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OvQPo|t VRer K]U R= xm |}=yM}t VRer K]U =@ |R=wt VWm |xir-wt �
"CU= ji= x@ C@Uv =yM}t ?}W |x} w=R i 'u; QO xm '(T cos(� + i))

j} Q] R= 'QiY Q}e � Q}O=kt =@ |=yl =N QO xm xOwRi= |m =m]Y= Ctw=kt �
"OwW|t O=H}= u; R= |Qw@a |=yM}t VWm VRer K]U Q@ Owta |xir-wt
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"OQw;|t OwHwx@ T sin(� + i) tan(�)

'OwW|t x@U=Lt 3 s=o QO xm (Fr) VRer K]U O=ODt= QO sw=kt |wQ}v ẁtHt "4
?U=vDt lQLt |wQ}v "OwW|t xU}=kt (Fd) K]U u}= =@ |R=wt lQLt |wQ}v =@
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C@Uv� |x} w=R =@ xOW|@ wmM}t Q=w}O l} |=Q@ 'xOWQmP C=L}[wD x@ xHwD =@
?} Q[ 'M}t h}OQ n =@ w � Q=w}O CWB R} Qm =N ?}W 'H `=iDQ= 's�=k O=ODt= x@
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FSG = Fr
Fd

(1)

%O};|t CUO x@ 3 w 2 \@=wQ R= Fd w Fr 'u; QO xm

Fr = cH sin(�=2 + �+ �)
cos(�) sin(� � �)

+
� nX
k=1

(Ti cos(� + i)

+ Ti sin(� + i) tan(�))
�
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(2)

Fd = (W +Q) sin(�) (3)
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dT = �DDHqdx = Qdx (5)
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Z x
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CN=wvm} '|oDUw}B VvD |ak=w `} RwD 'CU= xOW xO=O u=Wv 4 pmW QO xm u=vJ
C=YNWt '|r=ta= |WWm |wQ}v Q=Okt 'M}t pw] %Ovv=t |rt=wa x@ w CU}v
pw] QO VvD `} RwD OwW|t ZQi ?re= =t= "OQ=O |oDU@ l =N \}=QW w '?=ewO
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|}xOWs=Hv= |r}rLD Q=m xrtH R= 'hrDNt C=ar=]t "OvwW|t x@U=Lt Q=w}O pw]
u=Wv =Q =yM}t VtN R= |W=v xOwRi= |WQ@ Ctw=kt uOw@ R}J=v [8]'1992 p=U QO
xm OQ=O l =N QO |}=ypmWQ}}eD x@ R=}v 'C} wkD sU}v=mt u}= 'xwqax@ "CU= xO=O
|[Qi =@ u}=Q@=v@ "CU= Q=oR=U=v 'CU= sRq M}t VWm uOQmG}U@ |=Q@ xJv; =@

"CU= xOW Q_vhQY u; R= xOWO=} p}rLD VwQ QO 'xv=}=Qo`k=w
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Q]k =} w =yv; V}=Q; '=yM}t pw] O}=@ swRr CQwY QO 'xOWxDiQo Q_v QO |xv}tm

"OwW s=Hv= xQ=@ wO |Q=O}=B pQDvm Ov}=Qi w OwW xO=O Q}}eD xr=J
?U=vt xm CU= |]}=QW |x}rm 'xOWQmP |r}rLD VwQ OQ@ Q=m |xOwOLt
OwHw w |m}t=v}O |=yQ=@ xmv; RH 'OvDUy l =N |@ wmM}t ltm x@ |R=UQ=O}=B
|v}tRQ} R ?; OwHw\}=QW QO xD@r= xm 'CU= xOWv xDiQo Q_v QO|v}tRQ} R ?; |xQiU

[9]"OwW|tv x}YwD |R=UQ=O}=B VwQ u}= R= xO=iDU= ,qwY=
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xOWO=H}=|WWm|wQ}v|xv}W}@O}=@ '|rN=O|oDN}Uo|=yCr=L|@=} RQ=|=Q@
CU= xO}J}B M}t � l =N VvmQOv= "OwW xU}=kt \w@ Qt |=yC}iQ_ =@ =yM}t QO
xv}tR u}= QO [12�10]'hrDNt u=QoWywSB \UwD |Q=}U@ |@ QHD w |Qw�D C=ar=]t w
|oDN}Uo K]U |m}ORv QO ,=twta 'xv}W}@ |WWm |=ywQ}v "CU= xOW s=Hv=
pLt j=@]v= ZQi w OvwW|t O=H}= |rm |Q=O}=B p}rLD Ov}=Qi QO xOWCi=} |v=QL@
|WWm |=ywQ}v |UQQ@ G}=Dv T=U=Q@ "CU= |k]vt K]U u}= Q@ xv}W}@ |=ywQ}v
swU wO QO '�1998� Vv=Q=mty w Byrne \UwD |ak=w |=yQ=w}O QO xOWx@U=Lt
lQLt Q=Wi ?} Q[ Ka 'u; QO xm � '0 75KaHSV SH Q=Okt Q=w}O |}q=@
|xrY=i?}DQD x@ SH w SV 'Q=w}O `=iDQ=H 'l =N|a}@] XwYNt uRw  'l =N
|wQ}v |=Q@ =Q Q=Okt u}= hYv '|v}}=B VN@ QO w '�OvDUy =yM}t |ki= w s�=k
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M}t |oOt;QO =H R= Ctw=kt "1"2"3

|oDN}Uo Ot u}= "CU= M}t |oOt;QO =H R= '|rN=O |oDN}Uo Cr=L u} QDsyt
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"OW=@v |i=m M}t pw] =} w |oDUw}B Ctw=kt xm
R= xJv=vJ "OwW xHwD R}v M}t w ?=ewO u}@ |oDUw}B Ctw=kt x@ O}=@ ,=vt[
u}= 'xO=U |=yOQor}t =@ xU}=kt QO 'OwW xO=iDU= =yM}t |=Q@ Q=OG; |=yOQor}t

"Ci=} Oy=wN V}=Ri= |m}v=mt |oDUw}B
'pw] OL=w <=R= x@ =Q |oOt;QO =H R= p@=kt QO xOWG}U@ |wQ}v |rm Cr=L QO

%OQm u=}@ 4 |x]@=Q CQwYx@ u=wD|t
Q = �qDDH (4)
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pmW =Q |tU}v=mt w 'Ovvm|t pta |}=ypYit Ovv=t 'OvOvw}B|t sy x@ =ylQD

"�5 pmW� OwW|t xO}t=v 5|v=QL@ s}rUD \N |wor= xm OvyO|t
|oDN}Uo "Ov@=}|tV}=Ri= R}v =ypmWQ}}eD w =yM}t|WWm |wQ}v 'Ov}=Qiu}= QO
Q=Okt l} x@ =yM}t |wQ}v xm |t=ovy R}v xOvvmM=QwU VQ@ QF= QO VwBNQ |a[wt
|=yxHw "ODi)=|t j=iD= pmW|]wQNt |L]U QO w =yM}t h=Q]= QO 'OvUQ@ |v=QL@
|xLiY CWB R= xHQO 45 OwOL |@}W =@ '6 pmW j@=]t 'Xk=v \wQNt u}=
Ovv=ty R}v \}=QW u}= QO p}rLD "OvwW|t O=H}= VwBNQ Ct=N[ QO 'M}t x=ox}mD

[9]"VwBNQ QO |H} QOD |WtN |oDN}Uo "5 pmW

[9]"xOvvmM=QwU VQ@ QF= QO VwBNQ |oDN}Uo "6 pmW

"CU= xOW x�=Q= �CPT� \wQNt Pwiv V}=tR; G}=Dv T=U=Q@ QDt=Q=B u}= u}tND |=Q@
xO=iDU= Qw_vt u}= |=Q@ =yM}t |oOt;QO =H R= V}=tR; G}=Dv R= u=wD|t u}vJty

"O}UQ |QDO=tDa= p@=k O=Oa= x@ w OQm
VvmQOv= w |oDUw}B Ctw=kt XwYNQO OwHwt |=yC}a]k sOa p}rO x@
Ctw=kt R=Ht Q}O=kt '(FSp) |v=v}t]= ?} Q[ uDiQoQ_vQO =@ '?=ewO w l =N
11 w 10 \@=wQ R= xO=iDU= =@ 'pw] OL=w <=R= x@ |oOt;QO =H R= C}iQ_ w |oDUw}B

%OvwW|t x@U=Lt
qALL = qu

FSp
(10)

RpALL = Rp
FSp

(11)

xHwD =@ =yv; |D} wkD Vkv w =yM}t pw@k p@=k pw] 'Q=w}O |rm |Q=O}=B pQDvm Ov}=Qi QO
[9]"OwW|t xDiQo Q_v QO |oOt;QO =H R= p@=kt QO u=v}t]= ?} Q[ x@

M}t |WWm Ctw=kt "2"2"3
|Q=OQ@Owo s=ovy QO Q=w}O uwQ}@ CtU x@ CmQL QF= QO =yM}t x@ |r=ta= |=yQ=@
Q=Qk �Q=yt |x}L=v� |oDN}Uo K]U CWB QO xm M}t R= |WN@ "OvwW|t O=H}=
u}O@ M}t pw] QO (T ) |WWm |wQ}v "OwW|t xO}Wm ?}W GQ=N CtU x@ 'OQ=O
Tmax Q=Okt =D 'OwW|t R=e; M}t |=yDv= QO QiY Q=Okt =@ xm Ovm|t Q}}eD CQwY

"O@=}|t Vy=m VwBNQ QO T0 Q=Okt x@ w V}=Ri= pw] |xv=}t QO
|QwLt |wQ}v |xv}W}@ xm ODi)=|t j=iD= |t=ovy M}t |WWm |oDN}Uo
M}t |WWm C}iQ_ "OW=@ (RT ) u; |WWm C}iQ_ R= QDW}@ M}t QO xOWO=H}=

%OwW|t XNWt 12 |x]@=Q R= xO=iDU= =@
RT = Atfy (12)

"CU= u; s}rUD VvD fy w OQor}t `]kt K]U At 'u; QO xm
|WWm C}iQ_ R= 'M}t w ?=ewO �|v=UWm pwOt� |DNU hqDN= Crax@
w Kr=Yt Ctw=kt x@ \w@ Qt |=yC}a]k sOa p}rO x@ "OwW|t Q_vhQY ?=ewO
CQwYx@ M}t |WWm C}iQ_ '(FST ) u=v}t]= ?} Q[ p=ta= =@ '|r=ta= |=yQ=@

%OwW|t x@U=Lt 13 |x]@=Q

RTALL = RT
FST

(13)

x@ xHwD =@ =yOQor}t |=Q@ sRq Q]k |xv}tm 'CU= xOW O=} R}v QDW}B xm xvwou=ty
[9]"OwW|t u}}aD VWm p@=kt QO u=v}t]= ?} Q[

|L=Q]� 3VwBNQ x@ \w@ Qt |oDN}Uo |=yCr=L "4
�VwBNQ

u; x@ =yM}t p=YD= pLt QO w VwBNQ QO xwkr=@ |oDN}Uo |=yCr=L u} QDpwtat
%R= Ov=CQ=@a

"|WtN |oDN}Uo "1
"4xOvvmM=QwU VQ@ QF= QO |oDN}Uo "2

u=wD|t 'CU= KrUtC} QmD=W,qwtat xm '=Q M}t =@ xOWQ=O}=B |=yQ=w}O VwBNQ
w l =N |@v=H Q=Wi u; |Q=PoQ=@ xm 'CiQo Q_v QO KrUt |vD@ p=O l} u=wvax@
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VR
wt;

u=U
L=

wx=v
Bl

tm|
ra Ctw=kt 's�=k =} w ji= |=DU=Q QO (an + am) QDtm Q=Okt x@ xHwD =@ ��y

%OwW|t u}}aD 20 |x]@=Q R= VwBNQ |WtN
RFF [kN] = 1 6� CF � (an + am)[mm2=m]� h[m]

(20)

l =N Q=Wi CN=wvm} Q}e `} RwD uOQmQw_vt |=Q@ |@} Q[ CF 'u; QO xm
150 w 100 |=yCt=N[ =@ Ckwt VwBNQ |=Q@ w CU= VwBNQ CWB
VwBNQ |=Q@?} Q[ u}= "OwW|th} QaD 1 5 w 2 =@ Q@=Q@?}DQD x@ 'QDt|r}t
'|t�=O |=yVwBNQ s=tD R}v w QDW}@ w QDt|r}t 200 Ct=N[ =@ Ckwt

"CU= 1 =@ Q@=Q@
p@=kt QO VwBNQ Ctw=kt '(FSFF ) sRq u=v}t]= ?} Q[ uDiQoQ_vQO =@ �w

%OwW|t pQDvm 21 |x]@=Q =@ VtN
RFF � FSFFT0 (21)

Q=Okt V}=Ri= R= TB O}=@ '�21 |x]@=Q� xOWQmP \QW u}t-=D sOa CQwY QO
'uD@ =} w Oqwi s}rUD Ctw=kt pt=W '|L=Q] pt=wa R= OQwt OvJ =} l}

"OQm Q=QmD =Q C=@U=Lt 'K}rUD Kr=Yt Q=Okt w C} QmD=W Ct=N[
%OwW|t pQDvm Ov}=Qi u}= QO xOvvmM=QwU VQ@ Q@=Q@ QO VwBNQ Ctw=kt "5

22 |x]@=Q CQwYx@ (RFP ) xOvvmM=QwU VQ@ |=Q@ VwBNQ C}iQ_ �hr=
%OwW|t u}}aD

RFP = CPVF (22)

"CU= l =N CmQ=Wt uOQmQw_vt |=Q@ K}LYD ?} Q[ CP 'u; QO xm
1 15 =D Ov=wD|t ?} Q[ u}= Q=Okt 'OwW xDiQo Q_v QO l =N QF= xJv=vJ
ZQi 1 =@ Q@=Q@ K}LYD ?} Q[ w Q_vhQY QF= u}= R= ,qwtat =t= 'OW=@
|x]@=Q =@ w ptLD VwBNQ QO xm CU= |}xOvvmM=QwU VQ@ R}v VF "OwW|t

%OwW|t xOR u}tND 23

VF [kN] = 330pf 0c[MPa]� � �D0c[m]� hc[m] (23)

�C} QmD=W Ct=N[ =@ Q@=Q@� |oDN}Uo Xk=v \wQNt `=iDQ= hc 'u; QO xm
|=Q@ xOW?=NDv= pw] x@ xHwD =@ "CU= `]kt RmQt QO u; QF-wt Q]k D0c w
24 |x]@=Q R= D0c '(h) C} QmD=W Ct=N[ w (LBP ) x=ox}mD |xLiY

%O};|t CUOx@
D0c = LBP + h (24)

Q@=Q@ QO VwBNQ Ctw=kt '(FSFP ) sRq u=v}t]= ?} Q[ uDiQoQ_vQO =@ �?
%OwW|t pQDvm 25 |x]@=Q =@ xOvvmM=QwU VQ@

RFP � FSFPT0 (25)

QDnQR@ O=a@= ?=NDv= =@ xOWO=} Ov}=Qi 'Ovmv jOY 25 |x]@=Q xm |DQwY QO
"OwW|t Q=QmD QDsw=kt Kr=Yt =} w

[9]"OwW|t s=Hv= RmQtDt |=yQ=@ CLD |vD@ |xw=D l}
'=y|oDN}Uou}= ẁkwp@=kt QO u=v}t]=?} Q[uDiQoQ_vQO |=Q@ 'xrLQtu}= QO

[9]%OwW|t |] CQwY u}= x@ '�C} QmD=W� xO}W=B uD@ VwBNQ |L=Q] Ov}=Qi
|=tvy=Q T=U=Q@ "OwW|t u}}aD VwBNQ x@ p=YD= pLt QO M}t |WWm |wQ}v "1
x�=Q= |W}=tR; |=yQ=w}O R= pY=L G}=Dv x@ xHwD =@ xm '�1991� QDwrm |L=Q]
%OQm x@U=Lt =Q M}t QU |wQ}v u=wD|t '14 |x]@=Q R= xO=iDU= =@ 'CU= xOW
T0 = Tmax [0 6 + 0 2(Smax � 1)] (14)

Smax w 'u; |xv}W}@ |WWm |wQ}v Tmax 'M}t QU QO wQ}v T0 'u; QO xm
G}=Dv |UQQ@ T=U=Q@ u}vJty "CU= QDt x@ =yM}t |Q=PoxrY=i |xv}W}@
|wQ}v Q=Okt u=wD|t '�1998� Vv=Q=mty w Byrne \UwD |@ QHD C=ar=]t

"CiQo Q_v QO 0 7KaHSV SH =D 0 6KaHSV SH u}@ =Q T0

"�QDt|r}t 200 =} 150 '100 %,qFt� OwW|t ?=NDv= VwBNQ |=Q@ |Dt=N[ "2
|Rri |xm@W Q]k w xtWJ O=a@= %pt=W 'VwBNQ x@ \w@ Qt C=YNWt Q}=U "3
O=a@= '=yM}t QU pLt QO s�=k w |ki= |xOwRi= |=yOQor}t Q]k 'xOWVwH
?=NDv= �f 0c w fy %?}DQD x@� uD@ w Oqwi s}rUD Ctw=kt w 'x=ox}mD |xLiY

"OwW|t
%OwW|t pQDvm =ys=o u}= =@ VwBNQ |WtN Ctw=kt "4

16 w 15 \@=wQ R= xO=iDU= =@ ?}DQD x@ 'K}rUD C@Uv |xv}W}@ w xv}tm �hr=
%OvwW|t u}}aD

�min[�] = 20
p
f 0c[MPa]
fy[M]

(15)

�max[�] = 0 5f 0c[MPa]
fy[M]

� 600
600 + fy[MPa]

�
(16)

|=DU=Q wO Qy QO pw] OL=w <=R= x@ VwBNQ K}rUD <=[a= `]kt K]U �?
u}= 'xOwRi= |=yOQor}t R= xO=iDU= CQwY QO "OwW|t u}}aD s�=k w |ki=
xv=o =OH Qw]x@ '(am) =yM}t u}@ pY=wi QO w (an) M}t QU pLt QO QDt=Q=B
XNWt 'xOW?=NDv= |Rri |xm@W x@ xHwD =@ am Q=Okt "OwW|t x@U=Lt

%O};|t CUOx@ 17 |x]@=Q R= s�=k |=DU=Q QO an w OwW|t
an = am + Avw

SH
(17)

|=DU=Q QO M}t QU pLt QO xOwRi= |=yOQor}t `]kt K]U Avw 'u; QO xm
C=Q}}eD p=ta= =@ u=wD|t R}v ji= |=DU=Q QO an |x@U=Lt |=Q@ "CU= s�=k

"OQm xO=iDU= 17 |x]@=Q R= sRq
xO=iDU= =@ '(�m) =yv; u}@ pY=wi w (�n) =yM}t pLt QO K}rUD C@Uv �G

%OwW|t x@U=Lt 19 w 18 \@=wQ R=
�n[�] = an

bh=2100 (18)

�m[�] = am
bh=2100 (19)

"CU= �QDt 1� pw] OL=w b w C} QmD=W Ct=N[ h '=yu; QO xm
u}@ pY=wi w =yM}t pLt QO K}rUD C@Uv xm OwW|t pQDvm xrLQt u}= QO �O
"(�min � �m; �n � �max) OW=@ xDW=O Q=Qk R=Ht |xOwOLt QO '=yv;

"OwW|t u}t-=D QwmPt \}=QW 'an =} w am Q}}eD =@ 'CQwYu}= Q}e QO
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"""|
Q}ox

Qy@
=@M

}t=
@xO

WQ=
O}=B

|=y
p}=L

|R=
Uxv

}y@

"l}DvS sD} Qwor= |=QH= |rm pm}U "7 pmW

=Q VwQ u}= xm 'OwW|t Zwa sy =@ lQDWt |x]kv u}= QO xDWQ 2 |xt=O= |=H
=yv; ?}DQD x@ 'OW=@ QDW}@ =} 2 Z} waD \=kv O=OaD Qo = "Ovt=v|t |}x]kv l} ?}mQD
l} ?}mQD pta xm CU= u; pO=at xm 'Ov} wo |}x]kv OvJ =} |}x]kv wO ?}mQD =Q

[16w15]"OwWs=Hv= xrLQt OvJ =} wO QO |}x]kv
(Mutation) VyH Qorta "6"1"5

|wQ Q@ VyH Qopta 'Pm p=tDL= =@ 'Ov=xDiQo Q=Qk ?}mQD pta CLD xm |}=yxDWQ
R= |m} x@ u; |iO=YD Q}}eD CQwYx@ QDm =Q=m l} |wQ VyH "OwW|t p=ta= =yv;

"OwW|t s=Hv= =yQDm =Q=m |=@ir= |xawtHt QO OwHwt |=yQDm =Q=m
l} 'OvW=@ xOW |Ov@Om L pw] x@ |Qv}=@ O=Oa= CQwYx@ =yxDWQ Qo = ,qFt
|Qv}=@ OOa QO TBU "OwW|t O}rwD CN=wvm} `} RwD =@K 2 [1; L] |iO=YD OOa
uOw@ QiY CQwY QO w Ovm|tXNWt =Q QYva u}t)=K 'OQ=O QYva L xm Q_vOQwt
'VyH w ?}mQD Qopta wO \UwD "OwW|t p}O@D QiY x@ uOw@ 1 CQwY QO w 1 x@

[16w15]"OvwW|t O}rwD OvRQi |=yxDWQ s=v x@ |O}OH |=yxDWQ
?=NDv= sU}v=mt "7"1"5

R= |}xawtHt 'l}DvS sD} Qwor= |=yQopta \UwD OvRQi |=yxDWQ O}rwD R= TB
u}= "OvwW|t u}}aD x}rw= C}atH Q@=Q@ |O=OaD =@ Oa@ |D=@U=Lt QwO |=Q@ =yxDWQ
pta CLD xm 'P � Pc O=OaD =@� OvRQi |=yxDWQ |x}rm R= xOWp}mWD xawtHt
(P �P �Pc) p@k |xrLQt |=yxDWQ R= |O=OaD w �Ov=xDiQo Q=Qk VyH w ?}mQD
OOa =@ |=yxDWQ u}@ R= |iO=YD Qw] x@ x}rw= |=yxDWQ R= O=OaD u}= ?=NDv= "CU=

"Ov} wo|t Q}FmD =Q xrLQt u}= w OwW|t s=Hv= QDq=@ |oOvR=Q@
l} 'u; QO xm [15]'CU= xO=O x�=Q= Q}FmD |=Q@ =Q u=OQolU}O VwQ nQ@Oro
p@=kt QO 'CU= xOW |Ov@s}UkD xDWQ Qy |oOvR=Q@ =@ ?U=vDt u; K]U xm lU}O
Q=Qk xv=Wv p@=kt QO Kw]U R= |m} w OwW hkwDt xQNq=@ =D ONQJ|t xv=Wv l}
?U=vt C=aiO x@ Q=QmD =@ "OwW|t ?=NDv= xDWQ l} ?}DQD u}= x@ "�8 pmW� OQ}o
"�Q=QmD =@ Q}FmD� OQm ?=NDv= =Q l}DvS |=yQopta p=ta= |=Q@ sRq |=yxDWQ u=wD|t
Q=Okt x@ uO}UQ =} Q=QmD |YNWt O=OaD u=wD|t =Q sD} Qwor= |xtD=N \QW

l}DvS sD} Qwor= "5
|=y|oS} w "CU= wHwCUH j} Q] R= |R=Uxv}y@ |=Q@ |Q=t;|WwQl}DvS sD} Qwor=
O=Otrk |iO=YD QowHwCUH l} =Q u; u=wDv xm OwW|t Ea=@ sD} Qwor= u}= X=N
OQmrta w OQ}o|t s=yr= u} wQ=O |rt=mD |x} Q_v R= VwQ u}= |x}rw= Q_v `k=w QO "OQm
w 6Ovqwy \UwD l}DvS sD} Qwor= |x}rw= pwY= "CU= Q=wDU= |a}@] l}DvS Q@ u;
7nQ@Oro u}vJty "CU= xOW x�=Q= 1962 p=U QO u=o}W}t x=oWv=O QO Vv=Q=mty
u=tR u; =D xm =Q u; w xOQm x�=Q= =Q l}DvS sD} Qwor= |U=U= |Qw�D 1989 p=U QO
xO=O s}taD |UOvyt p�=Ut x@ 'CU= xDiQ|t Q=m x@ Ca}@] |=ysDU}U OQwt QO
R= xO=iDU= =@ =Q l}DvS sD} Qwor= |}=Qosy 'u=Q=mty w 8u@}= 1990 p=U QO "CU=
'1992 p=U QO w 9=Rwm 1991 p=U QO "Ov=xOQm C=@F= hwmQ=t |xQ}HvR R}r=v; VwQ
|UOvyt p�=Ut pL w QDw}Bt=m |U} wvxt=vQ@ |=Q@ l}DvS sD} Qwor= R= 10Q=twm =W} Qm

[14]"Ov=xOQm xO=iDU=

l}DvS sD} Qwor= QO x}rw= s}y=it "1"5
uOQm Om "1"1"5

pmW =@ 'Ovm Q=m xr�Ut |=yQ}eDt =} =yQDt=Q=B |wQ Q@ xmv}= |=H x@ l}DvS sD} Qwor=
R= xO=iDU= '|Q=PoOm VwQ u} QDpw=ODt "OQ=O Q=mwQU ?U=vt Qw]x@ =yv; |xOWOm
u} Ro}=H 1 w 0 O=Oa= R= ?U=vt |=yxr=@vO =@ =yQDt=Q=B u; QO xm 'CU= |Qv}=@ O=Oa=

"OvwW|t
xDWQ "2"1"5

umtt ?=wH l} |xOWOm pmW u=wvax@ xm CU=yC}@ R= |}xr=@vO 'xDWQ l}
"CU= Q_vOQwt |xr�Ut R= �?U=vt=v =} ?U=vt�

C}atH "3"1"5
u}= l}DvS sD} Qwor= |=y|oS} w R= |m} "Ov} wo C}atH =Q =yxDWQ R= |}xawtHt
|wQ Q@ 'xDWQ l} =} wHwCUH |=[i R= x]kv l} |wQ Q@ RmQtD |=H x@ xm CU=

"Ovm|t Q=m =yxDWQ R= |D}atH
|oOvR=Q@ Q=Okt "4"1"5

xO}HvU 'O};|t CUOx@ hOy `@=D R= xm |Q=}at =@ '?=wH uOw@v =} uOw@ ?U=vt
xmv; |=Q@ "OQ=O |QDW}@ |oOvR=Q@ Q=Okt 'OW=@ QD?U=vt ?=wH l} xJ Qy "OwW|t
|oOvR=Q@ Q=Okt =@ ?U=vDt u; |=k@ p=tDL= 'OwW QDW}@ |@=wH u}vJ |=k@ Tv=W
QO |QDW}@ p=tDL= =@ 'CU= QDxOvR=Q@ xm |}xDWQ u}=Q@=v@ "OwW|t xDiQo Q_v QO u;

"Ovm|t CmQW O}OH |=yxDWQ O}rwD
O=OaD w Q_vOQwt |xr�Ut |=yQ}eDt =OD@= l}DvS sD} Qwor= QO xYqN Qw] x@
|=y?=wH O=OaD x@ xHwD =@ =yQ}eDt "OwW|t u}}aD Q}eDt Qy |=Q@ umtt |=y?=wH
sy QU CWB xDWQ l} QO 'xOWOm |=yQ}eDt TBU w p}O@D |Qv}=@ Om x@ =yv; umtt
"OyO|t u=Wv =Q pL |=[i R= x]kv l} 'xDWQ Qy '?}DQD u}O@ "OvwW|t xO=O Q=Qk
xO=O u=Wv 7 pmW QO |rm Cr=L QO l}DvS sD} Qwor= |=QH= |WOQo Q=Owtv

"CU= xOW
Ov=CQ=@a xm Ovvm|t pta =yxDWQ |wQ |rY= Qopta 3 '|D=@U=Lt QwO Qy QO

"?=NDv= Qopta w Cw=iDt |m}DvS Qopta wO %R=
(Crossover) ?}mQD Qopta "5"1"5

OwW|t ?=NDv= C}atH R= Pc p=tDL= =@ w |iO=YD Qw]x@ xDWQ wO '?}mQD |=Q@
w u}}aD |iO=YD Qw]x@ lQDWt |[} waD |x]kv l} 'xDWQ 2 pw] QO TBU w
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wt;

u=U
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wx=v
Bl

tm|
ra Oy=wNv u}t-=D xOWO=} |=yhOy 'OQ}o CQwY |}=]N OQwt u}= QO xJv=vJ w CU=

|LQ] CU= umtt p=Ft u=wvax@ '?U=vt=v ?} Q[ R= xO=iDU= CQwY QO "OW
xm |LQ] x@ C@Uv QDtm |xv} Ry p}rO x@ \ki w OW=@ xDW=O OL=w u=v}t]= ?} Q[
Ov}=Qi |xt=O= QO CmQW w =k@ |=Q@ |QDW}@ Tv=W 'OQ=O ?wr]t u=v}t]= ?} Q[
uDW=O p}rO x@ |rw 'OW=@ xDW=O |O=} R |xv} Ry |LQ] =} w Ovm =O}B |R=Uxv}y@
|k]vtQ}e CQwYx@ u; hOy `@=D Q=Okt '?wr]t u=R}t R= QDW}@ u=v}t]= ?} Q[
xm OQm xHwD O}=@ "O@=} V}=Ri= Oa@ pUv O}rwD QO u; CmQW p=tDL= w O@=} Vy=m
uOQmT=}kt sy u; w OQ=O R}v |Qo}O Vkv xOWO=} OQ=wt Q@ xwqa xt} QH ?} Q[
u=wD|t `k=w QO "CU= �26 |x]@=Q QO swO |xrtH� xt} QH QDt=Q=B w xv} Ry Q=Okt
QO w CiQo Q_v QO =yxv} Ry |x@U=Lt OL=w x@=Wt |OL=w |=Q=O =Q ?} Q[ u}=
KQ] ?=NDv= w hOy `@=D QO =Q |rY= Vkv 'xv} Ry `@=D xm OQm CkO O}=@ u; u}}aD

"OW=@ xDW=O xv}y@
xv} Ry `@=D '|k} QRD |=yM}t =@ xOWQ=O}=B |=yp}=L |}=QH= Ov}=Qi x@ xHwD =@

%OwW|t u}}aD 27 |x]@=Q CQwYx@ (Cost)

Cost = Ce + Cs + Cg + Csh (27)

Cg '=yM}t |=Q@ |iQYt Oqwi |xv} Ry Cs '=yxr=J |Q=iL |xv} Ry Ce 'u; QO xm
|xm@W w xO}W=B uD@ pt=W� VwBNQ |=QH= |xv} Ry Csh w 'Cqt j} QRD |xv} Ry

"CU= �|Rri
'x=oQ=m R}yHD Ovv=t |Qo}O |}xv} Ry |=yQDt=Q=B 'l =N |@ wmM}t |xSwQB l} QO
|t=tD |=Q@ =yxv} Ry Q}=U xmv}= x@ xHwD =@ =t= 'OQ=O OwHw R}v """w '=yx=oDUO Q=QkDU=
xvwou=ty "CU= xOW Q_vhQY =yv; R= 'OvQ=O |v=Um} Q}O=kt ,=@} QkD umtt |=yKQ]

"s}DUy hOy `@=D uOQmxv}tm p=@vO x@ xOWx}yD |xt=vQ@ QO 'CU= XNWt xm

xr�Ut pL sD} Qwor= "1"6
u}= x@ l =N |@ wmM}t hOy `@=D |x@U=Lt w �9 pmW� sD} Qwor= |=QH= pL=Qt

%CU= CQwY
%OwW|t xO=O xt=vQ@ x@ C=aq]= u}= 'xrLQt u}= QO %pw= |xrLQt

&KQ] |UOvy C=YNWt ��
&l =N |m}v=mt w |m} R}i C=YNWt ��

&(f 0c) uD@ |Q=Wi Ctw=kt w (fy) Oqwi s}rUD Ctw=kt ��
"Q=w}O Q=@ QU ��

C}atH u=wvax@ |iO=YD Qw]x@ =Q xDWQ P 'xrLQt u}= QO xt=vQ@ %swO |xrLQt
"CU= M}t =@ |R=UQ=O}=B KQ] l} |xOvyOu=Wv 'xDWQ Qy xm 'Ovm|t O}rwD x}rw=
M}t =@ xOWQ=O}=B |=yp}=L |xv}y@ |L=Q] |=yQ}eDt 'CU= xOW QmP xm xvwou=ty
=yM}t (SH) |ki= w '(SV ) s�=k |=yxrY=i '(i) ?}W '(d) Q]k '(l) pw] %pt=W

%CU= xOW ?=NDv= CQwY u}= x@ xOWQmP |=yQDt=Q=B C=Q}}eD |xR=@ w OvDUy
0 5H � l � H �CU= Q=w}O `=iDQ= H w QDt 0 5 |=ys=o =@�
d 2 [19; 22; 25; 29; 32; 36; 43] �QDt|r}t ?UL Q@�
00 � i � 200 �xHQO 5 |=ys=o =@�
1m � SV � 2m �QDt 0 25 |=ys=o =@�
1m � SH � 2m �QDt 0 25 |=ys=o =@�

"=yxDWQ ?=NDv= |=Q@ u=OQonU}O VwQ "8 pmW

|HwQN u=wvax@ u=wD|t =Q pUv u} QN; R= xDWQ u} QDy@ w O=O Q=Qk |oOvR=Q@ R= |v}at
"CiQo Q_v QO

|}=Qosy CaQU x@ xHwD =@ w C}U=UL |=yR}r=v; s=Hv= R= TB VywSB u}= QO
O=OaD w Pm = 0 064 VyH p=tDL= 'Pc = 0 8 ?}mQD p=tDL= 'xv}y@ KQ] x@

"CU= xOW ^=Lr P = 35 x}rw= C}atH

hOy `@=D =@ M}t =@ xOWQ=O}=B |=yp}=L |R=Uxv}y@ "6
?mQt

CLD u; |xv} Ry `@=D xm s}vm|t u}}aD |DQwY x@ =Q l =N |@ wmM}t C=YNWt
|=yQ}eDt Q=OQ@ Qw_vt u}O@ "OW=@ xDW=O =Q Q=Okt u} QDtm |}=QH= w |L=Q] \}=QW
l 'd xm s} Q}o|t Q_v QO DT = d; l; i; SV ; SH CQwYx@ =Q (DT ) |L=Q]
|ki= w s�=k |Q=PoxrY=i 'SH w SV w =yM}t ?}W w pw] 'Q]k '?}DQD x@ i w
OwHw |rm |Q=O}=B |=Q@ sRq u=v}t]= ?} Q[ |xv}tm O}=@ xm |}=Hv; R= "CU=yv;
pmW 26 |x]@=Q CQwYx@ 'xv} Ry `@=D w O}k u}= ?}mQD =@ hOy `@=D 'OW=@ xDW=O

%OQ}o|t
F (DT ) = Cost + Sg(FSGD � FSG) (26)

?} Q[ FSG '|rm |Q=O}=B |=Q@ sRq u=v}t]= ?}=Q[ |xv}tm FSGD 'u; QO xm
"CU= O}k u}= x@ \w@ Qt |xt} QH ?} Q[ Sg w Q_vOQwt KQ] |rm |Q=O}=B u=v}t]=
hOy `@=D Q=Okt xm CU= xOW h} QaD |Qw] sRq |=yp}rLD s=Hv= =@ ?} Q[ u}=
QO 'CU= O=} R Q=}U@ 'OL=w R= QDtm u=v}t]= ?} Q[ =@ �|=yKQ]� |=yxDWQ |=Q@
Q}=U Tv=W 'OvW=@ xDW=Ov Oa@ pUv O}rwD QO CmQW w =k@ |=Q@ |Uv=W I}y xH}Dv
'O@=} Vy=m hqDN= u}= C@Uv x@ '?wr]t OL R= QDtm u=v}t]= ?} Q[ =@ |=yKQ]
QO "OwW hOy `@=D QYDNt Ow@y@ Ea=@ sRq Q=Okt R= QDW}@ u=v}t]= ?} Q[ R}v w
u=v}t]= ?} Q[ =@ |=yKQ],qw= xm CU= xOw@ u}= xt} QH QDt=Q=B h} QaD R= hOy `k=w
|mOv= KQ] l} x@ \w@ Qt u=v}t]= ?} Q[ xJv=vJ ,=}v=F 'OvwW hPL OL=w R= QDtm
uDiQoQ_vQO =@ w OwWv Q_vhQY KQ] u; R= 'OW=@ ?wr]t u=v}t]= ?} Q[ R= QDtm
,=Fr=F "OW=@ xDW=O =Q Oa@ pUv O}rwD QO CmQW Tv=W 'hOy `@=D QO V}=Ri= |Q=Okt
xm |LQ] 'OW=@ xDW=O OwHw sy x@ l}ORv Q=}U@ |xv} Ry Q=Okt =@ KQ] wO Qo =
|=Q@ |QDW}@ Tv=W xH}Dv QO w QDtm hOy `@=D Q=Okt 'OQ=O |QDq=@ u=v}t]= ?} Q[
syt Q=}U@ xt} QH ?} Q[ ?U=vt Q=Okt u}}aD "OW=@ xDW=O Oa@ pUv |=yxDWQ O}rwD
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"OwW|t u}}aD xOWO=} Ov}=Qi T=U=Q@ 'C}atH R= xDWQ Qy |=Q@
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"OwW|t |L=Q] VwBNQ '4 Ov@ QO xOWxO=O
=@ |R=UQ=O}=B |}=QH= |=yxv} Ry `@=D 'xOWQmP pL=Qt |] R= TB %sWW |xrLQt
Ov=@ 'x=Q |xDWQ |x}=B OL=w |=y@ CUQyi T=U=Q@ C}atH R= xDWQ Qy |=Q@ 'M}t
|xDWQ |x}=B OL=w |=y@ CUQyi R}v w [17]'1392 p=U uy;x=Q |R=UQ} R w x=oOwQi

"OwW|t x@U=Lt [18]'1392 p=U |R=UOU
w xv} Ry `@=D x@ xHwD =@ 'C}atH R= xDWQ Qy |=Q@ 'xrLQt u}= QO %sDiy |xrLQt
R= xO=iDU= =@ w Ov=xOW x@U=Lt p@k pL=Qt QO xm |rm |Q=O}=B u=v}t]= ?} Q[

"OwW|t u}}aD hOy `@=D Q=Okt '26|x]@=Q
'hOy `@=D Q}O=kt T=U=Q@C}atH |=yxDWQ '|D=@U=Lt QwO Qy QO %sDWy |xrLQt
xO=O C@Uv |oOvR=Q@ OOa l} xDWQ Qy x@ TBU "OvwW|t ?DQt nQR@ x@ lJwm R=
|xrLQt QO� =Q =yxDWQ uOW?=NDv= p=tDL= w CU= C@Ft OOa u}= xm 'OwW|t
OOa 'OQ=O =Q hOy `@=D Q=Okt u} QDtm xm pw= |xDWQ |=Q@ "Ovm|t u}}aD �10
&((p� 1)� ((p� 1) + 1)=2) OOa swO |xDWQ |=Q@ &(p� (P1 + 1)=2)

QN; |xDWQ |=Q@ w """w ((p� 2)� ((p� 2) + 1)=2)OOa swU |xDWQ |=Q@
|=yxDWQ O=OaD p '=yu; QO xm 'OvwW|t xDiQo Q_v QO |oOvR=Q@ O=Oa= u=wvax@ 1 OOa

"CU= C}atH
'VywSB u}= QO "OwW|t pQDvm xt=vQ@ hkwD \}=QW 'xrLQt u}= QO %syv |xrLQt
QO "OwW|t hkwDt s)=30 Q=QmD QO xt=vQ@ |=QH= w CU= Q=QmD O=OaD 'hkwD \QW
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d = 25mm; l = 5 5m; i = 150; SV = 1 50m;

SH = 1 50m; Cost = 3 9657� 108 Rials

|}xv} Ry Vy=m '|R=Uxv}y@ Ov}=Qi |] xm OwW|t xH}Dv QwmPt KQ] wO |xU}=kt R=
"CU= xOW O=H}= �19 68 =@ Q@=Q@

p@=kt QO hOy `@=D C=Q}}eD Q=Owtv '|}=yv KQ] uOw@xv}y@ R= u=v}t]= |=Q@ p=L
Q}}eD =yQDt=Q=B R= |m} Q=@ Qy Qw_vt u}O@ "OwW|t sUQ |L=Q] |=yQDt=Q=B R= l} Qy
u}= "OvDUy C@=F OwN |xv}y@ Q=Okt QO =yQDt=Q=B Q}=U xm |r=L QO 'OwW|t xO=O

"OQm xOy=Wt 12 pmW QO u=wD|t =Q =yQ=Owtv
Qy |xv}y@ Q=Okt <=R= x@ 'OwW|t xOy=Wt 12 pmW |=yQ=Owtv QO xm xvwou=ty
|xOvyOu=Wv u}= xm 'OQ=O =Q OwN Q=Okt u} QDtm hOy `@=D '|L=Q] |=yQ}eDt R= l}
V}=Ri= xv} Ry =} 'xv}y@ |x]kv Q}}eD =@ "CU= xt=vQ@ \UwD xv}y@ KQ] K}LY ?=NDv=
hOy `@=D Q=Okt 'CQwY wO Qy QO w OwW|tv u}t-=D |Q=O}=B \}=QW =} w O@=}|t
=yv; QO hOy `@=D Q=Okt xm |]=kv '=yQ=Owtv u}= R= l} Qy QO "Ci=} Oy=wN V}=Ri=
CU= |}=yKQ] |xOvyOu=Wv 'CU= \=kv Q}=U R= V}@ |}x_Lqt p@=k hqDN= =@

"CU= xOW p=ta= =yv; x@ xt} QH QDt=Q=B w OvDUy |Q=O}=B \}=QW Ok=i xm

l =N |@wmM}t |Dt}k |=yC}U=UL |UQQ@ "1"7
|=yCt}kT=U=Q@|}=QH=|=yxv} RyVywSBu}= QO 'CU= xOW O=} QDW}B xm xvwou=ty

"Q=QmD O=OaD p@=kt QO pUv Qy QO hOy `@=D u} QDy@ C=Q}}eD V}=tv "11 pmW

%OwW|t |iQat

d = 22mm; l = 5 5m; i = 200; SV = 1 50m;

SH = 1 75m; Cost = 3 3136� 108 Rials

w xDiQo Q=Qk |UQQ@ OQwt R}v [9]`HQt QO |L=Q] p=Ft l} u=wvax@ xr�Ut u}ty
%CU= xOW x�=Q= CQwY u}= x@ KQ] C=YNWt

"|L=Q] |=yQDt=Q=B x@ C@Uv hOy `@=D C=Q}}eD V}=tv "12 pmW

133

Archive of SID

www.SID.ir

http://www.sid.ir


"""|
Q}ox

Qy@
=@M

}t=
@xO

WQ=
O}=B

|=y
p}=L

|R=
Uxv

}y@5 ?}W |x} w=R w QDt 100 pw] 'QDt 20 `=iDQ= =@ |Q=w}O 'xar=]t u}= |=Q@
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R}v w =yCt}k Q}}eD =@ |}=QH= s=HL= C=Q}}eD OvwQ '15 |r= 13 |=ypmW
xv} Ry x@ Q=O?} Q[ |=yCt}k T=U=Q@ |@ wmM}t |xv} Ry C@Uv C=Q}}eD |ovwoJ
"OvyO|t u=Wv =Q �x]w@ Qt |xv}y@ |=yKQ] |=Q@� 1392 p=U |=yCt}k |=v@t Q@
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w (b) Oqwi Ct}k '(a) =yM}t |xr=J |Q=iL |xv} Ry pt=W l =N |@ wmM}t
'0 5 ?} Q[ 7 p=ta= =@ "CU= xOW xDiQo Q_v QO (c) C} QmD=W |=QH= |xv} Ry
OQwt =yCt}k Q}}eD x@ C@Uv xv}y@ |L=Q] C}U=UL '=yv; x@ 6 w 5 '4 '3 '2 '1
Q}eDt u=wvax@ =yQDt=Q=B u}= R= |m} Q=@ Qy xm CQwY u}O@ &CU= xDiQo Q=Qk |UQQ@
<=R= x@ w �1 =@ Q@=Q@ |Dt}k ?} Q[ =@� Ov=xOw@ C@=F Qo}O QDt=Q=B wO w xOW ?=NDv=

"CU= xOW h} QaD |R=Uxv}y@ |xr�Ut l} 'C=Q}}eD u}= R= l} Qy

"=yM}t |xr=J |Q=iL |xv} Ry Q}}eD =@ |}=QH= s=HL= C=Q}}eD V}=tv "13 pmW

"Oqwi Ct}k Q}}eD =@ |}=QH= s=HL= C=Q}}eD V}=tv "14 pmW
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"C} QmD=W |xv} Ry Q}}eD =@ |}=QH= s=HL= C=Q}}eD V}=tv "15 pmW
"|Dt}k |=yC}U=UL p}rLD QO xv}y@ |=yKQ] C=YNWt "1 pwOH

xv}y@ KQ] =yxv} Ry |xQ=tW=yM}t ?}W =yM}t pw] =yM}t Q]k |Q=PoxrY=i |Q=PoxrY=i C} QmD=W Oqwi |Q=iL xr�Ut
(�) (m) (mm) (m) |ki= (m) s}=k =yxr=J
15 17 5 29 1 50 1 50 c b 0 5a 1
10 18 5 32 1 75 1 50 c b a 2
10 20 0 36 1 75 1 75 c b 2a 3
10 20 0 36 1 75 1 75 c b 3a 4
10 20 0 36 1 75 1 75 c b 4a 5
10 20 0 36 1 75 1 75 c b 5a 6
10 20 0 36 1 75 1 75 c b 6a 7
10 20 0 36 1 75 1 75 c 0 5b a 8
15 17 5 29 1 50 1 50 c 2b a 9
15 17 5 29 1 50 1 50 c 3b a 10
15 17 5 29 1 50 1 50 c 4b a 11
15 17 5 29 1 50 1 50 c 5b a 12
15 17 5 29 1 50 1 50 c 6b a 13
10 20 0 36 1 75 1 75 0 5c b a 14
10 18 5 32 1 75 1 50 2c b a 15
10 18 5 32 1 75 1 50 3c b a 16
15 17 5 29 1 50 1 50 4c b a 17
15 17 5 29 1 50 1 50 5c b a 18
15 17 5 29 1 50 1 50 6c b a 19
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