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Experiment on monitoring leakage 
of landfill leachate by parallel 
potentiometric monitoring method
Xinmin Hu , Yalu Han , Yong Wang , Xiaopei Zhang  & Lizhi Du *

The accumulation of municipal solid waste (MSW) in landfills often becomes a serious pollution 
source of geological environment and groundwater. The geological environment is the carrier of the 
landfill, and also the main pollution object of the landfill. The main pollution modes of the landfill 
site to the surrounding geological environment are purging, flushing, leachate, etc. If the leachate 
leakage cannot be found and repaired in time, it will cause serious harm to the geological environment 
and groundwater. The cost of geological environment and groundwater sampling through borehole 
surveys is high. Therefore, monitoring the seepage path and migration law of leachate is of great 
significance for determining the pollution range of the landfill site. In this study, by adjusting the grids 
of different sizes and changing the flow rate of leachate, the monitoring of fluid migration of different 
types of leachate was strengthened. The results show that the parallel potential monitoring method 
can quickly reflect the location and number of leachate points and the migration law of leachate. It 
provides effective reference data for landfill leachate monitoring.

The pollution of landfill leachate to surface water and ground water is mainly caused by the fermentation and 
erosion of rainwater. As one of the important sources of water supply, groundwater should be  protected1. Among 
them, the pollution source caused by rapid urban development has become the main component of garbage lea-
chate, including micro plastics, sludge and heavy metals, which have potential risks to the geological environment 
and  groundwater2–4. The effective measures to ensure the normal operation of the landfill site are to establish 
a leachate collection and removal system and observe the impact of leachate on the mechanical properties of 
 concrete5–8. It is necessary to monitor the leachate to prevent further deterioration of the surrounding environ-
ment of the  landfill9–11.

Common ways to reduce the concentration of leachate include using vertical and horizontal wells in 
 landfills12,13. The use of water level wells or pressure wells to monitor the falling distance of seepage from ver-
tical and horizontal wells still has disadvantages such as low monitoring efficiency, discrete data and other 
 interference14,15.

Parallel potential monitoring method is an efficient geophysical detection technology. At present, it is widely 
used in the field of monitoring the distribution and movement of landfill leachate and gas. It is found that 
detecting the resistivity value of the site can determine the leachate injection plume, positioning depth and trans-
verse  extension16–19. The monitoring study of water injection reservoir further reflects the resistivity variation 
characteristics of different media  layer20. The potential value of waste area is affected by moisture  content21,22. 
Borehole-to-surface method has a good effect on the identification of the boundary of resistance abnormal 
body and the monitoring of its migration  law23,24. The location and extension path of landfill gas are located by 
electrical resistivity tomography (ERT)25,26. It is found that there is a certain correlation between the resistivity 
ρ and the volumetric moisture content θ in the experimental test, which is well expressed by Archie’s  law22,27,28. 
Time-lapse ERT is used to monitor the leachate  plume29–32.

A large number of experiments have been carried out on the monitoring of leachate migration by ERT 
method, which proves that this method has an obvious effect on monitoring the distribution of landfill leachate 
27,33–40. Figure 1 shows that a parallel potential monitoring system is used to monitor leakage migration in the 
landfill lining system. The soil resistivity within a certain depth under the geomembrane is compared with the 
background field measured when the landfill is completed. The location and quantity of leakage and the mor-
phological characteristics of plume are determined by this method.
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Materials and method
Simulation experimental set up. Laboratory monitoring of leakage migration process can provide an 
important basis for field tests. The designed and improved ERT device can better describe the migration range of 
leakage in  soil41. In this experiment, a parallel potential monitoring device was used to improve the monitoring of 
leakage fluid migration. The simulation experiment in the laboratory is carried out in a (100 cm*100 cm*50 cm) 
plexiglass tank. Sand and clay shall be screened with a 2.36 mm square sieve, watered and compacted with a 
board to ensure that the soil layer is in close contact with the measuring electrode.

Electrode arrangement. The ground wire of high-density electrical method instrument is connected to 
the electrodes arranged around the bottom of the tank as the power electrode C2, as shown in Fig. 2a. The host is 
connected to the electrode system. The electrode system consists of 47 electrode grids with a spacing of 0.08 m. 
The measuring electrode P1 is connected to the mainframe through a wire 0.05 m below the grid center. The 
geomembrane is located 0.03 m above the measuring electrode P1. The collection device is used as a monitoring 
system for various leachate. The arrangement of electrodes is shown in Fig. 2b. The power supply electrode C1 
is placed at a certain depth in the middle of the saturated sand to provide a constant current. The location of 
electrode C1 and leakage point is shown in Fig. 2c. The layers from the bottom of the tank are silty clay, geomem-
brane, silty clay and saturated sand, as shown in Fig. 2d.

Composition of monitoring system. The electrode system is used to monitor the background electric 
field and artificial electric field of the landfill site. In the experiment, the electrode system is laid in the clay layer 
under the geomembrane. It is composed of detection electrodes distributed in a grid at a certain distance.

The electrical signal conversion system adjusts the measurement mode, sampling accuracy, acquisition fre-
quency and other parameters of the electrode in the field according to the instructions of the mainframe, and 
transmits the collected electrical signal to the mainframe.

The mainframe can control the operation of the monitoring system. The possible leachate points and their 
pollution range are determined by collecting data. The system mainly includes mainframe and its software system, 
power supply, etc., as shown in Fig. 3.

Leachate device. Place 4 leakage bottles above the tank. No.1 and No.4 bottled water are used to simulate 
the leakage liquid formed by the direct infiltration of rainwater in slag through geomembrane and as a reference. 
Because  Cl-1 is a typical pollutant in the landfill. No. 2 bottle containing 20 g/L NaCl solution is used to simulate 
inorganic salt leakage in urban life. No. 3 bottle containing 20 ml/L ethanol solution is used to simulate the leak-
age liquid containing a large amount of organic matter in municipal solid waste. The characteristics of leachate 
have been summarized in Table1.

Before the experiment, configure four solutions, close the injection, use an electric meter to check the con-
ductivity of each measuring point. After each measuring point has no open circuit, supply power to the soil layer 
through the mainframe to measure the background electric field of the soil. Then open the injection, adjust the 
flow rate, release the solution at a fixed flow rate, record the soil electric field in the process of leakage every half 
an hour, collect the potential values of each measuring point, process the data through the potentiometry and 
potential difference method, and form the relevant potential horizontal profile and longitudinal section of the soil.

Principle of potentiometric detection technology. When there are leakage points in the landfill, 
power is supplied to the landfill, and the current forms a current loop through the geomembrane. If there are n 
(n = 1,2,3…) leakage points in the geomembrane, the power supply current is I, and the artificial electric field will 
form a leakage electric field at the leakage point, which can be used as a point power supply.

Figure 1.  Schematic diagram of parallel potentiometric monitoring system.



3

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20496  | https://doi.org/10.1038/s41598-022-24352-w

www.nature.com/scientificreports/

where I is the current intensity, j is the current density vector, and S is the area passing through the current.
When there are n leakage points, I will be shunted. If a leakage point is regarded as a finite surface, the cur-

rent intensity I as:

(1)I =

∫
dI =

∫
j · dS

Figure 2.  Set-up of leachate migration simulation experiment: (a) Schematic diagram of electrode C2 layout; 
(b) Schematic diagram of electrical system laying; (c) Position of electrode C1 and leakage point; (d) Schematic 
diagram of simulated experimental soil layer.

Figure 3.  Se2432 parallel electric method instrument.
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Generally, the power supply current field of landfill site will be affected by the formation medium structure. It 
is assumed that the formation medium structure is composed of three layers, each layer has uniform properties 
and stable conductivity, and the layers from top to bottom are: landfill layer, with resistivity of ρ1. The saturated 
leakage liquid layer above the geomembrane has a resistivity of ρ2. The clay layer under the geomembrane has 
a resistivity of ρ3. The electrode C1 is arranged in the garbage layer for power supply, and the electrode C2 is 
arranged at the lower part of the geomembrane away from the electrode system area. The electrode C2 can be 
regarded as a far pole.

Because of the ρ1 > ρ2, the conductivity of the saturated leakage liquid layer at the upper part of the geomem-
brane is better than that of the landfill layer, so that there is almost no reflected current between the ρ1 layer and 
the ρ2 layer, that is, the current generated by the power supply electrode C1 is all transmitted to the ρ2 layer. 
Because of the ρ3 > ρ2, it can be considered that the interface between ρ2 layer and ρ3 layer has both a reflection 
current, and a transmission current through the leakage point. The potential generated at the detection electrode 
P1 under the geomembrane is formed by the action of transmission current. The total potential of point P1 is 
obtained by the superposition of the potential of point power supply passing through n leakage points at P1.

Parallel potential difference method. The test adopts pole–pole arrangement, and the calculation for-
mula of apparent resistivity is as follows:

where ρ is apparent resistivity; a is the distance between electrodes C1 and P1; R is measuring resistivity.
When there are loopholes in the geomembrane of the landfill, the leakage liquid will gradually penetrate 

into the soil layer under the geomembrane through the loopholes, resulting in the change of the conductivity 
of the soil layer under the geomembrane. The pole-pole acquisition mode of Se2432 parallel electrical instru-
ment is used to obtain the original data (potential difference) of each measuring point on the grid. After current 
normalization, the apparent resistivity of the soil layer is obtained. The electrical properties of different depths 
of the soil layer can be obtained by inversion of the apparent resistivity data of the soil layer, so as to determine 
the occurrence point and distribution range of leakage.

The monitoring grid is 5 × 5. The spacing between measuring points is 0.08 m. The measurement method 
adopted by Se2432 parallel electric method instrument is cross diagonal measurement method. Figure 4 shows 
that it only needs to measure the potential values on the measuring points on the horizontal, vertical and 45° 
diagonal lines.

(2)I = I1 + I2 + · · · + In =

n∑
i=1

∫

Si

jdS

(3)UP1 =

n∑
i=1

Iiρ3

2πriP1

(4)ρ = 2πaR

Table 1.  The characteristics of leachate.

No Solution Capacity Concentration

1 Water 6L –

2 NaCl 6L 20 g/L

3 Ethyl alcohol 6L 20 ml/L

4 Water 6L –

Figure 4.  Schematic diagram of cross-diagonal measurement method.
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Theoretical calculation of test model. Theoretical results of 10 × 10 grid monitoring. According to the 
experimental model and statistical data, the resistivity of the clay layer under the geomembrane is assumed 
ρ = 10 Ω· m, the resistivity ratio of tap water, NaCl solution and ethanol solution after penetrating into the soil 
layer ρNo.1:ρNo.2:ρNo.3 = 5:3:10. If the four leakage points set by the model are regarded as four conductive resistors, 
the ratio of the current passing through the four leakage points is  INo. 1:INo. 2:INo. 3:INo. 4 = 6:10:3:6.

The calculation model is 10 × 10 grid, and the spacing of measuring points is 0.05 m. The potential value on 
each measuring point is calculated according to Eq. 3, and the obtained data is processed with surfer software to 
obtain the potential contour map, as shown in Fig. 5. Among them, points 1, 2, 3 and 4 are the leakage positions 
of water, NaCl solution, ethanol solution and water respectively, and the spacing between leakage points is 0.15 m.

Figure 5 shows that the leakage fields formed by the four kinds of leaking liquids interfere with each other 
from the theoretical calculation results. The leachate current at point 2 is larger, the high potential closed loop is 
obvious, and its center corresponds to the leakage center. The reason for this is that the NaCl solution contains 
conductive particles that increase the conductivity of the leak point. Point 1 and 4 are the same as water, and 
the leakage electric field is almost the same. Its closed loop is obvious, and the high potential center also cor-
responds to their leakage position. There is almost no closed loop effect at point 3 under the influence of 1, 2 
and 4. The results show that the leakage field formed by high resistance leakage liquid is not easy to be detected 
by potentiometric detection, and low resistance leakage is suitable to be detected by potentiometric detection.

Theoretical results of 12 × 12 grid monitoring. The resistivity of the clay layer under the geomembrane is 
assumed ρ = 10Ω·m. In consideration of the mutual influence between the leachate and appropriately reduce 
its influence effect, the resistivity ratio of water, NaCl solution, and ethanol solution after penetrating into the 
soil layer is set as ρNo.1:ρNo.2:ρNo.3 = 20:15:24, the ratio of the current passing through the four leakage points is 
 INo.1:INo.2:INo.3:INo.4 = 6:8:5:6. And adjust the distance between the two points to 0.28 m. 12 × 12 grid was used for 
detection, and the spacing of detection points is 0.04 m. Calculate the potential value of each detection point 
according to Eq. 3, and use Surfer to obtain the detection contour map of four kinds of leakage, as shown in 
Fig. 6.

Theoretical calculation results show that when the distance between the leakage points is large and the 
distance between the detection points is small, the potentiometric method can detect the leakage position of 
various leachates well. At the same time, the diffusion range of different leachates in the same plane is roughly 
the same, and they all gradually diffuse outward from the center of the leakage point, and the potential value 
gradually decrease. Point 2 has the largest potential closed loop range, which also has a certain impact on the 
leakage points of adjacent points 1 and 3. Point 1 and point 4 are water leakage. Affected by different leakage 
liquids, the leakage electric field of the two same leakage liquids is obviously different. The potential closed loop 
range of point 1 is larger than that of point 4. Point 3 is the leakage of ethanol solution. Because its resistance is 
the largest, the range of potential closed loop is the smallest.

Figure 7 shows that the leakage fields around the leachates are funnel-shaped, and its size is related to the 
type of leachate. Therefore, different network density should be designed for different types of leakage liquid, so 
as to use the most economical scheme to detect the leakage point.

Interpretation and discussion of results. Laboratory simulation experiment research. Figure 8a shows 
the background electric field potential of soil layer. The four injection pipes are opened at the same time and 
adjusted to the same flow rate. Under the condition of continuous leakage, monitor the leakage field potential 
at an interval of 1 h. Figure 8b shows the leakage electric field potential value for 1 h. Reduce the injection pipes 

Figure 5.  10 × 10 Grid theory detection potential contour map.
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flow rate to 1/2 of the initial value. Figure 8c shows the monitoring results of 2 h soil layer leakage field potential. 
Figure 8d shows the soil leakage field potential monitored after 30 min of sealing the injection pipes.

Figure 8a shows that the background potential contour of the experimental soil layer is at a lower value. Few 
current lines pass through the monitoring area. A dense closed potential circle of high potential value is formed 
at point 2. The current flow at point 2 is greater than the other points 1, 3 and 4. The analysis result may be 
that in the process of watering and compaction, the clay layer under the geomembrane is not uniform, and the 
compaction degree of the soil layer is different, resulting in different potential values   obtained by monitoring. 
The permeability at point 2 is better than other points, so when the flow rate of the leakage liquid is large, the 
leakage liquid under the geomembrane gathers near point 2 and spreads out around. After the clay is watered 
and compacted, the soil compaction is small and the pore water content is large, resulting in a high potential 
abnormal area in the lower left corner of point 3.

Point 2 forms a closed loop of anomaly potential contour much higher than the background electric field, 
while the value of potential contour coil at leakage point 3 is lower than the surrounding value. It can be ana-
lyzed that positions 2 and 3 are leakage points. The leachate at point 2 is a high concentration NaCl solution 
containing more conductive particles, which will reduce the resistivity of the soil layer under the geomembrane 
at point 2. Thus, the passing current is increased to form a high potential closed loop. The leachate at point 3 is 
ethanol solution, which will increase the resistivity of the soil layer under the geomembrane at point 3. So as to 
reduce the passing current and form a low potential closed loop. Figure 8b shows that the potential contour is 
consistent with the influence of NaCl solution and ethanol solution on the soil layer under the geomembrane. 
It can be concluded that point 2 and point 3 are leakage points. The electric field formed after water leakage at 
point 1 and point 4 cannot clearly distinguish the leakage points.

During the monitoring process, the leachate was continuously released from the injection pipe, and the results 
reflected the dynamic characteristics. Figure 8b shows the phenomenon that the leachate from point 1 and point 
4 aggregates around point 2, which is consistent with the inference of better permeability at point 2. Figure 8b,c 
show that when the flow rate of the leachate is changed and the flow rate of the injection pipe is reduced, the 
high-potential region of the entire electric field is reduced. Under the influence of gravity, the leachate will 

Figure 6.  12 × 12 Grid theory detection potential contour map.

Figure 7.  12 × 12 Grid theory detects potential 3d view.
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migrate longitudinally, and the closed-loop abnormally high-potential regions and abnormally low-potential 
regions at points 2 and 3 also decrease.

Compared with the surrounding potential contours, the difference is more obvious. Figure 8d shows that 
when the injection pipe stops leaking for a period of time, the leachate migrates longitudinally along the leak-
age point. At this time, the electric field of the soil layer is similar to the original background electric field, but 
the potential value is higher than the background electric field, indicating that the leachate is stagnant in the 
pores of the soil layer, it is the result of changing the electrical properties of the soil layer. The parallel potential 
method can collect the potential value of each point in the field at one time, which provides a basis for real-time 
monitoring of landfill leachate.

Figure 9 shows the inversion results of the horizontal section of the experimental model. The blue area cor-
responds to the distribution range of the low resistance anomaly. There are no jump or distortion points in the 
profile. The resistivity in the longitudinal direction basically shows a change from low to high. The upper layer 
seepage liquid migrates, and the bottom soil layer is characterized by low humidity and high resistivity. The 
low-resistance areas formed by the leakage of NaCl solution are widely distributed in the horizontal section. The 
distribution range is 0–0.28 m, and the migration scale of the leakage liquid can be clearly seen. The morphologi-
cal characteristics of water leakage in different parts are basically the same. The distribution range is 0–0.18 m. 
The leakage of ethanol solution is only reflected at 0–0.06 m, and the distribution range is the smallest at the 
same depth. The ethanol solution also had the slowest migration rate.

Figure 10 shows the inversion results of the X–Z longitudinal section of the test model. The two apparent 
resistivity profiles at Y = 0.24 m and Y = 0.32 m show that there is no low-resistance area in the shallow layer on 
the soil layer, indicating that the geomembrane in this area is not damaged. The low resistance zone in the middle 

Figure 8.  Leakage field potential diagram of soil layer: (a) Background electric field of soil layer; (b) Potential 
distribution of soil layer after 1 h of leakage; (c) Potential distribution of soil layer after 2 h of leakage; (d) 
Potential distribution of soil layer after closing the injection tube for 30 min.
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is caused by the lateral migration of leakage fluid. The low-resistance anomaly area at the top of the profile can 
be judged as a leak point or formed by the migration of nearby leachate. Combined with the horizontal section, 
the leakage depth is similar, and the lateral migration speed of leachate is faster than the longitudinal migration 
speed. Four leak points can be distinguished, delineating the general location of the leak.

Figure 9.  Inversion map of plane section at different depths.

Figure 10.  X–Z longitudinal section on different Y axes.



9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20496  | https://doi.org/10.1038/s41598-022-24352-w

www.nature.com/scientificreports/

Physical model experiment. The potential value of each electrode was monitored after 2 h of leakage, and the 
resistivity profiles at different positions were obtained by the potential difference method.

It can be seen from Fig. 11 that the potential difference method can monitor the leakage of leachate in dif-
ferent directions. The morphological features of the plume formed by the downward migration of the leak point 
are approximately funnel-shaped in longitudinal section. The affected area of   the soil layer can be obtained in 
time. Figure 11b shows that the potential difference at the monitoring point is very different on both sides. After 
2 h of leakage, a large amount of leakage liquid exists in the soil layer. When the water content in the soil layer 
increases, the diffusion rate of the ethanol solution increases, showing high resistance characteristics. At the same 
time, due to the action of gravity, there is a lot of vertical migration, and the potential value changes greatly. The 
profile clearly shows that the distribution area of   high potential difference is large, and the distribution of low 
potential is small. Figure 11c shows that since the migration rate of leachate in the horizontal direction is greater 

Figure 11.  Electrical resistivity tomograms of profile: (a) Resistivity of the slitting profile Y = 0; (b) Resistivity 
of the slitting profile Y = 0.08; (c) Resistivity of the slitting profile Y = 0.16; (d) Resistivity of the slitting profile 
Y = 0.24; (e) Resistivity of the slitting profile Y = 0.32; (f) Resistivity of the slitting profile Y = 0.4.
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than that in the vertical direction, the potential difference of the monitoring point in the middle region is smaller, 
and a closed region of a high-potential circle is formed in the middle. The difference between the two results in 
a smaller potential difference area. Figure 11d shows that almost all the low-potential areas on the monitoring 
point are on the left side, because the leakage rate of NaCl solution in the horizontal direction is similar to that 
in the vertical direction under the condition of good soil compaction. At this time, a large number of conductive 
particles are contained, resulting in a large high-potential region. The difference between the two forms a large 
area of   low potential difference on the left. This is in good agreement with the lower resistance characteristics of 
the NaCl solution. Figure 11e shows that the two low-resistance regions correspond to the two leakage centers. 
The low potential difference region is formed by migration around the leak point. The migration speed in the 
horizontal direction is similar to that in the vertical direction, and the water migration speed on the left is slower 
than that of the sodium chloride solution on the right. Figure 11e,f show that the monitoring results are the same, 
but the resulting potential difference is also increased. This is affected by the distance between the monitoring 
point and the leak point. When the monitored point and the leakage point are located on the same section, the 
soil layer is the most severely affected area by leakage. Through the change of the potential difference, the leakage 
range and the location of the leakage point can be better judged.

Conclusion
Monitoring for potential leaks is necessary. Soil and groundwater sampling through borehole surveys is expen-
sive and discrete single-point data that is difficult to spatially interpret. In this paper, according to the research 
status of landfills, an indoor physical model test of multiple leachate and multiple leakage points is designed and 
made. Firstly, the experimental model is theoretically solved, and then the leakage process of the three leachates 
is monitored in real time. The calculation results were calculated using the potential method and the potential 
difference method, and the following conclusions were drawn:

In order to achieve better monitoring accuracy and highlight the migration range of leachate, especially for 
landfills in areas with heavy rainfall and rainy season climate, the density of electrode grids should be increased 
because a large amount of precipitation further affects the migration of leachate. In this way, when using the 
potential difference method to solve, the effective area of   the longitudinal section will increase to reflect the 
leakage migration when edge leakage occurs. Theoretical calculations show that the potential method and the 
three-dimensional inversion program can well reflect the location, number and distribution of leaks at differ-
ent depths. For more types of leachate, further experiments will be carried out at a later stage to obtain more 
comprehensive monitoring results.

The application of test results is often limited due to many uncontrollable factors that may affect the accuracy 
of field testing. The physical model produced can monitor the leachate migration law at varying flow rates. The 
properties of the clay layer under the geomembrane have a significant effect on the law of leakage and migration. 
During the actual construction of the landfill, the clay layer under the geomembrane should be as uniform as 
possible. When there are few abnormal areas of the background electric field in the soil layer, the monitoring 
point data is more accurate in judging the leakage point. The migration of leachate on the horizontal plane and 
each longitudinal section can also be obtained, with better sensitivity and a better description of the plume range 
of the leakage point. The difference between high resistance and low resistance in the abnormal area is convenient 
for the selection of different types of pollutants in the later stage.

In the early stage of leakage, the leachate mainly migrates laterally. Longitudinal migration increases when 
soil moisture content increases. The water pressure of the leachate has a great influence on the leakage process. 
When the water pressure of the leachate is large, the measurement results are not easy to distinguish the location 
of different leakage points. When the hydraulic pressure is low, the location of the leak point in the monitoring 
results will become more obvious. This method is an effective way for leachate monitoring.

Data availability
The datasets generated during the current study are available from the corresponding author on reasonable 
request.

Received: 2 August 2022; Accepted: 14 November 2022

References
 1. Taghavi, N., Niven, R. K., Paull, D. J. & Kramer, M. Groundwater vulnerability assessment: A review including new statistical and 

hybrid methods. Sci. Total Environ. 822, 153486. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 153486 (2022).
 2. Li, B. et al. Human activities affect the multidecadal microplastic deposition records in a subtropical urban lake, China. Sci. Total 

Environ. 820, 153187. https:// doi. org/ 10. 1016/j. scito tenv. 2022. 153187 (2022).
 3. Li, C. W. et al. Occurrence and risk assessment of trace organic contaminants and metals in anaerobically co-digested sludge. Sci. 

Total Environ. 816, 151533. https:// doi. org/ 10. 1016/j. scito tenv. 2021. 151533 (2022).
 4. Ahmad, W. et al. Toxic and heavy metals contamination assessment in soil and water to evaluate human health risk. Sci. Rep. 11(1), 

17006. https:// doi. org/ 10. 1038/ s41598- 021- 94616-4 (2021).
 5. Byun, B., Kim, I., Kim, G., Eun, J. & Lee, J. Stability of bioreactor landfills with leachate injection configuration and landfill material 

condition. Comput. Geotech. 108, 234–243. https:// doi. org/ 10. 1016/j. compg eo. 2019. 01. 006 (2019).
 6. Feng, S. J., Chen, Z. W. & Zheng, Q. T. Effect of LCRS clogging on leachate recirculation and landfill slope stability. Environ. Sci. 

Pollut. Res. 27(6), 6649–6658. https:// doi. org/ 10. 1016/ 10. 1007/ s11356- 019- 07383-1 (2020).
 7. Feng, S. J., Chang, J. Y., Zhang, X. L., Shi, H. & Wu, S. J. Stability analysis and control measures of a sanitary landfill with high 

leachate level. J. Geotech. Geoenviron. Eng. 147(10), 05021009. https:// doi. org/ 10. 1061/ (ASCE) GT. 1943- 5606. 00026 35 (2021).
 8. Feng, W. Evaluation of macro- and meso-mechanical properties of concrete under the aggressiveness of landfill leachate. Sci. Rep. 

12(1), 3946. https:// doi. org/ 10. 1038/ s41598- 022- 07418-7 (2022).

https://doi.org/10.1016/j.scitotenv.2022.153486
https://doi.org/10.1016/j.scitotenv.2022.153187
https://doi.org/10.1016/j.scitotenv.2021.151533
https://doi.org/10.1038/s41598-021-94616-4
https://doi.org/10.1016/j.compgeo.2019.01.006
https://doi.org/10.1016/10.1007/s11356-019-07383-1
https://doi.org/10.1061/(ASCE)GT.1943-5606.0002635
https://doi.org/10.1038/s41598-022-07418-7


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:20496  | https://doi.org/10.1038/s41598-022-24352-w

www.nature.com/scientificreports/

 9. Jia, Y. G. et al. Three-dimensional (3D) dynamic monitoring for an underground contamination process induced by landfill leak-
age. Environ. Forensics 13(1), 68–81. https:// doi. org/ 10. 1080/ 15275 922. 2011. 643336 (2012).

 10. Yang, P., Liu, Y. H., Zhang, S. H. & Pan, Y. F. Experimental investigation on the migration of leachate under flowing conditions 
through laboratory ERT. Environ. Sci. Pollut. Res. 26(17), 17457–17471. https:// doi. org/ 10. 1007/ s11356- 019- 04962-0 (2019).

 11. Mohammad, A., Osinski, P., Koda, E. & Singh, D. N. A case study on establishing the state of decomposition of municipal solid 
waste in a bioreactor landfill in India. Waste Manag. Res. 39(11), 1375–1388. https:// doi. org/ 10. 1177/ 07342 42X21 10456 07 (2021).

 12. Beaven, R. P., Cox, S. E. & Powrie, W. Operation and performance of horizontal wells for leachate control in a waste landfill. J. 
Geotech. Geoenviron. Eng. 133(8), 1040–1047. https:// doi. org/ 10. 1061/ (ASCE) 1090- 0241(2007) 133: 8(1040) (2007).

 13. Ke, H. et al. Analytical solution of leachate flow to vertical wells in municipal solid waste landfills using a dual-porosity model. 
Eng. Geol. 239, 27–40. https:// doi. org/ 10. 1016/j. enggeo. 2018. 03. 016 (2018).

 14. Jolly, J. M., Beaven, R. P. & Barker, R. D. Resolution of electrical imaging of fluid movement in landfills. Proc. Inst. Civ. Eng. Waste 
Resour. Manag. 164(2), 79–96. https:// doi. org/ 10. 1680/ warm. 2011. 164.2. 79 (2011).

 15. Hu, J. et al. Application of electrical resistivity tomography to monitor the dewatering of vertical and horizontal wells in municipal 
solid waste landfills. Eng. Geol. 254, 1–12. https:// doi. org/ 10. 1016/j. enggeo. 2019. 03. 021 (2019).

 16. Guerin, R. et al. Leachate recirculation: moisture content assessment by means of a geophysical technique. Waste Manag. 24(8), 
785–794. https:// doi. org/ 10. 1016/j. wasman. 2004. 03. 010 (2004).

 17. Grellier, S. et al. Monitoring of leachate recirculation in a bioreactor landfill by 2-D electrical resistivity imaging. J. Environ. Eng. 
Geophys. 13(4), 351–359. https:// doi. org/ 10. 2113/ JEEG13. 4. 351 (2008).

 18. Clement, R., Oxarango, L. & Descloitres, M. Contribution of 3-D time-lapse ERT to the study of leachate recirculation in a landfill. 
Waste Manag. 31(3), 457–467. https:// doi. org/ 10. 1016/j. wasman. 2010. 09. 005 (2011).

 19. Andre, L. et al. Electrical resistivity tomography to quantify in situ liquid content in a full-scale dry anaerobic digestion reactor. 
Bioresour. Technol. 201, 89–96. https:// doi. org/ 10. 1016/j. biort ech. 2015. 11. 033 (2016).

 20. Wang, Y., Wu, C. P., Du, L. Z., Zhzng, X. P. & Niu, J. J. Application research in waterflooding oilfield monitoring based on potential 
method. Coll. Constr. Eng. 29(4), 1803–1807 (2014).

 21. Ling, C. P. et al. Application of electrical resistivity tomography to evaluate the variation in moisture content of waste during 2 
months of degradation. Environ. Earth Sci. 68(1), 57–67. https:// doi. org/ 10. 1007/ s12665- 012- 1715-y (2013).

 22. Feng, S. J., Bai, Z. B., Cao, B. Y., Lu, S. F. & Ai, S. G. The use of electrical resistivity tomography and borehole to characterize leachate 
distribution in Laogang landfill, China. Environ. Sci. Pollut. Res. 24(25), 20811–20817. https:// doi. org/ 10. 1007/ s11356- 017- 9853-0 
(2017).

 23. Lv, S. H., Du, L. Z., Yao, R., Wang, J. & Chang, G. Q. Experimental study on surface electric field distribution model of borehole-
to-surface electrical method. Glob. Geol. 3, 995–1000 (2017).

 24. Shen, M. X., Du, L. Z. & Lv, S. H. Influence on surface electric field by different supply methods of borehole-surface electrical 
method. Glob. Geol. 37(2), 602–607 (2018).

 25. Rosqvist, H. et al. Mapping landfill gas migration using resistivity monitoring. Proc. Inst. Civ. Eng. Waste Resour. Manag. 164(1), 
3–15. https:// doi. org/ 10. 1680/ warm. 2011. 164.1.3 (2011).

 26. Moreira, C. et al. Comparative analysis between biogas flow in landfill and electrical resistivity tomography in Rio Claro City, 
Brazil. J. Geol. Res. 2014, 1–7. https:// doi. org/ 10. 1155/ 2014/ 845906 (2014).

 27. Archie, G. E. The electrical resistivity log as an aid in determiningsome reservoir characterisics. Trans. Am. Inst. Min. Metal. Pet. 
Eng. 146, 54–67 (1942).

 28. Du, L. Z. et al. Calculation of cementation factor and saturation exponent by resistivity: A case study of silty clay formation, 
Changchun, China. Arab. J. Geosci. https:// doi. org/ 10. 1007/ s12517- 021- 08199-5 (2021).

 29. De Lima, O. A. L., Sato, H. K. & Porsani, M. J. Imaging industrial contaminant plumes with resistivity techniques. J. Appl. Geophys. 
34(2), 93–108. https:// doi. org/ 10. 1016/ 0926- 9851(95) 00014-3 (1995).

 30. Benson, A. K., Payne, K. L. & Stubben, M. A. Mapping groundwater contamination using dc resistivity and VLF geophysical 
methods: A case study. Geophysics 62(1), 80–86 (1997).

 31. Day-Lewis, F. D., Lane, J. W., Harris, J. M. & Gorelick, S. M. Time-lapse imaging of saline-tracer transport in fractured rock using 
difference-attenuation radar tomography. Water Resour. Res. 39(10), 1290. https:// doi. org/ 10. 1029/ 2002W R0017 22 (2003).

 32. Johnson, T. C., Versteeg, R. J., Dau-Lewis, F. D., Major, W. & Lane, J. W. Time-lapse electrical geophysical monitoring of amend-
ment-based biostimulation. Groundwater 55(6), 920–932. https:// doi. org/ 10. 1111/ gwat. 12291 (2015).

 33. Ogilvy, R., Meldrum, P., Chambers, J. & Williams, G. The use of 3D electrical resistivity tomography to characterise waste and 
leachate distribution within a closed landfill, Thriplow, UK. J. Environ. Eng. Geophys. 7(1), 11–18. https:// doi. org/ 10. 4133/ jeeg7.1. 
11 (2002).

 34. Soupios, P. et al. Application of integrated methods in mapping waste disposal areas. Environ. Geol. 53(3), 661–675. https:// doi. 
org/ 10. 1007/ s00254- 007- 0681-2 (2007).

 35. Seferou, P. et al. Olive-oil mill wastewater transport under unsaturated and saturated laboratory conditions using the geoelectrical 
resistivity tomography method and the FEFLOW model. Hydrogeol. J. 21(6), 1219–1234. https:// doi. org/ 10. 1007/ s10040- 013- 0996-
x (2013).

 36. Casado, I., Mahjoub, H., Lovera, R., Fernandez, J. & Casas, A. Use of electrical tomography methods to determinate the extension 
and main migration routes of uncontrolled landfill leachates in fractured areas. Sci. Total Environ. 506, 546–553. https:// doi. org/ 
10. 1016/j. scito tenv. 2014. 11. 068 (2015).

 37. Konstantaki, L. A., Ghose, R., Draganov, D., Diaferia, G. & Heimovaara, T. Characterization of a heterogeneous landfill using 
seismic and electrical resistivity data. Geophysics 80(1), EN13–EN25. https:// doi. org/ 10. 1190/ GEO20 14- 0263.1 (2015).

 38. Vargemezis, G., Tsourlos, P., Giannopoulos, A. & Trilyrakis, P. 3D electrical resistivity tomography technique for the investigation 
of a construction and demolition waste landfill site. Stud. Geophys. Geod. 59(3), 461–476. https:// doi. org/ 10. 1007/ s11200- 014- 
0146-5 (2015).

 39. Wang, T. P. et al. Applying FDEM, ERT and GPR at a site with soil contamination: A case study. J. Appl. Geophys. 121, 21–30. 
https:// doi. org/ 10. 1016/j. jappg eo. 2015. 07. 005 (2015).

 40. Appiah, I., Wemegah, D. D., Asare, V. D. S., Danuor, S. K. & Forson, E. D. Integrated geophysical characterisation of Sunyani 
municipal solid waste disposal site using magnetic gradiometry, magnetic susceptibility survey and electrical resistivity tomography. 
J. Appl. Geophys. 153, 143–153. https:// doi. org/ 10. 1016/j. jappg eo. 2018. 02. 007 (2018).

 41. Yang, P. & Liu, Y. H. Experiment on Monitoring Leakage of Landfill Leachate Through Electrical Resistivity Tomography. In 8th 
International Congress on Environmental Geotechnics (ICEG). 162–169 (2019). https:// doi. org/ 10. 1007/ 978- 981- 13- 2224-2_ 20

Acknowledgements
We thank Xiaoming Jiang for help with the manuscript and experiments. This study was financially supported 
by the National Natural Science Foundation of China (Grant No. 41402246), and Natural Science Foundation of 
Jilin Province (Grant No. 20220101172JC). We thank all reviewers who reviewed the manuscript.

https://doi.org/10.1080/15275922.2011.643336
https://doi.org/10.1007/s11356-019-04962-0
https://doi.org/10.1177/0734242X211045607
https://doi.org/10.1061/(ASCE)1090-0241(2007)133:8(1040)
https://doi.org/10.1016/j.enggeo.2018.03.016
https://doi.org/10.1680/warm.2011.164.2.79
https://doi.org/10.1016/j.enggeo.2019.03.021
https://doi.org/10.1016/j.wasman.2004.03.010
https://doi.org/10.2113/JEEG13.4.351
https://doi.org/10.1016/j.wasman.2010.09.005
https://doi.org/10.1016/j.biortech.2015.11.033
https://doi.org/10.1007/s12665-012-1715-y
https://doi.org/10.1007/s11356-017-9853-0
https://doi.org/10.1680/warm.2011.164.1.3
https://doi.org/10.1155/2014/845906
https://doi.org/10.1007/s12517-021-08199-5
https://doi.org/10.1016/0926-9851(95)00014-3
https://doi.org/10.1029/2002WR001722
https://doi.org/10.1111/gwat.12291
https://doi.org/10.4133/jeeg7.1.11
https://doi.org/10.4133/jeeg7.1.11
https://doi.org/10.1007/s00254-007-0681-2
https://doi.org/10.1007/s00254-007-0681-2
https://doi.org/10.1007/s10040-013-0996-x
https://doi.org/10.1007/s10040-013-0996-x
https://doi.org/10.1016/j.scitotenv.2014.11.068
https://doi.org/10.1016/j.scitotenv.2014.11.068
https://doi.org/10.1190/GEO2014-0263.1
https://doi.org/10.1007/s11200-014-0146-5
https://doi.org/10.1007/s11200-014-0146-5
https://doi.org/10.1016/j.jappgeo.2015.07.005
https://doi.org/10.1016/j.jappgeo.2018.02.007
https://doi.org/10.1007/978-981-13-2224-2_20


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:20496  | https://doi.org/10.1038/s41598-022-24352-w

www.nature.com/scientificreports/

Author contributions
X.M.H. has made substantial contributions to the conception and design. X.M.H., Y.L.H., Y.W., X.P.Z. and L.Z.D. 
been involved in drafting the manuscript. X.M.H., Y.W., X.P.Z., L.Z.D. have been involved in revising it criti-
cally for important intellectual content and supervising the overall work. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experiment on monitoring leakage of landfill leachate by parallel potentiometric monitoring method
	Materials and method
	Simulation experimental set up. 
	Electrode arrangement. 
	Composition of monitoring system. 
	Leachate device. 
	Principle of potentiometric detection technology. 
	Parallel potential difference method. 
	Theoretical calculation of test model. 
	Theoretical results of 10 × 10 grid monitoring. 
	Theoretical results of 12 × 12 grid monitoring. 

	Interpretation and discussion of results. 
	Laboratory simulation experiment research. 
	Physical model experiment. 


	Conclusion
	References
	Acknowledgements


