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|xR=Ov= w sm Q=}U@ |m}rwQO}y C}=Oy C}r@=k OwHw =@ [4w3]"OQ=O OQ@ Q=m R}v 1p�=L
w CU}v |iDvt |}=}t}W |=RH= w p=}U u=} QH Qw@a u=mt= 'TQ C=QP |vwQm}t
Ov=wD|t l =N QO |}=}t}W |=RH= OwHw "OQ=O |oDU@ uw}UqwR}= |x}q |}=Q=m x@
u}ty x@ w OwW u=Uv= w u=} R@; x@ ?}U; '|v}tRQ} R |=y?; 'u=y=}o |oOwr; Ea=@
|m =N uw}UqwR}= |=yx}q R= =yxr=@ R |x@=Q}W QO OwHwt |}=}t}W |=RH= p=kDv= p}rO
=Q} R &CU= xO}J}B |Ov}=Qi =yl =N QO p=}U w <=RH= p=kDv= Ov}=Qi "CU= C}ty= R�=L
QDj}kO xJQy CN=vW 'u}=Q@=v@ "CU= xO}OB OvJ |xDU@ty w u=tRty QF= pY=L

pw�Ut xOvU} wv �
"1399 11 26 VQ}PB '1399 11 4 x}LqY= '1399 8 18 Ci=} QO %M} Q=D

DOI:10.24200/J40.2021.56928.1565



"""=
yxO

v}q;
p=kD

v=|
Wyw

SB|
=yOQ

m}wQ
Q@|

QwQt

[20]"|UQ=O uwv=k u=}@ |=Q@ l}D=tW Q}wYD "1 pmW

[20]%R= CU= CQ=@a \=kv
�h = (hA + zA)� (hB + zB) (3)

[20]%OwW|t h} QaD u}vJ R}v CU= u=} QH lQLt pt=a xm |m}rwQO}y u=}O=Qo w

ih = �h
L

(4)

XNWt 1 pmW QO �h Q=Okt w �B w A |x]kv wO u}@ |xrY=i� L 'u; QO xm
u=}O=Qo w u=} QH CaQU u=}t |]N |}x]@=Q �1856� |UQ=O [20]"CU= xOW

[20]% O=O O=yvW}B |m}rwQO}y
vh = khih (5)

'u}=Q@=v@ [20]"CU= |m}rwQO}y C}=Oy ?} Q[ kh w p=}U CaQU Q@=Q@ vh u; QO xm
u}}aD |m}rwQO}y C}=Oy |=v@t Q@ =Q u=} QH Qw@a p@=kt QO l =N Ctw=kt u=wD|t
|x]@=Q \UwD p=}U w l =N C=YNWt T=U= Q@ |m}rwQO}y C}=Oy Q=Okt "OQm

[20]%OwW|t u}}aD 6
kh(cm=s) = K�fg

�f
(6)

&|D=P |Q}PBPwiv %K(cm2)
&p=}U |r=oJ %�f (g=cm3)
&Vv=Qo ?=DW %g(cm=s2)

7"p=}U |=} wB CHRr %�f (g=cm:s)
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Q}PB=vCWoQ@ |=yOv}=Qi l}t=v}OwtQD pwY= [13]utQw=DU= Q=@ u}rw= "OR=OQB|t QwmPt
p=kDv= xm OyO|t u=Wv utQw=DU= p}rLD R= |O}rm |xH}Dv "OQm p=ta= =y=We |=Q@ =Q
|}=}t}WwQDmr= p}Uv=DB Cw=iD R= |]N |a@=D CQwYx@ Ov=wD|t =yuw} w =yxOvwWpL

[13]"OwW u=}@ =We hQ] wO QO p=}U
u}= QO w xDN=OQB =yxO}OB O=ONQ |ovwoJ |xar=]t x@ |U=vWQ=O}OB OQm} wQ
w u=} QH =} u=} QH u}@ |D@Uv T=U= Q@ |@}=Q[ CQwYx@ l =N X=wN VQov
Cr=L |=yQ}eDt w |y=oW}=tR; |=yxO=O 'OQm} wQ u}= QO "OwW|t h} QaD u=}O=Qo
x@ |U=vWQ=O}OB OQm} wQ [12]"OQ}o|t Q=Qk xO=iDU= OQwt \@=wQ ?}=Q[ uDi=} |=Q@
|=y|v=m O=a@= QO u=} QH p=kDv= QO sm =L |=yxO}OB j}kO CN=vW |oO}J}B Cra

[15w14]"CU= xOt; OwHw x@ |UQ
u=} QH |xDU@ty C=QF= p}rLD x@ l =N |=yxQiL T=}kt QO |m} R}i OQm} wQ
|=yQ}eDt R= xO=iDU= =@ =yxO}OB O=ONQ Cra |UQQ@ x@ VQov ẁv u}= "OR=OQB|t
|}=}t}W w |m} R}i u}v=wk uDi=} =@ '|m} R}i OQm} wQ QO [11]"OR=OQB|t O=wt |D=P
R= xO=iDU= =@ =yu=} QH |xDU@ty C=QF= 'l =N |=yxQiL O=a@= QO u=} QH Q@ sm =L
|NQ@ uOQm hQ]Q@ QO OQm} wQ u}= [9]"OQ}o|t Q=Qk EL@ OQwt |RQt Q=Okt |xr�Ut

[7]"CU= QF-wt 'OQ=O OwHw |U=vWQ=O}OB VQov QO xm |DqmWt R=
|=yl =N QO |}=We C}Y=N OwHw '|}=}t}W � RtU= u=} QH O=H}= Cra
R}v TQ l =N |m}v=mt C=}YwYN Q@ u=} QH u}= [18�16]"CU= |UQ |xv=OR} Q
l =N s}mLD Ea=@ 'TQ |=y|v=m u}@ |xai=O Vy=m =@ Ov=wD|t w CU= Q=PoQ}F-=D
|xRwL xU QO u=wD|tCU= xOW s=Hv= xRwL u}= QO xm =Q |D=ar=]t s=tD [19w17]"OwW
l} Qy K}[wD x@ |D; |=yVN@ QO "OQm |Ov@s}UkD |OOa w |y=oW}=tR; '|Q_v

"CN=OQB s}y=wN =yxO}OB u}= R=

|m}rwQO}y C}=Oy "1"2
[20]%O};|t CUO x@ 1 |x]@=Q R= x]kv Qy QO pm 6|@; `=iDQ= Q=Okt

hT = h+ z + v2

2g (1)

CaQU |@; `=iDQ= v2=2g w Q=Wi |@; `=iDQ= h '`=iDQ= |@; `=iDQ= z 'u; QO xm
R= u=wD|t 'CU= sm |r}N xv=OR} Q |=yl =N QO u=} QH CaQU xm =Hu; R= "CU=
CQwYx@ l =N QO pm |@; `=iDQ= Q=Okt 'u}=Q@=v@ "OQm |WwBsWJ CaQU |@; `=iDQ=

[20]%OwW|t xDWwv 2 |x]@=Q
hT = h+ z (2)

zA =@ Q@=Q@ �1 pmW� A |x]kv QO Q=Wi w `=iDQ= |@; `=iDQ= Q=Okt xm |DQwY QO
u}= u}@ |@; `=iDQ= Cw=iD 'OW=@ hB w ZB =@ Q@=Q@ �1 pmW� B |x]kv QO hA w
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|Q}owrH QO l =N |}=v=wD |xOvyOu=Wv '=yl =N QO =w=QDxt}v |=We |}=Q=m ?} Q[
=yuw} Qw@a p@=kt QO l =N Ctw=kt "CU= u; Ci=@ uwQO R= =yxOvwWpL Qw@a R=
|=yQ=@ |xOW O=H}= |m}D=DU=wQDmr= |xai=O x@ |oDU@ 'l =N |=yxQiL u=}t R=
|i=m |xR=Ov= x@ |UQ |=yxv=O |Dkw [35w29]"OQ=O TQ C=QP R= l} Qy K]U |ivt
w xOQm =O}B |v=WwBsy Qo}Om} =@ =yu; K]U |ivt p}Uv=DB 'OvW=@ l}ORv sy x@
|=yuw}v; xm OwW|t ?@U Qt= u}ty "Ovm|t =O}B |ivt Q=@ sy =yxQiL u=}t |=[i
Cra x@ "OvwW `iO w xDiQo Q=Qk pNrNDt |=[i |ivt p}Uv=DB QF= CLD |Qw@a
x=Qty x@ R}v =yuw}D=m '|}=}t}W |=yuw} |xty u}@ |m} QDmr= |@r]|FvN C}Y=N

[7]"OvwW|t xOv=Q =yuw}v;
|xOvyOu=Wv 1 Q=Okt xm OW=@ Q}eDt 1 =D QiY xR=@ QO Ov=wD|t =We |}=Q=m
QiY Q=Okt w |}=}t}W |=RH= Qw@a R= l =N pt=m Ctw=kt w =We p;xO}= Q=DiQ
'|a}@] \}=QW QO "CU=yuw} Qw@a p@=kt QO l =N Ctw=kt sOa |xOvyOu=Wv
C=QP s=tD xm =Q} R &OvyO|tv u=Wv OwN R= Vv=Q C}Y=N 'l =N |=yxQiL |t=tD
l =N xm OwW|t Ea=@ OQwt u}ty w OvDU}v l}ORv Qo}Ol} x@ |i=m |xR=Ov= x@

[36w29]"OyOv u=Wv OwN R= =Q Q=DiQ wO u}= R= l}I}y
[37]QrUQ@ [29]'Rv}rwQ w QBtm \UwD x}rw= CQwYx@ xm |D=k}kLD G}=Dv T=U= Q@
C_re 'xOvwWpL O=wt |}=}t}W C=@}mQD x@ =We |}=Q=m 'OW s=Hv= [30]uUrw= w
|U=vW|v=m 'l =NC=QPXwYNtK]U 'C@ w]Q OYQO 'l =NpNrND '=yxOWpL
R= =We |}=Q=m Q=Okt |Q}oxR=Ov= |=Q@ [17]"OQ=O \=@DQ= |}xQP u}@ pY=wi w l =N
u}= K}[wD x@ xt=O= QO "OwW|t xO=iDU= |Q_v \@=wQ w |y=oW}=tR; |=yVwQ

"CN=OQB s}y=wN =yVwQ
=We |}=Q=m u}}aD QO |y=oW}=tR; VwQ �

sDU}U 'R=@ sDU}U %OQ=O OwHw |y=oW}=tR; VwQ wO =We |}=Q=m u}}aD |=Q@
xm xDiQo Q=Qk |}=}t}W |=RH= pwrLt `@vt wO u}@ l =N 'R=@ sDU}U QO [39w38]"xDU@
"OwW|tv p=ta= |m}rwQO}y u=}O=Qo =yu; u}@ w OvDUy =wy =@ T=tD QO =yu; wO Qy
u=}O=Qo O=H}= =@ '|UQ |=yl =N QO |}=We C}Y=N OwHw Cra x@ 'VwQ wO Qy QO
sDU}U QO "OwW|t O=H}= u}iQ] |}=}t}W � RtU= Q=Wi Q}O=kt QO Cw=iD 'C_re
u=tR |] =Q xOvwWpL QDW}@ C_re |=Q=O uRNt CtU QO ?; V}=Ri= Q=Okt 'R=@
|}=H =D p=}U p=kDv= "O}; CUO x@ |RtU= u=} QH |@O Q=Okt =D Ovvm|t |Q}oxR=Ov=
C_re p}iwQB VwQ u}= QO "OwW Q@=Q@ u}iQ] QO pwrLt C_re xm Ovm|t =O}B xt=O=
|xR=H= 'xDU@ sDU}U QO [43�40'29]"Ovm|t Q}}eD |]NQ}e CQwYx@ xvwtv pw] QO
Q=Wi pO=at |m}rwQO}y |Q=Wi p}rO u}ty x@ w xOWv xO=O |RtU= u=} QH Qw@a
u=wD|t 'xOW O=H}= |m}rwQO}y Q=Wi |Q}oxR=Ov= =@ "O};|t OwHw x@ |}=}t}W � RtU=
OwHw p=}U p=kDv= u=mt= VwQ u}= QO "OQm x@U=Lt =Q =We |}=Q=m ?} Q[ Q=Okt
'R=@ sDU}U hqNQ@ "OQ=O OwHw u=vJty |}=}t}W |=RH= Q=WDv= u=mt= |rw OQ=Ov
sDU}U ẁv wO u}= |xU}=kt =@ [45w44]"CU= |]N C_re p}iwQB Cr=L u}= QO
p}iwQB x@ C@Uv C_re |]NQ}e p}iwQB |oO}J}B Cra x@ xm CiQo xH}Dv u=wD|t
sDU}U QO |RQt \}=QW pQDvm uOw@ QDxO=U 'Q=WDv= ?} Q[ |x@U=Lt QO u; |]N
C@Uv x@ |RtU= Q=Wi pO=at |m}rwQO}y Q=Wi Q=Okt |Q}oxR=Ov= uOw@ QDj}kO w xDU@
|QDQ@ R=@ sDU}U x@ C@Uv xDU@ sDU}U '|r=kDv= |@O sm Q=}U@ Q}O=kt |Q}oxR=Ov=

[43w38]"OQ=O

|}=}t}W � RtU= |xO}OB "2"2
C_re u=}O=Qo |xH}Dv QO |Pivt p=}U u; QO xm CU= |}xO}OB 8|}=}t}W � RtU=
C}r=ai� QDu}}=B C_re =@ |}xk]vt R= '�|UQ |xv=OR} Q |x}q� =We hQ] wO QO
u=} QH �?; QDsm |}=}t}W C}r=ai� QDq=@ C_re =@ |}xk]vt x@ �?; QDW}@ |}=}t}W
xm CU= Q=WDv= R= X=N Cr=L l} `k=w QO |}=}t}W � RtU= |xO}OB "Ovm|t =O}B
QO ?; CmQL |xwLv x}HwD Qw_vt x@ xO}OB u}= "OW hWm �1877� Qii \UwD

[25w7]"CiQo Q=Qk xHwD OQwt |y=}o |=ypwrU
Q=Okt xOvwWpL C_re V}=Ri= =@ [25]'�1877� Qii |y=oW}=tR; G}=Dv j@]
|=yxOvwWpL C_re C@Uv xm O=O u=Wv G}=Dv "O@=}|t V}=Ri= |RtU= Q=Wi
u}vJty "CU= C@=F ,=@} QkD |RtU= Q=Wi x@ �Qqwt 1 R= QDsm ,=@} QkD� j}kQ
Qii G}=Dv Q@ |QwQt "O@=}|t V}=Ri= R}v |RtU= Q=Wi Q=Okt '=tO V}=Ri= =@
R=o Q=Wi w pwrLt |RtU= Q=Wi u}@ 'C@=F |=tO QO xm O=O u=Wv �1877�
CQwY QO xm |vat u}= x@ "OQ=O OwHw \=@DQ= |awv 'pwrLt |=RH= pO=at
sHL =@ Q@=Q@ sHL QO xOvwWpL |=RH= pO=at |R=o |=ypwmrwt O=OaD OwHw
[26]Tw}vQ; "CU= Q@=Q@ \}=QW u}= QO R=o Q=Wi w pwrLt |RtU= Q=Wi 'pwrLt
uw} Qy w OvwW|t x} RHD |}=yuw} x@ pqL QO =yltv w =yO}U= xm O=O u=Wv
pta R=o Q=Wi w |RtU= Q=Wi |R=Uty |=Q@ xOvwWpL |xQP l} Vkv QO

[27]"Ovm|t
=yl =N QO |}=}t}W � RtU= "1"2"2

|wQ}v %Ovm|t CmQL p}rO 3 x@ l =N QO p=}U xm OW|t QwYD =OD@= QO
p}rO xm O=O u=Wv |Oa@ C=k}kLD G}=Dv "|ov}} wt QF= w =tO u=}O=Qo 'x@P=H
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"CU= V}=tR; |=yDv= QO C_re Q}O=kt |xOvyOu=Wv Cb w Ct w |}=OD@= u=tR
?; CU= QDj}kQ xm |DtU x@ 'xr�Ut u}= `iQ Qw_vt x@ 'R=@ |=ysDU}U |NQ@ QO
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2. Di�usion
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4. phenomenological
5. Physical
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11. self-di�usion coe�cients
12. matrix tortuosity factor
13. resistance tortuosity factor
14. di�use double layer
15. Osmotic Consolidation
16. Osmotically-Induced consolidation
17. Chemical Consolidation
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19. Smectite
20. perfect 
ushing exit boundary condition
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