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ABSTRACT: This paper examines the electrophysical parameters of the main soil types in the Tashkent and 

Syrdarya regions (sierozems, loams, and fine- and coarse-grained sands) over a moisture content range of 5-30 % 

and frequencies up to 100 kHz. Electrical resistivity measurements were conducted using a specially designed cell 

and controlled moisture conditions. It was found that soil resistivity decreases with increasing moisture content, 

with the sharpest decrease observed at low ω values (up to 12-15 %), corresponding to aqueous phase percolation. 

At high frequencies (≥10⁴ Hz), the contribution of electrode and volume polarization decreases, and electrical 

conductivity is determined primarily by the ionic conductivity of the pore solution. The frequency dispersion of 

resistivity is pronounced at low moisture contents and low frequencies, whereas at saturation (ω>20 %), the curves 

for different frequencies converge. It has been shown that particle size distribution significantly influences the 

electrophysical response: coarse-grained sands exhibit the highest ρ values, while loams exhibit the lowest. The 

results allow for the refinement of soil conductivity models that take into account frequency and moisture-

dependent effects and can be used in developing methods for electrophysical monitoring of soil moisture and 

geotechnical properties. 
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I. INTRODUCTION 

 

A modern trend in crop production is the implementation of precision farming technologies, based on the 

differentiated application of fertilizers based on spatial heterogeneity of soil fertility. To ensure agrochemical 

assessment that meets cost-effectiveness and efficiency requirements, the development of highly accurate 

analytical methods is a pressing issue. One such approach is the electrophysical method [1, 2], based on measuring 

electrical resistance, which has become widely used in soil analysis. Application of this method has confirmed its 

practical value as an effective and quickly implemented approach to comprehensive soil characterization. 

Soil moisture is one of the key factors determining plant growth and development [3,4]. Therefore, its 

determination and control are of fundamental importance. Assessing soil fertility, taking into account the spatial 

and genetic heterogeneity of soil properties, is a labor-intensive task requiring the collection of a large number of 

samples and their subsequent analysis in laboratory conditions. However, in some cases, when characterizing the 

soil cover, it is sufficient to determine the degree of expression of one or more indicators reflecting the genetic 

specificity of the soil [5, 6]. An effective solution to this problem contributes to the development and 

implementation of methods that allow for direct measurements of integral parameters reflecting a set of key soil 

properties or its basic characteristics used to assess its condition. One such parameter can be the specific electrical 

resistance of the soil, determined both in laboratory and in the field [7, 8]. A significant feature of this indicator 

is its high sensitivity to a wide range of factors [9-11]. 

In the current context, measurement methods in direct and alternating electric fields are used to determine the 

electrical characteristics of soils, each with its own advantages and limitations. The key criterion for choosing a 

method is the ability to obtain the most complete information about the properties of the object under study. The 

most technologically advanced approach is considered to be conducting measurements in alternating current, 
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taking into account its frequency characteristics [12]. However, in our opinion, insufficient attention has been 

paid to the frequency dependence of measurement results when studying parameters such as the specific electrical 

resistance of the soil. In our previously published work [13], as well as in a number of other studies [14, 15], the 

electrical properties of soil were studied depending on its moisture content, including the region of tightly bound 

moisture in the frequency range of 20 - 200 kHz [16]. It was found that with increasing frequency, a decrease in 

the specific electrical resistance and relative permittivity of the soil is observed. In addition, the dependence of 

the real and imaginary parts of the complex permittivity on soil moisture was investigated in [17] using a 

capacitive method at a frequency of 50 MHz and a “Hadro probe” sensor. The results of the study indicate that 

with increasing soil moisture, both the real and imaginary components of the permittivity increase. 

The aim of this work is to obtain and evaluate data on the degree of influence of the frequency of the electrical 

signal on the values of measured specific electrical resistance against the background of changes in the soil 

moisture index. 

 
II. EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS 

 
To study the influence of various factors on the electrophysical parameters of the main soil types in the Tashkent 

and Syrdarya regions of the Republic of Uzbekistan, sierozems and ordinary alluvial soils were selected. Using 

these soil types, a study was conducted on the electrophysical response of the soil to changes in moisture content. 

Sampling was carried out in areas not used for agricultural production. 

Electrical resistance measurements were performed in the laboratory after humidifying the samples. The following 

parameters were determined: humidity using thermostatic gravimetric analysis, temperature using a Brymen 

BM257 digital multimeter, and electrical resistance using a GZ-109 measuring instrument-generator, which 

provides a sinusoidal output signal with a frequency of up to 100 kHz, high power, and precise frequency and 

amplitude adjustment. For direct measurements, specially designed electrodes were used, consisting of copper 

plates, a glass cuboid vessel without a top face, a metal base, and a shield to protect against external 

electromagnetic interference. The outgoing wires were also shielded. 

A total of over 50 soil samples were collected in the field. Electrical resistance was measured both horizontally 

and vertically at the sampling points, providing a comprehensive assessment of the distribution of soil electrical 

properties. 

In the course of the experiment, four types of soil samples differing in granulometric composition were studied: 

crushed and sieved soil with particle sizes d≤1 mm, granulated loams with particle sizes up to 3–4 mm, fine-

grained sand with a clay content of about 30%, and coarse-grained alluvial sand from the SyrDarya riverbed with 

particle sizes in the range d≤0.1–1 mm. Sample preparation was carried out according to a unified procedure: 

the soil of the first group was dried to an air-dry state and sieved through a mesh with a cell size of about d≈1 

mm, ensuring uniform composition, while the samples of the second group were subjected to natural drying in the 

open air for one month, after which they were crushed to a granulated structure. The sandy soil samples were used 

in their natural state with preliminary control of silt and clay fractions. For measurements, a 1 kg portion of each 

material type was taken and placed in cylindrical plastic containers with a diameter of about 10 cm, which ensured 

uniform placement and packing density, as well as comparability of the obtained results. 

The measurements of electrophysical parameters were carried out using specially fabricated stainless steel 

electrodes designed as flat plates with a width of 2 cm. The electrodes were fastened with screw connections, 

which ensured reliable electrical contact when connected to the power source. The use of stainless steel as the 

electrode material made it possible to eliminate corrosion processes during long-term operation (over 3000 hours) 

and, consequently, to avoid additional systematic errors associated with changes in contact characteristics. The 

electrodes were immersed in the soil samples to a depth of 10–12 cm, while the interelectrode spacing was fixed 

at 2 cm. This geometry of the measuring cell ensured reproducibility of the experimental conditions and the 

accuracy of comparing the results obtained across different measurement series. 

 

In order to ensure metrological reliability, special attention was paid to error control: 

- the dimensions of the electrodes were maintained with a tolerance of ± 0.1 mm; 

- the sample weight was controlled by analytical scales with an error of no more than ± 0.01 g; 

- compaction of samples was carried out using a single method, ensuring the same density in all series of 

experiments; 
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- Temperature and humidity conditions in the room were recorded, reducing the influence of external factors on 

the results. This set of measures minimized systematic and random errors and ensured high reproducibility of the 

obtained data. 

According to literary sources [18, 19], soil electrical conductivity depends significantly on its moisture content, 

as water in the soil pores facilitates ion transport. One informative method for analyzing soil conductivity is to 

measure the volt-ampere characteristic, which reflects the dependence of current strength on the applied voltage. 

The electrical circuit was assembled according to the following scheme (see Fig. 1): Power supply (DC or AC) 

→ DC/AC switch → Soil sample with electrodes → Measuring instruments (depending on the mode) → 

Monitoring of parameter changes under varying soil moisture conditions. The voltmeter was connected in parallel 

to the electrodes. The voltage was varied from 0 to 40 V in steps of 0.5 V. At each step, the values of voltage (U) 

and current (I) were recorded. The measurements were carried out at a constant temperature of 25 ± 1 °C. 

 

Fig. 1. Block diagram for the soil conductivity measurement setup 

A DC power supply of the BP-46/BP-50 type was used to apply voltage to the electrodes; voltage and current 

measurements were performed using a V7-21A voltmeter with additional control by a digital tester. In studies 

under AC conditions, the voltage was generated by a GZ-109 generator, and the current was recorded using a V7-

37 voltmeter. Soil moisture was regulated by adding distilled water, calculated by mass. 

The obtained current–voltage characteristics (I–V curves) under DC voltage in the range of 0–40 V exhibited a 

linear behavior up to a moisture content of 30% [13]. Similar results were recorded under AC excitation in the 

frequency range of 20–100 Hz: the I–V curves remained linear, and the values of specific resistance coincided 

with those determined by the DC method. Therefore, the specific resistance measured at a frequency of 100 Hz 

can be considered equivalent to the resistance obtained under direct current. 

 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

 

Experimental data were obtained over a moisture content range of 5-30%. Specific resistance was determined 

over a frequency range of 10-100 kHz, allowing for an assessment of the frequency dependence of the samples' 

electrical conductivity. Specific resistance measurements under alternating current were performed over a range 

of effective voltage values of 1-4 V. Soil resistivity at various moisture levels was determined using the formula: 

 

ρ = [(I/U) S]/d or ρ = RS/d,      (1) 

 

where, U is the applied voltage, I is the current, S is the area of the electrode plate, d is the distance between the 

electrodes, R is the soil resistance for a given sample.  

To ensure metrological reliability, each measurement was performed in triplicate, and the results were averaged. 

An assessment of the measurement error showed that it did not exceed ± (2÷3) % of the measured resistivity value. 

Furthermore, to determine the specific electrical resistance of moist soil and ensure high accuracy of the obtained 
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data, a series of measurements were performed in which signals of different frequencies were applied and changes 

in the resistance of the samples were recorded. An empirical model based on the Archie's Law equation [20] was 

used to interpret the experimental results. 

 

 = a w (/0)-m ,      (2) 

 

(f) = 0 f       (3) 

 

where, ρ is the specific resistivity of the soil, ρw is the specific resistivity of water, a is an empirical coefficient 

(depending on soil type), Φ is the soil porosity, Φ₀ is the maximum porosity, m is a coefficient accounting for the 

influence of porosity on conductivity, ρ₀ is the specific resistivity at frequency f₀, and α is a coefficient reflecting 

the influence of soil granulometric composition and its degree of moisture. 

It is known that the specific electrical resistance of the soil (ρ) is an integral parameter reflecting the combined 

influence of its moisture content, salt composition and structural features, which makes it one of the key indicators 

of the electrophysical properties of the soil environment [21, 22]. Figure 2a shows the curves of the dependence 

of the specific resistance ρ on moisture content for crushed soil at different frequencies (100-100 kHz). 

 

 

Fig. 2a. Frequency dependences of the specific resistance of crushed soil on the moisture level 

The experimental form of the curves is well approximated by an exponential or power law [23] of decrease, for 

example: 

ρ(ω,f) ≈ ρ0(f) exp(-k(f)ω),       (4) 

 

where the coefficients ρ₀(f) and k(f) depend on frequency (ρ₀ decreases with increasing f, while k may also vary). 

Parameter fitting using the least squares method makes it possible to quantitatively describe the frequency 

dispersion. From Fig. 2a it should be noted that on the horizontal axis the volumetric soil moisture ω (%) is plotted, 

while on the vertical axis the specific electrical resistivity ρ (Ω·m) is shown. For four frequency values (100, 10³, 

10⁴, and 10⁵ Hz), the dependencies ρ(ω) were constructed. Analysis of the obtained data allows the following 

regularities to be identified [24, 25]:  

- A monotonic decrease in the specific resistivity of the soil is clearly observed in the moisture range from 5 to 

20%: at ω ≈ 5%, the values reach 30–35 Ω·m, whereas at ω ≈ 20% the resistivity decreases to the level of 4–5 

Ω·m, indicating the dominant contribution of ionic conductivity under conditions of increased moisture content; 

- The nonlinearity of the ρ(ω) dependence is manifested in the fact that at low moisture levels the decrease in 

specific resistivity occurs most sharply, forming a steep section of the curve, whereas with a further increase in ω 

the rate of resistivity reduction slows significantly, and the dependence acquires a quasi-linear character; 

- The presence of pronounced frequency dispersion: at a fixed moisture content, the specific resistivity 

systematically decreases with increasing frequency (ρ(100 Hz) ≥ ρ(10³ Hz) ≥ ρ(10⁴ Hz) ≥ ρ(10⁵ Hz)). This effect 
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is caused by polarization processes and reflects the characteristic frequency dependence of the electrical 

conductivity of the soil medium; 

- In the region of high moisture content (ω ≈ 20%), the differences between the dependencies obtained at various 

frequencies become minimal. This indicates that the electrical conductivity is determined primarily by the ionic 

conductivity of the pore solution, while the influence of surface and polarization processes is significantly 

reduced. 

The shape of the obtained dependencies (Fig. 2a) is rather complex; however, a general trend is observed in all 

cases—namely, a decrease in specific resistivity with increasing moisture content. As moisture increases, the 

specific resistivity of the soil decreases across the entire frequency range. This is explained by the growth of ionic 

conductivity due to the increased amount of free water, dissolved salts, and improved ion transport in the pores. 

At low frequencies (100–1 kHz), the specific resistivity is higher, which is associated with pronounced 

polarization effects [26] at the electrode–soil interface and the slow redistribution of ions. At high frequencies 

(10⁴–10⁵ Hz), water dipoles and ionic clouds cannot follow the alternating field, and therefore the polarization 

contribution decreases, resulting in lower resistivity. In the range of ω ≈ 20%, the differences between the curves 

are reduced, indicating a transition to the saturated conductivity regime. In this case, the main mechanism becomes 

bulk ionic conductivity of the liquid phase [27], which is less dependent on frequency. The dependence of specific 

resistivity on moisture content is nonlinear and strongly determined by the measurement frequency. 

It is evident that the electrical resistivity of soil is formed under the influence of several mechanisms, whose 

contribution varies with the frequency of the electric field and the moisture content. The specific electrical 

resistivity of soil is determined by the combined action of these mechanisms, with their relative influence 

depending on the frequency of the electric field and the level of moisture [28]. 

Based on the experimental data presented in Fig. 2a, an annotated graph (Fig. 2b) was constructed, illustrating the 

variation of soil resistivity as a function of moisture content at different frequencies. The graph highlights key 

regions and the corresponding mechanisms that govern the system’s behavior. 

Fig. 2b. Annotated dependence ρ(ω) for soil in the frequency range 100 Hz – 100 kHz 

From Fig. 2b it can be seen that at low frequencies, electrode polarization [29] occurs in the system, leading to a 

significant increase in the measured resistivity due to the formation of a double electric layer at the “electrode–

soil” interface. In the low-frequency region (about 100–1000 Hz), the formation of this double electric layer at 

the electrode–soil boundary has a considerable effect. This process results in additional resistance due to charge 

accumulation at the contact interfaces. As a consequence, the measured values of specific resistivity are 

overestimated. This effect is most pronounced at low moisture levels, when the ion concentration in the pore fluid 

is minimal and charge transport is hindered. In addition to electrode polarization, bulk polarization effects [30, 

31] are also observed at low frequencies, caused by the heterogeneity of the soil matrix. The difference in dielectric 

properties of the solid phase and the pore fluid induces interfacial polarization of the Maxwell–Wagner type [32, 

33]. 

As the frequency increases, these processes gradually weaken: the relaxation time of charges becomes shorter, 

and the system no longer has time to form pronounced polarization layers. As a result, the contribution of 

polarization decreases, and the specific resistivity begins to be determined mainly by bulk conductivity. With 

increasing moisture, a sharp drop in specific resistivity is observed, which is associated with percolation processes 
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of the water phase [34]. The filling of capillaries and micropores with water leads to the formation of a continuous 

network of conductive channels through which effective ion transport occurs. This process is nonlinear: once a 

critical moisture threshold is reached, even a small addition of water causes a multiple reduction in resistivity. 

Under conditions of significant soil saturation with moisture, the resistivity–frequency curves become almost 

identical. This indicates that the main charge transport mechanism is the ionic conductivity [35, 36] of the solution 

filling the pore space. In these conditions, the contribution of electrode and bulk polarization is minimal, and the 

electrical characteristics of the system are primarily determined by the concentration of dissolved salts and the 

degree of water saturation. 

Next, Fig. 2c shows the specific resistivity of granulated loam as a function of moisture content and frequency.  

 

 

Fig. 2c. Dependence of loam soil resistivity on moisture content at different 

frequencies 

 

According to the data (Fig. 2c), at low moisture levels the soil resistivity reaches high values (up to 60 Ω·m); 

however, as moisture increases, a sharp decrease in ρ is observed down to a critical level of 12–13%, which is 

associated with the formation of continuous conductive channels in the pore space (percolation effect). In this 

region, a transition is recorded from a steep drop in resistivity to the establishment of a stable dependence: further 

increases in moisture are accompanied by an almost linear decrease in ρ, caused by the growth of pore fluid 

volume and the increased concentration of mobile ions. 

Frequency analysis showed that increasing frequency also leads to a reduction in resistivity. At low frequencies 

(100–1 kHz), electrode polarization makes a significant contribution by forming a double electric layer at the 

“electrode–soil” interface. This frequency effect leads to an overestimation of the measured resistivity values. At 

higher frequencies (10–100 kHz), the influence of electrode polarization weakens, and resistivity is determined 

mainly by the ionic conductivity of the pore solution. For moisture contents above 20–25%, the resistivity curves 

obtained at different frequencies practically coincide. This indicates the dominant contribution of the ionic 

conductivity of the pore solution to the overall charge transport mechanism. Under these conditions, the influence 

of surface and polarization processes becomes negligible, and the soil conductivity is governed primarily by the 

concentration of dissolved salts and the degree of pore water saturation. 

In order to identify the features of the conductivity mechanism, additional studies were carried out on the 

dependence of resistivity on moisture content for sand samples of different granulometries—fine-grained (Fig. 

2d) and coarse-grained (Fig. 2g). 
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Fig. 2d. Resistivity of fine sand as a function of moisture content and 

frequency 

 

Figure 2d illustrates the monotonic decrease in soil resistivity with increasing moisture content. At low moisture 

levels (5–10%), ρ values reach 30–35 Ω·m; however, with an increase in moisture content to 15–20%, the 

resistivity decreases to 3–5 Ω·m. This pattern is explained by the percolation effect: as the amount of moisture 

increases, continuous conductive pathways are formed, enabling efficient ion transport. At a frequency of 100 Hz, 

the resistivity values are higher than at 10–100 kHz, which is explained by the contribution of electrode 

polarization and the formation of a double electric layer at the “electrode–soil” interface. As the frequency 

increases (10³–10⁵ Hz), the influence of surface effects diminishes, and the resistivity is determined mainly by the 

ionic conductivity of the solution. At moisture levels above 15–20%, the curves for all frequencies practically 

converge, indicating the dominance of the ionic charge transport mechanism. Under these conditions, surface and 

polarization processes become negligible, and soil conductivity is governed primarily by the concentration of 

dissolved salts and the degree of pore space saturation with moisture [37]. 

 

 

Fig. 2g. Resistivity of coarse-grained sand as a function of moisture content and frequency 

 

In Fig. 2g, the dependence is presented, from which it follows that in the moisture range of 5–10%, the soil 

resistivity lies within 25–30 Ω·m. A further increase in moisture content is accompanied by a gradual decrease in 
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ρ. In the range of 10–15%, the reduction in resistivity acquires a pronounced nonlinear character, which is 

associated with the formation of continuous current-conducting channels in the pore space (percolation effect). It 

is noticeable that at low moisture levels (5–8%), the differences between the curves obtained at different 

frequencies are insignificant. However, with a further increase in moisture, the influence of frequency becomes 

more pronounced. At 100 Hz, the resistivity is higher, which is explained by the effect of electrode polarization. 

With an increase in frequency (10–100 kHz), the contribution of polarization processes decreases, and the 

resistivity is determined mainly by the ionic conductivity of the pore solution. At moisture levels above 15–18%, 

the ρ(ω) dependencies obtained at different frequencies begin to converge. This indicates that at high moisture 

content, soil conductivity is governed primarily by the concentration of dissolved salts and the degree of pore 

saturation with water, while surface and polarization effects become secondary. 

To compare the nature of the dependence of resistivity on moisture content, Fig. 3a presents the results obtained 

at a frequency of 100 Hz, which is equivalent to direct current measurement conditions. 

 

 
Fig. 3a. Dependence of the resistivity of soil samples on moisture content at a 

frequency of 100 Hz: 1 – crushed soil; 2 – loam; 3 – coarse sand; 4 – fine sand 

 

As shown by the graphs (Fig. 3a), the dependencies of resistivity (ρ) on moisture content (ω) exhibit a complex 

character. The most pronounced changes are observed for granular soil and coarse-grained sand. In the low-

moisture region, before the air pores become filled with water, these samples are characterized by high resistivity 

values. After reaching the threshold moisture level (W ≥ 12–15%), corresponding to the conditions of normal 

plant growth, the dependence ρ = ρ(ω) becomes almost linear: with further increases in moisture content, the 

resistivity decreases in an approximately linear manner. A similar pattern was previously noted in our earlier 

studies [13]. Analysis of the experimental data revealed a clear inverse relationship between soil moisture and its 

electrical resistivity. An increase in moisture is accompanied by a decrease in resistivity, which is associated with 

the formation of conductive channels in the pore space due to the presence of water. At the same time, the nature 

of resistivity variation is determined by the granulometric composition of the samples. Coarse sand demonstrates 

the highest resistivity values across the entire studied moisture range, which is explained by its low water-holding 

capacity and limited interparticle contact area that hinders the formation of stable conductive pathways. In 

contrast, fine sand is characterized by lower resistivity values due to its well-developed pore structure, capable of 

retaining more water and thus ensuring higher electrical conductivity. The most intense decrease in resistivity is 

observed for loam, which is associated with the high content of fine particles and clay minerals possessing a large 

specific surface area and strong water adsorption capacity, substantially enhancing the conductivity of the system. 

Crushed soil occupies an intermediate position: at low moisture content it shows relatively high resistivity, but as 

moisture increases, the reduction of this parameter occurs faster than in sandy samples, indicating a significant 

contribution of the fine fraction. The analysis showed that the dependence of resistivity on moisture content ρ = 

ρ(ω) for the studied samples retains its characteristic features up to frequencies of about 20 kHz. As an example, 

Fig. 3b presents a typical dependence of resistivity on moisture content. 
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Fig. 3b. Dependence of the electrical resistivity of soil samples on moisture content at a 

frequency of 10 kHz: 1 – crushed soil; 2 – loam; 3 – coarse-grained sand; 4 – fine-grained sand 

Both under direct current and at low-frequency alternating current, pronounced changes in resistivity are observed 

depending on moisture content, particularly for granular soil and coarse-grained sand. However, when the 

frequency exceeds 50 kHz, the character of the dependence ρ = ρ(ω) changes significantly. This effect is associated 

with the fact that at low frequencies the soil’s conductivity is mainly determined by the ionic conductivity of the 

moisture filling the pore space, as well as by the formation of conductive channels [38]. With increasing 

frequency, the role of dielectric and polarization processes becomes more pronounced: dipole water molecules 

and ions can no longer reorient in phase with the external field, which leads to a reduced contribution of ionic 

conductivity and a change in the current transport mechanism. As a result, resistivity becomes less sensitive to 

variations in moisture content, and the dependence ρ(ω) takes on a different character. 

As follows from Figure 3c, at high frequencies (for example, at f = 100 kHz), the most pronounced dependences 

of specific resistance on humidity are observed for fine-grained and coarse-grained sands.  

 

 

Fig. 3c. Dependence of the specific electrical resistance of soil samples on 

moisture content at a frequency of 100 kHz: 1 – finely ground soil; 2 – loam; 3 – 

coarse-grained sand; 4 – fine-grained sand. 

 

The results obtained show that at this frequency, the nature of the resistance-humidity dependence differs 

significantly from that observed in the low-frequency range. While at frequencies of approximately 100 Hz and 

10 kHz, the influence of the ionic conductivity of the moisture filling the pore space dominates, at 100 kHz, the 

contribution of capacitive and polarization effects increases. This is due to the fact that at high frequencies, dipole 

water molecules and ions are unable to follow changes in the external electric field [39], and the system's behavior 

begins to be determined by interfacial interactions at the solid particle-water-air boundaries. 
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The most pronounced dependences of ρ(ω) on moisture content were recorded for coarse-grained and fine-grained 

sand. This effect can be explained by the formation of intergranular microcapacitive structures in which water 

acts as a dielectric, and mineral particles act as electrodes [40]. As a result, the specific resistance of these samples 

is sensitive even to minor changes in moisture content. Loam, on the contrary, demonstrates a smoother 

dependence of resistance on moisture content. This is probably due to the high proportion of colloidal and clay 

particles, for which the contribution of ionic conductivity decreases at high frequencies, and capacitive effects are 

less pronounced due to the uneven distribution of moisture [41]. Crushed soil occupies an intermediate position: 

its resistance decreases with increasing moisture content, but the rate of this decrease is lower than that of sandy 

samples, which indicates the combined influence of the dispersed and sand fractions [42]. In the high-frequency 

region (100 kHz), the dependence of soil specific resistance on moisture content is determined not only by the 

volume of moisture, but also by the nature of its distribution in the pore space. For sandy samples, capacitive 

processes predominate, forming a sensitive dependence of ρ on ω, whereas for loamy soils and crushed samples 

this dependence is smoother.  

Это приводит к возрастанию ёмкостной составляющей проводимости системы, при котором её 

сопротивление приобретает выраженную частотную зависимость и определяется выражением Хс=1/2π𝑓𝐶 

или в эквивалентной форме   Хс  = 1/С. 

This leads to an increase in the capacitive component of the system’s conductivity, in which its resistance acquires 

a pronounced frequency dependence and is determined by the expression Хс=1/2π𝑓𝐶  or in equivalent form Хс  =
1/С. 

By determining the soil resistance in the frequency range up to 100 Hz, as well as at f = (10-100) kHz, the value 

of the total resistance of the system can be expressed as [43]: 

 

Z = √𝑅0
2 + (

1

𝑐
)

2

,       (5) 

 

where ω=2πf. Based on the dependence Z=Z(f) or R=R(f), the system capacitance was estimated. The difference 

between the values Z0=R0 and Z can be designated as ΔR. The system capacitance was calculated using the 

formula: 

 

С = 1/ 2π 𝑓√∆𝑅2 + 2∆𝑅𝑅0      (6) 

 

For all the systems studied—crushed and granular soil, loam, fine-grained sand with a clay content of 25–30%, 

as well as coarse-grained sand—a clear pattern was revealed: with increasing moisture content, their capacitance 

increased. This effect is explained by the high relative dielectric permittivity of water and is associated with the 

formation of microcapacitor structures in the soil samples, which act as separate capacitive subsystems [44]. The 

summarized results of the calculated data for the various systems are presented in Table. 

 

Table 

Estimated capacity of systems depending on their moisture level 

 

Humidity, % 
Capacity of 

crushed soil, nF 

Capacity of 

granular soil, nF 

Capacity of fine-

grained sand, nF 

Capacity of coarse 

sand, nF 

5 0.71 0.43 0.74 0.32 

10 2.91 2.10 1.52 1.05 

15 4.26 3.50 3.26 2.48 

20 5.87 4.60 5.99 3.45 (18%) 

25 9.40 8.14 - - 

30 13.3 11.5 - - 

 

For capacity measurements of sand samples, experiments were conducted at limited moisture contents, as water 

infiltrated up to 20% of fine-grained sand and up to 18% of coarse-grained sand when moisture content was 

calculated by weight. The results obtained correlate satisfactorily with directly measured capacity values; although 

the absolute values differed by coefficients, they were in the same order of magnitude. In both cases, an increase 

in the capacity of the systems with increasing moisture content was observed, approaching an exponential 

relationship (Fig. 4). 
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Fig. 4. Dependence of the electrical capacity of a loam soil sample on 

moisture content 

 

Processing of the experimental results (Fig. 4) showed that the capacity of the sample increases with increasing 

moisture content, and the dependence is close to exponential. This indicates that when the soil is moistened, its 

dielectric properties change significantly, in particular, the dielectric constant ε, which increases as the pore 

system is filled with water [45]. According to the information provided in the scientific literature [46, 47], the 

dielectric constant of the soil is conventionally divided into three ranges: arid conditions (ε<10), an optimal 

moisture range (ε=40-70), and a region of abundant moistening (ε≈80). These ranges help explain the observed 

increase in capacity with increasing moisture: at low humidities, the capacity grows slowly, in the optimal range, 

a sharp increase is observed, and at high humidity, the upward trend slows down, approaching saturation. An 

important aspect is the structural organization of the loam. Finely dispersed and clay particles form a developed 

pore system, which, when moistened, promotes the formation of microcapacitor structures between the particles 

[48]. These structures provide a significant contribution to the overall capacity of the system and explain the 

exponential nature of the dependence. 

The dependence of loam capacity on moisture content reflects the combined influence of water's dielectric 

properties and soil granulometric structure. The results highlight the importance of considering moisture content 

when assessing the electrical properties of loams and can be used to develop methods for remote monitoring of 

soil moisture and modeling electrophysical processes in soil systems. 

 

IV. CONCLUSION 

 

A comprehensive study of sierozem, loam, and sandy soils in the Tashkent and Syrdarya regions revealed a clear 

dependence of their electrophysical properties on moisture content, alternating current frequency, and particle size 

distribution. The main decrease in specific electrical resistance is observed in the early stages of wetting (up to 

12-15%), when a continuous aqueous phase forms and charge transfer shifts from a surface to a bulk ionic 

mechanism [49,50]. 

An analysis of the resistivity of crushed soil, loam, and fine- and coarse-grained sands as a function of relative 

humidity under the influence of direct and alternating current (up to 100 kHz) confirmed these patterns. At 

frequencies above 50 kHz, a pronounced frequency dispersion of resistivity was revealed: its decrease is 

associated with the formation of water-saturated microlayers in the pore space, which act as capacitor-like 

structures. This effect is most pronounced in sands with a moisture content of 5-15%, emphasizing the importance 

of granulometric characteristics for soil electrical conductivity. 

Furthermore, soil capacitance increases almost exponentially at elevated moisture levels, especially for granular 

soils (loams), indicating the formation of developed capacitive systems with water as the dielectric medium. These 

results demonstrate the high information content of capacitance measurements for assessing soil moisture. 
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The obtained data confirm the multi-mechanism nature of soil electrical conductivity and highlight the need for a 

comprehensive approach to its study. They can be used to refine soil electrical conductivity models and improve 

electrophysical methods for monitoring the moisture content and geotechnical properties of various soil types. 
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