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Abstract

:

Electrical resistivity tomography (ERT) has turned out to be one of the most applied and user-friendly geophysical methods in geotechnical and geoenvironmental research. ERT is an emerging technology that is becoming popular nowadays for investigating subsurface conditions. Multiple attributes of the technology using various electrode configurations significantly reduce measurement time and are suitable for applications even in hardly accessible mountain areas. It is a noninvasive test for subsurface characterization and a very sensitive method used to determine geophysical properties, i.e., structural integrity, water content, fluid composition, etc. This paper aimed to elucidate the ERT technique’s main features and applications in geotechnical and geoenvironmental engineering through four case studies. The first case study investigated the possible flow paths and areas of moisture accumulation after leachate recirculation in a bioreactor landfill. The second case study attempted to determine the moisture variation along highway pavement. The third case study explored the slope failure investigation by ERT. The fourth case study demonstrated the efficiency of the ERT method in the landfill evapotranspiration (ET) cover to investigate moisture variation on a broader scale and performance monitoring. In all of the four cases, ERT exhibited promising performance.






Keywords:


electrical resistivity tomography; pavement; slope failure; ET cover; seasonal variation; landfill; leachate circulation












1. Introduction


Electrical resistivity tomography is a subsurface profiling technique that records hundreds of subsurface data points which are used to produce a monochrome or multicolored two-dimensional cross-section of the earth. In recent years, electrical resistivity surveys have progressed rapidly from the conventional sounding survey. This technique is capable of measuring both horizontal and vertical variability of soil arrangement over several meters of the perspective area [1]. It is a nondestructive test, and the purpose of electrical surveys is to determine the subsurface resistivity distribution by making measurements on the ground surface and also characterize subsurface properties, i.e., structure, water content, or fluid composition [2]. This method is widely used in hydrogeological, environmental, and geotechnical research as it can potentially reveal the subsurface image [3,4,5,6,7,8,9,10]. This technique is used for the investigation of morphotectonic [11], weathering studies [12], landform evolution in mountain areas [13], permafrost detection [14], and exploration of underground karst structures [15]. With the progress of the ERT technique, 2D resistivity is more popular in investigating geophysical and geohazard conditions [16] as it has a simple method of data interpretation. The ERT method follows Ohm’s law where the resulting potential differences are measured by transferring artificially generated currents to the soil [2]. The electrical resistivity depends on several factors of the subsurface conditions. The subsurface soil moisture and temperature [17], degree of saturation [18], organic content [19], pore water composition [20], and geologic formation [21] are some of the factors. Where there is heterogeneity between the soil matrixes, the subsurface image from ERT comes out with different contrasts. Based on the requirements and purposes, one-, two-, three-, and four-dimensional ERT surveys are conducted [1,2,22]. Laboratory calibration is basically performed by a one-dimensional array while the two-dimensional arrays are used to depict the vertical subsurface image. Three-dimensional arrays are used where there is a wide range of anisotropy and soil variability, especially in waste disposal sites [23]. However, the 2D electrical tomography method gives appropriate results when the resistivity contrast is high. Additionally, ERT is widely used nowadays for determining the soil’s intrinsic properties.



ERT is a sophisticated technology to explore subsurface conditions. It is becoming more popular with researchers of geotechnical and geoenvironmental fields as the data acquisition system in this method is user-friendly and provides large-scale data. In the last decades, software was developed by the Schlumberger brothers to convert the resistivity data into images to interpret the subsoil condition in terms of ohm-m unit [2]. The resistivity profile in the image form provides a broad interpretation of the subsurface conditions. The most encouraging and important part of it is that it gives a broader spectrum of the soil moisture distribution within the area of interest [24]. That is why the ERT technique is now often used in landfills to inspect the moisture variation in the landfilled waste and the rate of waste degradation to have controlled leachate generation [25]. Apart from this, ERT technology is now vastly being used in geotechnical investigation [4,5,6,7,8,9,10,21,26]. To determine the unknown foundation depth, slope failure investigation, crack detection, the existence of sinkholes, foundation failure, moisture variation in pavement base materials, soil movement, etc., are broadly examined by the ERT method. The results are very promising [24,27].



Estimation of the hydraulic parameters of the soil of earth infrastructures (e.g., slope, pavement subgrade, landfill cap, etc.) is typically executed through sensor technology such as capacitance sensors, thermal dissipation sensors, psychrometers, tensiometers, and time domain reflectometers (TDRs) [28]. These methods provide precise measurements of the hydraulic parameters at the installation points. However, the Earth infrastructure system can be moderate to massive in size where the point information may not be well representative. The longitudinal extent of an earthen embankment can be 300 to 400 feet or even more. Hence, sensors installed at certain locations in the embankments may not be exemplary. Similarly, the pavement section can be long enough to rely on the point information for effective investigation. However, the ERT methods provide a complete pictorial view of the subsurface. As such, perched water zones and moisture intrusion locations can be detected precisely through the ERT method. In addition, evaluating seasonal moisture variation through the ERT method provides a broader aspect of the soil behavior at various climatic conditions.



Landfills are massive in size, and monitoring of the landfilled waste properties is quite difficult and expensive using sensors. Moreover, the extreme heterogeneity of solid waste may pose a serious threat to the malfunctioning of sensors. For landfill covers, considering the size of landfills where several acres of the area would have been required to construct ET cover, point measurements of the significant hydraulic parameters may not be well representative for performance evaluation and decision making in design modifications. Sensors may be installed at multiple locations and at multiple depths in the entire cover area to produce ample monitoring data. However, sensor installation is expensive, and sensors may not last long on the ground. As a result, reinstallation may be required, which will bring about additional costs. Furthermore, sensor installation is destructive to the cover system. Accordingly, it damages the integrity of the cover and deteriorates the cover’s performance. Therefore, an alternative nondestructive testing method to determine the moisture variation in the cover system and to quantify the hydraulic parameters is crucial. ERT, being a nondestructive geophysical method, would potentially provide the solution of ET cover performance monitoring. The manuscript’s authors were affiliated with the four case studies presented here. The authors were part of the field investigation, data collection, and analysis of the data.




2. Theory of ERT


2.1. Basic


ERT is a geophysical technique where, using two transmitting electrodes and a current injection, an electric potential field is created, and the resulting potential change is measured between the two receiving electrodes [29]. Electrical resistivity quantifies how strongly a material opposes the flow of an electric current. The spacing between the transmitting and receiving electrodes determines the spatial resolution and volume of interrogation over which each measurement is collected. The theory of ERT is applicable in an entirely homogeneous half-space medium. Soil resistivity value can be calculated for the subsurface by knowing the magnitude of the injected current and measuring the resulting electric potential at specific locations. However, subsurface homogeneity is very rare in natural conditions, and electric current, when injected, will follow the path of least resistance [30]. Figure 1 conceptualizes the subsurface electric current flow and the influence of subsurface heterogeneities.



For a simple soil body, the resistivity ρ (ohm-m) is defined as follows [30] (Figure 2):


ρ = R (A/L)








where R is the electrical resistance, L is the cylinder length (m), and A is the cross-section area (m2). Ohm’s law defines the electrical resistance of a cylindrical body as defined by [31].


R = V/I,








where V is the potential difference measure in volt, and I is the current in ampere. The current density J (A/m2) is determined according to [30] for all the radial directions, with


J = I/A = (I/ 2ᴨr2),








where 2ᴨr2 is the surface of a hemispherical sphere of radius r. This formula considers the curved surface area of the hemisphere. The factor of 2 is included because a full sphere has a surface area of 4ᴨr2, and a hemisphere is just half of that.



Typically, four electrodes are necessary to compute the electrical resistivity of soil. Electrodes A and B are known as current electrodes, and M and N are known as potential electrodes (Figure 3). Current is passed through A and B and the potential difference is measured by M and N. The schematic of the process is shown in Figure 3.




2.2. Data Acquisition


Different types of array configurations are available based on the respective positions of the potential electrodes and the current electrodes. The most commonly used array configurations are Wenner, Wenner–Schlumberger, dipole–dipole, pole–pole, and pole–dipole which are presented in Figure 4. Each ERT array type has its benefits and drawbacks, so it is common practice to test multiple ERT arrays at the beginning of a survey to determine which array has the best resolution for the desired survey requirements. In the current studies, field investigation was performed by utilizing a SuperSting R8/IP resistivity meter (Advanced Geosciences, INC., Austin, TX, USA) and a dipole–dipole array configuration. In the resistivity tomography method, the electrode spacing depends on several parameters, i.e., required resolution for site investigations, size of objects under investigation, and depth of penetration required for the site investigations. A better resolution may be achieved using smaller electrode spacing, whereas the penetration depth will be smaller. For the same number of electrodes, a larger penetration depth would come under larger electrode spacing. Therefore, a total of 56 electrodes with 6 feet spacing were utilized in the landfill study, whereas a total of 28 electrodes with 3 feet spacing were utilized in the other two studies. A 12 V battery was utilized to perform the ERT in the field.




2.3. Data Interpretation


There are two methods in electrical resistivity data processing and interpretation, known as inversion and forward modeling. To perform one process, the other process must also be performed. An image is presented converting the field investigation data, and then the apparent resistivity is calculated based on the test injected current and resulting potential difference [33]. With the known array type and apparent resistivity, a profile named a pseudosection is created. The pseudosection provides the necessary data for inversion. Numerical analysis software like RES2DINV, RES3dINV, and EarthImager 1D, 2D, and 3D are operated to perform the inversion process (Figure 5).



In the current studies, the apparent resistivity data were collected and stored as a raw format after finishing the ERT test. The raw data were downloaded from the SuperSting R8/IP meter ((Advanced Geosciences, INC., Austin, TX, USA) using AGI Administrator software and we converted field data to a readable format for the AGI EarthImager 2D analysis software (version 2.1). An inverted resistivity section was recreated from the measured apparent resistivity pseudosection by using the AGI EarthImager 2D software. Inversion is a subsurface resistivity distribution plotting process that uses measured apparent resistivity. EarthImager 2D software can perform forward modeling, damped least, squares inversion, smooth model inversion, and robust inversion. In the current studies, a robust inversion model was utilized. In the inversion process, the number of iterations was 8, the error reduction was 3%, and the maximum RMS error was limited to 3%. The minimum resistivity value was selected to 1 ohm-m, while the maximum value was set to 50,000 ohm-m. The resolution factor was selected as 0.2, and the horizontal/vertical roughness ratio was selected as 1. Regarding the robust data conditioner, the authors used the default value of 10.





3. Case Studies


The four case studies included in this manuscript are moisture (leachate) flow distribution due to leachate recirculation in bioreactor landfill or enhanced leachate recirculation operation, pavement moisture variation, slope failure investigation, and moisture variation in water balance or evapotranspiration (ET) cover under varied climatic patterns. In the field studies, 28/56 electrodes were used in different projects at varied spacing based on the project requirements. The electrodes used in all the projects were 2 feet long.



3.1. Case Study 1: Determination of Leachate Recirculation Frequency in Denton Landfill


The objective of this study was to investigate the probable flow paths and zones of moisture accumulations after leachate recirculation in the specific cells of the landfill during the bioreactor operation. Two-dimensional resistivity tomography was accomplished to determine the moisture distribution in landfilled waste, which led to the path to evaluate the leachate recirculation frequency. The field setup during the field investigation at the site is shown in Figure 6.



3.1.1. Description


The City of Denton municipal solid waste (MSW) landfill started its operation in 1984. The landfill receives approximately 500 to 600 tons of waste per day based on the information gathered in 2009. The landfill received the regulatory permit to operate as an ELR (enhanced leachate recirculation)/bioreactor landfill in May 2009 [26,34]. In bioreactor landfills, regular moisture/leachate circulation is required for rapid decomposition of the waste. To decompose the waste effectively, the landfill operators need to know two crucial pieces of information: (i) the current moisture condition in the landfilled waste, and (ii) how frequently recirculation operation is required, and where to recirculate.




3.1.2. Result


The City of Denton landfill had installed multiple recirculation pipes for the bioreactor operation. In this study, three recirculation pipes (H2, H16, and H18) were selected for the years May 2010 to April 2013 to investigate moisture movement into the waste. Resistivity tests were conducted for each recirculation pipe one day, seven days, and fourteen days after leachate recirculation to understand the leachate/moisture flow characteristics. For simplicity, the resistivity tomography results of one pipe (pipe: H2) are only presented here, as other pipes showed similar patterns. The results of the field investigation around pipe H2 (in the vicinity of the dotted circle) are presented in Figure 7. The moisture content of the waste around the three pipes was determined using correlation [35], which is presented in Table 1. It is to be noted that the moisture contents of the waste were determined around these pipes for the entire study. However, Table 1 presents the moisture contents estimated below the pipes only.



From Table 1, for recirculation pipe H2, the moisture content is 36.31% at the baseline condition, which represents the moisture condition of the waste at the existing condition just before the leachate recirculation. One day after leachate recirculation, moisture content increases significantly to 63.35% around pipe H2. It becomes 49.77% after 1 week and 36.78% after 2 weeks. The reduction in the moisture content in these two weeks signifies that leachate traveled into the waste after recirculation. This can be further comprehended by looking at the qualitative assessment of the resistivity profile. In the baseline (Figure 7), there is a grey area (high resistivity or low moisture content) below the recirculation pipe, which completely disappears just one day after the recirculation as that area turns green to moderate green or yellow (low resistivity or high moisture). It is also to be highlighted that the moisture content of the waste around the pipes at the baseline condition and 2 weeks after recirculation is very close in magnitude. This trend is similar to other recirculation pipes. As such, in each case, moisture content drops very close to baseline after fourteen days of leachate recirculation. As a result, it is reasonable to conclude that the frequency of leachate recirculation for bioreactor operation will be fourteen days (2 weeks) from the initial injection [27]. In this case, the ERT method provided a continuous portrayal of the landfill waste of almost 18.2 m (60 feet). This broader evaluation of leachate recirculation and waste moisture content would not have been possible using sensor technology for effective ELR operation.





3.2. Case Study 2: Use of Resistivity Tomography in Pavement Moisture Distribution


Moisture movement beneath a pavement causes uneven deformation in the expansive pavement subgrade. Resistivity can provide valuable information regarding moisture movement beneath a pavement [36,37]. As such, a geophysical investigation was conducted using the ERT technique on the State Highway (SH) 342 located in Lancaster, Texas. Figure 8a shows the ERT field setup at the pavement slope, and the line (red) on which ERT was conducted is shown in Figure 8b.



3.2.1. Description


The objective of conducting the ERT test on the pavement side slope was to observe the seasonal distribution of soil moisture. The resistivity test was conducted every month. For convenience, only a few months’ plots are shown in the manuscript. Resistivity tomography was conducted for two years from 2015 to 2017. Seasonal variation of the moisture in pavement helps to understand the deformation profile of the flexible pavement in Texas built on expansive soil [38].




3.2.2. Result


Two resistivity plots are shown in Figure 9. Figure 9a indicates the higher resistivity zone at the first few feet of the pavement slope. On the contrary, the resistivity values changed to lower values as shown in Figure 9b. It was found from field analysis that the May–October months’ ERT plots were showing higher resistivity values, whereas November to April was exhibiting lower resistivity values. As such, May–October was identified as the dry period, and November–April was marked as the wet period for the pavement. Another interesting observation was noticed in Figure 9c from May 2016. It was observed that there is a low-resistivity zone at the center at around 3 feet, indicating the presence of moisture. Resistivity conducted this month was after rainfall events which shows the moisture intrusion into the pavement because of the existence of edge cracks. Field visits made during the study confirmed the presence of cracks.



A similar trend was observed in the 2016–2017 monitoring period (Figure 10). As with the previous year, November to April was found to be a wetter period, while May to October was found to be drier, confirming the seasonal moisture variation in the pavement.



The following plots discuss the change in resistivity over different times of the year at different depths taken at two different sections (Figure 11). Two sections were taken 4.5 m (15 feet) apart at both sides from the center line, as shown in Figure 8. As observed, there was a seasonal trend in the resistivity values. Values at different depths posed a higher value in the dry period, whereas lower values in the wet period. The amplitude of variation decreased with depth. For example, the resistivity value at 1 m depth dropped from 22 ohm-m (October 2015) to 11 ohm-m (December 2015) in Section 1, which corresponded to a 50% drop in value (Figure 11a). It maintained a resistivity value of around 10 ohm-m from December 2015 to May 2016. Resistivity observed at 2 m depth decreased from 11 ohm-m (October 2015) to 8.5 ohm-m (April 2016), which corresponded to a 22% decrease in resistivity. Again, it increased to a value of 14 ohm-m in June 2016, which indicated the seasonal response. It is expected to have higher values in the next months of 2016 till October.



Similar observations were recorded in Section 2 (Figure 11b). Resistivity at 1 m depth experienced a 26.7% drop from October 2015 to May 2016. At 1.5 m, it experienced a 30% increase from April to June 2016 after a 27% drop from October 2015. Similarly, a 20% drop and a 27% increase were observed at 2 m depth. As can be seen, the greater variation was observed at the upper depth. The difference between drop and rise decreased with increased depth from the surface. A similar trend was observed in the following year, 2016–2017. In April 2016, 4.52 inches of rainfall were recorded, followed by 4.94 inches in May 2016. However, June 2016 saw only 2.63 inches, and July 2016 registered merely 1.63 inches. This downward trend in rainfall was mirrored in the resistivity value for July 2016. Thus, it can be inferred that variations in resistivity values are linked to both seasonal changes and rainfall, with seasonal factors playing a predominant role.





3.3. Case Study 3: Resistivity Tomography in Slope Failure Investigation


Shallow slope failure in expansive soil is a widespread phenomenon in Texas. Due to the wetting–drying nature of the expansive clay because of varied climatic conditions, highway slopes often fail after the summer season followed by a heavy rainfall event [39]. The objective of this study was to analyze the failure of a highway slope using the ERT method.



3.3.1. Description


The study was conducted on the slope along the highway US 183. After the summer of 2013, there was a desiccation crack on the slope which created a path for possible intrusion of rainwater (Figure 12a). The presence of a high-moisture zone was observed within 2.1 m (7 feet) of the slope, which indicated a perched water zone because of the crack in the slope [40,41]. In September 2014, the slope failed (Figure 12b) due to the fully softened condition of the soil near the crack.




3.3.2. Result


Figure 13a shows the failure condition of US 183 slope. There are two failure areas there, one at the top and another at the middle of the slope. There is a visible crack in the middle of the slope. Based on the resistivity tomography profile at resistivity line (RL)-1 (Line 1 in Figure 13b), a high-resistivity zone was observed up to the top 2.1 m (7 feet) depth (Figure 14a), which might indicate the existence of a low-moisture zone near the top of the slope. It should be noted that the resistivity tomography test was conducted during the dry period. Therefore, it can reasonably be inferred that the low-moisture zone indicates the active zone or zone of seasonal moisture variation. Moreover, a low-resistivity zone was present in RL-1 after 2.1 m (7 feet) depth, which might indicate the presence of high moisture below the active zone.



The RL-2 was conducted over the tension crack at the middle of the slope (Figure 13b). A high-resistivity zone was observed immediately below the tension crack zone in the resistivity profile RL-2 (Figure 14b) where the depth of the high-resistivity zone was 3.65 m (12 feet). It should be noted that soil cracks create pathways for air to penetrate the soil, displacing moisture. Air has much higher resistivity compared to water or soil particles. This increase in air content within the cracks raises the overall resistivity of the soil. As a result, when electrical current passes through the soil and encounters these cracks, it encounters higher resistance due to the presence of air pockets. In addition, the soil dries out due to drying and shrinkage of soil. As soil dries out, its moisture content decreases. Since water is a good conductor of electricity compared to soil particles, the reduction in moisture content leads to an increase in resistivity. Thus, soil cracks, by reducing moisture content locally, contribute to higher overall resistivity.





3.4. Case Study 4: ERT in Landfill ET Cover to Determine Moisture Variation


Water balance cover (or ET cover) has gained considerable attention over the last two decades as it offers a sustainable approach to the final capping of waste facilities [42]. The hydraulic performance of the ET cover system relies on the integrated soil–plant interaction. The field hydrologic performance of the water balance cover is significantly affected by soil hydraulic properties such as permeability and the soil water retention curve (SWRC). These hydraulic parameters significantly affect the drainage rate (percolation) to the waste mass below the cover [43,44,45]. The laboratory-experimented soil hydraulic behavior does not necessarily remain stable in the field throughout its service life. The post-construction natural processes such as insect and animal burrowing, freezing-thawing cycle, wetting–drying cycle, and root growth and death alter the textural orientation of the cover soil, thereby changing the hydraulic characteristics of the cover system. Therefore, the objective of performing resistivity tomography in the test section ET covers (lysimeter) was to investigate the seasonal pattern of moisture–suction variation in the lysimeter soil in a broader spectrum. The resistivity test was conducted every month. However, the frequency of field investigation was increased to once a week during summer (June–August), as moderate- to high-intensity rainfall coincided with high temperatures during that time. The results obtained through the resistivity tomography method yielded a clear identification of the covers’ moisture–suction undulation under fluctuating weather. Additionally, the field-investigated ERT data were discovered to be highly correlated with in situ unsaturated soil properties [46] and soil water storage [47].



3.4.1. Description


Large-scale test sections (Lysimeter) were built on an existing intermediate landfill cover with dimensions of 12 m × 12 m × 1.2 m at the investigation site: City of Denton landfill, Denton, Texas. At the bottom of the test section (subgrade), a geomembrane was placed, overlain by a geocomposite drainage layer. Then, the cover soil had 304.8 mm of surface layer underlain by 914 mm of compacted storage layer. Since the depth of the test sections was 1.2 m and the geomembrane layer was laid at the lysimeter subgrade, a total of 28 electrodes were considered for this study, with 152.4 mm spacing on a 4116 mm line, so that the resistivity profile could be obtained within 1220 mm (48 inches) depth. The field setup of RI testing is shown in Figure 15.




3.4.2. Result


The ERT test was conducted at the site for three years from January 2015 to December 2017. For convenience, only a few field investigation plots of one lysimeter are shown in the manuscript. Resistivity profiles after a few extreme weather conditions in the summer of 2016 are presented in Figure 16, since several high-intensity rainfalls, along with high atmospheric temperatures, were recorded during that time. A clear distinction can be observed in the resistivity profiles. In Figure 16a,b, the bottom of the cover displays a low-resistivity zone (blue contour) indicating the existence of high moisture (saturated or near saturation) and, thereby, lower suction. The blue contour at the bottom of the cover signifies the potential drainage (percolation) from the cover. This notion of percolation perceived from the resistivity profiles was verified with the actual field percolation collection system. It was observed that significant percolation occurred during that time. Though the percolation data were not quantified from the resistivity data, the qualitative assessment of the resistivity profiles immediately provided obviousness of percolation. It should be highlighted that the top 304.8 mm to 457.2 mm depth of the cover exhibited a moderate- to high-resistivity zone, implying moisture loss to the environment through the evapotranspiration process.



In Figure 16c,d, the low-resistivity zone (blue contour) disappeared from the bottom of the cover, which illustrates the reduction in the degree of saturation of the cover soil. It was also noticed that the top 304.8 mm to 457.2 mm of the cover reached a higher-resistivity zone (increased suction and lower moisture content). Though several rainfall events were recorded during that time, the prevailing high temperature accelerated the evapotranspiration, consequently drying the top of the cover. One interesting fact was discovered in this study. The high-resistivity zone was predominantly observed in the top 304.8 mm to 457.2 mm. The different vegetation used in lysimeters in this study had root growth up to 508 mm [46]. Therefore, the moisture loss or evapotranspiration mainly occurred from the top (up to approximately 50 mm) of the cover soil. This study revealed that the ERT method is very effective in evaluating the seasonal moisture variation of ET cover soil. Furthermore, the qualitative assessment of the resistivity profile provided a strong indication of the crucial water balance component of this cover system.






4. Discussion


In the paper, four case studies were highlighted, where the electrical resistivity tomography (ERT) method was used in geotechnical (slope, pavement) and geoenvironmental (leachate recirculation, ET cover) applications. The findings from the field applications are quite interesting. ERT can be successfully used during the forensic investigation of slope failure, seasonal moisture variation of pavement, leachate recirculation frequency determination in landfills, and hydraulic performance evaluation of ET cover systems. The summary that can be drawn from these four case studies is provided below:




	
For leachate recirculation in landfills for ELR operation, it was perceived that moisture in the waste mass reaches the equilibrium condition after approximately 14 days. The ERT method adequately captured the moisture distribution which assisted in reaching this conclusion.



	
The perched water zone was satisfactorily located using ERT during a slope failure investigation along a state highway. The failed portion of the slope was repaired accordingly after the extent of failure depth and moisture-prone zone were detected based on the ERT investigation.



	
Seasonal moisture variation in the pavement was successfully captured using the ERT method. From two years of field investigation, May–October was found to be the dry period, whereas November–April was recorded as the wet season.



	
Moisture–suction relationship of the ET cover soil was recorded via ERT testing. The top few inches of the cover soil (root zone) exhibited a significant change in resistivity values in different seasons of the year, indicating the efficiency of ERT in evaluating the seasonal moisture variation of ET cover soil. These findings were later correlated with the percolation of the ET cover.
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Figure 1. Variations in subsurface electric current density (redrawn from [3]). At least four electrodes are required for electrical resistivity measurement. A, B are the current electrodes (through which electricity passes) whereas M, N are the potential electrodes (through which potential differences are measured), and V is the voltage. 
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Figure 2. Relation between resistance and resistivity (redrawn from [1]). 
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Figure 3. Equipotential and current lines for a pair of current electrodes (redrawn from [32]). A and B are the current electrodes, and M and N are the potential electrodes, and V is the voltage. 
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Figure 4. Different array configuration for 2D resistivity tomography (redrawn from [2]). A,B are current electrodes; M, N are potential electrodes; ‘a’ is the distance between adjacent electrodes; ‘n’ is the ratio of the distance between the current and potential electrodes. 
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Figure 5. Data interpretation in EarthImager 2D software. 
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Figure 6. The authors conducting resistivity tomography at the site. 
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Figure 7. Resistivity tomography results of pipe H2. 
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Figure 8. (a) ERT experiment on pavement slope; (b) schematic of the location. 
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Figure 9. Monthly resistivity plots: (a) higher resistivity; (b) low resistivity; (c) moisture intrusion. 
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Figure 10. (a) Typical dry period (2016–17); (b) typical wet period (2016–17). 






Figure 10. (a) Typical dry period (2016–17); (b) typical wet period (2016–17).



[image: Geotechnics 04 00022 g010]







[image: Geotechnics 04 00022 g011] 





Figure 11. Change in resistivity with rainfall at (a) 0.91 m (2 feet) and (b) 3.05 m (10 feet). 
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Figure 12. (a) Cracks on the shoulder; (b) failure at the crest of the slope. 
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Figure 13. (a) Failure condition of SH 183; (b) resistivity lines along the slope. 
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Figure 14. (a) Test results of the resistivity line RL-1 (at crest); (b) test results of the resistivity line RL-2 (at the middle of the slope). 
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Figure 15. (a) Field setup with resistivity meter; (b) execution of ERT test. 
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Figure 16. Resistivity tomography results of lysimeter-2. 
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Table 1. Moisture content of waste around pipes H2, H16, and H18.
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	Base Line
	1 Day
	1 Week
	2 Week





	Pipe
	MC (%)
	MC (%)
	MC (%)
	MC (%)



	H2
	36.31
	63.35
	49.77
	36.78



	H16
	31.48
	59.38
	47.03
	32.68



	H18
	33.09
	63.35
	45.16
	31.02
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