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Relationship between Hydraulic Conductivity
and Electrical Conductivity in Sands

72 A &' Kim, Jinwook = & & Choo, Hyunwook
o] # % Lee, Changho o] % A" Lee, Woojin
Abstract

The aim of this study is to suggest a semi-empirical equation for estimating the hydraulic conductivity of sands using
geoelectrical measurements technique. The suggested formula is based on the original Kozeny-Carman equation; therefore
varying factors affecting the Kozeny-Carman equation were selected as the testing variables, and six different sands
with varying particle sizes and particle shapes were used as the testing materials in this study. To measure both hydraulic
and electrical conductivities, a series of constant head permeameter tests equipped with the four electrodes conductivity
probe was conducted. Test results reveal that the effects of both pore water conductivity and flow rate in relation between
hydraulic conductivity and formation factor (=pore water conductivity / measused conductivity of soil) of tested materials
are negligible. However, because the variations of hydraulic conductivity of the tested sands according to particle sizes
are significant, the estimated hydraulic conductivity using the formation factor varies with particle sizes. The overall
comparison between the measured hydraulic conductivity and the estimated hydraulic conductivity using the suggested
formula shows a good agreement, and the variation of hydraulic conductivity with varying Archie’s m exponents is

smaller compared with varying porosities.
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T HolA B2 Aok 352 AF, 4, ¢
5 oY A EAER w9 YR ol
o, olz|gh Asl=o] 35S Hrlsh= 7HE Fast ¢
Z]~— E4A|4x(hydraulic conductivity)©|tH(Budhu, 2010).

FATE W Ee AT A oA JF A,
°*”‘X‘6PEH AN, A5t FAE 5H71 91 7R B9

g A% 5 TRt BEERE] AA W Al o]
A & 93}t Budhu, 2010; Holtz et al., 2011).

FrAE SAsH] e AR 2A AWA
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Ho} 22 Agto] 2awm, AR A3 B8-S AlQlshd
iAoz Aujgoltt. SRR AWAIE-S A7) A4
o] Last] wjFol] AA A Adel(tx, S /dH,
=8 S)E HHFs7] oda AUiAe A=Re o
< FAE %Y A=l gt dutE S i
= tiEA 9] EAI7} HH”ﬁ}EKOlson and Daniel, 1981).
AL Aol e A3s7| whizoll =71 &t
(scale effect)®] A7} EAYSHA] b=t SHAIRE FpA|
5 S R FRARE S BE5o 23] Za
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A 9e H#5H= EA-0] QJthKhalil and Santos, 2009).
Jeu A7 EE B AVHIAY 54 5 EEA
e B RS B Ll amis o =ikl g e KR M Ee [ =
2 A7tef gAR 4= Q= A o] Qlct(Kelly and Frohlich,
1985; Gomez et al., 2010).
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Kim et al., 2014).
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2.1 Kozeny-Carman A}

7|&ol AlRte FpAa d5A F, AFEEAN A=
Poiseuille’s law F-E] -3-=% Kozeny-Carman 4]o] dg]
#0]31 Ql o, Kozeny-Carman 4]-2 AP E oA H]| %]
det B4AlG dSaE Sl YA QltK Chapuis
and Aubertin, 2003; Mitchell and Soga, 2005). Kozeny-
Carman 4} 4] (13} Zo] S AHgol 1A F
o] Z+5E(n), 7=, HIEH(To), 359 F7AT(Cs),
wetted surface per unit volume of particle(So)2} 22 &
o =94 B4 1Y 4 lor =2 DS E W)
9 2] HAAGWE T 4 YITHCarrier 2003).
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u C S2 T2 (1-n)* @))
Fol 97 Zslof ok 7PgelE s = 100 4
()& 4] )9} 2o v 2 gick
KZ& 12 2" a
u CoSTE (=) @)

Jake] 27} Fo| 2o o) TS werh F
o] gl EsjElo] QlraL Zhgech Sk Fo) vl
Z(total specific surface area = ¢JZ}2] HA / QJ#}o] H

)3} 8w ZAL SARSE S 2k =tk (Mitchell and
Soga, 2005).
& Rt gk Toleldl Sy = 6/ YAD)E &

=
] L] gAMAS(pore-shape factor, Cs)= 2.52]
ko7 714E 4~ ItiMitchell and Soga 2005). SFA] Tk
5.0 t}ofst B E(particle distribution)?} AR 7}
ABR 59 & F5317] flote] &9 d=itiE 3L
23t S8 UADer)S o] &3Nof S} Carrier 2003; Chapuis

and Aubertin, 2003). & UA}S] FaUAL JAEEEZE
sejstel 4] (3)7F 2ol AAIE 4 YCKCarrier, 2003;
Mitchell and Soga, 2005).

D,y =100% 3 (/D) G

OV i QERA ATHE o Foho) gid]
L Aol "olll= &2 AA din] FAME vERdH,
Duciz 7] A%9) Aol ERlske & Aol Bt
A2 ojushe] Q% EEsh 27143 A log linear)
W o2y} Zho] A 4= Qlti(Carrier, 2003).
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ave.l

Sk o8 ob7] Sofel el ek Lok o
o ol FAASE LR 4 oAtk Axke] B
(shape factor, SF)+= 3¢ O‘X}7} T3 (sphere)d ] 6.09]
& Zon Yatel md(angulan) Frt ALGE 3
7¥sto] 847149 g b=tk A=A Qltk webA S
= SEYAT BAAE TRjelo] 4] (S)2f Lol A
&t 4= Q)ti(Fair and Hatch, 1933; Loudon, 1952; Carrier,
2003).
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al
212 4] (6)} o] At 4 9IrKCarrier, 2003; Mitchell
and Soga, 2005).
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u C.-I7 SF* (1-n)’ (6)

2 &2 M7|MEE(electrical conductivity in soil)

% 5
gt A% (o), (=5 T8 Ae(ow), & FHS 58 A
(o9 Al 7HA 8] ez A () o] FeT 4
1 th(Klein and Santamarina, 2003; Choo and Burns,
2014).
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n n
O-mix =0, Tz s T2 0, U 'pw (8)

AES] Aol AuAHOR F el ulEHH o]
- A A FHE S AEeE FAIT 5 gler
(Choo and Burns, 2014), 3Z3}%=(degree of saturation),
712 2400w} oS5 W o 7 th=7) u)
o] HE 9] th(compaction) Afee]] whe} FU HE
NN AJolgt A7HE=7F BE5E 4= ot T3 Het
e AR Qsto] AR v HEL: T4 A
A=z ¢ & 93-S HF=t}(Abu-Hassanein et al.,
1996, Rinaldi and Cuestas, 2002).
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& At
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48 = RLtESe =28 M3 M6=

7)1 A] A4 m2 shape factor, cementation factor, £
+= Archie’s m 522 E2]$H(Glover et al., 1997; Salem
and Chilingarian, 1999; Jackson et al., 2007), A18§ A+
o ookl me 5 U] WAL A7, FOl F5 5ol
8k HFO m(Salem and Chilingarian, 1999), A2 E 9|
A mE dHbA e g 1304 1.69] g Zh=thal &
Z Q) tH Archie, 1942; Jackson et al., 1978). wl2}A] 29
A71AEE (omin) 2 TH=0] AT (ow) 9] Hl= 2] (10)
I} Z+o] formation factorS AFE-3l 7HEE2] R4 E
Al (1D Zo] 8 4= Uk
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Ly (. 2,
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1714 Ckc (= Cs x T°)*= Kozeny-Carman 450tk 4
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o B S (tortuosity) 2 T =2 2 LAYt whapA
YA FE Y W Cre = 59 & ZE=THCarrier 2003;
Michel and Soga, 2005). E3t, A7} X id(angular) &
e e A9E A 1Y H 9ot vk
Ckc = 59 7k 7tk &8 A )t Carman, 1956).
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Fig. 1. Particle size distribution of tested sands
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Fig. 2. Modified constant head permeameter equipped with 4 electrode conductivity probe. Note, A (current) and V (voltage)

Table 1. Material properties

Properties K—-4 K-5 K—6 K=7 Ottawa 20/30 Ottawa F—75
Gs 2.65 2.65 2.65 2.65 2.65 2.65
Emax 1.08 1.07 1.03 1.03 0.74 0.81
Emin 0.71 0.69 0.66 0.58 0.50 0.54

Dso (mm) 1.04 0.85 0.50 0.16 0.72 0.22

Dio (mm) 0.87 0.54 0.33 0.1 0.62 0.15

Dest (mm) 1.01 0.75 0.44 0.15 0.69 0.21

where Gs = specific gravity; emax = maximum void ratio; emin

size passing 10% weight; Deir = effective particle size (Eq

- (3

minimum void ratio; Dsyp = particle size passing 50% weight; Dio particle
).
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Oy Ly
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Fig. 3. Relation between electrical resistance and electrical resistivity
for the calibration of the probe
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Fig. 4. Relation between resistance and frequency according to
pore water conductivity
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o} Zo] BelEe AAGE Dot 29 ©elE

I AT Bl(p/w o] MEEE 25ToA & ]u—4
== H9](0.02mol/kg ~0.5mol/kg) o A} 1.5%92] H3le-S
Z+o 1 Zang, 1996), 2] S5 HAAA 4= v|<] Hs}t
7} Aol i ol wlulai

42 FEHE| M2 KO MI|MEER} E75

Aol A AR FAllel H9- B9 52 Fig
2% o] Akl viHol A7 352 EHFS
2 =345t webs S5K(flow rate)o] WHIIE ¢15}0]
A9 350 =AY W& 4= Stk 7MY st
o] G-=F W3lo]| = 39| formation factor2} F5=44=
o] ATTAE Folsly| 9Jste] u|Ldt SFUAL 2+

2|4t QJzFe] GAto] thE K-5(Der = 0.75mm)2} Ottawa

Yulb
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0.04 a L .
g
2003 e ¢ o o )
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Fig. 5. Variations of electrical and hydraulic conductivites of Ottwa F-75 and K-7 sands as a function of pore water conductivity: (a)
variation of electrical conductivity; (b) variation of hydraulic conductivity
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20/30(Detr = 0.69mm) A =5 ARSI ARSI & &
oflA SRl AlelE Eohe AAl 52 TS ie(seepage
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1.8 Sim= AAsHA FrAsto] h=42] A7 e
W slof| w2 RS HAsletglon §ukS 3.05cmsec
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Fig. 6. Effect of flow ratio on hydraulic conductivity and formation factor for Ottawa 20/30 and K-5 sands: (a) variation of hydraulic
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Fig. 7. Variation of hydraulic conductivity of tested materials as a function of pore water conductivity and porosity: (a) hydraulic
conductivity of K-7 sands at three different pore water conductivities; (b) relation between hydraulic conductivity and porosity

of tested material
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Fig. 8. Variation of formation factor of tested materials as a function of pore water conductivity and porosity: (a) formation factor of
K-7 sands at three different pore water conductivities: (b) relation between formation factor and porosity of tested materials
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3l] AJA%l shape factor H 9|9} 5 US}tH(Fair and Hatch,
1933; Loudon, 1952; Carrier, 2003). 7|&2] AFA=2
shape factorE roundnesso]| wa} A A] 3} 4 th(Fair and
Hatch, 1933; Loudon, 1952). Roundness= 4] (17)2 A}
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(t)©] 7H2=0]th(Cho et al., 2006). Fig. 9(b)= =A%
roundness?} FAMA|2] TAE HoJZc) Ottawa 20/30

Properties K—4 K-=5 K—6 K—=7 Ottawa 20/30 Ottawa F—75
Archie’s m 1.28 1.35 1.44 1.56 1.27 1.45
Table 4. Formation factors (F) of K-Series sands at the same porosity (n = 0.46)
Properties K—4 K-5 K—6 K-7
Derr (mm) 1.01 0.75 0.44 0.15
F 2.79 3.02 3.09 3.35
Table 5. Variations of shape factor and roundness of tested materials
Properties K—-4 K-5 K—-6 K-=7 Ottawa 20/30 Ottawa F—75
Shape factor 8.2 8.4 8.4 7.8 6.0 6.5
Roundness 0.177 0.194 0.153 0.142 0.881 0.564

54 HI312 M6z



9] roundness+= 0.95 4%l oH o= YA7F £ A
2 ojujgit) Bt 9dx}9] K-Series+= roundness = 0.14 ~
0.199] BES Hof Byt B4 wsln Qo
roundness} B 4A42] TAL Fig. b2} Zo] A4

0.016
—K-7
. - - -Ottawa F-75
\ ,I
0.012 { '
\ ’
\ 7
» \ ’/
g \\ I/
g \ 4
£0.008 1 AN l )/
o \ ’
S Y s
] <.
0.004 l
0.000 T T
6.0 6.8 7.6 8.4
Shape factor
(a)
9.0
K6 K5
Lt
8.0 - K4 =,
N K7 “.. SF = 6.0Roundness-~.18
]
2 .
S 7.0 4
o
g
@ Ottawa ..
6.0 - F-78 -
Ottawa
20/30
5.0 T T T
0.00 0.25 0.50 0.75 1.00
Roundness
(b)
0.03
K-7
Oexperimental K

0.02 A

Hydraulic conductivity (cm/s)

0.01

0.40 0.42 0.44 0.46 0.48
Porosity

(c)

Fig. 9. Determination of shape factors and their effect on hydraulic
conductivity: (a) determination of shape factor based on
minimum error norm value; (b) relation between shape
factor and roundness; (c) variation of hydraulic conductivity
according to shape factors
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shape factor, Archie’s m exponents, and porosities: (a)
variation according to shape factors (normalized K =
varying K / K at SF = 8.4); (b) variation according to
Archie’s m (normalized K = varying K / K at m = 1.3);
(c) variation according to porosities (normalized K =
varying K / K at n = 0.35)



2 79, B AolA] A2t A (1% olg3le] ojZE =
SAGIE FNE B A R B H 2L A=
2 By Aoz waEh 3 AL 49 vlugE

FAFdEe] S o
4= Qltk. 31A|HL Fig. 11(a)
AR 4] (125 218310l 5
1#9% Archie’s mo]| w2} 74]
A & AlREO] FAlg
JA =2} Archie’s mS =4 0}01
3he| o] upola) 3F 2= 9Jr)

Fs
AR 7138 a-‘sxg% A oiaﬂ dhtol - Q1o
3} 2

4>
(e}
&i
o,
e
i)
r>~1
.il
a

£ AWINEE 4HE F A

R AEo] tstel, 47)e] AL

Hord] BAS ALgRlo] A HEES) Ho
1) o

2k=
220] AFPA S motslal A7|HEES o] g3t B

(1) o dAS 7= ARE ARESte] FpAlaet
AT formation factorS W eF A3} FARSH 7+
EoA FaY7Eel 38 Mgt wet FeAee
108 o]Ake] & W3S X o F= 2|9t formation factor
9] ¥3}= mlu|shich

(2) Error norm®HS ALE-5f O‘XP—J Roundness©]]
2 FHATE Fskslen, t=ES WA
=4 % formation factorE A}83}] Archie’s m&
TRt AStE FpAeAlS ARt AlLkRE
FrATs S8E FeAs AR 3 B

(€) 7@?@}% FrATE AR @A, Archie’s m
7 1= Oo:]

AL 20149 % Adietn el iin] Yt
FEIFE SR EA 5GBS Ao LA
919] Q2] 2| Y(15RDRP-B076564-02)0] ©]3)f 434 =]
AFU

10.

11.

12.

13.

14.

15.

16.

17.

18.

1179 (References)

. Abu-Hassanein, Z. S., Benson, C. H., and Blotz, L. R. (1996).

“Electrical Resistivity of Compacted Clays”, Journal of Geotechnical
Engineering, 122(5), pp.397-406.

. Archie, G. E. (1942), “The Electrical Resistance Log as an Aid

in Determining Some Reservoir Characteristics”, Transactions of
the American Institute of Mining, Metallurgical, and Petroleum

Engineers, 146, pp.54-62.

. ASTM D2434 (2010), “Standard Test Method for Permeability of

Granular Soils (Constant Head)”, ASTM International, West
Conshohocken, PA.

. ASTM C136 (2006), “Standard Test Method for Sieve Analysis of

Fine and Coarse Aggregates”, ASTM International, West Conshohocken,
PA.

. ASTM D4254 (2015), “Standard Test Methods for Minimum Index

Density and Unit Weight of Soils and Calculation of Relative
Density”, ASTM International, West Conshohocken, PA.

. ASTM D4253 (2015), “Standard Test Methods for Maximum

index density and unit weight of soils using a vibratory table”,
ASTM International, West Conshohocken, PA.

. Budhu, M. (2010), Soil Mechanics and Foundation, J. Wiley &

Sons, Chichester, England.

. Carman, P. C. (1956), Flow of Gases through Porous Media,

Academic Press Inc., Publication, New York, pp.13-15.

. Carrier, W. D. (2003), “Goodbye, Hazen; hello, Kozeny-Carman”,

Journal of Geotechnical and Geoenvironmental Engineering, 129(11),
pp-1054-1056.

Chapuis, R. P. (2004), “Predicting the Saturated Hydraulic Con-
ductivity of Sand and Gravel Using Effective Diameter and Void
Ratio”, Canadian Geotechnical Journal, 41(5), pp.787-795.
Chapuis, R. P. and Aubertin, M. (2003), “Predicting the Coefficient
of Permeability of Soils Using the Kozeny-Carman Equation”,
Ecole polytechnique de Montréal, EPM-RT-2003-03, pp.1-35.
Cho, G. C., Dodds, J., and Santamrina, J. C. (2006), “Particle Shape
Effects on Packing Density, Stiffness, and Strength: Natural and
Crushed Sands”, Journal of Geotechnical and Geoenvironmental
Engineering, 123, pp.591-602.

Cho, G. C., Lee, J. S., and Santamarina, J. C. (2004), “Spatial
Variability in Soils: High Resolution Assessment with Electrical
Needle Probe”, Journal of geotechnical and geoenvironmental
engineering, 130(8), pp.843-850.

Choo, H. and Burns, S.E. (2014), “Review of Archie’s Sequation
through Theoretical Derivation and Experimental Study on Uncoated
and Hematite Coated Soils”, Journal of Applied Geophysics, 105,
pp.225-234.

Choo, H., Lee, C., Choi, Y., and Lee, W. (2014), “Relation between
Hydraulic Conductivity and Geoelectric Measurement for Coarse-
grained Materials”, KGS Spring National Conference 2014, pp.522-529.
Duner, W. (1994), “Hydraulic Conductivity Estimation for Soils
with Heterogeneous Pore Structure”,
30(2), pp.211-233.

Fair, G. M. and Hatch, L. P. (1933), “Fundamental Factors Governing
the Stream-line Flow of Water through Sand”, Journal of the
American Water Works Association, 25, pp.1551-1565.

Gomez, C. T., Dvorkin, J., and Vanorio, T. (2010), “Laboratory
Measurements of Porosity, Permeability, Resistivity, and Velocity

Water Resource Research,

ANEES| St MIIMEE 2t9 &bzt 57

(-



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

58

on Fontainebleau Sandstones”, Geophysics, 75(6), E191-E204.

. Holtz, R. D., Kovacs, W. D., and Sheahan, T. C. (2011), An

Introduction to Geotechnical Engineering Second Edition, Pearson.
Hong, Y., Lee, J., and Lee, C. (2014), “Application of Geophysical
Techniques for Observing the Void Ratio Changes of Dredged
Soils”, Journal of the Korean Geotechnical Society, 30(9), pp.19-28.
Jackson, P. D., Smith, T. D., and Standford, P. N. (1978), “Resistivity-
porosity-particle Shape Relationships for Marine Sands”, Geophysics,
43(6), pp.1250-1268.

Jackson, P. D., Williams, J. F., Lovell, M. A., Camps, A., Rochelle,
C., and Milodowski, A. E. (2007), “An Investigation of the Exponent
in Archie’s Equation: Comparing Numerical Modeling with Laboratory
Data: Towards Characterizing Disturbed Samples from the Cascadia
Margin:-IODP Expedition 3117, The Society of Petrophysicsts and
Well Log Analysis 48" " Annual Logging Symposium 2007, June,
pp-3-6.

Khalil, M. and Monterio Santos, F. (2009), “Influence of Degree
of Saturation in the Electric Resistivity-Hydraulic Conductivity
Relationship”, Surv Geophys, 30(6), pp.601-615.

Kelly, W. E. and Frohlich, R. K. (1985), “Relations between Aquifer
Electrical and Hydraulic-properties”, Ground Water, 23(2), pp.182-189.
Kim, J., Choo, H., Lee, C., and Lee, W. (2014), “Estimation of
Hydraulic Conductivity of Coarse Grains Using Geoelectric Measure-
ments”, KGS Fall National Conference 2014, pp.431-438.

Kim, J. H., Yoon, H. K., Cho, S. H., Kim, Y. S., and Lee, J.
S. (2009), “Four electrode resistivity probe for porosity evaluation”,
Geotechnical Testing Journal, 34(6), pp.668-675.

Kim, J., Yoon, H., Choi, Y., and Lee, J. (2009), “Porosity Evaluation
of Offshore Soft Soils by Electrical Resistivity Cone Probe”,
Journal of the Korean Geotechnical Society, 25(2), pp.45-54.
Klein, K.A. and Santamarina, J.C. (2003), “Electrical Conductivity
in Soils: Underlying Phenomena”, Journal of Environmental and
engineering geophysics, 8(4), pp.263-273.

Loudon, A. G. (1962), “The Computation of Permeability from
Simple Soil Tests”, Geotechnique, 3, pp.165-183.

Mitchell, J. K. and Soga, K. (2005), Fundamentals of Soil Behavior,
John Wiley & Sons.

Oh, T. M., Cho, G. C.,, and Lee, C. H. (2014), “Effect of Soil
Mineralogy and Pore-water Chemistry on the Electrical Resistivity

of Saturated Soils”, Journal of Geotechnical and Geoenvironmental

st=Xgtssisl=2d H31A He=

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Engineering, 140(11), pp.06014012-06014012-5.

Olson, R. E. and Daniel, D. E. (1981), “Measurement of the Hydraulic
Conductivity of Fine-grained Soils”, Permeability and Groundwater
Contaminant Transport, ASTM STP 746, T. F. Zimmie, C. O.
Riggs, Eds., American Society for Testing and Materials, 18-64.
Pfannkuch, H. O. (1972), “On the Correlation of Electrical Con-
ductivity Properties of Porous Systems with Viscous Flow Transport
Coefficients”, Developments in Soil Science, 2, pp.42-54.
Rinaldi, V. A. and Cuestas, G. A. (2002), “Ohmic Conductivity
of a Compacted Silty Clay”, Journal of Geotechnical and Geoenviron-
mental Engineering, 128(10), pp.824-835.

Salem, H. S. and Chilingarian, G. V. (1999), “The Cementation
Factor of Archies’s Equation for Shaly Sandstone Reservoirs”,
Journal of Petroleum Science and Engineering, 23, pp.83-99.
Samouelian, A., Cousin, 1., Tabbagh, A., Bruand, A., and Richard,
G. (2005), “Electrical Resistivity Survey in Soil Science: a Review”,
Soil & Tillage Research, 83(2), pp.173-193.

Santamarina, J. C., Klein, K. A., and Fam, A. M. (2001), Soils
and Waves: Particulate Materials Behavior, Characterization and
Process Monitoring, J. Wiley & Sons, Chichester, England.
Santamarina, J. C. and Fratta, D. (2005), Discrete Signals and
Inverse Problems: An Introduction for Engineers and Scientists,
J. Wiley & Sons, Chichester, England.

Urish, D. W. (1981), “Electrical Resistivity-hydraulic Conductivity
Relationships in Glacial Outwash Aquifers”, Water Resources
Research, 17(5), pp.1401-1408.

Yoon, G. L. and Park, J. B. (2001), “Sensitivity of Leachate and
Fine Contents on Electrical Resistivity Variations of Sandy Soils”,
Journal of Hazardous Materials B84, pp.147-161.

Yoon, G., Ryu, C., Lee, Y., Yoon, C., and Lee, Y. (1998), “A
Study on the Correlation between Electrical Resistivity and Properties
of Contaminated Soils”, Journal of the Korean Geotechnical Society,
14(2), pp.79-92.

Zhang, H. L. and Han, S. J. (1996), “Viscosity and Density of
Water + Sodium Chloride + Potassium Chloride Solutions at 298.15
K>, Journal of Chemical and Engineering Data, 41(3), pp.516-520.

Received : April 24", 2015
Revised : June 5", 2015
Accepted : June 9", 2015



