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Study on electrical resistivity 
model of soil-rock mixture
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Based on the established theory of electrical resistivity, models for the electrical 
resistivity of soil-rock mixture (S-RM) are developed from the perspectives 
of two distinct conductive media. Shear tests were conducted on the S-RM 
using a modified triaxial device, and electrical resistivity and deformation were 
measured simultaneously. The theoretical models were evaluated against the 
experimental results to assess its accuracy. The results indicate that as shear 
deformation increases, the deviatoric stress and electrical resistivity of S-RM 
sample exhibit an inverse relationship. The stress-strain-resistivity curve for S-
RM differs from that of soil and concrete. When the confining pressure is low, 
the Maxwell conduction model effectively characterizes the resistivity changes 
of S-RM. However, as the confining pressure increases, its ability to characterize 
these changes diminishes. The relative error between the theoretical resistivity 
values derived from Maxwell conduction model and the measured values 
exhibits a discrete distribution, ranging from 1% to 14%. Notably, the maximum 
relative error reaches 13.61%. The series-parallel model demonstrates stable and 
exceptional resistivity characterization capability across varying rock contents 
and confining pressures. The distribution of relative errors is more concentrated, 
exhibiting a variation range of 3%–8%, and the maximum relative error is merely 
7.16%. The available resistivity models combined with practical applications 
do indeed provide the possibility for the precise application of the electrical 
resistivity method in geotechnical engineering.
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 1 Introduction

A special geotechnical material composed of high-strength rock blocks and low-strength 
soil matrix was broadly distributed around the nature. Different from the traditional 
geological classification method of soil, several researchers had defined this geomaterial as 
a soil-rock mixture (S-RM) from the perspective of several physical characteristics such as 
soil-rock strength ratio, soil-rock threshold (S-RT) and rock content (Zhong et al., 2016; 
Zhang et al., 2016). Moreover, from the perspective of physical mechanics, the definition 
of this type of geomaterial has been elaborated in greater detail, significantly advancing 
the development of the concept of S-RM (Wang et al., 2015; Afifipour and Moarefvand, 
2014). In general, we can understand the S-RM as: it is a typical inhomogeneous porous 
media system composed of rocks and fine-grained soils with different strength and particle 
sizes. It serves as a crucial raw material for the formation of hillsides (Zhang and Liu, 2023) 
and landslides (Li et al., 2024), and is also utilized as filling material in earth-rock dams,
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highways, airports, and other construction projects. For example, 
the Jiuzhai Huanglong Airport located in Sichuan, China, has a 
S-RM foundation fill of up to 104 m.

Xu et al. (2011) concluded that the differences in the 
accumulation types of S-RM have an effect on its geological 
origin. Wang et al. (2014) proposed that the material composition 
characteristics and morphological characteristics of S-RM are 
complex. Compared to conventional soil and rock, the shear 
strength characteristics, permeability, and constitutive model of S-
RM exhibited greater complexity (Jin et al., 2021; Wang et al., 2022). 
These properties are not a simple superposition of the individual 
properties of soil and rock. Factors such as rock block content, 
moisture content, rock lithology and stress conditions greatly 
influenced the mechanical behavior of S-RM (Liang et al., 2023; 
Tu et al., 2021; Zhang et al., 2020).

The S-RMs are widely distributed in China and are always found 
in shallow strata. The differences in the strength characteristics 
of S-RM can easily lead to various geological disasters, including 
landslides, debris flows, and wetting deformation, with landslides 
being the most prevalent. According to the survey by Chinese 
researchers, 1736 landslides were found in an area of 100 km2 in 
the upper Yangtze River, China, with a total volume of 133.9 × 
108 m3, and 90% of them were the S-RM landslides (Xia and Guo, 
1997). An inventory of geological hazards that had occurred in 
the Three Gorges reservoir area, China revealed that there were 
as many as 117 S-RM landslides with volumes >1 × 107 m3 within 
the entire reservoir area (Deng et al., 2017). In general, hydraulic 
action, including rainfall and prolonged river erosion, can lead to the 
failure of bank slopes and subsequently result in soil-rock landslides. 
These phenomena are particularly prevalent in southwestern China. 
These landslides incurred massive environmental damage and 
economic loss (Zhang et al., 2018). However, a method for precisely 
and rapidly detecting soil-rock landslides in on-site measurements 
is lacking. Thus, there is a need to explore an appropriate technique 
for estimating the stability of geological bodies composed of S-RM.

An intriguing challenge for researchers is to identify an 
internal variable that can be detected nondestructively throughout 
the deformation process while also conveying the necessary 
information pertinent to the corresponding study. Generally, the 
measured physical properties (e.g., electrical resistivity, acoustic 
emission, ultrasonic method and computed tomography) often 
reflect the spatial distribution and evolution of various physical 
phases (solid, liquid, gas) within porous media (Falzone et al., 
2019). Measuring mechanical waves in cemented geotechnical 
materials enabled the identification and analysis of crack initiation 
and propagation under dynamic loading conditions (Rizvi et al., 
2020). Recent analyses on temperature field evolution under 
steady and cyclic loading conditions further demonstrated that 
conductive path reconfiguration governs macroscopic resistivity 
response in geomaterials (Ahmad et al., 2021). Detailed thermal 
characterization of soil under ultra-high voltage operational 
conditions had demonstrated nonlinear dependencies between 
temperature gradients, moisture content, and conductivity, 
analogous to resistivity variations under shear deformation 
(Ahmad et al., 2025a). Machine learning frameworks had 
successfully correlated resistivity-derived features with structural 
deterioration in cementitious and clay-rich systems, supporting 
data-integrated approaches for resistivity modeling (Ahmad et al., 

2025b). It is evident that current research on soil electrical resistivity 
has transitioned from indoor testing to field applications, evolving 
from qualitative analyses to quantitative discussions. With the 
advancement of research, the study of soil electrical resistivity 
models has garnered increasing attention from scholars, and the 
established theoretical models have also created opportunities 
for the precise application of electrical resistivity methods in 
geotechnical engineering.

Cai et al. (2017) conducted a comprehensive review of electrical 
resistivity models for saturated porous media. The existing models 
were systematically categorized into four main groups: empirical 
model based on experimental results, pore network models, bound 
and mixing models, and theoretical models. Chu et al. (2023) 
conducted a review of the research on electrical conduction 
models applicable to rock and soil media. They classified the 
predominant electrical conductivity models into three categories: 
the simple resistance model, the pore network model, and the 
equivalent medium model. From the perspective of various 
soil types, Xu et al. (2022) had also provided a comprehensive 
summary of soil resistivity models and their current application 
status. The findings indicate that there is a relative scarcity of studies 
focusing on resistivity models for regionally specific soil types, 
and the parameters employed in existing resistivity models across 
different soil types exhibit significant variability. It is important to 
acknowledge that the existing soil electrical resistivity model serves 
as a theoretical foundation for developing the electrical resistivity 
model of S-RM.

In recent years, partial studies on the electrical properties 
of S-RM had also been carried out. On the basis of the test 
results of Zhao et al. (2010), we found that the soil-rock ratio 
(S-RR), moisture content and dry density all had an impact on 
the electrical resistivity of S-RM. Wang et al. (2019) discussed the 
variation regularity of electrical resistivity of S-RM with different 
dry densities and rock contents through indoor experiments. 
Wang et al. (2021) deemed that there is a correlation between the 
change of electrical resistivity and the matrix suction of S-RM, 
and the matrix suction can be evaluated through the electrical 
resistivity. Zhang et al. (2021) deduced the influence factors of 
streaming potential of S-RM and analyzed the dependence of the 
potential coupling coefficient on compactness and concentration. 
Since conventional experimental methods fall short of monitoring 
and characterizing the internal structure changes in the process of 
shearing tests. Therefore, the application of the electrical resistivity 
method to the shear test of S-RM had been tentatively discussed 
(Liu et al., 2024a; Zhao et al., 2023). In general, current research 
on the electrical characteristics of S-RM predominantly focuses 
on the influence of physical and mechanical properties on their 
electrical resistivity behavior. Furthermore, the few established 
resistivity models are predominantly empirical in nature, derived 
from fitting experimental results. Besides, in terms of the electrical 
conductivity models, Wang and Zhao, (2014) established a series-
parallel connection model applicable to S-RM, which can better 
characterize the effect of physical property parameters on the 
electrical resistivity. Based on the macroscopic structure of soil 
and fragmented rock, Zhou et al. (2016) developed a mathematical 
model for calculating the electrical resistivity of S-RM, which 
accounts for the effect of volume reduction following the integration 
of soil and rock components. The aforementioned non-empirical 
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models (Wang and Zhao, 2014; Zhou et al., 2016) primarily 
investigate the effects of physical property indicators, such as 
rock content, saturation degree, and porosity, on the electrical 
resistivity of S-RM. However, they failed to adequately characterize 
the coupling deformation–resistivity behavior of these mixtures. 
The theoretical resistivity models developed in this paper not 
only address this deficiency but also offer valuable theoretical 
insights into the coupling between mechanical deformation and 
electrical response.

Based on the established theoretical framework of electrical 
conduction, this paper primarily investigates the computational 
model for electrical resistivity of S-RM subjected to deformation 
loading by considering that the mixtures are composed of solid, 
liquid, and gas phases. Meanwhile, an indoor triaxial shear-
resistivity synchronous test was conducted to validate the accuracy 
of the Maxwell conduction model that accounts for liquid phase 
conduction, as well as the series-parallel model that accounts for 
solid-liquid phase conduction. Also, the merits and demerits of each 
model were thoroughly discussed, thereby further enhancing the 
application of the electrical resistivity method in the study of S-RM 
as geological materials. 

2 Computing models of soil-rock 
mixture

2.1 Maxwell conduction model

The conductive media in S-RM can be classified into solid phase, 
liquid phase and gas phase. Firstly, the S-RM is considered a two-
phase conductive material consisting of a gaseous phase and a solid-
liquid phase. Based on the Maxwell conduction theory for two-phase 
conductive materials (Zeng et al., 2020), the electrical conductivity 
of S-RM can be represented by the following formula:

σ = σ12
3σ3 + 2ϕ1 (σ12 − σ3)
3σ12 −ϕ1 (σ12 − σ3)

(1)

ϕ1 = 1−ϕ+ϕSw (2)

where σ is the electrical conductivity of S-RM; σ12 is the integrated 
electrical conductivity of the solid-liquid phase; σ3 is the electrical 
conductivity of the gaseous phase; ϕ1 is the volume fraction of the 
solid-liquid phase; ϕ is the porosity of S-RM; Sw is the saturation of S-
RM.

Since the gas is nearly equivalent to an insulator, the electrical 
conductivity of the solid-liquid phase is significantly higher than that 
of the gaseous phase; specifically, this can be expressed as σ12 ≫ σ3. 
Consequently, Equation 1 can be reformulated as follows:

σ = σ12
2ϕ1

3−ϕ1
(3)

The integrated electrical conductivity of the solid-liquid phase 
can be obtained again using Maxwell conduction theory:

σ12 = σ2
3σ1 + 2ϕ2(σ2 − σ1)
3σ2 −ϕ2(σ2 − σ1)

(4)

ϕ2 =
ϕSw

ϕ1
(5)

where σ1 is the electrical conductivity of the solid phase; σ2 is the 
electrical conductivity of the liquid phase; ϕ2 is the volume fraction 
of the liquid phase in the solid-liquid phase.

Since the electrical conductivity of the solid phase is much lower 
than that of the liquid phase, that is, σ1 ≪ σ2, then Equation 4 can 
be written as

σ12 = σ2
2ϕ2

3−ϕ2
(6)

By substituting Equations 2, 5, 6 into Equation 3, the following 
formula can be obtained:

σ = 4σ2
ϕSw(1−ϕ+ϕSw)

(2+ϕ−ϕSw)(3− 3ϕ+ 2ϕSw)
(7)

During the shear process of S-RM, if we assume that the 
compressive deformation of the sample is solely attributed to the 
compression of the internal pore space within the S-RM, while 
considering that the solid particle skeleton remains incompressible, 
then the saturation Sw and porosity ϕ under stress can be 
expressed as:

Sw =
ϕ0Sw0

ϕ0 + εv
(8)

ϕ = 1−
1−ϕ0

1+ εv
=

ϕ0 + εv

1+ εv
(9)

where Sw0 is the initial saturation of the sample prior to the 
application of external force; ϕ0 is the initial porosity of the sample 
prior to the application of external force; εv is the volume strain.

Substituting Equations 8, 9 into Equation 7, the expression for 
the electrical conductivity of S-RM under stress can be derived:

σ = 4σ2
ϕ0Sw0(1−ϕ0 +ϕ0Sw0)

(2+ϕ0 −ϕ0Sw0 + 3εv)(3− 3ϕ0 + 2ϕ0Sw0)
(10)

Therefore, the electrical resistivity model of S-RM can be 
written as follows:

ρ = 1
σ
= ρw
(2+ϕ0 −ϕ0Sw0 + 3εv)(3− 3ϕ0 + 2ϕ0Sw0)

4ϕ0Sw0(1−ϕ0 +ϕ0Sw0)
(11)

where ρ is the electrical resistivity of S-RM; ρw is the electrical 
resistivity of pore water.

The preliminary exploration of the model relationship not 
only establishes a connection between stress and electrical 
resistivity through volume strain, but also enhances our theoretical 
understanding of the electrical resistivity response mechanism in 
S-RM under stress. 

2.2 Series–parallel model

It is important to recognize that incorporating the conductivity 
of solid-phase media often aligns more closely with the actual 
conductive mechanism present in porous media. In a S-RM, 
the solid media comprises both soil and rock components. 
Consequently, it is essential to consider the electrical conductivity 
of soil and rock separately. While the Maxwell conduction model 
does not allow for further subdivision of solid-phase media, the 
series-parallel model provides a more effective solution to this issue.
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FIGURE 1
Details of series-parallel: (a) Macrostructure model of soil; (b) Series-parallel simplified model of soil; (c) Series-parallel model of soil and rock particles.

The series-parallel model effectively simulates the conductive 
structure of a mixture through a simplified circuit representation 
(series-parallel circuit). Grounded in the three-phase framework of 
porous media and fundamental circuit principles, the series-parallel 
resistivity model has found extensive application in analyzing 
the electrical conduction characteristics of soil (Chu et al., 2023; 
Dong et al., 2015). In the derivation of the series-parallel electrical 
resistivity model for unsaturated soil, it is assumed that the soil 
element consists of soil particles, pore water, and gas arranged in 
a series-parallel configuration, as illustrated in Figure 1a, where S
denotes the base area of the soil element and L represents its height. 
However, considering the extremely low electrical conductivity 
of the gaseous phase, the portions of the medium connected in 
series with the gaseous phase are regarded as non-conductive. 
Consequently, the classic series-parallel simplified model of soil 
electrical resistivity is obtained, as shown in Figure 1b.

Based on the series-parallel model of soil, several researchers 
had developed series-parallel electrical resistivity models for S-RM 
(Wang and Zhao, 2014; Zhou et al., 2016). This derivation considers 
solid particles as comprising both soil and rock components, 
treating these particles in a series and parallel configuration, as 
illustrated in Figure 1c. It can be observed that the conduction 
model, characterized by a series-parallel structure, is still realized 
through the conduction of current within the medium via different 
conductive phases. Wang and Zhao, (2014) posited that the 
conductivity of S-RM is primarily governed by solid particles and 
pore water. Based on the structure illustrated in Figure 1c, they 
derived a series-parallel electrical resistivity model for S-RM, as 
presented in Equation 12:

ρ = [(1− αs)(
(1−ϕ)(1+ f)

fρs + ρr
+

ϕSw
ρw
)+ αs(

1−ϕ
1+ f
(

f
ρs
+ 1

ρr
)+

ϕSw
ρw
)]
−1

(12)

 where ρ is the electrical resistivity of S-RM; ρw, ρs and ρr are the 
electrical resistivity of pore water, soil particles and rock particles 

respectively; ϕ is the porosity of S-RM; Sw is the saturation of S-RM; 
αs is the proportion of soil and rocks connected in series, often taken 
as 0.5; f  is the ratio of the volumes of soil to rock.

In fact, when soil and rock particles are mixed freely, the 
larger pores within the S-RM become filled with fine-grained soil. 
This phenomenon leads to a reduction in the overall volume of 
the mixed soil and rock compared to what would be expected 
from theoretical mixing. In view of this, Zhou et al. (2016) also 
established a series-parallel electrical resistivity model for S-RM 
based on the structure illustrated in Figure 1c. This model addressed 
the influence of volume reduction resulting from mixing; however, 
the cementation coefficient and parameter for saturation degree 
derived from this model were challenging to obtain, which limited 
its applicability. Therefore, this paper continues to adopt the series-
parallel model (i.e., Equation 12) proposed by Wang et al. as the 
foundational framework and further develops the target electrical 
resistivity model. Substituting Equations 8, 9 into Equation 12, we 
can obtain the following electrical resistivity model:

ρ = 2[
(1−ϕ0)(1+ f)
( fρs + ρr)(1+ εv)

+ 2
ϕ0Sw0

ρw(1+ εv)
+

1−ϕ0

(1+ f)(1+ εv)
( fρr + ρs)

ρrρs
]
−1

(13)

When the electrical resistivity of soil particles, rock particles, 
and pore water, along with the porosity and saturation degree prior 
to shear deformation, are known, it becomes possible to determine 
the variation in electrical resistivity of S-RM sample throughout the 
shear deformation process. 

3 Experimental measurements

3.1 Materials

In this paper, a representative mudstone-broken soil taken 
from a slope in the Longgang reservoir area in Chongqing, China 

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2025.1714474
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Chen et al. 10.3389/feart.2025.1714474

FIGURE 2
Details of experimental materials: (a) Particle size groups; (b) Particle size distribution (Rc, rock content).

was utilized, which exhibited distinct weathering characteristics 
and was composed of a blend of weathered mudstone and fine-
grained soil. Such materials are widely used in the construction 
of reservoirs and levees in southwestern China. The test materials 
obtained from the site were sieved and then subjected to secondary 
proportioning. According to testing standard (ASTM D7181-20, 
2020) (ASTM, 2020), the maximum particle size used in the triaxial 
test should be less than 1/5 of the sample diameter. Considering the 
sample diameter for subsequent testing, the particle size range of 
experimental materials was determined as 0–20 mm (see Figure 2a). 
S-RT is defined as the boundary particle size that distinguishes the 
“rock block” from the “soil matrix” in the S-RM. In reference to 
existed studies (Zhang et al., 2016; Tu et al., 2021; Zhang et al., 
2015), some scholars had given the methods of determining the 
S-RT. Zhang et al. (2016) gave the S-RT criterion as 0.05 Lc, 
where Lc represents the specific size of research object such as the 
slope height, height of individual shear box, and sample diameter. 
Considering the mechanical contribution of the rock blocks, Tu et al. 
(2021) and Zhang et al. (2015) set an S-RT of 5 mm. Also, due to the 
limitation of size of the experiment samples, a 5 mm S-RT criterion 
was adopted in this paper. This indicates that if the particle size of 
the S-RM is less than 5 mm, it is defined as “soil”; and conversely, if 
the particle size is greater than 5 mm, the S-RM is defined as “rock”.

Referring to Chinese Standard GB/T 50123–2019 
(Chinese Standard, 2019), the basic material property indexes of 
S-RM obtained from the site were presented in Table 1. Figure 3 
presented the scanning electron microscope (SEM) photo of the 
mudstone-broken soil. The blocky particles were observed to be 
densely packed without obvious layering structure. Tiny pores were 
evident between the particles, and both curved and linear micro-
cracks could be identified. Additionally, some particles exhibited 
honeycomb-like holes on their surfaces. The microscopic mineral 
component of the material was determined using X-ray diffraction 
by Zhang et al. (2021), and the results were summarized in Table 2. 

TABLE 1  Main physical property indexes of S-RM.

Rc/% wna/% Gs e wop/% ρdmax/(g·cm−3)

47.48 2.56 2.74 0.72 7.91 1.93

Rc, rock content; wna, natural water content; Gs, specific gravity; e, void ratio; wop, optimum 
water content; ρdmax, maximum dry density.

Rock blocks are an important constituent of S-RM, whose function is 
similar to that of coarse aggregates in concrete. Previous studies had 
indicated that the strength properties of S-RM are co-determined by 
the rock blocks and soil only when the rock content falls within the 
range of 25%–75% (Liu et al., 2024a). Considering the significant 
characteristic that the strength of the mixture is influenced by both 
soil and rock, as well as the rock content of materials sourced from 
the site, we established four different rock content levels for S-RM 
samples: 20%, 30%, 40%, and 50%. The corresponding designed 
grading curves for these varying rock contents were illustrated in 
Figure 2b. The nonuniform coefficient Cu corresponding to different 
rock contents were 14.53 (20%), 17.36 (30%), 18.52 (40%) and 25.13 
(50%). The curvature coefficient Cc corresponding to different rock 
contents were 2.02 (20%), 1.61 (30%), 1.44 (40%) and 1.54 (50%). All 
the above obtained grading characteristics values satisfied both the 
conditions of Cu > 5 and Cc = 1-3, therefore, they can be considered 
as well-graded soils (Zhang et al., 2021).

3.2 Test apparatus and method

For determining the electrical resistivity, researchers had 
employed different methods, which can be categorized into 
two-electrode and four-electrode methods for laboratory one 
dimensional measurement. In the case of the four-electrode method, 
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FIGURE 3
SEM photo of particles surface.

the test sample will be interfered by the insertion of the electrode 
probes. In addition, the practical application of the four-electrode 
method is infrequent due to the uncertainty associated with the 
distance between the electrodes. Consequently, there are very few 
academic examples found in triaxial tests (Chen et al., 2018). 
Therefore, in this study, the electrical resistivity of S-RM is measured 
using the two-electrode method. In the two-electrode method, 
the polarization phenomena are invariably present. In this paper, 
we propose a solution to eliminate these polarization effects by 
reversing the polarity of the contact electrode.

The conventional triaxial apparatus had been modified to 
facilitate the measurement of electrical resistivity changes in S-RM 
samples during the triaxial test, utilizing the two-electrode method. 
For this purpose, stainless-steel porous disc copper electrodes with 
a diameter of 100 mm and a thickness of 5 mm were installed on the 
pedestal and top cap of the triaxial pressure chamber. A number of 
microholes, each with a diameter of 1 mm, were perforated in the 
copper plates to ensure the drainage of water within the sample. 
The modified triaxial apparatus was illustrated in Figure 4. The 
apparatus primarily consists of a rigid reaction frame, a pressure 
chamber, a loading device, and a data control and collection 
system. The cylindrical sample within the pressure chamber has 
a diameter of 100 mm and a height of 200 mm. One end of the 
two fine copper wires wrapped with insulation material inside 
the pressure chamber are connected to both ends of the tested 
sample, and the other end are led out from the base pedestal. The 
test variables obtained—including deviator stress, volumetric strain, 
displacement, electrical resistivity, among others—are measured 
and stored by the data collection system. Among them, the 
resistivity testing system incorporated an electrical signal converter 
that employed the single-arm bridge technique, accompanied by 
software for resistivity data acquisition. Before conducting the test, 
the two ends of the electrodes were directly contacted to measure the 
electrical resistivity of the testing apparatus. The electrical resistivity 
of the sample at any given time can be determined by subtracting 
the apparatus resistivity from the measured value obtained during 
testing. Meanwhile, a pre-experiment was carried out to not only 

calibrate the reliability of the modified apparatus, but also to 
determine a data-acquisition interval of 120 s.

The soil and rock at each particle size were deposited in an 
oven at 105 °C for 24 h. According to the particle size distribution 
curves under different rock contents, the corresponding mass of rock 
and soil required for each grain group was weighed. Subsequently, 
an amount of water equivalent to 5% of the mass of the solid 
materials was added and mixed thoroughly. The S-RM samples were 
then prepared in three layers within a cylindrical sample barrel, 
which had a diameter of 100 mm and a height of 200 mm. Each 
layer was compacted sequentially. To avoid anisotropy caused by 
layers in layered compaction, hand-chiseling was carried out on the 
interlaminar contact during the sample preparation process. Double 
rubber membranes were used to prevent the sharp blocks from 
puncturing the membrane during the testing process. Table 3 listed 
the primary physical parameter values of the S-RM samples with 
four rock contents before triaxial loading (Chinese Standard, 2019), 
where the maximum dry density was obtained from the standard 
Proctor test.

After the completion of S-RM samples preparation, the back 
pressure saturation method was used to accelerate the sample 
saturation process. Consolidation drainage (CD) tests were carried 
out at four different rock contents (20%, 30%, 40% and 50%) 
and under different confining pressures (100 kPa, 250 kPa, 400 kPa, 
550 kPa and 700 kPa). Electrical resistivity was measured and 
recorded during the consolidation and shearing processes. The 
strain-control mode was adopted and shear rate was 0.15 mm/min. 
The shearing test was terminated when the axial strain was 15% 
(Chinese Standard, GB/T 50123–2019) (Chinese Standard, 2019). 
At this point, the axial displacement reached 30 mm. The loss of 
confining pressure caused by sample drainage was compensated by 
the confining pressure regulator to ensure a constant test pressure. 
In view of the triaxial shearing test is time-consuming, the polishing 
treatment of the electrode contact surfaces was conducted after 
each test to reduce the impact of contact resistance. A total of 20 
triaxial shearing tests were conducted. All the S-RM samples after 
the triaxial shear were presented in Figure 5.

3.3 Results and discussion

3.3.1 Stress–strain–resistivity throughout process
Clarifying the trend of electrical resistivity variation throughout 

the entire shearing process of S-RM not only aids in assessing 
the engineering stability of these mixtures but also contributes to 
improving the electrical theoretical model applicable to rock and 
soil masses. It can be observed that in the conventional triaxial 
test, variations in stress, strain, and electrical resistivity of the S-
RM samples exhibit similar trends under different rock contents 
and confining pressures. This finding aligns with the research results 
presented by Zhao et al. (Zhao et al., 2023). Therefore, taking a rock 
content of 30% as a case study, the variations of deviator stress 
and electrical resistivity in relation to axial strain are examined, 
as shown in Figure 6.

The stress–strain characteristics of S-RM exhibited slight strain 
softening under low confining pressure, and gradually changed to 
intense strain hardening as the testing pressure increased. Different 
from the brittle rock mass, the evident peak stress phenomenon 
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TABLE 2  Mineral component of soil (in %).

Quartz Illite Albite Chlorite Kaolinite Calcite Hematite

48.5 22.3 17.8 5.6 2.8 1.7 1.2

FIGURE 4
Modified triaxial test equipment.

TABLE 3  Primary physical parameters.

Rc/% dmax/(mm) n w/% ρdmax/(g·cm−3) ρt/(g·cm−3) f

20 20 0.355 5 1.69 1.65 4.22

30 20 0.319 5 1.78 1.75 2.46

40 20 0.284 5 1.86 1.85 1.58

50 20 0.248 5 1.97 1.95 1.06

Rc, rock content; dmax, maximum block size; n, porosity; w, sample water content; ρdmax, maximum dry density; ρt , target dry density; f  is the ratio of the volumes of soil to rock.

was not found in the stress-strain curve of S-RM. A common 
regular pattern under different confining pressure levels was that 
the increasing trend of deviator stress was rapid in the early stage 
of strain, and then the increasing rate slowed down.

On analyzing the electrical resistivity–strain curve, under 
different confining pressures, the electrical resistivity always showed 
a decreasing trend, but the decreasing rate gradually diminished 
until it reached the minimum value at an axial strain of 15%. In 
the initial stage of axial strain (i.e., axial strain from 0% to 2%), 
the continuous and rapid decrease in the electrical resistivity could 
be attributed to the discharge of the high resistance vapor phase 
and the closure of the preexisting defects. Beyond this stage, the 
electrical resistivity showed a continuous decreasing trend, which 
may be due to the fact that the formation of multiple conductive 

paths during shearing. In the later stage of axial loading, the 
decrease amplitude of the electrical resistivity was already very 
small. The progressive discharge of a small amount of pore water 
remained in the S-RM sample and the qualitative changes of the 
internal microstructure can explain the behavior of such changes 
in electrical resistivity. Structural rearrangement behaviors of S-
RM samples are complex, such as rock block movement, particle 
breakage, and micro-cracks propagation and closure, etc., which 
result in the change in the tortuosity of conductive path (Wang et al., 
2018). Before the application of stress loading, the rock blocks 
within S-RM sample exhibit a strong coupling with the surrounding 
soil. Following the loading process, micro-cracks develop in the 
interface transition zone between the blocks and the soil. While new 
conductive pathways continue to form within the sample, it appears 
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FIGURE 5
S-RM samples after the shearing.

that the “cut-off effect” associated with existing cracks exerts a more 
significant influence on electrical resistivity.

The electrical resistivity evolution results obtained for S-RM 
under the triaxial compression in this paper are inconsistent with 
those obtained for concrete and soil under the uniaxial compression. 
The testing results obtained under a rock content of 30% and 
confining pressure of 400 kPa were selected and compared with the 
findings of similar studies, as illustrated in Figure 7 (λs is defined as 
the ratio of the sample resistivity during the shearing process to the 
sample resistivity at the initial moment of shearing). In the studies 
performed by Bai et al. (2017) and An et al. (2020) and Zeng et al. 
(2020), as the compression deformation increased, there was a 
preliminary decline in the electrical resistivity followed by a rise. 
This inconsistency is not only related to the discrepancy in the 
continuity of material composition between S-RM and concrete and 
soil, but also to the stress conditions applied in the experiment. The 
S-RM is a discrete medium which exhibits predominantly plastic 
failure mode, whereas the materials such as concrete, laterite and 
residual soil are approximated as continuous medium which exhibit 
predominantly brittle failure mode. The radial deformation of the 
sample is limited by the confining pressure, necessitating a more 
sustained deformation to induce failure within the S-RM sample. 
Therefore, the electrical resistivity has not yet reached the critical 
threshold.

3.3.2 Maxwell conduction model
Wang et al. (2019) conducted research on the overall electrical 

resistivity of S-RM with varying rock contents and found that 
the influence range of difference in rock content on the electrical 
resistivity of these mixtures is negligible. Furthermore, the Maxwell 
conduction model established in this study treats “soil” and “rock” 
as solid phases for analytical purposes, without differentiating based 
on varying rock contents. Consequently, it is adequate to select one 
rock content for validating the conduction model.

The porosity of the sample prior to consolidation corresponds to 
the porosity measured at the time of sample preparation. The specific 
values were presented in Table 3. The saturation level of the sample 
before consolidation is equal to 1. The porosity and saturation of 

the sample upon completion of consolidation can be determined 
using Equations 8, 9. These values represent the initial conditions for 
porosity and saturation prior to conducting the shear test. Therefore, 
when the porosity and saturation of S-RM sample are known prior 
to the commencement of the shear test, it is possible to derive 
the theoretically calculated value of the sample electrical resistivity 
during the shear process using the Maxwell conduction model. 
Taking a rock content of 40% as an example, the validity of the 
derived theoretical model was verified. The initial values of porosity 
and saturation prior to the commencement of the shear test were 
presented in Table 4. The electrical resistivity values calculated by 
the Maxwell conduction model were compared with the measured 
values, as shown in Figure 8.

As illustrated in Figure 8, the electrical resistivity of S-RM 
obtained from tests conducted under varying confining pressures 
exhibited a consistent downward trend with increasing volume 
strain. At the conclusion of the shear process, the test curve 
revealed a slight downward bending. This phenomenon can be 
primarily attributed to the fact that there is minimal change in 
the volume strain of the sample at this stage, while electrical 
resistivity continues to decrease gradually. Overall, the results of the 
model calculations exhibited a relatively consistent trend with the 
experimental curves. The electrical resistivity values derived from 
these tests were consistently lower than the theoretical calculation 
values. This discrepancy can be attributed to the fact that the 
established relationship does not account for the conductivity of the 
solid phase; it solely considers the conductivity of the liquid present 
within the pores. However, when water is present on the surface of 
the solid phase, both the intrinsic conductivity of solid particles and 
the effects of double electric layers at their surfaces contribute to an 
actual measured electrical resistivity value that is lower than what 
is theoretically calculated, which aligns with the findings presented 
in this paper. The greater the confining pressure during testing, the 
more pronounced the discrepancy between the measured values 
and theoretical predictions. As the confining pressure increases, 
both saturation levels and internal water content decrease. This 
phenomenon is reflected in theoretical calculation as an increase in 
electrical resistivity.

Although there exists a certain degree of divergence between the 
theoretical results and the measured values, overall, the theoretical 
relationships established in this study can still predict the changes 
in electrical resistivity for loaded S-RM with relative accuracy, 
thereby validating the rationality of our theoretical derivation. It 
is undeniable that the Maxwell conduction model can demonstrate 
high accuracy when the S-RM has an extremely low water content, 
as it primarily considers the conductivity of the liquid phase, 
which had been supported by previous studies on the electrical 
resistivity of concrete and rock. To more intuitively assess the 
reliability of the model’s computational outcomes, we calculated 
the relative error between the theoretical results and the measured 
values. Taking volume strains of 1%, 2%, and 3% as selection 
points, we calculated the relative errors between the measured 
values corresponding to these three volume strains and their 
respective model calculation values. The average of these three 
relative errors was taken as the actual relative error under this 
working condition. Consequently, the relative errors of Maxwell 
conduction model under five confining pressures were determined 
to be 2.06% (100 kPa), 1.53% (250 kPa), 4.32% (400 kPa), 8.75% 
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FIGURE 6
Variations of deviator stress and electrical resistivity with axial strain for 30% rock content: (a) deviator stress-axial strain; (b) electrical 
resistivity-axial strain.

FIGURE 7
Comparison with other research results: (a) this paper; (b) literature (Bai et al., 2017); (c) literature (An et al., 2020); (d) literature (Zeng et al., 2020).
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TABLE 4  Initial values before shearing (Rc = 40%).

Confining 
pressure/kPa

100 250 400 550 700

Porosity ϕ0 0.218 0.194 0.178 0.158 0.145

Saturation Sw0 0.757 0.718 0.689 0.656 0.636

R
c, rock content.

(550 kPa), and 13.61% (700 kPa) respectively. Overall, the obtained 
relative error values exhibited a significant degree of dispersion, 
which increased with rising confining pressure, with the maximum 
error reaching 13.61%. In addition, the root mean square error 
(RMSE) of electrical resistivity was calculated to be 0.740 Ω ·m
(100 kPa), 0.528Ω ·m (250 kPa), 1.461Ω ·m (400 kPa), 2.913Ω ·m
(550 kPa) and 4.342Ω ·m (700 kPa), respectively. These indicate that 
the applicability of Maxwell conduction model remains insufficient. 

3.3.3 Series–parallel model
The series-parallel model incorporates the contribution of solid-

phase media to the electrical conductivity of S-RM. Therefore, 
determining the electrical conductivity values for both soil and 
rock is essential for effectively applying the series-parallel model. 
Rh et al. (1976) investigated the relationship among the electrical 
conductivity of soil, pore fluid, and solid particles through indoor 
experiments, as given by Equation 14

σ = aσfθ
2 + bσfθ+ σs (14)

where σ, σf, σs are the electrical conductivity of soil, pore fluid and 
solid particles, respectively; θ is the volumetric water content of soil; 
a and b are the fitting parameters.

Clearly, when the water content of soil is 0, its electrical 
conductivity corresponds to that of the solid particles. Consequently, 
by preparing S-RM samples with pore water exhibiting varying 
electrical conductivities, it becomes possible to test their overall 
electrical conductivity (or electrical resistivity). By plotting electrical 
conductivity on the vertical axis and volumetric water content on the 
horizontal axis, a curve representing conductivity versus volumetric 
water content can be generated. The intercept of this curve on the 
electrical conductivity axis indicates the electrical conductivity of 
the solid particles.

The soil materials with particle size less than 5 mm from the 
raw materials taken on site were used as the testing materials. 
Five types of water, each exhibiting different electrical conductivity 
properties (including distilled water, tap water, 0.1 mol/L NaCl 
solution, 0.8 mol/L NaCl solution and 1 mol/L NaCl solution), 
were selected for this study. Soil samples with varying volumetric 
water contents were prepared accordingly. Similarly, rock materials 
with a particle size exceeding 5 mm, obtained from the site, 
were utilized as testing materials. Additionally, five types of water 
exhibiting varying electrical conductivity properties were employed 
for testing purposes. Rock samples with different volumetric water 
contents were prepared accordingly. The electrical resistivity of these 
prepared samples was measured using the two-electrode method, 
and the corresponding electrical conductivity was subsequently 
calculated. The relationship curves illustrating the correlation 

between electrical conductivity and volumetric water content for 
soil samples and rock samples were presented in Figures 9a,b, 
respectively.

The electrical conductivity values of the soil and rock particles 
under five types of testing water were presented in Table 5, and the 
corresponding average values were used to represent the electrical 
conductivity of the soil and rock particles. Therefore, the calculated 
electrical resistivity values of the soil and rock particles were 
409.84 Ω ·m and 510.21 Ω ·m, respectively. For the convenience of 
subsequent analysis, the electrical resistivity values were rounded to 
410 Ω ·m and 510 Ω ·m, respectively.

The test results presented in this paper, as well as those reported 
in reference (Liu et al., 2024b), indicated that the effect of confining 
pressure on the evolution of sample resistivity during triaxial shear 
is manifested solely in the magnitude of electrical resistivity change 
before and after the test, without influencing the overall trend of 
electrical resistivity change. Therefore, it is adequate to choose part 
of the test confining pressures for the validation of the series-
parallel model (250 kPa and 400 kPa). The failure of S-RM slopes 
is primarily characterized by shallow surface landslides, indicating 
that the normal stress experienced by the soil at the time of failure 
is relatively low. In light of this observation, it is both reasonable 
and sufficient to select lower test confining pressures for model 
validation. Similarly, the initial values of porosity and saturation 
required to verify the series-parallel model were shown in Table 6. 
The calculated values of the series-parallel model were compared 
with the measured values, as illustrated in Figures 10, 11.

As illustrated in Figures 10, 11, under two different confining 
pressures, with an increase in volume strain, the calculated results 
of the resistivity model were consistent with the measured values 
obtained from the tests. The test curve exhibited a slight downward 
bending trend at the conclusion of the shear process. This alteration 
is primarily attributed to the fact that the volume strain remains 
nearly constant at the end of shear, while electrical resistivity 
continues to decrease gradually. Similar to the Maxwell conduction 
model, we selected volume strain values of 1%, 2%, and 3% as 
reference points. We then calculated the relative error at each of 
these selection points and took the average of these three values to 
determine the actual relative error under this working condition. 
The calculation results of the relative error were listed in Table 7. 
Table 7 illustrated that the relative errors of electrical resistivity 
between the model-calculated values and the measured values at 
various rock contents, corresponding to each confining pressure, fall 
within a range of 3%–8%. Compared to the Maxwell conduction 
model, the relative error distribution of the series-parallel model 
is more concentrated. The maximum relative error for the series-
parallel model is 7.16%, which is lower than that observed in the 
Maxwell conduction model. Meanwhile, the RMSE of electrical 
resistivity under various testing conditions can be determined, and 
the corresponding values were presented in Table 8. Under higher 
confining pressure, a notable discrepancy exists between the results 
derived from the Maxwell conduction model and the measured 
values. However, when accounting for the conductivity of the solid-
phase medium, this discrepancy is significantly diminished in the 
results obtained through the series-parallel model. This finding 
suggests that incorporating the conductivity of the solid-phase 
medium allows for a more accurate characterization of the electrical 
resistivity properties of S-RM.
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FIGURE 8
Comparison of the measured and model-calculated electrical resistivity: (a) confining pressure 100 kPa; (b) confining pressure 250 kPa; (c) confining 
pressure 400 kPa; (d) confining pressure 550 kPa; (e) confining pressure 700 kPa.
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FIGURE 9
Relationship between electrical conductivity and volumetric water content: (a) soil samples; (b) rock samples.

TABLE 5  Electrical conductivity values of soil and rock particles (S·m−1).

Soil particle Rock particle

Dw Tw NaCl0.1 NaCl0.8 NaCl1 Dw Tw NaCl0.1 NaCl0.8 NaCl1

0.0018 0.0021 0.0027 0.0034 0.0022 0.0015 0.0018 0.0021 0.0024 0.0020

D
w, distilled water; Tw, tap water; NaCl0.1, 0.1 mol L-1.

NaCl solution; NaCl0.8, 0.8 mol L−1.
NaCl solution; NaCl1, 1 mol L−1.
NaCl solution.

TABLE 6  Initial values before shearing (Confining pressure: 250 kPa and 400 kPa).

Confining pressure/kPa 250 400

Rc/% 20 30 40 50 20 30 40 50

Porosity ϕ0 0.258 0.224 0.194 0.171 0.238 0.207 0.178 0.155

Saturation Sw0 0.723 0.725 0.718 0.724 0.701 0.695 0.689 0.691

R, rock content.

Of course, there are still slight discrepancies between the 
calculated values of series-parallel model and the measured values. 
It is believed that these discrepancies arise primarily from two 
factors: On one hand, there exists an inherent difference between 
the calculated resistivity values of soil and rock particles and their 
actual values. Additionally, the resistivity values obtained during the 
shear process are inevitably influenced by testing accuracy. On the 
other hand, during the derivation of the model, it is assumed that the 
soil-to-rock volume ratio ( f ) for a given sample remains constant 
throughout the shearing process. However, in reality, during the 
shearing of a S-RM sample, coarse particle breakage occurs, leading 

to the variations in f  throughout this process. After the coarse 
particles within the sample are fragmented, there is a corresponding 
increase in the fine particle component and a decrease in the coarse 
particle component. Fine particles possess a larger specific surface 
area and exhibit superior electrical conductivity compared to their 
coarse counterparts. Furthermore, an increased quantity of fine 
particles enhances the conductive pathways within the solid-phase 
medium. Consequently, throughout the deformation process, the 
actual measured electrical resistivity values are lower than those 
predicted by the series-parallel model. This observation aligns with 
the results presented in Figures 10, 11.
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FIGURE 10
Comparison of the measured and model-calculated electrical resistivity at 250 kPa: (a) Rc = 20%; (b) Rc = 30%; (c) Rc = 40%; (d) Rc = 50%.

Certainly, both the series and parallel models that solely consider 
soil and rock exhibit evident limitations. The disparity in electrical 
conductivity between soil and rock particles leads to a decline in 
overall electrical conductivity when these materials are connected 
in series. As current traverses through the rock block, a “bottleneck 
effect” occurs (see Figure 12), resulting in an increase in the model 
electrical resistivity. Conversely, when soil and rock are arranged 
in parallel, the “diversion effect” of current (see Figure 12) allows 
the soil—characterized by superior electrical conductivity—to 
accommodate a greater amount of current. In this scenario, less 
current flows through the rock block, resulting in a lower value for 
model electrical resistivity.

Considering the presence of three conductive channels in the 
series-parallel model, namely, soil-rock in series, soil-rock in parallel 
and pore water, the electrical resistivity derived from this model 
is greater than that obtained from the parallel model but less than 

that from the series model. This conclusion is further supported 
by existing experimental results (Zhou et al., 2016). The inherent 
randomness of the spatial structure of soil and rock blocks within 
a natural S-RM does not conform to a simple hierarchical stacking 
arrangement, thus, an error associated with the series-parallel model 
is always present. 

4 Conclusion

Based on existing conductivity models, this study developed 
electrical resistivity models for S-RM from two distinct perspectives: 
liquid phase conductivity and solid-liquid phase conductivity. 
Simultaneously, the validity of the established models was confirmed 
through indoor triaxial shear tests. Both the Maxwell conduction 
model and the series-parallel model effectively describe the changes 
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FIGURE 11
Comparison of the measured and model-calculated electrical resistivity at 400 kPa: (a) Rc = 20%; (b) Rc = 30%; (c) Rc = 40%; (d) Rc = 50%.

TABLE 7  Relative error of electrical resistivity.

Confining pressure/kPa Relative error/%

Rc = 20% Rc = 30% Rc = 40% Rc = 50%

250 5.25 3.52 4.74 3.54

400 4.09 5.29 7.16 4.50

R
c, rock content.

TABLE 8  RMSE of electrical resistivity.

Confining pressure/kPa RMSE/(Ω ·m)

Rc = 20% Rc = 30% Rc = 40% Rc = 50%

250 1.896 1.240 1.632 1.199

400 1.419 1.810 2.408 1.496

R
c, rock content; RMSE, root mean square error.
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FIGURE 12
Current flow in series and parallel models of soil and rock particles.

in electrical resistivity of S-RM samples during the shearing process. 
However, when compared, the series-parallel model demonstrates 
superior characterization capabilities. Furthermore, we analyzed 
the advantages and disadvantages of each model to provide 
guidance for future improvements in modeling approaches. The 
main conclusions of this study are drawn as follows:

• Under varying rock contents and confining pressures, an 
increase in deformation leads to a rise in the deviator stress 
of S-RM samples, accompanied by a decrease in resistivity. 
The alterations in the mesoscopic structure within the sample, 
induced by rising deviator stress, can effectively elucidate the 
macroscopic electrical resistivity response observed in the 
test. Due to the variations in material properties and pressure 
conditions, the stress-strain-resistivity curve for S-RM differs 
from that of soil and concrete.

• Due to the insufficient consideration of the conductivity 
of solid-phase medium, there exists a significant deviation 
between the results predicted by Maxwell conduction model 
and the measured values. The varying confining pressures 
during testing impact the accuracy of model characterization. 
As confining pressure increases, the relative error between 
theoretical resistivity values and measured values escalates 
from 1.53% to 13.61%, exhibiting a relatively dispersed 
distribution.

• The series-parallel model, which considered the conductivity 
of solid-phase medium (soil and rock), provides a highly 
accurate predicted value compared with the measured value. 
The distribution of relative errors between the theoretical 
values derived from this model and the measured values 
is notably concentrated, with values ranging from 3.52% to 
7.16%. The bottleneck effect of series model and the diversion 
effect of parallel model result in significant limitations in both 
configurations.

• Building upon existing theories, this study proposes different 
electrical resistivity models to enable quantitative prediction 
of the electrical resistivity of S-RM. Although the theoretical 

models developed in this paper each have their own 
shortcomings and limitations, they effectively characterize 
the electrical resistivity behavior of S-RM under deformation 
loading.
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