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"CU= xOw@ |}xwo w |@amt |yHwVW ẁv R= |R=UpOt QO xOW xO=iDU= |xm@W
|xR=Ov= =@ xm@W R= G}=Dv uOW =Qo =w w =yAwr O=} R O=OaD p}rO x@ Q}N= |R=UpOt QO
|QDt 1 |=yxm@W R= =yu=tr= Q}=U QO w l}DDvUw�S |=yx}q |wQ Q@ QDt|Dv=U 30

"OwW|t xOy=Wt p}iOvr |xQ=OH |Ov@xm@W '5 pmW QO "CU= xOW xO=iDU=

G}=Dv |}=tR;|DU=Q |UQQ@ "5"3
|Q}oxR=Ov= Q}O=kt OwOL QO VWwB sDU}U |wQ Q@ xOW OQ=w |Q=Wi VvD Q}O=kt
Q@ OQ=w |=yVvD u}=Q@=v@ "Ov=xOw@ p}iOvr QO xOW ?Yv Q=Wi |=ypwrU R= xOW
u=tR 'Q}N= pOt QO "OQm x@U=Lt |OOa |R=UpOt =@ u=wD|t =Q VWwB sDU}U
u=wva x@ Ov=tUB |Q=PoQ=@ w CN=U pL=Qt =t= 'CU= xOWv xDiQo Q_v QO ,=t}kDUt

"CU= xOW xDiQo Q_v QO |v=tR pt=a
|wQ Q@ xOW ?Yv |=yQDtw}UvDUm = \UwD G}=Dv u} QD|k]vt w u} QD`t=H
'=]N w |aU =@ |OOa |R=UpOt QO =OD@= =Pr "CU= xOt; CUOx@ GT w GM

Q}O=kt R}v '6 pmW QO [18]"CU= xOW O}rwDR=@ =yGvUVWm \UwD xOWC@F G}=Dv
?}W pw] QO GT w GM |wQ =yGvUVWm \UwD xOW |Q}oxR=Ov= |}=Hx@=H

"OwW|t xOy=Wt Q=Ri=sQv QO |R=UpOt G}=Dv =@ CN=U pL=Qt u=}=B QO
w |Q=Wi |=ypwrU \UwD xOW C@F |Q=Wi VvD |=yQ=Owtv '7 pmW QO
"OwW|t xOy=Wt CN=U pL=Qt |] QO '|R=UpOt wO R= xOt;CUOx@ G}=Dv
swU l} QO |Q=Wi |=yVvD 'CU= OwyWt hr=7 pmW QO xm Qw]u=ty

82



3/
2|

xQ=t
W'

38
�2

|xQ
wO'

�14
01

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

"`=iDQ= QO p}=DUmDw�S w u} Q@ttw�S |=yx}q QO |}=Hx@=H "8 pmW

|m}D=DU=wQO}y Q=Wi |R=UpOt "4
|m}D=DU=wQO}y Q=Wi 'p}iOvr |xQ=OH CWB |m}D=DU=wQO}y Q=Wi QF= u}}aD CyH
"CU= xOW p=ta= �Q=OH `=iDQ= �100 w �75 '�50 '�25� |a=iDQ= R=QD 4 QO
OvJ |}x}q sDU}U l} 'pOt xm CU= xOW xHwD xDmv u}= x@ xr�Ut ZQi QO
"CU}v KQ]t Q[=L VywSB QO |HQ=N |Q=O}=B=v EL@ w CU= |QDt|Dv=U 10
=QH= =Q Ov@?; Vkv xm CU= u} Q@ttw�S |x}q '|rN=O |Q=O}=B Q_v R= syt u=tr=
"CU= xOW xO=iDU= u} Q@ttw�S |x}q R= C_i=Lt CyH p}=DUmDw�S |x}q w Ovm|t
9 pmW QO pOt x@ |r=ta= |m}D=DU=wQO}y Q=Wi w p}iOvr |xQ=OH |Oa@xU pOt

"OwW|t xOy=Wt

|x}q x@ xOQ=w Q=Wi w xDW=O |W}=Ri= OvwQ 'CN=U pL=Qt |] QO ?}W |}q=@
V}=Ri= Oa@ x@ sQ=yJ pL=Qt QO u; uRw p=ta= w Ov=tUB |Q}oQ=Qk R= Oa@ |UQ
Qov=}@ xOt; CUOx@ Q}O=kt "CU= xO}UQ OwN |xv}W}@ Q=Okt x@ =D 'CU= xDi=}
|QDt 24 `=iDQ= QO "CU= j}kO Q=R@= w |Q=Ri=sQv G}=Dv u}@ |@ wN |}=Qoty
|=yx}q |Q}oQ=Qk x@ xHwD =@ ?}W |v=}t swU l} QO `k=w QO w G=D Q} R R=
OWQ QD`} QU |QDt 13 `=iDQ= x@ C@Uv =yVvD 'x}rw= pL=Qt QO Ov=tUB w VWwB
OwOL QO |iqDN= CN=U hrDNt pL=Qt QO =yu; Q}O=kt \UwDt w Ov=xDW=O
QO Ov=tUB R= |QDW}@ |=yx}q uDiQoQ=Qk p}rO x@ u}vJty "OyO|t u=Wv =Q �5
|=yVvD |vwvm VN@ '|QDt 13 `=iDQ= x@ C@Uv ?}W R= |QDt 24 `=iDQ=
|v=wQ}W ?}W `]kt |}=yDv= swU l} QO "CU=xOQm x@ QHD |QDW}@ |Q=Wi
G7 pmW QO xm Qw]u=ty G=D Q} R R= |QDt 30 `=iDQ= QO w p}iOvr |xQ=OH
p=mU=B wr}m 100 |xv}W}@ Q=Okt x@ pLt QO |Q=Wi |=yVvD 'OwW|t xOy=Wt
p=mU=B wr}m 80 |xv}W}@ Q}O=kt x@ |Q=Ri=sQv pOt QO Q}N= |=yVvD xm Ov=xO}UQ
|W=v |Q=Wi |=yVvD Q@ xwqa xm OyO|t u=Wv xr�Ut u}= "Ov=xOW OwOLt
u}}=B QO xOWO}rwD CQ=QL R= |W=v |Q=Wi |=yVvD 'Ov=tUB w Kr=Yt uRw R=
C@F pLt QO =yQDtwtQD \UwD QwmPt Q}O=kt xm OQ=O OwHw R}v |v=wQ}W ?}W

"Ov=xOW
xOW C@F u} Q@ttw�S w p}=DUmDw�S |=y|}=Hx@=H |=yQ=Owtv '8 pmW QO
VywSB |OOa |R=UpOt R= xOt; CUOx@ G}=Dv u}vJty w =yQDtw}UvDUm = \UwD
"OwW|t xOy=Wt �Twm =@; Q=Ri=sQv� Q[=L VywSB w [9]'�FLAC Q=Ri=sQv� `HQt
Q)B w CN=U p=U xU |] GT w GM |wQ xOW ?Yv |=yQDtw}UvDUm = G}=Dv
'7 pmW QO =y|}=Hx@=H |=yQ=Owtv j@=]t "Ov=xOW C@F Ov=tUB R= p}iOvr uOW
COt x@ xSwQB |r}]aD p}rO x@ `]kt u}= QO GT |x}q |=Q@ |}=Hx@=H Q}O=kt
|}=Hx@=H =yGvUVWm 'O}WQwN Qwv ZQat QO GT |x}q uDiQo Q=Qk w p=U 2
pOt x@ xHwD =@ |Q=Ri=sQv |R=UpOt QO |rw 'Ov=xOQm C@F =Q QDt|r}t 80 =D
xOW C@F QDt|r}t 18 |xv}W}@ |}=Hx@=H 'VvmQOv= |oOvwWsQv VvQm |Q=DiQ

"CU=
|H} QOD V}=Ri= OvwQ 'u} Q@ttw�S QO xOW C@F |=y|}=Hx@=H :u} Q@ttw�S Q=DiQ ��
|=y|}=Hx@=H =t= "OvyO|t u=Wv =Q?}W pw] s=tD QO pwrU uOWQB OvwQ|] QO
|}=Hx@=H u} QDW}@ =yQDtw}UvDUm = "CU= lOv= 'xU=t VmwQ uDiQo Q=Qk R= |W=v
|=ypvB QO xOW C@F |}=Hx@=H |xvt=O |rw "Ov=xOQm C@F QDt|r}t 25=9 =Q
\=@DQ= I}y u}vJty w xOW C@F j}kO Q=R@= \UwD QDt|r}t 20-10 u}@ GM

QO p}=DUmDw�S w u} Q@ttw�S QO =y|}=Hx@=H V}=Ri= |=ypLt u}@ |Q=O|vat
"CU= xOWv =O}B ?}W |=DU=Q

Q=R@= \UwD GT |x}q |=Q@ |yHwD p@=k |=y|}=Hx@=H :p}=DUmDw�S Q=DiQ ��
'OvDW=O Q=Qk ?}W |q=@ w \Uw QO xm |}=yQDtw}UvDUm = "CU= xOW C@F j}kO
|=y|}=Hx@=H "Ov=xOQm C@F =Q QDt|r}t 80 =D ?}W u}}=B CtU x@ |}=Hx@=H
w xU=t swU w swO |=yVmwQ uOWv=QH= w xSwQB |=QH= QO Q}N-=D p}rO x@ Q}N=
'Q[=L VywSB QO "CU= xOw@ GT uDiQoQ=Qk O}WQwN Qwv ZQat QO xH}Dv QO
Cr=L QO [9]'`HQt VywSB |OOa |R=UpOt Q}O=kt =@ GT |}=Hx@=H G}=Dv
'xOt; CUOx@ G}=Dv j@=]t "CU= xOQm =O}B |v=wNty VvmQOv= |oOvwWsQv VvQm
xm CU= XNWt CN=U pL=Qt |] QO |}=Hx@=H w |Q=Wi VvD Q=Owtv QO
O}rwDR=@ =Q `HQtVywSB G}=Dv|@ wN x@ Q[=LVywSB QO xDiQoCQwY |R=UpOt

"CU= xOQm

83



"""V
WwB

|x}
qOv

Js
DU}

UO
Qmrt

a|
UQQ

@

"?; R=QD QO u} Q@ttw�S |x}q QO |}=Hx@=H "10 pmW

u} QDy@ 'p}iOvr VWwB sDU}U |wQ |y=oW}=tR; |=yuwtR; R= xOt;CUOx@
pLt QO xDiQ Q=mx@ j}kO Q=R@= R= xOt;CUOx@ |=yVvD G}=Dv =@ =Q |v=wNty
Ci=} pOt w pLt QO =y|}=Hx@=H u=mt u}@ |]=@DQ= u}vJty "CU= xDW=O
'pOt R= xOt; CUOx@ G}=Dv '|oOvwWsQv VvQm VwQ T=U=Q@ =t= 'CU= xOWv

"Ov=xDW=O pLt QO G}=Dv =@ |@ wN |}=Qoty

pm QO u} Q@ttw�S |x}q x@ |m}D=DU=wQO}y Q=Wi p=ta= |Oa@xU pOt "9 pmW
"�xQ=OH `=iDQ= �100� xQ=OH ?}W `=iDQ=

R=QD 4 QO GT w GM |}=Hx@=H |=yQ=Owtv '11 w 10 |=y pmW QO
|] QO =y|}=Hx@=H '=yu; QO xm &Ov=xOW sUQ |m}D=DU=wQO}y Q=Wi hrDNt
|=yQ=Owtv j@=]t "OvwW|t xOy=Wt |m}D=DU=wQO}y Q=Wi p=ta= w CN=U pL=Qt
R=QD QO Qot 'CU= lOv= =y|}=Hx@=H QO ?; |m}D=DU=wQO}y Q=Wi Q}F-=D 'Q}N=
|WyH CQwYx@ xrLQt u}= QO =y|}=Hx@=H xm �`=iDQ= �100� ?; `=iDQ= |xv}W}@
u=tR QO 'OwW|t xOy=Wt QwmPt |=yQ=Owtv QO xm Qw]u=ty "Ov=xDi=} V}=Ri=
Qw@a �75 R= ?; `=iDQ= xm |v=tR "CU= xOW xi=[= pOt x@ ?; Q=Wi '170
|}=Hx@=H G}=Dv QO |O=L V}=Ri= '|v=wQ}W G=D x@ uO}UQ u=tR =D 'CU= xOQm
OwyWt xOWxQ=W= |=yx}q QO |WWm Ctw=kt uDiQ u}@ R= |x]U=wx@ =yl}DDvUw�S

"CU=
QO u} Q@ttw�S |x}q Q@ xOQ=w |rY= |=yVvD |xv}W}@ VWwB '12 pmW QO
|x}q QO |WQ@ VvD xm OvyO|t u=Wv G}=Dv "OwW|t xOy=Wt xOW R}q=tQv u=tR
xm '?; �100 `=iDQ= QO RH x@ 'CU= xOQmv x@ QHD =Q |v=OvJ Q}}eD 'u} Q@ttw�S
=Q Ck}kL u}= 'xOW QmP V}=Ri= xm CU= xDi=} V}=Ri= 1680kPa Q=Okt =D VvD
xOQm =i}= =Q OwN Ov@?; Vkv '?; Qw[L u=tR R= u} Q@ttw�S |x}q xm Ovm|t Q=mW;
xOW u; |oDN}Uo x@ QHvt HDPE |x}q Ctw=kt x@ xHwD =@ VvD R= OL u}= w

"CU=

|Q}oxH}Dv "5
C}ty= R�=L |Ov@?; |=yOQ@ Q=m |=Q@ ?U=vt |=yu} Q@ttw�S w =yp}=DUmDw�S uDi=}
sQH R= |W=v |rN=O |=yVvD Q@=Q@ QO =yu; s=wO w u=v}t]= C}r@=k u}=Q@=v@ "CU=
|=yVwQ|@=} RQ= |=Q@ =OD@= "OwW|t pQDvm ?; OwHw R=|W=v|HQ=N Q=Wi w Ov=tUB
|R=UpOt 'VWwB sDU}U OQmrta QDy@ lQO w |OOa |R=UpOt =@ OQ=Ov=DU=|L=Q]
"CU= xOW xU}=kt |v=O}t |=yxO=O =@ xar=]t OQwt p}iOvr |xQ=OH ?}W |OOa
sDU}U Q=DiQ Ov=wD|t Q[=L |xar=]t QO xOWx�=Q= pOt xm OvO=O u=Wv xar=]t G}=Dv
u}= 'Q[=L VywSB QO "Ovm pOt |@ wN x@ =Q Ov=tUB =@ xOWQ)B |x}qOvJ VWwB

:CU= xOt; CUOx@ G}=Dv
|O=} R Q=}U@ pw] Q}}eD 'GT R= |}=yVN@ xm Ov=xO=O u=Wv |rLt C=ar=]t "1
|OOa pOt =@ ,=k}kO u=wD|tv =Q VWwB sDU}U Q=DiQ u}= "Ovvm|t x@ QHD =Q
ZQat QO xm 'VWwB sDU}U R= |}=yCtUk Q=DiQ 'u}= OwHw =@ "OQm |R=Ux}@W
R= xO=iDU= =@ u=wD|t =Q 'Ov=xOW xO=O VWwB xrY=iq@ w OvDU}v O}WQwN Qwv
G}=Dv T=U=Q@ |oOvwWsQv VvQm pOt "OQm |R=UpOt |oOvwWsQv VvQm VwQ

84



3/
2|

xQ=t
W'

38
�2

|xQ
wO'

�14
01

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

|xQ=OH VWwB sDU}U QO l}DDvUw�S O=wt Q=DiQ QO =tO Q=F; uDiQo Q_vQO =@ "2
"OQm xO=iDU= swUQt |L=Q] |=yVwQ R= u=wD|tv u; |oO}J}B p}rO x@ p}iOvr
VWwB sDU}U OQmrta QO =tO |=yxNQJ Q}F-=D =D OQm VqD O}=@ 'p=L u}= =@
u}}=B CaQU p}rO x@ QwmPt |=yx}q =Q} R 'OwW xDiQo Q_v QO p}iOvr |xQ=OH

"Ovv=t|t |k=@ VWwB uwO@ |vqw] COt |=Q@ xr=@ R uOWQ)B
lQDWt K]U|WQ@VvD Ov=wD|t u} Q@ttw�S w p}=DUmDw�S u}@|@Uv|}=Hx@=H "3
Q} R QO VWwB sDU}U VRer w |Q=O}=B Vy=m Ea=@ xH}Dv QO w OyO xaUwD =Q
ZQat QO |vqw] COt |=Q@ =yl}DDvUw�S Qo = xm |DQwY QO "OwW Ov=tUB
Ctw=kt |xDi=}Vy=m Q}O=kt R= OwW|t x}YwD 'OvQ}o Q=Qk O=R; |]}Lt \}=QW
QO Kr=Yt |Dtw=kt C=}YwYN |=Q@ xOW KqY= Q}O=kt w VvmQOv= |WQ@

"OwW xO=iDU= KQ]
u} Q@ttw�S|x}q x@ ,=t}kDUt|m}D=DU=wQO}y Q=Wi 'TQ|x}q uOw@ `=@W=ZQi =@ "4
QO =yVvD w =y|}=Hx@=H w p=ta= |a=iDQ= Om Q=yJ QO j}=a |x}q u=wvax@
|=yVvD u}vJty w =y|}=Hx@=H G}=Dv "Ov=xOW |UQQ@ GM w GT |=yx}q
'?}W `=iDQ= R= �75 =D ?; Q=Wi xm O=O u=Wv xOW QmP |=yx}q QO |WQ@
?; K]U xm |v=tR =t= "CU= xDW=O =yl}DDvUw�S Q=DiQ QO |tm Q=}U@ Q}F-=D
|Q}otWJ Qw] x@ =yVvD w =y|}=Hx@=H 'CU= xO}UQ ?}W `=iDQ= �100 x@
|xv=NQ=m\UwD xOW sqa= |oDN}UoVvD OwOL R= xm|Qw]x@ 'Ov=xDi=}V}=Ri=
|x}q |oQ=B x@ QHvt Ov=wD|t Qt= u}= '=Pr "Ov=xDiQ QDQ=Qi u} Q@ttw�S |xOvvmu}t-=D

"OwW u} Q@ttw�S
|oJQ=Bm} sOa u}vJty w |oDU )W?; p}rO x@ xQ=OH |Q=O}=B=v Q]N x@ xHwD =@ "5
w ?; h=QLv= C=v=mt= R= xO=iDU= '|HQ=N |=yVvD QF= QO j}=a sDU}U
j]=vt QO p}iOvr |=yxQ=OH CWB QO �?; C}=Oy |xQ=w}O� 13uw}U=w} QO

"CU= |QwQ[ ?=v=wQ OaDUt "?; R=QD QO p}=DUmDw�S |x}q QO |}=Hx@=H "11 pmW

=yCWwv=B
1. land�ll
2. Dixon

3. residual
4. Abaqus
5. Liang
6. Milegate
7. Extensometer

85

hrDNt |=yR=QD QO Q=Ri=sQv R= xOt; CUOx@ |WWm VvD |xv}W}@ VwB "12 pmW
"?;



"""V
WwB

|x}
qOv

Js
DU}

UO
Qmrt

a|
UQQ

@

8. Geomembrane
9. Geotextile
10. Zamara
11. Geosynthetic
12. Implicit
13. Derivation

�References� `@=vt
1. Li, W., Hua, T. Zhou, Q. and et al. \Treatment of sta-

bilized land�ll leachate by the combined process of co-
agulation/
occulation and powder activated carbon ad-
sorption", Desalination, 264(1-2), pp. 56-62 (2010).

2. Sergio Collado, PO. and Mario Diaz, AL. \Impact of
leachate composition on the advanced oxidation treat-
ment", Water Research, 88, pp. 389-402 (2016).

3. Koerner, R.M. and Hwu, B.L. \Stability and tension
considerations regarding cover soils on geomembrane
lined slopes", Geotext. Geomembranes, 10(4), pp. 335-
355 (1991).

4. Koerner, R.M. and Soong, T.Y. \Stability assessment
of ten large land�ll failures", ASCE Geo-Denver 2000,
Advances in Transportation and Geoenvironmental Sys-
tems Using Geosynthetics (2000).

5. Qian, X., Koerner, R.M. and Gray, D.H. \Translational
failure analysis of land�lls", J. Geotech. Geoenviron.

6. Fox, P.J. and Stark, T.D. \State-of-the-art report: GCL
shear strength and its measurement- ten-year update",
Geosynth. Int, 22(1), pp. 3-47 (2015).

7. Feng, Sh.-J. and Lu, Sh-.F. \Repeated shear behaviors
of geotextile/geomembrane and geomembrane/clay in-
terfaces", Environ. Earth Sci, 75, pp.273 (2016).

8. Rowe, R.K., Brachman, R.W.I., Take, W.A. and et al.
\Field and laboratory observations of down-slope ben-
tonite migration in exposed composite liners", Geotext.
Geomembranes, 44(5), pp. 686-706 (2016).

9. Zamara, K.A., Dixon, N., Jones, D.R.V. and et al. \Mon-
itoring of a land�ll side slope lining system: Instrument
selection, installation, and performance", Geotext. Ge-
omemb, 35, pp. 1-13 (2012).

10. Jones, D.R.V.and Dixon, N. \Land�ll lining stability and
integrity: The role of waste settlement", Geotext. Ge-
omemb, 23(1), pp. 27-53 (2004).

11. Dixon, N., Zamara, K.A., Jones, D.R.V. and et al.
\September. waste/lining system interaction: Implica-
tions for land�ll design and long-term performance",
Geotechnical Engineering, 43(3), pp. 1-10 (2012).

12. Miri, A., Ali Zakeri, J., Thambiratnam, D.P. and et
al. \Mitigation of track buckling in transition zones of
steel bridges by geotextile reinforcement of the ballast
layer", Geotextiles and Geomembranes, 50(2), pp. 282-
292 (2021).

13. Voottipruex, P., Bergado, D.T., Lam, L.G. and et al.
\Back-analyses of 
ow parameters of PVD improved soft
Bangkok clay with and without vacuum preloading from
settlement data and numerical simulations", Geotextiles
and Geomembranes, 42(5), pp. 457-467 (2014).

14. Biabani, M.M., Indraratna, B. and Ngo, N.T. \Modeling
of geocell-reinforced sub-ballast subjected to cyclic load-
ing", Geotextiles and Geomembranes, 44(4), pp. 489-503
(2016).

15. Debnath, P. and Dey, A.K. \Bearing capacity of ge-
ogrid reinforced sand over encased stone columns in soft
clay", Geotextiles and Geomembranes, 45(6), pp. 653-
664 (2017).

16. Rasouli, H. and Fatahi, B. \Geosynthetics reinforced in-
terposed layer to protect structures on deep foundations
against strike-slip fault rupture", Geotextiles and Ge-
omembranes, 49(3), pp. 722-736 (2021).

18. Zamara, K.A., Dixon, N., Fowmesc, G. and \Land�ll side
slope lining system performance: A comparison of �eld
measurements and numerical modeling analyses", Geo-
text. and Geomemb, 42(3), pp. 224-235 (2014).

19. Yang, R., Xu, Z. and Chai, J. \Numerical analysis of
three-dimensional in�ltration in a municipal solid waste
land�ll under rainfall", Polish Journal of Environmental
Studies, 29(2), pp. 1953-1963 (2020).

20. Fowmes, G.J., Dixon, N. and Jones, D.R.V. \Valida-
tion of a numerical modelling technique for multilayered
geosynthetic land�ll lining systems", Geotext. Geomemb,
26(2), pp. 109-121 (2008).

86

Eng, 129(6), p.506 (2003).
17. Liang, J., Zhang, G., Ba, Zh. and et al. \Development

of a 3D 
uid-saturated element for dynamic analysis
of two-phase media in ABAQUS based on u-U formed
equations", Computers, and Geotechnics, 139, p. 104377
(2021).




