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Abstract

:

The distribution of leachate directly impacts the safety and stability of the landfill, so it is important to research the distribution of seepage characteristics and migration patterns of leachate. The study aims to investigate the impact of heterogeneous permeability distribution and clogging of the drainage layer on leachate transportation in landfills. To achieve this, a heterogeneous transient seepage model was developed. Results showed that when considering the heterogeneous permeability of the waste in the buried depth direction, the maximum perched water level was higher, which is not conducive to the safety and stability of the landfill. Taking Xi’an Jiangcungou Landfill as a research object, the maximum perched water level of each waste layer was higher compared to the homogeneous condition when considering the landfill process and heterogeneous permeability. The differential value ranged from 0.08 m to 1.88 m. Furthermore, the calculation results obtained from the heterogeneous seepage model were found to be in good agreement with both actual field data and referenced survey data, thus confirming the reliability of the model. These research findings not only offer technical support but also provide a solid theoretical foundation for leachate level control and safety and stability assessments.
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1. Introduction


As one of the important methods to deal with municipal solid waste (MSW) in many countries, landfills have garnered significant attention from scholars across various disciplines due to their importance in ensuring safety and stability. After analyzing numerous landfill accidents both domestically and internationally, it has been determined that leachate distribution plays a crucial role in landfill instability [1,2,3,4,5]. Meanwhile, there are a lot of pollutants and heavy metal ions in the leachate which have some influence on the surrounding soil and groundwater [6,7]. However, waste permeability plays a crucial role in predicting leachate migration [8]. In addition, significant heterogeneity and a wide range of waste permeability are observed at different buried depths in landfills due to the complex composition of waste and the employed landfill method [9]. Thus, in the seepage numerical simulation of landfill, setting a reasonable permeability distribution is a topic worth studying.



Landfill leachate levels generally include three forms: the main water level, the perched water level, and the drainage layer level. In the landfill disposal process, a layer of loess (approximately 0.3 m thick) is placed on top of the waste layer. This “middle covering layer” serves to minimize rainfall infiltration, control mosquitoes breeding, and mitigate air pollution. When filling waste in the upper part of the middle covering layer, the leachate flows down under the influence of the water head pressure. When the amount of rainfall infiltration exceeds the osmotic capacity of the middle covering layer, a significant accumulation of leachate occurs in the middle layer, resulting in the formation of localized perched water [10]. Furthermore, when the permeability of the middle covering layer increases and the drainage layer fails, the perched water level transitions into the main water level. Based on domestic and international studies [5,11], it has been observed that the drainage systems of most landfills become clogged under rainfall infiltration, leading to the accumulation of leachate at the bottom of landfill. This accumulation results in high water levels and large pore pressure, posing a significant threat to landfill safety. In landfills, Darcy’s seepage and priority seepage coexist, with the larger pores gradually decreasing as waste compaction increases, making Darcy’s seepage the primary form of seepage flow in landfills [12,13].



The research into landfill leachate level includes field tests and numerical analysis methods. The common methods of water level measurement in landfill include the water level gauge method [14], pore pressure meter method [15], electrical resistivity tomography [16,17], partitioning gas tracer test [18], neutron probes [19], and fiberoptic sensors, etc. [20]. Grellier et al. [21] set a large number of electrodes on the surface of landfill under injecting leachate in a landfill of France. The main engine emitted electrical currents through the electrodes to the bottom of the landfills, thereby facilitating the acquisition of resistivity distribution and leachate levels. To account for the distinctive characteristics, He [14] proposed an enhanced method for in situ exploration of water levels across multiple layers. This method involved building upon the conventional approach of monitoring water levels across multiple layers, specifically focusing on accurately measuring the location and distribution of leachate levels within the middle covering layer. Additionally, the process of water level recovery was simulated using finite element software, and the saturated permeability of waste was calculated using an inverse method. Zhang et al. [15] monitored the pore pressure in different landfill locations using a differential resistance osmometer and determined the middle covering layer location and leachate level.



In terms of numerical analysis, the seepage of landfill is considered as saturated-unsaturated seepage [22,23,24,25,26,27,28,29,30,31,32]. Considering the heterogeneous characteristic of waste, Wang et al. [33] analyzed the transport process of leachate of landfill by developing a saturated-unsaturated mathematical model. Zhang et al. [22] established two-dimensional (2-D) saturated-unsaturated seepage control equations for landfill units, calculated the seepage field within the landfill, and investigated the patterns of leachate accumulation in the drainage layer. Then, they measured the saturated permeability and soil-water characteristic curve (SWCC) of waste, derived the permeability function, and calculated the slope stability of landfill under the conditions of an effective or failed flood interception ditch [23]. Considering the landfill process, Zhang et al. [13,23] researched the formation process of perched water levels in waste units. They calculated the leachate distribution in Qizishan Landfill and verified the results through on-site monitoring of water level. To measure the permeability, Zhang [34] examined the changes in saturated permeability with respect to burial depth and utilized this data to calculate landfill seepage and leachate production, which showed good agreement with test results. Subsequently, Yang et al. [26] conducted further research in this area. Jang et al. [35] obtained the saturated permeability of waste through laboratory testing and investigated the changes in leachate levels based on compaction degree and overburden thickness. By means of a series of tests and the aforementioned numerical simulations, an in-depth analysis was conducted to investigate the seepage failure and overall stability of the landfill. This research facilitated the accurate prediction of leachate levels and the formulation of effective measures aimed at enhancing the stability of the landfill [36,37].



A large number of studies have been carried out on the layered simplification of the waste permeability characteristics [8,12,14,22,23,26]. However, these studies did not completely show the variations in landfill seepage characteristics in relation to burial depth, and did not account for the actual vertical heterogeneity in landfill permeability. To accurately reflect the seepage law and leachate migration process in landfills, this study established a heterogeneous and saturated-unsaturated seepage model and analyzed the influence of seepage characteristic distribution and clogging of the drainage layer on the landfill seepage field.




2. Seepage Mechanism of Municipal Solid Waste Landfill


2.1. Seepage Theory


Within the waste unit, the study of unsaturated seepage mainly focuses on the movement of liquids and gases through the waste material. In the process of waste changing from unsaturated to saturated, it is assumed that the gas does not flow and that the movable liquid fills the pore. As such, the pore volume decreases and the moisture content increases gradually, until reaching a saturation of 1.0.



The waste used as filling material in landfills exhibits complex components and characteristics, leading to significant heterogeneity in landfill composition. Darcy seepage is the primary form of seepage in landfills, and, typically, preferential flow resulting from seepage channels formed by large pores can be disregarded. Therefore, saturated-unsaturated seepage in landfill can be viewed as a Darcy seepage condition [13].



According to a seepage experiment with sand, Darcy proposed that water seepage velocity is proportional to the hydraulic gradient. The law was applied in saturated seepage at first, but it can also be employed for unsaturated seepage [38,39]. The main distinction between saturated seepage and unsaturated seepage in waste is that the permeability of saturated material remains constant, while the permeability of unsaturated material is dependent on certain factors, such as saturation, water content, or matric suction. The expression of Darcy’s law [40,41] is as follows:


  q = k J  



(1)







Or,


  v = k J = k   ∂ h   ∂ l    



(2)




where  q  is the water flux per unit volume,  k  is the permeability of waste,  J  is the hydraulic gradient,  v  is the seepage velocity or Darcy velocity in waste,  h  is the hydraulic head, and  l  is the seepage path.



According to the principle of mass conservation, the difference in quality between the inflow and outflow water of a waste unit is equal to the change rate in water quality over time. Taking into account the relationship of water storage, waste porosity, and density, the three-dimensional (3D) unsteady seepage continuity equation is derived from the relations above [42,43]:


    ∂  v x    ∂ x   +   ∂  v y    ∂ y   +   ∂  v z    ∂ z    = -   S a    ∂ h   ∂ t    



(3)




where    S a    is the water storage per unit volume, and, when the head drops a unit, the stored water is released due to waste compression and water expansion in the saturated waste per unit volume.



For steady seepage, it is assumed that water and waste are incompressible, that the porosity of the waste remains constant in the seepage process, and the change rate of water quality in the waste is zero at any time. The 3-D steady seepage flow continuity equation is as follows:


    ∂  v x    ∂ x   +   ∂  v y    ∂ y   +   ∂  v z    ∂ z   = 0  



(4)







The two-dimensional (2-D) steady seepage flow continuity equation is as follows:


    ∂  v x    ∂ x   +   ∂  v y    ∂ y   = 0  



(5)







When considering the compressibility of waste and water, the 3-D unsteady seepage flow differential equation is obtained by combining Equations (2) and (3), as follows [40]:


   ∂  ∂ x      k x    ∂ h   ∂ x     +  ∂  ∂ y      k y    ∂ h   ∂ y     +  ∂  ∂ z      k z    ∂ h   ∂ z     =  S a    ∂ h   ∂ t    



(6)




where    k x   ,    k y   , and    k z    are the permeabilities of the waste units along the  x ,  y  and  z  directions, respectively.



The 3-D steady seepage flow differential equation can be formulated without considering the compressibility of waste and water, as follows:


   ∂  ∂ x      k x    ∂ h   ∂ x     +  ∂  ∂ y      k y    ∂ h   ∂ y     +  ∂  ∂ z      k z    ∂ h   ∂ z     = 0  



(7)







The 2-D steady seepage flow differential equation is as follows:


   ∂  ∂ x      k x    ∂ h   ∂ x     +  ∂  ∂ y      k y    ∂ h   ∂ y     = 0  



(8)








2.2. Heterogeneous Seepage Theory


When the permeability varies at different locations or when the waste is composed of a variety of materials, the whole seepage field is characterized by heterogeneity. Due to differences in pore distribution, compaction degree, and particle composition, MSW exhibits varying degrees of heterogeneity. Heterogeneity is particularly significant in projects involving rolled compact concrete (RCC) dams and MSW landfills. In these cases, the permeability of the material is influenced by compaction and varies with depth, with a decrease in permeability observed as depth increases.



As shown in Figure 1, the issue of unstable seepage flow in heterogeneous waste can be transformed into single homogeneous waste seepage problems. Seepage of multi-layer waste is divided into horizontal (along the  x  direction) and vertical (along the  z  direction) seepage conditions. Supposing that each layer of waste is isotropic, the permeabilities are k1, k2, …, kn, and the corresponding waste thicknesses are t1, t2, …, tn, respectively.



During the landfill stabilization process, waste undergoes degradation and settlement, leading to significant changes in permeability along the vertical direction. Therefore, this research aims to thoroughly investigate the heterogeneous permeability properties of waste in the vertical direction.



Considering the vertical seepage of heterogeneous waste, the total hydraulic gradient of multi-layer waste is J and the hydraulic gradients of each layer are J1, J2, …, Jn, respectively. The total seepage quantity in the vertical direction is equal to the seepage quantity of each layer [40], that is:


   Q z  =  q  1 z   =  q  2 z   =  q  3 z   = … =  q  n z    



(9)




where    Q z    is the total seepage flow in heterogeneous waste along the  z  direction and    q  n z     is the permeability along the  z  direction in the first layer of waste.



Based on Darcy’s law, the above equation can be converted into the following:


   k z  J =  k  1 z    J 1  =  k  2 z    J 2  =  k  3 z    J 3  = … =  k  n z    J n   



(10)




where    k z    is the equivalent permeability of heterogeneous waste along the  z  direction, and    k  n z     is the permeability along the  z  direction in the  n  layer of waste.



Considering that the total head loss of waste is the sum of each layer’s waste head loss, Equation (11) is established.


  J t =  J 1   t 1  +  J 2   t 2  +  J 3   t 3  + … +  J n   t n   



(11)







Equation (12) is obtained from the simultaneous equations of Equations (10) and (11), as follows:


   k z  =  t     t 1     k  1 z     +    t 2     k  2 z     +    t 3     k  3 z     + … +    t n     k  n z        



(12)







From the equation above, it is evident that the vertical equivalent permeability of multi-layer waste with equal thickness is primarily influenced by the layer and the minimum permeability of single-layer waste. The more layers there are, the greater the relative vertical equivalent permeability. Considerable errors are produced when the waste thickness is greater or when there is a substantial difference in permeability between each layer. To minimize the error, it is recommended to consider smaller thicknesses for each layer of waste during computation, as this approach closely reflects the actual seepage situation.



By defining the free seepage boundary, the drainage boundary at the bottom of the model was set, and the principle is shown in Figure 2. In seepage calculations, the flow velocity of fluid is proportional to the pore pressure when pore pressure exists at the boundary. Conversely, the flow velocity value of fluid is 0 when the negative pore pressure exists at the boundary. The pore pressure is approximately equal to zero when the slope value is bigger. The relationship between the seepage coefficient and the permeability of drainage material is as follows [44]:


   k s  =     10  5   k d   /   γ w    c  



(13)




where    k s    is the seepage coefficient,    k d    is the permeability of the drainage material,    γ w    is the bulk density of water, and  c  is the typical length of the unit.





3. Materials and Models


The leachate level significantly affects landfill stability, and is primarily influenced by factors, such as rainfall, wastewater content, degradation, surface water, and groundwater. Landfills are typically constructed above the groundwater level, with drainage systems installed at the bottom and in the surrounding areas. Consequently, groundwater has little impact on the leachate. However, due to factors, such as the height of the landfill, its large capacity, high initial water content, clogging of the drainage system, and rainfall, the transport behavior of leachate and the stability of the landfill become particularly important.



Due to the degradation of municipal solid waste (MSW) and the pressure from above, the void ratio of the landfill decreases gradually. This leads to the gradual clogging of the drainage system and the rapid accumulation of leachate, resulting in an increase in the leachate level and instability and failure of slope. This study aims to analyze the influence of heterogeneous permeability characteristics on the leachate water level through the establishment of waste units. The Xi’an Jiangcungou Landfill was selected as the research object for analyzing the impact of heterogenous waste permeability on the seepage field of the landfill.



3.1. Profile of Xi’an Jiangcungou Landfill


The landfill is located in Xi’an and is a typical valley landfill. The main sources of waste include kitchen waste, road cleaning waste, and commercial waste. Since its establishment in June 1994, the daily waste processing capacity of the facility has increased significantly, from 1260 tons in 1994 to 10,000 tons in 2017. The landfill spans approximately 733,700 m2 and has a design height of 130 m. A refuse dam is present downstream at an elevation of 509 m, serving to prevent waste sliding and to establish the initial capacity of the landfill. Additionally, a retaining dam is employed upstream to prevent waste sliding and the inflow of floodwater.



During the landfill construction process, several issues were encountered. For example, in 2000, there was cracking of the retaining dam, leading to the reinforcement of the slope with dry masonry in 2001. However, leachate continued to seep from the slope protection and waste slope downstream. High leachate levels and uneven settlement of waste were identified as the main factors contributing to leachate leakage and dam cracking. In 2007, excessive pore pressure during continuous rainfall caused downstream slope instability, prompting modification of the slope ratio from ½ to 1/3 and the implementation of reinforcement measures. In 2011, after a flood, landslides occurred in the fifth and sixth layers of the landfill due to delayed leachate discharge, resulting in the involvement of approximately 20,000 m3 of waste. In April 2016, a local landslide occurred on the upstream slope at elevations of 580 m to 600 m. The following year, due to continuous rainfall, the leachate level increased and overflowed. Therefore, conducting seepage field research in the landfill is crucial to ensure its safety and operation. During on-site excavations in certain areas of the downstream slope, it was observed that leachate overflowed to a depth of approximately 0.5 m on the surface, and the waste pit was filled within minutes. The leachate level at this location was found to be very high. Conversely, leachate significantly decreased during winter. There are numerous pollutants in the soil surrounding the landfill, which can be determined by measuring the chemical oxygen demand (COD), biochemical oxygen demand (BOD5), and heavy metal ions [6,7].




3.2. Parameters and Scheme Design of Waste Unit


In the seepage analysis of waste units, the analysis considered rainfall and wastewater content. An annual rainfall of 1000 mm was assumed to investigate the impact on leachate levels in relation to the permeabilities of the cover layer and the waste. A rainfall of 1000 mm was selected to accurately depict the impact of heterogeneous permeability coefficient on leachate distribution. Choosing a smaller amount of rainfall would result in lower leachate levels in several cases, which would not effectively demonstrate the significance of the heterogeneous permeability. The load was simulated by unit flow on the surface of the landfill. The leachate flowed from up to down due to the force of gravity, and it flowed into the lower waste unit through the cover layer. When researching the seepage rules of the waste unit, the calculation parameters included rainfall intensity (q), which was 3.17 × 10−8 m/s, while the three kinds of permeabilities concerning the cover layer were 5.0 × 10−8 m/s, 1.0 × 10−8 m/s, and 5.0 × 10−9 m/s (Kc1, Kc2 and Kc3).



The MSW’s saturated permeability in landfill exhibited significant heterogeneity in the vertical direction due to the waste degradation and compression settlement. Statistical analysis revealed a wide range of saturated permeability values within the same landfill [30,45,46,47]. Therefore, it is necessary to subdivide the landfill units during the calculation process. Taking the shallow waste unit for example, the saturated permeabilities of Xi’an Jiangcungou Landfill differed by one order of magnitude within 10 m depth [9], and the permeability curves of landfill were shown in Figure 3. Finally, the formation patterns of perched water levels were analyzed under varying heterogeneity conditions by controlling the layer of the waste unit (n).



Referring to the specification, it was determined that the initial volume water content of waste was 50% according to the soil-water characteristic curves [48] and physical components of actual landfill [46,48]. The corresponding initial pore water pressure (−2 kPa) in the abovementioned curves was regarded as the initial condition, and the soil-water characteristic curve of loess was applied for the unsaturated parameter of the cover layer [49].



In unsaturated media, the relationship between permeability and matric suction is as follows:


   k w  =  a 1     k  w s a t    /     a 1  +      b 1  ×    u a  −  u w         c 1         



(14)






   k  w s   =    k  w s a t    /   k w     



(15)




where    k w    is the permeability,    k  w s a t     is the saturated permeability,    k  w s     is the permeability reduction factor,    u a    is the gas pressure inside the material,    u w    is the water pressure inside the material, and    a 1   ,    b 1    and    c 1    are the coefficients of the material.



The relationship between the saturation and matric suction can be expressed as follows:


   S r  =  S i  +    S n  −  S i     a 2  /    a 2  +      b 2  ×    u a  −  u w            c 2         



(16)




where    S r    is the saturation,    S i    is the residual saturation,    S n    is the maximum saturation, and    a 2   ,    b 2    and    c 2    are the coefficients of the material.



In the unsaturated seepage calculation, the default    k  w s     is equal to 1.0 when    S r    is greater or equal to 1.0, and    k  w s     is equal to        S r     3   . When defining the permeability of MSW, it is necessary to define the saturated permeability, reduction factor of permeability, and the matric suction. The relation curves between pore pressure and saturation are obtained via the soil-water characteristic curves [48] and seepage functions in Figure 3b.




3.3. Parameters and Scheme Design of the Xi’an Jiangcungou Landfill


Xi’an has a semi-moist monsoon climate characterized by significant winds and four distinct seasons with moderate rainfall. In recent decades, the annual rainfall range has been recorded as 385.3–717.8 mm. Statistical data from the weather bureau indicates that there was high rainfall in 2011. For the purpose of seepage analysis, the average daily rainfall for each month of that year was considered as the load [50]. This resulted in a reduction in rainfall intensity on the landfill slope. When the rainfall intensity exceeded the waste permeability, the latter was used as the infiltration intensity. Conversely, when the rainfall intensity was lower, the actual rainfall was used as the infiltration intensity. The seepage parameters are presented in Table 1.



Obvious heterogeneity in permeability was found in the depth direction based on statistical analysis of waste characteristics, and the waste has been divided into the shallow, middle, and deep wastes by many scholars of landfill seepage analysis [26,48,52].



Based on the waste permeability test conducted on the landfill [26], the waste pile with a depth of 60 m was divided into six layers from shallow to deep, and the function distributions of permeability were also considered. The permeabilities of each layer (K1–K6) were determined, and the functional distribution of permeability was also taken into consideration.



At the bottom of the 4th layer of waste, there is a drainage layer where leachate often escapes from the landfill slope. Therefore, it is necessary to establish a saturated-unsaturated seepage model, to set the drainage boundary in the corresponding location, and to define the rainfall load on top of each layer of waste. In the model, it is assumed that the rainfall distribution is uniform, and the rainfall intensity on the slope is reduced based on the slope ratio. Firstly, when filling the first layer at the bottom of the landfill, the upper layer is assumed to fail in the model. Then, the rainfall is loaded on top of the layer, and the seepage field of this waste layer is calculated. Secondly, when filling the second layer, this layer is reactivated while the upper layers still remain in a failed state. The preliminary result is used as the initial seepage field for this stage, the rainfall is loaded on top of the second layer, and the seepage field is calculated. Finally, the seepage field of the entire landfill is obtained by analogy.



The drainage system gradually clogs during the landfill process, which affects the leachate discharge from landfill. For clogging conditions, two clogging degrees were selected in Table 2.




3.4. Model


In landfills, it is common practice to layer and compact municipal solid waste (MSW). The typical process involves “transportation, unloading, paving, crushing, covering, and insect control”. Once a certain thickness of waste has been filled and crushed, a layer of loess is applied on top of the waste as a cover. This cover layer serves to slow down rainfall infiltration, reduce mosquito breeding, and mitigate odors.



We developed finite element software by writing a subroutine and built the relationships between the permeability of waste (K) and buried time (T) or depth (D). The proposed calculation process of the heterogeneous seepage model is shown in Figure 4.



When analyzing the seepage field of a working waste unit, it is necessary to consider both the bottom cover layer and the upper waste layer. Taking reference from the Xi’an Jiangcungou Landfill, a waste unit thickness of 10 m and a cover layer thickness of 0.3 m were chosen. To minimize the influence of model width on the seepage field, the model width was set to three times the waste unit thickness. A finite element model (FEM) was established for the waste layer, and a quadrilateral mesh was applied, as shown in Figure 5. Since the cover layer has a relatively thin thickness, its grid was refined to ensure convergence and to avoid numerical instability.



The 2-D finite element method (FEM) seepage model of the landfill was established based on the topographic map, as shown in Figure 6. During the early stage of landfilling, each layer had a height of 15 m, and a clay cover of approximately 0.3 m thickness was placed on top of the waste. To minimize leachate, a drainage layer was constructed when the filling reached an elevation of 543 m. Subsequently, waste with a height of 10 m and a clay cover of 0.3 m thickness were added until an elevation of 603 m was reached. For this calculation, the eight-node quadrilateral element and the pore fluid/stress grid type were adopted. The grids of the middle covering layers were refined to ensure the overall grid quality of the model, as depicted in Figure 7.



Numerical models were established, taking into account the landfill process, to establish the relationship between permeability and time. By defining material characteristics, boundaries, and loads, the cloud charts of waste saturation permeability were calculated and presented in Figure 8. The results indicate that waste permeabilities decrease continuously as the burial depth increases. The range of permeability falls between 1.200 × 10−4 m/day and 2.540 m/day, which aligns with practical observations.



The relationships between permeability, buried depth, and time were established, taking into account the landfill process and heterogeneity. The cloud charts depicting waste saturation permeability were presented in Figure 9. The results reveal variations in permeability within the waste, including the slope, at different depths. The range of permeability observed was between 1.178 × 10−4 m/day and 8.175 m/day. These findings are consistent with practical observations, indicating that the heterogeneity models are reasonable.





4. Results


4.1. Seepage Results of Waste Unit


Through the seepage field analysis of the MSW unit in different permeabilities of cover layer and waste conditions, the change rules of perched water levels were shown in Figure 10a when the permeability of MSW unit was constant (n = 1). The analysis results indicated that perched water levels decreased as the permeability of the cover layer increased, particularly when the permeability of the cover layer was higher, and, in some cases, no perched water levels were observed. For instance, the stable water level was 0 in four different distributions of waste permeability (n = 1, n = 2, n = 5 and n→∞) when the permeability of the cover layer was Kc1. When the permeability of the cover layer was Kc2 or Kc3, leachate infiltrated and accumulated in the cover layer, gradually reaching an equilibrium position for forming stable levels. Due to the higher permeability of the shallow waste and the faster infiltration speed of leachate, the perched water level rises rapidly initially, decreases gradually, and finally tends toward a steady state under the effect of cover layer infiltration. For the middle and deep waste, the permeabilities are smaller and the infiltration speed of leachate is slower, meaning that the leachate accumulates slowly in the cover layer and rises gradually before it finally tends toward a steady state.



Considering the different permeabilities of the cover layer and the heterogeneity degrees of waste, the change rules of perched water levels are shown in Figure 10b–d, focusing on shallow waste. To compare and analyze the four different waste permeability distributions, it was observed that the growth of perched water levels was directly proportional to the increase in n. This is because waste permeabilities increase gradually from top to bottom in the waste unit, and leachate infiltrates and accumulates rapidly in the early stages. To compare and analyze the three different cover layers (Figure 10b–d), the results indicated that the maximum perched water level of heterogeneous waste (n→∞) was 2.49 m, 1.90 m, and 1.61 m higher than that of homogeneous waste (n = 1). In an actual landfill, if the maximum perched water level in each layer exceeds the levels observed under homogeneous conditions by 1.61 m to 2.49 m, it can significantly impact the pore pressures and overall stability of the landfill.




4.2. Seepage Results from the Xi’an Jiangcungou Landfill


To compare the variations in leachate levels among these schemes, five observation wells were set up to monitor the leachate levels, as shown in Figure 11. Well #1 was used to measure the perched water levels in the first and second layers, well #2 was designated for the second and third layers, well #3 was positioned in the fourth layer, well #4 was placed in the fifth layer, and well #5 was set up for the sixth-ninth layers. To evaluate the influence of the drainage layer on water levels, well #3 was strategically located near the drain to reflect the sensitivity of the declining water levels.



In Scheme 3, the leachate levels and pore pressure distributions of landfill when the ninth layer was finished are shown in Figure 12. It is evident that several perched water levels were present above the cover layers, with the exception of the first layer. This is because of effect of the prevention and accumulation of cover layers on leachate infiltration, and it is consistent with the previous research [12,48]. Therefore, the cover layer is identified as the primary factor influencing the leachate levels, which is consistent with the findings from the actual survey. The leachate levels decreased near the slope due to the presence of drainage boundaries in each layer adjacent to the slope. Furthermore, the pore pressure results indicate the presence of confined water heads in the first layer of landfill (Figure 12a). For reasons of analysis, it should be noted that rainfall impacted both the slope and the surface of the landfill, and there was no drainage system at the bottom of the landfill. Under the influence of rainfall infiltration and topographical conditions, both the fifth and sixth layers of the landfill in the upstream section generate confined water heads (Figure 12b). The results were consistent with the findings reported by Dang et al. [48].



The leachate distributions of the waste pile were depicted in Figure 13. The perched water level was denoted by well + layer. For instance, the perched water level in the first layer is represented as #1 + L1. In Scheme 3, the leachate level in the fourth layer ranged from 3.2 m to 5.6 m due to the lower permeability of the drainage layer. This leachate accumulation is a result of rainfall infiltration and accumulation on the landfill surface and slope. The drainage layer mainly had on impact on leachate levels in #2 + L3, #3 + L4, and #4 + L5, while having little impact on others. During the filling of the first layer, the perched water level rises with increasing rainfall, reaching a maximum confined water head of 17.6 m. The causes are that the drainage system was not installed early, the layers of perched water levels increase with the increasing of waste pile, and that the level of the third layer gradually decreases due to leachate infiltration of this layer and lower leachate recharge from the upper layers.



The leachate levels for all schemes were presented in Table 3. When the drainage layer becomes clogged, the leachate fails to discharge promptly and accumulates in the upper portion of the drainage layer, resulting in perched water levels. It can be observed that some leachate is discharged through the drain, leading to lower leachate levels (#3 + L4) in Schemes 1 and 2. In Schemes 3 and 4, the leachate level in the fourth layer of waste was high due to the low permeability of the drainage layer, and the saturation region extended until the seventh layer completed. These results demonstrated that embedding a drainage layer was one of the important measures to lower perched water levels in landfills. However, it had little impact on other layers due to the interception function of the middle covering layer on leachate. It was assumed that the drainage layer becomes completely clogged, resulting in the difficult discharge of leachate and the formation of persistent perched water.



Considering the landfill process and heterogeneity, the leachate levels are generated gradually in a top-down direction. In Scheme 4, the drainage layer is more clogged compared to Scheme 2, resulting in a maximum difference of 2.80 m in perched water levels. In Schemes 1 and 2, where the clogging degree is the same, the heterogeneous permeability of the waste, with higher permeability in the shallow layers, leads to a relatively high maximum perched water level in Scheme 2. Similarly, the maximum perched water level in Scheme 4 was higher than that in Scheme 3. These results highlighted the importance of setting appropriate boundaries, considering the clogging degree of the drainage layer, and accounting for the permeability distribution when calculating the landfill seepage field.



The maximum perched water levels of the four schemes were compared in Table 4. It was observed that all perched water levels were high, particularly in the deeper waste layers. Based on field investigations conducted by Chen et al. [53] on large-scale sanitary landfills, the leachate level was found to be slightly higher compared to foreign landfills, with a depth of approximately 3–5 m below the landfill surface. Taking into account the landfill process, the perched water level of the ninth layer was approximately 6.24–7.13 m in this study, aligning harmoniously with the aforementioned research findings. The lower perched water level of the fourth-ninth layers in Schemes 1 and 2 were caused by the larger permeability of the drainage layer compared to the levels in Schemes 3 and 4 considering the degree clogging. Taking into account the landfill process and heterogeneity of MSW permeability, the calculation results showed higher maximum perched water levels. For example, the perched water levels in the third-ninth layers were higher in Schemes 2 and 4 compared to Schemes 1 and 3. The calculation results for leachate levels were underestimated when considering the homogeneity condition. Therefore, when analyzing the seepage field, it is necessary to consider the landfill process and the heterogeneity of MSW permeability in order to ensure the safe operation of the landfill.





5. Discussion


Based on the seepage theory in the multi-layer soil, the heterogeneous transient seepage model was proposed. When the seepage characteristics were subdivided in the buried depth direction, the maximum perched water level was high, and it was not conducive to the safety and stability of the landfill. Thus, it is very important to set a reasonable permeability of waste in the numerical simulation of the landfill seepage field. However, the 2-D seepage model has limitations when simulating landfill leachate transportation. When the landfill is wide enough, the effect of landfill width on the model can be ignored.



The model proposed in this paper is aimed at addressing the heterogeneous permeability of landfill waste in the vertical direction. This issue has been mentioned in multiple sources in the literature [9,30,45,46,47], mostly using simplified models to simulate leachate water levels in landfills. However, these models cannot accurately reflect the actual situation, and the obtained results are not conducive to the safe operation of landfills. Because the permeability of landfill waste in the vertical direction of landfill waste is universal, when analyzing the leachate flow field in landfills, it is only necessary to obtain the distribution pattern of the permeability characteristics of the landfill waste. By using the model proposed in this paper, the leachate flow field in landfills can be simulated.



Through model analysis, it can be observed that it has been found that the general models tend to underestimate the perched water levels compared to the actual situation in landfills. In reality, landfills often have multiple layers of perched water tables, and the calculated results tend to be more conservative than the actual conditions. The advantage of the model proposed in this paper is its ability to accurately simulate the variations in leachate in landfills.



This model can also be used to simulate the landfilling process of waste in landfills, as well as to simulate the migration of leachate during the clogging process of the drainage layer during landfill operation.




6. Conclusions


In this study, the seepage characteristics of waste were studied, and then the heterogeneous seepage model was established. Furthermore, the influence of waste permeability distribution and clogging of drainage layer on landfill seepage field were analyzed. Finally, based on the heterogeneous seepage characteristics of the Xi’an Jiangcungou Landfill, the heterogeneous seepage model was applied to a practical project to research the law of leachate transport in the landfill. The following conclusions have been drawn:



	(1)

	
Combined with the actual project of the Xi’an Jiangcungou Landfill, the heterogeneous seepage model was established to research the formation and transportation of the perched water level in landfill. When considering the landfill process and heterogeneous permeability, the maximum perched water levels of each layer were higher than the levels of homogeneous waste, and the differential values were about 0.08–1.88 m, which were not good for the stability of landfill.




	(2)

	
The arrangement of the drainage layer significantly reduces the perched water level in the MSW layer. The maximum perched water level of the MSW layer was approximately 4.90–5.84 m in the landfill. During the initial stage of precipitation, this study observed a maximum difference of about 2.80 m in the perched water level of the MSW layer under two different drainage layer clogging conditions. However, the drainage layer has little impact on the perched water level in other MSW layers due to the interception of leachate by the covering layer. Therefore, it is recommended to install drainage pipes or implement shaft measures in all MSW layers of the landfill to reduce the perched water level.




	(3)

	
Through finite element analysis, it was determined that the leachate water levels in the Xi’an Jiangcungou Landfill were high, with several layers of perched water levels. This can be attributed to the absence of drainage pipes initially buried in the initial landfill. Confined water heads were observed in the first layer of the MSW, while a higher unsaturated zone was present below the fourth layer of the MSW due to the presence of the drainage layer. The perched water level at the landfill surface layer was found to be approximately 6.24–7.13 m, which closely aligns with the actual survey data and references, thus validating the reliability of the proposed model in this study. These research findings not only offer technical support but also provide a theoretical foundation for the control of leachate levels and the safe operation of the landfill.
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Figure 1. Seepage flow of heterogeneous multi-layer waste. 
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Figure 2. The relationship between flow velocity and pore pressure [45]. 
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Figure 3. Seepage parameters of the MSW landfill. (a) The distribution of MSW saturated permeability [7]; (b) the relationships between saturation and pore pressure. 
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Figure 4. The basic flow chart to establish the heterogeneous seepage model. 
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Figure 5. The model and mesh of the waste unit. 
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Figure 6. Topographic map of the Xi’an Jiangcungou Landfill. 
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Figure 7. The model of the Jiangcungou Landfill. 
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Figure 8. Cloud chart of waste saturation permeability considering the landfill process (unit: m/day). 
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Figure 9. Cloud chart of waste saturation permeability considering the landfill process and heterogeneity of MSW permeability (unit: m/day). 
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Figure 10. Changing rules of the perched water levels in the waste unit. (a) n = 1; (b) Kc1 = 5.0 × 10−8 m/s; (c) Kc2 = 1.0 × 10−8 m/s; (d) Kc3 = 5.0 × 10−9 m/s. 
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Figure 11. Locations of observation wells. 
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Figure 12. Leachate levels and pore pressure distributions of the waste pile in Scheme 3. 
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Figure 13. Leachate distributions of the waste pile in Scheme 3. 
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Table 1. Seepage parameters.
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Parameters

	
Details






	
Rainfall

	
Month

	
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12




	
Daily rainfall (mm)

	
0.02, 0.53, 0.28, 0.58, 2.63, 1.09, 2.52, 2.72, 9.48, 1.40, 2.17, 0.22




	
Saturated permeability (m/s)

	
MSW pile

	
   k  s a t   = − 4.024 − 1.018 ×   10   − 1   D − 2.815 ×   10   − 5    D 2  + 7.077 ×   10   - 6    D 3    ① [26]




	
K1, K2, K3, K4, K5, K6②




	
Waste dam

	
1.0 × 10–9




	
Foundation

	
1.0 × 10–9




	
The middle covering layer

	
8.37 × 10–10 [51]








Note: ①  D  is the buried depth of waste (m); ② K1, K2, K3, K4, K5, and K6 are the values of    k  s a t     when  D  is 5 m, 15 m, 25 m, 35 m, 45 m, and 55 m, respectively.













 





Table 2. Schematic design.
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Clogging Degree of Drainage Layer

	
Permeability Distribution of Waste Layer

	
Scheme






	
   k  d 1     = 8.64 m/day

	
Homogeneity

	
1




	
Heterogeneity

	
2




	
   k  d 2     = 4.80 × 10−4 m/day

	
Homogeneity

	
3




	
Heterogeneity

	
4











 





Table 3. The leachate levels of all schemes at different times.
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Time (Day)

	
365

	
730

	
1095

	
1460

	
1825






	
Leachate level (m)

	
Scheme 1

	
#1 + L1

	
12.90

	
13.70

	
15.17

	
15.30

	
15.80




	
#2 + L2

	
/

	
8.13

	
6.30

	
5.70

	
5.70




	
#2 + L3

	
/

	
/

	
5.92

	
4.70

	
3.70




	
#3 + L4

	
/

	
/

	
/

	
4.61

	
3.10




	
#4 + L5

	
/

	
/

	
/

	
/

	
5.18




	
Scheme 2

	
#1 + L1

	
12.70

	
12.90

	
13.60

	
13.80

	
14.25




	
#2 + L2

	
/

	
8.71

	
7.30

	
7.30

	
7.20




	
#2 + L3

	
/

	
/

	
7.92

	
5.20

	
3.70




	
#3 + L4

	
/

	
/

	
/

	
5.32

	
3.00




	
#4 + L5

	
/

	
/

	
/

	
/

	
3.90




	
Scheme 3

	
#1 + L1

	
12.90

	
13.60

	
15.17

	
15.30

	
15.80




	
#2 + L2

	
/

	
6.80

	
6.30

	
6.00

	
5.90




	
#2 + L3

	
/

	
/

	
6.60

	
5.00

	
3.70




	
#3 + L4

	
/

	
/

	
/

	
5.20

	
4.90




	
#4 + L5

	
/

	
/

	
/

	
/

	
5.50




	
Scheme 4

	
#1 + L1

	
12.80

	
13.70

	
13.40

	
14.80

	
15.80




	
#2 + L2

	
/

	
8.93

	
7.50

	
7.10

	
8.10




	
#2 + L3

	
/

	
/

	
8.24

	
5.50

	
6.40




	
#3 + L4

	
/

	
/

	
/

	
5.86

	
5.80




	
#4 + L5

	
/

	
/

	
/

	
/

	
3.40











 





Table 4. The maximum perched water levels of all schemes (Unit: m).
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Observation Well

	
#1

	
#2

	
#3

	
#4

	
#5






	
Waste Layer

	
1, 2

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
The maximum perched water levels (m)

	
Scheme 1

	
17.60

	
8.94

	
6.82

	
4.90

	
5.18

	
5.52

	
6.23

	
6.67

	
6.24




	
Scheme 2

	
17.60

	
8.71

	
7.92

	
5.32

	
7.06

	
7.32

	
7.44

	
7.92

	
6.96




	
Scheme 3

	
17.60

	
8.86

	
6.72

	
5.67

	
5.53

	
5.83

	
6.37

	
6.80

	
6.43




	
Scheme 4

	
17.60

	
8.94

	
8.24

	
5.84

	
7.33

	
7.56

	
7.48

	
7.93

	
7.13
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