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Abstract

:

Leakage in the impervious layer of a domestic waste landfill seriously pollutes the soil and groundwater. Therefore, it is necessary to carry out rapid nondestructive leakage location detection. In this research, the electrical resistivity tomography (ERT) method and the opposing-coils transient electromagnetic method (OCTEM) were used to detect the leakage location. The inversion sections of both methods showed a clear low–middle–high resistivity spectrum in the longitudinal direction that could be used to speculate the distribution pattern of the upper waste body layer, the bottom impermeable layer, and the lower limestone layer. The leakage area was identified in Zone B of the landfill on the basis of inversion results and drilling verification results. The results indicate that OCTEM and ERT were both sensitive to leakage detection. However, OCTEM had higher longitudinal resolution and more refined inversion results, resulting in more effective delineation for the location of the damage and leakage of the impervious landfill layer, thereby providing a new technical basis for landfill leakage detection.
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1. Introduction


Toxic and harmful waste gases, slag, and liquids are produced form mining, mineral processing, smelting, chemical production, and other industrial activities. If not handled properly, these harmful substances can cause serious pollution to the air, soil, and water [1,2,3,4,5,6]. In recent years, with the rapid development of the social economy, the problem of domestic waste disposal has become increasingly prominent [7]. Due to problems such as excessive investment and air pollution in new waste disposal methods such as waste incineration, sanitary landfills are still an important domestic waste disposal method [8]. The structure of a landfill consists of a solid waste layer, a geotextile layer, a pebble layer, an impermeable layer, and a soil layer. High-density polyethylene (HDPE) is a popular impermeable material. It has stable chemical properties, strong corrosion resistance, and low permeability to water and air [9,10,11]. As the last line of defense to prevent the leakage of landfill leachates, HDPE is widely used in landfills. HDPE could be used as impermeable material by cutting off the leakage channel of the earth dam, and HDPE’s large tensile strength and elongation can withstand water pressure and adapt to the deformation of the dam. HDPE also has good resistance to bacteria and chemical attacks, including acid, alkali, salt erosion. HDPE is always combined with other impermeable material, such as geosynthetic clay liners [12,13,14]. However, in actual application, due to artificial or natural factors, HDPE film breakage occurs [15,16,17,18,19,20]. Landfill leachates are rich in iron, copper, zinc, other heavy metals, and other types of pollutants [21,22,23,24,25]. Once the leachate leaks, it seriously pollutes the soil and groundwater, causing serious damage to local residents [26,27,28,29,30,31]. The ability to detect the location of seepage points in a timely and accurate manner is greatly important to carry out effective disposal [6,7,8].



Leakage detection systems are usually preburied for the construction of landfills, and traditional methods are electrical and acoustic [20,21,22]. Electrical methods lay detection electrodes or conductive gridlike fibers under the impermeable layer, and determine the leakage location according to the electromotive force distortion or short circuit of conductive fibers. However, they have a low safety factor, and conductive fibers are prone to misalignment [32,33,34,35,36]. Acoustic methods lay multiple vibration sensors under the impermeable layer that are used to locate and receive the instantaneous damage signals of the HDPE film. However, clutter interference leads to distorted wave velocity and susceptible signals that indicate the low accuracy and easy misdetections of this method. Therefore, landfills are often required to conduct noninvasive leak detection. Traditional leakage location detection methods, such as alternating electrical current detection, affect the accuracy of terminal detection results because of the electromagnetic crosstalk between transmission lines [37,38,39,40,41,42,43]. The disadvantage of the dipole method in the direct electric current method detection system is that the current significantly attenuates with an increase in measurement distance, that is, the covering the thickness and conductivity of the waste layer affects the potential distribution. The thicker the garbage layer is, the weaker the surface potential distribution, and the lower the detection sensitivity are, and, thereby, the greater the error is in determining the location and number of holes [32,33,34,35,36]. The potential distribution of the current field in the electrode grid method is directly related to the layout of the detection electrodes under the film [44]. The decreasing diffusion effect of the field interferes with the detection electrodes near the leakage point, which may easily cause misjudgments in the detection results. In view of these encountered leak-detection problems, we performed a detection test on a landfill site using the transient opposing-coil electromagnetic method (OCTEM) on the basis of the electrical resistivity tomography method (ETR). The comprehensive anomaly of the two methods could effectively determine the location of the leakage point to aid in landfill leakage detection.



The purpose of this paper is, therefore, to apply two geophysical methods, namely, the opposing-coils transient electromagnetic method and the electrical resistivity tomography method, to detect the leakage point in the landfill and provide useful information for predicting leakages and delineating the possible leakage zone for future explorative work. The OCTEM and ETR methods were both used in the detection of landfill leakage points, and their effectiveness and resolution are compared. Lastly, this study provides useful methods for the detection of leakage points in landfills, and establishes a basis for future exploration and antiseepage work.




2. Materials and Methods


The research area was the domestic waste landfill in Chenzhou city, Guiyang county, Hunan province, China, where a population of 900,000 individuals lives. The landfill site is generally high in the east and low in the west, and surrounded by hills (Figure 1). The landfill consists of Zones A and B. Zone A is located on the northeastern side of the landfill site, which belongs to the upper part of the river valley and has a relatively high altitude (255 m). Zone B is located on the southern and western sides of the landfill site, which belong to the lower part of the river valley and have relatively low elevation (247 m). The actual elevation of the landfill site is 230.82–263.06 m, and the maximal elevation difference is 32.24 m. The research area has a subtropical humid monsoon climate, which is characterized by warm temperatures, four distinct seasons, abundant heat, concentrated rain, changeable spring temperatures, frequent droughts in summer and autumn, a short cold period, and a long hot period. Annual rainfall is from 1992.7 to 1075.1 mm, generally about 1500 mm, and the average annual rainfall is 1363 mm. Annual rainfall is mainly concentrated in April to July, accounting for more than 60% of annual rainfall. The dry season is from September to January. The average annual temperature is 19.5 °C, the highest temperature is 41 °C, and the lowest temperature is 2 °C. Frost weather in the research area lasts for an average of 14.7 days. The first frost often occurs from late November to early December, and the last frost occurs in mid-to-late February of the following year. The annual frost-free period is 277 days.



2.1. Geological Background


The research area is located in the mid–southern section of the Qinhang junction zone, the southern end of the north–south Leiyang-Linwu tectonic belt, the middle part of the Nanling tectonic belt, and the northeastern Yanling-Chenzhou-Lanshan basement fault passing through this area. The oldest outcropping strata in the region are the Sinian system, the newest is Quaternary, and Silurian is missing. Tectonic activity in this area successively experienced Caledonian, Indosinian, and Yanshanian tectonic activities. The fold structure in this area is mainly overturned anticline and syncline composed of Devonian–Permian strata. The fold structure in this area is a complex north–south fold belt. The fault structure in the area is relatively developed, which is mainly near the north–south compression–torsional fault, followed by nearly EW tension-torsional fault, and the NW tension-torsional fault is the least developed.



The main strata exposed in the study are as follows. The Quaternary alluvial-proluvial layer located in the valley zone in the area, which is gray black, gray, yellow, and hard plastic. It is mainly composed of clay particles containing a small amount of gravel and debris, and mainly composed of limestone and sandstone with general toughness, medium dry strength, and thickness of 3.0–9.2 m. It contains plant roots within 0.4 m of its surface layer. The Quaternary slope residual layer is mainly distributed in the hillside, and is grayish yellow, yellowish brown, slightly wet, and plastic to hard plastic. Its composition is mainly silty clay and it contains strong weathering granite. The particles of the gravel are about 1~3 cm, and the content is about 10~25%. The Devonian Xikuangshan Formation is the outcropped bedrock in the area, and is grayish black cyan, and gray, partially contains carbonaceous limestone, the upper part is strongly weathered, and the fracture is relatively developed, with broken cores with thickness of 0.5–5.8 m. The lower part of the rock is relatively complete, and karst is locally developed. This layer is the main aquifer in the area with good permeability and water abundance. The lower carboniferous Yanguan stage limestone is mainly distributed in the northwest and southeast of the landfill. It is moderately weathered, containing carbonaceous with an aphanitic structure and calcite mesh filling. The landfill site is located in the core of the small syncline structure, and the fault structure is not developed.



On the basis of the geological conditions of the landfill site, sand, gravel, and especially clay minerals provide a better base liner to prevent possible leakage to the surrounding environment [5]. The sand and gravel layer provide the drainage channel for the landfill leachate collection [38]. Furthermore, the geological structure of the landfill location is not developed, and the syncline structure is helpful in containing the leachates [15].




2.2. Basic Physical Structure of the Domestic Waste Landfill


Generally, the physical layered structure of a landfill mainly consists of a top capping system, a bottom liner system, and a lower bedrock layer. The waste landfill in the research area is currently in use and has not been closed; the capping system on the top has not yet been completed (Figure 2). The capping system of the landfill in the research area is only covered with an impermeable layer consisting of a geomembrane and a small amount of clay on the surface to prevent surface water infiltration as much as possible; a layer of landfill domestic waste ranging from a few to a dozen meters’ thickness is below the impermeable layer. The bottom liner system is an impermeable layer located at the bottom and around the landfill consisting of an absorption and a filtration layer, a leachate collection layer, HDPE, and a clay layer from top to the bottom. It collects and isolates the leachate from waste, and prevents it from leaking downward. The lower bedrock layer is mainly composed of clay layer and bedrock, with 10–20 m clay thickness; the bedrock is the limestone of the Devonian Xikuangshan Formation and the lower Carboniferous Yanguan Stage. The stratum dips to the NW with a small dip angle.




2.3. Geophysical Properties


The composition of domestic waste is complex and varies from region to region. Generally, the composition of waste in cottage areas is mainly ash, followed by food, paper, and plastic. Residents living in areas with buildings mainly produce domestic waste. China’s urban domestic waste has the basic characteristics of a mixed composition, high moisture, and a low calorific value. Garbage bags contain ash, plastic, and paper. The composition of domestic waste sites in the research area is extremely complex, with the waste composition of both building and cottage areas, and moisture content of above 50%.



According to previous physical-property data [45,46], combined with the results of field experiments in the research area, waste bodies are mostly domestic waste, which is easily corroded to produce leachate. The leachate has high conductivity and low-resistance with resistivity values of 1~100 Ω-m. The impermeable system is mainly composed of materials nonwoven geotextiles, a gravel layer, HDPE, and a clay layer with resistivity values of about 200 Ω-m. The lower part of the antiseepage layer limestone, showing high resistance characteristics, has resistivity generally in the range of 300–2500 Ω-m. The electrical difference between the layers of the landfill in the research area is obvious, and prerequisites for electrical exploration are available.





3. Experimental Methods


3.1. Electrical Resistivity Tomography Method


Electrical resistivity tomography (ERT) is a noninvasive geophysical method that measures the spatial distribution of the resistivity of a geological body. A total of 18 electrical resistivity survey lines with a direction of 140° and distance of 10 m were set up in the landfill, totaling 288 detection points. The ERT instrument model used in this study was SyscalProSwitch-48, IRIS Instruments. The SyscalPro was equipped with a 10-channel data receiver connected to 4 electrodes through cables (Figure 3). It works by supplying power to two powered electrodes, A and B, and measuring the potential difference between two potential electrodes, M and N, to perform resistivity measurements [34]. The use of four electrodes for measurements minimizes the effect of contact resistance at the interface between the soil pore water and the electrodes [46,47]. One resistivity data were obtained for each four-electrode combination measurement, and the location and depth of measurement points were determined via the distance between the powered electrodes and the type of the electrode device.



This system was characterized by large storage capacity, accurate and fast measurements, easy operation, and stable and reliable performance, which meet the relevant specifications and design requirements. Resistivity measurements along a measuring line with different combinations of four electrodes were performed to obtain the two-dimensional resistivity distribution of the geological body. Resistivity measured with the electrical resistivity tomography method is called apparent resistivity ρ, expressed as follows:


  ρ = 2 π α   Δ V   I    



(1)




where I is the input current between the power supply electrodes A and B, ∆V is the potential difference between potential electrodes M and N, α is the electrode spacing, and the unit of apparent resistivity ρ is Ohm∙m.




3.2. Opposing-Coil Transient Electromagnetic Method


The opposing-coil transient electromagnetic method uses an underground return source to send a primary-step electromagnetic field to the subsurface to detect the electrical characteristics of the subsurface medium by detecting the response of the secondary induction field generated by turning off the excitation source [48,49]. Unlike the conventional transient electromagnetic method, the opposing-coil transient electromagnetic method is sent using a dual-coil source in which Current I of the same magnitude and opposite direction is simultaneously supplied to the dual-coil source and measured after the current is turned off. The magnetic lines of the force at the receiving coil were horizontal and had a vertical magnetic field of 0 before and after shutdown, with a magnetic flux of 0 in the plane of that position and a vertical magnetic field in other planes. The formation of a zero-flux surface can eliminate the effect of primary field shutdown at any moment; by measuring at the zero-flux position, it can eliminate the blind spot and detect shallow underground spaces. Figure 4 shows the placement of the center-return device of the opposing-coil transient electromagnetic method.



Field source analysis was performed for the oppposing-coil transient electromagnetic method, and a column coordinate system with the center of the horizontal current loop as the origin was established (unit vectors uρ, uθ, and uz). We used the vector superposition principle to obtain the equation for the primary field of equivalent inverse flux transient electromagnetic method 2 [50]:


    B   p r i m a r y     ρ , z   =     B   ρ     ρ , z − d   +   B   ρ     ρ , z + d       u   ρ   + [   B   ρ     ρ , z − d   −   B   ρ     ρ , z + d    



(2)




where d is the distance between the transmitting coil and the receiving coil, and B is the magnetic induction intensity. The secondary opposing-coil transient electromagnetic method field can be calculated using the superposition principle, which is calculated by referring to the algorithm of Coggon [51,52,53], starting from the Maxwell spin equation shown as Equation (3):


  Δ × H = ε   ∂ E   ∂ t   + σ E +   J   e    



(3)







Consider the following boundary conditions:


  n ×     H   1   −   H   2       |   Γ   = 0  



(4)






    J   e   =   P   e   ω ( t ) δ ( x ) δ ( y ) δ ( z )  



(5)






  ω ( t ) =       0 ,   ( t < 0 )       1 ,   ( t ≥ 0 )        



(6)




where H is the magnetic field strength; E is the electric field strength;     J   e     is the current density; ω is the dielectric constant; t is time; δ(x) is the pulse function;     P   e     is the magnetic moment of the electric or magnetic field; ω(t) is the source current waveform.



The transient electromagnetic response of an arbitrary geoelectric model could be obtained by solving the magnetic field using the finite element method, of which the implementation is found in the literature [19].





4. Results and Discussion


4.1. Electrical Resistivity Tomography Method


After preprocessing the original data, the resistivity inversion section was obtained by using RES2DINV software. The inversion section was inferred and interpreted according to the electrical characteristics. The inversion section showed uniformly changed resistivity and an obviously layered law. The shallow part of the inversion section was the low-resistivity domestic waste layer. The middle part was the medium-resistivity impervious layer and the Quaternary sedimentary strata. The lower part was the high-resistivity limestone of the Xikuangshan Formation of the Devonian System. In the longitudinal direction, the resistivity of the inversion section showed an obvious low–medium–high three-layer electrical structure, which was in good agreement with the hierarchical structure of the physical properties of the landfill site (Figure 5).



The resistivity of the domestic waste leachate was very low, so a low-resistivity anomaly could be observed in the seepage area, and a funnel-shaped low-resistivity anomaly appeared at the bottom or lower part of the inversion section impervious layer. In this research, obvious ground resistivity anomalies were observed in the depth of resistivity inversion sections of the G100, G110 and G120 lines (Figure 5). For example, there was an obvious low-resistivity anomaly at 100 m depth of the G100 line with a depth of 8–15 m and sectional width of about 10 m (Figure 5a). There was an obvious low-resistivity anomaly at 70 m depth of the G110 line with a depth of 10–15 m and a sectional width of about 10 m (Figure 5b). There were two low-resistivity anomalies at 80 and 110 m depth of the G120 line with a depth of 12–22 m. The sectional widths were about 20 and 10 m, respectively (Figure 5c).




4.2. Opposing-Coil Transient Electromagnetic Method


On the basis of the electrical resistivity tomography method, we performed research on the opposing-coils transient electromagnetic method. Its survey line coincided with the survey line of the resistivity method, and the survey points were distributed in the range of 40–115 m. The following data were acquired in fixed-point measurement mode: measurement point distance of 10 m, the direction of 140°, emission frequency of 6.25 Hz, emission current of 10 A, off time of 50 μs, a superposition period of 200 times, 306 measurement points, and a total of 18 cross-sections. After preprocessing the original data, HPTEM Data Process software was used to invert the resistivity inversion sections, which were inferred and interpreted according to the electrical characteristics. The inversion section showed uniformly changed resistivity and an obviously layered law. The shallow part of the inversion section was the low-resistivity domestic garbage layer. The middle part was the medium-resistivity impervious layer and the Quaternary sedimentary strata. The lower part was the high-resistivity limestone of the Xikuangshan Formation of the Devonian System. In the longitudinal direction, the resistivity of the inversion section showed an obvious low–medium–high three-layer electrical structure, which was in good agreement with the hierarchical structure of the physical properties of the landfill site (Figure 6).



Compared with the electrical resistivity tomography method, the opposing-coil transient electromagnetic method was more sensitive for retrieving the longitudinal resistivity of the inversion section. Six inversion sections showed low-resistivity anomalies, namely, S90, S110, S120, S130, and S140. There was an obvious low-resistivity anomaly at 95 m depth of the S90 line with a depth of 10–20 m and a sectional width of about 10 m (Figure 6a). There was an obvious low-resistivity anomaly at 100 m depth of the S100 line with a depth of 10–15 m and a sectional width of about 10 m (Figure 6b). There were two obvious low-resistivity anomalies at 85 and 100 m depth of the S110 line with a depth of about 10–20 m and a sectional width of about 10 m (Figure 6c). There were three low-resistivity anomalies at 50, 70, and 115 m depth of the S120 line with a depth of 10–18 m. The sectional width of the low-resistivity anomaly at the 50 m measuring point was about 15 m, and the section width of the other two low-resistivity anomalies (70 and 120 m) was about 10 m (Figure 6d). There were two obvious low-resistivity anomalies in the deep part of the S130 line located at 50 and 75 m with a depth of 10–18 m and sectional widths of about 15 and 10 m, respectively (Figure 6e). There was an obvious low-resistivity anomaly at 90 m depth of the S140 line with a depth of 18–24 m and width of about 10 m (Figure 6f). These low-resistivity anomalies may have been caused by the seepage of a low-resistance leachate if the damage of the impervious layer had occurred; therefore, these low-resistance anomalies may be leakage areas.




4.3. Distribution Characteristics of the Leakage Area and Borehole Verification


As shown in Figure 7, drilling was used to verify the low-resistivity anomaly area. C1, implemented at 100 m of the G110 line, revealed that the thickness of the domestic waste layer was 10.91 m. The depth of the gravel and clay layers of the antiseepage system was 10.91–14.10 m with a thickness of about 3.19 m. The deep part showed obvious leachate infiltration and was mainly dark brown silty clay (Figure 6c). C2 and C3 were drilled at 75 and 115 m of the G120 line. The thickness of the domestic waste layer exposed by C2 was 10.10 m. The gravel and clay layers of the antiseepage system were at 10.10–13.21 m with a thickness of 3.11 m. The deep part showed obvious infiltration and was dark brown silty clay (Figure 6c). The thickness of the domestic waste layer exposed by C3 was 12.23 m. The gravel and clay layers of the antiseepage system were at 12.23–15.16 m, with a thickness of about 2.96 m. The deep part showed obvious infiltration and was dark brown silty clay (Figure 6d).



The low-resistivity anomalies delineated with the electrical resistivity tomography method and opposing-coil transient electromagnetic method were consistent each other. The longitudinal resistivity of the opposing-coil transient electromagnetic method was more sensitive, and the low-resistivity anomalies were relatively more detailed. According to the comprehensive low-resistivity anomaly obtained with the two methods and combined with the results of drilling verification, three leachate leakage areas were delineated in Zone B of the landfill (Figure 8). ① The leakage area is located in the middle of Zone B between Lines 100 and 150 with a scope of about 260 m2 and a depth of about 10–15 m; ② the leakage area is located near the drop well in the middle of Zone B between Lines 110 and 140 with a scope of about 50 m2 and a depth of about 10~15 m; ③ the leakage area is located at the northwestern side of Leakage Area ① between Lines 120 and 140 with a scope of about 120 m2 and a depth of about 10~15 m.





5. Conclusions


	(1)

	
The inversion sections of the electrical resistivity tomography method and opposing-coil transient electromagnetic method showed a clear low–middle–high resistivity spectrum in the longitudinal direction corresponding to an upper landfill layer, impermeable bottom layer, and the lower part of the argillaceous sandstone. The anomalous area of the pollution plume was observed at the bottom of the leakage area, and the gradually decreased concentration reflected the characteristics of pollution diffusion.




	(2)

	
On the basis of the characteristics of the low-resistance anomalies of the inversion section found with the electrical resistivity tomography method and opposing-coil transient electromagnetic method, three low-resistance anomalous areas were delineated in Zone B of the landfill that were identified as impermeable layer seepage areas after being verified using drilling.




	(3)

	
The opposing-coil transient electromagnetic method is more sensitive to abnormal changes in resistivity, and is accurate and effective for landfill leakage detection. OCTEM has broad application prospects in landfill leakage detection.




	(4)

	
Future studies could focus on the exposure of subsurface information obtained with this study by using the ETR and OCTEM methods. Various exploration methods such as trail trenches and drilling could be used to determine whether the zone was accurately detected or not. Anti-seepage measures could also be taken to prevent possible leakage in the landfill.
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Figure 1. Location and survey line layout of the research area (from Google Earth). 
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Figure 2. Structural diagram of the landfill. 
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Figure 3. Working principle of electrical resistivity tomography. 
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Figure 4. Schematic of the OCTEM device. 






Figure 4. Schematic of the OCTEM device.



[image: Water 15 01778 g004]







[image: Water 15 01778 g005 550] 





Figure 5. Inversion results and interpretation of ERT. (a) G100 line; (b) G110 line; (c) G120 line. 
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Figure 6. Inversion result and interpretation of ERT. (a) S90 line; (b) S100 line; (c) S110 line; (d) S120 line; (e) S130 line; (f) S140 line. 
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Figure 7. Geological borehole column. 
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Figure 8. Distribution map of the speculated leakage area with a damaged impervious layer. 
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