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ABSTRACT

Self-potential (SP) surveys measure naturally occurring differences in electrical potential in the absence of artificial
sources and have been applied to various fields since the first application in mineral explorations. Among various causes
of SP occurrences, streaming potential is generated by the flow of groundwater, and makes SP surveys suitable for the
exploration of groundwater table fluctuation, fractures, sinkholes and landslide occurrences. Recently, there has been many
studies that applied SP surveys to monitor water leakage through dikes and embankments. In this review paper, we first
review the characteristics and theoretical backgrounds of streaming potential in saturated or unsaturated porous media to
introduce it in the embankment among various application field. After the review of the background theory, we review the
past cases of field SP surveys on dikes and embankments and also the characteristics of field streaming potential data in
the surveys. Further, by analyzing past studies of qualitative as well as quantitative interpretation of SP survey data, we
show the possibility of quantitative interpretation of streaming potential data obtained on dikes and embankments.
Consequently, it is hope that this review paper helps researches on SP surveys on dikes and embankments, and provides
basis for interpretation methods of the SP data to identify leaked area and further leakage rate (or permeability).
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Z8AA gAY SRaell A ERlEah Wlo] B avka
ol Rk =® H7MIAE} BAL WhHS E8ekal drt
(Lim, 2018). A7RIA3} B l= AlF3-s 283 A
AL B Aoz bl goxe] 23 59, A5
g ol & AA Wl A 5 22 AAA FHeF
s H71E 4= AA|THSong et al., 2005), 3XM4(3D)
Tz FEA R olsf a9 i) WSk 59
SA17} AEK(Cho and Yong, 2019).

FHYAEE FUEPS S8l A7HIAY GARH fjell=
S5 S (streaming potential)ol] ]3] TSk, 2= A
9 B3 AlolE A8 AR (Self-potential, SP) &
AbHol o] Z8E]tHButler and Llopis, 1990; Biévre
and Norgeot, 2005; Boléve et al., 2011; Kang et al.,



2014; Wang et al., 2018). AIAAY &A= Xsle] 4=
g 7] g8t whgo= <lsf Mol A SAlY glo]
AAH o7 WS A9 xlolE SAE FEH B
Holot. o]ygt AARS = W|oleES B8 U=
32 wj oA Zal &80 o8l Wshe &5 %9
(Jouniaux et al., 2009; Song and Nam, 2018)2} ©]&
o] gk ksl B9l §hg, ol FEF T HUIsEH
[21d0 &gk AAMA=E Y= F AT
Ao A B85l ol TSR #A)
e 545 B4k Tl Aol k. ool wet A
AE 7= H7HRitter et al., 2015) &= &% 7]&7]
o &gt XJsl EFo] Uephs AE ¥ EoK(Perrone
et al, 2004; Byrdina et al., 2014), X3l 5 2 o
g EX(Revil et al., 2004), AZE 2 2bALE] 2] GollA
9] A} HE 4 (Jardani et al, 2007a; Giampaolo
et al, 2016) 59 Thdst EopollA 35 W7t &8
Aot 71818 A= 297 gAY f5F 2
A9} 2 o] Eqrdo] WSl 29X (Giampaolo et
al., 2004; Minsley et al, 2007a; Yu et al, 2019)4}
835l A (Sato and Mooney, 1960; Biswas, 2017)el4]
T2 SEE

AR Frhe 29 glo] ARE HSE F e
2 FeAaEe] RUEH gxle] ok Frt 2Ayst
FAE A s50] Ao E FepA YRR
FHollA BT} T2l 55 WY oS #STE F
At FUAME FEAEEANA TE A58 8]
AL HALE 4=8Y35199=1|(Song et al., 2000; Song
et al, 2002 and 2005; Kang et al, 2014), % 23}
(D) A1) B WIS BAFAL 51 AE
go|d Aol A A5E Hlwsl] ¥ sXsin

BN G oE 32 ANS sjislr] Y8l
A91F R S Wislele] AR o R T Folx 9]
g o] = (Butler and Llopis, 1990; Boléve et
al., 2011} 37 F]-307] AlEglolds B3k 8= 3)
Aol gk A7t <Es] JAyEHAT E5 AN AEE
AR ow T3P 3 TEHY 2" Sill(1983)
S A)Fo 7 $3PEAl Boleve et al (20077 EE3H)
o)X A8l BE o3t &5 9] ATE vHT 4
UEF SlGth 5549 2dEs B3 f5 A9 v
< Tk A B oflEt ks FE Aske] fE
AR 95 B9} 7 S8 FPleke ATER Bol
T3 ATHRocyzki et al, 2006; Minsley et al.,
2007a,b; Jardani et al., 2006, 2007a,b and 2008; Boléve
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= 2703 o)A A9 (Song and Nam, 2018)2] Ao =,

3
TFE A8 Eoks TolA FEAEEed o] ol 9
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(&Ex= 2%%) (Ishido and Mizutani, 1981; Morgan et
al, 1989011 & THOR k= 4] BFo=N
B ks ApaAdYoltkFig. 1). E3} Aol tad
ey BF deke 714, e @de duske 4
Ze] QA sl ARE 4 AT Boleve e
al., 2007). A 714 @42

i=-0Vo-L(Vp-psg) (1

2 338HH, 71N jo AFL=(current density) [A/
m’], o= O34 "EY M7= E(electrical conduc-
tivity) [S/m], ¢= Z%?](electrical potential) [V], [ &
T AT 2R AFMAV s)), pe FFFY [Pal, o E
TR W kgm’], g TE7EE [Tt

sHH FEjE e

kg
u=—LVp-—(Vp- 2
@ 77f( P—pr8) @

2 AWE 4 3)ow, oJu] ux Darcy velocity [m/s],
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Electrical double laver

| (Electrical steady state)
| Stern layer

Groundwater flow
= Current flow (—LVh)

Fig. 1. Schematic diagrams for streaming potential. An underground matrix consisting of fine particles (colloid) and surface of the matrix
being negatively charged. The negatively charged surface attracts cations to form electrical double layers in the water-saturated pore
space, where fluid flows to cause current flow: larger amount of anions flow along the fluid than cations.

k= ©FAd viEde] 1 % A F4~E-(intrinsic permea-
bility) [m’], 7= &=2 &4 e 34 (dynamic
Ik 51 5 Ao1Ae] el
25 35 A9} A7) 3 (electro-osmosis)

9} e AW T3 & J(electrokinetic phenomenon)=-
At A 1 @2 Aek] PAgk 4k 2 ok
ujd o] thHEe] s W F55 W o]o] vy
A FHel F& g st 1714 olegs Fdskar
W 49 4 s o) W 59 S8 R
3t A7) 5= 27]
ol 45]1 “4”"‘4 ”H;‘ W] fAVE 525 @YoR 55

shear viscosity) [Pa-
Zj_ﬂ@- -GL—_Q.

;‘<_:1"

=

A9)et HPEHH~ el A ()] % -L(Vp- pg=
35 AR E5, 5 vEl, 2 29 A & -Lves
A7) A% fﬁ_ *-.% **“%‘W

fredda A7) Ags 9l Bo=Ee 55 A
9 A% A [V/Pa}— o3 o] 3™ 4 3o,

L. C

A7 & 9k o = A7 3= A A [F/m]9‘r %l
VNHAERe, ¢ Ast W@y IS BAES T

A71sketa] 5490 Ak A9[VIelth. C= Helmholtz-
Smoluschowski 2}(Ishido and Mizutani, 1981; Morgan
et al., 1989y} #As}d 9K (Kosmulski and Dahlsten,
2006; Leroy and Revil, 2009) 1¥o] A=E@ (3)9
upz|2k g, w3 AVRHEESE FAIR o e A
2 C= uA ulde] BAd] oJEskA] k=tH(Boleéve et
al., 2007).

A7) AT w9 @8 A e T Se As)
02] Revil and Linde(2006)° 2J5] x&HH w} A A

&S sk 9ol ARde] givkar 7w 7]

HE a9=s FAE 4 Jrksill, 1983; Revil et al,
1999) olell W} T =4 @)= vt 2ol A
 Slch

kO
u=-——(Vp-p;g) =-KVh “)
Iy

o714 K= 8] F=(hydraulic conductivity) [m/s],
= F(head) [m] ©]ch(Boléve et al., 2007). & (H=
33} Aol A1) Darcy 2o, B3} Aejolx FAl
BE-2 van Genuchten "7H¥H<=8}H(parametrization)S I
23}e] Richard 215 o]-83lo & = Ut}

A5 Exo gk A543 (1))2 Nernst-Planck
AoaRy A7 5 SEE thad 2ol 23T
JtHRevil and Leroy, 2004; Revil and Linde, 2006).

j=oE+Qpu ®)

o714 B2 A71FOIH(E=-Ve) [Vim], Oyt 77
o]FZ0] IIZd|xle] T F B T s}l [C/m’]
ojtt. o] Wl 2] (5l el TR o] B AF U
=, joltk. =47 Aejolxe] Halol thel Sy

>

V-(6Vp)=V-(Qpu) (7)
o] W, F A9 £, S
:?:Q)V~u+V§V-u ®)

2 B9 HdF 42 YE(volumetric current source
density) [Am~IPIt}. (7) 29 Fokk WEY2le] AaxE
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T &S ol AWE S dom Sid gl si=
35 9] Az BEE & 5 AukSill, 1983). (72
2HE A9 27 116}91 A7REE £ wsloe =
g Utk TSk A AdEleM=

S=VQ, -u )

2.2. EZSIMEfOMe S5 H9

=X3eIM 55 el Askre] e Bl
A9 Bt o] Al sl o3 Lé‘?—l’ -
ATHBoleve et al., 2011). EX3IHoA FA] 55
van Genuchten |7} 5=} (parametrization)$} ©}2j 2
Richard 2] o] &3} & 4= Ut}

[Ce+SeS]%—;I+V-[—KV(h+z)] -0 (10)
4714 ¢, = B8 [I/m]o]H
o= ogje} o] Ak 4 Sk

TF(h} )

c, =% (11)

Sk B3 T (relative saturation, S,)2F " U
H T 3F0F Yehdadh

0=5,¢ (12)
S= AFAG[1/m], S, & 78 3=z 7 ¥ale,

S, (residual saturation of water phase)®} HIZS}E(S, )2k
o= 22 #AZE Sl

S,=(S,~S/)(1-S,) (13)

3 FEAEE, Ke
ko ZsPgEe] ek
At

K=kK; 14)

ZFFE(relative permeability'

AT (K2 Thet 2o Uepd

Richard 2](2](10))S 3= 9] 83 H5E2 S, Co,
k., @+ van Genuchten "7} 232 (van Genuchten
1980; Mualem 1986y B3l 59 EY ¥ Ex3} e

ol A TRt o] Helsidtt. ofefe] 2eA He A8l
Azwet €8 HE(2) 3t AllolH(z2 Zo] WiFo R
9] gh), A3lelA He 00]),
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1/[1+|aH| 1", H<0 (15)
L H20

1 NG

= (-6 I—SZ"j , H<0 (16)
H20
l 2

SZ" . H<0 a7

H20

0.+S,(4-6,), H<0

0= (18)
4, H>0

9le] AojlN g = 7] ko

6,=S,¢ (19)

o, o n, m& T3 e EAS Ak WHF
Ztolthi(van Genuchten, 1980; Mualem, 1986).

55 ZAF U (streaming current density; jo= A
5 THEAY 2 #Y STl 9 dedEE
A), A3 FRL M9 j@& A7 2 A6 Bxs 3
HE 7HE Ao taat o] 28T 5 oM (Revil

et al., 2007),
i=o(S,)E+j = a(SW)E+§_-;u (20)
A7 w=
u=—(kK/n)VH 21)
olc}. kA, Bxs} Aejol Aol Ay MM ) 23}

Aro] e A7MAY Wele ARHoZ AN A 2
Archie?}& o]&3l] AxK = UATHFE-EB).
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Inverse problem

| Hydraulic problem | Forward problem

Saturated condition

Unsaturated condition

| Darcy equation, (4) |

I Richards equation, (10) |

| velocity |

| Volumetric current source density 5. |

| Poisson equation, (7) H Resistivity structure |

[2- Resistivity tomography |

Initial data

1. Synthetic resistivity model

additional information

| Obtained SP data |-+{ Cost function, (22) }—{ Linear mapping function, (21) |
I

[ Permeability, k| | Recovered SP

it

[ Charge per unit volume, Q,, ]‘"I Seepage velocity |

Fig. 2. A flowchart of forward modeling of streaming potential and inversion of self-potential (SP) survey data (modified from Boleve et

al., 2009).

go=n 55 H9] veS
AN #58 A9 Ang o
& Utk FAE RN F
o HFH NS Sl A B3
HHoz Agy 55 M9 wdy o
39 th(Fig. 2)(Boléve et al, 2009, 2011 and 2012;
Rittgers et al., 2015).
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A(23)2RE AT 2Ho 22} P= A G el
- AR ik =3 Al ol tish o] Hasit)
A9 oA S A £H FR(y e

= ”Gm-@”z +Min|D, W(7i—Ty)|, 24)

oln], AWA e A7 eAFeR |, L, =5
(Euclidian norm), 7 -& 3D &2 AF W WE, o =
AR B2 AlFEelM SHE A9 A8 WE ot} &}
T 23 9 gBEo] ¥ v A%t 21S T8
7 H=gdA HE = A== F(Jardani et al., 2006,
2007a,b; Boléve et al, 2009). A|3F =3 Aol g
AL WY 22 Yol Aol we AEAn)E F
o] A3 A Ao Foll igh S it o,
22} E3K0] o|Ak ZAdiscrete approximation)$! D, £

1-21 0 ...0
01-21...0
D,=|F 25)
0...1-210
0...0 121

1 - 0
(Zm1+7)
= 0 I 7
W= @t 5 (26)
0 1
I Gzt D
ofck. WA £ A& 35 o= 2 #ol ool 7
A o) B s F g WigE BAL 5

0.85 T 0.99 ArzkeZ ARE-FAtH(Boulanger and
Chouteau, 2001; Chasseriau and Chouteau, 2003).
my= ol AR, AL 49 W Wil =4S 7188t
3 5e) BAE 2| 7@ 58 W9 BES ALY
A7MAE JAF Afm Ahkhs B8l e A7 RIAY 72
o] sl R 55 A9 w5 ARSIt

3. 2E|A|MS0|AMO] KIINS| BE EIA} EM

=1
2y

SRR A9 WAk W B e B
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M9 - ol - 47 - 9

Reference electrode (R)
Measuring electrode (M)

Fig. 3. Schematic diagrams of electrode array methods for SP
survey: (a) fixed-based method and (b) leap-frog or gradient
method.

o] wE} 2D F= 3D BAFE Falsit) 3FelME
2NV EX 2] ARG B} =8 A ARSShe W )
de] 54, AL 912 H ' 54, AMS The e A5
o] T 2 BAF Aulol] sl Avlistara} gkt

ald

3.1. ©= v 54

A A$ = =4sl= WH(leap-frog or gradient
method)°] JUThFig. 3). YRtdoz 7I1&d 1g9H A=
7} AB =7} ol Bol E8HET Y Bk Al
kel Holds ffal wilE &8st 2709 vl H=
s Bt 29 Ae 95k BARES A83ith
AFAZS] FARIA 71E A= AARS] oPde] yE)
A o =31 13 3ol AXA|sledoF SHk(Wang et
al, 2018). 5, T4 oM A we Ve A5E
Aol AXsFAUButler and Llopis et al, 1990;
Wang et al., 2018), TEAAEEOM= BAF 4 7ed
ANEE 2km Holxl X 52 AL S AR 7IE
S AXsH= Ao] Eth(kard et al, 2014; Kang et
al., 2014). 2 GAF HE ffsll 4] SRl A5S
F71=2 XL o5 71FE AFo= BE3AkBoleve
et al, 2011), AP FAE didoz &A1E wjel] A=)
APR FZrolu AA| Bl Ve A5 ARk AL
2 FAE F33 A= thBoléve et al., 2009;
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Moore et al., 2011; Rittgers et al., 2015). F=3F A|A]
Y 4 Fo] Al 7R wige A5S VIeds
o7 Zg37|% FH(Dahlin et al, 2001). I 2]
7He] SdellM AR 'HARE & o] 4 vtk Al=
+ 7 ASE AAE = I, oleg Aeddle <l
gk 49 7 AS Al A Aolg ST H

o= RAF|FoloF S(Minsely et al, 2008 and 2011).

3.2. EHAL fIR|of| E EAL S

S AA GAF 8 AL AA ] 2D S48 AA]
AV AlA APE FAle] 2A 9 1HAcR AS5S A
Aete] GALE Fshs 2lo] LRk o|tk(Boleve et al,
2009 and 2011; Moore et al., 2011; Minsley et al.,
2011). 7ol mEbME o A5S vle] A8k Bt
=, Vi HERhE B8ele A5S A7 S8
ogu] e AHE & F UTHDahlin et al, 2001;
Panthulu et al., 2001; Tkard et al., 2014). A= 7tA&
71 Al Y F= A7MIAE gkl o] wiztst
A gor GAL g met 4 7HHo R Zgsh ¥
Al FHel e Bop 2R HHoR gAE S
4 At(Jardani et al., 2006). A% A} ©Ex2 XA
F(telluric current) FUE S {84, AA UF-<] F4)
0] el HIES A5 G720 E vygd = ot
(Dahlin et al., 2001).

FdoIM BAE S wie uilE E83l] &2 A=
AN HSS videl EaL 7 s S o e
g, o] wle FE 2Ef|H(streamer)S ©]831] 5~15m
AR nAgEe] e AEAE FHal 7 9 1o
et A9 25 3 S 283l e gt
(Dahlin et al., 2001; Blévre and Norgeot, 2005; Boléve
et al, 2012). AF] AT Wl Wk AQAS AR
o JFL el F 5 You= Tk WPl sl @
ALE 383 5§ 2| |oF SH(Dahlin et al., 2001).

o i

vy

S5 A= A5 AP @4 @k - mVellA
T mv HZ a3 g 7] dEs
o] W] whZel] A2 viEs A5S 283l =
Fegsith, 2FAHS] Frlel] BWol &8s HIES A5l
+ Cu-CuSO, HIRE= %=, Pb-PbCl, H=(Petiau =)
0] ATh(Petiau, 2000). Pb-PbCl, A=E A7F 245 W
3Pt Aol RUgEe] Bk &3%o|n, Cu-CuSO, W=
L v W3lo) wizksled(1.2 mV/eC) B} HESK= B

oo

Sej% FelAlaRelNe) el A9 YA AR 1

3

B3 459 O34 vhast 7 EY 7 o= 338
A3l 105 ool Azto] A Q¥ Th(Jardani et al., 2006).
SR 9o HES AT BHES veslel ulgs
A3 Al B A8L 98 15 ¥ ATkSong,
2001).

v A=) obd Fe2 A'-E d Ad=S(Copper
clad steel grounding rods) B ZH|QIE|: A2 &8
dol BB ST FE ) ol Ao ex
o olg e Wk olje} WF B So) wyow
gol © s A5 mHDe Bl T 9
Halo] mE F5 BAE A Fsior sr] wiEel
(Butler and Llopis, 1990; Kang et al., 2014), BH|&=
=S AF8She Zlo] B Aot 53] 2% wis}
E R A 3 9o BT mEe] Be 9% 1)
A= Q) 5 S, ool e FBe Az 9
e Ao 4 em oV S 8] =S

E= Ao| eKgHo|tH(Corwin 1989).

r

e

)
HIES A58 Bl AXd o Bae] HE A3gs o
HETE P ASE IS 7 e, ol fE dx
£ =1 HEYO]E ZZF(salted bentonite mudyS -85}

o HE AFE 5o E IF=E F Atk (Minsley et al,
2011; Wang et al, 2018). B=3F 3+ =3 37§ A=
Axelar A5 7 47 s F 15U A4S FH o
G o] 83l A8 TS TS AL
ATk Minsley et al., 2011). Hlt= 552 Z7IkE
B AR KE A s AT F dve I
Aol A, kel BF 5 AT 4K Fol= et
Zasitt= oflF°] Ath(Petiau and Dupis, 1980;
Corwin and Bulter, 1989; Kang et al., 2014).

AR Bt W= ARSI AR o} WiIzk
7t Fe AWPAE BEIE o] FEANES B} FIYs}
A Z7st7] AsiA Fasith W=7 0.1 mV, Wi
(input) YHTE3= 100 Mohm Q! Metrix MX20Z )&
SEAY, o]} BIS=Sl A52] Fluke 289 94 (voltmeter)
2] M-6000M(METEX)} 2 ¥ro] 1179 Err|=
ARl F& ATE I AlEEC] Ath(Boléve et al.,
2009 & 2011; Wang et al., 2018). Y&} Zo] W=7}
F2 HE] HMAIE ARl A folls, A7MIAE &
A 8 A A AN A R g ok A
Aol de A7MAF 34 ARl ABEM A AC
Terrameter, SAS-300 DC ¢} £ 8x} 7715 &8-51]
A9 e FAIE SHAth(Song et al., 2000;
Dahlin et al., 2001).
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Fig. 4. SP and electrical-resistivity surveys in an embankment along Rhone River in France (Boleve et al., 2009): (a) electrodes positions
for both surveys (a total of 2076 electrodes were installed from the crest to the ditch of the dam while the reference electrode (Ref 1) is
located in the middle of the slope) and (b) measured SP distribution (three SP anomalies are labeled A1, A2 and A3, and a filled triangle is

the position of Ref 1 of (a)).
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