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Abstract: The distribution of leachate in landfill systems significantly influences landfill
stability, pollutant migration, and gas transport. However, existing methods for measuring
leachate levels in landfills with multiple intermediate cover layers remain insufficient. This
study introduces a novel in situ testing method to determine multi-layer leachate levels.
Field experiments at a landfill site in northwestern China successfully quantified leachate
levels on each intermediate cover layer. Seepage analysis simulated the leachate level
recovery test method used in field investigations, enabling examination of the formation
mechanisms and drainage characteristics of multi-layer leachate systems. Measurement
results demonstrated that each intermediate cover layer retained a corresponding perched
leachate level. Variations in perched water head across waste layers arise from differences
in drainage capacity between waste strata. Differential settlement of the intermediate cover
layers in localized areas generated adverse hydraulic gradients, contributing to spatial
heterogeneity in perched leachate distribution. Back analysis yields an in situ saturated
hydraulic conductivity ranging from 1 x 107* to 3.3 x 1073 cm/s. Low-permeability
intermediate cover layers were identified as the primary factors contributing to multi-
layer leachate formation. The implementation of effective horizontal drainage can reduce
perched leachate accumulation above intermediate layers.

Keywords: case study; perched leachate levels; in situ measurement; intermediate cover
layer; hydraulic conductivity

1. Introduction

Landfill leachate poses significant environmental risks through groundwater contami-
nation, surface water pollution, harmful gas emissions, and public health hazards due to
toxic constituents including heavy metals and organic pollutants. The formation of leachate
stems primarily from two mechanisms: the infiltration of atmospheric precipitation and
biochemical degradation of landfilled waste materials. In developing countries, landfill
composition differs markedly from industrialized nations, with organic waste representing
a substantially larger proportion of deposited materials. Recent studies indicate that food
waste, which constitutes a major fraction of landfilled waste in these regions, exhibits
significantly higher moisture content, ranging from 50% to 70% [1,2]. The rapid degra-
dation of organic waste releases substantial moisture, generating considerable leachate
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volumes within months of disposal [3]. Furthermore, the common practice of co-disposing
untreated sewage sludge and industrial waste with high-moisture content exacerbates
leachate generation [4]. These factors collectively contribute to elevated leachate levels in
landfills in lower-income countries, presenting complex management challenges.

Intermediate soil covers in landfill operations serve dual purposes of facilitating ve-
hicular access and temporary waste containment. Typically constructed using compacted
native soils, these layers exhibit low permeability characteristics (hydraulic conductivity:
1076 to 10~ cm/s), effectively forming semi-impermeable barriers during progressive
waste placement [5]. This hydraulic discontinuity promotes the development of perched
leachate zones—localized saturated regions that form above intermediate covers. Both
perched and primary leachate accumulations pose significant challenges to landfill opera-
tions and environmental safety.

Elevated primary leachate levels significantly compromise landfill stability through
reduction in effective stress within the waste mass. Empirical evidence from both field case
studies and laboratory experiments confirms that excessive leachate accumulation serves
as the predominant trigger for landfill slope failures [6]. Moreover, heightened primary
leachate levels enhance contaminant migration potential through increased advective trans-
port [7]. While perched leachate similarly elevates pore-water pressures, its mechanical and
hydrological impacts differ fundamentally from primary leachate. Perched accumulations
primarily manifest through the following: (1) localized slope instability in overlying waste
layers, and (2) increased leakage risks from upper landfill sections [8,9]. This hydraulic
distinction carries critical implications for landfill management, as the misclassification of
perched levels as primary saturation may lead to inappropriate remediation approaches.
For instance, slope reinforcement measures designed based on incorrect leachate distribu-
tion assumptions may prove ineffective, while leachate extraction systems may target the
wrong hydraulic zones. Therefore, the accurate characterization of leachate distribution
through comprehensive field measurements becomes a fundamental prerequisite for safe
landfill operation. Current best practice requires the implementation of differentiated
monitoring systems capable of distinguishing between perched and primary saturation
regimes. Such systems enable the development of targeted management strategies address-
ing site-specific hydraulic conditions. However, significant methodological limitations
persist in direct leachate level measurement techniques, particularly for multi-layer de-
tection [10]. This knowledge gap hinders the reliable assessment of complex leachate
distribution patterns in modern landfill systems with intermediate covers.

Conventional techniques for landfill leachate monitoring primarily employ water
level gauges and piezometers. Peng et al. [11] demonstrated the application of water level
gauges in pre-embedded monitoring tubes at a Southern China landfill site. However, this
approach fails to differentiate between the primary leachate table and perched leachate
levels. The presence of intermediate cover layers introduces significant measurement
challenges. The installation of conventional monitoring tubes disrupts the hydraulic
integrity of these layers, creating artificial connections between primary and perched
leachate zones. This compromises measurement accuracy and renders traditional methods
unsuitable for multi-layer systems. Zhang et al. [5]. installed piezometers above and below
the intermediate cover layer, backfilled gravel into the water-bearing layers, and used clay
mud balls to seal the disrupted cover layers. This approach effectively isolated the leachate
levels of the upper and lower waste layers, restored the original conditions, and allowed for
the measurement of pore water pressure at different layers for several months. While this
method enables the effective measurement of pore pressures across a single intermediate
cover layer, its complexity and operational challenges limit its applicability to landfills
with multiple cover layers and perched leachate levels. To date, researchers have not yet
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proposed a viable testing method for accurately measuring multi-layer perched leachate
levels and the main leachate level due to the inherent difficulties involved.

This study presents an innovative approach for characterizing multi-layer leachate
distribution in landfills with intermediate cover systems. The investigation was conducted
at an active landfill site in northwest China, where five monitoring boreholes (BH1-BH5)
were strategically installed in areas exhibiting typical waste composition and cover layer
configurations. The site was particularly selected for its multiple intermediate loess cover
layers, which represent common geological conditions in the region. The proposed in situ
measurement method primarily included the following: (1) controlling the drilling depth
to 0.5-1 m above the target intermediate cover layer; (2) using a steel sleeve with a diameter
larger than the borehole to prevent the downward flow of leachate outside the sleeve;
(3) employing a self-designed water collection device to extract residual leachate within the
sleeve; and (4) monitoring the recovery of the leachate level till a steady state was achieved.
The hydraulic conductivity of the waste was determined through a back analysis of the
leachate level recovery tests. Additionally, the formation mechanism of multi-layer leachate
levels in the landfill was explored using numerical analysis. The measured distribution
of multiple leachate levels is crucial for ensuring the safe operation of the landfill. The
proposed test method offers a practical reference value for similar landfill sites.

2. Site Description

The landfill site is located in Xi’an, Shaanxi Province, China, within a region charac-
terized by extensive loess deposits with thicknesses ranging from 200 to 300 m. The site
experiences an annual precipitation of 582.5-652.8 mm and has a mean annual temperature
of 13.5 °C. Covering an area of more than 0.73 km?, the landfill has a total storage capac-
ity exceeding 49 million m3 (Figure 1). Since its operation in 1994, the facility currently
processes approximately 8000 metric tons of waste per day. The site was strategically
constructed within an elongated valley spanning approximately 1000 m in length, with
elevation varying between 498 and 546 m above sea level. A downstream loess dam, with a
crest elevation of 509 m, formed an integral part of the containment system.

Figure 1. Layout of the landfill.

The landfill employed a layered filling approach, with the thickness of each waste
layer of approximately 10 m. Currently, the total waste thickness ranges from 70 to 80 m,
consisting of eight layers (Layer 1 to Layer 8) from the base to the surface. To support
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vehicular operations while minimizing rainfall infiltration and odor emissions, intermediate
loess cover layers (10-30 cm thick) were placed atop each waste layer (Figure 2). These
intermediate barriers were constructed using locally sourced loess, which, after compaction,
exhibits low permeability and restricts vertical leachate migration. This characteristic
complicates the spatial distribution of leachate within the landfill, necessitating specialized
monitoring and management strategies.
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Figure 2. Position of BH1 to BH5 on the cross-section of the landfill.

3. Methods
3.1. In Situ Testing of Multiple Leachate Levels

The multi-layer leachate level testing methodology is illustrated in Figure 3. A drilling
operation utilizing a 91 mm diameter borehole was conducted, with periodic bit extraction
and cleaning performed at 2 m intervals to maintain borehole integrity. Following drilling
completion, thorough borehole cleaning preceded the installation of 130 mm diameter
casing pipes. These thick-walled steel tubes, driven into position using a hammer, estab-
lished an interference fit with the surrounding intermediate cover soils due to their larger
diameter relative to the borehole. The significant permeability contrast between clay soils
(intermediate covers) and waste materials enabled partial hydraulic isolation, effectively
disrupting interlayer hydraulic connectivity. For targeted leachate level measurement in
specific waste strata, casing pipe installation was terminated at 0.5-1 m above the corre-
sponding intermediate cover layer. This configuration maintained the natural hydraulic
regime while permitting accurate leachate level monitoring in discrete waste layers.

During the interval of casing pipe installation, downward migration of leachate from
upper waste layers through the borehole resulted in accumulation within the casing. To
mitigate this effect, a specialized water collection device was developed (Figure 4). The
device comprised a polypropylene random copolymer (PPR) pipe section integrated with
a bottom-mounted check valve. Operational through gravitational action, the system
permitted leachate inflow during descent, while valve closure during extraction enabled
complete fluid removal.

Following leachate extraction, the recovery phase was initiated to determine the
equilibrium leachate level in each waste stratum. The recovery process involved gradual
inflow of leachate from the undisturbed waste matrix into the casing pipe through the
open bottom section. Monitoring was conducted at 2—4 h intervals using a calibrated water
level probe, with measurements continuing until stabilization criteria were met (<5 mm
variation over 4 h). The stabilized water level elevation was recorded as the representative
leachate level for the specific waste layer was tested. Following the field investigations, all
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boreholes were carefully backfilled with native loess to maintain the landfill’s structural
integrity and eliminate potential environmental disturbances.
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Figure 3. Schematic of multi-layer leachate level measurement procedure: (a) initial waste layer
drilling; (b) leachate extraction in first waste layer; (c) leachate level recovery monitoring; (d) in-
termediate cover layer drilling; (e) sleeve installation and second waste layer drilling; (f) leachate
extraction in second waste layer; and (g) leachate level monitoring of the second waste layer.
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Figure 4. Schematic of leachate collection device: (a) open-valve configuration during descent;

(b) closed-valve state during extraction.
The materials mentioned above are not commercial materials.

3.2. Numerical Simulation

Hydraulic conductivity is a critical parameter for understanding the flow behavior
of leachate within the landfill. The hydraulic conductivities of various waste layers were
determined through back analysis of leachate level recovery data. The numerical simulation
was based on several fundamental assumptions: homogeneous and isotropic permeability
within each waste layer, unsaturated flow conditions governing leachate movement, and
axisymmetric flow geometry around the monitoring borehole. A representative case study
was developed for the first waste layer of BH2 using the software SEEP/W(v. 4.0) (Figure 5).
The computational domain featured a waste layer with dimensions of 9.4 m height x 20 m
width, incorporating a casing pipe penetration depth of 7.0 m. Initial hydraulic conditions
were specified with the leachate level inside the casing at 6.6 m below surface and outside
at 4.76 m below surface, serving as initial pressure head boundaries in the simulation.
The unsaturated flow regime was characterized using the soil-water characteristic curve
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reported by Zhang et al. [5]. The finite element discretization employed 4878 rectangular
elements, providing sufficient resolution for precise pressure head calculations. Parameter
optimization was achieved through an iterative calibration process that minimized the
discrepancy between simulated and observed recovery curves. The validated modeling
methodology was subsequently extended to analyze the second and third waste layers,
with appropriate adjustments made for layer-specific thicknesses and initial leachate levels
to maintain consistency throughout the analysis.
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Figure 5. Axisymmetric finite element model for leachate level recovery simulation in BH2.

A comprehensive numerical investigation was conducted to elucidate the formation
mechanism of multi-layer leachate levels, employing the hydraulic conductivity values
derived from previous back analysis. The parameters adopted in the numerical simulation,
including the vertical spacing of intermediate cover layers, dimensions of drainage trenches,
and their horizontal spacing, were all based on the actual design specifications of this
landfill. The developed numerical model (Figure 6) represented the landfill’s stratified
configuration, comprising three distinct 10 m waste layers (deep, middle, and shallow)
characterized by their respective degradation stages and hydraulic properties. The model
incorporated critical engineering components including a toe earth dam, 1 m composite
bottom liner system, and 0.3 m intermediate silty clay covers with a saturated hydraulic
conductivity of 1 x 107¢ cm/s. To simulate actual drainage conditions, the model integrated
horizontal drainage trenches (1 m x 1 m) spaced at 100 m intervals along each waste layer
base, implementing free drainage boundary conditions. The simulation process adopted
a sequential approach that replicated the landfill’s historical filling sequence. During the
initial 5-year phase, only the bottom waste layer was activated, assigned with shallow waste
properties, while upper layers remained nullified. The subsequent intermediate phase
(5-10 years) introduced the middle waste layer and corresponding cover system, with
material properties adjusted to reflect waste aging processes. The final simulation stage
(10-15 years) incorporated all waste layers with appropriate hydraulic parameters, enabling
a complete assessment of the landfill’s hydraulic behavior. Key boundary conditions were
established based on extensive field measurements and experimental data. The model
implemented a surface infiltration rate of 0.007 m/d, derived from local precipitation
patterns and leachate generation data reported by Zhan et al. [9]. Initial waste moisture
content was set at 60%, consistent with on-site measurements ranging from 50 to 70%. The
unsaturated flow characteristics were defined using established soil-water characteristic
curves from Zhang et al. [5]. For comparative analysis, a hypothetical homogeneous
condition (without intermediate cover layers) was simulated. This can be easily achieved in
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the numerical model by assigning parameters of waste to the cover elements. This approach
facilitated the evaluation of intermediate cover layer effects on leachate distribution patterns.
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Figure 6. Numerical model for multi-layer leachate level analysis.

4. Results and Discussion
4.1. In Situ Characterization of Multi-Layer Leachate Levels

The central boreholes (BH2, BH3, and BH4) provided representative data for character-
izing the multi-layer leachate distribution within the landfill. BH2 exhibited characteristic
hydraulic responses across four depth intervals (Figure 7a), beginning with the first inter-
mediate cover layer at 9.3-9.5 m depth. Initial drilling to 7.5 m produced a leachate level
measurement of 6.6 m below ground surface (bgs), followed by a recovery profile showing
rapid initial rise (to 5.08 m bgs within 2 h) and subsequent stabilization at 4.76 m bgs
after 24 h. Similar patterns emerged at greater depths, though with increasing complexity:
the second layer (18.0-18.3 m) demonstrated substantial recovery from 16 m to 10.35 m
bgs, while the third layer (30.1-30.2 m) showed more limited recovery from 27.88 m to
27.62 m bgs. The most notable hydraulic behavior occurred in the fourth layer, where
leachate levels rose from 31.5 m to 26.2 m bgs—surpassing the intermediate cover elevation
by 3.9 m. This anomalous response suggests the development of confined conditions within
the waste mass, corroborating previous observations of leachate ejection phenomena by
Zhan et al. [12]. The vertical heterogeneity in recovery patterns highlights the complex
interplay between waste composition, cover system effectiveness, and depth-dependent
hydraulic processes.
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Figure 7. Leachate level recovery curve of (a) BH2, (b) BH3, and (c) BH4.

Measurements demonstrated that intermediate loess cover layers significantly alter
leachate transport dynamics, creating discrete perched zones that impede vertical migration.
Each cover layer maintained a corresponding perched water table, consistent with findings by
Qi et al. [13] and Zhang et al. [14]. Interestingly, while waste age increased systematically with
depth, no direct correlation emerged between aging and leachate levels. Instead, drainage
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capacity variations primarily governed perched water head differences across layers. The data
revealed substantial layer-to-layer variability in saturation conditions. The third waste layer
showed the lowest leachate level (18% of layer thickness), followed by the first layer (56%),
while the second and fourth layers approached near saturation. All layers shared common
recovery kinetics, exhibiting recovery rates over time and reaching stabilization within 24 h.

The findings underscore the critical role of intermediate cover systems in creating
complex, multi-layer saturation regimes within modern landfills. The development of
perched leachate zones has important implications for slope stability assessments and
leachate management strategies, particularly in deep landfill sections where confined
conditions may develop. These results emphasize the need for comprehensive monitoring
programs that account for vertical heterogeneity in landfill hydraulic behavior.

The investigation of BH3 revealed anomalous conditions at the expected 10 m depth
intermediate cover location, where no distinct hydraulic barrier was detected (Figure 7b).
This absence may result from either reduced cover thickness or material mixing during
leachate migration events. In contrast, the secondary intermediate cover at 17.9-18.2 m
depth exhibited pronounced hydraulic behavior, with leachate levels rapidly recovering
from 14.85 m to 8.4 m bgs within the initial hour due to substantial head differentials,
ultimately stabilizing at 3.75 m bgs after 24 h. The complete saturation profile (78% of layer
thickness) confirmed the compromised integrity of the upper cover system at this location.
BH4 (Figure 7c) displayed more conventional multi-layer behavior, with primary and
secondary intermediate covers identified at 7.3-7.4 m and 16.6-16.8 m depths, respectively.
The upper layer demonstrated steady recovery from 6.62 m to 4.08 m bgs over 24 h, while
the deeper layer progressed from 13.15 m to 7.82 m bgs during the same period, with a
third stabilization level recorded at 23.65 m bgs.

Comprehensive data synthesis (Table 1, Figure 8) confirmed the fundamental role of
intermediate covers in establishing discrete perched leachate zones while also revealing
significant spatial heterogeneity in their hydraulic performance. Differential settlement
patterns, particularly pronounced near the landfill center where overburden pressures ex-
ceeded 5 m of vertical displacement [15], created sloped interfaces that promoted localized
leachate accumulation. The anisotropic nature of waste materials produced inconsistent
perched zone development in deeper strata, evidenced by variable stabilized levels (24 m
in BH3 versus distinct elevations in BH4/BH2). Slope surface inspections identified pref-
erential flow paths between BH5-BH4 (Figure 9), where localized leakage corresponded
precisely with perched leachate formations, demonstrating the complex coupling between
waste settlement dynamics and fluid transport mechanisms. These observations highlight
the critical importance of considering both vertical stratification and lateral variability
when assessing landfill hydraulic behavior.

580 ~ BHI

570 | = Saturated waste Intermediate cover layer T
e Confined water ~ <74.76 Leachate level

560 |-
550
540
530 |-
520
510
500

= Water spill point _ Biger

=

.02 . S
Intermediate cover layer

Elevation (m)

| The bottom line |
0 50 100 150 200 250
Distance (m)

Figure 8. The tested leachate distribution in the landfill.
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Table 1. Summary of drilling and leachate level information.
Borehole No.
BH1 BH2 BH3 BH4 BH5
Elevation of 575.21 564.58 554.73 546.60 534.72
Borehole top
Borehole depth 33.00 34.00 29.00 25.00 19.00
Depth of 10.20-10.30  9.30-9.50 7.30-7.40
cover layer
The first Drilling depth 10.00 7.50 Intermediate 7.00 Intermediate
waste Sleeve depth 9.50 7.00 cover layer 7.00 cover layer
layer Leachate leyel 9.20 6.60 not detected 6.62 not detected
after extraction
Stable level 8.70 4.76 4.08
Depth of 2420-25.60 18.00-18.30  17.90-1820  16.60-16.80  15.60-16.00
cover layer
The second Drilling depth 23.00 17.00 17.00 14.00 15.00
waste Sleeve depth 22.50 16.80 16.00 13.50 14.00
layer Leachate level 2155 16.00 14.85 13.15 No water
after extraction
Stable level 14.93 10.35 3.75 7.82% No water
Depth of 33.20-33.90  30.10-30.20 - - -
cover layer
The third Drilling depth 33.00 29.00 29.00 25.00 19.00
waste Sleeve depth 32.00 28.00 28.00 24.00 18.50
layer Leachate level 31.20 27.88 26.10 24.36 18.30
after extraction
Stable level 22.50 * 27.62 24.07 23.65 17.69
Drilling depth - 34.00 - - -
The fourth Slgevg depth - 32.00 - - -
waste layer Liquid level - 31.50 - - -
after extraction ’
Stable level -- 26.20 * - - -

* Confined leachate.

Figure 9. Leachate leakage points.
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4.2. Numerical Simulation Results

The back analysis successfully calibrated waste hydraulic conductivity through the it-
erative matching of simulated and measured leachate recovery data (Figure 10). Optimal pa-
rameterization yielded conductivity values (ks) spanning an order of magnitude (1 x 10~*
t0 3.3 x 1073 cm/s), consistent with established ranges for landfilled waste [16,17]. The first
waste layer simulation achieved exceptional agreement (ks = 3.3 x 1073 cm/s), accurately
reproducing the rapid equilibration of the initial 1.84 m head difference to 5.08 m bgs within
2 h. Deeper strata exhibited progressively reduced conductivity, with the second layer
requiring ks =2 x 1073 cm/s despite slight overestimation of recovery rates—a discrepancy
potentially attributable to casing-induced waste matrix compaction during field testing.
The third layer demonstrated optimal calibration at ks = 1 x 10~* cm/s, precisely matching
observed recovery behavior. This vertical conductivity gradient reflects expected waste
heterogeneity, with decreasing values corresponding to increasing overburden pressures
and material decomposition states at greater depths.

Time (h)

0 4 8 12 16 20 24

o]

—&— Measured curve of the first layer
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—&— Measured curve of the second layer

Depth (m)
o

207 --#- Simulated curve of the second layer T
—— Measured curve of the third layer

25 --m- Simulated curve of the third layer

30 1 1 1 1 1

Figure 10. Comparison of simulated and measured leachate level recovery in BH2.

Figure 11a illustrates the pronounced development of perched leachate zones within
the landfill containing intermediate cover layers. The low-permeability characteristics
of these intermediate layers significantly impeded vertical leachate migration, resulting
in discrete perched leachate accumulations above each cover layer. Under conditions of
effective trench drainage, the leachate level in the bottom waste layer remained low, as the
drainage trenches maintained leachate at their installation depth. The intermediate cover
layers wholly prevented leachate infiltration from the upper layers to the bottom stratum.
The upper waste layers exhibit funnel-shaped leachate distributions with gradually increas-
ing levels away from drainage trenches. Comparative analysis (Figure 11b) showed that
landfill configurations without intermediate covers maintain a uniform leachate level near
0.9 m (trench installation depth) as leachate discharges primarily through the drainage
system, effectively preventing the formation of multi-layer perched zones. These findings
highlight the critical role of intermediate cover layers in creating complex, stratified leachate
distributions that differ fundamentally from the relatively uniform hydraulic regimes ob-
served in conventional landfill designs. The numerical results further indicate that, while
trench drainage systems effectively control basal leachate levels in both configurations,
their interaction with intermediate covers produces distinct multi-layer saturation patterns
that significantly influence overall landfill hydraulics.
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Figure 11. Comparative leachate distribution under effective trench drainage conditions: (a) multi-

layer system showing perched zones and funnel-shaped distributions, and (b) conventional landfill
configuration maintaining uniform leachate level.

Figure 12 presents two characteristic leachate distribution patterns emerging under
compromised drainage conditions. The conventional landfill configuration (without inter-
mediate covers) develops a singular leachate mound typically positioned 2-3 m below the
ground surface (Figure 12a), consistent with field measurements by Peng et al. [11] docu-
menting elevated leachate levels (0-2 m depth) in a drainage-impaired landfill in Southern
China. In contrast, systems incorporating intermediate covers exhibit multi-tiered satura-
tion patterns, with distinct perched accumulations forming above each low-permeability
barrier (Figure 12b). This stratified configuration leads to significantly elevated hydraulic
heads at multiple depths, as evidenced by field data from Zhang et al. [5] reporting simul-
taneous leachate mounds at 10.7 m (primary) and 4.7 m (perched) depths in the Suzhou
landfill. The numerical simulations demonstrate remarkable consistency with empirical
observations, confirming two fundamental principles of landfill hydraulics: intermedi-
ate covers systematically induce perched leachate formation, and multiple cover layers
create vertically stratified saturation regimes that substantially modify fluid distribution
compared to conventional landfill designs.
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Figure 12. Comparative leachate distribution patterns under impaired drainage conditions:
(a) conventional landfill configuration showing single leachate mound development and (b) multi-
layer system exhibiting stratified perched accumulations above intermediate covers.
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5. Conclusions

This study elucidates the formation mechanisms of multi-layer leachate systems in
modern landfills through integrated field investigations and numerical modeling. The
developed in situ measurement methodology, employing controlled drilling termination,
oversized casing installation, and systematic leachate recovery monitoring, provides a
reliable approach for characterizing stratified leachate distributions. Field data confirm
that intermediate loess cover layers function as effective hydraulic barriers, creating dis-
crete perched zones with variable water heads (18-78% of layer thickness) depending
on waste drainage characteristics and settlement-induced topographic variations. Back
analysis-derived hydraulic conductivity values (1 x 107# to 3.3 x 1073 cm/s) exhibit
depth-dependent reduction patterns consistent with waste aging and compaction pro-
cesses. Numerical simulations further reveal that, while effective horizontal drainage can
reduce perched leachate elevations, the fundamental compartmentalization caused by
intermediate covers persists, creating distinct hydraulic regimes that differ significantly
from conventional landfill designs.

For improved landfill management, several practical measures should be considered.
Enhanced monitoring systems should incorporate multi-layer leachate level measurement
and inclinometers to track both perched zone development and differential settlement
impacts, with periodic hydraulic conductivity profiling to assess system performance. De-
sign optimizations could include evaluating permeable intermediate cover alternatives in
high-settlement areas, implementing stepped drainage trench configurations. Operational
strategies should prioritize leachate extraction from upper perched zones while adjusting
pumping schedules according to the in situ distribution of leachate level, complemented by
regular slope stability assessments that account for perched water effects. Future research
should focus on the long-term performance evaluation of alternative cover materials, cou-
pled with the mechanical-hydraulic modeling of waste-cover systems and the development
of smart monitoring technologies for real-time perched zone detection. These integrated
approaches will advance both the theoretical understanding and practical management of
multi-layer leachate systems in modern landfill operations.
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