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The permittivity of soil-rock composite media is crucial for interpreting data originating from geophysical surveys such as ground-penetrating radar (GPR) imaging. At present, relevant theoretical research on the correlation analysis between the electrical and physical parameters of soil-rock composite media has not yet resulted in a complete reference system. This makes it difficult to characterize soil-rock composite media using the electromagnetic characteristic parameters of rock and soil media. In this study, the indoor electromagnetic testing method was used to extract electrical parameters such as the relative permittivity of soil-rock composite, and the influence of water content, density, soil-rock ratio, and other factors on the electrical parameters of soil-rock composite medium was analyzed. Furthermore, an artificial neural network prediction model was established, and the accuracy of the model was evaluated. The results showed that the relative permittivity tends to decrease with an increase in saturation when the moisture content of the mixture is high. The rock has a lower permittivity value than the surrounding soil particles. When the rock content increases, the average permittivity and conductive permittivity of the composite medium decreases. The main factors affecting the electrical properties of soil-rock composite media (in order of their influence, from most to least) are water content, compaction degree, and soil-rock ratio. These results provide a reliable reference for field geophysical exploration.
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1 INTRODUCTION
Geological disasters (such as landslides and collapses) that often occur in shallow surface layers will have a negative impact on engineering facilities. Soil-rock composite medium is the main solid material affected by geological disasters and mostly consists of small soil particles and large rock fragments. Due to the difference in the mesoscopic composition scale of this type of rock and soil medium, there are considerable differences in the performance of corresponding macro-properties, such as mechanical properties, permeability features, and resistivity characteristics.
Currently, ground-penetrating radar (GPR) is extensively utilized to detect the distribution, formation shape, and thickness of soil and rock mixtures (Fisher et al., 2011; Chen et al., 2023). Its application is increasingly common for earth embankments, subgrade tunnels, and geological explorations, and it has contributed to progress in engineering construction and geological surveys, enhanced the overall understanding of underground conditions, and made project executions more efficient and accurate. The electromagnetic properties of soil-rock composite media, such as resistivity and permittivity, are crucial for interpreting data originating from geophysical surveys such as GPR and resistivity imaging (Luo et al., 2019; Fu, 2021).
Experimental works on the study of permittivity by many research scholars have shown that the relationship between soil property and dielectric constant is greatly affected by soil physical parameters such as water content, density and soil-rock ratio. Archie (1942) studied the effectiveness of resistivity logging for determining reservoir characteristics and found that the detection effect depends on the resistivity measurement accuracy, the detailed data of the relationship between resistivity and formation, and the conductivity information of formation waters. They proposed a specific equation for estimating resistivity that could be used effectively under certain conditions. Topp et al. (1980) employed a time domain reflectometer (TDR) to examine the dependency of the relative permittivity on volumetric water content, bulk density, temperature, and soluble salt content. They established an empirical relationship between the apparent relative permittivity and the volumetric water content that accurately estimates the water content of various granular materials and soil types under different conditions. Olhoeft (1981) analyzed the role of the electrical properties of rocks in various geological applications, including mineral exploration and crustal exploration, based on frequency, temperature, water content, and other variables. Several experimental techniques were employed to understand the underlying mechanism. Abu-Hassanein et al. (1996) investigated the impact of resistivity compression in compacted clay and found that it was only related to the initial saturation and exponential properties, and that its relationship with water conductivity varied in different soils. Larger liquid limit, plasticity index, fine powder, or clay content resulted in smaller resistivity. Guo et al. (2003) analyzed the common factors affecting the engineering properties and resistivity of soil mass, studied the relationship between the particle size, water content, saturation, density, and resistivity of different types of soil through laboratory experiments, and discussed the relationship between compressibility, cohesion, elastic modulus, and resistivity of clay. They also obtained a series of relationship curves and fitting formulas and explained their meanings. Liu et al. (2004) used an improved Miller soil box to investigate the indoor resistivity of soil samples. They found that the main factors affecting soil resistivity are water content, pore water conductivity, saturation, and soil type. They established a model based on the Archie formula, and successfully detected underground targets using resistivity imaging of this model. Cha (2007) took typical structural unsaturated soils such as Hefei expansive soil and Xi’an loess as research objects, and conducted a comprehensive study on resistivity testing technology and its application in quantitative analysis of soil structure. Their research results demonstrated that the resistivity technique can effectively reflect the changes in soil water content and saturation, and can be utilized to identify the structural characteristics of unsaturated soil. Zhu et al. (2011) studied the empirical relationship between soil dielectric properties and soil water content of four typical soil types in China. They found that the Topp equation had a large prediction error for some soil types, while the Herkelrath equation provided a better prediction for all soil types and performed well in predicting the water content of two rice soils. Parkhomenko (2012) analyzed the influence degree of state parameters of rock mass on electrical indexes of rock mass based on a large number of rock resistivity tests. Bery and Saad (2012) examined cohesive sandy soils to establish empirical correlations between resistivity and geotechnical parameters such as effective cohesion, internal friction angle, porosity, saturation, water content, and the Atterberg limit. Their research provided an effective tool for understanding the fluid behavior and electrical properties of medium-grained cohesive sandy soil. Siddiqui and Osman (2013) discussed the correlation between resistivity and various soil properties through field investigation and indoor measurement, and found that resistivity was significantly correlated with water content, friction angle, and plasticity index, while it was weakly correlated with cohesion, unit weight, and effective size of soil. Wang (2013) systematically investigated the resistivity characteristics of multiphase soil-rock composite media through model tests and theoretical analysis.
Theoretical approaches show by researchers that there is a complex nonlinear relationship between dielectric constant and physical properties of soil-rock mixed medium. Zhou et al. (2015) studied the influence of pore fluid composition and temperature on soil resistivity, and found that when the water content was constant, the decrease in soil porosity led to a decrease in resistivity. Their results showed that pore fluid composition and temperature affect soil resistivity. Gao (2016) examined the relationship between the relative permittivity of yellow loess and the amplitude of GPR reflection through laboratory experiments, analysis, numerical simulation, and field experiments, and proposed a rapid nondestructive testing method for evaluating loess grouting quality. Through the experimental measurement and theoretical analysis of soil relative permittivity and volumetric water content, Liao et al. (2016) acquired the applicable range and limitations of different relative permittivity models, and established a simplified relative permittivity model to further investigate the effect of water content on soil engineering properties. They also put forward an evaluation index for the liquid plastic limit of loess based on the relative permittivity. Chu et al. (2017) found that the expansion rate of expansive soil increases with the increase of initial resistivity and decreases with the increase of overlying load. Their results also indicated that the resistivity parameter can be used to predict the swelling property of expansive soil. Zhang (2017) investigated the physical, mechanical, and electrical properties of kaolin with different water contents and particle sizes, and reported that both water content and particle size affect the dry density, porosity, and electrical properties of clay, and there is a correlation relationship between mechanical parameters and electrical parameters. Bery and Ismail (2018) studied the actual relationship between soil resistivity, water content, and porosity in tropical soils on Penang Island. Their proposed empirical correlation laid a foundation for future research on the electrical properties of tropical soils. Zhang et al. (2018) conducted resistivity piezoelectric cone penetration tests at six sites in Jiangsu Province to examine the correlation between resistivity and soil parameters, including pore fluid salt content, clay content, sensitivity, plasticity index, unit weight, and water content, to understand the mechanism controlling resistivity change.
Application of NN in the field of detecting electrical characteristics have been conducted by Alsharari et al. (2020) show that the ANN model provided the most accurate prediction. Some practical guidelines and examples were provided by these scholars for designing and testing nonlinear relationships in engineering intelligent systems and applications. Duan et al. (2021) analyzed the influence of water and salt on the conductivity of loess, and reported that there is an exponential relationship between the resistivity of loess and the water content. They also found that with the increase in the water content, the resistivity of loess decreases substantially. The study provided a theoretical basis for the prediction of moisture and salinity and a valuable reference for the field application of resistivity observation technology. Xu et al. (2023) performed a forward correlation analysis for large-particle size soil-rock mixed fillers.
In general, there has been extensive research on the electrical properties of soil and rock mass, including model tests and theoretical analysis. However, the influence of the soil-rock ratio is seldom considered, and there is a significant lack of further investigation in laboratory tests. By bridging the gap between electrical and physical properties of soil-rock composites, this study sets a new benchmark for predictive accuracy in geophysical explorations, and the results are poised to revolutionize the understanding of subsurface conditions, offering a substantial leap forward in geological survey accuracy and safety in engineering constructions.
This manuscript presents the experimental results when the influence of coupling effects of multiple factors (moisture content, density, and the soil-rock ratio) on the electrical parameters of the soil-rock composite medium were analyzed. Furthermore, it describes and discusses the results of a prediction model of resistivity and the relative permittivity of soil-rock mixture was built based on a multilayer perceptron (MLP) algorithm. The prediction accuracy was also evaluated.
2 MATERIALS AND METHODS
2.1 Experiment scheme
According to the standard of geotechnical test method, gravel with appropriate particle size was selected and the soil retrieved from the site was treated to prepare the soil-rock mixture for the test. In the study, 5 mm is generally defined as the size boundary between coarse and fine particles in a soil-rock mixture, treating particles smaller than 5 mm in diameter as soil and those larger than 5 mm as rock blocks. Based on the Standard of Geotechnical Test Method (GB/T50123-2019) (GB National Standard, 2019), the maximum particle size of the composite medium shall not exceed 1/8 of the diameter and 1/4 of the height of the sample. The boundary was chosen based on prior empirical evidence and theoretical models that suggest its relevance and impact on the study’s results.
Physical properties of the soil-rock medium component, including key parameters such as dry density, water content and soil-rock ratio. These parameters are crucial for understanding soil mechanical behaviour and water transport, thus strongly influence the relative permittivity of soil-rock medium component (Duan et al., 2021). The relative permittivity of samples with different water contents and dry densities was tested under different rock contents. The specific test scheme was as follows: ① The dry densities were 1.15, 1.20, 1.25, 1.30, 1.35, and 1.40 g/cm3, respectively. ② The mass water content around the optimal water content was 19%, 22%, 25%, 28%, 31%, and 34%, respectively. ③ The rock content was 0%, 30%, 40%, and 50%, respectively. The pure soil medium sample without rock material was used as the soil control. ④ The soil column samples were made according to the above water content and dry density, and the relative permittivity was measured under different rock contents.
2.2 Experiment procedure
According to the test scheme designed in the above section, relevant soil tests were conducted in line with the Standard for Soil Test Methods (GB/T50123-2019). Specific test steps were as follows:
① The soil material required for sample preparation was screened, dried at 105°C in an electric bellows for 24 h, packaged and cooled in a sealed bag, and the dry soil mass corresponding to different dry densities was weighed by the same volume mass method;
② To ensure the quality of the prepared soil sample, 1 kg of soil was evenly distributed in the dry soil tray. The soil was evenly mixed and kneaded during each water spray humidification step to prevent the formation of large soil clumps within the sample. After the water content configuration was completed, the soil sample was sealed in a plastic bag and stored in a cool place for 24 h to ensure the uniform distribution of moisture.
③ Soil column samples with a diameter of 100 mm and height of 40 mm were prepared by compaction test.
④ The prepared test samples were sealed with plastic wrap and placed in an incubator for 12 h, and then the capacitance of the soil-rock mixed samples was measured using a VC4092E LCR digital bridge.
⑤ After the test, the samples were dried to measure the actual water content compared to the water content of the pre-designed soil column, and the average mass water content was converted into volumetric water content.
2.3 Experiment principle
The parallel plate capacitance method was employed to measure the capacitance of the sample, and then the formula was utilized to convert it to obtain the relative permittivity of the sample as following.
[image: image]
where εr is the relative permittivity; [image: image]; A denotes the effective area of the soil sample; tm denotes the thickness of the soil sample; d is the diameter of the soil sample; Cp is the capacitance.
To ensure the accuracy of the results and enhance the test data’s precision, an improved parallel plate capacitance testing device was designed. The sample size was the soil sample with a diameter of 100 mm and a height of 20 mm. Considering the diameter of rock, the specimens of soil-rock mixture are uniformly prepared to a thickness of 20mm, ensuring a consistent interaction volume for the electrical field.
An improved parallel plate electrode device was used to measure the relative dielectric constant of soil samples. The relative dielectric constant is obtained by measuring the capacitance of soil samples with parallel plate capacitance method. The test principle and device are shown in Figure 1 respectively. VC4092E LCR digital bridge is connected with parallel plate electrode wire. The 100 mm diameter copper electrode is in close contact with the top and bottom of the sample and applies the same pressure. The capacitance of the sample was tested with the same frequency and voltage, and the test photos are shown in Figure 2.
[image: Figure 1]FIGURE 1 | Test principle and device. (A) Principle of parallel plate capacitance measurement (B) Improved capacitance test device.
[image: Figure 2]FIGURE 2 | Electrical test with parallel plate capacitance method. (A) Reconstructed sample (B) Soil-rock composite sample (C) VC4092E LCR digital bridge (D) Parallel plate electrode device.
3 ANALYSIS OF RESULTS
3.1 Analysis of the correlation between water content and the relative permittivity
To compare the influence law of water content of soil and rock body on the relative permittivity, the above relevant test data are displayed in Figure 3. It can be observed that the relative permittivity or permittivity is positively correlated with the dry density of soil-rock composite media. For a material with a bulk density of 1.50 g/cm³, permittivity increases from approximately 8 to just under 20 as water content rises from 4% to 12%. Similar trends are observed for the other densities, with the 1.80 g/cm³ density material exhibiting the highest permittivity across all water content levels, reaching a value near 24 at 12% water content. The slopes of the curves suggest that permittivity is more sensitive to changes in water content at higher bulk densities. Keeping the water content constant, an increase in dry density indicates a higher rate of pore water filling. The higher filling rate induces an obvious polarization effect in the medium, and the water molecules respond to the arrangement of the external electric field. With the increase of the degree of polarization, the relative permittivity of the medium increases, which enhances the ability to store potential energy. Under the condition of fixed water content, the relative permittivity of soil-rock mixed medium can be slightly improved by increasing the compacting degree. Our results revealed that the change of compactness had little impact on the change of the relative permittivity. On the contrary, there was a more obvious positive correlation between the water content and relative permittivity. When the water content increased, the relative permittivity of soil samples increased significantly. This is mainly because the increase of water will change the dielectric property of the soil, increase the polarization effect, and cause an obvious increase in the relative permittivity.
[image: Figure 3]FIGURE 3 | Effect of water content on dielectric constant: (A) Water content–dielectric curve of pure soil medium, (B) Water content–dry density–dielectric constant relation of pure soil medium, (C) Water content–dielectric curve of medium with 30% stone content, (D) Water content–dry density–dielectric constant relationship at 30% stone content, (E) Water content–dielectric curve of medium with 40% stone content, (F) Water content–dry density–dielectric constant relationship at 40% stone content, (G) Water content–dielectric curve of medium with 50% stone content and (H) Water content–dry density–dielectric constant relationship at 50% stone content.
The relationship between volume moisture content and dielectric constant of soil-rock mixture is shown in Figure 4. As the water content increases from approximately 4%–24%, a corresponding rise in conductivity is observed for all densities, with higher densities displaying generally higher conductivity values, suggesting that both water content and soil density significantly influence soil electrical conductivity. Under the condition of constant water content, the relative permittivity of the soil-rock mixture increases with the increase of dry density. However, this effect is small and does not contribute substantially to the overall electrical characteristics of the medium. More important is the relationship between the volumetric water content and the relative permittivity. The increase in the volumetric water content leads to an increase in the relative permittivity of the sample. Our results indicated that the water content played a more important role in the dielectric properties of the medium, mostly because it increased the polarization and thus improved the relative permittivity.
[image: Figure 4]FIGURE 4 | Effect of volumetric water content on the relative permittivity: (A) Volumetric water content-dielectric curve of pure soil medium, (B) Volumetric water content-dry density-relative permittivity relationship of pure soil medium, (C) Volumetric water content-dielectric curve of medium with 30% rock content, (D) Volumetric water content-dry density-relative permittivity relationship at 30% rock content, (E) Volumetric water content-dielectric curve of medium with 40% rock content, (F) Volumetric water content-dry density-relative permittivity relationship at 40% rock content, (G) Volumetric water content-dielectric curve of medium with 50% rock content, and (H) Volumetric water content-dry density-relative permittivity relationship at 50% rock content.
3.2 Analysis of the correlation between the dry density and relative permittivity
Dry density and compaction of soil particles have important effects on dielectric properties. The spacing between soil particles changes with the increase of dry density, which affects the polarization of the surface electric field. The relationship between the relative permittivity and dry density under different water contents is shown in Figures 5, 6. It can be noticed that under the same water content, the relative permittivity changes more obviously with dry density, and the relative permittivity is proportional to the dry density and increases with the dry density.
[image: Figure 5]FIGURE 5 | Influence of water content on the relative permittivity: (A) Dry density-dielectric curve of pure soil media, (B) Dry density-water content-relative permittivity relationship of pure soil medium, (C) Dry density-dielectric curve of medium with 30% rock content, (D) Dry density-water content-relative permittivity relationship at 30% rock content, (E) Dry density-dielectric curve of medium with 40% rock content, (F) Dry density-water content-relative permittivity relationship at 40% rock content, (G) Dry density-dielectric curve of medium with 50% rock content, and (H) Dry density-water content-relative permittivity relationship at 50% rock content.
[image: Figure 6]FIGURE 6 | Volumetric water content-dry density-relative permittivity relationship of soil-rock composite: (A) Pure soil medium, (B) The earth to rock ratio is 7:3, (C) The earth to rock ratio is 6:4, and (D) The earth to rock ratio is 5:5.
Owing to the strong water absorption of soil in soil-rock mixed medium, when the dry density is small, the medium will get larger pores and a smaller relative permittivity. The contact area between soil particles increased with the increase of dry density, but the water content remained unchanged, and the water film thickness and relative permittivity increased uniformly. When the pore water is affected by the increase in water content, the relative permittivity increases gradually at the same dry density.
In Figure 6A, it is depicted that conductivity increases with both dry density and water content, as described by the fitted equation z = −8.81 + 0.73x + 7.79 years, with x representing dry density and y representing water content. The high coefficient of determination, R2 = 0.97, indicates a strong correlation between these variables and the model’s predictive capability. The other subplots have shown the same pattern. It was found that the relative permittivity of soil-rock composite media increases with increasing compactness when the water content remains unchanged. This increase can be attributed to the higher pore water filling rate, the increase of dissolved ion concentration, and the increase of polarization charge generated by the unit volume of soil and rock body, which together enhance the polarization effect. The permittivity of soil-rock composite media is positively correlated with the degree of compactness. When the water content remains constant, the increase in compactness will lead to a small increase in the permittivity. However, the relative permittivity shows a substantial, almost linear increase as the water content increases. This relationship changes considerably at low water content levels, where an increase in compactness results in only a small change to the relative permittivity. However, these changes become more pronounced as moisture increases and free water becomes the dominant factor. It is worth mentioning that once water content exceeds a certain threshold, further increases in moisture do not greatly affect soil saturation.
The variation of dry density plays an important role in the polarization effect of soil-rock mixed media samples. The increase in dry density indicates that the structure of soil-rock composite media is dense, which is caused by the decrease in pore ratio, and the polarization effect in the soil matrix significantly increases in this case. The interaction between the distribution and properties of water in soil-rock mixtures is intricately related to the properties of clay particles. The decrease of the clay particle size increases the specific surface area of the soil, leading to an increased degree of water adsorption to the clay particles. This process eventually forms a layer of bonded water that impedes the conduction of electricity. Besides, smaller soil particles inherently give rise to larger pore spaces. At constant volume, these soil-rock mixtures exhibit a larger proportion of pore space. The increased porosity, combined with the reduced free water volume, inhibits the continuity of water in these pores and impedes the ability of the soil-rock mixture to conduct current.
3.3 Analysis of the impact of soil-rock ratio on the relative permittivity
To compare and investigate the change rule of the influence of water content of soil-rock mixed medium on the relative permittivity under different rock contents, relevant test data are exhibited in Figure 7. The data points for each saturation level follow a nonlinear trajectory, with conductivity escalating more steeply beyond the 15% water content threshold, suggesting an accelerated interaction between water content and conductivity at higher moisture levels.
[image: Figure 7]FIGURE 7 | Influence of different rock content ratios on water content-relative permittivity relationship: (A) The dry density is 1.5 g cm−3, (B) The dry density is 1.6 g cm−3, (C) The dry density is 1.7 g cm−3, and (D) The dry density is 1.8 g cm−3.
The law of the relative permittivity changing with rock content in the above figure is not obvious, because the relative permittivity increases with the increase of soil saturation, and there is a positive correlation between the two. However, since saturation is jointly affected by soil water content and porosity, rock content not only affects the average relative permittivity of the composite medium but also influences the porosity and water content of the soil-rock mixture, which in turn affects the relative permittivity. The effect of water content and saturation on the relative permittivity of the sample is more significant than that of rock content.
As can be seen from Figure 8A, the regression equation z = −0.41 + 0.76x–0.08 years, with x representing water content and y representing saturation percentage, quantifies this relationship. The plane shows that conductivity generally increases with water content. However, the negative coefficient for saturation indicates a slight decrease in conductivity with increasing saturation, a trend captured by a high coefficient of determination, R2 = 0.95, signifying a strong fit to the data. The other subplots have shown the same pattern that volumetric water content of the soil-rock mixture has a significant impact on its relative permittivity. When the water content is low, the resistivity will increase as the relative permittivity increases. When the water content is high, the relative permittivity tends to decrease with the increase of saturation. Rock content affects the relative permittivity of the composite medium. With the increase in rock content, the relative permittivity of the composite medium tends to decrease because the rock in the soil body has a smaller relative permittivity value than the surrounding soil particles. Thus, when the rock content increases, the average relative permittivity of the soil-rock composite medium decreases, leading to a decrease in the relative permittivity. However, the influence of rock content on the relative permittivity is far less significant than that of water content.
[image: Figure 8]FIGURE 8 | Curves of volumetric water content and the relative permittivity of medium with different soil-rock ratios: (A) The dry density is 1.5 g cm−3, (B) The dry density is 1.6 g cm−3, (C) The dry density is 1.7 g cm−3, and (D) The dry density is 1.8 g cm−3.
3.4 Analysis of electromagnetic parameter of soil-rock composite medium
The permittivity of soil-rock composite media depends on many factors, including the structure and composition of the soil and rock, and the properties of the water present in the soil. In the case that the chemical composition, temperature, and pore water composition of soil and rock are known, the relative permittivity of soil-rock composite media is primarily determined by saturation, compacting degree, and water content. The complex interaction between these factors can promote the change of electrical parameters of soil-rock composite media. At the same time, it is essential to study these multiple factors comprehensively to accurately understand and predict the change law of underground electrical parameters.
Considering the change in water content, dry density, and rock content, the change of the relative permittivity of the soil-rock mixed medium is displayed in Figure 9. Considering the change in water content, dry density, and rock content, the change of the relative permittivity of the soil-rock mixed medium is displayed in Figure 9. The data points suggest that as water content and dry density increase, the soil conductivity also tends to increase, with the highest conductivity values observed at the greatest density and water content levels. This pattern is dispersed throughout the volume of the plot, indicating variability in conductivity with changes in soil properties. The main factor of the relative permittivity of the soil-rock mixture is water content. Like the relationship between rock content and resistivity, water content also has a substantial effect on the relative permittivity of a mixture. When the water content is high, the relative permittivity tends to increase, and when the water content is low, the relative permittivity tends to decrease. This is because the relative permittivity value of water is much larger than that of rock or soil, so when the water content is high, the overall relative permittivity of the mixture can be greatly enhanced.
[image: Figure 9]FIGURE 9 | Influence of water content, dry density, and rock content on the relative permittivity: (A) Gravimetric (Mass) water content and (B) Volumetric water content.
Considering the change in water content, dry density, and rock content, the change of the relative permittivity of the soil-rock mixed medium is displayed in Figure 9. The data points suggest that as water content and dry density increase, the soil conductivity also tends to increase, with the highest conductivity values observed at the greatest density and water content levels. This pattern is dispersed throughout the volume of the plot, indicating variability in conductivity with changes in soil properties. The main factor of the relative permittivity of the soil-rock mixture is water content. Like the relationship between rock content and resistivity, water content also has a substantial effect on the relative permittivity of a mixture. When the water content is high, the relative permittivity tends to increase, and when the water content is low, the relative permittivity tends to decrease. This is because the relative permittivity value of water is much larger than that of rock or soil, so when the water content is high, the overall relative permittivity of the mixture can be greatly enhanced.
The content of rock in the mixture affects the relative permittivity of the composite medium. The relative permittivity of the soil-rock mixture tends to decrease with the increase in rock content. This is chiefly because the rocks in the mixture have a smaller relative permittivity value than the surrounding soil particles. Hence, when the rock content increases, the average relative permittivity of the composite medium decreases, causing a decrease in the relative permittivity. However, the influence of rock content on the relative permittivity is far less significant than that of water content.
In general, the rock content in the soil-rock mixture has a complex impact on the relative permittivity of the composite medium. By understanding these factors and their interactions, accurate models can be developed to predict the permittivity of soil-rock mixtures with different rock contents. This is critical for a range of applications including geophysical prospecting and soil moisture measurements.
3.5 Resistivity and permittivity model of soil-rock composite medium
Traditional methods of estimating resistivity and permittivity usually involve invasive techniques, complex data processing, and time-consuming laboratory measurements, which all have low feasibility and are not cost-effective. Existing methods of predicting resistivity and permittivity fall roughly into two categories: empirical and computational. Empirical methods rely on laboratory measurements, field observations, and established relationships to estimate the properties of materials. Examples of empirical methods include the use of Archie’s law to predict electrical resistivity and dielectric mixing models to estimate relative permittivity. Although these methods can provide reasonable estimates, they may be limited by the availability of representative samples, assumptions, and applicability to specific geological settings. Computational methods involve numerical simulations, inversion algorithms, and data-driven techniques to estimate resistivity and permittivity. Examples of computational methods include finite-difference time-domain (FDTD) modeling, full waveform inversion (FWI), and various optimization algorithms. These methods can provide more accurate predictions and detailed subsurface models, but their calculations can be costly, are sensitive to initial conditions, and require expertise to implement and interpret.
Neural networks provide an effective alternative for predicting electrical resistivity and the relative permittivity. Neural networks are capable of learning complex patterns and nonlinear relationships between input and output variables. They have been broadly applied to a variety of regression and classification tasks in different fields, with remarkable success in learning from large data sets and providing accurate predictions. Neural networks reduce computing time, improve scalability, and provide the capability to generalize to new, invisible data.
The neural network model selected in this study is called a feedforward neural network (FNN) or multilayer perceptron (MLP). It is the basic architecture widely used in the field of artificial neural networks. For the resistivity prediction problem, we selected an FNN with three fully connected hidden layers. The first hidden layer contained 16 neurons, the second hidden layer contained 8 neurons, and the last output layer contained 1 neuron. The neural network structure is shown in Figure 10. The activation function for the hidden layer was the rectified linear unit (ReLU) function, while the output layer used linear activation functions. The motivation for selecting an FNN with multiple hidden layers and ReLU activation functions was their ability to model nonlinear relationships between input features and output targets. The abbreviations that appear in this article are summarized in Appendix A.
[image: Figure 10]FIGURE 10 | Neural network structure model.
Before inputting data into the neural network, a standardized scaling technique was applied using the StandardScaler function in the scikit-learn library to normalize data. The purpose of normalization was to ensure that each input feature had a similar range and to enhance the training speed and performance of the neural network. Output goals were also standardized to ensure consistency between input and output data. Then the data were split into the following three groups: training set, verification set, and test set. The training set contained 80% of the data, while the verification set and the test set each contained 10% of the data. Splitting was performed randomly using the train_test_split function in the scikit-learn library. The purpose of data splitting was to evaluate the performance of the neural network on unknown data and to prevent over-fitting during training.
The optimization algorithm utilized during the training was the Adam optimizer, which is an adaptive learning rate optimization algorithm, very suitable for problems with large data sets and many parameters. Mean square error (MSE) was chosen as the loss function of the model because it is commonly used for regression problems. The mean absolute error (MAE) was selected as the evaluation index to evaluate the model performance. Relative permittivity prediction was trained on models of 100 epochs with a batch size of 16. The analysis of the training process is exhibited in Figure 11. The selection of superparameters (hyperparameters) was based on empirical tests, which aimed to achieve the best performance without over-fitting.
[image: Figure 11]FIGURE 11 | Training process of relative permittivity prediction model: (A) Loss function, and (B) MAE.
To visualize the prediction accuracy of the model, the predicted and actual values of the training set and test set are presented in Figure 12, by which the predicted and the true values of the relative permittivity can be compared.
[image: Figure 12]FIGURE 12 | Comparison between the predicted and actual relative permittivity.
The advantages of the neural network method include its capability to capture complex nonlinear relationships between input features and target attributes. Compared with the traditional empirical relationship and other methods, it has excellent performance. However, there are also some weaknesses and limitations. A large and diverse data set is required to effectively train neural networks. Without sufficient training data, the model may be prone to overfitting, or it may not generalize well to new situations. Furthermore, our model relied on a specific set of input characteristics, which may not be applicable to all GPR data sets or geological settings.
The quality and representativeness of the input data may affect model performance and generalization. For example, biases or inaccuracies in training data sets may limit the model’s ability to accurately predict relative permittivity values in other settings. The computational requirements of training and deploying neural network models are also a problem, especially in real-time or resource-constrained applications. Adapting the model to different geological environments using transfer learning or domain adaptation techniques can help us better generalize the model to different geological environments and GPR data sets. This enhances its applicability to a variety of applications and environments.
4 CONCLUSION
In this study, a series of lab tests were carried out to figure out the relative dielectric constant of the soil-rock mixture, which is commonly encountered in practical engineering applications of GPR. Basic parameters such as the water content, dry density, and soil-rock ratio were selected to design the electrical characteristic test for soil-rock composite media, and the correlation between them was analyzed.
(1) The volumetric water content of the soil-rock mixture has a substantial impact on the relative permittivity. When the water content is high, the relative permittivity tends to decrease with an increase in saturation. The rock has a lower permittivity value than the surrounding soil particles. When the rock content increases, the average permittivity and the conductive permittivity of the composite medium decrease. However, the influence of rock content on the permittivity is far less significant than that of the water content.
(2) When the compositional makeup of soil-rock particles remained constant, the primary factors that modulated the electrical characteristics of the soil-rock composite medium were identified as water content, compactness, and soil-rock ratio. The degree of influence, from most to least significant, was as follows: water content > compactness > soil-rock ratio.
(3) A prediction model of the relative permittivity of the soil-rock composite medium was built based on a neural network that predicts the relative permittivity of the corresponding soil-rock mixed medium based on the water content, dry density, and soil-rock ratio.
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