
�13
95

Q=y@
�'h

}QW
u=Qt

a|U
Ovyt

54
�43

"X
'1/

1|
xQ=t

W'
32

�2
|xQ

wO

O
ri

gi
na

lA
rt

ic
le\}=QW QO xOv@tQ |UQ |=yl =N |t}mLD Q=DiQ

`=@W= w `=@W=Q}e
�Q=}O=DU=� �x} Qk=@ =[Q}ra

Q}qt x=oWv=O '|Q=tat w u=Qta |UOvyt |xOmWv=O
�OWQ= T=vWQ� � |v=H|UQ=i |ra

u=Oty C=k}kLD w swra OL=w |tqU= O=R; x=oWv=O 'u=Qta |UOvyt xwQo

|Q=DiQ |=ypOt QO xOvvmu}}aD |Wkv xm CyH u; R= l =N |t}mLD Q=DiQ QO Vmt Q}F-=D
Q}F-=D |UQQ@ x@ VywSB u}= QO "CU= xOw@ xv}tR u}= u=QoWywSB xHwD OQwt xQ=wty 'OQ=O

w `=@W=Q}e \}=QW QO =yv; |t}mLD Q=DiQ QO xOv@tQ |UQ l =N |=yxvwtv |x}rw= Q=DN=U
|x}rw= \}=QW =@ sm =QD |vLvt x@ xHwD =@ l =N |=yxvwtv "CU= xOW xDN=OQB `=@W=

|UQQ@ |=Q@ "Ov=xOW xDN=U �C@ w]Q w lWN XwYNt uRw 'pNrND 'Vmt� Cw=iDt
|YNWt VvD u=R}t =D l} QDtw�O= \}=QW QO =yxvwtv 'xOv@tQ l =N sHL Q}}eD Q=DiQ

=@ "CU= xOW |Q}oxR=Ov= `=@W= QF= QO sHL C=Q}}eD 'VvD Q=Okt ^iL =@ "Ov=xOW |Q=PoQ=@
xt=O= xrLQt x@ xrLQt V}=Ri= w |Q=PoQ=@ 'xvwtv |W=B wQi R= TB w `=@W= |xHQO V}=Ri=

C=Q}}eD Cra x@ `=@W=Q}e l =N hrDNt |=yxvwtv Q=DiQ Cw=iD 'G}=Dv T=U=Q@ "CU= xDi=}
p=tQv s}mLD |vLvt QO `=@W= l =N x@ C@Uv |tHL |W=B wQi R= Oa@ 'x}rw= \}=QW

p@=k Q}F-=D 'l =N |=yxvwtv |x}rw= \}=QW xm CU= xO=O u=Wv G}=Dv "CU= xOW |UQQ@
|x}rw= \}=QW =@ l =N |=yxvwtv w OQ=Ov `=@W= Cr=L QO =yv; |t}mLD Q=DiQ QO |yHwD
p=tQv s}mLD \N "OvyO|t u=Wv OwN R= x@=Wt |t}mLD Q=DiQ '|W=B wQi R= Oa@ Cw=iDt

xH}Dv u}= "CU= xOt; CUO x@ OL=w |]N 'Cw=iDt |x}rw= \}=QW =@ =yxvwtv `=@W=
"OW Oy=wN uOW`=@W= QF= QO xOv@tQ |=yl =N pmWQ}}eD |v}@V}B QO p}yUD ?Hwt

bagheri@malayeru.ac.ir
afarsijani@ymail.com

p}Uv=DB '|tHL |W=B wQi '`=@W=Q}e l =N '|t}mLD Q=DiQ %|O}rm u=oS=w
"|Pe=m QDr}i '|oOv@tQ

xtOkt "1
|=yxv=O w ?; R=i wO R= l =N xm CU= Q=wDU= ZQi u}= |x}=B Q@ '`=@W= l =N
l =N '`=@W=Q}e l =N l}v=mt QO xm |r=L QO "CU= xOW p}mWD l =N Ot=H
|]@=wQ 'OQ=wt R= |Q=}U@ QO "CU= l =N Ot=H |=yxv=O w =wy '?; R=i 3 pt=W
Cr=L QO l =N Q=DiQ u=}@ CyH 'CU= xOW x�=Q= `=@W= l =N l}v=mt QO xm
l =N l}v=mt x@ `=@W= l =N l}v=mt pwY= s}taD "CU= Q=@Da= Ok=i `=@W=Q}e
=@ l =N |m}rwQO}y w |WQ@ Ctw=kt '|tHL Q}}eD Q=DiQ u=}@ sRrDUt `=@W=Q}e
Q}}eD |=yQ=DiQ R= |m} |tHL |W=B wQi [7]"CU= u; |oOW`=@W= u=R}t QO C=Q}}eD
=} xOv@tQ |=yl =N `k=w QO "CU= `=@W=Q}e =} `=@W=xt}v |=yl =N QO |tHL
?w]Qt ,=D@Uv w smLDUt ,=@} QkD 'R=@ |v=tDN=U =@ `=@W=Q}e |=yl =N '|WR} QwQi
|Q}oQ=Qk X=N \}=QW =yl =N xvwou}= QO "OvQ=O Q=Qk |i=m VvD CLD xm 'OvDUy
|Dkwt |=ywQ}v Crax@ xm OwW|t |Dkwt |=ywQ}v |Q}opmW ?@U sy Q=vm C=QP
QO [10�8]"Ovv=t|t |k=@ Q=O}=B CQwY x@ `=@W=Q}e \}=QW QO 'OwN C=QP u}@ QO
Cra x@ xOv@tQ |=yl =N C=QP u}@ QO xOWO=H}= |Dkwt |=ywQ}v 'OQ=wt QDW}@
x@ xHwD =@ \}=QW u}= QO "CU= l =N u; C=QP u}@ QO |ov}�wt Vmt |wQ}v Qw[L

xDW=O |i=m |y=o ; hrDNt |=yCr=L QO l =N Q=DiQ C=Q}}eD x@ C@Uv O}=@ u=L=Q]
Q=DiQ 'CU= xOW |R} Q|B |k=RQD pQ=m \UwD xm 'l}Uqm l =N l}v=mt QO "OvW=@
R= |Q=}U@ QO xm |r=L QO "OQ}o|t Q=Qk |UQQ@ OQwt `=@W= ,qt=m Cr=L QO l =N
|DL "CU= Q@ Q=@ |m =N |=yx}q K]U R= QDu}}=B |v}tRQ} R ?; K]U 'u=yH j]=vt
?; K]U uOt;q=@ OwHw =@ 'CU= O=} R xv=}r=U |oOvQ=@ u=R}t xm '|L=wv |NQ@ QO
xOQ=w |=yQ=@ ptLD QO |rY= syU xm 'l =N |L]U j=ta= R= |Q=}U@ '|v}tRQ} R
p}mWD `=@W=xt}v |=yl =N R= 'OvDUy xR=U wQ |=yVvD |xOwOLt QO w OvQ=O =Q
,qt=m Cr=L QO l =N Q=DiQ 'l}Uqm l =N l}v=mt QO 'u}= OwHw =@ =t= "Ov=xOW
|=yV}=tR; R= pY=L G}=Dv xm |r=L QO &OwW|t xDiQo Q_v QOlWN,qt=m =} `=@W=
l =N |=yxvwtv u}@ =Q |O=} R |Q=DiQ hqDN= 'xv}tR u}= QO hrDNt u=QoWywSB
l}v=mt QO sm =L \@=wQ [6�1]"CU= xO=O u=Wv `=@W= \}=QW QO =yxvwtv w `=@W=Q}e

pw�Ut xOvU} wv �
"1393 4 22 VQ}PB '1393 3 7 x}LqY= '1392 8 18 Ci=} QO %M} Q=D



"""\
}=QW

QOx
Ov@t

Q|
UQ

|=y
l=N

|t}
mLD

Q=DiQu=wvax@ xm x} wv=F Q}F-=D u}= [21w20'11]"Ovm|t |Q}owrH Qo}Om} |wQ Q@ =yxv=O VRer
xDv=t}U O=wt QO |}=}t}W Ovw}B Ovv=ty 'OwW|t xDN=vW |Wmt |oOvwWCNU
QO |tHL |W=B wQi |xO}OB '|Wmt |oOvwWCNU G}=Dv R= |m} [11]"CU= xOW
xm |DQwYQO [23w22]"CU= l =N QO C@ w]Q V}=Ri= ZLt x@ `=@W=Q}e |=yl =N
`=@W=Q}e |=yl =N QO |}x_Lqt p@=k |W=B wQi |xO}OB 'OW=@ =}yt ]QW 3 u}=

[24]%O=O Oy=wN MQ
|W=B wQi� |oOv@tQ p}Uv=DB '`=@W= |xHQO V}=Ri= <=R= QO Q_vOQwt l =N "1

"OW=@ xDW=O �|tHL
"Ovm =O}B xt=O= |v=QL@ OL =D Q_vOQwt l =N QO `=@W= |xHQO w C@ w]Q V}=Ri= "2
|oOvwWCNU w |Dkwt |=ywQ}v xm CU= |a=@W= |xHQO |v=QL@ OL R= Qw_vt
'|HQ=N |=ywQ}v p=ta= QF= QO xm O@=} Vy=m |QOk x@ Vmt QF= QO xOWO=H}=

"OR} Q wQi l =N Q=O}=B xt}v Q=DN=U
QO xm 'OW=@ O=} R |i=m |xR=Ov= x@ `=@W=Q}e l =N |xOwD Q@ |r=ta= VvD Q=Okt "3

"OyO MQ |tHL |W=B wQi |xO}OB 'l =N uOW`=@W= =@ u=tRsy w u; <=R=
|Dkwt |=ywQ}v 'xOv@tQ l =N |=yxvwtv QO `=@W= |xHQO V}=Ri= =@ u=tRsy
|=yxv=O w OwQ|t u}@ R= Ov=xOW l =N Ckwt |Q=O}=B ?@U xm l =N |=yxv=O u}@
xm 'OvQ}o|t Q=Qk l =N QO OwHwt |r=N |=[i QO w OvQwN|t Q )U sy |wQ l =N

[13w12]"OwW|t xDio |tHL |W=B wQi xO}OB u}= x@

`=@W=Q}e |=yl =N QO QF-wt VvD "3"2
QF-wt VvD "CU= l =N l}v=mt QO syt w x}rw= pwY= R= |m} 'QF-wt VvD pY=
pN=O p=}U |=yQ=Wi w l =N |xOwD |wQ Q@ xOWp=ta= |HQ=N |=yVvD `@=D
x@ =Q l =N |xv=oOvJ |Q}PBPwiv \}=QW =@ |R=iOvJ \}Lt 'QF-wt VvD "CU= l =N

[26w25'11]"Ovm|t p}O@D OL=w |m}v=mt \}=QW =@ |WvDlD w |R=ilD |]}Lt
|x]@=Q CQwYx@ |k=RQD pQ=m\UwD xOW`=@W= |=yl =N QO QF-wtVvD |x]@=Q

[27]%CU= xOW u=}@ 2
�0 = � � uw (2)

"CU= |}xQiL ?; Q=Wi uw w pm VvD � 'QF-wt VvD �0 'u; QO xm
s=Hv= `=@W= l =N |m}v=mt Q=DiQ |wQ Q@ |O=} R |=yVywSB uwvm =D u; R= Oa@
|Q=DiQ |=ypOt w |v=QL@ Cr=L Ovv=t |t}y=it |x�=Q= x@ QHvt xm 'CU= xOW

[30�28]"CU= xOW hrDNt
xOW u=}@ CQwY u}= x@ A=W}@ \UwD `=@W=Q}e |=yl =N |=Q@ QF-wt VvD

[16]%CU=
�0 = (� � ua) + � (ua � uw) (3)

|}xQiL ?; Q=Wi uw '|}xQiL |=wy Q=Wi ua 'pm VvD � 'QF-wt VvD �0 'u; QO xm
R= xO=iDU= =@ R=@N w |r}rN \UwD QF-wt VvD ?} Q[ "CU= QF-wt VvD ?} Q[ � w

[31]%CU= xOW O=yvW}B 4 |x]@=Q

� =

8><>:
�
ua�uw
ue

��0 55
(ua � uw) > ue

1 (ua � uw) � ue
(4)

`=@W= Cr=L R= l =N xm CU= |Dr=L =@ Q_=vDt w =wy |OwQw Vmt ue 'u; QO xm
"OwW|t GQ=N pt=m

Q=Okt R= QF-wt VvD Q=Okt 'l =N C=QP u}@ QO OwHwt |}xQiL ?; Q=Wi uOw@|ivt
|Qy=_ Ctw=kt l} O=H}= Ea=@ xm 'CU= QDW}@ l =N |wQ Q@ xOWp=ta= |rm VvD
w C@ w]Q V}=Ri= =@ u=tRsy "OwW|t l =N Q=DN=U Ckwt |Q=O}=B ,=D}=yv w QDnQR@
|wQ VRer Q=JO l =N C=QP w OwQ|t u}@ R= |Dkwt |=ywQ}v 'l =N uOW`=@W=
l} O=H}= ?@U 'l =N QO OwHwt |r=N |=[i x@ CmQL =@ w OvwW|t Qo}Om}

[13�11]"OvwW|t |v=yo =v CUWv
'Cw=iDt |=ypmW x@ VvD Cr=L Q}eDt wO |Q}oQ=mx@ 'xDWPo p=U 30 |] QO
=yv; u}@ R= [15w14]"CU= xDi=} G=wQ `=@W=Q}e |=yl =N |m}v=mt Q=DiQ u=}@ CyH

[16]"OQm xQ=W= Vmt w Xr=N VvD x@ u=wD|t
|m}v=mt Q=DiQ u}@ |]=@DQ= xm CU= xOw@ u}= Q@ u=QoWywSB R= |Q=}U@ VqD
|=yxvwtv |t}mLD Q=DiQ wQ u}= R= &Ovvm Q=QkQ@ `=@W=Q}e w `=@W= Cr=L QO l =N
|UQQ@ OQwt VywSB u}= QO |oOW`=@W= R= Oa@ w p@k QO |Q}tN TQ l =N l}
x}rw= s}mLD u=}=B \N C}akwt |UQQ@ 'VywSB RmQtD \=kv R= |m} "CU= xDiQo Q=Qk

"Ov=xOW `=@W= w |Q=PoQ=@ 'x}yD hrDNt \}=QW QO xm CU= |}=yxvwtv |=Q@

|U=U= s}y=it h} QaD "2
l =N Vmt "1"2

|O=} R OQ@ Q=m sU}]=vet w xD}U} QDmr= x@ \w@ Qt p�=Ut QO p}Uv=DB swyit R= xO=iDU=
l =N |=yxv=O u}@ |}xQiL |=yQ=Wi x@ \w@ Qt p�=Ut h} QaD QO u}vJty w OQ=O
p}Uv=DB w O=R; |SQv= Q}_v 'x@=Wt |t}y=it xm CU= |r=L QO u}= "OQ=O OQ@ Q=m
xwqa s}y=it u}= "OvQ=O p}Uv=DB swyit x@ C@Uv |QD`t=H OQ@ Q=m |m}t=v}OwtQD
p�=Ut QO Ovv=wD|t 'OvQ=O OQ@ Q=m l}t=v}OwtQD w l} R}i|t}W p�=Ut QO xmv}= Q@
pO=aD Cr=L QO l =N |=yxQiL u}@ QO OwHwt R=o w `}=t 'Ot=H |=yR=i x@ \w@ Qt
Cr=L x@ '`=@W=Q}e |=yl =N l}v=mt QO wQ u}= R= [17]"OvQ}o Q=Qk xO=iDU= OQwt
u=}@ pm Vmt G}=Q h} QaD [18w17]"OwW|t xDio Vmt 'l =N uwQO ?; O=R; |SQv=
Vmt Qo = "CU= |RtU= Vmt w |Di=@ Vmt `tHpY=L pm Vmt xm OQ=O|t
=@ Q@=Q@ pm Vmt '|Q}oxR=Ov= VwQ =} xr}Uw R= Q_vhQY &OW=@ xDW=Ov OwHw |RtU=
|Di=@ Vmt =@ xU}=kt QO ?re= |RtU= Vmt syU |rm Qw]x@ "CU= |Di=@ Vmt
%OwW|t h} QaD 1 |x]@=Q CQwYx@ l =N |Di=@ Vmt [19]"CU= |WwBsWJ p@=k
S = ua � uw (1)

|}xQiL ?; Q=Wi uw w |}xQiL |=wy Q=Wi ua 'l =N |Di=@ Vmt S 'u; QO xm
"CU=

|tHL |W=B wQi w |Wmt |oOvwWCNU "2"2
|=yl =N |m}v=mt Q=DiQ QO j} Q] wO R= (uw; ua) |}xQiL |=wy w ?; Q=Wi
=yl =N xvwou}= QO |Wmt |oOvwWCNU O=H}= ?@U w OvQ=Po|t Q}F-=D `=@W=Q}e
|}xQiL |=wy w ?; |=yQ=Wi R= pY=L |Di=@ Vmt x@ xHwD =@ xmv}= pw= "OvwW|t
V}=Ri= l =N CrmU= QO QF-wt VvD Q=Okt '`=@W=Q}e l =N C=QP u}@ QO OwHwt
Ckwt |Q=O}=B xH}Dv QO w QDnQR@ |Qy=_ Ctw=kt l} O=H}= Ea=@ xm 'CU= xDi=}
R= |W=v |xvwo|rqy |L]U |Q}opmW Crax@ xmv}= swO "OwW|t l =N Q=DN=U
|}xQP u}@ s�=k |=ywQ}v 'C=QP T=tD \=kv QO �|Di=@ Vmt� |ov}�wt Vmt |wQ}v
R= w C@=F =Q l =N C=QP T=tD K]U xm 'CU= xOW O=H}= l =N |=yxv=O u}@ QO

44



|v=H
|U

Q=i
|ra

wx}
Qk=@

=[Q
}ra

"xar=]t OQwt l =N |Ov@xv=O |vLvt "1 pmW

"xar=]t OQwt l =N sm =QD |vLvt "2 pmW
[19]"|D@w]Q pO=aD x@ uO}UQ u=tR COt "2 pwOH

pm Vmt sRq u=tR COt
(kPa)

0-100 "CU= RwQ 30 R= V}@ ,=a]k =t= 'xOWv XNWt |Y=N COt
100-250 RwQ 30
250-1000 RwQ 15

1000-30000 RwQ 7

|xvwtv QO |Pe=m |=yQDr}i xm CU= CQwY u}= x@ Q=m T=U= "CU= R=}v O=Qo|Dv=U
x@ uO}UQ |=Q@ sRq COt x@ 'CU= xOW QmP ,q@k xm |WwQ j@] V}=tR; OQwt l =N
Cr=L u}= QO "OvwW|t xO=O Q=Qk C@=F |=tO =@ |]}Lt QO 'l =N =@ |D@ w]Q pO=aD
Pe=m �|Di=@� l} QD=t Vmt pO=at ?w]Qt l =N |xvwtv �|Di=@� l} QD=t Vmt
|i=Y Pe=m �|Di=@� l} QD=t Vmt '|y=oW}=tR; |xt=vQ@ u}= QO "CU= |i=Y
xOW x�=Q= u}r@=y \UwD xm '6 |x]@=Q u}vJty w u}r@=y uw}U=Q@}r=m R= xO=iDU= =@

[36]%O};|t CUOx@ 'CU=

ln (10 m) = �2 397� 3 683 ln
�

f
100

�
(6)

C@ w]Q OYQO f w p=mU=B=ot ?UL Q@ |i=Y Pe=m |Di=@ Vmt  m 'u; QO xm
"CU= |Pe=m QDr}i |vRw

|Pe=m QDr}i VwQ QO |D@ w]Q pO=aD x@ uO}UQ CyH sRq |v=tR |xR=@ u} QDy@
[19]"CU= xOW x�=Q= 2 pwOH QO

|oOv@tQ p}Uv=DB "4"2
|=yl =N |oOv@tQ p}Uv=DB u=}@ |=Q@ |vwo =vwo |=yQ=}at 'hrDNt |=yp=U pw] QO
5 |x]@=Q =@ l =N |oOv@tQ p}Uv=DB 'VywSB u}= QO "CU= xOW x�=Q= |WR} QwQi

[32]%CU= xOW u=}@
cp = �e

1 + e1
(5)

l =N uOW`=@W= R= Oa@ pNrND C@Uv Vy=m �e '|oOv@tQ p}Uv=DB cp 'u; QO xm
"CU= �|oOW`=@W=� uOW ?w]Qt R= p@k l =N pNrND C@Uv e1 w

|y=oW}=tR; OvwQ w xt=vQ@ "3
V}=tR; OQwt l =N |xvwtv C=}YwYN "1"3

Q@ |}=U=vW |=yV}=tR; "CU= xOW xO=O Qw@a 200 lr= R= V}=tR; OQwt l =N
OLDt |Ov@xk@] sDU}U T=U=Q@ u}vJty "CU= xOW s=Hv= xar=]t OQwt l =N |wQ
"CU= xOW |Ov@xk@] �q=@ |Q}tN Cr=L =@ |UQ ,=DOta l =N� CH |xOQ QO
Ot=H XwYNt uRw w |tm =QD C=YNWt 'nQ@ QD= OwOL C=YNWt '1 pwOH
|vLvt ?}DQD x@ 2 w 1 |=ypmW u}vJty "OyO|t u=Wv =Q V}=tR; OQwt l =N

"OvyO|t u=Wv =Q l =N |vLvt sm =QD w |Ov@xv=O

l =N Vmt u}}aD |=Q@ |Pe=m QDr}i VwQ "2"3
|OQ@ Q=m |=yVywSB w |RQw=Wm x@ \w@ Qt Qwt= QO Q=@ u}rw= xm '|Pe=m QDr}i VwQ
|=yMU=B =@ w xv} Ry sm 'xO=U |WwQ 'CU= xOW xO=O xaUwD l =N CN=vW OQwt QO
|=yVwQ R= |Q=}U@ x@ C@Uv l =N Vmt u}}aD |=Q@ xm 'CU= j}kO w |k]vt

[33]"CU= |@U=vt u} Ro}=H |y=oW}=tR;
l =N Vmt u}}aD CyH s}kDUtQ}e |=yVwQ R= |m} |Pe=m QDr}i VwQ
QO "OwW|t s=Hv= s}kDUtQ}e w s}kDUt CQwY wO x@ |Pe=m QDr}i VwQ [18]"CU=
|xvwtv R= |Pe=m QDr}i uOQm =OH |=Q@ |m}DUqB |x}=BxU l} R= 's}kDUtQ}e VwQ
Q=N@ C=QP u=} QH 'l =N |xvwtv CtU R= Cr=L u}= QO "OwW|t xO=iDU= l =N
VwQ u}= "CU= Q=QkQ@ |D@ w]Q pO=aD x@ uO}UQ u=tR =D |Pe=m QDr}i CtU x@ ?;
|Pe=m QDr}i 3 R= s}kDUt T=tD VwQ QO "OQ=O OQ@ Q=m l =N |rm Vmt u}}aD |=Q@
QDr}i 2 w OwW|t |Q}oxR=Ov= Vmt u=R}t |v=}t QDr}i R= xO=iDU= =@ "OwW|t xO=iDU=
C=QP =D Ovvm|t C_i=Lt l =N |xOv@UJ w R} Q C=QP Q@=Q@ QO |v=}t QDr}i R= Qo}O
OQ@ Q=m l =N |Di=@ Vmt u}}aD |=Q@ VwQ u}= "OvwWv xO}@UJ |v=}t QDr}i x@ l =N

[35�33w18]"OQ=O
CkO =@ j}kO |wR=QD l} x@ '|Pe=m QDr}i VwQ =@ l =N Vmt u}}aD QO
|xHQO 105 |=tO =@ uw; w 42 |xQ=tW utD=w |i=Y Pe=m 'sQo 0 0001

"xar=]t OQwt l =N |tm =QD w nQ@ QD= OwOL C=YNWt "1 pwOH
20 xv}y@ C@ w]Q OYQO

1 58 (gr/cm3) xv}W}@ lWN XwYNt uRw
52 5 ��� |v=wQ OL
25 ��� |Q}tN OL

27 5 ��� |Q}tN |xv=Wv
2 67 l =N |=yxv=O |r=oJ

45



"""\
}=QW

QOx
Ov@t

Q|
UQ

|=y
l=N

|t}
mLD

Q=DiQ

|QwLtlD s}mLD V}=tR; C=}�RH "4"3
w `=@W= \}=QW QO |QwLtlD s}mLD V}=tR; xwQo wO '|y=oW}=tR; Q=m u}= QO
sHL Q}}eD u=R}t QO xOv@tQ l =N |xvwtv |x}rw= Q=DN=U Q}F-=D|}=U=vW |=Q@ `=@W=Q}e
|=yxvwtv� pw= xwQo |=yxvwtv "CU= xOW s=Hv= `=@W= R= TB u; |t}mLD Q=DiQ w
|r=ta= |=yVvD CLD TBU "Ov=xOW `=@W= ,qt=m VvD p=ta= R= p@k '�`=@W=
COt x@ =yxvwtv 'CU= xOW p=ta= =yxvwtv Q@ |WvD xm Q=@ Qy "Ov=xDiQo Q=Qk |irDNt
R= pY=L CUWv =D Ov=xDiQo Q=Qk Q_v OQwt VvD CLD �RwQ 3 |y=o � sRq u=tR
R= u=v}t]= OQwt QO "OwW p}tmD x}rw= s}mLD w OwW s=Hv= =yxvwtv QO |r=ta= VvD
CU= xOw@ CQwY u}O@ Q=m VwQ 'xOQ=w Q=@ Qy <=R= x@ x}rw= s}mLD |=Q@ u=tR uOw@|i=m
|ki= QwLt =@ Q=Owtv uOW?v=Ht w u=tR sD} Q=or Q@=Q@ QO CUWv |vLvt s}UQD =@ xm
TBU "CU= xOW pY=L u=v}t]= s}mLD |xrLQt Qy QO xOWxO=O u=tR uOw@|i=m R=
|QwLtlD s}mLD x=oDUO sQy= |wQ Q@ xvRw V}=Ri= =@ =yxvwtv |wQ Q@ |r=ta= VvD
C@F =@ w xOQm =O}B xt=O= xrLQt x@ xrLQt 'VvD V}=Ri= OvwQ u}= "CU= xDi=} V}=Ri=
xOW C@F |r=ta= VvD Qy QO u=WsHL Q}}eD w CUWv u=R}t '=yxvwtv `=iDQ= C=Q}}eD
|Di=@Vmt 'x}rw=C@ w]Q OYQO =@ '�`=@W=Q}e |=yxvwtv� swO xwQo |=yxvwtv "CU=
=@ C@=F |WvD CLD TBU w |Q=PoQ=@ |YNWt u=R}t =D hrDNt |r=oJ w Cw=iDt
COt x@ 'C@=FVvD u=tyCLD =yxvwtv '|oOW`=@W= R= Oa@ "Ov=xOW`=@W=?;V}=Ri=
|W=B wQi� |oOW`=@W= R= pY=L CUWv p}tmD CyH �RwQ 7 |y=o � sRq u=tR
V}=Ri= OvwQ '|oOW`=@W= R= pY=L CUWv uOWpt=m R= Oa@ "Ov=xDiQo Q=Qk �|tHL
C=Q}}eD "CU= xOQm =O}B xt=O= xrLQt x@ xrLQt 'xOW`=@W= |=yxvwtv |wQ Q@ VvD
"CU= xOW C@F =yv; `=iDQ= C=Q}}eD pQDvm \UwD hrDNt \}=QW QO =yxvwtv sHL
sQo 1 2 w 1 07lWN XwYNt uRw =@ xvwtv xwQo wO xmCU= K}[wD x@ sRq
QO x}rw= lWN XwYNt uRw C=Q}}eD Q}F-=D =D CU= xOW xDN=U ?amtQDt|Dv=U Q@
uRw =@ |}=yxvwtv QO "OQ}o Q=Qk |UQQ@ OQwt uOW`=@W= R= Oa@ =yxvwtv |t}mLD Q=DiQ
|=yC@ w]Q =@ xvwtv xwQo 4 '?amtQDt|Dv=U Q@ sQo 1 07 x}rw= lWN XwYNt
1 2lWN XwYNt uRw =@|}=yxvwtv QO u}vJty w �28 w �15 '�9 '�6 |x}rw=
�23 w �15 '�9 '�6 |x}rw= |=yC@ w]Q OYQO =@ xwQo 4 R}v?amtQDt|Dv=U Q@ sQo
|t}mLD Q=DiQ QO Vmt w x}rw= C@ w]Q u=R}t C=Q}}eD Q}F-=D =D CU= xOW |R=UR=@
xwQo Qy QO u}vJty &OQ}o Q=Qk |UQQ@ OQwt |oOW`=@W= R= Oa@ l =N |=yxvwtv
VvD C=Q}}eD Q}F-=D =D Ov=xOW `=@W= Cw=iDt |r=ta= s�=k VvD 3 QO xvwtv 3 '|D@ w]Q
"OQ}o Q=Qk |UQQ@ OQwt |oOW`=@W= R= Oa@ =yxvwtv |t}mLD Q=DiQ QO R}v |oOW`=@W=

=yV}=tR; G}=Dv "4
Vmt u}}aD V}=tR; G}=Dv "1"4

hrDNt |=ysm =QD QO l =N |=yxvwtv 'l =N � ?; |xYNWt |vLvt u}}aD |=Q@
QO 'CU= xOW xO=O KQW "2"3 Ov@ QO xm |WwQ Ovv=ty |Pe=m |=yQDr}i w |R=UR=@
R= x@=Wt xwQo 3 'XNWt sm =QD Qy QO =]N Vy=m |=Q@ "Ov=xOW xO=O Q=Qk =yxvwtv
|R=UR=@ Cw=iDt C@ w]Q w u=Um} XwYNt uRw =@ xvwtv 7 'xwQo Qy QO w =yxvwtv
xO=iDU= =@hrDNt |=ysm =QD QO l =N � ?; xYNWt |vLvt 5 pmW QO "CU= xOW

"CU= xOW s}UQD V}=tR; G}=Dv R=
xO=iDU= =@ |v}at XwYNt uRw Qy QO l =N |=yxvwtv |=Q@ l} QD=t Vmt
'3 pwOH QO "CU= xOt; CUOx@ 'xOW XNWt 3 pwOH QO xm |@} QkD \@=wQ R=
u}vJty &CU= l =N C@ w]Q OYQO w w p=mU=B wr}m ?UL Q@ l =N Vmt S

"s}kDUt VwQ QO |Pe=m QDr}i |Q}oQ=Qk |xwLv "3 pmW

"s}kDUtQ}e VwQ QO |Pe=m QDr}i |Q}oQ=Qk |xwLv "4 pmW

QO ?}DQD x@ s}kDUtQ}e w s}kDUt VwQ QO |Pe=m QDr}i |Q}oQ=Qk |xwLv
"CU= xOW xO=O u=Wv 4 w 3 |=ypmW

|t}mLD |xvwtv |R=UxO=t; VwQ "3"3
xOW xO=O C@ w]Q |QBU= =@ Q_vOQwt |xR=Ov= x@ xar=]t OQwt l =N x@ =OD@=
R= x}q 6 QO l =N |xvwtv 'u; QO C@ w]Q uOWCN=wvm} CyH TBU "CU=
xDU@ QU |iQ_ QO w xOW |Ov@xDU@ 'C@ w]Q Pwiv Q@=Q@ QO sw=kt |m}DUqB TvH
R= ?w]Qt l =N 'COt u}= |] R= Oa@ "CU= xDiQo Q=Qk Ca=U 48 COt x@
xOW xDN} Q |iQ_ QO C@ w]Q u}}aD CyH l =N R= |Q=Okt w GQ=N |Ov@xDU@
=@ |t}mLD |xvwtv CN=U CyH Qo}O |Q=Okt "CU= xOW u} RwD xrY=iq@ w
XwYNt uRw uDiQoQ_vQO =@ w QDtw�O= V}=tR; ?r=k sHL uOw@XNWt x@ xHwD
QDt|Dv=U 2 `=iDQ= =@ s}mLD |Rri ?r=k uwQO xrLQt wO QO 'XNWt lWN
|m}rwQO}y lH R= xO=iDU= =@ |m}D=DU= CQwYx@ w xDN} Q QDt|Dv=U 5 Q]k w
xDiQo Q=Qk s}mLD V}=tR; CLD |t}mLD |xvwtv xrY=iq@ "CU= xOW sm =QDt
COt x@ O=Qo|Dv=U |xHQO 110 |=tO =@ uw; QO R}v |D@ w]Q |xvwtv "CU=
pY=L u=v}t]= =D CU= xOW XNWt u; C@ w]Q u=R}t w lWN Ca=U 24
xm |DQwY QO "CU= Q_vOQwt C@ w]Q |xR=Ov= x@ CN=U u}L C@ w]Q xm OwW
xHwD =@ s}mLD V}=tR; 'CU= xOw@ Q_vOQwt Q=Okt Q@=Q@ xOWu}}aD C@ w]Q u=R}t
hkwDt s}mLD V}=tR; CQwYu}= Q}e QO "CU= xOQm =O}B xt=O= OwN OvwQ x@
=}yt Q_vOQwt |x}rw= \}=QW =D CU= xOW xDiQo QU R= xvwtv |R=UxO=t; OvwQ w

"OwW

46



|v=H
|U

Q=i
|ra

wx}
Qk=@

=[Q
}ra

XwYNt uRw QO wCw=iDt|oOW`=@W=VvD QO =yxvwtv|oOv@tQp}Uv=DB "6pmW
"?amtQDt|Dv=U Q@ sQo 1 07 lWN

uRw QO w Cw=iDt |oOW`=@W= |=yVvD QO =yxvwtv |oOv@tQ p}Uv=DB "7 pmW
"?amtQDt|Dv=U Q@ sQo 1 2 lWN XwYNt

l =N xvwtv C@ w]Q 'x} wv=F XwYNt uRw uOw@ XNWt x@ xHwD =@ 'OW=@|t sm
"OW x@U=Lt xOQ=w VvD Qy QO xvwtv Vmt u=R}t 'l =N ?; xYNWt |vLvt w
XNWt 'CU= QDW}@ =y xvwtv uwQO |}xQiL ?; u=R}t xm q=@ |=yC@ w]Q QO =t=
=t= "CU= xOQm Q}}eD u=R}t xJ =D |Q=PoQ=@ QF= QO Vmt w `=@W= xHQO xm OwW|tv
�7 w 6 pmW� |oOv@tQ |=y|vLvt 'x} wv=F lWN XwYNt uRw Q}O=kt x@ xHwD=@
|}=yxvwtv `=@W= xHQO 'OyO|tv MQ |oOv@tQ xO}OB `=@W= l =N QO xm uwv=k u}= w
ZQi l} =@ Q@=Q@ 'OvDW=O `=@W= l =N |=yxvwtv =@ x@=Wt |Q=DiQ xOQ=w VvD QO xm

"OW u}}aD QiY =yv; Vmt w OW
VvD 'xOQ=w VvD Qy QO l =N |=yxvwtv |=Q@ Vmt Q}O=kt uOw@ XNWt =@
u}rw= OwQw =@ Q_=vDt Vmt� ue Q}O=kt uOw@ XNWt u}vJty w |r=ta= s�=k
4 w 3 \@=wQ R= xO=iDU= =@ QF-wt VvD hrDNt Q}O=kt '�l =N QO =wy |=y?=@L
NCL |vLvt '5 pwOH R= xO=iDU= =@ "OW x�=Q= 5 pwOH QO u; G=Dv w Ot; CUOx@

"OW sUQ hrDNt \}=QW QO =yxvwtv
Cw=iDt |x}rw= \}=QW =@ =Q =yxvwtv |oOv@tQ p}Uv=DB u=R}t '7 w 6 |=ypmW

"OyO|t u=Wv Cw=iDt |oOW`=@W= |=yVvD QO
'|oOv@tQ p}Uv=DB QO Q=@ QF= xm OwW|t xOy=Wt 7 w 6 |=ypmW x@ xHwD =@
|oOv@tQ p}Uv=DB '|YNWt Q=Okt =D |r=ta= VvD V}=Ri= =@ "CU= xiQ] wO QF= l}
uO}UQ w l =N Q=O}=Bxt}v Q=DN=U |R} QwQi QO Q=@ V}=Ri= |va} "O@=}|t V}=Ri=

"l =N � ?; |xYNWt |vLvt "5 pmW
"l =N � ?; |xYNWt |vLvt C=}�RH "3 pwOH

lWN XwYNt uRw |=Q@ |@} QkD |x]@=Q ue

(gr/cm3) l =N l =N Vmt u}}aD (kPa)

1 07 S = 109 � w�4=893 40
1 2 S = 6� 109 � w�5 466 60
1 3 S = 4� 1010 � w�6 2 140

GQ=N pt=m `=@W= R= l =N xm CU= |Dr=L =@ Q_=vDt Vmt |xOvvmu=}@ ue Q}O=kt
"OvwW|t l =N OQ=w =wy |=y?=@L u}rw= w OwW|t

|Oa@l} s}mLD V}=tR; G}=Dv "2"4
Q}O=kt x@ xHwD =@ "CU= xOW x�=Q= 4 pwOH QO |t}mLD |=yxvwtv |x}rw= \}=QW
VvD '4 w 3 \@=wQ w xOt; CUOx@ l =N � ?; |xYNWt |=y|vLvt R= xm ue
w sm =QD 'lWN XwYNt uRw 'Vmt 'C@ w]Q u=R}t� |Dw=iDt \}=QW Qy QO QF-wt
x�=Q= 5 pwOH QO QF-wt VvD x@ \w@ Qt C=@U=Lt "CU= x@U=Lt p@=k �|r=ta= VvD

"CU= xOW
xOQ=w VvD Qy QO l =N lWN XwYNt uRw xOvvm u=}@ 
d2 '5 pwOH QO
x} wv=F lWN XwYNt uRw Q=DWwv u}= QO xm OW=@|t uOW `=@W= R= V}@ w
Xr=N VvD xOvyOu=Wv ?}DQDx@ S w �0 '� Q}O=kt u}vJty &OwW|t |Q=Pos=v
pNrND xOvyOu=Wv e0 u}vJty "OvW=@|t l =N Vmt Q=Okt w s�=k QFwt VvD 's�=k
V}=tR; ?r=k sHL uOw@ u}at x@ xHwD=@ xm OW=@|t |Q=PoQ=@ R= p@k =yxvwtv x}rw=
|=R=x@ "CU= xOW XNWt xvwtv Qy |=Q@ u; Q=Okt 'lWN l =N uRw Q=Okt w
u=tR CWPo =@ "OyO|t MQ |DUWv u; QO `=@W=Q}e l =N xvwtv Q@ xOQ=w VvD Qy
?; Q=Wi xi=[= w xOW pt=m l =N xvwtv Q@ xOQ=w VvD |=R= QO CUWv '|i=m
w `=@W= xHQO u=R}t QO Q}}eD ?@U pL=Qt u}= uOQm |QBU "OwQ|t u}@ R= |}xQiL
|}xQiL ?; Q=Wi xi=[= Q}F-=D xm u}}=B |=yC@ w]Q u=R}t QO "OwW|t l =N Vmt

47



"""\
}=QW

QOx
Ov@t

Q|
UQ

|=y
l=N

|t}
mLD

Q=DiQx}rw= C@ w]Q� u=Um} \}=QW QO =yxvwtv |x}rw= lWN XwYNt uRw V}=Ri= =@ xm
xvwou}= u=wD|t =Q xO}OB u}= Cra &O@=}|t Vy=m |W=B wQi sHL �|r=ta= VvD w
|r=N |=[i '=yxvwtv |x}rw= lWN XwYNt uRw V}=Ri= Crax@ xm OQm u=}@
&CU= xDi=} Vy=m =yxvwtv |W=B wQi sHL wQ u}= R= w xOW QDtm l =N |=yxv=O u}@
C@ w]Q C=Q}}eD Q}F-=D |xOvyOu=Wv xm '13 |r= 11 |=ypmW x@ xHwD =@ u}vJty
lWN XwYNt uRw QO l =N |=yxvwtv |tHL |W=B wQi p}Uv=DB u=R}t QO x}rw=
\}=QW QO =yxvwtv |x}rw=C@ w]QV}=Ri= xm OwW|t xOy=Wt 'OvDUy Cw=iDt |x}rw=

u}at Q=Okt u}= R= |r=ta= VvD Qo = |rw "OQ=O xOvvmltm Vkv Q=O}=B \}=QW x@
xvwou}= u=wD|t =Q xO}OB u}= Cra &O@=}|t Vy=m |oOv@tQ p}Uv=DB 'OW=@ QDW}@
xvwtv |Q=PoQ=@ QO =ypmWQ}}eD R= |yHwD p@=k syU O=} R |=yVvD QO xm OQm u=}@
R= |W=v |tHL |W=B wQi syU ?}DQD u}O@ w OQ}PB|t s=Hv= `=@W=Q}e \}=QW CLD
C=Q}}eD Q}F-=D |xOvyOu=Wv '10 |r= 8 |=ypmW "O@=}|t Vy=m �|R=Ov=?;� `=@W=
QO =yv; |oOv@tQ p}Uv=DB u=R}t QO l =N |=yxvwtv |x}rw= lWN XwYNt uRw
OwW|t xOy=Wt 10 |r= 8 |=ypmW x@ xHwD =@ "CU= Cw=iDt |x}rw= |=yC@ w]Q

"=yxvwtv |x}rw= C=YNWt "4 pwOH
x}rw= pNrND |oOW`=@W= VvD x}rw= `=iDQ= x}rw= C@w]Q x}rw= lWN XwYNt uRw xvwtv |xQ=tW

e0 � (kPa) h0 (cm) W ��� 
d (gr/cm3) (Sample)

1 49 150 2 6 1 07 1
1 49 300 2 6 1 07 2
1 49 600 2 6 1 07 3
1 49 150 2 9 1 07 4
1 49 300 2 9 1 07 5
1 49 600 2 9 1 07 6
1 49 150 2 15 1 07 7
1 49 300 2 15 1 07 8
1 49 600 2 15 1 07 9
1 49 150 2 28 1 07 10
1 49 300 2 28 1 07 11
1 49 600 2 28 1 07 12
1 22 150 2 6 1 2 13
1 22 300 2 6 1 2 14
1 22 600 2 6 1 2 15
1 22 150 2 9 1 2 16
1 22 300 2 9 1 2 17
1 22 600 2 9 1 2 18
1 22 150 2 15 1 2 19
1 22 300 2 15 1 2 20
1 22 600 2 15 1 2 21
1 22 150 2 23 1 2 22
1 22 300 2 23 1 2 23
1 22 600 2 23 1 2 24
1 38 300 9 9 1 12 25
1 49 0 2 9 1 07 26
1 49 0 2 9 1 07 27
1 49 0 2 15 1 07 28
1 22 0 2 6 1 2 29
1 22 0 2 23 1 2 30
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S Sr 
d2 � |xQ=tW �0
�

S Sr 
d2 � |xQ=tW
(kPa) (kPa) ��� (gr/cm3) (kPa) xvwtv (kPa) (kPa) ��� (gr/cm3) (kPa) xvwtv
2147 0 01 199710 13 1 21 150 13 1608 0 01 155800 11 1 11 50 1
2147 0 01 199710 13 1 21 150 14 1780 0 01 163000 11 1 14 150 1
2300 0 01 200009 13 1 22 300 14 1970 0 01 182000 12 1 17 150 2
2147 0 01 199710 13 1 21 150 15 2300 0 01 200009 13 1 22 300 2
2705 0 01 240596 13 1 24 300 15 1737 0 01 158700 11 1 14 150 3
3351 0 01 275143 14 1 28 600 15 1930 0 01 163000 12 1 19 300 3
1108 0 029 36497 19 1 20 50 16 3038 0 01 243896 14 1 25 600 3
1223 0 029 37000 20 1 22 150 16 707 0 03 21900 17 1 11 50 4
1223 0 029 37000 20 1 22 150 17 1230 0 03 36000 19 1 18 150 4
1388 0 029 37540 20 1 23 300 17 864 0 027 28300 17 1 13 100 5
1223 0 029 37000 20 1 22 150 18 1000 0 025 32000 18 1 15 200 5
1405 0 029 38125 20 1 24 300 18 1320 0 03 34000 18 1 16 300 5
2286 0 04 42158 22 1 28 600 18 909 0 026 29220 18 1 14 150 6
342 0 14 2090 33 1 21 50 19 1320 0 03 34000 18 1 16 300 6
451 0 14 2150 33 1 22 150 19 1644 0 029 36000 19 1 18 600 6
451 0 14 2150 33 1 22 150 20 260 0 12 1750 28 1 11 50 7
607 0 14 2198 35 1 24 300 20 436 0 14 2048 33 1 2 150 7
448 0 139 2150 33 1 22 150 21 416 0 14 1900 30 1 16 150 8
601 0 137 2203 35 1 25 300 21 586 0 13 2203 35 1 25 300 8
1072 0 21 2250 39 1 33 600 21 372 0 12 1850 30 1 15 150 9
280 0 542 426 57 1 28 50 22 595 0 14 2108 34 1 23 300 9
385 0 528 446 60 1 32 150 22 1079 0 21 2285 40 1 34 600 9
345 0 65 300 64 1 39 150 23 92 1 42 76 1 34 50 10
469 0 77 220 67 1 39 300 23 180 1 30 83 1 4 150 10
380 0 542 426 57 1 28 150 24 180 1 30 83 1 4 150 11
490 0 68 280 63 1 35 300 24 301 1 1 100 1 55 300 11
660 1 60 78 1 52 600 24 180 1 30 83 1 4 150 12
859 0 026 29220 18 1 14 100 25 301 1 1 100 1 56 300 12
1220 0 03 34000 18 1 16 200 25 601 1 1 100 1 69 600 12
1341 0 029 36000 19 1 18 300 25 2035 0 01 198509 13 1 2 50 13
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