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ABSTRACT

Permeability-analyzing methods commonly involve small-scale drilling, such as pumping or slug test, but it is difficult to
identify overall distribution of permeability of the entire target sites due to high cost and time requirement. Spectral
induced polarization (SIP) method is known to be capable of providing distributions of both the porosity and the pore size,
the two major parameters determining permeability of the porous medium. The relationship between SIP variables and
permeability has been studied to identify the hydrological characteristics of target sites. Kozeny-Carman formula has been
improved through many experiments to better predict fluid permeability with electrical properties. In this work, the
permeability prediction techniques based on SIP data were presented in accordance with the hydrogeological and electrical
characteristics of a porous medium. Following the summary of the techniques, various models and related laboratory
experiments were analyzed and examined. In addition, the field applicability of the prediction model was evaluated by

field case analysis.
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SR 1970~19801dtHoll & B} iEotol|x] Eitto] o]
5ot 2000 o] % ule} sae) wHog <l
3 TS thedst Eopoll H8E1 JTHEE A; Kim et
al,, 2017). 53] Gl IP ¥h&-S SHsH=

;

2718148 (complex resistivity; CR) -2 FY f=i
= HAKspectral IP; SIPJHS fAIFHEe & FFS
PR 2l wsh BAo] RN 2 FES
A HQe 35 Wl fAle) Sl s S BaE
T e A7MIAE g 1P ¥ F5E, Ui U

I e F=2] 718k EA(pore space geometry)d}
Ao 9% 57 AAEE T= U FA9 B0 =
T FEFS W] wEe] AEAR FAFREE 2=
TR Wpele] FAES o & AW & o
(Leroy et al, 2017, 2008; Revil et al., 2012; Weller
et al,, 2015). oJ2Igk FALES 7Hko g S| W
TE o18F FAIFHE oS BdS §F ArdEEY
ARRE A T I B R giAlsh] Sl Be
T7F olFo R tH(Kruschwitz et al., 2016; Weller et al.,
2010; Slater et al. 2006; Binley et al. 2005; Borner
et al., 1996).
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2. [2Y mjEe §4

2.1. O3 ohE +2|1¥ §4

T AEE (hydraulic conductivity; K [m/s]y= TFa4d
vl (porous medium) F= Wollx] A|sle] EF0] du}
v goldA Uil HEolW, 53] ¥3) FEREE
(saturated hydraulic conductivity)= ol 2]3] ¢H3]
ZolE wjdoM o] FEIHEEE ouditt. SRR
T2 S F= oRleZe, U3 wjde] EAQI &
& T FAFI S (permeability; & [mD])2} 3= &
A B A D= (density; p, [kgm’]), FA FE=
(viscosity; u [kg/m-s]), TE7I&E(gravity; g [m/s?)7}
At 3} v FEHEE (K= o8y I5E v
7 o] YR 4 it

P8
K=k== 1
2 )

EEolA FeldEEE 91e] AejollA Aske] g
S&(water content)E F7}2 o2 aEjslof gt} FAIE
A= (e 94 HWE FA7F dept gA 33 e
A& Yelle 35 wid a9 gol 359 27], B
&, B3 Aol FH9ETh SEE T2 millidarcyS AF
gt 354 widS 7P AdsHl Ueidle RdEe
EAE it 29 (capillary bundle model)?] A=H] ©]
BdojlX= RS she] A BE=E 7Pgsiar & ¥
= wjEollA AT do] A dofu= AE %A
2 3l AT Y(network of capillaries)S F3+ &
< YERATHFig. 1).

EAE opE 2dls VHie R 3 fAIFHE oSSR
= 7P 2ol ASEE 42 Kozeny-Carman®] XSk
5722 (equivalent channel equation)®-Z (Kozeny,

—
o

Fig. 1. Pore structure models; (a) Porous medium and (b) capillary bundle model.
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1927; Carman, 1939) &3] Kozeny-Carman Wg2lo]2}t
=

k=2 6))

714 g= F=E(porosity), T= 3= EAH HEHA
S(pore capillary tortuosity, 7=[L,/L]), a= B’
(shape factor)o]™, r [m}& d=<] FEHAE =2
7 (hydraulic radius)® = @4 & F= & own|gict
e & T2 Aoyt AE Zol(L)Ett gho] Aok
sith). FEiRES 34 7Fss 99 3= o9 19
Z(surface area per unit pore volume; S, [m'])e] <
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Spor_;_ssps P (3)
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o] 83}e] Kozeny-Carman 378212 2)& THA] Ffshd

et 2.
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TYetA] 7] whitol] AT =} 2|55 (Formation
factor; F)ell 71%3t] o3} o] ARk f& A
E(effective hydraulic radius; 7,7 [um])S o]-8ste] =gl
< A%

reff:“/m ®)

& FEAES APHoE SAHY & e W0l
gi7] witel ol tAg + ol 34 e WaE
skt 7P &3] ALgSe diAl wige, Fes
Y3l BAAYE S 27y 2 (mercury
injection capillary pressure; MICP) ®'HS 53 42
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2.2. CF2AM DRl E4 MI|IMEE 2 Cole-Cole 2!

A8} wj@e] B4 AH7]HE%(complex conductivity,

o Y= A5 (frequency; £)o] TR Thea) o] UeRd
% i,
o (0)= 0 '(w)+ic"() )

o 94— o=

sl Aol o= ZZ1E S (angular frequency; o=
271)°Iek. B FES(1000 Hz oJ5hpelA e vide]
B4r AVHEEE 1) A A2 HoJE F=(inter-
connected pore) U FHE 53 A7) E (electrolytic
conductivity, o, [S/m])¢} 2) F= FHY HA FHAE
% (surface conductivity, O':Wf[S/m])E o]Fo]zl Y3
22 78l yeld 4 th(Vinegar and Waxman,
1984).

22t Ba AEE o o) A5 A

(@)= 0,+ 0y, (0) ®

A A7AEE (o' Y= 8} 9| (charge carrier)]]
Sk ARt = ¥ A FAE e A7 olF
Z(electrical double layer; EDL)2] o]2o] 2]t AFZ,

it ow sz sl oflsh ol Yeirh.

Lo

1

o'(0)= FO'WJF o ’sur/-(a)) )
A7 o, = TF FA ARHESE, o, (0) S =
2 BUAEE (a0, (0) O] A5 AR A7)F o5F
olX A3} o)5L ui3it}. AFAF F= Archie 21

olg3lo] thy #o] & & ik
S 10
P (19)

o7 [ AAFE Bomer et al. (1996 H]ad A
gl sl 1=0.1 E AASA

A A7RERS] S RS A7 oSl
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Fig. 2. Permeability prediction from electrical properties (modified from Slater, 2007).

Bte AN A 57

=
T
|

(@)= 0", (0)

A W AEEe] Ay A s5 A
ol wje} Hskshy 1P a3 Al7le sl
o) vrehdtt.

Aol wE BEAFAVAETS] B4F S-S TARRH
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3.0 4 M NEE

FAFHE o} A5 AHAEE o o] IAFS BE
2 = A A B sieHA A wet Wskeim
ol A WNHESE(s,) 2 wid D7go] AT
FF AA Alele] AAE A7REE (a7 ool A
HjFQl Js vAE AYS HAFE Zlo|th(Slater,
2007; Attwa and Giinther, 2013). AEF o2 A4 A7)
A% (&, DC A7MIAEhe} & gkel TAVgl digh Be
A7} o] FARHEA k 3 dlSshE tlol] Bo] o]8F]
At L F SR k8 o' o GO 22T WAE
yepd ofefie} 22 2do] Qlti(Heigold et al, 1997;
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Fig. 3. Relationship between ¢" and S,,,, (Weller et al., 2010).

Purvance and Andricevic, 2000; Attwa et al., 2009;
Attwa, 2012).

b
kpe=apc(a’) ™ (13)

9 A A8 S K Gt ANH 24 g
RIS AR ape o} by RS AT T
o] Basith. A% o gho] Wl AIHEE (o,
0% 35 3 B2} AW AHEE (o, ) Tl

Lo

o
T AW WA BF wket wke-S Holy] wiel] A
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A AAEERS o8 A9 AL F 9l guel
E

#OFE K 3 A5 & dve
Fi R0l FF WRHER o7t AE 4" 35
FAA gk S0 FLsAl Hold wgehs AME o
Foltl. Bomer et al(1996)2 A7 |AE® 34AdES
5, &) AR (075, 1 AP (Fig. 3) o)
7IRko 2 P WHFRRE FHAEES &l sk
B A77F 7= JrkBomer et al, 1996; Slater
and Lesmes, 2002; Slater et al., 2006; and Weller et
al, 2010b). °Vdst 2] o, 9% o', 5 dW A5 A

1000 ------n-- bt :
o Binley et al
100 (2005)
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Fig. 4. Time constant (7) from Cole—Cole relaxation modeling of
SIP spectra versus dominant pore size (D,) for UK sandstone
samples from two independent studies (Slater, 2007).
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3.3. IP B A|ZHal

ARV 22 3 7] S8 AR 719 54
o] Bom ol AF FAAS FAS W M5k A7)
A olFFd A= o9 Ao] HX(length scale)s <]

3} (Chelidze and Gueguen 1999; Olhoeft 1985). TF
o] AollA FEsE FAMolM ¢ DolH=r) it dAH
Aoz 2 Zge Hlggithe AMS YE3HATH(Pelton et
al. 1978; Wong 1979; Wait 2012). L&t} HZ A7l
e ©F IAE= 7 (critical pore diameter) -2 ¥
= 7 QAFE A0l FEEArLE dtke Ae BejFal
AUTHFig. 4; Binley et al. 2005; Scott and Barker 2003,
2005).

4. RS ofs2d

1

O

FAFAEE 359 718k 40 71Zkste] dH
= glom, o]yt T=o] 7|5k /eSS sip
ol 71zstd 8 4 ok FAIFAES 5] ¢
gt 7|81ets RdE= Kozeny-Carman B 7[HEo =
718kel2 o] A% (Geometric length scale)E ©]-8-3F T
&t wdlso] ok 1 F tiEAQ] FdEe BAg 3
< 53¢ A4 35S 7IHEe R S= PaRiS 5@ (Pape et
al, 1987)7} Banavar & Johnson(1987)°] 3= =7] ¥

i
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ol th3t Ak o]2(percolation theory)yS 7[HEO.Z AA]
3t Katzo} Thompson(KT)E’_@(Katz & Thompson 1987)
o] Ut} F HdXM= A BES X &= 7]
£ Yepie 715k izl f& ‘T‘ﬂH]'X]’tT Fop e
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sieby mdlo] 7Y 2 A 7Y a3 el
rep 7t RN SAsoF & 5 Avke Holth(Weller
and Slater, 2019). A7=¢] Zo|d=e= AiE BAl A&
U A5 AS2RE A2 HEE o83 witel ol
st 'Erxﬂﬁ,—:: 28] = 4 SIth(Robinson et al., 2018).
ujde] A R3] EA(total volumetric propertiesy2
714 W) 71%%F 8 EAd(effective properties)O-=
HEksl= 22 Kozeny-Carman %752 (2 (2))S 7i418=
gel vi-¢- T8l A8 UATHRevil and Cathles,
1999). &, 7]& Kozeny-Carman 2ol &= 3955
TZHpore space)?] I 2 AZAANT FAHE
2 B4 ¥iFE vHte Zlo|th. 2y SRk
FEIE ®Wg=E o]F0izl Kozeny-Carman 2
EA weg Hsks] nHte AL 7dskA] o)
Revil} Cathles(1999)2 7|2 o]2ozHE 79
FEREAE tigh f8 HEdAlets A S5k
< oJgrhal Bokou} H Allxe oleldh vl
3 F71A¢ ARE B 2471241212(0(@)) pAR=A=
At A5 = Avkar ARFEIA =, @Y JAsTE
&3 1P %é% 2R A71A WHEEiE sgellA
o't o")E D= W, SIP oA el uE
o (0) O] W FAT 5 9omE olF i F71AQ
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4.1. A8 2 (Empirical model)

4.1.1. PaRiS =&

PaRiS EHolM & TR () TR 2ol
A ejsict,

2
rom = (14)
o Spor

PaRiS F@oXE= 4] (2)2] Kozeny-Carman 7204
3= EAR HISEEARDRE 359 HlES ABATEF)
2 ANA FAFHEE o 2ol AYd o Utk

a .
_ PaRiS (15)

kPaRiS )U PaRis

F( por

| AN kparis= PaRis BHOl| 712810 53 A
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FAE(YS ™ ap 50 2t cppis = PaRiS =
o] A Aerolth. Ay o g o] e 7|EF<Q] 7MY
< A<D S o] et 56 ok Blolth. 1
Hu oo ohAe ] 7] Wi Pape et al
(19872 PaRiS EHS o]83l 35 2132 (constant-
phase-angle, CPA)S ©183l kpuris f= AT 4
14y 129 g7 Aol AgFsh Pape et al.(1987)°]
Apopis=0.00475  Zrs AQFgH ©]F, Bomer et al
(1996)°] 21 (14y7} w|ad oA A5l AFFstes 4
SPAX apps=12 WAL AFER] cpps = 2.8<
c<4.6 B <ol Av= A BT appis 2 cpuris N
7P AR 5 ks A838HH PaRiS AF R

che} o] ek 4 gt

475
Kparis= 31 (16)
por F
412 &5 _'_J—] i3 ;q(Spnr) dﬂ“l: 1 X-]7] Aew
28 29
(15218 vfgo g we AFdr fASRES o=s}

© 2ds [A7)H B WS ol8d %]\Ci 7R
7132} SFHTH(Bormer et al. 1996; de Lima and Niwas
2000; Slater and Lesmes 2002;). =1 & thiE&Ql o]
714 vlEdAS(electric tortuosity)’} FEIHIEHAG
(hydraulic tortuosity)?} ZTh= A 3ol 174 & ASA
T2 WASH= Aot} Bomer et al(1996)2 w2 R
I g0l 24 93 A (phase shift, ¢)o] YERS
S #A=YoH I F 1Hz 34 A5 A=
kpapis & BAXE A sl AR (0",
mS/my= &= EHZl g 5430 skl 43

MW o

filo

H)x]7] W] 2 (142 e o] VERd 4 Atk
a.
[ an
F(O-”)cdn

>

A7 a,. 9 c . SF A7IHER 7E 2o

=
3 Aot Weller et al.(2015)2 o] TWAXS 7HES
2 ok A9 o A Z2 AlYE AR AES

L Hz 2550 24800 Tt e FARTE o3
ARAE AN,
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2.66x10
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23 gASIE@eIt. o 7 5,0 B ek A
= AFee 10x10 " gor UbJWE

Ao = 75x10 PR Ura}xh:‘r Weller et al.(2015)&
2l & 34 AV|HEE 4l Debye decomposition

(Nordsiek and Weller, 2008H et SAE(m,)yE ©l
$3 RAFIE o222 0w} o] AN vt ok

7
, _8:69x10 (19)

4 m2479F5.35

4.2. 248} El(Mechanical model)

42.1. KT 2¢

Johnson et al.(1986) A|gHe 54 F+99] 3= 33+
(e.g., A5 233 (pore throat)ll 71x3F 715 &
= ®HA d¥] FE3H](a weighted pore volume to
pore surface ratio with the weight favoring constricted
regions of the pore space(i.e. the pore throats)) o=
A5 A2 F= ¥R E(dynamically interconnected
pore radius)E oJHlsh= 714 7Iekehe] Wl A&
=903}k Revil and Cathles(1999)> A S RAIZE &
= FHAFRYE} o] vt o] oStk

=1/5,,, (20)

J3}l>] Brunauer-Emmett-
Teller(BET)%g 0] H gu‘@cq] Babg) 7hro] ko h

olo.
KT E‘éc’ﬂﬁt 85 F JX]%(reﬁ)O] A 8} L3t}

—
Permeability

. —

PaRiS model KT model
: 475 Al
PaRS T @ 3lp k. =—

Sm_3 'F KT " op

....... ‘S"“"ﬁ . A
sl Hydraulic parameters eff
o"xS,, | o
; 2D

3 Et}Banavar & Johnson, 1987; Katz & Thompson,
1986).

Fof= A 21
KTRHoME $A5EA=E gSa) o] Yehd = o)

2
kmi‘% (22)
9} A= KT 2o 7)xsle] d=3k
= BAE] St ol Al RS

FAEES)
Z_I

]o]—CE] kKT
2 et
422 FAZE 3= THAFRI(A) oAF: ARV
28 24

Revil et al.(2012)2> KT Ed& 7]¥ES2 Cole-Cole
7d W = /\]Zl"z)]’—?(relaxation time, 7 [sec])= ©]&
3 FAIFHAEE dSsle Zds AAEt. o] wf Al
W = %’JX} A7|R)S] Aol Hls BAAL oF
g} 2t

(23)

D, [m%*s)= EAHAIG*(Nernst-Einstein relationship)Z
D=k T8 | Sl ol OV !, £ T %=
Tk Z35=(Boltmann’s constant) k,, S-2F5-0llA] Hidjo]-9]
%% (charge of counterions in the Stern layer) ¢.9} ¥
A=l ok wjduitt 31f9] o] o]FET} lom
Revil(2013)# Revil 52012y 23S B3 5 ARt

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020



62 g -

M A D,:13x107° m¥sst HEA wjdelxE
D,:38x1077 m¥sS AXFTE Revil et al(2012)S ]

A ShrlERA JES vt 22 Ao AREsien

_ A
=5 D, (24)
A 242 A (2200 Higdshd offiel e FAIFIA=
wdg 7% 4 gk
D,
k.= Va (25)

2 (258 olgd FATHE S Slsie e
D, & Lol

5. ALHAIE Ak
Borner et al.(1996)& HAZZ 10 ANSATFE 2T

A ATELIH W5E ol§F FATIE o BUS
T9KATE. o] AFNE o7 5} 5,0 AHA A B

Ao <S,, )& ANSe] #7128 BHos FAFIE
10 S

~ 10 S—
“E e _475x10™ & i
. PaRis = Spoa 3 '.1’ /A‘;
£ 1012 |4 S
o - ; 1
] Al |
E o4 2% 4
S-L—J 10 /1 ] |
- /// -] !
@ -16 {

1 o
:g ? r/l o a" ‘
m 1
a 18l

107!

107 107 407% qp1* qp19
Measured Permeability (mz]

@)

L e
2.66x1077 <

1018 1018 qp1¢ 9012 4010
Measured Permeability (m?)

©)

Z0}& - Andreas Weller - ‘FH2

2

5 g Arhs 7hs/ds HoAFRlar o5 7Rke = 1p
ARE o83 fAFIE S BHld] tiF gt A7

7} AP A}, SEATF Borer et al. (199601 AF

A7} SR ke dAIRe] =Tl o]l Weller
and Slater(2019)— o" 9} Sp0,7]- Larols 2\%?55147;]]7]. op,]

LH"]tﬂ"ﬂ}ﬂ @ 7(151“ o83 wj= i 1 Hz= O]
S3ldEr] ol 1HZ} SIP BAlIA dutEos ARg
ske ZEg tge] 3t tige)r] witel 7iE e
(reference frequency)@ A&7 281K Bomer and
Schon, 1991; Weller and Slater, 2019). FE3F A4 3+
A3 o] FAEEE 3} {4 d== 1 HzlA 100
mS/m7} HE=E IYAA ARSI Robinson et al.
(2018)3 Weller and Slater019)AE 71 o8] A+
o &8Hd 18 B vjad ARE o83 AE i
£ US sl AFERTE dolHEsE 7Nle=E k
e dSshs ol Tlslet wdl 32 fareiA|
= o8 Wl mlal zk= el disle] lssiit

Bomer et al.(1996)°] ©=8lst o ¢} S, A% &

o anc10; .
10 ; 2 s
E Lk A ’ ]
o i =" s
£ 12 1 X 8F 7 /’
= 10 P -
= ) ”:
3 s [ 28
E .14 .
< 10 s
D b 3,
l ] /0
- B s
i 4

L%y 7S
k=] (/ - -
D i
(TS P i

10

10" 10" 10" 107? 10"
Measured Permeability (m?)

S VO —
Tsncan'l]+{5;:or) ///
e rms A b ]
1012 ool
10"
1076
i
10718 K

108 108 10 102 1p°
Measured Permeability (mz)

d)

Fig. 6. Permeability predictions using geometric length scales (a) PaRiS model per equation (4) (d = 1.023) and (b) KT model with K per
equation (16) (d = 0.729) and permeability predicted for the polarization magnitude geophysical model using (¢) "y, (d =0.770) and m,,

(d) (d=10.807) (Robinson et al., 2018).

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020



FHGRE=ES Al 7123 AT E dS7 s

Log(res/ pm)

T T

Log(ry-/ pm)

(a)

Log(rey! um)

63

¢ Hydrite
A 3
A Bahariya Fm.
* CS samples
v Samples Weller et al. (2016)
v Samples Weller et al. (2015)
2 1
-2 -1 0 1 2
Log(rze-/ um)

(b)

Fig. 7. Effective hydraulic radius 7.; computed from equation (2) versus geophysical length scales (a) 7, and (b) rx,» (Weller and Slater,

2019).

Alell= AAIZEe] dash] viE 1) fA 78488e]
A3lal 2) A5 AlS wso] v Fths Aoltt. Weller
et al.(2010by> 7] SYPZQ] APAERE 2HH Al
W vad B ARR EE F 1R AsE HT
slo ol A3 AV} Fdeithe 2 It 1
A Niu et al.2016)> L=V} &2, S AUFe=z F
o} S, #ol E HEA G o7 9} 5,9 HlE B
A7} o]FoIAA] G- TAFALE olol Wt o 9}
S T Ay BAE BAs] Hl8] FE a3t
oS, /FE AXNPOH o] Bl HEd ghren 2
ZLE0ch. Weller and Slater(2019)014E o]2|g AT
AFE WolEo]al Kozeny-Carman 7240l o st
oS, /FE I Az A7ee] Bes =9
AFHE oS Bds ANEHa 71 2 Xt o
FE ARE S AATHFig 7).

Weller et al.2015)2 3585 o83t fAITYE 24
I F=A5F3F W3 (pore-normalized surface area)S
olg3t FAIFNE RdS 77t AN FS} vud B
Aol #H-g3lar B RTHFig. 8). o] w <= Fkel
el o) AN A8S FR8k] F s67h9)

% o

B2 EQAEIA ol wEt gekitt. Skt

ARY B AFARE] GFL Bel wov]

s
)
b
2,

o BeAl e et A ASAS e A7)
el s Aoy S4e s Asju &

ol Aslre] spehdEel tigh B4 Al ol=Ax 3
L[3PAARE AelA 1P SAES skl HiE fAIFAE 4
Zof| ol F Ave= RS nlgit). 2o g dF
oM H714 SAAEEZRE FAFHEE 45T W A}
YRt vad EYelA o A 5 A9E 95
I )5 Zo]ti(Fiandaca et al., 2018).

ATFEEEA HFE o8 B mad EYY] /A4
FAEE d5she 2lo] ¥ a3FoRlet ol & AT
Al (F) #kol WA 2 v WMot 24| ek wolth
(Slater and Lesmes 2002; Maurya et al. 2018). Bomer
et al.(1996y A S 25 7)) A5 A7 A==}
A A=} F1 A7HEE B FEks vt
=te SARS 1Pof 3EHF 54 WAIE Wkest APE
A S5 = ST AT P ool FES R
= 7AAA = 35 w8 35 (porous network)®]
3500 B 1P 378 Amel 9 XA k ciSgkel
EHEA7] wzel] Mgk HLARE FAFAE A5
RS A8 4 A =AU

FEFHAE (e FAFAEE dS53ske 4
Fo]7] Wizoll ryp ok IP o]k ARK(De] BAES Po
A} she e AU Frefnlgh BAES #
BIATH Weller et al., 2015). ©]& IP ©|&AJIZHS A

F

)

g 4

)

22| =

9

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020



64 ) - Zoks - Andreas Weller - $5 2

Flath, 1989 T AT T AT BRIt

Lesmes & Frye, 2001 a7
Breede, 2006 o
Schréder, 2008

9 40 8

Zhang & Weller, 2014 ol b N
New samples, this study

k=k*=2.66107 F 5.35 (gy066 [ ol

- v ’
v

#

k* (m?)

\
T T T TTTm— T T T,

10" 107 10" 10" 10" 10" 10 10

k{m?)

@)

- Slater & Glaser, 2003

< Slater & Glaser, 2003 (53 mS/m)
[ ] Revil et al., 2013
v
A

Weller etal., 2013 o
Slater et al., 2014 p

Nordsiek et al., 2013 -
Xu, 2014 P g

k=k=3.4710°16 (6)111 (a") 241 | 7

~
UL B

ow

(=}
]
ul
T T T T T TTTm

]
T T

L
TTTTT

10—15 10-‘1 10.:3 10-|? 10—11 10-1(' 109
k(m?)

®)

Fig. 8. Measured values of permeability for (a) 56 sandstone and (b) 38 unconsolidated samples, respectively (Weller et al., 2015).

= 2 ALy SR AAZE e o] it
At AA ARE AZME o] Fit AGTE AEHA
7] wjioll 283k dlol| wi¢- A=A o},

6. R HME Al

SZollA AFFR0] e AEFE o83k EHAL
7RG 9 1p) ARENE wjde] FejREeky 54
< wefelaat & wf, HuiHe®E F el Aal a2 wE
HePE 2R v B AdiellA] o] fejelr] wiE
o ¥ 28 ARll= oA tiFE EUCE o|Fo]
HE A HollX o] Fo ). 1P WFE JMHEOE =3
AFHe B 2dS AFsh] fsl F2 94 27 &2
Fu A (pumping test) 5= B3 FAIFAE Akt
gt vlashy Yukdos O xjolr} FEE1 27 Yo
A 1108y ool 8 Thedt oA WE Eu
(Hordt et al., 2007; Fiandaca et al., 2018).

Hordt et al. (20072 X3 H7RIAg} 1P A5E <
AkskaL 2](15)2}F Borner et al.(1996)2] Tdl WS -8
3] Krauthausen A|Gox FEHEE #3225 531
ok o] W e A ol g FRI}F A7) whiol
Borner et al.(1996)7} AIRFAE w312 EolA] HE H
A28 <c<462 st o AJelM= 8, #el
HIa A Z9k7] wiEell(< 10 pm™) ¢ gre] Wl 2 JTF
S %] 4k o= P xPESY ol ut WERc

=

ER, Bk S BUS G0 o QuEel A2

L o X

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020

7] AgzA dlil FF Ak (focusing regularization)
£ Fo] AT AAVE £ o HEsH ilEES )
o FEHER 59 =S FE 5 AU

Hordt et al. 2009y % 47)] A%}(Hasloh, Liidingworth,
Kappelen, Krauthausen)ollA] 32 221 1P §A} A2 E
o e fAERE BEE dFFon ol T3l
IP Ak5 79 FAIFHE oSl theh 73S Alarsiar
Ja#3lor & ARgRS A2kt Hasloh®} Lidingworth
Aol = =271 108 22 89 Well A AR 232
of|Zo] Z o]Foj ), HhA, KappelenollA= 1P A& 7]
o2 oS3t FAIFAE gho] v #Ag7) HA e
Wt ol #F Aol L Ak59] dEke] 1 mrad
ojat= wjg- ASk=d| IP A5 Fol ARE-gH AH]
(SIP256)2] 2 20| | mrad$}7] wiEol] Few=r} &
Rl Aoz FAERTE JAF A7t F AS- SVd A
o] wlj-g- ZoA|7] wle] o) FAs v & Ark
Krauthausen A|<el|X] AL 1P AFEZE d&3 FAIFH=
T A7 =Z7] 7N FAIESE ek v A Uk
<t ol o] AYel| YA A7 7} EdtEsly] wiwol 1P
7 FAFIE dSo] & o] FojRA] Ghe AR F=
33T

Fiandaca et al.(2018)2 TIWl= Grindsted 27|y
Ao A A5 (logging while drilling; LWD) 1P %
AR AR E o] &3l FEREE REE 53T ©] W
A FEFole 4 71E 2 E L9 -] =3
o k. AR AN W77 S-S ol 8siA e



FNIFERET FAPI 7128 AR 57 HE 65
E1, Grain Size E2, Grain Size
1e-09 -
1 A
1e-10 3 ¥, E A
Te-11 R E . e
N__E, 1&-12-; E‘ A ; [ 1 : %‘ A
a 1e-13 gy 1 ;
3 el L E R .
] “a ] o
Te-14 .
1e-15 2 1 4
Tt e
E3, Grain Size E1+E2+E3, Slug Test
1e-09 - -
A A
1e-10 ‘ 1 A
1e-11 4 < s A R
e- E “& -
1 P Y ‘
ng 1e-12 . ‘ A s .g ’.In 2
o ;
" 1e-13 ‘ -
3 el 3 oA
1 A 1 “a
1e-14 e
1e-15 o g
1e-16 : "1“' e Fidiiy TR DL AL FR R AL "-"1"' e e ML B, B AL, B
10-15 10-15 10-14 10-13 10-12 10-11 10-10 10-9 10-16 10-15 10'“ 10-!3 10-12 10-” 10-'-0 10-5
(m?) Kk (m?)
meas Legand meas
HH kgga VS K 3 kgrvsk, 4 Data from Weller et. al., (2015)

Fig. 9. Cross plots between measured & (£;,..;) (from grain size analyses and slug tests, Bh1-3, and Sc1) and IP-derived & (k;) for El-logs
E1, E2, and E3. Dashed lines show deviation of 1 order of magnitude (Fiandaca et al., 2018).

S 'E‘T‘% 126]' EHJ:‘ Z]#]_l*‘ Xﬂﬂﬂ- 2 ]

714 B4 HH QtEtE dAEAS W Hé} 9;1‘4
=, % 7]H]X1d°] AU 1P 23t e 4 A=
A3t G F7) Bl FHUAEER Q3 PHTS B
7] A=A l 9"/} MRS IPAEE SA3AL HEE N
28k Cole-Cole talo] AREEIAT} A E?S]o]-
A gre AP ABAE olgel) A=Y P AR
s 59 9 & %} slug BI2E WPH3 7} =27]
Boog FA3 k 33 ¥wslthFig. 9). IP ABE

53 kg 7L slug HI2E S w$- fAKH

Uehton] Q=7 $H0% 24 & gate 10900
order of magnitude) W2 =}o)7} BAYSIATE. o] F=3

= AUAE FEF v 95 ZJ8To|nh =3
Fiandaca et al.(2018)> &% ZAYUNA 1P A FEZHEH
FAFHEE FHE wf o|gAITE 7IREC = dl= AR

S ARHEEE & A8 FH8 dveid 5 A

7IAEE AFoA o] ZE :7%1'7] -‘Hsﬁ Frks 3
Al BEAAo] TR IE § 7
5] B A BERE 7S 50] B oA
7] wEolct.

28 FAolA Maurya et al.2018) F 167] SX1o
Z Ax BAE ekl 42 ARYY 1P AEE B
e FEHEE BXE s 1P AEETE]

AR FAEHRE ZEE s ug H2E9} ¢z} Z7] #410
2RE A2 Ao} vl FL AHAIE B0 1P W
TE DL k3 T € AEE vk 2 0AE BYe
tl ol @ fAIFHAEE 7H T Aol 7l gk &
AT AEZ ERIFANOH i of F= FLs) Al
ZZ(smoothness constraint)>. 2 1%+ A}z HAT} T
gk, el A7HERS} At HVIHER gro] ] A

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020



66 ) - Zoks - Andreas Weller - $5 2

Correlation between measured k and IP derived k
1e-09

1e-10

1e-11

le-12

k (m?), IP-derived

1e-13

le-14

(b)

-14 10‘!3 10‘12 IU-‘I! 10-‘0 10-9

k (mz}. measured

10

® meltwater sand
® sand till
@ fill material

freshwater peat
® micalquartz sand
® mica clay/lignite

@)

A

i

S
2

Heom o] T HERRE ALkt AFAF
& oF F=518 Uit fAIEHES} 54 17)
FIsetds W HE 2> Aek(lignite)®] A&
Ryl Bo] Ar|Aee B¥rl @R 2 FEEQTH
HETAo=E oyt JRE yHEoZ 33l AARdS
Ao d= AT 2l §4) A HER 2

g TAEICHFig. 10).

[
e

T

i

o
B

7. &

rhu

FAFHE=S 53] flef 712l ARSsla AR A
F e SUAPE A B Bl g2 ARE
o W Wele) Agt vid 54 ofd & = A
Hol e}, 53], FAFA=E 24sk= T83% 23 T
Sl FEIshs WIS () R s T U (S50)°]
%714 ]SS (EDLPI = PIAA H=d olE 7t
o2 Ip BALE ol 8% AT d5He] daks A
ol B2 A7t o FAAl HAT. A=A W
S o83 FAIFHE ASEES 1P Mol sk W
o WAE o83l AAFIHE RS ATgste] whe
oFtt. FEeH WM ol 8% HAFIHE dSEd=

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020

kim2)
1.00e-08
- 1.00e-09
_3.15e—'i'|
EI.OO&'IZ
1.00e-14
mS/m

1308

=158
=6.31
-3.00

b)
Fig. 10. (a) 3-D Geological model, (b) 3-D permeability model and (c) 3-D water electrical conductivity model (Maurya et al., 2018).

= A34 299l PaRiS Zd¥} 3k mdl KT =Y
o] 3lth. PaRiS e thad vide] $=5 FulgEniE
Spore OIS0t S AR o7 = vl
S olgaix S AIHEEE FF FAFIE o5 =
9S8 5 Yok KT B 5,9 9590 A S o1&
Aom APEE 12 sl AT G 2D
< 7 T Ao

71Ee s A7 IERES} S,/ die vlEdthe A
sl ANAFE st sl A7AEE 7[R A1
FHE gEEAS AT SRt 71E A7E] Al
2 i FEsitke #ARE siEsh] SlEl A
o] 4% ARE FAYsl o B2 AEE WA A3
23 ASAFF)E jhlE] FA7E Joke Alo] geAd
MBS oS, /FE NS B G Zds
T84T 4 A HSATE A FAellA 1P W o]8]
FAFHES A5 v Do) WA =27 E37} vl
TSI iAo R F glo] AL 1w ek A
mad £ AellA diSe] fEjsh] mEdl i &
FOR o FofRl - Aol ofFoiHnt. B AL
oA 1P WFE FAFAEE oFshe 7IHS ol BE
oM 282 F e A oA mds F T

[l -



B F=ES FAR 7153

WANTIE et 5 B AW A8 viwd FAR
gﬂm%lmi%ﬂﬁiﬂilfé‘%%=dﬂQ-ﬂﬂm
A% 2 P ARE olgd fATHES AF AL
dZ5lA T Bl s Ige 74;];] F Hlnl
# W ARE Ul g ASle] Feldst B 54

2 sjejat 5 Q7] wel Theret Bl f-a3k7 A

2 T Us ZleE wddEn.
AL AL
B ANELS R AUoE BN Ed]

A7 LAt I NEAE e ADS ol AT
A5 TH2018002440005).

References

Attwa, M. and Giinther, T., 2013, Spectral induced polarization
measurements for predicting the hydraulic conductivity in sandy
aquifers, Hydrol. Earth Syst. Sci., 17(10) 4079-4094.

Attwa, M., Giinther, T., Grinat, M., and Binot, F. 2009, Trans-
missivity estimation from sounding data of holocene tidal
deposits in the North Eastern Part of Cuxhaven, Germany. Pro-
ceedings of the Near Surface 2009-15th EAGE European Meet-
ing of Environmental and Engineering Geophysics, European
Association of Geoscientists & Engineers, pp. cp-134.

Attwa, M. and Giinther, T., 2012, Application of spectral
induced polarization (SIP) imaging for characterizing the near-
surface geology: an environmental case study at Schillerslage,
Germany, Aust. J. Basic Appl. Sci., 6(9), 693-701.

Banavar, J.R. and Johnson, D.L., 1987, Characteristic pore sizes
and transport in porous media, Phys. Rev. B, 35(13), 7283-7286.

Binley, A., Slater, L.D., Fukes, M., and Cassiani, G., 2005, Rela-
tionship between spectral induced polarization and hydraulic
properties of saturated and unsaturated sandstone, Water Resour:
Res., 41(12).

Borner, F.D., Schopper, J.R., and Weller, A., 1996, Evaluation of
transport and storage properties in the soil and Groundwater

zone from induced polarization measurements1, Geophys. Pros-
pect., 44(4), 583-601.

Brunauer, S., Emmett, P.H., and Teller, E., 1938, Adsorption of
gases in multimolecular layers, J. Am. Chem. Soc., 60(2), 309-
319.

Carman, P.C., 1939, Permeability of saturated sands, soils and
clays, The Journal of Agricultural Science, 29(2), 262-273.

Chelidze, T.L. and Gueguen, Y., 1999, Electrical spectroscopy
of porous rocks: A review-1. Theoretical models. Geophys, J. In,

FAFETE dS7HE 67

137(1), 1-15.

Cole, K.S. and Cole, R.H., 1941, Dispersion and absorption in
dielectrics I. Alternating current characteristics, J. Chem. Phys.,
9(4), 341-351.

De Lima, O.A.L. and Niwas, S., 2000, Estimation of hydraulic
parameters of shaly sandstone aquifers from geoelectrical mea-
surements, J Hydrol (Amst), 235(1-2), 12-26.

Fiandaca, G., Maurya, PK., Balbarini, N., Hordt, A., Christian-
sen, A.V., Foged, N., Bjerg, P.L., and Auken, E., 2018, Permea-
bility estimation directly from logging-while-drilling Induced
Polarization data, Water Resour. Res., 54(4), 2851-2870.

Heigold, P.C., Gilkeson, R.H., Cartwright, K., and Reed, P.C,,
1979, Aquifer transmissivity from surficial electrical methods,
Groundwater, 17(4), 338-345.

Hordt, A., Blaschek, R., Kemna, A., and Zisser, N., 2007,
Hydraulic conductivity estimation from induced polarisation
data at the field scale-the Krauthausen case history, J. Appl.
Geophy., 62(1), 33-46.

Hordt, A., Druiventak, A., Blaschek, R., Binot, F., Kemna, A.,
Kreye, P., and Zisser, N., 2009, Case histories of hydraulic con-
ductivity estimation with induced polarization at the field scale,
Near Surf. Geophys., 7(5-6), 529-545.

Johnson, D.L., Koplik, J., and Schwartz, L.M., 1986, New pore-
size parameter characterizing transport in porous media, Physi-
cal Review Letters, 57(20), 2564-2567.

Katz, A.J. and Thompson, A.H., 1986, Quantitative prediction
of permeability in porous rock, Phys. Rev. B, 34(11), 8179-8181.

Katz, A.J. and Thompson, A.H., 1987, Prediction of rock elec-
trical conductivity from mercury injection measurements, J.
Geophys. Res. Solid Earth, 92(B1), 599-607.

Kim, B., Nam, M.J., Jang, H., Jang, H., Son, J. S., and Kim,
H.J., 2017, The Principles and Practice of Induced Polarization
Method, Geophys. and Geophys. Explor, 20(2), 100-113.

Kozeny, J., 1927, Uber kapillare leitung der wasser in boden.
Royal Academy of Science, Vienna, Proc. Class 1, 136, 271-306.
Kruschwitz, S., Prinz, C., and Zimathies, A., 2016, Study into
the correlation of dominant pore throat size and SIP relaxation
frequency, J. Appl. Geo., 135, 375-386.

Leroy, P, Revil, A., Kemna, A., Cosenza, P., and Ghorbani, A.,
2008, Complex conductivity of water-saturated packs of glass
beads, J. Colloid. Interface. Sci., 321(1), 103-117.

Leroy, P, Li, S., Jougnot, D., Revil, A., and Wu, Y., 2017, Mod-
elling the evolution of complex conductivity during calcite pre-
cipitation on glass beads. Geophys, J. In, 209(1), 123-140.
Maurya, P. K., Balbarini, N., Mgller, 1., Ronde, V., Christiansen,
A.V,, Bjerg, P.L., Auken, E., and Fiandaca, G., 2018, Subsurface
imaging of water electrical conductivity, hydraulic permeability

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020



68 ) - Zoks - Andreas Weller - $5 2

and lithology at contaminated sites by induced polarization,
Geophys. J. In, 213(2), 770-785.

Nordsiek, S. and Weller, A., 2008, A new approach to fitting
induced-polarization spectra, Geophysics, 73(6), F235-F245.

Olhoeft, GR., 1985, Low-frequency electrical properties, Geo-
physics, 50(12), 2492-2503.

Pape, H., Riepe, L., and Schopper, J.R., 1987, Theory of
self-similar network structures in sedimentary and igneous rocks
and their investigation with microscopical and physical meth-
ods, J. Microsc., 148(2), 121-147.

Pelton, W.H., Ward, S.H., Hallof, P.G,, Sill, W.R., and Nelson,
PH., 1978, Mineral discrimination and removal of inductive
coupling with multifrequency IP. Geophysics, 43(3), 588-609.

Purvance, D.T. and Andricevic, R., 2000, Geoelectric character-
ization of the hydraulic conductivity field and its spatial struc-
ture at variable scales, Water. Resour. Res., 36(10), 2915-2924.

Revil, A. and Cathles, III L.M., 1999, Permeability of shaly
sands, Water Resour. Res., 35(3), 651-662.

Revil, A., Karaoulis, M., Johnson, T., and Kemna, A., 2012,
Review: Some low-frequency electrical methods for subsurface
characterization and monitoring in hydrogeology, Hydrogeol. J.,
20, 617-658.

Revil, A., 2013, Effective conductivity and permittivity of unsat-
urated porous materials in the frequency range 1 mHz-1GHz,
Water Resour. Res., 49(1), 306-327.

Robinson, J., Slater, L., Weller, A., Keating, K., Robinson, T.,
Rose, C., and Parker, B., 2018, On permeability prediction from
complex conductivity measurements using polarization magni-
tude and relaxation time, Water Resour. Res., 54(5), 3436-3452.

Scott, J.B. and Barker, R.D., 2003, Determining pore-throat size
in Permo-Triassic sandstones from low-frequency electrical
spectroscopy, Geophys. Res. Lett., 30(9).

Scott, J.B.T. and Barker, R.D., 2005, Characterization of sand-
stone by electrical spectroscopy for stratigraphical and hydro-
geological investigations, Q. J. Eng. Geol. Hydrogeol., 38, 143-
154.

Slater, L.D. and Lesmes, D., 2002, IP interpretation in environ-
mental investigations, Geophysics, 67(1), 77-88.

Slater, L., Ntarlagiannis, D., and Wishart, D., 2006, On the rela-
tionship between induced polarization and surface area in metal-
sand and clay-sand mixtures, Geophysics, 71(2), A1-AS.

Slater, L., 2007, Near surface electrical characterization of
hydraulic conductivity: From petrophysical properties to aquifer
geometries-A review, Surv. Geophys., 28(2-3), 169-197.

Vinegar, H.J. and Waxman, M.H., 1984, Induced polarization of
shaly sands, Geophysics, 49(8), 1267-1287.

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020

Wait, J., 2012, Geo-electromagnetism. Elsevier.

Weller, A., Slater, L., Nordsiek, S., and Ntarlagiannis, D., 2010a,
On the estimation of specific surface per unit pore volume from
induced polarization: A robust empirical relation fits multiple
data sets, Geophysics, 75(4), WA105-WA112.

Weller, A., Nordsiek, S., and Debschiitz, W., 2010b, Estimating
permeability of sandstone samples by nuclear magnetic reso-
nance and spectral-induced polarization, Geophysics, 75(6),
E215-E226.

Weller, A., Slater, L., Binley, A., Nordsiek, S., and Xu, S., 2015,
Permeability prediction based on induced polarization: Insights
from measurements on sandstone and unconsolidated samples
spanning a wide permeability range, Geophysics, 80(2), D161-
D173.

Weller, A. and Slater, L., 2019, Permeability estimation from
induced polarization: an evaluation of geophysical length scales
using an effective hydraulic radius concept, Near Surf Geo-
phys., 17(6), 581-594.

Wong, J., 1979, An electrochemical model of the induced-polar-
ization phenomenon in disseminated sulfide ores, Geophysics,
44(7), 1245-1265.

5 A REES BA

IP BAPHS 55741 ATk Alejskd DC A7 HIAg)
el Al FUg FElE EAP} =T SAle S
oF 24 =44 gt BAPE SR S Aok AR A
F FAAS AR 1P RO 2E S8 (chargea-
bility)S je}sh= A)7t9S 1P ©AL, 258 I (frequency
effect) 22 FEAIS(metal coefficient)S =S73= s
F99 1P AP ok aF/ AR FALE AMESke 1P
HAPEE 10°~10°Hz Alo]¢] aF FAeS o]838le] gt
EFlA wjde] EAR7MIAFS EAee HAH]A]
AL, 283l oY ZER] 1R F4lEE o]88te] vl
A B4 A7PRIAES] A 5498 B8k By 1P
(spectral IP; SIP) BALR U= 4 At} o] =&oA=
Al 1P BALe} BEAHTHIAE ESIP ALl ARE-

she =R oEiT

A%

AlZtH 1P ERAL

A7 TP(time domain IP) BAl= 7MY &AL
o} S2galo] FYsly] wiiTe] U] HrRIAE &
APl A 1P EAE 29 ZEso] FAlsle) ek



2

] “@’6‘% 424%‘ el ol 3 29 A9z

T3l Al FR1E ke “4-—4 2ol it
V=V, Av
m=—== (A1)

A7 Ve 1P 53 glo] AR ARnte Wskes &
2ol ¢ (instantaneous voltage)°|3L 7= Vol 1P &3}
2 1k FHg(av el valid SAHE F A9elch

SAMI[H|ME Y SIP EfAL

ARISKE wh S99 o 7 9] 43 Alele) 2
DA I P
A7HIAY RES BHHE BPHS BaA7HAY
(complex resistivity) BAF -2 FY F == (spectral
1P; SIP) BAel gtk B wR QESE olasle] v
o] BAZA/MIAY BRI mofsle B4 A7HIAE

HER L S 69

Al wlal SIP BAl= ofy] Zsee] Sl thsh
BRWADE vjelale] wjde] Bazs A 2
F5ol ME 598 BAUC A3 vhde) Bl
&}(complex resistivity, p ) =& EAW7|AEE (com-
plex conductivity, 0'*; o= l/p* Y= FES(frequency; f)
o] Fz bt go] vehd 4 itk

0'*(0)) =oc'(w)+ic"(w) (A2)
oSk orE 27 BAWREE o o] A% R

3 ARo|y &T(angular frequency; @=
2zf eItk B BAA/HEES vefsid 2 s
o W EBAAZIAEES Z7|(lo(w) ) SF(H(w) )Pl

Nzalel AT,
lo(@) =o' (@) + 0 "(w) (A3)
_ . re"(@)].[0"(®)
#(@) = tan [G'(w)}—[a’(a))} (A4)

J. Soil Groundwater Environ. Vol. 25(2), p. 55~69, 2020



