�
(Bg) p=WQ=t CUmW XN=W "CU= `=@W= Kr=Yt R= QDO}OW lWN Kr=Yt
VvD Q}O=kt QO '=yV}=tR; |xty QO "CU= =aOt u}= x=wo 1 pwOH QO xOW x�=Q=
|r=L QO 'OQ=O QiY R= QDnQR@ |Q=Okt ( p) xv}W}@ `=UD= |x} w=R u}}=B x@v=H xty
V}=Ri= =@ P QDt=Q=B "CU= QiY pO=at O=} R |@v=H |=yVvD QO x} w=R u}= Q=Okt xm
Q=Okt 'Q@=Q@ sm =QD w |@v=H Q=Wi l} |=Q@ u}vJty "O@=}|t V}=Ri= x@v=Hxty VvD
G}=Dv ẁtHt QO "CU= `=@W= |=yxvwtv R= V}@ lWN |=yxvwtv QO P QDt=Q=B
Q}}eD Q=DiQ Q@ |}xOvvm u}}aD Vkv 'C=QP CUmW |xO}OB xm CU= u; R= |m =L

"OQ=O |}xR} QovU Kr=Yt |rmW

|ak=w |xR=U QO xOW KqY= |Q=DiQ pOt |}=Q=m "5
|OOa p}rLD =@ |ak=w T=}kt QO xOW KqY= |Q=DiQ pOt |}=Q=m 'VN@ u}= QO
|@U=vt j}kO Q=R@= sDU}U "CU= xOW |@=} RQ= CN=U u=QwO QO u=t}rU OHUt OU
C}akwt w OU |rY= `]kt '8 pmW QO "CU= xOW ?Yv w |L=Q] OU u}= |=Q@
3B '3A |L=wv� OU |=yxDUwB "CU= xOW x�=Q= CN=U |=yDv= =D u; sr=U |=yQ=R@=
"CU= xOW p}mWD C=QP CUmW |q=@ p}Uv=DB =@ |}xR} QovU Kr=Yt R= �3C w
Kr=Yt |wQ Q@ p@k VN@ QO xOW xO=O KQW T=}kt nQR@ |QwLtxU |=yV}=tR;

|=yxvwtv |=Q@ xOW |R=UpOt w xOW s=Hv= |QwLtxU |=yV}=tR; G}=Dv "7 pmW
"\UwDt sm =QD =@ w `=@W=
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R}}=B
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}QW
u=Qt

a|
UOv

yt "u=t}rU OHUt OU |xvO@ hrDNt |=yVN@ |=Q@ xOW KqY= |Q=DiQ pOt |=yQDt=Q=B "3 pwOH
xDUy 2C w 2B 2A 3B QDt=Q=B
1 89 2 1 1 9 2 �( gr

cm3 )

0 8 0 0 1 0 05 n

120 1663 138 422 K

0 15 0 1 0 15 0 2 �

30 20 10 40 c( kNm2 )

10 8 5 8 5 7 "f ���
1 1 1 1 m

1 1 3 5 2 5 P

�80 �80 �80 �80  0
30 46 3� 4 8 log ( �3

Pa
) 45� 6 64 log ( �3

Pa
) 422� 0 64 log ( �3

Pa
) 'p

0 0 1 15� 0 83 log ( �3
Pa

) 0 0 0 0  p

0 0 30� 2 6 log ( �3
Pa

) 39 7� 2 7 log ( �3
Pa

) 34 2� 20 log ( �3
Pa

) '0

"u=t}rUOHUt OU |xOW |Ov@u=tr= |Oa@xU |xUOvy "9 pmW

|m} QDmr= |=yQDtwR}B |xOW |Q}oxR=Ov= w xOW x@U=Lt Q}O=kt C=Q}}eD "10 pmW
"u=t}rU OHUt OU |rY= `]kt QO +230 R=QD QO xOW ?Yv

OU |rY= `]kt QO sr=U j}kO Q=R@= C}akwt w xvO@ hrDNt |=yx}L=v "8 pmW
"�260 QDtwr}m �

u=wva VwQ j@=]t "CU= xOW s=Hv= 'OvDUy TvH l} R= xm 3C w 3A |=yVN@
Qo}O |=yVN@ QO OU |xvO@ Kr=Yt |x}rm |=Q@ |QwLtxU |=yV}=tR; 'xOW
3 pwOH KQW x@ =yu; |=Q@ xOW KqY= |Q=DiQ pOt |=yQDt=Q=B w xOW |R=Ux}@W

"CU= xOW u}}aD
"CU= xOW xO=O u=Wv OU |Oa@xU OwOLt Cq[=iD |xm@W '9 pmW QO
"CU= xOW s=Hv= x}q 42 QO |}xrLQt CQwYx@ CN=U u=QwO |OOa |R=UpOt
CQwY xDUy QO s}mLD w |Pivt ?; Q=Wi uDiQo Q_vQO =@ pB wm CQwYx@ =yp}rLD
QO� |Pivt ?; Q=Wi |=yC}tm xm CU= xO=O u=Wv [44]'�2006� wv=owB "Ov=xDiQo
Q}=U x@ C@Uv =ypmW Q}}eD w �pNrNDt \}Lt QO |m}rwQO}y pO=aD OwHw \}=QW
xDUw}B |=y\}Lt l}v=mt Q@ |vD@t |OOa |=ypOt uOQm xQ@}r=m CyH '=yC}tm
|=Q@ xOW KqY= |Q=DiQ pOt |}=Q=m C=@F= CyH xt=O= QO '=Pr &OvDUy QD?U=vt
|=yC}tm |xOW |Q}oxR=Ov= Q}O=kt R=CN=U u=QwO QO OU |r}rLD pOt uw}U=Q@}r=m

"CU= xOW xO=iDU= QwmPt
|Pivt ?; Q=Wi |xOW |Q}oxR=Ov= w xOW x@U=Lt Q}O=kt u}@ |xU}=kt
"OwW|t xOy=Wt 11 w 10 |=ypmW QO CN=U u=tR QO OU |xDUy QO
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|R=
Ux}

@W

|=yDv= QO u=t}rU OHUt OU|rY= `]kt QO|}xQiL Q=Wi |QwDvm `} RwD "14 pmW
"CN=U

R= V}@ |}=QH= C@ w]Q x@ ,=DOta xm 'CU= CN=U u=tR QO QwmPt OU QO xOW
CaQU u}vJty w xDUy sm Q=}U@ |Q}PBPwiv '�QDW}@ �2 OwOL� xDUy QO xv}y@
CUmW |q=@ p}Uv=DB OwHw xmv}= x@ xHwD =@ "OwW|t xO=O C@Uv CN=U `} QU
nQR@ |=ypmW Q}}eD ẁkw QO |}xOvvm u}}aD Vkv 'OU |xDUwB Kr=Yt C=QP
|=yCUWv w |OOa pOt G}=Dv ?U=vt j@=]D 'CU= xDW=O u=t}rU OHUt OU
pOt ?U=vt |}=Q=m w CkO R= |m =L 'OU |xDUwB QO xS} wx@ xOW |Q}oxR=Ov=
|ak=w T=}kt QO C=QP |oOWOQN |xO}OB |R=Ux}@W QO xOWKqY= |Q=DiQ

"CU=

|Q}oxH}Dv "6
Q=DiQ |OOa |R=Ux}@W |=Q@ OQm} wQ l} |x�=Q= Q@ Q[=L VywSB |rY= RmQtD
|xO}OB R= |W=v |tHL C=Q}}eD x@ xS} w xHwD =@ |}xR} QovU Kr=Yt |xO}J}B
l} R= OQm} wQ u}= QO "CU= xOw@ |WQ@ |Q=PoQ=@ \}=QW QO C=QP CUmW
G}U@ |=yQDt=Q=B |x}=B Q@ xOvwWsQv/xOvwWCNU |Q}tN u=UWm |Q=DiQ pOt
=@ Kr=Yt |[=@kv= Q=DiQ QD?U=vt |R=Ux}@W |=Q@ "CU= xOW xO=iDU= xOW
Q@=Q@ QO xOW G}U@ `=UD= |x} w=R C=Q}}eD |=Q@ |O}OH x]@=Q 'O}OW |oOWOQN
QO "CU= xOW ^=Lr |Q=DiQ pOt u}= p}Uv=DB `@=D QO |Q}tN |WQ@ VvQm
|OOa |R=Ux}@W QO QwmPt |xOW KqY= pOt |}=Q=m =OD@= 'Q[=L VywSB
|xDUwB |}xR} QovU Kr=Yt |wQ T=}ktnQR@ |QwLtxU |=yV}=tR; R= |}xDUO
"CU= xOW |@=} RQ= 'OvQ=O |}q=@ |oOWOQN p}Uv=DB xm u=t}rU OHUt OU
w |}xQiL Q=Wi 'pmW Q}}eD� |Q=DiQ |=yC}tm OQw;Q@ QO u; |}=Q=m 'xt=O= QO
|oOWOQN p}Uv=DB =@ |}xR} QovU Kr=Yt R= pmWDt |ak=w |xR=U l} �"""
u=Wv =y|@=} RQ= G}=Dv "CU= xOW |UQQ@ u=t}rU OHUt OU Q}_v C=QP O}OW
u; |oO}J}B V}=Ri= ?@U pOt x@ O}OH |=yQDt=Q=B uOwRi= OvJ Qy xm OyO|t
�x}@WQO |yHwD p@=k CkO |=Q=O xOW KqY= |Q=DiQ pOt =t= 'CU= xOW
C=QP CUmW |q=@ p}Uv=DB =@ |}xR} QovU Kr=Yt |rmWQ}}eD Q=DiQ |R=U

"CU=
C}kiwt =@ Q[=L Q=DWwv QO xOW x�=Q= OQm} wQ xm OwW QmP CU= sRq =yDv= QO
xDiQo Q=mx@ |WQ@ |Q=PoQ=@ \}=QW R= |W=v |tHL |=yVvQm |R=Ux}@W CyH
Cw=iDt |WvD \}=QW QO C=QP CUmW |R=Ux}@W CU= |y}O@ 'u}=Q@=v@ &CU= xOW

"OW=@ |D; |r}tmD C=ar=]t ẁ[wt Ov=wD|t

|m} QDmr= |=yQDtwR}B QO xOW |Q}oxR=Ov= w xOW x@U=Lt Q}O=kt C=Q}}eD "11 pmW
"u=t}rU OHUt OU |rY= `]kt QO +270 R=QD QO xOW ?Yv

OU QwLt |=DU=Q QO xOW x@U=Lt w xOW |Q}oxR=Ov= CUWv s�=k p}iwQB "12 pmW
"CN=U |=yDv= QO w u=t}rU OHUt OU |rY= `]kt CUOu}}=B |xDUwB QO w

|=yDv= QO u=t}rU OHUt OU |rY= `]kt QO CUWv |QwDvm `} RwD "13 pmW
"CN=U

pY=L xOW |Q}oxR=Ov= Q}O=kt w |OOa p}rLD R= pY=L CUWv Q}O=kt u}vJty
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