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HAE Ao x2S A uA] 9+ 3l (uncompensated charge) 9} &3 %3¢
o% gAsE Hi Utk webA
ol EAGE gl (e.g, Na¥, Ca*h)o] HE mwle] F-2E o] k=59 53
HE olFA "uh 1+59] o]2&% % (Ionic Concentraion, IC)7} & 4% §%
Folzel g&fl FEJAS] olFTT FA= FERE ol 9 (Eq. (1)) A
SHAl Har JApREe] Qo] FrtskAl "k vt IC7F HAgTS HEEH Y
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FAg, =], A )= AR e & 9% WA Ak ols HAETL
S Akell A ANk Ee] A b HIHE feiAE olRe kY IS

nestelol F& EWT FEAA 0]FFF FAKNE AYsH FAL o}y

Eq. 1.137} 2t}

Fl=,—m— Eq. 1.1

o714 k' = Double layer thickness
= Relative permittivity
K = Boltzmann constant
7 = Temperature
n, = lonic concentration
e = electron charge

V = Valance of cation
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¢,= 46.6/P10-446
(LL>100)
(Kanji. 1974)

¢,= -0.9031LL + 51.726
(LL<100)
(Fang et al. 2019)

Parameteric study B dotA o mE
Using COMSOL TR FOrEZ =8
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2.1.1.1 0| X2 BEZE

A HAEFEST 3Lt Kaoliniter= 3FH 4l Gibbsite, W2 Silica® ©]
T M AETE 7] Ho] o]Folx ity a9 2.29 &2 3 AL 7]
TE B9E o]Folx g olFTxE VK HEFZEo| o oY olF %
A A Ee 22 dAVMAT O R ofe] 3o] Agsto] o] Fojxl Zlojt
Kaolinite:= o]&]gt 73 w297} 1157 A& =0o] Ut

re u

1> X
=
~
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HEFEC] FPHE oA FAF dde] dojdrt. FFASeld ojd g
AA7E vl2gh o] WS 7 vhE Aakel A dek= Zle ¢JwH|ebe, Kaolinite
A M Al gA7F F23] EAgithd SittF Akt glojok & A
AlTe]l diAl ozt & Stk 1%/ HW 4719 Siozbele] 37F9] Ale] Eojzto
Z o] AEFES 17 FSe Hol Sdste] Ade vEh dd iR

]_
o= fd Hi AL oleld of wWEolm oA HEY
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O

o HEFE EHo o
Agol AEY w2 oE F3 AdsEe AR 2 olgrh 9

., & Gupta, S. S. (2008)).
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(Bhattacharyya, K.
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HIEUo|E= B AEHFE Hld] =2 A, & 1] 2%, =2 CEC(Cation
Exchange Capacity) % %2 ZAAY 7I&AS Holes HAEFEo|H,
Montmorillonite®] &3t %fo]& Zof wlg} Ca—Bentonite, Na—Bentonite® T-&

AT (AR 9] 2002).
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Illite = Montmorillonite 2} w}7FA 2 Gibbsite7} 7]0] Q= A& FFXE o] F
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ARFe 27 5489 AAHA G dole] o] AdmHow &
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bS] QbE e obdle] B4& ol gakel AlbEth

Mohr—Coulomb failure criterion

s =c + (c—u)tang’

Eq. 2.1
ANNAN ¢ = A
s = AYHE
u = FFEet
¢ = ez
A71A re AESE S YeEhdY ol FARDAE r=s/F (F=3HA8),
P=ol, T= A% Ol9sH Eq. (2-2)9F 2ol Aee 5 9t
7 (cl—i—P—ul)tanqb Eq. 2.2
F
3 oo FHxALS olgo Eq. 2.33 o] Ay 4 .
Peosa + Tsina = W—(XR—XL) Eq. 2.3

A7|A, o= AAY AWo] F£HYHI} o] F=

Bishop?] 7HaW2 dd 59 ddgo &2 008 7Hgste, X,—X, =0

o7 p= oldlo Eq. 2.49F o] #+3 & 9t}

(¢'lsina — ultand sina)
P= e r : ) M. = cosa(l+tan tanqﬁ) Eq. 2.4
= i , M, = o a—p q. 2.

a

S Whsina = Y)TRS 1@ty 7o) thekel Felahd bt
1A FE U S U
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Eq. 2.5

M1+ (P—ul)tang )R
Z Wsina

En =

pall
<

ol

Ok

b o 7 x| Hlo)

a4

INEEREEE

= =
_IO

AR el §3 st e

ol

bALS b glol AR o waHE 3

5]
RS

t}. (Griffiths and Lane (1999))

a3 = 3l &)

begom, Apeol

S

AR

=
9] =7 AA4 (Strength Reduction Factor (SRF))

71" (Shear Strength Reduction Method)

—_
o

;0_

14

3]

3= one—way 97

4ol A48 #ge= o8&

g

ez
o

o]
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4]

| obd one—way A7

340
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S
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A 3 & BEANzS et 2 adstH AlE

3.1 &8 Yd

NGRA Al deolE, TheEluelE, WlEUo|E 374 AR7F ARGE S
, APl E Algs @uEs, 715 Aol TdFlen YA = Sdlolth Jt
STl Ex YA, Ad AT, MEYCEE @UANZ, BEAEE BFA]

AN FIFom FrHH AlE BFE FuUolA AAE QY 37HA] AlBE FEYA

A7l w2 FEFE uEshy] st} AVbES AWSHA oS e dgs A
gaglor, F7HH s 200, 3250AlE st AEel dist A dds

gkt
2 AFoA HESY A S-S fst] o3 2ol fall cone test(BS

1377, BSI(1990)) & R &st7]o UA HES EA4X AHAS fste] deeolE, 7}
SYUolE, WiEYo|ES QERE3HLE H|FA AT (ASTMD422) 5 E31o] 4t
Aol BAAIE dU1e v SA AlES EBo A VA BEAIRS JEREE= T

10

9317 2t 7o) et vhe} o] B Aol o]g® AE Algt oA
2 2 QA4S A= Aow Urhdth MEGoEe] 4% JuHon %o Qs
& A3 Er7 W9 %) o] AL AF Fol FRUTE EF 371K A

29 HF2 ¥FH AP (ASTM D854)ef &8sty FAsta 19 3.1 o el

2
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percent finer (%)
= NN W H O1 OO N
O O O O O O O o

0.1

A |llite Gs=2.89
& Kaolinite Gs=2.70
-@-Bentonite Gs=2.68

0.01 0.001 0.0001
Grain Size (mm)
a9 3.1 4ol E, Ul E, MIEUC|E n|FA AlY Ay

3.1.2 Fall cone test

Fall cone

S Az

) A

T
S
=

teste] 93} F= A7 300, ¥
5x= AdAste] AdE XY & Ao o] €3t Fall cone test

a9 3.2¢0 el

13 3.2 Fall cone test #H]
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A skA = BS13779 wel 19 3.33% o] Fo #AH 20mmollA e g

= dMAZE g o5 st F 4W9] FnloA #AJHFS FGsAT)
A F 20mmellA 9] sHn)= T 3.33 o] 4Wl9] AU olEE £33 HolEHE

ISR SR A2 olgste] FHsgtt

40
.. @
35 A 0
i
m ®
30 -
o y = 0.675x + 20.95
R?=0.9988
25 .
9 1 13 15 17 19 21 23 25
2t 2 (mm)
1% 3.3 dEfolE A SA AlE AT oA
3.1.4 &8 xA
o]k WME dgtolE, Jt&EyolE, WlEYo|ES] dAGSAE AbYs7] 9
3ol %447 (deionized water), 0.01, 0.05, 0.1, 1, 2M2] €3} AZX3 HEA
8525 E3elglon ol4et AEYAY] Fd RESS FEstal FH A HOlA oA
AstAl AHS F3st7] Yste] ZF &) vt AR XA 2413 S AlEES
Y 513 ol Fvx ZAo+= FIYUEFNaCl)H d3td45 (CaCly) = o] L3kt

= 5t A7FES AYyshA g
A &9} sieve size #2003 #325 o]&e] AlmE UFo] F71AQ AYS 585

ke
&
A
2L
1o
o
N
=2
=
rn
2
T
1o
2
2,
ol
X
i)
N
N
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3.2.1 Ol2sk0l OE &2 %4

o

A &

k_(')ﬂ

O 3.4% 4FOIE, gty E, MiEYO]ES] NaCl £97 CaClygef d
NJA Mg Ay g zolvh 1™ 340 YERd niel o] A HEFJE &
T ol&EE7E Srbetd A EAIZE Akl EgE NaCl &9 A ehA A
7F CaClyBtt Al A o2 A vepstt detolE A5 A¢ o5 %7}

4 A5l NaClell tigh g ghAl gtol A debsa 7k vl E9 MlELo]
E Af BE o]&ALE oA NaClel thst AAFHA kol tiAlzlow =7
Lrebstth E3 defo] E9L FhEEube]l ES Ag AT HAH LTt HlEUolE
of "l Ao r A vea, WEYolES AL o] &E L7t 0o 2ME F
7bsk w) AABAZE 70% AE FhdE Zo® UE

¥ 3.1 x4l (Baker, M.L. 2017)¢ #& #Fiste] HEZE

7t Yol E wiEyo|ES H]3E A (specific surface) ¥} o] %] 3+-2-% (Cation
Exchange Capacity)= WERW Zlo]m, HlEUo|ES] H9 Jh2g o] ELt deto]

Eof nlal iz or nlEwAo] Aa ¢fol2ugddEeo] A7) wEel we Z o]
7

=
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ANaCl
35 1 0CaCI2
o) ) s
34 - o4
= A
§ 33
ge)
>
g 32 - ° A
31
(@)
30 T T T
0.001 0.01 0.1 1
IC(M)
(a) defolE
50
ANaCl
450 oCaCI2
S A A ,
= 40
£ A
|
e o
=5 A
o
30 1 o
25 -
0.001 0.01 0.1 1
IC(M)




ke

)
3

300 @
A
= 250 A
= @)
5 200
©
= o A
O
g 150 o
6 0CaClI2 ‘ A
ANaCI (@]
50 . . .
0.001 0.01 0.1 1
IC(M)
(c) HEo|E

3.1 AEY=e] wEw

T 3.4 HGEA AE A3

gl ool 2| g8 (Baker

, M.L.

2017)

Specific Surface Area

Cation Exchange

Edge View Capacity (CEC)
(SSA) (m2/kg)
mess (mEq/100g)
Montmorillonite
) ) 700—-800 80—-100
(incl. Bentonite)
Illite 80—120 10—40
Kaolinite 10—15 3—15
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E 3.2 o]2F

b
2
=
rlu
12
ox
(ot
il
>
e
iih)
&

Material IC LL(%)_NaCl | LL(%)_CaCly
DI 34.67 34.67
0.01M 34.41 34.90
lite 0.05M 33.97 34.35
0.1M 33.72 34.16
1M 32.25 31.74
2M 31.45 30.61
DI 44.77 4477
0.01M 42.26 35.77
Kaolinite 0.05M 41.64 34.31
0.1M 40.94 34.38
IM 38.88 31.41
2M 33.58 30.66
DI 301.74 301.74
0.001M 293.99 295.52
0.005M 243.21 278.21
0.01M 230.18 289.46
0.02M 219.38 268.95
0.03M 189.19 255.99
Bentonite 0.05M 163.96 247.71
0.1M 140.26 179.89
0.2M 133.25 155.96
0.4M 120.08 141.13
0.6M 109.47 123.82
0.8M 101.14 115.01
1M 96.88 107.66
2M 81.82 102.04

DIg} 2M A}ol2] 67FA] o] EoA WlELo|ES o]k It Agygow &

NZEA ke AolE KolY] wjieo] E AFrolM= Fge A A T AF vt

A Fholdh 2482 ol2F kel wel 1 GFo] Aolds w7 F v WEY
olE iAol welt FE ARIZE 2EARE O™ 35004 AgE ol2Ek
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0.8MAA HUZ vefbs A 7Y Aol WIEUOIE Alg dAikx]o ue}
e Row Azt

=

350
300
o) A
_ A A
& 250 @ A A
£ (@)
5 200 (@)
o o A
3 o A
= © o A
A NaCl o A
100 | 0O A
0CaCI2 O
50 r ———r—rTTT r ————TTTT r T—T—T—TrTTT
0.001 0.01 0.1 1
IC(M)

% 3.5 MEYOlE AYTA Al A

N HAE ARRSE AFulFubEz =4 F A2 Fang et al. (2019)7F AFeEE 2
Eq 3.1% ©]&33ith Eq 3.1% LL<1009] 231& AHgste 3202 defo]Est
FhEelol B AAddA & ol &kl JFUF RS ofdl % 3.33 o] Ab

9ot

¢, = —0.9031LL + 51.726 Eq 3.1
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X 3.3 AAFSA #ES ol &g ezt AHY (Tlite, Kaolinite)

Material IC #,.(°)_NaCl ®,(°)_CaCly
DI 20.42 20.42
0.01M 20.65 20.21
Ilite 0.05M 21.05 20.70
0.1M 21.27 20.88
1M 22.60 23.06
2M 23.32 24.08
DI 11.29 11.29
0.01M 13.56 19.42
Kaolinite 0.05M 14.12 20.74
0.1M 14.75 20.68
1M 16.61 23.36
2M 21.40 24.04

3.2.3 X AJI0 ME HES HEsAH B3t

ob#fe] 1% 3.6% 1¥ 3.7 FEYAS] A7) wE g wsE BY] 9
sto Aol AZA 2 dEfolE, Jh&EyolE, WlEYo]ES] A sHA gk} #200,
#325MAE B33 A RS NaCldh CaClag9S Abgste] AA3HA Al Ao
=3

AA} A7) e A A A FE IR gAo] HAEFE AAdeA 9
g 2 kY] AgEA w2 s Holal Slow, ghEEuelES A9 ]

o] A7lel wg o]zt mmlgk A A 5= Stk ols 9B A7lel wE o
AeA e FEFES FHA wet dE2gs 2E guste] 179 ol
NaClgH 7} 27}9] oFo] & g-olel CaClpel ztol mlH|&tA] Lrels:

m{i
2
o
o
\

=
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39 i m
237 - ° B
= @ o =
£ 35 +
O A A @
ke
S 33 - A A ©
2 |ailite A
31 q@illite #200
Dillite #325 A
29 i i L i aal i i iad s aaal I | L i LA
0.001 0.01 0.1 1 10
IC(M)
(a) dg}olE A& A}
50
456 O O
= e 3
=
5 40 1 O
o
E :
g y P
71 35 { AKaolinite )
@ Kaolinite #200
@ Kaolinite #325
30 1 1 L3 3131131 1 1 L1 1311l 1l 11
0.001 0.01 0.1 1 10
IC(M)

(b) 7FEeluelE Al A3}
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o
o

>

(g

&=
) A
o
S 230 - °
=
E o
%' 180 A
2 ° g
130 A A Bentonite
@ Bentonite #200 a m
EBentonite #325 ‘ ‘
80 1 1 L1 3111l 1 1 L 13l Lial 1 Ll
0.001 0.01 0.1 1 10
IC(M)
(c) MEYUOIE A3 Ay}
1% 3.6 NaCl& & o] g3t §17 1 AAsHA A A3
44 A
A42 l (] @ 0
X
o
~ 40 A
=
£ 38 -
= O
O 36
2.6 8 7y -
7 34 1Aillite .
Qillite #200 [O)
32 -
Dillite #325 A
30 M M a3l M PR T A | il , " P
0.001 0.01 0.1 1 10

IC(M)
() AetolE A F A3}
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50

(]
=45 A ®
S 5 m
= A A
E a 3 o
"3 40 -
o a
35
k=2 » m
73 35 { AKaolinite
@ Kaolinite #200 ’
B Kaolinite #325
30 i i ia a aaal i i i i aaal i i i a s aaal L i A A l a2
0.001 0.01 0.1 1 10
IC(M)
(b) 7F&UelE Al Az
275 é ‘
X A
= 225 (@)
S '
1
O 175 -
- |
g A Bentonite
125 1@ Bentonite #200
@ Bentonite #325 l :
75 L1 13311l L L1 311111 L L1 31 1313111 L L1 111
0.001 0.01 0.1 1 10

IC(M)
(0) MEL|E A7 Az

% 3.7 CaCly&8g o] &3 47 & qAsA A 243
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3.3 &dstH Mg 21

3.3.1 0120 ME BES AdEH B3

LARAR Ao, AR NaClgds o]g3 F 7HA9 ol £ (2
= (DD 2k 2M) oA 381 S48t Alde st MEYo|EQ A5 o]
sheol mE gAY ezt AA e Folesiols 24 #=
AT 24 AlE S oot AENASY 1T veE F=dt7] flstel B

7}
FE olFel AEe ] flsk] AR A F 2Azbe t7lste] el

A AT 2EA ) g ol E 349 2k

Material IC PL PI
llite DI 25.56 9.11
2M 21.79 8.82

Kaolinite DI 29.82 14.95
2M 25.86 4.8

DI 91.3 210.44

0.01M 82.01 207.73

Bentonite 0.05M 75.51 172.2

0.1M 72.72 107.17

1M 63.43 44.23

2M 60.63 41.41

3.3.2 AdXl=+ gtE ME

rﬂ'
ﬁ
o
i
=
]
N
I
0x

AAFE AR AFWRVRRL 4 FAL Kanil (19747 A 2 Ea,
e

[e)
T HA T

A (LL) &) gkl 1008t =7] u



wolth AP A= obef o] F e Er

¢, = 46.6/IP"**° Eq. 3.2

3 3.5 HEYolES] JRuivizz abg A

Material IC ?.(°)
DI 4.29

0.01M 4.31

. 0.05M 4.69
Bentonite 01M 5 79
1M 8.60

2M 8.85

3349 3 359 Zol dElE, JhEEUelE, MIEYolE i ol
2t ARl Aashs AEE = 7 en, Al ghol Hadel w4t

AE AR Fbee AnE B 5 9

AT

+

_27_



H 4 B HEAHS AIHOIAE 2X|oiA

ATl AEANS] APERME SN S flete] 324N (Finite element
method)S 7|9t & 3 COMSOL multiphysicsE ©]-83FHtE APdQHY &l A of| =
Mohr—Coulomb #}#7]#S 48381312 w Griffiths and Lane (1999)°] A<t
A EZ A A (Strength Reduction Factor, SRF) & o] €3t A E74A7HE &
of AbHO M= BT RTINS AP ST dojd w7hA
GAEE FaA7IEA g o r FASA S Tkl AbEY M S H7
= WHo® F2 SRF= F7HA 9 A=Azt 2 2 ujd mebA E2
SRFE P&l & AbdE gulgith & A eA= SRFE 1%H 0.05 {HH 0%

DT
R e
EDRT

H
|

ZIMA71EA AFE S 97 dojd wiztx] WEEAARS FEste]l ot A HE
SRFE Fox z7elAe] FAa4 Aigtoz b sigity. SRFE o] &3
A2 (e,) & W7 (p,) = ofei gk Eq 4.19 2ol A estslt
. C
“m =~ "SRF’
= at (tan(qb?t))(p 0) + ))(p 0) Eq 4.1
¢,, = atan SRE < > q 4.

A71M c(KPa)= HES H2Y, ¢ wXPLEAA ] WFrbEZ, o= X

FEiell A o] WFekEZ, p(KPa) = F=<psholvh. webs 3] (g, =0) oA 9] <F
A& FS)2 obele] Eq 4.2¢ o] Fo=tt

1

F5= Spp= Lo _CTontang, Eq 4.2
N T ¢, to,tang,, d4 =

m
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MY

4.1.1 COMSOL AtEHOHE ==Xloll4d ZE

mesh, 3i4 A= off o] T} L

)

™, AbEE 29 geometry ¥

ofgfe] 19 4.1 Wil Folo] wE APES MAS H
T8 #olE 10melAl 6m7HA] 1mibA = FHAA A7 4]
W 78 4.2¢ APEO AL Eo] wE APHO obFgAS WY
7} 157 oA 457 74| 57 tA o ® FIRAA ThH A

5
T R RE FEgANS ol gatel FANAS FRst.

15m

() Abeery $A 34 md 74

>

SRSKRERD
oo % OISR
D VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAON Anvmg‘:.g X
WA avAl 4" R

AVAVAVAYA
Y AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAS

%
NN NININISININININININININININININININININININININININININISIANININ N
\WAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA

A
JAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVA
(b) mesh

AV

S T ——
- - -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0

(c) von mises stress
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(d) #Fd) SRFIA slip surface

1941w ele] wpE APEQHY A s

20m

20m

A A A A A A A A A

l 85m I

() Abeery $A 84 md 74

(b) mesh

QR

(c) von mises stress
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Equivalent plastic strain (1)
T T T T

160
140

120+

alpha = 45[deg]

60 |

alpha = 30[deg] alpha = 35[deg]
40
20
alpha = 15[deg] alpha = 20[deg]

20+

alpha = 40[deg]

alpha = 25[deg]

FAE el AMSEE EAAAE ofgle] B 413 ZoH,
(E), ¥o}$H] (») = Rayhani(2008) ] Aere zke ALg31% o

1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

1;0 2‘00 2;0 2‘40
(d) AAF Zxo W& slip surface

2™ 4.2 BAF Zhkeel] whE APAQHY A el A

= HTAE S A3ste] 3wl Fdg vekdl Aot

3 4.1 Material properties (Rayhani (2008))

224 (o)

w7k ARl )

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Unit . B
Welght (kPa) (MPa) Y Gs
(kgf/m? )
Illite 2890 90 45 0.42 2.89
Kaolinite 2700 90 45 0.42 2.70
Bentonite 2680 50 24 0.43 2.68
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4.2 NEHSHE OH £ &S

4.2.1 Bishoip2l 2tEHE 0|E& HS

APERQEY Al XI3gell ShAl AbWRMY sliA] melel thdt HEE flste] Bishop &
Morgenstern (1960)2] Fd& ZEE COMSOLE o] &3 ApHeldy x84 4
o} Hlwad Tk AFE Sl HAR= 2:1, 3:1, 4:1, 5:1 F 47FA 9 AAelA x| @ A
& Agsgioh obgel g 211 AAelMe FASAARE U total
displacement& WERH Flojt},

35F E 25

301

25

20

15

10

1 1 L 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 m

9 4.3 2:1 AAFA ApH 9] total displacement

otgfo] 19 4.4+ Apderd Sx&|4 Ay SREZe] whE displacement® 4
Efjo] wtajof] Edsle] gAjsAlo]l E%ts W] & FOS(Factor of safety)zf
1 39, Bishop & Morgenstern (1960)2] erd& AEANAM L] 2:1 7 AP A <t
H& 1.1559 vjwste] vepd T#zolw] COMSOLS o]&3eh Abdehy 2:1 ZAL
ol FAEA Ad bHES 1.17% ol&4 ARl 1.1568= A A3t &
=5t
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9
8 -
—_~ 7 )
E 64 Bishop & Morgenstern (1960) !
= FOS =1.155
(=
(0]
£
%4
o
23]
© 2 4
1 -
0 — : - ’ . .
0 0.2 04 06 08 1 1.2 14
FOS

TOF 4.4 2:1 BARlA o] 27k AbEMY A A ks vl

E 4.2 AR 0E

ol et} A4 A7

slope angle FOS_theoretical FOS_numerical
2:1 1.155 1.17
3:1 1.732 1.8135
4:1 2.309 2.4235
5:1 2.887 3.0275

Bishop & Morgenstern (1960) 2] o]&% 3¢ zlol= TASHO = AYE FRlsh
AL o] Fro] mE AR AFUFrhEZS parameter® FA A S 53

.

7] 918ke] model®] A7 7193 AWl AAbs)
AA FAEIAS Astaley. A el A7) of
R eas

AAZA W BEARE Fods =74
A

el 1 459 Zov A4
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& 5
3 S
A A A A A A A AA
1700m
%9 45 AES A Ao w7y
FAEA 718 A7 displacementi= ofd#lo] 19 4.67 o] yrERRtth o]t

ol AMHSY AGALEE HAAAAZI FASAS XY sS W ToeF-Eoll A
o] W9k (displacement) ©] maximum displacement 7] X o]Ato =z wAs}

ES
| wiitel Aol HEA Hol 19 4.69 #2 A3t REE It

N

3

x1072
420}

1.8

390
1.7
3801

3701 - 1.65

360
1.6

350

1.55
3401

330k 1 1 1 1 1 L 1 1 1 L 1.5
300 320 340 360 380 400 420 440 460 480m

1% 4.6 3:1 ZAFeA total displacement

Aol Al Zbmo] wE Abde] orAge
Bishop & Morgenstern (1960) 2] <¢+d&

439 2. 84 A
| B An) 2EE.

r
o
-
> 1o
b

ﬁ
ﬁ
8
off

ol AMAY A7 wE F£XAEA Xy Ay /‘}‘:591 A71e] WS maximum
dispalcement® FALS F4sFA] E3to] vl a = AldHo|A Q] Fx|a| oo &
ARE fdstA Xote] E22 19 4.30% FAHAS XSl
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% 4.3 A9 3715k Abel whE o2k £A 64 A

slope angle FOS_theoretical FOS_numerical
2:1 1.155 1.0725
3:1 1.732 1.1225
4:1 2.309 1.145
5:1 2.887 1.16

(SRF) & Z7}8l= AeS wolt)
35
34 4
o 3.3 I
£ 32 N &
6 | ) =3
SERD R A A o
: 2
g ] O O s
- 29 (] 0
O
é 23 Aillite
e (@) @) © @ Kaolinite
- O Bentonite
0.001 0.01 0.1 1 "
IC
(a) DH = 10m
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35
34 A
233 1 A O [
c A
g 321 A o -
X314 A =
o3
o 3 o O -
=290 =
L .
8 28 - ° Aillite
w27 o o o @ Kaolinite
2.6 - O Bentonite
2-5 1 iasl Ll
0.001 0.01 0.1 1 10
IC
(b) DH = 9m
35
34 -
o 3.3 4 !
= 3.2 1 A
]
©
¥ 314 A A A o
°° o
2 37 oD o
=290 o
Ke) .
8 28 A ° Aillite
L 2.7 1 O Kaolinite
o) o) © _
2.6 - O Bentonite
25 L oLl =
0.001 0.01 0.1 1 10
IC
(c) DH = 8m
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Factor of Safety

Factor of Safety

H

w

N

—

w

N

-—

Aillite
| - Okaolinite
a A A OBentonite
(] 0 A
- D a
& 4
1 o
10 15 20 25 30 35 40 45 50
Slope angle (°)
(a) DI
Ailite
| A OKaolinite
a S A OBentonite
) 5 A a4
&
1 o
10 1.5 2.0 2.5 ?:0 3.5 4.0 4.5 50

Slope angle (°)

(b) 0.0IM
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H 5 & &E

= AT dEAel AEFE dEOlE, FEyolE, HIEYOIES ol&Fk:
(DI, 0.01M, 0.05M, 0.1M, 1M, 2M) ¢} ©]&2] 7= (NaCl, CaCly) el w2 o/ gt
A& Fall Cone Test® ©|&3dto] At sty A3E azelqivy. =3 A E 44
A whE olgste] olewk Ao wE HES WEepRAE ¥4E& o835t
Fgsta o5 olgsto] APRHY FASH ] Jgtor AREEte] o] F el uh
B AP kg wistE wESgith Apdcds A e frEtes FASA e
¢l Comsol MultiphysicsE °]-&3sto] bd&S A A7 |HE 4 83)
of BAAZAA] FA A FFsto] Wi 9 Folo] whE AbEe] P& Abd
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Abstract

Clay particles generally have a high specific surface area and negative
surface charge, and the pore water and clay particles combine to form a
double layer. Since the formation of the double layer water is basically by
electrical attraction, the thickness of the clay particle double layer water is
affected by the change in the 1on concentration of the pore water. Since
the change in the thickness of the double layer water the arrangement of
the clay particles or the spacing between the clay particles, it affects
various ground properties such as the volume, strength, stiffness, and
plasticity of the clay ground. In this study, the liquid limit test was
conducted from dielectric water to 2M in order to examine the change in
plasticity according to the 1ion concentration of illite, kaolinite, and
bentonite, which are representative clay minerals. In addition, in order to
examine the effect of ionic valence on the liquid limit, NaCl and CaCls
were used to control the ion concentration. In addition, in order to examine
the effect of ion concentration on the slope stability of the clay ground,

the internal friction angle estimation equation using empirical equations was
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applied to the slope stability analysis model, COMSOL Multiphysics to
evaluate the slope stability according to the ion concentration. The shear
strength reduction method was used for slope stability analysis.

As a result of the liquid limit test, the liquid limit of the sample showed
a decreasing tendency as the ion concentration increased. Therefore of
numerical analysis, the strength reduction factor (SRF) of the clay slope
was found to increase as the ion concentration increased. Through the
experimental results and numerical analysis results performed in this
study, the effect of the change in ion concentration on the liquid limits and
plastic limits of the clay and the stability of the slope including clay was
shown, and it was used to evaluate the safety factor for the slope
containing a lot of clay. It shows that the strength parameters according to

the change of ion concentration should be considered.
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