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a b s t r a c t

Landfill cover system plays a crucial role in reducing leachate generation by limiting rainwater infil-
tration. This paper evaluates the field performance of a polymer-enhanced three-layer cover system at a
leather sludge dump site in Xinji city, China over a 1-year monitoring period. Waste soil (WS), sand-
bentonite mixture (SB), and sand-polymer-bentonite mixture (SPB) were used as the low-
permeability layer, respectively, in three test areas, above which the fine-grained cultivated soil and
gravel were used in the top and middle layers to form a capillary barrier. During the 1-year monitoring
period, the recorded cumulative rainfall was 452.1 mm, and the volumetric water content (VWC) at the
top layer fluctuated significantly from 0.13 to 0.45 in response to rainfall and evaporation, but that of the
low-permeability layer maintained stable for both cover SB and SPB. No water percolation was detected
during the 1-year monitoring period. Furthermore, numerical simulations were carried out to assess the
anti-seepage performance under more extreme climatic conditions (i.e., higher rainfall intensity and
long-term deterioration of soil permeability). Numerical simulations corroborated the field observations
that the SPB layer effectively minimized percolation even under extreme climatic conditions. For
example, under the most unfavourable conditions, the computed annual percolation through the cover
SPB was 4.7 mm, as low as 27.2% and 8.1% that through the cover SB (=17.3 mm) and WS (=57.9 mm).
Overall, the results suggest that the polymer-enhanced three-layer soil cover is a promising alternative
to traditional geomembrane-based covers and/or thick composite soil covers.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The generation of industrial solid wastes, such as tailings, red
mud, and phosphogypsum, presents significant environmental
and geological challenges when improperly managed (Khan et al.,
2022a; Wu et al., 2022; Guo et al., 2024a; Proia et al., 2024; Min
et al., 2024). Landfilling remains the most practical, cost-
effective, and widely adopted method for mitigating the environ-
mental impacts of industrial solid wastes (Ng et al., 2015, 2019;
Rowe et al., 2017; Zhan et al., 2020; Nanda and Berruti, 2021;
Chen et al., 2022; Hersey and Power, 2023; Pu et al., 2024; Shi
et al., 2024). In this context, landfill cover systems are crucial for

reducing rainwater infiltration, minimizing leachate production,
minimizing landfill gas emissions, and mitigating associated
environmental risks (Feng et al., 2017; Xie et al., 2018; Zhan et al.,
2020; Chetri et al., 2022; Li et al., 2022a;Wijekoon et al., 2022; Guo
et al., 2024b; Qiu et al., 2024). Consequently, the design of an
effective cover systemwith satisfactory anti-seepage performance
is essential for advancing waste management practices.

So far, various cover systems have been developed, including
monolithic soil covers (Bohnhoff et al., 2009; Pu et al., 2023; Min
et al., 2023), capillary barrier covers (CBCs) (Harnas et al., 2014;
Rahardjo et al., 2016; Zhan et al., 2020; Li et al., 2022b; Feng
et al., 2025b), geomembrane-based covers (Divya et al., 2012;
Cortellazzo et al., 2022; Fan et al., 2024), geosynthetic clay liner-
based covers (Hosney and Rowe, 2013; Rowe, 2020; Khan et al.,
2022b), and CBC-based multi-layered covers (Ng et al., 2015,
2024; Shaikh et al., 2019; Min et al., 2024). Among these,
geomembrane-based covers, CBCs, and CBC-based multi-layered
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covers are widely adopted and extensively studied due to their
good anti-seepage performance, making them the main choices
for modern landfill covers (Ng et al., 2022; Liu et al., 2024). How-
ever, these three types of covers still have their drawbacks. For the
geomembrane-based covers, although the geomembrane can
provide excellent anti-seepage performance, it is susceptible to
slope instability (i.e., slide), punctures, tears, and degradation in
the long term (Fox et al., 2014; Ghazizadeh and Bareither, 2021).
Furthermore, the extremely low water and gas permeability of
geomembrane would completely isolate the ecological environ-
ment of landfill, presenting challenges to re-greening and recla-
mation. For the CBCs, although they have been demonstrated to be
effective in reducing water percolation in arid and semi-arid cli-
mates, their performance in humid climates (with greater rainfall)
is usually unsatisfactory (Khire et al., 2000; Albright et al., 2004;
Ng et al., 2022; Min et al., 2024; Feng et al., 2025b). For the CBC-
based multi-layered covers, such as three-layer inclined capillary
barrier (Zhan et al., 2014) and three-layer soil cover (Ng et al., 2015,
2022), although they can mitigate some of the drawbacks associ-
ated with the geomembrane-based covers, they typically require a
large soil thickness, i.e., generally in the range of 1–2m, whichmay
not be feasible in the areas with limited soil resources or on a
relatively steep slope which is common in industrial waste dump
site or landfill. Consequently, there is a critical need for a more
reliable and efficient cover system.

Bentonite, a natural low-permeability clay, has been widely
used for contaminants containment, particularly as the key ma-
terial for anti-fouling barriers, such as geosynthetic clay liner and
soil-bentonite mixture layer (Li et al., 2015; Feng et al., 2018,
2023a, 2025a; Rawat et al., 2019; Wang et al., 2022; He et al.,
2022; Sun et al., 2022; Zhan et al., 2024; Shi et al., 2025).
Although bentonite's permeability is very low (i.e., <1×10− 10 m/s)
and hence can reduce the thickness of the cover system, it is highly
prone to cracking under freezing-thawing cycles and/or drying-
wetting cycles, leading to substantial deterioration of the cover's
servicing performance (Lin and Benson, 2000; Consoli et al., 2017;
Rowe and Hamdan, 2022; Gahlot et al., 2022; Li et al., 2023; Chen
et al., 2024). Furthermore, these deteriorations are further exac-
erbated in harsh landfill environments. For example, the leachates
of industrial solid waste are typically characterized by extreme pH
and/or high salt concentrations, thus significantly compromising
the permeability of natural bentonite-based materials (Benson
et al., 2018; Chen et al., 2018; Wang et al., 2022). Recently,
studies on polymer-modified bentonite have presented perfor-
mance superior to traditional, natural bentonite (Piqu�e et al., 2019;
Wang et al., 2022; Cui and Chen, 2023; Fu et al., 2023; Jiang et al.,
2025), including enhanced impermeability when encountering
salt intrusion and/or drying-wetting cycles. In this study, a self-
developed polymer-modified bentonite was mixed with sand
and used as the low-permeability material for a polymer-
enhanced three-layer cover system, thereby reducing the cover
thickness while improving its resistance to cracking and salt
intrusion, as well as improving its slope stability and sealing per-
formance. However, previous studies have primarily focused on
the anti-seepage performance of bentonite materials or were
conducted under well-controlled laboratory conditions for short
durations. The long-term durability and serviceability of the cover
system constructed with these materials under natural climatic
conditions remain unexplored, thus limiting their broader
application.

The primary objective of this study is to investigate the effect of
polymer inclusion on the long-term field performance of a three-
layer cover system under natural climatic conditions. Field moni-
toring was conducted over one year, from 1 May 2023 to 1 May
2024, at a leather sludge dump site in Xinji, China. During this

monitoring period, variations in volumetric water content, water
percolation, and associated atmospheric parameters were
continuously recorded. Additionally, numerical analyses were
performed to evaluate the anti-seepage performance of the cover
system, not only consideringmore extreme climatic conditions but
also accounting for potential deterioration of the cover perme-
ability caused by harsh environments.

2. Field monitoring program and instrumentation

2.1. Field description

The leather sludge dump site is located near Bailongqiu
village, Xinji city, Hebei Province, China. Operations of sludge
dumping started in December 2007, and the site was decom-
missioned in April 2008. The dumped sludge primarily originated
from the leather wastewater treatment plant of Xinji city and was
characterized by high salinity (maximum salt content of 63.5 g/
kg), high organic matter (maximum 183 g/kg), and a bad smell.
Tests revealed that total heavy metal concentrations, particularly
chromium (i.e., concentration range 12800–24200 mg/kg) and
zinc (i.e., concentration range 7200–14500 mg/kg), exceeded the
relevant screening thresholds (i.e., 250 mg/kg for chromium and
300 mg/kg for zinc, according to the Chinese agricultural land
pollution control standard “Soil environmental quality risk con-
trol standard for soil contamination of agricultural land”,
GB15618-2018). The site is situated in a semi-humid region, with
rainfall occurring primarily between April and October. According
to the local government's master plan, the site is designated for
land reclamation after the sludge is solidified/stabilized in situ,
and the site is contained by vertical cut-off walls and a cover
barrier. To ensure the site can integrate with the surrounding
farmland, the total thickness of the cover barrier is restricted to
0.7 m. Consequently, a three-layer soil cover was selected for the
test area (Fig. 1), while other areas adopted geomembrane-based
cover.

The layout of the test area is shown in Fig. 1. The field test area,
measuring 72 m × 9 m, was divided into three test plots: WS, SB,
and SPB. The primary difference among the three test plots is the
composition of the low-permeability layer, i.e., the cover WS used
fine-grainedwaste soil (i.e., excluding bentonite and polymer); the
cover SB used the mixture of sand and bentonite; the cover SPB
used the mixture of sand, bentonite, and a self-developed polymer
(i.e., crosslinked polymer) as reported by Jiang et al. (2025). The
cover system has an inclination angle of 3◦ to promote lateral
diversion of rainwater. The cover system, with a total thickness of
0.7 m, consists of the following layers (from bottom to top, as
shown in Fig. 1b): a 100-mm-thick low-permeability layer
(comprised of WS, SB, or SPB), a 100-mm-thick gravel layer, and a
500-mm-thick fine-grained cultivated soil layer. Detailed proper-
ties of these materials will be introduced in the next section. To
promote environmental sustainability, locally sourced waste soil
was employed for the fine-grained soil layer in all test plots, and
locally available gravel was used for the gravel layer. The soils were
compacted layer by layer to achieve the desired degree of
compaction (DOC) or relative density, viz., 85% DOC for cultivated
soil, 93% DOC for low-permeability layer (i.e., waste soil, SB and
SPB), and 95% relative density for gravel. Additionally, the mixed
SB and SPB materials should be given 24 h to ensure complete
hydration of the bentonite and polymer, before these mixtures are
placed and compacted on site. To ensure good compaction for each
soil layer, pre-compaction trial tests were conducted on site using
different compactors and different compaction parameters (e.g.,
lift thickness, number of compactions each lift).
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2.2. Material properties of the cover soils

Five types of cover materials were utilized in the field tests:
cultivated soil, waste soil, gravel, sand-bentonite mixture, and
sand-polymer-bentonite mixture. The waste soil was obtained
from local engineering residues, while the gravel was locally
purchased. The sand-bentonite mixture (SB) and sand-polymer-
bentonite mixture (SPB) were developed independently (as seen
in Fig. 2), inwhich the sand was well-graded and had the following
particle size distribution: <0.075 mm (10%, identified as loess),
0.075–0.5 mm (35%), and 0.5–2 mm (55%). The SB mixture con-
sisted of 85% well-graded sand (GS) and 15% bentonite, while the
SPB mixture consisted of 85% GS, 14.5% bentonite, and 0.5% self-
developed cross-linked polymer (following Jiang et al. 2022).

This polymer is primarily composed of monomers such as acrylic
acid (AA), acrylamide (AM), and 2-acrylamido-2-methyl-1-
propane sulfonic acid (AMPS). A crosslinker (i.e., N,N′-methylene
bisacrylamide) and an initiator (i.e., potassium persulfate) are
added to drive the cross-linking polymerization reaction, resulting
in the formation of a cross-linked polymer network. This polymer
has excellent swelling capacity even under a chemically aggressive
environment, and thus can work together with the bentonite to
effectively block the pores between the graded sand particles,
giving the SPB material a low permeability. Furthermore, the vast
majority (over 85%) of SPB well-graded sand, and its tight particle
packing ensures the SPB's good bearing capacity (Proia et al.,
2024). Also, note that the added polymer is in a small amount
(0.5% only) and, more importantly, it does not have chemical re-
action with (e.g., corrode or dissolve) the bentonite or sand par-
ticles and thus the SPB material will not collapse (Hosney and
Rowe, 2017). The physical properties of these materials were
determined according to the Soil Testing Methods standard
(Ministry of Housing and Urban-Rural Development of the Peo-
ple’s Republic of China, 2019) and summarized in Table 1.

The soil-water characteristic curve (SWCC), which illustrates
the relationship between soil water content and matric suction
(Dang et al., 2020), was obtained for the adopted soils using suc-
tion and moisture sensors combined with the filter paper method
(ASTM D5298-16, 2016). The results are illustrated in Fig. 3a. The
parameters that best fit the measured data were determined using
the Van Genuchten (1980)model and expressed as Eq. (1), with the
corresponding parameters listed in Table 2:

θw − θr
θs − θr

=

[
1

1+ (αs)n

]m

(1)

where θw is the volumetric water content (VWC) of the tested soil,
θs is the saturated VWC, θr is the residual VWC, s is the matric
suction, and α, m, n are fitting parameters, where m = 1–n− 1.

The permeability coefficient (kw) was predicted using the Van
Genuchten (1980) equation, as shown in Fig. 3b. When the
gravel is at a low degree of saturation (i.e., s > 0.7 kPa in Fig. 3b),

Fig. 1. The field test at the leather sludge dump site of Xinji city: (a) aerial view of the field test plot, and (b) configuration of the three-layer soil cover.

Fig. 2. (a) Preparation of the polymer powder (following Jiang et al., 2025), (b) mixing
of the sand-polymer-bentonite (SPB) mixture on site and compaction, and (c)
permeability coefficient test of the SPB samples after construction.
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the permeability coefficient of gravel (i.e., drainage layer) was
lower than that of cultivated soil (i.e., top layer), thereby forming a
typical capillary barrier effect (Zhan et al., 2020; Guo et al., 2024b):

kw = ks

[
1�

�
αs(n�1)�1+ (αs)�m)]2
�
(1+ αs)n

)m=2 (2)

where kw is the permeability coefficient of soil, and ks is the
saturated permeability coefficient of soil.

2.3. Field instrumentation and monitoring

Once the in-situ solidification and stabilization of the leather
sludge was completed, lysimeters were installed in three desig-
nated areas to monitor the amount of percolations, as shown in
Fig. 4a and e. Each lysimeter, 1 m × 1 m in plan view, was con-
nected to outlet pipes that directed water to a lower terrain
outside the site, where water was collected in collection buckets.
To facilitate long-term remote monitoring of percolation through
the cover system, a submersible water level sensor (measuring
accuracy = 1 mm, according to the manufacturer) was placed at
the bottom of each collection bucket and connected to a data
logger. To monitor the temporal and spatial variations of soil
moisture and temperature within the cover, sensors (moisture
probes and temperature probes, as shown in Fig. 4a) were
embedded at different layers of the composite cover. Since future
greening and farming activities can potentially damage the sensors
in the shallow soil, only one sensor was installed in the cultivated
soil layer (at a depth of 0.3 m), while two sensors were installed in
the low-permeability layer (at depths of 0.61 m and 0.69 m). Prior
to installation, all sensors were calibrated and connected to the

Table 1
Basic properties of the soils used in the present study.

Property Soil type

Cultivated soil Gravel Low-permeability layer

Waste soil (WS) Sand-bentonite mixture (SB) Sand-polymer-bentonite mixture (SPB)

Specific gravity, Gs 2.66 2.45 2.67 2.7 2.7
Liquid limit, LL (%) 29.81 32.21
Plastic limit, PL (%) 18.28 18.37
Plasticity index, PI 11.53 13.73
Maximum dry density, ρd (kg/m3) 1758 1594 1765 1770 1720
Optimum moisture content (%) 15.5 16.2 17.8 17.8

Fig. 3. Soil properties: (a) measured and fitted SWCC of various soils, and (b) pre-
dicted permeability coefficient functions of various soils using the Van Genuchten
(1980) equation.

Table 2
Hydraulic properties of the materials used in this study.

Soil Van Genuchten (1980) fitting parameters Saturated permeability coefficient, ks (m/s)

θs θr α (kPa�1) n m

Cultivated soil 0.45 0.05 0.05 1.54 0.35 3.8 × 10�7

Gravel 0.32 0.01 19.6 2.33 0.57 2.8 × 10�2

Waste soil 0.41 0.07 0.036 1.5 0.33 7.3 × 10�9

SB mixture 0.37 0.06 0.015 1.46 0.32 6.8 × 10�11

SPB mixture 0.39 0.08 0.012 1.43 0.3 4.98 × 10�11

Fig. 4. Views of the layout of instrumentation and monitoring in the field.
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data logger. The data loggerwas housed in an electric boxmounted
on a utility pole at the perimeter of the leather sludge dump (as
shown in Fig. 4c), capable of remotely recording water content
data on an hourly basis. A weather station (Fig. 4b) was installed
near the sludge dump site to measure the meteorological param-
eters, including rainfall, solar radiation, temperature, wind speed,
and relative humidity. Data from the weather station were auto-
matically logged in the control terminal (Fig. 4f), with real-time
observation data downloadable from the cloud platform, which
were then used for analysis and evaluation.

3. Field monitoring results

3.1. Seasonal variation of climate conditions

Fig. 5 shows the recorded atmospheric parameters during the
one-year monitoring period from 1 May 2023 to 1 May 2024. As
shown in Fig. 5a, the one-year cumulative rainfall was approxi-
mately 452.1mm, consistentwith the fact that the site is in a semi-
humid climate region. The majority of the rainfall occurred be-
tween May and October, during which 373 mm of rainfall was

recorded, accounting for ~82% of the annual rainfall. The highest
daily rainfall (>55mm)was recorded on 21 July 2023. Additionally,
a long duration of drying (with daily rainfall <10 mm) was
observed from November 2023 to May 2024.

Fig. 5b shows that solar radiation at the dump site ranged from
5 MJ/m2 to a maximum of 27 MJ/m2. Atmospheric temperature
measured by the weather station is presented in Fig. 5b. The
average daily temperature in the area fluctuated between − 9 ◦C
and 33 ◦C, with lower temperatures observed during the dry
winter season and higher temperatures during the wet summer
season. Fig. 5c presents the recorded wind speed and relative
humidity. Wind speeds near the soil cover varied from 2 m/s to
7 m/s, averaging 4 m/s. Generally, higher wind speed can enhance
evaporation from the cover layer, reducing soil water content (Ng
et al., 2022). Consequently, water infiltrated and stored in the
cover system duringwet seasonsmay be removed by the increased
evaporation in dry periods, leading to reduced percolation.
Throughout the monitoring period, relative humidity ranged from
20% to 95% without a consistent pattern. Generally, higher relative
humidity can reduce evaporation and potentially increase perco-
lation through the cover system.

3.2. Seasonal response of water content of the covers

During the monitoring period from 1 May 2023 to 1 May 2024,
the volumetric water content (VWC) at various depths was
measured for the three different covers (i.e., cover WS, cover SB,
and cover SPB). Note that the moisture sensors in the cover WS
were damaged by heavy machinery during the cover construction,
and thus these data are not presented. As shown in Fig. 6, VWC
near the cover surface (i.e., at 0.3 m depth) was primarily influ-
enced by rainfall and evaporation. Initially, the VWC at a depth of
0.3 m = 0.22 for cover SB and = 0.23 for cover SPB; during the 1-
year monitoring period, significant variations in VWC were
observed at the 0.3 m depth, ranging from 0.13 to a saturation
point of 0.45. Nonetheless, the changes in VWC at the low-
permeability layer were relatively small (i.e., by less than 0.16
and 0.12 in SB and SPB, respectively), even under heavy rainfall and
drought conditions. This small variation is consistent with the field
results reported by Ng et al. (2022) and is attributed to the capil-
lary barrier effect at the fine- and coarse-grained soils’ interface
(Feng et al., 2025b). During minor rainfall events (i.e., less than
10 mm), the capillary barrier effect prevented the VWC at depths
of 0.61 and 0.69 m from varying significantly. However, during
heavy rainfall (e.g., 21 July 2023), the capillary barrier effect only
lasted a short period, and the cultivated soil layer quickly spiked to
full saturation, after which the low-permeability SB and SPB layers
effectively hindered further rainwater infiltration.

Fig. 6 also shows that, even during a long period of drought
(e.g., ~ half a year from October 2023 to April 2024), the reduction
of VWC in the SB/SPB layer was minimal (= less than 0.05). This is
because the existence of upper CBC effectively retarded water loss
in the bottom layer (Zhan et al., 2020; Chen et al., 2022; Guo et al.,
2024b). Furthermore, drought conditions reduced VWC in the top
soil layer (as seen in Fig. 6), which recovered the capillary barrier
effect after the water breakthrough in the wet season (Zhan et al.,
2020; Ng et al., 2023; Feng et al., 2025b). This resultmeans that the
three-layer cover system performed satisfactorily under complex
and variable natural climate conditions, although it has a total
thickness of only 0.7 m without geomembrane.

3.3. Response of water content to a one-day heavy rainfall

According to the China Meteorological Administration, the
term “heavy rainfall” refers to a weather phenomenon

Fig. 5. Recorded atmospheric parameters during the one-year monitoring period: (a)
daily rainfall and cumulative rainfall, (b) solar radiation and temperature, and (c)
wind speed and relative humidity.
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characterized by substantial rainfall over a short duration (i.e., 24-
h cumulative rainfall ≥50 mm). Based on this standard, only one
heavy rainfall event was recorded during the 1-year monitoring
period, with a total of 55.2 mm occurring on 21 July 2023. The
temporal distribution of rainfall intensity during this event is
shown in Fig. 7. This rainfall event exhibited significant temporal
variability, with the majority of precipitation occurring in the
middle portion of the day and the maximum hourly rainfall
<11 mm/h.

Fig. 8 shows the changes in VWC of cover SB and cover SPB
before and after this heavy rainfall event. As expected, the VWC in
the shallow layer of the cover was significantly affected by the
heavy rainfall. For example, at a depth of 0.3 m in the cultivated
soil, the VWC of covers SB and SPB at 00:00 of 21 July 2023 were
0.258 and 0.255, respectively. At 24:00 of that day, both values
increased to 0.45 for covers SB and SPB (increased by 74% and 76%,
respectively). In the low-permeability layer, in contrast, the VWC
changedminimally by the rainfall event. For example, at a depth of
0.61 m before the rainfall, the VWC of covers SB and SPB were
0.355 and 0.329, respectively, and increased only slightly to 0.359
and 0.33 after the rainfall (increased by 1.1% and 0.3%, respec-
tively). These results suggest that the combined effects of the
capillary break and the underlying low-permeability layer effec-
tively reduced infiltration. Moreover, the SPB layer, which has even
lower permeability than the SB layer (i.e., 4.98 × 10�11 m/s vs.
6.8 × 10�11 m/s), showed a negligible increase in VWC (by only
0.3%) under heavy rainfall.

3.4. Cumulative water percolation

Fig. 9 presents the cumulative water percolation through the
covers WS, SB, and SPB during the one-year monitoring period. No

percolation was detected during the one-year monitoring. As listed
in Table 3, a comparison was made with the traditional CBCs and
monolithic cover at five field sites in the USA and Germany (Warren
et al., 1996;Melchior,1997). Annual rainfall for CBCs andmonolithic
cover ranged from 539 mm to 911 mm, and the corresponding
minimum and maximum annual percolations = 60 mm and
241 mm, respectively, substantially higher than the recommended
value of 10 mm/year (Benson, 2002). It can be observed that the
investigated three-layer cover has significantly smaller percolation
than the traditional CBCs and monolithic cover in terms of either
the total magnitude of percolation or its percentage of annual
rainfall, although the three-layer cover has the smallest thickness.
This comparison further demonstrates the effectiveness of the
three-layer cover in preventing water percolation, although it does

Fig. 6. Changes of VWC from 1 May 2023 to 1 May 2024 at different depths of: (a) cover SB, and (b) cover SPB.

Fig. 7. Variation of rainfall with time on 21 July 2023.

Fig. 8. Changes in VWC of cover SB and cover SPB before and after the heavy rainfall
event on 21 July 2023.

Fig. 9. Water percolation through covers WS, SB, and SPB from 1 May 2023 to 1 May
2024.
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not use a geomembrane and has a small total thickness.

4. Numerical study of the polymer-enhanced three-layer
cover system under more extreme conditions

The field tests reported above have confirmed the excellent
anti-seepage performance of the proposed cover system. However,
since the climatic conditions during the one-year monitoring were
not the most extreme in this region, and to address the limitation
of insufficient on-site monitoring time (only one year), numerical
simulations were conducted to further assess the cover system's
anti-seepage performance. The simulations used the maximum
rainfall condition in the city's history, and took into account the
potential deterioration of the cover material. The numerical sim-
ulations were carried out in two stages. The first stage was to
validate the numerical model against the field measurements. In
the second stage, the validated numerical model was employed to
investigate the effects of more extreme climatic conditions and
permeability coefficient deterioration on the performance of the
constructed three-layer cover.

4.1. Establishment of numerical model

In this study, Seep/W software (GeoStudio, Geo-Slope Int. Ltd.)
was used to analyze the performance of the polymer-enhanced
three-layer cover. Seep/W is a finite element software that ac-
counts for variable climatic boundary conditions, surface ponding,
and exchanges between the soil and atmosphere in both liquid and
gaseous phases. Seep/W's feasibility and accuracy in simulating
water flow in the vadose zone have been extensively validated
(e.g., Razeghi et al., 2019; Wang et al., 2020; Rangarajan et al.,
2024; Guo et al., 2024b).

Fig. 10 shows the model geometry and finite element mesh
used in Seep/W. Previous studies have highlighted the critical role
of mesh size in achieving convergence (Li et al., 2022c) and its
impact on the accuracy of the transient seepage process in un-
saturated soils (Vogel and Ippisch, 2008; Ng et al., 2023). In this
present study, a balance between numerical accuracy and
computational efficiency was achieved by setting the element
discretization to 0.01 m and using a total of 14,000 rectangular
elements. Fig. 10 shows the numerical model, which replicates the
field test conditions (e.g., thickness = 0.7 m, slope angle = 3◦, and
consisting of three different soil layers: cultivated soil layer, gravel
layer, and a bottom low-permeability layer).

The numerical modelling procedure in this study consisted of
two stages: (i) initial steady-state seepage analysis and (ii)
transient-state seepage analysis under natural climatic conditions.

The steady-state seepage analysis was first conducted to deter-
mine the initial pore-water pressure distribution, which was
subsequently used in the transient seepage analysis for both the
validation and parametric studies. A minimal rainfall intensity of
0.001 mm/d was applied at the top boundary, as shown in Fig. 10,
while the bottom boundary was defined as a constant water table
(Ng et al., 2023). The right and left boundaries were both set as a
no-flux boundary, except that the left boundary of the gravel layer
was modelled as a free-drainage condition (Min et al., 2024).

After the steady-state seepage analysis, a transient-state
seepage analysis was performed to simulate the water flow
through the cover under natural climatic conditions. The specific
boundary conditions for the transient analysis were as follows: the
right and left boundaries remained the same as the steady-state
analysis, the bottom boundary was changed to a potential
seepage face, and the top boundary was modelled with land-
climate interaction conditions. To compare with field test results,
meteorological parameters monitored at the field site (shown in
Fig. 4) were used. Additionally, meteorological data for the
wettest year (i.e., 2021) of Xinji city's history, obtained from the
local meteorological station, were applied for the parametric an-
alyses. The cumulative rainfall for the wet year of 2021 amounted
to 882.3 mm. The meteorological parameters are presented in
Fig. 11, with data provided by the China Meteorological Data Ser-
vice Center (https://data.cma.cn). It should be noted that, to assess
the anti-seepage performance of the cover system under the most
unfavourable conditions, numerical simulations deliberately
excluded the evapotranspiration effect of vegetation. Additionally,
the relevant vegetation parameters were not available on site, and
thus the role of plant roots was not considered in this analysis.

In the parametric study, the transient seepage analysis was
conducted by applying climate conditions immediately after the
initial steady-state seepage analysis. The required input parame-
ters, including the soil water characteristic curve (SWCC) and
permeability coefficient (kw), are detailed in Section 2.2, unless
otherwise specified. The initial conditions for water transport in
the Seep/Wmodel are based on data recorded on 1May 2023, after
the completion of the field construction of the covers.

4.2. Verification of numerical model

Fig. 12a compares the simulated and measured VWCs before
and after the heavy rainfall event on 21 July 2023. As shown, the
simulated VWCswere slightly lower than themeasured values, but
overall a reasonably good agreement was obtained. At the end of
the one-day rainfall, the VWC increased at all measured depths of
the cover, and the simulated VWC near the surface of both cover SB

Table 3
Comparison of measured annual water percolation through the three-layer cover against the capillary barrier cover and the monolithic cover.

Reference Location Cover type Cover thickness
(m)

Annual rainfall (mm) Percolation

Annual percolation (mm) Percent of
rainfall

This study Xinji, China Three-layer cover 0.7 452.1 0 (Measured) 0%
882.3 (the wettest year in
Xinji)

4.7 (Simulated for the wettest
year)

0.5%

Warren et al. (1996) Utah, USA Capillary barrier
cover

1.8 539 80 15.4%

Benson et al. (2002) Omaha, USA Capillary barrier
cover

1.36 617 60 9.8%

Melchior (1997) Hamburg,
Germany

Monolithic cover 1.8 865 65 7.5%

Barnswell and Dwyer
(2012)

Georgia, USA Monolithic cover 1.52 911 241 26.5%

Albright et al. (2004) Iowa, USA Monolithic cover 2.1 791 157 19.8%
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and cover SPB approached saturation (saturation value = 0.45).
The minor differences in the VWC of the low-permeability layers
(SB vs. SPB) were observed, attributed to the difference in their
saturated permeability coefficient. Fig. 12b presents the measured
and simulated cumulative water percolation through covers WS,
SB, and SPB from 1 May 2023 to 1 May 2024. The simulated cu-
mulative percolation closely matched the field measurements (all
were zero). The results in Fig. 12 confirm the validity of the
established numerical model.

4.3. Simulation results of the constructed cover system during the
wettest year of Xinji city's history

Climatic conditions can significantly affect the cover's anti-
seepage performance. During the one-year field test, the Xinji
leather sludge dump site did not encounter extreme rainfall con-
ditions. To evaluate the cover's anti-seepage performance under
extreme climate condition, seepage analysis was conducted in
Seep/W by applying the climatic data of the wettest year (i.e.,
2021) of Xinji city's history.

Fig. 13 presents the computed VWC and cumulative percolation
of cover WS (Fig. 13a), cover SB (Fig. 13b), and cover SPB (Fig. 13c)
under extreme climatic conditions (i.e., the wettest year of Xinji).
As shown, the VWC in the shallow soil (e.g., depth of 0.05 m)
fluctuated significantly in response to rainfall events and evapo-
ration, varying between 0.05 and 0.45. In contrast, the VWC at
greater depths (e.g., 0.4 m) showed relatively smaller and slower
variations. Since July, frequent and intense rainfall resulted in a
steady increase in VWC in the top layer, gradually reaching satu-
ration and maintaining this saturated state for nearly 90 days. This
condition was disrupted only in October due to reduced rainfall
and ongoing evaporation. During the heavy rainfall events that
occurred several times from 9 July 2021 to 15 October 2021, the

Fig. 10. Numerical model of the three-layer cover system.

Fig. 11. Input climate data representing the local extreme climate condition for the
numerical model: (a) solar radiation and temperature, (b) humidity and wind speed,
and (c) rainfall.

Fig. 12. Comparison of field measurements and numerical simulations: (a) VWC
before and after the heavy rainfall on 21 July 2023, and (b) one-year cumulative water
percolation through the covers.
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VWC of the gravel layer increased quickly and significantly to full
saturation, indicating that the capillary effect formed by the upper
two layers was disrupted. Afterwards, further water infiltration
was retarded by lateral diversion within the inclined gravel layer
which is assisted by the blocking of the underlying low-
permeability layer. The blocking/lateral diversion effects are
closely related to the anti-seepage performance of the three-layer
cover system, as shown by simulation results. For example, on 31
July 2021, the VWC of cover WS's low-permeability layer (i.e.,
waste soil) quickly reached saturationwithin only 1 day, indicating
a limited blocking effect from waste soil. In contrast, cover SPB's
low-permeability layer (i.e., sand-polymer-bentonite mixture)
took as many as 60 days to reach saturation, indicating a strong
blocking effect and thus gave the SPB cover an excellent anti-
seepage performance.

Fig. 13d compares the annual cumulative water percolation
through the three different cover systems. For covers SB and SPB,
the cumulative percolations for the wettest year (i.e., annual
rainfall = 882.3 mm) were as low as 0.2 mm and 0.5 mm,
respectively, both significantly smaller than the recommended
value of 10 mm/year by Benson et al. (2002). For cover WS, in
contrast, the percolation began on day 211 and reached an annual
cumulative value of 13.9 mm, approximately 66.2 times larger
than that of cover SPB. Overall, Fig. 13 demonstrates that the
proposed polymer-enhanced three-layer cover is highly effective
in minimizing water percolation, although it has a small total
thickness of only 0.7 m and does not use a geomembrane.

4.4. Simulation results of the constructed cover system considering
the long-term deterioration of soil permeability

The numerical model used in this study assumed that soil
permeability remained constant over time. However, existing
studies in the literature have shown that factors such as wetting/
drying cycles, freeze/thaw cycles, and/or microbial activities can
significantly vary soil properties, especially the permeability co-
efficient k (Li et al., 2023; Zhang et al., 2024). To consider these
variations, a detailed analysis was conducted considering the
deterioration of soil k. After the leather sludge dump site is
covered, the surface soil will typically require some loosening to
support future reclamation and crop growth (Hamza and
Anderson, 2005; Kuncoro et al., 2014; Feng et al., 2023b), causing
the k of the surface soil to increase. For example, Kribaa et al.
(2001) investigated the effects of various cultivation methods
and climate conditions on the k of cultivated soil, finding that k
ranged over two orders of magnitude from 7.12 × 10− 7 m/s to
2.26 × 10− 5 m/s. In the present study, the k of cultivated soil is
3.7 × 10− 7 m/s measured upon on-site construction and is
assumed to increase to 3.7 × 10− 5 m/s to simulate the worst sce-
nario. Additionally, for the low-permeability layer, its k may in-
crease over time due to factors such as wetting/drying, freeze/
thaw cycles, and salt intrusion. A wide range of k values have been
reported in the literature for low-permeability soils. Table 4
summarises some existing studies in the literature on low-
permeability soils. It is observed that, under the influence of

Fig. 13. Simulation results of the constructed cover system during the wettest year of Xinji city's history: (a) VWC of cover WS, (b) VWC of cover SB, (c) VWC of cover SPB, and (d)
comparison of cumulative percolation.
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different factors, the k ranged from 8× 10− 10 m/s to 5.5×10− 7 m/s
for cohesive soil (>3 orders of magnitude), ranged from
3.5 × 10− 11 m/s to 8 × 10− 9 m/s for sand-bentonite mixture (>2
orders of magnitude), and ranged from 3.9 × 10− 11 m/s to
2.2 × 10− 10 m/s for sand-modified bentonite mixture (>1 order of
magnitude). To consider the potential degradation, the k varied as
follows in the present study: ranged from 7.3 × 10− 9 m/s to
7.3 × 10− 7 m/s for waste soil, ranged from 6.8 × 10− 11 m/s to
6.8 × 10− 9 m/s for SB, and ranged from 4.98 × 10− 11 m/s to
4.98 × 10− 10 m/s for SPB. As in section 4.3, extreme climate con-
ditions were considered in this section by applying the climatic
data from the wettest year of Xinji's history.

Fig. 14 presents the VWC and cumulative percolation at the
cover bottom of covers WS, SB, and SPB during the wettest year of
Xinji. For cover WS (Fig. 14a), the VWC at the cover bottom rapidly
reached saturation due to frequent rainfalls and high k, leading to a
significant increase in cumulative percolation. Specifically, when

the k of waste soil deteriorated to 7.3 × 10− 7 m/s, the cumulative
percolation for cover WS exceeded 57.6 mm, failing to meet the
recommended design value of 10 mm/year. This underscores that
the traditional three-layer soil cover (without modified materials)
needs adequate thickness to maintain good anti-seepage perfor-
mance. For instance, Ng et al. (2022) proposed a three-layer cover
system with a large total thickness of 1.8 m, and their system met
the percolation requirement even in humid regions with a high
annual rainfall of 2800 mm. However, this large thickness
approach is not feasible for projects with strict thickness con-
straints (e.g., in the present study the total cover thickness is
restricted to only 0.7 m to ensure that the covered site blends
harmoniously with the surrounding farmland without sudden
elevation change). In this case, the polymer-enhanced three-layer
cover proposed in the present study provides an effective solution
to this issue.

Furthermore, Fig. 14b and c presents the simulated results for

Table 4
Summary of the literature results on variations of permeability coefficient k caused by different factors.

Soil Dry-wet cycles Freeze-thaw cycles Salt intrusion References

cohesive soil 8 × 10− 10 − 1.4 × 10− 7 1 × 10− 8 − 5.5 × 10− 7 5.4 × 10− 9 − 2.5 × 10− 7 Dalla Santa et al. (2020); He et al. (2015); Emmanuel and
Anggraini (2020)

sand-bentonite mixture 4.7 × 10− 11 − 6.9 × 10− 9 4.7 × 10− 11 − 3.3 × 10− 9 3.5 × 10− 11 − 8 × 10− 9 Yang et al. (2024); Namadi et al. (2023)
sand-modified bentonite

mixture
3.9 × 10− 11 − 2.1 × 10− 10 3.9 × 10− 11 − 9.7 × 10− 11 5 × 10− 11 − 2.2 × 10− 10 Yang et al. (2024); Hosney and Rowe (2017)

Fig. 14. Simulated cumulative percolation and VWC at the bottom of cover considering deterioration of soil permeability k during the wettest year in Xinji's history: (a) cover WS,
(b) cover SB, (c) cover SPB, and (d) comparison of cumulative percolation of different covers.
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covers SB and SPB, respectively. As the polymer addition helped
the SPB layer maintain very low kSPB, even under prolonged
exposure to wet-dry cycles, freeze-thaw cycles and salt intrusion
(Wang et al., 2022; Yang et al., 2024), a minimal water percolation
through the cover was obtained. For instance, under adverse
conditions (i.e., kSB and kSPB deteriorated to 6.8 × 10− 9 m/s and
4.98 × 10− 10 m/s, respectively), the simulated cumulative perco-
lation was only 4.7 mm for cover SPB, representing a reduction of
72.8% and 91.8%, respectively, relative to 17.3 mm for cover SB and
57.6 mm for cover WS (Fig. 14d). Additionally, the simulated
annual percolation for cover SPB is as small as less than 1% of the
annual rainfall of 882.3 mm and is well below the 10 mm/year
standard recommended by Benson et al. (2002). However, the
annual percolation for cover SB no longermeets the recommended
value. Even with a deteriorated (increased) k, cover SPB still
exhibited the smallest percolation because its good resistance to
wet-dry cycles, freeze-thaw cycles and salt intrusion led to the
smallest increase in k. In sum, the proposed polymer-enhanced
three-layer cover demonstrates significant potential for applica-
tions in humid regions with significant rainfall as well as in sites
encountering high salinity and/or with strict cover thickness
requirements.

5. Summary and conclusions

This study evaluated the anti-seepage performance of a
polymer-enhanced three-layer soil cover at a leather sludge dump
site in Xinji city, China. Field monitoring was conducted over one
year, from 1 May 2023 to 1 May 2024, during which the VWC,
temperature, and water percolation were recorded. Additionally,
numerical simulations were performed to assess the performance
of the three-layer cover under more extreme conditions (i.e.,
greater rainfall and long-term deterioration of soil permeability).
The following conclusions can be drawn:

(1) Throughout the one-year monitoring period, no water
percolation at the bottom of covers SB and SPBwas detected,
and the VWC of the cultivated soil layer fluctuated signifi-
cantly due to rainfall and evaporation, ranging from 0.13 to
0.45. In contrast, the VWC of the low-permeability layer
remained relatively stable, even under conditions of heavy
rainfall or prolonged drought. Specifically, the maximum
variation amplitude of the SB layer was 0.16, while that of
the SPB layer was 0.12, reflecting a 33.3% decrease. The
bottom low-permeability layer together with the capillary
barrier effect formed by the upper cultivated soil layer and
gravel layer significantly reduced water infiltration through
the cover.

(2) Numerical simulations were conducted to consider the
greatest rainfall intensity in Xinji's history as well as the
significant increase/deterioration of soil permeability. The
results further confirmed that the polymer-enhanced three-
layer cover system was highly effective in reducing water
percolation, even under the most unfavourable conditions.
The simulated annual percolation of covers WS, SB, and SPB
is 57.6 mm, 17.3 mm, and 4.7 mm, respectively. Only cover
SPB met the recommended annual percolation criterion of
10 mm/year, with its simulated percolation <1% of the cu-
mulative rainfall of 882.3 mm.

(3) Both field monitoring and numerical simulations demon-
strated that the polymer-enhanced three-layer cover (with a
total thickness of only 0.7 m) effectively reduced water
percolation without using a geomembrane. These findings
suggest that the polymer-enhanced three-layer cover offers

a promising alternative to traditional thick soil or
geomembrane-based covers.
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