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A B S T R A C T

The estimation of the degree of saturation (S) based on electrical conductivity, σmix (or electrical resistivity) 
surveys typically relies on the S-exponent of Archie’s equation. However, the S-exponent varies with soil type, 
indicating significant variability and the potential for miscalculation of S. This study focuses on the variability of 
the S-exponent in Archie’s equation across soil types and investigates the relationship between σmix and S in 
terms of pore water conduction (Kw) and surface conduction (Ks) through theoretical modeling and experi
mentation. Silica sand and two types of clays were tested at various initial porosities and pore water concen
trations, and σmix was measured over a range of S values (20% to 100%). For sand, where surface conduction is 
negligible, Archie’s equation with a constant S-exponent (approximately 2) accurately predicted σmix. However, 
clays exhibited varying S-exponents, ranging from 1.5 to 2.1, depending on pore water conductivity. This sug
gests that a new model is needed to accurately predict σmix in unsaturated clayey soils. A newly proposed σmix 
estimation formula, incorporating separate S-exponents for Kw and Ks, provided accurate predictions across 
various test conditions. These findings enhance the understanding of electrical conductivity in unsaturated soils 
and offer a simple yet effective model for its prediction.

1. Introduction

The subsurface environment is a complex system of soil, water, and 
air, where the degree of water saturation (S), defined as the ratio of the 
volume of water to that of pore space, is a fundamental state variable 
governing a range of critical soil properties. The shift from saturated to 
unsaturated conditions significantly alters soil behavior, impacting its 
compressibility, strength, and hydraulic conductivity, as well as critical 
ecological and biogeochemical processes such as nutrient cycling, gas 
exchange, and microbial activity (Fredlund 2014; Gens 2010; Kohgo 
et al. 1993; McCarter et al. 2020; Mufti and Das 2023; Sheng 2011). 
Accurately quantifying S is therefore essential for understanding soil 
processes, including soil stability, water movement, solute transport, 
and a variety of biological and chemical activities within the soil profile.

While S can be directly measured (e.g., via gravimetric methods), 
these techniques are often destructive, time-consuming, and unsuitable 
for continuous monitoring. For this reason, various indirect techniques 
can be used to quantitatively assess S, including electrical resistivity 
(Mualem and Friedman 1991; Wahba et al. 2024; Zhou et al. 2015), 

gamma ray densitometry (Sharma et al. 2017), time domain reflec
tometry (Ozgur 2023), and neutron moderation (Falleiros et al. 1993). 
Among these, the electrical resistivity (or electrical conductivity) mea
surement technique has been widely adopted because electrical con
duction in soils is primarily due to the migration of dissolved ions within 
the pore fluid and the diffuse double layer. This is because the majority 
of natural soil and rock matrices are electrically nonconductive, and a 
soil’s electrical properties are therefore most sensitive to its fluid content 
and composition. This reflects that S is considered as the key feature 
determining the electrical conductivity of soils (Liu et al. 2022; Zhang 
et al. 2024). In addition, electrical conductivity measurements are 
continuous, sensitive, non-destructive, and reliable, and they show 
strong correlations with a range of other soil properties, such as porosity, 
salinity, soil texture, and temperature (Abu-Hassanein et al. 1996; 
Archie 1942; Brovelli et al. 2005; Choi et al. 2025; Franco-Luján et al. 
2023; Kuranchie et al. 2014; Lee et al. 2021; Nocco et al. 2019; Sang
prasat et al. 2024; Yang et al. 2024; Zhong et al. 2022; Zhou et al. 2015). 
The classic empirical model proposed by Archie (Archie 1942), which 
can be expressed as a power-function relationship between electrical 
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conductivity and S with an exponent of approximately 2, has long been 
considered representative (Samouëlian et al. 2005). The original 
Archie’s equation is given by: 

σmix = σwnmSd (1) 

where σmix is the measured electrical conductivity of soils (or bulk 
electrical conductivity) in S/m, σw is the pore water conductivity in S/m, 
n is the porosity, m is the cementation exponent (or shape factor), and 
d is the saturation exponent. However, subsequent research has revealed 
that exponent d (denoted as saturation factor in Archie’s equation) 
ranges from 1.4 to 2.3 depending on soil type (Abu-Hassanein et al. 
1996; Chen et al. 2002; Keller and Frischknecht 1966; Schön 2015). This 
significant variability creates a fundamental challenge for accurate soil 
characterization. It suggests that a single, constant exponent may be an 
oversimplification, leading to inaccurate estimations of soil properties 
based on original Archie’s equation.

The measured electrical conductivity in soils comprises two primary 
conduction pathways: pore water conduction (Kw), which is the elec
trical flow through the bulk pore water, and surface conduction (Ks), 
which is the electrical flow through the ion-enriched water of the diffuse 
double layer surrounding soil particles (Hasan et al. 2021). The relative 
contribution of these two pathways, and thus the overall electrical 
conductivity, is governed by the degree of water saturation (S). As S 
increases, pathways for electrical current are established and expanded 
in both the bulk pore water and the diffuse double layer, leading to an 
increase in both Kw and Ks (Liu et al. 2023). However, the mechanisms 
governing Kw and Ks in terms of S differ fundamentally due to the 
variation in conduction paths. Rashid et al. (2018) demonstrated that 
the conduction network for Ks through diffuse double layers is estab
lished at lower saturation levels than the network for Kw through 
interconnected pore water. This confirms that Kw and Ks in soils can 
exhibit different dependencies on S. Therefore, it was posited that the 
overall dependency of the measured σmix on S varies according to the 
relative magnitude between Kw and Ks.

This study aims to address the challenge of variable saturation 
exponent of Archie’s equation by separating the two distinct conduction 
mechanisms in unsaturated soils. A central, testable objective is set to 
validate the hypothesis that the apparent variability of the saturation 
exponent is an artifact of a simplified model. It is hypothesized that by 
separating Kw and Ks using a theoretical framework, a constant, intrinsic 
exponent can be determined for each pathway, which will lead to a more 
accurate and robust model for soil electrical conductivity across a wide 
range of salinities and soil types. To achieve this, silica sand (Kw- 
dominant material) and two types of clays (kaolin and bentonite clays), 
which exhibit a significant contribution from Ks in a low-salinity pore 
water environment, were chosen as the testing materials. The σmix of 
three different types of soils with varying initial porosities and pore 
water concentrations was measured as a function of S, ranging from 20 
% to 100 %. The measured σmix was separated into Kw and Ks based on a 
theoretical model, and the dependencies of Kw and Ks on S were 
investigated.

2. Theoretical framework

Electrical transport in a porous material can be represented by three 
resistances in parallel: particle resistance Rp, pore water resistance Rw, 
and surface resistance Rsf (Choo and Burns 2014). This model assumes 
that the soil particles are aligned in the direction of applied electrical 
field, as described by Klein and Santamarina (2003) and Pfannkuch 
(1972). Since the conductance is the inverse of resistance, the bulk 
electrical conductance (Gmix) can be expressed as 

Gmix = Gp +Gw +Gsf (2) 

where Gp is particle conductance (= 1/Rp), Gw is pore water conductance 
(= 1/Rw), and Gsf is surface conductance (1/Rsf). Because most soil 

particles are insulators, the Gp of most geomaterials is negligible. 
Additionally, because conductance is a function of conductivity and the 
geometry of electrical current flow (Fig. 1), Eq. (2) becomes (Choo and 
Burns 2014): 

σmix
A
L
= σw

Aw

Le
+ σs

Aw

Le
• Gs • ρw • Sa •

1 − n
n

(3) 

where σs is surface conductivity in S; A is total area; Aw is the area for 
pore water conduction; L is total length; Le is the length of the water flow 
path; Gs is specific gravity; ρw is the mass density of water; Sa is the 
specific surface in m2/g; and n is porosity. Aw in Eq. (3) can be expressed 
as (Fig. 1) 

Aw =
Vw

VT
•

A • L
Le

= n • S •
A • L

Le
(4) 

where Vw is the volume for pore water conduction; VT is total volume; 
and S is degree of saturation. Substitution of Eq. (4) into Eq. (3) yields: 

σmix = Kw +Ks = σw

(
nS
T2

)

+ σs •

(
(1 − n)S

T2

)

• Gs • ρw • Sa (5) 

where Kw is pore water conduction (i.e., ionic conduction through 
continuous pore water), Ks is surface conduction (i.e., a special form of 
ionic conduction through the diffuse double layer), and T is tortuosity (T 
= Le/L). When S = 1, Eq. (5) is identical to the formula derived by Choo 
and Burns (2014), and the detailed derivational process can be found in 
Choo and Burns (2014).

As the paths for Kw and Ks are not identical, separate tortuosity 
values can be employed for Kw and Ks (Choo et al., 2016a), and Eq. (5)
can be rewritten as 

σmix = Kw +Ks = σw

(
nS
Tw

2

)

+ σs •

(
(1 − n)S

Ts
2

)

• Gs • ρw • Sa (6) 

where Tw is the tortuosity for Kw, and Ts is the tortuosity for Ks. Previous 
studies attempted to correlate tortuosity with the porosity and degree of 
saturation of soils, as shown below (Chou et al. 2012; Millington and 
Quirk 1961). In these previous studies, Tw and Ts can be the power 
functions of n and S, respectively, as follows: 

Tw = n− pS− q (7-1) 

Ts = n− ṕ S− q́ (7-2) 

where p, q, p’, and q’ are fitting parameters. Substitution of (7) into Eq. 
(6) results in 

σmix = σwnm1 Sd1 +(1 − n)nm2 GsρwσsSaSd2 (8) 

where m1 = 1 + 2p; d1 = 1 + 2q; m2 = 2pʹ; and d2 = 1 + 2qʹ. Where the 
pore water has a high salinity (i.e., a very high σw) or the specific surface 
(Sa) of soils is very small (e.g., coarse-grained soils), the magnitude of Kw 
is much greater than that of Ks, leading to 

σmix = σwnm1 Sd1 (9) 

Because Eq. (9) is identical to the original Archie’s equation (Eq. (1)), 
the empirically derived original Archie’s equation has a strong theo
retical background. The m1 exponent in Eq. (9) indicates Archie’s m 
exponent (Eq. (1)) or shape factor and typically ranges between 1.3 and 
3.0 according to soil type and pore properties (i.e., shape and size of 
pore) (Archie 1942; Atkins and Smith, 1961; Salem and Chilingarian 
1999). In addition, the d1 exponent in Eq. (9) refers to the saturation 
factor (Eq. (1)).

The electrical conductivity of unsaturated soils with varying mag
nitudes of Kw and Ks can be captured by Eq. (8), but several complicated 
parameters (m1, d1, m2, d2, σs, and Sa) must be determined first. For 
practical applications, a simplified electrical conductivity formula with 
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a smaller number of input parameters may be preferable. Among the 
various formulas used to estimate electrical conductivity, the formula 
derived by Glover et al. (2000) is frequently used for saturated soils with 
significant surface conduction (Choo et al., 2016a): 

σmix = Kw +Ks = σwnm + λ(1 − nm) (10) 

where λ is the matrix conductivity in S/m, capturing surface conduc
tivity and the specific surface, and m is the shape factor, which is 
identical to the m exponent in Eq. (1) or m1 exponent in Eq. (9). Choo 
et al. (2022) showed that the input parameters (m and λ) in Eq. (10) can 
be predicted by the soil index properties. However, as Eq. (10) is 
applicable only to saturated soils, to estimate σmix in unsaturated soils 
using Eq. (10), the effect of S must be considered. Because Kw in Eq. (10)
obeys the original Archie’s equation, which is consistent with Eq. (8), Kw 
in Eq. (10) for unsaturated soils can be expressed as σwnmSt1 , where t1 is 
the saturation exponent for pore water conduction. In addition, based on 
the analogy between Ks in Eq. (8) and that in Eq. (10), Ks in Eq. (10) for 
unsaturated soils can be expressed as λ(1 − nm)St2 , where t2 is the satu
ration exponent for surface conduction. The extended Glover formula 
incorporating the effect of S then becomes 

σmix = Kw +Ks = σwnmSt1 + λ(1 − nm)St2 (11) 

When Kw is dominant over Ks, both Eq. (8) and Eq. (11) collapse to the 
original Archie’s equation (Eq. (9)), and the m1 and d1 exponents in Eq. 
(8) are identical to the m and t1 exponents in Eq. (11), respectively. 
However, due to the difference in the porosity function between Eq. (8)
and Eq. (10), the d2 and t2 exponents may not be the same. Most 
importantly, Eq. (11), newly suggested in this study, includes separate 
saturation exponents for Kw and Ks (denoted as t1 and t2, respectively). 
Thus, the experimental results presented in this study are used to test the 
hypothesis that these saturation exponents are constant and intrinsic to 
the material, and that their separate contributions can be used to 
accurately predict the overall electrical conductivity of both coarse- and 
fine-grained soils across a wide range of water saturations and salinities.

3. Materials and methodology

3.1. Test materials

In this study, K-5 sand (from Kyung In Material Company, South 
Korea) was chosen as representative soil where pore water conduction is 
dominant (i.e., pore water conduction-dominant soil) due to the negli
gible surface conduction resulted from very small specific surface 
(Table 1) (Choo and Burns 2014). Meanwhile, kaolin clay (from Lakwoo 
Company, South Korea) and bentonite clay (from Donghae, South 
Korea) were selected as examples of soils where surface conduction 
prevails under conditions of low pore water salinity (i.e., surface con
duction–dominant soils). According to the Unified Soil Classification 
System (USCS), K-5 sand was classified as poorly graded sand (SP), while 
kao.

lin and bentonite clays were categorized as low-plasticity clay (CL) 
and high-plasticity clays (CH), respectively. The index properties of the 
tested materials are listed in Table 1, and their chemical compositions 
are supplied in Table 2.

Table 1 also includes the index properties of AMK clay (manufac
tured by Active Minerals International), which was used for the elec
trical conductivity model verification. This material, a well-known type 
of kaolin clay, has been extensively studied by many previous re
searchers (Choo et al. 2022). Its surface properties, such as specific 
surface, are intermediate to those of the kaolin and bentonite clays 
tested in this study (Table 1), making it an ideal candidate for inde
pendent model verification. According to the USCS, AMK clay was 
categorized as CL.

3.2. Sample preparation and testing

The test matrix employed in this study is shown in Table 3. All tested 
materials were thoroughly washed at least six times with deionized (DI) 
water until the electrical conductivity of the supernatant was reduced to 

Fig. 1. Model for electronic transport phenomena in unsaturated soils.

Table 1 
Index properties of tested materials.

Type Gs Sa emax emin LL PL Manufacturer

(m2/g) (%) (%)

K-5 sand1) 2.65 0.03 1.07 0.69 − − Kyung In Material
Kaolin2) 2.53 10.92 − − 36.4 23.6 Lakwoo Company
Bentonite3) 2.33 120.35 − − 56.6 35.5 Donghae Chemicals
AMK clay4) 2.60 49.4 − − 59.8 25.5 Active 

Minerals
Testing method ASTM D854 1) Empirical equation; 

2), 3), 4) Methylene blue spot test (Santamarina et al. 2002)
ASTM D4254 ASTM 

D4253
BS 1377 ASTM D4318 ​

Note: Gs = specific gravity; Sa = specific surface; emax = maximum void ratio; emin = minimum void ratio; LL = liquid limit; PL = plastic limit.
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below 0.001 S/m. This process was employed to remove any unknown 
ions and salts attached to the surface of the soil particles (Choo et al., 
2016b). The rinsed soils were then oven-dried and stored in a sealed 
container to control the initial water content according to the test matrix 
in Table 3. The water pluviation method with symmetric tapping was 
used to prepare the saturated sand specimens with initial relative den
sities of 30 % and 60 % (Table 3). Vertical stress of up to 416.4 kPa was 
then applied to vary the porosity, and the resulting electrical conduc
tivity was measured as a function of the change in porosity. In the case of 
unsaturated sand specimens, the dry sand was mixed with water to 
achieve gravimetric water contents ranging from 7 % to 28 %. The wet 
soil was then compacted under varying compaction energies to prepare 
specimens with initial relative densities of 30 % and 60 % and degrees of 
saturation ranging from 20 % to 80 %. Vertical stress up to 416.4 kPa 
was then applied. The electrical conductivity was measured under three 
different pore water conductivities (σw) of 0.057, 1.88, 4.20 S/m 
(Table 3).

The slurry mixing method was employed to prepare the saturated 
clay specimens. The initial water content of the specimen was deter
mined as being between 1.5 and 5.0 times the liquid limit of the clays 
being tested (Table 3). To prepare unsaturated clay specimens with 
varying dry unit weights and degrees of saturation (S), standard 
compaction tests were performed first (Fig. 2). Based on the lines of 
saturation in Fig. 2, specimens were prepared with S values ranging from 
45 % to 80 % and dry unit weights ranging from 7.8 kN/m3 to 13.4 kN/ 
m3. Different compaction energies were applied to the unsaturated soils 
by varying the number of hammer blows in order to achieve the target 
dry unit weights at a given water content. The number of hammer blows 
was determined through trial and error. The electrical conductivity was 
measured under varying σw ranging from 0.012 to 11.2 S/m (0.001 to 
1.5 M NaCl). Both unsaturated sand and saturated and unsaturated clays 

were stored in plastic bags for one day before electrical conductivity 
measurements to ensure even distribution of water.

3.3. Test equipment and measurement

To assess the electrical conductivity of the specimens, we utilized a 
modified oedometer cell that incorporated a novel four-electrode con
ductivity probe, as depicted in Fig. 3. The inside of the cell was con
structed from non-conductive polyvinyl chloride for electrical 
insulation. The specimen had a diameter of 100 mm and a height of 70 
mm. The four-electrode conductivity probe, which consisted of high- 
current (Hc), low-current (Lc), high-potential (Hp), and low-potential 
(Lp) electrodes, was designed to overcome the limitations of conven
tional four-electrode arrays that tend to provide only localized mea
surements. In our unique configuration, the Hc and Hp electrodes were 

Table 2 
Chemical composition of tested clays.

Type Al2O3 CaO Fe2O3 K2O MnO Na2O P2O5 SiO2 TiO2 LOI

​ Weight (%)
Kaolin 34.01 5.51 1.32 0.48 0.01 1.72 0.01 47.66 0.16 8.74
Bentonite 15.96 1.62 2.97 2.72 0.12 1.20 0.08 61.98 0.43 10.8

Note: Fe2O3 = total Fe; LOI = loss of ignition

Table 3 
Sample preparation method and testing program.

Type K-5 Sand Kaolin clay Bentonite 
clay

Saturated 
condition 
(S = 1)

Sample 
preparation

Water 
pluviation

Slurry mixing

Initial 
porosity

0.45(Dr = 60 
%), 0.49(Dr =
30 %)

0.47 
(1.5LL) – 
0.82 
(5.0LL)

0.66(1.5LL) – 
0.87(5.0LL)

σ’v (kPa) 1.85 – 416.39 
(LIR = 1)

− −

σw (S/m) 0.057, 1.88, 
4.20

0.012 – 
11.20

0.012 – 4.20

Unsaturated 
condition 
(S = 0.2 – 
0.9)

Sample 
preparation

Compaction

Initial 
porosity

0.45(Dr = 60 
%), 0.49(Dr =
30 %)

0.41 – 0.82 0.56 – 0.70

σ’v (kPa) 1.85 – 416.39 
(LIR = 1)

− −

σw (S/m) 0.057, 1.88, 
4.20

0.012 – 
4.20

0.012 – 4.20

Note: S = degree of saturation; LL = liquid limit; Dr = relative density; σw = pore 
water conductivity; σ’v = applied vertical effective stress; LIR = load increment 
ratio.

Fig. 2. Compaction curve and line for degree of saturation for tested unsatu
rated clayey soils. Note the filled symbols indicate test conditions for the un
saturated clays.
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placed in close proximity on one side of the specimen, while the Lc and 
Lp electrodes were similarly grouped on the opposite side. This 
arrangement forces the electrical current to flow through the entire bulk 
of the specimen, thereby allowing for the measurement of the global 
electrical conductivity of the tested soil.

During the experiments, the potential differences between Hp and Lp 
were measured to determine electrical resistance using an LCR (induc
tance, capacitance, and resistance) meter. The input voltage of the LCR 
meter was set to 1 V, and an operating frequency of 10 kHz was chosen 
to avoid electrical resonance and electrode polarization. The measured 
electrical resistance was then converted to electrical conductivity (the 
reciprocal of electrical resistivity) using the calibration factor obtained 
from experiments on NaCl solutions of varying concentrations (Fig. 3). 
The measured electrical conductivity of each specimen was used to 
validate our theoretical model (Eq. (11)) and to test our central hy
pothesis that the separate S-exponents (i.e., t1 and t2) are constant and 
intrinsic to the material rather than being variable.

4. Results and analysis

The primary objective of this section is to present and analyze the 
experimental results to validate our theoretical framework. Our central 
hypothesis, that the apparent variability of the saturation exponent in 
existing models is an artifact of a simplified framework that fails to 
separate the effects of pore water and surface conduction, will be tested 
here. To determine the t1 and t2 exponents, the determination of the m 
exponent is a prerequisite (Eq. (11)). Therefore, the following section 
starts by showing the electrical conductivity of sand, a pore water 
conduction-dominant material, in both saturated and unsaturated con
ditions, followed by the electrical conductivity of clays in both saturated 
and unsaturated conditions.

4.1. Electrical conductivity of sand

4.1.1. Saturated condition
The measured electrical conductivity (σmix) of the tested saturated 

sand increased with both porosity (n) and pore water conductivity (σw) 
(Fig. 4(a)). This indicates an increase in pore water conduction, as 
shown in Eq. (10) (Ko et al. 2023). Fig. 4(b) depicts the normalized 
electrical conductivity (σmix/σw) of tested sand according to n. To 
analyze the measured σmix in Fig. 4(a), the normalized conductivity was 
defined as follows based on Eq. (11): 

σmix/σw = nmSt1 + λ/σw • (1 − nm)St2 (12) 

For saturated soils (i.e., degree of saturation, S = 1), Eq. (12) becomes 

σmix/σw = nm + λ/σw • (1 − nm) (13) 

Regardless of the concentration of pore water, σmix/σw can be expressed 

as a single function of n, as shown in Fig. 4(b), indicating that λ/σw in Eq. 
(13) can be assumed to be zero for the tested sand and the m exponent is 
not affected by the concentration of pore water. Thus, the electrical 
conductivity of the tested sand in a saturated condition can be described 
by Eq. (1) or Eq. (9) (Archie’s equation). This implies that the dominant 
mechanism for electrical conduction in this sand is through the pore 

Fig. 3. Test setup for electrical conductivity/resistivity measurement. For the calibration of the 4-electrode system, the electrical resistivity was measured using a 
conductivity meter (Accumet Excel XL200) and electrical resistance was measured using an LCR meter (Keysight E4980). Hc = high current; Hp = high potential; Lp 
= low potential; and Lc = low current.

Fig. 4. Variations in (a) bulk electrical conductivity (σmix) and (b) normalized 
electrical conductivity of the saturated sand as a function of porosity (n) under 
three different pore water conductivities. The dashed line in figure (b) indicates 
the non-linear line of best fit for the measured data. Therefore, the normalized 
σmix (Eq. (13) can be simplified as nm, confirming the pore water conduc
tion dominance.
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water, while surface conduction plays a negligible role.

4.1.2. Unsaturated condition
Fig. 5 shows the measured σmix of the tested sand with varying S as a 

function of n in both high-salinity (Fig. 5(a)) and low-salinity (Fig. 5(b)) 
water environments. Similar to the results for the saturated condition 
(Fig. 4), Fig. 5(a) and Fig. 5(b) demonstrate that the σmix of tested un
saturated sand increased with n because of the significance of pore water 
conduction. In addition, at a given n, σmix increased with S because S 
determines the connectivity of a continuous electrical flow network and 
controls the electrical pathways through a porous system (Kułynycz 
2017; Liu et al. 2023; Scarfone et al. 2020; Yang et al. 2024). To evaluate 
the dependency of σmix of tested unsaturated sand on porosity (n), the 
normalized conductivity, expressed by Eq. (12), is plotted as a function 
of n in Fig. 5(c). This reveals that σmix/σw can be expressed as a single 
function of n at a given S regardless of pore water conductivities, 
implying that the σmix of tested unsaturated sand is determined by pore 
water conduction (Eq. (12)). Additionally, at a given n, the normalized 
conductivity decreased with S; however, the m exponent (for porosity) 
remained at an almost constant value of 1.41, which is identical to the m 
exponent of saturated sand in Fig. 4(b). This observation confirms that 
the porosity exponent m in Eq. (11) or Eq. (12) is not affected by S. 
Although the constancy of the exponent m was not the central hypoth
esis being tested in this study, this finding demonstrates that the effects 
of porosity and saturation can be effectively decoupled in the developed 
electrical conductivity model (Eq. (11)).

To examine the impact of S on the σmix of tested sand, the ratio of σmix 
in an unsaturated condition to that in a saturated condition (unsat-sat 
conductivity ratio) was defined in this study as 

σmix(unsaturated)
σmix(saturated)

=
σwnmSt1 + λ(1 − nm)St2

σwnm + λ(1 − nm)
(14) 

The tested sand is a pore water conduction–dominant material (i.e., Kw 
≫ Ks); thus, Eq. (14) can be simplified as follows to define unsat-sat Kw 
ratio 

σmix(unsaturated)
σmix(saturated)

=
σmix(unsaturated)

σwnm = St1 when Kw >> Ks (15) 

Fig. 6 shows the variation of unsat-sat conductivity (or Kw) ratio (Eq. 
(15)) according to S. Based on Fig. 4, the m exponent in Eq. (15) was 
1.41, and Fig. 6 shows that the unsat-sat conductivity ratio is a sole 
power function of S, with a t1 exponent of approximately 1.91. This 
reflects the relevance of Eq. (15) and reconfirms that the tested sand is a 
pore water conduction–dominant material with negligible surface con
duction. The determined t1 exponent in Eq. (15) was comparable to that 
of previous studies (Hamada 2010; Mualem and Friedman 1991; Pirson 
1963). Consequently, the electrical conductivity of pore water con
duction–dominant materials such as coarse grains and marine sediments 
can be accurately captured by the original Archie’s equation, using Eq. 
(1) or Eq. (9), with constant porosity and saturation exponents regard
less of pore water conductivity.

4.2. Electrical conductivity of saturated clay

Fig. 7(a) and (b) show the variations in the measured σmix of tested 
saturated clayey soils at varying σw as a function of n. Different from the 
results of sand in Fig. 4, the relationships between σmix and n varied with 
σw: 1) when σw was high (i.e., σw ≥ 0.049 S/m), σmix increased with 
increasing in n; and 2) when σw was low (i.e., σw < 0.049 S/m), σmix 
decreased with increasing n. These opposite variations of σmix according 
to n can be attributed to the increase in pore water conduction (Kw) and 
decrease in surface conduction (Ks) with increasing n as indicated by Eq. 
(10) (Ko et al. 2023). Note, for the kaolin clay, a wider range of nine pore 
water conductivities was tested to fully characterize the nonlinear 
relationship between the apparent cementation exponent and pore fluid 

Fig. 5. Variations in (a and b) bulk electrical conductivity (σmix) and (c) 
normalized electrical conductivity of the unsaturated sands with varying de
grees of saturation as a function of porosity (n) at different pore water con
ductivities: (a) σw ~ 4.200 S/m and (b) σw ~ 0.057 S/m. Note that the degree of 
saturation (S) indicated in the figures above represents the target values during 
sample preparation. The measured S of each test specimen slightly deviated 
from the target S. Therefore, for model development, the measured S was used. 
The dashed lines in figure (c) indicate the non-linear line of best fit for the 
measured data at each S value.
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salinity. In contrast, for the bentonite clay, a more limited range of two 
conductivities (0.012 and 4.2 S/m) was used, as the primary goal was to 
demonstrate the pronounced effects of surface conduction in a high 

specific surface clay at both low and high salinity extremes.
Fig. 7(c) and (d) show the variations in the normalized electrical 

conductivity (Eq. (13)) of tested saturated clays as a function of n. Fig. 7
(c) and Fig. 7(d) illustrate that: 1) when the pore water has low salinity, 
the normalized conductivity increased with decreasing σw at a given n 
due to the increase in λ/σw, reflecting the significance of Ks; and 2) when 
the pore water has high salinity, the normalized conductivity can be 
represented as a single function of n that is almost consistent regardless 
of σw due to the negligible λ/σw, indicating the predominance of Kw. 
Additionally, as can be seen in Fig. 7(c) and Fig. 7(d), due to the 
opposing dependencies of Kw and Ks according to n, the overall de
pendency of σmix/σw on n can be determined by the relative magnitudes 
of Kw and Ks. When Ks was greater than Kw (σw < 0.049 S/m), the 
normalized conductivity decreased with an increasing n, and when Kw 
was greater than Ks (σw ≥ 0.049 S/m), the normalized conductivity 
increased with n.

Although Fig. 7 clearly reveals the importance of Ks for the tested 
clayey soils, particularly at low pore water conductivities, it was 
assumed that the measured σmix can be captured by Eq. (9) (original 
Archie’s equation). Therefore, the power relation between normalized 
conductivity and porosity was established using the data in Fig. 7(c). 
The determined Archie’s m (or m1) exponent (i.e., the apparent 
cementation exponent) was plotted as a function of σw in Fig. 8, which 
shows that the m exponent in the tested kaolin clays increased rapidly 
with increasing σw at low σw. However, the rate of increase in the m 
exponent with σw decelerated, approaching an asymptotic m value of 
2.15 (σw > 2.680 S/m). This almost constant m exponent at a high σw 

Fig. 6. The ratio of measured electrical conductivity of the tested sand in un
saturated condition to that in saturated condition (σmix(unsat)/σmix(sat)) as a 
function of degree of saturation (Equation (14) or (15)). The dashed line in
dicates the non-linear line of best fit for the measured data, and the obtained 
equation of the trendline supports the relevance of Equation (15).

Fig. 7. Variations in (a and b) bulk electrical conductivity (σmix) and (c and d) normalized electrical conductivity of the tested saturated clays as a function of porosity 
(n) at varying pore water conductivities: (a and c) kaolin clay; (b and d) bentonite clay. Note the pore water conductivities (σw) were controlled by NaCl molar 
concentration: 0.5 M NaCl solution = 4.112 S/m; 0.3 M = 2.068 S/m; 0.2 M = 1.425 S/m; 0.1 M = 0.735 S/m; 0.01 M = 0.084 S/m; 0.005 M = 0.049 S/m; 0.002 M =
0.022 S/m; and 0.001 M = 0.012 S/m. The dashed lines in figures (c) and (d) indicate the modeled values based on the original Archie’s equation (Eq. (9)).
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shows that the magnitude of Kw is significantly greater than that of Ks. In 
contrast, for the kaolin clay at a relatively low σw, the determined m 
exponent was not constant, indicating that the original Archie’s equa
tion cannot consider Ks (Choo et al., 2016a). Finally, the tested bentonite 
had a smaller m exponent at a low σw but a greater m exponent at a high 
σw compared with kaolin clay due to the greater specific surface (Choo 
et al. 2022).

4.3. Electrical conductivity of unsaturated clay

4.3.1. Electrical conductivity according to pore water conductivity
To examine the dependency of the measured σmix on degree of 

saturation (S), σmix of the tested kaolin clay with varying pore water 
conductivities (σw) was plotted as a function of S in Fig. 9(a). To isolate 
the impact of n on the measured σmix, all tested materials were prepared 
under a similar n (approximately 0.50). Fig. 9(a) clearly indicates that 
the σmix of the tested clay increased with S and σw. Although the 
measured σmix of clayey soils is determined by both pore water con
duction (Kw) and surface conduction (Ks), as demonstrated in the pre
vious section, it was assumed that Eq. (9) can capture the measured σmix 
of tested unsaturated kaolin clay. Under this assumption, the unsat-sat 
conductivity ratio can be expressed by Eq. (15), and the t1 exponent in 
Eq. (15) can be replaced with the d1 exponent in the original Archie’s 
equation (Eq. (9)). The measured conductivity data in Fig. 9(a) were 
normalized with conductivity at S = 1 (i.e., the determination of unsat- 
sat conductivity ratio in Eq. (15)), and the determined unsat-sat con
ductivity ratio was plotted according to S in Fig. 9(b). Fig. 9(b) shows 
that tested kaolin clays with varying σw can be expressed as a power 
function of S; however, the d1 exponent in Eq. (9) varied with σw.

Fig. 8 shows the variation of the determined d1 exponent in Eq. (9) (i. 
e., the exponent for S in Archie’s equation) as a function of σw. As shown 
in Fig. 8, the d1 exponent increased nonlinearly from 1.56 to 2.09 with 
increasing σw, reflecting that the change in σw and the consequent 
change in the relative magnitudes between Kw and Ks influence the 
overall dependency of σmix on S. This hypothesis is further supported by 
the experimental results of Bai et al. (2013), who found that the de
pendency of σmix of compacted lateritic soil on S varied with the initial 
density of the tested soils. The range of the d1 exponent determined in 
this study was comparable with that of previous studies that examined 
varying soil types (Abu-Hassanein et al. 1996; Chen et al. 2002; Keller 
and Frischknecht 1966; Schön 2015). Because soil type, including clay 
fraction, determines the relative magnitudes between Kw and Ks at a 
given pore water conductivity, the results of this study and previous 
studies indicate a difference in dependency of Kw and Ks on S. Thus, a 
new model is required to capture the electrical conductivity of 

unsaturated soils, with greater emphasis on surface conduction.
At high σw (> 3.05 S/m), the d1 exponent remained at an almost 

constant value of approximately 2.09. The constant d1 exponent and m1 
exponent occurred at similar σw (Fig. 8), confirming that Eq. (9) can 
accurately predict the electrical conductivity of unsaturated soils with 
negligible surface conduction (Talabani et al. 2000).

4.3.2. Electrical conductivity of unsaturated clayey soils in high-salinity 
pore water

Fig. 10(a) and (b) depict the variation of the normalized σmix as 
expressed by Eq. (12) of the tested clays with varying values of S as a 
function of n in a high-salinity water environment (σw ~ 4.2 S/m). 
Because the λ/σw in Eq. (12) can be assumed to be zero for the tested 
clays at very high σw, the normalized σmix in Fig. 10(a) and Fig. 10(b) 
indicates nmSt1 . Thus, the normalized σmix in Fig. 10(a) and Fig. 10(b) 
increased with S at a given n, reflecting the formation of an electrical 
conduction path with increasing S, and the normalized σmix at a given S 
can be expressed as a power function of n, similar to Eq. (9). In partic
ular, the determined m exponent (for porosity) is comparable with that 
of tested clay in saturated conditions (Fig. 8) regardless of S, 

Fig. 8. Variations in m1-exponent (i.e., apparent cementation exponent) and d1- 
exponent (i.e., exponent for degree of saturation) in Archie’s equation (Equa
tion (9)) of tested kaolin clays as a function of pore water conductivity.

Fig. 9. Variations in (a) measured electrical conductivity (σmix) and (b) the 
ratio of measured electrical conductivity in unsaturated condition to that in 
saturated condition (σmix(unsat)/σmix(sat)) of the tested kaolin clays as a function 
of degree of saturation at varying pore water conductivities. Note that the 
porosity of all tested materials shown in the figure was similar, approximately 
0.50. The dashed lines in figure (b) indicate the modeled values based on the 
original Archie’s equation (Eq. (15)). The determined S exponents shown range 
from 1.56 (at σw = 0.012 S/m) to 2.09 (at σw = 11.20 S/m).
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reconfirming that the exponent m in Eq. (11) or Eq. (12) is not affected 
by S.

Because the tested clays at a high σw are pore water conduction- 
dominant materials, the unsat-sat conductivity ratios (Eq. (15)) of 
tested kaolin and bentonite clays were plotted as a function of S in 
Fig. 11(a) to examine the impact of S on Kw. The unsat-sat conductivity 
ratio can be expressed as a power function of S, with exponents of 
approximately 2.09 for tested kaolin clay and 2.41 for tested bentonite 
clay. The findings depicted in Fig. 10 and Fig. 11 reveal that Kw (or σmix 

at a high σw) of tested clays obeys the original Archie’s equation, as 
expressed by Eq. (9), with constant m and t1 exponents, leading to 

Kw = σwnmSt1 (16) 

The determined m and t1 exponents for the tested clays are given in 
Table 4.

Fig. 10. Variations in the normalized electrical conductivity of the tested clayey soils with varying degrees of saturation as a function of porosity: (a) kaolin clay at 
pore water conductivity (σw) = 4.2 S/m; (b) bentonite clay at σw = 4.2 S/m; (c) kaolin clay at σw = 0.012 S/m; (d) bentonite clay at σw = 0.012 S/m; (e) AMK clay at 
σw = 4.2 S/m; and (f) AMK clay at σw = 0.012 S/m. The dashed line indicates the non-linear line of best fit for the measured data, and the obtained equations of the 
trendline in figures (a), (b), and (e) support the relevance of Archie’s equation.

H. Ko et al.                                                                                                                                                                                                                                       Geoderma 462 (2025) 117549 

9 



4.3.3. Electrical conductivity of unsaturated clayey soils in low-salinity pore 
water

Fig. 10(c) and (d) depict the variation of the normalized electrical 
conductivity (σmix) (Eq. (12)) of the tested clays with varying S as a 
function of n in a low-salinity water environment (σw ~ 0.012 S/m). 
Similar to the behavior of the tested clays in saturated condition with 
low σw (Fig. 7), the normalized σmix decreased as n increased at a given S, 
indicating the significance of surface conduction (Ks). Additionally, at a 
given n, the normalized σmix increased with S, indicating the expansion 
of a diffuse double layer with S (Mojid and Cho 2006) and the conse
quent formation of a continuous electrical conduction path through the 
diffuse double layer.

Based on the difference between the measured σmix and estimated Kw 
from Eq. (16), Ks in unsaturated soils can be expressed by rearranging 

Eq. (11): 

Ks = σmix − Kw = σmix − σwnmSt1 = λ(1 − nm)St2 (17) 

To examine the impact of S on Ks, Eq. (17) was rearranged to define the 
unsat-sat Ks ratio: 

σmix − σwnmSt1

λ(1 − nm)
= St2 (18) 

Fig. 11(b) shows the variation of unsat-sat Ks ratio according to S. Based 
on the fitting between test results shown in Fig. 7 (i.e., results of satu
rated clays) and Eq. (10), the λ in Eq. (17) or (18) was determined to be 
0.03 S/m for kaolin clay and 0.055 S/m for bentonite clays. In Fig. 11(b), 
the unsat-sat Ks ratio can be represented as a power function of S, with 
exponents of approximately 1.33 (for kaolin clay) and 1.56 (for 
bentonite clay), confirming the ability of Eq. (17) to capture the Ks of 
tested clays in unsaturated conditions. This reinforces the ability of Eq. 
(11) to capture the electrical conductivity of soils in unsaturated 
conditions.

The exponent for S in pore water conduction (Kw) (i.e., t1 exponent in 
Eq. (11)) was comparable with that of previous studies (Hamada 2010; 
Mojid and Cho 2006; Pirson 1963). However, the S exponent in Ks (i.e., 
t2 exponent in Eq. (11)) of tested clays was much smaller than that of 
previous studies, reinforcing that the S dependency of Ks of clayey soils 
differs from that of Kw (Fig. 11). In addition, it is notable that the t2 
exponent of the tested bentonite clay was greater than that of the tested 
kaolin clay, resulting in kaolin clay showing a greater unsat-sat Ks ratio 
at a given S (Fig. 11(b)). Because bentonite clay has a much larger 
specific surface than kaolin clay (Table 1), it can adsorb more water. 
Thus, to form the surface conduction network, bentonite clay requires 
more water, leading to a delayed increase in the unsat-sat Ks ratio with 
increasing S and the consequent greater t2 exponent.

4.4. Model verification

This study extended the electrical conductivity model for saturated 
soils proposed by Glover et al. (2000) using a theoretical framework. 
The extended model, developed and expressed in this study as Eq. (11), 
can capture the electrical conductivity of unsaturated soils, and the 
validity of the extended model was assessed through experimental re
sults performed at a very high pore water conductivity of approximately 
4.2 S/m and a very low σw of approximately 0.012 S/m. Because the 
input parameters for Eq. (11) tabulated in Table 4 were determined 
based on these two conductivities, the experimental results performed at 
σw = 0.056, 0.51, 1.79, and 3.05 S/m (experimental data not used for 
model development) were used to verify the developed model and to 
confirm the findings.

Fig. 12 compares the measured and estimated values for σmix. The 
close agreement between those two, shown in Fig. 12, confirms the 
validity of Eq. (11). For quantitative evaluations, the mean absolute 
percentage error of 7.18 % (< 10 %) indicated a high degree of fore
casting accuracy. In addition, Lin’s Concordance Correlation Coefficient 
(CCC) was calculated for two soils to evaluate both the precision and 
accuracy of the estimated σmix. The determined CCC values for kaolin 
and bentonite clays were 0.996 and 0.973, respectively, indicating that 
the estimated σmix values for the two tested clays are strongly concordant 
with the measured values. As shown in Fig. 9, where the measured σmix 
was captured by the original Archie’s equation, the exponent for S 
varied with σw. The good predictability of the developed model (Eq. 
(11)) with constant t1 and t2 exponents regardless of σw confirms that the 
paths for pore water conduction and surface conduction are not the 
same. Fig. 14 also confirms that the m exponent in Eq. (11) is not 
affected by S.

Additional model verification was performed using AMK clay, which 
was introduced in the Materials and Methodology section. The surface 
properties (i.e., specific surface) of AMK clay show an intermediate 

Fig. 11. Variations in (a) unsaturated–saturated electrical conductivity ratio 
(σmix(unsat)/(σmix(sat)) (Equation (15)) and (b) unsaturated–saturated surface 
conduction ratio (Ks(unsat)/(Ks(sat)) (Equation (18)) of tested clays as a function 
of degree of saturation. The dashed line in figure (a) indicates Eq. (15) and that 
in figure (b) indicates Eq. (18).

Table 4 
Input parameters (m, t1, and t2 exponents) for Equation (11).

Type m t1 t2

Kaolin 2.15 2.09 1.33
Bentonite 2.97 2.41 1.56
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value between the kaolin and bentonite clays tested in this study 
(Table 1). Therefore, the dependencies of Ks and Kw on S for AMK clay 
are expected to lie between those of the kaolin and bentonite clays tested 
in this study. Fig. 10(e) and 10(f) show the normalized σmix (Eq. (12)) of 
the AMK clay with S ~ 60 % and 100 % as a function of n at high σw (σw 
~ 4.2 S/m) and low σw (σw ~ 0.012 S/m), respectively. As previously 
explained, the normalized conductivity increased with increasing n in 
AMK clay under high-salinity pore water conditions, while it decreased 
with increasing n under low-salinity pore water conditions. However, 
the normalized conductivity increased with increasing S at a given n, 
regardless of the pore water conductivities.

By fitting the data from Fig. 10(e) with Eq. (15), the unsat-sat con
ductivity ratios were determined and plotted as a function of S in Fig. 11
(a). The data points for AMK clay closely followed the trendline of kaolin 
clay. Additionally, by fitting the data from Fig. 10(f) with Eq. (18), using 
an input of λ = 0.049 S/m (Choo et al. 2022), the unsat-sat Ks ratios were 
determined and plotted as a function of S in Fig. 11(b). The data points 
for AMK clay fell between the trendlines of kaolin and bentonite clays, 
reinforcing the conclusion that Ks and Kw have different dependencies on 
S. The developed model, which incorporates separate S-exponents for Kw 
and Ks, provided accurate predictions of σmix across the test conditions, 
confirming the soundness of central hypothesis of this study.

5. Discussion

The experimental data in Fig. 11 demonstrates a fundamental dif
ference in how electrical conduction evolves with increasing water 
saturation (S) for the two primary pathways in soil: pore water con
duction (Kw) and surface conduction (Ks). Thus, for the thorough 
investigation of the different dependency of Kw and Ks on S, the unsat-sat 
Kw ratio for kaolin clay, which is S2.09 (Fig. 11(a)), and the unsat-sat Ks 
ratio for kaolin clay, which is S1.33 (Fig. 11(b)), were plotted as a 
function of S in Fig. 13. Fig. 13 clearly shows that the unsat-sat Ks ratio 
begins to increase at a much lower S compared to the unsat-sat Kw ratio. 
This is a critical finding, indicating that the conductive network for 
surface conduction forms and becomes continuous at lower moisture 
levels than the network for bulk pore water conduction.

This observation is rooted in the physical and chemical interactions 
between water and clay particles. As depicted in Fig. 14, the process of 
soil hydration occurs in a sequence of stages that provides a plausible 
explanation for our findings. Initially, water molecules are strongly 
adsorbed to the mineral surfaces, forming a tightly bound electrical 
double layer (Rashid et al. 2018). This initial layer of water, enriched 

with mobile ions, creates a pathway for surface conduction. As water 
content increases, this double layer expands, and the films of adsorbed 
water on adjacent particles eventually connect, forming a continuous 
electrical network for Ks. Only after this network is well-established and 
the moisture content of soil increases further does free water begin to fill 
the larger pore spaces between particles, forming capillary water and a 
continuous pathway for Kw. Therefore, as shown by experimental data in 
Fig. 13, the electrical conduction pathway for Ks becomes continuous 
and conductive at lower degrees of saturation than the pathway for Kw. 
This physical process explains why Ks has a smaller exponent for S than 
does Kw.

While our experiments, and the theoretical model, explore condi
tions down to very low saturations, it is important to note that under 
natural field conditions, the S of soils will rarely, if ever, reach zero. In 
reality, soils typically exist in a partially saturated state where both 
surface and pore water conduction are simultaneously active. Therefore, 
the total measured conductivity is a composite of these two parallel 
pathways, and the relative proportion of each is what dictates the 
overall electrical behavior. This proportion can be quantified directly 
using our proposed model (Eq. (11)) by calculating the contribution of 
each term to the total conductivity.

6. Conclusion and recommendations

A theoretical and experimental study was undertaken to develop a 
model of electrical conductivity (σmix) for unsaturated soils with varying 
magnitudes of pore water conduction (Kw) and surface conduction (Ks). 
A newly proposed σmix estimation formula, which incorporated separate 
saturation exponents for Kw and Ks, was verified using experimental 
results for sand and three types of clays. Thus, the distinct roles of Kw and 
Ks on σmix of unsaturated soils were explained, and an enhanced un
derstanding of the electrical conductivity behavior of these soils was 
provided. This improved understanding can be used to inform more 
accurate modeling and prediction of soil behavior in various applica
tions, such as soil characterization, soil hydrology, and environmental 
monitoring. Because the developed model can be used to describe the 
complex interplay between the measured electrical conductivity and 
soil/environmental properties such as matrix conductivity, porosity, 
degree of saturation, and pore water conductivity, the efficiency and 
reliability of site characterization and monitoring efforts can be 
enhanced, leading to more informed decision-making.

Further research is warranted to refine and validate the developed 

Fig. 12. Comparison between the measured and estimated electrical conduc
tivities. The dashed line indicates the 1:1 line of agreement (estimated 
= measured).

Fig. 13. Comparison between the unsaturated–saturated surface conduction 
(Ks) ratio (Equation (18)) and unsaturated–saturated pore water conduction 
(Kw) ratio (Equation (15)) of tested kaolin clay according to degree of satura
tion. Note, unsaturated–saturated Ks ratio = S1.33 (Fig. 11(b)) and unsatur
ated–saturated Kw ratio = S2.09 (Fig. 11(a)).
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model across a wider range of soil types, environmental conditions, and 
scenarios. Investigations of the influence of additional factors, such as 
soil structure, mineralogy, and temperature, on the electrical conduc
tivity of unsaturated soils would contribute to a thorough understanding 
of soil behavior. Additionally, because this study only measured elec
trical conductivity in the horizontal direction, the effect of electrical 
anisotropy on the electrical conductivity of unsaturated soils could be 
another potential area for research. Finally, field-scale studies and long- 
term monitoring are needed to assess the applicability and robustness of 
the proposed model.
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