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Abstract: In response to the rapid urban expansion and the burgeoning number of landfill sites,
managing water infiltration in these areas has become a critical challenge, especially in cities like
Shenzhen, Hong Kong, and Singapore where traditional cover materials such as silt, clayey gravel,
and sand are scarce. A three-layer (silt/gravelly sand/clay) capillary barrier cover system has been
proposed to address this issue in humid climates. As an alternative to scarce traditional materials,
using local soils and construction waste (CW) for this system presents a viable solution. However,
the real-world performance of this adapted three-layer system, constructed with local soils and CW
under natural rainfall conditions, remains to be fully evaluated. This paper presents a field test
evaluating the water infiltration behavior of a three-layer capillary barrier landfill cover system under
natural conditions. The tri-layered system is comprised of a 0.6 m loose local unscreened soil layer,
covered by a 0.4 m CW layer and topped by a 0.8 m heavily compacted local screened soil layer.
Monitoring findings reveal that, during the wet season, infiltration through the top two layers was
staved off until the third rainfall, after which these layers retained moisture until 15 September 2016.
The fluctuation in pore water pressure in the topmost layers showed each rainfall was contingent not
only on the day’s precipitation but also the hydraulic state. Beyond the hydraulic state’s influence, a
deeper tensiometer showed resulted in a diminished correlation between the surge in pore water
pressure and daily rainfall. This declining correlation with depth can be attributed to the capillary
effect and the reduced permeability of the screened soil layer. Rainfall patterns significantly affect
percolation, with the combination of a short-duration, intense rainfall and prolonged weak rainfall
resulting in a marked increase in percolation. In the foundational screened soil layer, the pore water
pressure remained relatively low, with the cumulative percolation over six months (June to December)
registering approximately 10 mm. These findings suggest a promising performance of the three-layer
capillary barrier cover system, integrating local soils and CW, in the year of the study conducted in a
humid environment.

Keywords: capillary barrier; infiltration; field test; local soil; construction waste

1. Introduction

Recently, a three-layer capillary barrier cover system has been proposed to minimize
water infiltration into municipal solid waste in humid climates [1,2]. The three-layer cover
system consists of a fine-grained soil layer (e.g., silt layer) overlying a coarse-grained layer
(e.g., gravelly sand layer), which in turn overlies a fine-grained soil layer such as clay
layer. Results obtained from numerical simulations [1], soil column tests [3], and physical
flume model tests [2] show that the three-layer cover system performed well under heavy
rainfalls. The breakthrough of the upper two layers occurred after heavy rainfalls. The
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percolation through the three-layer capillary barrier cover system was negligible, primarily
because the low permeability of the bottom clay layer redirected most of the infiltrated
rainwater laterally along the gravelly sand layer. This transformation meant that the
gravelly sand layer’s role shifted from a capillary barrier to a lateral diversion passage,
due to the influence of the clay layer following the upper layers. Recently, construction
waste has been extensively used in engineering construction. An optimized system based
on the three-layer capillary barrier cover has been proposed [4], particularly addressing
the challenges of material availability in urban areas such as Shenzhen, Hong Kong, and
Singapore. To reduce costs in a landfill cover system, construction waste was used instead
of gravel in the middle layer, and local soil replaced kaolinite. Additionally, a vegetative
layer was added on top. A field test was conducted to assess the system’s impermeability.
However, the performances of this three-layer capillary barrier system in responding to
different rainfall patterns in field tests are limited.

Field monitoring programs have been carried out extensively on traditional landfill
covers, for instance, compacted clay cover [5], evapotranspiration cover [6,7], two-layer
capillary barrier [8,9], and multi-layered cover [10]. In these field sites, monitoring data
were usually recorded by a data logger or collected manually at a low frequency. However,
some rainfalls only lasted a few hours and thus the data may be missed. Moreover, landfills
usually are located far away from downtown and thus lack computers and electricity for
the data logger. To solve these difficulties, a wireless system based on a General Packet
Radio Service (GPRS) network was used to establish the monitoring system at a high
frequency [11]. In this system, the computer could be fixed far away from the testing
site (e.g., landfill) and the instruments can be installed in the testing site where the GPRS
network covers. However, the GPRS network may not be stable sometimes due to the
interference from significant noise and impairments at the site [12]. Under such conditions,
the monitoring system in the landfill may not work effectively.

In this study, an architecture with local and GPRS networks at a high logging frequency
was established in the landfill where the GPRS network may not be good sometimes. Based
on this architecture, the study investigated the performance of a three-layer cover system
using local soils and construction waste (CW) under various natural rainfall conditions in
a humid climate. Additionally, the research explored the performances of the three-layer
capillary barrier system responding to different types of rainfall. For each heavy rainfall,
the responses of measured pore water pressure in the local soils and CW were measured.
In addition, the percolation was directly measured with drain gauges to better understand
the performance of the three-layer cover system using the local soils and CW.

2. Materials and Methods
2.1. Testing Site

The testing site is located at the Xiaping solid waste landfill in Shenzhen, Guangdong
China, as shown in Figure 1. The Xiaping landfill, the largest one in Shenzhen, receives an
average of 5300 t of domestic waste per day. More than 6 Mt domestic wastes have been
dumped in the landfill. After the landfill reaches the designed height, a final cover system
has been installed over the waste.

This testing site is in a humid region with an average annual rainfall of about
1932.9 mm. The daily evaporation potential values are about 4.6 and 3.3 mm in wet and dry
seasons, respectively. The average monthly maximum and minimum temperatures range
from 19.8 ◦C to 32.3 ◦C and from 12.5 ◦C to 26.3 ◦C, respectively. No freezing temperature
was observed at the site.

An area, 6 m wide by 20 m long, was selected on a slope along the western side of
the Xiaping solid waste landfill. The test area has an average slope angle of about 15◦ and
a height of 5 m. Based on the conceptual framework from Ng et al. [1,2], the three-layer
capillary barrier cover system in this study consisted of a 0.6 m thick loose local unscreened
soil layer overlying a 0.4 m thick construction waste layer and a 0.8 m thick heavily local
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compacted screened soil layer. The screened local soil was obtained by screening the local
soil through a layer of metal mesh with a 10 mm aperture.
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Figure 1. Overview of the field test site.

The cover system primarily consists of three layers: unscreened soil, construction
waste, and screened soil. The unscreened and screened soils are sourced locally, while the
construction waste predominantly comprises waste concrete and bricks. These types of
construction waste are generally considered to be environmentally inert. This implies that
under natural conditions, they are less prone to chemical reactions.

2.2. Materials and Construction Methods

A sampling program was conducted during the construction of the cover. The samples
were analyzed for particle size distribution (ASTM D 422) [13], Atterberg limits (ASTM
D 4318) [14], compaction characteristics (ASTM D 698) [15], and saturated permeability
properties (ASTM D 5084) [16]. Table 1 summaries the physical properties of the three soils
(i.e., unscreened soil, CW, and screened soil). The unscreened soil exhibited D60, D30, and
D10 values of 0.298 mm, 0.091 mm, and 0.006 mm, respectively, while the screened soil
showed values of 0.165 mm, 0.032 mm, and 0.003 mm. The fine content was 25.2% for the
unscreened soil and 40% for the screened soil. After screening, an increase in fine content
was observed, leading to a decrease in the saturated hydraulic conductivity (ks). The main
difference between the CW layer and the local soil lies in the overall larger particle size,
with D60, D30, and D10 values of 20.1 mm, 8.9 mm, and 2.3 mm, respectively. The saturated
hydraulic conductivity of the CW layer is 6–7 orders of magnitude higher than that of
the screened soil, enabling it to form a cover system with capillary barrier effects (CCBE)
with the unscreened soil. Construction waste mainly consists of inert waste, non-inert
waste, and contaminated waste; the CW chosen for this study mainly consists of recycled
crushed concrete and bricks. The particle size of these materials determines their hydraulic
properties. These are classified as inert waste and have no environmental impacts under
natural conditions [17,18]. For the upper two layers, the relative densities of unscreened
soil and CW were 80% and 94%. For the bottom layer, the screened soil was compacted
to 95% of its maximum dry density, aiming to obtain a low coefficient of water saturated
permeability and porosity.

The three-layer landfill cover was constructed from July 2015 to May 2016. The soils
were compacted at four sublayers for the bottom layer, three sublayers for the middle layer,
and three sublayers for the top layer using a mini roller compactor with a weight of 1 t. As
suggested by Ng et al. [2], geotextiles were installed at the interface between the two soil
layers at depths of 0.6 and 1.0 m to prevent soil particle migration. The geotextiles used in
our study were non-woven, with a thickness of 0.9 mm, and had an equivalent pore size
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ranging from approximately 0.07 mm to 0.2 mm, the saturated permeability of geotextile
(i.e., 7 × 10−2 m/s) was significantly higher than that of the uppermost soil layer (i.e.,
5 × 10−7∼9 × 10−7 m/s), water penetration was not affected. After the construction of the
cover system, the instrumentation and monitoring system were installed at the testing site.

Table 1. Properties of local soils and construction waste used in the field test.

Soil Type Unscreened Soil Construction Waste Screened Soil

Unified soil classification system SC GW SC

Liquid limit, LL (%) 37 / 37

Plastic limit, PL (%) 20 / 20

Grain size
distribution

D60 (mm) 0.298 20.1 0.165

D30 (mm) 0.091 8.9 0.032

D10 (mm) 0.006 2.3 0.003

Fine content (0.075 mm; %) 25.2 / 40.0

Coefficient of uniformity, Cu 49.6 8.7 55

Coefficient of curvature, Cc 4.6 1.7 2.1

Maximum dry density, ρd (Mg/m3) 1.86 1.89 1.82

Saturated coefficient of permeability, ks (m/s) 5 × 10−7–9 × 10−7 6 × 10−2–1 × 10−1 1.0 × 10−8–3.0 ×
10−8

2.3. Instrumentation Program
2.3.1. Layout of Instruments

Figure 2 shows the layout of all instruments used in the field monitoring program. The
instruments included a rain gauge for recording precipitation, jet-filled tensiometers with
pore pressure transducer for negative pore water pressure, and drain gauges for percolation.
The details for each instrument are summarized in Table 2.

Buildings 2024, 14, x FOR PEER REVIEW 5 of 15 
 

 

Figure 2. Layout of instruments in the landfill cover. 

Table 2. Summary of instruments. 

No. Measurement Type of Instrument Quantity Measuring Range/Accuracy 
1 

Pore water pressure 
Jet-fill tensiometers 5 

−90–100 kPa/0.1 kPa 
2 Pore pressure transducers 5 
3 Percolation Drain gauge 3 No limit/0.1 mm 
4 Precipitation Rain gauge 1 0–50 mm/min/0.2 mm/min 

Five tensiometers were installed only at the middle section of the cover system. These 
tensiometers were spaced 0.5 m apart. For each depth (i.e., 0.2 m, 0.4 m, 0.8 m, 1.2 m, and 
1.6 m), there was one tensiometer to study water seepage characteristics in the three-layer 
cover system. The rain gauge was installed at the crest of the slope. These instruments 
were connected to a wireless network system for data collection. For detailed information 
on the Data Transmission System, please refer to the Appendix A. 

2.3.2. Instruments, Calibrations, and Installing Methods 
Rain gauge—The rain gauge is a freestanding receptacle for measuring precipitation. 

As water is collected, the tipping bucket fills to the point that it tips over, causing a mo-
mentary closure of a switch to incrementally measure rainfall accumulation. This action 
empties the bucket in preparation for additional measurement. Water discharged by the 
tipping bucket passes out of the rain gauge with no need for emptying. A simple device 
consisting of a peristaltic pump with transparent hose was used for calibration as pre-
sented by Vasvári [19]. 

Jet-filled tensiometer—Negative pore water pressure was measured by jet-filled ten-
siometer manufactured by the Soil moisture Equipment Corporation [20]. In order to in-
crease the accuracy and automatically record data, a pore pressure transducer (PPT) was 
employed, taking the place of a vacuum gauge. Different from the traditional artificial 
reading for the vacuum gauge, the use of PPT could decrease the workload of reading and 
increase the recording frequency to meet the requirements for recording water infiltration 
during the process of rainfall. Before installation, all tensiometers with PPT were cali-
brated using the method proposed by Chen et al. [21] and Feng et al. [22]. The measure-
ment accuracy of PPT was 0.1 kPa, about 5% of the accuracy of vacuum gauge. 

Drain gauge—The drain gauge was a buried tank with an open top that collected any 
infiltrated water from the overlying soil mass. The diameter of the tank was designed as 1 

Figure 2. Layout of instruments in the landfill cover.

Five tensiometers were installed only at the middle section of the cover system. These
tensiometers were spaced 0.5 m apart. For each depth (i.e., 0.2 m, 0.4 m, 0.8 m, 1.2 m, and
1.6 m), there was one tensiometer to study water seepage characteristics in the three-layer
cover system. The rain gauge was installed at the crest of the slope. These instruments
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were connected to a wireless network system for data collection. For detailed information
on the Data Transmission System, please refer to the Appendix A.

Table 2. Summary of instruments.

No. Measurement Type of
Instrument Quantity Measuring Range/Accuracy

1 Pore water
pressure

Jet-fill
tensiometers 5 −90–100 kPa/0.1 kPa

2 Pore pressure
transducers 5

3 Percolation Drain gauge 3 No limit/0.1 mm

4 Precipitation Rain gauge 1 0–50 mm/min/0.2 mm/min

2.3.2. Instruments, Calibrations, and Installing Methods

Rain gauge—The rain gauge is a freestanding receptacle for measuring precipitation.
As water is collected, the tipping bucket fills to the point that it tips over, causing a
momentary closure of a switch to incrementally measure rainfall accumulation. This action
empties the bucket in preparation for additional measurement. Water discharged by the
tipping bucket passes out of the rain gauge with no need for emptying. A simple device
consisting of a peristaltic pump with transparent hose was used for calibration as presented
by Vasvári [19].

Jet-filled tensiometer—Negative pore water pressure was measured by jet-filled ten-
siometer manufactured by the Soil moisture Equipment Corporation [20]. In order to
increase the accuracy and automatically record data, a pore pressure transducer (PPT) was
employed, taking the place of a vacuum gauge. Different from the traditional artificial
reading for the vacuum gauge, the use of PPT could decrease the workload of reading and
increase the recording frequency to meet the requirements for recording water infiltration
during the process of rainfall. Before installation, all tensiometers with PPT were calibrated
using the method proposed by Chen et al. [21] and Feng et al. [22]. The measurement
accuracy of PPT was 0.1 kPa, about 5% of the accuracy of vacuum gauge.

Drain gauge—The drain gauge was a buried tank with an open top that collected any
infiltrated water from the overlying soil mass. The diameter of the tank was designed as
1 m. In the tank, the soil mass was compacted with a water content to a dry density identical
to the surrounding soil mass. At the bottom of the tank, a drain tube with porous stone
was connected to carry water from the tank to a collection tank. The mass of the infiltrated
water collected in the collection tank was measured by a balance. Then, the infiltration rate
can be calculated by the mass changes of the collection tank over the measuring duration.
The accuracy of mass measurements is 0.5 g. it has been widely adopted and confirmed to
exhibit outstanding reliability and high precision [23].

3. Results
3.1. Pore Water Pressure

Figure 3 shows the record of daily precipitation from 1 June 2016 to 1 December
2016. After construction, the cover system was first subjected to a wet season lasting about
five months and then a dry season lasting about 1 month. According to data from the
Shenzhen Meteorological Bureau [24], the total precipitation in Shenzhen for the year 2016
was 2490.6 mm. The maximum and minimum annual rainfalls recorded over the past
50 years in Shenzhen were 2747.3 mm and 1269.7 mm, respectively, indicating that the 2016
precipitation level is representative of the typical climatic conditions in Shenzhen. During
the wet season, the condition was a relatively high humidity and the total precipitation
was 1551 mm, approximately 65% of Shenzhen’s annual rainfall. According to the meteoro-
logical report formulated by the Shenzhen Meteorological Bureau [24], the number of rainy
days in the rainy season is 64, which accounts for about 45% of the total number of days in
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this period. To study the effectiveness of the cover system under natural rainfall conditions
over a year, daily rainfall data were selected as the metric. It should be noted that eight
heavy rainfalls (or rainstorms) whose daily precipitation (labeled in the figure) was higher
than 50 mm [25] occurred during the wet season. The maximum daily precipitation was
as large as 217.8 mm (No. 7). In the dry season, the soil humidity was low and the total
precipitation was only 162.3 mm, with the heavy rainfall event No. 9 contributing 52.2 mm
to this total. In the dry season, the number of no-rainfall days reached 23 and the number
of the maximum continuous no-rainfall days was 11.
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under natural conditions.

The development of pore water pressure at each depth was also included in Figure 3.
Due to the evaporation, the cavitation in the tensiometer at a depth of 0.2 m occurred and
its data were not shown in the figure. As expected, the pore water pressure increased
in response to each rain at depths of 0.4 and 0.8 m, particularly subjected to nine heavy
rainfalls. At a depth of 1.2 m, the increases in the pore water pressure were smaller than
those at depths of 0.4 m and 0.8 m. It indicates that little water infiltrated into the screened
layer at the bottom [2]. On the other hand, the pore water pressure in the upper two
layers decreased in the no-rainfall days, e.g., from 15 September 2016 to 16 October 2016
and from 22 October 2016 to 21 November 2016. In the upper two layers, the pore water
pressure in the top layer decreased more than in the layer beneath during periods without
rainfall. At depths of 1.2 m, the pore water pressure was maintained as constant. It was
due to the low permeability in the CW layer during drying and thus the water loss in the
underlying screened soil layers was small. Similar changes in pore water pressure were
obtained using numerical simulations by Ng et al. [26]. In this study, “breakthrough” refers
to the movement of water through the top two soil layers under rainfall conditions. In
this three-layer system, when a breakthrough occurs in the top two layers, the presence
of a low-permeability soil layer impedes the infiltration of rainwater. A breakthrough is
characterized by pore water pressure, correlating with field capacity. Correspondingly,
pore water pressure shows increased sensitivity during rainfall events as soil approaches
saturation [27]. It should be noted that before 2 August 2016, the total precipitation was
423 mm, approximately 21% of Shenzhen’s annual rainfall. However, the pore water
pressure remained relatively low (ranging from −25 to −45 kPa) at the depths of 0.4
and 0.8 m. The breakthrough of the upper two layers did not occur. It may be because
the maximum daily precipitation was 63.8 mm, smaller than the rain intensity when the
breakthrough of the upper two layers occurred (e.g., No. 3 with 108.8 mm, No. 6 with
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116.3 mm, and No. 7 with 217.8 mm). At a depth of 1.2 m, the pore water pressure remained
at −62 kPa. After the breakthrough (e.g., No. 3 rainfall with 108.8 mm), the pore water
pressure remained near zero until 15 September 2016. In this period, positive pore water
pressure was observed in the upper two layers subjected to each heavy rainfall.

The Xiaping solid waste landfill generates landfill gas (LFG) primarily through the
biodegradation of municipal solid waste (MSW). The gas composition predominantly
consists of approximately 60% methane (CH4) and 40% carbon dioxide (CO2). The LFG
production rate at this landfill is approximately 1.109 × 103 m3/h, based on estimates [28].
At a depth of 1.6 m in the screened soil layer, the pore water pressure varied from −10 kPa
to −22 kPa, unrelated to the daily precipitation. Its value was approximately 40 kPa larger
than that at a depth of 1.2 m in the same soil layer. It may be induced by the high humidity
of landfill gas under the cover [29]. In other words, wet landfill gas may be important for a
minimum of landfill gas emission [26].

As previously mentioned, the heavy rainfalls were important for the breakthrough of
the upper two layers. Figures 4–6 summarize the change in pore water pressure subjected
to the nine heavy rainfalls at a depth of 0.4 m (unscreened soil layer), 0.8 m (CW layer), and
1.2 m (screened soil layer). At a depth of 0.4 m, the maximum increase in the pore water
pressure was 42.2 kPa subjected to a No. 3 heavy rainfall. However, the daily precipitation
of No. 3 rain was 108.8 mm (not maximum). The daily precipitation seemed not to be the
sole factor to the change in pore water pressure. It may be due to the hydraulic state of
the cover system. After the rains of No. 3, 7, and 8, the unscreened soil was wet. In the
wet state, it was easy to reach the maximum pore water pressure for the cover system. The
maximum pore water pressure was approximately 2 kPa at a depth of 0.4 m. It should be
noted that the maximum pore water pressure was smaller than its hydrostatic pressure
(i.e., 4 kPa for the tensiometers at a depth of 0.4 m) by assuming that the cover system
was saturated. It may be due to desiccation cracking near the top of the unscreened soil
layer [5]. A similar change to pore water pressure also occurred at a depth of 0.8 m. The
maximum pore water pressure of 5.5 kPa also occurred after No. 3 rain.
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Different from the depths of 0.4 and 0.8 m, the increase in the pore water pressure at a
depth of 1.2 m changed only slightly after each heavy rainfall. The wetter the CW layer,
the larger the increase in the pore water pressure, for example, No. 3, 4, 5, and 8 rainfalls.
The maximum increase in pore water pressure was 1 kPa. It may be because the wet CW
layer increased the pore water pressure in the top boundary of the underlying screened
soil layer.
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soil layer.

The No. 3, 7, and 8 rainfall events, although of different intensities (108.8 mm,
217.8 mm, and 86.9 mm), all caused the soil to reach the maximum pore water pressure,
which will be maintained regardless of the amount of rainfall. Except for these three
rainfalls, Figure 7 shows the relationship between daily precipitation and the increase in
pore water pressure. As expected, increases in the daily precipitation and increases in
pore water pressure in each soil layer were observed. The deeper the tensiometer, the
smaller the ratio between the increase in pore water pressure and daily precipitation. As
water seeped from the unscreened soil layer into the CW layer, this ratio decreased by
approximately 48% (from 0.1771 to 0.0918). It was due to the capillary effect formed by
the upper two layers. Once water seeped from the CW layer into the screened soil layer,
the ratio decreased by approximately 98% (from 0.0918 to 0.0018). It was due to the low
permeability of the screened soil. It indicates that the screened soil layer served as the
major function for preventing water seepage in the three-layer cover system.
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3.2. Percolation

Figure 8 shows the cumulative percolation at three sections. It should be noted that
the cumulative percolation in a 6-month duration (i.e., from June to December) was about
10 mm. It indicates that the performance of the three-layer capillary barrier cover system
using local soils and CW in the field condition was satisfactory under a humid climate
where an annual rainfall is about 2000 mm.
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From 1 June to 1 December 2016, the cumulative percolation development underwent
distinct phases under varying rainfall conditions. In the initial phase (1 June–2 August),
the initial pore water pressures from top to bottom were approximately −30 kPa, −35 kPa,
−62 kPa, and −18 kPa. Characterized by prolonged weak rainfall, despite a total rainfall of
423.2 mm, the pore water pressure in the top two layers remained low, ranging from −25
kPa to −45 kPa at the 0.4 m (unscreened soil layer), while the pore water pressures in the
other layers remained largely unchanged. No breakthroughs were observed, resulting in a
negligible increase in cumulative percolation. The subsequent phase (2 August–5 Septem-
ber) experienced a combination of short-duration, high-intensity rainfall and continued
prolonged weak rainfall. During this phase, the initial pore water pressures from top to
bottom were approximately −30 kPa, −35 kPa, −60 kPa, and −18 kPa. After experiencing
short-duration, high-intensity rainfall, the pore water pressures in the unscreened soil layer
and CW layer increased to around 0 kPa, followed by a prolonged period of weak rainfall
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where the top two layers’ pore water pressures remained persistently around zero. This
condition led to breakthrough events, with a total rainfall of 602.2 mm and a significant
cumulative percolation increase of approximately 8 mm. The final phase (5 September–1
December) was marked by a predominantly short-term intense rainfall, with initial pore
water pressures from top to bottom of approximately −20 kPa, −10 kPa, −55 kPa, and
−12 kPa. After experiencing a short-duration, high-intensity rainfall, the top two layers’
pore water pressures briefly rose to around 0 kPa, with most pore water pressure readings
remaining negative. Despite the total rainfall in this phase being higher at 687.8 mm than
in the previous phase, the additional cumulative percolation was around 2 mm, which is
less than the 8 mm increase observed in the second phase.

Regarding the percolation process, the pore water pressure in the CW layer, which
serves as the top boundary of the screened soil layer, plays a crucial role. Figure 9 shows
the relationship between percolation rate and average pore water pressure in the CW layer.
As expected, the percolation rate increased as the average pore water pressure in the CW
layer increased. It indicates that even in the period without rainfall, water will percolate
when the CW layer is wet. According to the design criterion recommended by the US EPA,
the percolation rate should not exceed 30 mm/year [30]. Following the U.S. EPA’s ACAP
guidelines, our study indicates that the CW layer’s pore water pressure should remain
below −3 kPa in humid climates.
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4. Discussion

This field test examined a three-layer capillary barrier cover system, employing un-
screened soil (25.2% fines content) and screened soil (40.0% fines content), combined with
construction waste (CW), under natural rainfall. The focus was on the dynamics of pore water
pressure and percolation across varying depths and under different rainfall intensities.

Below 1.2 m, pore water pressure remained largely constant, mirroring the simulated
trends by Ng et al., (2015) [26], indicating minimal water infiltration to the lower layer. In
high-rainfall scenarios, pore water pressures in the upper layers were positive, aligning
with Ng et al.’s indoor model findings [2]. A notable deviation from these models was
the slight rise in pore water pressure below 1.2 m during ongoing rainfall, attributed to
increased pressure within the CW layer due to extended precipitation. Analysis revealed a
direct proportionality between the percolation rate in the CW layer and the average pore
water pressure.

Figures 4 and 8 reveal that prolonged weak rainfall, without breakthrough in the top
two layers, results in minimal changes in cumulative percolation. However, breakthroughs
occur when these layers transition from unsaturated to saturated states during short-
duration, high-intensity rainfall, and continued weak rainfall prevents the layers from
returning to an unsaturated state promptly, leading to percolation. Although short-duration,
high-intensity rainfall was found to have a lesser impact on percolation, when followed by
prolonged weak rainfall, it resulted in significant percolation. Despite the top two layers
being in a saturated state, the CW layer, acting as a drainage layer, still effectively reduces
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percolation [4]. The effect of short-duration, high-intensity rainfall in elevating moisture
levels substantially influences the landfill’s response to further rainfall events.

The high relative humidity in landfill gas might influence the pore water pressure in
the screened soil at the bottom [29], which could in turn affect landfill gas emissions [26].

The measured data and parameters of our study, conducted on a three-layer capillary
barrier landfill cover system using local soils and construction waste, are subject to various
environmental uncertainties. For example, measurement errors during heavy rain due to
the inertia of tipping buckets, and factors like evaporation, wind effects, surface runoff
generation, and lateral drainage were not fully incorporated in our boundary conditions.
These elements could affect the system’s performance under diverse environmental scenar-
ios [31]. Future research should focus on quantifying these uncertainties to better predict
system behavior.

Future research should focus on exploring the applicability of the cover system in
different regions, particularly considering variations in soil and climate. Conducting long-
term experiments under a variety of environmental conditions is crucial for understanding
the system’s response to climate change and aging. This includes a detailed analysis of the
aging characteristics of materials, such as studying the changes in physical and chemical
properties over time of materials used in the cover system, and how these changes affect
the overall performance of the system. Additionally, the long-term monitoring of structural
integrity is essential, requiring assessment of how structural damages (such as cracks and
collapses) develop over time and impact the system’s permeability and effectiveness.

5. Conclusions

A field test was carried out to study the performance of a three-layer cover system
using local soils and construction waste. The detailed response of pore water pressure
and percolation during rainfalls could be captured. Based on the measured results, the
following conclusions may be drawn:

(1) In the wet season, the breakthrough of the upper two layers did not occur until a
No. 3 rainfall whose daily precipitation was 108.8 mm. After the breakthrough, the
upper two layers were wet until 15 September 2016. In this period, the pore water
pressure in the underlying screened soil layer increased slightly and thus a major
percolation occurred.

(2) The pore water pressure in the screened soil layer near the bottom was at a high level,
and not correlated with daily precipitation. It may be due to the influence of the high
humidity of the landfill gas.

(3) The increase in the pore water pressure in the upper two layers subjected to heavy
rainfalls depended on not only the daily precipitation, but also the hydraulic state.
Rainfall patterns significantly impact pore water pressure and percolation, with the
combination of a short-duration, intense rainfall and prolonged weak rainfall notably
extending the duration of saturated conditions and leading to significant percolation.

(4) Over the six-month period from June to December, the cumulative percolation in the
study measured approximately 10 mm. These results indicate that the three-layer
capillary barrier cover system, which integrates local soils and construction waste
(CW), demonstrated initial effectiveness under the field conditions of a humid climate
observed during the study period.

(5) The percolation rate increased as the average pore water pressure in the CW layer
increased. In order to satisfy the allowable percolation rate of 30 mm/year, the pore
water pressure in the CW layer should be smaller than −3 kPa.
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Appendix A

Data Transmission System:
Figure A1 shows the architecture of the network system. The network system consisted

of several analog-to-digital converters, a microcontroller, a data terminal unit (DTU) based
on GPRS, a base transceiver station, a data center server, a computer, a solar panel, and
a battery.
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In this architecture, the analog signal from each instrument was first sampled at
regular time intervals in the analog-to-digital converter. Each sample was then evaluated
in terms of a binary number and output in the form of the digital signal. This process may
introduce errors, because a continuously varying analog signal was replaced by a discrete
set of points at each time interval. In order to reduce the sample error to a level which
could be accepted in field monitoring of the landfill cover system, the sample frequency
was set as 1 Hz. The measuring range and accuracy of the analog-to-digital converter used
in this study were ±60 mV and 0.01 mV, respectively.

All the analog-to-digital converters were connected to a microcontroller to establish a
local area network. In this network, each analog-to-digital converter was a slave whereas
the microcontroller was a master. The microcontroller would send a request message to
all the analog-to-digital converters and receive reply messages from the analog-to-digital
converters with the desired address. All the received messages would be first saved to a
storage unit in the microcontroller. It should be noted that even if the GPRS was not good,
the local area network still worked. In other words, the data from each instrument were
recorded and saved to the storage units and were independent of the GPRS network. On
the other hand, the microcontroller was also connected to a DTU to form another area GPRS
network. Based on this GPRS network, the microcontroller would send the data saved in
the storage unit to a data center server. It should be noted that the results are saved in the
storage unit during the period of poor GPRS quality.



Buildings 2024, 14, 139 13 of 14

The DTU is a wireless device which is applied to transmit the digital signal through
the GPRS networks. Therefore, the DTU needed a build-in subscriber identification module
(SIM) card which was used to apply for GPRS services. One of the advantages of GPRS
networks is that it supports the DTU to permanently stay online. Another is that the GPRS
network has covered almost all the provinces, municipalities, and autonomous regions.
Once the DTU powered on, DTU first connected to a mobile station nearby and kept this
communication link online. Subsequently, the digital signal from the analog-to-digital
converter was read out by the DTU and saved in its cache. Finally, the DTU encapsulated
the information in the cache into an information packet and sent the packet to a fixed
internet protocol (IP) address which was configured in advance.

The base transceiver station is a piece of equipment that operates in the 3.5 GHz band
for fourth-generation (4 G) mobile communication between user equipment (e.g., DTU,
mobile phone) and a network. Via the communication, the base transceiver station could
receive the information packet from DTU and then send it to the external public internet.

The data center server maintained online with a fixed IP address and could receive the
information packets from DTUs. Once receiving the packets, the server would extract the
useful data from the information packets and save it on the hard drive. When the data were
required to be analyzed, a computer could be used to connect the server and download
the data.

The solar panel and battery could supply enough electric energy for all instruments
which were installed in the landfill cover. The solar panel first absorbed the sunlight as a
source of energy to generate electricity. This electricity was then stored in a battery. The
battery was connected to all instruments and supplies enough electricity for them.
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