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PSO sD} Qwor= R= xO=iDU= =@ |Rri |=yxtUD
�Q=}Wv=O� u=}F=}e u}UL

�OWQ= T=vWQ� � |v}Oq= xw�
u=Q}= CavY w sra x=oWv=O 'u=Qta |UOvyt |xOmWv=O

|O=YDk= |xiQY x@ uwQkt |m =N |=yxR=U xrtH R= KrUt |m =N |=y|v=wQ}W w =yQ=w}O
Crax@ "O@=}|t V}=Ri= =yv; |Q=O}=B ?} Q[ |WWm |=yu=tr= R= xO=iDU= =@ xm OvDUy

|=Q@ """w |Rri |=yxtUD '=yl}DDvUw�S Q}_v K}rUD |=yu=tr= R= 'VWm QO l =N ha[
QO "OwW|t xO=iDU= KrUt |m =N |=yxR=U QO l =N |@v=H Q=Wi |wQ}v R= |WN@ =@ xr@=kt
|atH C=QP |R=Uxv}y@ sD} Qwor= =@ KrUt l =N |=yQ=w}O Q=DiQ R=Ux}@W pOt j}kLD u}=
Q=w}O KQ] u} QDy@ �2|R=Uxv}y@ �|R=Ux}@W� |@}mQD Ov}=Qi l} QO =D xOW j}irD 1�PSO�
|OL pO=aD VwQ R= xO=iDU= =@ |R=Ux}@W pOt QO "OwW pY=L ?wr]t u=v}t]= ?}=Q[ =@
|=Q@ u=v}t]= ?}=Q[ 3�FHWA� =m} Qt; |=yx=QoQR@ p=QOi |xQ=O= ptar= QwDUO Q@ |vD@t
PSO sD} Qwor= R= xO=iDU= =@ |R=Uxv}y@ pOt QO w xOt; CUO x@ |HQ=N w |rN=O |Q=O}=B

wHwCUH Q_v OQwt u=v}t]= ?}=Q[ |=[Q= |=Q@ s}tYD |=yQ}eDt ?}mQD u} QDxv}y@
QO |} wHxiQY OYQO 11 ?Hwt VwQ u}= R= xO=iDU= xm O=O u=Wv xar=]t u}= "OvwW|t

"CU= |yHwD p@=k ,=D@Uv Q=Okt xm OwW|t FHWA VwQ x@ C@Uv |}=QH= |=yxv} Ry
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aladini@civileng.iust.ac.ir "PSO sD} Qwor= 'KrUt l =N '|R=Uxv}y@ '|R=Ux}@W %|O}rm u=oS=w

xtOkt "1
|@Uv |xv} Ry Ovr@ KrUt |=y|v=wQ}W w =yQ=w}O QO "OvyO|t X=YDN= OwN x@ =Q
?U=vDt xv} Ry u}= w 'CU= QDsm |R} Qm =N C=}rta |xv} Ry w QDW}@ K}rUD Kr=Yt

[1]"CU= Q}eDt `@ Qt QDt QO QqO 260 =D 110 u}@ xR=U `=iDQ= =@
|rN=O w |HQ=N |Q=O}=B wO T=U=Q@ KrUt l =N |=yQ=w}O |Q=O}=B |UQQ@
Q_v QO xJQ=Bl} |}xOwD u=wvax@ KrUt l =N '|HQ=N |Q=O}=B QO "OwW|t s=Hv=
|vRw |=yQ=w}O R}r=v; *pwtat |=yVwQ R= sDU}U p}rLD |=Q@ TBU w 'OwW|t xDiQo
|UQQ@ OQwt |Q=O}=B=v Cr=L xU =DU=Q u}ty QO "s} wW|t OvtxQy@ p}rLD |=Q@
|vwoS=w "2 &|B l =N =@ T=tD K]U QO KrUt |xOwD VRer "1 %OvQ}o|t Q=Qk
|UQQ@ "KrUt |xOwD Q} R |B l =N |Q@ Q=@ C}iQ_ "3 &xHvB pwL KrUt |xOwD
R= |W=v 4 *|oO}WmuwQ}@ Cr=L wO |=Q@ =yu=tr= R= l} Qy R=QD QO R}v |rN=O |Q=O}=B
QO ,qwtat "OwW|t s=Hv= u=tr= |WWm 5|oDN}Uo w 'u=tr= |Q=OQ}o pw] uOw@x=Dwm
\=@DQ= u}= QO [1]"OwW|t xDiQo Q_v QO 3 =D 1 5 u}@ u=v}t]= ?}=Q[ =yp}rLD u}=
l =N Q=w}O |L=Q] |=Q@ �=m} Qt; |=yx=QoQR@ p=QOi |xQ=O=� FHWA |r}rLD VwQ
"CU= xOW xO=iDU= |R=Uxv}y@ R}r=v; QO u; G}=Dv R= w xDiQo Q=Qk xO=iDU= OQwt KrUt
QO xOQDUo C=k}kLD seQ|ra 'KrUt l =N |=yxR=U |xv}y@ |L=Q] EL@ QO
j}kLD x@ R=}v w xOW s=Hv= |OwOLt C=ar=]t '=yxR=U u}= |L=Q] w R}r=v; |xv}tR
|=v@tQ@ |L=Q] |=Q@ |WwQ u}kkLt QDV}B "CU= TwULt xv}tR u}= QO QDW}@
sD} Qwor= R= xO=iDU= =@ =OD@= =yv; [2]"Ov=xO=O x�=Q= KrUt |m =N |=yQ=w}O *|Q}PBO=tDa=
|}=U=vW =Q Q=w}O |rN=O |oDN}Uo p=tDL= Q@ QF-wt |=yQDt=Q=B wrQ=mCvwt R=Ux}@W

xm OvDUy |m =N u=@yov |=yxR=U xrtHR= KrUt *|m =N |=y|v=wQ}W w =yQ=w}O
u=@yov |=yxR=U x@C@Uv |QDW}@ |Q}PBh=]av= w|}=Q=m '|O=YDk= |xiQY Q@xwqa
'Q=wDU= |WWm |=yu=tr= R= xO=iDU= Q@ CU= |vD@t KrUt l =N |xO}= "OvQ=O |DvU
QO l =N Ctw=kt ha[ 'l =N ?U=vt C=yH QO =yu=tr= u}= uDiQo Q=Qk =@ xm
Q=mwR=U u}= "O@=}|t V}=Ri= l =N |WQ@ Ctw=kt xH}DvQO w xOW u=Q@H VWm
|wQ Q@ �xDUwB� |}=yv VWwB R= xO=iDU= "CU= KrUt uD@ QO =yQwD=tQ; Vkv x@=Wt
?}W =@ |}=yxR=U CN=U u=mt= '|a[wt |=y|Q=O}=B=v pQDvm Qw_vtx@ Q=w}O K]U
|=yxR=U u}= |=}=Rt xrtHR= "OR=U|t sy=Qi =Q �ji= x@ C@Uv xHQO 90 =D� OvD Q=}U@
Q@=Q@ QO ?U=vt OQmrta 'xO=U w `} QU CN=U 'uOw@|O=YDk= x@ u=wD|t |m =N
|=ysDU}U x@ C@Uv Qo}O |QDQ@ l} "OQm xQ=W= nQR@ |=yu=mt Q}}eD ptLD w xrRrR
=@ |k]=vt QO =yv; E=OL= C}r@=k '|vRw w KrUt uD@ p�=L |=yQ=w}O Q}_v '|DvU
|R=Uy@ x@ \w@ Qt |=yxv} Ry hPL '|OQ=wt u}vJ QO "CU= h}a[ |B l =N
"OwW|t xSwQB pm |xv} Ry �50 =D |} wHxiQY Ea=@ `tW R= xO=iDU= =} |B *l =N
l =N C=}YwYN 'xR=U O=a@= '|R} Qm =N sHL Q}_v |rt=wa R= |a@=D =yxv} Ry u}=
|xOvyOp}mWD |=RH= u}vJty w �s�=O =} Ckwt� u; OQ@ Q=m w |}=yv |xDUwB 'pLt
sHL 'OYQO 65 =D 45 K}rUD |=yu=tr= |xv} Ry 'pwtat Qw]x@ "OvDUy sDU}U
xSwQB |xv} Ry pm OYQO 10 =D 5 xDUwB ẁv w 'OYQO 45 =D 30 |R} Qm =N Cq}ta
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QO |[Qi VRer K]U w 'xOQ=w |=yVvD w =ywQ}v 'Q=w}O |[Qa `]kt "1 pmW
"FHWA VwQ

"R=Uxv}y@ � R=Ux}@W pOt QO xO=iDU= OQwt |=yQDt=Q=B "1 pwOH
O=tv QDt=Q=B
H Q=w}O `=iDQ=
'R xOW KrUt CtUk QO l =N |rN=O l =m]Y= |x} w=R

R xOW KrUt CtUk QO l =N XwYNt uRw
'B xOWv KrUt CtUk QO l =N |rN=O l =m]Y= |x} w=R

B xOWv KrUt CtUk QO l =N XwYNt uRw
'F |B l =N |rN=O l =m]Y= x} w=R

F |B l =N XwYNt uRw
FY |Rri |xtUD |}=yv Ctw=kt
FSSL VRer p@=kt QO u=v}t]= ?} Q[ u} QDsm
FSOT |vwoS=w p@=kt QO u=v}t]= ?} Q[ u} QDsm
FSBC |Q@ Q=@ C}iQ_ u=v}t]= ?} Q[ u} QDsm
FSY u=tr= |oDN}Uo p@=kt QO u=v}t]= ?} Q[ u} QDsm
FSPO u=tr= |oO}WmuwQ}@ p@=kt QO u=v}t]= ?} Q[ u} QDsm
c1 K}rUD |=yu=tr= |xv} Ry ?} Q[
c2 |R} Qm =N |xv} Ry ?} Q[

%R= CU= CQ=@a u=v}t]= ?}=Q[ u}= |x@U=Lt VwQ

FSSL = W � �
FT

(1)

FSBC = qult
�V

(2)

FSOT = 3�W � L
2� FT �H (3)

K]U QO l =N l =m]Y= ?} Q[ � w 'KrUt |xOwD uRw W 'CqO=at u}= QO
l =N |@v=H Q=Wi ?} Q[ |x@U=Lt |=Q@ "CU= |B w KrUt l =N |xOwD T=tD

u=v; C=k}kLD "OvO=O Q=Qk |UQQ@ OQwt |rN=O |Q=O}=B QO =Q =yv; Q}F-=D TBU w xOQm
|L=Q] |=yQ=Owtv |x�=Q= x@ QHvt ,=D}=yv w Ci=} xt=O= |HQ=N |Q=O}=B XwYNQO
O}kt Q}e |R=Uxv}tm VwQ R= '|Qo}O C=k}kLD QO [3]"OW |Q}PBO=tDa= |=v@tQ@
O=a@= [4]"OW xO=iDU= KrUt |m =N |=yQ=w}O |R=Uxv}y@ |=Q@ 6�SUMT� |r=wDt
u=vJ OvOw@ |L=Q] Q=OQ@ |=yxir-wt `k=w QO xm K}rUD |=yu=tr= Ctw=kt w x}rw=
|=yVwQ R= xO=iDU= "Ow@ xHwt w |rta|LQ] OHwt xrY=L Q=OQ@ xm OvOW ?=NDv=
|v=OvJ CtOk R= w xOw@ xR=D Q=}U@ l}vmDw�S |UOvyt QO |Ww=m =Qi |R=Uxv}y@
OQ=wt QO \ki |Ww=m =Qi |R=Uxv}y@ |=ysD} Qwor= |x}rm u=}t QO "CU}v Q=OQwNQ@
"CU= xOW xO=iDU= l}vmDw�S |UOvyt QO �GA� l}DvS sD} Qwor= R= |OwOat
EL@t QO |v=QL@ VRer K]U uDi=} |=Q@ xv}tR u}= QO xOWVQ=Ro C=k}kLD ?re=

[7�5]"CU= |m =N |=y|v=wQ}W |Q=O}=B
PSO sD} Qwor= =@ KrUt l =N |=yQ=w}O |Q=DiQ |R=Ux}@W pOt j}kLD u}= QO
l} QO =D xOW j}irD CU= 7|Ww=m =Qi =} |rt=mD ?U=vt |=ysD} Qwor= R= |m} xm
OQwt u=v}t]= ?}=Q[ =@ Q=w}O KQ] u} QDy@ �|R=Uxv}y@ � |R=Ux}@W� |@}mQD Ov}=Qi
R= xO=iDU= =@ |R=Ux}@W pOt QO xm CU= CQwYu}O@ ?}mQD Ov}=Qi "OwW pY=L Q_v
QO w xOt;CUO x@|HQ=N w|rN=O |Q=O}=B |=Q@ u=v}t]=?}=Q[ |OL pO=aD VwQ
|=Q@ s}tYD |=yQ}eDt ?}mQD u} QDy@ PSO sD} Qwor= R= xO=iDU= =@ |R=Uxv}y@ pOt
FHWA |L=Q] =@ G}=Dv C}=yv QO w OvwW|t wHwCUH u=v}t]= ?}=Q[ |=[Q=
|L=Q] |=Q@ R=Uxv}y@ w R=Ux}@W pOt wO ?}mQD R= xm j}kLD u}= "OwW|t xU}=kt
|xO}= w xOw@ u}rw= OwN ẁv QO 'Ovm|t xO=iDU= KrUt |m =N |=yQ=w}O |xv}y@

"Ovm|t x�=Q= KrUt l =N |=yxR=U |R=Uxv}y@ QO |O}OH

KrUt |m =N |=yQ=w}O R=Ux}@W pOt "2
u}= QO KrUt |m =N |=yQ=w}O |Q=O}=B p}rLD |=Q@ FHWA |OL pO=aD VwQ R=
u=wvax@ KrUt |xOwD pm |HQ=N |Q=O}=B p}rLD QO "CU= xOW xO=iDU= j}kLD
|UQQ@ |=Q@ |vRw |=yQ=w}O p}rLD pwtat VwQ R= w xOW ZQi xJQ=Bl} |}xOwD
ZQi |]NwO VRer K]U '|rN=O |Q=O}=B p}rLD QO "OwW|t xO=iDU= |Q=O}=B
R= l} Qy QO u=tr= |oO}WmuwQ}@ w |oDN}Uo Cr=L wO |Q=O}=B p}rLD |=Q@ w xOW
ZQi |}xv=O Q=w}O CWB R} Qm =N 'xr�Ut u}= QO "�1 pmW� OwW|t |UQQ@ =yR=QD
|=yu=tr= w l =N C=}YwYN "OwW|t s=Hv= |DL=Qx@ |WmyR xH}DvQO w xOW

"CU= xOW x�=Q= 1 pwOH QO p}rLD QO xOW xO=iDU= |=yO=tv x=Qtyx@ K}rUD

|HQ=N |Q=O}=B "1"2
%OwW|t xDiQo Q_v QO |oDN}Uo Q=mwR=U xU ,=twta |HQ=N |Q=O}=B p}rLD QO

&|B l =N =@ T=tD K]U QO KrUt |xOwD VRer �hr=
&xHvB pwL KrUt |xOwD |vwoS=w �?

"|B l =N |Q@ Q=@ C}iQ_ �G
|xOwD T=tD K]U QO sw=kt |WQ@ |wQ}v C@Uv R= VRer u=v}t]= ?} Q[
p@=kt QO u=v}t]= ?} Q[ "O};|t CUO x@ Vv=Q |ki= |wQ}v x@ |B w KrUt l =N
|Wv=Q |wQ}v R= |W=v *Qw=DWo x@ KrUt |xOwD uRw R= |W=v *Qw=DWo C@Uv R= |vwoS=w
C@Uv R= R}v |Q@ Q=@ C}iQ_ u=v}t]= ?} Q[ "O};|t CUO x@ Q=w}O |xHvB pwL
"O};|t CUO x@ KrUt l =N |xOwD uRw R= |W=v VvD x@ |B *l =N |Q@ Q=@ C}iQ_
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L %s} Q=O u}vJty "OvDUy u=tr= Ct=N[ w ZQa ?}DQDx@ t w b u; QO xm
�V = 
r � z (17)

�H = Kr � �V (18)

Kr = Ka � 1 2 QDt 6 jta =D (19)

Kr = Ka � (20 4� z
12 ) u}}=B x@ QDt 6 jta R= (20)

PSO |atH C=QP |R=Uxv}y@ sD} Qwor= "3
?}mQD QO |aU ,=U=U= xm OvDi=} xaUwD |}=ysD} Qwor= 'xDWPo |xyO xU |] QO
Q_v OQwt |xOwOLt QO =Q=m w QF-wt |wHwCUH w |Ww=m |=yVwQ |x}rw= pwY=
|}=ysD} Qwor= [9]"Ov=swUwt |Ww=m =Qi |=yVwQ x@ ,=DOta =yVwQ u}= xRwQt= "OvQ=O
�ACO� =yxJQwt |xat=H '�PSO� |atH C=QP |R=Uxv}y@ '�GA� l}DvS Ovv=t
=@ |Ww=m =Qi |=ysD} Qwor= ,=Q}N= [10]"OvDUy |Ww=m =Qi |=yVwQ R= |}xvwtv """w
OQwt Q=}U@ 'xO}J}B p�=Ut |=Q@ |R=Uxv}y@ VwQ l} u=wvax@ =yv; C}r@=k x@ xHwD
u}= |xrtHR= "Ov=xOQm =O}B OQ@ Q=m |UOvyt swra QO C}kiwt =@ w xDiQo Q=Qk xHwD
'x}rkv p}=Uw |@=} Q}Ut '|L=Q] '|Ov@u=tR '|R} Qxt=vQ@ p�=Ut x@ u=wD|t =yOQ@ Q=m

"OQm xQ=W= Qo}O |Q=}U@ w pkvwptL 'Cq}yUD |Q=Po =H w X}YND
|UOvyt swra QO |}xS} w x=o}=H xRwQt= xm R}v �PSO� |atH C=QP sD} Qwor=
Qw_vtx@ |R=Uxv}y@ VwQ l} u=wvax@ 1995 p=U QO Q=@u}rw= |=Q@ 'CU= xDi=}
|xawtHt |=[a= R= |m} VwQ u}= [11]"OW O=yvW}B |atH xDUO Q=DiQ |R=Ux}@W
[12]"CU= 9�GO� Q}o =Qi |R=Uxv}y@p�=UtpL|=Q@ 8|atH Vwy |=yVwQ `}Uw
|=y|Q=wWO 'Cq=L |NQ@ QO xm CU= u}= =yVwQ Q}=U x@ C@Uv VwQ u}= C} Rt
Q}N= |xyO QO [11]"OwW|tv ptLDt =Q |rt=mD C=@U=Lt |=yVwQ Q}=U |wQ *V}B
|=H xJ Qo = [13]"CU= xDi=} |UOvyt QO |}xOQDUo OQ@ Q=m |R=Uxv}y@ VwQ u}=
p�=Ut QO 'X=N Qw]x@ PSO VwQ w 's=a Qw]x@ |R=Uxv}y@ |=yVwQ OQ@ Q=m

"CU= |r=N ,qt=m l}vmDw�S |UOvyt
u=mt xQP Qy 'x_Lr Qy QO xm CU= Q=wDU= pY= u}= Q@ ,=U=U= PSO sD} Qwor=
w xDiQo Q=Qk u; QO uwvm =D xm |v=mt u} QDy@ x@ xHwD =@ wHwCUH |=[i QO =Q OwN
'Qo}O CQ=@ax@ "Ovm|t s}_vD 'OQ=O OwHw V=|o}=Uty pm QO xm |v=mt u} QDy@
uO=Ou=Wv |=Q@ u; R= xm CU= |atH xDUO Q=DiQ l} |R=Ux}@W VwQ PSO

|R=Ux}@W |=Q@ |OOaDt |=ypOt "OwW|t xO=iDU= u=}y=t w u=oOvQB xwQo CmQL
?=DW w x}=Uty u} QDl}ORv j=@]v= CaQU uwJ |t}y=it =yv; QO xm Ci=} xaUwD

[15w14]"Ov=xOW OQ=w CmQL
pt=W |D}atH R= '|rt=mD C=@U=Lt |=yVwQ Q}=U Ovv=t R}v VwQ u}=
wHwCUH |=[i QO h=WDm = |=Q@ |UQQ@ *CLD |xr�Ut |xwkr=@ |=ypLx=Q
=Hv}= QO xm 'O=Qi= R= |iO=YD |D}atH O=H}= =@ PSO pw=ODt Ov}=Qi "Ovm|t xO=iDU=
|=ysD} Qwor= |xty QO xm xJv; Ovv=t "OwW|t ẁQW 'xOWxO}t=v C=QP R= |ywQo
CU=XNWt=v |=yQDt=Q=B R= hrDNt |xawtHt xwQo QO xQP Qy 'OQ=O OwHw |rt=mD
pL x=Q |=[i R= x]kv l} xQP Qy `k=w QO "OwW u}}aD u; |xv}y@ Q}O=kt O}=@ xm
x@ xDU@ Ovv=wD|t =yQDt=Q=B u}= '|rt=mD |=ysD} Qwor= |xty Ovv=t "OyO|t x�=Q= =Q
"OvwW h} QaD 'xOW |Q=PoOm CQwYx@ =} |k}kL Q}O=kt CQwYx@ 'xr�Ut \}=QW
xm '?U=vt VwQx@ =ypL x=Q |=[i |wHwCUH Q@ CU= |vD@t sD} Qwor= u}=
Ov=xOW wQ@ wQ u; =@ xDWPo QO xm |D}akwt u} QDy@ |wUx@ =yxQP |ywQo CmQL \UwD

%OQm xO=iDU= u}mv=Q |x} Q_v R= u=wD|t '�Ka�
Ka (ext) = tan2(�4 �

'
2 ) (4)

x@U=Lt p@=k 5 |x]@=Q R= xO=iDU= =@ l =N |@v=H Q=Wi R= |W=v |wQ}v CQwYu}= QO
%CU=

FT = 1
2Ka
H2 (5)

xO=iDU= �hwyQ}=t |xrO=at� 6 |x]@=Q R= |B l =N |Q@ Q=@ C}iQ_ |x@U=Lt |=Q@
[8]%CU= xOW

qult = 0=5
f (L� 2e)N
 (6)

%Ov};|t CUO x@ 8 w 7 \@=wQ R= e w N
 QDt=Q=B 'u; QO xm
N
 = (Nq � 1) tan(1=4'f ) (7)

Nq = exp(� � tan'f )� tan2(45� + 'f
2 ) (8)

e = pa �H
3W (9)

10 |x]@=Q R= xO=iDU= =@ |B T=tD K]U QO 'KrUt l =N uRw R= |W=v VvD
%OwW|t x@U=Lt

�v = W
L� 2e (10)

j@] |B w KrUt l =N |xOwD T=tD K]U QO '��� l =N l =m]Y= ?} Q[
%O};|t CUO x@ 11 |x]@=Q

� = Min(tan'F ; tan'R) (11)

|rN=O |Q=O}=B "2"2
CQwYx@ FHWA VwQ T=U=Q@ KrUt l =N |=yQ=w}O |v=QL@ VRer K]U
w u=tr= |oDN}Uo p@=kt QO u=v}t]= ?} Q[ "CU= 1 pmW j@=]t w |]NwO
%OwW|t x@U=Lt u}vJ jta Qy QO u=tr= |oO}WmuwQ}@ p@=kt QO u=v}t]= ?} Q[
FSY = FY

pmax
(12)

FSPO = 2� F � � 
R � Le � z � b
Tmax

(13)

"O};|t CUO x@ 14 |x]@=Q R= w CU= u=tr= |Q=OQ}o pw]Le '13 |x]@=Q u}= QO
Le = L� La (14)

x@U=Lt u}vJ u=tr= Qy x@ OQ=w VvD w 'u=tr= Qy R=QD QO xv}W}@ |WWm |wQ}v
%OwW|t

Tmax = �H � SH � SV (15)

%O};|t CUO x@ 16 |x]@=Q R= u=tr= Qy QO xOWO=H}= |xv}W}@ VvD
Pmax = Tmax

b� t (16)
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"""=@
xOW

KrU
t|

m=N
|=y

Q=w}O
|L

=Q]
|R=

Uxv
}y@|]N ?re= w lJwm R=Ux}@W |=ypOt "CU= xOW xO=iDU= PSO R=Uxv}y@ pOt

l} QO w j}irD sy =@ ,qta w 'OQ=w |R=Uxv}y@ pOt Q=DN=U QO |DL=Qx@ u=wD|t =Q
Q=m T=}ktnQR@ ,=[a@ w |]NQ}e R=Ux}@W |=ypOt |=Q@ Q=m u}= "OQm xYqN pOt
pkDUt|rOt CQwYx@ R=Ux}@W pOt 'OQ=wt xvwou}= QO "CU= umttQ}e x=o wCNU
OQwt |xr�Ut "OvwW|t s=eO= �|DWoQ@ w CiQ Ov}=Qi l} QO� |R=Uxv}y@ pOt QO
|R=Ux}@W w |Ww=m =Qi |@}mQD |=yVwQ R= xO=iDU= xm CU= |}=y|oR} w |=Q=O Q_v
u=v}t]= ?}=Q[ Ov=wD@ O}=@ KQ] 'sDU}U |Q=DiQ `v=wt Q@ xwqa "Ovm|t x}HwD ,qt=m =Q
C}iQ_ 'VRer '|vwoS=w Q}_v � Cw=iDt ,qt=m |}=yQ=DiQ p@=kt QO =Q sDU}U OQmrta
hQ=aDt OL QO � =yu=tr= |oDN}Uo w |oO}WmuwQ}@ u}vJty w |B l =N |Q@ Q=@
?OLtQ}e ,qt=m =Q s}tYD |=[i |]NQ}e `v=wt u}= "Ovm u}t[D xOW h} QaD w
xr�Ut Q=DiQ `t=H h} QaD u=mt= w xOw@ |Dw=iDt |a[wt |=yxv}y@ |=Q=O xm xOQm
"Ovm|t |iDvt ,=@} QkD '|v=}O=Qo |=v@t =@ |[=} Q R=Uxv}y@ |=ypOt pN=O QO =Q
=Pr [4]"CU= xOW KQ]t xv}tR u}= QO xOWs=Hv= Q=m =yvD QO CqmWt u}= |xvwtv
QO sRq CLY w CkO ^iL =@ 'xOWO=yvW}B *|R=Ux}@W � |R=Uxv}y@ *|@}mQD *VwQ
xv}y@ x@ l}ORv |L=Q] |=yxv} Ro |x�=Q= x@ QO=k 'KrUt Q=w}O |Q=DiQ |R=Ux}@W
=Q |}=y?} QkD O}=@ |v=}O=Qo |=v@t =@ |=yR=Uxv}y@ R= xO=iDU= CQwYQO "Ow@ Oy=wN
x@ CU= umtt |Q=DiQ |R=Ux}@W CkO Vy=m "CiQ}PB sDU}U |R=Ux}@W Q=DiQ QO
|oO}J}B w 'xOWO=} OQ=wt |t=tD x@ xHwD =@ "Ot=Hv}@ G}=Dv QO xHwD p@=k |=]N RwQ@
xO=iDU= swO OQm} wQ R= VywSB u}= QO 'KrUt |m =N |=yQ=w}O |r}rLD pOt |@Uv
|=yQ}eDt w |O=yvW}B KQ] x@ \w@ Qt C=aq]=Ci=} QO =@ R=Ux}@W pOt "CU= xOW
|x@U=Lt x@ KrUt |m =N Q=w}O p}rLD ut[ 'R=Uxv}y@ pOt R= x]w@ Qt |L=Q]
|O=yvW}B KQ] uOw@xHwt=v =} xHwt "OR=OQB|t Q_v OQwt |xv=oGvB u=v}t]= ?}=Q[
|x}rm *u=v}t]= ?}=Q[ |x@U=Lt R= TB "OwW|t u}}aD u=v}t]= ?}=Q[ pQDvm =@
|xHQO 'xt} QH p=ta= =@ "OwW|t `=HQ= R=Uxv}y@ pOt x@ OQ=wt '|O=yvW}B |=yKQ]
w[a Qy C}akwt w CaQU w xOW xO=O Vy=m ?U=vDx@ xHwtQ}e |=yKQ] |oOvR=Q@
s=eO= |ovwoJ 2 pmW "Ovm|t =O}B xt=O= |R=Uxv}y@ Ov}=Qi w x@U=Lt C}atH R=
"OyO|t u=Wv =Q C=aq]= CWoQ@ w CiQ Ov}=Qi R}v w 'R=Ux}@W w R=Uxv}y@ pOt

QO s}tYD Q}eDt GvB KrUt l =N |=yQ=w}O |xv}y@ |L=Q] |=Q@ j}kLD u}= QO
|xrY=i '�t� u=tr=Ct=N[ '�b� u=tr= ZQa '�L� u=tr= pw] %CU= xOW xDiQoQ_v

"�SH � Qo}Om} R= =yu=tr= |ki= |xrY=i w �SV � Qo}Om} R= =yu=tr= |Owta

"R=Ux}@W�R=Uxv}y@ |O=yvW}B pOt |rm Q=DN=U "2 pmW

s=Hv=QU "OvUQ@ |QDy@ C}akwt l} x@ Ov}=Qi u}= QO xm O}t= u}= =@ 'OQ}o|t CQwY
|=ysD} Qwor= Q}=U w PSO u}@ Cw=iD "OvwW|t =Qosy xv}y@ |}x]kv QO C=QP |xty
wHwCUH |=[i QO xOWO=H}= C}atH 'u; j} Q] R= xm CU= |WwQ QO |rt=mD
xO=iDU= xwQo C}=Oy |=Q@ OwN XDNt VwQ R= PSO sD} Qwor= "Ovm|t CmQL

"Ovm|t
|k=@]v= CaQU l} |=Q=O C}atH R= w[a Qy 'PSO sD} Qwor= QO xJQo =
R= s=Om Qy 'Ovvm|t CmQL wHwCUH |=[i QO u; =@ j@=]t xm CU= �u=mt Q}}eD�
u; x@ wHwCUH |=[i QO xm =Q |D}akwt u} QDy@ w Ov=x_i=L |=Q=O u}vJty =yv;
%OQ}o|t CQwY CyH wO QO w[a Qy CmQL u}=Q@=v@ "OvQ=BU|t Q]=N x@ 'OvUQ|t
xm |D}akwt u} QDy@ |wU x@ "2 &Ov=xOQm C=kqt xm |D}akwt u} QDy@ |wU x@ "1

"CU= xOQm C=kqt =yv; |o}=Uty QO w[a u} QDy@
=Q C}atH R= xQP u}t=i TB 'OW=@ |Oa@ D xr�Ut |wHwCUH |=[i Qo =
u=mt Q}}eD "O=O V}=tv Vi Q=OQ@ =@ =Q u; CaQU w Xi C}akwt Q=OQ@ l} =@ u=wD|t
u} QDy@ xQP Qy "CU= Q}PBu=mt= |r@k CaQU w C}akwt Q=DN=U QO Q}}eD =@ xQP Qy
CUO x@ xwQo QO uwvm =D xm =Q |@=wH u} QDy@ w xO}UQ u; x@ uwvm =D xm =Q |Q=Okt

%Ovm|t Q}}eD u}vJ xQP Qy C}akwt w CaQU ?}DQDu}O@ "OU=vW|t 'xOt;
V k+1
i = wvki + c1r1(pbesti � xki ) + c2r2(gbest� xki ) (21)

Xk+1
i = Xk

i + V ki (22)

|=yQwDm =i c2 w c1 '|vRw QDt=Q=B w 's=k Q=QmD QO xOv}=tv Qy CaQU V ki u; QO xm
pbest Q@=Q@ pbesti 's=k Q=QmD QO iC}akwtXk

i '1 w 0 u}@ |iO=YD O=Oa= '|vRw
"CU= |vRw QDt=Q=B R}v w "CU= i xQP QO

?U=vt ?=NDv= w OwQ|t Q=m x@ PSO QO |}=Qoty u}t[D |=Q@ |vRw QDt=Q=B
[10]|W w CQ=yQ@= "OyO|t Vy=m =Q xv}y@ ?=wH uDi=} |=Q@ Q=QmD u=R}t u; |=Q@
u; pk=OL Q=Okt =D Vmax uwJ |}xv}W}@ Q=Okt R= |]N CQwYx@ =Q |vRw QDt=Q=B

%OvO=O Q}}eD Q} R CQwYx@ Vmin

w = wmax � wmax � wmin

itermax
� iter (23)

itermax w Q=QmD xQ=tW iter '|}=yv uRw wmin '|}=OD@= uRw wmax u; QO xm
"CU= Q=QmD xQ=tW u} QDnQR@

KrUt |m =N |=yQ=w}O xv}y@ |L=Q] pOt "4
R=Ux}@W pOt wO R= xm CU= |QwQ[ 'xv}y@ |L=Q] pOt |x}yD |=Q@ |rm Qw]x@
sDU}U Q=DiQ ,qta R=Ux}@W pOt "OwW xO=iDU= |Q=QmD Ov}=Qi l} QO R=Uxv}y@ w
u}= QO "Ovm|t p}rLD |L=Q] |=yQ}eDt R= |YNWt |xawtHt |=R=x@ =Q Q_v OQwt
|x}rm xJv=vJ "OwW|t pQDvm |L=Q] C=t=Rr= CLY sOa =} CLY |r}rLD Ov}=Qi
xrY=L KQ] 'OW=@ xOW C}=aQ � =yO}=@v w O}=@ w C=t=Rr= pt=W � x]w@ Qt Ow}k
|L=Q] C=t=Rr= xm |DQwY QO "OwW|t xDN=vW xHwt =} |rta KQ] l} u=wvax@
=@ "OwW|t |Ov@xk@] �|rtaQ}e� xHwtQ}e KQ] l} u=wvax@ ?=wH OvwWv =[Q=
w CU= O=} R Q=}U@ |L=Q] |=yQ}eDt umtt |=y?}mQD O=OaD xm pY= u}= VQ}PB
umttQ}e w |QwQ[Q}e =yKQ] |xty p}rLD 'OQ=O OwHw |rta KQ] C}=yv|@ ,qta
COWx@ =Q sRq |=yp}rLD O=OaD Ov=wD|t R=Uxv}y@ pOt l} =Pr "OUQ|t Q_v x@
R= |O=yvW}B |@}mQD pOt u}= QO "Ovm C}=Oy xv}y@ |=yKQ] CtU x@ w xO=O Vy=m
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w=mw
u=}F
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L

|L=Q] |xr�Ut "1"5
Q=w}O |xUOvy w l =N C=}YwYN "1"1"5

pLt QO xrRrR?} Q[ "CU= 9 4 kN/m2 u; Q@ xOQ=w Q=@ QU w 'QDt 7 8 Q=w}O `=iDQ=
|rN=O l =m]Y= |x} w=R "OwW|t Q_v hQY =} wB p}rLD R= xH}DvQO w xOw@ 0 05 g

KrUt l =N "CU= 300kN/m2 u; R=Ht |Q@ Q=@ C}iQ_ w xHQO 30 |B *l =N
w 18 8 kN/m3 XwYNt uRw w xHQO 34 |rN=O l =m]Y= |x} w=R |=Q=O
XwYNt uRw w xHQO 30 |rN=O l =m]Y= |x} w=R |=Q=O xR=UCWB KrUt l =N
uRw w 413700 kN/m2 |vy; |=yxtUD |}=yv VvD "CU= 18 8 kN/m3

p=U 75 xR=U O}it Qta w xOW xDiQo Q_v QO 7850 kN/m3 uy; XwYNt
%R= CU= CQ=@a Q=w}O |Q=O}=B |=Q@ u=v}t]= ?}=Q[ |xv}tm "CU=

1 5 = (FSSL) VRer p@=kt QO u=v}t]= ?} Q[
2 = (FSOT ) |vwoS=w p@=kt QO u=v}t]= ?} Q[

2 = (FSBC) |B l =N |Q@ Q=@ C}iQ_ p@=kt QO u=v}t]= ?} Q[
1 8 = (FSY ) u=tr= |oDN}Uo p@=kt QO u=v}t]= ?} Q[

1 5 = (FSPO) u=tr= VRer p@=kt QO u=v}t]= ?} Q[
R=Ux}@W VwQ w FHWA VwQ T=U=Q@ |L=Q] u}@ |}xU}=kt G}=Dv 2 pwOH
|L=Q] |=yQDt=Q=B Q}}eD =@ xm CU= C}ak=w u}= u}@t w O}=tv|t x�=Q= =Q R=Uxv}y@ �
l}Uqm |=yVwQ QO xOW x}YwD O=a@= |DQ=@ax@ "O=O Vy=m =Q xSwQB xv} Ry u=wD|t

"OvW=@|tv xv}y@ =DQwQ[ KrUt |m =N |=yQ=w}O |L=Q]
xO=iDU= =@ |L=Q] G}=Dv w xOW =QH= R}v hrDNt `=iDQ= =@ |=yQ=w}O |=Q@ pOt u}=
s=tD |=Q@ jwi C=}[Qi "Ov=xOW xYqN 3 pwOH QO |O=yvW}B |R=Uxv}y@ VwQ R=
QO ?=wH u} QDy@ |=Q@ pOt |}=Qosy Q=Owtv "CU= xOW xDiQo Q_v QO u=Um} =yQ=w}O

"CU= xOW xO=O u=Wv 3 pmW QO =yQ=w}O R= l} Qy |=Q@ Q=QmD 200
FHWA KQ] j@] |QDt 7 8 Q=w}O |=Q@ KQ] x@ xDU@=w |}=QH= |xv} Ry
xH}DvQO "CU= QqO 322 pO=at PSO-MSEW KQ] j@] w 'QqO 362 pO=at
CU= QmP x@ sRq "CU= �11 |R=Uxv}y@ VwQ R= xO=iDU= =@ xOW |} wHxiQY dr@t
K}rUD |=Q@ |iQYt uy; |xv} Ry pt=W xv}y@ KQ] uDi=} QO QF-wt |=yxv} Ry xm
|=tv |=ylwr@ 'xO=H K]U uOQmR=QD Q}_v =yxv} Ry Q}=U w xOw@ |R} Qm =N sHL w
u=vJ "Ow@ Oy=wN u=Um} KQ] wO Qy QO Q=w}O |=QH= w ?Yv 'C=W}=tR; 'Q=w}O
|oDN}Uo '|B |Q@ Q=@ C}iQ_ u=v}t]= ?}=Q[ 'OwW|t xOy=Wt 4 pwOH QO xm

"hOy `@=D |@=} RQ= ?ULQ@ =y?=wH |}=Qosy Q=Owtv "3 pmW

KrUt |m =N |=yQ=w}O |}=QH= |=yxv} Ry |R=Uxv}tm xr�Ut u}= QO hOy `@=D
|xv} Ry "2 &�$/Kg� K}rUD |=yu=tr= |xv} Ry "1 %R= Ov=CQ=@a =yxv} Ry u}= "CU=

"�$/Kg� |R} Qm =N C=}rta
&CU= hOy `@=D |xOvyOp}mWD xOWO=} pt=wa ẁtHt xm OwW|t Qw;O=}
%CU= K}rUD |=yu=tr= w |R} Qm =N C=}rta sHL R= |a@=D hOy`@=D 'Qo}O CQ=@ax@

Min Cost =(c1 � n� b� t� 1
SH
� 
street)

+ (c2 � 
R �H � L� 1000
g

)

|=yC}OwOLt pw=VN@ "OQm s}UkDVN@ wO x@ u=wD|t =Q xr�Utu}= |=yC}OwOLt
%Ov=xOW h} QaD u}vJ xm CU= s}tYD |=yQ}eDt u}}=B w q=@ |=yRQt x@ \w@ Qt

Lmin � L � Lmax (24)

SH;min � SH � SH;max (25)

SV;min � SV � SV;max (26)

bmin � b � bmax (27)

tmin � t � tmax (28)

=yv; C}=aQ sOa xm CU= |L=Q] C=t=Rr= x@ \w@ Qt xOW p=ta= |=yO}k 'swO VN@
p=ta= x@ QHvt Ow}k u}= R= |]ND "OW Oy=wN QHvt |vOW=v w xHwt=v KQ] l} x@

%Ov=xOW h} QaD 33 =D 29 \@=wQ j@=]t =yO}k u}= "OwW|t xt} QH
FSSL;min � FSSL (29)

FSOT;min � FSOT (30)

FSBC;min � FSBC (31)

FSY;min � FSY (32)

FSPO;min � FSPO (33)

|[=} Q C=Q=@a xawtHt l} jwi Ow}k R= l} Qy xm CU= |QwQ[ xDmv u}= x@ xHwD
|=yxv}tm =@ ?OLtQ}e s}tYD |=[i l} x@ ,=twta xm OwW|t pt=W =Q K} QYQ}e
Qy R= |]ND CQwYQO xm CU= |a@=D xt} QH `@=D "OvwW|t QHvt OOaDt |a[wt

"OW Oy=wN u; |oOvR=Q@ Vy=m ?@U w p=ta= hOy `@=D x@ O}k

G}=Dv |UQQ@ w |OQwt |xar=]t 'pOt |=QH= "5
|U} wvxt=vQ@ \}Lt QO |}xv=}=Q u=oRtQ wO KrUt |m =N Q=w}O |xv}y@ |L=Q] |=Q@
|L=Q] |=Q@ xv}y@ ?=wH O}rwD x@ QHvt Qo}Om} =@ j}irD R= TB xm xOW xDWwv uQDQi
u=oRtQ w KrUt |m =N |=yQ=w}O Q=DiQ R=Ux}@W pOt pw= u=oRtQ "OW Ovy=wN Q=w}O

"CU= PSO |R=Uxv}y@ sD} Qwor= swO
C@Uv �PSO-MSEW� R=Uxv}y@ � R=Ux}@W|k}irD VwQ |QDQ@ O}}-=D Qw_vtx@
|m =N |=yQ=w}O |=QH= |O=YDk= |} wHxiQY w xv}y@ |L=Q] QO =yVwQ Q}=U x@
G}=Dv w '|UQQ@ PSO-MSEW w FHWA VwQ wO =@ |L=Q] p=Ft l} 'KrUt

"CU= xOW xU}=kt Qo}Om} =@ =yv;
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"""=@
xOW

KrU
t|

m=N
|=y

Q=w}O
|L

=Q]
|R=

Uxv
}y@"QDt 7 8 `=iDQ= =@ Q=w}O |=Q@ FHWA VwQ w R=Uxv}y@�R=Ux}@W pOt G}=Dv "2 pwOH

QO KQ] x@ xDU@=w |}=QH= |xv} Ry s}tYD |=yQ}eDt |L=Q] VwQ�$� Q=w}O pw] QDt Qy t �m� b �m� SV �m� SH �m� L �m�
362 0 004 0 05 0 75 0 75 5 5 FHWA

322 0 004 0 033 1 30 0 20 4 59 PSO-MSEW

"hrDNt |=y`=iDQ= =@ Q=w}O |=Q@ R=Uxv}y@ � R=Ux}@W pOt G}=Dv "3 pwOH
QO KQ] x@ xDU@=w |}=QH= xv} Ry s}tYD |=yQ}eDt H

�$� Q=w}O pw] QDt Qy t �m� b �m� SV �m� SH �m� L �m� (m)

208 0 003 0 048 1 58 0 20 3 73 6 30
322 0 003 0 033 1 30 0 20 4 59 7 80
465 0 004 0 095 1 03 0 80 5 46 9 30
649 0 004 0 062 1 35 0 40 6 32 10 80

|Q}oxH}Dv "6
u} QDy@ u=wD|t u; R= xO=iDU= =@ xm OW x�=Q= |O}OH |k}irD VwQ j}kLD u}= QO
=@ xOWKrUt |m =N |=yQ=w}O |=Q@ =Q ?wr]t u=v}t]= ?}=Q[ =@ |O=YDk= KQ]
|=yQ=w}O |L=Q] QO xm |WwQ u} QDpw=ODt xRwQt= "OQw; CUO x@ |vy; |=yxtUD
�FHWA =}� =m} Qt; |=yx=QoQR@ p=QOi |xQ=O= VwQ OwW|t xO=iDU= KrUt |m =N
u}= QO "CU}v KQ] u} QD|O=YDk= VwQ u}= R= xOt; CUO x@ KQ] ,=twRr =t= CU=
|m =N |=yQ=w}O |xv}y@ |L=Q] |=Q@ |R=Ux}@W � |R=Uxv}y@ |@}mQD VwQ j}kLD
OwHwt |rrtr=u}@ |L=Q] |=yOQm} wQ u} QDpw=ODt R= |m} =@ u; OQmrta w x�=Q= KrUt
`@=D |@=} RQ= OwOLt O=OaD =@ w lOv= Q=}U@ u=tR QO xOWx�=Q= pOt "CU= xOW xU}=kt
|=y=QH= |x}rm G}=Dv ẁtHt QO "CU= xv}y@ x@ l}ORv ?=wH uDi=} x@ QO=k hOy
|=Q@ \}=QW u} QDy@ QO "Ow@ FHWA |L=Q] pw=ODt OQm} wQ R= QDy@ |O=yvW}B pOt
'Ci=} Vy=m OYQO 20 R= QDW}@ Q=w}O |}=QH= |=yxv} Ry 'QDt 10 8 `=iDQ= =@ Q=w}O
x@ x}HwD p@=k ,qt=m xm xDW=O |rwRv OvwQ =yxv} Ry *Vy=m Q=w}O `=iDQ= Vy=m =@ =t=
Cw=iDt |tm xrY=L KQ] w pOt G}=Dv hrDNt |=y=QH= QO xJQo = "OUQ|t Q_v
?wr]t KQ] ?=NDv= CYQi '?wN |O=yvW}B |=yKQ] `}Uw ,=D@Uv h}] 'CU=

"O=O Oy=wN Q=Qk u=Q}os}tYD Q=}DN= QO =Q

"PSO-MSEW KQ] x@ \w@ Qt u=v}t]= ?}=Q[ "4 pwOH
�m� Q=w}O `=iDQ= u=v}t]= ?}=Q[10 8 9 3 7 8 6 3

1 86 1 84 1 80 1 77 FSSL

2 73 2 69 2 64 2 57 FSOT

2 00 2 00 2 00 2 00 FSBC

1 80 1 82 1 80 1 80 FSY

1 50 1 50 1 50 1 50 FSPO

CUO x@ |xv}tm u=v}t]= ?}=Q[ Q@=Q@ ,=k}kO w CU= xOvvmpQDvm u=tr= VRer w
Qo}O u=v}t]= ?} Q[ wO 'Q_v OQwt p=Ft QO xm CU=vat u=O@ u}= "OvDUyxOt;
=@ =yQ=w}O |t=tD |=Q@ |O=yvW}B |@}mQD pOt "OvQ=Ov |L=Q] Q@ |}xOvvmu}}aD Vkv
"CU= xOW x�=Q= 3 pwOH QO =y?=wH u} QDy@ w '=QH= Q=@ 20 hrDNt |=y`=iDQ=
Cw=iDt |UOvy |=y|oS} w w =yxv} Ry =@ |}=yKQ] x@ GDvt hrDNt |=y=QH= xJQo
pOt G}=Dv R= QDy@ R}v xrY=L ?=wH u} QDO@ w lOv= Q=}U@ hOy `@=D Vvm =QB 'OW

"Ow@ FHWA

CWwv=B
1. particle swarm optimization
2. simulation-optimization
3. federal high way administration
4. pullout
5. breakage
6. sequential unconstrained minimization technique
7. metaheuristic
8. swarm intelligence methods
9. global optimization

`@=vt
1. Elias, V. and Christopher, B., Mechanically Stabilized

Earth Walls and Reinforced Soil Slopes Design and
Construction Guidelines, National Highway Institute,
US Department of Transportation FHWA, Washington,
D.C. (2001).
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