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ABSTRACT

The estimation of the cementation exponent (m) in Archie’s equation, which is pivotal for interpreting the
electrical resistivity of soils and rocks, could be significantly enhanced by correlating it with particle shape
characteristics. This study proposes a novel approach in which Archie’s m-exponent for sand is estimated based
on quantifiable particle shape parameters, including sphericity, convexity, elongation, slenderness, and round-
ness. The horizontal and vertical electrical resistivities of eight granular materials with varying particle shapes
were measured. Correlation matrix scatter plot and multiple linear regression analyses were conducted to
establish a quantitative relationship between Archie’s m-exponents, electrical anisotropy, and particle shape
parameters. The results indicate that all the investigated shape parameters exhibited strong correlations with m-
exponents and electrical anisotropy. However, multiple linear regression analysis revealed that roundness (RD) is
the most influential shape parameter, likely due to multicollinearity among the other shape parameters. Notably,
m-exponents in both the vertical and horizontal directions were found to decrease linearly with increasing RD, as
RD effectively captured the tortuosity of the electrical flow paths at a given porosity. These findings are sup-
ported by data from previous studies, further validating the observed relationship between RD and electrical

properties.

1. Introduction

The electrical resistivity of soils is a critical parameter in various
geophysical, environmental, and engineering applications. It plays a
vital role in subsurface characterization, groundwater exploration, and
the assessment of sedimentary environments [1-8]. Archie’s equation
[9] expresses a fundamental relationship between the electrical re-
sistivity of saturated porous materials and their porosity, which has been
widely employed in previous studies to estimate hydrocarbon reserves,
aquifer properties, and other subsurface characteristics [10-16].
Archie’s equation describes how the electrical resistivity (pmix) of satu-
rated soil can be predicted based on its porosity (n) and the resistivity of
the pore fluid (py,), establishing an essential connection between the
physical properties of the soil and its electrical behavior. Numerous
studies have demonstrated the relevance of Archie’s equation for
describing the electrical resistivity of pore water conduction-dominant
soils, such as sand and marine clays [17], underscoring its importance
in geotechnical and environmental engineering contexts.
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The original Archie’s equation for saturated soils can be expressed as
Pmix = pw'nim (€]

where m is the cementation exponent (or factor) or Archie’s m-exponent.
Archie also defined the formation factor (F) to isolate the impact of pore
fluid on the electrical properties of soils:

F=Lmx _pom )
pW

Egs. (1) and (2) highlight that the m-exponent is the key parameter
for the reliable estimation of the porosity (n) of the tested soil or the pore
fluid concentration based on the measured electrical resistivity. The m-
exponent is a dimensionless parameter that reflects the complexity of
the pore structure and connectivity of the pore spaces within the sedi-
ment matrix, which can be reflected by the arrangement and geometry
of soil particles. Traditionally, the m-exponent has been considered to
depend primarily on the porosity and degree of cementation in the
material; thus, it was called the cementation exponent (or factor) [9].
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However, later studies [15,18] revealed that the m-exponent is more
closely related to the particle or pore shape; thus, the m-exponent is also
called the shape factor.

The shape of sand particles plays a crucial role in determining the
physicomechanical properties of sandy soils [6,19-24]. These include
the fabric, packing density, strength, stiffness, compressibility, and
various conduction properties, such as electrical, hydraulic, and thermal
conductivity. For instance, angular particles enhance the soil fabric
through increased interlocking, leading to higher shear strength owing
to improved frictional resistance [25]. Similarly, angular or elongated
particles contribute to greater small-strain stiffness and reduced stress
dependency [26,27]. Conduction properties are also influenced by
particle shape, as it affects the packing density, pore space connectivity,
and tortuosity [28-301], all of which are critical factors in determining
conductivity.

Despite the acknowledged importance of particle shape in governing
soil conduction properties, its specific effect on the m-exponent in
Archie’s equation remains largely unexplored. Previous research has
established that the m-exponent for sand generally falls between 1.3 and
1.8, with elongated or platy particles exhibiting higher values due to
increased tortuosity and longer electrical conduction paths [30-33];
however, a comprehensive understanding is lacking. Studies focusing on
sphericity or elongation have dominated the literature, neglecting the
influence of other crucial shape parameters, such as convexity, slen-
derness, and roundness. Notably, some physicomechanical properties of
sandy soils, such as packing density and friction angle, are more effec-
tively quantified by angularity (or roundness) than by sphericity [25].
Furthermore, the quantitative relationship between these diverse shape
parameters and the m-exponent has received minimal attention. This
knowledge gap highlights the need for further research to systematically
investigate the influence of a broader range of particle shape parame-
ters, including sphericity, convexity, elongation, slenderness, and
roundness, on Archie’s m-exponent.

This study investigated the horizontal and vertical electrical re-
sistivities of eight granular materials with varying particle shapes. The
research focused on examining the variations in Archie’s m-exponents in
the vertical and horizontal directions, as well as the electrical anisotropy
in relation to different particle shape parameters. To establish a quan-
titative relationship between Archie’s m-exponents, electrical anisot-
ropy, and particle shape parameters, the study used a correlation matrix
scatter plot and multiple linear regression analyses.
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2. Experimental program
2.1. Materials

Eight different types of granular materials, including seven sands and
one type of glass beads with varying particle shapes, were used in this
study to investigate the influence of particle shape on the electrical
properties of coarse-grained soils (Fig. 1). The seven sands consist of
both artificially crushed and natural sands. The artificially crushed sands
include K-5 and K-6 sands, both supplied by Kyung In Material Company
(South Korea). The natural sands include Jumunjin sand, sourced near
the Jumunjin Coast (South Korea) and supplied by Jumunjin Silica
Company; Nakdong sand, collected near the Nakdong River (South
Korea) and supplied by Northern Aggregate Company; South-Han sand,
obtained near the South Han River (South Korea) and supplied by
Shinpyeong Aggregate Company; Ottawa sand, a standardized silica
sand (ASTM C778 compliant) sourced from Ottawa, Illinois (USA) and
supplied by U.S. Silica Company; and Hiroshima sand, collected from
the Hiroshima region (Japan) and supplied by Sakohiro Crushed Stone
Company. The glass beads were supplied by Korea Ace Scientific Com-
pany, South Korea. The index properties of the tested materials are listed
in Table 1. The uniformity coefficient (C,) of the samples used to
investigate the influence of particle shape on electrical properties
ranged from 1.00 to 2.14, as presented in Table 1. This variation reflects
distinct particle size distributions among the samples; however, all
materials are classified as poorly graded sand according to the Unified
Soil Classification System (USCS).

Table 1
Index properties of tested materials.
Type G Dso Cy €max €min
(mm)
Particle shape K-5 2.65 0.77 1.88 1.05 0.69
effect K-6 2.65 0.42 1.85 1.04 0.66
Jumunjin 2.60 0.53 1.90 0.85 0.60
Nakdong 2.66 0.45 2.14 1.05 0.77
Ottawa 2.65 0.61 1.48 0.74 0.50
Hiroshima 2.60 0.39 1.63 094 0.66
South-Han 2.61 0.43 2.96 0.94 0.66
Glass beads 2.46 1.00 1.00 0.61 0.48
Gradation effect ~ Well-graded Glass 246 0.85 4.78 055 0.42
beads

Note: G5 = specific gravity (ASTM D854); Dso = median particle size (ASTM
D422); C,, = uniformity coefficient; e;,x = maximum void ratio (ASTM D4254);
emin = minimum void ratio (ASTM D4253).

Fig. 1. The optical images of the tested materials: (a) K-5 sand, (b) K-6 sand, (c) Jumunjin sand, (d) Nakdong sand, (e) Ottawa sand, (f) Hiroshima sand, (g) South-

Han sand and (h) glass beads.



B. Choi et al.
2.2. Quantification of particle shape parameters

Five particle shape parameters: sphericity (SP), convexity (CX),
elongation (EG), slenderness (SD), and roundness (RD), were used to
investigate the effect of particle shape on the electrical resistivity of
sands. The quantitative definitions of these five particle shape parame-
ters are shown in Fig. 2. The SP assesses how closely the shape a particle
resembles an ideal sphere, as it depends on both the overall form and
degree of roundness, with a perfect sphere having equal dimensions and
complete roundness [34,35]. CX is defined as the ratio of the area of the
particle to the area of its convex hull and serves as an indicator of par-
ticle angularity [36,37]. Both EG and SD describe the extent to which the
particles are stretched; however, their definitions differ. EG is the ratio
of the longest to the shortest distance from the centroid to the particle
surface, while SD is the ratio of the length of the longest axis to the
shortest axis of a fitted ellipse [38-40]. RD, defined by Wadell [41],
describes the edge (or corner) characteristics of the particle and can be
defined as the ratio of the average radius of curvature of the edges of the
particle to the radius of the largest inscribed circle that can fit within the
particle (Fig. 2).

The five particle shape parameters for each material were calculated
from microscope images obtained using a digital microscope (Leica
DMC2900) at magnifications ranging from 30 x to 60 x . Representative
oven-dried subsamples were evenly spread on a clean glass slide to
minimize particle overlap and ensure accurate boundary detection. A
total of 200 images were captured for each material, and approximately
5-8 individual particles were analyzed in each image. The images were
binarized and processed using ImageJ software, where particle bound-
aries were detected and shape descriptors such as aspect ratio, circu-
larity, and roundness were computed. To ensure data quality, outliers in
roundness values were identified and removed using a standard
threshold of mean+ 3 standard deviations (30), resulting in the removal
of fewer than five data points per sample. Since all shape parameters
were dimensionless and exhibited comparable value ranges, data
normalization was not applied. Table 2 summarizes the computed par-
ticle shape parameters for the eight tested materials.

To provide an independent validation of the ImageJ-derived shape
parameters, additional measurements of slenderness and sphericity
were conducted using a laser diffraction system (BeVision D2, Bettersize
Instrument Ltd). The comparison showed strong agreement in slender-
ness values between the two methods, with a maximum difference of <2

Circumscrbing circle, D,

Equivalent circle, D,

Elongation, EG = %

min

Slenderness, SD = lé—F
F
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Table 2
Determined particle shape parameters of tested materials.
Type Ssp cX EG SD RD
K-5 0.805 0.969 1.766 1.511 0.270
(0.051) (0.014) (0.350) (0.619) (0.052)
K-6 0.797 0.959 1.847 1.584 0.330
(0.042) (0.021) (0.259) (0.202) (0.104)
Jumunjin 0.783 0.965 1.955 1.440 0.484
(0.066) (0.016) (0.479) (0.515) (0.049)
Nakdong 0.779 0.951 1.996 1.473 0.298
(0.072) (0.026) (0.496) (0.625) (0.076)
Ottawa 0.866 0.986 1.440 1.342 0.739
(0.042) (0.006) (0.191) (0.560) (0.093)
Hiroshima 0.778 0.947 2.008 1.538 0.424
(0.066) (0.031) (0.511) (0.366) (0.093)
South-Han 0.813 0.968 1.823 1.431 0.312
(0.068) (0.016) (0.399) (0.283) (0.072)

Glass beads 1.000 1.000 1.000 1.000 1.000

Note, number in parentheses = standard deviation.

% (Figure S1 in the supplementary material), thereby increasing the
reliability of ImageJ-derived shape parameters. However, sphericity
values were not compared due to fundamental differences in the defi-
nitions and calculation methods used by ImageJ and the laser diffraction
system.

2.3. Sample preparation and measurement

To prepare fully saturated specimens, the water pluviation method
was employed in this study. The initial relative densities of each spec-
imen were set to 30 % and 60 % by applying symmetric tapping. Sub-
sequently, a vertical stress of up to 363.3 kPa was applied to the
specimens to determine the variation in electrical resistivity across a
wide range of porosities. Because the tested sands/glass beads contained
no fine particles passing through the #200 sieve, pore water conduction
(i.e., ionic conduction through the continuous pore network) governed
the overall electrical conductivity (or resistivity) of the tested materials
[42]. However, to minimize the potential impact of surface conduction
(i.e., a special form of ionic conduction through the particle-pore fluid
interface) on Archie’s m-exponent, high-salinity water (0.5 M NaCl so-
lution) was used as the pore fluid in this study.

To measure the vertical and horizontal electrical resistance, two
pairs of four-electrode conductivity probes were installed in the

. _ A
ConVeXIty, CX= m

Roundness, RD = %E

Fig. 2. Definition of particle shape parameters (sphericity, convexity, elongation, slenderness, roundness).
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modified oedometer cell (Fig. 3). During the experiment, the electrical
flow through the soil traveled from the high-current electrode (Hc) to
the low-current electrode (Lc), and the electrical resistance between the
two potential electrodes (Hp and Lp) was measured using an LCR meter
(E4980AL, Keysight). The input voltage of the LCR meter was set to 1 V.
An operating frequency of 10 kHz was selected to avoid electrical
resonance and electrode polarization. As mentioned above, vertical
stresses ranging from 13.5 kPa to 363.3 kPa were applied to the test
specimen, and electrical resistance measurements were conducted at the
end of each loading step. The measured resistance was converted into
electrical resistivity using the calibration factor, which was determined
by measuring both the electrical resistance and resistivity of NaCl so-
lutions with varying concentrations (Fig. 3). All measurements were
conducted at a controlled room temperature of approximately 23 °C (+1
°C) to ensure consistency across tests and to eliminate potential thermal
effects on the results.

3. Results and discussion
3.1. Measured electrical resistivity

Figs. 4(a) and (b) show the variations in the formation factor in the
vertical (F,) and horizontal (Fp) directions according to porosity ().
Note that the formation factor was defined in Eq. (2) as the ratio be-
tween the measured bulk electrical resistivity (pmix) and pore water re-
sistivity (py). With a decrease in n (or void ratio), both F, and Fj, of all
tested materials increased owing to the increase in ppiy, resulting from
the decrease in the number and size of channels for current flow [11,12,
43,44]. Because most soils particles are electrically nonconductive, this
observation confirms that the pore water conduction is the dominant
mechanism determining the overall resistivity or conductivity of tested
materials. Stated another way, a lower n implies fewer and/or smaller
pore spaces, which restricts the flow of electrical current and increases
the overall resistivity of the tested materials, thus increasing F. Figures 4
(a) and (b) also demonstrate that the tested materials showed varying
Archie’s m-exponents, ranging from 1.35 to 1.82 in the case of F,, and
from 1.33 to 1.70 in the case of Fp, reflecting the effect of electrical
anisotropy. The varying m-exponents can be attributed to the particle
shapes of the tested materials, which will be discussed later.

3.2. Electrical anisotropy
Figure 4(c) shows the electrical anisotropy (4.) according to the

porosity (n) for the tested eight granular materials. The 1, can be defined
as [15]

q
<

ll (__m )Dial gauge
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/‘Le = \/ Pmix, v/pmi.x, h=V FV/Fh (3)

where pnix,y and pmixn are the electrical resistivities in the vertical and
horizontal direction, respectively. The determined A, values of all tested
materials were greater than 1, indicating that the electrical resistivity in
vertical direction is always greater than that in horizontal direction due
to the anisotropic nature of soil structure. Because soil particles tend to
align preferentially in the horizontal direction during deposition, the
pore connectivity in the horizontal direction is better than that in the
vertical direction. Thus, the electrical current flowed more easily in the
horizontal direction, while the vertical direction flow was more
tortuous. Many previous studies also reported than A, ranged from 1 to 2
[15,45,46].

At first glance, Figure 4(c) appears to demonstrate a linear rela-
tionship between the n and A, of the tested materials. However, upon
closer examination of individual soil samples, it becomes evident that
there was no distinct relationship between the two parameters. The
extreme void ratios of sandy soils are determined primarily by the
particle shape (Fig. 5) [25,47]. Consequently, the observed variations in
A with respect to n in Figure 4(c) are indicative of changes in electrical
anisotropy due to particle shape rather than porosity. Finally, it is
notable that the maximum 1. of tested materials was approximately
1.05, indicating that poorly graded sand can have up to approximately
10 % greater electrical resistivity in vertical direction than that in hor-
izontal direction.

3.3. Correlation matrix

Fig. 6 illustrates the scatter plot matrix of all the dependent and in-
dependent variables, including least-squares fitted lines, Pearson cor-
relation coefficients (p), p-values (p), and the coefficient of
determination (R?). The correlation plots in the first column show the
correlation between the determined Archie’s m-exponent in the vertical
direction (m,) and the individual parameters that potentially influence
m, values. Similarly, the correlation plots in the second column show the
correlation between Archie’s m-exponent in the horizontal direction
(mp) and the individual parameters that potentially influence my, values.
The correlation plots between electrical anisotropy (4.) and the five
different shape parameters are shown in the third column of Fig. 6.

m,, mp, and 1, showed negative correlations (p < 1) for roundness
(RD), sphericity (SP), and convexity (CX) and positive correlations (p >
1) for elongation (EG) and slenderness (SD) (Fig. 6). Thus, with
increasing RD, SP, and CX, and decreasing EG and SD, the electrical
current encounters less resistance and anisotropic pore structure when
flowing through the pore space between soil particles, leading to a
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Fig. 3. Test setup for electrical resistivity measurements.
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smaller Archie’s m-exponent and .. In other words, angular or elon-
gated particles can create more tortuous pathways for fluid flow,
potentially decreasing the hydraulic/electrical conductivity and conse-
quently increasing the m-exponent. By contrast, rounded/spherical
particles may enhance direct flow paths, leading to an increase in the
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hydraulic/electrical conductivity and consequently decreasing the m-
exponent [28,30,48,49]. The order of absolute p and R? values of RD >
SP > SD > EG > CX for both m, and my, indicates that RD is the most
strongly correlated parameter for estimating Archie’s m-exponent of
tested materials. The order of absolute p and R? values of RD > SD > SP
> EG > CX for 4, indicates that RD is the most strongly correlated
parameter for estimating A, of tested materials. However, the p-values
for individual shape parameters for estimating m,, my, and 4, suggest
that all shape parameters are statistically significant at the conventional
0.05 level.

Strong positive correlations occur between m, and my, and between
m,, (or mp) and 4, (p > 0.97 and R? >0.95) (Fig. 6). Because both m, and
my, are affected by the same particle shape parameters in a similar
manner, a direct relationship between m, and my, can be expected. Based
on Eq. (3), 1, should increase with increasing difference between m, and
my. Although the ratio between m, and my, is approximately constant
regardless of m, (or myp) values (Fig. 6), the difference between m, and my,
increases with increasing m, (or mp) values. Thus, A, nearly linearly
increased with increasing m, (or my). Salem and Chilingarian [15] also
reported a linear relationship between Archie’s m-exponent and .

Fig. 6 also demonstrates that the five shape parameters employed in
this study were strongly correlated. As mentioned earlier, both the EG
and SD parameters capture similar concepts regarding the extent of the
elongation of the particle. The consequent strong correlation between
EG and SD is shown in Fig. 6. As the convex hull used to determine the
CX (Fig. 2) of a circle is identical to the circle itself, the concept of CX is
similar to that of SP, leading to the strong correlation between CX and
SP, as shown in Fig. 6. Lee et al. [23] demonstrated that SP can be
correlated with SD and EG, which indicates that EG, SD, CX, and SP are
interrelated. Moreover, RD is strongly correlated with the other shape
parameters (Fig. 6). RD reflects the degree of smoothness and curvature
of the edges of a particle, which are closely related with SP and CX. In
addition, elongated or slender particles typically have sharper edges and
less smooth surfaces, resulting in an inverse relationship between RD
and EG (or SD). Consequently, strong correlations were observed among
the five shape parameters employed in this study.

3.4. Multiple linear regression analysis

This section quantitatively investigates the relationship between
Archie’s m-exponent (both m, and my) and electrical anisotropy (4,) with
particle shape parameters. Multiple linear regression analysis was con-
ducted using the statistical software R, incorporating the five shape
parameters (RD, SP, CX, EG, and SD). Thus, m,, mp, and 4, can be
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Fig. 6. Correlation matrix scatter plot of all the dependent and independent variables employed in this study with least-squared fitted lines: p = Pearson coefficient, p
= p-value, R*> = Coefficient of determination.

Table 3
Coefficients, p-values, and R-square values for multiple regression analysis.

Type Coefficient R?
RD SP CcX EG SD

a az az ay as ag

m, 6.062 —0.830 —0.432 —-2.979 —0.280 —0.186 0.999
(0.050) (0.001) (0.477) (0.064) (0.126) (0.169)
1.442 —0.694 0.585 0.980
(0.173) (0.000) (0.571)
1.992 —0.660 0.984
(0.000) (0.000)
b, b bs by bs be

my 6.811 —0.654 —-1.145 —3.059 —0.372 —0.254 0.999
(0.022) (0.001) (0.088) (0.034) (0.044) (0.059)
1.441 —0.546 0.419 0.987
(0.083) (0.000) (0.579)
1.835 —0.522 0.986
(0.000) (0.000)
c1 c2 c3 4 Cs 6

Ae 0.123 —0.056 0.427 0.387 0.077 0.058 0.999
(0.594) (0.005) (0.025) (0.072) (0.038) (0.042)
0.983 —0.055 0.084 0.956
(0.001) (0.002) (0.546)
1.062 —0.050 0.952
(0.000) (0.000)

Note, number in parentheses = p-value. RD = roundness; SP = sphericity; CX = convexity; EG = elongation; and SD = slenderness.
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expressed as

m, = a; + ax-RD + a3-SP + a4-CX + as-EG + ag-SD
my = b] + bzRD + ngP + b4CX + bsEG + b6SD (4)
Ae = €1+ C2*RD + ¢3:SP + ¢4-CX + ¢5-EG + ¢-SD

where a, b, and c are fitting (or regression) coefficients.

The fitted coefficients for Eq. (4) are listed in Table 3, and the
numbers in parentheses in Table 3 indicate p-values. The resulting
models for m,, my, and 1, were robust with an R? of over 0.99 (Table 3),
suggesting a strong correlation between the employed particle shape
parameters and the measured electrical properties. However, although
the overall models exhibited excellent predictive power, an examination
of the significance of the individual parameters revealed a nuanced
picture. Statistical analysis indicated that only RD demonstrated a sta-
tistically significant (p < 0.05) influence on m,, my, and A., while the
other shape parameters (SP, CX, EG, and SD) exhibited nonsignificant p-
values (p > 0.05). This suggests that, although the collective effect of all
shape parameters is substantial, RD is the primary shape parameter
driving the variations in the m,, my, and A, within this dataset.

To further investigate the above findings, multicollinearity among
the independent variables was assessed by computing the variance
inflation factors (VIF) using the regression software R. VIF analysis
revealed significant multicollinearity, with most shape parameters dis-
playing VIF values far above the commonly accepted threshold of 10,
except for RD (VIF = 7.5). Specifically, SP, CX, EG, and SD exhibited
extremely high VIF values (SP = 238.9, CX = 41.8, EG = 120.3, and SD
= 152), indicating a high degree of correlation among these variables.
Such multicollinearity inflates the variance of the regression coefficients
and can obscure the individual contributions of each parameter, which
explains why SP, CX, EG, and SD had nonsignificant p-values in the
regression model. While the regression model captures the overall in-
fluence of the particle shape on the electrical properties, the strong
interdependence among these variables makes it difficult to isolate their
individual effects.

Three independent variables with the highest VIF values were
eliminated, and the remaining two variables (RD and CX) were used to
perform additional multiple linear regression analyses (Table 3). Thus,
m,, my, and 4, can be expressed as

m, = a; + ax-RD + a4-CX
my = b1 + bzR.D + b4CX (5)
Ae = €1 + C2-RD + ¢4-CX

The comparison of predictive models between Egs. (4) and (5)
demonstrate that the R? values decreased slightly, while the p-value of
CX increased significantly (Table 3), indicating that CX can also be
excluded from the variable in the predictive model of Eq. (5). Therefore,
a simplified model was developed with RD as the sole predictor:

m, = a; + ax-RD
my = by +by-RD (6)
Ae = €1 +Cc2:RD

Despite the reduction in the number of variables, Eq. (6) still
demonstrated strong predictive power, with R? values exceeding 0.95
(Table 3), comparable to the more complex models. This indicates that
RD alone is sufficient to reliably estimate Archie’s m-exponents and the
electrical anisotropy (4¢) for the dataset.

In summary, although the initial model incorporating all five shape
parameters provided excellent predictive accuracy, multicollinearity
among the parameters, particularly SP, CX, EG, and SD, obscured their
individual contributions. After addressing multicollinearity, RD
emerged as the dominant factor influencing the electrical properties,
allowing for a simpler and more interpretable model that retained strong
predictive performance.

Results in Engineering 27 (2025) 105794
3.5. Electrical properties and roundness of sand

The particle shape of sand plays a critical role in determining the
tortuosity of the flow path, which influences the connectivity of the pore
space and path for electrical conduction in sand [49]. Among the shape
parameters employed in this study, RD exhibited the most significant
impact on Archie’s m-exponents and 4, suggesting that RD is the most
influential factor in determining the flow path in sand. This highlights
the importance of RD in shaping the tortuosity and electrical conduction
behavior of granular materials. RD refers to the smoothness of the edges
and corners of a particle (Fig. 2), indicating that RD can reflect the local
pore structure and flow path. Higher RD values (rounder particles) tend
to create larger, more interconnected pores with smoother flow paths,
while lower RD values (more angular particles) result in smaller, more
constricted pores with sharper edges and corners, increasing flow path
tortuosity. Therefore, RD can detect the obstruction for electrical current
flow in porous media, leading to RD that strongly reflects Archie’s
m-exponent. By contrast, other shape parameters (SP, CX, EG, and SD)
are determined by the overall particle shape (Fig. 2); thus, information
regarding the characteristics of the local pore structure and the conse-
quent tortuosity of the electrical conduction path is limited in SP, CX,
EG, and SD.

These observations can be better understood from a microscale
perspective. The tortuosity of the electrical conduction path, defined as
the curvature or complexity of flow paths between soil particles, plays a
pivotal role in determining bulk electrical resistivity and is conceptually
illustrated in Fig. 7 (a schematic showing tortuous paths in angular vs.
rounded grains) and expressed by Eq. (7) [11]:

T,=Fn=n'" 2]

where T, = electrical tortuosity (T, = (Le / L)%, where L, and L are
defined in Fig. 7. Most importantly, Eq. (7) highlights that soils with
larger m-exponents exhibit greater electrical tortuosity.

Fig. 8 shows the calculated T, of tested materials based on Eq. (7)
according to porosity (n). As n decreases, the available conduction paths
become increasingly narrow and irregular, leading to a higher formation
factor and an increase in T, [50]. Importantly, particle shape influences
this tortuosity by modulating the geometry and connectivity of the pore
space. Angular or elongated particles tend to create more complex and
indirect conduction paths, whereas rounded particles contribute to the
formation of smoother and more continuous pore networks (Fig. 7).
These microscale structural differences ultimately govern the ease with
which electrical current flows through the saturated granular medium.
Thus, T, at a given porosity increases with increasing angularity of
particles (Fig. 8). This trend is further supported by a comparison with
the classical Maxwell equation, which assumes idealized spherical in-
clusions in a conductive medium. The Maxwell equation for T, of
nonconducting spheres can be expressed as [51]:

T.=1+05(1-n) (®

Tested rounded (or spherical) particles exhibited behavior closely
matching Maxwell’s predictions, while more angular (or elongated)
particles showed increasing deviation (Fig. 8), indicating enhanced
electrical tortuosity and more convoluted conduction paths in the pore
structure. These findings support that the regression coefficients derived
from particle shape parameters are not only statistically significant but
also physically meaningful, as they reflect the degree of electrical tor-
tuosity governed by pore structure geometry.

Finally, to verify the quantitative relationship between the electrical
properties and RD suggested in this study, data from previous studies
[31,30,33] were used. Notably, most previous studies measured only the
horizontal electrical resistivity; therefore, the relationship between my
and RD was validated using these previous experimental results. Fig. 9
presents the relationship between my and RD, as shown in Fig. 6 and
Table 3, along with data from the aforementioned studies. Because many
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Fig. 7. Schematic drawing of electrical conduction path for angular and rounded particles. Note, L = straight length and L, = length of electrical conduction path.
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previous studies did not provide detailed particle shape information (i.
e., RD) or optical images of sand particles, the data points available for
model validation were limited. Nevertheless, Fig. 9 demonstrates that
the data points from previous studies also aligned with the trend
developed in this study, reinforcing the ability of RD to accurately
characterize the m-exponent of sand. The mean absolute percentage
error (MAPE) was determined to be 1.94 % (<5 %, indicating an
acceptably accurate prediction).

3.6. Impact of particle gradation on Archie’s m-exponent

To investigate the potential impact of particle gradation on Archie’s
m-exponent, additional experiments were conducted using well-graded
glass beads. The index properties of the well-graded glass beads are
provided in Table 1. Unlike the poorly graded sands or glass beads used
in the primary experiments, these well-graded samples had a broader
distribution of particle sizes. Well-graded glass beads were selected to
maintain a relatively consistent mineralogy and surface texture with the
poorly graded glass beads, allowing the effect of particle size distribu-
tion to be isolated.

The results of the experiments on well-graded glass beads showed
that increasing the range of particle sizes led to a decrease in porosity
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Fig. 10. Effect of particle gradation on the relation between formation factor
and porosity. Note, F, = formation factor in vertical direction; F, = formation
factor in horizontal direction; GB = Glass beads; and C, = unifor-
mity coefficient.
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and a corresponding increase in formation factor or electrical resistivity
(Fig. 10). This observation aligns with the understanding that a wider
range of particle sizes allows for more efficient packing, thereby
reducing the void space within the material. However, despite the
changes in porosity and resistivity, the Archie’s m-exponent was not
significantly affected by the change in gradation. The m-exponent values
for the well-graded glass beads were consistent with those observed for
the poorly graded glass beads with similar particle shapes. These find-
ings suggest that while particle gradation influences the overall elec-
trical resistivity of the granular material primarily through its effect on
porosity, it does not appear to have a substantial impact on the funda-
mental relationship between particle shape and Archie’s m-exponent.
This supports the interpretation that Archie’s m-exponent is more
closely related to the geometry and connectivity of the pore space, which
is predominantly controlled by particle shape, rather than by the specific
distribution of particle sizes, at least within the range of materials tested
in this study.

4. Conclusion and recommendation

This study aimed to address the lack of quantitative understanding of
how diverse particle shape parameters influence Archie’s m-exponent
(or cementation exponent) and electrical anisotropy in sandy soils. To
achieve this, a comprehensive set of shape descriptors, including sphe-
ricity (SP), convexity (CX), elongation (EG), slenderness (SD), and
roundness (RD), was incorporated to systematically evaluate both their
individual and collective impacts. The key findings of this study can be
summarized as follows:

e The Archie’s m-exponents in both vertical (m,) and horizontal (mp)
directions, as well as electrical anisotropy (4.), exhibited strong
correlations with all the employed particle shape parameters.

e Roundness (RD) demonstrated the strongest statistical significance
and predictive power among all parameters, reflecting the ability of
RD to capture the electrical tortuosity.

e Simplified regression models using only RD maintained high R
values (> 0.95), further supporting its dominant influence on elec-
trical properties. Previous experimental results support these
findings.

These findings highlight that characterizing particle shape through
image-based analysis can improve predictive models for Archie’s m-
exponent, ultimately leading to better interpretation of soil resistivity in
geotechnical and environmental applications. To confirm the broader
applicability of this approach, validation using additional datasets
including field measurements is necessary. In addition, as this study
focused exclusively on poorly graded sand, future research should
investigate sand with varying amounts of fines and/or well-graded sand.
Furthermore, numerical simulations such as the Discrete Element
Method (DEM) and coupled Computational Fluid Dynamics-Discrete
Element Method (CFD-DEM) could be employed to further investigate
and visualize the microstructural interactions between particle shape
and electrical conduction behavior under various packing conditions.
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