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A B S T R A C T

Electrical conductivity, σ, has been widely used to estimate hydraulic conductivity in porous media as well as to 
interpret subsurface low- and high-conductivity zones. σ in a porous medium is impacted by the complicated 
relationship between the surface conductivity of solids, as the low-conductivity component which is significant at 
dry conditions, and bulk conductivity through the pore space, as the high conductivity component. As water 
saturation increases from completely dry to fully saturated, the effect of the bulk conductivity on electrical 
conductivity substantially increases. In this study, for the first time, we propose applications of a percolation- 
based effective-medium approximation (P-EMA) to describe the saturation dependence of σ in porous media 
with significant surface conduction. The proposed P-EMA model estimates were compared to 16 data sets 
including three numerically simulated sets and thirteen measured sets. There was substantial agreement between 
the theory and the data, with scaling exponents ranging from 0.18 to 2.39, indicating non-universal behavior. 
The saturation-dependent σ values of packed clay loam soil samples were estimated with the P-EMA model. The 
P-EMA estimated values were in reasonable agreement with the measured values.

1. Introduction

Electrical conductivity, σ, is a fundamental property of porous media 
with broad applications in geophysics and environmental engineering. 
For instance, electrical resistivity tomography, as a non-destructive 
near-surface geophysical approach, has been widely used to predict 
soil erodibility (Karim and Tucker-Kulesza, 2018) and landslides 
(Perrone et al., 2014), aquifer characterization (Doetsch et al., 2012), 
and underground cavity detection (Martińez-Pagán et al., 2013). Re
sistivity logs have also been routinely applied in petroleum exploration 
for reservoir characterization (Tiab and Donaldson, 2024). Therefore, 
understanding and modeling electrical conductivity and/or resistivity is 
an active subject of research.

The electrical conductivity of porous materials is controlled by 
several factors, such as pores and their distribution (Ewing and Hunt, 
2006), pore connectivity (Li et al., 2015), presence and saturation level 
of liquids within pores (Ghanbarian and Sahimi, 2017) as well as 

minerals and their charges (Leroy and Revil, 2009). In most porous 
media, particularly clay-rich ones (Waxman and Smits, 1968; Qi and 
Wu, 2022), electrical conductivity consists of more than one conducting 
phase (e.g., solid and liquid phases of known conductivities). Bulk 
conduction refers to the movement of charge carriers (e.g., ions or 
electrons) through the pore space, while surface conduction refers to 
charged surfaces and electrical double layer regions near the solid
–liquid interface (Revil and Glover, 1997). Bulk conduction is predom
inantly determined by pore space properties and the conductivity of 
pore liquid. Surface conduction, however, is influenced by the solid 
matrix and its surface charge characteristics as well as ionic concen
tration and pH of the pore liquid. The formation of an electrical double 
layer (EDL) at the solid–liquid interface is crucial for surface conduction, 
as it facilitates the accumulation of charge carriers at the interface (Revil 
and Glover, 1998). Therefore, simple models (e.g., Archie, 1942) based 
on one conducting phase (or insulator-conductor systems) are inappli
cable to porous media like soils and rocks with significant surface 
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conductions (or conductor-conductor systems).
Various theories have been developed to model σ in porous media. 

One of the early electrical conductivity models proposed for fine-grained 
or clay-rich media with significant surface conduction was developed by 
Waxman and Smits (1968). In their model electrical conductivity, σ, 
depends on water (or brine) conductivity, σw, as well as cation exchange 
capacity. In clay-free media with negligible surface-ions mobility and 
surface conductivity, σ is a linear function of σw (Archie, 1942). In clay- 
rich media, however, σ is a nonlinear function of σw at lower σw values, 
which then becomes a linear function of σw at higher σw values (Waxman 
and Smits, 1968; Johnson and Sen, 1988).

Theoretical models based on various approaches, such as self- 
consistent approximation (Landauer, 1952; Hashin, 1968; Sen et al., 
1981), effective-medium theory (Sahimi, 1995; Richesson and Sahimi, 
2021), percolation theory (Ewing and Hunt, 2006), were used to model 
σ in porous media and other materials with two conductive components. 
For instance, to model σ in media with considerable surface conduction 
using percolation theory, Ewing and Hunt (2006) assumed that bulk 
conduction through pore space and surface conduction through solid 
phase occur in parallel. Using a percolation-based effective medium 
approximation approach, McLachlan (1985) derived a single-exponent 
phenomenological equation, and Wu and McLachlan (1997) derived a 
two-exponent phenomenological equation. Although the percolation- 
based effective medium approximation has been used to model the 
saturation dependence of thermal conductivity in porous media 
(Ghanbarian and Daigle, 2016) or permeability in matrix-fracture 
geologic formations (Agbaje et al., 2023), to the best of our knowl
edge it has not been applied to model σ in variably saturated porous 
media. Therefore, the main objectives of this study are to: (1) apply 
percolation-based effective medium approximation to model saturation- 
dependent σ in media with significant surface conduction, (2) evaluate 
the proposed model using both numerically simulated values and 
measured values from the literature, and (3) assess its ability to estimate 
σ of a clay loam soil.

2. Percolation-based effective-medium approximation

In the literature, both percolation theory (Last and Thouless, 1971; 
Zhou et al., 1997; Ghanbarian et al., 2014; Ghanbarian and Berg, 2017) 
and the effective-medium approximation (Sahimi et al., 1983; Sen, 
1997; Sahimi, 2023) have been widely used to model electrical con
ductivity in porous media. Percolation theory is applicable to insulator- 
conductor or conductor-superconductor systems, where the conductiv
ity ratio (insulator to conductor or conductor to superconductor) is 
effectively zero. In contrast, the effective-medium approximation ap
plies to systems composed of one, two or more conducting phases but 
provides accurate results primarily in homogeneous and relatively het
erogeneous porous media (Adler and Berkowitz, 2000; Sahimi, 2011). 
To address these limitations, McLachlan (1987) combined concepts of 
percolation theory and effective-medium approximation to develop the 
following equation describing the electrical conductivity, σ, in media 
composed of low- and high-conductivity (σl and σh) components: 

(1 − fh)
σ1/t

l − σ1/t

σ1/t
l +

(
1− fhc

fhc

)

σ1/t
+ fh

σ1/t
h − σ1/t

σ1/t
h +

(
1− fhc

fhc

)

σ1/t
= 0 (1) 

where t is the critical scaling exponent, fh is the fraction of the high- 
conductivity component and fhc is the critical fraction of fh. At values 
larger than fhc, the conductivity σ is primarily due to the high- 
conductivity component (clusters) forming the σh component. Below 
fhc, however, σ is mainly controlled by the conductivity of the low- 
conductivity component σl. Percolation-based effective-medium 
approximation (P-EMA), Eq. (1), is also known as the single exponent 
phenomenological percolation equation (McLachlan, 2021). Eq. (1) with 
t = 1 and fhc =

2
Z in which Z represents the coordination number reduces 

to the effective medium approximation. It also reduces to the power-law 
scaling from percolation theory when σl = 0.

For a variably-saturated porous medium, schematically shown in 
Fig. 1, electrical conductivity occurs through the (i) pore space filled by 
a water-based solution and/or (ii) charged surfaces and electrical double 
layer region near the solid–liquid interface. Although the former has a 
dominant role above some critical water saturation, Swc, the latter’s 
contribution becomes more significant at water saturations below the 
Swc.

Due to spatial heterogeneity (e.g., pores of different sizes), electrical 
conductance spatially varies within a porous medium. Under variably- 
saturated conditions, the lowest effective electrical conductivity oc
curs when a medium is completely dry, while the largest one occurs 
when the medium is fully saturated (Fig. 1). By replacing σl, σh and fhc 
with respectively σdry, σsat and Swc, the P-EMA, Eq. (1), can be rewritten 
as 

(1 − Sw)
σ1/t

dry − σ1/t

σ1/t
dry +

(
1− Swc

Swc

)

σ1/t
+ Sw

σ1/t
sat − σ1/t

σ1/t
sat +

(
1− Swc

Swc

)

σ1/t
= 0 (2) 

where σdry and σsat represent the electrical conductivity under 
completely dry and fully saturated conditions, respectively. For σdry = 0, 
Eq. (2) reduces to the power-law scaling law from percolation theory i. 
e., σ = σsat [(Sw − Swc)/(1 − Swc) ]

t (Ewing and Hunt, 2006).

3. Materials and Methods

In this section, first we briefly describe the experiments used to 
obtain measured and numerically simulated values used to evaluate the 
percolation-based effective-medium approximation. Then, we explain 
how Eqs. (1) and (2) are fitted to the data and how their parameters are 
determined.

3.1. Numerical simulations and Physical experiments

3.1.1. Gostick and Weber (2015) dataset
Gostick and Weber (2015) performed three-dimensional electrical 

conductivity simulations in two types of percolation resistor networks: 
(1) site and (2) bond. In the site percolation network, conductivity 
occurred between two sites if they were both conductors (i.e., all nearest 
conducting sites were linked). The conductivity of the low- and high- 
conductivity components were set equal to 10− 3 and 102 S/m, respec
tively. More specifically, the electrical flow of current I between nodes i 
and j was considered to be proportional to the electrical conductance 
between them, gij, and the voltage difference, ΔV, i.e. 

I = gijΔV (3) 

The summation of entering and existing electric currents at each node 
was set equal to zero to ensure steady-state conditions i.e. 

∑n

k=1

gik(Vk − Vi) = 0 (4) 

where node i has n neighbors. For a network with N nodes, Gostick and 
Weber (2015) applied voltage boundary conditions on two opposing 
faces of the network and solved a linear system of N equations to 
calculate the voltage at each node and the total electrical flow through 
the network. Then, Ohm’s law was used to determine resistivity and 
ultimately electrical conductivity through the network. The data used in 
this study were digitized from Fig. 4 of Gostick and Weber (2015). For 
this purpose, we used the Digitizelt software package.

3.1.2. Ewing and Hunt (2006) dataset
The Ewing and Hunt (2006) dataset includes measured and 
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simulated values from various publications (see their Table 1). In this 
study, we selected datasets which had significant surface conduction or 
σdry values. These selected data sets include data from Kechavarzi and 
Soga (2002), Binley et al. (2001), Binley et al. (2002) and Cassiani et al. 
(2004).

Kechavarzi and Soga (2002) measured saturation-dependent of 
electrical conductivity in clean sand samples, whereas the Binley et al. 
(2001; 2002) measurements were made on sandstone samples. Cassiani 
et al. (2004) performed numerical simulations on an image of a sand
stone sample in the presence of surface conduction. Further details can 
be found in the original publications.

3.1.3. Roberts (2002) dataset
Roberts (2002) measured the saturation dependence of electrical 

conductivity of Topopah Spring Tuff at several temperatures i.e., 23, 40, 
65, and 95 ◦C under ambient pressure conditions. The electrical con
ductivity was measured under wetting (or imbibition) conditions.
Measurements were made over a range of frequency from 102 to 106 Hz. 
However, in this study only the measurements at 1 kHz were digitized 
and analyzed. The porosity of the sample was reported as 0.09 (9%).

3.1.4. Ren et al. (1999) dataset
Ren et al. (1999) used thermo-TDR sensors to measure saturation- 

dependent electrical conductivity in a clay loam sample with sand, 
clay and silt fractions of 0.37, 0.28 and 0.35, respectively. The soil 
sample was air dried, ground, and then passed through a 2-mm sieve. It 
was next moistened with distilled water having zero liquid electrical 
conductivity (σf = 0 dS/m) or with NaCl solutions corresponding to σf =

0, 3, 6.9, 10.2, 14.3, and 21.9 dS/m to reach various water saturations. 
The electrical conductivity of the solutions was measured using a four- 
electrode probe. The soil samples were then mixed and packed into 
cylinders with internal diameter of 5.2 cm and height of 6.0 cm. The 
bulk density of the packed samples ranged from 1.05 to 1.10 g/cm3.

For the Ren et al. (1999) dataset, we fitted the percolation-based 
effective-medium approximation to the saturation-dependent σ values 
measured in soil samples mixed with liquids with various electrical 
conductivity values i.e., 0, 3, 6.9, 10.2, 14.3, and 21.9 dS/m.

3.2. Fitting the percolation-based effective medium approximation

To fit the percolation-based effective medium approximation model 
and optimize its parameters for each data set, we first rearranged Eqs. 
(1) and (2) to have the fraction of high-conductivity component, fh, and 
water saturation, Sw, as a function of the other parameters as follows 
(Ghanbarian and Daigle, 2016) 

fh =

(
σ1/t − σ1/t

l

)[
fhcσ1/t

h + (1 − fhc)σ1/t
]

(
σ1/t

h − σ1/t
l

)
σ1/t

(5) 

Sw =

(
σ1/t − σ1/t

dry

)[
Swcσ1/t

sat + (1 − Swc)σ1/t
]

(
σ1/t

sat − σ1/t
dry

)
σ1/t

(6) 

Eqs. (5) and (6) were then fitted to the σ − fh and/or σ − Sw data. More 
specifically, we fitted Eq. (5) to the data from the Gostick and Weber 
(2015) dataset and Eq. (6) to the data from other datasets i.e., Ewing and 
Hunt (2006), Roberts (2002) and Ren et al. (1999). Recall that in the 
Gostick and Weber (2015) dataset the simulated σ values were reported 
at each volume fraction of the high-conductivity component, not for 
water saturation values. The fitting process was performed using the 
Curve Fitting toolbox of MATLAB.

4. Results

In this section, we present the obtained results and discuss them in 
detail for each dataset.

4.1. Gostick and Weber (2015)

Plots of the P-EMA model, Eq. (1), fitted to the site and bond 
percolation simulations from Gostick and Weber (2015) are presented in 
Fig. 2. Both curves are clearly, as expected, sigmoidal. Recall that in 
these simulations, σl was fixed at 0.001 S/m and σh = 100 S/m, and only 
the value of parameters t and fhc were optimized by directly fitting Eq. 
(5) to the simulated values. In both site and bond percolation cases, we 
found very similar scaling exponents t = 1.19 for the site percolation 
(Fig. 2a) and 1.12 for the bond percolation (Fig. 2b), both less than the 
universal scaling exponent t = 2 in three dimensions (Sahimi, 2011). 

Fig. 1. Schematic saturation-dependent electrical conductivity in a porous medium. At low water saturations, surface conduction is dominant over bulk conduction 
due to lack of a continuous path of bulk water spanning the entire medium. At some critical water saturation, Swc, a sample spanning cluster forms. Above the Swc 

electrical conductivity mainly occurs through connected pores filled by water and bulk conduction becomes dominant over surface conduction.
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These exponents are also less than 1.9 (site percolation) and 1.5 (bond 
percolation) reported by Gostick and Weber (2015) who set fhc = 0.31 
for site and fhc = 0.2488 for bond percolation, fitted the simple power 
law σ∝

(
fh − fhc

)t to their simulations, and optimized the value of t. The 
discrepancy between exponents 1.19 and 1.12 from this study and 1.9 
and 1.5 from Gostick and Weber (2015) is due to: (1) different mathe
matical forms used to determine the exponent t and (2) fixing the value 
of fhc by Gostick and Weber (2015).

The percolation threshold fhc = 0.38 for the site percolation (Fig. 2a) 
is greater than fhc = 0.30 for the bond percolation (Fig. 2b). This is 
consistent with theoretical concepts of percolation theory where the 
percolation threshold for site percolation is expected to be greater than 
that for bond percolation on the same lattice (Hunt et al., 2014).

These values are also slightly greater than 0.31 for site and 0.2488 
for bond percolation (Stauffer and Aharony, 1994) reported for 
insulator-conductor systems where only one conducting component 
exists.

4.2. Ewing and Hunt (2006)

Results presented in Fig. 3 demonstrate how well the P-EMA, Eq. (2), 
fits both the measured and simulated values from the Ewing and Hunt 
(2006) database. From model fits to the Kechavarzi and Soga (2002)
measurements, we obtain t = 0.44, Swc = 0.32, σdry = 0.092 S/m, and 
σsat = 0.985 S/m with R2 = 0.97 (Fig. 3a). For the Binley et al. (2001)
data, the optimized parameters are t = 2.22, Swc = 0.06, σdry = 0.012 S/ 
m, and σsat = 0.173 S/m with R2 = 0.98 (Fig. 3b). These values are 
similar to t = 2.39, Swc = 2.6 × 10-5, σdry = 0.013 S/m, and σsat = 0.162 
S/m reported for the Binley et al. (2002) measured values (Fig. 3c). 
Recall that both Binley et al. (2001) and Binley et al. (2002) measured σ 
in sandstones. The large t values (2.22 and 2.39) in these two datasets 
are due to the upward curvature of the saturation-dependent electrical 
conductivity data similar to those in media with negligible surface 
conduction or insulator-conductor systems (see e.g., Mawer et al., 
2015). Very small Swc values (0.06 and 2.6 × 10-5) also confirm that bulk 
conduction became dominant over surface conduction at very low 
values of water saturation.

Fig. 2. Electrical conductivity versus the volume fraction of the high-conductivity component for (a) site percolation, and (b) bond percolation simulations from 
Gostick and Weber (2015) dataset. The red solid curves represent fits of Eq. (1) to the simulated values.

Fig. 3. Saturation dependence of electrical conductivity for the (a) Kechavarzi and Soga (2002), (b) Binley et al. (2001), (c) Binley et al. (2002), and (d) Cassiani 
et al. (2004) datasets. The red solid curves represent fits of Eq. (2) to the measured values.
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For the Cassiani et al. (2004) simulated values we obtained t = 0.18, 
Swc = 0.62, σdry = 0.045 S/m, and σsat = 0.173 S/m with R2 = 0.99 
(Fig. 3d). The value of Swc = 0.62 for the Cassiani et al. (2004) simula
tion is the largest value among all of the datasets. Recently, Fu et al. 
(2024) reported a strong correlation between Swc and water saturation at 
the inflection point of a capillary pressure curve using thermal con
ductivity measurements. Since Cassiani et al. (2004) reported simulated 
capillary pressures for their same sandstone sample, we digitized the 
capillary pressure curve corresponding to the sample volume (i.e., 3843 

voxels) used in the σ simulations from their Fig. 1. We calculated the 
water saturation at the inflection point on the simulated capillary 
pressure curve and found Sw = 0.54, which is fairly similar to Swc = 0.62 
(Fig. 3d).

4.3. Roberts (2002)

Fits of the P-EMA model, Eq. (2), to Topopah Spring Tuff sample 
measured values from Roberts (2002) are shown in Fig. 4. The mea
surements at low Sw values are rather scattered. For the data at 23 ◦C the 
optimized parameters are t = 0.98, Swc = 0.13, σdry = 7.9 × 10− 8 S/m, 
and σsat = 1.9 × 10− 3 S/m with R2 = 0.87 (Fig. 4a). For the data at 40 ◦C, 
the optimized parameters are t = 0.83, Swc = 0.12, σdry = 1.9 × 10− 7 S/ 
m, and σsat = 2.7 × 10− 3 S/m with R2 = 0.97 (Fig. 4b). At 65 ◦C, fitting 
the P-EMA model results in t = 0.74, Swc = 0.13, σdry = 1.5 × 10− 7 S/m, 
and σsat = 4.4 × 10− 3 S/m with R2 = 0.97 (Fig. 4c). For data at 95 ◦C, the 
optimized values are t = 1.27, Swc = 0.10, σdry = 4.0 × 10− 8 S/m, and 
σsat = 1.3 × 10− 2 S/m with R2 = 0.98 (Fig. 4d). Thus, Swc did not change 
as the temperature increased from 23 to 65 ◦C. However, its value 
decreased when the temperature was increased to 95 ◦C, indicating some 
high temperature structural change.

The scaling exponent t decreased from 0.98 to 0.74 as the tempera
ture increased to 95 ◦C, which was a further indication of a structural 

change at 95 ◦C. The temperature dependence of the P-EMA model was 
also reported by Ghanbarian and Daigle (2016) who analyzed soil 
thermal conductivity measurements. They found by increasing tem
perature from 25 ◦C to 45 ◦C the value of thermal conductivity under 
completely dry and fully saturated conditions increased (see their 
Fig. 7). They also reported that Swc decreased as temperature increased. 
For two out of three soil samples analyzed by Ghanbarian and Daigle 
(2016), the scaling exponent t value increased as temperature increased 
from 25 ◦C to 45 ◦C.

4.4. Ren et al. (1999)

Results of fitting the P-EMA model, Eq. (2), to the experimental data 
from Ren et al. (1999) are presented in Fig. 5. As can be observed, the P- 
EMA model fit the data well (R2 > 0.95). For the clay loam soil sample 
saturated with the solution of zero salinity (σf = 0 dS/m), t = 0.33, Swc =

0.29, σdry = 0.024 dS/m, and σsat = 0.469 dS/m with R2 = 0.99 (Fig. 5a). 
Optimizing the P-EMA model parameters for the measured values with a 
σf of 3 dS/m resulted in t = 0.88, Swc = 0.22, σdry = 0.004 dS/m, and σsat 

= 1.680 dS/m with R2 = 0.95 (Fig. 5b). For the measured values with σf 

= 6.9 dS/m, t = 1.39, Swc = 0.17, σdry = 0.003 dS/m, and σsat = 3.850 
dS/m with R2 = 0.99 (Fig. 5c). For the added solution with σf = 10.2 dS/ 
m, fitting the P-EMA model resulted in t = 1.05, Swc = 0.22, σdry = 0.005 
dS/m, and σsat = 5.11 dS/m with R2 = 0.97 (Fig. 5d). The optimized 
parameters of the P-EMA model were t = 0.92, Swc = 0.21, σdry = 0.005 
dS/m, and σsat = 6.00 dS/m with R2 = 0.96 for σf = 14.3 dS/m (Fig. 5e). 
For the measured values in soil with the largest NaCl concentration (σf 

= 21.9 dS/m), we found t = 1.04, Swc = 0.20, σdry = 0.001 dS/m, and σsat 

= 9.280 dS/m with R2 = 0.95 (Fig. 5f).
Interestingly, the value of Swc did not vary greatly among the 

measured values with non-zero-salinity solutions (σf > 0). The mini
mum value of σsat/σdry = 19.5 corresponded to the measured values with 

Fig. 4. Saturation dependence of electrical conductivity measured under wetting conditions at temperatures (a) 23 ◦ C, (b) 40 ◦ C, (c) 65 ◦ C, and (d) 95 ◦ C for the 
Topopah Spring tuff sample with porosity 0.09 from Roberts (2002). The red solid curves represent fits of Eq. (2) to the measured values.
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the zero-salinity solution (σf = 0 dS/m). As the σf value increased from 
0 to 21.9 dS/m, the ratio of σsat to σdry increased substantially from 19.5 
to 9280. The value of σsat increased remarkably from 0.469 to 9.28 dS/ 
m, while the value of σdry decreased from 0.024 to 0.001 dS/m, as σf 

increased from 0 to 21.9 dS/m.
We also observed that σsat increased linearly with increasing σf for 

the non-zero-salinity solution experiments; σsat = 0.44 σf with R2 = 0.99 
(results not shown). Such a linear relationship has been observed by 
Bernabe and Revil (1995), Revil (2002), and others, at high enough σf 

values, and modeled by Waxman and Smith (1968), Qi and Wu (2022), 
among others. It, particularly at large σf , indicates that one can estimate 
the value of σsat at σf = 6.9 dS/m or higher values from a known σsat 

value at σf = 3 dS/m. This approximation to estimate the saturation 
dependence of σ with the P-EMA model is presented in the next section.

4.5. Estimating saturation-dependent σ via P-EMA

To demonstrate the usefulness of the percolation-based effective- 
medium approximation, we estimated the saturation dependence of σ at 
σf = 6.9, 10.2, 14.3 and 21.9 dS/m via Eq. (2) after setting t = 0.88, Swc 

= 0.22 and σdry = 0.004 S/m determined by fitting the P-EMA model to 
the measurements at σf = 3 dS/m (Fig. 5b). As stated earlier, we 
observed a linear relationship between σsat and σf in the soil samples 
mixed with liquids with various electrical conductivity values, σf = 3, 
6.9, 10.2, 14.3 and 21.9 dS/m. The value of σsat was accordingly esti
mated using the relationship σsat

(
σf
)
= 1.68 σf

3 in which 1.68 dS/m is the 
σsat value at σf = 3 dS/m (Fig. 5b). This resulted in estimated values of 
σsat = 3.85, 5.70, 7.99 and 12.20 dS/m, not greatly different from the 
optimized values 3.85, 5.11, 6.00 and 9.28 dS/m reported in Fig. 5.

The estimated saturation-dependent σ values obtained with Eq. (2) at 

Fig. 5. Saturation dependence of electrical conductivity for clay loam soil samples from Ren et al. (1999) saturated with NaCl solutions σf with (a) 0 dS/m, (b) 3 dS/ 
m, (c) 6.9 dS/m, (d) 10.2 dS/m, (e) 14.3 dS/m, and (f) 21.9 dS/m. The red solid curves represent fits of Eq. (2) to the measured values.
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σf = 6.9, 10.2, 14.3 and 21.9 dS/m are shown in blue in Fig. 6. As can be 
seen, the P-EMA produced reasonable estimations. One should bear in 
mind that the soil samples from Ren et al. (1999) were disturbed samples 
with a narrow range of bulk density (1.05–1.10 g/cm3). However, bulk 
density is a macroscopic quantity, and similar bulk density values do not 
necessarily assure similar microscopic pore space characteristics, such as 
pore size distribution and pore connectivity. One should expect more 
accurate estimations by P-EMA if numerical simulations are performed 
for assumed soil images saturated with chemical solutions of various 
concentrations, because without strong dispersion/flocculation the pore 
space properties will not vary from one solution concentration to 
another.

5. Discussion

As demonstrated in Figs. 2-5, the P-EMA well characterized the 
saturation dependence of σ across the entire range of saturation from 
0 (completely dry) to 1 (fully saturated). We found that the critical 
scaling exponent varied from 0.18 to 2.39 indicating non-universal 
scaling behavior in the saturation-dependent σ. Recall that t = 2 in 
three dimensions corresponds to the universal scaling (Stauffer and 
Aharony, 1994). The observed deviation from t = 1 (0.18 ≤ t ≤ 2.39) 
suggests that the effective-medium approximation, Eq. (2) with t = 1 
and fhc = 2

Z, fails to accurately capture the nonlinear behavior of σ with 
changing saturation.

Furthermore, the small but non-zero values of σdry reported in Figs. 2- 
5 further indicate that the P-EMA did not reduce to the power-law 
scaling from percolation theory. This highlights important practical 
implications for porous media where surface conduction is significant.

The P-EMA, as expressed in Eqs. (1) and (2), was applied here for the 
first time to model the saturation dependence of electrical conductivity 

in porous media with surface conduction. We demonstrated that it fitted 
the experimental measurements and numerical simulations well. Addi
tionally, we successfully evaluated its predictive capability using the 
experimental data from Ren et al. (1999). Nonetheless, similar to any 
other model, the P-EMA has its limitations.

For the Ren et al. (1999) dataset, we found σdry = 0.024 dS/m for the 
zero-concentration solution σf = 0 dS/m (Fig. 4a). This value is nearly 
one order of magnitude greater than that for the non-zero-salinity so
lutions (Fig. 4b-f), which is most probably due to a lack of measurements 
at low water saturations (Sw < 0.1). Accurately determining the values 
of the P-EMA model parameters requires precise measurements and/or 
simulations of σ over a broad range of Sw from zero (completely dry) to 
one (full saturation). Lack of data, particularly near Sw = 0, causes un
certainties in the determination of σdry. We should point out that 
measuring σdry in porous media is also challenging due to absence of 
reliable contact between solid grains and sensor. Similarly, if measure
ments and/or simulations are not available either around the percola
tion threshold (Swc) or close to full saturation (Sw = 1), optimizing the P- 
EMA model parameters by fitting it to data may lead to inaccurate 
determination of Swc or σsat.

Sadeghi et al. (2018), Fu et al. (2023; 2024) and Ore et al. (2024)
reported that thermal conductivity P-EMA model parameters could be 
estimated from selected soil properties. For instance, Sadeghi et al. 
(2018) linked the scaling exponent t and critical water saturation Swc to 
clay content in soils. However, further investigations are required to 
explore such correlations for electrical conductivity measurements.

6. Conclusions

For the first time, a percolation-based effective-medium approxi
mation (P-EMA), Eq. (2), was applied to model electrical conductivity, σ, 

Fig. 6. Saturation dependence of electrical conductivity estimated via Eq. (2) for clay loam soil samples from Ren et al. (1999) saturated with NaCl solutions 
corresponding to (a) σf = 6.9 dS/m, (b) σf = 10.2 dS/m, (c) σf = 14.3 dS/m, and (d) σf = 21.9 dS/m. The parameters t = 0.88, Swc = 0.22 and σdry = 0.004 S/m were 
obtained from fitting Eq. (2) to the σf = 3 dS/m experiment shown in Fig. 5b. The value of σsat was estimated from the product of σsat = 1.680 S/m (Fig. 5b) and the 
ratio of the σf values.
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in porous media with significant surface conduction. The proposed 
model was evaluated using 3 numerically simulated datasets and 13 
measured datasets. For this purpose, the model was directly fitted to the 
datasets, and the P-EMA model parameters were optimized. There was 
excellent agreement between the model and the data. More specifically, 
we found that the scaling exponent t ranged from 0.18 to 2.39, and the 
critical water saturation varied between 2.6 × 10− 5 and 0.62. To assess 
usefulness of the model it was used to estimate saturation-dependent σ 
values for four soil samples mixed with liquids with various electrical 
conductivity values σf = 6.9, 10.2, 14.3 and 21.9 dS/m. There was 
reasonable agreement between the estimated and measured values. 
Future investigations are planned to investigate the correlation between 
t or Swc and pore space charactersitics.
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