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Abstract: In the practical operation of traditional landfills, compaction clay often experiences cracking,
while the HDPE geomembrane may tear and bulge, resulting in a compromised performance of the
landfill covering system. To address this issue, a capillary retarding covering material for landfill
sites is proposed by utilizing municipal sludge and construction waste particles as substrates and
incorporating a small quantity of calcium bentonite. The mechanical characteristics of the covering
material were investigated using a standard consolidation test and a triaxial compression test. A
permeability test and a soil water characteristic curve (SWCC) test were conducted to examine the
permeability and capillary retarding effect of the covering material. Microscopic tests including
SEM scanning, laser particle size analysis, and T2 NMR analysis were performed to investigate the
connection mode, particle size composition, and pore structure characteristics of the covered particles.
Based on the aforementioned research, the following conclusions can be drawn: The cohesion of the
covering material ranged from 50 to 150 kPa, while the internal friction angle ranged from 24.23◦ to
31◦. The cohesion was directly proportional to the content of construction waste, whereas the internal
friction angle was inversely proportional to calcium bentonite content. The permeability coefficient
ranged from 5.04 × 10−6 cm/s to 7.34 × 10−5 cm/s, indicating a certain level of impermeability. Both
the sludge and the calcium bentonite contents jointly influenced the final permeability coefficient
in a negative correlation manner, with a notable hydraulic hysteresis phenomenon observed. A
higher content of construction waste leads to a more pronounced supporting force exerted by the
formed skeleton structures within a load pressure range between 0 and 1600 kPa. When considering
a mass ratio of municipal sludge: construction waste: calcium bentonite as 30:60:7, respectively, only
a decrease in the pore ratio by approximately 13.20% was observed. This study provides valuable
data support for designing and applying capillary retarding cover barrier systems in landfills.

Keywords: landfill sealing materials; capillary blocking effect; water-holding power; permeability
coefficient; microstructure

1. Introduction

The People’s Republic of China, being a highly populous nation, generates over
400 million tons of urban solid waste annually with an annual growth rate ranging from
8% to 10%. Despite this, landfilling remains the predominant method for managing
municipal waste in most Chinese cities [1]. The primary constituents of the sealing and
covering system commonly employed in traditional landfill sites include a top layer that
conducts water, compacted clay, and an HDPE geomembrane. During actual operation,
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the compacted clay is often dry and cracked, while the HDPE geomembrane frequently
experiences tearing and bulging. These issues result in a failure of the landfill’s service
performance for its sealing and covering system, allowing rainwater to seep into the landfill
and form a liquid contaminant that pollutes the surrounding soil [2–5]. Due to numerous
flaws in the conventional overlay, it is imperative to seek out a novel alternative.

The sludge is a by-product of sewage treatment technology aimed at addressing the
issue of water pollution. Municipal sludge contains a significant amount of pathogenic
microorganisms, organic matter, heavy metals, and other toxic and hazardous substances.
If the sludge is not effectively treated, it will inevitably lead to secondary pollution in both
public areas and the environment [6]. By 2020, China’s construction waste generation is
expected to exceed 3 billion tons, with a recycling rate of only about 10%, despite efforts
to manage engineering residue and mud [7]. Municipal sludge exhibits a high moisture
content, significant volume deformation, and numerous cracks during water loss, which
severely impacts the service performance of the cover layer. Incorporating construction
waste into municipal sludge can not only reduce volume deformation but also provide
mechanical strength to the material by using construction waste as a skeleton support.
Although municipal sludge contains some clay particles, its content is minimal and has a
weak capillary blocking ability; therefore, adding a small amount of bentonite improves its
capillary blocking ability [8,9].

In recent years, the capillary blocking covering system has garnered significant atten-
tion from researchers. The capillary blocking cover layer typically consists of fine-grained
soil in the upper portion and coarse-grained soil in the lower portion. Due to differences in
pore diameter between these two types of soil, their permeability coefficients and equations
also differ. When matrix suction exceeds a certain threshold, the permeability coefficient of
coarse-grained soil becomes smaller than that of fine-grained soil, preventing rainwater
from penetrating through to the coarse-grained layer and instead storing it within the
fine-grained layer [10–12]. Miyazaki initially discovered the occurrence of this capillary
barrier phenomenon between fine-grained and coarse-grained soils, wherein water emerges
at the interface forming a capillary isolation zone during soil water flow [13]. Stormont
et al. employed a soil mixture comprising silt, gravel, construction sand, and silt to conduct
rainfall experiments on the cover layer. This investigation substantiated the presence of
a capillary barrier effect and revealed that coarse-grained soil with large and uniform
particle sizes exhibited a more robust capillary barrier effect [14]. Rahardjo et al. had
proposed an innovative approach known as the dual capillary retarding mulching system,
which involves strategic placement of fine and coarse-grained soil to establish two identical
barriers for retarding rainwater infiltration. This study investigates the effectiveness of
this dual capillary barrier in reducing rainwater infiltration at a sanitary landfill site in
Singapore, with particular emphasis on its hydraulic characteristics under both saturated
and unsaturated conditions. The investigation includes determining key parameters such
as the soil water characteristic curve (SWCC) and permeability coefficient [15,16]. Zhang
comprehensively considered the two phases of water and gas, proposed a multiphase flow
model, and utilized the finite element software COMSOL to conduct simulation research. It
was concluded that fine soil with low saturation exhibits a high water storage capacity, ef-
fectively mitigating water infiltration and harmful gas emission. Additionally, the presence
of coarser soil enhances the capillary blocking effect and decelerates water infiltration [17].

Bizarreta et al. conducted a comprehensive analysis of the mineralogy and morpholog-
ical characteristics of sludge in the leachate treatment plant, meticulously selecting sludge
samples with varying moisture content for shrinkage tests. Subsequently, they investigated
the potential utilization of sludge as a final cover material for specific landfills [18,19]. The
study conducted by Rubinos et al. investigated the geotechnical and hydraulic characteris-
tics, advantages, and disadvantages of various waste materials, including paper mill sludge,
cement kiln dust, biochar modified clay, and red mud as constituents for landfill barriers.
The findings of this study demonstrated that the modified sludge fulfilled the requirements
for landfill cover materials in terms of unconfined compressive strength and permeability
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coefficient tests [20–22]. The compaction, screening, and CT scan tests were conducted by
Li et al. on a renewable construction waste mixture. The study unveiled that the diverse
microscopic particle morphology and interparticle contact among geomaterials played a
pivotal role in determining their respective mechanical properties [23]. Ray et al. demon-
strated that bentonite exhibits low permeability, a high sealing capacity, a large specific
surface area, and the ability to adsorb impurities and prevent their migration. Therefore, it
can be effectively utilized as a lining material in landfills [24]. The tests conducted by Wasil
aimed to verify the influence of bentonite and additive quantities on material properties
in compacted fly ash and fly ash–bentonite mixtures. The results demonstrated that a
15% addition of bentonite to fly ash achieved hydraulic conductivity values suitable for
constructing a compacted landfill seal [25]. Liu et al. employed industrial waste slag
comprising calcium, fly ash, and desulphurized gypsum for the purpose of consolidating
municipal sludge into a pioneering landfill liner material. Additionally, they conducted
linear shear testing, uniaxial compression testing, as well as permeability testing to evaluate
the mechanical properties and permeability of the consolidated sludge material. The re-
search results revealed that the consolidated sludge demonstrated remarkable strength and
minimal water conductivity attributes, which render it an exceptional barrier substance [26].
The effect of pore size on the capillary barrier effect (CBE) was investigated through pore
network modeling by Li et al. The results demonstrate that the pore diameter of both the
fine and the coarse layers significantly influences the CBE. Specifically, a higher ratio of
coarse-to-fine mean pore size leads to an enhanced effectiveness of the CBE [27].

However, there is a limited amount of research on the preparation of cover materi-
als using municipal sludge (MS), construction waste (CW), and calcium bentonite (CB).
Currently, most studies solely focus on direct water seepage parameters such as the soil
water characteristic curve and unsaturated permeability coefficient of mulching materials.
There is a significant lack of systematic studies on the micro-mechanical characteristics,
macro-mechanical characteristics, and hydrological properties of these materials. Based
on MS and CW, a capillary retarding covering material for landfills was developed by
incorporating a small quantity of CB. Among them, MS acted as a skeleton to inhibit the
shrinkage of the material CW wrapped on the surface of the coarse and fine aggregate and
filled the space between the aggregate, and the capillary blocking effect of the material
was increased using CB. Standard consolidation tests and triaxial compression tests were
conducted to investigate the resistance to deformation and shear of this covering material.
Permeability tests and SWCC (soil water characteristic curve) tests were performed to ex-
amine its permeability and capillary retarding effect. A series of microscopic examinations
including SEM scanning, laser particle size analysis, and T2 NMR analysis were carried out
to study the connection mode, particle size composition, and pore structure characteristics
of the covered particles. The feasibility of utilizing this covering material in solid waste
landfill base sealing fields was analyzed through theoretical considerations combined
with experimental results. The research can offer specific data support for the design and
performance evaluation of the capillary retarding cover barrier system in landfills based on
the environmentally friendly treatment of MS and CW.

2. Test Materials and Methods
2.1. Test Materials

In this experiment, the covering material for solid waste-based capillary block type
field sealing consisted of MS, CW, and CB. The MS used in the test was obtained from
a sewage treatment plant in Wuhan, China. It appeared as a black mud-like substance
with a moisture content ranging from 75% to 85% and contained lots of organic matter,
which was mainly carbohydrate, protein, and fat, and was converted to humus under the
action of microorganisms. The sample was collected in a chemical barrel during sampling
and stored in a sealed container in the laboratory for further use. The CW was derived
from a brick factory located near Wuhan, which was obtained by crushing waste materials
such as bricks and concrete. After being crushed at the brick factory, the recycled fine
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aggregate was screened again using a 2.0 mm sieve to select fine particles within the size
range of 2.0 mm to 4.75 mm as test materials. The CB used in the test was produced from
a factory in Zhejiang, China. The appearance of CB was white or off-white powder, with
strong hygroscopicity, which can absorb water equivalent to 8–20 times its own volume
and expand 30 times, containing a small amount of feldspar, quartz, baderite, calcite, and
pyroclastic materials. The depicted entity is illustrated in Figure 1.
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Figure 1. Physical drawings of raw materials.

The chemical composition of MS and CW is presented in Table 1, while the mineral
composition is illustrated in Figure 2. As depicted in the figure, SiO2 predominantly
constitutes the mineral composition of both MS and CW. Notably, the aluminum content of
MS exhibits a high concentration at 17.19%, whereas the calcium content of CW reaches a
significant level of 35.07%.

Table 1. Chemical compositions and content of MS and CW.

Name of Raw Materials SiO2 Al2O3 P2O5 Fe2O3 CaO SO3 MgO K2O TiO2 Na2O Others

Municipal sludge (%) 37.19 17.19 14.65 10.87 6.62 4.09 3.25 3.00 1.11 0.61 1.42

Construction waste (%) 39.87 8.93 0.17 6.03 35.07 3.09 2.01 2.31 0.76 1.03 0.73
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2.2. Test Methods
2.2.1. Mix Design and Sample Preparation

After conducting preliminary research, the team proposed a mass ratio range for
each material as follows: MS:CW:CB = (30–45):(40–70):(5–9) [8]. Four different ratios were
designed for testing purposes, as presented in Table 2.

Table 2. Proportion of capillary retarding field covering material.

Sample P1 P2 P3 P4

MS:CW:CB 30:60:7 35:40:5 40:70:5 45:40:9

When preparing the test block, the quantitative fresh MS is initially agitated for 5 to
7 min using a JJ-5 cement mortar mixer at a speed of 100 to 400 r/min until it reaches a thick
consistency. Subsequently, materials of varying quality such as CB and CW are sequentially
added to the mixing pot, with CB being added in at least three separate portions followed
by CW. After each addition, stir for 3 to 5 min at a speed of 100 to 400 r/min before adding
the remaining materials. Once all materials have been added, rapidly stir all contents in
the mixing pot for 10 to 20 min at a speed of 600 to 1000 r/min until they are thoroughly
mixed. Finally, extract the mixture and utilize a designated mold size for shaping purposes.
Following formation, promptly remove the test block under indoor dry conditions for
maintenance. It should be noted that during the mixing process, MS may adhere to the
inner wall of the mixing pot; therefore, it must be promptly scraped down in order to
ensure uniform blending.

The corresponding quality of the mixture should be carefully weighed, and the ap-
propriate size of the mold should be added. During press molding, a forming pressure of
160 kN is applied. It is important to ensure that the press line does not advance too quickly
during the molding process, and maintain a speed of 5~7 kN/s. The pressed sample should
be wrapped in plastic wrap and placed in a curing box under standard curing conditions
(temperature: 20 ± 2 ◦C, relative humidity: above 90%) for a duration of 7 days.

2.2.2. Mechanical Property Test

In order to investigate the fundamental mechanical properties of capillary retarded
field covering materials, consolidation tests and triaxial tests were conducted in accordance
with the “Standard for Geotechnical Test Methods” (GB/T 50123-2019) [28]. The BHG
vacuum saturation cylinder (Nanjing Jingke Yusheng Instrument Co., Ltd., Nanjing, China)
was employed for sample pumping during the experiment.

The WG consolidation instrument (Nanjing Ningxi Soil Instrument Co., Ltd., Nanjing,
China) was utilized for conducting the consolidation test. The dimensions of the sample
were Φ61.8 mm × 20 mm. During the test, incremental pressures of 12.5 kPa, 25 kPa,
50 kPa, 100 kPa, 200 kPa, 300 kPa, 400 kPa, 800 kPa, and finally reaching up to a maximum
pressure of 1600 kPa were applied to the sample.

The triaxial test was conducted using the CKC pneumatic full digital closed loop
control and repeated loading triaxial apparatus (Global Digital Systems., Ltd., Hamp-
shire, UK.) under consolidated undrained (CU) conditions. The sample size measured
Φ70 mm × 140 mm, while the confining pressure was set at 100 kPa, 200 kPa, and 300 kPa,
respectively with a shear rate of 0.1%/min.

2.2.3. Soil and Water Characteristic Test

The soil and water characteristic tests consist of the soil water characteristic curve
test and flexible arm penetration test. The pressure plate method was used to conduct the
soil water characteristic curve test with a Fredlund SWCC instrument (Beijing Shuangjet
Technology Co., Ltd., Beijing, China) on a mixture packed into a Φ61.8 mm × 20 mm ring
cutter and saturated. Measurements were taken at target pressures of 0 kPa, 5 kPa, 10 kPa,
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20 kPa, 50 kPa, 100 kPa, 200 kPa, and 400 kPa for both dehumidification and hygrometric
curves. Fitting was performed using the Van Genuchten model [29].

θω = θr +
θs − θr[

1 +
( φ

a
)b
]c (1)

where the mass moisture content is represented by θω, %; the residual mass moisture
content is represented by θr, %; the saturated mass moisture content is represented by θs, %;
the soil matric suction is represented by φ, kPa; a is the parameter related to the intake air
value; b is the parameter related to the soil dewatering rate; and c is the fitting parameter.

According to the American test standards (ASTM D5084, ASTM D7100), the PN3230M
environmental rock and soil flexible wall triple penetrator (GEOEQUIP, USA) was used
as the testing instrument. The mixture was placed into a mold with dimensions of
Φ50 mm × 100 mm, and the test specimen was immediately removed from the mold and
kept under natural conditions. After 7 days of curing, the confining pressure was set at
20 kPa, the lower back pressure at 30 kPa, and the upper back pressure at 20 kPa.

2.2.4. Microstructure Characteristics

The SEM tests were conducted in accordance with the specifications outlined in
“Analytical Method for the Analysis of Rock Samples by Scanning Electron Microscopy”
(SY/T 5162-2014) [30]. The scanning equipment used was Zeiss Gemini 300. The test
sample for SEM analysis was a block measuring less than 1 cm3, and a larger sample was
prepared beforehand and dried at 105 ◦C. From this larger sample, a solid block was then
cut to meet the required volume. Prior to testing, gold coating was applied on the surface
of the sample to prevent charge accumulation that could potentially affect the test results.
Additionally, vacuum treatment was performed before scanning.

The average particle size of the sample was determined by conducting a particle size
separation test using a laser particle size analyzer (Dandong Better Instrument Co., Ltd.,
Dandong, China, 9300ST). The detection range for the sample was 0.01–1000 µm, with a
resolution of 0.15 and a relative error of less than 3%. Ultrasonic treatment was performed
for 0.5 min, and the wet method (using ethanol as the dispersion liquid) was employed to
analyze the sample.

The nuclear magnetic resonance test was conducted in accordance with the “Mea-
surement Specification for Nuclear Magnetic Resonance Parameters Laboratory of Rock
Samples”. The PQ-001 Mini NMR analyzer was utilized as the testing instrument. The
magnetic field intensity of the permanent magnet was set at 0.52 T, while the temperature
within the magnetic field was maintained at 32 ◦C.

3. Results and Discussions
3.1. Macroscopic Mechanical Properties of Field Covering Materials
3.1.1. Consolidation Characteristic

As a covering material, it should have strong deformation resistance. The pore ratio
of the solid waste base capillary retarded field covering material varied with the applied
pressure load, as illustrated in Figure 3. It can be seen from the figure that the initial
pore ratio of P1 to P4 was 0.841, 0.628, 0.625, and 0.589, respectively. When the load
pressure was 12.5 kPa, the values of P1 to P4 were 0.841, 0.583, 0.601, and 0.570, respectively.
With the increase in load pressure, the load–pore ratio curve shows a downward trend.
When the load pressure was 1600 kPa, the final pore ratio was 0.730, 0.297, 0.407, and
0.245, respectively, which decreased by 13.20%, 52.71%, 34.88%, and 58.40% compared
with the initial state. Compared with other proportioning samples, P2 and P4 exhibited a
higher compressibility.
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It can be observed that, under the same load pressure, an increase in the particle
content of CW results in a higher pore ratio. The particles of CW possess high strength and
when mixed with MS they form a supportive framework within the gap between the MS
and the CB. When subjected to lateral constraints, they exhibit greater resistance against
longitudinal pressure without experiencing damage. As the content of CW increased,
the supporting force exerted by this framework became more pronounced, resulting in
reduced longitudinal deformation and changes in porosity. Under low load pressures,
this framework directly counteracted deformation by providing support. However, as
the load pressure intensified, both MS and CB experienced volume compression which
caused a dislocation among CW particles leading to increased longitudinal deformation
and decreased porosity.

3.1.2. Triaxial Shear Strength

A landfill is an unstable disaster body, and it can result in a landslide phenomenon;
once a landfill’s instability slips, it will lead to a lot of landfill leachate and landfill gas
overflow. It is necessary to test the triaxial shear strength of this material [31]. The triaxial
test shear results of the solid waste base capillary retarded field covering material are
presented in Figure 4. The cohesive forces for P1–P4 were 100 kPa, 70 kPa, 50 kPa, and
150 kPa, respectively, while the internal friction angles were measured as 30.11◦, 24.23◦,
31◦, and 26.1◦, respectively. Three distinct stress–strain curves can be observed for the solid
waste base capillary retarded field covering material: strong strain softening, weak strain
softening, and strain hardening phenomena. It is evident from the figure that the sample
exhibited an increasingly pronounced strain hardening behavior with increasing confining
pressure. Specifically, P1 and P2 initially demonstrated a strain softening response followed
by a transition to a strain hardening behavior, whereas P3 and P4 consistently exhibited
a strain hardening response throughout. The stress required for P1 and P3 to achieve the
same strain under identical confining pressure was higher compared to that for P2 and
P4, which aligns with the findings from consolidation tests. The content of CW played a
significant role, exhibiting a positive correlation with stress levels.

With the increase in CW content, there was a decrease in cohesion and an increase
in the internal friction angle. However, as the total amount of MS and CB increased, the
opposite trend was observed for cohesion and the internal friction angle. The presence
of CW enhanced the surface friction force and interlocking between particles, leading to
an increase in the internal friction angle. Simultaneously, the contact tightness between
MS and CB viscous particles weakened, resulting in reduced van der Waals forces and
cementation among these particles, thereby reducing cohesion. Similarly, increased MS
and CB content reduced the spacing between viscous particles while increasing the van
der Waals forces between them. The filling of pores between CW particles by MS and CB
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viscous particles decreased the friction among CW particles, ultimately enhancing cohesion
while reducing the internal friction angle [32,33].
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3.2. Water Seepage Characteristics of Field Covering Materials
3.2.1. Soil Water Characteristic Curve (SWCC)

The soil water characteristic curves of the capillary block field covering material for
solid waste during the dehumidification and hygroscopic process are illustrated in Figure 5,
which can effectively show the capillary retarding effect of materials. The dehumidification
process of the sample was fitted using the Van Genuchten model, with the fitting parameters
presented in Table 3.

Table 3. Parameters fitted using Van Genuchten model.

Model Parameters P1 P2 P3 P4

a 2.631 2.887 2.612 1.389
b 24.193 44.915 44.753 30.252
c 0.042 0.019 0.019 0.013

R2 0.978 0.995 0.998 0.960

The overall performance of the sample indicates that as the CW content increased,
the soil water characteristic curve shifted downwards, resulting in a decrease in the intake
value point and residual matrix suction. Consequently, the water holding capacity of the
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sample decreased while the hydraulic hysteresis phenomenon gradually weakened. Under
low suction conditions, the capillary effect mainly affected the material’s water holding
capacity, with pore structure development between particles being a key factor influencing
its strength. When small and medium pores occupied more space in the mixture, the
capillary effect was strong and the hydraulic hysteresis phenomenon was evident, whereas
a high proportion of large pores resulted in a weak capillary effect and an insignificant
hydraulic hysteresis phenomenon. As matric suction increases, larger pores discharge water
first, leaving only small ones to retain it. After saturation, pore water exists on soil particle
surfaces as film which can be affected by montmorillonite attraction to water molecules
and the intermolecular van der Waals force [34,35]. The presence of organic matter in MS
leads to a decrease in the water absorption capacity of CB. Consequently, the capillary
properties of the covering material for capillary blocking field can be described as follows:
an increase in the amount of CB enhances its affinity towards water molecules, resulting in
a denser sample with more small- and medium-sized pores and stronger van der Waals
forces between molecules, thereby increasing the intake value. However, incorporating MS
reduces a portion of this intake value [36].
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3.2.2. Permeability Coefficient

The infiltration of leachate into the soil of landfill will cause pollution, so it is necessary
to research the permeability coefficient of materials. The final permeability coefficients of
samples with different ratios of materials are presented in Figure 6, with P1 to P4 exhibiting
values of 5.04 × 10−6 cm/s, 7.34 × 10−5 cm/s, 6.4 × 10−5 cm/s, and 5.74 × 10−5 cm/s,
respectively. It can be observed from the figure that when the content of CW was high, CB
played a dominant role and significantly influenced the final permeability coefficient of the
field sealing material in a negative manner. Conversely, when the content of CW was low,
both MS and CB jointly impacted the final permeability coefficient in a negative manner.

When CB absorbs water and expands to saturation, it compresses the pore structure
of the permeability test sample, resulting in a decrease in the pore diameter and reduced
fluidity of the pore water. As a result, the overall permeability coefficient of the sample is
reduced [37]. Under long-term immersion conditions, organic matter in the MS continues
to decompose. The decomposition products adsorb suspended matter as well as calcium
and magnesium ions from rainwater to form colloids. These colloids are transported
under osmotic pressure below the test block and eventually settle and clog in the pores
between CW. This continuous process leads to a gradual reduction in the permeability
coefficient until equilibrium is reached with the decomposition reaction of organic matter
in MS [38]. During actual testing, the rainwater that permeated through cylindrical samples
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was observed to be black and odorous, confirming the continuous decomposition of MS
while saturated.
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3.3. Microstructure Characteristics of Field Covering Materials

The microstructure of different material proportions was qualitatively and quantita-
tively analyzed using scanning electron microscopy (SEM) and laser particle size test (LPS),
which also provided information on microstructure parameters such as the particle size,
specific surface area, and median particle size. Additionally, nuclear magnetic resonance
(NMR) was employed to determine the pore size of soil samples.

3.3.1. Micromorphology

The SEM results of samples P1–P4 are presented in Figure 7. The images clearly
depict the close association between CW, which exhibited regular shapes and varying sizes,
with MS and CB. The distribution of CW was uneven and its shape appears chaotic, with
larger particles displaying a sheet-like structure and sharp edges. MS primarily exhibited
a cluster-like polymer structure, with clusters arranged in a regular pattern and non-
penetrating pores present between them, forming an integrated whole. When magnified by
200 times, the microstructure of the field sealing material sample appeared to be relatively
dense, with more uniform filling between particles mainly in flake or agglomerate form.
Upon further magnification to 1000 times, non-penetrating pores became visible and the
predominant structural form consisted of clastic clay mineral particles that were highly
dispersed. However, there was weak connectivity among these particles [39].

The electron microscope scanning results of P1 and P3 can clearly show the overlap
between CW, which can effectively improve its strength and resistance to deformation. The
gaps between CW are tightly filled with an MS and CB mixture, and there are basically no
large gaps, so the volume shrinkage rate is low. The scanning electron microscope results
of P2 and P4 show that the particles of CW in them were alone, and did not bond with
each other to form an effective skeleton network, but were only wrapped in MS and CB.
The mixture of MS and CB has low strength and can easily lose water and shrink, so the
structure itself has a large shrinkage. The surface pores of materials are primarily influenced
by the content of MS and CB. A decrease in the MS content leads to a reduction in the
formation of cementing material within the material, resulting in an increase in the number
of surface pores. Similarly, a decrease in the CB content reduces the pore space filled after
water absorption and expansion, leading to an increase in the surface pore volume.
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3.3.2. Granular Fabric

The particle size separation curve of P1–P4 is presented in Figure 8. It can be observed
from the figure that the particle size distribution of P1 is predominantly within the range of
1–1000 µm and exhibits a relatively uniform pattern. The overall shape of the particle size
separation curve appears unimodal, devoid of any abrupt increases or decreases. Similarly,
for P2, the particle size distribution mainly ranges from 0.2 to 1000 µm with a relatively
uniform profile, while exhibiting a bimodal shape throughout the curve. Likewise, for P3,
the particle size distribution primarily falls within the range of 0.2–1000 µm and displays
a relatively uniform pattern; however, it also demonstrates a bimodal shape across its
entirety. As for P4, most particles were distributed between 0.2 and 500 µm with only
a small fraction extending into the range of 500–1000 µm; moreover, their mass fraction
approaches zero. Consequently, the particle size separation curve manifests as unimodal.
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 Figure 8. Particle size distribution and accumulation curve.

The relevant microstructure parameters are presented in Table 4. Notably, The relevant
parameters of P4 and P1–P3 exhibit significant differences. The average particle size of
P4 measured 35.01 µm with a D90 value of 94.73 µm, whereas the average particle size of
P1–P3 ranged from 118.9 to 126.5 µm, with a corresponding D90 range of 441.4 to 463.9 µm.
By comparing the specific surface area to the average particle size, it can be observed that
the content of MS had a pronounced impact on the particle size distribution for each sample;
a higher MS content resulted in larger specific surface areas due to the abundant organic
matter, free oxides, and soluble salts presence within it [40]. The polar OH− carried by the
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suspended organic matter was attracted to the montmorillonite cells in the free state in
CB, leading to agglomeration and the formation of larger particles with a greater surface
area. Organic matter that is not attracted by montmorillonite cells will aggregate during
collision processes. As the particle size of organic matter aggregates increases, its surface
smoothness also improves due to the fluid impact. At this point, the aggregation of organic
matter particles begins to cease and the aggregate particle size gradually stabilizes. When
the MS content is low, most suspended organic matter will be attracted by montmorillonite
crystal cells, making it difficult for organic aggregates to form. Soil particles and CW
powder separated from CW particles will remain suspended in a dispersed state within
the solution, resulting in a relatively smooth particle size separation curve without distinct
peaks. However, when the MS content is too high, numerous aggregates formed by organic
particles are present in the dispersion solution, which explains why P4’s particle size curve
exhibits an obvious unimodal phenomenon with relatively large-sized particles ranging
from 30 to 50 µm [41].

Table 4. Microstructure parameters of capillary retarded field covering material.

Volumetric Mean
Particle Size (µm)

Surface Mean Particle
Size (µm)

Specific Surface Area
(m2/g) D10 (µm) D50 (µm) D90 (µm)

P1 126.5 12.23 435.0 4.521 57.75 445.8
P2 124.5 6.71 749.1 3.247 39.27 463.9
P3 118.9 5.76 924.8 2.741 38.33 441.4
P4 35.01 4.71 1129 2.304 21.94 94.73

3.3.3. Characterization of Pore Structure

The NMR T2 inversion map effectively reflects the distribution of pore proportions
with different sizes in the sample, and a higher peak signal intensity indicates a higher
proportion. Additionally, longer relaxation times corresponding to peak values indicate
larger pore diameters [42]. According to the comprehensive comparison Figure 9a–d in
Figure 9, although the amplitude peaks differed for samples with different proportions, the
overall distribution shape of transverse relaxation time T2 remained similar. Based on the
test results, when the transverse relaxation time was less than 0.04 ms, the amplitude of
transverse magnetic resonance signal was essentially zero and remained unchanged, indi-
cating no detection of hydrogen nuclei or presence of pore water in this section. When the
transverse relaxation time increased to 0.4–0.5 ms, all specimens with different proportions
exhibited their first and largest peak value during the entire testing process, suggesting that
this stage detects a greater number of hydrogen atoms and pore water. The distribution of
this type of pore is the most extensive and widely spread throughout the entire specimen.
As the NMR relaxation time continues to increase, there is a significant decrease in the
amplitude of NMR signals. At this stage, the NMR curves for different samples start to
differentiate, with some samples exhibiting a resurgence between 2 and 400 ms.

The comprehensive analysis demonstrates that the incorporation of MS and CB en-
hances the abundance of small- and medium-sized pores in the sample, while the addition
of CW promotes the development of larger pore sizes within the sample. This phenomenon
can be attributed to the fact that MS contains a substantial amount of organic matter, which
results in a compact structure with smaller pore sizes due to interlocking cementation.
Conversely, introducing CW and CB disrupts the original pore structure of MS, leading to
the formation of larger pores with a more uniform size distribution within the capillary
block field covering material. In saturated conditions, water absorption and expansion by
CB fill some large-pore spaces in the specimen while reducing their proportion.
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3.4. Summary of Various Test Results

A variety of representative test data are summarized in Table 5.

Table 5. The summary of various test results.

Rate of Change of Porosity from
Initial to 1600 kpa (%)

Cohesive Force
(kPa)

Internal Friction
Angles (◦) Permeability Coefficient (cm/s)

P1 13.20 100 30.11 5.04 × 10−6

P2 52.71 70 24.23 7.34 × 10−5

P3 34.88 150 26.10 6.4 × 10−5

P4 58.40 50 31.00 5.74 × 10−5

4. Conclusions

The capillary block type field covering material was prepared using municipal sludge
(MS), construction waste (CW), and calcium bentonite (CB). Through testing and anal-
ysis of its macroscopic mechanical properties, soil and water characteristics, as well as
microstructure, the following conclusions were drawn:

(1) This material exhibits a cohesive force ranging from 50 to 150 kPa and an internal
friction angle between 24.23◦ and 31◦, demonstrating a certain shear strength. The
cohesion showed a positive correlation with the particle content of CW, while the
internal friction angle displayed a negative correlation with the CB content. CW
possesses high strength and can establish a supportive framework within the gap
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between MS and CB. As the CW content increases, the supporting force exerted by this
framework becomes more pronounced, resulting in reduced longitudinal deformation
and changes in porosity.

(2) The permeability coefficient of this material ranges from 5.04 × 10−6 to 7.34 × 10−5 cm/s,
indicating excellent impermeability. The final permeability coefficient is influenced by
both MS and CB, exhibiting a negative correlation. CB absorbs water and undergoes
expansion, resulting in compression of the pore structure within the sample and a
reduction in the pore diameter. On the other hand, MS organic matter decomposes
and adsorbs suspended matter as well as calcium and magnesium ions present in
rainwater, forming colloidal particles that fill the pores between CW particles. Conse-
quently, there is an abundance of small- and medium-sized pores in the material with
a strong capillary effect, leading to noticeable hydraulic hysteresis.

(3) The gaps between particles of CW are densely filled with a mixture of MS and CB,
thereby enhancing the material’s strength and resistance to deformation. The higher
the content of MS, the greater the specific surface area of the material. The incorpo-
ration of MS and CB can increase the quantity of small- and medium-sized pores in
the sample, while adding CW particles facilitates the development of larger pores in
the sample.

(4) By comparing the macroscopic and microscopic test results, it can be found that the
optimal mass ratio of MS:CW:CB is 30:60:7. This ratio has the best impermeability,
and its mechanical strength and capillary effect are similar to others.

(5) This research can offer specific data support for the design and performance evaluation
of the capillary retarding cover barrier system in landfills. The application of this
not only addresses the issue of MS and CW disposal, but also effectively reduces
landfill costs. This research is not comprehensive, and in the future, we will use model
experiments to explore the service performance of this material from different rainfall
intensities, dry and wet cycles, freeze–thaw cycles, and other aspects.
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