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Abstract

Clay mineral content of weathered zone is a key parameter for landslide studies. Electrical resistivity
tomography is usually performed to delineate the geometry of complex landslides and to identify the
sliding surface. In clay-bearing weathered zone, parallel resistivity Archie equation is employed to
investigate the effect of conductivity added (resistivity reduced) by clay minerals of kaolinite and
montmorillonite, which is dependent on their specific surface area and cation exchange capacities
(CEC). A decrease of overall resistivity and apparent formation factor is observed with increasing
pore-water resistivity, significantly in montmorillonite. Formation factor is found decreased with
increasing porosity and decreasing cementation factor. Parallel Archie equation was applied to the
electrical resistivity data from the test area (Sinjindo-ri, Taean-gun, Chungcheongnam-do, Korea)
which experienced land creeping in the year of 2014. A panel test with varying clay-mineral contents
provides the best fit section when the theoretical section constructed with the assumed contents
a OPEN ACCESS approaches the field section, from which the clay-mineral content of the weathered zone is estimated
to be approximately 10%. Resistivity interpretation schemes including the clay mineral contents for
*Corresponding author: Ji-Soo Kim land creeping studies explored in this paper can be challenged more when porosity, saturation, and
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mail: geop22@cbnu.ac.kr pore-water resistivity are provided and they are included in the numerical resistivity modeling.
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RS HstAA ThE o2 7o) o] Z22tmE FollA FRtE L 7P T doks mdzlmE AEate] ofof A H HE S 10%E o] A9
o] Z3tfol| gt HE ko s =4 OP‘I‘E} FUH Ao Ag Az M7 AT AR E o849 A E Tie] FA7He AT HE
i 2ol A7 A G v o2 N (F g, Est, 0] A7 A/ B tigh AR S SRl o5 A R ER
WA ZFAA PSS o o & 1 ﬁﬂ*é% qu Eold Zlo 2 y]rjHd;

FLO0I: HEFE, 17, Tde, Haud ofx]o] 4]

MNE

APHE e A= SHE Y] S E S SR - Aol HEAo)al F 4 6] s B4 HolA E
H AALE| 2] 7= B Ho| Zal AAfs] ZIsY 7] wiiZo]l 21 oFE-2] F3t, 114 F=2] A 9 AgH 5ol o=
23t 93k HF=r}(Stead and Wolter, 2015; Shin et al., 2018).

BT A2 EFO| Zolot ] 4ol et 1 R A B 2] o] Hee] AR5 Y B Sl &Sl
T2 ool FE sk HE FE 1 ko] 7 QAfe|oh HE B2 1 Aol Be g-gol =
= # o2}, EZO| F-gof tiet afo] AuE A A 27]of a3t S-S ofA Hrt. Ha/d(swelling) HE
Bl AHEO | E(ZRYRUO|E), Hu|E2o|E, F=oXolE, U4, 72 e|Uo] E/Hu]ETiolE, dufo]|E-AH)

Efo| EQ} -2 Sol3t o] EA of ot gl the FEoll Hlste] 71 7ol &=7F 24 Atk(Kim et al., 2005). %6]
ERAZHO|E= 5 55T 4-F Hol Far]o] oRkS e A7 AL ko] =5 AT ghell= A, &

98 2rd2uo|ER QIS Y7letat 7AJEF aHitollA] ot AbAFEl(Opfergelt et al., 2006), Tﬁ}
21-gof| ool P4 At EX} oHES] A TS AAAA AL vl sl EetofellA o] LA (Regmi et
= & dtkJo et al., 2016).

al., 2013)&
2|5t P 2o A 7 |H| A 25| 24714 /g o] PAE= 0| B2 R, miafit) H Fdel o3t F=E, &
3t T4 9 ZJsleo] A7 8|, =5, F2ot 9 v whE HEFE 2] el ool Hgtth(Park et al., 2004). &
5] A1) dofuh= g™ AMAE] O] -9 i = AR ot A At A 2| AE5S Tl & siARE A7 BIA AF
SOl W 2 2 EA ﬂﬁiﬂr% FoHoll 3sk= HEC 7191sk= A 02 A2 B Qltk(Lee, 2021).

Park(2004)7} Park et al. (200518 LA 0| £ 9 G-} 7 |u] k0] 4TS T50] 19kl AEAEE TG
A FAAIE 0] 85l= AP A AFE F3fste] ZF HEFES Fhdel e A718Aee] A4S EE518lth
o] Ao E HEE 13 HE g o}x|(Archie) 2] 2(parallel resistivity Archie equation)2 ©|-8-5t F=&3}
A5R1A] A, 7h=p0] 7[RI} B H Eg=w0] el mhE A7[uA o] Hig), 7k e ue|Eot =T o]
o) ol 2 U BTS2 7, B BN 1 FAT P S o Bole) HET RS
AN BRe A 245k Sk Lee et al2020)14] S4B /A RS QAR eslol
Park(2004)0] Aot HHAS AL8-5)] 74 SFE-0] HEHGEo] Hslo| wh2 Folj o] o] 2 qg A7 |H|2]ES ARs o
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AEE 4TS Tae v 240] Hl3, shdsiru Axe ek, 2 QA e BEe AR A
Hog Y BAS Witk AEYEL FEoH 249) 719, date] 2710l egle] F2 rhadT Teeke fu
A7l 322 Eetrk(Moon and Choi, 2001). %, HEFEo] HEo| Hls] o 2 ¥91S vehdicta & 4= 9lct.

Sol ol FHiol 2R S HEFECle ] o2 AFAA|(T)SH 2EAl(0)Fo] 1:1 2 Aetste] shtef o
FATO)T& W= T

P e o] A2 FdE o] Wid = A Aot 4 Ao 2 At A2 slo] S el &
U] 9= 7he-e]uo] E(kaolinite)(Fig. 1a), T 71 AFHA(T) A E Afolof] THA| A E7}Z7H q
= LEtolE(illite) 2+ X H 21O E(montmorillonite)(Fig. 1b) 50 1t olFollA dEfo|Ex= AFEAT) T2 7t4 o]
2(Si*o] YTl ol (AP) 08 ASEHA FIt Wio] A dojur] gow, FRYRUO|E: dFulE o2
(APh°] BRIl o] 2(Mg™) o2 AE A Eo] Soi7IH F3t Aol o] AgtE o] eFafiAiA Hio] & dofidri(Jo et
al., 2016).

1:1 layer

Oa,Oout

Ooct ——

(a) (b)

Fig. 1. (a) Atetrahedral layer combined with octahedral layer (1:1 TO structure) and (b) two tetrahedral layers combined
with octahedral layer (2:1 TOT structure). Mand T indicate the octahedral and tetrahedral cation, respectively. Oa, Oy, and
Ooct refer to tetrahedral basal, tetrahedral apical, and octahedral anionic position, respectively (after Bergaya etal., 2006).

%9 Hrh= g g o) 7Eo] AujEl= HEYRAR= 11 37171 2l PAto] BRlst 20| E AHIE Hlch H]
FAHA | F7]| 24 o] A7]9F 215 TRIETE FE YA = AHlo] 7HA L
Q= AskE 443A1717] f16te] o2& BEold7™ E8] 2 o2 YA} ZHo|| oA Ag=]o] thE o]0 = 47
A== o] ek ¥ (ion exchange process)©| SHIE T TEA Q1 HEF-=2] B|EH H(specific surface) Fol
1 2H52(cation exchange capacity, CEC)- 722U E(10~20 m%/g; 3~15 m - equiv/100 g), B=HO|E(65~100 m*/g;
10~40 m - equiv/100 g), ZH 2 1LHO] E(10~20 m%/g; 80~150 m - equiv/100 g) =05 Z7514(Table 1) A 3= 31
£ 29 A7 LT o] 9F 2 oA = AR A7]H] A 2 o] 9 Ho|Th
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Table 1. Chemical formula, specific surface, and cation exchange capacity (CEQ of three representative clay minerals
(after Mitchell, 1993; Jo et al., 2016)

Clay mineral Chemical formula Specific surface Cation exchange capacity (CEC)
Kaolinite Al,Si,O,(OH), 10~20 3~15
llite (K, H,0)(Al, Mg, Fe),(Si,Al)[(OH),,(H,0)] 65~100 10~40
Montmorillonite ~ (Na, Ca) 5 (Al, Mg),Si, 0, ( OH)-2n( H,0) 700~800 80~150

B2 0 Archie HFAI

A[shuf o] A7 HA S o-§oto] ARl 2482 7ol sl AIRbd Archie®] A2

p=ap s "p, (1
o]th(Reynolds, 2010). 9714, o= F=E, o= SEA(flow factor)(0.5 < o < 2.5), m= 1787
factor)(1.3 < m < 2.5), n-2 ESHAS(saturation factor)(n = 2)°|t}. WabA F=o] 22 95| T3 A Hs=1)7F
=0 A7 A p,, ol Theh 2150 H718]A1%) p o] H] &= Lrehh= 2151 (formation factor) Fi= T 2Tt

cementation

s 3

[e]
T AHE] WA ol MASYCEC)] net WG] 712 a2/ 3 ﬂw(resisﬁvity
parallel model)& A8Z}eloF Ht(Nabighian, 1994; Kirsch, 2006; Kim et al., 2021). < 3 2lo]] ool 2Jufjxl= HE 2]

& A5l tiet 7RO ST 0, = 1/ p, = EFARIT Wb g=0] 2 e ok 4-9(s = 1) Archie®]
A (1)% HANZ| L o, =1/ p, < H5HH

1 mo_n 1
1_¢s 1 (€)
P ap, Py

o] Hth. o714, =59 A WH &2 A (1)1 22 Archie 2] A]o|m] 5 HA] o] @E%Ei el AF7EF7tE S 2T
= 7Ngolek sfolld 7 A= HEF=ES H]E A3 CECO| BAPF QleB g, 11 F5F 3 o-fgol et gt
3t 712 ¢l &A] Rhoades et al.(1989)- 7 F C(%)°l ot FH A7 o B

T
n&v

o, =2.3C—0.021 4)
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2 B JEM olAe B4 Aol Tiiek A 02N Aol ufet 2] wawolof & Holk. EF Sen et

+ EQ, Q)
AZIA, F= RS04 F=0,/0°M, Q,+= YA matrix)2] DI p, & ZA|A th33} Zo] AT,
0,="""" cpo (6)

21 (6)oX CEC= 00122 @, = 00| wfA] 2] (5)9] A58 F=0,/0+ 2 (2)°]
7

F

HES oL = AFollA = 4 2| o] & Ak Ljof] 2150 R HERo] A71H %A 540 ke o}
i PR O] A7 H[A R O] A (3)2 1F540] BIATS 123t Archie ] 2] (1) Hl5] Hold

Zoth. Fig. 2at= 2] (2)2F 2] (3)0llA 215912t FE 52 75l 1H52] 271123} p,, ol et Z44] 24718143} p(A

Tt A5 Fo] A e 2A(oFA 1) HES] H|EHH o] AYSE, & p glo] Zopd4-E HER QI HA <]

e @A BT Qlr). HEFEo] HESH] oS - 9olli= A7 AR 42 4] (2) & vt S A= 24
|2 Ut HEO] H|#g} 50 Om A0 g Z 7| 2]512= 24 ()0l 1H4-9] HIAgto] AH4E 2o}

Z|H(Fig. 2a) 3=8°| #AH4E E 1474 m o] 7H4ashH 2HobXIthFig. 2b).
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Fig. 2. (a) Electrical resistivity p (the upper) and apparent formation factor /~ based on the surface resistivity p, of 50 Om
(the lower) dependent on pore-water resistivity p,. Overall resistivity p decreases with surface resistivity p,. (b)

Formation factor £ is dependent on porosity ¢ with cementation factor m and flow factor a. A decrease of £ is observed
with increasing ¢ and a, and with decreasing m.
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HE gaedo] ukgof w274 28ke] 8-S iAol Sl S H I Bt AT 2lollA] 2014 dof] (et Ed
AT st F 470] A7 HIAFEAL S04 A=A a =5 m, 20|91 n =82 A7ste] oF 25 m O] 71
A7t 2tR E 221 AT 50 shuE o]-85FTH Lee et al., 2020).

2ta A 2] 22X E o] Dipro(2000)E AR&-oto] sAlgh 27 |H2g} ThAkof|A] 150 Qm ©]5ke] oF 8 m F7A9] AL
2 B3 ApAL] u] 117 E5-0) o S k= A A (E 3 EARS) O 2A] 0~45 m Afol|A] A Hol A o] 1
AUT(Fig. 3). J5-45~100 m A 2of|4] 215513t FgsHA Holl=400 Om W 2]e] 18| A g} thi= AFa-S oFg S-RokL
U= 54502 s El=t) o] A2 E5] 7] 75 m AR ellA] ZFdo] thgs Ao Ql= H v A A o2 XA Z

Zhe 1 QJch(Lee, 2021).
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Fig. 3. Dipole-dipole electric resistivity structure (after Lee et al., 2020). Three-layer structure indicated by the red dotted
line (A: colluvial soil, B: weathered zone, C: bedrock) is used in simplified modeling for investigating the clay mineral
contents of the weathered zone.

719 36 mol A ASHE BH-2 AFAR0) AR HE, AEC] FoHE 52 oFgm ] 27]H]4
L Ik 17 A A A 0] 215 o] gl 7|14 glo] 10~150 Omol Bok5-0 e, AER 74
A EARE0 2 OF 10 mO] AR R} Ik ABlho s o)Foll Qe 1 Eo] EZFE oF 10 m Zol2
200 @m obge] v14F gk Holw ek

o] Aol A] ol 71 Al HF B9 Qlsfo] Yokt Asliele] 9o R HESS -8o] F7IT
ohg 2] 4-80] 20| Bt AT ML obH PR AR o] olT RASL 4] Butshe 2T Aol T8
WP 191024, o] FF47HIED FER of0]7l Fa150] WAAGE T AN EAFAlo] Bk AA RS

uet utEfo] m| A= e 2 UeRd 2o 2 SiA = Itk (Lee et al., 2020).
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AHEe] 7] viAd2 2 Eofk, 355, 50 WA, HEARY, 2k 5ol wet Bk os A4dd

(Table 2)(Park, 2004). =& ZoFE A FollH = F2 358 =52 A7HIAge] 2 Fe nlAaL 229} 2|5

Ae =l 27| #--H ofF AFFollA Aol A s o] Asol 7H riztsHA| 2

Fe 9 I TRl gt A7 uIA el v kg Aoty fis] of dtellMs HER =] el the A 71H1A

gofl et A& Al =z J 4 (Park, 2005; Park et al., 2005)= AF8-5FAH.

g

pwz-clay = Puwz-0 (a‘ C/ C+ b) (7)

(0]
Ol
ol

(o]

ol,
2]
il
1o
R
o,

A7V, Pty HEB TS R
k. O AEFE] THH%)01 1L a9} b HEFE ] FHof thE 1-f/d<o]th(Park et al., 2005). 4] (2)o|A] 150
Aoret 0.0t b(ZFEBIHO|E A 27291 4.72, ERE ZLIO|EoflA] 2807} 0.315)5 EHZ Alktote] 24

o mhE AR A} BA4=4H(Fig. 4)0l4 2R YZHO|E= 7h2|Uo] Eof HIs| 1 gHigdo] A3ol=
H] 2182 A]5] 2|SFAIXITHKim et al., 2021). ©]217F o= 21 (5)2F A (6) ol A7 AT of] ek F|*|= ol i
S CEC)(Table 1)°] 7R =|Uo| Eof H]al] F 104 o} =7] thZ. o 2 siAlsct. T3t HE hiao] Z715 4

A0 422 A ehga gk

7RIl p,,, > HAEF =S RO G2 AlE] A7 HIA e

Table 2. Major factors and their degrees affecting the electrical resistivities of the subsurface (modified from Park, 2004)

Resistivity Resistivity

Major factors Subsurface lithology and discontinuities

decreasing increasing

. Saturated condition Large Small

Porosity . Weathered and fault fractured zone
Unsaturated condition Small Large

Pore fluid resistivity (resistivity of groundwater) Low High Components of groundwater
Water saturation Large Small Water table
Water content by volume (porosity and water saturation) Large Small Weathered and fault fractured zone
Clay content Much Little Weathered and altered zone

1000

100 kaolinite

10 montmorillonite

Resistivity (Qm)

0 5 10 15 20 25
Clay mineral content (%)

Fig. 4. Resistivity curves for kaolinite and montmorillonite as a function of their contents. The curves are constructed from
the Eq. (7).
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Z3lfjo| ME Shoak 24
A2 9] 22 AR ejor| o] HAJEAQNR 2 17 IURE Zelole S48 3MIUR= /4 HtHJang
and Lee, 1982) o] 2|92 4319k, SRR, 1 Fol s 2AE SR A Z|Here] AT 2lstaL
Zsprt 246 A ggh EAE 711 Qo] AFA @A A AAE B H‘% 1 E’ri S ek ‘JrE’r‘*EHLee etal,
2020). T2 F3t] |
£ A= siAste] @G| FH HEZES A 3|9t 2ol 7P Wol RaEsh= 71%%%0&% éﬂﬁfﬂ E‘%ﬂ__l%]—%
eyt
Fig. 5= 7181213} T(Fig. 3)ellA sl g2t o] Aot AAHE 7|50 2 2F 82415, F3l, 71N
hHeI 37 Sofl oigh = %_‘ A= 2 RE Fot o] HERGS 790l IS Holtr) 37 ol thieh R
T, 2| 3ollA] T P, AIFARCIN 7L 5 A1EE s AmES FEote] TSt ZTh

Simplified layer

Field survey model structures
| = |
. . . . “Q
Electric resistivity = + Selection of constants
Section 8 & a, b for clay minerals
a0 S
| RS (kaolinite)
Surface mapping data & | [
(tension cracks) ~ ;‘
| < ﬁl Determination of
Dril-core data § E weat?ere(l:l zonetresist\wty
Engineering geology data g :' or clay contents
2
l < \
De||.neat|9n of Best fit Theoretical model
- soil horizons structures
- weathered zone (c=0,3,5,10
- bedrock ’

15, 20, 25, 30 (%))

Selection of clay mineral content

C(%) of the weathered zone

Fig. 5. Research flowchart for estimating the clay mineral contents using the field electric resistivity section and simplified
layer modeling.

%ﬁ A1 (7)0llA] o] 219 9] =8 HEF=(FR Ul E)ol sidoh= 1-fd= a, bE Bkl (Park et al., 2005) ZL 3}
F C(%)E HSAA7FAA 2R B0 BRI p,,. 0, & DESI] RS o463 0|25 H Fojl o]
Ex}i(mg 652 ¢ ]'Z]'E(Flg 3)2} vl sfAlsto] Rl 7Y Aok B Ak A O 4k F2lol &
Iohe HES] do= st
7+ o] EQ] OPO%}%‘(O 3,5, 10, 15, 20, 25, 30%) EA2AS o] 8sto] A= Zs} o] H7|H] #5285, 179,
145, 100, 78, 65, 56, 50 Qm)(Fig. 4)2 22} Y2isto] RS A7 Fig. 6) @A = (Fig. 3)°ll 7FE 45k o] =24}
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W00 24 447 845 1988 fshmm) 00 21 447 845 198 (ohmem)
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&

-
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W el e 945 1998(ohmm) 00 201 447 45 1998 (ohmem)

25%
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Fig. 6. Panel tests for investigating the clay mineral contents of the weathered zone. The image correlation test between
field data and theoretical structure with varying clay mineral contents (0, 3, 5, 10, 15, 20, 25, 30%) provides the best
resistivity panel with optimum value 10% of clay mineral content of the weathered zone.
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7718123} et #<E Archie®] 212 FEof| ot 27141 A7 e B3k Asl] o 7] diZol HEFE E
71 RS Fo] et i E R Archie®] A]o] E-8E It ARAFEI O] Q121 HEFEFOIA BaAo] 2R
RO Ex 7h&e]o] Eof| HIal BT Z|(specific surface area) 2t ol 21 2Hs2(CEC) 0] A A7]H|A7} gho] 4
th.o 2 A Vel

980 S7FESE, 1 AAGT AT AT = HolAH, 1154-9] 78| Addat 24| 2718143 o] A
A _

o} 7} gl o] thet 2 Archie] AL 8L ALk A4, HE 7} Hehel W Archie®] A2 402
o Ao BaE A7 Hl g A et
1) 2] | AeAR] it Esltle] AT EEE Park et al(2005)] AEA Ao Ak ZEA
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stod Zgolgict. @ A9e] 28 AEDEQ] The ol 9] W44 Adolo] HEGHGEe)] Hsle me} 24
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—
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