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Mechanism and experimental tests on reducing adhesive force of
clay-metal interface by using electro-osmosis method
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Abstract: The mechanical construction is widely used in geotechnical engineering, but clay clogging is the major problem that
hinders construction. Shield, drilling pile machine and other equipments are prone to mud cake, clogging, poor soil discharge
and other phenomena during the construction in clay stratum, which leads to the increased torque of the apparatus, intensified
tool wear and reduced construction efficiency. The clay clogging generally occurs at the interface between clay and metal
surfaces, and reducing the adhesion force of the clay to the metal surfaces is the key to solving the above issues. A method of
using the electro-osmosis technology is introduced to form a water film between the clay and the metal interfaces to reduce the
clay adhesion. The tilted-plate tests and electro-osmosis tests are conducted on four types of clay under different voltages and
water contents. The experimental results show that the electrodynamic behavior of the clay is influenced by the water content
and clay minerals, and needs to meet a certain voltage threshold. The critical sliding voltage threshold of the four clay samples
in the experiment is concentrated at 4 V, with slight differences influenced by the water content. After the voltage exceeds the
threshold, the detachment time of the soil samples decreases sharply. Increasing the voltage from 9 V to 11 V does not show a
significant difference in the detachment time. After the voltage exceeds 7 V, increasing the voltage has few effects on reducing
the stickiness of the soil samples, but the energy consumption during the electro-osmosis process increases significantly. When
applying the electro-osmosis method in practical engineering, the factors such as energy consumption and formation conditions
should be considered comprehensively so as to select the optimal voltage-based electro-osmosis viscosity reduction program

and improve the construction efficiency.
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Fig. 1 Difficulties of shield tunneling in clay stratum
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Fig. 2 Contact model for water in interfacial adhesion!?”)
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Fig. 3 Schematic diagram of water ring contact between soil

particles and solid surface>”!
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Fig. 4 Schematic diagram of water migration in clay under action
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Fig. 5 Equilibrium state force on clay samples
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Fig. 9 Variation trend of detachment time of samples with voltage

WIREE R, N HRBEEFRF LS &m A
THT A 285 PR 5 280 2 USSR A, R AR A
N, B IRE KA SES). X2d T+
FEERFREUN HAN RS /N, KT ATy, 12
ARG AR A 7] BT o5 R 7K AN A2 DA e R e 2 E 4
71, TESEIHIBIERS . B AR SR, BHRER
HEWT 1 S B S LA (& 100, SERT
BURE AR H R T2 — A N e TR 3l 8 30X
— A Y R AT B B R 1 11 R 1 &R AE
ANTF RS K IR G Bl e 2 R AR T M5t 2 R s
(B, SRR 7K 73 DU AR 33 P2 M BRI AR ) B ARG RS
[Fi I S AW 3 7K 73/ BE LA I I, S R o B U
BETIRD, KO IT RS LI 2 — I ME . B
LR K I A P A e )X DL BT R < R A i R
BOKAR, AETCIE I Bl . 2 H Heads B 25 i K B
TR DA R R FEE N ISH B ) B AR 7% 2 BA A 1 L
TR BIHRROR, XA A 8. REging
J AR I 5 P T B, BN < R A T TR P e 3 5
IR, EIK B S kSN S I A 2 AR
SRR -

10 PRARSMR A%
Fig. 10 Anodic steel plate falling off

(a) TR (b) Wif LR (c) BT REME
1 BEEA TRk ERLPEBHEE

Fig. 11 Process of water migration in clay under voltage




%8

SRR, S5 MBEEREIRE - E A A LS It T 1737

A G ARSI Bl S L R X 6 BT B R
o6 B2 DX ) PAY o AR ) 7 F s BRI R 5 9 LT
D) 1 _E BRAEL, AR A (Rl 57 v s BREL A0 P 12 AR
KPR BFE 1 RITEAE 4 f I 7 H S R R 2 K%
ACH B, FAR PR LRI 5 o S R R
mmzmﬁﬁﬁiﬁmﬁﬁﬁﬁ Hk g 45 R,

&R R LRI R R E L 4 VRS, 28
K?%wmﬁ¢IhMmm£m%éIF%%ﬁ$ﬂ
JEAA FEFR B0 JE R 5 28 RS HEAT T R TR . 4 /E A
RAIHIERS, HARFAEERAL T “ B XK, %X
AR T e A s 2E . 73 BRI R PSR Bk
NS LR L. AR AT AR Bk
DI, IAONIEIE Cm bR B B MR Bl
B B XA BT X ER WS T XEAR T
KB Z o [RII JE A L b R SE R L i80E R
%, 75 BARAITRIANE KRR KR s 2 R .
PRI, S e R 5 7K e H DA B AR 2 RS o e I T
T eE R T AR - R B I (], HE— DR 1S
B PR L RO A AT AT

Tr 11.5
N v=45%—=—1F£1
B w=55%—e— 1 F£211.4

6f w=65%—a— 1T F£3
N v=80%——1#£4]1 3

wn

N

w

10.9 &

15 R e P B/ V

A1 dHE2 A3 A4
RSyl

B 12 HiIEF B ERE

Fig. 12 Ciritical voltage thresholds of soil samples

H1 P& 9 AT, b e e et 5 RS B
S8 o e, s S A5 0 5 B ) SR D . (B
R 2 S 085 0 onS AR L RE I B I TR I RCR AN, e
il 2 e LS 9 VS T Ak S N R A 5 I T
AR R 2R, BRI 1 s ih. TreI s
HEREARIEMIG, Lk 1. 28 2 Mhre 3 725
IKFIY 45% I} e 5 B S, BB 5 K R A1 I A6 £ e
BOMERESGNN, S K EEMN 65%F] 80% L 1 /I 129 Mk FE 5
TR AR X TE], R 4 75 7KRAE 55%~80%
P B AE S B KR B IEAROC T S R T 7 V I,
LR 4 FIKERTLE 55%~80% P I 128 HEFE it 5 7K %6 1Y

TNEE i SR R A, 1E 65% S /K R M B i R A [A]
N KR L R AR B I B R, fKR
TE— 7 X [) A 3G 0 A5 P 280 PP R VB I Tl e 38
[Fi) B P 235 o 246 B PR PRI v T 38 0 o 741 FEU A
B K IR 0 T R B S R K T B ORI
. MAHEEKRT 7 VI, 80%E /K%M LFEHE
TR F AR T R P A R, A LT 65% 3K
RAFEHEPRME . AHFEEKERFE— R, MEBE
(3K, 2 B B B i TR TN o (ER /N R R
TR, MW — AN EE. FIEBERE
JEFEAS AT, M 3] 9~11 V IERAL IR,
B U R I A TR BB, MG i e R 2 1 I

HL R A mzm%ﬁﬁwﬁfm¢TT%MM%
ANEFEFZE . AEEGKRF RS 5 5
KRR AW 13 FioR. ECHEEER T, R
BN ] 32 25 K SRR R . R IR it 5 B 1) it 25 7K
A2 AT LA . SRR A LI R,
amzr SE Y0 R YA g R BB 2 3, 4k
SRS KRR LB R R HE 14 (b)
FiR, HBIBERCRSZ KB, SKES5HIBIE
RCRAE— 2 Va2 IEAESE, (HE KRN BB CE

I ROR 52 HAR PR R KR 0 . RBEA 2 R
BRI, PSRRI N REsR

o PSR AR S IR U A28 4 R 25 Al PR
o P, FEAEF IS IE MR R L IR R AR S o B

CREHBREEIKE, HIEAHE R ER K,
101 6
=5V =3V
8t -7V —e—g¥
. =2 A e N
E 6} =
= 4 = 2|
2t
ot 0 : . ,
45 55 65 80 45 55 65 80
K EwI% B IK W%
(a) £#1 (b) +HFE2

I
z
w®
=3
0 ) ! s "
45 55 65 80 45 55 65 80
BIKEBw% TIKBw%
(c¢) 13 (d) LF¢a

[ 13 AR ERE Sk REWHES
Fig. 13 Variation trend of detachment time of soil samples with

water content



1738 Hs

2024 4E

3.2 HEBBEARGER

FRPE BRI BRI, MR T HRE R
ANT BN R A I R TRV B, T R RGN E
— SE A J5 R S I H i AR Sl TR A PR R 22
o P, &S, 7, 9V =FRheREAR X EAESHT
HBIEIRL, 4 h JF IS E I R 45 R 5 R &K
RIRRWE 14 Fizn. 4 MRS 2 E B R
B (B 14 (), HEEE LR YIRS IR TH
THMBZEEALEEER. HABEEHRT, &
WA 1 MHEBEER S, dPE L EAERSH
25% s VR A LRE I B IE E A T RARKE, (H
BEE U S I A s E A P . T
TR R RE 3 EHE N 5~7 V I HIBIE B 1052
HE R REMAE /N, T E M 7 V N3] 9 V BB &
BIIMRRERCR . AT A 1 AR 3, bR 2 Fih
P 4 FHBIEESZ B EZNE/N . WE 14 (b) B,
HBIE B2 IR AN, RS KRR S
FEN—NEERE LR 1B, 5 KR 45%~

65% IS B BB S KRR, {H 245 KFM
65%4k S 3G INE] 80%HHT T FEMTHLISE B T K%,
207 =11 20r —-=w=45%
~ 187 ot 18 -ow=55%
o 167 =53 16t - w=65%
_-JEM_ ) = 1l -+w=80%
2 // £ //A
10} # 10}
%SP//X//% & o
2 6y £ 6}
al 4
R 20 0 00O
5 7 9 5 7 9
HLE/V HE/V
(a) MR :FEHBHEERE (b) AEEAKFLERSE
B, ARk i 3 BERAE R

14 THESEREMBEETLES

Fig. 14 Variation trend of electroosmotic rate of soil samples with

voltage
TR HIBEBIE R IR 2 s, RikAAP
_Q
&_E4° 4)

Xf: k, NHBEBER (m/(sV)): QNEBRE
(m’/s); ENHIGME (Vim); 4 NEFEAERY T
IR AY (m?.

W LR RBESER VL & T AR R,
T Al L BB R E R RN . XA B R
LB R S Tai R ke . 5S4l LA, ke
HmE e S BN IBIE B A R AT . IR
Mitchell SEBIFHIRIAHE, &, M4XHEVEREE 107
m?/(s'V). BIRENFIBER GBEREEMX, BiE
Rk, HBEBR. BBEBERS LT Y
FFLBRAEAH G

®2 4 MEIHNBIEEERK

Table 2 Electro-osmotic permeability coefficients of four soil

samples
et St H2E R AU (m?>s -V )
+HE1 6.39x10°
+HE2 3.98x10°
+HE3 5.09x10°
+HE4 4.16x10°

X [ — R A P R AR L 2 A AR PR, K
FEE S, 7, 9V =ikl B2 AR F T it 18 Ik (R Bl H 2
TR AR A 1] 15 P s o A EE T oAl 3 A
RPN LR 1 BRI 1] H B AR AR T AN
Wi, KRBV EAE | SR LB R T Al A,
B 14t r] R U A H A T T Bl A H B I R A
reo (RIS IR 15 di 2T 2 RS ARG, AR
i B I [B] ORI FAEAIG,  (H 2 BB R B — 85
BN X 4 P 5 ] 4 25 SR AN I

8-

—a— 1 FE1
—e— 1 Hf2
—a— 13
6r —v— 4
B
4
B
=
2t \
0

> 4 6 8 10 1 u
BEHF/(mLh )

15 BRESAYEIBEER S E R R T AR
Fig. 15 Variation of detachment time with electro-osmotic rate
3.3 REEIHE

RE B TH AR N BB I R OB VR M 2 i R 45 D
IR — ARG 2R o 5 SCTARFAR 1208 Hh Mt HEL s
B LRI IRTE Zh T /5 BE ROV H RURE R AE:

E=P.T . 5)

X ENEREERE (1); P AW SIS REMTIZ (W);
T IR SIS A (Do

CasagrandePHATE BB FE T, BEETHFEHGR T
HUBRRSE I P A6 E ATt T 2 AR (AR L R
JITA X 6 2 B s ) FRLIR SR T, AT A1) 4 RLB I
SRELEAN ] B A R AR AR EE AR 3 R . X T
EL DI AR IE R

P.=V-I (6)

A VARE (V) TRHHEIBEE (A,

4 FhERERZER . SRR T A RRERTHAE
XTI 16 . PAERE 1 (&1 16 (b)) SAfl, A3



8

TR,

5. HBEER RS - R A R M LS IR T 1739

RERVHRESZ S KRR, AR KR8 7R 2L
Z IR T IRENEE 7. U B3G5 b Al
R b LR A AR EVH AR R R, SR
SV IR 7V, LR 4 0GRS R B
TG 5V INE] 9 VI 6 R RE BN AR A B3
o, SHA 3 MR, LR 3 A REEENAE
BE 5 FE TR 3 S kA s, R AT HRIB B AR L B I b
JE JE R 258 9 1R) L ) R P B R Y A AR A A — N EE
[RIZE, 76— Y 38 I e s REHR PRI 286 1 B ik
RO, EGk SR BB N FE R AN 2 50 BB B P AR A
R E 17 BoRHEBEL TR IR AL, KILHEEMN 7
VHIME] 9 V DR EAE R AHOGK, HEX B AN
AR AR . ik, N EBER E AR R
K, EAREFFER R BARMILER.
# 3 FEBEETIHMNEREE

Table 3 Current intensities of samples under different voltages

— HL/A
5V 7V 9V
+FE 1 0.0224 0.0364 0.0512
+FE2 0.0250 0.0470 0.0638
TFE3 0.0176 0.0288 0.0402
L5 4 0.0220 0.0386 0.0520
187 = +FE 1.6 5-w=45%
1.6+ -o-1#E2 14 -o-w=55%
1.4+ —A—i§3 12l -2 w=65%
12l - 1#4 o -+ w=80%
ﬁl.o S £ 1.0
Hosl 0.8 ;‘A/A
e Ho6l
=061 "
0.4!<: 0.4f
021 0.2 }_}?__g:ﬁ
0 L J 0 L s
5 7 9 5 7 9
HLE/V HE/V
(a) AFpFEHR BB (b) REEAKFELFERS
L AR b AN S

16 THEAAAEFERERER LIS
Fig. 16 Variation trend of effective energy consumption of soil

samples with voltage

5-

[ RSl
-2
41 +HE3
-4
R 3.034
w®
% 2.341
R 2y
1L
0.5610:626  0.55
0

(a) 4FhLAEDD R FEREHL R AR (LR 3

351
o v=45%
3.0t [ | w=55%
w=65%
N v=80%
2 2305, 187
g Loire B
201 8
®
iz
# 15
® 10921-121-251.19
1.0} ’
0.480.561
0.5}0.405 2.515
0

5 7 9
HLFE/V
(b) AEE7KER LA Th AN #E B L FEAR LA 3

17 THEThREFERR R E L ias
Fig. 17 Variation trend of power consumption of soil samples with

voltage

4 & B

AR IR P L3 T R 5 4 I 5 T 2
B B3 F AT T 090, IR B E0 R R
TR 2 B 38575 IR 5 SR M [ 22 L 6 B
il R SERD 4 5K AR 1 4 F L RE 4 BT
B T AR I A LIS B R

(1) HL 3237 IR 6 280 B P 1 e S 4% 1 B 2
T R . I 1 4 - (0 8 50 I P R (2
TE AV AT, B3 v FE BB 24k 5 80 0 P I - A 5
FF ) 220 R, 24 b PR RIS O Vi A e
s 45 - R e BN 11 T 0 2 25

2Ry 4 bR Hhy BRI B 25 K2 2B AL A
IR 5, (BRI B I 1632 A 7K ST H R BT
B K A — 52 0 BB P LR R B AT, kst
YT K 2R BN 1 S B T e 9. BRI A K
S GHE LB RN, {E R K R (R
A T HIBBACE.

(3)7E M5 5 12 WA A 86— 86 B 12 1 S ) o 4 fe
PRHIE . 24300 Hh TR o P BRI, — 2 90 Bl iy B
P o 5 S I TR LB 2, (B kg by TS
o 1 A S RO T D S AR A S .
B, 7E HLIB I I 0 AR T R PP R4
Fo HUEAMSENE, UK. BRI
ARG 11 A S 57 FF 5 e W R 8 o 8 30k 36 T
SE B

SEH:

(1] FSCHe, SEH, B R, Yo s 2 0 e T4 5 14 ) 4 1
HmE 5 AHTI]. BURBRERIA, 2019, 56(4): 8-15. (ZHOU
Wenbo, WU Huiming, ZHAO Jun. On driving strategy of the



1740 Hs

¥R 2024 4F

shield machine with atmospheric cutterhead in mudstone
strata[J]. Modern Tunnelling Technology, 2019, 56(4): 8-15.
(in Chinese))

[2] WAN Z, LI S, YUAN C, et al. Soil conditioning for EPB shield

Bl W\ E

tunneling in silty clay and weathered mudstone[J].
International Journal of Geomechanics, 21(9): 06021020.

dl, Mok, S5 FivEr Skt T e
W TR DHE R T[], 5 L IREAR, 2020, 4209):
1651-1658. (FANG Yong, WANG Kai, TAO Liming, et al.
Experimental study on clogging of cutterhead for panel
earth-pressure-balance shield tunneling in cohesive strata[J].

Chinese Journal of Geotechnical Engineering, 2020, 42(9):
1651-1658. (in Chinese))

[4] REUSS F. Sur un nouvel effet de 1'¢lectricité galvanique[J].

(3]

Mem Soc Imp Natur Moscou, 1809(2): 327-337. (REUSS F.
On a new effect of galvanic electricity[J]. Memoirs of the
Imperial Society of Naturalists Moscow, 1809(2): 327-337.
(in French))

CASAGRANDE 1
Géotechnique, 1949, 1(1): 159-177.

L. Electro-osmosis in soils[J].

(6] ML, Bromam, Xz, & ACPHEKRE SRR A

[7]1 X% &, &%

SR BRI BT ] A A s TR,
2020, 39(3#4 T 2): 3516-3525. (WANG Liujiang, CHEN
Qiangqgiang, LIU Sihong, et al. Model test on treatment of
soft

clay under combined vacuum preloading with

electro-osmosis using prefabricated horizontal drain[J].
Chinese Journal of Rock Mechanics and Engineering, 2020,
39(S2): 3516-3525. (in Chinese))

M, EOE, S BUINE N IS N v
WAMEW ] &A% TR%HW, 2014, 33(12):
2582-2591. (LIU Feiyu, MI Wei, WANG Jun, et al. Influence
of applying stepped voltage in electroosmotic reinforcement
of dredger fill[J]. Chinese Journal of Rock Mechanics and

Engineering, 2014, 33(12): 2582-2591. (in Chinese))

(8] #E o, WS &, EHR. EKESERFN R LA

REgm AR B 0] R ROR S TR, 2018, 18(3):
335-338. (CUI Yunliang, XIANG Pengfei, WANG Xinquan.
Experimental study on influence of water content and sand
content on resistivity of soft clay[J]. Science Technology and

Engineering, 2018, 18(3): 335-338. (in Chinese))

(9] Tils &, A5, EHR. SKESEDEMNRF L RE

% 2 s IR AT FE )], 0B AR, 2017, 57(12): 75-77.
(XIANG Pengfei, CUI Yunliang, WANG Xinquan.

Experimental study on influence of water content and sand

[10]

(11]

[12]

[13]

[14]

[13]

[16]

content on electroosmosis coefficient of soft clay[J]. Railway
Engineering, 2017, 57(12): 75-77. (in Chinese))

OB RN, &R R B HE KR R T
R AL TR, 2011, 33(8): 1254-1259. (LI Ying,
GONG Xiaonan. Experimental study on effect of soil salinity
on electro-osmotic dewatering in soft clay[J]. Chinese Journal
of Geotechnical Engineering, 2011, 33(8): 1254-1259. (in
Chinese))

A B, ZEIRR. RN R VB INIE BB TVER U],
A TR, 2011, 33(6): 955-959. (LI Ying, GONG
Xiaonan. Design method of electro-osmosis reinforcement
for soft clay foundations[J]. Chinese Journal of Geotechnical
Engineering, 2011, 33(6): 955-959. (in Chinese))

2O ZEREE, B, . ABRA LSRR
H ML), A0 %5 TSR, 2010, 2908 T
2): 4027-4032. (LI Ying, GONG Xiaonan, GUO Biao, et al.
Research on conductivity characteristics of soft clay during
electro-osmosis and its conductive mechanism[J]. Chinese
Journal of Rock Mechanics and Engineering, 2010, 29(S2):
4027-4032. (in Chinese))

JEMERG, £ Fh (A EGHE BT RS B E SRR K
Br[I]. R KA A AR (A 2R RR), 2011, 42(6): 1725-1730.
(GONG Xiaonan, JIAO Dan. Experimental study on
electro-osmotic consolidation of soft clay under intermittent
current condition[J]. Journal of Central South University
(Science and Technology), 2011, 42(6): 1725-1730. (in
Chinese))

FMINL, MR, BERE, & mAS B EG IRENIE S
R 3 IR B ST 0], K2 TR, 2017(5): 150-156.
(WANG Liuyjiang, LIU Sihong, FAN Kewei, et al.
Experimental study of combined application of vacuum
electroosmotic drainage and vibration rolling in ultra-soft
clay improvement[J]. Port and Waterway Engineering,
2017(5): 150-156. (in Chinese))

FEAR, A5, X8 %, 55 BN - RBEEEH
TEE AL AT A SR, H 0 S TR,
2019, 38(8): 1677-1685. (ZHOU Yadong, FU Jiyu, DANG
An, et al. A nonlinear consolidation model of soft clay under
the combination of electroomosis and vacuum preloading[J].
Chinese Journal of Rock Mechanics and Engineering, 2019,
38(8): 1677-1685. (in Chinese))

XRE, KR, EOE, S MR AR N R
T RSB E G RBRO ] B Rk (B AR,
2014, 20(2): 228-238. (LIU Feiyu, ZHANG Le, WANG Jun,



O

8

SRR, S5 MBEEREIRE - E A A LS It T 1741

et al. Experimental study on electro-osmosic consolidation of
soft clay under preloading and variable voltage[J]. Journal of
Shanghai University (Natural Science Edation), 2014, 20(2):
228-238. (in Chinese))

[17] AZZAM R, OEY W. The utilization of electrokinetics in
geotechnical and environmental engineering[J]. Transport in
Porous Media, 2001, 42: 293-314.

[18] LAMBE T W. Foundation EngineeringlM]. New York:
McGraw-Hill Education, 1962.

[19] MICIC S, SHANG J Q, LO K Y. Electrokinetic strengthening
of marine clay adjacent to offshore foundations[J].
International Journal of Offshore and Polar Engineering,
2002, 12(1): 64-73.

[20] MOHAMEDELHASSAN E, SHANG J Q. Feasibility
assessment of electro-osmotic consolidation on marine
sediment[J]. Ground Improvement, 2002, 6(4): 145-152.

[21] VAN BAALEN L R. Reduction of Clay Adherence by
Electro-osmosis[D]. Amsterdam: Centre of Engineering
Geology in the Netherlands, 1999.

[22] VAN BAALEN L R, ZIMNIK A. VERHOEF P, et al.
Applicability of electro-osmosis to reduce clay adherence in a
TBMI[CYJ// Proceedings of the International Conference on
Geotechnical Geological Engineering. Beijing, 2001.

[23] SPAGNOLI G Electro-chemo-mechanical Manipulations of
Clays Regarding the
Driving[D]. Aachen: RWTH Aachen University, 2011.

[24] HEUSER M, SPAGNOLI G, LEROY P, et al. Electro-osmotic

Clogging During EPB-tunnel

flow in clays and its potential for reducing clogging in
mechanical tunnel driving[J].
Geology and the Environment, 2012, 71: 721-733.
[25] FOUNTAINE E R. Investigations into the mechanism of soil
adhesion[J]. Journal of Soil Science, 1954, 5(2): 251-263.
26] B W, fEEESR, WRSRHR. gt AR R ) i Eie
SFT). Al AR, 1995(4): 5-9. (JIA Xian, REN

Bulletin of Engineering

Luquan, CHEN Bingcong. Theoretical analysis of adhesion

force of soil to solid materials[J]. Transactions of the Chinese

Society of Agricultural Engineering, 1995(4): 5-9. (in
Chinese))

271 77 B, EFH, T 9, 55 TSR R 2
KRSV A 5 vE T AT, A LR S, 2023, 4509):
1813-1821. (FANG Yong, WANG Yubo, WANG Kali, et al.
Risk evaluation method for shield clogging based on interface

force[J].
Engineering, 2023, 45(9): 1813-1821. (in Chinese))

(28] B sk, JE R TI4E -39 S & M LB IR AT 7T (D). BAR:
774 e 238 K2, 2020. (TAO Liming. Experimental Study on
the Adhesion Mechanism of Shield Cutterhead-Soil

adhesion Chinese Journal of Geotechnical

Interface[D]. Chengdu: Southwest Jiaotong University, 2020.
(in Chinese))

[29] JIA X. Theoretical analysis of the adhesion force of soil to
solid materials[J]. Biosystems Engineering, 2004, 87(4):
489-493.

[30] LEROY P, REVIL A. A triple-layer model of the surface
electrochemical properties of clay minerals[J]. Journal of
Colloid and interface Science, 2004, 270(2): 371-380.

[31] TIKHOMOLOVA K P. Electro-osmosis[D]. Ellis Horwood:
University of St Petersburg, 1993.

[32] SPAGNOLI G, KLITZSCH N, FERNANDEZ-STEEGER T,
et al. Application of electro-osmosis to reduce the adhesion of
clay during mechanical tunnel driving[J]. Environmental &
Engineering Geoscience, 2011, 17(4): 417-426.

[33] HOLLMANN F S, THEWES M. Assessment method for clay
clogging and disintegration of fines in mechanised
tunnelling[J]. Tunnelling and Underground Space Technology,
2013, 37: 96-106.

[34] MOHAMEDELHASSAN E, SHANG J Q. Effects of
electrode materials and current intermittence in electro-
osmosis[J]. Proceedings of the ICE Ground Improvement,
2001, 5(1): 3-11.

[35] MITCHELL JK, SOGA K. Fundamentals of Soil
Behavior[M]. 3rd ed. Hoboken NJ: Wiley, 2005.





