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Abstract

In response to the global drive for carbon neutrality, this study investigates whether bentonite
can partially replace cement to enhance the mechanical properties and environmental sustainability
of cement-stabilized silt. Laboratory tests and field analyses were conducted on waste sludge for
subway tunnel engineering. Results show that bentonite significantly improves unconfined compressive
strength, with peak performance at an optimal dosage; excessive addition causes strength loss due to
swelling and micro-cracks. Bentonite also increases failure strain and reduces brittleness, with the best
effect at 9% content. A linear relationship between the deformation modulus (E,) and compressive
strength was confirmed. Permeability decreased significantly at 3% bentonite and then stabilized. Strain
energy analysis verified improved fracture resistance. Importantly, using bentonite can reduce cement
usage by up to 30%, saving about 200,000 kcal of energy per ton of mixture. Field tests further validate
its practical effectiveness in subway tunnel applications. Overall, the findings confirm that the study’s
goal was achieved, demonstrating both structural and environmental benefits, and providing a practical

reference for sustainable construction practices.
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Nomenclature to partially replace cement, reduce the amount of
cement used, and improve the properties of cement soil.
P L The development of such alternatives needs to consider
arameters Description i R X R
- cost-effectiveness, environmental impact, and practical
q The unconfined compressive strength of waste performance in engineering applications to achieve more
’ sludge with bentonite sustainable and environmentally friendly construction.
p The unconfined compressive strength of waste In recent years, scholars have made certain progress
’ sludge without bentonite in the study of modifying cement soil with various
The absolute difference in strength between admixtures, such as fly ash, lime, slag, silica fume,
A bentonite sludge and non-bentonite sludge geopolymer, bio-cement, etc. [8-12]. Fly ash and slag
E, 50 % deformation modulus are widely used in practical engineering, showing
good impermeability and durability, but they also lead
U The total energy absorbed by the sample . .
to slower early strength development in cement soil
U, The elastic strain energy stored in the sample [13]. Using silica fume to replace part of the cement
U The dissipated energy that is responsible for the compreheqsively enh%nc‘es the prop‘erties of cement
d plastic deformation and crack propagation soil, but issues of limited production and unstable
] Tnitial elasticity modulus qu.a.llt.y C.XlSt [lfl]. Similarly, geopolymer technology
utilizing industrial by-products (e.g., recycled concrete
; Unloading elastic modulus powder, construction and demolition waste, fly ash/slag,
v, Initial Poisson’s ratio etc.) demonstrgtes superior early strength and reduced
carbon footprint, yet faces challenges in controllable
Y Unloading Poisson’s ratio setting time for field applications [15]. Parallel
o Major principal stress studies on microbially induced calcite precipitation
) (MICP) reveal that urea-hydrolyzing bacteria can
% Confining pressure enhance strength through bio-cementation, though
& Axial strain inhomogeneous distribution remains a critical limitation
, Lateral strain [16, 17]. Therefore, an increasing number of scholars

Introduction

In the context of rapid socio-economic development
today, engineering environments are becoming
increasingly complex, especially with the presence of
silt layers in construction projects, which has garnered
widespread attention. This is because silt layers are
characterized by low strength, high compressibility, and
high permeability [1]. These characteristics can lead to
foundation instability, structural settlement, and leakage
in engineering applications, posing significant risks to
project safety [2]. Therefore, reinforcing and treating silt
layers has become a key measure to ensure the stability
of engineering projects and extend their lifespan [3].
Currently, adding cement is a common method for
reinforcing soft soils, particularly silt layers [4]. Cement
is notably effective in enhancing soil bearing capacity,
reducing settlement, and preventing water seepage,
and thus is widely used in foundation treatment,
embankment slope reinforcement, and hydraulic
engineering impermeability [5]. However, the large-
scale production of cement leads to significant energy
consumption and substantial use of non-renewable
raw materials, as well as emissions of large amounts
of environmental pollutants [6, 7]. In the face of these
severe challenges, it has become an industry consensus
to integrate the concept of sustainable development and
circular economy into soil reinforcement technology [8,
9]. This makes it imperative to find suitable admixtures

are researching bentonite-modified cement soil. Trumer
et al. [18] calcined the bentonite from the Westerwald
region (at 900°C) and used it to replace 30% of cement
to prepare calcined bentonite cement. The results
showed that calcined bentonite mixed with cement not
only has good strength characteristics but also exhibits
excellent early strength properties. Tironi et al. [19] used
two types of calcined bentonite as active additives to
replace 30% of cement to make two types of mortar. The
results showed that the compressive strength at the same
age did not differ much and was more than 10% lower
than that of cement mortar without bentonite. Laidani
et al. [20] pointed out that adding 10% bentonite can
increase the compressive strength by 16% in 90 days.
Huang [21] also showed that adding natural calcium-
based bentonite to mortar can significantly increase
the mortar’s compressive strength, with the maximum
value reaching 47.8 MPa. Additionally, Chew et al.
[22] found that the permeability of cement-stabilized
clay soil increases with the increase of porosity ratio
and is logarithmically related to it. Overall, although
preliminary results have been achieved in the study of
bentonite-modified cement soil’s engineering properties,
current research on bentonite-modified cement soil often
fails to fully consider the special requirements of sludge
layers. Therefore, the impact of the characteristics of
sludge layers on bentonite-modified cement soil and
its mechanism of action still need further in-depth
exploration.

This paper adopts a multi-faceted approach
to assess the mechanical properties and permeability
of  bentonite-silt-cement composite materials.
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The initial phase of the study focuses on
the preparation of composite material samples with
different proportions and conducting comprehensive
tests on their mechanical and permeability properties.
These tests aim to reveal the mechanical response and
impermeability characteristics of the materials under
different proportional combinations, while exploring
the correlation between their structure and properties
through microscopic morphological analysis. Further,
the study will investigate the impact of curing time on
the composite material’s failure strain, as well as the
interrelationship between the deformation coefficient
and compressive strength. This analysis not only
helps in understanding the mechanical behavior of
the materials but is also significant for guiding the
design and use of materials in practical applications.
To combine laboratory research findings with actual
engineering needs, this study will also conduct
field drilling and sampling to validate the practical
application effects of different mix proportions in
strongly reinforced and weakly reinforced areas.
This includes evaluating the mechanical strength and
permeability of the reinforcement materials on site,
ensuring a close integration of theoretical research and
engineering practice. This will contribute to further
integrating theoretical research and practical application
in this field.

Materials and Methods
Materials

The mud used in the experiment was prepared
from a dredging project in a river channel in Nantong
City, Jiangsu Province. The mud is brown and in
a flowable plastic state. Its basic physical properties
are shown in Table 1. The liquid limit and plastic limit
of the soil were determined using a combined liquid-
plastic limit device, and are 37.71% and 22.06%,
respectively.

Bentonite was purchased from Anhui Xinyi
Company, appearing as a white solid. The main
chemical components are shown in Table 2. The cement
used is 42.5-grade ordinary Portland cement.

Table 1. Basic physical properties of experimental soil.

Experimental Scheme

Before the experiment, a certain amount of sludge is
taken and placed in a plastic barrel, soaked with water,
stirred evenly, and the water content is measured. Then,
based on the target water content of the slurry and the
required admixture dosage in Table 3, the masses of
additional water, cement, and bentonite are calculated
(the cement dosage is the percentage of cement mass to
the dry soil mass, the same below). After that, water and
admixtures are added to the sludge and stirred evenly,
then sealed and left to stand for 24 hours to allow full
interaction between the admixtures and soil particles
[23]. This paper mainly studies the effect of admixture
addition on the strength characteristics of solidified
engineering waste slurry, so the change in water content
of the slurry caused by the admixtures is not considered.

Before preparing the strength samples, clean the
sample mold (cube with a side length of 70.7 mm) and
dry it. Then, evenly apply vaseline on the inner walls
and bottom to reduce friction between the sample
and the mold, and weigh and record the mass of the
mold. Add the target mass of cement to the “sludge +
bentonite” mixture and stir again evenly. Fill the stirred
mixture into the sample mold in 3-4 batches, vibrating
it multiple times during the process to eliminate bubbles
and ensure uniform and dense samples [24]. After filling
the mold, use a soil scraper to level the sample surface
and place it in a standard curing chamber for curing.
After 1-2 days of curing, when the sample has formed,
demold the sample. Then, continue curing samples that
have not reached the target curing age until they do.
The specific experimental scheme is shown in Table 3.
End the test when the soil sample’s stress-strain curve
reaches a peak value, or when the soil sample’s strain
exceeds 15%, and take the peak stress or the stress
corresponding to an axial strain of € = 15% as the
soil sample’s unconfined compressive strength [25].
Additionally, the entire experiment should be completed
within 8-10 minutes.

For the scanning electron microscope (SEM) test,
samples of cement at a 28-day curing age and with
a 25% cement dosage, including specimens with 9%
bentonite and without bentonite, were selected to
observe the micro-differences at a magnification of one
thousand times. The SEM test specimens were all taken

Water content Dry density Specific gravity of Liquid limit Plastic limit Organic content
(%) (g/cm?) soil particle (%) (%) (%)
52.26 1.38 2.17 37.71 22.06 32
Table 2. Chemical composition of experimental bentonite.
Sio, ALO, MgO Na,O CaO K,0 FeO, TiO, Li,0 Ignition loss
68.89 1291 3.27 2.16 1.91 0.68 1.95 0.33 0.76 6.81
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Table 3. Mixture proportion design of test specimens.

c\(?;itee; t Cement ratio | Curing time Bf;:?:ni:e
(%) (%) (day) (%)
25 6 7 0
25 12 28 3
25 18 90 6
25 25 - 9
25 -- - 12

from the cross-sections that were relatively flat after
the failure of the unconfined compressive strength test.
Due to the poor conductivity of the soil samples, they
were first gold-sputtered before being placed in the SEM
vacuum chamber for testing [26].

Results and Discussion
Strength

Fig. 1 shows the relationship between the unconfined
compressive strength and the amount of bentonite
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added under different curing ages and cement contents.
At the same curing age, the unconfined compressive
strength of waste sludge increases first and then decreases
with the increase of bentonite content. Compared
to waste sludge without bentonite, the addition of
bentonite increases the unconfined compressive strength
of the soil. This is mainly because bentonite improves
the rheological properties and shear strength of the
samples, increases cohesion, and enhances the stability
of the specimens [27]. Additionally, bentonite fills the
internal pores of the samples and reacts chemically with
sludge and cement to form cementing substances, which
strengthens the bond between soil particles and further
enhances the compressive strength of the specimens [28].
However, when the bentonite content is less than 3%, the
unconfined compressive strength does not significantly
increase. This is because, at lower bentonite and cement
contents, excess water does not participate in the
hydration reaction of cement, and the hydrophilic action
of bentonite is not fully exerted [29]. This causes excess
water to form free water retained between soil particles,
limiting the strength improvement of the modified soil.
Moreover, when the bentonite content exceeds 9%,
excessive swelling of bentonite from water absorption
overly fills the pores, causing internal micro-cracks
in the soil, expelling gases (CO,) from the pores, and
consuming some free water [30]. These factors lead to

Cement contents:
—a— 6%

2000 b —g— 101
—a— 18%
——25%

= 2500
% Cement contents:
= —— 6%
52000 - —g— o5,
g —a— 18%
° —v— 25 ———
> 1500 —
L /
£'1000 s
E A 4
5]
% —
L‘E 500
g -
g L=
0 3 6 9 12
Bentonite content (%)
b)28d
y
/\

1500

1000 [—a—

500

/

Unconfined compressive strength (kPa)

OJ\!

0 3 6

9 12

Bentonite content (%)

)90 d

Fig. 1. Effect of bentonite content on strength.
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uneven strength distribution in the sludge, even creating
local weak points, thereby reducing the effectiveness
of the unconfined compressive strength improvement
and leading to unstable strength enhancement in the
specimens.

To further study the effect of bentonite addition on
the strength of waste sludge, the parameters Ag and Ag /
g, are introduced for analysis. Here, q is the unconfined
compressive strength of waste sludge without bentonite
at the same curing age, and ¢, is the unconfined
compressive strength of waste sludge with bentonite at
different curing ages; Ag, (= g, — q,) is the difference in
unconfined compressive strength between waste sludge
with and without bentonite at the same curing age.

The effects of bentonite content and curing time on the
unconfined compressive strength (UCS) development of
stabilized waste sludge are summarized in Table 4. The
results indicate a clear enhancement in both the strength
increment (Ag ) and the relative strength increment ratio
(Ag /q,) with increasing bentonite content. Specifically,
at a curing time of 90 days, Ag, increased from
94.78 kPa to 473.92 kPa as the bentonite content rose
from 3% to 12%, whileAq /qo improved from 12.12%
to 60.61%. This trend underscores the significant role
of bentonite in improving the mechanical performance
of cement-stabilized sludge. Moreover, the strength
enhancement is particularly notable at early curing
ages. At 7 days, Ag /q, reached a peak of 70.40%,
suggesting that bentonite contributes to rapid early
strength development, likely due to its high water
absorption capacity and interaction with cement
hydration products. However, the marginal benefit of
increasing bentonite content diminishes over time.
At 90 days, the Ag /q, corresponding to 12% bentonite
content was only slightly higher than that of 9%, and
even exhibited a slight decline in efficiency. This suggests
a possible threshold beyond which excess bentonite may
adversely affect the microstructure. Excessive bentonite
can disrupt the compact arrangement of soil particles,
leading to irregular fabric and stress concentration
zones that weaken the overall strength.

Therefore, based on both strength magnitude and
efficiency, a bentonite content of 9% is identified as
the optimal dosage for the specific waste sludge tested
in this study. It balances structural enhancement
and material efficiency, yielding a UCS of 639.81 kPa
and a relative gain of 48.92% after 90 days of curing.

Failure Strain

The failure strain is the strain that occurs when a
specimen reaches its strength limit, and it can be used to
assess the load-bearing capacity and safety of materials
[31]. It is significant for understanding the behavior and
lifespan of materials under long-term use and exposure
to different environmental conditions. Fig. 2 shows the
failure strain of waste sludge at different curing ages
and with different bentonite contents. At the same
curing age, the addition of bentonite causes an increase
in the failure strain of the specimen, reducing
the brittleness of the soil, and better meeting
the requirements for the deformation characteristics of
cured soil in engineering applications like embankments
or foundations. It is noteworthy that the maximum
failure strain occurs at a bentonite content of 9%. This is
because the unconfined compressive strength is highest
when the bentonite content is 9%, leading to an increase
in the time to failure and, consequently, an increase
in the failure strain.

At the same bentonite content, the failure strain of
the specimens decreases from the early age (7 days)
to the mid-age (28 days). This is because the strength
of the specimens is relatively low at the initial age.
Therefore, when the specimens are subjected to external
loads or stress, they tend to undergo larger deformation
and failure, leading to a higher failure strain. The failure
strain of the specimens from the mid-age (28 days) to
the later age (90 days) only slightly decreases or remains
unchanged. The reason for this phenomenon is that
after the mid-age, the hydration reaction of the cement
gradually stabilizes, and the rate of strength increase
slows down [32].

In the early age of the specimens, there is usually
a higher initial strain (elastic strain). This is because, at
the time when the load is first applied, the microstructure
between the cement particles and the cementitious
materials has not yet fully developed and is still in a
relatively loose state. At this stage, failure strain typically
does not occur. As the age of the specimens increases,
the cement paste gradually solidifies and hardens, and
the microstructure of the specimens becomes more
compact and stable. This leads to a gradual decrease
in the initial strain of the specimens, and the failure
strain starts to gradually increase. In the later age
of the specimens, as time progresses, the microstructure

Table 4. Aq, and Ag /q, of waste sludge with different bentonite contents.

A4, (kPa) A4./9, (7o)
Cemz:;ot )ratio Cugﬁ/ )a £¢ Bentonite content (%) Bentonite content (%)
3 6 9 12 3 6 9 12
7 115.56 219.24 287.37 225.20 36.13 68.54 89.84 70.40
15 28 118.48 236.97 414.69 284.36 23.26 46.51 81.40 55.81
90 94.78 379.14 639.81 473.92 12.12 48.49 81.82 60.61
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Fig. 2. Relationship between failure strain and curing age.

of the specimens further develops and matures. When
the limit failure strain is reached, the specimens will no
longer be able to withstand greater stress and will fail.

Deformation Coefficient

The deformation coefficient £, can be obtained by
dividing the stress corresponding to half the failure
strain by half of the failure strain value, based on the
stress-strain curve of the unconfined compressive
strength test. Fig. 3 shows the relationship between
the deformation coefficient and compressive strength.
From the figure, it is evident that the strain value
during the failure phase is usually greater than £, as
the material has already approached or reached its limit
state. £, generally varies linearly with the unconfined
compressive strength, consistent with the findings of
Kang and Song et al. [33]. Through a literature review
[34], the relationship between the compressive strength
of the specimens studied in this paper and E, can be
found within the range shown in Fig. 3. Due to factors

100000
3 E50=1()0qu
e
80000
'\\
= 60000 Es¢=30q,
g s
=
40000
20000
() 1 1 1 I 1 1 Il ' 1 1
0 500 1000 1500 2000 2500 3000
¢u (KPa)
Fig. 3. Relationship between £, and compressive strength.

such as the composition, mix ratio, pore structure, age,
and loading conditions of the materials at different
curing ages, the relationship between the strength
of soil cured with accelerators and £, is not certain.
However, the range given in Fig. 3 can still be used for
approximate prediction of E  for engineering waste
slurry cured with calcium-based accelerators.

In summary, the relationship between £, and
compressive strength can be summarized as follows:
When the specimen has not yet fully exerted its
maximum compressive strength, the £, value is
relatively low. As the compressive strength of the
specimen increases, the value of E_ also increases
accordingly. However, the specific relationship between
E, value and compressive strength is still influenced by
a combination of factors, including the composition of
the material, mix ratio, pore structure, age, and loading
conditions.

Energy Consumption and Carbon Emission

To demonstrate that the incorporation of bentonite
can replace part of the cement to enhance the mechanical
properties of composites, four control groups were
specifically selected. The specific details of the control

Table 5. The ratio table of the control group in the study of the
mechanical properties of composites.

Group Bentonite content Cement content
- (%) (%)
A 0 12
B 9 6
C 0 25
D 9 18
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Fig. 4. Bentonite substitute cement experimental control results.

groups are shown in Table 5. The comparison results are
illustrated in Fig. 4.

This study assesses the impact of substituting
bentonite for cement on the mechanical properties of
composite materials by setting up four control groups
(Groups A, B, C, and D). Group A (0% bentonite, 12%
cement) and Group C (0% bentonite, 25% cement) serve
as baselines, while Group B (9% bentonite, 6% cement)
and Group D (9% bentonite, 18% cement) are compared
with Groups A and C, respectively. The research
found that under different curing time conditions,
samples from Groups B and D exhibited superior
mechanical performance compared to Groups A and C.
This finding suggests that the addition of bentonite, while
reducing cement usage, did not diminish the mechanical
performance of the composite material, but rather
enhanced it. Notably, Group B, compared to Group A,
reduced cement usage by 50% while maintaining the
same volume, and the comparison between Groups C
and D showed that the addition of bentonite reduced
cement usage by about 30%. This result reveals the
potential of bentonite as an alternative material in
improving the mechanical performance of composite
materials. Further analysis indicates that using bentonite
to replace some of the cement is beneficial not only in
terms of material performance but also significantly in
environmental protection and sustainable development.
According to related studies, the production of one ton
of cement clinker requires approximately 1.7 tons of
clay and 850,000 kilocalories of energy, while emitting
about 0.94 tons of carbon dioxide. In contrast, the
production process of bentonite consumes much less
energy and has lower carbon emissions. For example, in
engineering projects with a 25% cement blend, replacing
it with 18% cement and 9% bentonite can reduce cement
usage by about 30%. This substitution method can save
about 200,000 kilocalories of energy consumption and
reduce carbon dioxide emissions by 0.16 tons per ton of
cement soil. The use of bentonite reduces the demand
for cement, thereby decreasing energy consumption
and carbon emissions. This is particularly important in
the current global context of energy crises and climate

7
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change. By reducing cement usage, we not only lower the
energy consumption and carbon footprint in industrial
production but also provide a practical path for the green
transformation of the construction industry.

Permeability Characteristics

This paper takes the specimens with a curing age
of 28 days and a cement content of 9% as an example,
and describes the logarithmic permeability coefficient-
cement content curve under different bentonite contents
(Fig. 5). The permeability coefficient of the sample with
3% bentonite content decreases the most significantly.
As the bentonite content continues to increase, the
decrease in the permeability coefficient slows down.
In bentonite, AI** and Si** can be replaced by Mg>* and
Ca? in cement, causing the exchanged cations to carry
a residual negative charge [35]. Additionally, due to the
weak binding between montmorillonites, bentonite can
also absorb polar cations and water [36]. The greater the
amount of bentonite added, the more negative charges,
and the stronger the electrostatic attraction. The
resultant thicker double layer also thickens the water
film, increasing the number of adsorbed water molecules
on the surface, thereby enhancing the expansiveness
of the bentonite [37]. When bentonite fully contacts
water, the exchanged cations and the water molecules
at the bottom of the crystal cell can hydrate, leading to
the expansion of bentonite. The expansion of bentonite
fills the small pores in the soil, including those between
soil particles, cement particles, and aggregates, thereby
reducing the permeability coefficient and lowering the
permeability. When the bentonite content is too high,
it leads to an increase in soil saturation, and the newly
added bentonite cannot effectively fill the saturated
pores, slowing down the change in the permeability
coefficient. Moreover, an excessive amount of bentonite
changes the pore structure of the soil, creating a denser
pore structure, increasing the resistance of water
movement in the soil, and thereby slowing down the
permeation rate. At the same time, the small particle
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Fig. 5. Relationship between permeability coefficient and bentonite content.

size of bentonite, when added in excess, may clog the
pores in the soil, reducing the pathways for water to
pass through the soil, resulting in a slower decrease in
the permeability coefficient. Therefore, these factors
collectively lead to a slowdown in the decrease of the
permeability coefficient when the bentonite content is
too high.

Calculation of Strain Energy

The strain energy can be divided into three types,
i.e.,, U, which denotes the total energy absorbed by the
sample; U, which represents the elastic strain energy
stored in the sample; U, the dissipated energy that
is responsible for the plastic deformation and crack
propagation. The three types of energy can be expressed
as follows [38]:

U=U+U, (1)
3(1—2v
U= faldel + 2fagde3 +g(0§))2
2E, @)
U = (62 + 207 — 2u, (0?7 + 20,03)]
2E, 3)

where £, E , v, and v _are the initial elasticity modulus,
unloading elastic modulus, initial Poisson’s ratio, and
the unloading Poisson’s ratio, respectively. o, is the
major principal stress, o, is confining pressure, &, is
axial strain, and ¢, is lateral strain.

Take the sample with bentonite content of 9%,
cement content of 18% and curing age of 90 days as
an example, U, U, and U, of the sample are shown in
Fig. 6. During the initial compressive and linear-elastic
deformation phases, the energy behavior of the sample
was primarily consistent with energy accumulation
and energy hardening; thus, most of the total
energy was converted to elastic energy being stored

in the sample. Thereafter, the total energy curve began
to diverge from the elastic energy curve as the sample
entered the elastic—plastic deformation phase. When the
sample reached its peak strength, the elastic energy was
released, and the dissipated energy increased rapidly due
to the macroscopic damage of the sample. The energy
absorbed by the sample in the post-peak phase was
dissipated completely, which led to further expansion of
the cracks.

Microstructure

The SEM results provide detailed observation of
the microstructure and composition of the specimen
samples. Fig. 7 shows the micro-differences under SEM
between the specimens with and without bentonite
added, at a 28-day curing age and with a 25% cement
content. From the figure, it can be seen that the samples
without added bentonite are mainly composed of
hydration products and cement particles. In Fig. 7b),
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Fig. 6. Strain energy evolution curves and crack volumetric
evolution curve.
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Fig. 7. Effect of bentonite on the microscopic morphology of test specimens.

there is an interaction between bentonite particles and
hydration products, specifically manifested as physical
connections or chemical reactions between particles,
leading to particle aggregation or the formation of
complex network structures.

The addition of bentonite particles fills the micro-
pores in the specimens. Due to the small size of
bentonite particles, they can enter finer pore spaces
and fill the pores in the soil. This helps to reduce the
porosity of the specimens and increase the compactness
of the soil. Additionally, bentonite particles have
adsorptive properties, allowing them to adsorb water
and other solute substances. When bentonite particles
fill the pores, they form an adsorption layer that
adsorbs and fixes water and solutes in the soil, thereby
altering the soil’s moisture characteristics and chemical
properties. In the specimens mixed with bentonite,
bentonite particles may exhibit some specific crystalline
features [39]. Through SEM observation, the micro-
crystalline structure on the surface of bentonite particles
or the crystalline connections between particles can be
observed. These crystalline features can further reflect
the interaction between bentonite and the cement matrix.

Engineering Case
Project Overview

The engineering project underpinning this study is
a subway tunnel project in a water-rich, weak stratum.
The specific stratification is as follows: miscellaneous
fill layer, clay layer, silty clay layer, silty clay layer, silt
mixed with silty sand, silty clay layer, silty clay layer.
Most sections of this project’s route are shallow and
covered with thick layers of silt or silty sand. Under
dynamic water pressure, these types of soils are prone to
liquefaction or piping, which has a significant negative
impact on the tunnel shield construction. During
construction, adverse geological phenomena such as
gushing water, quicksand, and collapse are prone to
occur. In this interval, it’s crucial to reinforce a certain

range of soil around the shield tunnel excavation, which
generally consists of soft cohesive soil with poor self-
stabilization or highly permeable silty and sandy soil, to
enhance the soil strength and reduce the permeability
coefficient.

Field Test

In the subway section, the triaxial mixing
construction process was used, and drilling and coring
were conducted 28 days after the completion of the
construction. The photos of the cores obtained (Fig. 8)
show good coherence and exhibit the typical color of
specimens. In the laboratory, the collected core-shaped
samples were cut and polished to create specimens with
a height-to-width ratio of 1:1. Unconfined compressive
strength tests and permeability tests were then carried
out on these specimens.

According to the unconfined compressive strength
tests, the compressive strength at various depths is
determined, with the test results shown in Fig. 9a).
The results show that the unconfined compressive
strength of core samples from weakly reinforced areas
is generally concentrated between 0.6 and 1 MPa; while

Fig. 8. Pictures of drilling and coring.
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Fig. 9. Results of drilling sampling test in the strong reinforcement area.

in strongly reinforced areas, the unconfined compressive
strength of the core samples is all above 1 MPa, with
the maximum value reaching 1.48 MPa. However, some
core samples show anomalous strengths. This is due to
uneven mixing in some local areas during the triaxial
mixing construction of the specimens, resulting in
the formation of cement-rich clinker and soil blocks
with less cement. Field sampling results indicate that
the strength of the soil layers does not decrease with
increasing depth. This paper identifies two primary
reasons for this phenomenon: the low average cutting
line speed of the mixing piles results in weak mixing
capabilities, causing the strength of soil layers to
decrease gradually with depth; additionally, the lower
strength of the lower soil layers contributes to reduced
sampling strength.

Fig. 9b) shows the permeability coefficient test results
of core samples from the project site. The results indicate
that the permeability coefficients of the core samples
are mostly in the order of 10° cm/s, with the lowest
permeability coefficient reaching 3.27x10% cm/s. In silty
sand and silty soil, the permeability coefficients of the
core samples are generally below 107 cm/s, indicating
good impermeability. Considering the damage to the
samples during sampling and transportation, the actual
permeability coefficient may be even lower, meeting
the impermeability requirements. Additionally, the
impermeability of core samples from deeper soil layers
is better than that from upper layers, a phenomenon
similar to the results of the unconfined compressive
strength test of the core samples. However, there are
significant variations in permeability coefficients in some
soil layers, mainly due to two reasons: First, uneven
mixing during construction is inevitable, preventing the
soil and cement slurry from forming a cohesive whole.
In areas with uneven mixing, water channels can easily
form near cement blocks, leading to large variations
in permeability coefficients. Second, the sampling and
transportation process can cause significant disturbance
to the core, leading to micro-cracks within it, thereby
greatly affecting the results of the permeability tests of
the core.

Conclusions

To effectively encapsulate the comprehensive
outcomes of this research, we have delineated four
critical conclusions that collectively demonstrate the
transformative effects of bentonite on waste sludge
properties and their practical applications in engineering
contexts. These conclusions not only underline the
nuanced interplay between bentonite content and soil
characteristics but also showcase the tangible impact of
these modifications in a real-world engineering project,
thereby bridging the gap between theoretical research
and practical implementation.

(I) The unconfined compressive strength of waste
sludge increases with the addition of bentonite, followed
by a decrease as the bentonite content continues to
increase. The strength enhancement is attributed to
improved rheological properties, increased cohesion, and
better soil particle bonding due to bentonite. However,
at bentonite contents below 3%, there is no significant
increase in strength, and above 9%, excessive swelling
of bentonite can lead to uneven strength distribution and
internal micro-cracks.

(2) The addition of bentonite causes an increase
in the failure strain of the specimen, reducing soil
brittleness. This enhancement is particularly noticeable
at a bentonite content of 9%, where the maximum failure
strain is observed. The failure strain decreases from the
early curing age (7 days) to mid-age (28 days) due to
the lower strength of the specimens at initial ages, and
remains relatively stable or slightly decreases from mid-
age to later age (90 days).

(3) The deformation coefficient £, shows a linear
variation with the unconfined compressive strength.
When the specimen has not reached its maximum
compressive strength, the E  value is relatively low.
As the compressive strength increases, the E , value
also increases. This relationship, however, is influenced
by various factors, including material composition, mix
ratio, pore structure, age, and loading conditions.

(4) The permeability coefficient shows a significant
decrease with the addition of 3% bentonite and
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slows down as the bentonite content increases. This
decrease is attributed to the expansion of bentonite
filling soil pores, thereby reducing permeability. High
bentonite content can lead to increased soil saturation
and a denser pore structure, which slows down
the permeation rate and decreases in permeability
coefficient.
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