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Abstract: For the coupled process of one-dimensional consolidation and contaminant transport in a compacted clay liner under
mechanical-chemical loading, the corresponding coupled model is established by considering the nonlinear changes of
compressibility and permeability of soils, and the finite difference method is adopted for solving the model. The correctness of
the proposed coupled model is validated by comparing its results with the calculation ones of the finite element software
COMSOL Multiphysics and the existing analytical solution. Based on the proposed model, the effects of mechanical loading pu
and contaminant concentration Cp in leachate on the coupled process under two assumptions are compared and investigated.
The results show that when the nonlinear compressibility and permeability characteristics are neglected, the increase of pu
reduces the transport rate of contaminants. However, when the nonlinear compressibility and permeability characteristics are
considered, the increase of pu leads to the increase of transport rate, which is mainly due to the comprehensive effects of
advection and diffusion on the transport process. The increase of Cp increases the settlement, reduces the excess pore water
pressure and decreases the transport rate of contaminants. Compared with the case of ignoring nonlinearity, the effects of Cb on

the settlement, excess pore water pressure and transport rate of contaminants are reduced when the nonlinearity is considered.
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Table 1 Parameters for proposed coupled model

S E
BB L/m 1.0
WIRFLBRZE no 0.5
AR E p, /(kg'm?) 1000
AL p, /(kg'm ) 2600
BIEFRE G 0.198
E4ia 4 C. 0.13
VIUEAT 3N 11 o)) /kPa 60
B8 2B kvo/(ms 1) 1.0X 1010
F12 30748 po/kPa 100
BIEHIK K ho/m 0.3
thfE ¢ 0.005
WEEBIBEHRFZ o 0.005
BE TK 293.15
15 IRE Co/(kmol-m 3) 4
LR R B Ko/(mP kg ) 0.8142%X 1073
SIS RHB 1.82
H B 5 R E Do/(m?s ") 5.0X1010

i RPSHBUEIR T2 3CHR[3, 16~19, 24, 30].

3

[
T

Li%E B ST B AT i
— C./C=0.80
- = C.JC=0.99
-=== ColC=1.20

A AR
O C/C=0.80

o C./C=0.99
A C./C=1.20

YLRER S, /em

(9001 0.01 011 i IIO
Fif [ e/a
(a) ULREE B 2R

BB
.« A,
A 000 0g
el a2,
A /0' =02 a b\ a
‘s LiZ U (AR -~
’ — C./Ci=0.80 \B,
- = CJC=0.99 o
: -=-= C,IC=1.20 N
S AR &,
; 0 C./Ci=0.80 a
0 C./C,=0.99
A ColCi=1.20
1

0 0.2 0.4 0.6
W z/m
(b) FEILBRKES S

N
(=]
T

La >,

BFLBK 1 u/kPa
8
I

038 1.0

3 ANFrEFEAEES Li FP L RRTRRRT LR

Fig. 3 Comparison between proposed coupled model and Li et al’ s

approximate analytical solutions

4 RUDH
0 F RS R o e AR I 45 5 15 ez
AR, DUEBFFOR % R % R A S 5B 1

JELRPEARALE 110 Rk, AR AR T 45 5 E
REPEXHZ B R IR, AT TR 1 R B
NFZHRIFEN T, IS RIS AEE M R4 f1i5 1%
eSS AR R 48 R ERI5E RBURZ NI
D AT IR
4.1 HEEHHEN

Kl 4 Jeor T ANE 1280 8 pu B R SERG R EZE it
BB B [R] AR A () 4 Hp 2 a2 e AR 2 2
B 2N B85 S AR AR R E R 4 RS IERE M, D,
M 4 51, Toie A 75 25 IS AR LM R Ai S B R
pulK, [Fl—BFE R ER K. SUbFER, po 3G
KA 0% RN 2% B AR LR P R oo T DB = () 22 4
WK, B, #2407 =10 a BAE G p
TRV R, MF 2 AT, 4 p=50 kPa B, PR
EED N UTREZE N 1.29 em; 24 p,=150 kPa i, 7
FiE 8 B LR VT 253K 4.39 em. XTI, ZIgIELL
PE R G5 F15 32 4 1 N R - W TN 6 S 28 = 48 2 11 [
GEAS TR, JCHAE ) A RIS T

101

AR

8F —— p,=50kPa
—0— p,=100 kPa
—/— p,=150 kPa
HRALR
6 - 1,=50 kPa

—e— p,=100 kPa

—4— p,=150 kPa /

VIR S /em

i} [A]z/a

4 FRINZERH po FREENTR
Fig. 4 Variation of settlement with time under different pu
&2 =10 a IARENZEH po THIREE
Table 2 Settlements under different p, when =10 a

VAEZ e BUgALNE  BEARLM DikEE/
pu/kPa cm cm cm
50 3.57 2.28 1.29
100 5.92 3.19 2.73
150 8.27 3.88 4.39

B 5 H3R 1 775257 38 pu X515 B L o3 A 15 DL
oM. LS AL, 2 BIEARLAERS, pulK, [Fl—
I 18] 95 Gk FOBRAIR, X 2R T 453 & A
T AAFLBR AR AR, TR R R BOR . ST
M PEARLRIERY, pu AOHE K ST A5 A — I 1] 75 4
PR EET . MBUX — BRI EZR AR T, EH5IE
RN LT, B 45 AT AN 2 (A7 R B B,
WM AEERBEES IR BT HEBERE
BEAR 2 I 39 A 2 B AE A PU R, HAZIA vE itk



11

TL3C5E, 55 BRI A AR T SR R o gk 45 S5 iz i SR 2295

Db I o R PR TR 7 eiep ot eiob A N 2 RS
QeWnia N s E RIS . X TS R s iR,
Ha XAy B g & e mat 10190, 782% [& Ak
LRPERE S50 IE TS, AR BUR BB/ N IE R L AR 15
WA/, BT BRI R R R AR BE O
Fo UEAb, XFEEH R ARG A K AL 1 P 1 L T
R, BIEARRNER O T IS AR e Ry, FLJR
FET, BREARLMER L AL R AN RN . BT
EIRO MR, WSS SR TR AR M R A A E
Rk ARG TS R is e R0,

ERIRUL, FIEATE pu K, TR TR R 505
TRV, 2 RIEAELYER, p RS TS
QNI FERRAR, (BB FEARLMERT, po K SAES5RY)
WRPEERE K. AHELT BIRARZRERS O, B 8 AR LRSI
TURERE AN, 5RMIEHE R IR,

1.0%
R
—— p,=50 kPa
0.8 —o— p,=100 kPa
& —— p,=150 kPa
= gL
> 06 —= p,=50 kPa
2 —e— p,=100 kPa
§ —a— p,=150 kPa
& 04
W
0.2
0 02 04 0.6 0.8 1.0
B z/m
(a)=10a
1.0

R AR

—— p,=50 kPa
—o— p,=100 kPa
0.8 —— p,=150 kPa
& AR
) —a— p,=50 kPa
P 0.6 —e— p,=100 kPa
§ —a— p,=150 kPa
041
£
w
0.2 -
3 -
0 02 0.4 06 08 fo
BRBE z/m
(b) =100 a

Bl 5 FRINFREH pu FISRMKREN ST
Fig. 5 Distribution of contaminant concentration under different pu
4.2 BIERPIS K ERR M
B 6 s A RS P 5 VIR I Gy T S5,
TR PG R R DL B 6 IR Gy i
fes (Al I (A N U R OR,  3X A B S YIREETT
(SR L N e Ay VAR = e I
FRLMEP AL CLE Y, 7R RIS AR T, G
AU RSE AR R . X — R E R AT
FERMS AR MR OL T, AR R4 R

8r

AL

6F —— C,=2kmol/m?
—o— Cp=4 kmol/m3
—— C,=6 kmol/m3
EgE 251
—&— (=2 kmol/m3

I —e— C,=4 kmol/m?
—A— C,=6 kmol/m3

Yy

0 . A A )
0.001 0.01 0.1 1 10
i} [A]¢/a

Bl 6 FRIZIERTISINRE C TRFEEMEL

Fig. 6 Variation of settlement with time under different Cy
K7 &R T ASFRBUEI P 5 VIR Gy T FLIR
KT ARG I 7 ATRAE X T A A%
JEARLANE AR, 7] — I 1A] B LI K R 188 Gy
(R8s, A RBORI, W1 =10 a i, H4K
R ALK IS AR A, X EE R Tk
if B2 A (AL P, AT RN B 19,
SETRIAY S 6 BEAN [ e 1) T 7B FLRR 7K 7 8 70 A B T
F, AREFLBRK R D0 HE 2GR, SN
Y, X EEAET AT G JIR I R R R, 5
WK EE AT BB TRE (BiafEhliEl (15)
TN HRLFER, M T2 ARLMEE I, &
FRLAENE O T LA P LB KB TR, X ATRES

T 452 AR AR 2 Ul P 2 280 A 1R [ 5 RN A o

80

VLR S /cm
N

60 [

—— Cy=2 kmol/m3
—0— Cp=4 kmol/m3
—/— C,=6 kmol/m3
E7 S22

—=— (=2 kmol/m3

LR ST u/kPa
<

-40 —o— (,=4 kmol/m3
—A— (=6 kmol/m3
_60 1 1 1 1 ]
0 0.2 0.4 0.6 0.8 1.0
WP z/Im
(a)=0.1a
20
Ol
<
g
2 -20
s} ¥
2 AL
&= —40 —0— Cy=2 kmol/m3
= —0— Cp=4 kmol/m3
53 —/— Cy=6 kmol/m3
7 -Ei2-1c
-60 —a— (,=2 kmol/m3
—o— (,=4 kmol/m3
—&— (,=6 kmol/m3
-80 1 1 1 1 |
0 0.2 04 0.6 0.8 1.0

W z/m
(b) =1.0a



2296 Pl

2023 4F

20

-20

2Lt
—— ;=2 kmol/m3
—0— Cy=4 kmol/m3
—/— ;=6 kmol/m3
ARtk

-60 —=— (=2 kmol/m3
—o— (=4 kmol/m3

HBFLBK E F 1 w/kPa

R

—4— (,=6 kmol/m3

-80
0

1 1 1 1 J
0.2 0.4 0.6 0.8 1.0
YRPE z/m
(¢)=10a

7 TEBIERTISEIRE C TEFLBRKENNS
Fig. 7 Distribution of excess pore water pressure under different

GCo

K 8 fifiidk 1 B IEMR rh i IR Co W5 Yk B2
IIAGIEBLIFENE . L 8 TR, CoiloK, [F]—WffE] T~
75 GRS VR BE ARG, 3 150 5 QeI 2 B T v
18 TR Bl %, X —WRFE S5 ET
KB AR EA R, WA, XA, £ G
MFRER T, 5 RBARLNENS DURS F IR B,
HAE Co 5 YWk BE (0 22 R 5500

2wtk

—0— C,=2 kmol/m?
0.8 i\ —O0— C,=4 kmol/m3
—/— (=6 kmol/m3
F ARtk
—&— (=2 kmol/m3
—0— (C,=4 kmol/m3
—&— (,=6 kmol/m3

BYIREECIC,
(=]
>

0 02 04 0.6 0.8 1.0

W z/Im
(a) =10a

ALt

—— ;=2 kmol/m3

0.8 —0— Cp=4 kmol/m3
[ —/— Cy=6 kmol/m3
& F ARtk
40 0.6 —&— (=2 kmol/m3
® —— (,=4 kmol/m3
ES 04 —A— (,=6 kmol/m?
£ 0.
Iy
0.2
", L
e
0 ' 1.0
R z/m

(b) r=100a
8 NEIZIRRPISRINRE G TISRIRERN I
Fig. 8 Distribution of contaminant concentration under different
(6
M BRI LLE B IERPTS RYIRE G

TSR, (] — IR 8] R T R K, R FLIRK o (R,
15 GRS IR LA (RIS s R 2l g ) . 52
Mg ARLAE TS DUMLEL, 7R 5 I8 AR LR ML R A FS B R 1
DUR, CoxtUtkER . ALK S T AG Geppis i 5

(RIFEM 25N o

5 & i

IR 15— S T S L R o — e
LRV 45 S5 GRS R G, SR T
A Lk [ 25 5 TS Y R R R, JRESL T AR AR
T, T T 6 L R TR A 8 e P AR 2 A 1L
RIS 775, T8 T A B A TR 2 40 . BEJS,
ST AT, BT T T AR AR IE R
S, BT FTERE, 0T T 2 5%
L P 51 5 P R (B A TS 4 i 45 5 4
MEER IR AT, 1954 M.

(1) BEE 008 po K, [ T 5%
R R, L po K 2 2RI AR
e TR R T A R T R 22 (L K

(2) M2 ALEPERT, po (MK 2 (495 Yuipia
BRI 2SRRI, po IR K 2 75 2
WEERS IR, X R TS e B R R
St R BN PR (2 B o 7% FE AR LR [ 4550
BT, 4R T 2 B R S N RS R I AR
2355 R B S 5

(3) BRI YIIKEE ok, [F—Hf i F
VUM, ALK A RN, ELYS Bk
W PSR (RIS Yeia o e b ), HJg PR 3 B
V5 IR B T T B A AR

(4) AR H T 28 Lok TR 45 RIS B RSN ., 75
H AR T, Co MU BILBUKE RS
YLIISE i TR R T 2 RS -

SE -

(1] W, BRIE, BRal, 5 REDURA B RG0S
I BT[], EARTFEZEHE, 2011, 44(7): 133-141. (XIE
Haijian, ZHAN Liangtong, CHEN Yunmin, et al.
Comparison of the performance of four types of liner
systems in China[J]. China Civil Engineering Journal, 2011,
44(7): 133-141. (in Chinese))

21 2 W, X R, TR KRERIER LBEE RS 9
ER AT T2 [J]. 512, 2012, 33(3): 687-694.
(LI Tao, LIU Li, DING Zhouxiang. Study of transport and
transformation of contaminant through a clay layer with

large deformation[J]. Rock and Soil Mechanics, 2012, 33(3):



11

VL5, 55 B8R 3 T I SR 3 2 rh — e M [ 55 5 1o R s AR S R 2297

687-694. (in Chinese))

3] 5KEL, WER, K 8B FHEBEBEKI-I-sime
FRIRF 7 [T, &+ TR 223, 2016, 38(7): 1283-1290.
(ZHANG Zhihong, SHI Yumin, ZHU Min. Coupled
hydro-mechanical-chemical model for clay liner[J]. Chinese
Journal of Geotechnical 38(7):
1283-1290. (in Chinese))

[4] bR, B 4 x| 7%, & FRARSRRINE T 5 R
B IEBETER I &L 2, 2022, 43(2):
423-431, 442. (QIU Jinwei, QUAN Quan, LIU Jun, et al.

Engineering, 2016,

Analytical solutions of contaminant transport in clay liner
system under non-isothermal condition[J]. Rock and Soil
Mechanics, 2022, 43(2): 423-431, 442. (in Chinese))

[5] e, FeetE, SRENE, & FBEEL. 7R SRS
VER RS G WAE R b S B T R[] KR 2 4R,
2015, 46(3% T 1): 124-128. (XIE Haijian, YAN Huaxiang,
ZHANG Chunhua, et al. Analytical models for contaminant
transport in clayey soils considering coupled effect of
consolidation, diffusion and degradation[J]. Journal of
Hydraulic Engineering, 2015, 46(S1): 124-128. (in Chinese))

[6] SMITH D W. One-dimensional contaminant transport through
a deforming porous medium: theory and a solution for a
quasi-steady-state problem[J]. International Journal for
Numerical and Analytical Methods in Geomechanics, 2000,
24: 693-722.

[71 PETERS G P, SMITH D W. Solute transport through a
deforming porous medium[J]. International Journal for
Numerical and Analytical Methods in Geomechanics, 2002,
26(7): 683-717.

[8] ALSHAWABKEH A N, RAHBAR N. Parametric study of
one-dimensional solute transport in deformable porous
media[J]. Journal of Geotechnical and Geoenvironmental
Engineering, 2006, 132(8): 1001-1010.

[91 LEWIS T W, PIVONKA P, FITYUS S G, et al. Parametric
sensitivity analysis of coupled mechanical consolidation and
contaminant transport through clay barriers[J]. Computers
and Geotechnics, 2009, 36(1/2): 31-40.

[10] LEWIS T W, PIVONKA P, SMITH D W. Theoretical
investigation of the effects of consolidation on contaminant
transport through clay barriers[J]. International Journal for
Numerical and Analytical Methods in Geomechanics, 2009,
33(1): 95-116.

[11] PU H F, FOX P J, SHACKELFORD C D. Assessment of
consolidation-induced contaminant transport for compacted
clay liner systems[J]. Journal of Geotechnical and

Geoenvironmental Engineering, 2016, 142(3): 04015091.

[12] 20Ty, V305, B, 55, AFSRR A 560 T SR
et s E L TSR Y/ P s 2 Ry Rl ) M g s Y
4Rk, 2022, 44(11): 2071-2080. (LI Jiangshan, JIANG
Wenhao, GE Shangqi, et al. Coupling model for
consolidation and contaminant transport in compacted clay
liners under non-isothermal condition[J]. Chinese Journal of
Geotechnical Engineering, 2022, 44(11): 2071-2080. (in
Chinese))

[13] FRITZ S J. Ideality of clay membranes in osmotic processes:
a review[J]. Clays and Clay Minerals, 1986, 34(2): 214-223.

[14] KACZMAREK M, HUECKEL T. Chemo-mechanical
consolidation of clays: analytical solutions for a linearized
one-dimensional problem[J]. Transport in Porous Media,
1998, 32(1): 49-74.

[15] KACZMAREK M. Chemically induced deformation of a
porous layer coupled with advective-dispersive transport.
Analytical solutions[J]. International Journal for Numerical
and Analytical Methods in Geomechanics, 2001, 25(8):
757-770.

[16] PETERS G P, SMITH D W. The influence of advective
transport on coupled chemical and mechanical consolidation
of clays[J]. Mechanics of Materials, 2004, 36(5/6): 467-486.

(17] 5KELL, IR SFHILELER T AT R L &
THHITED]. AR KA AR(EARAR), 2016, 4605 T
1): 148-152. (ZHANG Zhihong, SHI Yumin. Influence
mechanism and calculation method for soil deformation
under double load[J]. Journal of Southeast University
(Natural Science Edition), 2016, 46(S1): 148-152. (in
Chinese))

[18] ZHANG Z H, MASUM S A, THOMAS H R, et al. Modeling
fully coupled hydraulic-mechanical-chemical processes in a
natural clay liner under mechanical and chemico-osmotic
consolidation[J]. Environmental Science and Pollution
Research, 2018, 25(36): 36173-36183.

[19] ZHANG Z H, MASUM S A, TIAN G L, et al. Modelling
non-isothermal volume change and solute transport

behaviours of a semi-permeable clay soil under the

combined influence of mechanical loading,
chemical-osmosis, and thermo-osmosis[J].
Geology, 2021, 293: 106271.

[20] M2, SKEL. HBEHRRAN A RIE LD L B8
I SR TT). 5 £ TFE2EIR, 2022, 44(2): 278-287.
(TIAN Gailei, ZHANG Zhihong. Coupled model for

Engineering

contaminant diffusion, osmosis and consolidation in soil
considering effects[J].

Geotechnical Engineering, 2022, 44(2): 278-287. (in

thermal Chinese Journal of



2298 Pl

B ¥ R 2023 4F

Chinese))
[21] CHEN Y M, ZHAN T L T, WEI H Y, et al. Aging and
compressibility of municipal Waste
Management, 2009, 29(1): 86-95.

[22] FENG S J, GAO K W, CHEN Y X, et al. Geotechnical

solid wastes[J].

properties of municipal solid waste at Laogang Landfill,
China[J]. Waste Management, 2017, 63: 354-365.

[23] YU Y, ROWE R K. Modelling deformation and strains
induced by waste settlement in a centrifuge test[J]. Canadian
Geotechnical Journal, 2018, 55(8): 1116-1129.

[24] PU H F, QIU J W, ZHANG R J, et al. Assessment of
consolidation-induced VOC transport for a GML/GCL/CCL
composite liner system[J]. Geotextiles and Geomembranes,
2018, 46(4): 455-469.

[25] LI J S, JIANG W H, GE S Q, et al. General analytical

solutions for one-dimensional nonlinear consolidation of

saturated clay under non-isothermal distribution condition[J].

International Journal for Numerical and Analytical Methods
in Geomechanics, 2022, 46(10): 1811-1830.
[26] FEiF, XUtHBY, WERER. 7 L BORS - — e[ 45 R AARLR

MERFIUIT]. A 1255 TR 2R, 2005, 24(24): 4565-4569.

(ZHUANG Yingchun, LIU Shiming, XIE Kanghe. Study on
nonlinearity of one-dimensional consolidation coefficient of
Xiaoshan clay[J]. Chinese Journal of Rock Mechanics and

Engineering, 2005, 24(24): 4565-4569. (in Chinese))

[27] ABBASI N, RAHIMI H, JAVADI A A, et al. Finite difference
approach for consolidation with variable compressibility and
permeability[J]. Computers and Geotechnics, 2007, 34(1):
41-52.

[28] 7 W, Bk gEARL R I 45 38 5 IR X LR T (D]
FUM ;o WP YL K %, 2008. (QI Tian. Theoretical and
Experimental Studies on One-Dimensional Nonlinear
Consolidation of Soft Soil[D].
University, 2008. (in Chinese))

[29] xUgEHE, FEtd, SkE 2N TR ETA R R
T 7> AR ). KB HERE, 2004, 15(4): 458-462.
(LIU Jianguo, WANG Hongtao, NIE Yongfeng. Fractal

Hangzhou: Zhejiang

model for predicting effective diffusion coefficient of solute
in porous media[J]. Advances in Water Science, 2004, 15(4):
458-462. (in Chinese))

[30] LEE J, FOX P J, LENHART J J. Investigation of
consolidation-induced  solute transport: I effect of
consolidation on transport parameters[J]. Journal of
Geotechnical and Geoenvironmental Engineering, 2009,
135(9): 1228-1238.

[31TLIC X, HUANG J S, WU L Z, et al. Approximate analytical
solutions for one-dimensional consolidation of a clay layer
with variable compressibility and permeability under a ramp
loading[J]. International Journal of Geomechanics, 2018,

18(11): 06018032.

(BXIREFHkR) BITRE

(TR QT 1979 48, ZWEKF LA,
Ji%Es B KL RPN EE MR S A AR
FHGUT . R SUKMBRER SR TR, BRI ATFRAT. &
BRE LT AR AU Re R A e R AN SEROK
P RIRHEART SN TRESEBSCR S o fRIEHE IS BrEoR. B
A OFTMPRHRORIT SRR F o WA [ 5 B SRR A R I H B HiA
LI H A TR R A 3R, 8 AN A S B e 5
F R, IS TR X Sefm k. 2R B SO ER bR | ZRiR

AP CPSOZOIITIE B S5 &8 A iz
T, HAEBRFEECH TR T RS A TR « o ER
BRG] (R EREAZOHITD B “ R ER IS
551 3CHE R Wk AT EREERE o R 51 SO
BE” Wi AR AR ERIR 7 A sofiea KA E AR TSR
BN R WGk ATIHE “ TFEZER G| Ei Compendex 4

FE” R« HARRAHARIRMSH U R PE IST” 45 br i Al
Fo ARFIMLE (www.cgejournal.com) 43R ATATFTE FIlEk
e

AT SR EAREH . KRR, Zlisk. 7R
SRS BHR AT NS 2 5 A - TR R
Wit L. MEFES NG

KTIAAT, A4 TFAR, BREHERR, 222 U1, 4] i) i,
FEWE M 40 T, RFEMN 480 TT.

A [ BrARiE TS ISSN 1000 - 4548, [F 48 —F] 5 CN 32
- 1124/TU, HA RTINS 28 - 62, HAMEATAS MO 0520,
S RS 4 [ A M SR VT, AT R R I I CR
OB 2% o JmfBERiT Wtk : P RTPRIE G 34 5 A L TREEAR)
R MB4w: 2100245 BEARHIE: 025-85829534, 85829543,
85829553, 85829556; £ H: 025-85829555; E-mail: ge@nhri.cn,

CAS TG B0 D





