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�OWQ= |U=vWQ� |wHWv=O� |Q}tWm u=UL=
h} QW |DavY x=oWv=O 'u=Qta |UOvyt |xOmWv=O

|=Q@ xm CU= l}vmDw�S |UOvyt QO |}=QLY |=yV}=tR; u} QDsyt R= |m} |QDtw}UQB
|Q}oxR=Ov= 'QwmPt x=oDUO |rY= C} Rt "OQ=O OQ@ Q=m l =N |m}v=mt |=y|oS} w u}}aD

|=v@t Q@ l =N |=yQDt=Q=B u}}aD CyH xm CU= l =N VvQm-VvD |vLvt |xDUw}B
V}=tR; =OD@= 'Q[=L VywSB QO "CU= Q}UiD p@=k �xQiL \=U@v= |Qw�D� |Qw�D |=yp}rLD

'|HvUCLY CyH w xOW pOt FLAC Q=Ri=sQv QO pQDvm-VvQm CQwY x@ QDtw}UQB
QO �QDtw}UQB� xQiL Q]k QF= w xU}=kt |}=QLY |=yV}=tR; G}=Dv =@ |OOa |R=UpOt G}=Dv
w lJwm |=ypmW Q}}eD |=yR}r=v; Cw=iD "CU= xOW |UQQ@ QDtw}UQB VvQm-VvD Q=Owtv
|}xU}=kt w u=}@ xQiL \=U@v= |r}rLD |=yVwQ 'TBU w |UQQ@ xQiL \=U@v= QO nQR@
"OwW XNWt |@ wN x@ l} Qy |}=Q=m =D CU= xOW s=Hv= |OOa R}r=v; =@ =yu; G}=Dv u}@

|x} w=R u}}aD Qw_vt x@ QDtw}UQB G}=Dv Q}UiD |@ QHD w |r}rLD |=yVwQ 'u}vJty
"CU= xOW O=yvW}B |}xv}y@ VwQ w |@=} RQ= |rN=O l =m]Y=

mmahmadi@sharif.edu
eks keshmiri@mehr.sharif.ir

\=U@v= Q}UiD |=yVwQ |@=} RQ= 'QDtw}UQB |OOa |R=UpOt %|O}rm u=oS=w
"|rN=O l =m]Y= |x} w=R u}tND 'xQiL

xtOkt "1
=Q |}xU=t l =N `=UD= w |rN=O l =m]Y= |=yx} w=R 'QDtw}UQB V}=tR; R= xO=iDU=
|xOv@UJ |=yl =N |=Q@ xDU@ pLx=Q l} '1986 p=U QO TBU [5]"OQm u}}aD
|vLvt Q}UiDCyH p=U u=ty QO R}v |Qo}O |x]@=Q [6]"CU= xOW x�=Q= |m =m]Y=
xOW x�=Q= |}xU=t l =N |rN=O l =m]Y= |x} w=R u}}aD w QDtw}UQB |Q=OQ@ Q=@

[7]"CU=
|vLvt Q@ xwqa xm CU= xOW x�=Q= |OOa R}r=v; '2001 p=U QO u}vJty
'VvQmV}=Ri= =@ Oa@ x@ u; R= xm |Q=Wi� xQiL \=U@v= |Qw�D |OL Q=Wi 'VvQm-VvD
u=} QH uwv=k ZQi =@ sy 2002 p=U QO [8]"CU= xOW u}}aD �Ov=t|t C@=F VvD
=@ |m =m]Y= |xOv@UJ \}Lt QO xQiL \=U@v= |=Q@ |rLx=Q '\@DQtQ}e |Q}tN
sQv |=ynvU w CNU |=yl =N |=Q@ QDW}@ xm CU= xOW x�=Q= |a=UD= C}Y=N
QDtw}UQB |OL Q=Wi u}}aD |=Q@ 2007 p=U QO R}v |]@=wQ [9]"CU= xO=iDU= p@=k
|=yl =N QO �OW=@ u; |x}rw= sHL =@ Q@=Q@ xQiL sHL Q}}eD xm |Dkw =@ Q_=vDt Q=Wi�
|=HQ@ VvD uwJty |}=yQDt=Q=B QF= 'OwOLt p[=iD |OOa R}r=v; =@ w x�=Q= |}xU=t
uwmU Cr=L QO l =N |@v=H Q=Wi ?} Q[ w l =m]Y= |x} w=R '|WQ@ pwOt 's�=k
|=yVwQ |Q}oQ=mx@ =@ u}vJty [10]"CU= xOW |UQQ@ QDtw}UQB |OL Q=Wi |wQ Q@
Q=Wi u}}aD |=Q@ |Qo}O \@=wQ 'p=U u=ty QO s}rUD |Qw�D |m}D=tv}m w |m}D=DU=
QO [11]"CU= xOW O=yvW}B |m =m]Y= |xOv@UJ w xOv@UJ |=yl =N QO |OL
Q=}at xmv; ZQi =@ w uoty w u=Uty \}Lt QO xQiL \=U@v= R}r=v; R}v 2011 p=U

[12]"CU= xOW xO=O VQDUo 'OW=@ |]NQ}e ẁv R= |oDN}Uo

x=oDUO ,=twta "CU= xOW `=O@= 1954 p=U QO |QDtw}UQB V}=tR; 'Q=@ u}DUNv
<=We l} pt=W OvwU "CU= pQDvm OL=w w OvwU VN@ wO R= pmWDt QDtw}UQB
'Ov} wo|t 1|v}J Twv=i ,=Lq]Y= =yv; x@ xm |Rri Q=wv |QUl} =@ xm 'CU=h]avt
=D 'OW=@ QDW}@ u; Q]k Q@=Q@ 6 R= O}=@ OvwU h]avt VN@ pw] "OwW|t C_=iL
\=U@v= |Qw�D =@ =Q QDtw}UQB G}=Dv w Q_vhQY \=U@v= u}L QO s�=k VvQm R= u=wD@
p=}U Q=Wi xm CU= |D=R}yHD R= pmWDt 'pQDvm OL=w "OQm Q}UiD |}xv=wDU= |xQiL

[1]"OvQ}o|t xR=Ov= =Q xQ=OH VvD w VvQm w Ovvm|t p=ta= OvwU x@ =Q
w |]N u=UWm \}Lt QO xQiL \=U@v= |xr�Ut |=Q@ xDU@ pL x=Q u}rw=
xO=iDU= =@ xm [2]'CU= xOW x�=Q= 1852 p=U QO lJwm |=ypmW Q}}eD ZQi =@
|x}rw= ?}W Q}UiD R= xO=iDU= =@ =Q u=UWm |WQ@ pwOt u=wD|t \ki u; R=
|QDtw}UQB V}=tR; "OQw; CUOx@ |Q=OQ@ Q=@-|Q=PoQ=@ pm}U =} w VvQm-VvD Q=Owtv
\}Lt QO |}xv=wDU= |xQiL l} \=U@v= CQwYx@ p;xO}= Cr=L QO u=wD|t =Q
|x} w=R u}}aD CyH |WwQ '1961 p=U QO T=U= u}= Q@ "OQm pOt |Q}tNu=UWm
CU= xOW x�=Q= QDtw}UQB \UwD K]Ut VvQm Cr=L QO l =N |rN=O l =m]Y=
1972 p=U QO [3]"CU= xOw@ C@=F sHL QO VQ@ uO=O MQ u; |U=U= ZQi xm
[4]"OwW xDiQo Q_v QO p}rLD QO l =N sHL Q}}eD QF= =D CU= xOW x�=Q= |WwQ R}v
=@ u=wD|t u; \UwD xm CU= xOW O=yvW}B |Qo}O VwQ 1977 p=U QO u}vJty

pw�Ut xOvU} wv �
"1394 10 26 VQ}PB '1394 10 13 x}LqY= '1393 11 28 Ci=} QO %M} Q=D
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"xQiL \=U@v= "1 pmW

"u=UWm \}Lt QO xQiL h=Q]= |ki= VvD `} RwD "2 pmW

u=Q=mty w 3xowy |Q}tNu=UWm |x]@=Q p}rLD "4"1
xQiL \=U@v= u}L QO u; j@] xm Ov=xOQm x�=Q= |WwQ '�1977� u=Q=mty w xowy
|x]@=Q �`=UD=� sHL Q}}eD u}= xm OyO|t MQ sHL Q}}eD �|WQ@ |wQ}v p=ta=�
`=UD= swyit R= VwQ u}= [5]"OQ=O|}xU=t l =N|rN=O l =m]Y= |x} w=R =@|m}ORv
[5]5OwQDU= xm xO=U VQ@ V}=tR; QO xU=t Q=DiQ C=Oy=Wt w �1962� 4-=wQ VvD
\=U@v= p}rLD QO =Q `=UD= |x} w=R QF= =D 'OQ}o|t xQy@ 'CU= xO=O s=Hv= �1971�
|]N ?}W `=UD= |x} w=R 'OwQDU*= |=yV}=tR; j@] [14w13]"OQ}o@ Q_v QO xQiL
=@ Q_=vDt |x]kv x@ =Q |WQ@ VvQm ?UL Q@ |tHL VvQm Q=Owtv -=O@t xm CU=
'3 pmW j@] T=U= u}= Q@ "Ovm pYw ��5 |xQ=OH VvQm � �10 |WQ@ VvQm
=@ �1977� u=Q=mty w xowy "CU= `=UD= |x} w=R Cv=Sv=D Qou=}@ AB \N ?}W
|xQ=OH VvQm w VvD u}@ =Q 5 |x]@=Q '`=UD= |x} w=R |=Q@ Qw@ Rt h} QaD R= xO=iDU=

[5]%Ov=xOQm x�=Q= xQiL
" = "R( p

�R
)
n+1
1�N (5)

n = (1�sin 	)=(1+sin 	) 'N = (1�sin�)=(1+sin�) 'u; QO xm
�R = 'xQiL |xQ=OH QO VvQm w VvD " w P '�CU= `=UD= |x} w=R 	 xm �
"CU= �l =N |WQ@ pwOt G� "R = (�h0 sin�)=(2G) w �h0(1 + sin�)

VvQm ZQi T=U=Q@ '�1977� u=Q=mty w xowy R}r=v; xm OQm xHwD O}=@ xDmv u}= x@
u=wD|t '5 |x]@=Q u}iQ] R= sD} Q=or uDiQo =@ xm Ov=xOQm u=}@ =yu; "CU= lJwm

[5]%�6 |x]@=Q� OQm u}}aD =Q xU=t `=UD= w |rN=O l =m]Y= |=yx} w=R
log(p) = S (log ("c)) +A (6)

xQiL \=U@v= u=UWm p}rLD "1"1
uwv=k R= |wQ}B w AwQDwR}= w |]N u=UWm l =N l} QO xQiL \=U@v= ZQi =@
CQwYx@ xOvwW \U@vt |xQiL h=Q]= QO u=tr= l} |=Q@ pO=aD |xrO=at 'lwy

[2]%CU= 1 |x]@=Q
d�r
dr

+ �r � ��
r

= 0 (1)

[2]"OvDUy |]}Lt VvD w |a=aW VvD ?}DQDx@ �� w �r 'u; QO xm
=Q 2 |x]@=Q 'xr�Ut |RQt \}=QW uOQm ^=Lr w Q}N= p}Uv=Qi}O |xrO=at pL R=

[2]%CW=O s}y=wN
p� �h0 = (2G"c aa0)=r2 (2)

'xQiL |xQ=OH |a=aW VvQm "c w =HQ@ |ki= VvD �h0 '|WQ@ pwOt G 'u; QO xm
`=aW a w xQiL |x}rw= `=aW a0 'xQiL RmQt =D Q_vOQwt |x]kv |a=aW |xrY=i r
|x]@=Q QO x=ov; 'OW=@ Q_vOt xQiL xQ=OH QO VvD Qo = "CU= xQiL \=U@v= R= TB
[2]%O};|t QO 3 |x]@=Q CQwYx@ 2 |x]@=Q a � a0 ZQi =@ w OwW|t r = a '2
p� �h0 = 2G"c (3)

\}Lt QO xQiL \=U@v= |=Q@ xQ=OH VvQm-VvD Q=Owtv OwW|t xH}Dv u; R= xm
QO [2]"CU= |WQ@ pwOt Q@=Q@ 2 w C@=F ?}W =@ |]N CQwYx@ '|]N u=UWm

"CU= xOW xO=O u=Wv u; h=Q]= l =N u=tr= w xQiL \=U@v= C}a[w '1 pmW

u=UWm Cr=L QO xQiL h=Q]= VvD `} RwD "2"1
=@ u=UWm Kr=Yt QO xQiL h=Q]= QO VvD `} RwD xm Ci=} QO u=wD|t 2 |x]@=Q R=
u}ty Q@ "OQ=O s}kDUt |x]@=Q ( 1

r2 ) xQiL RmQt R= |a=aW |xrY=i QwPHt Tma
|Q}oxR=Ov= xQiL h=Q]= QOVvD `} RwD 'u=UWmCr=L QO |OOa R}r=v; s=Hv= =@ T=U=
|@ wN Ck@=]t xm OwW|t xOy=Wt w CU= xOW xU}=kt 2 |x]@=Q =@ 2 pmW QO w

"OQ=O OwHw G}=Dv u}@

2uwUQOv; w uwU@}o |Q}tNu=UWm p}rLD "3"1
Kr=Yt QO xQiL \=U@v= |=Q@ =Q pLx=Q u}rw= '�1961� uwUQOv; w uwU@}o
R= p@k xm CU= xOw@ u}= =yu; |x]@=Q ZQi [3]"Ov=xOQm x�=Q= |Q}tNu=UWm
sHL QO |oDN}Uo w Ovm|t Q=DiQ u=UWm CQwYx@ l =N 's}rUD Cr=L x@ uO}UQ

%�4 |x]@=Q� OyO|t MQ C@=F
p = ( 2�h0

1 +N
)
�
( E
2�h0(1 + �)

(1 +N
1�N )(�V

V
)
�(1�N)=2 (4)

&=HQ@ |ki= VvD �ho 'Kr=Yt nv=} pwOt E 'u; QO xm
'xv}W}@|rY=VvD x@ xv}tm|rY=VvDC@UvN = (1�sin�)=(1+sin�)

xQiL xQ=OH QO VvD p w x}rw= sHL V 'xQiL sHL Q}}eD �V 'uwU=wB ?} Q[ �

=Q Kr=Yt sHL '|oDN}Uo s=ovy x@ xm CU= u}= 4 |x]@=Q |rY= p=mW= "CU=
QO� sHL V}=Ri= '|oDN}Uo u}L QO =yxU=t QO xm |r=L QO 'OQ}o|t Q_v QO C@=F
'Qo}O CQ=@a x@ &OyO|t MQ �pW |xU=t QO� sHL Vy=m =} w �sm =QDt |xU=t

"OQ}o|tv Q_v QO =Q `=UD= |x} w=R QF= 4 |x]@=Q
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"|WQ@ VvQm ?UL Q@ |tHL VvQm Q=Owtv "3 pmW

"S ?UL Q@ l =m]Y= |x} w=R "4 pmW

"S ?UL Q@ `=UD= |x}w=R "5 pmW

l =m]Y= |=yx} w=R uwJty l =N |=yQDt=Q=B u}}aD xm CU= u}= 10 |x]@=Q |rY=
Q=wWO Q=}U@ QwmPt |x]@=Q R= xO=iDU= =@ VvQm-VvD |vLvt |wQ R= `=UD= w |rN=O

"CU=

u=Q=mty w 8|@Urwy |Q=OQ@ Q=@ Cr=L p}rLD "7"1
u=Q=mty w xowy =@ x@=Wt |D=}[Qi R= xO=iDU= =@ �1986� u=Q=mty w |@Urwy
VvQm-VvD Q=Owtv |Q=OQ@ Q=@ |x}L=v |wQ Q@ =Q lJwm VvQm R}r=v; '�1977�

Q=Owtv ?}W� S u}}aD |=Q@ =Q 7 |x]@=Q TBU "CU= C@=F OOa l} A 'u; QO xm
[5]%Ov=xOQm x�=Q= �|tD} Q=or T=}kt QO xQ=OH VvQm ?UL Q@ VvD

S = (1 + sin ) sin�
1 + sin�

(7)

|=yx} w=R u=wD|t '�1962� -=wQVvD `=UD= uwv=k R= xO=iDU= =@ xm Ov=xOQm QmP u}vJty
[5]%�9 w 8 \@=wQ� OQm u}}aD S |wQ R= =Q l =m]Y= w `=UD=

sin� = S
1 + (S � 1) sin�cv

(8)

sin = S + (S � 1) sin�cv (9)

C@=F sHL QO =} |v=QL@ Cr=L QO l =N |rN=O l =m]Y= |x} w=R �cv '=yu; QO xm
|xt=O= =} w C@=F sHL QO s}kDUt VQ@ V}=tR; s=Hv= =@ w x=oW}=tR; QO xm 'CU=
u}}aD |v=QL@ =} C@=F sHL Cr=L x@ uO}UQ =D |QwLtxU =} s}kDUt VQ@ V}=tR;
u=wD|t xm CU= u}= |rN=O l =m]Y= |x} w=R u}}aD QO VwQ u}= C} Rt "OwW|t
� Q=Okt '�cv |Q}oxR=Ov= =} w u}tND w QDtw}UQB VvQm-VvD |vLvt G}=Dv Q}UiD =@
'pW |}xU=t |=yl =N xS} w x@ |}xU=t |=yl =N QO xm OwW xHwD "OQm u}}aD =Q
�cv =t= "CU= |rtaQ}e =} Q=wWO '� Q=Okt u}}aD CyH xOQwNvCUO |Q}oxvwtv

"OQm u}}aD R}v xOQwNCUO |xvwtv |wQ R= u=wD|t =Q

6uwUDQ@wQ \UwD xowy VwQ KqY= "5"1
�1977� u=Q=mty w xowy VwQ R= xO=iDU= xm CU= xOQm QmP �1982� uwUDQ@ wQ
C}ak=w R= QDtm =Q |rN=O l =m]Y= |x} w=R Q}O=kt 'pW |}xU=t |=yl =N QO
CUOx@ QO �1977� u=Q=mty w xowy ZQi xm CU= u}= u; p}rO w Ovm|t |v}@V}B
p@=k 3 pmW QO AB \N ?}W R= `=UD= |x} w=R xm CU= xOw@ u}= \@=wQ uOQw;
CU= sm Q=}U@ ?}W u}= pW |}xU=t |=yl =N QO xm |r=L QO 'CU= G=QNDU=
�1982� uwUDQ@ wQ O=yvW}B "OyO|t CUO x@ C}ak=w R= QDtm =Q `=UD= |x} w=R w
Ctqa xmv; uwO@� CD \N ?}W 'QwmPt pmWt `iQ |=Q@ xm CU= xOw@ u}=
|w T=U= u}ty Q@ "OwW ?=NDv= `=UD= |x} w=R G=QNDU= CyH �Ovm Q}}eD x} w=R
?}W Q}O=kt |wQ R= `=UD= w l =m]Y= |=yx} w=R u}}aD |=Q@ =Q 5 w 4 |=ypmW

[15]"CU= xOQm x�=Q= S

u=Q=mty w 7QDQ=m |Q}tNu=UWm p}rLD "6"1
|=yl =N QO xQiL \=U@v= |=Q@ |rt=m |xDU@ pLx=Q '�1986� u=Q=mty w QDQ=m
|=Q@ xm 'Ov=xOQm x�=Q= |m =m]Y= \ki |=yl =N |=Q@ R}v w |m =m]Y= |xOv@UJ
R}r=v; |rY= C} Rt [6]"CU= xO=iDU= p@=k nQR@ VvQm w lJwm VvQm Cr=L wO Qy
|=yVvQm xm CU= u}= �1977� u=Q=mty w xowy R}r=v; Q@ �1986� u=Q=mty w QDQ=m
p@=k u; Q}F-=D xm CU= xDiQo Q_v QO xQiL h=Q]= |Q}tN |x}L=v QO R}v =Q u=UWm

%�10 |x]@=Q� s} Q=O lJwm VvQm R}r=v; |=Q@ "CU}v |WwBsWJ
" = "R

�
A( p
�R

)
 +B p
�R

+ C
�

(10)

l =m]Y= |=yx} w=R R= |a@=D xm OvDUy |D@=F ?}=Q[ C w B 'A u; QO xm
'Ov=xOW |iQat ,q@k xm Qw]u=ty R}v �R w "R Q}O=kt w OvDUy xU=t `=UD= w
xm Qw]u=ty "OvDUy l =m]Y= |x} w=R w =HQ@ |ki= VvD '|WQ@ pwOt R= |a@=D
p=mW= "CU= C w B |xrtH wO '10 w 5 |=yx]@=Q Cw=iD 'OwW|t xOy=Wt
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Ot"K]Ut VvQm w |QwLt uQ=kDt pOt |xU}=kt CyH xO=iDU= OQwt |=yQDt=Q=B "1 pwOH

D(m) �h0(kPa) �v0(kPa) � �cv � 	 G(MPa)

5 5 50 100 0 3 330 350 2=50 15

"�1 pOt� |QwLt uQ=kDt pOt "6 pmW

"�2 pOt� K]Ut VvQm pOt "7 pmW
[17]%CU= xOW xO=iDU= `=UD=

�0 � �0cv = 0 8	 (12)

2=50 Q@=Q@ `=UD= |x} w=R '350 l =m]Y= |x} w=R =@ |}xU=t l =N u}= |=Q@ u}=Q@=v@
QO |QDt 5 5 jta QO QDtw}UQB V}=tR; xm CU= xOW ZQi "CU= xOt; CUOx@
xOW s=Hv= ?amtQDt Q@ uDw}vwr}m 18 XwYNt uRw =@ lWN |}xU=t l =N l}
|@v=H Q=Wi ?} Q[ xmv; ZQi =@ w p=mU=B wr}m 100 Q@=Q@ s�=k VvD u}=Q@=v@ &OW=@
QO "Ow@ Oy=wN p=mU=B wr}m 50 '=HQ@ |ki= VvD 'OW=@ 0 5 Q@=Q@ uwmU Cr=L QO
Qw]u=ty "OwW|t xOy=Wt 2 w 1 |=ypOt R= pY=L G}=Dv u}@ |xU}=kt '8 pmW
xD@r= 'OQ=O OwHw pOt wO R= pY=L G}=Dv u}@ |@ wN Ck@=]t 'OwW|t x_Lqt xm
11Q}=t w Oww "CU= xOW xOy=Wt R}v Qo}O C=YNWt =@ |=yl =N |=Q@ Ck@=]t u}=
s�=k |=yVvQm R= u=wD@ xQiL \=U@v= u}L QO xmu; \QW xm Ov=xOQm u=}@ �1987�
uwJ [18]"OW=@ QDW}@ 6 R= QDtw}UQB Q]k x@ pw] C@Uv xm CU= u}= 'OQm Q_vhQY
C@Uv |QwLt uQ=kDt pOt 'CU}v jO=Y \}=QW |xty QO QiY s�=k VvQm ZQi
h=]av= w |}=Q=m 'OQ}o|t Q_v QO QiY =Q s�=k VvQm xQ=wty xm K]Ut VvQm pOt x@
QO s�=k C@=F VvD 's�=k |=DU=Q QO pOt uOQm O}kt |=H x@ u=wD|t� OQ=O |QDW}@

Q=Owtv |Q=OQ@ Q=@ |x}L=v xm CU= xOw@ u}= u=Wx}HwD w [7]'Ov=xO=O s=Hv= QDtw}UQB
u}ty Q@ "OQ=O |Q=iL R= |W=v |oOQwNCUO x@ |QDtm C}U=UL 'VvQm-VvD

[1]%CU= xOt; CUOx@ l =N l =m]Y= |x} w=R u}}aD |=Q@ 11 |x]@=Q T=U=

sin� = (sin�cv + 1 + sin�cv
Sd

)

�
r

(sin�cv + 1 + sin�cv
Sd

)2 � 1 (11)

|Q=OQ@ Q=@ |x}L=v QO ln("max�")?UL Q@�ln(p) Q=Owtv?}W sd 'u; QO xm
"CU= |Q=OQ@ Q=@ p=ta= R= p@k VvQm |xv}W}@ "max xm CU=

|OOa |R=UpOt "2
|=yZQi w =yC}OwOLt 'xOWQmP |=yR}r=v; R=l} Qy 'CU= xOW xQ=W= xm Qw]u=ty
|xOwOLt =D 'OwW s=Hv= =yR}r=v; u}= u}@|}xU}=kt =DCU= sRq u}=Q@=v@ "OvQ=O|Dw=iDt
|R=UpOt R= '=yVwQ R= s=Om Qy|@=} RQ=CyH "OwWXNWt|@ wN x@l} Qy OQ@ Q=m
\=U@v= |xr�Ut "CU= xOW xO=iDU= FLAC |Q=HD Q=Ri=sQv QO QDtw}UQB |OOa
w =HQ@ |=yV}=tR; G}=Dv Q}UiD xmv; p}rO x@ '|Q}tN \}Lt QO |}xv=wDU= |xQiL
xOw@ |Q=}U@ u=QoWywSB xHwD OQwt 'OQ=O |}xS} w C}ty= 'l =N |=yQDt=Q=B u}tND

"CU=
VvQm w �1 pOt� |QwLt uQ=kDt CQwY wO x@ xQiL \=U@v= 'Q[=LVywSB QO
?=NDv= |R=UpOt CyH ?trwm-Qywt |Q=DiQ pOt w xOW pOt �2 pOt� K]Ut
`=iDQ= '|R=UpOt |=Q@ "Ov=xOW pOt pQDvm-VvQm CQwYx@ =yV}=tR; "CU= xOW
|xR=Ov= x@ xm CU= xOW ?=NDv= QDt|r}t 80 w 500 ?}DQD x@ QDtw}UQB Q]k w
CyH xm CU= xOQm u=}@ �1992� 9Q=y=@ "CU= G} Q@tm Q=iLOwN QDtw}UQB O=a@=
|x}L=v `=aW C@Uv |UQ sQv |=yl =N QO CU= sRq 'C}=yv|@ \}=QW |R=UpOt
=yxU=t w CNU |=yTQ |=Q@ QwmPt C@Uv =t= 'OW=@ 30 QDtw}UQB `=aW x@ h=Q]=
QO |RQt \}=QW R}J=v Q}F-=D R= u=v}t]= CyH 'Q[=L VywSB QO [16]"OW=@ QDW}@ O}=@
100 'QDtw}UQB `=aW x@ h=Q]= |x}L=v `=aW C@Uv '2 w 1 pOt wO Qy QO 'G}=Dv
VvD 'QwO pY=wi QO w Ov=xOW O}kt s�=k |=DU=Q QO pOt wO Qy "CU= xOW ^=Lr
'6 pmW QO "CU= xOW p=ta= u; x@ |ki= |=DU=Q QO (�h0) l =N |=HQ@ |ki=
l =N |=yQDt=Q=B '1 pwOH QO "Ov=xOW xO=O u=Wv 2 pOt '7 pmW QO w 1 pOt
R}r=v; s=Hv= =@ "CU= xOW x�=Q= 2 w 1 |=ypOt |xU}=kt CyH sm =QDtxt}v |}xU=t
VvQm-VvD |vLvt QO |tm Q}F-=D uwU=wB ?} Q[ xm CU= xOW XNWt C}U=UL
|=Q@ pw=ODt |Q=Okt xm CU= xOW ZQi 0 3 uwU=wB ?} Q[ Q=Okt "OQ=O QDtw}UQB
|x} w=R xm CU= xOW ZQi `=UD= |x} w=R u}}aD CyH "CU= |}xU=t |=yl =N
TBU "OW=@ xHQO �33 |v=QL@ Cr=L QO� C@=F sHL QO l =N |rN=O l =m]Y=
|rN=O l =m]Y= |x} w=R w xOW x�=Q= �1986� 10uwDrw@ \UwD xm '12 |x]@=Q R=
|x} w=R u}}aD CyH 'OR=U|t \@DQt `=UD= |x} w=R =@ =Q K]Ut VvQm Cr=L QO
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"hrDNt |=yxQ=OH |=yVvQm <=R= x@ xQiL h=Q]= |Q}tN |x}L=v "9 pmW

"VvQm-VvD Q=Owtv QO xQiL Q]k Q}F-=D "10 pmW

nQR@ w lJwm |=ypmWQ}}eD ZQi =@ R}r=v; "5
|Q}}eD =yu=tr= |=yxQo C=YDNt 'lJwm pmWQ}}eDCr=L QO |OOa |R=UpOt QO
QO "OwW|tv xOy=Wt |UOvy |]NQ}e Q=DiQ QF= Cr=L u}= QO '`k=w QO "Ovm|tv
|xQ=OH |=yVvQm CLD l =N ,qwtat |}=QLY \}=QW QO QDtw}UQB \=U@v= Ov}=Qi
u}=Q@=v@ "OQ}o|t Q=Qk �OYQO 20 =D 10 u}@ |WQ@ VvQm � OYQO 10 =D 5 u}@
"OQ=O Ck@=]t C}ak=w =@ OL xJ =D lJwm pmW Q}}eD ZQi xm OwW |UQQ@ O}=@
|}xU=t l =N wO |=Q@ nQR@ w lJwm |=ypmW Q}}eD R}r=v; G}=Dv '11 pmW QO
"CU= xOW x�=Q= 2 pwOH C=YNWt =@ |Qo}O w 1 pwOH C=YNWt =@ |m}
Q}}eD R}r=v; wO hqDN= '�10 VvQm QO l =N wO Qy |=Q@ xm OwW|t xOy=Wt
'�50 x@ xQ=OH VvQm V}=Ri= =@ =t= &CU= �5 ,=@} QkD 'nQR@ w lJwm |=ypmW
Ov=xOQm u=}@ �1986� u=Q=mty w 12QDQ=m "CU= xO}UQ �20 OwOL x@ hqDN= u}=
lJwm |=ypmW Q}}eD R}r=v; |=]N '�10 R= QDtm |=yVvQm |xOwOLt QO xm
hqDN= 'OwW|t xOy=Wt R}v |OOa R}r=v; R= xm Qw]u=ty [6]"CU= Q_vhQY p@=k
QO QDtw}UQB V}=tR; VvQm |xOwOLt QO nQR@ w lJwm |=ypmW Q}}eD R}r=v;
lJwm pmW Q}}eD Q@ |vD@t |r}rLD |=yVwQ u}=Q@=v@ "CU= R}J=v |}=QLY \}=QW
CQwQ[ nQR@ pmW Q}}eD R}r=v; s=Hv= w Ovvm Q}UiD =Q QDtw}UQB V}=tR; Ovv=wD|t

"OQ=Ov

"2w 1 |=ypOt G}=Dv |xU}=kt "8 pmW

<=R= x@ |QwLt uQ=kDt pOt QO xmv}= w p}rO u}ty x@ "�OQm p=ta= =Q Q_vOQwt jta
CaQU ,=DH}Dv w OwW|t Q_vhQY p@=k G}=Dv QO |Ov@Vt Q}F-=D 'QDtm u=tr= O=OaD
"CU= QD?U=vt =yR}r=v; s=Hv= CyH pOt u}= xm OUQ|t Q_v x@ 'CU= QDW}@ R}r=v;
s=Hv= |QwLt uQ=kDt pOt |=v@t Q@ Q[=L |xar=]t QO |OOa |=yR}r=v; u}=Q@=v@

"CU= xOW

xQiL h=Q]= QO |Q}tN \=kv |Q}opmW "3
'xQiL \=U@v= u}L l =N QO |Q}tN \=kv |Q}opmW QDy@ lQO CyH '9 pmW QO
|m =N |=Q@ OYQO 50 w 35 '20 '5 |=yVvQm <=R= x@ xQiL h=Q]= |Q}tN |x}L=v
'�35 VvQm =D 'QwmPt pmW j@=]t "CU= xOW xO=O V}=tv 1 pwOH C=YNWt =@
|x}L=v pw] '�50 VvQm QO u}vJty "CU= QDt 1 R= QDtm |Q}tN |x}L=v pw]
=D Q=iLOwN QDtw}UQB xm CW=O xHwD O}=@ xD@r= "CU= QDt 1 2 OwOL QO |Q}tN
xm OyO|t u=Wv |Q}tN |x}L=v `} RwD "OwW|t \U@vt �15 |xv}W}@ |=yVvQm
"CU= xOt=}v QO |Q}tN Cr=L x@ �=HQ@ |ki= VvD p=ta= pLt� CU=Q CtU RQt
\}=QW Q}F-=D '100 Q@=Q@ QDtw}UQB `=aW x@ h=Q]= |x}L=v `=aWC@Uv ?=NDv= u}=Q@=v@

"Ov=UQ|t xv}tm u=R}t x@ =Q G}=Dv QO |RQt

G}=Dv QO xQiL Q]k Q}F-=D "4
|xU}=kt CyH "OvQ=O |YNWt Q]k l} Qy xm OQ=O |irDNt `=wv= QDtw}UQB
Q=Owtv QO xQiL Q]k Q}F-=D sOa R= xm CU= sRq |}=QLY G}=Dv =@ |OOa pOt G}=Dv
R= pY=L G}=Dv u}@ |xU}=kt '10 pmW QO "OQm pY=L u=v}t]= VvQm-VvD
C=YNWt =@ |m =N |=Q@ QDt|r}t 2000 Q]k w QDt|r}t 80 Q]k x@ xQiL \=U@v=
=yQ=Owtv 'u=Um} |=yVvQm <=R= x@ 'QwmPt pmW j@=]t "CU= xOW x�=Q= 1 pwOH
|=yVvD |tm u=R}t x@ 'QDtm Q]k =@ pOt xm OvJ Qy 'OvDUy j@]vt sy Q@ ,=@} QkD
O=H}= |=Q@ sRq |=y|}=Hx@=H xm 'CW=O xHwD xDmv u}= x@ O}=@ xD@r= "OQ=O |QDW}@
|r}rLD \@=wQ =@ ẁ[wt u}= "OvDUy Cw=iDt ,qt=m 'pOt wO QO u=Um} |=yVvQm
Q=PoQ}F-=D xQ=OH VvD QO xQiL Q]k 'QwmPt \@=wQ QO =Q} R 'CU= Q=oR=U 10 w 5 '4

"CU}v
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Ot"nQR@ w lJwm |=ypmWQ}}eD |=ypOt |xU}=kt CyH xO=iDU= OQwt |=yQDt=Q=B "2 pwOH

D(m) �h0(kPa) �v0(kPa) � �cv � 	 G(MPa)

5 5 50 100 0 3 330 300 3 750 10

"�2000� O}*vW*= pOt =@ |OOa pOt |xU}=kt "12 pmW

"�1986� QDQ=m VwQ w |OOa R}r=v; |xU}=kt "13 pmW

�1977� u=Q=mty w xowy VwQ =@ xU}=kt "2"7
'Ov=xOW R}r=v; 2 w 1 |=ypwOH QO GQOvt C=YNWt =@ |}xU=t l =N xvwtv wO
14 pmW QO �1977� u=Q=mty w xowy R}r=v; w |OOa R}r=v; |xU}=kt G}=Dv xm
hqDN= 'QDtm l =m]Y= |x} w=R =@ l =N |=Q@ 'QwmPt pmW j@=]t "CU= xOW x�=Q=
l =m]Y= |x} w=R =@ xvwtv |=Q@ xm |r=L QO 'CU= �4 ,=@} QkD |Qw�D w |OOa R}r=v;
Qy xm CiQo xH}Dv u=wD|t u}=Q@=v@ "CU= xOw@ �13 OwOL QO hqDN= u}= 'QDW}@
|QDW}@ hqDN= �1977� u=Q=mty w xowy G}=Dv 'OW=@ QDsm =QDt |}xU=t l =N xJ
QDsm =QDt |=yl =N QO �1977� u=Q=mty w xowy R}r=v; `k=w QO w OQ=O |OOa G}=Dv =@

"Ovm|tv pOt |@ wN x@ =Q VvQm w VvD u}@ |x]@=Q

�1961� 15uwUQOv; w uwU@}o VwQ =@ xU}=kt "3"7
^=Lr =Q VQ@ p=ta= u}L `=UD= QF= |OOa R}r=v; VwQ 'CU= xOW QmP xm Qw]u=ty
33 l =m]Y= |x} w=R =@ |}xU=t l =N ẁv wO 'QwmPt VwQ |@=} RQ= |=Q@ "Ovm|tv
QO '?amtQDt Q@ uDw}vwr}m 18 XwYNt uRw 'p=mU=B=ot 15 |WQ@ pwOt 'xHQO

"nQR@ w lJwm |=ypmW Q}}eD |=yR}r=v; |xU}=kt "11 pmW

"|vLvt VR=Q@ CyH O}
*
vW

*
= pOt |=yQDt=Q=B "3 pwOH

�h0(kPa) G(kPa) �0 �0cv
103 40000 330 310

|}=QLY G}=Dv =@ |HvUCLY "6
|=yxO=O Q@ |vLvt VR=Q@ |=Q@ xm CU= xOQm O=yvW}B =Q |rOt �2000� 13O}*vW*=
xO=iDU=nvmnvy QO `k=w 14qwUv}vB uwr)m |xk]vt QO xOWs=Hv= Q=iLOwN QDtw}UQB
"CU= xOW x�=Q= 3 pwOH QO QwmPt pOt QO xOWxO=iDU= |=yQDt=Q=B [19]"CU= xOW
w xOW xO=iDU= |OOa pOt QO =yQDt=Q=B u}ty 'xOWQmP pOt |HvUCLY CyH
j=@]v= '12 pmW j@=]t "CU= xOW xU}=kt 12 pmW QO �2000� O}*vW*= =@ u; G}=Dv
u}= |}=OD@= |=yVN@ QO hqDN= OwHw p}rO xD@r= 'OQ=O OwHw G}=Dv u}@ |@ wN
Q=Owtv w CU= QDtw}UQB |}=QLY |=yxO=O |=v@t Q@ �2000� O}*vW*= pOt xm CU=
|oOQwNCUO p}rO x@ sm |=yVvQm QO |}=QLY |=yxO=O R= pY=L QDtw}UQB

"CU}v u=v}t]= p@=k u=OvJ l =N

|r}rLD |=yVwQ w |OOa R}r=v; |xU}=kt "7
�1986� u=Q=mty w QDQ=m VwQ =@ xU}=kt "1"7

l =N xvwtv wO |=Q@ �1986� u=Q=mty w QDQ=m VwQ w |OOa R}r=v; u}@ xU}=kt
xOW xO=O u=Wv 13 pmW QO 2 w 1 |=ypwOH QO GQOvt C=YNWt =@ |}xU=t
�1986� u=Q=mty w QDQ=m p}rLD =@ |OOa G}=Dv 'OwW|t xOy=Wt xm Qw]u=ty "CU=
x@ u=wD|t =Q u; |rY= p}rO xm OvQ=O |@ wN Ck@=]t 'hrDNt |=yVvQm <=R= x@
|Q}tN |x}L=v QO R}v =Q u=UWm |=yVvQm 'QwmPt pOt xm O=O C@Uv ẁ[wt u}=
lJwm |=ypmW Q}}eD |=Q@ |Qw�D u}= xm CW=O xHwD O}=@ xD@r= "OQ}o|t Q_v QO

"CU= Q@Dat
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�h
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u=Qt

a|
UOv

yt ?UL Q@ �ln(p) Q=Owtv ?}W xm CU= xOQm u=}@ �1996� w} x@=Wt Qw] x@
Q@ [21]"CU= l =N |=yQDt=Q=B =@ \@DQt '(Sd) |Q=OQ@ Q=@ u}L QO ln("max� ")
|rN=O l =m]Y= |x} w=R u}}aD |=Q@ =Q 14 |@ QHD |x]@=Q �1996� w} 'T=U= u}=

[21]%CU= xO=O x�=Q=
� = 18 4S d + 6 6 (14)

|x} w=R u}}aD QO hrDNt |=yVwQ |@=} RQ= "9
|}xU=t l =N |rN=O l =m]Y=

|rN=O l =m]Y= |x} w=R u}}aD QO Qw@ Rt |r}rLD w |@ QHD |=yVwQ |@=} RQ= CyH
s=Hv= xU=t R= xOQwNvCUO |Q}oxvwtv 'QDtw}UQB V}=tR; s=Hv= s=ovy x@ =DCU= sRq
pY=L G}=Dv =@ w u}}aD |rN=O l =m]Y= |x} w=R '|QwLtxU V}=tR; CLD w OwW
x@ ,qwtat =Q} R &CU}v QwOkt |oO=U x@ VwQ u}= =t= 'OwW xU}=kt QDtw}UQB Q}UiD R=
xmu; ut[ "OwW|tv |Q}oxvwtv l =N R= Q=iLOwN QDtw}UQB V}=tR; s=Hv= s=ovy
"CU= Q=wWO �pW |xU=t ,=YwYN� xU=t R= xOQwNvCUO |xvwtv uOQw; CUOx@
|@=} RQ= |xwLv "CU= xOW xO=iDU= |OOa R}r=v; R= =yVwQ |@=} RQ= Qw_vt x@ u}=Q@=v@
l =m]Y= |x} w=R XNWt |x}rw= Q=Okt l} =@ |OOa R}r=v; xm CU= CQwY u}= x@
xO=iDU= =@ TBU "O}; CUO x@ QDtw}UQB VvQm- VvD Q=Owtv =D 'OwW|t s=Hv= |rN=O
l =m]Y= |x} w=R 'xOt;CUO x@ VvQm-VvD Q=Owtv |wQ R= 'hrDNt |=yVwQ R=
"OwW|t xU}=kt |OOa R}r=v; QO xOWxO=iDU= |x}rw= Q=Okt =@ w OwW|t u}}aD |rN=O
QO "Ov=xOW |OOa R}r=v; 4 pwOH C=YNWt =@ l =N ẁv 6 'Qw_vt u}= |=Q@
|=Q@ =yVwQ R= l} Qy R= xOt;CUO x@ Q}O=kt w x}rw= Q}O=kt |xU}=kt '5 pwOH

"|}xU=t l =N ẁv 6 C=YNWt "4 pwOH

D(m)
�v0 �h0

�
G

	 �cv �
(kPa) (kPa) (MPa)

5 5 100 50 0 3 10 �3 75 33 30
5 5 100 50 0 3 12 0 33 33
5 5 100 50 0 3 16 3 75 33 36
5 5 100 50 0 3 20 7 5 33 39
5 5 100 50 0 3 25 11 25 33 42
5 5 100 50 0 3 30 15 33 45

"l =m]Y= |x} w=R u}}aD hrDNt |=yVwQ |xU}=kt "5 pwOH
VwQ x}rw= Q=Okt�1996� w} �1994� w} |@Urwy uwUDQ@wQ |LqY= xowy

43 7 35 5 27 6 35 2 29 4 30
46 8 37 6 29 9 37 32 3 33
49 9 41 7 32 4 38 8 35 36
52 8 45 7 35 40 8 37 8 39
55 9 49 6 38 42 5 40 3 42
59 2 53 3 41 7 44 5 42 7 45

"�1977� xowy VwQ w |OOa R}r=v; |xU}=kt "14 pmW

"�1961� uwUQOv; w uwU@}o VwQ w |OOa R}r=v; |xU}=kt "15 pmW
ZQi p=mU=B wr}m 100 w 50 |=HQ@ |ki= w s�=k |=yVvD CLD w QDt 5 5 jta
Cr=L QO =yu; l =m]Y= |x} w=R xm CU= u}= \ki =yl =N u}= Cw=iD "CU= xOW
`=UD= |x} w=R Q}O=kt '12 |x]@=Q R= xO=iDU= =@ u}=Q@=v@ "CU= xHQO 35 w 31 |v=QL@
u}@ |xU}=kt '15 pmW QO "CU= xOt; CUOx@ 2=50 w �2=50 ?}DQDx@ =yu;
j@=]t "CU= xOW x�=Q= �1961� uwUQOv; w uwU@}o |r}rLD R}r=v; w |OOa G}=Dv
'�10 VvQm QO "CU= xOW QDW}@ G}=Dv hqDN= =yVvQm V}=Ri= =@ 'QwmPt pmW
|x} w=R =@ |xvwtv |=Q@ |OOa G}=Dv R= �16 '|Qw�D u}= R= pY=L |xQ=OH VvD
2=50 `=UD= |x} w=R =@ |xvwtv |=Q@ |OOa G}=Dv R= �7 u=R}t x@ �2=50 `=UD=
uwUQOv; w uwU@}o xm CU= ẁ[wt u}= R= |W=v G}=Dv hqDN= u}= "CU= QDW}@
Q=DiQ QF= `k=w QO w OyO|t MQ C@=F sHL QO |oDN}Uo xm Ov=xOQm ZQi �1961�

"Ov=xDiQov Q_v QO =Q VQ@ u}L xU=t |a=UD=

|wQ R= l =N |=yQDt=Q=B u}}aD |@ QHD |=yVwQ "8
QDtw}UQB V}=tR;

sD} Q=or ?UL Q@ VvD sD} Q=or Q=Owtv ?}W xm CU= xOQm u=}@ �1994� 16w}
[20]"CU= l =N |=yQDt=Q=B =@ \@DQt '(S) |Q=PoQ=@ u}L QO xQiL |xQ=OH VvQm
�1994� w} 'uw}U=Q@}r=m |x_iLt |y=oW}=tR; G}=Dv R= xO=iDU= =@ w =v@t u}= Q@
Q=Owtv ?}W |wQ R= |rN=O l =m]Y= |x} w=R u}}aD |=Q@ =Q 13 |@ QHD |x]@=Q

%CU= xOQm x�=Q= xQ=OH VvQm sD} Q=or ?UL Q@ VvD sD} Q=or
� = 0 6 + 107 8�S (13)
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|R=

Up
Otu=Q=mty w xowy VwQ =@ T=}k QO |QDy@ G}=Dv '40 R= V}@ l =m]Y= |x} w=R
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