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Abstract

:

The study on the effect of material structure and solution properties on the streaming potential of the soil–rock mixture (SRM) will be beneficial for improving the reliability of the measurement results for self-potential monitoring in embankment dams. We design two experimental groups and investigate the changes of potential and pressure during seepage of SRM (slightly clay materials) with different compactness and different concentration. The effects of the compaction degree and solution concentration on the streaming potential coupling coefficient and streaming potential were analyzed. The test results demonstrate that when the clay content in soil matrix is slight, the potential has a linear relationship with the hydraulic head difference, and seepage obeys Darcy’s law. The surface conductivity is negligible at 0.01 M (1 M corresponds to a concentration of 58.4 g L−1) salinity, the compactness of the SRM decreases (the permeability coefficient increases), the apparent streaming potential coupling coefficient and pressure difference decrease is the reason streaming potential decreases. The permeability coefficient of the SRM is not affected by the change in salinity (0.0001–1 M) at 85% compactness, and its seepage characteristics are related to the mineral composition, morphology and the thickness of the bound water layer (electric double layer). This study lays a foundation for further research on the self-potential method to monitor the structure of embankment dams.
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1. Introduction


The charged porous media materials in contact with water form a double electric layer (stern layer and diffusion layer) at the solid–liquid interface. The counter ions in the stern layer are immobile, whereas the counter ions in the diffusion layer are mobile, and fluid flow drives the movement of excess cations in the diffusion layer to generate streaming potential [1]. There have been several studies on the streaming potential phenomenon of rock and soil; however, studies on the streaming potential of soil–rock mixture (SRM) as a type of composite porous medium material are still lacking. Owing to the substantial size difference between soil and rock, uneven spatial distribution, and clear differences in mechanical properties, it is difficult to study the seepage mechanism of the SRM [2,3]. The SRM is often used as a filling material for dams. Seepage characteristics, as the main engineering characteristics of SRMs, have always been the focus of dam safety monitoring. The streaming potential phenomenon is closely related to the seepage process, and by collecting the streaming potential signal, we can capture the water flow information in real time [4,5,6]. Therefore, it is of great theoretical significance and engineering application value to conduct a study on the streaming potential phenomena of SRM to further explore the seepage mechanism of SRM, and to establish a long-term seepage stability evaluation system for embankment dams.



The streaming potential coupling coefficient is a key physical parameter that characterizes the coupled hydroelectric problem of porous material. The following is the classical Helmholtz–Smoluchowski (HS) Equation (1) that is used to calculate the streaming potential coupling coefficient [7,8]:


  C =   ε ζ   μ  σ f     



(1)




where ε (F m−1) is the dielectric permittivity, μ (Pa s) is the dynamic viscosity, σf (S m−1) is the fluid conductivity, ζ (V) is the zeta potential. The zeta potential is the potential in the shear plane that controls the ion distribution within the diffusion layer. Factors found to be influencing coupling coefficient and zeta potential have been explored in several studies as follows.



A significant number of different porous materials (sandstone, sand, granite, and basalt) use different concentrations of NaCl solutions as flowing fluids. The streaming potential response law in the flow process was recorded in the laboratory. The test results demonstrate that the streaming potential coupling coefficient decreases with an increase in concentration at low salinity, because of the decreasing zeta potential [9,10,11,12]. At high salinity, the streaming potential coupling coefficient did not reduce to 0, and the zeta potential remained a constant. Jaafar et al. [13] and Vinogradov et al. [14] attribute this to the thickness of the Debye length that is the same as the hydrated sodium ion diameter. Walker and Glover [15] measured a large amount of high-quality streaming potential coupling coefficient and zeta potential data using a self-designed device [16], and found the same phenomenon in the solution concentration variation range 10−5–4.5 M. Similar test results can also be obtained for different concentrations of KCl [17,18,19].



In porous media containing clay minerals, salinity variations affect not only the magnitude of zeta potential, but also the permeability. Solution salinity controls the stability of clay minerals. Low salinity solutions are prone to dispersion due to their inability to counteract the negative charge on the surface of the clay particles, and block the pore throat, reducing the permeability of porous media. Clay particles are relatively stable at high salinity, resulting in a higher permeability of porous media [20,21]. The change of concentration will lead to the change of pore size distribution, which controls the permeability of porous media [22]. Some scholars equate the thickness of the electric double layer to the thickness of the bound water layer, and the electric double layer is related to the Debye length. Therefore, the thickness of the Debye length can be compared with the pore radius to evaluate the effect of the change of solution concentration on the permeability of clay materials [23,24].



The HS equation (Equation (1)) is valid when the surface conductivity is neglected. However, surface conductivity plays an important role in transporting ions at low concentration and low permeability. The permeability of sandstone and limestone is directly proportional to the coupling coefficient, and the dependence decreases with the increase in concentration [25]. Jouniaux and Pozzi [26] have studied the relationship between the structure of porous media and the streaming potential coupling coefficient by considering the surface conductivity into the HS equation:


  C =   ε ζ   μ (  σ f  +  σ s  )   =   ε ζ   μ  σ  r w   F    



(2)




where σs (S m−1) is the surface conductivity, σrw (S m−1) is the electrical conductivity of the saturated sample, F is the intrinsic formation factor of the sample. Further research found that the streaming potential coupling coefficient was mainly affected by the comprehensive influence of the microstructural parameters (porosity, particle size, and formation factor) at low salinity [27]. However, the zeta potential is independent of the structure of the porous medium [28].



Another option to take into account the effect of surface conductivity on the coupling coefficient is the effective excess charge approach. The basic idea of this approach is to use the effective excess charge in the diffusion layer to be dragged by the water flow to explain the generation of streaming potential, and the quantitative relationship between the coupling coefficient and the effective excess charge density is established [29,30]:


  C = −     Q ^  v  k   μ σ   = −     Q ^  v  k F   μ (  σ f  +  σ s  )    



(3)




where     Q ^  v    (C m−3) is the effective excess charge density, k (m2) is the permeability, σ (S m−1) is the electrical conductivity of the medium. The effects of the structure of the medium and surface conductivity are included in the relationships obtained in the effective excess charge approach [31]. As an analytical model of the effective excess charge density is proposed by Guarracino and Jougnot [32], the relationship between effective excess charge density and permeability, porosity, concentration, and the zeta potential are revealed, and the use of effective excess charge approach became more convenient.



The above analysis verifies that the medium structure and solution concentration have been considered as the main factors of the streaming potential phenomenon. However, the influence of structure and solution concentration on the streaming potential effect of SRM has not been systematically analyzed, and its mechanism is still poorly understood.



Electrical resistivity tomography (ERT) and self-potential method are commonly used in geophysical exploration. ERT measurement needs to provide power, the resistivity distribution is obtained by inversion, and the underground structure is identified according to the difference in resistivity [33]. ERT has a good performance in detecting water content distribution and saturation of medium [34], but it takes a certain time to scan one section each time, which is unfavorable for monitoring the seepage with high velocity. In addition, soil water salinity affects soil conductivity and makes it difficult to identify preferential paths [35]. The self-potential method using non-polarizable electrodes is a passive monitoring method. This method measures the electric field generated by the water flow process and identifies the groundwater flow patterns based on distribution characteristics of self-potential signals. It is an ideal tool for monitoring water flow and salt tracer transport in real time, and estimating flow velocity and media permeability [36,37].



Due to the advantage of the self-potential method of monitoring water flow patterns at a distance without providing power, some scholars have applied it in the localization of leakage of embankment dams and their quantitative analysis. Panthulu et al. [38] combined the resistivity and self-potential methods to delineate the leakage path in an earth rock dam and they analyzed the corresponding relationship between the seepage rate and self-potential anomaly. Sheffer and Oldenburg [39] established a three-dimensional finite volume algorithm to calculate the self-potential, and the results obtained from calculating the electric field of earth rock dams with leakage were consistent with the measured self-potential data. Bolève et al. [40] realized the location of the leakage by monitoring the movement of the salt tracer in the embankment dam using the self-potential method, and quantitatively analyzed the permeability of the leakage. The effectiveness of the self-potential method was verified through laboratory and field tests. Soueid Ahmed et al. [41,42] analyzed the influence law of leakage flow pattern and material on the self-potential distribution through numerical simulation, and the reliability of the numerical simulation was verified by monitoring the self-potential of the leakage path at different water levels through model tests. On this basis, the permeability of the leakage channel was further quantified through numerical simulations and field tests using the stochastic inversion theory.



At present, the leakage detection technology of embankment dams has matured gradually, and this can not only delineate the location of the leakage but also quantitatively analyze the physical parameters of the leakage. However, we are more interested in monitoring the structural evolution of dams during operation in engineering, which is beneficial for dam safety assessment and early warning. Accordingly, we designed five compaction degrees of 75%, 80%, 85%, 90%, and 95%, representing five different structures of SRM, and we collected potential and pressure data in 0.01 M NaCl solution to study the response characteristics of the streaming potential coupling coefficient under different structures. In addition, there are few reports on the influence of the change of solution concentration on the streaming potential effect and seepage of the SRM. Therefore, we recorded the potential and pressure in 0.0001, 0.001, 0.01, 0.1, and 1 M NaCl solutions with 85% compaction, and studied the constraint law of streaming potential coupling coefficient at different concentrations. In this study, we aim to: (i) explore the streaming potential phenomenon of an SRM, (ii) clarify the restriction law of compaction and concentration on the streaming potential phenomenon of the SRM, and (iii) promote the application of the self-potential method for dam structure monitoring.




2. Apparatus and Methodology


2.1. Apparatus


The new apparatus is illustrated in Figure 1. It is mainly composed of a water tank, polyvinyl chloride (PVC) pipe, and an acquisition system. The water tank was made of plexiglass, and two plexiglass plates with holes were used in the middle to form a 400 × 200 × 200 mm SRM filling area. A nylon net was placed between the SRM and the plexiglass plate to prevent fine particle loss. The upstream side of the tank was connected to the PVC pipe, whereas the downstream side was the seepage outlet.



We directly compacted the SRM in the water tank and prevented leakage near the wall by using the squeezing action produced during the compaction process [43]. The height of the sample is flush with the water tank, and a thin layer of fine particle is spread on the sample. A piece of compressible and impermeable foam with a thickness of 3 mm was placed on top of the fine particle. When the roof of the tank was fixed with bolts and nuts, it exerted pressure on the foam and prevented water from flowing away from the top. To ensure sealing of the roof and water tank, a rubber was placed between them.



The data acquisition system consists of sensor and acquisition instrument. During the compaction of the SRM, two CYG1145 pressure sensors (Baoji Qinming Sensor Co., Ltd., Baoji, China) (with measurement range from −50 to 50 kPa and an accuracy grade of 0.5) were installed, and the distance between two pressure sensors was 20 cm. The outer part was connected to a DH3821 pressure acquisition instrument (Jiangsu Donghua Testing Technology Co., Ltd., Jingjiang, China) (with measurement range from −5000 to 5000 mV, accuracy 0.1%, and frequency of measurement 2 Hz). The pressure acquisition instrument could be automatically controlled using a computer. The pressure sensor must be calibrated at five points before each experiment to ensure measurement accuracy. The Ag/AgCl non-polarizable electrodes were inserted into the SRM through the reserved position of the customized mold. The reference electrode was on the downstream side, whereas the electrode and pressure sensor were in the same cross-section. The non-polarizable electrode was placed in a chamber filled with saturated KCl solution. To alleviate diffusion effects, the surface area of the electrode chamber contacted with the saturated porous medium was reduced (see Figure 1b). In addition, the porous ceramic contacted with medium was helpful to reduce electrode leakage. Therefore, the electrode effect in the measurement was limited [44]. The potential acquisition was completed by a DM3058 multi-function digital multimeter (RIGOL, Suzhou, China) (with measurement range from 200 mV to 1000 V, resolution 0.001 mV, accuracy 0.1%, and frequency of measurement 2 Hz). Upstream and downstream Ag/AgCl non-polarizable electrodes were connected to the positive and negative terminals of the multi-function digital multimeter, respectively. The water content sensor (with a measurement accuracy of 2% and measurement range 0–100%) was used to monitor the saturation of the cross section where the pressure sensor and electrode were located.



The PVC pipe was used to control the hydraulic head. There were a total of 5 water levels that were spaced at 20 cm. The flow-adjustable pump continuously supplied water to the PVC pipe during the measurement process, and the excess water in the PVC pipe was collected through a bucket to ensure a stable water level. The two exhaust ports on the top plate were opened during the saturation process and subsequently closed when the saturation was complete. The seepage flow rate was obtained by weighing the mass of the solution during a specific period of time using an electronic scale.




2.2. Material Design and Preparation


The material of the SRM is weathered broken argillaceous rock with a maximum particle size of 60 mm, natural water content of 2.57%, and specific gravity of 2.72. To prevent the emergence of oversized soil, the maximum particle size should be less than 10 times the width of the water tank [45]; therefore, the maximum particle size of the material is less than 20 mm after sieving (see Figure 2a). In this paper, the threshold value of soil and rock is referred to the 5 mm adopted by Zhou et al. [45], that is, more than 5 mm is rock and less than 5 mm is soil. The gradation curve designed in this experiment is shown in Figure 2b, along with the content of each particle size: 20–10 mm (12%), 10–5 mm (18%), 5–2 mm (22%), 2–1 mm (16%), 1–0.5 mm (11%), 0.5–0.25 mm (9%), 0.25–0.075 mm (9%), and <0.075 (3%). The same grading curve was adopted for SRMs with different compactness. The nonuniform coefficient Cu (a factor reflecting the degree of uniformity of particle gradation in the soil) is obtained from the following equation [46]:


   C u  =    d  60      d  10      



(4)




where d10 (mm) and d60 (mm) denote the particle sizes of 10% and 60% of the total mass on the particle size distribution curve, respectively. The curvature coefficient Cc (the shape of the particle size distribution curve is a factor reflecting the degree of superiority of particle grading) can be obtained from the following equation:


   C c  =    d  30  2     d  10   ⋅  d  60      



(5)




where d30 denotes the particle size of 30% of the total mass on the particle size distribution curve. To avoid piping during the test, we calculated Cu and Cc values to determine the gradation characteristics of the soil. Cu = 16.5 and Cc = 1.23. Cu ≥ 5 and Cc = 1–3 are considered to be well-graded soils [47]. Figure 3a shows the SEM image of argillaceous particles surface. We found that the surface of the particles had an irregular scaly stacking structure, with slight alterations at the edges, and a small number of suspected holes after local amplification. We obtained the mineralogy of the rock using X-ray diffraction (see Figure 3b). The mineral composition of the argillaceous rock was quartz (48.8%), illite (22%), albite (17.9%), kaolinite (2.7%), chlorite (5.5%), calcite (1.8%), and hematite (1.2%).



In accordance with the purpose of this experiment, a specific experimental scheme design is summarized in Table 1. We used the following steps to prepare samples with different compactness. The maximum dry density ρd = 2.18 (g cm−3) and optimal moisture content w = 5.6% were obtained through a compaction experiment. Thereafter, according to the compactness (75%, 80%, 85%, 90%, and 95%), the mass of SRM required for each group of experiments was calculated. Second, the SRM was mixed with water at the optimal moisture content after drying. Finally, we sealed it with plastic wrap and let it stand for one day, as shown in Figure 4a. We compact the SRM into two layers, each of which is 10 cm thick. The degree of compaction is controlled by the quality of the SRM.



In the experiment of SRM with different solution concentrations, we designed five concentrations (0.0001, 0.001, 0.01, 0.1, and 1 M) of NaCl solution. The mass of NaCl and the volume of deionized water were calculated. A NaCl white crystalline material with 99.5% purity was used in the experiment (as shown in Figure 4b). CJ-CS-K03 automatic ultra-pure water equipment (Dongguan sibaikang Environmental Protection Technology Co., Ltd., Dongguan, China) provided deionized water for this test and monitored its conductivity during the preparation of the solution. After compacting the SRM in the water tank, it was left in the NaCl solution until the upstream and downstream equilibrium were achieved. The pH value of the solution was measured using an AZ-86031 multifunctional water quality detector (AZ Instrument Corp., Taiwan, China) (measurement range: 2–12, accuracy: ± 0.1, resolution: 0.1) at 0.0001 – 0.1 M salinity and the PHS-25 pH meter (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China) (measurement range: 0.00–14.00, accuracy: ± 0.05, resolution: 0.01) at 1 M salinity, respectively. In the test where the degree of compaction is 75–95%, we measured the pH values as 7.3 ± 0.2, 7.5 ± 0.1, 7.5 ± 0.3, 7.5 ± 0.2, and 7.6 ± 0.3, respectively. In the test with salinity ranging from 0.0001 to 1 M, we measured the pH values as 7.6 ± 0.2, 7.4 ± 0.3, 7.5 ± 0.3, 7.3 ± 0.3, and 7.2 ± 0.1, respectively.




2.3. Test Procedure


We measured the potential of SRM ψ0 (mV) at rest before each test. After the potential was stable, the hydraulic head was suddenly applied to the upstream water tank. The potential ψ1 (mV) and hydraulic head difference H (cm) during flow were measured. The streaming potential ∆U (mV) is obtained using Equation (6) in the steady state as follows:


  Δ U =  ψ 1  −  ψ 0   



(6)







Thereafter, the second to fifth hydraulic heads were measured. It is difficult to measure streaming potential at high salinity (Cf > 0.01 M), although the resolution of the instrument reaches 0.001 mV. To reduce the influence of static potential fluctuation on the potential at the steady state, we adopted the following measures: preheat the instrument for half an hour before measurement; turn off other electronic devices; perform grounding tests on all instruments. Each group of experiments (A1–A5, B1–B5) followed the test protocol described above. The streaming potential coupling coefficient is given by the slope of the linear regression of streaming potential ∇U (mV) against the hydraulic head difference ∇H (cm) [48].



The volume of water over a period of time was recorded. The permeability coefficient is calculated using Darcy’s law [46] as follows:


  K =   Q L   A H t    



(7)




where K (cm s−1) is the permeability coefficient, Q (cm3) is the volume of water, L (cm) is the sample length, A (cm2) is the sample cross-sectional area, H (cm) is the hydraulic head difference, t (s) is the test time.



In the same conditions, we measured the electrical conductivity of SRM separately. The stainless-steel electrode network was arranged at both ends of the SRM, saturated in solution until the solution equilibrium at both ends, and the resistance of the SRM is measured using a two-electrode device of DM3058 multi-function digital multimeter. In addition, we measured the electrical conductivity of SRM in 1 M solution at different compactness. The conductivity of the solution was measured by DDS-307 (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China) (with measurement range from 0.00 μS cm−1 to 100 mS cm−1 and accuracy ± 1.0% FS). We used the Olhoeft’s equation to calculate the relative permittivity (Olhoeft, unpublished note, 1980) [27,49]:


   ε r  ( T ,  C f  ) =  a 0  +  a 1  T +  a 2   T 2  +  a 3   T 3  +  c 1   C f  +  c 2   C f 2  +  c 3   C f 3   



(8)




where a0 = 295.68, a1 = − 1.2283 (K−1), a2 = 2.094 × 10−3 (K−2), a3 = − 1.41× 10−6 (K−3), c1 = − 13.00 (L mol−1), c2 = 1.065 (L mol−1)2, c3 = − 0.03006 (L mol−1)3, Cf (L mol−1) is the salinity, T (K) is the Kelvin temperature. The Equation (8) is applicable from 273 to 373 K. The Dynamic viscosity was determined by the Phillips et al. [50] equation [27]:


  μ ( T ,  C f  ) =  e 1  +  e 2  exp (  α 1  T ) +  e 3  exp (  α 2   C f m  ) +  e 4  exp (  α 3  T +  α 4   C f m  )  



(9)




where e1 = 4.95166 × 10−5 (Pa s), e2 = 6.034658 × 10−4 (Pa s), e3 = 9.703832 × 10−5 (Pa s), e4 = 1.025107 × 10−3 (Pa s), α1 = − 0.06653081 (°C−1), α2 = 0.1447269 (molal−1), α3 = − 0.02062455 (°C−1), α4 = 0.1301095 (molal−1), T (°C) is the Celsius degree,    C f m    (molal−1) is the molality. Because the Cf and    C f m    are very close in the concentration range of 0.0001 to 1 M, here we take Cf =    C f m   . The properties of SRM are reported in Table 2 and Table 3.





3. Results


3.1. Potential of SRM Changes with Pressure


Figure 5 shows the typical changes in the potential and hydraulic head difference at a concentration of 0.01 M and compactness of 85%. When the water is stationary, the hydraulic head difference and voltage fluctuate slightly. The hydraulic head difference increases rapidly after water is suddenly injected into the water tank, and it thereafter becomes stable, but it still fluctuates slightly with time. The variation in the potential is consistent with the hydraulic head difference.




3.2. Influence of Compactness on Streaming Potential Phenomenon


The streaming potential is calculated using Equation (6). Figure 6a shows the linear relationship between the streaming potential and hydraulic head difference. The streaming potential decreases with the decrease in compactness. The rate of decrease rapidly rise, particularly when the compactness decreases by more than 85%. The streaming potential coupling coefficient for different compaction degrees was obtained using the slope of the linear regression (see Figure 6b). The streaming potential coupling coefficient increases gradually with an increase in compactness, but the variable amplitude of the streaming potential coupling coefficient is small. The streaming potential coupling coefficient increases with a decrease in the permeability. The zeta potential is obtained from Equation (2). Table 2 shows that the zeta potential increases with the increase in compactness.




3.3. Influence of Salinity on Streaming Potential Phenomenon


Figure 7 shows the variation in the streaming potential coupling coefficient and permeability coefficient for different salinities. The streaming potential coupling coefficient decreased with an increase in the solution concentration, which is consistent with previous studies [15]. We compare the distribution range of the streaming potential coupling coefficient with different salinities, which is consistent with the range of slightly clay materials predicted by Glover et al. [51]. The zeta potential is obtained from Equation (2). Table 3 shows that zeta potential decreased with the increase in concentration, except at a concentration of 1 M. Since the streaming potential values are very small at high concentrations, our instruments do not meet the resolution and accuracy requirements. In addition, the stability of the pore fluid is difficult to guarantee in SRM [13,14]. These two reasons lead to a large error in the measurement of the streaming potential coupling coefficient and propagate to the zeta potential. The change in concentration had no significant effect on the permeability coefficient.




3.4. Influence of Compactness and Salinity on the Effective Excess Charge Density


The effective excess charge density is determined by Equation (3). We obtained the relationship between the effective excess charge density and the compaction degree and concentration by power law fitting (see Figure 8). The effective excess charge density increases with the increase in compactness and decreases with the increase in concentration. The feature of these fits can be described by the relationship, respectively:


    Q ^  v  = 0.17643  C o     14.82689    



(10)






    Q ^  v  = 0.01401  C  − 0.07811    



(11)




where the Co is the compactness, the C (M) is the concentration. These regression matches the available data with R2 = 0.994 and R2 = 0.921, respectively. The high compactness yields the porosity is smaller, and the specific surface area of SRM increases, so the total amount of effective excess charge present in the pore space per unit pore volume increases. The high concentration solution causes a large number of ions to be adsorbed in the stern layer, and the ion concentration in the diffusion layer decreases, hence reducing the amount of effective excess charge. The effects of compactness and concentration on the effective excess charge density are consistent with the results in the literature [22].




3.5. Comparing the Measured and Predicted Effective Excess Charge Density


In this section, we test the effective excess charge density model proposed by Guarracino and Jougnot [32]. All parameters used for model calculation have been obtained, except for the tortuosity. The Windsauer et al. [52] model is used to calculate the tortuosity:


  τ  =    F ϕ    



(12)




where the τ is the tortuosity, the ϕ is the porosity. Figure 9 shows that the tortuosity decreases with the increase in compactness. The difference of particle size is large and the spatial distribution is uneven, so the tortuosity of SRM is large. According to Equation (12), there is little difference between the formation factors, the magnitude of the tortuosity is determined by porosity and, hence, the tortuosity is larger when the compactness is low.



Figure 10 shows that the analytical model represents the experimental data very well when applied to the different compactness and different concentration. That is because Guarracino and Jougnot [32]’s model takes into account the fractal characteristics of the pore size distribution of porous media, and can accurately describe the feature of dual domain medium of SRM (permeability of rock and permeability that between soil particles) [53].





4. Discussion


4.1. Streaming Potential Phenomenon in SRM


The streaming potential has a linear relationship with the hydraulic head difference, and the flow of SRM follows Darcy law. However, Wang et al. [54] found that the physical and mechanical properties of the soil matrix control the flow characteristics of the SRM. In his study, for the soil matrix with high clay mineral content (clay and mucky soil), the flow in the SRM follows the non-Darcy law, while the fine sand matrix follows the Darcy law. This implies that it may be necessary to use Forchheimer equation to characterize the seepage in the study of the streaming potential phenomenon of SRM with rich clay mineral soil matrices. The soil matrix of the SRM in our experiments had a higher silica content (48.8%) than the clay minerals (illite (22%), kaolinite (2.7%), and chlorite (5.5%)), this is the reason for following Darcy’s law.



Clay–gravel mixture is generally used as the compacted impermeable material in the core wall of high embankment dams. When using numerical simulation methods to study the self-potential distribution of such dams, it is necessary to fully consider the seepage characteristics of the material, which may ensure the accuracy of numerical simulation and make a reasonable interpretation of the self-potential monitoring data.




4.2. Evolution with the Compactness


Streaming potential coupling coefficient and zeta potential is proportional to compactness in a 0.01 M solution. The relationship between streaming potential coupling coefficient and permeability (compactness) may be related to surface conductivity, which is determined from Equation (2) [25,27]. We compare surface conductivity with the conductivity of 0.01 M solution and find that surface conductivity is not important (see Table 2). Therefore, the dependence of the compaction on the streaming potential coupling coefficient is independent of the surface conductivity at salinity 0.01 M.



Several reports have shown that streaming potential coupling coefficient is affected by the flow state. In the viscous laminar flow regime, the streaming potential coupling coefficient is obtained by Equation (1). We calculate the minimum and maximum Reynolds number of the seepage process of SRM with different compactness. The Reynolds number is given by [46]:


  Re =    ρ f  U  d  50    μ   



(13)




where ρf (kg m−3) is the bulk density of the pore water, U (m s−1) is seepage velocity, d50 is the particle sizes of 50% the total mass on the particle size distribution curve. Figure 11 shows that the Reynolds number decreases as the compactness increases, and the maximum Reynolds number exceeds 1 at both 75% and 80% compactness. The results show that the flow has transformed from viscous laminar flow to inertial laminar flow when the compaction is less than 85% [48]. This implies that the streaming potential has been deflected [55,56,57], which lead to a decrease in the slope of the regression line between the streaming potential and hydraulic head difference. Here, C is the measured apparent streaming potential coupling coefficient and ζ is the measured apparent zeta potential. Therefore, the apparent streaming potential coupling coefficient and apparent zeta potential decreases with the decrease in compactness.



There is a correlation between the streaming potential coupling coefficient and the internal structure (compactness) of the SRM. The streaming potential changes significantly when the compaction degree is higher than 85%. That is because the streaming potential coupling coefficient and the hydraulic head difference increase at the same time. Changes in the streaming potential inevitably cause changes in the self-potential distribution. This means that we can monitor changes in the internal structure of embankment dams with the self-potential method. The self-potential method has the potential to monitor the occurrence, development and penetration process of the internal erosion in embankment dams [58].




4.3. Evolution with the Salinity


Permeability coefficient remains constant with the change of concentration. The results may be attributed to resulted from the rich silica content at low concentrations inhibits clay mineral swelling and dispersion. In addition, the scaly illite mineral mainly affects the permeability by reducing the effective seepage radius of the pores (see Figure 3b). We will estimate the thickness of the bound water layer on the surface of scaly illite by calculating the thickness of the electric double layer [23]. According to Equation (14), we estimate the Debye screening length χd (m) [59]:


   χ d  =      ε 0   ε r   k b  T   2000 N  e 2   I f       



(14)




where ε0 = 8.854 × 10−12 (F m−1) is the electrical permittivity in vacuo, εr = 78 is the relative electrical permittivity, kb = 1.38 × 10−23 (J K−1) is the Boltzmann’s constant, T = 25 °C = 298 (K) is the temperature, N = 6.02 × 1023 (mol−1) is the Avogadro’s constant, e = 1.602 × 10−19 (C) is the elementary charge, If (mol L−1) is the ionic strength, when Cf > 10−5 mol L−1 and 5 < pH < 9, the If ≈ Cf [27]. The value of the Debye screening length is 3.03 × 10−8 m at 0.0001 M salinity. In addition, we estimate the pore radius r (m) by Equation (15) [20]:


  r =     8 k  ϕ     



(15)




where k (m2) is the permeability, ϕ = 0.30 is the porosity. The value of pore radius is 3.53 × 10−5 m at the same salinity. The thickness of the diffuse layer is approximately twice the Debye length [49], and the thickness of the stern layer is smaller than the thickness of the diffusion layer at low concentration. As r ≫ 2χd, the thickness of the electric double layer is negligible compared with the pore radius at 85% compaction. However, there will be different results at low salinity and low permeability. The liquid permeability of shaly sandstone increases with the increase in concentration, because the thickness of the bound water layer is important in the pore radius [24].



Low salinity has a dispersing effect on rich clay materials. The dispersive clay was used as filling materials in embankment dam projects. The structural safety of such dams has always been a major concern. The study of the streaming potential effect of dispersive clay at different salinities will be a significant problem, which will help the self-potential method to monitor the structural evolution of dams and make safety assessment and early warning.





5. Conclusions


In this study, SRM samples with different compactness and salinities were prepared. The variation law of the streaming potential phenomenon in the SRM is studied. We analyzed the dependence of the streaming potential coupling coefficient on compaction and concentration. The main conclusions are as follows:




	(1)

	
When the content of clay in soil matrix is slight, the seepage follows Darcy’s law. However, when the content of clay in soil matrix is rich, it is necessary to understand the seepage characteristics of SRM before the application of self-potential method. This will improve the measurement accuracy of the self-potential method.




	(2)

	
The apparent streaming potential coupling coefficient is inversely proportional to the compactness. Different structures (compactness) of SRM have different streaming potential responses, which lays a foundation for the self-potential method to monitor the SRM structure. It is helpful to evaluate and predict the internal structural safety of dams.




	(3)

	
The composition, morphology and the thickness of the bound water layer (electric double layer) of clay minerals determine the permeability of SRM in different salinities. Further research on the streaming potential phenomenon of dispersive clay materials can expand the application range of the self-potential method.
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Figure 1. Sketch of the experimental apparatus. (a) The apparatus consists of tank (filling area, plexiglass plate, exhaust, outlet), PVC pipe (pump, bucket), and data acquisition system (sensor and acquisition instrument), the blue arrow represents the direction of the water flow. (b) Cross section through the sensor (water content sensor, Ag/AgCl non-polarizable electrode, pressure sensor, rubber, foam). 
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Figure 2. Particle characteristics. (a) Photograph of the particle size. (b) Cumulative gradation curve. 
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Figure 3. Material properties. (a) SEM images of particles surface. The inset focusing on the pore domain. (b) Mineral intensity versus 2θ, obtained from X-ray diffraction of the weathered broken argillaceous rock. 
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Figure 4. Preparation of SRM and solution. (a) SRM mixed with water and sealed. (b) NaCl white crystalline material. 
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Figure 5. The change of potential and hydraulic head difference at different water levels when the compactness is 85% and the concentration is 0.01 M. (a) 20 cm hydraulic head. (b) 40 cm hydraulic head. The red circle symbols represent the potential, and the blue square symbols represent the hydraulic head difference. 
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Figure 6. Experimental results of compactness. (a) Streaming potential ∆U (mV) against hydraulic head difference H (cm) for different compactness samples saturated with 0.01 M NaCl solution. The streaming potential coupling coefficient is determined as the slope of the linear regression. The inset focusing on the 75%, 80%, and 85% compactness domain. (b) The relationship between the coupling coefficient and permeability of SRM at different compactness. 
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Figure 7. The relationship between the coupling coefficient and permeability coefficient of SRM at different concentration. The streaming potential coupling coefficient is equal to the slope of the linear regression. 
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Figure 8. The empirical relationship between effective excess charge density and compactness and concentration. (a) The empirical relationship between effective excess charge density and compactness. (b) The empirical relationship between effective excess charge density and concentration. 
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Figure 9. The evolution of the tortuosity with the compactness. 
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Figure 10. Comparing the measured the effective excess charge density with the predicted value by the model of Guarracino and Jougnot [32]. (a) The measured and predicted effective excess charge density with different compactness. (b) The measured and predicted effective excess charge density with different concentration. 
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Figure 11. Minimum and maximum Rayleigh numbers of soil rock mixture with different compactness. 
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Table 1. Experimental scheme.
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	Grouping Scheme
	Compactness (%)
	Concentration (M)





	A1–A5
	75, 80, 85, 90, 95
	0.01



	B1–B5
	85
	0.0001, 0.001, 0.01, 0.1, 1







A1–A5 represents compactness 75, 80, 85, 90, 95%. B1–B5 represents the concentration of NaCl solution 0.0001, 0.001, 0.01, 0.1, 1 M. A3 and B3 are the same conditions.
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Table 2. Properties of SRM with different compactness.






Table 2. Properties of SRM with different compactness.





	Compactness
	75%
	80%
	85%
	90%
	95%





	Porosity
	0.38
	0.34
	0.30
	0.26
	0.22



	Temperature (°C)
	25
	22
	23
	24
	21



	Electrolyte conductivity (S m−1)
	0.089
	0.086
	0.088
	0.086
	0.084



	Sample conductivity (S m−1)
	1.42 × 10−3
	1.36 × 10−3
	1.33 × 10−3
	1.25 × 10−3
	1.20 × 10−3



	Formation factor
	63.73
	64.22
	67.02
	69.71
	71.33



	Dynamic viscosity (Pa s)
	8.74 × 10−4
	9.38 × 10−4
	9.16 × 10−4
	8.95 × 10−4
	9.62 × 10−4



	Relative permittivity
	78
	79
	79
	79
	80



	Zeta potential (mV)
	−62.01
	−68.98
	−74.92
	−81.98
	−89.67



	Surface conductivity (S m−1)
	1.23 × 10−3
	1.60 × 10−3
	1.25 × 10−3
	1.33 × 10−3
	1.45 × 10−3



	Coupling coefficient (mV cm−1)
	−0.0543
	−0.0587
	−0.0641
	−0.0734
	−0.0773
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Table 3. Properties of SRM with different concentrations.
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	Concentration
	0.0001 M
	0.001 M
	0.01 M
	0.1 M
	1 M





	Porosity
	0.30
	0.30
	0.30
	0.30
	0.30



	Temperature (°C)
	25
	23
	23
	24
	25



	Electrolyte conductivity (S m−1)
	0.0028
	0.013
	0.088
	0.997
	8.135



	Sample conductivity (S m−1)
	1.02 × 10−3
	1.10 × 10−3
	1.33 × 10−3
	1.49 × 10−2
	1.21 × 10−1



	Formation factor
	67.02
	67.02
	67.02
	67.02
	67.02



	Dynamic viscosity (Pa s)
	8.73 × 10−4
	9.15 × 10−4
	9.16 × 10−4
	9.03 × 10−4
	9.73 × 10−4



	Relative permittivity
	78
	79
	79
	77
	66



	Zeta potential (mV)
	−112.32
	−105.86
	−74.92
	−67.43
	N/A



	Coupling coefficient (mV cm−1)
	−0.1306
	−0.1093
	−0.0641
	−0.0051
	N/A
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