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To study the relationship between matrix suction and conductivity in unsaturated granite residual soil and realize the matrix suction prediction of soil slope based on conductivity, laboratory and field tests are carried out on undisturbed soil at different depths of the Yandou village landslide in Sanming City, Fujian Province, China. Through physical and chemical property analysis, soil-water characteristic curves and electric parameter matrix suction prediction models for unsaturated granite residual soil at different depths of the target area are obtained. Based on the proposed model, the matrix suction distribution of on-site soil slope is predicted and the dynamic response law under the influence of artificial rainfall is studied. The results show that: (1) The transverse conductivity, average structure factor, average shape factor, and anisotropy coefficient of unsaturated soil are related to the soil saturation degree. By considering the above parameters, the comprehensive structure parameter Re is introduced and its functional relationship with matrix suction is established. (2) Under artificial simulated rainfall, the saturation, hysteresis of the conductivity parameters, and matrix suction response of the slope occurs, which is controlled by soil depth, permeability and rainfall intensity. The matrix suction is distributed in layers on the profile and its recovery rate is slower than saturation. The suction contour map shows a parabola shape with the opening downward. (3) The relationship between the conductivity parameters of the residual soil slope and matrix suction is further revealed and a new method to indirectly measure matrix suction is proposed. Its feasibility is verified based on field tests, which is of great significance to landslide monitoring and early warning.
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1 INTRODUCTION
Unsaturated soil is widely distributed in nature and is involved in most of the geotechnical problems (Fredlund and Rahardjo, 1993; Lu and Likos, 2006). The suction of unsaturated soil is an important index to characterize its engineering properties (Zhang, et al., 2022). It is the basis and core concept of the unsaturated soil mechanics theory system (Van Genuchten, 1980; Lu and Griffiths, 2004). However, the quick and accurate measurement of soil suction is an urgent problem to be solved. Measurement of suction, based on laboratory tests, requires a high standard of operation, which is time-consuming, expensive, and complicated (Delage et al., 2008), and it is even harder to measure the field matrix suction.
Electrical conductivity is one of the inherent properties of soil. For unsaturated soils with similar particle composition and pore water chemical composition, the electrical conductivity mainly depends on the change of soil moisture content (Chen et al., 2006). Considering that the magnitude of suction also depends on the water content (Lu et al., 2014), there could be some connection between the matrix suction and the electrical conductivity of unsaturated soil. Previous studies have shown that certain functional relationships exist between matrix suction (or soil water potential) and electrical conductivity (or resistivity) for different unsaturated soils (Qin et al., 2020). Laboratory tests of shallow unsaturated landslide soil with volcanic ash deposits showed that there were two functional relationships among resistivity, water content, and matrix suction under different grain sizes. When the matrix suction is below 10 kPa, the matrix suction is linearly related to the electrical resistivity and thereafter exhibited a complex non-linear relationship (De Vita et al., 2012). The laboratory test of unsaturated compacted loess showed that the resistivity of the sample had a linear relationship with the matrix suction under different degrees of compaction (Zhu and Zhang, 2018). The laboratory test of unsaturated remolded kaolin showed that the relationship between resistivity of the sample with different porosity ratios and its matrix suction could be fitted with a power function and that the electrical resistivity is related to the air-entry value and the saturated state (Cardoso and Dias, 2017). The laboratory test of compacted granite residual soils showed that the resistivity value decreased with increasing water content and dry density and tended to constant at higher values (Kong, et al., 2017). However, most of the current research is performed based on remolded soil, the pore structure, and liquid phase composition of which are quite different from the in-situ soil (Zhou et al., 2009). As a result, whether the above model can accurately describe the matrix suction change law under the natural state of soil is still open to question. Therefore, it is necessary to carry out relevant tests to obtain the conductivity-matrix suction function model of in-situ soil.
Undisturbed soil samples maximize the integrity of the natural structure of the soil, so the results obtained from in-situ soil testing can reflect the properties of the in-situ soil in the field to the best extent. China is a country with frequent occurrence of landslides (Zhang, et al., 2021a; Huang, et al., 2021; Zhang Z et al., 2020; Lee, et al., 2021; Xu, et al., 2020), especially in the Fujian area where hills and mountains are developed, and granite residual soil is widely distributed. The climate in this area is humid and rainy. A large number of granite residual soil slopes fail during monsoon and rainstorm season every year, with the characteristics of sudden occurrence and wide distribution, causing a large amount of property loss and casualties (Liu, et al., 2021; Y.; Zhang et al., 2021; Shaunik and Singh, 2020; Huang and; Huang, et al., 2017; Karrech, et al., 2021; Zhang Z et al., 2020; Huang, et al., 2020; Huang F, et al., 2021). The change of matrix suction of shallow unsaturated soil slope is one of the important reasons for the instability and failure of shallow landslides (Huang F et al., 2017; McQuillan, et al., 2020; Li, et al., 2016; Raghuram and Basha, 2021). Under rainfall-induced conditions, the infiltration of rainwater leads to the reduction of matrix suction and shear strength (Zhang Y. et al., 2020; Zhang et al., 2021c), and the consequent reduction of stability coefficient, thus leading to slope instability (Bar, et al., 2020; Y.; Zhang et al., 2021b; J.; Zhang, et al., 2021; Dou, et al., 2014). Therefore, it is necessary to investigate the infiltration response and suction distribution of shallow unsaturated soil slope under rainfall conditions.
In this paper, artificial trench excavation is carried out on the landslide, artificial rainfall simulation equipment is arranged on the top edge of the trench, and the field prototype rainfall test is carried out. The relationship model between electric parameter and matrix suction is tested based on the laboratory test of undisturbed soil and the field data are used to verify and analyze the application. The dynamic response law of hydrology, conductivity and suction under shallow rainwater infiltration of unsaturated granite soil slope is obtained. The relationship between conductivity parameters and matrix suction is further revealed, and a new method for indirect measurement of matrix suction is proposed, and its feasibility is verified based on field tests. The research results are of great significance for landslide monitoring and early warning.
2 LABORATORY TEST
2.1 Test Material
The soil samples are taken from Yandou village landslide in Sanming City, Fujian province. The specific location is shown in Figure 1. The soil samples are granite residual soil, which is yellow brown. The samples are taken at different depths of the artificial trench, the specific depths are 0.5, 1.0, 1.5 and 2.0 m, respectively. The photographs of the field artificial trench is shown in Figure 2.
[image: Figure 1]FIGURE 1 | The address of test site and periphery of landslide. (A) The address of test site. (B) The periphery of landslide. 
[image: Figure 2]FIGURE 2 | In-situ artificially trench.
The basic physical properties of granite residual soil are listed in Table 1, and the mineral composition and physical and chemical properties are listed in Table 2. According to GBT 50123-2019 (China), the limit water content is determined by the liquid-plastic limit method. The instrument used is the GYS-2 liquid-plastic limit tester of Nanjing soil instrument factory (Li, et al., 2022). The saturated permeability coefficient is determined by the constant water head method. The instrument used is model TST-70 permeameter of the Nanjing soil instrument factory. The mineral composition is determined by Malvern Panalytical’s X'Pert³ X-ray diffractometer (Wang, et al., 2021; Ma, et al., 2021). The potential of hydrogen (pH) value is determined by the potential method. The organic content is determined by potassium dichromate method. The cation exchange capacity is determined by sodium acetate-flame photometry. The scanning electron microscope (SEM) is tested by Nova NanoSEM 230 (Fei Czech Republic S.R.O.) field emission scanning electron microscope.
TABLE 1 | Physical properties of residual soil.
[image: Table 1]TABLE 2 | Mineral composition and physicochemical analysis table of residual soil.
[image: Table 2]Figure 3 presents the SEM microstructure of granite residual soil at different depths. It reveals that most of the minerals in the residual soil are flake kaolinite and their arrangement varies with the soil depth. As shown in Figures 3A,B, at smaller depths (0.5 and 1.0 m), the flaky kaolin is in point-to-point contact and point-to-surface contact with dispersed structure and sheet frame structure. As shown in Figures 3C,D, the flaky kaolin is in surface-to-surface contact with dispersed structure and sheet frame structure. With increasing depth, the orientation of kaolin minerals is more obvious, and the structure of residual soil is better.
[image: Figure 3]FIGURE 3 | SEM micrographs of residual soil at different depths. (A) Depth=0.5 m. (B) Depth=1.0 m. (C) Depth=1.5 m. (D) Depth=2.0 m.
2.2 Test Method
In-situ soil samples are taken at different depth points of the artificial cutting slope using a circular thin-walled soil extractor. Great care is taken during the sampling process so that the soil sample is basically undisturbed. The TRUE TDR-310H sensor probe from Acclima is used to study the electrical conductivity of soil. The specification is shown in Figure 4. The electrical conductivity of pore water, soil dielectric constant, soil volumetric water content, and soil temperature can be measured simultaneously. It is worth noting that the electrical conductivity of soil measured by the sensor probe is the conductivity value of soil mass (including soil particles and pore water) between the two probes. When the probe direction is changed, the electrical conductivity in different directions can be measured. The details are shown in Figure 4. The data logger is CR-1000 from CAMPBELL SCIENTIFIC, United States.
[image: Figure 4]FIGURE 4 | TDR-310H instrument specification diagram and probe direction.
The conductivity values measured using the TDR-310H probe need to be corrected for temperature by the following formula:
[image: image]
where [image: image] is the electrical conductivity measured at temperature T, [image: image] is the electrical conductivity measured at temperature 25°C, T is the temperature, [image: image] is the temperature correction factor, which in this work is 0.0271°C−1.
The Filter paper method (Houston et al., 1994), the pressure plate method (Ma et al., 2016), the chilled mirror dewpoint method (Leong et al., 2003), and the GDS apparatus method (Gao et al., 2019) are often used to test the matrix suction of soil in the laboratory. In this work, to maintain the structure of in situ soil and obtain data over a high suction range (Raghuram, et al., 2021), the matrix suction of soil samples is tested by the filter paper method according to ASTM D5298-10. The specification of the cutting ring is Φ61.8 × 20 mm, the equilibrium time is 7 d, and the soil moisture content is controlled by the moisture absorption method. The filter paper is Whatman No. 42 from United States. The same batch of filter paper is used for soil test at different depths. Its standard calibration curve formula (Leong et al., 2003) is shown below:
[image: image]
where [image: image] = matrix suction, [image: image] = water content of filter paper.
2.3 Results Analysis
2.3.1 Analysis of Soil-Water Characteristic Curve
The relationship between suction and saturation (or volume water content) of unsaturated soil is called SWCC, which describes the water holding capacity of unsaturated soil under different suction conditions (Leong and Rahardjo, 1997). The SWCC of in situ soil at different depths are plotted in Figure 5.
[image: Figure 5]FIGURE 5 | Relationship between matrix suction and degree of saturation.
The VG model is an effective SWCC model for fitting the soil-water characteristic curve (Van Genuchten, 1980). Considering that the residual saturation or residual matrix suction of the residual soil is difficult to determine, the VG model is modified (Chin et al., 2010) in the following form:
[image: image]
where S is soil saturation, a, b and c are the fitting parameters. The experimental data are fitted by Eq. 3 and the fitting result is shown in Figure 5.
Figure 5 reveals that the SWCC curves of soil samples from different depths are not identical. This may be caused by the difference of stress, structure, and physical and chemical properties of soil. Combining with the analysis of Figure 3, with the increase of depth, the overlying soil stress increases, and the soil structure becomes more complete. The pore structure in soil has certain orientation, and the soil particles and clay minerals are arranged in a certain direction. As a result, the soil has an increasing air-entry value and an increasing water-holding capacity. The mineral composition of the soil varies at different depths. Combining with the analysis of Table 2, as the depth increases, the proportional content of quartz decreases and the proportional content of clay minerals increases. When the clay content increases, the water-holding capacity of the soil is stronger, and the dehumidification rate is smaller. This is in accordance with the experimental results in Figure 5. The above analysis confirms the reliability of the filter paper method for measuring matrix suction and the VG modified model.
2.3.2 Analysis of Conductivity-Related Structural Parameters
Figure 6 shows the experimental relationship between the horizontal electric conductivity and soil saturation. The following rules can be found from the diagram: (1) The horizontal electric conductivity of soil increases with the increase of saturation degree. (2) With increasing saturation, a smaller saturation increment can lead to a large increase in horizontal conductivity.
[image: Figure 6]FIGURE 6 | Relationship between horizontal electric conductivity and degree of saturation.
When the saturation reached a certain value (in this test, about 80%), the horizontal conductivity increased rapidly with the increase of the saturation. The direct consequence of the increase of soil saturation is the enhancement of the conductivity of soil pores. This results in an increase in the thickness of electric double layer on the surface of soil particles, which enhances the surface conductivity of soil particles. The increase of saturation can significantly improve the connectivity of pore water, which improves the electrical conductivity of soil pore water and thus increases the overall electrical conductivity. It shows that the change of soil structure has an effect on its electric conductivity. In addition, the values of the horizontal conductivity of the soil at different depths with same saturation are different. The electrical conductivity of the shallow soil (z = 0.5 m) is obviously larger than that of the deeper soil. Combined with the analysis of soil’s physical and chemical properties in Table 2, it suggests the development of shallow roots and the retention of plant nutrients may cause high soil organic matter content and cation exchange capacity, leading to the higher electrical conductivity of shallow soil.
Archie (1942) first applied the theory of electrical conductivity to the study of soil microstructure and proposed the concept of structure factor F to reflect the microstructure characteristics of soil (Archie, 1942). The structure factor F is defined as the ratio of the total resistivity of porous media to the resistivity of its pore liquid and the structure factor is mainly related to the porosity and pore structure. Based on Archie’s research results, three basic conductivity structure parameters by measuring the horizontal, vertical, and pore water conductivity were proposed (Arulanandan and Muraleetharan, 1988). The physical meaning of conductivity structure parameters were clearly defined.
The average structure factor [image: image] reflects the size of soil porosity, pore structure characteristics, and its specific formula is:
[image: image]
where [image: image] and [image: image] are the horizontal and vertical structure factor, respectively. The formula for calculating the horizontal (or vertical) structure factor is:
[image: image]
[image: image]
where [image: image] and [image: image] are the vertical and horizontal electrical conductivity of soil respectively, and [image: image] is the electrical conductivity of pore water.
The average shape factor [image: image] describes the shape of soil particles and reflects the degree of cementation between soil particles. The correlation between the average structure factor and the average shape factor of soil is as follows:
[image: image]
where n is the porosity of soil.
The anisotropy coefficient A reflects the anisotropy of soil and quantifies the directional arrangement of soil particles and its specific formula is:
[image: image]
Based on the results of laboratory tests and the above formulas, the conductivity-related structural parameters of in situ soil with different depth and saturation degree are calculated. The conductivity-related structural parameters include average structure factor [image: image], average shape factor [image: image], and anisotropy coefficient A. The relationship between the conductivity-related structural parameters and soil saturation are shown in Figure 7. There is a certain correlation between the three conductivity-related structural parameters and saturation. The average structure factor and the average shape factor decrease with the increase of saturation, while the anisotropy coefficient increases first and then stabilizes with the increase of saturation.
[image: Figure 7]FIGURE 7 | (A) Relationship between the conductivity-related structural parameters and soil saturation. (B) Relationship between average shape factor and degree of saturation. (C) Relationship between anisotropy index and degree of saturation.
2.3.3 Analysis of Conductivity-Matrix Suction Prediction Model
For unsaturated soil, the electrical conductivity and matrix suction are closely related to the soil saturation, which are the comprehensive reflection of the microstructure of unsaturated soil. Therefore, there must be an essential relationship between the conductivity-related structural parameters and its matrix suction. The conductivity-related structural parameters can be used to describe the suction of unsaturated soil and its change law. However, neither of them can individually and accurately describe the variation of matrix suction in soils. Matrix suction in unsaturated soils is the result of the combined effect of soil structure, particle composition, particle arrangement, saturation, and other factors. Zha et al. (2010) proposed a new method to characterize the matrix suction by the comprehensive structural parameter Re (Zha et al., 2010) and its formula is:
[image: image]
Figure 8 shows the relationship between comprehensive structural parameter and soil saturation. It can be seen from the diagram that there is a good correlation between the parameter Re and the saturation. When the soil saturation is high, the comprehensive parameter Re is small, and the influence of saturation it is minimal. When the saturation is low (<35%), the change of the saturation has a great influence on the comprehensive parameter. A slight decrease of saturation leads to a dramatic increase of the comprehensive parameter Re.
[image: Figure 8]FIGURE 8 | Relationship between comprehensive structural parameter and degree of saturation.
Figure 9 shows the relationship between comprehensive structural parameter and matrix suction. It indicates that there is a parabola relationship between the parameter Re and the matrix suction. The matrix suction of unsaturated soil increases with the increase of parameter Re. In this way, a simple parabola equation between matrix suction and comprehensive structural parameter (Re) can be established and the Re can be used to predict the matrix suction.
[image: Figure 9]FIGURE 9 | Relationship between comprehensive structural parameter and matrix suction.
Based on the test results in Figure 9, a general functional relationship between matrix suction and comprehensive structural parameter of unsaturated soils is established:
[image: image]
where [image: image] is matrix suction, [image: image] are model parameters that are related to the properties of soil. In this work, the model parameters of soil samples at different depths are shown in Table 3.
TABLE 3 | Parameters of matrix suction prediction model.
[image: Table 3]Finally, the matrix suction is obtained by this prediction model. The procedure of this method is summarized using a flowchart in Figure 10, which can be divided into five steps: (1) measurement of horizontal conductivity, vertical conductivity and pore water conductivity of unsaturated soil using TDR-310H sensor; (2) the temperature calibration of the electrical conductivity using Eq. 1; (3) calculation of the conductivity-related structural parameters ([image: image], [image: image] and A) using Eqs 4, 7, 8; (4) calculation of the comprehensive structural parameter using Eq. 9; (5) calculation of the matrix suction of unsaturated soil using Eq. 10. Therefore, the matrix suction can be predicted by testing the electrical conductivity. This solves the problem of matrix suction being difficult to be measured in a practical engineering application, especially for in situ soil.
[image: Figure 10]FIGURE 10 | Flowchart to obtain matrix suction using conductivity-matrix suction prediction model.
It should be noted that the prediction model is established in the condition that Re is in the range of 0–8 and the matrix suction is in the range of 0–800 kPa. The vertex of the quadratic function is about to be reached when Re = 8. There is a negative correlation between Re and matrix suction in the range of Re > 8. Accordingly, the prediction model may be invalid when Re > 8.
3 IN-SITU VERIFICATION
3.1 Test Scheme
3.1.1 In-situ Instrumentation
A conductivity-matrix suction prediction model was established for shallow unsaturated soil samples in laboratory tests. An artificially simulated rainfall test was carried out on Yandou landslide to verify this model. Once the model was proven to be effective, the response of matrix suction of soil samples at different slope depths to rainfall infiltration were investigated.
The height H of the artificial trench was 2.2 m, the width B was 2.8 m (see Figure 2). A monitoring point was arranged every 0.5 m on the trench surface, and a vertical monitoring line was formed by four monitoring points from top to bottom. Three monitoring lines were successively arranged on the trench surface, with an interval of 0.5 m for each line. The rainfall simulation device was arranged on the natural surface (trench edge). The length of device l was 2.4 m, the width b was 1.2 m, the distance between each rainfall nozzle d was 0.6 m, the average height of nozzle from ground h was 1.8 m. A PVC pipe was buried at the top of the edge of the trench as a runoff collecting trench. Water was stored in a water tank and supplied by a water pump. The flow valve was used to regulate the rainfall intensity. The monitoring instruments were TDR-310H sensor probe and WATERMARK-200SS matrix suction sensor probe (Irrometer Company). The data logger was CR-1000 from Campbell Scientific Company. The data collection interval was 10 min. For the problem of rainfall-induced shallow slope instability, the intensity of rainfall must be large enough and exceed the saturation permeability coefficient of the surface soil of the slope (De Vita et al., 2012). For this reason, the rainfall intensity I of 20 mm/h and the rainfall duration T of 6 h were selected for the site rainfall in this work. Simulated rainfall started at 8:00 a.m. The duration of data acquisition was 48 h. The detailed site diagram is shown in Figure 11.
[image: Figure 11]FIGURE 11 | In- situ simulated rainfall test schematic.
3.1.2 Calibration of Matrix Suction Sensor
WATERMARK-200SS matrix suction sensor is a granular matrix sensor. The resistance Rx of sensor is measured by a known built-in voltage divider circuit and the matrix suction of the soil is determined by the calibration equation. The default calibration equation for the sensor was developed by Clinton Shock in 1998 (Shock et al., 1998), as shown in Eq. 11:
[image: image]
where [image: image] matrix suction signal value of sensor output,Rx is the resistance of sensor, T is temp centigrade.
The calibration equation of Eq. 11 is only applicable in the range of 10–100 kPa matrix suction. Beyond this range, the sensor automatically uses linear extrapolation to determine matrix suction, resulting in calculation error. In addition, the calibration equation is proposed for Owyhee silt loam soil, and the characteristics of granite residual soil in this work are quite different, so the calibration equation itself may have a deviation. It is known that if the value of the matrix suction signal from the WATERMARK sensor is directly used as the final experimental result, it may result in large error. To reduce the experimental error and modify the calibration equation so that it can be applied to the soil sample in this test, the calibration test is carried out in the laboratory. The matrix suction measured by the filter paper method is used as the reference value in the calibration test. Six calibration points are selected, which are at 5.7, 10.9, 49.3, 96.2, 148.8 and 197.6 kPa, respectively. The matrix suction signal values at different calibration points are measured for the same batch of soil samples. The test results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | WATERMARK sensor calibration curve after correction.
The calibration point of Figure 12 is fitted by linear equation and the calibration curve of the WATERMARK matrix suction sensor is obtained as follows:
[image: image]
3.2 Result Analysis
3.2.1 Accuracy Analysis of Prediction Model
The data collected by the WATERMARK matrix suction sensor and the data calculated by the prediction model are presented together in Figure 13. The former is the measured value and the latter is the predicted value.
[image: Figure 13]FIGURE 13 | Time-history curve of matrix suction.
In the moisture absorption stage, the relative error of the initial value is -5.83–2.67%. When the matrix suction begins to decline rapidly, the prediction model shows a high agreement. In the dehumidification stage, it can be found that the prediction model for matrix suction recovery is advanced. Compared with the measured values, the predicted matrix suction recovered earlier and the matrix suction at the same time point is larger. There may exist an hysteresis effect in the process of moisture absorption and dehumidification of unsaturated soil, which results in two kinds of soil-water characteristic curves (wetting curve and drying curve), and it shows that this model cannot reflect the hysteresis of suction recovery. However, as the dehumidification process continues, the matrix suction increases, the error caused by hysteresis decreases gradually, and the relative error can still be controlled within 10% in the late dehumidification stage. Overall, the relative error of the prediction model is controllable and the accuracy is good. The field test further proves the feasibility of indirectly measuring the matrix suction of unsaturated soil by the composite structure parameters of electrical conductivity.
3.2.2 Time-History Analysis of Infiltration Rate
During the simulated rainfall, the flow rate at the outlet of the runoff gathering pit was measured with a measuring cylinder. Testing was done every 10 min before the occurrence of slope runoff and every 30 min after the occurrence of slope runoff. Based on the inverse calculation of the infiltration rate, the calculated results are plotted as the infiltration rate time-history curve, as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Time-history curve of infiltration rate.
Figure 14 indicates that during the first 20 min of rainfall, all the rainwater seeped into the soil, and the infiltration rate is equal to the rainfall intensity. With the development of rainfall, the rainfall cannot penetrate the slope completely because of the effect of rainwater dripping and the vegetation barrier, and part of it remains on the slope temporarily and cannot form runoff. At t = 1.32 h, the field observation found that stranded runoff started to appear on the slope. After that, the infiltration rate gradually decreased with the duration of rainfall. When t > 4h, the change of infiltration rate gradually slowed down and finally stabilized at about 3.26 mm/h, which is slightly larger than the permeability coefficient Ks = 7.2 × 10−5 cm/s = 2.592 mm/h.
3.2.3 Analysis of Time History Curve of Central Line
The central measurement line was selected as the main measurement line for this monitoring and the time variation curves of infiltration response of saturation, structural parameters, and matrix suction on the main measurement line are plotted sequentially in Figure 15.
[image: Figure 15]FIGURE 15 | (A) Time-history curve of the horizontal electric conductivity. (B) Time-history curve of the vertical electric conductivity. (C) Time-history curve of the conductivity of pore water. (D) Time-history curve of soil saturation. (E) Time-history curve of comprehensive structural parameters. (F) Time-history curve of matrix suction.
Figure 15A shows that the horizontal electric conductivity increases rapidly with the wetting front after rainfall. It illustrates that there is a positive correlation between the horizontal electric conductivity and saturation. Moreover, a similar trend of the vertical electric conductivity is shown in Figure 15B. The magnitude of the vertical electric conductivity is slightly larger than that of the horizontal electric conductivity. The penetrated channel in the vertical direction caused by rainwater during the rainfall may lead to the increase in the electric conductivity. Figure 15C is the time-history curve of the conductivity of pore water. It indicates that there is no consistent trend for the change of the conductivity of pore water. The conductivity of pore water fluctuated sharply in z < 1.5 m while is fluctuated slightly at z = 2.0 m.
Figure 15D illustrates that: (1) The initial saturation of soil shows an upward trend from top to bottom, which is 59.81, 52.57, 65.31 and 70.14%, respectively. At z = 0.5 m, the soil saturation is slightly higher. This may be attributed to the root reinforcement near the surface, which results in a higher water-holding capacity of the soil at this location. (2) Soil infiltration response has a lag that lasts longer at a larger depth. The response time of the wetting front from top to bottom is 1.74, 3.92, 5.68 and 9.50 h, respectively. At z = 2.0 m, the response is the slowest, the rising rate is the slowest, and the range of saturation is the smallest. A similar pattern is observed during the period of natural dehumidification after the rain stopped. (3) During 24 h < t < 36 h, the decrease trend of saturation is accelerated, and the trend is the most obvious at 0.5 m. This is because during daytime the temperature of slope surface rises under the sunlight and the evaporation rate speeds up, which leads to a larger water loss.
Figure 15E shows that the change trend of comprehensive structural parameter (Re) is opposite to the change trend of saturation (S). The Re decreases rapidly during the simulated rainfall period but increases slowly during the natural drying period. As can be seen from Figure 15F: (1) The initial matrix suction decreases from top to bottom, the shallow depth makes the suction larger, and the deep depth makes the suction smaller, which is 171.64, 163.95, 86.15 and 45.82 kPa, respectively. Combined with the analysis of Figure 15D, it can be concluded that in the initial stage, with the increase of depth, the soil saturation gradually increases, and the matrix suction gradually decreases. (2) The response time of matrix suction is synchronized with the hydrological response. When the wetting front reaches the corresponding depth, the matrix suction decreases rapidly to zero. The time to reach zero suction is 3.83, 5.16, 6.5 and 11.83 h, respectively, and the duration in the zero suction state is 5.33, 7.67, 7.00 and 8.33 h, respectively. (3) There is no significant correlation between the recovery rate of matrix suction and depth during natural drying period. During 24 h < t < 36 h, the recovery rate of matrix suction increased significantly at z = 0.5 m, which is related to the decrease of soil saturation. During the rest of the dehumidification period, the recovery rates are similar. At the end state (t = 48 h), the matrix suction distribution is the same as the original state, but the corresponding values have been decreased to 60.66, 44.17, 29.10 and 14.79 kPa, respectively. Compared with the monitoring results of the saturation in Figure 15D at the same time, the results show that although the saturation is almost the same as the initial state, the matrix suction decreases greatly. This indicates that the recovery of matrix suction has a greater lag than the saturation. Namely, the recovery time of matrix suction to the initial state is longer than that of saturation.
3.2.4 Analysis of Matrix Suction Distribution on Slope at Different Time
To analyze the distribution of substrate suction on the artificially cut slope more intuitively, the monitoring data at typical moments on the three measurement lines are selected and plotted as a substrate suction contour map (Figure 16). The data between the actual points are generated by interpolation of the cubic spline curve and extrapolated at the boundary to a range of 20 cm.
[image: Figure 16]FIGURE 16 | The isolines of matrix suction on section at different times. (A) t = 0 h (B) t = 6 h (C) t = 12 h (D) t = 24 h (E) t = 36 h (F) t = 48 h.
Figure 16 shows that at the initial state (t = 0 h), the overall matrix suction force on the slope is large on the top and small on the bottom, the suction force on the left side of the profile above 1.2 m is slightly larger than that on the right side, the suction force on the profile below 1.2 m is roughly distributed in horizontal layers, and the suction force value decreases layer by layer. At t = 6 h (when the simulated rainfall stops), the wetting front reaches about z = 1.1 m due to the lag of rainfall infiltration, and the depth range (z ≤ 1.1) is saturated, which shows the matrix suction [image: image] = 0 kPa. The remaining unsaturated area (1.2 m < z < 2.2 m) has a matrix suction roughly distributed between 20 and 60 kPa, with a higher suction area (>60 kPa) at the foot of the left slope. At t = 12 h, the rainfall has been fully infiltrated and most of the area within the slope has reached saturation, which shows that the matrix suction is 0 kPa. Since the left slope top has entered the drying state, the matrix suction has slightly recovered. At t = 24 h, the upper and middle part of the slope (z < 1.5 m) gradually dried and the matrix suction began to recover. The recovery rate on the center line is smaller and that on the left and right sides are larger. The lower part of the slope (z > 1.5 m) is still in the saturated zone and the matrix suction remained [image: image] = 0 kPa. At t = 36 h and t = 48 h, the matrix suction on the slope has started to rise gradually. The contour shape is a parabola with a downward opening and the contour shape is restored to 10–90 kPa, which is 27–35% of the initial state.
4 CONCLUSION
Laboratory and field tests on unsaturated undisturbed soil at different depths of Yandoucun landslide in Meilie District, Sanming City, Fujian Province were carried out in this paper. Through the use of physical and chemical property analysis, scanning electron microscope test, filter paper method test, comprehensive structural parameter test of electrical conductivity, in-situ simulated rainfall test, and SWCC curve, we obtained the electric parameter matrix suction prediction model for unsaturated granite residual soil at different depths in this area. The model is verified by the prototype rainfall experiment. Based on this model, the matrix suction distribution of in-situ artificial trench was predicted. The dynamic response law under the influence of artificial rainfall was studied. The following conclusions were obtained:
1) With the increase of depth within 2.0 m, the content of clay minerals in soil increases, the weathering decreases, the structure of soil particle is better, the content of organic matter decreases, the amount of cation exchange decreases, and the dehumidification rate is smaller.
2) There is a good correlation between the structural parameters of electrical conductivity and saturation of soil samples at different depths. The average structure factor ([image: image]) and the average shape factor ([image: image]) decrease with the increase of saturation, and the anisotropic coefficient (A) increases first and then stabilizes with the increase of saturation. A prediction model of matrix suction is established by using the comprehensive structural parameter (Re), and the corresponding model parameters are calculated to achieve a high precision prediction.
3) In-site verification test shows that the relative error of the model is -5.83–2.67% in the moisture absorption stage, the prediction accuracy of the model in the dehumidification stage is advanced, the relative error can be controlled within 10%, and the accuracy of the model is good and feasible.
4) The in-situ rainfall simulation test on cut slope shows that the infiltration rate decreases in hyperbolic shape with time, it gradually approaches the saturated permeability coefficient of soil at the later stage of rainfall, and the response of soil saturation and matrix suction has hysteresis that lasts longer at a larger depth. During the daytime, the natural dehumidification of saturation and the recovery of matrix suction are faster and it takes more time for matrix suction to recover to its initial state.
5) Initially, the overall distribution of matrix suction on the slope is stratified with a large top and a small bottom, the wetting front gradually moves down with rainfall, and the matrix suction drops to 0 in the saturation zone. The matrix suction gradually recovers during natural drying, the recovery rate is slow in the middle and fast on both sides, and the contour distribution shows a parabolic pattern with downward opening.
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